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1.Introduction

The utili zation o superconducting coils in future fusion devices leads to the presence of
semi-permanent magnetic fields, which impede the gplicaion o the well established DC
glow discharges for wall condtioning. Using microwaves for creding processplasmas, e.g. at
the Eledron Cyclotron Resonance (ECR) frequency w..=eB/me (1), is a promising route to
develop wall condtioning methods compatible with magnetic fields. Early work on ECR-
sustained process plasmas in H, in TEXTOR [1] has demonstrated the potentia of this
cleaning technique; ECR-based wall condtioning is presently used at ALCATOR C-mod [2].
Systematic studies in reactive gases are still missng, however. Important open questions are
the influence of particle drifts on the homogeneity of layer depasition and removal, the fluxes
and energy distribution d ions paralel and perpendicular to the magnetic field and the dfed
of neutrals and radicds.

2.Experimental Setup

For the investigation d these plasmas, espedaly for the study of depasition and erosion d
films, a TOroidal MAgnetic field System (TOMAYS) is operated at the Forschungszentrum
Julichin collaboration with the Ruhr-Universitét-Bochum.

At this smple magnetized torus (R=0.78m, a=0.26m), ECR plasmas can be produced steady
state & a fixed microwave frequency of 2.45GHz and a maximum power inpu of 6kW. The
microwave is launched via awaveguide and a coled quartz window locaed at the top d the
vessl abowe the torus axis. Varying the @il current Ig alows to swee the ECR-zone acoss
the full minor diameter. The maximum B-field at the torus axis is 120mT. The base presaure
of the unbeked system is below 1[11.0° Pa.

The experimental devicewill be described in more detail elsewhere [3].

3.Experimental Results
A.) ThePlasma

Charaderization d the plasma parameters is made using a moveable ¢/lindricd Langmuir
probe. The presented radia plasma profil es are measured in the equatorial plane of the vess,
90° clockwise from the microwave launching pasition. For additional information a canera-
video-system is used to olserve the visible light emisson pofiles. The usage of a mass
spedrometer all ows measuring of the composition d the pumped ou gas, espedally to deted
volatile readion products.

Typicd discharge mndition is a gas presaure of 2.50.02 Pa with an input power of 1.2 KW
and coil current Ig of 1700A. This corresponds to a radial position d the ECR-zone shifted
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outward (towards lower magnetic fields) from the launching window (re=82mm). As a
typicd gaswe used argon, bu measurementsin O,, N, H,, and He have been performed too.

Change of the magnetic field

The dthange of the magnetic field strength by variation d the il current alows to pasition
the ECR-zone inward (low field) or outward dreded (high field) from the launching window
(r=0mm). This leads to dfferent plasma @nditions as can be seen in Fig.1 for threediff erent
ECR-positions.
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Fig. 1: Radial ne- and Te-profilesfor 3 dff erent magnetic fields respedively ECR-zone positions
measured in the equatorial plane of the torus.

For the case of high field cougding (Is=1700A and 200®\) an ouward dreded increase of the
density is observed starting nea the ECR locaion. At 1g=1700A a ripple structure gpeas
between r=170mm and 270nm which we tentatively explain as the manifestation d standing
waves. Here the density reades a maximum value of ne=41L0"%m™ nea the torus outer wall.
For 13=2000A ne is remarkable lower and an additional increase (r=300mm) in the port
outside the torus geometry can be observed. This is the result of an Upper Hybrid Resonance
(UHR) with ayn=lci-ntaxe” (2), where g is a onstant and nis the plasma density. The UH-
resonance situation can also be foundin the temperature profile where amaximum value of
abou Te=11eV at the same radial position accurs. For 1700A the temperature profile shows a
mean value of 4eV with locd maxima up to 5eV occuring at the low field side of the ECR-
zone and at the torus outer wall. The latter is the result of the UH-resonance possbly in
combination with mode anversionin electron-Bernstein waves [4].

For the cae of low field paver couding (Ig=14004) the density profil e shows rapid increase
at the EC-resonance pasiti on (I,es=-70mm) and reaces a maximum value of ne=1.5010"cm™
which is nealy four times higher than for 1g=1700A.The temperature profile is very flat with
values around 2V. Under these condtions we observe awell-defined, toroidal bright plasma
belt just below the launching window.

Although propagation o microwave modes is drongly restricted in such overdense plasmas
(e.g. O-Mode limited by cut-off density ne=7.4510"%cm™®), waves may intrude such plasmas
as a omnsequence of their long wave length (Aya=12cm). So while the initial plasma is being
produced by EC- and later UH-resonance, the density continues to increase. When it exceals
the aitoff-density below the microwave launching pasition, wave propagation is no longer
possble. But the waves may penetrate the plasma afew centimeters degp and be refleded,
which partly leads to plasma heaing or mode cnwersion. This causes locdized energy
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absorption at the top d the vessel below the window, whil e the remaining vess is fill ed with
plasma by particle drift.

Higher Harmonic EC-Resonances

In a combination with such an UHR dominated plasma we observed higher harmonic EC-
resonances. For Ig<1050A the ECR-zone is avept out of the vaauum vessl. But the plasma
keeps on buning as a result of the UHR plasma production in the upper part of the vessl.
With a caeful reduction d the magnetic field in combination with optimization d the
microwave tuning we observe dlat like bright zones on the low field side of the launching
pasition. Comparision with the theoreticd paosition d the Higher-Harmonic-(HH)-ECR shows
very good agreement. With this method HH-ECR up to 5" order could be identified.

