NIOBIUM IN SUPERCONDUCTING RF CAVITIES

Dieter Proch, Peter Schmueser, Waldemar Singer and Lutz Lilje

Deutsches Elektronen Synchrotron DESY
Notkestrasse 85
D-22607 Hamburg, Germany

Abstract

Niobium is the favorite metd for the fabrication of superconducting accderating cavities.
While the mgority of these cavities are formed from niobium sheet materid a large number of
copper cavities have been made with a thin niobium film on the inner surface produced by
sputter coating. The resonators are operated well below the trandtion temperature of niobium
(9.2K). A high therma conductivity in the cavity wal is needed to guide the disspated radio
frequency (RF) power to the liquid hdium coolant. In the case of bulk niobium cavities this
requires niobium of exceptiond purity with a gaseous contaminaion below 10 ppm (by weight)
and a tantalum contents of less than 500 ppm. The Nb materid must be free of foreign
indusons or metdlurgica defects down to a scde of 20 um.  Consderable care must be
goplied during handling or machining the Nb pats in order to avoid any additiond
contamination. Mot bulk niobium cavities are fabricated by deep drawing of hdf-cdls from
sheet materid and electron beam weding. Hydroforming the accderating dructure from a
seamless pipe is a cod-effective dternative.  This technology has yieded excdlent results in
angle-cdl cavities and should be avalable for multicdl dructures in the near future. Fnd
cleening of the finished cavity by chemicd or dectrochemicd methods and ringng with
ultracdlean high-pressure water are essential steps to achieve a defect-free inner Nb surface such
as needed in RF cavities a high fidds. The production of niobium for cavities is a chdlenge
for the faorication process low tantalum contents of the rawv materid, sringent vacuum
requirements during eectron-beam mdting of the ingots, clean and wel controlled conditions
during sheet rolling, cutting and recrystalisation heating. Some Nb producers have developed
adequate procedures. Open communication between these companies and the user laboratories
was very helpful to reach the required specification. Up to now a total amount of about 25 tons
of high purity niobium has been purchased for the fabrication of superconducting cavities.
During the last years typicdly 2 tons per year have been ordered. There is worldwide interest
in new superconducting accelerators for dementary paticde physcs and fourth generation
gynchrotron light sources, in particular Free Electron Lasars in the ultraviolet and Xray regime.
Therefore a continuoudy growing demand for high purity Nb is expected. The proposed linear
collider project TESLA requires 500 tons of high purity niobium a a fabrication schedule of
three years.



Introduction

The accderating dructures in high energy particle accderators are usudly radio frequency (RF)
cavities with a frequency ranging from 50 MHz to above 10 GHz, depending on the veocity v
of the paticles and on geometric condderations. The high frequency fidds induce surface
currents in the metalic boundary which lead to power disspation proportiona to the resistance
of the metd. Therefore, a high-conductivity metd is chosen to limit these losses but even for
copper the loss in the metalic wdls is the dominant part of the required radio-frequency power.
The excessve cooling demand in norma conducting accelerating dSructures limits  the
maximum acceerating gradient to vaues of less than 3 million volts par meter (3 MV/m) in
continuous wave operation. In pulsed operaion acceerating fields in excess of 50 MV/m seem
accessible but the pulse duration must be kept quite low, in the order of microseconds.

In the late 1960s the development of superconducting radio-frequency acceerating structures
was dated. The criticd magnetic fidd of niobium would in principle dlow for gradients up to
50 MV/m. There exis superconductors with a higher critical fiedd, NbsSn or YBa,CuzO7 for
example, but in practice cavities based on these materids have shown much inferior
performance as compared to Nb cavities.

The main advantage of superconducting accderaing structures is the fact that they endble high
gradients under continuous wave or pulsed operation with millisecond long RF pulses. It
should be noted, however, that in contrast to superconducting magnets, which are operated with
a dc or a low frequency ac current without any power disspation, the high-frequency
dternating currents in microwave cavities are aways asociated with the generation of ohmic
heat which has to be removed by a refrigerator. Neverthdess, the overdl energy efficiency of a
superconducting cavity system, incduding the cryogenic efficdency of the hdium liquefier, is
condderably higher than that of anorma conducting system.

At present, the maximum operaing accelerating gradient of a superconducting accelerating
gysem is 23 MV/m. Individud tests of multi-cdl and sngle-cdl cavities demondrated vaues
of 34 MV/m and 43 MV/m, repectively. There are two mgor limitations, therma ingtabilities
and field emisson of eectrons:

norma conducting defects in the surface produce heat and may eventudly drive the
superconductor above the critical temperature.  The resulting breskdown of superconductivity
is cdled a quench. To avoid a quench the niobium surface must be kept as free as possble
from norma conducting defects. Furthermore a high therma conductivity of the bulk materia
isrequired to thermdly stabilize a possible quench location.

in the region of high dectric field dectrons may be emitted from sharp tips or from foreign
particles gicking to the surface via the process of fidd emisson. These dectrons gain energy
in the RF fidd, impact on the superconducting surface and produce excessve heating. Perfect
cleening of the cavity surface with high-pressure ultra-clean water is the best remedy aganst
this type of breakdown.

Resonatorsfor Acceleration

There are two different classes of accelerating Structures, depending on the speed v of the
particles to be accel erated:

near to the speed of light c (0.5<vic< 1)



or smaller than 50% of the speed of light (v/c < 0.5).

