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manufacture standardand importing the know-how of

Abstract the ultra-clean from the neighbouring field of

The searchfor higher and higher accelerating semiconductors. In parallel to the traditional technology
fields with low rf losses, plus theveed of know-how of Electron Beam (EB) welded cavities, already three
transfer from scientific laboratories to firms for industrialaboratories are able to form seamless Niobium cavities of
cavity production, have contributed to the establishmetite TESLA shape [7-9]Besides towhom is depositing
of fabrication technology standards. Over yearseséarch Niobium onto Copper, whareinforces Niobium with
both on high betaand on low beta superconducting Copper is also coming to théore [10]. Last, the
resonators, various criteria improvingesonator f traditional separation between "low beta people" and "high
performances has been codified as guide-lines or canonsata people" is becoming weaker and weaker, siniddle
the fabrication process. However, the simplensfer of beta cavitiesare becoming a subject morand more
the standardcavity fabrication technologyeveloped so investigated.
far, is no longer sufficient for the newgeneration
machines. Not only the progressive achievemetigtier 2 THE MOST SAFE APPROACH.:
acceleratingfields, but also thedrastic reduction in THE BULK NIOBIUM TECHNOLOGY
resonator productiotime and costs (K$per MV/m) is
compulsorily for the feasibility of moreand more It is not byaccidentthat TTF is installing bulk
powerful acceleratorsThis is the motivationunder the Niobium 9-cell cavities. The TESLA goal 85 MV/m
research toward simpl@nd cheapefabricationtechniques at a Q-value obe+09andthe bulk Niobium technology
as for instance seamless cavities. The paper reviews {§ethe only onecapable tosatisfy this requirement at
status of those new forming techniques urdisrelopment industrial level in the shortest possible time. THies
in several laboratories, as hydroformingpinning, not mean no room for the Nb/Cu sputtering approach, but
backextrusion or superconductor/normedetal coated only that an eventual R&Dor sputtered nine-cells has
cavities suitable for prototype fabricati@md atleast in  compulsorily much longer R&D times. On the otlsie

principle, considerable for mass scale production. it must be own that theaditional approach to EBveld
half cells, both for material and for manufacture, besn
1 INTRODUCTION convenient for the TINAF 1.5 GHz 5-cell production, but

it is is definitely too expensive for a possible mass
About ten years ago, the Argonne National production of 20,000 cavities, as in the TESLA Project.
Laboratories under the chairmanship of $hepard hosted The traditional fabrication approach for beta 1
the third Workshop on RF Superconductivity [1].this  resonators consists in forming the cavity cups by
occasion everybody involved in the superconducting spinning orpreferably by deep-drawinghe cupedge are
cavity field was proud to show his lamtdbest result. At trimmed by machining. The possible variation in wall
that time the LERJesign value consisted in a gradient ofhickness due to the mechanical tolerancethefrawing
5MV/m at aQ-value of 3e+09 and the three industries tool can influence the geometry so the resofrequiency
involved in the Nb/Cusputtered resonator production did(df/digee| = 300 KHz/mm). Pad rubberforming has

not yet even start to acquire know-how. D. Proch in a tafie.en proven to show the best reproducibility [11]. Facing
on SC cavities in Storage Ringeam Tests, Was e cyps is the most crucial operatamd it is performed
reporting values of thaccelerating fieldvalues ranging ,, 5 rotating machine: any misalignment wdrtainly

from 1.9 MV/m to 6.5MV/m [2]. The maximum ..ot incracksalon ;
L g the EB weld. The thickness of the
accelerating field reportefr the TRISTANS00 MHz S5- i, ¢4 weld is much smaller than thequator diameter,

cells was lowerdid not overcomethe 10 MV/m [3],  moreqverthe heatedzonewill thermically expand respect
while G. Mueller reported even fields up to 24 MV/m bufe co1d one. This can seldom result into a trivial problem
on a Nb single cell and at 3 GHz [4]. especially occurring when going teeld cups drawn from

