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Abstract

Vertical electropolishingniobium cavities hasbeende-
velopedat Cornell University andappliedsuccessfullyto
a dozenhalf-cellsandseveralsingle-cell1.3-1.5GHz nio-
bium cavities. High gradientsin excessof 35 MV/m were
achieved.

INTRODUCTION

Electropolishing(EP) hasbeenprovena necessarysur-
faceprocessingmethodfor high-gradientsuperconducting
niobiumcavities [1]. Many labsnow haveacquiredtheca-
pability of EPmulti-cell cavitiesandof EPsingle-cellcav-
ities [2]. Niobium cavities areelectropolishedin thehori-
zontalpositionexclusively in theseEPsystems,following
theoriginalKEK/Nomuradesign[3].

VERTICAL ELECTROPOLISHING
NIOBIUM CAVITIES

We have been developing EP capabilities for high-
gradientresearchat Cornell Universitysince1999[4]. In
the courseof half-cell EP studies,the continuouscurrent
oscillation EP [5] was discovered,extendingthe original
intermittentcurrentoscillationEP[6].

The half-cell EP methodhasthe following characteris-
tics: 1) Full acidcoverageof theentireinnerniobiumsur-
faceof the half-cell; 2) Active andcontinuousacid agita-
tion; 3) Externalcoolingof thehalf-cell outerwall. Fig. 1
illustratetheoriginalhalf-cellEPconcept[5]. Thehalf-cell
is positionedvertically to facilitate full acid coverage. A
Te�on-coatedmagneticspinbarplacedinsidethehalf-cell
cavity is drivenby a remotemagneticstirrer andprovides
continuousacidagitation.Theacidis containedinsidethe
half-cell cavity by sealingits top equatorsurfaceandthe
bottomiris surface(or thebottom�ange surfacefor beam-
tubeweldedhalf-cells)with additionalTe�on parts. The
sealedhalf-cell assemblyis immersedin bathwaterwhose
temperatureis regulated.

At Cornell,morethan12L-bandcavity half-cells(some
with a pre-weldedbeamtube)have beenprocessedby the
verticalhalf-cell EPmethod,totaling theEPtime of more
than80hours.

Fermilabhasbeendeveloping EP capabilitiesfor pro-
cessingniobiumcavities [7]. VerticalEPof half-cellshas
beensuccessfullyappliedto 3.9 GHz cavities. A design
is completedfor vertical EP dumbbells. Vertical EP of
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3.9 GHz dumbbellshasbeenexplored. Fig.2 shows the
schematiclayoutof thepolishingcell in theverticaldumb-
bell EPset-up.

VerticalEPsingle-cellniobiumcavity hasalsobeende-
velopedatCornellUniversity. It hasbeensuccessfullyused
to process6 L-bandsingle-cellcavities,totalingEPtimeof
morethan30 hours.Theschematiclayout is illustratedin
Fig.3.

An importantaspectof theverticalEPprocessis contin-
uousacidagitation.Our initial half-cellEPwascarriedout
in the intermittentcurrentoscillationmode,following the
original niobium cavity EP processof Dieperset al. [6].
The currentbegins to oscillatewhenthevoltageis turned
on. The currentoscillationintially increasesin amplitude
andlaterdecreases.Theoscillationis active normally for
3-5 minutesand thendisappears.At this point, the volt-
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Figure1: Half-cell cavity verticalEP



Figure2: FermilabdumbbellverticalEPset-up.

ageis turnedoff andacidagitationis started.Agitation is
maintainedfor 3-5minutes,duringwhichperiodof time,a
dark-coloredlayeron theniobiumsurfaceis disruptedand
dissolved eventually. The voltageis then turnedbackon
andthecycle repeats.Thedecreasein thecurrentoscilla-
tion amplitudewith time asthevoltageis kepton without

Figure3: Cornellsingle-cellcavity verticalEPset-up.

active acid agitationsuggeststhe growth of the thickness
of the viscouslayer at the acid-niobiuminterface. In the
continuouscurrentoscillationEPmode,anactive acidag-
itation is suppliedcontinuously. The hydraulic effect of
theacidmovementenhancesdiffusionof theviscouslayer
and reducesits thickness. The resultingcontinuouscur-
rent oscillation is understoodas the equilibrium between
the growth force of the viscouslayer due to anodization
andthereductionforcedueto theenhanceddiffusion.

