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Improved Surfa
e Treatmentof the Super
ondu
tingTESLA Cavities1L. Lilje 2, A. Matheisen, D. Pro
h,D. Res
hke, D. Trines,DESY, Notkestrasse 85, D-22607 Hamburg, GermanyC. Antoine, J.-P. Charrier, H. Safa, B. Visentin,CEA Sa
lay, DAPHNIA, 91191 Gif-sur-Yvette, Fran
eC. Benvenuti, D. Bloess, E. Chiaveri, L. Ferreira, R.Losito, H. Preis, H. WenningerCERN, CH-1211 Geneva 23, SwitzerlandP. S
hm�userUniversit�at Hamburg, Notkestrasse 85, D-22607Hamburg, GermanyAbstra
tThe proposed linear ele
tron-positron 
ollider TESLAis based on 1.3 GHz super
ondu
ting niobium 
avities forparti
le a

eleration. For a 
enter-of-mass energy of 500GeV an a

elerating �eld of 23.4 MV/m is required whi
his reliably a
hieved with a niobium surfa
e preparationby 
hemi
al et
hing. An upgrade of the 
ollider to 800GeV requires an improved 
avity preparation te
hnique.In this paper results are presented on single-
ell 
avitieswhi
h demonstrate that �elds of up to 40 MV/m area

essible by ele
trolyti
 polishing of the inner surfa
e ofthe 
avity.Keywords: Super
ondu
ting RF 
avities, Niobium,Surfa
e treatments, A

elerating gradients, High-energya

eleratorsPACS: 74.25.Nf, 74.60.E
, 81.65.Ps, 84.70.+P,29.17.+W1 Introdu
tionLinear ele
tron-positron 
olliders for physi
s in the Higgsand supersymmetri
 parti
le regime have to rea
h 
entre-of-mass energies in ex
ess of 500 GeV, and hen
e high a
-
elerating �elds in the a

elerating stru
tures are neededto limit the size of the a

elerator 
omplex. TESLA[1℄ is the only 
ollider proje
t based on super
ondu
ting
avities. In the 500 GeV baseline design (TESLA-500)the a

elerating �eld, often 
alled "gradient" hereafter,amounts to 23.4 MV/m. The 1.3 GHz nine-
ell niobium
avities for the TESLA Test Fa
ility (TTF) lina
 havea
hieved an average gradient of 26.1 � 2.3 MV/m at aquality fa
tor Q0 � 1 � 1010 in the most re
ent industrialprodu
tion of 24 
avities. The te
hnology developed for1Arti
le published in Nu
l. Inst. Meth. A 516 (2-3) (2004)pp.213-227.2Corresponding author: Lutz.Lilje�desy.de

Figure 1: Super
ondu
ting 1.3 GHz 9-
ell 
avity for theTESLA Test Fa
ility.TTF is hen
e adequate for TESLA-500 but 
onsiderableimprovements are needed for an upgrade of the 
olliderto 800 GeV (TESLA-800). A detailed des
ription of thepresent status of the nine-
ell 
avity layout, fabri
ation,preparation and tests 
an be found in [2℄.The TESLA 
avities (Figure 1) are made from 2.8 mmthi
k niobium sheets by deep drawing and ele
tron beamwelding. A damage layer of about 100 �m thi
kness hasto be removed from the inner surfa
e to obtain an opti-mum performan
e in the super
ondu
ting state. For theTTF 
avities this has been done so far by 
hemi
al et
h-ing, see below. Using an alternative preparation method,ele
trolyti
 polishing (or ele
tropolishing for short), s
i-entists at the KEK laboratory in Tsukuba (Japan) havea
hieved gradients of up to 40 MV/m in 1.3 GHz single-
ell 
avities [3℄. This was the motivation for starting anR&D program on ele
tropolishing of single-
ell 
avitiesof the TESLA shape. This program has been 
arried outin 
ollaboration between CERN, DESY and Sa
lay.2 Niobium ChemistryNiobium metal has a natural Nb2O5-layer with a thi
k-ness of about 5 nm. Below this layer other oxides andsub-oxides 
an be found [4, 5, 6℄. Nb2O5 is 
hemi
allyrather inert and 
an be dissolved only with hydro
uori
a
id (HF). The strong a
ids used in the niobium surfa
etreatment like HF, HNO3 or H2SO4 play also an essen-tial role for removing defe
ts from the inner surfa
e ofthe 
avity either by dissolving the foreign material it-self or the surrounding niobium. Su
h defe
ts may beabrasive parti
les from grinding, imprints from the deepdrawing pro
ess, niobium protrusions from s
rat
hes ordirt parti
les sti
king to the surfa
e. Cleaning the nio-bium with 
hemi
al methods is the most pra
ti
al way toa
hieve a high quality super
ondu
ting surfa
e. Chem-i
al or ele
trolyti
 pro
esses 
an be applied to niobiumresonators if the safety and environmental standards re-garding HF-
ontaining a
id mixtures are obeyed. Ni-trous gases, oxygen and hydrogen are produ
ed duringet
hing or ele
tropolishing. A review of the preparationmethods of niobium 
avities is given in [7℄.1



