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Pan of ihe devebopmaent of liqusd nictals as a lirst wall or divertor lior fesslor applications must mrolve the investigatson of
plazma- skl metal micrctions n a fanciening okamak, Moss of i micres o Bguid metal walls has fooused on likium
Expeniments with lithinm bniters have now been comndsclad in the Curpend Dirive Experment-1Upgmade (O D315 desioe al the
I'renccton Flazma Phasics Labomtory. Initial expeimses vsed a ligquisd lighium il Fmiter {13 ) budle by the University ol Calilomis
at Ban Dhego, Spectmoscopse mesanemeins showed some reduction of impanities in CORX-U plasmas with the L3, comparad to
discharges with & Boren carbide limiger. Whiks ne redacton in mepcling was observed widl the L3, which had a plasma-wet
aren of spproximately 40 cn’, subsequent experinments with a buger arca fully sopoidal lithivm limiter demonstrated significant
rechicliomd i both neeyclmg and in mmpuny kevels, Two sened of expanments with he torodal limster have now been performaoel
In cach semes, the arca of exposed, elean Nibian was inereased, umtil m the latsst experiments, Use lsquad lithisin plasine-Gemg
area was increased s 2000 e, Unider these comdithons, the reduction in recyeling requinsd & factor of cight increase im gas
fuzling in coder 1o maintain the plasna deasity, The keop voltage nequinsd to sustain the plesma current was recduesd from 2
b 0.5 W, This paper ssmmariees the lechmical prepamtions for Inbvivm experiments and the conditioming requined & prepare e
lithiniin suefscs For plasing opetations. Tle maochanbea] fesporse of the lued metal 1o mdocad curmsnts, sapecially tirough contact
with the plasma, i discussed. The effect of the lithimma-fillad toroicdal limider on plasma performmanes s alse briefly descrbed
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1. Iniroduciion

Beactor sudies | 1] have identified ligued walls amd
divertons as o promusing solution tomagnetic fusion en-
crey (BIFE ) first-wall problems, such as heat bead and
erceion limins of dry walls, neutron damage amd sctivi-
tio, reliabaliny maintainababity of st walls and diver-
tors, @l writium inventory and breeding. The Curremt
Dirive Experiment-Lipgrade (CIXX-1U) deviee | 2] at the
Princeton Plasma Physics Laboratory (PPPL) is pur-
subng 3 svstematic senes of stadies which arg intended
to identily promizing methods of implementing liguid
lilhium walls and divertor fargets in langer devices, and
to explore the consequences of such implementations
on plisma performance. Initial invesigations were
performeed with a liquid lithium rail limiter (L3 probe
supplicd by the University of Califomia at San Diego
(LRI, These expeniments were followed by dis-
charges utilizing o large area lguid Lithivm pood a2 the
b

Thie benefits of a surfiece that has low or e re-
cyveling conditions have been demonstrnned  during
the “Dheposition of Lithivm by Laser Ouiside of
Masma™ (DOLOP) lithium wall conditioning ex-
periments [3], for example, in the Tokamak Fusion
Tes Reactor (TFTR), Lithium limdter experioents
have also been performed on the T-11M device [4],
where a Capillary Porous System (CPS) was used
to Form o “selfrestoring™ lguid ithdum limiter sur-
face [5] The CDXE-U experiments are the first 1o gx-
tend these sudics 10 a system in which a large frac-
v | ==50% ) of the plasma-contacting surface is liquid
Iitbum.

Surface conditioning was identificd as a critical is-
suc in bodh the TFTR and T-11M experimenis. The
IO process was o technigue where the graphine
plasma Facing components in TFTR were comed with
a lithiwm surfsee Alm. This was efMective in improving
plasma perfomance, however, only after the praphite
surface wis subject to extensive discharge conditioning
prioe to the depesition of dee lithium, Pamicle recyeling
in T-1018 was reportedly reduced only afier plasma
opcrations were conducied leng enough to clean the
CPS imiter surfice, The experience on CIRX-11 was
consistem with these observations, where periods of
argon glow discharpe cleaning (GEC) were routimely
emphoyed to clean both solid lomiting surfaces and the
lithium iself,