We were not able to start plasma & a higher harmonic resonance A “pre”-plasmais needed to
read these discharge wndtions. Another remarkable point is that it isimpossble to move an
HH-ECR towards the high field side of the launching window. It seans that high field side
power cougding is needed to olserve the Higher-Harmonic-EC-resonances [4].

B.) Filmdeposition and —erosion

The depasition experiments were performed with methane plasmas under condtions of high
and low field paver cougding. To measure the pooidal and toroidal film distribution full
pooida sample hoders are instaled at the ves=l wall at 4 dfferent toroidal positions
80°,170°, 260°and 350° clockwise from the microwave incoude paosition. Each of them
caried 8 Si-samples at different poloidal positions. The results listed below were adieved
with a gas flow of 7scom (p=5[1L0%Pa) and a power of 1,2KW delivered to the plasma. For a
better determination d the hydrogen content of the films we used deuterated methane (CD.)
for some experiments.

The layer charaderistics had been measured by elli psometry (n,k,d), the &om ared density has
been measured by Eledron Probe X-Ray MicroAnalysis (EPMA), and the H, respedively D-
content has been determined by Therma Desorption (TDS), lon Bean Anaysis (IBA) and
Infrared Absorption Spedroscopy (FT-IRA).

n k depositionrate | C concentration H/C or D/IC
refradionindex | extinctioncoeff.|  [nm/min] [1072 cmd)
min mean  max mean  max min  max min mean max
145 154 1.68 0.001 0.01 upto 1 32 45 09 13 1.7

Table 1: Charaderistics of the deposited a-C:H/D-films.

The layers are soft amorphous hydrogen-carbon (a-C:H/D) films with charaderistics hown in
Table 1. It isobvious that these layers have avery high H/C or D/C values (=1.3) compared to
hard films. The measured values are in good agreement with pubished data [6]. Although the
thickness distribution [7] of the deposited films ows a inhamogeneity in pdoidal and
toroidal paosition (fig.2), we found no systematic variation in the layer charaderistics
(n,kH/C,DIC).

Fig. 2 show regions where no layers are deposited (white). These aeas are limited pdoidally
by the intersedion d the ECR-zone with the vaauum vessel and can be found onthe low field
side of the resonance zone. The wall i s completely covered towards the inside from the ECR.
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Fig. 2: Toroidal and pdoidal film thicknessdistribution after a CD4-plasma (5h) with highfield incoupling
(1g=1700A7, P=1.2kW). Thicknessgiven in nrm, measured by elli psometry. The white regions are aeas without
depaosition as aresult of wall partsading like “limiters’.

To explain the toroidal thicknessdistribution onthe low field side of the vessl wall one has
to take into acoun, that the ves=l is nat a perfed torus but a 16-fold pdygon indicated by
the dashed verticd lines (corners) in fig.2. The radial difference between the tangency point
and the corner of the paygon is 10mm relative to an ided torus. Hence the other aress are
“shadowed’. The model we propose to explain the distribution is the following: The
protruding vessal wall works like a limiter” with a higher plasmawall contad and as a result
with a higher power load. The films are build up @rtly by neutral hydrocarbors and can be
eroded by hydrogen ions. The radial transport of hydrogen ions is limited by the magnetic
field and we find ret deposition in the shadowed areas (corners). At the parts of the wall
working like a ‘limiter” we have ahigh flux of hydrogen ions to the wall. As aresult we have
net erosion. This crude model can aso explain the depaosition inward dreded from the ECR-
zone, because in that region the plasma density is nealy zero bu the deposition can be
adiieved by neutral hydrocarbons, which motionisnat limited by the magnetic field.

Erosion

To remove the depaosited layers and to have awell-defined madine status before every depo-
sition campaign we used axygen-ECR-plasmas and sometimes also discharges with hydrogen.
The progressof the film erosion was monitored by the composition d the exhausted gas by a
mass pedrometer. The end d the deaning procedure was indicaed by constant signals of O,
CO,, H,0 and aher gases. During the discharge the position d the ECR has been changed to
hit all parts of the vessl wall. Under nealy same discharge condtions as for the depasition
the eosiontime is comparable to the time of deposition.

After the opening of the madine thin residual layers could be foundin the edges of the vess.

References

[1] Y.Sakamoto et al., Fusion Tedhndogy 1982, va.l, 347t

[2] R.T.Nachtrieb et al., Proc. 13" P9, J. Nucl. Mater., 266269 (1999 896900
[3] H.B.Stork et al., to be pubished

[4] H.Sugai, Phys. Rev. LettersVol. 47,No. 26Dec1981

[5] K.Rypdal, A .Fredriksen and O.M.Olsen, Phys. Plasmas 4 (5), May 1997 1468
[6] B.Landkammer, A.von Keudell ,W.Jaob, J. Nucl. Mater. 264(1999 48-55

[7] PWienhdd et al., Nucl. Instrum. Methods. Phys. Res. B 94 (1994 503

712



