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ABSTRACT

It has been found necessary to perform a series of first-wall cenditicen-
ing steps prior to successful high power plasma operarion in the Tokamaxk
Fusion Test Reactor (TFTR). This series begins with glow discharge cleaning
(6DC) and is followed by pulse discharge cleaning (PDC)., During machine
conditioning, the production of impurities is monitored by a Residual Gas
Analyzer (RGA). POC is made in two distinct medes: 1) Taylor discharge
cleaning (TDC), where the plasma current is kept low (15 - 50 kA) and of
short duration (SO ms} by means of a relatively high prefill pressure,
and 2) aggressive PDC, where lower prefill pressure and higher toroidal field
result in higher current (200 - 4C0 kA) limited by disruptions at g(a) = 3 at
= 250 ms. At a constant repetition rate of 12 discharges/minute, the
prcducticn rate of H,0, CC, cr other impurities has been fcund to be an
unreliable measure of progress in cleaning. However, the ability to produce
aggressive PDC with substantial limiter heating. but without the prcduction
cof X-rays from runaway electrens, is an indicaticn that TDC is no longer
necessary after = 105 pulses. During aggressive PDC, the urcocled limiters
are heated by the plasma from the bakeout temperature of 130°C to about
230°C cver a period of three to eight hours. This limiter heating {s
important to enhance the rate at which H;Q ts removed from the graphite
limiter.

INTRODUCTION

We discuss the conditioning techniques used on TFTR during the 1986-
1588 operating period. The first-wall environment is dominated by the
axisymmetric inner wall bumper limiter, made of 20 m? of POCO-AXF-5Q
graphite tiles. This conditioning is accomplished by means of successively
higher power discharges. Initial conditioning is accomplished by glow dis-
charge cleaning {(GDC). This is followed by low current (= 2 kA) Taylor dis-
charge cleaning (TDC), higher current {= 350 kA) aggressive pulse discharge
cleaning {PDC), and is ccmpleted by disruptive discharge cleaning (DOC).
General remarks on TFTR ccnditioning with the graphite bumper limiter
{nstailed have been repcried previouslg.“s This paper f{ccuses on the
indicaticns that signify sufficient POC has been accomplished to permit high
pcwer pulsing (HPP) to commerce and some ways in whicn the efficacy of
9CC can be enhanced.

The term “conditioned™ has a wide variety of meanings and/cr degrees:
for the purposes cf this study ¢f PCC, cenditicned will mean that as a muni-
mum, 1) operat:cn of TFTR at plasma currents up to about 2 MA can be
achleved, and 2) recovery from disruptions by producing arcther discharge in
a2 few attempts is possible. The most cemmon and sericus sign of a lack of
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conditiening is the inability to establish a discharge. This lack of cenditien-
ing 1s believed to arise from either of two causes: 1} Hydrogenic species
outgassing from the limiter surface, which results in high density and in-
creased resistivity early in the discharge, cr 2) oxygen contaminating the
discharge, which causes a radiative collapse of the discharge.® Sirce it 1s
neitther possible nor recessary to remove all cxygen and hydrcgen frem the
machine surfaces, it (s impcrtant to determine at whigh coint conditioning s
sufficlent 0 permi: caeration.

GLOW DISCHARGE CLEANING

GOC is performed by the intreducticn of two probes, (both ancdes)
lecated abcut 180° apart tcroidaily, (nto the grounded vacuum vessel that
acts as the cathode and that is heated to 150°C.2 The pressure cf hydrcgen
or deuterium in the torus is feedback controiled at 0.7 Pascal by means of a
computer centrolled piezoelectric valve.? The probe current ts limited to 7.5
A at a discharge potentiat of 390 V DC for hydregenic discharges. The par-
tial pressure of the vacuum constituents are monitcred continuously by a
differentiatly pumped RGA.® I[nitially the H,O peak falls inversely with fime,
but then the rate of H,0 removal decreases. GOC is terminated after about
48 hours when the partial pressures of complex hydrocarbons (mass 41-43)
have been reduced to 107 Pascal in the vacuum vessel (107 Pascal in the
RGA vacuum), which ic the level of detectability. This level of conditicning
15 insufficient to permit normal ¢cperation.