The first case is typicd for eectrons above a few MeV of kinetic energy and protons above 100
MeV. In principle the accderating Structure condsts of a series of pill box cavities which are
joined by short beam pipe sections. In red dructures one prefers a smooth dliptica cross
section which has the advantage to suppress another undesirable performance limitation called
multipacting (1), the resonant multiplication of dectrons via the accderation in the RF fidd and
secondary eectron emisson upon impact on the suface. The TESLA cavity (2), shown in
Figure 1, istypica for superconducting multi-cdll structures.
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Fgurel: Sde view of the TESLA 9-cdl cavity as example for an accderating
dructure for dectrons. The cavity is made from 25 mm thick niobium and
cooled by superfluid helium a 2 Kdvin.

The second case is typica for the acceleration of ions. Here a variety of different geometries
(e.g. coils, capacitive cones) are placed ingde a metd housng. The acceerating gap is short
enough that the “dow” particles can crossit within one hdf RF cycle.

The yearly average demand of niobium for such accderating structures is less than 10% of that

required for eectron and proton accelerators. Therefore the further discussion in this paper is
concentrated on the first type of structures.

Past and Present Operating Systems

TRISTAN Storage Ring at KEK

KEK is a nationd Jgpanese laboratory for high-energy physics In the early 1980s the energy
of the TRISTAN (3) dectron-podtron dSorage ring was upgraded by ingdling 32
superconducting cavities in addition to the exising 104 norma conducting resonators.  The
production, assembly and ingdlation of the superconducting cavities were caried out manly
by indudrid firms The cavities were fabricated from niobium sheets by spinning, eectron
beam welding, dectro-polishing and hesting a 800 °C. The hesat trestment was needed to clean
the Nb from hydrogen which was picked up during dectrolytic polishing. Two five-cdl
cavities were housed in one cryostat. The superconducting cavities were operated at a gradient
between 3 and 4.7 MV/m. The peformance (maximum acceerating field and radio frequency
losses) did not deteriorate during seven years of operation.



LEP Storage Ring at CERN

CERN is a European center for high-energy phydcs, Stuated a Geneva, Switzerland. In the
fird dage the accderaing system of the LEP eectron-positron storage ring consisted of normal
conducting cavities (352 MHz). To upgrade the beam energy from 45 GeV to 104 GeV, 288
superconducting four-cell cavities (352 MHz) were inddled in addition to the 84 normd
conducting resonators (4). With the exception of the fird 20 cavities, the superconducting
resonators were not made from solid Nb materia but by sputtering Nb onto Cu. Two mgor
arguments are quoted in favour of this technology: cost savings by the reduced amount of Nb
materid (a 5 um layer indead of a 4 mm thick sheet) and dabilization of thermd ingabilities
by the high therma conductivity of Cu.

The technology of sputter-coating large surface areas was developed at CERN during the 1980s
and then transferred to industry (5). After a learning process the cavity fabrication reached a
high standard. The superconducting accelerating system was operated from 1989 to 2000. The
operation was ended for the ingdlation of the Large Hadron Collider LHC in the LEP tunnel.

HERA Electron-Proton Storage Ring at DESY

DESY is a nationd German laboratory for high-energy physics, Stuated a Hamburg, Germany.
The HERA dorage ring facility (6) collides 920 GeV protons with 27 GeV dectrons or
positrons. The radio frequency sysem of the eéectron ring condsts of 82 norma conducting
and 16 superconducting 500 MHz cavities. The superconducting cavities were produced by
indugry (spinning of haf-cells from Nb sheets, eectron beam weding, surface preparation by
tumbling and chemicad deaning) whereas DESY daff carried out the assembly and ingdlation.
The average gradient of the inddled cavities was 5 MV/m. The superconducting accelerating
system has been in operation since 1992.

Fgure 2. Superconducting accderating sysem for the HERA sorage ring. Nb
cavity with (right) and without (left) the vessdl for liquid hdium. The cryodtat
with flanges for the hdium pipes (top) and the input couplers (middle) is seen in
the background.



CEBAF at Jefferson Laboratory

Jab (Jefferson Laboratory) is a laboratory for nuclear physics research. It is Stuated at Norfolk,
Virginia, USA. In the recirculating linac CEBAF (7) dectrons are accelerated to energy of up
to 6GeV. Key peformance characteristics are the energy resolution of 10 and the continuous
wave operation.

The accdeaor condsts of two superconducting linacs with four magnetic bends for
recirculation of the beam. The superconducting cavities were fabricated by industry from Nb
sheets. The find deaning, teding and indalation were caried out by CEBAF daff. The
accderator was commissioned in 1995 and physics runs garted in 1996. The CEBAF machine
is a present the largest superconducting cavity ingdlation. In totd 330 five-cel 1500 MHz
cavities are operated at 2K.

The TESLA Ted Fadility TTF

Within the framework of an internationa collaboration, a development project was launched to
explore the feadhility of the superconducting linear collider TESLA (2) (TeV Energy
Superconducting Linear Accelerator). The TESLA Test Facility (TTF) a DESY incorporates
the fadlities for chemical eching, high-pressure water ringng, high-temperature hest trestment,
cleanrroom assembly and RF tedting of superconducting multi-cell cavities as wel as the
inddlation and operation of an experimenta superconducting accelerator with 500 MeV beam
enagy. The nine-cdl cavities (see Figure 1) are made from Nb sheet materid and resonate at
1.3 GHz. For a detailed description see (8). They are treated by an automated chemicd sysem
under clean room conditions and are processed by high-pressure water rinsng and, if necessary,
by conditioning with RF pulses of high indantaneous power. Eight cavities are grouped in one
cryodtat, four of these modules are needed for the first test accelerator. The main god is to
operate the experimenta linac at a gradient of 20 MV/m and to upgrade the cavity performance
to the TESLA design vaue of 235 MV/m. A second development god is to smplify the
cavity desgn and fabrication techniques in order to reduce the investment costs of a future
linear collider.
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Figure 3: Measured performance of the latest 9-cell cavity production for TTF.
Plotted is the quality factor as afunction of the accelerating field.



