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8 Infrastructure and Auxiliary Systems

8.1 Introduction

Different conventional facilities have to be set up for TESLA. This chapter describes the
buildings and infrastructure, which are necessary for the construction and operation
of the Linear Collider and the integrated X-ray Free Electron Laser facility. Radiation
safety aspects are also discussed (section 8.3). Tunnels must be constructed to house the
linear accelerators and the beam distribution system of the X-ray lasers. Underground
buildings are needed for the High Energy Physics detector and the beam absorbers. The
helium plants (section 8.7), the cooling water supply (section 8.5) and the modulators
for the klystrons are, as the X-FEL experiments, in halls above ground. In addition
halls have to be built for the tests of various components. In total eight new areas
outside of the DESY site are necessary for TESLA.

Before describing the different buildings and plants some basic considerations will
be made.

There is a consensus in the TESLA collaboration that the Linear Collider and
the X-ray FEL facility must be built at an existing laboratory to make optimal use of
available know-how and infrastructure. In the 1997 Conceptual Design Report two sites
had been presented, Fermilab and DESY. This report describes the civil engineering
of the TESLA facility at DESY in Hamburg as a detailed layout. The resulting costs
are site dependent. The selected site is favourable with respect to costs as the area is
flat, and the soil conditions are well suited for a tunnel boring technique.

TESLA is a Linear Collider with one head on collision point for the annihilation
of electrons and positrons. However, an option for a second interaction point with a
crossing angle of 34 mrad is included. This experimental section is intended either for
electron-positron and electron-electron collisions or for photon-photon collisions. The
first section of the electron accelerator is used for the integrated X-ray laser facility.
As a further option HERA could be operated as a stretcher ring for nuclear physics
experiments, using part of the electron linac as an injector (see chapter 4 in part VI).
Additionally the positron linac could be operated as an accelerator for electron scat-
tering experiments at a gas target similar to the HERMES experiment at HERA (see
chapter 3 in part VI). A future option is the collision of protons stored in HERA with
electrons accelerated in both TESLA linacs with a three to five times higher centre of
mass energy than today (see chapter 2 in part VI). For this option TESLA must be
orientated in the direction of one of the HERA straight sections. From these consider-
ations it was concluded that the tunnel starts on the DESY site and runs in direction
North-Northwest, parallel to the straight section West of HERA.
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Figure 8.1.1: Schematic layout of the TESLA facility.

By far the largest building element is the main tunnel for the accelerators, beam
lines and the various auxiliary components like klystrons, waveguides, power supplies,
cables, electronics racks and water distribution. This tunnel has a total length of
about 33 km and is built by a Tunnel Boring Machine (TBM). This technique is the
same method as uses for the HERA tunnel. Tunneling has the smallest impact on
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the existing surface buildings and infrastructure and on the natural environment. The
technique is ideally suited for the soil conditions (mainly sand along the entire length
of the linac). The inner diameter of the tunnel is 5.2 m. This size is the result of an
optimisation process between the required space for installations and the construction
costs, part of which scale linearly with the tunnel diameter.

Four additional tunnels with 3 m diameter and 1 km length each are needed for the
return arcs of the damping rings.

An underground experimental hall for the Particle Physics detector is located on
the campus in the centre, which also accommodates the X-ray laser facility and some
additional office buildings and workshops.

Seven cryogenic plants are distributed along the main tunnel, four for the southern
electron linac and three for the northern positron linac. This asymmetry is due to the
operation of the FEL facility.

In 1998 the two federal German states “Freie und Hansestadt Hamburg” and “Land
Schleswig-Holstein” passed a law to create the planning basis for the construction and
the operation of TESLA. The legal procedure in Germany is known as ‘Planfeststel-
lungsverfahren’.

8.2 Site Layout and Civil Construction

8.2.1 Overall layout

The linac tunnel, including the beam delivery system, has a total length of about
33 km and is straight in the top view. In the side view the tunnel is mainly horizontal.
This means it follows the curvature of the earth surface. Due to the constraint for the
electron proton option the tunnel runs parallel to the HERA straight section West. The
tunnel starts on the DESY site to make use of the existing infrastructure. Figure 8.2.1
shows an overall view of the Linear Collider site. From DESY close to the border of
Hamburg the tunnel crosses the whole county of Pinneberg. Over a large fraction, the
tunnel runs parallel to the motorway A23 from Hamburg to Itzehoe. The end of the
tunnel is near the village Westerhorn. The tunnel starts laterally shifted beside the
HERA hall West and bends with a radius of 500 m after several hundred meters into
the main direction. The initial section of the tunnel houses the injectors for the High
Energy Physics and X-FEL operation. The machine runs under two districts in the city
of Hamburg and fifteen towns and villages in the county of Pinneberg. The campus in
the centre of TESLA is south of the village Ellerhoop. An underground experimental
hall for the particle physics detector and two underground halls for the beam dumps
are located in this area. The site also accommodates the X-FEL underground beam
distribution system and experimental hall, which is above ground.

Seven cryogenic halls are distributed along the main linac tunnels. They are con-
nected to the tunnel via shafts. One plant can supply a 5 km long tunnel section. In
the first part of the electron linac the heat load is higher than in the rest of the machine
due to the additional acceleration of an electron beam for the X-FEL operation. Here
a cryogenic plant supplies only a 2.5 km long tunnel section. This is the reason for the
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Figure 8.2.1: Site map of the Linear Collider and X-FEL at DESY in Hamburg.
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Figure 8.2.2: The various stations along the TESLA site.
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Figure 8.2.3: Elevation of the linac tunnel.

asymmetric distribution of the cryogenic halls along the TESLA route, namely four
halls in the south electron linac and three in the north positron linac.

Each tunnel section ends in a shaft. In Westerhorn, at the end of TESLA, an
entrance hall comparable to an external HERA ground building covers the shaft. The
hall has 20 m× 20 m floor space and 10 m height. The cryogenic halls cover the other
shafts. Some shafts serve also as a connection for the damping ring return arc to
the main tunnel. All shafts can be used for mounting and dismounting of the Tunnel
Boring Machines (TBMs) and for access to the tunnel during machine installation
and maintenance. Further temporary shafts are necessary for the connection of the
damping ring return arcs and for the beam delivery to the X-FEL laboratory.

The main part of the tunnel is bored in quaternary sand and a smaller part is
in marl. The whole tunnel is below the ground water table over nearly the entire
length. With the well-proven tunnel boring technology buildings at the surface remain
completely unaffected.