The agitation mechanismis an important engineering
componentin a vertical EP systemandmustbe carefully
implemented.Designgoal is to producea laminarcircu-
lation of the acid at the acid-niobiuminterface. Factors
dictatingthe acid hydraulicssuchasthe acid volume,the
cavity size and shapeand the propellersize and geome-
try mustbe considered.Inadequateor excessive agitation
causessurface passivation or pitting, leading to inferior
cavity performance. For vertical EP of L-band half-cell
cups,themagneticspinbar(Fig.1)providessuf�cient agi-
tationandthematerialremoval is fairly uniform. For verti-
cal EPof L-bandbeam-tubeweldedhalf-cells,agitationat
the interfacebetweentheacidandthecupinnersurfaceis
signi�cantly damped.Similar situationoccursfor vertical
EP dumbbells.An improvedagitationmechanism(Fig.2)
hasbeendevisedfor verticaldumbbellEPat Fermilab[7].
For verticalEPof L-bandsingle-cellcavities, theagitation
mechanismas shown in Fig.3 is found effective. Agita-
tion at theinterfaceof theacidandthecell innersurfaceis
signi�cantly enhanceddueto the extensionarmscoupled
to the magneticspin bar. Testshave shown that thereis
literally nopolishingwhenaspinbaraloneis usedfor agi-
tation. It shouldalsobementionedthatthegravity seemsto
haveaneffectsigni�cant enoughto perturbatethediffusion
of theviscouslayer. For this reason,the lower half-cell is
normally lesspolishedthantheupperhalf-cell. Neverthe-
less,a symmetricpolishingis easilyobtainedby �ipping
thecavity orientation.

PERFORMANCE OF VERTICAL
ELECTROPOLISHED CAVITIES

Single-cell cavities fabricated with electropol-
ishedhalf-cells

Two 1.5 GHz single-cellcavities, LE1-35 andLE1-36,
havebeenbuilt with verticalelectropolishedhalf-cells.

Trimmedhalf-cellsof LE1-35wereinitially electropol-
ishedfor an inner surfaceremoval of 160 � � . They are
joined with beamtubesby electronbeamwelding. The
two beam-tube-weldedhalf-cells were post puri�ed with
titanium, improving RRRof theniobiumto 500. Another
30 � � wasremovedby verticalEPandthenhalf-cellequa-
torswerejoinedby electronbeamwelding.Thecompleted
cavity wasetchedfor 5 � � with BCP1:1:2removing the
niobiumvapordepositfrom the innersurface. During the
�rst cold test, the cavity had a ratherlow starting ��� of
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at 1.5-1.6K which also declinedquickly as the
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Figure 4: Resultsof the single-cellcavity LE1-35 fabri-
catedwith half-cellsprocessedby verticalEP.

Figure5: Hot zonein thelowerhalf-cell of LE1-35.

�eld was raised(Fig.4). The temperaturemapshowed a
hot zonein the lower half-cell (Fig.5). Residualtitanium
on the innersurfacewassuspectedto beresponsible.The
cavity wasfurtheretchedfor 12 � � with BCP1:1:2.This
improved the cavity performance.However, the hot zone
still emergedat highergradients.At thehighestgradient,
thecavity waslimited by quenchatapointalongtheequa-
tor, suggestinga defectin the electronbeamweld seam.
An additionaletch of 33 � � continuedto pushthe gra-
dient, limited againby quenchat theequator. Finally, the
cavity wasprocessedby verticalEP, removing50 � � . This
signi�cantly improvedthecavity performance.Theaccel-
eratinggradientreached37 MV/m. Some�eld emission
waspresent.

Half-cells of LE1-36 wereinitially post-puri�ed. They
were then processedby half-cell EP, removing about
90 � � . Due to the reducedstrengthof post-puri�ed nio-
bium, deformationoccurredwhenpost-puri�ed half-cells
werecompressedby EP �xtures. Repairwasdoneby re-
stampingwith a maledie madeof Te�on. Following elec-
tron beamweldingat theirisesandequator, thecompleted
cavity wasprocessedby verticalEPremoving30 � � . Dur-
ing the�rst cold test, ��� initially reached
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atanacceleratinggradientof
about10 MV/m. Temperaturemapdid not show preferen-
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Figure6: Resultof LDP1-4processedby verticalEP.
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Figure7: Resultof LE1-35processedby verticalEP.

tial heatingsuggestinginsuf�cient removal of thedamaged
layer might be responsible.The cavity is currentlybeing
processedwith verticalEPfor morematerialremoval.

Single-cellcavitiesprocessedbyvertical EP

Among six single-cellL-band (1.3 GHz and1.5 GHz)
cavities processedby verticalEP, four reachedanacceler-
atinggradientof � 35MV/m.