Up to the summer of 2001 a totd of 79 nine-cell cavities were produced and measured. Fig 3
shows the measured performance of the latest cavity production.

In 1999 a proposal was approved to upgrade the TTF linac energy to 1 GeV and to add an
undulator section for production of Free Electron Laser radiation with a tunable wavelength
from soft X-rays (6 nm) up to the ultraviolet regime (9). The user facility for FEL radiaion will
be commissoned in 2004.

Projects Under Development/Installation

Spallation Neutron Source (SNS)

Neutrons are an important tool to probe the structure and properties of matter. A continuous
flux of dow neutrons is avalable for this purpose a various research reactors. New
aoplications in basc and gpplied research (chemigtry, biotechnology, geo-science and other
fields) require a pulsed and high intensty neutron flux. These neutrons can be produced by
godlation: an intense proton beam hits a high-density target (e.g. mercury) so that the spdlation
process cregtes neutrons.  The Spallation Neutron Source SNS (10) is under construction at Oak
Ridge, Tennessee. The protons will be accelerated by copper cavities to 186 MeV and then by
superconducting resonators up to a find energy of 1 GeV. The superconducting linac will
consast of 93 resonators of 5 cells each. The operating frequency is 805 MHz. In early 2001 the
prototype cavities were successfully tested. The commissoning of the SNS laboratory is
scheduled for 2006.

Superconducting Accderating Cavities for High Beam Currents

At Corndl Universty (Ithaca, NY, USA) the dsorage ring CESR (11) for dectrons and
positrons has been operated for particle physics since many years. The latest upgrade of the
beam current could be achieved by replacing the norma conducting with superconducting
resonators. The shape of superconducting resonators is much more suited to accelerate high
beam current without excitation of beam indabilitess Such an accderding dructure is
typicdly a dngle-cdl cavity with a high power RF input coupler. One resoretor is housed in
one cryodat, the damping eement for beam-induced higher frequency power is attached to the
room temperature section of the beam pipe. Three of these resonators have been operated in
the storage ring until late 2000, two more will be added in the near future,

Two resonators of the Cornell type are under production by the ACCEL Company for the
Tawan synchrotron light source.  Also in this case the beam current will be upgraded (from 50
mA to 500 mA) by replacing the old norma conducting resonators.

A dmilar sysem as in CESR is operated a the KEKB (12) storage ring (KEK laboratory,
Tsukuba, Japan). Six sngle cel resonators with a resonant frequency of 501 MHz are in use
since 2000.



Fgure 4. Superconducting accderating unit for high dectron current (Corndl).
This desgn is characterised by the use of a sngle cdl cavity with an enlarged
beam pipe (as compared to the multicell design in figure 1), a large input coupler
and an absorber of higher-order mode power.

Table | Larger superconducting accelerator indalations (SNS: protons, RIA: ions,

else eectrons)
Operational | Frequency | Activelength
L aboratory (planned) (MH2) m) Commey
KEK, TRISTAN 1988-94 508 48 decommissioned
Darmgtadt. S- :
DALINAG 1990 2997 10.25 operationa
DESY, HERA 1991 500 19.2 operational
CEBAF 1996 1497 169 operationa
CERN, LEP 1997 352 462 decommissioned
. under
SNS, Oak Ridge (2006) 805 76 consruction
TTF, DESY 1999 1300 16 operationa
CESARIII, .
Corndl 1997 500 1.2 (+0.6) operationa
KEKB 1998 508 24 operational
under
TTF-FEL (2003) 1300 48 congtruction
Technica
"
TESLA : 1300 20400 Proposa
RIA ? Severd (250?) under discusson




Future Projects
TESLA

TESLA is a proposed linear collider for eectrons and podtrons. The two beams will be
accelerated to an energy of 250 GeV each. The mgor am is to investigate the most urgent
problems in particle physics the Higgs mechanism and supersymmetry. An integrd pat of the
facility are tunable X ray Free Electron Lasers with a wavelength down to 1 A which will
driven by a 25 - 50 GeV dectron beam derived from the main linac. The superconducting
accelerator will consst of twenty thousand 9cdl cavities In March 2001 the Technicd Design
Report (2) was published. A decison on the project is expected in 2004.

Synchrotron Light Sources with Superconducting Resonators

Conventiond synchrotron light sources congsts of an dectron dorage ring with various
undulator and wiggler magnet insartions for the production of radigtion ranging from the
optical into the X ray regime. Superconducting cavities are well suited to accelerate high beam
currents without digtortion of the beam qudity. The Cornell resonator (see Fig. 4) is a typicd
example of such a desgn. Only a few resonators are needed at one facility, but there are
proposas in many countries to build such radiation laboratories.

Free Electron Lasers with Superconducting Linacs

Free éectron lasers (FELS) offer the posshbility to generate radiation (infrared, vigble, UV, X
ray) of unprecedented qudity: brilliance, spectrd purity and short pulse length. X ray FELs will
be many orders of magnitude more powerful than any other Xray source. A large advantage in
comparison with conventiond lasars is the tunability of the waveength, which is smply
achieved by varying the eectron energy. A superconducting linac is the ided drive source of
an FEL as it provides a beam of smal transverse emittance and high pesk current. As
mentioned above the TESLA fadility will incorporate X-ray FELS.