The interaction point HERA West is about 20 m above sea level. The axis of the
linac tunnel lies at 8 m below sea level. Additionally, the HERA plane is tilted by
1 % and the straight section HERA West has a vertical slope of 8 mrad. The tunnel
follows the slope for about 3 km and then bends with a radius of 5 km into the horizontal
direction at 8 m below sea level. In figure 8.2.3 the elevation of the linear collider tunnel
is shown. The thickness of the ground above the tunnel is between 7 m below the level
of the Pinnau and 23 m between Borstel-Hohenraden and Kummerfeld, sufficient to
guarantee radiation shielding.

A special situation is given in the village Rellingen about 8.5 km away from DESY.
In Rellingen the TESLA tunnel runs directly under an 18th century church. The tower
was founded on much older buildings and the church is a historical monument. The
distance between the top of the tunnel lining and the church foundations is 14 m. This
is a very safe distance for a tunnel construction by a TBM in soil. Nevertheless it
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was investigated whether there could be any risk to the ancient building [1], [2]. As a
reference the motion of the church will be monitored starting in 2001.

8.2.2 Main tunnel

The inner diameter of the main TESLA tunnel is 5.20 m as at HERA. The achievable
precision of a bored tunnel with this diameter is about 10 cm in the transverse direc-
tions. Therefore a diameter of 5 m can safely be used for the installation of machines
and beam lines. The tunnel will be bored with a tunnel boring machine and lined
with precast watertight concrete segments called tubbings. The TBM will be similar
to the HERA boring machine. A cutting head rotates in a compartment filled with
a pressured liquid called bentonite. The bentonite suspension resists the soil and hy-
draulic pressure to avoid displacements on the surface above the tunnel. The liquid
also stabilises the sand in front of the boring machine and transports the soil, which
is removed by the rotating cutting wheel. Above ground the soil is separated from the
bentonite. The regenerated suspension is pumped back to the machine. In the steel
cylinder behind the milling wheel (called the shield) a complete tunnel ring is assem-
bled from tubbings 30 cm thick and 1.20 m long. A ring consists of seven tubbings and
has a weight of 15 t. The diameter of the wheel is 6 m. The slit between the soil and
the tubbings will be filled with concrete. Minimal settings on ground are not avoidable
but are below 1 cm.

Based on HERA experience the TBM speed is assumed to be 10 m per day on
average and 14 m per day maximum. The machine will run 24 hours a day, five days a
week, 250 days a year: hence one TBM will bore 2.5 km of tunnel per year. With four
machines running in parallel the total tunnel construction time will be about 3.5 years.
Twenty trucks per day per access shaft will be required to transport the earth away;
eight trucks per day are required to deliver the tubbings.

During the installation time and the shut down periods the whole tunnel will be
ventilated with dried air. The ventilation will be stopped during accelerator opera-
tion. For smoke exhausting the ventilation can be sped up, reversed and exhausted at
the next shaft or hall. The northern and southern tunnel sections form separate fire
compartments. The longest escape route has a length of about 5 km. Fire protection
walls shield the shafts. The fire load in the tunnel will be minimised. Unavoidable fire
loads will be shielded by small fire compartments or protected by a fire extinguishing
system, if necessary. Smoke and fire detection systems are installed in all tunnels.

8.2.3 Damping ring tunnels

For the arc of the damping rings four additional tunnels are necessary. These tunnels
have an inner diameter of 3 m and a total length of approximately 4 000 m. They
are separated from the main TESLA tunnel via special separation shafts, which can
be built as caisson cylinders of approximately 15 m inner diameter. Four of these
separation shafts are accessible from the surface through cryogenic halls. These access
shafts are also used for maintenance and supply (water, cryogenics, modulator cables
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Figure 8.2.4: Access shaft and damping ring tunnel.

and electrical power). The remaining four separation shafts are only accessible during
the construction time. They will be closed after the tunnel is finished and the surface
area will be reconstructed.

The damping ring tunnels have a bending radius of 148 m at the tunnel axis. Be-
cause of the small bending radius they have to be constructed from tubbings. Ring
segments formed from tubbings are capable of following a much narrower curvature
than full tubes.

8.2.4 DESY site and external areas for the cryogenic plants

The Linear Collider tunnel starts on the DESY site (figure 8.2.5) in Hamburg-Bahrenfeld.
The first access shaft is next to the HERA hall West. The tunnel boring machines for
the main tunnel and the electron damping ring arc will be assembled in this shaft.
A second temporary shaft is necessary to reconnect the arc into the main tunnel and
to dismount the small TBM. A third shaft in the main tunnel is necessary to enable
the connection between TESLA and HERA. This shaft must be finished before the
arrival of the TBM. The connection to HERA will be made later. The starting point
for the main tunnel is laterally shifted from the HERA hall. After a distance of sev-
eral hundred meters the tunnel bends into the main direction with a radius of 500 m.
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Figure 8.2.5: The station at the DESY site.

From this point on, the tunnel is straight from the top view. Here also starts the main
electron linac. The initial section houses the injectors for the collider and X-ray lasers.
The cryogenic plant, modulator hall and cooling water systems for the first 2.5 km of
the electron linac are on the DESY site. The next 2.5 km section is supplied by the
cryogenic plant located at the 5 km point. Each of the other five plants supplies about
5 km of the superconducting linacs. The total of six areas distributed along the linac
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are named after the villages nearby. In the table 8.2.1 all sites are summarised. Each
site has an area of about 40,000 m2.

An access shaft connects these ground buildings with the tunnel. The shaft has an
inner diameter of about 15 m. The cryogenic and water pipes and HV, power and aux-
iliary cables pass through the shaft into the tunnel. For installation and maintenance
a hall crane will lift heavy components through the shaft. All service halls will be
connected separately to the public main high voltage grid (see section 8.4). Optionally,
high voltage power supply through the tunnel is conceivable.

Site Position
L/km

DESY 0
Halstenbek-Süd 4.7
Halstenbek-Nord 7.5
Borstel 12.3
Ellerhoop 16.8
Bevern 20.5
Voßloch 25.5
Bokelseß 30.3
Westerhorn 32.8

Table 8.2.1: Names and positions of the stations along the linac.

8.2.5 Central site in Ellerhoop

The underground experimental hall for collider experiments at the interaction point is
located south of the village of Ellerhoop and north of the creek Bilsbek. Figure 8.2.6
shows the arrangement of the experimental and dump halls. The area has a size of
about 540,000 m2. In tunnel direction the site is roughly 800 m long. The surface lies
between 6 and 10 m above sea level. The groundwater table (depending on rainfall) is
about 6 m above sea level. The soil in Ellerhoop consists of quaternary layers of sand
and marl on the top and tertiary layers of sand and clay below.

The underground hall for the High Energy Physics detector has a floor space of
82 m × 30 m and a height of 19 m below the hook of the 80 t portal crane. For the
option of a second interaction point with a crossing angle of 34 mrad, the tunnels can be
separated in an underground shaft. The southern shaft will also be used to separate the
X-FEL beams. These shafts are constructed together with the first interaction region.
The tunnels and buildings for the second interaction region could be constructed at
at later date. The second experimental hall could be an extension of the first one or
shifted in beam direction. In the first case the available space for the two detectors is
limited, for the shifted version the distance between the two halls is fixed by the bunch
spacing.
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Figure 8.2.6: Overview of the campus area in Ellerhoop.

