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Plasme Physics Laboratory, Princeton University, Princeton, New Jersey 085L0, USA

As part of tae ISX surface physics program and the TFIR materials research progrem, ATJS
graphite rail limiters were installed in the ISX tokamek in order to compare them with the
existing stainless steel limiters and to investigate =any deleterious effects arising from
operation at elevated temperatures of the graphite. To facilitate the latter experiment, heaters
were installed in the graphite limiters since the pcwer deposition on the limiter in ISX was
e2xpected to be :onsiderably less than Ffor TFTR. The grariii*e limiters also contained
thermocouples to monitor the bulkx temperature. No large systematic differences were observed
in the electron temperature profiles, electron density profiles nor Zgpr between successive
runs with the stainless steel (SS) limiters and graphite (J) limiters. There was, however, a
menotonic decrease in Zepp for both cases from v 5.6 in the first run following the installation
of the graphite limisers to ~ 2.8 after a two week period when the experiment wasz terminated
due to a scheduled shutdown. Normal incidence UV spectroscopic measursments of C, N, O, and
i radiation showed a factor of 3-k greater hydrogen light for the S35 case over the C case, but
no systematic differences in the impurity light. Arc tracks were cbserved on the graphite
limiters upon remcval and SEM analysis was performed so that the amount of meterial removed
could be estimated. In the hot grephite limiter experiment, the temperature of one 5f the
graphite limiters was increased on successive shots. The hydrocarbons formed, as determined
by residuel gas analysis (RGA), increased monotonically with increasing limiter temperature,
e.g. mass 16 (presuned to be CHy) increased about a factor of two as “he femperature was
raised from 150°C to S00°C. <CC and C0, were also found to increase only slightly. The carbon
impurity light was also observed to increas@ by a factor of two as the limiter temperature was
raised from 150°C to 503°C. Further experimentz using graphite limiters are indicetea before
their arplication in besam driven tokamaks.

1. INTRODUCTION

Graphite limiters were installed and tested in
she ISX-A tokamak as part of the ISX-A surface
physics program and the IFTR materials research
program. The purpose of the experiment was to
compare plasmu performance using graphite
limiters as opposed t¢ the stendard ISX-A stain-
less steel limiters. IHdeaters were instaliled in
the graphite limit~rs so that the effects of
cperation at elevated temperatures could be
evaluated.

Jraphiive limiters have been used with some
limited success in tokamaks (1,2,3]. TFR used
890 CL-PT graphite and observed that it be-
naved well mechanicaliy up to plasma currents
of 400 kA for 1000 discharges. Surface erosion
and a few pierofailures were observed. This
was atiributed to thermal loeds exceeding
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10 kWecm—2 with local temperature excursions
grater than 3000°C. No appraciable differ-
ence in plasme performance was cbserved between
graphite and molybdenum limiters. Carbon
radiation from the plasme was observed t5 ine-
crease but the total power radieted and the
hard x-ray signal decreased when graphite
limiters were used. Hollow profilss were ob-
served for both molybderum and graphite lim-
iters. In ohmically heated PLT discharc-=s
changing from stainless steel limiters to
graphite limiters had a negligivle effect on
the gross plasma parameters such as Zarps TEs
and T., although the carbon radiation typically
inereased by a factor of three while the iron
radiation decreased Yy a similar factor (2].
With high-power neutral beam injection, how-
ever, dexidedly better resu'ts were obtained
with graphite limiters and Ti gettering than
?iﬁh stainless steel timiters ard Ti gettering
3}.

2. EXPERIMENTAL CONFIGURATION

ATJ-8 [4] graphite was used for this study
because of its relatively good thermal shock




resistance and purizy, i.e., zsh level of 2.01
wt. %, availabilisy, large size and low cost.
ATJ-5 i1s a commercizl grade graphite used mostly
for rocket reentry nosecones; (see Table 1 for
its physical propertiss).

with stainless steel (S3) limiters in ISX-A,
winich were permanently mounted, <he plasma minor
radius was 26 cm and mejor radius was 22 cm.
The zraphite limiters which were mcvable could
be inserted 2.5 cm beyonrd and withdrawn 2 cm
cehind the S5 limiters. A schematic diagram of
the configuration is shown in Fig. 1. Only
three graphite limiters were used; top, outside
and bottom {not shown :in Fiz. 1). Use of a mov-
atle inside limiter wus 2onsidered too formida-
ble a task for the short “ime available for th
experiment. For grarhite ilimiter experiments,
+whne plasma was positiosed so tnat it did not
contact the inner S5 limiter. It should be
aoted that when the graphite limiters were fully
inserted the plasma iiameter was 2 cm smaller in
mincr radius., Jraghite limiters were used al-
ternatively with S8 aad Mo limiters during the
final 12 days of creraticn of ISX-A befcre the
scheduled shutdown.
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ne graphite limiters were 30 cm long end ma-
chined from & biliet 22.5 cm in dismeter. The
limiter surface wnich was exposed to the plasma
contained machining grooves which were 0.025 mm
wide and deep and regularly spaced at 0..25 mm.
Heaters were construcsed by coiling = tungsten
wire on an alumina mandrel. These were jlaced
in a machined groove in the rear side of, the
limiter. The heaters were used to thermelly
outgas the limiter and for operation at elevatad
temperatures. The maximum bulk temperet-re of
the graphite during heating was 600°C, abcwe
this temperature %he sungsten filament approach-
ed its melting point. In the temperature region
aigher than $50°C an oxygen producing resacticn
vetween the alumina mandrel and tungsten wns ob-
served therefore elevated temperature tokamak
opveration was limited to <550°C. Tokamax oper-
ation using Mo limiters has been described
creviously [6].