Proposds for stand-done FEL facilities with superconducting acceeration systems are under
preparation at severa laboratories. Energy recovery is possble by de-cderation of the spent
electron beam and has been demonstrated at Jab (14).

Proton Accderators for Nuclear Waste Transmutation and Neutron Production

There is a growing demand for superconducting proton acceerators in the energy range of
severd GeV. The SNS project presently under congtruction is an example for the production of
high flux of pulsed neutrons.

Burning of nuclear waste could be done with the use of a proton accderator. Long living
radioactive isotopes (typica lifetime of 20000 years) will be converted into isotopes with
shorter lifetime (about 500 years). It is expected that the converson process actualy will
produce more energy than needed to operate the nuclear waste burner. Key development gods
are the superconducting high current linac and the high power target station. The development
time for a demondrator and an operationa facility is expected to take 20 and 30 years,

respectively.



Rare |sotope Accelerator

The Rare Isotope Accderator (RIA) is a next generation radioactive beam facility in
preparaion in the USA. In this machine, intense heavy ion beams of typicaly 400 MeV per
nucleon would be directed a a thin target. The exotic fragments would be re-accelerated for
nuclear dructure and astrophysics studies. The acceerator could also produce protons with
energies up to about 700 MeV. This beam could be used to irradiate thick target in an “lsotope
Separation On-Ling’ (ISOL) mode. In RIA the beams would essentidly be continuous. The
design of both the primary and post accderator relies on superconducting cavity technology.
The RIA project is under detailed technicd discusson (15), the time schedule for R&D and
redization isin the order of 10 years.

Physics of RF Superconductivity

Choice of Superconductor

The exiging large scde applications for superconductors are magnets and accelerating cavities.
A common requirement is a high critica temperaure', but there are distinct differences
concerning the critica magnetic field. In magnets operated with a dc or a low-frequency ac
current, “hard' (type 1) superconductors are required, with high upper criticd fidds (15 - 20 T)
and drong flux pinning in order to achieve high current dendgty; such properties are only
offered by dloys like niobium-titanium or niobium-tin.  In microwave goplicatiions the limit is
essentidly st by the themodynamic criticd fidd, which is wdl bdow 1 T for dl known
superconductors.  Strong flux pinning is undesrable as it is coupled with losses due to
hysteress. Hence a 'soft' superconductor must be used. Pure niobium is the best candidate,
dthough its criticd temperature T is only 9.2 K, and the thermodynamic criticd field about
200 mT. Niobium-tin (NbsSn) with a critical temperature of 18 K looks more favourable at
fird gght, however the gradients achieved in NbzSn coated niobium cavities were dways
below 15 MV/m, probably due to grain boundary effects in the NbsSn layer. For this reason
niobium is the preferred superconducting materid.

Microwave Surface Resisance

Superconductors suffer from energy disspation in microwave fidds since the radio frequency
(RF) magnetic fidd penerates a thin surface layer and induces oscillations of the unpaired
electrons. According to the BardeenCooper-Schrieffer (BCS) (16) theory of
superconductivity, the surface resstance is given by the expression

f 2
Rocs 1 ~—exp(- 1.76T./T), ()

where f is the microwave frequency. For example the niobium BCS surface resistance at
1.3GHz is about 800 nO a 4.2 K, and drops to 15 n a 2 K (see Figure 5). Because of the
exponentid temperature dependence, operation a 1.8-2 K is essatid a this frequency for
achieving high accderating gradients in combingtion with very high qudity (Q) factors.

! The High-Tcceramic superconductors have not yet found widespread application in magnets, mainly dueto
technical diffcultiesin cable production and coil winding. Cavities with High-Tcsputter coatings on copper have
shown much inferior performance in comparison to niobium cavities.



Supefluid heium is an excdlent coolant owing to its high heat conductivity. In addition to the
BCS term there is a resdud resstance Res caused by impurities, frozen-in megnetic flux, or
lattice digtortions.  This term is temperature independent and amounts to a few nO for very pure
niobium, but increases dramaticaly if the surface is contaminated.
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Figure 5: Measured surface resstance of a 9-cdl TESLA cavity. The residua

resistance of 3 nO corresponds to a quality factor of 10,

Influence of Magnetic Fidds

Superheating Field.  Superconductivity bresks down when the RF magnetic fidd exceeds the
citicd fidd of the superconductor. In the high frequency case it is believed that the so-cdled
“uperheting fidd” is rdevant which for niobium is about 20% higher than the

thermodynamical criticd field of 200mT.

Trapped Magnetic Flux. Niobium is in principle a soft type Il superconductor without flux
pinning. In practice, however, weak magnetic dc fieds are not expelled upon cooldown but
remain trgoped in the niobium. Each flux line contains a norma-conducting core whose area is

roughly pxZ where x, is the coherence length which amounts to 40 nm in Nb. Trapped
megnetic flux resultsin a surface resstance

Rmag = (Bed /ZBCZ)Rn (2)

where Bey: is the externdly agpplied fidd, Be, the upper criticad fidd and R, the surface
ressance in the norma dae At 1.3 GHz the surface resstance caused by trapped flux
amounts to 3.5 nO/UT for nicbium. Cavities, which are not shielded from the Earth's magnetic

field, are therefore limited to Qp values below 10°.