The two beam dump halls are located 250 m away from the interaction point. The
beams are orientated downwards with an angle of 15 mrad into the dumps. The floor
space of both halls is 35 m × 25 m and the available hall height is 15 m. Additional
dump buildings will have to be constructed for the second interaction region.

The positron source is installed in the southern beam delivery section. A bypass
tunnel below the experimental hall houses the transport line to the positron linac. The
bypass tunnel connects the two dump halls.
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Figure 8.2.7: Cross-section of the TESLA tunnel.

The X-ray Free Electron Laser laboratory is also located on the central area, east
of the main tunnel. After separation from the linac tunnel, the beams for the FEL are
guided upwards in a tunnel to the switchyards with a slope of about 10 mrad. For the
tunnel separation in the X-FEL switchyard shafts are necessary. Some of the shafts
can be used for access, others will be covered after construction. The inner tunnel
diameter for the electron beam lines is 4 m and for the photon beam lines 2 m. The
beam dumps are installed in four underground halls. They are similar to the dumps
for the main linac. There are ten photon beam lines which supply the experiments in
the X-FEL hall. The floor space of this hall is about 200 m × 45 m and the available
hall height 15 m.

In addition to the experimental halls workshops, administrative and social buildings
and streets have to be constructed on the central area. The planned floor space covers
20 000 m2 in total.

8.2.6 Tunnel layout

The cryogenic modules of the superconducting linac, the beam lines for the damping
rings and X-FEL and the auxiliary components are installed in the 5.2 m diameter
tunnel. A tunnel cross section is shown in figure 8.2.7 and a virtual view into the tunnel
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Figure 8.2.8: Virtual view into the TESLA tunnel.

in figure 8.2.8. The tunnel cross section is divided basically in three vertical and two
horizontal areas. Referring to figure 8.2.7, the left section is reserved for the sensitive
accelerator and beam line components and for the RF-distribution. A walk path is
located on the left side for installation and maintenance. The central area is reserved for
the transport system and all auxiliary components. These components like klystrons,
power supplies, electronics, water and vacuum pumps are installed in special containers.
This arrangement guarantees quick exchange during the short regular maintenance
periods. The transport system for personnel and material is a monorail. The rail is an
I-beam bolted to the top of the tunnel. The forward and return pipes for water-cooling
are mounted in small channels on the floor. The channel collects the leakage water.
The third area of the tunnel cross section is reserved on top for the main walk path
and below for the pulse power cable trays. The walk path is kept free at any time
for emergency reasons. In addition the free space will be used for the lines-of-sight for
optical survey.

The lifetime of the electronic components is limited by radiation background. The
selected electronics are operable up to an integrated radiation dose of 100 Gy. The
radiation background is mainly determined by the dark current of the cavities, which
is limited by the additional heat load of the 2 K helium circuit. Most of the power of the
lost electrons is absorbed in the cold mass, namely the cavity, the 2 K helium and the
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helium container. A value for the required shielding to suppress radiation damage was
calculated [7]. The result is that the lifetime of the electronics components is about
10 years without any additional shielding. However, space for additional radiation
shielding is reserved.

8.2.7 Safety and Rescue Systems in the Tunnel

Safety of personnel and equipment in the tunnel have to be provided during con-
struction, shutdown, maintenance, and operation of TESLA. The tunnel has segments
between access shafts with a longest distance of 5 km. The resulting escape and access
times largely determine the organisational and technical means for rescue as well as for
fire protection.

• Access to the tunnel is restricted to instructed personnel.

• Rescue and transportation of persons is speeded up by the monorail train system
used for transportation of equipment.

• Fire loads are minimised and kept in compartments or small hermetic containers
acting as fire compartments.

• Several levels of fire control and fire fighting are in place which react very early
and keep fires well localised. The automated or remotely controlled levels foreseen
include (1) component malfunction detection and very early smoke detection, (2)
cutting the electric power per component and (3) per tunnel segment, (4) local fire
control or suppression, and (5) remotely controlled fire fighting with the monorail
trains. Only a final level includes human emergency intervention in the tunnel.

The technology available for tunnel safety is developing fast following the experience of
fire hazard in the recent past. TESLA will benefit from this ongoing development. The
measures considered for TESLA which are described in the following are available with
present-day systems and satisfy the goals as to protection of personnel and equipment
in the tunnel.

• The pulse cables constitute the main fire load in the tunnel. Each cable is cov-
ered with fire protective coating. Two containment options are considered: (1)
longitudinal compartment for the cables within the tunnel, (2) fire shields in the
cable area in ≈ 50 m intervals along the tunnel. The cable area is equipped with
its own very early smoke detection and fire fighting system. Fire detection levels
cut the power and activate the fire fighting system.

• Hermetic electronic and electric containers located along the tunnel in about 50 m
intervals are each equipped with early smoke detection in the internal air cooling
circuit. Fire detection cuts the power of the container.

• Other fire loads like magnets and electronics are more distributed along the tun-
nel. The transformers positioned at ≈ 50 m intervals are shielded in two-layer
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hermetic containers. For all of these fire loads and for temporary fire loads
present during maintenance work, a very early smoke detection and fire fighting
system covers the full cross section of the tunnel. Detectors have a resolution of
about 50 m along the tunnel. Fire detection levels cut the power and activate the
fire fighting system. The system is effective whether people are in the tunnel or
not and ensures sufficient time for rescue or monorail intervention.

• The monorail trains are primarily used for transportation of equipment in the
tunnel which includes remote control operation. In addition, for their safety
tasks, they are equipped with (1) space for injured people, (2) battery backup
for the motors, (3) fire fighting system with a reservoir of water / foam agent
on the train. Radiation hard cameras and sensors for vision within smoke-filled
areas are considered for remotely controlled fire fighting.

• During installation, shutdowns and maintenance the tunnel is ventilated with
dried air over the full length. The ventilation is stopped during operation. To
exhaust smoke the ventilation can be switched to maximum speed, with the
direction of air flow chosen according to smoke situation, and with exhaust to
the next shaft or hall.

• Access control and communication systems are installed at the access points
and in the tunnel for normal operation. The communication system integrates
personnel distress equipment which allows localisation of persons needing help.

Staff specially trained for rescue and for fire fighting in the tunnel as well as in the
experimental halls will be made available.