_ About 10 years later agaimnder the ANL .4 reqslabs: it is nosaidthat theendingpoint of the
organization, the 98 LINACconferencewil see the  yeld will necessarily coincidaith the point fromwhere
presentation of results such as tB8 MV/m in the ho Ep started. However, nowadays Miebium EBweld

high 1e+9 - low 1e+10 range in horizontal téstSome ecpnojogy for SC cavities is well-establishadd has
TTF 1.3 GHz 9-cell resonators coming from thehean transferred with full success from research

industrial production [5] or such as the 40 MV/m at a @ qratories to industrial ; :
. ) e partners. Prior to the welding,
of le+10obtained by K.Saito on a 1.3 GHz Niobium ¢ h5andheampipesre chemically treated by aBuffered

single cell [6]. Thesuperconducting resonator fabrication-hemical Polishi BCP) HF/HNH3PO, 1/1/2 i
technology hasmade great strides, improving the emical Polishing ( ) 374 n
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volume, followed by ultraclean water rinsimagd handling electronic fast tuner a mechanical dissipatorinserted
in cleanenvironment. The Niobium igxidized by the into the resonatorshaft, in order to damp vibrations
nitric acid, then theoxydes if transformed in fluoride caused bythe environment. Anaccelerating field of
thanks to the high electronic affinity of fluorine. Theb MV/m at 7 Watt has beenachieved inthe bulk
Niobium fluoride is asalt highly soluble in water. The Niobium QWR prototypedeveloped atNSC in New

phosphoric acid mainly works as moderator.

After welding the cavity undergoestwo main
steps: titanified at 1400 C idHV andchemicallyetched
in a virgin 1/1/2 bath, then Rinsed witlitrapure water
under High Pressure (HPR) usually at 100 bar.

Besides this elementary recipesome other
fabrication steps have been found necessargrder to
achievevoltages in the 20-30 MV/m regimand are
clearly reported byMatheisen in hispaper about the
"Improvements onstandardFabrication methods" [11].
They can be listed in the following:

1) Since the Niobium ingot is Electrddeam melted in
the UHV oven,already it isnecessary to exercisestrict
control that ultra clean conditiorse respectedThe use
of a furnaceseldomusedfor melting other elements is
risky.

2) Rolling of sheets from ingot is not a legsicial step,
since microparticleproducedduring rolling are pressed
and embedded into the bulk.

3) The defect diagnostics of Niobium slabs bgddy
current scanningprovides amore accurateselection of
sheets. It has been setmat by this method, theguench
limitations can be sortedut in avery earlystep of the
production.

4) The control of the BCRemperature kept lower than
15 C, in order to avoid hydrogen charging of Niobium.
5) The adoption of a wiggled beam with 5@#netration
on the firstwelding turn, followed by a wiggledfull
penetration beam, since ttéequence idess sensitive to
fabrication tolerances.

6) The vacuum in the welding furnace must be lower than

5e-5 mbar, dependingthe  ResidualResistivity Ratio
(RRR) value on the chamber residual pressure.
Besides to this DESY experience seemsduaice

Delhi [13].

A masterpiece of EB welding is however the
bulk Niobium RFQ for the PIAVE Injector of LNL [14],
that in its complexity is up to now the mosiffficult
bulk Niobium SCresonator evebuilt. Machining of the
electrodesExtrusion of the Cylinder on the back of the
Electrodesdeepdrawing of the stems, stiffening of the
external tank by titanium liners, EB welding, and BCP are
all operations that must be done withirfeav hundreds of
tolerance.

Last we wish to mention in thiparagraph the
experimentsconducted atMWuppertalwith NbgSn, since

Nb3Sn wasprepared byvapour diffusiononto a bulk

Niobium cavity [15]. The purpose consists in operating at
4.2 K insteadthan atl.8 K, due tothe highercritical
temperature of the compound. At 4.2 the casityved up

to 30 MV/m ofpeak field; moreover dbw field the Q-
value was a factor 2 higher that the value of the Niobium
substrate aP K. A similar slope of Q versufeld is
found also for NbN thermallydiffused Niobium cavities
[16]. The investigation carried on this mateti@wever is
someorder of magnitude lower than the efforfsmied on
bulk Niobium cavitiesHoweverthe problemsrelated to
such multicompositional materialare much more
complex than those of Niobium.