Thermd Ingtability and Field Emission

One badc limitation of the maximum fidd in a superconducting cavity is themd indability.
Temperature mapping a the outer cavity wal usudly reveds that the heating by RF losses is
not uniform over the whole surface but that certain pots exhibit larger temperature rises, often
beyond the critical temperature of the superconductor. Hence the cavity becomes partidly
norma conducting, associated with strongly enhanced power disspation. Because of the
exponentid increase of surface resstance with temperature this may result in a run-away effect
and eventudly a quench of the entire cavity. Andyticd modds as wdl as numericd
amulations are available to describe such an avaanche effect (17). Input parameters are the
therma conductivity of the superconductor, the size and ressgance of the norma conducting
gpot and the Kapitza ressance (therma resstance between the outer nicbium wal and the
liquid Helium). The tolerable defect size depends on the residud resistivity ratio® RRR of the
materid and the dedred fidd level. As a typicad number, the diameter d a norma-conducting
gpot must exceed 50 um to be able to initiate a thermal ingtability at 25 MV/m for RRR>200.

There have been many attempts to identify defects, which were localized by temperature
mapping. Examples of defects are drying spots, fibers from tissues, foreign materid inclusons,
weld splatter and cracks in the welds. There are two obvious and successful methods for
reducing the danger of thermd ingtability:

avoid defects by preparing and cleaning the cavity surface with extreme care;

increase the therma conductivity of the superconductor.

Congderable progress has been achieved in both aspects over the last ten years.

Heat Conduction in Niobium

The heat produced a the inner cavity surface has to be guided through the cavity wal to the
superfluid hdium bath. The themd conductivity of niobium exhibits a dsrong temperature
dependence in the cryogenic regime and scdes approximately with the RRR, which can be
cdculated in terms of the impurity contents:

| (4.2K) » 0.25RRR  [W/(mxK)] (3)
RR=3F f e @
(SH ]

where the f; denote the fractionad contents of impurity i (measured in weight ppm) and the r the
corresponding resistivity coefficients which are listed in the following table.

Table Il Weight factor r; of someimpurities (see equation (4))
Impurity aom i N O C H Ta
riin10°wt.ppm | 0.44 0.58 0.47 0.36 111

2 RRR s defined asthe ratio of the resistivities at room temperature and at liquid helium temperature. The low
temperature resistivity is usually measured at 4.2 K, applying amagnetic field to assure the normal state.
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Figure 6; Measured heat conductivity of samples from the niobium sheets used
in the TESLA cavities. before and after the 1400 °C heat treatment (RRR = 280
and RRR = 500 respectively).

Diagnostic Methods and Quality Control
In the first series production of TESLA cavities deficiencies have been found which could be
traced back to materid effects and inadequate cleaning procedures during eectron-beam
welding. As a consequence new diagnostic methods and qudity control procedures were
introduced.

Eddy-Current Scanning

A practicd device for the quality control of al niobium sheets going into cavity production is a
hign-resolution  eddy-current  system  (18) developed by the Bundesangtdt fuer
Materidforschung (BAM) in Berlin and DESY. In the xy scanning sysem the frequency used
is 100 kHz corresponding to a penetration depth of 0.5 mm in niobium a room temperature.
The maximum scanning speed is 1 m/s.  The scanning probe containing the inducing and
recelving coils floats on an ar pillow to avoid friction. The machined base plate contains holes
for evacuaing the space between this plate and the Nb sheet. The amospheric pressure is
sufficient to flatten the 265x 265 mn? nichium sheets to within 0.1 mm which is important for
a high senstivity scan. The peformance of the gpparatus was tested with a Nb test sheet
containing implanted tantdum deposts of 02 to 1 mm dianeer. The scanned picture
demondrates tha Ta clusers ae clearly vigble  Using this eddy-current apparatus the
tantalum inclusion in a defective cavity was easily detectable.

In the meantime an improved eddy-current scanning device has been desgned and built a
BAM which operates smilar to a turn table and dlows for much higher scanning speeds and
better sengtivity since the accelerations of the probe head occurring in xy scans are avoided. A
two frequency principle is applied in the new sysem. Scaming with high frequency (about 1
MHz) alows detection of surface irregularities while the low frequency test (about 150 kHz) is
sengtive to bulk indusons. The high and low frequency sgnds are picked up sSmultaneoudy.
Very high sanstivity isachieved by sgnd subtraction.



Figure 7. Eddy current scanning apparatus for niobium discs. This technology
was developed by DESY and BAM (Bundesandtdt fUr Materidprifung, Berlin).
The aove photo shows an equipment built for Jab by the FER-PA GmbH
(Forschung- Entwicklung- Rationdiserung), Magdeburg, Germany.

Squid Scanning

Some Nb sheets of TESLA dimensons with materia inclusons, found by eddy current
scanning test, were tested with a SQUID gradiometer sysem. The SQUID system features
higher senstivity. An iron paticle with a dimenson less then 50um, not detectable with the
eddy current method, was eedly found insgde of the Nb sheet. Detection of rather deep
inclusons in the materid or invedtigation of the indde surface of closed parts (cavities, tubes)
is possible because of the high penetration depth of the SQUID method. These investigations
were conducted in collaboration between the FIT Messtechnik GmbH and DESY. Recently a
new research program was darted in collaboration between WKS Messtechnik GmbH, W.C.
Heraeus GmbH, 1AP Universty of Giessen and DESY to develop a SQUID scanning apparatus
for indudrid use.

Electron Microscopy

Scanning eectron microscopy with energy-dispersve X-ray andyss (EDX) is used to identify
foreign dements on the surface. Only a depth of about 1 um can be penetrated, so one has to
remove layer by layer to determine the diffuson depth of titanium or other dements.



Alternatively one can cut the materid and scan the cut region.  The titanium layer gpplied in the
high temperature trestment has been found to extend to a depth of about 10 um in the bulk
niobium. The sengtivity of the EDX method is rather limited; a Ti fraction bdow 0.5% is
undetectable.  Auger dectron spectroscopy offers higher sengtivity and usng this method
titanium migration a gran boundaries has been found to a depth of 50-100 um. Hence this
large thickness must be removed from the RF surface by chemicd etching after heet trestment
with Ti getter.