PULSE DISCHARGE CLEANING

P3C :s perfcrmed In two mcdes with the vacuum vessel heated to
180°C. In the first mode termed TOC, capacitor banks are emplicyed to pro-
vide aone turn lccp voltage of about B0 V with a low toroidal field
(BT = 0. 2 Tesla) and a prefill pressure of D, (0.05 to 0.2 Pascal), which

tcgether produce low current (15 to 50 kA) discharges of short duration (50
ms). In the second mode, termed aggressive PDC, the locp voltage is some-
what lower (35 V), the prefill pressure i5 about an order of magnitude lower
(= 5 x 107 Pascal). the toroidal field is higher (B_ = 0.7 Tesla), and the

chmic heating (OH) coil rectifiers are utilized to ihcrease | to 400 kA and

exiend the discharge duraticn up to about 400 ms. The production rate of

CO and H,0 as measured by the RGA is two to ten times greater during TDC
than tha! quring aggressive POC, as was chserved (n previcus studies,'™
Figure 1 shows the partial pressures inferred from the ampblitude of the
mass 18 and 28 peaks (H;0 and CC) in the RGA spectrum during TDC. After a
raptd fatl during the first day of TDC (12,000 discharges), the partial pres-
sures change very slowly with time. Cata indicate that the partial pres-
sures do net fall much during aggressive PCC. After 4.5 days of TDC (74,000
discharges) and about 2.75 days of aggressive PDC (28,000 discharges), an
attempt to preduce high powered discharges was unsuccessful 1a the sense
that, althcugh a 5CO kA discharge cculd be produced, recovery frem 2 single
Intentional disrupticn at 5CC kA was not possible.  An additional day cf TDC
(14,00 discharges) and 2.75 days aof aggressive POC {34,000 discharges),
ncewever, was suffictent to sermtit successful high power cperation. The
tetal H,0. 0,0, and CO exhausted frem the tcrus during pulse discharge
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Fig. 1 Partial pressures due to the mass 18 and 28 peaks in the RGA spectra
versus run time during TDC. Tne large variaticns (n pressure are rot wel!
understecd. althcugn some ¢f the variation is due to changing repetiticn rate,
il pressure and/cr locp veltage. The CO fraction of the total mass 28 peak
1s = 0.8,

cleaming increased frem 1.5 x 107 to 2.1 x 107 Pascal-liters during the
additional cenditicning. Averaged over the wvessel wall, 2 x 107
Pascal-liters 1s equivalent to 3 x 1022 molecules/m2. Based on the RGA
measurements alore, there 1s ro clear evidence that sufficient conditioning
has cccurred ¢r that scme threshold has been cressed.  However, the
evolution of the aggressive PDC discharges discussed below provides
additicral infermaticn cn the progress ¢f the conditioning precess.

Figure 2 shows the ‘ime evclution of three aggressive PDC discharges.
The discharge labeled A, produced near the end of the discharge cleaning run,
exhioits both radiated power and plasma electren density rising with plasma
current and an absence of hard Xrays. A series of discharges like A, catled
prcductive discharges, produced over a period of three to four hcurs at a rep-
etition rate of 12/minute results (n the heating of the unccoled graphite
bumper limiter frem 150° to 250°C. The 250°C limit s due to canstraints
based on thermal stress. The bumper limiter is thermally isolated from the
vacuum vessel and is ccoled by radiaticn to the vessel wall. The discharges
labeled 8 and C were produced in earlier phases of the cleaning. Both of
these discharges exhibit inttial electron densities three to four times that
of the preductive discharge. The electron denstty for the discharge labeled C
falls as the piasma current rises. Discharge C exhibits little radiated power
alter discharge inttiaticn and is accompanied by a large flux of hard Xray.
However, the prcductive discharges exhibit enly backgrecund levels of Xrays.
Discharges with high fluxes of hard Xrays result in local heating cf the out-
poard RF limiters,® presumabdly due to runaway electrons. Early In the dis-
charge cleaning process, the aggressive POC attempts never result 1n produc-
tive discharges. Instead either low-current, high-density discharges sim-
tlar to 8 cr runaway discharses sumilar to C result, [t is only when npro-
ductive PDC discharges can be generated routinely that sufficient discharge
cleaning has been accomplished to permit DDC to be perfcrmed successfully.

