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Ahievement of 35 MV/m in theSuperonduting Nine-Cell Cavities forTESLAL. Lilje a;�, E. Kako b, D. Kostin a, A. Matheisen a,W.-D. M�oller a, D. Proh a, D. Reshke a, K. Saito b,P. Shm�user , S. Simrok a, T. Suzuki d, K. Twarowski aaDESY, Notkestrasse 85, D-22607 Hamburg, GermanybKEK, High Energy Aelerator Researh Organization, 1-1, Oho, Tsukuba,Ibaraki, 305-0801, JapanUniversit�at Hamburg, Notkestrasse 85, D-22607 Hamburg, GermanydNomura Plating Co., Ltd., 5, Satsuki, Kanuma, Tohigi, 322-0014, JapanAbstratThe Tera Eletronvolt Superonduting Linear Aelerator TESLA is the only lineareletron-positron ollider projet based on superondutor tehnology for partileaeleration. In the �rst stage with 500 GeV enter-of-mass energy an aelerating�eld of 23.4 MV/m is needed in the superonduting niobium avities whih areoperated at a temperature of 2 K and a quality fator Q0 of 1010. This performanehas been reliably ahieved in the avities of the TESLA Test Faility (TTF) a-elerator. The upgrade of TESLA to 800 GeV requires aelerating gradients of 35MV/m. Using an improved avity treatment by eletrolyti polishing it has beenpossible to raise the gradient to 35 - 43 MV/m in single ell resonators. Here wereport on the suessful transfer of the eletropolishing tehnique to multi-ell av-ities. Presently four nine-ell avities have ahieved 35 MV/m at Q0 � 5 � 109,and a �fth avity ould be exited to 39 MV/m. In two high-power tests it ouldbe veri�ed that EP-avities preserve their exellent performane after welding intothe helium ryostat and assembly of the high-power oupler. One avity has beenoperated for 1100 hours at the TESLA-800 gradient of 35 MV/m and 57 hours at36 MV/m without loss in performane.Key words: Superonduting RF avities, Niobium, Surfae superondutivity,Aelerating gradients, High-energy aeleratorsPACS: 74.25.Nf, 74.60.E, 81.65.Ps, 84.70.+P, 29.17.+WPreprint submitted to Elsevier Siene 23 February 2004



1 IntrodutionEletron-positron olliders have played a entral role in the disovery of newquarks and leptons and the formulation and detailed veri�ation of the Stan-dard Model of elementary partile physis. Cirular olliders beyond LEP areruled out by the huge synhrotron radiation losses, inreasing with the fourthpower of energy. Hene a linear ollider is the only viable approah to enter-of-mass energies in the TeV regime. Suh a linear lepton ollider would beomplementary to the Large Hadron Collider (LHC) and allow detailed studiesof the properties of the Higgs partile(s). In the baseline design of the super-onduting TESLA ollider [1℄ the enter-of-mass energy is 500 GeV (TESLA-500), well above the threshold for the prodution of the Standard-Model Higgspartile. The possibility for a later upgrade to 800 GeV (TESLA-800) is on-sidered an essential feature to inrease the researh potential of the faility forthe study of supersymmetry and physis beyond the Standard Model.The design gradient of the TESLA-500 niobium avities (23.4 MV/m) washosen at a time when the typial aelerating �elds in superonduting avi-ties were in the order of 3{5 MV/m. The fator of �ve inrease presented anambitious goal whih, however, has been reahed owing to the onentratedR&D e�orts of the TESLA ollaboration and of other institutions. A detaileddesription of the nine-ell avities for the TESLA Test Faility (TTF) linaan be found in [2℄. In the most reent series of 24 industrially produed TTFavities the average gradient was measured to be 25� 2:6 MV/m at a qualityfator Q0 = 1010. After the fabriation proess these resonators were leanedat DESY by hemial ething (\bu�ered hemial polishing BCP", see below)and subjeted to a 1400ÆC heat treatment to enhane the low-temperaturethermal ondutivity of the niobium.After many years of intensive R&D there exists now ompelling evidene thatthe BCP proess limits the attainable �eld in multi-ell niobium avities toabout 30 MV/m, signi�antly below the physial limit of about 45 MV/mwhih is given by the ondition that the rf magneti �eld has to stay below theritial �eld of the superondutor. For the type II superondutor niobiumthe maximum tolerable rf �eld appears to be lose to the thermodynamiritial �eld (190 mT at 2 Kelvin).Sine a number of years, an improved preparation tehnique of the inner avitysurfae by eletrolyti polishing (or \eletropolishing" for short) has openedthe way to gradients of 35 - 43 MV/m in 1.3 GHz single-ell avities [3,4℄. Thisdevelopmentmotivated a thorough R&D program on the eletropolishing (EP)of single-ell test avities. The results have been published reently [5℄. In the� Corresponding author.Email address: Lutz.Lilje�desy.de (L. Lilje).2