This paper provides a briel deseription of CDX-1
(Section 2). This is followed by a discussion of cx-
perinsents with the L3 in Section 3. Resulis from the
firs1 series of experiments with the toeidal Hihiem tray
limiter are deseribed in Soction 4, Cleanup of CRX-1
from these expenments ks discussed in section 5, sl
the secomd series of experiments with the reanstalled
tisroidal iray i Section & Finally, a summary and con-
clusions are presented in Section 7. Since this paper is
mended to presemnt d summany of lthnem experiments
i CERX-UT up antil the present, it should be notesd this
muech of the material presemied in Sections 3 and 4 has
bevn previously published [6-9].

L Deseription of CIA-U and the L3 probe

The COX-1T Facility (Fig. 1) is capable of spherieal
plasma operations in torokdal felds up o 2.1 kG with a
“Maniop™ of T ms. Power supplies for tee venical amd
shaping fields permit discharpes with plasma current up
to 150 kA for prester than 25 ms. Capacilor banks pro-
vide the Olmic beating (OH) current. The aclievable
current ramp rate ael palse dursion of shout 20ms
with the present OH supply, however, limit the plasma
current 10 about S0kA. With the exception of the G-
pacitor baiks for the OH svstem and the Geld null for-
meation coils, the power supplics are preprogrammied
and controfled by digital to analog saveform genera-
bors, The basic dischange parnseters ane summaraed
in Tahle I,

The Ohmic heating system is capable of providing
0.2 MW e CIN-10, and the Bacility also has a radio fre-
quency {RF) hewting system [ 2] that iz roted a1 0,3 MW,
The resulting parallel and normal heat fuxes will be
B-I0MW/m? and 2-3MW/m?®, respectively, because
of the compagt 8T geometry, Al present, therg 18 no
feedback comrol on the plasma current. For this rea-
soifl, ihe plasma current achicved is ameasure of plasma
performance in CT¥X-11. In all of the expenimenis de-
serbed in this paper, deutenium was the working gas,

1, Experimcnts with the L3 probe
Ihe L3 probe was developed a UCSD for the

firsl experiments involving the use of solid and lig-
uid lithium s a plasma limiter in CDX-1, The head
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Fig: 1. Elvatvn af CN-L showang the v vesss|, Bl ool confiparation, and L3 limater assembly. The plasma conlact peants with the
1.3 lawstcr head and the fully 1opandal Dopnd hithnim lesiee s alse puheais],

of the L3 probe is a lithiom covered rail 5om in di-
amcer and 20cm long, The rail i anserted or e
moved via a double gate valve airlock system o pre-
vent exposure of the lithium o air. When the limiser
is fully mserbed, it forms the upper limiting surface
for the discharge and i3 intended 1w define the last
closed ilux surface for the discharge (Fig. 1). 1§ ihe
limiter is retracted, ceramic boron carbide rods form
the upper limiting surface for the discharge, The lim-
iter ha an internil heater and has been operated in
contpct with the plasma over a temperaiune range of
20300,

The CI¥X-1T plazma interacted stromgly with the L3
head. Fig. 2 shows a sequence of images taken with a
fast framing camera through a Lil {6708 A) iMerference
filter. The L3 head Formed the upper ral lmiter (Fig. 13,
and the camer viewed the underside surfice that faced

Table I

CIRA pafssnetas

Mo raahons Hy) 5 om
Belmeor mdios (@) Hom
Aot s () =05
Flongstion (s s
Trangulaicy (4) = 1
Tewvidal feld (8 i |
Cihmic s () kA
Hadho Froguency hetg (P =ik 3 MW

e plasma. The framees in Fig. 2 are | ms apart. The
Iocwion of the bright atomic lithium emission viries
as the plasma moves radially with timee, and its con-
tact points chanpe. Oecasionally, a lithium droplet is
gjected, as soen in the fourh and Gith frames. Sinee
the L3 probe head i3 grounded, plasma-generaed cur-
rent which flows inthe direction of the major radius o
ground, through the surface of the L3 head, produces a
vertical {downward) S = B foree on tee lihaum cover-
ing the ead, The rapdd down ward motion of te droplet
seen in Fig. 2 is far barger than expected from gravita-
tional acceleration, and is thought io be due 1o the J =
B Torce 6]

