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Abstract

Controlled metzsl impurity injection into the plesma of the
CASTOR-Tokemek has been performed by arc ignition in & spe-
cizl arc source, and by erosion probes exposed to ths adgo
plasma. The injected impurities were Ta and Li. Using etan-~
dard diagnostics, time resolved photography, collector
probes and post-mortem investigations of limiters, the plas-
ma response on the impurity injection and general features
of the toroidal flow of ths plasma and the impurities have
been studied. There ere indications of toreoidal inhomogenes-
itles of the esdge plasma caused by the local impurity in-
Jection, and also evidence of nonsymmetrical flow of the
plasma and the impurities., Typical directions of the asyRgg~
tric component of particle and heat fluxes havs been detar-
mined in the core, boundary and scrape-off plasma,



1. Introduction

since the effects of impurities on the performance of toka-
maks have bsen recognized as a serious problem, the produc-
tion and the behaviour of the impurities are investigated in
more detail /1/. There are several approaches to search for
natural impurity sources and to study the impurity transport
in the core and edge plasma. Besides spectroscopic identifi-
cation of the impurity species in the core plasma, and in
recent time also in the edge plasma, mainly surface analysis
of solids after their exposure to the adge plasma have been
epplied.

Post-mortem invastigations of replaced parts of tokameaks
proved to give useful information on phenomena of impurity
erosion and deposition, However, they are hardly suited to
obtain dstailad information on plasma effects and impurity
transport, because of their long term operation and conse-
quently the supsrposition of different discharge and clean-
ing regimee. Collector probe measurements can yield data on
ectual impurity fluxes in the scrape-off plasma of single
discharges. But here problems still arise from the fact that
generally the sources of the impurities can be hardly loca-
lized. In connection with this the shielding action of the
edge plasma cannot be sufficiently investigated. Therefore,
up to now, it was difficult to obtain a correlation of im-
purity fluxes in the scrape-off layer to the central plasma
behaviour.

In order to overcome these difficulties a well defined
source of impurities which are not inherently present in the
tokamak would be desirable. Collector probe measurements in
connection with impurity pellet injection carried out in
T-10 recently /2, 3/, have shown some characteristic fea-
tures of impurity fluxes in the core and edge plasma.

In this paper first results of injection experiments at the
CASTOR-tokamak are presented. Aims of the experiments were
tha observation of the plasma response on local, strong im-
purity injection and investigations of general features of
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the impurity transport.

The impurities were injected by controlled metal release in
a special arc source near the wall and by plasma srosion of

evaporated layers on probes which were exposed to the edge
plasma,

Properties of the impurity transpert have been examined by
photography and collector probes. Furthermors, various limi-
ters, installed only during the period of the injecticn expe-
riments were investigated post-mortem by surface analysis,
The plasma responss waes detected by standard diagnoetics, and
also by collector probes.

2. Experimental details

2.1, The_tokamek

CASTOR 1s & small tokamaek with 2 major radius of 0.4 m, snd
minor radil of the first wall of G.105 m and of the limiters
of 0.080 - 0,085 m, respsctively /4/. Dischargee with plasma
currents of I_ up to 30 kA and & pulee length of about 9 ms
et @ toroidal field B,% 2.0 T can be perforasd. The plasma
parametsrs are line averaged slectron deneity ng = C,7 -
2.0 - 1019 m's, central elsctron and ion temperature Ta(o) o
150 - 300 eV and T, (o} = 50 - 100 eV, respectively.
Intrinsic metallic impurities of CASTOR are the stainless
steel components {Fe, Cr, Ml and small amounts of Ti) and
Mo as limiter material.

2.2, The arcing_snd _srosion probes

In the present experiment Ta (arcing source) as well as Li

and Ag (erosion probe) have been used as nonintrinsic impu-

rities.

The arc plasma source /5/ has a coaxisl construction with s
central cathode rod of Ta and an anode cylinder of Cu (see
fig. 1a)s An arc with a current of some kA end & durstion of
about 0.5 ms was ignited during the stable phase of the toka=-
mak discharge using a trigger voltage of soms kV. A echeas

of the electrical circuit 1s shown in fig. 1b. Fig. 2 showe
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the characteristics of an arc without applying a magnetic
fiald. The capacity of the arc circuit Was chosen such that
about 1017 Ta-atoms were released from the cathode. It was
verified /5/ that about 4 °1016
could reach the plasma. Unfortunately, the fraction of vapour
and of macroparticles of the emitted material was not well de-
fined and could be only estimated roughly. The predominant
part of the emitted Ta-droplets had a size of about 1 pum.