X-ray Radiography

X ray radiography is a method based on the differentid absorption of X-ray radiaion by the
piece being inspected. Vaidions in dendty and thickness or differences in absorption
characteridtics lead to a varying transmission of the X-rays, which can be on filmor by aLC
detector. The advantage of this method is that large samples or complex geometries can be
anadysed. Figure 8b gives an example of Xray radiography. The dark spot corresponds to the
zone of enhanced heeting seen in figure 8a This area has been identified as the quench location
of aniobium cavity.
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Figue 8 (a) Temperaiure map of one cdl of a low quench fidd cavity.
Excessve heating was detected at a localised spot. (b) Pogtive print of an X-ray
radiograph showing the 'hot spot’ as adark point.

X-ray Fuorescence

The narrow-band X-ray beams & HASYLAB and other synchrotron radiation facilities permit
eement identification via fluorescence andyss.  In principle the exiging gpparaius dlows the
sanning of a whole niobium sheet such as used for producing a hdf-cdl, however the
procedure would be far too time-consuming. But in the case of a wel localized quench spot it
can be worthwhile, to cut the cavity and analyse the quench region. This was done for one of
the ealy TTF cavities A quench location as detected by temperature mapping and X ray
radiography (see fig. 8) has been further andysed by X-ray fluorescence. The first spectrum
(solid curve in figure 9) was recorded far away from the bad spot while the second one (dotted
curve) was measured in the middle of the spot. Both spectra display the characteristic X-ray
lines of niobium and tantdum. (Ta-K,1=57.532 keV, Ta-K,2=56.277 keV, Ta-Kp1=65.223
keV). The contents of uniformly dissolved Ta in the Nb sample is 200 - 300 ppm according to
a chemicd andyds. This Ta is respongble for the Ta-K, and K, sgnas obtained avay from
the spot area. But in the middle of the spot the Ta-K,; and K;, signd increase by a factor of 10
which implies a Ta contents of about 3000 ppm, which is far above the tolerable limit.
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Figure 9: Spectrum of K-lines of synchrotron radiation fluorescence in the Ta
spot area (dotted line) and far away of the spot (full line).

Neutron Activation Andyss

The eddy-current scan dlows the detection of foreign materids in the niobium but is not
auitable for identification. Neutron activation anayds permits a non-destructive determination
of the contaminants provided they have radioactive isotopes with a sufficiently long hdf life
Experiments were carried out a the research reactor BER Il of the Hahn Meitner Indtitut in
Berlin. The niobium sheets are exposed to a themd neutron flux of 10° cmi®s? for some 5
hours. The radioactive isotope °*Nb has a hdf life of 6.2 min while '82Ta has a much longer
half life of 115 days Two weeks after the irradiation the %*Nb activity has dropped to such a
low level that tantdum fractions in the ppm range can be identified. Figure 10 shows the
implanted tantalum clugters in the specidly prepared Nb plaie with grest darity. Also the
uniformly dissolved Ta is visble and the inferred concentration of 200 ppm is in agreement
with the chemicd andyds The activation andyss is far too time consuming for series checks
but can be quite useful in identifying specid contaminations found with the eddy-current
sysdem. Ten Nb sheets from the regular production were investigated without showing any
evidence for tantalum clugters.

Figure 10 Ta inclusons as detected by neutron activation method. The Nb test
gheet (265mm x 265mm x 2.8mm) contains implanted tantalum deposits of 0.2
to 1 mm diameter and was used to check the sengtivity of the neutron activation
method.



Production of Nb Cavities

Niobium Specification

The niobium gspecification for the TESLA cavities is liged in Table 1ll. The most important
metdlic impurity in niobium is tantalum, with a typica concentration of 500 ppm. The
interdtitidly dissolved gases (mainly oxygen) act as scattering centers for the unpaired eectrons
and reduce the thermd conductivity. The niobium ingot is out-gassed by severa mdting cycles
in a high vacuum dectron beam furnace. The interditid oxygen, nitrogen and carbon
contamination is reduced to a few ppm. The Nb ingots are forged and rolled into sheets of 2.8
mm thickness. After rolling the Nb sheets are first degreased and cleaned by chemicd etching.
The sheets are then annedled for 1-2 hours a 700-800 °C in a vacuum oven a 10°-10°® mbar to
achieve full recryddlization and a uniform grain sSze of about 50 pm. The finished Nb sheets
are eddy-current checked for defects like cracks or foreign inclusons which might impair the
superconducting properties.

Table Il Technica specification for niobium used in TESLA cavities

Impurity content in ppm (wt) Mechanical Properties

Ta | =500 | H | =2 Resdud resdivity retio RRR = 300

W [=70 |N |=10 gran sze “ 50 um

Ti (=50 [O |[=10 yield srength > 50 MPa

Fe | =30 |C |=10 tendle strength > 100 MPa

Mo | =50 elongation at break 30 %

Ni | =30 Vickers hardness HV 10 =50
Cavity Fabrication

Cavity fabrication by eectron-beam welding of deep-drawn haf-cells is a delicate procedure,
requiring intermediate cleaning steps and a careful choice of the weld parameters to achieve full
penetration of the joints. Fird, two hdf cdls are connected a the iris; the diffening rings are
welded in next. At this point weld shrinkage may lead to a dight distortion of the cdl shape
which needs to be corrected. Particularly criticd are the equator welds, which are made from
the outsde, and a reliable method for obtaining a smooth weld seam a the inner cavity surface
was required. For the TESLA cavity production a two-pass procedure was developed, where
50% of the beam power is applied to the first weld pass, and 100% on the second. In both
cases, a dightly defocused dectron beam rastered in an dliptic pattern is used. The dectron
beam weding technique of niobium cavities has been pefected in indusry to such an extent
that the weld seams do not limit cavity performance below ~30 MV/m.

