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INTRODUCTION
Thereis a growing interestin theproductionof intense

beamsof exotic isotopesfor researchin nuclearphysics
andlaboratoryastrophysics[1]. TheRareIsotopeAcceler-
ator(RIA) is onesuchprojectbeingpursuedby thenuclear
physicscommunityin the USA [2]. RIA calls for a su-
perconductingcavity linac to acceleratethe CW beamof
heavy ionsto � 400MeV pernucleon,with a beampower
of up to 400kW. Several typesof superconductingstruc-
turesareneededdueto thechangingvelocity of thebeam
[3].

Designstudiesare in progressat Michigan StateUni-
versity (MSU) for a 10th-harmonicdriver linac consisting
of quarter-waveresonators(QWRs),half-wave resonators,
andelliptical cavities [4]. Threedifferenttypesof QWRs
havebeendesignedfor the�rst segmentof thedriverlinac.
The�rst QWRtype(optimumb � bm = 0:041,80.5MHz)
is very similar to existing QWRsin useat INFN-Legnaro
(b is thebeamvelocitydividedby thespeedof light). The
second(bm = 0:085,80.5MHz) andthird (bm = 0:16,161
MHz) typesarebeingdevelopedasa collaborative effort
betweenLegnaroandMSU.

This papercoversthe RF design,prototyping,andpre-
liminary RF testing of simpli�ed versionsof the bm =
0:085 andbm = 0:16 QWRs. The next step,the develop-
ment of a completebm = 0:16 cavity with an integrated
heliumvessel,is alsounderway[5].

CAVITY DESIGN
The quarter-wave resonatorsdevelopedby Legnarofor

ALPI arethebasisfor thedesignof theRIA quarter-wave
cavities.QWRsat80MHz arepresentlybeingusedatLeg-
narofor theALPI andPIAVE linacs[6]; a 160MHz QWR
hasalsobeenprototypedatLegnaro[7].

The ALPI cavities have a outerconductordiameterof
180mm; this wasenlargedto 240mm for thebm = 0:085
andbm = 0:16 RIA cavities. A largeraperture(30 mm) is
alsousedfor the RIA cavities. Anothernew featureis to
separatethecavity vacuumfrom the insulationvacuumto
reduceparticulatecontaminationof thecavity surfaces.

A recentdevelopmentis theidenti�cation of beamsteer-
ing dueto the vertical asymmetryin QWR structures[8].
The steeringis not a major problemfor the bm = 0:085
QWRdueto thelongwavelength,but it is signi�cant in the
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bm = 0:16 QWR. It hasbeenshown theoreticallythat the
steeringcanbepartiallycompensatedby asymmetricshap-
ing of thecavity in thevicinity of thebeamports[9]. The
bm = 0:16 QWR incorporatesasymmetriccavity walls to
compensatefor thesteering.Beamdynamicsstudiesindi-
catethat thecompensationshouldeliminatetheemittance
growth dueto steering[10].

Table1 shows someof theparametersof thestructures.
RF parameterswere calculatedwith ANALYST.1 Draw-
ingsof thestructuresareshown in Figure1. Figure2 shows
theacceleratingvoltagethatcanbedeliveredby eachof the
cavity typesat thedesign�eld level (Ep = 20 MV/m) asa
functionof thevelocityof theacceleratedbeam,including
transittimeeffects.

Table1. SelectedRF andgeometricalparametersfor the
quarter-wave resonators.OC andIC aretheouterconduc-
tor andinnerconductor, respectively.

Optimumb � bm 0.085 0.16
Resonantfrequency f 80.5MHz 161MHz
DesignEp 20MV/m
DesignBp 49.2mT 43.4mT
DesignVa 1.18MV 0.99MV
Rs=Q 416W 380W
Geometryfactor 19W 35W
NominalOC diameter 240mm
NominalIC diameter 105mm
Nominalheight(l =4) 931mm 466mm
Active length 210mm 190mm
Aperture 30mm

FABRICATION OF PROTOTYPES
SheetNb of thickness2 mm andRRR� 150wasused.

