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ABSTRACT

To fulfill the requirements of TESLA, the superconducting option for future linear
electron-positron collider, a TESLA Test Facility (TTF) is under construction and
commissioning at DESY by an International Collaboration. In this framework an extensive
R&D program started in 1992 at DESY, and worldwide in the different laboratories
participating in the Collaboration, to establish a reliable and cost efficient technology to
industrially produce 9-cell pulsed cavities, at 1.3 GHz, with accelerating field exceeding 25
MV/m. In this paper the outstanding results obtained so far, as demonstrated by vertical
tests and operation in TTF at DESY, are shown. In addition the perspectives of further
improvements emerging from new cavity fabrication and processing techniques under
development by the Collaboration are presented.

INTRODUCTION

A high energy e+e- linear collider with a center of mass energy of 500 GeV and higher
is considered an essential tool to search for fundamental constituents of matter and their
interactions and to address the problem of mass generation in the Standard Model.
Worldwide a number of groups are pursuing different design efforts towards a next
generation TeV Linear Collider. The different accelerator designs can be divided in two
main categories: the high frequency, room temperature approach (NLC, JLC, VLEPP &
CLIC) and the low frequency, superconducting one (TESLA). The combination of high
conversion efficiency from mains to beam power (17-23%), together with small emittance
dilution in the low-frequency (1.3 GHz) superconducting linac, makes the last choice ideal
for an optimum performance in terms of the achievable luminosity [1].

From the work started in 1990 [2], a concept of a 500 GeV centre-of-mass energy
superconducting linear collider emerged, based on 9-cell cavities operating at 1.3 GHz. An
accelerating field of 25 MV/m @ Q=5·109 was envisaged, the expected luminosity being
5·1033 cm-2 sec-1. In 1991 several institutions decided to join the efforts in the TESLA
Collaboration – formally established in 1994 – to set up at DESY the necessary
infrastructure, while building a new generation superconducting linac, that is the TESLA
Test Facility (TTF) [3]. At present, more than 30 institutes from Armenia, P.R. China,
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Finland, France, Germany, Italy, Poland, Russia and USA participate in the TESLA
Collaboration and contribute to TTF.

The conceptual design report (CDR) of the TESLA 500 GeV collider was published in
May 1997 [4] giving a complete description of the machine, including all the subsystems.
Due to the low RF frequency, which implies better emittance preservation, and the long
macro-pulses, a superconducting linac based on the foreseen TESLA technology lends itself
as the best choice for the driver of a X-ray Free Electron laser (FEL), working in the Self-
Amplified Spontaneous Emission (SASE) regime. So that, a SASE FEL user facility has
been included as an integral part of both TTF and TESLA projects [3,4].

With respect to the existing large-scale installations of superconducting cavities (e.g.
LEP and CEBAF), the major challenge for the feasibility of a superconducting linear
collider was to reduce the cost per unit energy gain (MeV) by more than an order of
magnitude. This means both to reduce the cost per unit length and to increase the
accelerating gradient by about a factor of five, to 25 MV/m and more.

THE TESLA TEST FACILITY (TTF)

The TESLA Test Facility (TTF) is under construction at DESY, with major
components flowing in from the members of the TESLA Collaboration. Figure 1 shows the
general layout of TTF Phase I, in Building 28 (Hall 3). It comprises the complete
infrastructure for the treatment, assembly and test of the 9-cell superconducting cavities,
and a superconducting linac, composed by 3 cryomodules with 8 cavities, for an integral
test of the machine critical components. An average cavity gradient of 15 MV/m was the
initial goal, as a first step to reach the design gradient of 25 MV/m required by TESLA.

TTF Phase I is now close to completion and Phase II is under construction. It will
include 5 more cryomodules, of the final TESLA design [5], placed in a building extension
simulating the TESLA tunnel. A 25 m long undulator will be installed ad the end of the
linac by fall 2001, to feed a FEL user facility with photon energies up to 200 eV.

Figure 1. TESLA Test Facility linac (Phase I) and infrastructures at DESY. In the upper part, from right to
left: injector, capture cavity, bunch compressor, first cryomodule, second bunch compressor, string of
cryomodules #2 and #3, three undulator sections, beam analysis and dump. On the lower right: the cavity
preparation infrastructures and the cryomodule assembly station. On the lower left: cryogenics and cavity cold
test area.