(W)
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fig. 2 Time evelut.cn of the plasma current([u), radiated power(?P ), line
tntegral eleciren density(n 1), and hard X-ray flux for three different
aggressive POC pulses, Theé discharge A, indicated by the sclid lines, 1s the
preductive type discharge discussed in the text. Discharges B and C
indicated by the dashed curves are unproductive PDC. The hard X-ray flux
fer discharge A is at the background level, while that for B is above
backgreund cnly at breakdown where the level is 1073 of that reached in C.

Studies on JET and O1iD'0:'! indicate that GDC In He is effecti.e for
impurity cerditioning of granhite and for decreasing the recovery time
following high pecwer disruptions. He GDC was tried for two cne-hour peri-
cds during the PDC run.3 Curing the He GOC, the oxygen signals fell inversely
with time for about 20 minutes, then remained abcut constant for the re-
mainder of the hour. The results of this conditioning were mixed. After the
first cre-hcur He GCC periad, productive PDC discharges could be produced
even though this was not passible pricr to He GDC. However, the discharges
detericrated to type B and C within 45 minutes. The second He GDC run re-
sulted 10 no improvement to the PDC pulses beirg preduced.

Not only is the surface ccnditicn as reflected in the RGA measurements
tmacrtant for nhigh power cperaticn, but also condittoning of the rear subsur-
face (10C°A deep) graphite is critical. Thermal desorption measurements of
the FOCO-AXF-50 ltimiter materia! indicate that the oxygen (frem absorbed
H40) 1n the graphite becomes mobile at 300°C.'2:'? The TFTR bakeout tem-
serature of 150°C allows only sicw diffusion to the surface frem which the
oxygen-coataining vclatile end preducts (Hp,0, €O, and CO;) are  remcved.
independent of whnether the presence ¢f ympurities cn the surface or in the
huax of the limiters 1s imoert at, remcval ¢f the impur:ties from the terus
3s quickly 2s possible s impaitant to mimimize the time required for cond:-
Liering.



TA3LE | Partial Pressure of KH,0, 2,0 and CC during T2C

2, PRESSURE CAP. VOLTAGE PARTIAL PRZSSURES (107 2asca
{Sascal) ) (k V) H,0 D,0 Cce 1%
0.137 24 0.83 0.58 058 2.35
g.107 21 c.g8 .88 088 2.75
0123 21 1.15 1.08 0.84 3.08
0.138 21 1.05 0.83 0,52 2.50

We have fecund two ways 1n which the producticn of impurities can he
increased. The first method uses high fill pressures during TDC. Table |
shows the partial pressures cf H,O, D0, and CO during a 40-minute pericd
cf TDC n which the Ml pressure and capacitor bank vcltage were varied
slightly. A result of etther ¢-cpping the capacitor voltage, raising the il
pressure, or lowering the toroidal field (not shown here) 1s tu lower the
plasma current, There appears to be an optimum plasma current for
maximizing the remcval of oxygen. The optimal current is near the Limit
where further attempts to lower the current result in faiture to break down
the prefill gas. The second methcd which increases impurity preduction is
to intenticnally force disrupticns while performing aggressive PDC. Figure 3
shows the H;Q pressure measured during a four-hcur series of productive

O0C pnulses. Figure 3 indicates the major radius aof tne discharge, interrup-
tions in POC, an¢ those periods in which the discharges were intenticnally
disrupted by forcing the plasma quickly into the inner wall. The plasma
contacts different parts of the limiters' surfaces when the major radius is
changed. Note that the disrupticns produced H,O at more than 10 times the
rate of the non-disrupted discharges. The data shown in Figure 3 were
obtained with the neutral beam valves on TFTR open to take advantage of the
ten times greater pumping speed =105 I/s (vacuum vessel pumpout time
censtant zv_—. 1.0s) affcrded by the beam crycpanels compared to that of the
tcrus turbo pumps (rvzlo.s). It shculd be noted that prior to completion of
FDC. use of the neutral beam cryo pumping results 1n ‘creased incidence of
the preductive discharges. [t is impertant to remove the impurities from the
tcrus before they cendense and may be available to subsequent discharges.
Herce, 'tv should be of the order ¢f or less than the period between pulses.