The esrosion probe congsists of a Ti- or Ta-plate (about 1 cmz).
One side of this plate was covered with a vapour deposited

Ta-atoms left the source and

Li-layer while the other side was covered with a silver layer.
The thickness of these layers was 500 nm.

2,3. Experimentsl configuration

The experiments were carried out with two different configura-
tions (A and B) which are shown in fig., 3. All probes wsre in-
gtalled on the top side of the torus. In casse A, the arcing
source and the eroeion probes were located 28 cm from ths col-
lector probs in the plasms ourrent direction and faced its
electron drift side. The limiters were an aperture limi-
ter and a sector limiter on the torus top side. The sector
limiter spanned a poloidal angls of about 50°. Both limiters,
msde of molybdenum, were 180° toroidally away.from1tha arcing
and erosion probes. '

" In case B the arcing source and the erosion probes were posi-
tioned 180° toroidally away from the collector probe. In ad-
dition, a further aperture limiter of titanium was installed,
glving nearly a symmetric SOL-geometry between the locations
of the source and the collector into both toroidal directions.

The surface normal of the Li-side of the esrosion pfoba was
parallel to the plasma current, whereas the Ag-side was anti-
parallel. Windows on the outside of the torus in the horizon-
tal midplane allowed to photograph the plasma in the vicinity
of the Ti-limiter and of the arcing source with and without
time resolution.

The high speed movie camera Pentacon Pentazet 16 usually was
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chosen to run at 1000 frames psr second recording on ORWO=-na-
gative film NP 7 (ASA 400).

In all experiments the arcing source was positionsd behind
tne wall at a minor radius of 115 mm. The radius of the mo-
lybdenum aperture limitser was 85 mm and that of the titanium
one was 82 mm. The sdge of the sector limiter was positioned
at 75 mm. The erosion probes were inserted into the edgs
plasma up to a minor radius of 75 ma.

The Si~collector samples werse mounted in a probe head of cop-
per. This probe head was positioned up tc & minor radius of
70 mm using a vacuum transfer system and was at floating po-
tential. The collectors were expossed perpendicularly te the
magnetic field lines fecing the ion end electron drift di-
rection (co- and counterdirection of the plasma current). The
width of the collector probee was 12 amm and ite length was

25 mm, giving the possibility to investigate radial dependen-
ces.

2.4. Experimental procedure

- s e o o OB ey 4w e s £ 20—

After baking the torus vesssl at & temperature of 290° end @
eoft Hz—glow discharge clesning procedurs (460 V, 0.2 A/Ba)
Ohmic hydrogen discharges weres made with the following parg-
meters: plesma current I_ = 10 kA, line everaged aslactron
density n, = 2.10%*? 073, toroidal magnetic field B, = 1.35 T,
safety fector q=i0 and pulse length about 9 ms. In all caszes
reported here, the direction of the toroidel magnetic figld

was parallel to that of the plasma current.

After obtaining a steble regime with highly reproducible dis-
charges, the collector probe was positioned at ths exposure
location. Due to gas desorption from the probe heed the loop
voltage was somewhat higher during the next two discharges
but reached its original value eventually. After this condi=-
tioning of the collector probe, the metal impurities were in-
jected by exposure the ercsion probe into the edge plassme or
by ignition of an arc between the Ta=-cathode and the Cu-gnode.
In order to minimize the gas emission from the Ta-cathode,
this system was preconditioned by preceding arc ignitions in
vacuum. ‘
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The arc events during the tokamak discharges were recorded by
taking photographs.

The impurities released by the arcing or erosion probes and
transported by the plasma were collected on single~-crystal si-
licon samples. In each configuration (A and B) six experiments
were made with various numbers of discharges. After exposure,
these samples and the limiters of Ti and Mo were analyzed by
RBS, SIMS and AES. RBS was partly applied in channelling geo-
metry to lmprove the sensitivity for the detection of the im-
purities and to measure the Si~damage for determining the hy-
drogen flux.