Such events had linle effect on the plasma The
fower panels in Fig. 2 show the time evelation of the
CHI (4416 A), Lil (6708 A), and I3, (6561 A) emis-
gion, and the plasma current, The vertical lines cor-
respond o e times the camera imapes were taken,
Whibe bursts were observed in the spectroscopic mea-
surements, correlations with the egection of the lnhiom
were nod always clear, As seen i the plasma curren
trace, the lithium droplets also did not casse major phe-
nomkeni ke large intermal reconnachion events | 10] o
disruptions,

The L3 experiments were usefull in addressing the
practical issues of lithium handling and the comgpati-
bility of liguid lithinm with spherical torus plasmas.
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The general absence of amy sipgnificant effeet related
to the L3 on plasma performance, however, i be-
Bierved Lo b o 10 the relutneely modest Lithem sur-
face arca i presented. This issue wis sddressed with
the fully toroidal lithium tray limiter {Fig. 1} Ex-
perimients with the lminer are described in the next
section,

4, Hesulis from the frst campaign with a
torodedal Bapuid liihiam limiier

ITae tray For the boroidaal lithinen limiter has an inmer
diameter of A8 em and an owter dizmeter of 78 cm, [is
arca of about 200 cm? thus represenis an increase of
more than a factor of W) over the L3 Lithium sarface
facuig the plasma. The tray includes a single toroidal
|.-|n.-\¢l:l"|.\.":|l I'ﬂ'l:ilk. a.lhl i3 ||!||1||:IIL::|,I L] il:'muh!lm‘ﬁ. (e} rlll'l:hr
vide teermial and elevirical separstion betwean the lim-
iter tanpet amd the vacuwm vessel. Typically, one end of
the tray is connmected to groumnd, and the current fow-
ing from the edee plasma io ground through the tray
is menitored with a cumrent transformer. Like the L3,
the try las edectncally solated hesters for comrollng
the lithnm temperstune, The ray solation also permits

GO i manmmer similar 10 the techaique developed
for the 1.3 head.

e Arst challenge was to fill the ray with lithiom,
Becauze of i3 stee, s had to be dome watlihe iray al-
ready placed in the COX-1T vacuum vessel. The cham-
beer waas filled with argon, and four gquantities of solisd
lithrem werg FI-I.HI.ZI'.H] 81} II:||.-1q:|.' willi i :|:|:.|.|ti|'u.|li|l:|1r -
gerted throvugh pons inthe d, Each of the four loads
conssted of four small Llithium rods that were |em in
diameter and 5em long. This wis imended o provide
it bver of liqued Iihium 0.5 mm thick, i the tray was
uniFormly coaged,

Melting the lithium to provide such a coating proved
o be difficult. The tray heaters were able 1o raise i3
ermiperatune well above the lithium meliing poim of
181 7. Bvena 350 °C, however, the lithivm rods anly
deformed to create oblate himps roughly 5 cm i diamse-
ter, It appesred that o lithium hydroxide coatimg formed
o U rowds, and this prevented amy lgued Lithiwm from
Mowing. The base pressurne in the stainless gecl CRX-L
vacuum vessel is 1-3 « 1077 T, with residual gas an-
alyrer | RGA) measuremients slswing that tse primary
contribution was due W water, A coating could tais
b readily ercated as the water rewcts with the lithium
surfuce.
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.-"l.l.'g'.:un AL Gl was |'H.-r|'nr|1|q.u,l low durstioiis i
pr\-.:-:.ﬂ:hm}:_ A, botls with the Iray usihieated and hested
to 230°C, In the latter case, the hase pressine 1o8¢ Lo
aboat 107 T, and RGA spectra indicated that the main
comribulion wis from hvdrogen. While this was pre-
sumably likerated from the lithium hydroxide, the eost-
ing on thi lithivm lumips persisted.