CISRURTIVE DISCHARGE CLEANING

As has been previcusiy reported,’ after PDC we find that tt is \mpor-
tart to further condition the machine by producing intentional disrupfions at
successively higher plasma currents. Beginning at BOD kA, the plasma
current is increased by 200 kA increments up to 2 MA after recovery fran
the previcus disruption can be achieved in one or two discharges with low
radiated power fraction {=B0%). We disccvered that this procedure, termed
d:sruptive discharge cleamng(CCC). was necessary after we were unable to
reccver frem a single 2.2 MA disrupticn immediately after having cecmpleted
the first POC secuence with tne grapnhite pumper limiter. After that first
2.2 MA disruption cnio the grapnite bumper Limiter, the RGA indicated
very high leveis ci K;0, and 1t was necessary tc perfcrm add:iticnat

u
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Fig. 3 Partial pressure ol H,Q during aggressive PDC. The major radius of
the discharges during varicus times is indicated since different major radi
can cause the plasma to cg¢ntact different first-wall surfaces. The label
“Cisruptions” indicates when the discharges were forced to disrupt by moving
the plasma inward to reduce q(a) to about 2.

TDC and PDC befcre HPP cperation was again possible. Infrared
measurements of the surface temperature of the bumper limiter indicate
that the temperature reaches 1800¢<C during a DOC pulse, This flash surface
heating causes the temperature in the first 800 ym of the graphite to exceed
300°C. At this temperature the H O becomes more mobile and oxygen is
available to the next discharge. [0DC has been successful in allowing
cperation of TFTR at high plasma currents with routine recgvery {rom
disruptions. At the end ¢f DDC, with a plasma density n_ of

1.2 x 10%9%/m3, Zogp 'S B¢, the contribution to 2. due tometals is
Q.15 +£ 0.08. This 15 comparable to that found later at the same density
when TFTR is well-conditioned, when zerf = 4.8 ¢+ 1 and the metal contribu-
ticn1s 0.3 + 0.1. The carbon to oxuygen ratic immediately after DOC is

abcut one. Later this ratio 1s in the range of five to ten. The recycling
cceffictent of hydrogenic species remains high (R=1) after DOC indicating
that a large reservoir of H cr D is still available to the plasma. At this
point the He ohmic discharge cleaning technique described in References S
ang 14 |s used to decrease the hydrogenic recycling to R = 0.6. This He
cenditioning technique affects primarily the ccencentraticns of hydrogen
1s0tCpes 1n the near surface regicn (<20 nm) of graphite.
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CONCLUSIONS

The methods discussed in this paper describe the effective, if some-
what lengthy, impurity control procedure used to conditicn TFTR for high
pcwer discharges. GDC fecllowed by TDC is effective in "2moving oxygen
from the rmachine. The progress of TDC is best evaluated by attemptiing ag-
gressive PDC. As conditioning progresses, non-productive PDC discharges are
gradualiy replaced by productive PDC discharges as indicated by dens:ty
control. radiated power preportional to n_and low levels of hard Xrays.
Cempletion of several hours of PCC heats ‘ﬁ1e limiters to = 250°C and is
sufficient to permit high power pulsing to proceed, DDC ccmpletes the
cenditicning precess by removing cxygen from a greater volume cf the carben
first-wall surface than is affected by the PDC process.

ACKNOWLEDGEMENT

This work supported by US DOE. Contract No, DE~-AC02-78CH0O3073

~J



REFERENCES
H.F. Dylla et al., J. Nuc|, Mater. 128/129, 851 {1984).