2.1 Chemi
al et
hingThe sheet rolling of niobium produ
es a damage layerof about 100 �m thi
kness whi
h has to be removed inorder to obtain a surfa
e with ex
ellent super
ondu
tingproperties. The standard pro
edure is 
hemi
al et
h-ing whi
h 
onsists of two basi
 steps: dissolution of theNb2O5 layer by HF and re-oxidation of the niobium by astrongly oxidizing a
id [8, 9℄. Then the new oxide layerwill be dissolved by the HF again. The most frequentlyused oxidizing agent for niobium is nitri
 a
id (HNO3).The material removal rate in a mixture of HF (40%) andHNO3 (65%) is large, of the order of 30 �m per minute[9℄. The rea
tions are strongly exothermi
 and 
an 
ausea thermal runaway situation. Additionally, large quanti-ties of gases (hydrogen, nitrous gases, HF) are produ
ed.For these reasons the mixture of HF and HNO3 alone isnot suitable for the et
hing of 
avities.To obtain a better pro
ess 
ontrol a bu�er substan
elike phosphori
 a
id H3PO4 (
on
entration of 85%) maybe added [10℄. Furthermore the mixture is 
ooled be-low 15ÆC whi
h also redu
es the migration of hydrogeninto the niobium latti
e [9, 11℄. The standard pro
edurewith a removal rate of about 1 �m per minute is 
alledbu�ered 
hemi
al polishing3 (BCP) with an a
id mixture
ontaining 1 part HF, 1 part HNO3 and 2 parts H3PO4in volume. Another possibility is to use 
on
entratedsulphuri
 a
id (H2SO4) as a bu�er [9, 12℄. At TTF, a
losed-
ir
uit 
hemistry system is used in whi
h the a
idis pumped from a storage tank through a 
ooling sys-tem and a �lter into the 
avity and then ba
k to thestorage. The gases produ
ed are not released into theenvironment without prior neutralization and 
leaning.The 
avities are rinsed with low pressure ultrapure waterimmediately after the 
hemi
al treatment.By now there exists 
ompelling eviden
e that the BCPpro
ess limits the attainable a

elerating �elds of multi-
ell 
avities to about 30 MV/m even if niobium of ex-
ellent thermal 
ondu
tivity is used. Typi
al a

elerat-ing gradients a
hieved with BCP in defe
t-free 
avitiesare shown in �gure 2. Measurements on et
hed one-
ell 
avities in other laboratories yielded similar results[13, 14, 3℄. Et
hed 
avities ex
eeded 30 MV/m only inrare 
ases [15, 16℄.The et
hing pro
ess is a

ompanied with undesirablee�e
ts su
h as migration of hydrogen into the bulk nio-bium and strong grain boundary et
hing. The �rst e�e
t
an be redu
ed by 
ooling the a
id below 15ÆC [11℄. Inprin
iple, grain boundary et
hing 
ould be suppressedby using an a
id mixture with a high et
hing rate. This,however, would not be advisable in the nine-
ell TESLA
avity with an inner surfa
e of about 1 m2 sin
e thelarge amount of produ
ed heat would speed up the re-a
tion even more and pre
lude a well-
ontrolled et
hingpro
ess.3The term \polishing" is not really adequate sin
e the resultingsurfa
e roughness is in the �m range and grain boundaries areenhan
ed.

Figure 2: Ex
itation 
urves of several nine-
ell TESLA
avities with surfa
e preparation by 
hemi
al et
hing(BCP). The quality fa
tor is plotted as a fun
tion of thea

elerating �eld. Test temperature is 2 K.2.2 Ele
trolyti
 polishingAn alternative method to et
hing is ele
trolyti
 polish-ing or ele
tropolishing (EP) in whi
h the material is re-moved in an a
id mixture under the 
ow of an ele
tri

urrent. Sharp edges and burrs are smoothed out and avery glossy surfa
e 
an be obtained. The ele
tri
 �eld ishigh at protrusions so these will be dissolved �rst. Onthe other hand, the �eld is low in the grain boundariesand little material will be removed here while in the BCPpro
ess strong et
hing is observed in the boundaries be-tween grains.Ele
tropolishing of niobium 
avities has been knownfor 30 years. The most widely used ele
trolyte is a mix-ture of 
on
entrated HF and 
on
entrated H2SO4 in vol-ume ratio of 1:9 [17℄. A pulsed ele
tri
 
urrent was usedin a horizontal EP setup for super
ondu
ting niobium
avities prepared at CERN in 
ollaboration with Karl-sruhe in 1979 [18℄. A 
ontinuous method for horizontalEP has been developed at KEK in 1989 [19℄.The 
hemi
al pro
esses are as follows [7, 20℄:2Nb + 5SO��4 + 5H2O ! Nb2O5 + 10H++5SO��4 + 10e�Nb2O5 + 6HF ! H2NbOF5+NbO2F � 0:5H2O+ 1:5H2ONbO2F � 0:5H2O + 4HF ! H2NbF5 + 1:5H2OMost systems for the EP of a