8.2.8 Plan approval procedure

The two federal German states of ‘Freie und Hansestadt Hamburg’ and ‘Land Schleswig-
Holstein’ will host the TESLA project. In 1998 they passed a law (Gesetz zum
Staatsvertrag) allowing the formation of the planning basis for the construction and
operation of a linear accelerator [4]. A common plan approval procedure will be used
for both states. The approval authority (Planfeststellungsbehörde) is the Head Bureau
of Mining (Oberbergamt) in Clausthal-Zellerfeld. At a meeting held by the authority
and attended by all parties concerned (both public and private), the next steps to-
wards a formal planning procedure were agreed upon. The tunnel route was fixed, and
the scope was defined as the boundaries of the single central and seven external sites,
together with the maximum volume of the ground buildings. Within this scope the
design can be changed even after planning approval. An environmental impact study
is also mandatory and is currently in progress, with completion expected in 2001. The
formal procedure, for which preparations are under way, will begin after the general
project approval is given. Based on a Europe-wide tendering procedure, contracts for
the planning of all TESLA buildings will be awarded in the first quarter of 2001. The
first step of hydro-geological report is finished [6]. The tunnel and the underground
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halls have negligible impact on the ground water. In principle the pumping of 50 m3

water per hour for cooling purpose is acceptable. The detailed impact of the wells in
the neighbourhood has to be studied in a further step. An additional result of the study
is a hydro geological profile along the TESLA route. The tunnel runs in soil formed
by ice-age (quaternary) deposits essentially. This is water-conducting sand covered by
non-water-conducting marl. However, in Ellerhoop the tunnel lies in tertiary layers
hardened during the ice-time by the glacier cover, which was several hundred meters
thick.

The planning of the ecological compensation of the areas covered by buildings will
be started in 2001. By 2002 all documents for the plan approval procedure will be
completed.

8.3 Radiation Safety

This section describes the radiation safety requirements for the TESLA linear collider.
The main potential locations of beam loss were identified from the point of view of
radiation safety. Different scenarios of beam losses at these locations were formulated
and both the impact on the environment and public and consequences for machine
operation and access to the machine were investigated. The main emphasis was put
on the impact of the collider operation on the public (local population) and the en-
vironment. Most important are here the limitation of the radiation level (doses) to
the public originating directly from stray radiation or indirectly through a potential
activation of soil and groundwater or air and coolants released from the facility.

Following the German regulation and the ALARA (As Low As Reasonably Achiev-
able) principle planning goals in terms of dose limits for all following studies were set for
the DESY site and for the public. The German regulation requires for surveyed areas
(“Überwachungsbereich”) local doses to be below 15 mSv/a, whereas for the public the
maximum allowed personal dose due to direct radiation and radiation from radioactive
release (activated air, water etc.) is 1 mSv/a and for radiation from radioactive release
alone 0.3 mSv/a. Considering the ALARA principle our planning goals for TESLA are
to stay bellow 1/10 of the above limits. This results in 1.5 mSv/a local dose for the
DESY site, 0.1 mSv/a personal dose for the public from direct radiation and radiation
from radioactive release and 30µSv/a from radiation from radioactive release alone,
whereas the natural doses in the northern part of Germany are about 1-2 mSv/a. Most
of the single dose contributions given below occur at different locations along the fa-
cility; therefore one has to keep in mind that these single dose contributions must not
be added together.

In comparison to the CDR [8] already two major design changes with positive
impact on radiation safety were done: 1. The positron source will now be in front
of the IP. Therefore the proposed 2 MW collimator system in the extraction line is
avoided. 2. All main beam absorber are now concentrated in dump halls and therefore
shielding and handling of activated material are much easier.

The studies of the radiological impact on the environment carried out by the DESY
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radiation protection group (summarized in [15, 16]) were evaluated by two independent
German institutes (Technischer Überwachungs-Verein Nord e.V. [21] and Öko-Institut
e.V. [22]). Both institutes agreed on our basic assumptions and calculations and found
no major problems for an implementation of TESLA in the foreseen way. In their
opinion the following items have to be studied in more detail: leakage in dump water
system, beam loss and evaporation of activated material, losses at collimators, soil and
groundwater studies near the dump halls.

8.3.1 Basic parameters and main locations of beam loss

The basic parameters for all following simulations and calculations concerning radiation
safety are as follows: The beam energy will be 250 GeV and the total power of one
beam will be 11.3 MW. The total operation time per year is assumed to be 5000 hours.
In table 8.3.1 the main locations of beam loss, power, beam loss scenarios, resulting
implications, consequences and references to the studies done are given. One has
to keep in mind that the dump and collimator designs are still in progress. For all
main locations of beam loss different scenarios were formulated and the impact on and
consequences for the public and environment and operation and access are given.

8.3.2 Stray radiation due to neutrons

There are two different kinds of secondary radiation capable of penetrating thick ma-
terial layers. High energetic neutrons are considered here, muons follow in the next
subsection.

The maximum annual dose for the public living above the main linacs is estimated
as follows: The worst possible scenario with respect to radiation safety is a failure
of the beam loss monitor system in the tunnel during a loss that is just not large
enough to damage the accelerator and so to terminate the operation. The inherent
safety mechanism is based on the fact that more than 3/4 of the lost power is absorbed
by the cold mass. That means dramatic pressure rise in the 2 K cooling circuit and
therefore the loss of superconductivity and acceleration over a 2.5 km long section. To
cover such a very unrealistic worst case scenario a loss of 100 W/m is assumed during
100 h of operation per year. This leads to an annual dose equivalent of 0.6µSv for the
minimal thickness of the soil layer above the tunnel of 8 m and 5 × 10−6 µSv for the
average thickness of 14 m [14, 15, 16] The acceptable average power loss of 0.1 W/m
for the main linacs during 5000 h per year leads to values by a factor of 20 less than
those mentioned above.

Local loss points such as emergency dumps and collimator sections can be addi-
tionally shielded inside the tunnel according to the maximum local beam power loss.