present paper we report on the suessful transfer of the EP tehnology to thenine-ell TESLA avities.2 Preparation of the inner avity surfae2.1 Chemial ething and eletrolyti polishingHere we give a short outline of the hemial and eletro-hemial methodswhih are applied to lean and prepare the inner avity surfae after thefabriation proess. More details are found in [5℄. Niobiummetal has a naturalNb2O5 layer with a thikness of about 5 nm whih is hemially rather inertand an be dissolved only with hydrouori aid (HF). The sheet rolling ofniobium produes a damage layer of about 100 �m thikness that has to beremoved in order to obtain a surfae with exellent superonduting properties.One possibility is hemial ething whih onsists of two alternating proesses:dissolution of the Nb2O5 layer by HF and re-oxidation of the niobium by astrongly oxidizing aid suh as nitri aid (HNO3) [6,7℄. To redue the ethingspeed a bu�er substane is added, for example phosphori aid H3PO4 [8℄, andthe mixture is ooled below 15ÆC. The standard proedure with a removalrate of about 1 �m per minute is alled bu�ered hemial polishing (BCP)with an aid mixture ontaining 1 part HF (40%), 1 part HNO3 (65%) and2 parts H3PO4 (85%) in volume. At TTF, a losed-iruit hemistry systemis used in whih the aid is pumped from a storage tank through a oolingsystem and a �lter into the avity and then bak to the storage.A gentler preparation method is provided by eletrolyti polishing (EP). Thematerial is removed in an aid mixture under the ow of an eletri urrent.Sharp edges are smoothed out and a very glossy surfae an be obtained. Theeletri �eld is high at protrusions so these will be dissolved readily whilethe �eld is low in the boundaries between grains and little material will beremoved here. This is an essential di�erene to the BCP proess whih tendsto enhane the steps at grain boundaries.The eletro-hemial proesses are as follows [9,10℄:2Nb + 5SO��4 + 5H2O!Nb2O5 + 10H+ + 5SO��4 + 10e�Nb2O5 + 6HF!H2NbOF5 +NbOF2 � 0:5H2O+ 1:5H2ONbOF2 � 0:5H2O+ 4HF!H2NbF5 + 1:5H2OThe roughness of eletropolished niobium surfaes is less than 0:1 �m [11℄while hemially ethed surfaes are at least an order of magnitude rougher.3



Fig. 1. Setup for the eletropolishing of multi-ell avities at Nomura Plating(Japan). Aid mixture 10 % HF (40%)90 % H2SO4 (96%)Voltage 15 -20 VCurrent density 0.5 -0.6 A/m2Removal rate 30 �m/hourTemperature of eletrolyte 30 - 35 ÆCRotation 1 rpmAid ow 5 liters/sTable 1Parameters for the EP of nine-ell avities.The main advantage of EP is the far better smoothening of the ridges at grainboundaries. An eletropolishing of at least 100 �m is needed both for surfaesmoothening and damage layer removal.2.2 Eletropolishing of nine-ell avitiesAt the KEK laboratory a long-term experiene exists with the eletropolishingof multi-ell avities. The �ve-ell 508 MHz avities of the TRISTAN eletron-positron storage ring [12℄ were eletropolished by an industrial ompany (No-mura Plating). Within a joint KEK-DESY program 9 TESLA nine-ell res-onators of the most reent industrial prodution have been eletropolished atNomura Plating. The EP parameters are summarized in table 1.4



The avity is installed horizontally (see �gure 1) together with the aluminumathode. The lower half of the avity is �lled with the eletrolyte whih reatswith the the niobium surfae only very slowly when no voltage is applied (ethrate less than 1 nm per hour). After the equilibrium �lling level has beenreahed, the avity is put into rotation and the voltage is applied betweenavity and athode while the urrent-voltage relationship is monitored. At avoltage of 15 - 20 V, the urrent through the eletrolyte starts to osillateindiating that the following two proesses are taking plae in alternatingorder: dissolution of the Nb2O5 by HF and re-oxidation of the Nb by H2SO4.The best polishing results are obtained for a urrent osillation of 10 - 15%about the mean value. The temperature of the aid mixture is kept in therange 30 - 35ÆC. Temperatures above 40ÆC must be avoided as they result inething pits on the surfae. When the desired amount of material has beenremoved, the urrent is swithed o�. The rotation is stopped and the avityis put