3. Results and discussion

3.1. Properties of the_edge plasma without impurity_injection

In order to study ths influence of the impurity injection on
the edge plasms bshaviour, the coellector probe was applied in
noraal discharges without impurity injection. Typical results
of such an exposure are presented in fig. 4. This figure
shoﬁa the demage amount of the Si-crystal inducsd by the edge
Plagma and the smount of collected impurities in dependence
on the minor radius. It has to be noted that the particle
fluxes were detected in the boundary layer on minor radii in-
side and outside the region shadowed by the limiters. A
setrong plasma decay with‘e decay length of a few mm was found
to occur within the screbe-off plasma at minor radii between
$0 and 95 am /6/.

The damage amount contains information on the impinging hydro-
gen flux. At high fluences, as observed here /8/., saturation
occurs and the proton impact energy can be derived. Ion sner-
gles between 60 eV and 150 eV have been estimated depending

on the minor radius, the direction of the plasma flow and the
magnitude of the discharge current.

A remarkable result is that the values of the damage amount
and hence of the derived ion impact energy are larger in co-
direction of the plasma current than those in counterdirsc~
tion inside the separatrix while the opposite is true in the
SOL-plasma.
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This indicates an asymmetric plasma flow to the collector
probe, depending on the minor radius. The asymmetry inside
the separatrix can be due to the toroidal electrical field
which causes a directed motion of the plasme ions and elec-
trons with the consequence that the sheath potential ig dif-
ferently influenced on both probe sides /5/.

After these shots without impurity injection only the expect-
ed intrinsic impurities Fe, Cr (wall material), Me (limiter

material) and also Cu were detscted. The detected Cu indi-

cates an erosion of the collector sample holder and & redepo-
sition on the Si-samples. There are arguments that these ef-
fects do not influence the qualitative results of the collec-
tor probe measurements, derived below /6/, However, it cannot
be ruled out that the observed radialidepandences of the de-
posited impurity amount are somewhat éffactad by erosien and

redeposition proceeses on tho collectisr surfage. Gensrally,
the depeosited amsunt of all impurities desrcaces with in-
creasing minor radius with 2 deeay length of a few sm in
this region.

EETRRU e
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3.2. Response_of_the_plasma to_the imguritz injection

Fig. 5a shows the temporal evolution of the plesme current
Ip’ the loop voltage U . the line averaged elsctron deneity
Nge and the radiated powsr P. in & discharge with very strong
impurity injection, initieted by an arc ignition at 3 ms. For
compariscn, their evolution is also shown without injection.

The injected metal impurities caused an increase of the radig-
ted power P_. The increase of the loop voltage U, after the
injection is due to both, an increase of Zoff and a decrease
of the elactron temperature. Typically the signels of U_ end
P. developed two separated maxima. The first maximum occurred
immediately after the arc ignition. The second eppeared sbout
2 ms later. The first maximum is caused by the release and
ionization of metal vapour from the Ta-cathode while the se-
cond peak can be explained by ablation of macroparticles which
are released from the arcing source with temporal delay. Time
resolved photographs taken from the plasma in thse vicinity of
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the @rc source support this interpretation. Fig. 6 shows the
light emission from the metal vapour at about 3 ms and the
emission of the macroparticlaes at later times.

The changes of the signals of u_ and P caused by the arc va-
pour st 3 ms relax within a time of 1 ms, which is in the eor=-
der of magnitude of the particle confinement time of CASTOR.

As can also ba seen from fig. 5a the line averaged electron
density rose by a factor of 2. This density increase can be
associated with the amount of the injected metal impurities.
Howsver, the temporal behaviour of the density ssems to be
much more influenced by the macroparticles than by the cold
arc vapour. In fact the increase of the line averaged density
is meinly correleted to the emission of macroparticles (see
fige 5b).