The TTF linac

A 4 MeV laser-driven RF photoinjector [6] is producing the TESLA beam, that is a
one millisecond long bunch train with an average current of 8 mA and a bunch charge of 8
nC. The electrons are then captured by a single 9-cell cavity to be injected in the first
cryomodule at an energy of the order of 20 MeV. In 1997 the first cryomodule containing
eight 9-cell cavities with an average gradient of 15 MV/m has been successfully
commissioned while the second module was installed in summer 1998. An important step
toward TESLA specs was made by achieving a minimum cavity gradient of 20 MV/m. Four
cavities actually reached the TESLA goal (25 MV/m). The cavities of the third module,
which has been recently assembled and will be cooled down by end of July, are expected to
operate at an average gradient of 25 MV/m. This module is being installed in place of
module # 1. The old module # 1, renewed in cryogenics and equipped with high
performance cavities, will complete TTF Phase I by the end of the year. By August two
modules together with photoinjector, capture cavity, bunch compressor and a 15 m long
three section undulator will be operated for the SASE FEL proof-of-principle experiment. A
beam energy up to 380 MeV will be available, the same as that originally foreseen for TTF
Phase I with 3 cryomodules.

As stated above, we expect to conclude the installation of Phase II by fall 2001. The
new generation cryomodules [5], which are smaller in diameter and allow for semi-rigid
coupler and superstructures[9] are now in fabrication. The delivery of the first two is
expected this year while a new batch of 24 cavities will be delivered starting January 2000.

The TTF infrastructures

The TTF infrastructure for cavity preparation and test[6], completely operational since
the end of 1995, consists of a complex of clean rooms (from class 10000 to class 10), a
chemical etching facility and an ultra-clean water supply. A UHV furnace is used to
improve the niobium thermal conductivity via heat treatment at 1400 ºC in the presence of
Ti gettering. The last step of cavity preparation consists of a high pressure (100 bar) rinsing
with ultra pure water.

The cavities are first tested in a vertical bath cryostat in superfluid helium at 2 K, the
TESLA operation temperature. High peak power processing [7] as well as temperature
mapping [8] and local RRR measurements through eddy currents can be applied. The 9 cell
structures, once they have passed the vertical test, are welded into the helium tank. The
fully assembled cavity can be tested in a horizontal cryostat in the TTF pulsed power mode
(500 µs rise time, 800 µs flat-top and 10 Hz repetition rate). The performance of the main
coupler, the high-order-mode (HOM) absorbers and the cold tuning mechanism is thus
checked before the cavity is installed into the cryomodule.

Cavity performance can be measured either in the horizontal cryostat or after the
installation into the cryomodule. In both cases the quality factor Q is obtained by measuring
the RF heat load as the difference between total cryogenic losses at 2 K and the static ones.
The TTF cryoplant permits precise heat load measurements at 2 K with a resolution of 50
mW (as a reference, with the TTF time structure, a cavity operated at 25 MV/m and a Q of
1•1010 gives a heat dissipation of 0.9 W).

CAVITY FABRICATION AND PREPARATION

The cavities are fabricated from RRR 300 niobium sheets by electron beam welding
(EBW). Up to now 55 cavities have been ordered to 4 European companies: a first series of
28 in 1994 and a second series of 27, with Nb-Ti flanges, in 1997.



π-mode frequency f                                     [MHz] 1300

Active length L                                           [mm] 1036

Bore aperture                                              [mm] 70

Cell to cell coupling 1.98 %

Full cavity R/Q                                            [Ω] 1036

Epeak/Eacc 2.0

Bpeak/Eacc                                                       [mT/(MV/m)] 4.2

Tuning sensitivity ∆f/∆L                             [kHz/mm] 315

Loaded cavity bandwidth (Qext =3⋅106)       [Hz] 433

Figure 2. Cross section and major design parameters of the TTF cavity. Stiffening rings are shown.

A new order for 24 cavities has being signed and the delivery is expected by January
2000. In parallel 6 special cavities (7-cell) will be fabricated to assemble a
superstructure[9]. A cross section of the TTF 9-cell cavity is shown in Fig. 2, together with
the main design parameters.

At present the cavity fabrication procedure includes the three following basic steps, the
last two driven by the presence of the stiffening rings:

� Complete scanning of the 2.8 mm, RRR 300, Nb sheets by an eddy current apparatus
[10], to discard all sheets with detected, 100 µm size, inclusions or marks.

