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ABSTRACT

A principal goal of the ongoing TESLA superconducting linac project is the
production of affordable cryostats that still meet stringent requirements for alignment,
vibration and heat leak. Each cryostat contains 8 superconducting RF cavities cooled to 1.8
K, a quadrupole magnet package cooled to 4.5 K, thermal shields cooled to 70 K and 4.5 K,
active and passive magnetic shielding, cryogenic service pipes and all associated
instrumentation. The axes of the 8 cavities must be aligned to the ideal beam axis to within
± 0.5 mm and those of the quadrupoles to within ± 0.1 mm. Additionally, the vertical mid
plane of the quadrupole package must be aligned to the vertical direction to ± 0.1 mrad.
These alignments must remain fixed after cool down and during operation. The cryostat
must be designed so that there are no resonant vibration modes near the 10 Hz operating
frequency of the accelerator. Although dynamic loads associated with the operation of the
RF and the beam dominate the heat load, reasonable efforts to reduce the static heat leak
into the cryostat are necessary.

The first of these cryostats has been tested in early June, 1997. This paper reports on
the assembly of the cryostat and its performance during cryogenic and beam testing.
Alignment, heat leak and vibration data are among the results discussed. The impact of the
cryostat on the performance of the superconducting cavities is reviewed. Planned
improvements in the cryostat design are also covered.

INTRODUCTION

The cryomodule is the principal building block of the proposed TESLA
superconducting linac1. The cryomodule contains 8 superconducting RF cavities plus, in
many cases, a superconducting quadrupole package. Cavity support, alignment, cooling and
thermal insulation are all provided by the cryomodule. In addition, the cryomodule must
provide feedthroughs for the RF power and instrumentation, as well as connection to
adjacent cryomodules or to cryogenic supply lines. One of the goals of the TESLA project
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is to reduce the cost of the cryomodules. Thus, the design must be made as cost effective as
possible, while still meeting its operating requirements. These factors implied the need for
building and testing a prototype cryomodule.

In the first half of 1997, the first cryomodule was assembled and tested. By mid July,
1997, the cryomodule had been cooled down twice. It will remain at cryogenic temperatures
until September, while additional tests on the superconducting cavities, as well as
additional cryogenic measurements, are made. Figure 1 shows a cross section of this
cryomodule. The superconducting cavities and quadrupole package are attached to a 300
mm outer diameter gas return line that acts as the structural backbone for the cryomodule.
This pipe is attached to three vertical posts, which in turn connect to the top of the vacuum
vessel. The cryomodule also includes two actively cooled thermal radiation shields at
approximately 70 K and 4.5 K. The cavities are bath cooled in He II at 1.8 K and the baths
are fed by a two–phase He II flow in the pipe connecting the cavity helium vessels. The
quadrupole is cooled by 4.5 K helium. Details of the cryomodule design have been
previously published2.

The cryomodule is tested in the TESLA Test Facility (TTF) linac. The front of the
module is attached to a feedcap which provids the link to the cryogenic supply. The module
is closed off at the downstream end by an endcap which seals off the vacuum space and
turns around all the cryogenic flows.

CONSTRUCTION EXPERIENCE

The construction of the first cryomodule was challenging, as it brought together
components from five different laboratories in four different countries. A great deal of
planning was done to ensure that there were no mechanical interferences between the
various pieces. The assembly of the first cryomodule began in January, 1997 and lasted 8
weeks. The work was performed by technicians and engineers from INFN and DESY.
Typically, five people worked on the assembly at one time with additional specialists called
in as needed. In order to avoid problems, the assembly was carried out using a detailed
written procedure. This procedure was altered as the circumstances dictated. The assembly
was extensively documented using written records, photographs and videotapes.

Figure 1. Two cross sections of the first TESLA Test Facility (TTF) cryomodule.