This cen bs expleined by the fact that the first rapid density
change at 3 ms could not be detected by the interferometer. On
the other hand it can be assumed that the radial profiles of
the impurity concentration and the electron density which
built up after the injection depsnd on the state of the in-
jected material. With injection of a vapour cloud the major
part -is ionized in the boundary layer and only a minor part
can penetratae into the core plasma. Hence the impurity con-
finement time is small and the electron density mainly in-
creases in the boundary layer. As a result the line averaged
density is less affectad. On the other hand the screening ac-
tion of the boundary layer on macroparticles is negligible.
Most of them cen penstrate into the core plasma and are ablat~
ed there. In this case the impurity confinement time is larger
and the slectron density increases in the core plasma which
leads to a2 strong effect on the line averaged density . On the
other hand the effect of the injected macroparticles on the
mean electron temperature in the core plasma is small. It
could be established that the change of this value is less
than 10 % during the plateau phase with the exception of the
phass immediately after the arc ignition (at 3 ms) where the
determination of Te is difficult. The plasma energy losses

by ablation of the macroparticles, ionization of the impurity

Q

atoms and enhanced radiation were largely compensated by an
increased ohmic input power.

Effects of the impurity injection on the edge plasma are docue
mented by the collector probe measurements. Fig. 7 reveals
that the injection of the cold arc plasma and of the macro-
particles influenced the plasma flux to the probe elsctron
side, when the arcing sourcé was arranged close to that side
of the collector probe (configurstion A). Using the corrala-
tion of the Si-damage to the ion impact energy and the elec-
tron temperature, an unusual radial Te profile is found in the
vicinity of the impurity source, Te is found to decrease to-
wards the plasma centre inside the ssparatrix, probably dua to
ablation and ionization processes. After injection the ion im-
pact energy was estimated to bs lower than 5C eV at & minor
radius of 70 mm during the rest of the discharge, whereas it
is about 100 eV without injection.

However, the plasma flux to the ion side of the collector
probe does not seem to be affectsed. An influsnce on the ples-
ma flux to both sides of the collsctor probe wasz slso not ob-
served when the arcing source wes leceted further away from
the collector probe (configuration B). This is an indicatien

that the local impurify 1njécf§35>cauaee an 1nat§¥ieﬁary
plasma phaee with toroidal inhomogeneitiss of the plasma flew
maintained in 2 time scale of milliseconds.

3.3, Motion of_injected macroparticles

The macroparticles are ejected from the molten surfaces of the
arcing source with temperatures of 300C - 5000 K. The path of
thess droplets can be photographed because of their light
emission or by the light emission of the ablating vepour cloud.
The evaporation of the mscroparticle is strongly forced by ite
interaction with the plasma. Although the photographe ware
taken without any selective filter there is evidence that in
the present experiments ths light emission of the vapour cloud
was detected (ses below).

Photographs taken with an exposure time scmewhat longer than
the duration of the discharge reveal a nearly isotropic eais-
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sion from the source and a nonuniform motion of the macro-
particles (see fig. 8). Obviously, ths trajectory of most
particles shown in fig. 8a is straightlined. These particles
moved through the torus and were partly reflected at the wall.
In another discharge, -particles were dominant which could not
reach the torus centre (fig. 8b). In particular the final
path of thess particles is not straightlined but shows that
the particles were deflected into countsrdirection of the
plasee current. A more detailed picture of the different par=-
ticle motion ie obtained by time resolved photographs.

The example shown in fig. © demonstrates that particles could
be oritted during and after the tokamak discharge. The emis-
sion speed of the particles darived from the path length and
the exposurs time changsd with the time of emission. At first,
during the dischargs particles are ejected with velocities
lerger then 100 m/s and later, after the discharge, particles
with a speed of some m/s were present. The track of the par-
ticles ejectad sfter the discharge was always straightlined,
whereas partiocles emitted during the discharge were often de-
flected, when they psssed the boundery laysr and penstrated
into the centrel plasma and interacted with it. This plasme-~
perticle interaction is indicated by an enhamnced light emis-
sion due to a stronger ablation.

The deflection of the particles is not correlated with the
plas@e disturbence induced by the arc ignition. Photos taken
in discharges without arc ignitien show that dust particles
removed from the wall and the limiters are much mors deflect=-
ed than particles produced by srcing (see fig. 10). This cen
bs explained by their lower emission speed. Usually the re-
lease of dust particles occurred during the first high power
digcharges after installation of new limiters. ’

In order to find out the causes of the deflection of the ma-
croparticles in the plasma the path curvatures can be taken
into consideration. A characteristic feature of the deflection
is their direction in coéunterdirection of the plasme current.
The time scals of the acceleration process can be quite dif-
ferent. Generally, curved paths of macroparticles were ob-
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served as shown in fig. 6. In these cases an acceleration up
to values of some 10% m/s2 in a time of ms-rangs has to be

assumed in order to explain these deflections. A more detail=
ed evaluation of the curvatures reveals that the trajectoriss

cannot be explained by a constant force.