elerator 
avities are hor-izontal as shown in �gure 3. The advantage is that theprodu
ed gases (mainly hydrogen) are rapidly removedfrom the wetted niobium surfa
e [18℄. Gas bubbles sti
k-ing on the surfa
e 
ould lead to et
hing pits. In a verti-
al setup these bubbles would move slowly upwards and
reate axial wells. A drawba
k of the horizontal arrange-ment is that the 
avity has to be rotated. There is somediÆ
ulty to a
hieve a leak tight rotary sleeve for the a
idmixture. In addition, the removal rate is redu
ed by afa
tor of two sin
e the surfa
e is immersed only half ofthe time in the a
id to allow the hydrogen gas to es
apethrough the upper part of the beam tube.2



a)
b)Figure 3: a) S
hemati
 of a half-
ell EP system. b:S
hemati
 of a 
avity EP system. Detailed des
riptionsof the two systems are given in the text.2.3 Comparison of et
hed and ele
-tropolished surfa
esMi
ro-graphs of BCP and EP treated niobium samplesare 
ompared in �gure 4. One 
an see that EP smoothesout the grain boundaries far better than BCP. The av-erage roughness of 
hemi
ally et
hed niobium surfa
es isof the order of 1�m [12℄ while EP surfa
es are at leastone order of magnitude smoother, see �gure 5. It shouldbe noted, however, that the measured unevenness of thesurfa
e depends on the s
an length of the atomi
 for
emi
ros
ope. On a nanometer s
ale the roughness of BCPand EP treated samples is 
omparable. This 
an be un-derstood be
ause at su
h small lengths the measurementtakes pla
e on a single niobium grain. The main di�er-en
e between EP and BCP is the smoothening of theridges at grain boundaries whi
h is measured only whenthe s
an length is suÆ
iently large.On et
hed surfa
es the step height at grain boundaries
an be a few �m. Parti
ularly large steps may o

ur atthe ele
tron-beam welds at the 
avity equator. For non-optimized weld parameters steps as high as 30 �m havebeen observed [21℄. The steps at grain boundaries andin the weld seams may lead to a magneti
 �eld enhan
e-ment and a premature breakdown of super
ondu
tivity[22℄. This interpretation is 
orroborated by the obser-vation that several 
hemi
ally et
hed 
avities exhibiteda quen
h in the region of high magneti
 �eld near theequator weld without any indi
ation of 
ontamination byforeign materials. It was possible to shift the quen
h po-sition along the equator region by applying a new 
hem-

a) 400� 800�m
b) 400� 800�mFigure 4: Niobium surfa
es after et
hing (a) and ele
-tropolishing (b). SEM mi
ro-graphs are 
ourtesy of G.Arnau, CERN.
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]Figure 5: Average roughness as a fun
tion of the s
anlength of an atomi
 for
e mi
ros
ope. EP treated sam-ples are shown with dotted lines, while BCP samples areshown with full lines. At large s
an length EP yieldsabout one order of magnitude lower average roughnessthan BCP while for a short s
an length (less than thegrain size) the di�eren
e be
omes smaller.3



i
al et
hing, but the maximum a
hievable �eld was notimproved [23, 24℄.An important question for ele
tropolishing is of 
oursehow mu
h material has to be removed to a
hieve asmooth surfa
e. On ele
tropolished samples the rough-ness drops below 1 �mafter 150 �mof material have beenremoved. This 
orresponds to the thi
kness of the dam-age layer whi
h has to be removed anyway. Therefore anele
tropolishing of at least 100 �m is a reasonable 
hoi
eboth for surfa
e smoothening and damage layer removal.2.4 Des
ription of the EP systems2.4.1 Half-
ell ele
tropolishingIn the framework of the DESY-CERN-Sa
lay 
ollabo-ration a setup for the EP of half-
ells was developedat CERN. The goal was to investigate the viability ofa novel 
avity fabri
ation and preparation 
on
ept: re-moval of most of the damage layer by EP on simplesubunits and assembly of the multi-
ell 
avity from pre-polished half-
ells. An ele
trolyte developed at CERN[25, 26℄ was used (see table 1) with a removal rate of1 - 2 �m per minute. The ele
trode was made from 
op-per. An ele
tropolishing of about 100 �m was appliedto the half 
ells. Then 4 one-
ell 
avities were ele
tron-beam welded at an industrial 
ompany with a standardele
tron-beam welding apparatus (va
uum 10�5 mbar),and 11 
avities were welded at CERN under mu
h bet-ter va
uum 
onditions (pressure in the welding 
hamberbelow 10�6mbar).Two of the 
avities were tested immediately after weld-ing and high-pressure water rinsing. Not unexpe
tedly,the results were poor: the 
avities rea
hed a maximuma