Work began after the string of eight cavities and one quadrupole package was brought
out of the clean room. At that point, the beam line components had been connected together
and filled with clean Argon gas, at a pressure slightly above 1 bar. The first step was to pre-
align the cavities and quadrupole to within 2 mm of their desired position. This was done to
facilitate welding of the cryogenic two–phase line connecting the cavity helium vessels.
After this welding was complete, the line was tested and found to be leak tight. Next,
thermometers, accelerometers, cables, and alignment targets were added to the cavities.
Multilayer insulation (MLI) and magnetic shields were added to half of the cavities. Two
different designs of magnetic shielding have been used in this first cryostat. This means that
half of the magnetic shields were installed before the cold mass was attached to the cavity
string, and half after the attachment.

Next, the cold mass was placed on the assembly tooling above the cavity string. The
three support posts of the cold mass were aligned so that the He Gas Return Pipe (HeGRP -
a 300 mm tube which provides the structural backbone for the cryomodule) was level,
straight and aligned with the reference beam axis. The cold mass was then carefully lowered
onto the cavity string. The cavities and quadrupole were attached to the cold mass using
either the final supports or temporary supports in the case of those cavities whose magnetic
shielding had not yet been installed. The assembled cold mass and cavity string was then
lifted off the string support carts. A precision screw gear linkage system in the assembly
tooling enabled this movement to be done without any damage to the cavities. At this point,
the cavity tuner linkages and motors, remaining sensors and cables, and remaining cavity
MLI and magnetic shielding were installed. The final supports were attached to the cavities
and all temporary supports removed. The system was now ready for final alignment.

It was decided early on, that for this first cryomodule, we would have been satisfied if
the cavities could have been aligned to within 0.5 mm of their ideal position and the
quadrupole to within 0.2 mm. For all components, we required that the roll about the beam
tube axis be zero. This decision was based on a desire not to damage the cavities by trying
to meet a alignment tolerance that was not needed for this first prototype. The cavities and
quadrupole were aligned one by one to the ideal beam axis. It was found that the tightening
of the supports after the alignment alters the alignment. Thus, it was necessary to measure
the alignment after the supports were tightened and realign the components as needed. The
entire alignment process took about 3 days. Experience with the first cryomodule gives us
confidence that the initial alignment of components in future cryomodules will meet the
TESLA alignment tolerances (0.5 mm for the cavities and 0.1 mm for the quadrupole in the
horizontal and vertical directions and a roll of 0.1 mrad for the vertical midplane of the
quadrupole). Adjustment screws with finer threads will be used in future modules to
simplify the alignment. The impact of transport, vacuum pumping and cooling on alignment
is discussed below.

After the alignment was finished, the beam tube vacuum was leak checked to insure
that the alignment procedure did not break the beam tube vacuum. No leaks were found.

The cold mass assembly was then transported to another assembly position where the
INFN developed wire alignment system (WPM)3 was installed and tested. This system was
developed to measure alignment changes during operation of the cryomodule. Also at this
location, the 4.5 K cooling lines were welded to the quadrupole package and this circuit was
leak checked.

The cold mass assembly was then moved to its final assembly position. Here, the
remaining 2 K MLI was installed along with the 4.5 K thermal shields, the 4.5 MLI, the 70
K thermal shields and the 70 K MLI. Next the 300 K vacuum vessel was slid over the cold
mass assembly and the cold mass support posts were attached to the vacuum vessel. The
support posts were then realigned in such a way as to bring the HeGRP, and thus the
cavities and quadrupole, back into alignment with the ideal beam axis. The support post



references were next transferred to references on the vacuum vessel so that aligning the
vacuum vessel on the linac brought the cavities into the proper position.

Lastly, the warm portion of the main couplers were installed and leak tested. All
instrumentation cables were brought out the appropriate ports and an instrumentation check
was performed. At this point, the module was ready to be installed in the linac.

After aligning the module in the linac, the beam tube and cryogenic lines of the
module were connected to the feedcap and endcap. All lines were vacuum leak checked. 70
K and 4.5 K thermal shields and MLI were added to the interconnect spaces between the
module, feedcap and endcap. The outer vacuum jackets of these interconnects were closed
and the isolation vacuum was pumped down and leak checked. The main couplers were
attached to the 300 K RF wave guide and the current leads from the quadrupole package
were attached to the power supplies. All instrumentation cables were connected to the
module and a final instrumentation check was made. The module was then ready for
cooldown. Figure 2 is a photograph of the complete cryomodule while inserting in the linac,
to be connected to the feedcap and endcap. The endcap is also visible in the right side of the
photograph.