In another discharge the macroparticles were suddenly deflect-
ed in & time scale shorter than 107> s (see fig. 11). At the
time of the deflection an intensive ablation cloud was ob-
served. Both facts together, the deflection and the enhanced
ablation, indicete an anisotropic heat flux here, which caused
an asymmetrical ablation with the consequence that the mecro-
particle was accelerated by repuleion forces. Prebably such a
sudden deflection is due to the impact of runaway electrons.
Because the macroparticle is unshislded against the fast
electrons, their energy ie consumed for sublimation and trane-
ferred into kinetic energy of the released Ta-atome. Agsuming
a sublimation energy hs of about 3 sV and a mean kinstic sner=-
gy of the ableting Ta-atoms Ekinato,s e¥Y, which correspends

to a sublimetion temperature of sbout 3000 K, » fraction of

10 % of the received heat flux Q 1z transferrsd into kinetic
energy of the rcleased atoms.

The correlated heat flux necessary to explain the cbserved
deflection cen be reughly estimaeted taking into considsra-
tion the original momentua of the macroparticle.

Provided that the maes loes due to the sudden ablaticn did
not change the mase of the macroparticls substantielly, a
45°-deflection is obteined if the momentum transferred to
the macroparticle by the sblating atoms equals the original
momentum of the macroparticle Mev .

M'voaﬁAt"mev
Here N is the sblation rate, ﬁ at the number of released Ta-
atoms and m o v the momentum of a Ta-atom.
The number of the ablated Ta-atoms is obtained by

Nat = Q/hg
hence
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Taking a 1/pmnsize particle with a speed of 100 m/s a heat
flux of about 1021 eV/anmm2 is necessary to deflect heavily
this particle in a time scale of 10™> s.

It can be argued that the bended paths of the macroparticles
ers also due to repulsion forcas.

In a tokamak plasma a macroparticle can be subjected to seve-
ral forces /7/. However, a force into counterdirection of the
plasma current cen only be explained by the electrical field
caused by the loop voltags and by momentum transfer of imping~
ing particles or ablating atoms. The macropraticle can expe-
rience an electrical force because it is negatively charged
snd surrounded by a sheath similar to a floating probe. The
acceleration by this force can be estimatad knowing the charge
of the particla. The sheath potential which builds up in front
of a solid probe in a hydrogen plasma is about 3 kTe/e. If it
is sssumed that the scale length of the voltage drop is the
Debye-length, the electrical field and via the radius of the
macroparticle, the charge can be estimated as

T
T
q= 4w£°-4§-;%

Here d§ is the potential drop, Ty the Debye-length, r
radius of the particle and q its charge.

T the

With en electron temperature of 300 eV, & plasma density of
-3
10" m = and a loop voltage of 2.5 V, the acceleration a for

Ta-particles is obtained as

8 .-5- in SI units,

Tr

a = 410"

As can be seen the acceleration scales with the reciprocal
radius of the particle. For typical values of this radius of
about 1 um the acceleration by the electrical field caused by
the loop voltage is too small to explain the observed bended

Peths. Hance collisional or repulsive forces have to be assumed

i3

to cause all observed deflections into counterdirsction of

the plasma current.

A momentum can be transferred to the macroparticlé by the im-
pinging plasma ions and by the ablating metal atoms. In both
cases an anisotropic ion or heat flux to the macroparticle has
to be assumed.Because of the accelsration of the ions and the
deceleration of the electrone by the sheath potential and ths
lower mass of the electrons, the direct contribution of the
electrons to the momentum tranefer to the surface of the ma-
croparticle is much smaller than that of the ione in a thormal
plasma without runaway electrons, although the ions get a ma-
Jor part of their energy frem the sheath which is maeintained
by the electron flow.

Neglecting at firset the part of elactrons to the heat flux the
relative contribution of both atomic perticle fluxee (the ia-
pinging ions and the ablating atome) to the momentum transfer

‘to the macropsrticle depends on thae energy of the impinging

plasma ions.

