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PISCES FACILITY -- UCLA

The PISCES research laboratory at UCLA is devoted to work on plasma
edge physics, materials behavior and plasma-materials interactions in
fusion devices. The laboratory’s first plasma device, PISCES-A, has
operated since 1984. A second device, PISCES-B, will begin operation in
1988. Each device has the capability to generate continuous plasma
covering the range, n = 1011-1013 e¢m-3, Tg = 3-30 eV and heat fluxes on
samples up to 100-200 W/cm2. These plasma conditions are similar to
the plasma at the edge of a large tokamak.

magns!s
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Ar, otc. steady state plasmas

- H,D, Hel
- 10" - 10" ions/iem®  (tokamak edge)

- -- ~10'2 ions/s-em2, maximum flux
P"SCES A - ~10% ions/ent®, fluence per half day run
-- 0 - ~500 eV ion impact energy (bias)

-- 2-3 ¢m typical sample diameter

For more information about the PISCES Program, please contact:

Prof. Robert W. Conn (213) 825-1613
University of California, Los Angeles
6291 Boelter Hall

Los Angeles, California 90024-1597
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Deuterium Pumping and Erosion Behavior of Selected Graphite Materials
under High Flux Plasma Bombardment in PISCES

Y Hirooka, R.W.Conn, D.M.Goebel, B.LaBombard,
R.Lehmer, W.K.Leung, R.E.Nygren, Y.Ra

Institute of Plasma and Fusion Research
Department of Mechanical, Aerospace and Nuclear Engineering
University of California, Los Angeles
Los Angeles, CA 90024, USA

ABSTRACT

Deuterium plasma recycling and chemical erosion behavior of selected graphite
materials have been investigated using the PISCES-A facility. These materials include:
Pyro-graphite; 2D-~graphite weave; 4D-graphite weave; and POCO-graphite. Deuterium
plasma bombardment conditions are: fluxes around 7 x 1017 ions s'lem2; exposure time in
the range from 10 to 100 s; bombarding energy of 300 eV; and graphite temperatures
between 20 and 1209C, To reduce deuterium plasma recycling, several approaches have
been investigated. Erosion due to high-fluence helium plasma conditioning significantly
increases the surface parosity of POCO-graphite and 4D-graphite weave whereas little
changes for 2D-graphite weave and Pyro-graphite. The increased pore openings and
refreshed in-pore surface sites are found to reduce the deuterium plasma recycling and
chemical erosion rates at ransient stages. The steady state recycling rates for these graphite
materials can be also correlated to the surface porosity. Surface topographical medification
by machined-grooves noticeably reduces the steady state deuterium recycling rate and the
impurity emission from the surface. These surface topography effects are attributed to co-
deposition of reemitted deuterium, chemically spuitered hydrocarbon and physically
sputtered carbon under deuterium plasma bombardment. The co-deposited film is found w0
have a characteristic surface morphology with dendritic microstrucmures.



1. INTRODUCTION

Recycling of hydrogen isotopes from plasma-facing components in a magnetic
fusion device is wi“ely recognized as a crucial issue affecting the fueling scenario and the
on-site tritium inventory. Particularly, wall pumping effects to reduce fuel particle
recycling by graphite components such as a limiter and divertor plate have been recently
observed in major tokamaks: TFTR [1]; JET [2]; DII-D (3]; and TEXTOR [4] and have
generated considerable interest. Except for the case of JET, the surface conditioning of
these plasma-facing components plays a crucial role in obmining the wall pumping effect.

In our previous work [5], the helium or argon plasma-activation processes (He, Ar-
PAP) were established as new surface conditioning techniques for low-density, isotropic
graphite materials. The activated graphite surface showed a sponge-like morphology with
significantly increased open pores and a large surface gas adsorption capacity. Using
activated graphite, the first non-tokamak wali pumping experiments were conducted for a
short plasma exposure duration of 20s to simulate fusion devices operating in the shont
pulse mode. The increased surface porosity and gas adsorptivity due to He-PAP were
found to enhance retention of hydrogen plasma particles and hence provided a significant
plasma pumping effect at temperatures between 20 and 480°C.

Here, one must notice that these wall pumping effects are observed only up 10 the
point when the plasma-facing surface becomes saturated with fuel particles. These
saturable pumping effect thus will not contribute significantly to the control of the particle
balance in future long-puise fusion devices such as TIBER [6]. For possibie applications
in the future devices, reinforced graphite matenials such as C-C composites are currently
under development. Yet little is understood about the hydiogen recycling behavior of these
new materials.

In the present work, several possibilities to reduce particle recycling both at the
wansient stages and at the steady state have been investigated using the PISCES-A facility
[7): (1) helium plasma conditioning to increase surface porosity; and (2) surface
topographical modification 10 induce particle retrapping. Used for this purpose are selected
graphite materials including: Pyra-graphite (Pfizer); 2D-graphite weave (BF-Goodrich);
4D- graphite weave (FMI); and POCO-graphite (grade: HPD-1).

o



2. EXPERIMENTAL

After ultrasonic ¢leaning in acetone, a disk target of graphite with a diameter of 4.5
cm and with a thickness of 6 mm was placed in steady-state helium and deuterium plasmas
in the PISCES-A facility. The plasma diameter was set around 6 cm. The temperature of
the graphite target during plasma exposure was measured both by a thermocouple and an
infra-red pyrometer. The plasma density and the electron temperature were measured using
a Langmuir probe positioned in front of the target. A 1.3m monochromator with ar optical
multi-channel analyzer (OMA) was aligned in such a way that plasma radiadons (e.g. D-
alpha) could be monitored, particularly near the specimen surface. Details of the PISCES-
A facility and materials experiments in this facility can be found elsewhere [7,8].

The graphite target was first activated in a helium plasma at temperatures around
800°C (He-PAP) and was then exposed to a deuterium plasma for recycling measurements
with catibrated D-alpha spectroscopy. The deuterium plasma exposure ime was varied
from 10 to 100 s. Simultaneously with recycling measurements, chemical erosion behavior
due to deuterium plasma bombardment was monitored using a differentially pumped
residual gas analyzer (RGA).

Plasma bombardment conditions are generally: flux in the range from 5 x 10!7 to 1
x 1018 ions s-! cm2; bombarding energies of 100 and 300 eV for helium and deuterium
plasmas, respectively; plasma density of the order of 101! cm-3; electron temperatre in the
range from S 1o 15 eV; and neutral pressure of the order of 10-5 - 10 torr. Here, the
bombarding energy is controlled by applying a negative DC-bias to the target in addition to
the fioaning potential because the intrinsic ion energy in the PISCES plasma is abovt a few
electron volts. The magnetic field is perpendicular to the target surface and is about 800
gauss. Under these conditions, the ion gyro-radii are 2 to 3 mm. The thickness of the
sheath region is around 10um. Therefore, ions accelerated by the total sheath potential
(floating potendal plus negative bias) will strike on the surface at the approximately normal
incidence.

During plasma bombardment, important experimental parameters: ion saturation
current from the Langmuir probe (i.c. plasma bombardment flux to the target surface}; D-
alpha intensity; signals from RGA; and target temperature were monitored at sampling rates
of 1-10 Hz. To avoid complicated effects associated with redeposition, the plasma
parameters were controlled to generate conditions in the erosion regime [8} for both
physically sputtered carbon and chemically sputtered hydrocarbons (e.g. CDj ).



4. RESULTS AND DISCUSSION

4.1. Basic considerations

In the present work, the deuterium recycling behavior is analyzed using calibrated
D-alpha spectroscopy. The plasma density is below 1013 cm3, the brightness of D-alpha
light, B, is related to plasma parameters through the relation (9j:

B =k ngnp<ov> ¢y

where k is the calibration constant, n, is the plasma density, np is the density of atomic
deuterium and <ov> is the rate coefficient for the reaction: D + ¢” => Dt + 2e~, The rate
coefficient is calculated from Lotz's formula [10]. One can evaluate np from eq.(1) using
the plasma density and electron temperature from Langmuir probe measurements. Also, np
is considered as an approximate indicator of the density of molecular deuterium reemitted
from the surface.

Here, we define the recycling coefficient, R, as

R= KnD/I‘ion, 2

where K is the unit conversion constant to make R dimensionless, and [iy, is the flux. It
is important mention here that the effects of the start-up machine time constant and/or
fluctuations of the flux on the recycling coefficient are cancelled by definition.

4-2. Effects of He-plasma conditioning on the surface morphology

The graphite target was first bombarded with a helium plasma to a fluence of the
order of 102! ions/cni2 at a bombarding energy of 100 eV and at elevated temperatures
around 800°C (i.e. He-PAP). The basal plane of Pyro-graphite and the weave plane of
2D-graphite weave were exposed to the helium plasma. The surface morphology after He-
PAP was observed with scanning electron microscopy (SEM).

The resuhs of SEM observations are shown in Fig. 1. Sponge-like surface
morphologies with significantly increased pore openings are found for POCO-graphite and



4D-graphite weave. (Not shown here are the surface morphologies of these materials
before He-PAP: the surface pores are blanked off by machining dusts or weekly bound
particles.) One can notice that POCO-graphite exhibits relatively small but high density
pores whereas the opposite is true for 4D-graphite weave. The sponge-like surface
morphology observed for POCO-graphite is found to be similar to that observed for
graphite limiter tiles used in TFTR for a long term (=2 years). In our previous work [5],
the surface roughness of POCO-graphite after He-PAP was estimated to be about 345 from
molecular adsorption measurements. From the observed surface morphology, one may
expect a similar or somewhat smaller surface roughness factor for activated 4D-graphite
weave, For Pyro-graphite and 2D-graphite weave, in contract, no obvious surface pore

openings are observed,

4.3, Recycling and erosion behavior of graphite materials

In this series of experiments, a graphite target specimen was mounted on a water-
cooled copper manipulaior. Cne can consider this serup as simulation of an actively water-
cooled plasma-facing component. The plasma exposure time was about 10s. The activated
graphite target was bombarded with a deuterium plasma at at a bombardiag encrgy of 300
eV. The flux was set at 7x1017 jons s*l em-2. Using the particle retlection coefficient of
(.16 obtained from TRIM code [11}, the net incoming flux is calenlated to be 6x10!7 ions
sl cm-2. Due to the heat flux of 0.3 MW/m?, the target temperature rises up to
temperatures around 709C, as shown in Fig. 2-a. These conditior:s are believed to be
relevant to those for plasma interactions with graphite bumper limiters in TFTR [12).

Typical results of recycling measurements for 4D-graphite weave are shown in Fig.
2-b and those for other materials are summarized in Table 1. The activated surface has
vielded a significantly reduced recycling coefficient, relative to the pre-saturated surface.
(The pre-saturatea surface is defined as the surface previously subjected to He-PAP
followed by %igh-fluence deuterivm plasma bombardment [5].) The recycling curve for the
activated surface merges the curve for the pre-saturated surface after about 39 second
deuterium plasma exposure. Not shown here is the recycling coefficient from the surface
before He-PAP, which is essencially the same as the one for Pyro- graphite but is fluence
dependent because of the gradual opening of pores under plasma bombardment. The

Ln



recycling coefficient for the pre-saturated susface tends to peak first and then gradually
decrease to the steady state level, presumarly due to ion-impact desorption. The pre-
saturated surface can be easily reactivated by helium plasma bombardment to a fluence of
the order of 1019 fons/cm2.

It is important to menton here that devterium recycling apparently reaches a steady
state after transient stages of pumping even as the surface temperature changes. Generally,
retention of hydrogen isotopes in graphite decreases vith increasing surface temperature,
and significant thermal desorption is often seen to start at temperatures arcund 250°C [13].
However, the temperature at the end of piasma exprsure is still low enough to retain
deuterium.

Notice in Tabie 1 that the recycling coefficients for activated materials at the steady
state are found to decrcase with increasing surface porosity (see Fig. 1). This clearly
indicates that increased surface pore openings and refreshed in-pore surface adsorption
sites by He-PAP play an imporant role in determining the effective deuterium retention
capacity. Also, the recyclin, coefficients for the pre-saturated surfaces remains below
unity. This can be ataibuted to an in-pore siorage mechanism that deuteriumu temporally
-esides in pores under plasma bombardment. (Details of the in-pore storage niechanism will
be discussed in the next section.) Deuterium, once storcd in pores of the pre-saturated
susface, may be released sfter p.asma bombardment,

In Fig 2-c, the signal from RGA set for CDj is seen to rack with the recycling
coefficient Generally, steady state chemical erosion of graphite requires surface saturation
with implanted nydrogen isotopes [14]. Coasistently, the activated surface with an
increased deuterium retention capacity is observed to exhibit significantly retarded erosion
behavior to reach the steady staie, relative to the pre-saturated surface. It follows that one
can avoid hydrocarbon formation by He-PAF in fusion devices having short plasma
discharge durations of 2 - 3 sec. A similar result was obtained in our previous work using
an in-situ spectroscopic «echnique [5].

One finds in Table 1 that Pyrc- ziaphite has yielded a higher CD, signals than ather
materials. This may be due either o the fact that the temperature of Pyro-graphite is higher
than those for other materials or to the fact that the flat and pore-free surface does not
provide any in-pore storage effects. Unfortunately, these possibilities can not be

differentiated at present.



4-4. Plasma effects on recycling behavicr

From these observations, one postulates that the surface pore openings increase
penetration of particles arriving from the plasma and then activated in-pore surface
adsorption sites trap these particles after kinematical slowdown due to collisions with the
in-pore walls. To understand this process, one must consider the plasma effects: both ions
and neutrals are arriving at the surface. Here, deuterium ions are accelerated to the
bombarding energy set at 300 ¢V. The neurals include molecular deuterium with thermal
energices and atomic deuterium with energies ranging a few to 10 ¢V due to dissociation due
to atomic processes (a.g. Frank-Condon process {15]).

Generally, molecular deuterium will not significantly congibute to the surface
adsorption process because of its inertness to graphite. Atomic neumals can be direcdy
transported into pores to an appreciable depth before they come to rest upon adsorption
because the particie and energy reflection coefficients maximize at energies around a few
elecron volis [15). In contrast, deuterium ions can not directly penetrate deep into pores,
as they are, because of the gyration effect (see section 2). However, they will eventually
sarurate a docal area on dhe in-pore wall and then eject neumral deaterium by ion-impact
desorption. Neutral deuterium gencrated by the ion-impact desorption process generally
has energics of a few electron volts and will behave similarfy to that transported directly
from the plasma. Unfortunately, it is difficult to differeniiate these effects individuaily.

One may extend these arguments 1o the case when in-pore surface adsorption sites
are pre-occupied with deuterium. This case corresponds to the pre-sawrated surface.
Under deuterium plasma bombardment, atomic deutcrium may penewrate even deeper
without being trapped due to adsorption and may not be transported outward unless
effective backscattering oceurs. This effect can be seen reproducibly so long as the surface
is porous. Unrrapped deuaterium will be refeased, presumably as molecules after the plasma
bombardment is stopped or when the flux decreases abruptly. The in-pore storage effect
seen for the pre-saterated surface is believed to be explained by this mechanism. The in-
pore storage mechanism might in pan conribute the wall pumping effect observed in JET
(21

Here, it is important to notc that demeripm gapped in the in-pore surface space will
be replaced easily with other molecules having more stable adsorption characteristics, for
example, with water vapor molecuies upon air-exposure. From ihese arguments, thermal
desorption experiments after plasma bombardment may not yield consistent specrra.