A manipulator with an articulasted Sanbess steed ap
wikd insered through the s ports used for loading
the lithivim, 1 was able to break through the coating,
and spread the lithium to its maximum reach of a fow
centimeters along the surfece of the tray, While this
proceas did not disperse the lumps, lihiom was secn to
flow well boyomd them. From visual inspection of the
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Fuap. 4, O] (4416 A} emisnsman micasssd with & ditector vicwng the
lseriter tray i 0 function of plasms coment. The squeres comespeoed
T Bahum mn 12 By, the inamgles are for the case of solid litheam
[E=28 5O o Thee By, amdl thee concles represond dala obfaned walk
Facgunad Bthniem { 25007 ) an ithe I,

truy surlace, over hall of the surface area appeared to
b cowered with lthium

Dizcharges were obtained wilythis degree of lithium
converage, and there were clear differences in plasma
bethanaor and spectroscopic emiszions with solid s
I|-.|1u|.! lithoem limaters. The primary dingnosie used
fior wisible spectroscopy on CDX-1T is the fillerscope
[11]. Im thes instrumsent, light from the plasma s im-
e ooy optecad 1shers andd eomducted 1o tenmors Joe
cated remotely from the macling, The lgh i split into
miultiple paths, cach of which is terminated with a de-
tector that consists of an oplical bandpass fileer amd

Fag. 5, Fasl fraamimg camsom imsapes of aromnp observed o the edgse of e plagma an contact wik the iormadal [itheen tray lemder, In Sas cass
thiss Inthuiirss s molsch: Besaevver, o rechictaom m arcing woas olbuerved whes the tray was heatad above the melBnp posst of lithnai. Thice mmapss

afe shimmn, o seeceaaye o andevals idurmg the dscharpe,
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a phatomultiplier tube. The detectors are moumed in
i single box that can sccommodate up 1o five chan-
fels, Spectroscopic measurements from a direct view
of the limiter indicated that the dewterium-alpha emis-
sion wis consistemly lower when the lithium was a
ligquad, ar & temperature of 250°C, than when it wis
@ ol This iz shown in Fig. 3, where the mei-
surements from liquid limiter plasmas are all clus-
tered below the valoes from solid limater dizcharges.
There wis alzo spectfoscopic evidence for signifi-
canmly reduced oxvgen emission (Fig. 4). The daa
im Figs. 3 and 4 are from a typecal day of CTEX-

U operation umder each condibion. With an empty
truy of a solid lithivm limer, the first plisma of
the day had a low current, which increased a8 suc-
cesaive discharpes comditioned the plasma-facing sur-
face. With the liguid lithium limiter, discharges near
the highest plisma currents were immedistely ob=
tained, and no period of lithium surface conditioning
was necided 10 achieve low deuterium-alpha and oxy-
gen emission. The electron temperatune as indicagisd
by 2ol X-ray emissions mcreased by as much a3 a
fwctor of two-theee for the liquid lihium discharges
[5]-
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Fug: 7. Plsslogriaph of the Iray mi e iidenos of the CTIK-1

COne possibde explanation Foe the difference in per-
fermance with a liquid lithium limiter may be dse 1o the
Fact it like the solid, reacts readily with water o form
Iothaim hvelrosede and I1:|.'|!r|||:|.'|| However. Ll iy
droxide remaing dissolved in liquid lithium, rather than
foaming a surface coating which passivates the Lithium,
s 1% Ui Cage Tor thie solid, Atonne deuternam § Eron the
plagma ilux ) 15 aleo expecied o remain dissolved inihe
liguid lithiwm_ 17the atomie concentration of deuterium
dissolved in the lithium inerewses 10 greater than about
1%, hthium deutende may be loemed. Lithoom diu-
teide remaing a solid al temperaunes helow o300,
aied i3 denser than liguid lithium, so a8 the dewteride
foems, it should precipitate out 1o the bottom of the
Inhaam layer, Thas scenand could account for the in-
crease i the hydrogen (mass 2}, decrease i e wa-
ter (mass 18). and a lack of deaterium (mass 4) in
the RO specinam, & well as for the longevity of the
[ | IS E