elerating �eld of just 8 - 10 MV/m with a strongde
rease in quality fa
tor. A slight 
hemi
al et
hingwhi
h would have been suÆ
ient to dissolve a possi-ble 
opper deposition on the niobium surfa
e 
ured theQ-degradation, however ele
tron �eld emission was stillpresent at low ex
itation implying that another 
ontam-inant besides 
opper was present. After a 
hemi
al et
h-ing (BCP) of 20 - 50 �m both 
avities rea
hed the stan-dard performan
e (25 MV/m) of BCP-treated 
avities.The obvious explanation is that welding deposits on theinner surfa
e of the 
avity must be removed by a BCPor EP of 20 - 50 �m to arrive at a defe
t-free surfa
e.The 
on
lusion to be drawn from these observationsis that the fabri
ation of a multi-
ell 
avity from prepol-ished half-
ells is indeed a viable 
on
ept whi
h wouldsubstantially redu
e the amount of EP needed in the �n-ished resonator.2.5 Ele
tropolishing of 
omplete 
avitiesA setup for the ele
tropolishing of single-
ell 
avities wasbuilt at CERN. The parameters were 
hosen similar tothose of the su

essful KEK system [19℄ and are summa-rized in table 1. The essential di�eren
e is the 
athode

EP for half 
ells 24 % HF (40%)A
id mixture 21 % H2SO4 (96%)38 % H3PO4 (83%)17 % ButanolVoltage 4 - 6 VCurrent density 1 - 1.4 A/
m2Removal rate 1 - 2 �m/minEP for 
avities 10 % HF (40%)A
id mixture 90 % H2SO4 (96%)Voltage 15 -20 VCurrent density 0.5 -0.6 A/
m2Removal rate 0.5 �m/minTemperature of ele
trolyte 30 - 35 ÆCRotation 1 rpmA
id 
ow 5 liters/sTable 1: Parameters for the EP of half-
ells and the EPof one-
ell 
avities at CERN.material: pure aluminum at KEK and 
opper at CERN.Both materials have their respe
tive advantages and dis-advantages. The 
opper ele
trode requires some 
are,see below. The 
athode is surrounded with tube madefrom a porous PTFE4 
loth to keep the ele
trolyti
allyprodu
ed hydrogen gas away from the niobium surfa
e.Ex
ept for the 
athode all 
omponents of the EP sys-tem are made from plasti
 material whi
h is inert againstthe aggressive a
id mixture. All parts in 
onta
t with theHF should be made from 
uoroplasti
s su
h as PFA5,PVDF6 or PTFE. The EP system is pla
ed in a ventedarea where the exhaust gases are pumped through aneutralization system to avoid environmental hazards.The a
id mixture is 
ontained in a 
losed-
ir
uit. Theele
trolyte is stored in 
ontainers 
ladded with Te
onwhi
h 
an be 
ooled by water 
owing through Te
on-
overed piping. The volume above the ele
trolyte is �lledwith dry nitrogen to avoid water vapour absorption bythe strongly hygros
opi
 H2SO4. The a
id mixture ispumped with a membrane pump through a 
ooler anda �lter with 1 �m pore size before it rea
hes the inletof the 
athode. Then the ele
trolyte 
ows through the
athode to the 
enter of the 
ell (see �gure 3(b)). Thea
id returns to the storage tank via an over
ow.The 
avity is installed horizontally together with the
athode and then the lower half is �lled with the ele
-trolyte whi
h atta
ks the niobium only very slowly whenno voltage is applied (et
h rate less than 1 nm per hour).After the equilibrium �lling level has been rea
hed, therotation is swit
hed on and a leak 
he
k is done. Thenthe 
urrent is swit
hed on and the 
urrent-voltage 
har-a
teristi
 is measured. At a 
ertain voltage (see table1) 
urrent os
illations set in whi
h are an indi
ationthat two alternating pro
esses take pla
e: dissolution ofNb2O5 by HF and re-oxidation by H2SO4. The best pol-4Polytetra
uoroethylene, for example Te
onr
5Polyper
uoroalkoxyethylene6Polyvinylidene Fluoride4