3. ZEXPERIMENTAI. PROCEDURE AND RESULTIS

After installation of the graphite and Mo
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Fig., 1. ISX experimental set up. The axis »of
toroidel symmetry is to the right. For
clarity the bettom carbon limiter is no% shewn.

limiters, & hours of discharge
before outgassing the graphits e
~bG0%C. BRGA resulss indicated that th
contanimentss evolved were Is0, CO and
the following relative magrisudes 1.0, 3.
0.055. After cooling to V25°C, tokxamax
operation was begun using SS iimizers folloawad
by speration using graphite limiters. Meas
urements of varicus plasma parameters sre
shown in Fig. 2 for the grarhite limiter (3
limiter in) and the SS limiter (& liniter out).

Spectroscopic measurements made with a
normal-incidence spectirometer viewiag the
nlasma away from the limiter are listed in
Tarile II. The smaller values >f <he emissics
rate ~ctmalized to the average electron
density f, for the grephite limiter compare
to the SS limi%er may reflact a dezrease in
<he fraction o7 recycling of hydrogen and
impurities from the vessel wa.l {as oppesed %o
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Pig. 2. Comparisons of plasma parameters
for discharges with carbon limiter inserted
ané retracted (stairless steel limiter).

the limiter) due to the smaller plasma minor
rad¢ius with the grapnite limiter in.

(n the fifth operational day after graphite
liniter installation, one limiter was ramed
in temperature o 600°C during tokamek opera-
tion. Both spectroscopic and RGA results for
this series of discharges are shown in Fig. 3.
Trere is a good correlation for onset of in-
crease and magnitude of increase between the
C IV radiation and evolution of CH) and CO as
a8 function of limiter temperature; the increase
oseurring about 450°C. The temperature where
tae formation of CH) increases agrees well with
previous laboratory experimental measurements
17,3]. During this run the time between dis-
c¢harges was increased so that the base pres-
sure {predominantly Hp but with some CH), and

Table 2
Comparison of Plasma Parsmeters

Stainless Steel  Cravhize
T(44) 120.0 120.9
T{volts) 2.9 1.6
ng(1013cm=3) 2.13 1.25
<z,,pf> 5.6 5.1
Emission Rate/T,
(gR/1013cm=3)
1034 R-cvi 47.0 28.3
629 R-ov 2.4 5.8
977 A-Clll 14.5 b.5
1216 f-H1 1k.1 5.8
PyaLr 0.55 0.25
Doy

= giga RAYLEIGH = 1015 photons em~2.3-1
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Fig. 3. Impurity partial pressure and carbon
radiation as a function of limiter temperature.

CO contamination) at the start of each dis-
charge was approximately the same. The in-
crease in C IV radiation observed above L50°C
may be the result of an increased methane par-
tial pressure contribution to the base pres-
sure before a discharge despite the fact that
the total pressur=2 was constant before each
discharge.

The major erosion mechanism observed for the
graphite limiters was arcing. The ares coa-
sisted of a series of craters vhich appear to
have originated cn the edge of the machined
grooves noted previously. The craters wers
about 0.05 mm in diameter and about the same
depth, as measured using SEM sterographic
techniques. Shown in Fig. 4 is a photograph of
the tracks and Fig. 5 is a SEM photograph of a
sequence of craters. The arc tracks range in
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Fig. 4. Photograph of graphite limiter showing arc tracks
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Fig. 5. SE! replicae photograph chowing arc
craters.

length rrom a few mm's to a few cm's but aver-
age about 3 cm. The direction of motion of the
arcs appears to be retrogrede [$,10]. There was
an average of more Than one arc per limiter per
discharge with an estimated 5 x 1017 atoms re-
ieased per arc. This amount of eroded material
is mcre than enough to account for the carbon
observed in the plasua.

A surface analysis station with an associated
sample transfer section was used to measure the
amount of impur<ties deposited on samples ex-
posed to the slasme in the limiter shadow region
[11]. This technique yields semiquantitative
results on impurity levels in the tokamsk and on
the effactiveness of various clearing proce-
dures. A summary of these results is given in
Fig. 6 aloug with Zgprs results determined by
laser Thomson scatiering. At the top of the
figure is given a sequential descripti~n of the
operating conditions. The contaminant coverage
on a stainless steel sample as neasured by AES
is shown for both oxygen and carbon/carbide.

The oxyzen contaminant level rewained low, even
lower than baseline data with stainless steel

limiters. The carbon/carbide contaminant level
increased abcut a Tactor of 2.5 after each baks
out of the graphite limiters but decreased with

subsequent discharges cleaning. This indicates
that Hy discharge clesning is effective in
reducing carbon in the ISX-A tokemek. Zgpe in-
creased from nesr 1.0 before installation of the
graphite limiters to about 5 immediately after
instzllation. During the 12 operational days
succeeding graphite limiter installation Zepr
steadily decreased to values near 2. Indi-
cations are that with continued operation =ven
lower Zapre's 2ould probably have been obtained.
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