� EB welding of the deep-drawn half cells to obtain the dumb-bells, including the
stiffening ring. The iris weld is “finished” from inside.

� Completion of the cavity by equatorial EB welds performed from the outside in two
subsequent passes with a fast wiggling beam. This technique[11] was found to be very
powerful in making the welding parameters much less critical.

Once checked for surface status, dimensions and vacuum tightness, the cavity is
delivered to DESY for acceptance tests, treatments, RF measurements and assembly.
Among the large number of steps required[12] to prepare the cavity for vertical test, a
partial, although significant, list is given in the following:

� Removal of 80 µm from the inner cavity surface by Buffered Chemical Polishing (BCP)
and rinsing with ultrapure water, until the output resistivity is higher than 18 MΩ⋅cm

� Removal of 30 µm from the outer cavity surface by BCP.
� Hydrogen degassing and recrystallisation at 800 °C for two hours;



� High temperature heat treatment at 1400 °C (4 hours with Ti gettering) to improve the
niobium thermal conductivity, rising the RRR from 300 to 500-700;

� 80 µm internal and 30 µm external BCP for titanium removal;
� Tuning and field profile adjustment;
� Final 20 µm BCP on the inner surface;
� High pressure (100 bar) ultrapure water rinsing (HPR);
� Drying by laminar flow in class 10 clean room, flange assembly and leak check;
� 2 additional HPR, drying as above and assembling of the input coupler.

VERTICAL TEST RESULTS

RF vertical tests include the excitation of the other 8 modes of the fundamental pass
band, to determine the performance of individual cells. If required to cure field emission
high power processing is applied, while T-mapping and local eddy current measurements
are used to determine defect locations.

By the end of June 1999, 45 9-cell cavities have been tested in the vertical cryostat of
the TESLA Test Facility. The majority of the cavities exceeded the TTF design goal of 15
MV/m and gradients up to 29 MV/m have been reached. Field values up to 35 MV/m (Eacc)
have been achieved in individual cells by mode excitation.

Figure 3 shows the vertical test results of the 16 cavities exceeding the TESLA collider
goals. Note that the cavities showing a Q0 at low field exceeding 2⋅1010 (the BCS value at 2
K) have been measured at a temperature below 2 K. All these cavities have shown a
residual surface resistance of the order of a few nΩ. The majority of them reached their
excellent performance already in the first vertical test. Only occasionally it was necessary to
repeat the last part of the preparation procedure.

The average accelerating field of all 45 cavities measured up to now exceeds 20 MV/m
and that of cavities measured in the last two years is close to 25 MV/m. An overview of the
time dependence of the vertical test results (the best for each cavity) is presented in Fig. 4.
Since 1997, the major fabrication errors have been corrected and all the niobium sheets
used for the cavity production were eddy current scanned.

Figure 3. Vertical test results of the 16 best cavities out of the 45 measured up to now that exceed the TESLA
500 requirements. They are: Eacc=25 MV/m @ Q0=5⋅109 for standard 9-cell cavities and Eacc=21.4 MV/m @
Q0=1⋅1010 for superstructures [9].



Figure 4. Overview of the time dependence of the vertical test results (the best for each cavity) for all 45 TTF
9-cell cavities measured by June 1999.

As said above, four European companies shared the production of the first two sets of
cavities, for a total of 55 plus 2 prototypes. It is important to note that, once the fabrication
errors were corrected, all companies have been able to produce cavities with performances
exceeding the TESLA goals. At the beginning of the production the most crucial step of the
fabrication procedure has been the equatorial weld[12]. Each company had to independently
develop proper tooling and electron beam welding parameters. As a consequence we now
have different possible procedures, all qualified for high field. In particular the final cavity
assembly, by the eight equatorial welds, can be done either welding together one dumb-bell
after the other, or mounting all components in a proper tool and performing the welds in a
single step. Even the machining of the dumb-bell equatorial edges was based on two
different philosophies and both solutions adopted, step like and flat, have proven to be
adequate. At present, if no mistakes are done during the weld preparation or execution, the
weld seam is no longer the region where the possible high field quenches occur. One very
interesting result has been recently obtained with a cavity that had a repair performed on
one of the equatorial welds. This cavity, which was supposed to be limited like the previous
ones with the same defect, reached 27.9 MV/m at Q0=9.7⋅109. In this case the limitation
was the available RF power and no quench has been detected.