4-5. Effect of surface grooves on recycling behavior

As seen in section 4-3, POCO-graphite with the sponge-like surface morphology
has yielded the lowest steady state recycling coefficient. As an attempt to further reduce the
recycling coefficient by particle retrapping, a POCO-graphite target was topographically
mudified with machined-groovss. The grooved surface was first subjected to He-PAP and
then to deuterium plasma bornbardment under similar conditions to those described in the
previous section. The deuterium plasma exposure time is extended to 100s to ensure the
effect of surface grooves. Towards the end of the extended plasma exposure, the surface
temperature rises up to about 120°C, as shown in Fig. 3-a. The groove dimensions are
roughly: 4.5 mm deep and 1.5 mm apart. Due to these grooves, the geometrical surface
area is increased by a factor of 2.5.

The deuterium recycling behavior of the pre-saturated swfaces with and without
machined-grooves is shown in Fig. 3-b. Notice that the surf:. = with machined-grooves
yiclds about 20-25% reduction of the recycling coefficient at the steady state. No saturation
behavior is observed. In addition, radiation intensities from CD-band at 4311A and from
C-I a1 9095A measured at the steady state were found to be reduced by about 10% and
15%, respectively. At temperatures around 700°C, similar reduction in recycling of
deuterium as well as sputter-induced impurities was also seen, but to a lzsser degree.
These findings indicate that reemitted deuterium, chemically sputtered hydrocarbon and
physically sputtered carbon are continuously co-deposited in the groove structure.

In fact, a yellowish film, indicative of hydrogenated carbon [16], is found on the
bottom half surface of the groove partitioning walls and on the groove bottom area. This
localized film formation indicates that sputter-emitted carbon from the plasma-froat part of
the groove partitioning wall dominates the brrial process of recycling particles in the
bottom part. Since the grooved gap distance is comparable with the gyro-radii of plasma
particies (see section 2), most of the ions will stmike on the groove partitioning wall mainly
in the plasma-front part at a bombarding energy of 300 ¢V, These energetic deuterium ions
will hinder the formation of the co-deposited film. This postulation is consistent with the
localized formarion of the co-deposited film towards the groove bottom.

Shown in Fig. 4 are the surface morphologies of the groove partitioning wall. A
similar but somewhat less porous sponge-like morphology is observed in the plasma-front
side (see Fig. 4-a) to that gbserved for the flat graphite surface after He-PAP (see Fig. 1-a).
However, the yellowish co-deposited layer exhibits a completely different surface



morphology with no obvious porosity (Fig. 4-b). Also, notice characteristic dendritic
growth of dens-packed microstructures. Unfortunately, no data are available for analysis
of incorporated deuterium in the co-deposited film to date.

Here, one must bear in mind that the co-depositicn effect will lead to an increase of
the on-site wrifum inventory in fusion devices. In TFTR, a significant amount of deuterium
(of the order of 1017-1018 D/cm?) has been recently found in the gap space between
graphite tiles (a few milli meters) and has been atrributed to a similar co-deposition effect
[17]. However, the deuterium concentration decreases exponentially with increasing
distance from the plasma-facing side of the tile. The opposite is true in the present
observation. The co-deposited surface in TFTR might serve as a substrate for redepositing
particles with relatively low energies and hence one sees only the geomerry effect on the
reach of the particle in-flow. In contrast, the plasma-front side of the partitioning walls of
the groove structure used herz acts as the sputter target 1o supply carbon 1o bury recycling
particles by being bombarded with the deuterium plasma at 300 eV. As a result, the
localized co-deposition is observed towards the bottom of grooves.

As demonstrated here, the first attempt to reduce particle recycling by the
topographical surface modification has been successful. The partitioning wall of the
groove structure is found to act in part as a sputter target to supply carbon to bury recycling
particles and to serve in part as a substrate of the co-deposited film under deuterium plasma
bombardment. Since obviously the burial probability depends on the in-groove residential
time of the particle for a given condition, one might attribute the reduction of deuterivm
recycling to the plasma effects in such a way that low energy neutrals reside longer than
bombarding ions {or neurrals after the first few coilisions with the partioning walls).
Further improvement of the groove arrangement is possible. Details wili be published

separately.

5. CONCULUSIONS AND IMPLICATIONS TO RECYCLING IN FUSION DEVICES

Several possibilities have been investigated, intending to reduce particle recycling
from selected graphite materials under high-flux deuterium plasma bombardment. The
significance of the plasma effects is pointed out as the crucial issue in understanding the

particle recycling behavior.



The increased surface pore openings and refreshed adsorption sites by He-PAP are
found to enhance r=tention of deuterium. This effect leads to a significant reduction of
particle recycling and chemical erosion under deuterium plasma bombardment. Also,
increasing the surface porosity by appropriate materials selection can reduce the steady state
recycling rate due to the in-pore storage mechanism. Due to physical and chemical
sputtering, high-fluence hydrogen plasma bombardment will naturally provide the sponge-
like surface to low-density, isotropic graphite [I8]. Thus, one can expect reduced
recycling in fusion devices for the plasma-facing componenis made of isotropic graphite
materials, e.g. POCO-graphiie in TFTR, CLS890PL in JET, as the coafinement and
conditioning plasma discharges are repeated.

Non-saturable deuterium plasma pumping as well as reduced emission of sputter-
induced impurity have been observed for a machine-grooved surface. This effect is
atiributed to continuous co-deposition of particles in the groove space. The co-deposited
film is found to have a characteristic surface morphology with dendritic microstructures.
The concept of topography-induced co-deposition can be applied to the control of fuel
particle recycling as well as impurities in fusion devices, via adjustment to edge-plasma
parameters and local magnetic field configuration. Yet the effect of continuous co-
deposition on the iritium inveatory is crucial. Incorporated tritium might be recovered
through thermal decomposition of the co-deposited films. Details are still unclear. Further

investigation s necessary to clarify this point.
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Table 1 Summary of recycling coefficients and methane yields at the steady state*.

Material Recycling coefficient*  CDy4 signal** Temperature(°C)
POCO-graphile
Pre-saturated 0.75(0.85%*%) 0.69 65
Activated 0.72 0.65 60

" 4D-graphite weave
Pre-saturated 0.85(1.0%*#) 0.64 a9

Acuvated 0.8 0.65 65

2D-graphite weave

Pre-saturated 0.96(1.0**¥) 0.65 72

Activated 0.94 0.62 65
Pyvro-graphite

Pre-saturated 1.G(1,0%%*) 0.72 81

Actvated 1.0 q.70 87

* The recycling coefficient is taken at t = 10s and normalized to that for Pyro-graphite
as a pore-free reference material (see Fig. 1).

“* The signal intensity for CD; is normalized to that at §00°C (not reported here).
*** The recycling coefficient peak due 1o ion-impact desorption (see text).



FIGURE CAPTIONS

FIG. 1; Surface morphologies of graphite materials after He-PAP: (2) POCO-graphile;
(b} 4D-graphite weave; (¢) 2D-graphite weave; and (d) Pyro-graphite. Notice
that the surface porosiiy decreases in order: POCO-graphite, 4D-graphite weave,
2D graphite weave, and Pyro-graphite.

FiG. 2; Typical dama from rerycling and erosion measurements for plasma-activated
and pre-saturated 4D-graphiie weave: (a) temperature; (b) recycling coefficient;
ana (c) methane signal from RGA, each 2s a function of time. The recycling
coefficients shown here are normalized to the steady state value for Pyro-
graphite as a pore-free reference material {see Fig. 1).

FIG. 3; Deuterium recycling behavior of the pre-sawrated POCO-graphite targzts with
a flat surface and with the grooved surface: (a) temperature; and (b) recycling
coefficient, each as a function of time. The recycling coefficients shawn here
are nomnalized to the steady state value observed for the flat surface.

FIG. 4, Surface morphologies of the partitioning wall {a) the plasma-front side
with no obvious co-depostted films; and (b) the groove berom side with the
co-deposited film. This particular target was subjected to deuterium plasma
bombardment to a fluence of the order of 102! ions/cm? at 300 eV.
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The PISCES plasma surface interaction facility at UCLA generates plasmas with
characteristics similar to those found in the edge plasmas of tokamaks (n = 1011-1083 ¢m3, Te =3
- 30 V). Steady state magnetized plasmas produced by this device are used to study plasma-wall
interaction phenomena which are relevant to tokamak devices. We report here progress on some
detailed investigations of the presheath region that extends from a wall surface into these
"simulated tokamak" edge plasma discharges along magnetc field lines.

A number of edge plasma diagnostics have been specially developed for this work and are
now becoming fully operational including a fast-scanning multiple Langmuir/Emissive/Mach probe
system and a CID camera imaging system. Both systems allow detailed diagnoses of a 10x10x10
cm? region of magnetized plasma in contact with 2 wall surface. Measurements of plasma density,
electron tempcrature, floating potential, space potential, and bulk plasma flow velocities have been
obtained in hydrogen, helium, and argon plasmas with densities ranging from 102 10 10'? cm3,
electron temperatures from 5 to 15 ¢V, and axial magnetic fields of 0.2 to 1.4 kG. Plasma density
profiles along the magnetic field typically show a characteristic factor of 2 decrease towards the
wall surface. A plasma potential variation in the near presheath zone of order 0.5 x Te is measured,
consistent the bulk plasma flow approaching the ion spund speed near the wall surface as inferred
from a simple "free fall" model. A Boltzmann medel for the presheath density profile accurately
tracks the density profile measured both by the Mach probe and by spectroscopic means. Flow
profiles are used as a consistency check on various magnetized Mach probe theories. Results
suggest that cross-field transport of parallel momentum through ion viscosity is relatively
unimportant in PISCES discharges. In discharges that have a non-thermal "hot" electron
component with a2 number density of a few percent or more of the “colder” bulk electrons, axial
profiles of space potential and floating potential indicate that the overall electron distribution
function at the wall surface is "hotter”. This is found to be consistent with an "energy filtering”
model in which a fraction of the colder, bulk electrons is reflected by the presheath potential drop
while the "hotter” electrons are able to reach the sheath edge near the wall surface.



1. Introduction

The presheath zone is loosely defined as the quasineutral plasma region extending from the
sheath near a wall surface into the bulk plasma. In a magnetic field, the presheath zene extends
large distances along magnetic field lines and is populated by plasma through cross-field transport
and,ur ionization processes. Thus, an entire tokamak scrape-off layer can be considered as a lnrge
magnetized presheath plasma zone. Electric fields within the presheath are responsible for
acceleratng the ion species from rest within the bulk plasma to sound speed velocities at the sheath
edge thereby satisfying the Bohm critericn,

A detailed understanding of presheath physics is important not only for assessing the
overall impact of plasma/wall interactions on a tokamak discharge but also in diagnosing the
tokamak edge plasma itself. Local wall erosion/redeposition rates depend critically on the presheath
electric fields and piasma flows which can sweep ionized impurities back onto wall surfaces. The
interpretation of data collected by an electric probe in such a flowirg plasma relies on an accurate
model of not only the plasma presheath zone in whick it is immersed but also the smail presheath
zone that is induced by the probe surface itself.

The PISCES plasma surface interaction facility at UCLA [1,2] provides a means for
studying tokamak-like edge plasma-wall interaction phenomena from both the materials and plasma
physics points. We report in this paper on the progress of somc basic plasma physics experimenrts
in PISCES aimed at diagnosing in detail a magnetized preshesih region of a "simulated tokamak”
plasma-wall interaction zone. The goals of these experiments are threefold: 1) to characterize the
presheath zone, providing a more accurate interpretation of plasma-wall interaction experiments, 2)
1o assemble an experimental data base 1o enable a test of various theoretical plasma physics models
of the presheath zone in "tokamak-like" plasmas, and 3) to test the interpretation of electric probe
diagnostics in a flowing plasma. This paper focuses primarily cn progress made in achieving the
first goal. Work towards the latter two goals is ongoing and will be reported in futere publications
[3).

’

2. Experimental Arrangement

The PISCES facility produces plasma by a PIG discharge using a hot LaBg cathode disc.
Details of the plasma source operation ard construction can be found in the references [1,2,4]. The
disc cathode and cylindrical ancde are placed at one end of a vacuum chamber which is coaxial
with a series of magnetic field coils at Helmholtz spacing. The axial magnetic field provides radial



plasma confinement and maps from a hot cathode disc onto an electrically floating end plate (fig.1).
Electrons emitted from the hot LaBg disk are acceleraced by the cathode-plasma sheath drop and
injecters ziong magnetic field lines with energies in the range of 60 to 150 ¢V, The sheath at the
eivcically floating ond plate reflects most of the electrons back to the cathode and allows these
particles to efficiently ionize the background fill gas (5x105 w 5x10°3 torr) even though their mean
free path can be much longer than the column length. Steady-state plasmas with densities in the
range of 10" to 10 cor¥ and clectron temperatures of 3 1o 30 €V are readily achieved in a 6 to 10
cm diameter cylindrical column of approximately 100 ¢m in length. Similar to a tokamak edge
plasma, these plasmas exhibit fully "turbulent” dynamics, namely, brov:{i:and fluctuation spectra
and cross-field particle diffusion coefficients that are characteristic of the Bohm level. In the
standard operation, material samples are immersed in the plasma column for testing through a
modified end plate, as shown in fig. 1.

The ammangement for the presheath plasma profile measurements reported here is also
shown in fig. 1. A test sample is inserted into the plasma and ailowed to elecmically "float”,
drawing no net current from the plasma. A zone of plasma of approximately 10x10x10 cm3 in
front of the material test sample is investigated by three principal diagnostics: a fast-scanning
pncumatically driven probe; a stationary water-cooled Langmuir probe; and a solid state CID
(charge injected device) camera. Since the Debye length is typically much less than 100 pm, these
three diagnostics record conditions in the quasineutral presheath plasma zone in front of the
material samole.

A fast-scanning probe system capable of employing a wide varicty of electrical probe
techniques and geometries has been specially built to diagnose PISCES plasmas [5]. A pneumatc
cylinder is used to drive a single or multiple probe dp across the plasma colvmn and back (15 cm
stroke) in less than 400 msec. This enables a vertical profile to be taken in one "shot™ and at the
same time limits the total energy deposited on the probe to safe levels during the high density
plasmas that can be achieved in PISCES (power fluxcs > 400 W/cm?). A differentally-pumped
sliding seal aflows the probe to be positioned for a fast verical scan at various axial distances from
:he sample surface. By vertically scanning the plasma column through its centerline at uniformly
spaced axial locations, a complete map of plasma parameters in the near presheath of the mate:ial
sample can be assembled.

A unique probe tip that functions simultaneously as a two-sided Langmuir probe (or “Mack
probe™) and as an smissive probe was constructed for these and other experiments in PISCES. The
probe tip simply consists of a 4.8 mm diameter 4-hole exrruded alumina rod with a specially
sculptured erd (fig. 2). Two 1mm diameter molybdenum wires of approximately 2.5 mm of
exposed length collect particles on opposing sides of an alumina separator. The 459 angle on the



alumina allows the probe to be operated as a unidirectional probe or as a bidirectional probe,
depending on its orientation with respect to the magnetic ficld. For the presheath measurements
reported here, the probe was operated as a bidirectional or "Mach probe” with the "up-stream”
probe facing towards the LaBg cathode along magnetic field lines and the "down-stream" probe
facing the material test sample. Both probes were continuously biased in ion saturaton at -140
volts. Ion saturation current data were numerically smoothed over a 10 msec time window to
reduce "noise” due to density fluctuations (typically dn/n = 0.3 10 0.5).