A chdlenge for a welded condruction is the tight mechanical and dectrical tolerances. These
can be maintained by a combinaion of mechanical and radio frequency messurements on half
cdls and by careful tracking of weld dhrinkage. The procedures established during the TTF
cavity fabrication ae guitable for large series production, requiring qudity assurance
measurements only on asmal sample of cavities.

The TESLA cavities are equipped with nicbium-titanium flanges a the beam pipes and the
coupler ports. NbTi can be eectron-beam welded to niobium and possesses a surface hardness
equivdent to that of dandard UHV flange materid (dainless sted 316 LN/DIN 1.4429).
Contrary to pure niobium, the dloy NbTi (ratio 45/55 by weight) shows no softening after the
heat treatment at 1400°C. O-ring type duminum gaskets provide rdiable seds in super fluid
hdium.



Cavity Treatment

A layer of 100-200 pm is typicaly removed in saverd deps from the inner cavity surface to
obtain good RF performance in the superconducting state.  The standard method applied for
niobium cavities is cdled Buffered Chemica Polishing (BCP), and uses an acid mixture of HF
(48 %), HNO3 (65 %) and H3PO4s (85 %) in the ratio 1:1:2. to 1:1:4. The acid is cooled
(typicdly to 5 °C) and pumped through the cavity in a closed loop. At some laboratories the
cavity is only dipped into the acid. After the chemica etching the cavities are rinsed with ultra:
pure water and dried in a class 100 clean room. The TESLA procedure foresees a subsequent
anneal a 800°C in an Ultra High Vacuum (UHV) oven to out-gas dissolved hydrogen and
relieve mechanica dress in the degp drawn niobium.  In a second UHV oven the cavities are
heated to 1350-1400 °C a which temperature the other dissolved gases diffuse out of the
material, and the residud resigtivity ratio RRR increases by about a factor of two to around
500. To absorb the oxygen diffusng out of the niobium and to prevent oxidaion by the
residua gas in the oven (pressure < 107 mbar), a thin titanium layer is evaporated on the inner
and outer cavity surface (Ti being a stronger getter than Nb). The titanium layer is later
removed by 80 um and 20 um BCP of the inner and outer cavity surface respectively. This
high-temperature treatment with Ti getter is referred to as post-purification. A severe drawback
of post-purification is the condderable gran growth of the niobium: pogt-purified cavities are
vulnerable to plastic deformation and have to be handled with greet care.

After the find heat trestment, the cavities are mechanicdly tuned to adjust the resonance
frequency to the design vaue and to obtan equd fidd amplitudes in dl 9 cdls This is
followed by a light BCP, three steps of high-pressure water ringng (100 bar), and drying in a
class 10 dlean room. Thefind acceptance step isa RF test in a superfluid helium bath cryodtat.

Electrolytic Polishing (Electropolishing)

The Buffered Chemica Polishing (BCP) used & TTF to remove a 100-200 um thick damage
layer produces a rough niobium surface with strong grain boundary etching. An dternative
method is “dectropolishing’ (EP) in which the materid is removed in an acid mixture under
current flow. Sharp edges and burrs are smoothed out and a very glossy surface can be
obtained. The dectropolishing for niobium has been known for many years, it was applied eg.
for the cdeaning of the KEK-TRISTAN resonators. But only recently very remarkable results
with dectropolished dngle cdl resonators pushed further investigations with multi-cdl cavities.
There is hope, that eectropolishing might offer the chance to diminate the 1400° hest
trestment and eventudly relax the specification for the heat conductivity (RRR vaue).

Hydro-Forming of Seamless Cavities

The hydro-forming of a seamless bulk niobium cavity of the TESLA shgpe, with a raio of
equator to iris diameter of about three, is a chdlenging task. Starting from a seamless tube of
intermediate diameter the forming procedure consss of two sages reduction of the tube
diameter in the iris area and expangon in the equator area.

Before a hydro-forming experiment takes place the srain-stress properties of the niobium tube
materid ae determined and the forming process is sudied in a computer smulation. A
hydraulic two-dimensona bulging of a Nb disk into a spherical form is used to derive the
drain-dress diagram.  The numericd smulation of the hydraulic expangon of the tube is made
with the finite element code ANSYS. The cdculaions have been carried out on the bass of the
experimentdly determined dran-dress charecterigtic of the niobium tubes and resulted in a



relation between applied internal pressure againg axid displacement and radius for the hydro-
forming process (19).
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Figure 11: Excitation curve of a TESLA 9-cdl cavity after buffered chemicd
polishing (BCP) and eectropolishing (EP).

A meachine for hydro-forming experiments was built a the INR inditute (Russa) and equipped
with computer control a& DESY. The hydraulic expangon is possble in sepwise as well as in
continuous mode. It was found from tensle tedts that the dongation before necking is dmost
30% higher by gpplication of a pulse technique instead of monotonoudy increasing the diress.
An additiond 10% of strain before necking can be gained by keeping the strain rate below 103
s!. During the actud forming process an interna pressure is applied to the tube simultaneoudy
with an axiad compresson, deforming the tube into an externd mould. The deformation is
controlled by computer, following the theoreticdly determined relation between internd
pressure and axia displacement. In the find Step the cavities are cdibrated in the mould by

increasing the pressure to 1000 bar to obtain high dimensiona accuracy.