The top plate, the beamtubes,and the tip of the center
conductorweremachinedfrom solid Nb. Holeswerema-
chinedinto thelatter(seeFigure1) to improve thecontact
with theliquid helium.Thebottom�ange consistsof aNb-
Ti ring weldedto the Nb outerconductor, matingwith a
stainlesssteel(SS)blank-off �ange; a Nb tuning plate is
boltedto the outerconductorvia this �ange. Forming of
theNb partswasdoneat MSU andin thelocal area.Elec-
tron beamweldingwasdoneby industry. Figure3 shows

1A productof SimulationTechnology& Applied Research,Inc., Mequon,
Wisconsin.
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Figure1. Three-view drawing of (a) thebm = 0:16 QWR
and(b) thebm = 0:085QWR.
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Figure2. Dependenceof acceleratingvoltageon beamve-
locity for thebm = 0:16andbm = 0:085QWRs.

theNb partsbeforeandafterweldingof thebm = 0:16cav-
ity. Indium joints wereusedto provide a vacuumsealon
the bottom�ange andbeamtube�anges. Electricalcon-
tactbetweenthe tuningplateandtheouterconductorwas
madevia pressurefrom thebottom�ange (thustheindium
providesa vacuumseal,but not an RF seal). At Ep = 20
MV/m, themagnetic�eld at the joint is about0.7 mT for
thebm = 0:16 QWR andabout0.5mT for thebm = 0:085
QWR.

Beadpullsweredonetocheckthe�eld �atness.Figure4
shows thebeadpull traces.The�eld un�atnessparameter
(DE=E) was3.8%for thebm = 0:085cavity and0.6%for
thebm = 0:16cavity.

The completedQWRs were etchedwith a Buffered
ChemicalPolishingsolution(1:1:2 mixture by volumeof
concentratedhydro�uoric, nitric, andphosphoricacid) to
remove120mm from theinsidesurface.Theacidwascir-
culatedthrougha chiller in a closedloop systemto main-
tain a temperature� 15� C. After etching,a high-pressure
rinsewith ultra-purewaterwasdonein a Class100 clean
roomfor 60to120minutes.Thecavity wasthenassembled
ontoaninsertfor subsequentRF testing.Figure5ashows
thebm = 0:16cavity duringassemblyontotheinsert.Fig-
ure5b shows thebm = 0:085cavity just prior to insertion
into thecryostat.

RF TESTS
RFtestingwasdonewith thecavity immersedin aliquid

heliumbathat 4.2K; someadditionalmeasurementswere
doneat 1.5 K or 2 K. A phasefeedbackloop wasusedto
lock ontotheresonance.TheRF powerwasprovidedby a
50W ampli�er protectedby acirculator. Copperprobean-
tennae(mountedon thebottom�ange, seeFigure1) were
usedto couplethe power into the cavity andpick up the
transmittedpower signal. The input antennalength was
chosento benearunity couplingat low �eld at4.2K.

Multipacting barrierswere encounteredat low �eld in
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Figure3. (a) Nb partsfor bm = 0:16 QWR and(b) inside
view of thecompletedcavity.

bothcavities. Wewereableto getthroughthebarrierswith
1 to 2 daysof RF conditioningat 4.2K. Thebarrierswere
not completelyeliminatedby conditioning;reconditioning
wasrequiredin somecircumstances.No conditioningwas
doneathighertemperatures.

bm = 0:16QWR
The �rst RF teston the bm = 0:16 QWR wasdonein

May 2003. Resultsareshown in Figure6a (circles). The
maximum�eld level reachedin the �rst testwasEp = 8
MV/m. After the �rst test, the cavity wasdisassembled,
and grinding was done to remove a suspiciousareaon
the shortingplate. An imbeddedbit of foreign metalwas
alsofoundandgroundout. After grinding,thecavity was
etchedandrinsedagain.