A 0.25 mm diameter 1% thoriated tungsten wire loop was inserted into the remaining two
holes of the alumina and employed as a thermionic electron emitter. Typically, the fungsten
filament was preheated by an AC current for approximately 0.5 sac before the probe initiated its
fast vertical scan. The filament was maintained in a mode of strong electron emission (T > 2000
°C) throughout the inward travel of the probe. Power was turned off to the filament on the retum
stroke and the entire probe assembly was allowed 0 cool between scans. The "floating” voltage of
the filament was recorded and interpreted as the local plasma potential in the case when the filament
strongly emitted electrons and as the usual plasna floating potential in the case when the filament
was turned off during a scan. A stationary, water-cooled Langmuir probe could also be inserted
into the plasma stream and was typically used to cross-check data from the fast-scanning probe or
to record a complete Langmuir characteristic at 2 fixed spatial position.

An image intensified CID camera was used during these experiments to record line-
integrated brightness profiles of He (6563 A) emission as well as to record a picture of the
experimental arrangement on video tape for later reference (fig.1). Since the mean free paths of
both atomic and molecular hydrogen in PISCES plasmas are typically much larger than the plasma
radius, a relatively uniform hydrogen neutral density can be maintained within the diagnosed
presheath region. In non-hydrogen discharges this was accomplished by “"bleeding in" trace
amounts of hydrogen into the feed gas. Under these conditions, the variation in Hg emissivity
along a given magnetic field line was expected to track the local electron density variation in the
presheath as long as the electron temperature was constant.

In order 1o obtain the local Hy, emissivity as a function of both plasma radius and distance
along magnetic field lines, video images were digitized and an Abel inversion was performed on
the cylindrically symmewic brightness data. Profiles of He emissivity were then compared to
density profiles measured independently by the fast-scanning probe. This was used as a cross-
check on the probe data to assure that the insertion of the probe did not significantly perturb the
presheath plasma profiles.



3. Results
3.1 Presheath Density and Potential Profiles

Fig. 3 shows a typical mapping of plasma density and pbtcmial in the presheath plasma
zone from a series of fast probe scans. These data were obtained in a helium discharge with the
following parameters: helium fill pressure (measured near the material sample) Pye = 4x10° tor,
electron temperature on axis Te = 12 eV, and axial magneiic field B = 1.4 kG. The mapping was
obrained by scanning the fast probe twice in the vertical (x) direction at each of 22 regularly spaced
positions in the horizontal (z} direction. The two vertical scans at each horizontal position allowed
the emissive probe to altemnately record floating potential profiles as a cold filament and plasma
potential profiles as a hot, strongly emitting filament. The Mach probe was operated in ion
saturation mode for all scans.

The density reported in fig. 3(a) was estimated by simply averaging the ion sawration.
currents collected on the up-stream and down-stream facing probes and assuming that the electron
terperature had a spatially uniform value of 12 V. This technique effectively treats the two probes
as one larger probe. The clectron temperature was measured by momentarily inserting a water-
cooled Langmuir probe at an axial position of z =4 cm. Since the vertical electron temperature
profile is not unfolded from the data in fig. 3, the density variadon in the vertical direction should
not be taken as completely accurate. However, in this discharge the electron temperature is found
1o be very nearly constant along the magnetic field. Consequently, the relative variation in density
along the z axis in fig. 3(a} is reliable. Note that there is nearly a factor of two drop in the density
over an 8 cm distance along the magmetic field lines that intercept the material sample.

Plasma potential contours shown in fig. 3(b) were deduced from the potential acquired by
the hot tangsten filament. At filament temperatures near 20000 C, the thermionic electron flux can
approach and exceed the random electron flux in the plasma. Under these conditions, the potential
of the filament tends to “float” to a value that is close to the local plasma potential. Power to the
filarnent was adjusted 50 as to achieve this condition of strong electron emission by incrementally
increasing the AC voltage on the filament until the potential profile recorded by the probe no longer
changed.

Fig. 3(b) shows that vertical plasma potential profiles exhibit a minimum on the central axis
of the plasma column (x=0). The stecpesi gradients in potential occur in the vertical direction.
Radial electric fields on the order of 12 volts/cm are estimated from this potential variation. In the
axial direction, there is evidence of a weaker potential variation along {ield liner intercepted by the
material sample. This is the presheath electric field induced by the presence of the material sample.



A potential variation on the axis of approximately 6 volts occurs over a distance of 8 ¢m, consistent
with the expected order of magnitude for the presheath potential variation of 0.5xTe.

Due to the anode/cathode geometry which is used to form the PISCES plasma (see fig. 1),
a strong radial electric field is always present. The radial electric field in PISCES plasmas appears
to adjust itself for a given axial magnetic field so as to maintain azimuthal ExB 1otation speeds that
are from 0.1 to 1.0 times the ion sound speed. Such strong azimuthal rotation velocities are
believed to contribute to the plasma turbulence and Bohm-like cross-field transport fluxes observed
in PISCES. However, this azimuthal velocity profile also complicates the interpretation of any
Langmuir probe measurements which are not made on the central axis of rotation. Indeed, the
vertical density asymmetry shown in fig. 3(a) can be simply attributed to a data interpretation
problem stemming from the effect of the azimuthal ExB rotation. In these plasmas the ExB
azimuthal flow was directed into the top half of fig. 3(a) and out the bottom half. Referring to fig,
2, one can see that the "sculptured” probe tip was orientated in such a way as to face into this flow
during the upper half of its vertical scan and away from the flow during the bottom half of its scan.
As a result, a relatively higher ion saturation flux could be collected while the probe was in the
upper half of the scan. The true vertical density profile is therefore better represented by an average
of the uﬁpcr and lower half values of fig. 3(a). In any event, the remainder of this paper focuses on
axial profiles along x=0 where the effect of this ExB rotation on data interpretation is expected to
be minimal.

Ion saturation currents recorded on the up-stream facing probe were found to typically
exceed those recorded on the down-stream facing probe by a factor of two or more, suggesting the
presence of a swong paraliel plasma flow directed towards the material sample. Even with the Mach
probe rotated 1809 with respect to the magnetic field, the same ratio of up-stream facing to down-
stream facing flux was obtained indicating that this ratio was not simply due to a difference in
probe collection areas. Nevertheless, rather than attempt to account for a parallel plasma flow in
computing the local density, an equivalent "no flow" plasma density is computed from standard
planar probe theory. In this way, the data could be displayed independent of the errors that might
be introduced by trying to model the cffect of the flow.

"Densities” deduced from the flux on the up-stream facing probe, the flux on the down-
stream facing probe, and an average of these two fluxes, assuming no plasma flow, are plotted
versus axial position in fig. 4. Also plotted in fig. 4 are an Hg, emissivity profile inferred from the
CID camera, and a plasma density profile inferred from a Boltzmann law, n{x) = ng exp{(®{x) -
P0)/Te), using the mcasured values of the plasma potential and electron temperature. Since the
latter two profilzs do not yield an absolute value for the plasma density, they are both normalized to
the "average” density profile obtained from the Mach probe at an axial position of 8 cm. Helium



plasma conditions for this data set were: Py = 2x10" tomr, Te = 8 ¢V, and B = 0.8 kG. A
hydrogen partial pressure of Py, = 4x10° torr was added in order to allow Heg profiles to be
recorded in this plasma.

A number of important points are illustrated in fig. 4. Since the emissive probe measures
the plasma potential by effectively cancelling the net random electron flux to the probe, bulk plasn«:
flow velocities on the order of the ion sound speed should not influence this measurement.
Consequently, the density profile inferred from the Boltzmann law can be taken as the true
presheath plasma density variation. The "average" density from the Mach probe fits the Boltzmann
density profile very well, somewhat justifying the ad hoc techrtique of averaging the up-stream and
down-stream ion saturation currents. Normalization of the Boltzmann density profile to the up-

stream "density” or down-siream "density" profiles do not yield such a good fit.
The Hg, emissivity profile aiso tracks the "average” density from the Mach probe. Again,

normalization of the Hy emissivity profile to the up-stream “density” or down-stream "density”
profiles only yields a poorer fit. The He, emissivity profile wes recorded without any probes
inserted into the plasma, Thus, it indicates that the presheath plasma density profiles are not
significantly perturbed by the insertion of the fast probe.

Finally, these experiments point out that caution should be exercised in deducing the local
plasma density from a directional Langmuir probe in the presence of a plasma flow. Without
information from the down-stream facing probe, one could easily overestimate plasma densities by
50% or more, by incorrectly assuming that the plasma flow speed is zero,

3.2 Presheath Plasma Flows

A number of models have beer: considered in an attempt to predict plasma flow velocities
from magnetized Mach probe measurements [6-9). In these models, the plasma flow velocity along
magnetic ficld lines, expressed in Mach number (M), is related to the ratio (R) of plasma flux
collected on the up-stream facing probe over the flux collected on the down-stream facing probe.
This functional relationship, M = f(R), varies significantly from model to model and depends on
the physics that is emphasized in each.

Fig. 5 shows Mach number profiles computed from three different modeis considered by
Stangeby {7], Harbour and Proudfoot [6], and Hutchinson [8], using the probe data that was
snown in fig. 4. Positive Mach numbers refer to paralle] plasma flow velocities directed towards
the material sample. Also shown in fig.5 are Mach numbers based on a "free fall" velocity of ions



accelerated by the presheath potential drop. These "free fall” profiles were derived from the simple
conservation of energy formula,

2(Q, - D(x)
M(x):\‘/M§+——°Te— (1)

using the measured values for the presheath potential profile, The initial velocities for each "free
fall", My, were chosen to coincide with the velocities predicted from each of the three models at z =
Scem

Although eq. (1) is not rigorously correct, it predicts the maximum change in plasma flow
velocity for a given potential drop within the presheath region (assuming ion pressure effects are
negligible). Effects such as ionization, charge exchange, cross-field particle transport, and
viscosity only serve to reduce this flow speed by effectively adding drag. Fig. 5 shows that,
independent of the initial velocity of the flow at z = 8 cm, the “free fall* Mach number approaches
1 near the material sample surface. This is consistent with the Bohm criterion which requires that
the flow be greater than or equal to Mach 1 at the wall surface. It also justifies the use of a "free
fall" model to approximate the plasma flow profile since the introduction of any appreciable drag
cffects would not allow the flow to achieve Mach 1 at the wall.

A Mach number profile deduced from the measured flux ratio, R, and the Stangeby model
[7] compares most favorably with the "free fall” velocity profile. The Harbour and Proudfoot [6]
and Hutchinson [8] models predict much lower flow speeds everywhere and seem to suifer from
the rather severe problem of not achieving a Mach 1 flow near the material sample surface. This is
particularly true of the Hutchinson model and may indicate that cross-field paralle! momentum
transfer due to ion viscosity is relatively unimportant in these discharges [9]. In fact, one expects
that the "correct” model should predict Mach numbers greater than 1 at the wall surface using the
measured flux data. As the Mach probe gets very close to'the wall, the flux tube from which the
down-stream facing probe collects particles becomes cut-off by the wall. As a result, less flux
should be collected by this probe near the wall surface and hence erroneously large flux ratios
recorded there. Mach numbers deduced from these overestimated flux ratios near the wall surface
should therefore be higher than actual Mach numbers. Nevertheless, only the Stangeby model is
found to exhibit this trend, estimating Mach numbers greater than | at the wall.

To be consistent in the analysis of Mach probe data, one needs to account for the local flow
velocity in determining the local plasma density. Fig. 6 plots the density profile data displayed in
fig. 4, corrected for the plasma flows inferred from each of the three models. All three models



predict lower plasma densities near the material sample than is inferred from the Boltzmann law.
However, this may simply be a consequence of the down-stream facing probe collecting less
particles as its flux tube becomes interrupted by the sample surface. Since the density profile is
found to be predicted equalfy well by all three models, no further information about the
applicability of these models for the analysis of PISCES plasmas is obtained.

3.3 Non-Maxwellian Electron Effects

The power input to PISCES discharges originates from “primary clectrons” injected from
the hot LaBg cathode. Under the some conditions, the plasma-cathode sheath potential drop can be
as high as 150 volts. If at the same time the plasma density is low, thermalization of these high
energy electrons becomes poor and the eleciron distribution function displays a non-thermal high
energy component. From analysis of Langmuir probe characteristics, it is found that these non-
thermal electron distribution functions can be accurately described by a two temperature
dismibution model. The "cold” or bulk component of the electrons typically makes up 90% or more
of the electron population while the "hot" component, with an equivalent temperature in the range
of 30 to 60 eV, makes up the balance of the electron population.

One consequence of a two temperature ¢lectron distribution function in PISCES is that the
presheath density profile is coupled to the potential profils through a modified Boltzmann law,

n{x) = N0 expf (B(x) - Do ) Te} + m axpf (D) - D)o ) @

The .ifect of a presheath potential drop of 0.5 to 0.7 times the bulk or "cold" electron temperamre
is 10 reduce the density of the cold electron component near the wall to approximately half its value
far from the wall surface. On the other hand, the hot component is relatively unaffected by the
potendal change and maintains a nearly constant density up to the sheath edge at the wall surface.
Thus, even in these nen-Maxwellian discharges, analysis of density profiles using an isothermal
Boltzmann law (section 3.1) is siili approximately valid. However, the effective temperature of the
electrons near the wall surface can be "hotter” than the electrons farther upstream.

Data plotted in fig. 7 shows evidence of a "hotter” electron population near the material
sample surface. These data were obtained from the same discharge that was displayed in fig. 3.
Langmuir probe characteristics taken at z = 4 cmt indicated a "hot" electron density fracdon of
approximately 10% of the bulk with an effective temperature of 30 eV ("cold” component



temperature was 12 eV). Two potentizl profiles from ths emissive probe are plotted in fig. 7, one
when the filament was cold and one when the filament was hot and strongly emitting electrons.
The potential of the cold filament can be simply interpreted as the plasma "floating potential” while
_the potential of the hot filament is expected to approximate the local plasma space potential. In a
plasma with Maxwellian electrons at temperature T, and cold ions (Tj << Tg), the space potential
() and floating potential (Vy) are simply related by

To=za(® - V) 3

where o takes into account the ratio of ion sound speed to electron thermal speed as well as
secondary electron emission effects (also geometry effects when the ion Larmor radius is larger
than the probe wire diameter as in the case of the emissive probe). For illustration, an electron
temperature profile deduced from eq. (3) is also plotted in fig.7. In oxder to avoid choosing a
value for @, the profile is normalized to the elecron temperature ("cold” component) inferred by
the Langmuir probe at z = 4 cm. This figure clearly shows that the electron population near the
material surface is more energetic, causi:ig a depression in the local floating potential relative to the
space potential. Of course under these circumstances, Te is not properly deduced from eq. (3) and
one must work with the actual local distribution function to determine its energy content.

4. Discussion

Throughout the analysis in this paper two <ritical assumptions have been made about the
operation of the fast scanning Mach probe, namely, 1) that the probe was large compared to the ion
Larmor radius so that 2 planar probe theory could be applied and 2) that the perturbation length of
the probe was short relative to the presheath scale length in the experiment.