ishing results are obtained for an os
illation amplitudeof 10 - 15% around the mean value. The temperatureof the a
id has to be around 30 - 35ÆC during the EP.Temperatures above 40ÆC must be avoided as they resultin et
hing pits on the surfa
e.When the desired amount of material has been re-moved, the 
urrent is swit
hed o�. The rotation isstopped and the 
avity is put into verti
al position torelease the a
id mixture. After rinsing with pure waterthe 
avity and the ele
trode are dismounted. Anotherlow-pressure water rinsing follows and the wet 
avity istaken into a glove-box with nitrogen atmosphere. Herethe 
avity is rinsed with an ultrapure high-pressure wa-ter jet to remove remaining 
hemi
al residues. A rinsingwith �ltered ethanol follows to speed up the drying pro-
ess. The 
avity is then stored overnight in a va
uum of10�3 mbar. Then the 
avity is either rinsed with high-pressure water for the performan
e tests at CERN or�lled with nitrogen gas and sent to Sa
lay or DESY forhigh-pressure water rinsing and tests.It should be mentioned that the 
opper ele
trode usedin the CERN system has a disadvantage. While the 
ur-rent is 
owing, the 
opper be
omes passivated but afterthe 
urrent has been swit
hed o� 
opper ions 
an be dis-solved and pre
ipitate on the 
avity surfa
e. It has beenobserved in a test that this leads to an in
reased resid-ual resistan
e and to strong �eld emission at low �eld(< 10 MV/m) [27℄. To remove the 
opper depositionthe 
avities are rinsed in sequen
e with HNO3 (60 %),water, HF and water again. These steps are repeatedtwi
e. The HNO3 dissolves the 
opper and oxidises theniobium. Hydro
uori
 a
id removes the oxide layer andseveral 
ontaminants as indi
ated by our surfa
e studies.The overall material removal by this pro
edure is onlyabout 10 nm and does not deteriorate the smoothness ofthe ele
tropolished surfa
e.3 Measurements on ele
tropol-ished 
avities3.1 First testsIn their �rst tests the 
avities whi
h were ele
tropol-ished in the CERN system showed an unexpe
ted per-forman
e limitation: the ex
itation 
urves exhibited astrong degradation in quality fa
tor at high �eld as 
anbe seen in �gure 6. Field emission of ele
trons 
ould beex
luded as an explanation for the performan
e degra-dation sin
e neither X rays nor se
ondary ele
trons wereobserved. Temperature mapping revealed a global heat-ing in the areas of high magneti
 �elds around the equa-tor indi
ating a rapid in
rease of the mi
rowave surfa
eresistan
e towards high mi
rowave �elds.In 
ontrast to this observation, the ex
itation 
urvesof the EP-treated 
avities at KEK showed only a mod-erate drop of the quality fa
tor and rea
hed mu
h highera

elerating �elds, see �gure 7 [28, 3, 24℄.
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b)Figure 6: a) First tests of ele
tropolished single-
ell res-onators. Note the strong degradation of the quality fa
-tor at a

elerating �elds Ea

 = 25 � 30 MV/m. b)Temperature map of an ele
tropolished single-
ell res-onator. Shown is an unwrapped view of the outer 
avitysurfa
e. The heating of the surfa
e (dark spots) takespla
e near the equator in the region high magneti
 �eld.At Sa
lay a similar strong Q degradation was observedfor 
hemi
ally et
hed 
avities [23, 14, 29℄, see �gure 8.The temperature mapping revealed a global heating ofthe surfa
e similar to that in �gure 6b. It was dis-
overed that the unsatisfa
tory performan
e 
ould be
onsiderably improved by applying a moderate thermaltreatment to the �nished 
avity [29℄. This will be 
alledbakeout (or in situ bakeout) hereafter. The pro
edure atSa
lay was as follows. After the last high-pressure waterrinsing the 
avities were eva
uated and then heated up to170ÆC for 70 hours. The remarkable observation was thatthis low-temperature baking improved the quality fa
torat the highest �eld by nearly a fa
tor of 3. This resultwas 
on�rmed in other tests on BCP-treated 
avities.However, tests revealed also that the baking pro
eduredid not in
rease the maximum �eld level in 
hemi
allyet
hed 
avities [29℄.5



Figure 7: Results from ele
tropolished single 
ell res-onators at KEK [24℄. No eviden
e of a strong degrada-tion of the quality fa
tor is seen. As part of the standardpreparation at KEK a low-temperature baking at 85 -120ÆC was applied to the eva
uated 
avities. Test tem-perature was 1.5 - 1.7 K. (Courtesy K. Saito, E. Kako)
1,00E+08

1,00E+09

1,00E+10

1,00E+11

0 5 10 15 20 25 30 35 40 45
E acc  [MV/m]

Q
0

1B3 (1,6 K)

1B5 (1,7 K)

1B8 (1,7 K)

1S4 (2 K)

1B1 (1,7 K) a)
1,00E+08

1,00E+09

1,00E+10

1,00E+11

0 10 20 30 40

Eacc  [MV/m]

Q
0

Before bake

After bake b)Figure 8: a) Ex
itation 
urves of et
hed single 
ell res-onators showing a strong degradation of the quality fa
-tor at Ea