into vertial position to drain the aid mixture. After rinsing with purewater the eletrode is dismounted while keeping the avity �lled with water,thus avoiding drying stains from aid residues. The avity is then transportedinto a lean room for high-pressure water rinsing.An eletropolishing faility for nine-ell avities has reently been ommis-sioned at DESY. The eletrolyte is irulated in a losed loop. The athodeis made from pure aluminum and is surrounded with a tube made from aporous PTFE 1 loth to prevent the eletrolytially produed hydrogen fromreahing the niobium surfae. Exept for the athode all omponents of theEP system are made from hemially inert plasti materials, e.g. Polyperu-oro Alkoxyethylene (PFA), Polyvinylidene Fluoride (PVDF) or PTFE. Theaid mixture is stored in a Teon-ladded ontainer and water ooled via aTeon-overed heat exhanger. The eletrolyte is pumped with a membranepump through a ooler and a �lter with 1 �m pore size into the hollow ath-ode whih has openings at the enters of the avity ells. Inside the avitythe volume above the eletrolyte is �lled with dry nitrogen to prevent watervapour absorption by the strongly hygrosopi H2SO4. The exhaust gases arepumped through a neutralization system to avoid environmental hazards.3 Performane measurements on eletropolished nine-ell avities3.1 Low-power tests in the aelerating modeAll nine eletropolished avities were leaned at DESY by rinsing with ul-trapure water at high pressure. After the drying in a lass-100 lean room, a1 Polytetrauoroethylene, for example Teon r5



low-power input oupler and a pikup antenna were mounted and the avitywas losed with UHV vauum anges. A �rst performane test was arried outin a vertial bath ryostat �lled with superuid helium at 2 Kelvin. In thisryostat, the rf power of a few 100 watts is transmitted into the avity througha movable antenna in the beam pipe setion of the avity. The external qualityfator Qext is adjusted to be lose to the intrinsi quality fator Q0 � 1010.The time onstant of the avity is determined by the \loaded quality fator"� = QL!0 with QL = ( 1Q0 + 1Qext )�1 � Q02 :A typial value is � � 1 s. When the avity is operated in the pulsed modethe intrinsi quality fator an be easily omputed from the time deay of thestored energy. The oupling strength of the pikup antenna to the eletri �eldinside the avity is determined by pulsed measurements at low gradient. Onethis alibration is known the exitation urve Q0(Ea) an be measured inthe ontinuous wave (w) mode.In the low-power test, two avities showed strong �eld emission at 15-17MV/m. These were sorted out for a seond EP whih is planned to take plaein the reently ommissioned EP faility at DESY (see below).The remaining seven avities without strong �eld emission, having passed thelow-power test suessfully, were then evauated to a pressure of 10�7 mbarand subjeted to a 48-hour bake-out at 120ÆC. Aording to the experienewith the single-ell avities [4,5,13,14℄ this bakeout is an essential prerequistefor ahieving high gradients in eletropolished avities. After the bakeout theperformane tests in the vertial bath ryostat were repeated. The results ofthese seond tests are disussed in the following.The exitation urves of the four best avities after EP at KEK are shown in�gure 2. In November 2003 one of the �eld-emission loaded avities has beenrepolished in the new EP faility at DESY. The test results of this avity athelium temperatures between 1.6 and 2.0 K are shown in Fig. 3 . Aelerating�elds of up to 40 MV/m have been reahed whih is a reord for multiellniobium avities. The maximum aelerating �elds ahieved in all eight TTFavities after bakeout are shown in �gure 4. These results prove that theTESLA-800 gradient of 35 MV/m is indeed within reah.6
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ially polished avities, on the other hand, ahieve an average single-ell gradi-ent of 35.6 MV/m. (As mentioned above, one avity with heavy �eld-emissionloading has been left out). This is lear evidene that eletropolishing is farsuperior to hemial ething in the preparation of the rf surfae of the avities.
a)
b)Fig. 6. Test series on a single-ell niobium avity (S-3) at KEK: (a) Exitation urveof the avity after EP (50 resp. 120 �m) and degradation due to hemial polishing(CP) after the EP. (b) Reovery of high gradient performane due to a 150 �m EPof the ethed avity. HPR stands for High Pressure Rinsing with ultrapure water.