For shielding of the dumps a few options were worked out [14, 15, 16]. The basic
one consists of 3 m ordinary concrete and 7 m sand leading to a maximum annual dose
equivalent of 120µSv on the earth surface directly above the dump halls, which will
not be on public ground.
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location of loss power of
loss

scenario main implications consequences ref.

main e+e− dump 11.3 MW 5000 h/a muons depth of tunnel [9, 12]
main γγ dump 11.3 MW 5000 h/a activation of

soil/groundwater
shielding [10,

15, 16,
23]

Beamstrah.dump
(in dump hall)

320 kW 5000 h/a activation of
air/cooling water

requirements on air
release/water cool-
ing system

[15,
16, 13,
23]

γ dump (from e+

source, 100 MeV,
in dump hall)

130 kW 5000 h/a residual activities no access possible
(robotics)

[13,
23]

γ and neutrons shielding [15,
16]

Beamstrah.dump
(at 500 m from IP)

42 kW 5000 h/a 0.4% of main dump
power

local shielding -

e− dump (from e+

source, 100 MeV)
15 kW 5000 h/a 0.1% of main dump

power
local shielding -

e+ source target
(28 MeV)

5 kW 5000 h/a γ and neutrons local shielding [24]

activation of target access restricted [24]
damping rings
(warm sections,
5 GeV)

24 kW (lo-
cal)

5000 h/a 0.2% of main dump
power

local shielding 8.3.2

cold linac sections 100 W/m
(acciden-
tal)

100 h/a γ and neutrons shielding and emer-
gency system

[15,
16]

0.1 W/m
(perma-
nent)

5000 h/a 8.3.2

septum (at 45 m
from IP)

1 kW 5000 h/a 0.01% of main
dump power

local shielding [11,
19, 20]

collimator (at
100 m from IP)

0.1 kW 5000 h/a 0.001% of main
dump power

local shielding [11,
19, 20]

XFEL dumps
(e−,γ, 50 GeV)

2.0 MW 5000 h/a 21% of main dump
power

see main dumps -

primary collimation
(5 GeV)

2.4 kW 5000 h/a 0.02% of main
dump power

local shielding -

beam delivery colli-
mation

12 kW
(acciden-
tal)

100 h/a 0.1% of main dump
power

local shielding -

120 W
(perma-
nent)

5000 h/a 0.001% of main
dump power

Table 8.3.1: Main locations of beam loss, power of losses, scenarios, main implications,
consequences and references to the detailed studies. All numbers given are for 250 GeV
beam energy.
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8.3.3 Stray radiation due to muons

Muons with maximum energies of 250 GeV are capable of penetrating 400 m of soil.
Those muons can hardly be shielded artificially. Thus, the muon radiation leads to the
direct constraint on how deep under the surface the tunnel must be. The most intense
muon sources are the main beam dumps. To reach the planning goal of 0.1 mSv for
the annual dose equivalent on the earth surface the thickness of the soil layer above
the tunnel should be more than 11 m up to a distance of 1 km in both directions from
the dump halls and therefore the e+ e− beams have to be deflected with an angle of
15 mrad downward to compensate for changes of the relief [9, 12].

In case of the γγ dumps, where the γ beams are coming from the second interaction
point, the tunnel has to be deeper by 3 m at the dump position to fulfill the same
requirements as mentioned above.

Loss points inside the tunnel such as collimators are acceptable as long as they ab-
sorb less than 1% of the total beam power (≈100 kW), assuming the minimal thickness
of the soil layer above the tunnel to be 8 m.

The XFEL dump must absorb a 50 GeV electron beam with 2.4 MW power. The
dump position has to be chosen such that there is an undisturbed soil cylinder in
direction of the beam with 8 m radius and 150 m length.

8.3.4 Activation of soil and groundwater

Around the main beam dumps the activation of soil and groundwater was estimated
by means of a simple model [10, 15, 16] and compared to limits derived from a very
conservative assumption. New Monte Carlo simulations of soil and groundwater acti-
vation behind a 3 m thick concrete shielding of the dump halls, and a more realistic
model of transformation of soil and groundwater activation in the first 50 cm around
the dump shielding into activation concentration of drinking water and doses for the
public can be found in [23]. It has been shown that even taking the big entrance hole of
the main dump into account, the production of Tritium and Sodium-22 in groundwater
for one year of operation is 3.2 Bq/g and 0.56 Bq/g respectively. Assuming a dilution
of 1/500 this transforms to a total personal dose of 14µSv/a [23]. This is well below
the legal limit of 300µSv/a and our planning goal of 30µSv/a.

Soil and groundwater can also be activated around a collimator inside the tunnel
(or other significant loss points) where a small fraction of the beam gets continuously
lost. A Monte Carlo simulation has been made for a 100 kW collimator [19]. In case
of the Beamstrahlung dump at 500 m from the IP (see table 8.3.1) with the largest
power loss of 42 kW and without any additional shielding (except the tunnel wall), the
activity concentrations are comparable to the above mentioned numbers for the main
dump shielded with 3 m of concrete. Therefore also for all other components in the
tunnel from table 8.3.1 with less power loss no additional shielding inside the tunnel is
necessary with respect to soil and groundwater activation.
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8.3.5 Activation of air

In the above mentioned studies [11, 19] also the activation of air was investigated.
On that basis another study [20] is in progress to develop ventilation concepts for the
tunnel section nearby the IP, where in total about 100 kW of losses are expected. Two
different ventilation concepts are examined to keep the activity concentration of the
air at such a low level that it can be blown out without using a chimney according to
the expected new German regulation. Both concepts are based on additional shielding
around the loss points and delay times to let the short living nuclides decay. In the
first concept (open loop) the air flows continuously through the tunnel with a velocity
of 0.6 m/s. The release point has to be about 4 km away to reach sufficient decay
times. The other concept is a closed loop system. The air circulates inside the tunnel
during an operation time of 1 month. After stopping the operation the air has to be
kept inside the tunnel for additional 3 hours before the release could start.

With respect to the dump halls all possible actions will be taken to keep the air
activation at the same low level or even lower as described above for the 100 kW
collimator case. This requires a closed ventilation system for any air in direct contact
to the dump components.

8.3.6 Activation of coolants

The highest activity concentration is expected in the dump medium which is water. It
circulates in a closed loop as it is described in section 7.7. Two long-living radioactive
isotopes have to be considered: Tritium and Beryllium-7. Their saturation activities
for 12 MW are 146 TBq and 60 TBq respectively and after 1 year of operation 4.6 TBq
Tritium and 56 TBq Beryllium-7 are produced. Therefore all parts belonging to the
primary cooling system are expected to be inside restricted areas (“Sperrbereich”).
A more detailed list of activation products can be found in [23]. Special safety re-
quirements have to be put on the dump water cooling system. Hence standard safety
techniques from nuclear industry will be applied to design the water system and handle
the activated cooling water.

The superconductive cavities are cooled with liquid helium. The coolant is contin-
uously transported within a loop consisting of accelerator structures in the tunnel and
a cryogenic plant outside. In shut-down periods a storage outside the tunnel should
also be possible and therefore the activation of helium may be of radiological interest.
The only possible activation product is tritium. An average beam loss of 0.1 W/m (see
table 8.3.1) leads to a specific activity of 70 Bq/g after 20 years of operation [18], which
is well below the release limit of 1000 Bq/g.

8.3.7 Other studies

The kryo shafts of the main tunnel are expected to allow access for DESY staff without
limitations. Shielding calculations were done in [17] with a power loss of 100 W/m
during 100 h per year (compare subsection 8.3.2). They led to a horizontal shield of
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2.4 m and a vertical shield of 1.2 m made out of ordinary concrete to reach 1.0 mSv/a
and therefore less than the planning goal of 1.5 mSv/a local dose.