 = 25 MV/m. b) In
uen
e of the bakeout pro-
edure on the quality fa
tor Q0 of a BCP-treated 
avity.Test temperature was 2 K.
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1B8 1.8 K Figure 9: Ex
itation 
urves of ele
tropolished one-
ell
avities after the low-temperature bakeout. The testshave been performed under slightly di�erent 
onditions(di�erent magneti
 shielding in test 
ryostats and tem-perature).3.2 Appli
ation of low-temperaturebakeout to EP 
avitiesBuilding on the experien
e with BCP 
avities at Sa
layand with EP 
avities at KEK (where the bakeout at 85{100Æ C had been part of the standard preparation) itwas de
ided to apply the bakeout to the EP 
avities ofthe CERN-DESY-Sa
lay 
ollaboration. Figure 9 showsthat a dramati
 improvement in performan
e is a
hieved:several single 
ell 
avities rea
h now a

elerating gradi-ents of up to 40 MV/m with quality fa
tors above 5 �109.This behaviour is very similar to the observations madeat KEK.The heat treatment of niobium 
avities is a well-knownmethod to improve the performan
e. The temperatureis in general quite high though: the TTF 
avities areheat treated in an UHV furna
e at 800ÆC for hydrogendegassing and stress annealing and afterwards at 1400ÆCfor in
reasing the thermal 
ondu
tivity of the bulk nio-bium7. The surprising observation made with the bake-out e�e
t is that a thermal treatment at su
h a low tem-perature, where the di�usion of any gases dissolved in theniobium latti
e is extremely slow, has a major in
uen
eon the high-gradient performan
e. It it obvious that onlythe thin surfa
e layer whi
h is essential for the mi
rowavesuper
ondu
tivity 
an be modi�ed by the bakeout.3.3 High-�eld performan
e at di�erenthelium temperaturesFigure 10 shows the ex
itation 
urves of an ele
tropol-ished 
avity before and after the bakeout at helium bathtemperatures between 1.5 K and 2.2 K. At low �eld thequality fa
tor exhibits the well-known temperature de-penden
e whi
h is 
aused by the exponential tempera-ture dependen
e of the BCS surfa
e resistan
e (see be-low). However, the maximum a
hieved gradient and the7During this furna
e treatment a titanium getter layer is evap-orated onto the niobium surfa
e whi
h prote
ts the niobium frombeing oxidized by the residual oxygen in the furna
e atmosphere.6




orresponding Q0 value are almost independent of thebath temperature as long as the helium 
oolant is in thesuper
uid state. These results are 
onsistent with ther-mal model 
al
ulations [30℄. Only when the temperatureis in the vi
inity of the Lambda-point (2.17 K) of liq-uid helium, where the transition from the super
uid tothe normal-
uid phase takes pla
e, a degradation of thequality fa
tor due to insuÆ
ient 
ooling 
an already beseen at low �eld.
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2,2 K b)Figure 10: Ex
itation 
urves of an ele
tropolished 
av-ity before (a)) and after bakeout (b)) for di�erent liquidhelium temperatures.3.4 High temperature heat treatments ofele
tropolished 
avitiesEle
trolyti
 polishing generates hydrogen whi
h 
an pen-etrate into the niobium latti
e. If too mu
h hydrogen isdissolved the danger exists that niobium hydride 
om-pounds are formed if the material is exposed to tem-peratures around 100 K for an extended period. TheseNb-H 
ompounds have very high mi
rowave losses andmay lead to a redu
tion of the quality fa
tor by one ortwo orders of magnitude. This unfortunate e�e
t hasbeen named Q-disease.The typi
al hydrogen 
on
entration in et
hed niobiumis in the order 100 - 400 atomi
 ppm hydrogen in thebulk material and 4 atomi
 per
ent in a 50 nm surfa
elayer [11, 31℄. A high temperature treatment at 800ÆCis very e�e
tive in redu
ing the hydrogen 
on
entrationto 3 atomi
 ppm in the bulk and � 1 atomi
% in the

surfa
e layer.The hydride formation depends on the dwell time the
avity spends in the dangerous region around 100 K.With a fast 
ooldown from 300 K to 4.2 K within 1 hour,hydride formation will be redu
ed to an a