Since the magnetic field swength is reladvely low in PISCES, it is recognized that the
validity of the first assumption can become marginal even at low ion temperatures. As a result,
helium discharges were chosen over hydrogen discharges so as to avoid molecular dissociation
processes which can input energy to the ions. From doppler broadening measurements of Hell
emission, Het ions are estimated to have temperatures between 0.5 and 1.2 eV over a wide variety
of discharge parameters [10] (uncorrected for any additional broadening effects due to viewing a
rotaring plasma). He* is expected to be the dominant ion species since the rate of He** formation
from He+ is almost two orders of magnitude lower than the rate of He* formation from He? for
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the plasma and neutral conditions in PISCES, At a magnetic field of 0.6 kG, 0.5 ¢V Het ions have
Larmor rardii that are comparable to the Mach probe radius. For this reason, daia shown in figs, 3
and 7 were taken in 1.4 kG discharges while the remaining figures show data taken in 0.8 kG
discharges. The presheath profiles recorded by the Mach probe were found to be nearly identical
for both magnetic field strengths. The only notable difference between runs in 0.8 kG and 1.4 kG
was that the current ratio (R) recorded nearest :o the material sample was higher for the latter case.
This suggests that the perturbation length of the Mach probe can become long enough to interfere
with the material sample.

Assuming a Bohm cross-field diffusion rate, the characteristic perturbation length of the
Mach probe along the magnetic field (L = a2 Cs/ D ) is estimated to be approximately 1 cm for 0.8
%G and 2 cm for 1.4 kG B-fields, In this respect, the data taken at 0.8 kG is more reliable. A 1 cm
perturbation length implies that the data shown in figs. 4-6 are the resnit of "averaging” plasma
parameters over a 1 to 2 cm axial extent. Since the presheath extends well beyond 8 cm and has a
fairly linear profile, the effect of this spatial "averaging” should rot impact the overall results
obtained by the Mach probe. However, at distances of less than 2 cra away from the material
sample surface, one expects that Mach probe data should record a profile that departs from the
expected trend. Such a departure near the surface is suggested by the data in fig. 5 (Stangeby
medel predicting Mach # > 1) and fig, 6.

5. Summary

A number of edge plasma diagnostics have been developed to perform some basic plasma
physics experiments in the PISCES facility associated with the formation of a magnetized
presheath region near a wall surface. Presheath density, poteatial, and flow profiles have been
deduced under a variety of plasma conditions. Some key observations that have been made from
these experiments thus far include;

{1) Density profiles are found to exhibit a characteristic factor of 2 decrease along magnetic
field lines that intercept a wail surface, consistent with the generally accepted model for the
presheath zone.

(2) Plasma potential variations of order 0.5 x Te are detected in the near presheath region,
consistent with density profiles inferred from a Boltzmann law and cross-checked with both "Mach
probe” measurements and Hy emissivity profiles.

(3} Plasma flow velocites inferred from "free fall” acceleration of ions using the measured
potential profiles are checked against models which predict flow velocities from Mach probe data.

11



In all cases the "free fall" model yields flow velocities consistent with a Mach 1 boundary condition
at the wall surface. However, Mach probe models differ in their predictions of the flow speed. The
Stangeby model [7] is found to best fit presheath flow profiles in PISCES plasmas, suggesting that
viscosity effects do not play a dominant role [9].

(4) Presheath profiles with a non-Maxwellian ¢lectron population are investigated. Low
encrgy clecwons are reflected by the presheath potential drop leading to the detection of a "hotter”
electron population at the sheath edge near the wall surface.
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Figure

Fig. 1-

Fig. 2 -

Fig. 3 -

Fig. 4 -

Captions

Experimental arrangement for pr;:shcath experiments in the PISCES Plasma Surface
Interaction Facility, A PIG discharge is maintained between a hot LaBg cathode and a
cylindrical anode. 10 cm diameter cylindrical plasmas of 100 cm length are confined
radially by a 0.2 - 1.4 kG axial magnetic field and guided onto a material test sample. A
10x10x10 cm?3 zone of plasma in contact with the material sample is investigated in detail
by three diagnostics; a fast-scanning probe, a fixed Langmuir probe, and a CID camera.

Detail view of fast-scanning probe tip. The probe functions as a two-sided or Mach prabe
as well as an emissive probe. 1 mm diameter molybdenum wires collect particles on
opposing sides of 4-hole alumina insulator. A loop of thoriated tungsten projects beyond
the molybdenum wires, collecting plasma from both directions along the B-field. The
Ioop is resistively heated into strong electron emission over a 1 to 2 sec pulse. The probe
tip is pneumatically driven across the plasma in 400 msec.

Contour plots of density and potential from the fast-scanning probe. Density profiles
exhibit almost a factor of 2 decrease upon approaching the material sample surface along
magnetic field lines. The vertical (x) density asymmetry is interpreted as an "artifact” due
to a strong azimuthal ExB rotation, The potential profile exhibits large radial E-fields and
records a near presheath potential variation of approximately 0.5 x Te along the central
axis. :

A comparison of density profiles along the central axis from three diagnostics. Three
density profiles are inferred from the Mach probe assuming no plasma flow: density from
the up-stream facing probe, density from the down-stream facing probe, and an average
of these. For comparison, a density profile was computed from the Bolizmann law using
the measured potential profile and electron temperature. This profile is shown,
normalized to the average density from the Mach probe at z=8 cm. A density profile
inferred from the local Hey emissivity is also plotted with a similar normalization. The
consistency in these profiles lends confidence to the experiment and shows the the probe
did not perturb the plasma profiles in which it measured. The magnitude of density error
bars are suggested by the scatter in these data,
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Fig. 5 -

Fig. 6 -

Fig. 7 -

Comparison of Mach number profiles deduced from thiree models. The ratio of up-stream
facing flux to down-stream facing fiux was used to compute parallel flow speeds from
three Mach probe models. For comparison, the "free fall” velocity of ions accelerated by
the presheath potential variation is also plotted. The initial velocity of this "free fall” is
chosen to coincide with each of the three models at z=8 cm. The Stangeby modei [7] is
found to fit the velocity profile data best and suggests that viscosity does not play a
significant role in these discharges [9].

Density profiles computed from three Mach probe models, including a correction for
plasma flow. For comparison, density profiles computed from a Boltzmann law are
overlaid. These profiles are normalized at z=8 cm. All models predict a lower density at
the material sample surface than predicted by the Boltzmann law. This may be a
consequence of the Mach probe’'s flux tube interfering with the material surface.

Plasma potential and floating potential profiles showing non-Maxwellian electron effects.
Local electron temperatures computed from the difference in space and floating potentials
indicates a "hotter” electron population near the material samplie surface in some
discharges. The "cold” electron population is reflected by the presheath potental drop
while the "hot"” population is able to reach the sheath edge at the sample surface.
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ABSTRACT

Plasma erosion and redeposition behavior of selected candidate materials for
plasma-facing components in the NET-machine have been investigated using the PISCES-
A facility. Materials studied include SiC-impregnated graphite, 2D graphite weaves with
and without CVD-SiC coatings, and isotropic graphite. These specimens were exposed to
continuous hydrogen or deuteriumn plasmas under the following conditions: electron
temperature range from $ to 35¢V; plasma density range from 5x10!1 to 1x1012 cm-3;
flux range from 5x1017 1o 2x1018 jons cm-2 5-1; fluence of the order from 1021 1o 10 22
ions/cm?; bombarding energies of 50 and 100eV; target temperature range from 300 to
10009C. The erosion yield of SiC-impregnated graphite due to deuterium plasma
bombardment is found to be a factor of 2 to 3 less than that of isctropic graphite materials.
A further factor of 2-3 reduction in the erosion yield is observed in when redeposition
associated with reionization of sputtered particle becomes significant. From post-
bombardment surface analysis with AES, the surface composition in terms of the Si/C of
SiC-impregnated graphite ratio is found to increase from (.15 to 0.7 after hydrogen plasma
bombardment to a fluence around 4 x 1021 jons/em? at 3500C. However, the final surface
composition appears to remain unchanged up to 4 x 1022 jons/em?, the highest fluence in
the present study. Significant surface morphological modifications of SiC-impregnated
graphite are observed after the high-fluence plasma exposure. Several structural problems
such as coating-substrate adhesion have been pointed out for SiC-coated 2D graphite

weave.

* On leave from Associazione Euratom-ENEA suila Fusione,
CRE Frascati, CP 65, 00044 Frascati, Rome, Italy



1, INTRODUCTION

The plasma-facing components in the NET (Next European Torus) machine are
expected to tolerate a heat flux of 10-40 wicm? and D-T plasma particle fluxes of the order
of 1018 jons cm=2s-1 for long pulses up to 1000 sec [1]. Clearly, it is essential that
candidate materials for these plasma-facing components be tested under similar high-flux
and high-fluence hydrogen plasma bombardment. The PISCES-A facility (2] at UCLA
allows us to investigate materials behavior under conditions relevant to those in NET.

With respect to materiais selection, graphite is currently regarded as one of the most
promising candidates because of its thermal properties and low atomic number. However,
it is also true that graphite suffers from chemical erosion which leads to a formation of
hydrocarbons [3]. This intrinsic weakness of graphite might in part be compensated by
modification of surface characteristics. One possible modification is to impregnate or coat a
porous graphite material with 5iC, a material known to have a lower chemical erosion yield
than graphite. In the present study, plasma bombardment experiments have been carried
out for alternative materials to graphite as candidates for plasma-facing components in
NET.

2. EXPERIMENTAL
2.1 Materials tested

The materials tested here include: (1) SiC-impregnated graphite (Schunk-Ebe
GmbH) with a nominal compeosition of 33%;SiC, 64%;C, 3%:Si; (2) 2D graphite weave
(Schunk-Ebe GmbH); (3) SiC coated 2D graphite weave (Schunk-Ebe GmbH); and (4)
isotropic graphite (Le Carbonne Lorraine CL5890PT) which is currently used for the
limiter tiles in the JET tokamak.

2-2. Plasma bombardment conditions
A schematic diagram of the PISCES-A facility is shown in Fig. 1. A disk specimen

with a diameter of 2.5 cm was placed in continzous hydrogen or deuterium piasmas. A
Langmuir probe was used to measure the plasma parameters. The plasma bombardment



conditions are: plasma density range from 5x1011 1o 1x1012 cm-3; el »tron temperature
range from S to 30eV; flux range from 5x1017 to 2x1018 jons cm25-1; fluence range
from 1020 to 1022 jons/cm?2; bombarding energy range from 50 to 100¢V. The specimen
temperature was measured by a thermocouple and controlled in the range from 350 to
980°C. These conditions are believed to be relevant to those expected in NET during
normal operation. More details of the PISCES-A facility and materials experiments can be
found elsewhere [2-51.

These experimental conditions span a range where sputtered particles freely escape
the plasma (referred to as the erosion regime) to where electron impact ionization is
important and significant redeposition of sputtered particles occurs (referred to as the
redeposition regime). The important parameter to determine these two regimes is the mean
free path for electron impact ionization of the sputtered material. Details will be described

later.

2-3. Post-bombardment analysis

Plasma-bombarded specimens were weighed to determine the weight loss for
evaluation of the erosion yield. Typical weight loss observed here was from a few tens to
about hundred milli gram, which is easily differentiated from any air-exposure effects.
Also, these specimens were analyzed with AES (Auger electron spectroscopy) to determine
the surface composition and with SEM (scanning electron microscopy) to observe the
surface morphology.

3. RESULTS AND DISCUSSION
3-1. Basic conciderations

It is known from our previous studies [2-5] that the ionization mean free path of
sputtered particles plays an important role in determining the overall materials erosion
behavior under plasma bombardment in the PISCES-A facility. Generally, the jonization

mean free path of sputtered particles, A, can be calculated using the relation:

A = Vay/(ne<ov>), (1



where Vg, is the averaged velocity over the energy distribution of the desorbing particles,
ne is the plasma density and <ov> is the rate coefficient for electron impact ionization.
Here, the rate coefficient is evaluated from Lotz's formula [6]. Assuming 2 planer surface
potential, the energy distribution needed to determine V3, is given by the relation [7]:

N(E) = E/E+Ep)?, @

where Ey, is the surface binding energy.

Resultant ionization mean free paths are listed in Table 1 for typical plasma
parameters in the erosion and redeposition regimes. Because of the high surface binding
encrgy, one should see a relatively long mean free path for physically sputtered carbon
even under redeposition conditions. However, this effect will not significantly change the
net erosion data to be discussed since chemical sputtering is considered to be the dominant
erosion process at temperatures between 200 and 10009C.

3-2. Experimental valuation of selected NET-candidate materials

The erosion yield of SiC-impregnated graphite and CL5890PT-graphite under
deuterium plasma bombardment in the erosion regime at bombarding energies of 50 and
100 eV are shown in Fig. 2 as a function of surface temperature in the range from 350 to
10000C. Corresponding data obtained from POCO-graphite (grade: HPD-1) from our
previous work [9] are shown for comparison. The erosion yield data from CLS890PT-
graphite and POCO-graphite are in relatively good agreement. One can also see that SiC-
impregnated graphite exhibits a lower erosion yield than these isotropic graphite materials
by a factor of 2 to 3. Similar data have been reported earlier, using graphite materials
doped with SiC to a relatively low concentration of 4-5% (9,10]. The reduction of the
erosion yield of SiC-doped graphite were interpreted by two possible mechanisms: (1) the
virtual enrichment of silicon due to preferential removal of carbon from the surface; and/or
(2) some catalytic effect of silicon as an enhanced hydrogen recombination site [10].

To clarify this point, SiC-impregnated graphite was bombarded with a hydrogen
plasma up to a fluence of 4 x 1022 ions/cm? at a surface temperature of 350°C in the
erosion regime. After a certain period of hydrogen plasma bombardment, the surface
composition was analyzed. To avoid surface impurity effects, the post-bombardment AES
analysis was conducted under 2 keV Art bombardment.

—



The result of the surface analysis is shown in fig. 2. One can see that the surface
composition in terms of the Si/C ratio changes rapidly as a function of bombardment
fluence up to 3-5 x 1021 jons/cmZ and then reaches an equilibrium value. Apparently,
chemical erosion removes carbon first from the surface. An equilibrium composition is
then attained up on 2 material balance of Si/C for given conditions: erosion rate; and
segregation rate from the bulk. The equilibrium surface composition is expected to be
maintained unless pl:sma bombardment conditions change. In fact, the equilibrium
composition has been found to remain unchanged up to 4 x 1022 jons/cm?2, the highest
fluence in the present study. This fluence is equivalent to over 10,000 shots in existing
tokamaks such as TFTR [11] and to about 100 shots in NET [1]. Also, the fluence above
which the equilibrium surface composition was observed can be considered as the critical
fluence, which is about 10 shots in NET, for the surface conditioning of this material,

The initial Si/C ratio of SiC-impregnated graphite before plasma bombardment is
found to vary between 0.15 and 0.17 although the nominal ratio of this material is expectad
to be 0.25 from the vendor's data. This difference may be due to excess supply of carbon
during the CVD-impregnation process. The equilibrium Si/C ratio after plasma exposure is
found to be about 0.7. Thus, significant enrichment of Si on the surface is observed here.
For comparison, the data from a virgin specimen of SiC-impregnated graphite are also
shown in Fig. 2. The virgin specimen (see curve: C+SiC-1) yielded about a factor of 2
larger erosion rate, relative to 7. specimen with an equilibrated surface composition (see
curve: C+SiC-2) at 350°C to a fluence of 4 x 102! jons/cm2, a typical fluence used for
individual erosion yield measurements. For successive experiments at higher temperatures,
no significant difference is observed, indicating that the surface composition is equilibrated.

It should be noted here that although the composition dependence on fluence has
been investigated at 350°C, no corresponding data are available for higher temperatures at
present. The equilibrium composition might depend on the surface temperature. However,
it is also true that the erosion yield does not seem to depend strongly upon the
concentration of SiC. In fact, we found a similar degree of reduction in the erosion yieid
using graphite impregnated with 33%8SiC to the earlier data using graphite doped with 4-
5% SiC. Therefore, we would rather deal with the present data, as measured, as an
engineering benchmark.