Drring iniial operation sith the lithium flked iray,
numerous shor-lived bright spots were observed at the
fray - plasnia inderface with a fast framimg camer (e

waguim chambst, relilbed with Baphly felléctieg hepmd lithink

Fig. 5. These bright spoas appeaned 1o be unipolar arcs,
perhaps occurring at the oxide coated regions on the
lithiwm. The vertical current channe] of the arc pro-
duces an |l|.|I'.'|.'.|n.|l:|.' dbrected (b, owands incneasig
muajor radivg) & 2 B force at the are comact poing,
A consequence of the arcing is that a lithium pamic-
nkibe wias q_|-::-;1.,xl Iroim the iy |.'I:||' Bz S = B force aml
cogted the lower vacmem vessel heat shield near the
tray. The incidence of arcing decreased sipnificantly,
to near #zero, as plasma operations confimued

D ooe attenipl af meliug te lhithium o the tray,
i local region of stromg beating developed. This may
have boen due 1o inhomogeneitics in e lithium dis-
tribntion resulting from the tray loading precess. The
resuling vapariralion cremtad a than bl layer o
lithium, which appeared tocover alargearea of the vac-
uum vessel that had direct (line-of-sight™ ) ex posune bo
Ehw: tray. s aresult, the machine bise pressure dropped
b b 6w 1078 I, or ot @ Bctor of twio belosy 1ype
ieal levels for CEX-1), Residuoal gas amalyecr “before”
and “afier” data for COX-1 is shown in Fig. 6. [tshould
be noted that the conductance from the muin vacuum
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vessel to the ROA is limibed, since it is nocessary o
keep the ROGA head far from ihe machine during toka-
mak operations, Therefore, while the RGA data taken
under various conditions may be compared, te RGA
ig nol an accurate indicator of tie pressure in the main
vacunm vessel. Dischanges were first sttempted with-
ot G110, andd 85 kA plasamis were acheeved al very low
densities of about 3-4 x 10 em ™, It was impossible
to fucl thie discharge via gas puffing to nomal operat-
ing densities, which are in the 1-2 = 10 em ™ range
for CIXX-1],

Funher cxperiments were performed 10 delermine
if comditioning the lithinum surface on both the toroidal

tray limiter and the vacuum vessel walls affected the
behavior of CINX-1U dischanges. Argon AC G was
conducted prior to plasma operations, Plasma currents
in excess of 90kA were obderved, These were among
the highest currems ever achicved on CIDX-1I bt the
plasmas were inoan even lower line-averaped density
range of abowt 2-3 x 10 em™, A sodium iodide de-
tector outside of the stxinless steel vacuum vessel usy-
ally does not detect hard X-rays, but their presence in
these low density plasmas suggests the generation of
runiway elecirons.,

Subscquent plasmas with identical dischasge con-
trol programming had lower cuments, higher densi-
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ties, and lhigher impurity levels This sugeests teat
the CGIM may have improved the surface condi-
tions of the lithium, but that the effect did not
persist, This 5 presumably because the walls teat
wiere coated were not heated, and the lithium eom-
peranids subssquently Formed on the surfisce remained
there,

S Cleanup of CINC-1 gfier lithium operations

Afier approximately ning months of experimen-
tation with the first toroidal ray Hmiter, 6t was de-
termingd that the lithium was virually entirgly ox-
idized or otherwize reacted with resideal gases in
the vacuum chamhber. Coatings had sccumulzied on
most of the windows which were modt mounied on
gate valves, and thus could nol be cleaned with-
out @ vent, COX-U was therefore vented in Spring
20H12.

Prior to removid of the vessel port covers, Forced
ventilation ol the chamber wis used to react any lithigm
dewteride which may have formed during the exper-
iments. A 30 CFM blower was wsed 1o circulate
wir through the chamber for 72h HEPA fillers were
incorporated imo the inlet and outlet of the blower
syslem i order to mhibil discharge of any lithivm
compounds imo the CIR-U0 fest coll, and vacuum
gale vilves were usexd for the inlet and outlet 1o 1he
chamber.