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The superiority of eletropolishing was onviningly demonstrated in an earlierexperiment at KEK, see �gure 6 [3℄. A single-ell (S-3) avity reahed 38MV/m after an EP 120 �m. A subsequent hemial ething of 60 resp. 130 �mredued the gradient to 29 resp. 24 MV/m. A new eletropolishing (150 �m)reovered the initial high performane. Studies at DESY on eletropolishedsingle-ell and multi-ell avities on�rmed the performane degradation dueto a subsequent ething, see �gure 7. An ething of just 20 �m redued themaximum aelerating gradient by 5 MV/m.3.3 Long-term stability of the eletropolished surfaeThe remarkable improvement of niobium avities gained by eletropolishingwill of ourse only be useful for the aelerator if the EP surfae preserves itsgood properties over a long time period. In a �rst endurane test at Salayan EP-treated 1-ell avity was exposed to lean air for 2 months without asigni�ant hange in performane. This was veri�ed in experiments at DESY(see �gure 8) for a period of 6 months. One single-ell avity was �lled withnitrogen and kept for more than 18 months. In this ase a redution of theinitial, very high gradient was observed but the usable gradient was still above35 MV/m, see Fig. 9.
Fig. 8. Aelerating gradient as a funtion of exposure time to lean air. Within themeasurement errors no di�erene in the behaviour of the avities was observed.3.4 High temperature heat treatments3.4.1 Heat treatments of hemially ethed avitiesThe TTF avities are made from niobium sheets by deep drawing and eletron-beam welding. Two high-temperature heat treatments are applied. The �rst10
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Fig. 9. Aelerating gradient as a funtion of exposure time to lean nitrogen. Theobserved redution is still within the experimental errors. A seond experiment isunder way. Test temperature was 1.8 K.step is a two-hour annealing at 800ÆC in an Ultra High Vauum (UHV) furnaewhih serves two purposes: removal of dissolved hydrogen from the bulk nio-bium and mehanial stress release from the deep drawn and welded multiellstruture. The seond step is a four-hour treatment at very high temperature(1400ÆC) suh that oxygen, nitrogen and arbon an di�use out of the niobium.A titanium layer is evaporated onto the niobium surfae to getter the foreignatoms and to protet the niobium against oxidation by the residual gas in theUHV furnae. The residual resistivity ratio RRR and the low-temperatureheat ondutivity of the bulk niobium inrease by a fator of two, and theaverage gradient in BCP-treated avities grows by about 5 MV/m. The expe-riene at TTF has shown that the 1400ÆC heat treatment is an indispensibleprerequiste for ahieving gradients above 25 MV/m with a surfae preparationby hemial ething (BCP).It must be noted, however, that the 1400ÆC annealing is aompanied witha number of undesirable e�ets: large grain growth, softening of the mate-rial, neessity of an additional ething to remove the titanium getter layer. Toobtain good deep drawing properties the grain size of the niobium sheets isin the order of 50 �m. There is little grain growth at 800ÆC but during the1400ÆC annealing the grain size grows up to several millimeters. The resultingtensile strength is very low, about 5 MPa, hene the avities are quite vulnera-ble to plasti deformation and frequeny detuning after the high-temperaturetreatment. Another problem are the boundaries between the large grains. Thetitanium getter penetrates deep into these boundaries, a depth of 60 �m hasbeen measured in samples. The titanium must be ompletely removed sineotherwise a drastially redued performane is observed, see Fig. 10. For thisreason the TTF avities are subjeted to an 80 �m BCP after the 1400ÆCannealing. 11