H. F. Dylla. W. R, Bianchard. R. B. Krawchuk, R. J. Hawryluk, and
D.K. Oowens, J. Vac. Sci. Technel. A2, 1188 (1584).

H.F. Dylla et al,, J. Nucl. Mater. 145/148, 48 (1987).

P.H. LaMarche et al., J. Nucl. Mater. 145/146, 781 (1987)

H.F. Cjlla and the TFTR Team, in Proc. Bth Intern. Conf. ¢n Plasma
Surface Interacticns in Centrolled Fusion Devices (Julich, May 1888),

J. Nucl, Mater., in press.

R.J. Hawryluk and J.A. Schmidt. Nucl. Fusion 18, 775 (1979).
M.E. Thompson et al.. J. Vac. Sci. Technol., A4, 317 (1988).
W.R. Blanchard et al., .. Vac. Sci. Technol., A4, 1715 [1€86).

G.W. Labik et al., in Proc. 12th Symp. on Fusion Engineering, Monterey,
1587, p.125 (IEEE, NY, 1987).

J. Ehrenberg et al., in Prec. 8th Intern. Conf. on Plasma Surface

Interactions in Centrclled Fusion Devices (Julich, May 1588}, J. Nucl.

Mater., in press.

G.L. Jackscn et al, in Prcc. Bth intern. Conf. on Plasma_ Surface

Interactions in Controlled Fusion Devices (Julich, May 1588). J. Nucl.
Mater., in press.

A.E. Pontau and D.H. Morse. J. Nucl. Mater., 1417143, 124 (18886).

J. Bohdansky et al., Nucl. Instrum. and Metheds in Phys. Res., 823, 527
{1987)

H.F. Dylla et al., Nucl. Fusicn. 27, 1221 (1987).

m



SXTERNAL DISTR:BUT'ON iN 200! T-ON TO UC-420

Jr, Fraam ., Paoloni, Univ of Weilongong, AUSTRALIA

Pror. M_H. Brannan, Univ Sydney, 4AUSTRALIA

P:asma Researcr Lab,, AusSTra..an NaY. Univ., AUSTRAL:#
Prpod. 1R, uones, Flinaers Univ,, AUSTRALIA

Pegt, F_ Cap, Inst Thew Phys, AUSTRIA

Prgt, M, Heindier, instut r;r Theorsrtische Physik, AUSTRIA
M. Goossens, Astronomisch tnstityut, BELGIUM

Ecole Rayale Miiitaira, Lab de Phys Prasmas, SELGIUM
Commission-European, Og-Xi! Fus.an Prog, BELGIUM

Prot. R, SOUCequ;, Rijksuniversiteit Gent, BELGIUM

Dr. P.4. Saxanaka, Instityto Fisica, BRAZI,

instituto D& Pesquisas £5pacias:-INPE, BRAZIL

Documents Office, Atomic Energy ot Canada . -mited, CANADA
Jr, M.P, Bachynski, MPH Technologies, Inc., CANADA

Or. H,M, Skarsgard, Usiversity of Saskatchewan, CANADA
Dr, H, Barnard, University of British Cotumbia, CANADA
Prof, i, Teichmann, Univ. of Montrsal, CANADA

Prot. $.R, Srev~ 'aAsan, University of Caigary, CANADA
Prot. Tudor . Jaohnston, INRS-Energie, CANADA

Dr, Bolton, Centre canagien de fusion Iugn;Tiqug, CANADA
Or. C.,R. Jamés, Univ, of Alberta, CANADA

Or. Peter Lukac, Komenskano Univ, CZECHOSLOVAKIA

The Liprarian, Cu/ham Laporatory, ENGLAND

The Librarian, Rutharford Applaton Laboratory, ENCLANO
Mrs. $.A, Hutchinson, JET Library, ENGLAND

C, Mouttet, Lap, de Physigus das Milieux !onis;s, FRANCE
4. Raget, CEN/CADARACHE - Bat 506, FRANCE