The module assembly went quite smoothly and no major problems were seen. It was
necessary to adjust the holes in the magnetic shields and in the thermal shields to fit the
actual equipment used. These changes were recorded so that in the next module the proper
holes will already be in place. The majority of temperature sensors that were placed
between the cavity vessels and the magnetic shielding were not working after the
completion of the assembly. This was thought to stem from the tight clearance between the
vessel and the shielding. In future modules, the sensors will be moved to locations outside
the magnetic shield which should fix this problem. Minor tooling changes, such as the way
in which the couplers are supported during assembly, are planned to simplify the cryostat
assembly .

Figure 2. Photograph of the complete cryomodule during placement into the linac. The cryomodule will next
be connected to the feedcap and endcap. The endcap is visible in the right side of the photograph.



COOLDOWN BEHAVIOR

Once installed into the linac, connected to the ancillary equipment and sealed, the
cryomodule pump down started on May 14. The insulation vacuum had been pumped for a
week before starting the cool down procedure on May 22. As planned, cavities were cooled
through the cool down - warm up tube, in parallel with the 4 K shield, the fluid temperature
being controlled to limit the maximum temperature difference inside the structure to 50 K,
as suggested by the FEM calculation. A decreasing fluid temperature is obtained by mixing
warm He gas to the cold box 4 K output. Cooling of the so called 70 K shield is performed
via a second cold box output.

In the first cryostat design, the two radiation shields are cooled by copper braids,
connected between the shield cooling tubes and the upper center line of the shields. This
scheme prevents the development of high gradients in the shields regardless of the coolant
temperature, because the heat flow is limited by the braids thermal conductivity.
Nevertheless a cool down procedure, based on a coolant flow with decreasing temperature,
is mandatory for a safe cooling of the cavity string.

Figure 3 shows the effect, as detected by the Wire Position Monitors (WPM), of a fast
cool down performed on the cavity string, to check the possibility of preventing hydrogen
driven Q disease in unbaked cavities, by a fast crossing of the 100 K region. The large
bending was produced by the thermal conductivity of the cavity supports versus the lower
part of the He gas return pipe (HeGRP), whose cool down was much slower. FEM
simulations demonstrated that an average difference of 8 K between the lower and the upper
temperature of the HeGRP is enough to produce this effect. This experience showed that a
precooling to 100 K (instead of 130 K) of the HeGRP would have prevented this effect that,
in any case, has been completely recovered once the final temperature is reached.

From the experience gained during the first cool down, a better procedure has been
defined for the module cool down and warm up. This procedure was successfully followed
at the beginning of July, after a good month of linac operation to set the RF system,
accelerate the beam and measure the cryogenic performance of the cryomodule.

A general overview of the warm up and cool down procedure, as applied at the
beginning of July 1997, is presented in Figure 4. In particular the two upper curves show, as
a function of time, the input temperatures of the cooling Helium, after the mixing with the
warm gas and before the entrance in the cryomodule, respectively for the 70 K (left) and the
4K (right) circuit. In the lower part of the same Figure 4, the behavior of the two worst
temperatures in the shields are presented, to be respectively compared with their upper
curves, to have a figure of merit of the instantaneous maximum gradient in the shields.
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Figure 3. Taking as a vertical reference the stable cold position after the first cooldown (7/1/97), the solid line
(5/21/97) shows the maximum vertical bending of the cavity string during the fast cool down.



Figure 4. Temperature curves during the warmup and cooldown performed at the beginning of July. The two
upper curves show, as a function of time, the input temperatures of the cooling Helium, after the mixing with
the warm gas and before the entrance in the cryomodule, respectively for the 70 K (left) and the 4K (right)
circuit. The two lower curves, to be compared with their upper curves, show the behavior of the worst
temperature in the two shields respectively.