Fig. 6 shows the2 K resultof LDP1-4,a 1.3 GHz TTF
shapecavity. This is the �rst successfuldemonstrationof
verticalEP. Quenchwasthegradientlimit. Fig. 7showsthe
resultof LE1-35,a 1.5GHz CEBAF shapecavity. RF test
wasperformedat 1.5 K. Some�eld emissionwaspresent
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Figure8: Resultof LR1-2 processedby verticalEP.
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Figure9: Resultof LR1-4 processedby verticalEP.

at high gradients.Quenchwasthegradientlimit.
Fig. 8 shows the resultof LR1-2, a 1.3 GHz re-entrant

shapecavity with a aperturediameterof 70 mm [8]. The
highestgradientreached46 MV/m in CW modeand 47
MV/m in long pulsemode. RF testswere performedat
1.5-1.9K. Therewas little �eld emissionpresentat high
gradients. Quenchwas the gradientlimit. Fig. 9 shows
the2K resultof LR1-4, a 1.3 GHz re-entrantshapecavity
with an aperturediameterof 60 mm. No �eld emission
waspresent.Quenchwasthegradientlimit. A defectat the
overlapof theequatorweld is likely to be thecause.This
cavity is currentlybeingprocessedby tumbling for defect
removal. Furthertestsareforthcoming.

Two otherverticalEPprocessedcavities includeLE1-36
andLE1-37,bothof theCEBAF shape.Theresultof LE1-
36 is alreadymentionedin previous section. LE1-37 was
fabricatedwith large grain niobium producedby OTIC, a
niobiumproducerin China.It reached22MV/m. Thegra-
dient limit wasquench,originatedfrom a defectnearthe
equatoras revealedby the temperaturemap. The defect
was later identi�ed beinga pit. It is currentlybeingpro-
cessedby BCP1:1:2etchingin orderto removethepit.

DISCUSSIONS

Investigationson Q-disease

Studiesareunderwayto investigatewhetheror notverti-
cally electropolishedcavitieshaveQ-diseasecausedby hy-
drogen.Two cavitieshavenbeentested.Onedoesnotshow
Q-diseaseandtheotherdoes.TheEPprocessfor thecavity
thatshowedQ-diseasesufferedlosingthetemperaturecon-
trol for extendedperiodof time. Thehighestacidtempera-
turereached50 � C. It is suspectedthatthecavity pickedup
an excessive amountof hydrogenduring this temperature
runaway. FurtherstudiesonQ-diseaseareneeded.

Advantagesof verticalEP

The verticalEP methodhasseveral advantagesthat are
worth mentioning.

� Thecavity andcathodeareboth �x ed in position,al-
lowing �x edelectricalconnectionswith powersupply
terminals.This reducesthecomplexity of thesystem
andmakesit readilyscalable.

� Theacidmixtureis containedin thecavity itself,elim-
inatingexternalplumingandpumpswhichareneces-
sary in a horizontalEP systemfor acid circulation.
This reducesthe systemcomplexity, acid inventory
andtherisk of introducingcontaminants.

� Thecavity innersurfaceis completelycoveredby the
acid, this increasesthe ef�ciency of the processand
reducestherisk of hydrogenpick-upby thecavity.

� The cavity is directly cooled by water (bath or
shower), eliminating the heatexchanger. This again
reducesthesystemcomplexity andincreasesthesys-
temMTBF.

� Theprocessoperatesat a �x edvoltage.Theacidagi-
tationspeedis nominally�x edalso.Theonly param-
eterrequiringactive control is the temperature.This
simpli�es theoperationof theprocess.

� The processoperatesin thecontinuouscurrentoscil-
lation mode. Deviation from nominal currentoscil-
lation re�ects the ill balancebetweenthe two com-
peting processesgoverning the viscouslayer at the
acid/niobiuminterface.Thedisappearanceof current
oscillationprovidesa promptwarningsignal in case
of processmalfunctioning.

� The polishing cell is an opensystem. This reduces
thepossibilityof elevatedhydrogengaspressureand
increasesthesafetyof theprocess.

Multi-cell verticalEP

Multi-cell vertical EP is being developedat Cornell.
First trial hasbeencompletedwith a5-cellTTF cavity. The



cavity innersurfacewasremoveduniformly at a ratecon-
sistentwith that of the single-cellvertical EP. Furtherde-
velopmentsareneeded.It is plannedto verticalEPthe�rst
1.3 GHz 9-cell re-entrantcavity, which is currentlyunder
fabrication.

CONCLUSIONS

VerticalEPof half-cellsandsingle-cellcavitieshasbeen
successfullydeveloped. Several singe-cell cavities pro-
cessedby verticalEPachievedanacceleratinggradientin
excessof 35 MV/m. Multi-cell verticalEPis underdevel-
opment.Initial trail showedpromisingresults.Thevertical
EPmethodhasseveraladvantagesthatmake it suitablefor
processingniobiumcavities at theindustryscale.
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