HORIZONTAL TESTS AND LINAC OPERATION

After being welded into the Titanium He-tank, equipped with a motorized tuning
system [13], and after the RF power coupler and the HOM couplers have been assembled, a
last test prior to installation into the cryomodule is usually performed in a horizontal test
stand, CHECHIA, designed and built at Saclay. The cavity performance in the horizontal
cryostat in the pulsed mode is generally comparable with the results of the vertical tests
[14], and with the cavity performance in the module. The small differences revealed in



some cases, in both directions, can be interpreted as due to dust particles or to the further
conditioning of the field emission limit respectively.

The average gradient obtained in the 18 cavities tested so far in the horizontal cryostat
is 22.5 MV/m, which does not differ substantially from the average value of 22.3 MV/m
obtained in the vertical tests. One particular case is cavity C23 that reached 33 MV/m in the
horizontal test with a quality factor Q=4·109. In the vertical test, the cavity was limited to 25
MV/m by available RF power [15]. Most of the good cavities are at present limited by RF
breakdown in the main power coupler.

The eight cavities installed in module #1 have been operated with an average gradient
of 15 MV/m and the three best cavities performed close to the vertical test results [14].

The eight cavities installed in module #2 all exceeded 20 MV/m in the vertical test, but
one that was limited at 19.7 MV/m by field emission. Given that no individual cavity test
has been performed in the linac, it is worthwhile noting that, after proper coupler
conditioning, all cavities reached 20 MV/m at full TTF pulse length and repetition rate. No
further gradient increase was possible because of coupler limitations. In particular, after in-
situ high peak power processing (HPP) on one cavity that was showing a very high field
emission, a global RF heat load of 6.5 W was cryogenically measured at 2 K, with all
cavities operating at 20 MV/m. By detuning the cavity that was still limiting the global
performance, the measured RF cryogenic load given by the remaining 7 cavities was
reduced to 2.9 W, which corresponds to an average Q0 at 20 MV/m of 1.3⋅1010, a little
higher than the result from the vertical tests.

The third module has been assembled with cavities ranging from 23 to 28 MV/m, the
average value being close to 25 MV/m. This module, that has been installed in place of
module #1, will be cooled down and tested by the end of July 1999.

R&D ACTIVITIES AND PERSPECTIVES

The R&D activity on superconducting cavity development has grown worldwide in the
recent years. This activity, that is mainly concentrated on the TESLA cavity parameters, is
being done in different laboratories which are either part of the International Collaboration,
or linked to it through specific Memoranda of Understanding.

Two lines can be identified according to the main tasks that are at the basis of the
TESLA activity: field enhancement and/or cost reduction. In the following I just quote
some promising example that can be taken as a reference. For simplicity they are divided in
two subchapters: field emission and Q drop, and alternative fabrication techniques.

Field Emission and Q Drop

Since mid 1997 the average accelerating gradient of the tested TTF cavities exceeds
the TESLA goal of 25 MV/m. Applying the present fabrication and processing technique
developed at TTF we are now routinely obtaining cavities which exceed 20 MV/m, at
Q=1010, without field emission. Above this field level, Q starts to drop and x-ray, associated
with electron emission, are usually observed. The improvement of the EB welding
technique, associated with 1400 ºC Ti-gettering and eddy current scanning of the niobium
sheets, has raised the quench limit above the present Q drop and field emission limits.

Efforts are undertaken to further reduce field emission by improving of the HPR
system and the in-situ dust particle control during assembly in the clean room. Nevertheless
in the few cavities not limited by field emission the performance is limited by a different Q
drop, with no electrons, of the type first observed in single cell cavities at Saclay [16]. This
phenomenon has different interpretations but seems to be intrinsically related to the actual
processing procedure, based on the buffered chemical polishing (BCP).



Using commercial high purity Niobium, by different suppliers, outstanding results
have been obtained at KEK with a different processing technique based on electropolishing.
A number of single cell cavities reached accelerating field up to 40 MV/m with a moderate
Q drop starting above 30 MV/m [17]. Since this technique could have good potentiality for
TESLA, both for field enhancement and cost reduction, an R&D activity in this direction on
single and multi-cell cavities was started in collaboration with KEK, CERN, Saclay and
industry. Recent results on multi-cell cavities at TJNL and KEK have shown that the
extrapolation of the technique developed for single cell to multi-cell cavities needs further
investigation. The cavity prototype P1 (Fig. 3) has been sent to KEK for electropolishing.
Up to now, after two steps of moderate electropolishing, the cavity is still limited by quench
at 22 MV/m. Figure 5 compares the recent KEK results with those obtained at DESY.