Assuming a total sbsorption of the impinging ion ensrgy at the
macroparticle, and that 10 % of this energy is transfarred in-
to kinetic energy of the ablating atoms (Ekin/h.s 0.1, see '
above), a simple relation can be derived for the ratio of the
momentum tranefer of the impinging ions to that of the ablat-
ing atoms.

APy Vta

OPrg ~o1 VH

where A p is the momentum transfer caused by the protons and
the Ta-atome and v is their corresponding velocity. Taking in-
to consideration the ion accelsration by the sheath, with

kT.e = 300 oV in the core plasma thg momentum transfer by the
ablating atoms is about 10 times larger than that of the ie-
pinging plasma ions. It demonstrates that the deflection of
the macroparticles is due to en anisotropic ablation even if
only atomic particle fluxes are considered. Hence the continu-
ous deflection of the macroparticles is eleo en indication of
a preferential heat flux into counterdirection of the plasma
current in the core plasma.



14

Probebly this preferential heat flux is correlated to an a-
ey=metric electron flow. Howsver, e more continuous distribu=-
tien of nonthermal electrons in time and space has to be as-
euned here than in the case of the sudden deflection.

Such continuously bendad path curvatures were also found in
experiments with injection of fuelling pellsts /8/. In this
paper it has been proposed to use the path deflection as a
diggnostic tool for determining the epatisl distribution of
nenthernal electrons.

Besides the path deflection of the macroparticles in counter-
direction of the plassma current caused by repulsion forces of
the ambleting stoms, & deflection of the vieible ablated va-
pour cloud was obeerved, too.

In particular, this effect clsarly appears for the light emit-

ting vepour oloud of macroparticles ejectsd aftar the tokamak
discherge which have low speeds (seé fig. 9)., but it can also
be observed for particles sjected during the tokamak dischar-
ges with a higher speed (sse fig. 6¢). The dsflection is di-
rected towards the bottem side of the torus and can be ex-
plained by the slectron drift in the toroidel magnetic fisld.

Due to the tsmpersture of saveral thousande Kelvin a macro-
perticle ejected by arcing emits atome and elsctrons with &
Maxwellien distribution. Obviously thers are enough electrons
whigh have the ability to excits ablated atoms whose deexci-
tation was observed by the emitted light. Thereby the macro-
perticle acquires quickly a positive cherge. and the ablation
cloud becomés negative.

The slectrons of this cloud are guided by the magnetic field.
The imhomogeneity of the torus fisld causes & drift of a ne-
getive charge toward the bottom sids of the torus. Assuming

e mean ensrgy of the emitted electrons of 0.5 eV and a toro-
idal field of 1 T, the drift velocity is about 1 m/s. This
velue agrsas well with the observation.

3.4. Trangport of impurity_ions

Properties of the transport of the injected impurity ions
wereo studied by surface analysis of the deposited material on
the collector probes and on parts of the limiters.
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The propagation of the injected Ta-impurity in the vicinity of
the source can be deduced from investigations of the limitare.
Although the Ti-limiter was used during experiment B only,
while the Mo-limiter was used during experiment A and B, this
seems to be permissible because the injected Ta-amount was
much larger with configuration B.

. Fig. 12 shows the experimental configuration and the radial

dependence of the collected amount of Ta on both sides of the
limiters. The decrease of the collectsed Ta=-amount on the Meo-
limiter with decreasing minor radius near the plasma is pro-
bably due to erosion effects. Evidence of this erosien is gi-
ven by the detected Mo-fluxes on the collector probe. Fluxes
of Ti, the other limiter material could not be detected which

indicates that eresion at radii larger than 82 mm is negli-
gible.

Comparing the depositsd amount of Ta on the different sides of
both limiters at minor radii larger than 82 mm the following
qualitative results are obtained:

« On all limiter sides the injected impurity is detectabls.

- On the side which faced the source more Ta wes deposited
than on the opposite side of both limiters.

« On the Ti-limiter more Ta was deposited than on the Mo-1li-
miter,
The preferred transport of the injected material toward the Ti-
limiter can be due to the ablation of the macroparticles de-
flected into counterdirection of the plasma current. This
means the transport properties of the injected material along
short distances are dominated by the transport of the macro-
particles.