As it is the case for the HERA accelerator also for the TESLA machine a radiation
monitoring system is needed to survey online dose rates at several locations along
the beam line. Therefore studies have been started to design new radiation monitoring
detectors to handle the timing conditions and a new data acquisition system to manage
the large distances at the TESLA collider.

8.4 Power Distribution

The electrical power consumption is dominated by the pulsed RF power supplies (mod-
ulators) and the cryogenic plants, which are located at the seven service halls along
the TESLA site. Additional consumers are sub-systems such as the damping rings
and beam delivery system (BDS), FEL user facility beam lines, power supplies and
electronics racks in the tunnel (magnets, klystron auxiliaries, low level RF, etc.), and
infrastructure components (e.g. water cooling, ventilation). An overview of the power
consumption for the different components and at the different locations is given in
table 8.4.1.

For the power distribution to the service halls the existing infrastructure of 110 kV
and 220 kV power lines will be used. Along the TESLA site, there are three distribution
stations (locations Hamburg-West, Halstenbek and Steinburg) and four overhead lines
(near Borstel, Ellerhoop, Bevern and Offenseth) available (figure 8.4.1). The existing
distribution stations will be upgraded by additional transformers. Four new distribu-
tion stations will be built under the power lines, equipped with high-to-medium (20 kV)
voltage transformers. The power will be transported to the service stations by 20 kV
power cables buried in the ground along existing roads. There is no need for cables at
high voltage (110 kV or 220 kV) level in the linac tunnel.

8.4.1 Medium and low voltage supplies

The choice of medium (20 kV) and low (400 V 3-phase, 230 V single phase) voltages
follows the industrial standard in Germany. There will be a switchboard plant with 20
independent 20 kV to 400/230 V transformers. The 20 kV transformers are air cooled
and installed outside next to the service buildings. An auxiliary supply from the public
grid is also foreseen. The modulators will be supplied from 690 V switchboard plants
installed in service rooms in the modulator halls. The helium compressors as single
high-power consumers require a special switchboard at 6 kV.

8.4.2 Power supply of the linac tunnel

Since the spacing between service halls is about 5 km, power has to be transported
into the tunnel over a maximum distance of 2.5 km. This is too long to be efficiently
done at low voltage level. Therefore only the first ≈500 m tunnel will be supplied
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with low voltage cables from each hall. For the remaining 2 km two medium to low
voltage transformer stations are foreseen in the tunnel, supplied by 20 kV cables. Each
station consists of two 315 kVA transformers, one for the klystron auxiliary systems
(e.g. focusing solenoid, filament heating) and one for the magnet power supplies and
electronics racks. The 20 kV cables and the cables for the distribution at low voltage
level are installed under the walkway in the tunnel (see figure 8.4.2). The transformers
are air cooled dry resin types with low stray field. The magnetic stray field of the cables
can reach up to 2µT at 1 m distance. The impact of the stray field on the beam is
drastically reduced by using stranded cables with a twist length of 1 m, short compared
to the typical betatron wavelength in the linac and in the damping ring.

In order to reduce the fire risk, fire retarded and non-corrosive (FRNC) cables will
be used. In addition, they will be covered with fire-proof paste. The current density
in the cables is relatively low, which keeps the heat load to the tunnel low and reduces
the fire risk. The total average heat load to the tunnel from the medium and high
voltage cables and the transformers amounts to about 24 W/m.

The tunnel lighting system will be supplied by a power distribution at 1 kV level.
There are 10 transformers installed under the ceiling per 2.5 km of tunnel section.

8.5 Watercooling and Air Conditioning

8.5.1 Watercooling System

The layout for the cooling circuits of the TESLA accelerator is divided up into separate
sections in the same way as the cryogenics system. Each cooling station has cooling
towers, pumps and control systems. The inlet water temperature into the tunnel will
be 30 ◦C and the outlet temperature will be approximately 70 ◦C. All klystrons and
magnets will be cooled directly and therefore deionised water with a conductivity of
1µS/cm must be used.

There are three possibilities for the recooling plant: wet, dry and hybrid systems.
The wet cooling tower works by water evaporation. It is a well-known system and it
is possible to have the required inlet temperature throughout almost the whole year.
The disadvantages are: the loss of water due to evaporation (in this case for each hall
50 m3/h), the requirement of an extra water loop with pumps, heat exchanger, control-
systems etc, cooling tower plume during winter time, the necessity for cleaning the
heat exchanger to avoid calcification.

The alternative dry cooling system has the advantage of simplicity and therefore
low-maintenance, because there is no requirement for an extra water loop. The dis-
advantages are the higher investment costs and approximately double floor space re-
quirement in comparison with the wet cooling system.

The hybrid cooler system which we choose for TESLA is a combination of these
elements: Dry cooling is used throughout the year, unless the ambient temperature rises
above 15 ◦C. At higher temperatures, which according to statistics occur in Northern
Germany only during less than one third of the year, the finned surface of the cooling
elements is wetted with water. The average water evaporation is thus only about 30 %
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Figure 8.4.2: Power distribution in the tunnel.

of that for wet cooling tower and the plume is avoided. Still the system is compact
and, if automatic desludging is incorporated, the maintenance requirements can be as
low as for a dry cooling tower.

The dominant part of the heat load to the cooling system in the tunnel comes from
the RF stations, with the klystron collectors and the absorbers for reflected RF power
being the main sources. For simple maintenance in the tunnel the elements for the
cooling system are installed in containers (figure 8.5.2) next to the klystrons (about
every 50 m) and equipped with quick connections to the local cooling circuits and the
main water distribution pipes. The collector cooling circuit requires enhanced water
flow and has therefore an additional booster pump. The conventional magnets for the
beam delivery system and transfer lines are directly connected with the main tubes
with a flow switch and a valve.

The use of deionised water with a conductivity of 1µS/cm as coolant restricts the
choice of material for the pipes to stainless steel, copper and bronze; stainless steel will
be used for the main pipelines. Booster pumps will pump the return water from the
tunnel level back to the surface level where the water cooling plant is installed. This
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Figure 8.5.1: Sketch of the cooling station for one service hall.

keeps the pressure of the return pipe as low as required by some of the RF system
components. The diameter of the tubes, installed on the tunnel floor (figure 8.5.4),
is 200 mm over the whole length of the linac tunnel. For operation at 500 GeV the
pressure in the supply water pipe is approximately 7.5 bar and goes up to 10 bar at
800 GeV.