Given the coolant temperature, the instantaneous distribution of the temperature on the
two radiation shields was verified to be in accordance with that anticipated by the FEM
calculations5, performed with the code ANSYS. As a consequence we conclude that, during
warm up and cool down, the two shields behave as computed. The local stresses and overall
deformations stay well inside the safety limits, both for tensile stress and geometrical
interference.

The maximum vertical displacement of the cavity string during warmup and the
second cooldown is shown in Figure 5, the curves being referred to the stable cold position.
The final position, once cold, is also shown to have a figure of merit of the alignment
reproducibility after a warmup - cool down cycle.
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Figure 5. Maximum vertical displacement of the cavity string during warmup (7/2/97) and the second
cooldown (7/8/97), referred to the stable cold position (7/1/97). The final cold position (7/11/97) is also
shown to have a figure of the alignment reproducibility after a warmup - cool down cycle.



HEAT LEAK RESULTS

Table 1 compares the measured and expected static heat leak values for the 70 K, 4.5
K and 1.8 K temperature levels. The 70 K and 4.5 K results were found by measuring inlet
and outlet temperatures and pressures, calculating the change of enthalpy and multiplying
by the measured mass flow rate. The 1.8 K result was found by measuring the mass flow
rate at the pumps and then correcting this by the amount of vapor that was generated by the
J - T expansion at the inlet to the two–phase line. This adjusted mass flow rate is then
multiplied by the latent heat of helium at 1.8 K.

Table 1. Comparison of Measured and Predicted Static Heat Leaks
Temperature Level Predicted Static

Heat Leak ( W )
Measured Static
 Heat Leak ( W )

70 K 76.8 90
4.5 K 13.9 23
1.8 K 2.8 6

It is seen that in all cases the measured static heat leak is significantly higher than
predicted. However, most of the discrepancy can be traced to the additional instrumentation
necessary for this first cryomodule. For example, the 150 coax cables needed for the
stretched wire system contribute about 1.5 W total, most of which goes into the 1.8 K
space. There is also the heat leak to 1.8 K from two quartz windows that connect the 300 K
space with the 1.8 K space. These windows are required for the optical alignment
measurements and will not exist in future modules. These windows also allow some
additional heat leak onto the 4.5 K shields. Sensors mounted on the 4.5 K shields show a
local hot spot where the several hundred instrumentation cables are heat sunk. All these
cables also will not exist in the final design. This effect is shown in Figure 6. It can be seen
that, on the right side, the temperature of the 4.5 K shield is substantially higher, with
respect to the average temperature. The additional heat leak to the 70 K level is in part due
to the manner in which some of the MLI at the main couplers was installed. This procedure
will be changed in the next cryomodule. Moreover we note that the operating temperature
for the 70 K shield is lower (see Figure 6).

The heat leak measurements will be repeated later in this run and additional
measurements will be made with later cryomodules to ensure that the heat leak meets the
design requirements.

Figure 6. Control system screenshot, relative to the two shields when cold and stable. On the right side, the
temperature of the 4.5 K shield is substantially higher, with respect to the average temperature.



ALIGNMENT RESULTS

The general criterion adopted for TTF to have the active elements (quadrupoles and
cavities) aligned once cold is to align them warm, when attached to the HeGRP, the last
being pre-aligned and referred to the three Taylor-Hobson spheres on the suspension posts.
In this way, in principle, the cavity string (including the quadrupole package) is referenced
to the external reference, given by the Taylor-Hobson spheres, and the alignment can be
finally recovered just aligning the external reference. Before pumping the insulation
vacuum the posts are no longer accessible and the external reference is transferred to a
similar one, attached to the vacuum vessel.

This philosophy is based on three main assumptions, supported by extensive FEM
calculation, namely:

1. all the connections and fixtures among components are stable against movements and
thermal cycles;

2. no asymmetric forces act on the supporting HeGRP when the system is under vacuum
and cold.