The SiC-impregnated graphite specimen used for the high-fluence plasma
bombardment experiment was analyzed with SEM and results are shown in Fig. 4. Due to
physical and chemical sputtering, the surface morphology is significantly medified.
However, no major cracks are observed, demonstrating good structural integrity.



Nevertheless, there may be a limit in the practical use of SiC-impregnated graphite since
this material is extremely hard, brittle and hence non-machinable by ordinary tools.

Similar high-fluence plasma erosion experiments attempted for SiC-coated 2D
graphite weave were not successful because the coatings flaked oif in part or entirely. It is
essential that the film-substrate adhesion be improved before this material is reconsidered as
a NET-candidate. Also, weight loss measurements for the plasma-bombarded 2D graphite
weave specimens were found to be influenced significantly by air exposure, i.e. moisture
pickup, probably because of the low density structure (about 70-75% theoretical density).
This is indicative of the possibility that one suffers sig.ificant outgassing if 2D graphite
weave is placed in a vacuum system. For these reasons, the erosion yield data from 2D
graphite weaves with and without SiC-coatings wers not reproducible and are not reported
here.

Shown in Fig. 5 are the crosion yield data of SiC-impregnated graphite and
CL5890PT-graphite at bombarding energies of 50 and 100 eV at temperatures between
350 and 1000°C, One can see a significant energy dependence for each material. At these
bombarding energies, SiC-impregnated graphite exhibits a Iower crosion yie¢ld than
isotropic graphite. Also, the erosion yield of SiC-impregnated graphite sieeply decreases
towards 10000C. In our previous work [9], similar temperature dependence of the erosion
yield was observed for POCO-graphite at an energy of 50 eV.

Redepasition experiments were carried out at a hombarding energy of 100eV at
temperatures between 500 and 1000°C. Applying the probability of redeposition (4] for
the mean free paths shown in Table 1, one expects about 2-3%, 50-60% and >0-90%
redeposition for the cases of physically sputwered carbon, physically sputtered silicon and
chemically sputtered deutero-methane (CDyg), respectively. The net erosion yield data
obtained under these conditions are shown in Fig. 6. The net erosion yields SiC-
impregnated graphite and CLS890PT-graphite in the redeposition regime are found to be
about a factor of 2-3 lower than those in the erosion regime. In-situ plasma spectroscopic
experiments for more detailed investigation of preferential erosion-redeposition behavior of
multi-component materials are under way. )

4. SUMMARY AND AREAS TO BE INVESTIGATED IN FUTURE

High-flux, high-fluence plasma erosion and redeposition experiments have been
conducted, using the PISCES-A facility for selected NET-candidate materials: SiC-



impregnated graphite; 2D graphite weaves with and without SiC-coatings; and isotropic
graphite. The following results are obtained:

(1) In the erosion regime, SiC-impregnated graphite has about a fzctor of 2-3 lower erosion
yield than isotropic graphite at energies of 50 and 100 ¢V. A further factor of 2 to 3
reducton in the net erosion yicld has been observed for each material in the redeposition
regime.

(2) The surface composition of SiC-impregnated graphite in terms of the Si/C ratio first
increases from 0.15-0.17 ic an equilibrium composition of 0.7 due to hydrogen plasma
bombardment to a fluence of 3-5 x 102! jons/cm2. The surface composition, once
equilibrated, does not change as loig as plasma bombardment conditions remain constant.
(3) After high-fluence hydrogen plasma bombardment, significant surface modifications are
found for SiC-impregnated graphite. However, no major crack are observed, indicating
good structural integrity of this niaterial.

(4) During high-flux plasma ez posure, SiC-coatings on 2D graphite weave tends to flake
off. The improvement of substrate-coating adhesion is necessary. Also, bare 2D graphite
weave absorbs an appreciable amount of water vapor. One might expect significant
outgassing in a vacuum Ssystem after air-exposure.

The importance of the data reported here lies in the general reduction of the erosion
yield from the use of SiC as an additive to the host graphite structure. However, details of
the role of SiC in reducing the erosion yield are still unclear. One might raise a question,
for example, what the best composition of SiC is to minimize the erosion yield. There
might be an optimized composition to retain the good machineability and thermo-
mechanical properiies of host graphite, and yet to minimize the erosion yield. To the best
of our knowledge, there is no comprehensive data base to answer this question at present.
Clearly, in evaluating these SiC-graphite composites as possible candidates for NET,
additional data on their responses to plasma exposure will be needed both to guide the
development of materials and to project the performance of components in NET made from
such materials.
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FIGURE CAPTIONS

Fig. 1: A schematic diagram of the PISCES-A facility.

Fig. 2: Ercsion yields of SiC-impregnated graphite and isotropic graphite materials

(CL5890PT and POCO: HPD-1[9]) under deuterium plasina bombardment
at an encrgy of 100 ¢V at temperatures between 350 and 1000°C in the
crosion regime. The curves: C+8iC-1 C+SiC-2 are two serics of

erosion experiments starting with a virgin surface and an equilibrated
surface, respectively (see text).

Fig. 3: Surface composition change in terms of the SVC ratia of SiC-impregnated

grzphite during high-fluence hydrogen plasma exposure at an energy of
100 eV at a surface temperature of 3500C in the erosion regime.



Fig. 4: Scanning electron micrographs of SiC-impregnated graphite: (a) as-received;
and (b) after high-fluence plasma bombardment up to a fluence of 4x1022

jons/cmZ at 100 eV and at 3500C.

Fig. 5: The erosion yields of SiC-impregnated graphite and isotropic graphite
(CLS890PT) under deuterium plasma bombardment at 50 and 10G eV
at temperatures between 350 and 1000°C in the erosion regime.

Fig. 6;: Comparison of the erosion yields of SiC-impregnated graphite and isotropic
graphite (CL5390PT) under deuterium plasma bombardment in the erosion
and redeposition regimes at an energy of 100 ¢V and at temperatures between

500 and 1000°C.



Table 1 Typical experimental parameters in the erosion and redeposition regimes.

PARAMETERS EROSION REDEPOSITION

Plasma flux (ions s “lem '3) 1.0el8 2.0c18

Plasma density (cm -3) 7.0el1 9.0¢11

Electron temperature (eV) 5.0 35.0

MFP* for carbon (cm) 350 19

MFP* for silicon {cm) 45 5.5

MEFP* for methane (cm) 20-35 (300-10000C**) 1-3 (300-10000C**)

* The mean free path for the first ionization by clectron impact. The values are obtained
from the Lotz's formula or data reported by Langer [8).

** The mean free path is calculated, assuming methane leaves with thers.ial energies
given by the surface temeprature,
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ABSTRACT

"The ALT-II toroidal belt pump limiter consists of 8 radially adjustable limiter blade segments
located 45° below the outboard horizontal midplane of TEXTOR. An array of Langmuir probes
has been installed in the plasma scoops to monitor radial decay lengths, electronfion drift side
asymmetries, and to measure -total ion currents incident on the neutralizer plates. To
complement these diagnostics, a pneumatic scanning double probe has been mounted at the
outboard midplane to measure profiles in the scrape-off layer in to the limiter tangency point.
Li-beam diagnostics on the top and bottom of TEXTOR are used to measure poloidal
asymmetries. During Ohmic discharges, the electron temperature in the center of the scoops
(3cm into the SOL) is 8-12eV, tending to decrease with rising line average density in the core.
Corresponding edge } lasma densities are in the range 2 to 5 x 10llcm-3. Recent probe
measurements indicate that 10-50% more particle current is collected on neutralizer plates with
flux tubes connected to the electron drift side on the outboard side of ALT-II. The primary
reason for the asymmetric particle collection at the neurralizers is thar parnicle flux e-folding
lengths on the electron drift side are longer than on the iun Arift side by up to a factor of Z, for
non-detached plasmas. These measurements are confirmed by profiles obtained with the fast
pneumatic scanning probe, and a Li-beam edge diagnostic! located in the bottom of TEXTOR.
In this paper, measurements in the edge plasma behind ALT-II are reported 10 emphasize the
role of scrape-off length asymmelries on particle collection by the ALT-II toroidal belt purnp

limiter.



I. Inmoduction

The design of toroidal belt pump limiters for recycling control in the tokamak edge plasma
includes two important design criteria. First, convective power flow released from the plasma
" core must be evenly distributed over the limiter surface at tc;lerable levels for component
reliability. Second, the thickness of plasma facing limiter components is minimized to obtain
maximum particle collection at the neutralizer plates, and is typically designed to be about one
particle e-folding length. The trade-off between these two criteria requires careful design of the
limiter face for power handling, while minimizing the overall limiter blade thickness for
optimum particle collection.

An additional requirement in belt limiter design concerns placement of the belt in the
tokamak. Both power and particle flow asymmetries in the scrape-off layer have been detected
at several poloidal locations with modular limiters2-4, and poloidally asymmetric edge plasma
conditions have been clearly observed in the scrape-off layer of the Alcator-C tokamakS.
Indeed, asymmetries in the plasma flow, and in particular a'symmen‘ies in the particle scrape-off
length, directly impact placement of the limiter, power handling, and particle collection at the
neutralizer plates.

In the following sections, we report on plasma flow asymmetries behind the Advanced
Limiter Test6:7 (ALT-II) toroidal belt pump limiter in TEXTORS, ALT-II is located 45° below
the outboard horizontal midplane, and creates a toroidally symmetric bifurcation of the scrape-
off lay& plasma from tangency to the vessel wall. Differences in plasma flow to the inboard
and outboard limiter scoops under the blades have been detected, and are correlated with
scrape-off layer profile measurements from edge diagnostics located at the outboard midplane
and bottom of TEXTOR. Standard discharge conditions are I;=340kA, toroidal field Bt=2.0T,

deuterium plasmas.

IL Praobe Locatigns in the ALT-H Scrape-Off Layer

Each of the 8 ALT-II limiter blades is equipped with plasma collection scoops and a pump
duct for particle exhaust. The limiter blades are covered with graphite tiles bolted to an Inconel

baseplate 10 give an overall blade thickness of 1.7cm. Plasma flow behind the belt is intercepted
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by graphite neutralizer blocks attached to the backside of the baseplates. As shown in Fig. 1,
graphite scoops and a stainless steel plenum box are mounted over the neutralizer to reduce
neutral gas backflow and duct gas to the pumps. The entrances to the plasma scoops are located
at the edge of the shadow region cast by toroidally adjacent blades. In this way, efficient
collection of the scrape-off layer particle flux is obtained, and a complete poloidal bifurcation of
the scrape-off layer is made out to the TEXTOR liner. The scoop entrances measure 13.3 x
2.5¢m, to accommodate 2-3 particle e-folding lengths in the radial direction fc« ohmic
discharges. For the data presented here, the ion drift direction o ALT-Il is from lthe
bottony/insidz of TEXTOR, and the electron drift direction is from the outboard side incident on
the upper toroidal edge of the belt.

Particle currents to the neutralizer plates are measured with 'flux’ probes biased into ion
saturation. These probes extend radially from the baseplate to the bottom of the scoop. A
profile-integrated measurement of ion current to the neutralizer plate is obtained by conv'erling
the probe current to a radial average flux and multiplying by the area of the scoop entrance. In
addition to core efflux and pump flow measurements, the particle removal efficiency 7 = pump
flow/ scoop flow, and the ALT-II particle collection efficiency £ = Z(scoop currents) / core
efflux can be estimated, independent of profile shape in the scrape-off layer.

Flux probes have been located in the scoops to monitor both flow asymmetry from above
and below the beit, and toroidal uniformity around TEXTOR. An excepton to this rule occurs
when the ICRH antennas are inserted and particle flux on the elecaron side is partially
intercepted by the praphite Faraday cage shields. Additional Langmuir probes measure local
electron temperature and density. These probes are located in the center of the scoops, 3cm
behind the limiter tangency radius.

Scrape-off layer profiles at the outboard horizontal midplane of TEXTOR are measured
with a pneumatic scanning double probe. Langmuir probe measurements of plasma flow to the
electron drift side scoops are comrelated to scanning probe profiles, and compared with density
profiles obtained with the Li-beam diagnostic located in the bottom of TEXTOR. Differences in
plasma flow to the limiter scoops can then traced back to differences between scrape-off layer

profiles on the inboard and outboard side of ALT-IL
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IIT. SOL Plasma Flow to the ALT-TI Limiter
A plot of the total ion current flowing to the neutralizer plates of several ALT-II blades

located around the torus is displayed in Fig. 2a, with the limiter positioned at a=44cm. Plasma
conditions across the poloidal extent of the scoop were measured by a set of Langmuir probes,
and found to be constant, Typically, 2-5A ion currents flow to each scoop, with the outboard
scoop currents exceeding inboard collectien by 10-50%. The particle currents collected in the
outhoard scoops are nearly toreidally symmetric, averaging about 4.2A per scoop. Particle
flow 10 scoops facing the ion drift side direction is also toroidally uniform, but reduced to an
average value of 2.8A per scoop. The total current collected by the combined 8 ion drift side
and 4 electron side scoops is about 40A. Typical core effiuxes of 1.5 to 2 x1021 have been
measured with ALT-II as the main limiter in TEXTOR?, so that the particle collection efficiency
{ = 15% for ohmic discharges with 12 scoops active. ’

Referring to Fig. 2b, local particle fluxes measured in the center of the scoops are also lower
on the ion drift side of the belt. The ratio between the two fluxes is higher in this case,
however, than the same ratio for the integrated currents to the neutralizer plates, indicating a
difference in the scrape-off layer on oppaosite sides of the belt. On the inboard side, the scrape-
off length for particle flux behind ALT-II is shorter than on the outboard side.

To clarify this result, an estimate for the decay length can be made from the integration of
the flux profile from the limiter baseplate to the bortom of the scoop. We assume an exponential

decay characteristic, with the local Langmuir probe measurement, I'Lp, taken at the center of the

scoop fixing the profile magnitude. The total scoop current is then given by,

Lscoop(d) =AB A T (1 - exp(-As/d)) M

where A and Ag are the poloidal and radial extent of the scoop, and I'q = I'pexp(App/A) is the
particle flux at back of the baseplate. The total scoop current and flux to the center of the scoop
are measured directly with probes on the ion and electron drift sides of the belt. Inserting probe

locations measured during installation, we find the ratio between the scrape-off lengths



Ar(Qutside)/ Ar(Bottom) ~ 1.7. Although the solution in A is sensitive to both changes in the
quantity Lseaop/T'Lp and deviations in the profile shape from exponential, the scrape-off length
on the electron drift side is a factor of 1.4 to 2.0 longer than on the ion drift side. The result is a
higher total particla current flowing to scoops facing the electron drift side of the belt.

A more precise evaluation of the particle flux scrape-off length is obtained utilizing a least
squares fit of an exponential to the scanning probe profile. In Fig. 3 are displayed the electron
temperature and particle flux profiles in the scrape-off layer plasma on the outboard horizontal
midplane for the same shot. The radial locations of the limiter, scoop entrance, and Langmuir
probes are indicated on this plot. An exponential fit to the profile yields a scrape-off length Ap=
1.0cm. As shown in Fig. 4, this length is characteristic of values measured over a range of line
average core densities with ALT-II as the main limiter, and is considerably shorter than the Ar
= 1.5-2cm scrape-off length behind the ALT-I modular limiter10,

At (e scoop center radius, r=47cm, the electron temperatures Tg= 8¢V and particle fluxes Iy
= 110m “Jcm? are well correlated between the scanning probe and the Langmuir probes located
in the scoops. The length of the flux tube connecting the two measurement locations is about
3.5m, extending from ALT-II to the horizontal midplane. The total current to each of the
electron drift si”~ scoops can be estimated by integrating the scanning probe flux profile over
the scoop entrance slot: Iscpop = JITu(@)rddr = 3.8A. This result is within 10% of the
corresponding probe measurements taken in the electron drift side scoops.