The temperature of the return water is 70 ◦C . Therefore the return water tube
will be insulated with mineral wool of 70 mm thickness, which reduces the heat loss
into the tunnel to about 30 W/m. To minimise the mechanical stress in the tubes
due to thermal expansion there are compensators in the tubes. Every six metres is
a sliding support and between pairs of compensators a fixed support. The last or
direct connections to all elements (e.g. magnets, klystrons etc.) are done by EPDM-
rubber tubes. The advantages are: resistance against radiation, high flexibility for the
connections, quick installation, direct connection between elements at high electrical
potential and grounded tubes.

8.5.2 Air conditioning

A ventilation and exhaust system is foreseen for each of the 9 halls along the TESLA
site (two end stations, 6 service halls, central site), see figure 8.5.5. Each of the tun-
nel sections between two halls is operated independently and with 100 % fresh air (no
recycling). It is also possible to bypass a hall and feed the air from one tunnel sec-
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Figure 8.5.2: The cooling system container installed in the tunnel next to the klystrons.

tion directly into the next. The air speed in the tunnel under normal conditions is
0.8 m/s. An air-drying system will be used in each of the halls which reduces the dew
point of the air to 4 ◦C, well below the tunnel wall temperature of about 12◦C. The
ventilation will be switched on only during the construction and installation phase and
during maintenance or temporary access periods. During beam operation the tunnel
ventilation will be switched off.

In case of an emergency (fire, smoke in the tunnel), additional fans can be switched
on which increase the air speed to 3 m/s. The fans are reversible to change the direction
of air flow and can stand a gas temperature up to 600 ◦C for up to 2 h. A similar
ventilation system is foreseen for the damping ring arc tunnels.

Special air conditioning is required for the tunnel sections accommodating the un-
dulators of the FEL facility, for which the ambient temperature must be kept constant
at 22±0.3 ◦C. These sections will be equipped with local recirculating air conditioning
systems, installed in the tunnel.
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Figure 8.5.3: The cooling circuits for one RF station.

Figure 8.5.4: Main water pipes in the tunnel.

8.6 Survey and Alignment

8.6.1 Basic network

In order to mark any installation of the facility a basic network has to be established.
Coordinates of reference points along the linear collider have to be determined on
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Figure 8.5.5: Overview of the ventilation system.
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earth’s surface with respect to the existing coordinate system at the respective site.
In case of DESY this will be the HERA coordinate system. The coordinates will be
determined by using geodetic receivers of the GPS satellite system. The demanded
global precision (standard deviation) of every reference point in the whole area of the
linear collider has to be better than 5 mm. The reference points serve as a basis to
mark the buildings e.g. the halls or to control the tunnel boring machine. Therefore
coordinates have to be transferred into the tunnel via the halls or shafts. The vertical
network has to be established by a precision levelling. In the ground plan the tunnel
axis is a straight line. In the vertical plane the axis of the tunnel follows the earth’s
curvature except for the first 3 km. The heights are referenced to the geoid and thus
depend on earth’s gravity field / mass distribution.

8.6.2 Requirements for the alignment of the components

The reference points which have been transferred from the basic network into the tunnel
have to be refined in order to match the demanded accuracy for the alignment of the
accelerator components. The standard deviation of every component has to be within
0.5 mm horizontally and 0.2 mm vertically over a range of 600 m (betatron wave length).
Since there are several separate beam lines to be aligned with high accuracy, the most
efficient survey will be to carry out only one basic alignment providing a suitable
reference structure and then to connect each beam line to that basic structure.

8.6.3 Basic alignment

The reference points for the basic alignment will be fixed to the tunnel wall every 20 m
to 40 m and serve as target points only. Since neither the causeway nor the reference
points are suitable to put geodetic instruments on, the instrument will be mounted on
a moveable carriage which runs on beams fixed to the tunnel wall above the causeway
(see figure 8.6.1). The carriage can be fixed to the tunnel wall at certain equi-distant
positions. The basic alignment will be carried out with tachymeters. A tachymeter
does simultaneous measurements of horizontal angle, vertical angle and distance to
marked target points (table 8.6.1). Taylor-Hobson-Spheres or prisms mounted into
Taylor-Hobson-Spheres serve as suitable target marks for that purpose.

Parameter Accuracy

Horizontal angle 0.2 mgon (3µrad)
Vertical angle 0.2 mgon (3µrad)
Distance 0.1 mm

Table 8.6.1: Tachymeter accuracy.

In order to determine the coordinates of the reference points the tachymeter can
be positioned close to any of the reference points and then measurements to a certain
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Figure 8.6.1: Installation of the tachymeter on a moveable carriage.

number of neighboring points can be carried out. The quantity of reference points to
be aimed at depends on the demanded accuracy. If only random errors are taken into
account, figure 8.6.2 shows the expected accuracy in the middle of a 600 m section as
a function of the number of measured targets and the distances between the reference
points.

Apart from random errors, whose influences can easily be reduced by increasing the
number of measurements, there are also systematic errors which degrade the results.
The main error in optical survey is caused by refraction, which means that the line
of sight does not follow a straight line due to density variations of air. The density
mainly depends on the temperature of air. If one assumes a constant temperature
gradient of only 0.1 K/m which is perpendicular to the wave propagation of the line
of sight, then a line of sight of 600 m length will be bent to a circular curve with a
displacement of 4.5 mm to the straight line between instrument and target. Thus the
demanded tolerance for the alignment of components is exceeded by far. The reference
points provided by optical methods will be sufficient for any installation purposes like
marking the supports of the beamline components. Refining the reference structure in
order to achieve the above mentioned accuracy for alignment purposes has to be done
by different measurement techniques which reduce or avoid the effects of refraction:

• angle measurements with a two-color laser to determine the amount of refraction
(under development)
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Figure 8.6.2: Expected accuracy in the middle of a 600 m long section versus number of
measued targets.

• stretched wires in an overlapping arrangement (horizontal position only)

• multi-point alignment by distance measurements (horizontal position only)

• hydrostatic levelling (vertical position only).

In the following the hydrostatic levelling system and the multi-point alignment will be
described in detail.

8.6.4 Hydrostatic levelling system

A hydrostatic levelling system will be installed in the tunnel in order to provide an
exact vertical position of the reference points. Basically this can be done by installing
a sealed pipe half filled with fluid, half with air. The surface of the fluid levels to an
equipotential and thus serves as height reference. In the sloping section of the tunnel
(first ≈3 km) the levelling system has to be installed in a staggered manner. With
capacitive or ultrasonic sensors the clearance between reference point and the surface
of the fluid can be determined. The above mentioned sensors show an accuracy of better
than 5µm. With that setup the height of the reference points can be determined to
0.1 mm along a 600 m section. First tests of a 42 m installation led to satisfying results.
Currently a 1 km installation is under study.
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Figure 8.6.3: Test installation (42 m section) of a hydrostatic levelling system.