eptable level.The 
avities studied in this work have been made fromele
tropolished half-
ells. In the half-
ell EP system theniobium is not prote
ted from the hydrogen gas by amembrane. Therefore the danger of quality fa
tor degra-dation was to be expe
ted. A dedi
ated experiment was
arried out to this end, the results are shown in �gure11. The ele
tropolished and baked 
avity was tested af-ter a fast 
ooldown and showed the usual good perfor-man
e. Then the 
avity was exposed to a temperatureof 100 K for 2 days. In the new test the quality fa
torwas very low and showed the typi
al strong �eld depen-den
e des
ribed in [11℄. In the next step the 
avity washeated in a va
uum furna
e to 800ÆC to remove the hy-drogen from the bulk material. A short ele
tropolish-ing of about 20 �m was done to 
lean the surfa
e fromdirt whi
h might have been introdu
ed during the fur-na
e treatment. Again the 
avity was tested after fast
ooldown and showed the initial good performan
e. Theexposure of the 
avity to the dangerous temperature of100 K for 2 days was repeated. This time, however, noQ degradation was observed, indi
ating that the forma-tion of hydrides was strongly suppressed by the furna
etreatment. This is an important and en
ouraging resultwhi
h implies that no hydrogen will be introdu
ed intothe niobium during a short EP if pre
autions are taken(PTFE-
loth around the 
athode) to keep the gas awayfrom the niobium surfa
e.Seven 
avities re
eived the furna
e treatment at 800ÆCafter ele
tropolishing. Figure 12 shows the maximumgradients before and after the 800ÆC treatment. Theaverage gradient rises from 35 MV/m to 35.4 MV/m.Finally, one ele
tropolished 
avity was subje
ted to the1400ÆC furna
e treatment with titanium getter whi
h ispart of the standard preparation of the TTF 
avities (see[2℄). The idea was to 
he
k whether the in
reased ther-mal 
ondu
tivity would have a similar bene�
ial e�e
ton EP 
avities as on BCP 
avities. The residual resis-tivity ratio RRR in
reased from 300 to 500. The 
avityrea
hed the same maximum �eld of 35 MV/m as beforethe 1400ÆC treatment, but at a slightly higher Q0. Moretests are needed to de
ide whether the 1400ÆC furna
etreatment would 
onstitute a signi�
ant improvement ofthe ele
tropolished multi-
ell 
avities of the TESLA-800
ollider.3.5 Comparison of et
hing and ele
-tropolishingThe test results on et
hed single-
ell 
avities are 
onsis-tent with the performan
e a
hieved in the TESLA nine-
ell 
avities. The average gradient a
hieved in the one-
ell 
avities without any heat treatment is 24 MV/m. If7
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+ 100 K b)Figure 11: Demonstration of the \Q disease" i.e. thestrong degradation due to the formation of niobium hy-drides. a) The ex
itation 
urve of an ele
tropolished andbaked 
avity before and after a two-day exposure to atemperature of 100 K. b) The same 
avity after an 800ÆCfurna
e treatment and a short EP of 20 �m. The qualityfa
tor degradation does not reappear when the 
avity isexposed to 100 K. Test temperature 1.6 K.
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elerating gradients beforeand after the furna
e treatment at 800ÆC. One 
avitywith a weld defe
t has been omitted from this graph.
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35,7 MV/mb)Figure 13: a) Single-
ell performan
e of the nine-
ellTESLA 
avities after the 800ÆC heat treatment. The av-erage gradient is 23.5MV/m. b) Distribution of the max-imum a

elerating gradients of et
hed and ele
tropol-ished single-
ell 
avities. For et
hed 
avities the aver-age gradient is 24 MV/m, for ele
tropolished 
avities35.7 MV/m.one evaluates the single-
ell performan
e of those et
hednine-
ell 
avities whi
h were tested after the 800ÆC heattreatment an average gradient of 23.5 MV/m is obtained.The 1400ÆC heat treatment whi
h is routinely applied tothe BCP-treated TTF 
avities raises the average gradi-ent to more than 25 MV/m [2℄.A summary of the performan
e after et
hing and ele
-tropolishing is given in �gure 13. The average gradient ofthe ele
tropolished 
avities is 35.7 MV/m. This is 
on-vin
ing eviden
e that ele
tropolishing leads to substan-tially higher a