A co.aparison between density profiles obtained with the scanning probe and the Li-Beam
edge diagnostic in the bortom of TEXTOR is given in Fig. 5. Both diagnostics have equal
connection lengths (L=3.5m) to the ALT-II limiter. The 0.9cm density decay length measured
below ALT-II is less than the Ay = 1.35cm decay length measured above the belt by a factor of
1.5. This factor is comparable to the ratio for particle flux decay lengths calculated from
Langmuir probe data taken in the scoops as described above.

Since heat flux measurements on ALT-II show up to 2 times higher power deposition on
the jon drift side!!, and from direct measurements of 2-3 times higher particle fluxes from the
ion drift direction on the ALT-I limiter!0, a flow asymmetry to ALT-II favoring the ion side is

known 10 exist near the tangency point. The combined effects of this particle flux asymmetry at
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tangency, and the variation in scrape-off length above and below the ALT-II limiter can be used
10 explain the scoop current asymmetry detected with Langmuir probes.

To demonstrate this effect, the ratio of currents to the ion and eleciron drift sides is
calculated with the following simple model for scrape-off layer particle flow to the ALT-TT
limiter scoops. Above the belt, plasma flows from a region with a relatively long particle flux
scrape-off length, Ar= 1.0-1.2cm. If the temperature decay length Aris approximately
symmetric, then the flux scrape-off lengths will be in the same ratio as the density scrape-off
lengths. We take the ratio between particle collection rates in oppositely directed scoops:

Ie 1 Ag (-4 Ax) [1- o(As Me)y

= 2)
I b3 A c(-LB ﬂ.]) 1 - e(-As f)q)]

Here, the subscripts 'E' and T refer to the electron and ion particle drift directions, from above
and below ALT-JI, The factor of il' accounts for the particle flow asymmetry at the limiter
tangency point. Using the valve Ap = 1.0cm above the belt, and assuming the flux decay length
below the belt is reduced by the factor 1.5, we find Ar{below) = 0.7cm. Thus, from Eq. 2 the
ratio for the integrated particle currents collected in the scoops is Le./ligy = 1.4, in good
agreement with the flux probe data shown in Fig. 2. The measured ratio by the probes of 1.5 is
prebably higher due to the wendency for the profile to deviate from a pure exponential at the
scoop radius on the electron drift side. In summary, both the preferential pardcle flow in the ion
drift direction at the limiter tangency radius, and the particle flux scrape-off length asymmetry
above and below the belt, are necessary to explain the Langmuir probe particle collection

measurements in the scoops behind ALT-II.

IV. Conclusions

Probe measurements in the shadow of ALT-II have been used to detect an asymmeury in the
structure of the scrape-off layer above and below the belt limiter. More plasma is incident on
neutralizer plates with flux tubes connecting to the outboard side of TEXTOR where the particle

flux scrape-off lengths are longer. The particle flux decay lengths measured with the scanning
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probe lie in the range 1-1.2cm, with the shortest values occuring at higher line average densities
when the edge temperature is low. Neutralizer plates with flux tubes connecting to the
bottomyinside of the tokamak receive 10-50% less flux due to a decrease in the characteristic
decay lengths. This effect is pardally compensated by an ion flow asvmmetry favoring the ion
crift direction. The physical mechanisms behind the pariicle flow asymmetry at tangency and
the poloidal variation in scrape-off lengths are presently under investigation.

For these experiments, ALT-II was operated with 8 ion side scoops and 4 electron side
scoops, and had an overall collection efficiency for care efflux of 15-20%. During the next
operating period, 3 additional scoops will be added on the electron drift side 1o raise collection
efficiencies up to 20-25% in chmic discharges. With the scheduled addition of 3-4MW ICRH
plus 2.6MW NBI auxiliary power input to the plasma core, the characteristic scrape-off lengths
are expected to increase behind ALT-IL. In the range of interest, Ar = 1-2cm, the particle
collection cfficiency scales almost li'ncarly with Ay, and collection efficiencies of the order 25—
35% are anticipated. Since ALT-II typically pumps 25% of the collected current®, the pump
limiter will remove up to 10% of the core efflux.
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Figure Captions

1. Backside view of ALT-II limiter blade showing scoops, neutralizer plate, plenum box, and
probe locations.

2a. Toriodally uniform curreats to the neutralizer plates behind ALT-II, with 50% more particle
collection on the electron drift side.

2b. Particle flux measured at the scoop centers on the ion and electron drift sides of the belt.

3. Electron density and particle flux profiles in the scrape-off layer measured on the horizontal
midplane. Positions of the particle collection slot and Langmuir probes are indicated.

4. Comparision between density profiles measured above and below ALT-II. Density profiles
on the outboard side are more broad than on the inboard side.

5. Scanning probe density and particle flux scrape-off lengths measurements as a function of

line averaged core density.
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ABSTRACT

The Advanced Limiter Test (ALT-II) is a toroidal belt pump limiter ifi the TEXTOR tokamak.
ALT-II is composed of 8 blade segments which form an axisymmetric toroidal belt of 3.4m?
exposed surface area, located on the outside of the torus at 45° below the horizontal midplane.
Ohmic plasma operation with ALT-II as the main limiter is characterized by a line-averaged
density range of $x1012 to 5.5x1013 cm3 at By = 2T and [;=340kA, Zer = 1.1 to 2 and typically
40 10 95% of the power radiated depending on the plasma density. ICRH heating of the plasma
with up to 2.6MW of incident power has been achieved, which medifies the scrape-off layer
(SOL) and the pump limiter performance. The recycling coefficient in TEXTOR is normally
close 10 one, but helium RG conditioning and baking of the limiter at 400°C is found to lower the
recycling coefficient to 0.8 for the order of 10 shots. Measurements by arrays of probes in the
SOL and thermocouples in the limiter tles indicate the flow to the limiter is toroidally symmetric
(taking field ripple into account) and poleidally asymmetric. Poloidal asymmetries result in
different power and particle fluxes to the ion and electron drift sides of the limiter. The density
and power scrape-off lengths are on the order of 1-2 cm and significantly longer on the outside of
the torus (electron drift side). In spite of the flow asymmetry favoring the ion dn't.'t side near the

tangency point, the longer e-folding lengths on the electron side in the SOL result in equal or



higher particle collection by the electron side. The probe arrays indicate that during ohmic
heating a total of 15 to 20% of the core efflux is incident on the neutralizer plates located in
scoops beneath the blades. More particles are collected during [CRH auxiliary heating due to
changes in the e-folding lengths and shorter particle confinement times. Based on particle

removal experiments with pumping on one blade, the total exi:dust efficiency of the limiter if

pumped at all eight blades is 5 to 10%.

1. Intrcduction

The ALT-II pump limiterl-2 is an axisymmetric toroidal belt installed in the TEXTOR
tokamak3 with the objectives of optimizing plasma performance and studying the physics of
particle removal, recycling and impurity control with large area lirniters in tokamaks. The plasma
quality and confinement performance of tokamaks has been shown to depend critically on the
edge plasma characteristics and recycling. Tokamaks with magnetic divertors® have
demonstrated a modification of the edge profiles and enhanced confinement. The conditioning
of the inner graphite bumper limiter in TFTR to produce transient low recycling has resulred in
improved confinement during neutral beam fueling and heating3. Modular pump limiters have
been investigated®-8 1o provide continuous dersity and impurity control by reducing the recycling
at the plasma boundary. The ALT-I program in TEXTOR?-1! studied the particle and heat
removal capabilities of several modular pump limiter geometries. While increasing the number of
modular Jimiters can provide high power removal through power sharing, such as the system
planned for Tore Supral2, the particle removal zapability of the limiter system does not increase
in proportion to the number of limiters. This is because direct shadowing of the pump limiter
entrances can occur with multiple modular limiters.

With a toroidal belt, the limiter surface is made large to distribute the heat, and the shadowing
of paricle collection regions is alleviated by uniformly placed neutraiizer plates. [n addition, the
leading edge of the entrance slot is oriented in the 1oroidal direction. which reduces the hear flux

when compared o a modular pump limiter where the leading edge is inherently perpendicuiar to
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the field Lines. Thus the toroidal belt pump limiter is more relevant for particle control in high
power fusion plasmas. ALT-II is designed 10 exhaust 5 10 10% of the core efflux by active
pumping to investigate the physics of particle removal and recycling control in a toroidal pump
limiter geomery. Conditioning of the limiter surface can aiso be used to further reduce the
recycling by graphite-surface pumping with the tiles.

In this paper, the first results from ALT-II experiments are reported.  After 2 description of the
belt pump limitcr configuration, the plasma performance and recycling conditions achieved on the
limiter are presented. The difference in the scrape-off jayer (SOL) between the belt limiter and
modular limiters as they affect particle removal, and the heat distribution on the blades, are

discussed. Finally, the particle removal capability of ALT-II in ohmic and ICRH discharges is

presented based on pumping experiments at two of the blades.

2. Experimental arrangement
The ALT-II limiter consists of eight radially moveable blades forming an axisymmetric
toroidal belt located 45 below the outside horizontal midplane. The plasma facing surface of
cach blade is covered by shaped graphize tiles!3 bolted to an inconel base plate. The blades are
150cm long and 28¢cm wide, representing about 3.4m2 of graphite area exposed to the plasma.
The belt is designed to collect up to 4MW of power for 3sce, and each blade is curved in the
toroidal and poloidal directions to distribute the incident heat loads. The tiles and base plate
together are only 1.7cm thick to optimize the number of particles that diffuse behind the front
surface and flow 10 the collection scoops under the limiter. Two segments of the belt limiter are
shown installed in TEXTOR in Fig.1. Each blade is supported by 2 worm-and-screw driven
jacks14, each capable of Scm of motion for blade positioning and alignment. The jacks are
mounted on the liner and connected by a linkage system to motors outside the vacuum system.
Each blade is equipped on the underside with a localized particie collection region and vacuum
ducting to a pumping unit. Pumps are currently installed on only two of the blades. A view of

the vacuum systemn at blade #2 is shown in a poloidal cut of TEXTOR in Fig.2. Neutral gas
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preduced by plasma striking the ncuu'_aliz::r plate flows through vacuum ducting to a pumping
system consisting of Zr-Al getter pumps and a turbomolecular pump. The Bayard-Alpert
jonization gauge on each pumping system can monitor the neutral density either at the pumps or
at the neutralizer plate by opening the proper vacuum valves. Since the ionization gauge
measures the pressure between the two pumps, the real pumping speed of the system is difficult
to obtain. The particle removat rate of each blade system is calibrated by injecting calibrated gas
flows into the vacnum-clbow section in front of the getters with the valve to TEXTOR closed,
and measuring the indicated pressure by the gauge for each flow rate. The effective pumping -
speed of each system is estimated to be on the order of 4000 ¥/sec.

To decrease the backflow of gas from the neuwalizer plate to the plasma, graphite scoops are
installed to form a channel in which the plasma flows toward the plates. A view of the underside
of two blades, as seen from the bottom, is given in Fig.3. Four of the blades are equipped with
scoops which aceept particles only from the ion drift direction. For comparison, the other four
blades have scoops in both the ion and electron drift directions. Therefore, ALT-II at present has
cight ion side scoops and four electron side scoops. The scoops have inside dimensions of
2.5cm in the radial dimc«l'ision and 13.5cm in the poloidal direction. However, the area of the
plasma which flows into each scoop is determined by poloidal shadowing from the scoops and
neutralizer plates on the adjoining blades. This situation is also shown schematically in Fig.3.
The poloidal extent of the scoops and neutralizer plates is chosen such that the plates extend at the
design q over the full poloidal projection of the belt and collect all of the particles flowing in the
SOL under the blade. In fact, the plates are positioned poloidally to provide a small shadow in
the plasma in which the blade supports are placed.

Standard conditions in the tokamak during ALT-II operation in deuterium are: ng= 1 to
5x1013¢cm-3, Bt = 2.0T, Ip = 340kA, Ry = 1.75m, a = 44 to 46cm, liner temperature = 150°C.
Plasma current of up to 480kA., toroidal fields of 2.6T, and liner temperamres of 400°C have
been used. TEXTOR is normally carbonized!3 before plasma operation by utilizing deurerated

methane in either deuterium or helium RG discharges. The wall conditioning has been further
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improved by helium rf-assisted glow discharge (RG) cleaning immediately before plasma shots,
which reduces the amount of deuterium and oxygen in the carbonized layer. The SOL flux,
density and temperature are measured by several diagnostics in the edge!6. The scanning probe!?
is a pneumatically driven double probe which scans a distance of 15 cm, moving from behind the
TEXTOR liner to near the limiter tangency point in a time of about 0.1sec. After each shot the
probe characteristics are automatically fitied, and profiles of the ion flux, density, and electron
temperature plotted. The scanning probe is located on the horizontal midplane of TEXTOR,
which is normally on the electron drift side of ALT-II. An array of 21 probesi8 is positioned
under the blades to provide local SOL irformation in the scoops. Finally, the Li-beam
diagnostics19.20 on the top and bottom of TEXTOR are used to determine the poloidal symmewy
of the density and-electron temperature, and their respective scrape-off lengths.

3. Plasma operation on ALT-II

Conditioning of the 3.4m? of limiter surface area was achieved by extensive baking at 400°C,
RG cleaning in hydrogen, deuterium and helium, and carbonizationl5 of the limiter and liner
surfaces. Plasma performance was strongly affected by the conditioning procedure used in the
machine. After standard RG conditioning and carbonizatdon in deuterium, the plasma density
range was ¢xamined during operation on ALT-II. Line averaged plasma dcnsitics below
5x1012cm-3 were routinely obtained without hard X-ray production from run-away electrons due
1o the large area graphite surface. Inspection of the blades and tdles after operation failed 1o find
any localized damage. The density limit with this conditoning procedure at the standard machine
conditions described above was found to be about 4x1013cm-3, which is the same as that found
during operation on the poloidal limiters. The operation space of the machine on the Hugill
diagram was found to be similar with ALT-II as that achieved on the poloidal limiters? with the
standard conditioning procedure. The radiaied power varied from 50 to 100%, increasing with

the plasma density to detachment2). The recycling coefficient, R, during these shots was always

approximately equul o onc.



The energy confinement time has been improved in many machines above the L-mode
scaling22 through a modification of the recycling in the boundary.4523 [n an attempt to reduce
the hvdrogen inventory and release by ALT-II and the liner in TEXTOR, the carbonization
procedure was performed in a e RG discharge with a liner temperature of 150°C. RG
discharge cleaning in He was also performed for 15min before plasma shots. During plasma
discharges, the recycling coefficient was found 1o remain near one, and the density was difficult
to control. However, the oxygen level in the machine was reduced by a factor of about 4
compared to the D conditioning procedure, which resulted in an extended density limit over that
previously achieved in TEXTOR to 5.5x1013cm=3. The energy and particle confinement times,
£ and 7p respectively, are plotted in Fig.4 versus the line averaged plasma density when ALT-II
is the liraiter, for the two conditioning cases. The values of 1p were obtained from the scanning
probe data, as will be described later. The decrease in oxygen and resulting lower Zegr (~1.5)
resulted -in increased energy and particle confinement times, a higher density limit, and a
reduction in the radiated power by 10 to 20% at any given density.