Foltowing the foreed ventilation cycle, the vacuum
chambser was opened amd cleaning commenced. The
torosdal tray limiter was removed, cleaned, and re-
installed. Minor cleaning was perfonned on the con-
terstack heat shichd and wessel walls. A significant
amount of Iinhaum had sccumulated on the lower ves-
sel heat shield during carly phases of plasma opera-
tion with the tray. The lithium had boen cjecied from
the tray by J = B forces produced by unipodar arc-
ing to the lithium, Arcing subsaded later in the run
petiod, but not before several tens of cubic centimie-
ters of lithivm had been gected omo the shields. The
shiclds were removed and cleansd prior to the ne-
installsion of the tray limiter. In all cases, clean-
ing up from ihe lithivm cxperiments was siraight fog-
ward, and presented mo significant saficty challenges.
Following the cleaning procedurcs, the CIEK-U ves-
sel was evacumted and plisma operations were bes

gun with the bare sainles el ray acting as ihe
limiter.

6. Resulis from ihe second campaign with a
toraidal ligpuid lidhiwem limiter

Affier data on plasma operations with a high recy-
cling bare stunless steel limater were obtamed, the tray
wis refilled with Iithium, A new lithiom Giling system
wis designed and bailt by the LCSD PISCES group
fior the second sct of lithivm limiter expermments | 12].
This il svstem is designed to nject lguad lithiwm omto
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Fig. 1 Comparsson of plasma camenl. demeiy, and gas (seling for dischanpes with @ stmnless stee| [msfer and @ hauod hihum i

a high temperature (500 °C) stainless steel tray, in or-
der to Tully wet the tray and obtain uniform coverage.
The new system was succesalul in producing a uni-
form, nearly complete Gl of the tray. Fig. 7 s aview of
the filled tray through a vacuwem vessel window. After
the tray was refilled, RGA data mdicated that residual
watler in the vacuum vessel had dropped to negligible
bevels {see Fig, 81 Subsequent beating and glow dis-
charge cleaning cycles produced TS coverage ol the
triy, el a highly relbective metallic surfice, i comrast
to ihe primarily oxidized surface, achieved during the
firsl sct of expeniments,

The mechanical behavior of the lithiam in the soae-
ond st of expeniments also differed markedly from
the indtial iray experiments. No unipolar arcing was
ohgerved, and no measurahle amoum of lithiom was
cjected from the tray after hundreds of tokamak dis-
charges using liquid Lithium s the main limiter. This
wits true despite the routine occurrence of plisma
cvents such as vertical displacements or disruptions,
which produced shont duralion qurrents of up 10 sev-
eral nowdred ampere t vessel prowsd through the eray,
Atime wrace of the total current from the cdge plasma
tir groandd through the tray, monitoned via currem trans-
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Fag. 11, Phatopraps of the dlenod of CIX-L immimssdately [ollywing veing aler (b seooil lithiuim imy casgaign. The ceiml sl
HIUCTE i3 The conter sinck, wolls Bewt shiclds. The emy ancircles the cenler sack, and of this poest 15 Iilled sl oxihoe] Dithiem. The nolch
vl in ther lefi Eoreground permils @ on-anms imserferometar chord. The Boor is the kower vessel hem shicld

former as described in Section 6, during & representa-
tive event is shown in Fig. Wal Fig. Wb & a summary
|.1:I||I al the antensity and duration ol evenls |'|rm1|,h.':|:||.:
cdpe plazma curreni o the tray, The plot includes all
liguid lithivm discharges with tray cumrents of more
than 204 (peakh. Mote that the u'n-riﬁ-ﬂ:rlm-nlnl'11|n.-
Inbhaum layer in the iy 15 1'||'||'|r||:lu:|n;j.1|;,'|:|.' 4 em=: thus,
current densitics in the lithium near the grounded end
of the tray were commonly 20-30 Adem?®, and for short
duralions i excess of 1HA -._'|:|1'I The lack of mbechiu-
wcal motion of the lithaemn doe to J « B forcet atands
in stark comrast 1o the DU-D0 resulis [ 13], where lig-
uid lithivm was consistently ejected from the DIMeS
prohe gl thee plasma, This diTerence 15 probably dus
at least i part 1o he desdgn of the COXX-U iy, which
ferces all currents conducied to ground threagh the tray
g Mo i thee teroidal direction, parelhel to the major
coatipeent ol e |;N|I':|:||:||;|_' mgnelic fielil