Various methods for the production of seamless Nb tubes have been and are being developed in
cooperation with scentific inditutes and industrid companies. pinning, back extruson, flow
forming and degp drawing. A uniform, smal gran and homogeneous texture of the niobium is
required to provide a high degree of plagtic deformability.

Severad dngle cel cavities have been manufectured so far. The developed technique is dso
suitable for multicell cavities, the firg double cdl cavity has recently been made & DESY.
Figure 12 shows two single cdl resonators and the results of a RF test at Jefferson Lab (20).
After dectropolishing the excdlent gradient of 43 MV/m at Q = 1.5-10'° was achieved which
demondtrates the high capability of the hydro-forming process.
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Figure 12: Example of two hydroformed cavities and test results after chemicd
etching (closed circles) and after eectropolishing (open circles).

Conclusion and Outlook

As reault of pioneering work a Corndl and Wuppertd and intendve R&D a severd high
energy physics and nuclear physics laboratories superconducting cavities for accelerators have
become a mature technology. The recent effort of the internationd TESLA collaboration
further pushed the performance of superconducting cavities towards gradients above 25 million
volts per meter. Methods were investigated to considerably reduce fabrication costs.  There
exigs a fruitful discusson with the niobium producing industry to assure the fabrication of high
quality niobium needed for superior cavity performance.

Many laboratories plan their future accelerators on the bass of superconducting cavities, like
light sources or free eectron lasers, spalation neutron sources or rare isotope accelerators.
Lage future inddlaions for fundamentad physcs research like linear colliders or neutrino
factories profit congderably from this technology. It is therefore important to cooperate with
the niobium companies and prepare long term planning on the needs of high purity niobium. In
particular the required 500 tons of Nb for TESLA or the estimated 30 tons for RIA will be a
chalenge for the production.

Acknowledgement
Helpful discusson with and worthwhile exchange of information from my colleagues Hasan
Padamsee, Enrico Chiaveri, Ken Sheppard and Hanspeter Vogel are gratefully acknowledged.

References

(1) Udo Klen, Dieter Proch, Proc. Conf. Future Posshilities for Electron Accderators
(Charlottesville, VA) Ed. J.S. McCarthy and R.R. Whitney, (1989), N1-N17.

(2) TESLA - Technicd Design Report (2001) DESY 2001-011/ECFA 2001-209TESLA
Report 2001-23/TESLA FEL 2001-05

(3 S. Noguchi et d, “Recent Status of the TRISTAN Superconducting RF System,” Proc 4th
EPAC, (London, 1994), 1891-1893.



(4) G. Cavdlai e d, “Acceptance Tests of Superconducting Cavities and Modules for LEP
from Industry,” Proc 4th EPAC, (London, 1994), 2042-2044.

(5) C. Benvenuti e d, “Superconducting Niobium Sputter-coated Copper Cavity Modules for
the LEP Energy Upgrade,” Proc 4th EPAC, (London, 1994), 1023.

(6) B. Dwersteg et a, “Operating Experience with Superconducting Cavities in HERA,” Proc
4th EPAC, (London, 1994), 2039

(7) C. Reece e d, “Peformance Experience with the CEBAF SRF Cavities” Proc. IEEE
PAC, (Dadlas, 1995), 1512.

(8) B.Auneetd, “Superconducting TESLA Cavities,” Phys. Rev. ST Acc. Beams, 3 (2000).

(9) TESLA - Technicd Design Report (2001), Pat Il, DESY 2001--011/ECFA 2001-
209/TESLA Report 2001-23/TESLA FEL 2001-05,

(10) T.E. Mason, The Spdlation Neutron Sources A Powerful Tool for Materiads Research (to
be published in Proc of the PAC 2001, Chicago, 2001).

(11) S Bdomestnykh et d, Running CESR a High Luminosty and Beam current with
Superconducting RF System (Proc EPAC. Vienna, 2000) 2025-2027.

(12) Shintlchi Kurokawa, B-Factory Commissoning and First Results (to be published in Proc
of the PAC 2001, Chicago, 2001).

(13) S. Doebert et d, “Status of the S-DALINAC and experimental developments” Proc 4th
EPAC, (London, 1994), 719-721.

(14) GR. Nel et d, “Sudaned Kilowat Lasng in a Free-Electron Laser with Same-Cdl
Energy Recovery,” Phys. Rev. Lett., 84 (2000), 662.

(15) Guy Savard, The US RIA Project (to be published in Proc of the PAC 2001, Chicago,
2001).

(16) J. Bardeen, L.N. Cooper and JR. Schrieffer, “Theory of Superconductivity,” Phys. Rev.,
108 (1957), 1175.

(17) H. Padamsee, K.W. Shepard, and R. Sundelin, Ann. Rev. Nudl. Sai., 43 (1993), 635.

(18) W. Singer, D. Proch, and A. Brinkmann, "Diagnogtic of Defects in High Purity Niobium,”
Particle Accderators, 60, 83-102.

(19 1. Gonin, H. Kaser, D. Proch, W. Snger, “Finite Element Smulation of the TESLA-
Cavity Hydroforming Process” Proc. of the 7th Workshop on RF Superconductivity, (Gif
sur Y vette, France, October, 1995)

(20) W. Singer, I. Gonin, |. Jdezov, H. Kaiser, T. Khabibuline, P. Knelsd, K. Saito, and X.
Singer, “Hydro Forming of TESLA Cavities & DESY,” Proc. of the EPAC 2000, (Vienna,
Austria, June 2000).