Figure 5. Preliminary results obtained at KEK with a 9 cell cavity prototype from DESY.

Alternative Fabrication Techniques

The aim of cutting cavity costs in the large scale production foreseen for TESLA drove
an important R&D activity to find new cheaper techniques for cavity fabrication and
stiffening. Two lines are being pursued:
• seamless Nb cavities, by spinning or hydroforming, to eliminate the equatorial welding

and to slightly reduce the required niobium inventory [18];
• external thick coating of a thinner niobium cavity, to reduce the niobium inventory and

mainly to perform the cavity stiffening, required to counteract the Lorenz forces in
pulsed operation, at a lower cost[19].

The first line is pursued at DESY, INFN LNL, and Saclay. The results obtained so far are
now approaching those of welded cavities and the application to multi-cell cavities is well
advanced. At present the main limitation is still the need, for high performance, of a very
deep internal surface removal (> 500 µm) to eliminate the damaged layer. A mono-cell
cavity spun at LNL, while treated and measured at TJNAF, reached 33 MV/m, after a total
removal of about 700 µm from the internal surface by alternating grinding and BCP [20].

The second line, proposed by IPN Orsay, using standard plasma jet spray of copper,
gave initial very promising results and is now pursued in collaboration with DESY, INFN
Milano and a few other partners. Different coating techniques and materials are being
considered and extensive tests are under way for thermal and mechanical properties.



SUPERSTRUCTURES

Following an idea of Jacek Sekutowicz, since 1997 a growing effort is dedicated to the
development and test of superstructures, which could be a challenging alternative to the
present 9-cell cavities for the TESLA collider [9].

In the TESLA design [4], for a cavity accelerating gradient of 25 MV/m, the average
energy gain produced by a cavity string is limited to 17.8 MeV/m because of the relatively
poor cavity filling factor, 75%, defined as the percentage of the cavity active length with
respect to actual cavity length. This value comes from the fact that the number of λ/2 cells
per cavity is 9 and the cavity separation is 3λ/2.

The proposed superstructure scheme is based on sub-units, called superstructures,
made of four 7-cell standing wave cavities, coupled together through an enlarged λ/2 long
beam pipe. The superstructure is fed by a single main coupler, while each 7-cell sub-
structure needs an independent tuner. Five HOM couplers are envisaged for the
superstructure and the risk for trapped modes is reduced. Applying the same criteria for the
definition of the filling factor, with the new scheme it will grow from the present 75% to
about 83%. This important saving may be spent either to increase the final energy for the
same cavity gradient or to reduce the required gradient for the same energy. In addition to
the increased cavity filling factor, some other advantages are expected, among then I wish
to quote:
• the number of main couplers is reduced by a factor of more than 3 and the power

distribution is simplified;
• the unflatness of the accelerating field, for the same geometrical errors, is reduced

because it scales as the square of the number of cells (7 instead of 9).
The experimental results obtained with a warm model of the superstructure have been very
encouraging and the expected RF behavior in terms of filling time, field distribution and
sensitivity has been confirmed. Figure 6 shows the simplified design of the actual
superstructure being ordered, to be made according to our standard fabrication and
processing technique. In particular, to be compatible with the actual infrastructures at
DESY, a flanged solution has been preferred, with respect to the final welded one, to
connect together the four 7-cell sub-structures that constitute the superstructure prototype.
We expect to start the cold RF measurements with beam, in a modified TTF cryomodule,
by the end of 2000.

Figure 6. Simplified mechanical drawing of the niobium superstructure whose design has been completed and
is being ordered in July 1999, to be cold tested by the end of 2000. An enlarged view of the two types of 7-cell
sub-structures is shown in the lower part of the figure. While in the eventual final design the four 7-cell sub-
structures should be welded together, we preferred the flanged solution for the prototype.

Sub-structure Type 1 Sub-structure Type 2



CONCLUSIONS

The results obtained so far in the framework of TTF are very encouraging and the
technical possibility to build TESLA is becoming a reality. In particular the cavities are now
routinely reaching the TESLA requirements and no degradation of cavity performance is
found between vertical test, horizontal test and linac operation. Recent results and ideas
show that even higher fields can be probably reached in the near future.
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