3 ALL NIOBIUM DEEPER THAN A
FEW LONDON PENETRATION
DEPTHS IS UNNEEDED

The rf loss mechanism in a SC cavity is
confined within the first 5,000 A, approximately ten

that quenches below 30 MV/m in multicell structures cafimes the London penetration depth. That means that all

be avoided by a strict application of cleanrotaohniques
followed by postpurification of Niobium.
Recently K. Saito hagperturbedthe common

the Niobium deeper is there only for providingechanical
rigidity. Moreover Niobium is neither agood thermal
conductor. The firstCopper-superconductor resonators

beliefs about the Niobium chemical treatment, sustainingere done byelectroplating alLead film. Lead has a
the superiority of electropolishing overchemical critical magnetic field of only 500 G at 4.&joreover its
polishing on highgradients[6]. The problem must be Porosity andits density is dramaticallsensitive to the
encountered in deeper detail, however the fact remains tBgfion of moderators mixednto the plating solution.
he hasreached40 MV/m at 1e+10 on al00 micron Without the right moderatorindeed Leadwould grow
electropolished cavity.  Electrochemical-mechanical according to adentritic structure. The main problem of
buffing has been alsproposed inthe framework of a surface instability has been solved[17]. Under the
KEK-Mitsubishi collaboration in order to get the electrodeposition of Lead there is no black magit.the
smoothest Niobium surfaces. The combination d¥lack or yellowish spots peopleund after deposition
mechanicapolishing and electrochemicapolishing is a Wwere causedrom residuals ofthe fluoborate plating
well-known technique adopted for silicon wafer polishing.solution coming from an imperfect rinsing of therface,
Following the above mentioned basabrication ~ or from the dehydratation of Lead hydroxyde.

rules, bulk Niobiumand the related EBwelding is a A Very nice material to play with is th&apanese
paying technology also for low beta cavities. Facco &fiobium clad Copper slabs, since in RF ftehaves as
LNL [12] has produced andecently installed80 MHz  Niobium, while mechanically is workable as Copper.
Quarter WaveResonators in the low beta section oBoth the Argonne National Laborato§plit Loops[18]
ALPI. An average accelerating field of Mv/m at andinterdigital QWRs [19-20]andthe JAERI cavities

7 Watt has beenreachedafter HPR. In place of an have only the external enclosure in Nb-Cu, being the loop
or the shaftinstead inbulk niobium. Split Loops are
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cavities that by now have been tested for a very long tinbeit as for NBSn the problems to solvare hugely more
since two machines have bebuilt in ANL and Stony  complex than thosenderNiobium, but up to nowthey
Brook respectively. With interdigital also "the@e no paye peen faced with hugely less people and investments.
surprises”, since theyare operational from '93. A totally new solution in the Nb/Cu
Considerablyhigh performances were achieved BXERI  framework has been recently proposed by the Orsay group
niobium clad copper QWRs. Maximuatcelerating fields [10]. Thin Niobium cavities are Coppeginforcedoutside
are normally higher than 7 MV/m, even up¥8 MV/m, by Copper Plasma spray. A series 0GBiz cavities has
that for such a resonator geometry means an el@Eak peenfabricated by deep drawingnd EB welding using
field of 60 MV/m and amagnetic peakfield of about 40 RRR Niobium sheets of 0.5 mm thickness. The
1000 G. _ _ o _ cavities were heat treated at 1200with atitanium getter
The sputtering of high quality Niobium films pefore Cu plasma spray. The first teestedcavitieshave

onto OFHC Copper cavities hagsen invented aEERN . .
by C. Benvenutand it has been successfully applied t? Q in therange 16 at 1.8 K and ardimited by quench

LEP cavities. After the successful transfer to Fneopean 2t f1€/d values around 15 MV/m. Taking benefit from the
Industry, This technology has beestognized as a valid thermal conductivityand porosity of thesprayed copper

and insome cases superior alternativebiolk Niobium layer (resulting in anincrease othe heafiransfer surface
resonators. Almostoncludedthe 352 MHz production in superfluidhelium), thequenchfields measured before

CERN is dedicating not littleffort in order to understand andhafterr_tCKI_rz)lzg_srrr:qaasn%raayélri%rgﬂe ;raemne' I)esrfmméh
the mechanism preventing the achievement of theoreti&i?J punity Niobiu ' z In prog '

performancesSmaller size cavities such as thes GHz
monocells are very suitable for this purpose. The coating 4 SEAMLESS CAVITIES: A WAY

method is based on a Cylindrical magnetron
configuration: in a noble gas atmosphere, generally argon, TO REDUCE FABRICATION TIME

at a pressure ofhe order of 1e-03 mbar, a potential AND SAVE MONEY
difference isestablished betweethe central cathode and o ] )
the groundedcavity. Theelectrical current ofthe glow Even not mentioning that theguatorial weld is

discharge isstabilized by a permanent magnet internal tg1e main source afefects, wheneve20,000 cavitieswill
the cathode.The sputteringtemperaturetakes place at be done it is compulsory to conceive a fabricaticethod
150 C and the coating thicknessli$ micronsobtained able to output at least one ninecell gesur. A few
in 15 minutes of treatment. The films have a RRR of 11aboratories are mainly involved in this search.