Plasma operations with tee newly filled lithium lim-
iter produced higher current discharges, and required

significantly less loop voltage to sustain the plasma
current. Very low recycling was observisd. I order 1o
mlan a |'|I;|:~:|:|11 density comparable to that oblaned
during operation with the empay saxinbess way limiver,
il was necessary 1o inercase plasma fucling by a facior
of six-cight. A comparison of o discharges, one of
which wis operated with a bare stmnless aeel Ly Al
ihe other of which wilized a liguid liihiom limiter, is
shown in Fig. 10, In addition, the edge exygen impa-
nty was virtually ehimmated, Quantnative dati o the
elEeifoi lemperalurg |"H.:|!|:n 10F Ll e -.|ix-|.:|!|:|.r_|:_x.:h Wt
not available; however, the reduction in tllllr' 'n1|l::I;,.'|:
for liguid lithium operation is striking. amd is sugges-
tve of o sagnifican increase in core electron tenmiper-
wure, Lithium CoaLngs of the winudows peovied 1o be
a significant problem, however, and rendered several
spectroscopic systems usehess or suspect, which lim-
fled direct compseri2ons with the carlier data showwn i
Figs, 3 and 4, Lithium operation with the second peier-
ation system was iMerrupted afier approximately one
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ol of rn time by a vacuum secident which vemed
the miachine to a pressure of approsimately 1 Torr dur-
g w liguod Bithiom rem, The accidental vem had nao
signifcant consequences ofher than the oxidation of
the lithium surface, to the poind where it was judoed
that the limaser tray cught (0 be cleaned and refilled.
A photograph of the mieror of CDX-L immediaely
following the vent to e i shown in Fig. 11, Coatings
on the walls and center stack heat shiclds are evidemt
as a result of evaporation of lithium from the tray, bt
Ao istaees of masrescopic egection of lhium from
the tray are appareinl. The white particulasie seen on
the lower surface of the vesse] (the lower heat shield )
i oxidized lnhium, This sparsely distributed parisc-
ulate began to appear on the lower heat shield and
tray hefore the tray was refilled with lithium, follow-
ing cither tokamak operations or glow discharge clean-
ing. Smee the particulate began 10 appeds before the
tray witd fiehilled with lithium, it i3 apparent that some
litfhium oxide remained i the vessel after cleanup op-
eratiens were complete, Small lithium signals were
also evident on tw speciroscopy prioe 1o the refill of
the tray.

7. Summary sl conclusions

The CEX-U experinsents to dase with liguisd fithiam
limiters hive clearty shown sigmaficant improvenients
in plasma performance as an inercasing fraction of the
total PFC area is comveried 1o liguid lithiem. These im-
provements inchede a strong reduction i impuriies,
eapecially oxygen, aninerease in the electron tempera-
ture, a decrease in recveling and resultant control over
the plasma density, A strong reduction inithe plasmea re-
sisivity was observed, as evidenced by an approximate
Factor of four reduction in the loop voltage required 1w
susiain ithe plasma currem. Few, ifany, preceding mod-
ifications to PFCs in a magnetic fusion device have
produced such striking improvements in plasma per-
foinmee,

Although chearly the incorporation of liguid lihium
limiters into an eperating tokamak presents challenpes,
the experiments deseribed bere were acoomplizhed
wilh few modifications 1o wokamak systems angd posed
nio safety problems (even in the case of an accidental
wvent), Techmigues have beoen developed which permin
the mraduction of a lange ares clean Dguid Hihium
PEC 10 a tokamak, The surfsce cleanliness of the
lithium was maintained, and even enhanced, for an
operating period of approximaiely one monh. Win-
dow comtings are the primary problem observes] 2o
far. Finally, resteration of the wekamak 1o pre-lithium
conditions has now been perfonmed pwice withow

problem,
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