Fig. 10. Degradation of avity performane by remainders of the titanium getterlayer and improvement after omplete removal of this layer.3.4.2 Heat treatments of eletropolished avitiesThe moderate annealing at around 800ÆC is an important avity preparationstep whih should be retained to avoid the danger of niobium hydride for-mation ("Q-disease"), see [5℄. On the other hand, the experiene gained atKEK and DESY with the single-ell program justi�es the expetation thatthe 1400ÆC annealing an be safely disarded for eletropolished avities. TheJapanese 1-ell avities [15℄ were heat treated at T = 760ÆC only, and in spiteof a omparatively low residual resistivity ratio of RRR � 300, ahieved gra-dients of 35 to 40 MV/m. In the CEA-CERN-DESY single-ell program [5℄seven avities were tested after the 800ÆC annealing with an average gradientof 35.4�5.3 MV/m and three avities were heat-treated at 1400ÆC yielding34.7�2.5 MV/m (see table 2).The nine multiell TTF avities sent to Japan for eletrolyti polishing hadpreviously undergone the standard BCP treatment at TTF. Five avities hadbeen annealed at 800ÆC while four avities were had been subjeted to an ad-ditional 1400ÆC annealing. The �eld-emission loaded avity whih was sortedout belonged to the �rst ategory. The maximum gradients ahieved in theeight remaining 9-ell resonators have already been shown in Fig. 4, the av-erage value is < Ea >= 34:0 � 3:9 MV/m for the 800ÆC-annealed avitiesand < Ea >= 33:0 � 3:3 MV/m for the 1400ÆC-annealed avities. Two800ÆC-annealed avities belongs to the �ve exellent nine-ell avities shownin �gures 2 and 3. From the single-ell analysis of the eight avities the follow-ing numbers are obtained: < Ea >= 35:6 � 2:8 MV/m for 800ÆC-annealingand < Ea >= 35:6 � 1:7 MV/m for 1400ÆC-annealing (see table 2). Theseresults, ombined with with the data from the single-ell R&D programs, pro-vide onvining evidene that the 800ÆC annealing alone is suÆient to ahieveexellent performane in eletropolished nine-ell avities.12



Bath of avities 800ÆC 1400ÆCsingle-ells 35.4�5.3 34.7�2.5nine-ells 34.0�3.9 33.0�3.3single ell analysisof nine-ell avities 35.6�2.8 35.6�1.7Table 2Overview on aelerating gradients measured on eletropolished avities with dif-ferent high temperature annealings.In early 2004 a new series of nine-ell avities will be delivered to DESY. It isforeseen to prepare these avities by eletropolishing and test them after the800ÆC annealing. If the same promising results should be obtained than foundhere, the 1400ÆC annealing an ertainly be avoided for the avities of theproposed X ray Free Eletron Laser at DESY sine this mahine requires onlymoderate aeleration �elds. Further investigations will be needed to deidewhether the 1400ÆC annealing would provide a larger safety margin for the800 GeV option of the TESLA ollider.3.5 High-power pulsed operation of eletropolished avities3.5.1 Exitation urvesIn the TESLA ollider the avities have to be operated in the pulsed mode tokeep the heat load on the superuid helium system within aeptable limits.The rf power of about 210 kW per nine-ell avity (for TESLA-500) is trans-mitted through a oaxial power oupler. The external quality fator amountsto Qext = 2:5 �106 at an aelerating �eld of 23.4 MV/m and an average beamurrent of 9 mA (during the rf pulse). The avity has a �lling time of 500�s and a \at-top" duration of 800 �s during whih the bunhed beam isaelerated. The nominal pulse repetition rate is 5 Hz. The time onstant ofthe avity equipped with a high-power oupler is dominated by the externalquality fator and pratially insensitive to the intrinsi quality fator Q0 sineQL = (1=Q0 + 1=Qext)�1 � Qext for Qext � Q0 :Therefore, Q0 annot be derived from the time deay of the stored energy butinstead has to be alulated from the heat transfer to the helium bath whihan be measured only with large errors at low �elds.So far, two avities (AC72, AC73) were prepared for a high power test with-out eletron beam. The avities were welded into a liquid helium tank andequipped with a high power oupler and a frequeny tuning mehanism. Thetests have been arried out in a horizontal ryostat at the TESLA Test Fa-13



ility. Figure 11 shows the test results at a repetition rate of 5 Hz for AC73and of 1 Hz for AC72 in omparison with the exitation urves measured inthe low-power tests. It is very enouraging that both avities ahieve the samemaximum gradient as in the low-power test. Within the large errors also thequality fators are in agreement. Another very important result is that av-ity AC73 ould be operated at 35 MV/m for more than 1100 hours and at36 MV/m for 57 hours without any degradation.