the averagegrain size isaround 1000 A [21]. It is 1) AtLNL the author hasucceeded irold forming both
worthwhile to report that the Copper substrate plays @pperand Niobium multicells by spinning a simple
crucial role forthe film growth. All Nb films sputtered ~circularblank onto a collapsiblenandrel[7]. The strong
onto spun substrates have loiessesand Q-slope than advantage othis method lays in the totalabsence of
those onhydroformedsubstrates. The role of sputteringintermediateannealings Moreover the methodioes not
parameters on RF performances are investigated as welfegard ofthe possible ununiformityand texture of the

the relevance of physical mechanisms acting on BCS ai@rting material, since during spinning all the material is
Residual Losses. mixed up again. Spun cavitiésve beersent toCERN,

Nb sputtering onto Copper hagen applied also DESY, TINAFand to KEK for characterizationCERN

to low beta cavites as QWRs at Legnaro Nationdlas provedthat spuncoppermonocells are superior to
Laboratories The first cryostat witsputtereccavities was hydroformedones, because ofower lossesand lower Q-
already installed in 1995 on the ALPI beamline [22]. Thélope. Accelerating fields up to25 MV/m  have been
average fieldwas of 4 MV/m. Subsequently lasyear Measured aDESY on 1.3 GHz Niobium monocells,
these four cavitiesvere substituted with otherfour ~While 28 MV/m has beenachieved on al.5 GHz
sustaining araverage field of6 MV/m at 7 Watt. In Niobium monocell by P. Kneisel. Niobium fiveceligve
parallel it hasstartedthe operation of resputtering with been already successfully spunand are waiting for
Niobium the old Lead electroplatedQWR in the ALPI characterization. Clatib/Cu slabswerealso spun in the
middle beta section. Thaverage field achievedith the framework of a LNL-KEK collaboration. Low RRR
first four resonators is of4 MV/m. The sputtering Niobium hasbeenadoptedfor first test, however up to
configuration chosen at LNL was that of a CBlased Nhow no positive result habeen foundyet, since the
Diode, because it ighe simplest to operate. A DC cavity annealingafter forming seems to opeorack in
cylindrical magnetron  sputtering instead is the Niobium. According the author, however this is a
configuration designed and built at the Australian Nationg@foblem easily solvable when spinning a thicker slabs
University [23]. All the needed investigation of instead thanarolled blank.
correlation of the depositionparameters with the 2) At DESY a 1.3 GHz Niobium monocell haseen
superconducting properties dfie films hasbeencarried —successfullyhydroformedfrom a seamless tubgmcketed
out; the subsequent phase aputtering onto thereal into a steel matrix [8]. The steel wesmovedchemically
Copper cavity is under investigation. and after a prelim_inary chemistry, the cavityeached
Sputtering opens newoads to superconducting already 14 MV/m in range 1e+10. . .
cavities as the one of NbTiN films onto Copper. Somg) At Saclay, C. Antoine succeeded too in hydroforming a

investigation has been carried onGERN and atSaclay, Niobium single cell. Twointermediate annealingsere
applied, but what is surprising is that the Niobium was
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very poor in RRR, nevertheless the cavityeached [11]
18 MV/m [9].

4) Seamless Copper cavitiegre produced byexplosive
forming in the framework of a KEK-Toshiba
collaboration, thahowever in recentimes is evaluating
the possibility to combine explosive forming with
hydroforming [24]. [14]
5) Copper Electroforming is instead under investigation at

[12]

[13]

CERN [25] and at Protvino [26]. [15]
5 THE NEW ARRIVALS: THE [16]
MIDDLE BETA CAVITIES
[17]
It is probable thamiddle beta cavities willplay
the leading role in the next future. In tHremework Los
Alamos National Laboratorieslready fabricate®.48 and [18]

0.64 beta cavities standing over 1e+09 upd@MV/m
of peak field [27].

The spoke resonators [2@foposed byShepard [19]
and Delayen are also structures over whiclalready a
certain amount of work has been done. New structures[86]
reentrant cavities [29] or shorter QWRee also suitable
for being considered. However besides to new
structures also new materials should be investigated. For
high intensity machines Copper for instance is not tHgll
best material,because ofthe possible activation. The

sputtering onto Alluminum or onto Graphitéth buffer [22]
layers would be worthy of investigation. 23]
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