Low recycling operation was achieved with ALT-II by repeating the carbonization and RG
discharge cleaning technigues in helium, but including heating of the liner o 400°C for four
hours before shots. The line averaged core density versus time for the fifth shot of the day is
shown in Fig.5. Heavy gas puffing was required to raise the deusity, and the plasma density
decayed rapidly once the gas was mrned off. The effective particle containment time, defined by
Tp* = Tp/(1-R), where R is the recyling coefficient 5.7 is evaluated from the time decay of the
density. The value of Tp* decreased from a normal value of 2 to Ssec te {.6sec with the strong
pumping by the limiter and walls, The value of R was also reduced from near 1 o about 0.8.
This low recycling condition lasts for approximately 10 shots, during which tme the recycling
coefficient gradually increases again toward one. It is possible that the He conditoning technique
left mostly weakly bound hydrogen on the limiter surfaces, which was removed by the high

temperature oulgassing. The limiter and walls would then gradually fill up from the hydrogen



bombardment from the discharge. An additonal 15 to 30 min of He RG discharge was observed
to reduce the recycling temporarily, but was not as effective as the high temperature baking.

‘The low recycling condition produced by this conditioning procedure featured very low
impurity levels. Zegr in ohmic discharges, determined from the soft X-ray continuum, was
reduced from a standard level of between 1.5 and 2 to a lowest value of 1.4 in deuterium and 1.1
in hydrogen at a line averaged density of about 2x10!3cm-3. From spectroscopic measurements
in the plasma, the oxygen level decreased by a factor of 4 to 5 compared to the standard
conditioning procedure, which resulted in an increased density limit and a decrease in the lowest
radiated power to about 40% of the input power. As the recycling increased from shot to shot,
the oxygen level also increased to its previous values. This behavior of a saturation in the
recyciing and increasing oxygen levels as a function of the number of shots did not occur when

the carbonized layer was doped with boron.24

4. Belt limiter operation

The effect of operation with a full toroidal belt limiter, compared to modular limiters, is to
reduce the average connection length of the flux tubes in the torus, which reduces the SOL
density and particle decay lengths. This is illustrated in Fig.5, where the density and electron
temperature profiles from the scanning probé are given for the case of a single blade of ALT-II
positoned at a plasma minor radius of 44cm and the remaining 7 blades forming an effective belt
positioned at 47.5¢cm. The scanning probe is not "shadowed"25 by any of the limiters or the beit
in the tokamak because the collection length of the very small probe tip is only 1-2m, and the
distance along a field line to the belt is 3.5m. For the SOL region with only a single blade from
44 to 47.Scm, the e-folding length is found to be greater than 4em. At the position of the belt
limiter (47 5cm), the average connection length is reduced and the e-folding lengths fall to the

characteristic values {=1.6¢cm) found with the belr.

The density e-folding length in the SOL, An,. can be simply described? by



Ane = (%ig[‘—)% W

where Dy is the perpendicular diffusion coefficient, L is the flux tube connection length, c¢ =
[k(Te+T/M;{] 1/2 jg the acoustic sound speed, Te i are the electron and ion temperatures
respectively, M is the ion mass, and f is the fraction of the sound speed that the plasma flows at
over the length of the flux ube. The beit limiter always connects 1o itself after approximately q
rotations around the torus. The average connection length over which plasma is collected by the
flux tube and flows toward the toroidal belt limiter is then roughly 2xqRo/2, where g can be
estimated from qcyi(r) = r B/Ro Bp, where r is the radius of the limiter, By is the toroidal field,
Bp is the poloidal field, and R, is the major radius of the torus. For a deuterium plasma in
TEXTOR with Rg = 175cm, q(a) = 3.2, D) = (1/3)Dpohm = 2.7x103 cm?sec'l, Te = Tj = 30eV,
and f = 0.3, Eq.1 predicts that Ay, is equal to 1.78cm, in good agreement with the data from
Fig.§ for the belt.

The fact that the toroidal belt limiter always connects to itseif suggests that the average
connection length for flux bes at a given poloidal angle is the same for every toroidal angle.
Likewise, the average connection length for flux tubes at a given toroidal angle is the same for
every poloidal angle. This picture suggests a toroidally symmetric scrape-off layer plasma with
uniform e-folding lengths. In fact, the 21 probes arrayed in the scoops indicate that the ion flow
to the belt is torcidally symmetric if the toroidal field ripple is taken into account. The toroidally
uniform SOL and short density e-folding lengths with ALT-II result in £0 to 90% of the core
cfflux incident on the bladeZ, The connection leagth with a modular limiter system depends on
the specific flux tube being considered and the mapping of that tube 1o the individual limiters.
For non-integer values of q, the flux mbe may never intersect the limiter, the connection length is
very long, and the e-folding lengths increase as seen in Fig.6. The longer Ap. with modular
limiters resulted in significantly higher liner fluxes compared to operation with ALT-26,

The heat flux to the belt was studied with infrared camera views of two blades??. In Fig,7a, an

infrared image of blade #2 is shown near the end of a 3 second ohmic discharge. The maximum
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temperature ris¢ on the tiles during this discharge was 25°C, which is typical of ohmic
discharges. The individual graphite tiles can be seen along with mounting screws, The direction
of the toroidal field and plasma current in TEXTOR are such that the plasma flowing in the ion
drift direction passes along the bottom of the torus and strikes the lower toroidal edge of the belt,
coming from the lower right comner of the image in Fig.7a.. Likewise, the plasma flow in the
electron drift direction crosses the outside (largs major radius) of the torus and soikes the top
toroidal edge of the beit.

The ion side of the blade is seen in the figure to receive a higher heat flux. This is due to an
asymmery in the particle and power flow directions previously observed in TEXTOR!128, and a
major radius misalignment of the belt due to thermal expansion of the heated liner. At a liner
temperature of 150°C, a horizontal outward displacement of the magnetc axis by 3-Smm is
required to align the system. For a properly aligned system, the flow asymmetry results in up to
3 times more flux on the ion drift side compared to the electron side at densities below 2x1013em-
3, decreasing to almost equal fluxes at high density. Also apparent froin the figure is the toroidal
variation in the heat flux due to field ripple. The ripple causes the dles ar the center and ends of
each blade, located between two adjacent toroidal field coils, to contact the plasma first and
receive higher heat and particle fluxes. )

Finaily, note that eacil tile gets much hotter on one side than on the other, and that the right
side of the bottom tiles and left side of the top tiles are horter. While the base plates of the blades
have both toroidal and poloidal curvature, the tiles are poloidally curved and toroidally flat.
Analysis of the edge region magnetic field structure!2 shows that there are slight differences in
the vecior addition of the toroidal and poloidal fields on the left and right side of each tile. Since
the field lines are nearly tangeni to the tile surfaces, small differences in the vector algebra affect
the exact incident angle and produce variadons in the incident heat fluxes of a factor of five across
the face of each tile. The inversion of the hot side from top to bottom of the blade is due 0 an

overali sign change of the poloidal component of the flow.



Shown in Fig.7b are caiculated values for the incident heat flux onto the ALT-1 tiles for the
ohmic discharge discussed above. Included in the calculaton are the full three-dimensional
geometry of the blades, tiles and magnetic field stucture in the TEXTOR edge. The radial
dependence of the power flux is described using a scrape-off length of 1.0cm, and symmetric
ion/electron side flows are assumed. The bottom to top (ion/electron side) asymmetry shown in
the figure is caused by the Smm misalignment of the magnetic axis with the toroidal axis of the
blade due to the expansion of the liner. The effects of magnetic ripple and the asymmetric
loading on the individual tiles, as discussed above, can be clearly scea in the analytical results.

S. Pump limiter performance

Particles in the SOL that diffuse beyond the 1.7cm of blade thickness flow along the ficld
lines 10 the collection scoops and can be pumped by the vacuum system. Any objects inserted
into the SOL intersect the particles flowing toward the scoops, reduce the particle e-folding
length, and decrease the collection by the limiter. This behavior is shown in Fig.8, where the
tozal current into the scoops calculated from an integration of the flux probe data is plotizd fora
series of shots where the limiter was moved. Note that there are 8 ion drift side scoops and only
4 electron drift side scoops. Initially, the belt was positioned at 46¢m, the ICRH antenna was
located at 47c:ﬁ. and the scoops collected about 30A of ions. Moving the belt to 44cm then
provides a 1.3cm gap berween the blades and antenna for particles to flow into the scoops, and
the total current to the scoops increases to about 40A. The increase occurs primarily on the
electron drift side due to the fact that the antenna shadows that side of the blades.

The shadowing of the scoops is well predicted by a mapping of the magnetic field linesi2 in
the SOL. The TEXTOR torus is unfolded in Fig.9 and drawn in terms of poloidal and toroidal
angles with the positions of the ¢ight ALT-II blades and the two ICRH antennac indicated. The
field line shown is mapped from the blade toward the elecwon drift side scoop of blade #2, and is
intersected by antenna #2 close to the blade. This shadowing of the electron drift side scoops by

the antennae causes the behavior shown in Fig.8. The degree of shadowing is proportional to the
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connection length to the obstruction. Close objects like the antenna (within 1 toroidal rurn) cause
a 50 o 100% reduction in the collected current. Qther limiters in the SOL over 3 toroidal turns
away (L > 30m) have been observed to reduce the scoop collection by 10 to 20%. Shadowing
cffects from these remarkably long connection lengths mapped to the blades suggest that rotation
of the plasma is not a significant process in TEXTOR. In addition, poloidal diffusion cannot
greatly exceed the radial diffusion in the boundary or the shadow would be filled.

The particle rernoval capabilities of ALT-II have been investigated with the pumps at blades #2
and 6. The particle removal rate of cach blade for ohmic discharges is shown in Fig.10 for a core
density scan. Blade #2 removes more than twice the amouat of #6, and the total amount
increases with the core density. This pumping difference between the blades exists because #2
has both jon and electron side drift scoops, and collects more ions than blade #6. As scen in
Fig.10, the ion drift side current collection by the two blades is roughly the same. The electron
drift side scoop collects more ions than the ion side because the particle e-folding length on the
oumside of the torus is found 1o be a factor of 1.5 to 2 times higher than on the bottom of the
torusi6.17, The higher collection by the electron side scoop results in more than twice the current
to blade #2. At equal radii of 44cm, the total ion collection by the present configuration of ALT-
IT with 12 scoops is about equal to the modular ALT-1,27 with an actual value of 40 10 50A for
ohmic discharges. It is planned fo increase the ALT-II collection capabilities by an additional
30% during the next machine opening by adding three more clectron side scoops.

The pumping response of the ALT-II system is linear with the incident flux, in contrast to the
results from ALT-12. The removal efficiency, defined as the ratio of the pumping rate 10 the ion
current into the scoops, is plotied in Fig. 10 and shown to be about 25% for both blades for these
shots. The removal efficiency typically ranges between 25 and 30% for ALT-H operation. The
removal efficiency for ALT-H is roughly half that reporied for the modular ALT-I10, due (o the
long vacuum ducting to the pumps and lower pumping speeds per blade for ALT-IL.

The reason that the total removal rate increases with core density and that the removal

efficiency is constant is apparent from the SOL profiles. In Fig.1}, the density an.’ 1ron
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temperature profiles from the scanniqg probe for two values of the core density are shown.
While the density c-folding length decreases as the core density increases, the magnitude of the
SOL density is found to increase proportionally to the core density. Extrapolaung the scanning
probe data to the tangency point, one can find ne(a). This vale- of the edge density is
approximately linear with the line average plasma density. The increase in SOL density and
localized modifications in the profiles (toward non-exponential) produce higher particle collection
by the scoops at higher core densities. The scoops collect particles in the SOL only beyond
45.7cm, where the plasma density is below 5x10!icm-3, This low plasma density results in
negligible plasma neutral interactions in the scoops, and a constant removal efficiency?. The T
profile is observed to flatten in the SOL as the core density increases, and the values of T, can be
reduced to below 10eV. This behavior appears to be a continuous transition toward detached
plasmas as the core density rises, where the T profile gradually becomes very flat and coid and
the density profiles are modified.

To evaluate the exhaust efficiency of ALT-II, defined as the limiter removal rate by the pumps
divided by the core efflux, it is necessary t0 know the core efflux. The number of partdcles

diffusing past the last closed flux surface?8, assuming exponential scrape-off leag+hs, is given

for cach side of the belt by
e -
Ty = ojde oj I'(2) eJ'CP(-(f-a)fkr) rdr , )

where 6 is the one turn poloidal projection of the toroidal belt limiter, [(a) is the parallel flux at
the wangency point, Ar is the particle flux e-folding length, r is the radius, and a is the limiter

radius. The poloidal projection of the toroidal belt is 2n/q(a), and Eq.2 is integrated to give

2n -
Fr =xm F@Ara+ir), 3)

where x is a factor included for the amount of cumrent o the fon and electron daft sides of the

belt. For ohmic discharges, x is found from an evaluation of the the Li-beam profiles on 1l : ion
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side and the scanning probe profiles on the elecoon side to be about equal to two. Any non-
exponential flux profiles must be directly integrated to determine the core efflux from the SOL
diagnosiics.

Once the core efflux is known, it is possible to define a global particle confinement time:

N q(a)n, V @
It 2axT@Ara+ir)

Tp=

where N is the total number density in the tokamak, n, is the line averaged density, V=2r2Ra2is
the plasma volume, and q(a) is set to 3.25 for proper matching of the scoops to the field lines.
Once the scaling of the particle confinement time is known with 1 or with ICRH power, the
core efflux is easily determined. From Fig.4, 1, is found to be linearly proportional to D, and
the core efflux is thus approximately constant during a density scan. From the scanning probe
data during ALT-1I operation, the total core efflux is abont 1.6x1021s1, This agrees well with
the values from previous TEXTOR measurement using ALT-128 or the poloidal limiters30,

The present configuration of ALT-II with 12 scoops collects 40 to S0A of ions during ohmic
discharges, which is 15 to 20% of the core efflux derived above. An estimate of the total
potential exhaust efficiency of ALT-II can be made using the collected current at blade #2, as
shown in Fig.10. Adding three electron side scoops will increase the collection efficiency of the
belt 10 9A per two-sided blade, or up 10 26.5%. If pumps are installed at all eight blades, and the

removal efficiency remains between 25 and 30% at every blade, then the total exhaust efficiency

of ALT-I will be in the range of 5 to 10%.

§. Operation with ICRH auxiliary heating
The ICRH heating system3! instalted in TEXTOR has two pairs of antennac32 located 180°
toroidally apart and on the outside-top of the torus. During operation with ALT-II, up ro 2.6MW

of !CRY power33 has been coupled into TEXTOR. The ICRH auxiliary heating leads to a
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significant modification in the plasma boundary, and in the panticle removal performance of the
pump limiter. In Fig.12, the plasma density, ICRH power, ion and electron side probe fluxes,
and particle removal rates are shown for a shot with 1.4MW of ICRH power coupled to the
plasma. With the recycling coefficient close to 1 before ICRH in this shot, desorption of
hydrogen and oxygen from the walls by the ICRH results in a rapid core density increase,
foliowed by a plasmna disruption at the end of ICRH pulse. The pumping by ALT-T is observed
to increase during ICRH heating, resulting in a rwo-fold increase in the pumping by blade #2 for
this shot This behavior is due to a change in the particle fluxes to the blades and a modification
in the SOL with ICRH.