Typical results of the collector probe msasurements are shown
in fig. 13. With configuration A, the injected Te was predocai~
nantly detectable on the electron side of the collector probe.
This is not surprising and similar to the results found for the
limiters because this side faced the Ta~source in a reletive
smell distance of about 30 cm. The larger GCu-deposition on the
electron side is a psculiarity of this experiment and is due

to an additional Cu-flux from the arcing source induced by
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arcing on the cathode holder. This was verified by arcing
traces on the holder.

It should be noted that only impurity atoms released from
the arcing source which were ionized and transported by the
pleesma could reach the collector probe becauss ths source
was bshind the wall and hed no line of sight connection to
the collector probs. In a separate experiment it was checked
that detectable amounts of Ta could not reach the collector
probe without a tokamak discharge.

The toroidal asymmetry of the deposition of the injected ma-
terial changed when the collector probe was located further
eway from the source. With configuration B, where both sour-
ces, ths arcing source end the erosion probs, were 180° to-
roidelly away from .the collector prebe, larger atomic fluxas
of the injected Ta and Lii) wara detected on the ion side of
the collector probs. Such a behaviour was always found with
Mo which was released from the limiter 140 degres toroidally
away from the ion side of the cocllector probe. This leads to
the conclusion that the {flow of the impurities in the toroi-
del directions is nonsymmetric as found for the plasma flow.
There is a preferred transport of plasma and impurity ions

in codirection of the plasme current in the boundary layer.
Comparing the sbsolute amounts of the collected Ta=-impurity
on both sides of the collasctor probe the Ta-flux into codi-
rection is about 20 % higher than into counterdirection of
the plasma current., For the limiter material the asymmetry
wes found to be even higher. This can be due to the fact that
the asymmetry of the atomic Ta~-transport is partly compensat-
ed by the deflection of the ablating Ta-macroparticles.

The small .difference of the distance of the sources of Mo and
Ta from the collector probe does not seem to have a signifi=
cant influence as documented by the rough results obtained on
the dependence of the impurity detection probability on the

————————

1) Ag from the erosion probe could never be detected, because
0F a nagligible erosion of the Ag-layers. The latter fact
was checked by RBS-Measurements of these layers before and
after the plasma exposures.
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toroidal distance betwsen the source and the collectors.
These results can be deduced from a comparison of the detect-
ed Ta-amounts on the limiters which were in the vicinity of
the source and those on the collector samples which were 180°
toroidally away. In spite of the large difference of the disg-
tance from the source the deposited Ta-amounts on the Mo-1li-
miter and all collector samples exposed with configuration B
are similar (compare also fig. 12 and ¥ig. 13b).

Another explanation of differently pronounced asymmetries of
the impurity fluxes could be a dependsnce of the toroidal
transport on the atomic mass. This hypothesis is supported by
the asymmetry of the detected Li-fluxes (fig. 13b) which is
even larger than that of Mo. But this has to ba provsd in
further experiments. .

The wall material Fe, Cr did not show a definite behaviour.
In most cases there is a nesrly symmetric flow of Fe and Cr
to the collsctor probe. The spacific deposition behaviour of
the wall material should depsnd on the location of the sour-
ces. However, comparing fig. 7 end fig. 13 it can be eata=-
blished that the transport behaviour of gll intrinsic impuri-
ties was not etrongly affected by the injection.

Discharges performed after these injection experimente showsd
a normal plasma behaviour without any peculiarity. Fluxes of
the impurities injected before could not be detected in the
subsequent discharges which shows that recycling effects were
negligible. :

4. Summary

The measurements with and without impurity injection have

shown, "that

- there is a nonsymmetric plasma flow to the collector probe.
The preferred direction of this flow changes with the minor
radius and is parallel to the codirection of the plasme
current in near plasma regions of the boundary layer whare-
as it is in the counterdirection near the wall.
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centrelled impurity injection by arcing and erosion probes
inte the plesma of the CASTOR-tokamak has demeonstrated that

= @ locsl injsction een cause toreidal inhomogeneities of
the plaema flow at least in the boundary layer in & time-
scals of millieaconds, '

- the plesea cors seems to be Buch more influenced by inject-
eod macreparticles than by injected vapour due to thse diffe-
rent sergening action of the boundary layer in both cases,