A secondRFtestwasdonein July2003.A �eld level of
Ep = 19MV/m wasreachedin steadystate(seeFigure6a,
squares).A higher�eld (Ep = 23MV/m) couldbereached
with modulatedRF(seeFigure6a,diamonds).Theselevels
werereachedaftersomeimprovementfrom RFprocessing.
Heliumprocessingwasalsoattempted,but thisdid not fur-
ther improve theperformance.Modestx-ray signalswere
observedduring the test(110mR/hourwasthe largestra-
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Figure4. Beadpulls for the bm = 0:16 andbm = 0:085
QWRs.

(a) (b)

Figure5. Photographsof (a)bm = 0:16QWRand(b) bm =
0:085QWRon theRF teststand.

diationlevel measuredinsidetheradiationshield).
A systemof mirrorswasusedto view theoutsideof the

cavity with a video cameraplacedon top of the cryostat.
At high �eld, bubblesin the helium bath were observed
to comefrom the bottom �ange of the cavity, indicating
thatthedominantlosseswerenot in thehighmagnetic�eld
region.

As indicatedin Figure6a,therewasa decreasein Q0 at
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very low �eld, possiblydue to resistive lossesin the RF
joint betweentheouterconductorandthetuningplate.The
low-�eld Q0 valueof 1:8 � 109 at 4.2 K correspondsto a
surfaceresistance(Rs) of 19nW; theexpectedcontribution
from theBCStermis 12 nW. Thelow-�eld Q0 was3� 109

at T = 2 K, correspondingto a residualsurfaceresistance
(R0) of 12 nW. Thus, the measuredRs at 4.2 K is a bit
smallerthanexpectedfrom the sumof the expectedBCS
Rs andmeasuredR0. For Ep > 2 MV/m, the Q0 wasthe
sameat2 K asat4.2K.

bm = 0:085QWR
Two changesweremadefor the bm = 0:085 QWR test

(in light of the problemsencounteredin the testson the
bm = 0:16 QWR andthesuspectedcauses).First, a ridge
wasaddedto theNb tuningplatefor betterRFcontactwith
the outerconductor. Second,a hollow tubewas installed
on thebottom�ange to touchthecenterof thetuningplate
for improvedheatsinkingto theheliumbath.

The �rst RF teston the bm = 0:085 QWR wasdonein
September2003. Resultsareshown in Figure6b. A �eld
levelof Ep = 31MV/m wasreached.Abovethat�eld level,
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(b)

Figure6. RF testsof (a) thebm = 0:16 QWR at 4.2 to 4.3
K and(b) thebm = 0:085QWRat4.2K.

we reproduciblylost lock on the feedbackloop, possibly
due to thermalbreakdown. The measuredx-ray signals
were� 50 mR/hour. Thevideoimagesindicatedthatbub-
bleswerebeingnucleatedmoreor lessuniformly nearthe
top of thecavity, asonewouldexpectfor lossesdueto the
magnetic�eld.

The low-�eld Q0 valueof about3 � 109 at 4.2 K corre-
spondsto Rs = 6:3 nW; theexpectedcontribution from the
BCStermis 2.9nW. Thelow-�eld Q0 was6�109 atT = 1:5
K, correspondingto R0 = 3:2 nW, in goodagreementwith
themeasuredRs at4.2K andexpectedBCScontribution.

CONCLUSION
A bm = 0:16 QWR anda bm = 0:085 QWR have been

fabricatedand tested. RF test resultsfor the bm = 0:16
QWRaremarginal.Furthertestswith improvedRFcontact
andbetterheatsinkingof theNb tuningplateareplanned.
RFtestresultsfor thebm = 0:085QWRhaveexceededthe
design�eld level by a comfortablemargin, with Q0 > 109

at thedesign�eld (at T = 4:2 K). We wereableto condi-
tion throughlow-�eld multipactingbarrierswithoutavari-
ablecoupler(1 to 2 daysof conditioningwererequired).
Thenext stepsin this QWR prototypingeffort will be the
fabricationof completecavities with integratedHe vessels
andthecharacterisationof microphonics.
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