elerating �elds. One reason is 
ertainlythat magneti
 �eld enhan
ements at grain boundariesare avoided. Moreover, the smoother EP surfa
e 
on-tains fewer defe
ts and is easier to 
lean from 
hemi
alresidues.3.6 In
uen
e of the ele
tron-beam weld-ing on the 
avity performan
eThe TESLA 
avities are made from deep-drawn niobiumhalf-
ells whi
h are joined by ele
tron-beam (EB) weld-ing. The quality of the EB weld seam at the equatoris 
ru
ial for the maximum �eld a
hievable in the 
avi-ties. The one-
ell produ
tion was made in two di�erent8
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elerating gradients of
avities welded under standard va
uum 
onditions (�10�5mbar) by the 
ompanyACCEL and under improvedva
uum 
onditions (< 10�6 mbar) in the ele
tron beamwelding ma
hine at CERN. The data for et
hed and ele
-tropolished 
avities are shown. The best test on ea
h
avity is taken. One 
avity of the CERN bat
h had ama
ros
opi
 defe
t on a weld seam, whi
h was foundduring visual inspe
tion. This 
avity has been omittedfrom the �gure.EB welding ma
hines. The �rst bat
h of 4 
avities wasprodu
ed by an industrial 
ompany with experien
e inniobium 
avity welding (ACCEL Instruments, Bergis
h-Gladba
h). The se
ond bat
h of 11 
avities was weldedat CERN with an EB welding ma
hine equipped with astainless steel va
uum 
hamber 
onforming to ultra highva
uum standards. Whereas the va
uum in the indus-trial produ
tion is of the order of a few times 10�5 mbar,the pressure in the CERN system 
ould be lowered downto 3 � 10�7 mbar by using a 
ryopump and a longer timefor pumping down.As the residual gas in the ma
hine is partly getteredby the molten niobium in the weld seam, the residualresistivity ratio RRR in this region 
an be degraded. Foran initial RRR � 300 the redu
tion 
an be of the orderof 20% for a va
uum of 10�5 mbar 8. It 
an be expe
tedthat the better va
uum 
onditions lead to an improved
avity performan
e. The average gradient of the CERNbat
h is in fa
t 3.8 MV/m higher as 
ompared to the
avities prepared under standard va
uum 
onditions (see�gure 14) 9.The CERN EB ma
hine is equipped with a 60 kV ele
-tron gun without the possibility to raster the ele
tronbeam in a rhombi
 pattern a
ross the weld whi
h pro-du
es the smoothest underbead of the weld seam [1, 33℄.The results in �gure 14 indi
ate that the ele
tron-beamwelding fa
ility should 
ombine a state-of-the-art ele
-tron gun and a UHV va
uum system. Su
h an ele
tron-beam welding fa
ility is presently being 
ommissioned atDESY.8For TIG (Tungsten-Inert-Gas)welds the redu
tion 
an be verylarge (RRR � 400 is redu
ed to RRR � 120) [32℄. In addition,defe
ts 
an be introdu
ed using this welding te
hnique.9All 
avities were treated in a va
uum furna
e at 800ÆC toremove hydrogen from the niobium.
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e of the surfa
eresistan
e before and after bakeout of an EP 
avity. b)The BCS surfa
e resistan
e. The residual resistan
es of4.7 n
 for the unbaked 
avity and of 7.4 n
 for the baked
avity have been subtra
ted.3.7 In
uen
e of bakeout on the mi-
rowave surfa
e resistan
eIn �gure 15 the mi
rowave surfa
e resistan
e before andafter the low-temperature bakeout is plotted against theinverse temperature. A

ording to the BCS (Bardeen-Cooper-S
hrie�er) theory the surfa
e resistan
e shoulddrop exponentially when plotted against T
=T . For tem-peratures T < T
2 and an energy of the mi
rowave pho-tons hf mu
h less than the energy gap �, the surfa
eresistan
e 
an be approximated by:RBCS(T; f) = Af2T exp�� �kBT � (1)The fa
tor A depends on material parameters like the 
o-heren
e length �, the ele
tron mean free path `, the Fermivelo
ity vF and the London penetration depth �L. TheBCS resistan
e of niobium at 1.3 GHz is about 600 n
at 4.2 K and 10 n
 at 2 K.A re�ned expression, derived from the two-
uid modelof super
ondu
tors, is [34℄:RBCS(T; f) / �n
 � �3eff f2T exp�� �kBT � (2)where �n
 is the 
ondu
tivity due to the normal-
ondu
ting 
omponent and �eff = �Lp1 + �=`. The9



BCS resistan
e is hen
e proportional to the mean freepath ` of the normal-
ondu
ting ele
trons and does notassume its minimum for extremely pure niobium (` verylarge) but rather for somewhat \dirty" Nb with ` � �.If we make the assumption that the bakeout 
reates a\dirty" surfa
e layer with a shorter mean free path thanin the bulk niobium, then the residual resistan
e will belarger and the BCS resistan
e will be lower than in theunbaked 
avity. Figure 15 shows that this is indeed the
ase. The BCS part of the surfa
e resistan
e is redu
edby a fa
tor of � 1:5 due to the bakeout while the residualresistan
e in
reases. Similar observations were made byKneisel [35℄.It should be noted that the resistan
e data are derivedfrom measurements of the 
avity quality fa
tor at low�eld (a few MV/m). The pe
uliar high-�eld behaviourof unbaked 
avities, namely the strong Q degradation,
annot be explained in terms of the BCS resistan
e be-
ause this quantity is independent of the magnitude ofthe ele
tromagneti
 �eld in the 
avity. On the 
ontrary,a strongly �eld-dependent resistan
e would be needed toa

ount for the rapid de
rease of Q0 towards large gra-dients. This e�e
t is not yet understood.4 Con
lusions and outlookEle
tropolished bulk niobium 
avities o�er a

elerating�elds of more than 35 MV/m and are hen
e suitable forthe upgrade of the TESLA 
ollider to 800 GeV. The sur-fa
e preparation by ele
tropolishing has a de�nite ad-vantage in 
omparison with 
hemi
al et
hing: a mu
hsmoother surfa
e is obtained and the �eld enhan
ementat grain boundaries is avoided. This magneti
 �eld en-han
ement may be the origin of a lo
al premature break-down of super
ondu
tivity in et
hed 
avities. The physi-
al and physi
o-
hemi
al prin
iples of the bakeout e�e
tare not well understood yet and require further resear
h.Meanwhile, the �rst multi-
ell 
avities have been ele
-tropolished in a 
ollaboration between KEK and DESY.The results will be published in a separate paper.5 A
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