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Cavity AC73 was tested three times at a repetition rate of 10 Hz. Betweenthe �rst two tests the avity was warmed up to room temperature, betweentests 2 and 3 it was kept for several hours at 150 K to hek for a possible Qdegradation through the formation of niobium hydrides. No indiation of the\Q-disease" was seen. In all three 10 Hz tests the same high performane as at5 Hz was ahieved. In avity AC72 a lower quality fator was seen at repetitionfrequenies above 1 Hz. This ould be traed bak to exessive heating at adamaged able onnetor of a higher-order mode oupler.3.5.2 Frequeny stabilization in pulsed operationThe Lorentz fore between the rf magneti �eld and the indued urrents ina thin surfae layer auses a slight deformation of the ells in the order ofmirometers and a shift in resonane frequeny whih is proportional to E2a.In the pulsed operation of the 9-ell avities this results in a time dependentfrequeny shift during the rf pulse. The TESLA avities are reinfored bysti�ening rings whih are welded between neighbouring ells and redue thedetuning by a fator of two. Experimental data on the detuning are shown inFig. 12. The \Lorentz fore detuning" an be handled adequately by the rfsystem up to the nominal TESLA-500 gradient of 23.4 MV/m.
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lizes the resonane frequeny to better than 100 Hz during the at-top time.The data in Fig. 13 prove that the sti�ening rings augmented by a piezoele-tri tuning system will permit to operate the eletropolished avities at �xedresonane frequeny up to the TESLA-800 gradient of 35 MV/m. In addition,the piezoeletri atuator may be used to anel mirophoni noise betweenthe rf pulses.
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4 Disussion of the results and onlusionsA omprehensive understanding why eletropolishing is so muh superior tohemial ething is still missing, however a few explanations exist. The sharpridges at the grain boundaries of an ethed niobium surfae may lead to loalenhanements of the rf magneti �eld and thereby ause a premature break-down of superondutivity at these loalized spots. A model based on thisidea was developed by Knobloh et al. [16℄ and an aount for the redutionof the quality fator Q0 at high �eld. Magneti �eld enhanements will bemuh smaller on the smooth EP surfae. Another advantage of a mirror-likesurfae is that a surfae barrier of the Bean-Livingston type [17℄ may exist.The surfae barrier prevents the penetration of magneti ux into the bulkniobium in a ertain range beyond the lower ritial �eld B1 (� 160 mT forniobium at 2 K). The \penetrating �eld" Bpen exeeds B1 onsiderably for aperfetly smooth surfae. Magneti uxoids will enter and leave the materialonly above this penetrating �eld, hene the power dissipation assoiated withuxoid motion will start only at Brf > Bpen. The delayed ux penetrationwas experimentally veri�ed in eletropolished samples of the type II super-ondutors Pb-Tl and Nb0:993O0:007 [18,19℄. The experiments showed also thatroughening of the surfae by srathing and hemial ething destroyed thebarrier and redued the penetrating �eld to Bpen = B1. From these results wemay onlude that an EP-treated superonduting avity is likely to remainin the Meissner phase up to an rf magneti �eld exeeding B1 by a signi�antamount whereas a BCP-treated avity will go into the mixed phase at B1 andthen su�er from enhaned power dissipation.The two arguments for the superiority of eletropolished avities refer to thetopologial struture of the surfae: it is smooth for EP and rough for BCP.However, the positive inuene of the 120ÆC bakeout on the high-�eld per-formane of EP-avities annot be explained that way beause the surfaetopology will not be hanged by the bakeout. For a disussion of oneivablephysio-hemial proesses ouring during the bakeout we refer to the reviewtalk by B. Visentin at the reent SRF2003 workshop [20℄.In summary we an say that eletropolished bulk niobium avities o�er thehigh aelerating gradients whih are required for the upgrade of the TESLAollider to 800 GeV. For the �rst time, aelerating �elds of 35 MV/m havebeen ahieved in nine-ell avities. One avity ould be exited to 39 MV/meven without the 1400ÆC heat treatment, whih is an indispensible prerequisitefor the BCP-treated TTF avities to reah 25 MV/m. In two high-power testsit ould be veri�ed that EP-avities preserve their exellent performane afterwelding into the helium ryostat and assembly of the high-power oupler. Oneavity has been operated for 1100 hours at the TESLA-800 gradient of 35MV/m and 57 hours at 36 MV/m without loss in performane.17
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