In general, the ﬂ:u: of particics to the ion drift side scoop of blade #2 is found to increase in
proportion to the ICRH power level. The scanning probe and ALT-1I probes indicace that this
flux increase is due to a reduction in global 1, with auxiliary heating. As shown in Fig4, 1p
follows tg in the ohmic phase in TEXTOR, and chis behavior condinues during ICRH heatdng
when 1g decreases as described by L-mode scaling33. However, the flux to the electron side
probe does not follow this wend, and can even decrease with [CRH power. To explain this
effect, the elecuon side SOL n, and T, profiles from the scanning probe during 1.33MW of
ICRH power are shown in Fig.13. The ICRH heating modifies the boundary by reducing the n,
and T, e-folding lengths and increasing the plasma density near the tangency point. Further in
the SOL, the density is reduced because of the shorter e-folding length, but the profile is flantened
and local bumps in ng and T, observed. The plasma production and increased Te deep in the SOL
could be arributed 10 localized power deposition in the edge by paramerric instabilities*4, and
may explzin the localized sputtering and metal impurity production previously obscrved during
ICRH in TEXTOR3.

In spite of an increase in the core efflux and the tangency poin: density with ICRH, the
particle collection in the blade #2 electron drift side scoop decreased for this shot due to the
profile modificauions which resulted in lower edge densities. At higher ICRH powers, the flat

density profiles and large density bumps in the SOL can result in increases in the electron side
14
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scoop particle collection if the bumps occur at the same radius as the scoops. Electron side
scoops that do not map to the acrive antenna regions tend to behave in the same manner as the ion
side scoops. Since the SOL modifications are not observed by the ion drift side probes, it is
likely thau tie perturbations are somewhat local (within 1-2 toroidal turns) and related to the
antennae.

If the increased removal rates with ICRH were due only to t, changes with auxiliary heating,
then the exhaust efficiency of the pump limiter with heating would be unchanged because the
removal efficiency is nearly constant. The modifications in the SOL on the outside midplane due
o tﬁc ICRH antennae tend to reduce the collection by the elecgon side scoops at low power and
increase it at high power. The exhaust efficiency of ALT-II with ICRH auxiliary heating will
then depend on the details of the boundary modifications, but is expected not to change

dramarically based on the present work.

7. Conclusions
Plasma operation in TEXTOR with ALT-II and improved conditioning techniques features

an enlarged operating density range of 5x10!2 to 5.5x1013 cm-3 at standard toroidal field and
plasma current, Zegr = 1.1 to 2 and typiczlly 40 to 95% of the power radiated depending on the
plasma density. ICRH heating of the plasma with up to 2.6MW of incident power has been
achieved. The ICRH heating increases the pump limiter particle removal rate by a reduction of
1p, but does not significantly change the exhaust efficiency of ALT-II. Strong modification of
the SOL by ICRH heating is observed in the profiles of the density and electron temperature,
which can affect the pumping rate of the limiter. The recycling coefficient with ALT-II can be
reduced to about 0.8 for the order of 10 shots by helium RG conditioning and baking of the
limiter at 400°C. The flow to the limiter is toroidally symmetric if the field ripple is taken into
account, and poloidally asymmetric. The density and power scrape-off lengths are on the order
of 1-2 cm and significantly larger on the outside of the torus (electron drift side). The particle

and power flow asymmietry is higher on the ion drift side near the tangency point at lower
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densities, and becomes more balanced as the density increases. The longer e-folding lengths on
the electron drift side in the SOL result in equal or higher particle collection by the electron side
scoops, compared to the ion side scoops. The probe arrays indicate that a total ¢f 15 to 20% of
the core efflux is incident on the neumalizer plates during ohmic hearing in the present
configuration, which will be increased to over 25% by the addition of more electron side scoops.
Based on particle removal experiments with pumping at one of the two-sided blades, the total
exhaust efficiency of the limiter if pumped at all eight blades is 5 to 10%. This exhaust rate
cquals the design values of the system12, -
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Figure Captions .

1. Photograph of two blades segments of the ALT-II toroidal belt limiter installed in TEXTOR.

2. Poloidal cross section of TEXTOR showing the vacuum ducting from the ALT-I blade to the
getter and turbomolecular pumps. The ionization gange can measure the pressure either in the
neutralizer region or by the pumps.

3. Bottom view of two of the blades showing the scoops and the flux tubes that map

4. Bnergy and particle confinement times during an ohmic density scan with TEXTOR operating
on the ALT-1I limiter. The He RG conditioning and carbonization provides a higher density
lirnit and confinement times compared to the standard conditioning procedure.

5. Linc averaged core density and gas feed pulse versus time after carbonization and
conditioning of ALT-II in a He RG discharge, and baking of TEXTOR at 400°C. The strong
pumping by the limiter and walls results in a low particle containment time and rapid decrease
of the density with time after the gas feed is turned off.

6. Scrape-off layer density and electron teraperature profiles from the scanning probe for the
condition of one ALT-II blade located at 44cm and seven blades positioned at 47.5cm. The
shorter average connection length with the toroidal belt compared 10 a modular limiter result
in shorer density and temperature e-folding tengths.

7. An infrared camera image of an ALT-II blade near the end of a 3s ohmic discharge. The
maximurn temperature rise recorded for this shot was about 25°C.

7b. Heat flux incident on the ALT-II blade calculated using a three-dimensional modet of the
blade tiles and magnetic field structure in TEXTOR. Maximum loading is S0W/cm? for this
ohmic discharge. )

8. Total current collected by the 12 ALT-1I scoops from an integration of the flux probe data. As
the limiter is moved from a radius of 46 to 44cm, the shadowing of the scoops by the ICRH
antenna at 47cm is reduced and the collected current increases. The increase is greatest for
the electron drift direction scoops because the obstruction the antennaj is {ocated on che

elecron drift side of the belt.
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9. Magnetic ficld line tracing in TEXTOR with the toroidal and poloidal angles of the torus
shown unfolded. The plot traces a flux tube starting from the belt and ending at the electron
drift side scoop of blade #2 in the upper right hand correr. The plasma flowing from the
stagnation point near the middle of the flux tbe toward the scoop can be intersected by the
ICRH antenna relatively close to the blade.

10. Particle removal rate by the pumps at two blades, total current into each scoop, and removal
efficiency during a density scan. The two-sided collection by blade #2 results in higher
pumping rates because the electron side scoop collects up to 50% more current and the
removal efficiency is the same for both blades.

11. Density and electron temperature profiles from the scanning probe for low and high line-
averaged density shots with ALT-II as the primary limiter. As the core density increases, the
edge density rises and the clecron temperature drops. The density e-folding length is also
observed to decrease as the core increases, while the temperature profile flattens.

12, Effect of 1.8MW ICRH power coupled to the plasma on the line averaged density, probe
currents into the scoops and pumping rate at blade #2. The ion drift side scoop current
increases due to a decrease in the global particle confinement in the machine with auxiliary
heating. The electron drift side current is decreased due to modification of the scrape-off by
the ICRH. The pumping rate of the blade shows a two-fold increase with ICRH heating at
this power.

13. Scrape-off layer density and electron temperature profiles from the scanning probe during
1.33MW of ICRH power coupled to the plasma. The auxiliary heating increases the edge
density and temperature, and decreases the e-folding lengths close to the tangency point. The
production of density and electron temperature bumps deep in the profiles may be related to

metal impurity preduction observed during ICRH heating.
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Boundary Asymmetries and Plasma Flow to the ALT-II
Toroidal Belt Pump Limiter

W. 1. Corbettl, D. M. Goebell, R.W. Conn!, R.T. McGrath?,
K.H. Dippe13, K.H. Finken3

1 Institute of Plasma and Fusion Rescarch, and Department of Mechanical, Acrospace and
Nuclear Engineering, University of California, Las Angeles, CA 90024, U.S.A,

2 Sandia National Laboratorics, Albuquerque, NM 87185, U.S.A.

3 Instinw filr Plasmaphysik, Kemforschungsanlage Jalich, Asscciation EURATOM-KFA
D-5170 Jilich, Fed. Rep, Germany

Keywords: tokamak, toroidal pump limiter, scrape-off profiles, asymmetries

ABSTRACT

The ALT-II toroidal belt pump limiter is constructed with 8 radially adjustable limiter blade
segments located 459 below the outboard horizontal midplane of TEXTOR. An array of Langmuir
probes installed in the plasma scoops measures the total ion current to each neutralizer plate,
including asymmetries in flow incident from above and below the belt. Recent measurements
indicate that 10-50% more current is collected by neutralizers with flux tubes connecting to the
electron drift side, on the outboard side of ALT-II. The source of the particle collection asymmetry
is deduced from profile measurements in the scrape-off layer (SOL). On the outboard midplane, a
scanning double probe measures Ag=1.4cm, while profiles obtained with a Li-beam diagnostic
located at the bottom of TEXTOR show Aq=0.9cm. The primary source of the asymmetric particle
collection a1 the neuwralizers is therefore the difference in e-folding lengths between the el=ctron and
ion drift sides. In this paper, we report on measurements in the SOL behind ALT-II to emphasize
the roie of asymmetric decay lengths on particle collection by the ALT-I toroidal belt pump limiter.

P



Hydrogen Pumping and Release by Graphite

under High Flux Plasma Bombardment

Y .Hirooka, W.K.Leung, R.W.Conn, D.M.Goebel, B.Labombard, R.Nygren

Institute of Plasma and Fusion Research
Department of Mechanical, Aerospace and Nuclear Engineering
University of California, Los Angeles
Los Angeles, California 90024

K.L.Wilson

Physical Research Division
Sandia National Laboratories
Livermare, California 94550

ABSTRACT

Inert gas (heliom or argon) plasma bombardment has been found to increase the
surface gas adsorptivity of isotropic graphite (POCQ-graphite), which can then getter
residual gases in a high vacuum system. The inert gas plasma bombardment was carried
out at a flux = 1 x 1018 jons s-! ecm-2 to a fluence of the order of 1021 ions/cm? and at
temperatures around 800 °C. The plasma bombarding energy was varied between 100 and
200 ¢V, The geuering speed of the activated graphite surface is estimated to be as large as
25 liters s*! cm 2 at total pressures between 1076 and 10-7 torr. The gettering capacity
estimated is 0.025 torr-liter/cm? at room temperature. The gettering capability of graphite
can be easily recovered by repeating inert gas plasma bombardment. The activated graphite
surface exhibits a smooth, sponge-like morphology with significantly increased pore
openings, which correlates with the observed incrzase in the surface gas adsorptivity.

The activated graphite surface has been observed to pump hydrogen plasma
particles as well. From calibrated H-alpha measurements, the dynamic hydrogen retention
capacity is evaluated to be as large as 2 x 1018 H/em?Z at temperatures below 100 °C and at
a plasma bombarding ¢nergy of 300 eV. The graphite temperature was varied between 15
and 480 °C. Due 1o the plasma particle pumping capability, hydrogen recycling from the
activated graphite surface is significantly reduced, relative to that from a pre-saturated



surface. A pre-saturated surface was also observed to reproducibly pump a hydrogen
plasma to a concentration of 9.5 x 10 17 H/cm2. The hydrogen retention capacity of
graphitz is found to decrease with increasing temperature. At temperatures between 450
and 480 °C, the hydrogen retention estimated for the activated surface and pre-saturated
surface is 7.9 x 1017 H/em? and 2.7 x 1017 H/cm?, respectively. A transient pumping
mechanism associated with the sponge-like surface morphology is conjectured to explain
the large hydrogen retention capacity. Hydrogen releasc behavior under helium and argon
plasma bombardment was also investigated, and the result indicated the nossibility of some
in-pore retrapping cffect. The effective plasma impact desorption cross sections are
evaluated in the plasma bombarding energy range from 15 to 300 eV. A significant fraction
(70-80%) of pre-implanted hydrogen was cbserved to release under inert gas plasma bom-
bardment to a fluence of 6 x 1019 ionsfcm2. The graphite surface, once saturated, can be
reactivated via plasma-impact hydrogen desorption, regardless of the helium and argon
bombarding ene1 gy examined here.



An In-situ Spectroscopic Erosion Yield Measurement with Applications
to Sputtering and Surface Morphology Alterations
W. K. Leung, Y. Hirooka, R. W. Conn, D, M. Goebel, B. Labombard, R Nygren
Mechanical, Aerospace and Nuclear Engineering Department and Institute of Plasma and Fusion
Research, University of California, Los Angeles, USA

Abstract

An in-situ spectroscopic erosion yield measurement is developed and used to monitor
material surface erosion during bombardment by a plasma. The experiments are performed in a
plasma that has the characteristics of a fusion tokamak boundary plasma but the technique is
applicable to many processes where plasma erosion is important. Erosion yield of materials
bombarded in a high flux (up to 1018 ion/em?/s) plasma environment has been previously studied
using weight loss measurements. In the present study, the sputtered flux from a material is
monitored by the line emission intensities of atoms eroded from the surface. The line intensities can
be used to infer erosion yields after proper calibration. The methed agrees well with results from
weight loss measurements. Earlier work established that the material surface structure can
substantially influence the erosion yield. When a change of surface morphology ( e.g. cone
formation ) occurs, weight loss methods cannot be used to determine the erosion yield. However,
the in-sitz erosion measurement is suitable and is used to investigate the relation between the or-set
of morphology changes and alternations in erosion yield during plasma bombardment. Experiments
are reported for copper, as an example of a pure material, and stainless steel, as an example of an

loy system. The formation of surface cones is observed only when both the sample temperature 1s
above a critical value and surface impurities exist. If the source of impurities is removed, or the
sample temperature is lowered below the critical value, a surface rough with cones will be returned

to a smooth state.
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ALT-II Toroidal Belt Pump Limiter Peiformance in TEXTOR
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ABSTRACT

The Advanczd Limiter Test (ALT-I) is a toroidal belt pump limiter in the TEXTOR tokamak.
ALT-II is composed of 8 blade segments which form an axisymmetric toroidal belt of 3.4m?2
exposed su:face area, located on the outside of the torus at 45° below the horizontal midplane.
Ohmic plasraa operatien with ALT-II as the main limiter is characterized by a line-averaged
density range of 5x1012 to 5.5x1013 cm-3 at By = 2T and I,=340kA, Zegr = 1.1 1o 2 and typically
40 10 95% of the power radiated depending on the plasme. density. ICRH heating of the plasma
with up to 2.6MW of incident power has been achieved, which moedifies the scrape-off layer
(SOL) and the pump limiter performance. The recycling coefticicat in TEXTOR is normally
close to one, but helium RG conditioning and baking of the limiter at 400°C is found to lower the
recycling coefficient to 0.8 for the order of 10 shots. Measurements by arrays of probes in the
SOL and thermocouples in the limiter tiles indicate the flow to the limiter is torvidally symmetric
(taking field ripple into account) and poloidally asymmetric. Poloidal asymmetries result in
different power and particle fluxes to the ion and electron drift sides of the limiter. The density
and power scrape-off lengths are on the order of 1-2 ¢cm and significantly longer on the outside of
the torus (electron drift side). In spite of the flow asymmetry favoring the ion drift side near the

tangency point, the longer e-folding lengths on the electron side in the SOL result in equal or



higher particle collection by the electron side. The probe arrays indicate that during ohmic
heating a total of 15 to 20% of the core efflux is incident on the neutralizer plates located in
scoops beneath the blades. More particles are collected during ICRH auxiliary heating due to
changes in the e-folding lengths and shorter particle confinement times. Based on particle
removal experiments with pumping on one blade, the total exhaust efficiency of the limiter if

pumped at all eight blades is 5 to 10%.
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