- there exists an anisotropic component of the heat flux in
the core plesms which ceuses @ deflection of injected ma-
croparticles inte counterdirectien of the plaesma current
by an anisstropic ablatien. Thie heat flux may bs asttri-
buted to nenthermal elsctrenes,

- the shert distance transport ef the injested material is
deminated by the transpert of the masroparticlas,

- the dotection of atomic impurity fluxes does not seem to
dopend strongly on the toroidal distance between the
source and the collesting surface,

- the long distence transport of stomic impurity fluxes has
en anisotropic component into cedirsction of the plasma
eurrent. :

Experimente carried out without controlled impurity injection
have ghown that the observed effects of the anisotropic plas-
ma and impurity flow as well as the deflection of the macro-
psrticles are not corralated to the plasma disturbance in-
duced by the impurity injsction. Nevaertheless the aim of
further experiments is to reduce ths plasma disturbance by
the impurity injection. The sensitivity of the used detec-
tion methods allows a considerable lowering of the injected
impurity amount.
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Fig. la: Arc plasme source.
A - anede, C = cathode, T- thyristor

Fig. 1b: Scheme of electrical c¢ircuit of the arc plasma
source

Fig. 2:
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Characteristic evelutien of ths ares current of the

‘aroc plasma source; Zoolus/div. and 4 kA/div,



22

Contiguration A

collector probe
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aperture limiter

bolometer (Mo}
sector timiter
{Mo)
Contiguration B
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Fig. 3: The different experimental configurations.

Ip - plasma current, B - toroidal magnetic field

23

sector limiter aperture limiter

5 o T T
4 o= o‘\ O ion side

" Owg a electron side

r- S ~Qm=0,_
3r al S e~

Y e

2 F T=o

1018Fe,Cr-Gt0ms/mZ 1018Mo-o:1toms/m2 1018Cu-atoms/m2 1020 Si-atomslm2

37 FeCr

70 75 80 85 90 85
r/mm

Fig. 4: Radial dependences of the damage amount of Si~-
samples and the collected impurity amounts in dis-
charges without impurity injection.

Discharges 9850 - 9903



24 25

3p/kA

14505

(8]
o
T

arc ignition

f

(o]
o
T

N
o
T

particle number
£~
o

Pr/ kW

t/ms

. . e e Fig. 5b: Number of macroparticles ejected by arcing as ob=-
Fig. S5a: Temporal evolution of plasma current I,, loop served on the photographs at different times.
voltage U_, electron density ng and radiated power
P. in a discharge with strong impurity injection at
3 me. Dashed curves: without injection.
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1-2 ms

Fig. 6: Photographs taken during different phases of a dis-
charge with impurity injection by arcing at 3 ms.
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Fig. 7:
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Radial dependences of the damage amount of Si-samples
exposed to discharges with impurity injection

Configuration A - discharges 14290 - 14297 and
Configuration B - discharges 14439 - 14471




2=4 ms

Photographs taken at different times after arc igni-
tion showing the macroparticle emission during and
after the tokamak discharge and the path of these

- particles; discharge 14461

Fig. 8: Photographs taken without time resolution (open Fig. 9:
shutter) during discharges with impurity injection
in the vicinity of the arc source

a) discharge 14448 b) discharge 14456
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8-10 ms
c .
.
T s
N e oo
16~18 ms
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Fig. 10: Photograph of the plasma in the vicinity of the li-
miter showing the path of macroparticles released
from the wall.



6=8 ms

Fig. 11: Photograph showing a sudden path of macroparticles
ejected by arcing at a tims between 6 and @ ms
after current rise of the tokamak discharge;
discharge 14461
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Ti-limiter Ta-source Mo-limiter Mo-limiter
at r=82mm at r=i110mm at r=75mm atr=85mm
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Fig. 12a: Location of the arc source and the investigated
limiters (configuration B)

Fig. 12b: Radial dependence on the collected Ta-amount on the

different surfaces of the limiters. Labels I-IV cor=-

respond to the surface as indicated in figure 12a.
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Configuration B
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Fig. 13: Radial dependence of the collected amount of intrin
sic and injected impurities.

Fig. 13: Radial dependence of the collected amount i
and injected impurities. unt of intrinsie b - Configuration B - discharge 14439 - 14473

a - Configuration A - discharge 14290 - 14297