3. all the strains in the components, which perform a thermal cycle, produce stresses well
below the yield limit and no hysteresis is expected;

The experience gained so far, analyzing the data from the WPM system and comparing
them with those given by the measurements with the optical targets, shows that in this first
cryomodule the alignment reproducibility, from warm to cold, while acceptable for TTF,
has to be improved to meet the TESLA requirements.

In particular, no hysteresis on the HeGRP has been detected, but some improvement
on the next cryomodules has to be included in respect to the first two assumptions. Namely
the fixture and support settling was not complete when the cavity string was connected to
the HeGRP and an asymmetric force is produced, when cold, by the cryogenic connection
to the HeGRP at the feedcap region.

As a consequence of the first of these two effects, we detected a small change (<
0.5mm) in the distance between the beam axis and the external Taylor-Hobson reference,
associated with a minor waving, after the cold mass transportation. A similar permanent
effect, but smaller, was also detected after the first thermal cycle, which includes pumping
and cooldown.

The effect on the alignment due to the presence of asymmetric forces acting on the
HeGRP, in the feedcap region, when cold, is shown in Figure 7 and 8, where the cavity
string line is compared in different situations, respectively for the horizontal (X) and
vertical (Y) plane. The presented curves are obtained by the WPM data and include the
expected parallel vertical displacement, induced by the thermal shrinkage.

Conversely, as stated above, the reproducibility between two successive cooldowns
has been checked to be very good, as can be seen, for vertical displacement, in Figure 5,
where the bold solid line has to be compared with the reference one.

An all internal and simplified WPM system will be designed soon to be installed in the
next two cryomodules string, to check the effect of the planned improvements to preserve
the warm to cold alignment.

A preliminary analysis of the data from WPMs3 shows a very small amplitude system
vibration at 13.4 Hz. This vibration has a stable frequency, but its amplitude varies at each
measurement, while being always less than 10 µm. Further analysis are needed to better
understand the phenomenon, even if negligible.
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Figure 7. Displacement, in the vertical plane, of the cold cavity string (7/1/97), referred to the position
measured before the first pumping and cooldown (5/14/97).
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Figure 8. Displacement, in the horizontal plane, of the cold cavity string (7/1/97), referred to the position
measured before the first pumping and cooldown (5/14/97).

PLANNED CHANGES IN FUTURE CRYOMODULES

The experience in the construction and operation of the first cryomodule has led to
changes in the design of the future cryomodules. Some of these changes are relatively
minor, such as slightly changing dimensions in the magnetic shields and thermal radiation
shields to avoid interferences, adjusting the dimensional tolerances and using finer
adjustment screws for cavity alignment. Other changes, however, are quite significant.

The most important design change for the next two cryomodules occurs in the thermal
shields. In the first cryomodule, the shields are connected together with screws and cooled
by copper braids attached to the cooling pipes. This method is both expensive and labor
intensive. In future cryomodules, the shield cooling will be done by aluminum cooling
tubes welded to the shields and the shield pieces will, for the most part, be welded together.
Further details on this design change are reported elsewhere in this conference4.

In cryomodules number 4 and beyond an additional design change is envisioned. The
76 mm O.D. two–phase line will be eliminated and the 300 mm O.D. line will contain a
stratified two–phase flow providing both liquid supply and gas return. This change will
further reduce the cost of the cryostat. Conceptual design of these cryomodules is underway
now. Theoretical and experimental investigations of He II two–phase flow in support of this
design are also planned.



CONCLUSIONS

The assembly and performance of the first TTF cryomodule has been quite gratifying.
The assembly went smoothly and performance of the module has permitted the necessary
superconducting RF cavity and beam experiments planned for the first phase of the TTF
linac. The instrumentation in the cryomodule has indicated two areas of concern. The most
important is the change of cavity alignment with transport, vacuum pumping and cooldown.
Experiments are planned on the second and third cryomodules to try to understand and
eliminate this problem. The higher than expected static heat leaks are also of concern.
While it is expected that the additional heat leak is mainly due to the presence of various
diagnostics, that are not planned for the final cryomodules, this hypothesis needs to be
experimentally verified.

Additional modifications of the cryomodule design to simplify production and reduce
the fabrication cost are also planned4.
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