Ws, C, Rinni, Liprarian, Univ. of loannins, GREECE

Or. Tom Mual, Academy Bidliograpnic Ser., HONG KONG
Praprint Library, Hungarian Acasdemy of Sc.ences, HUNGARY
Jr. 8. Das Guota, Saha (45t of Nuci. Phys,, NOIA

Jr., P, Kam, insTityte ftor Plasma Researcn, NDIA

Jr. Philio Rosenau, Israe! inst. of Tech, ISRAEL

. orar:an, I(nt'| Ctr Theo Pnys, 1TALY

Prat. G. Rostagn:, (stituto Gas tonizzat) Del CNR, . TaLt
M oss C.erca Do Paio, Assoc EURATOM-ENEA, (TALY

3r. G. Brosso, 18T tuta di Fisics ger Piasma, ‘TaLy

Jr. H. Tamarto, Toshiba Res & Dev, SAPAN

Argt. 1, Kawakam:, Atomic Energy Res. institute, JAPAN
Peot, Kyoy: Nishixamd, Jniw 0f H-gshima, JAPAN
Directar, Dep*. varge Tokamak Res. [AERI, IAPEN

Prof. Sarosht 1ToR, Kyushu Un.oversitTy, JAPAN
Researcn Into Center, Nagovd Univers.ty, J[APAN
Prot, S5, Tanaka, Kygto ynivers:ty, JAPAN
Ll .7y, Kyoto Univers:ty, JAPAN

Prof, NOOwyuk: noue, Univers ty of Tokyo, JAPAN

S. Mor., JAERL, JAPAN

H. Jeong, Liorarian, Xorea Advanced Energy Res Inst, KQREA
Prot. D.!. Choi, The Korea Adv. 'nst ot Sci 8§ Tech, XOREA
Prot, 8.5, Liley, Univers Ty of waikato, NEw ZEALAND
Ingtityte of Plasma Physics, PEGPLE'S REPUBLIC OF CHINA
Librariaa, iastitute of Phys_, PEOPLE'S REPUBLIC OF CH-NA
Liprary, Tsing Hua Univers: Ty PEOPLE’S REPUBLIC OF CHiNA
Z. Li, Southwest last. Physics, PEOPLE'S REPUBLIC OF CHINA
Prof, J.A.C. Cabral, Inst Superior Tecrnice, PORTUGAL

Or, Octavian Petrus, AL | CUZA University, ROMANIA

Or. lam de Villiers, Fusion Stugies, AEC, SO AFRICA

Prot, M A, Heilberg, University of Nata), SO AFRICA
C.1.E.M.A.T., Fusion Ni.. Library, SPAIN

Or. Lennart Stentta, University of UMEA, SWEDEN

Liprary, Roysl Instityte of Tech, SWEDEN

Prot. Hans Witneimson, Chaimers Univ ot Tech, SWEDEN
Centre Phys des Plasmas, Ecole Polyvech Fed, SWiTZERLAND
Bibliotheek, Fom~Inst Yoor Plasma-Fysica, THE NETMERLANDS ~
mMerin Qurgut, Middie East Tecnnical University, TURKEY -
Dr. D.D, Ryutov, Siperian Acad Sci, USSR

Or. G.A. El:seev, Kurcha?tov Institute, USSR

Or, Vv,A, Glukhikh, Inst Electropnysical Appararus, USSR
Prof. 0.S. Padichenxko, 'nst_ of Phys. &4 Teéch. USSR

Dr. L.M. Koyriznnykn, InstiTyre of Gen. Physics, USSR
Nuciear Res. fstaorishment, fuiscr Lrd., W. GERMANY
Biptrornex, Inst, Fur Piasmaforschung, W. GERMANY

Or, X, Scnungier, Runr-Universitat Bochum, W. GERMANY

ASDEX Reading Rm, ¢/o0 Wagner, (PP/Max-Planck, 4. GERMANY

-ibrar.an, Max-Pranck inst:Tu*, W, GERMANY

Prot. R.X. Janev, nst of Phys, YUGOSLAVIA