8.6.5 Multi-point alignment

A technique to avoid the effects of refraction is given by the multi-point alignment. This
method replaces angle measurement by distance measurement to at least three points
(see figure 8.6.4). A moveable bar serves as a fundamental structure for straightness
measurements. From this straight line the distances a to target marks at the tunnel
wall are determined. With known distances s the horizontal angle w can be determined.
To enhance redundancy the number of target marks can be increased.

Figure 8.6.4: Straightness measurements with multi-point alignment.

The distances will be determined by photogrammetric methods by means of 3 CCD-
cameras. The overall accuracy depends on the straightness of the bar, the resolution
of the distance measurements and the number and spacing of target marks. First test
assemblies have been performed with a 2 m long bar. To accomplish better efficiency
one can increase the length of the alignment unit. The straightness reference then has
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to be assured by a stretched wire and wire detectors. For further testing a 25 m unit
is currently under development.

8.6.6 Transferring the coordinates

After having performed the above mentioned measurements, a reference structure with
the demanded accuracy has been established inside the tunnel. The coordinates of
the reference points now can be transferred to the components of each beamline. In
order to determine the three-dimensional position every component has to be equipped
with two reference plates suitable to put target marks on and a support to determine
the roll angle. Now the geodetic instrument mounted to the moveable carriage is
positioned close to the components which have to be aligned. First the coordinates
of the instrument are calculated by surveying a certain number of reference points,
then the components are to be aligned. One can use a tachymeter or a laser tracker
to carry out that survey. As practiced at other accelerators (e.g. HERA), a second
survey of the same components should be carried out from a neighboring instrument
placement to increase redundancy and to verify the alignment of components. Finally,
it is advisable to provide a control survey throughout an aligned section of beamline
including both reference points and components simultaneously.

8.7 Cryogenics

About 21000 TESLA 9-cell cavities along the 33 km long linear collider have to be
cooled in a superfluid helium bath to ≤ 2 K, to achieve a cavity quality factor Q0 = 1010

at 23.4 MV/m. The cavities are grouped into 1781 cryomodules in total, almost all of
which are of the standard type described in section 3.3 (a small number of shorter
modules is required for the pre-accelerators, see section 4).

Figure 8.7.1: Cryogenic system overview.

The modules are placed horizontally (following the earth’s curvature) in the un-
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derground TESLA tunnel, except for the first part of the e− linac, where the string of
modules is declined by ∼ 8 mrad (see section 3.2).

Strings of modules of about 2.5 km length (cryo-units) are supplied from one end
with 2 K helium from a single refrigerator which has to provide also 5–8 K one-phase
helium as well as 40–80 K helium, both for radiation shield cooling.

There are 12 cryo-units in total (see figure 8.7.1). Generally, with the exception of
units 1 and 2, two of them are supplied from a common cryogenic hall, sitting above
ground, with one refrigerator serving both cryo-units through a distribution box. Units
1 and 2, in which the FEL electron beam will be accelerated in addition, will be supplied
from individual refrigerators, one on the DESY site, the other at 4.7 km from DESY.
The refrigerators in hall 1 and 6 also supply cooling for the damping ring RF-system
for electrons and positrons (section 5).

8.7.0.1 Layout of cryo-units and cryo-strings

In each unit (figure 8.7.2) every 10 cryomodules are grouped in a cryogenic “string”.
One cryomodule in each cryo-string (figure 8.7.3) will be equipped with valves, tubing,
flow meters and instrumentation.

Figure 8.7.2: Cryogenic unit.

Each cryo-unit contains 4 vacuum barriers which separate the insulation vacuum
into sections of ∼ 500 m length. This is necessary to limit the pressure increase in the
cold tubing to acceptable values in case of an accidental break of the insulation vacuum
[25] and to make leak checking more easy.

A warm helium gas line connects all cryo-units of each linac for ease of helium



II-258 8 Infrastructure and Auxiliary Systems

Figure 8.7.3: Cryogenic string.

exchange between the cryo-plants. Table 8.7.1 shows a list of the major cryogenic
components of TESLA.

standard modules (12 cavities) 1004
modules (12 cavities) with 1 magnet package 742
modules with 8 cavities and 1 magnet package 27
modules with 4 cavities and 4 magnet packages 8
vacuum barriers 48
feed boxes 19
end boxes 19
injector feed boxes 3
cryo-plants 7
standard distribution box (2 units) 6
single distribution box 1
injector distribution box 1
transfer lines 824 m

Table 8.7.1: Major cryogenic components.

8.7.0.2 Heat loads

Static and dynamic heat loads have been determined for the 500 GeV collider mode of
operation and for the FEL mode (section 3.3). The requirements for the cryo-units are
shown in Table 8.7.2. A safety factor of 1.5 has been applied to determine the design
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capacity of the plants. Operation at maximum energy (800 GeV) with high luminosity
(see section 1.4) requires an upgrade of the 2 K plant capacity by up to a factor of two,
depending on the dependence of the cavity quality factor on gradient.

hall 1 hall 2 hall 3 hall 4 hall 5 hall 6 hall 7

2 K
static 460 372 628 624 598 619 659
dynamic500 789 1159 2190 2181 1984 2138 2190
dynamicFEL 551 517
st.+dyn.500/FEL 1800 2049 2818 2804 2582 2756 2814
design500/FEL 2700 3073 4227 4206 3873 4134 4220
5–8 K
static 1554 1914 3530 3511 3296 3449 3518
dynamic500 508 748 1418 1428 1294 1386 1391
dynamicFEL 427 401
st.+dyn.500/FEL 2488 3064 4949 4929 4590 4835 4909
design500/FEL 3733 4596 7423 7394 6884 7252 7363
40–80 K
static 12548 14345 26183 25661 24316 25467 26520
dynamic500 9997 14619 27584 27431 25264 26918 27175
dynamicFEL 7162 6732
st.+dyn.500/FEL 29707 35696 53768 53092 49580 52415 53695
design500/FEL 44561 53544 80652 79638 74370 78622 80543

Table 8.7.2: Calculated heat loads and design plant capacities (in W) for cryogenic units
and unit pairs (cryo-halls).

8.7.0.3 Cooling of cryo-units

In steady state operation one-phase helium of 2.2 K and about 1.2 bar is flowing from
the refrigerator through all cryomodules of a cryo-unit. At the end of each cryogenic
string a fraction of this is expanded in a JT-valve into a gas separator at ≤ 31 mbar.
Liquid and gas is flowing through a 76 mm diameter 2 K two-phase tube used to fill
the cavity and magnet helium vessels. Heat generated in the cavities is conducted
through the liquid in the helium vessel supply tube to the liquid surface in the two-
phase tube where it evaporates helium. The helium gas is transported to the module
interconnections where it enters into the 300 mm diameter gas return pipe. It is finally
pumped back to the refrigerator through this pipe. Excess liquid – if any – at the end
of each string is collected in a helium bath and evaporated there by an electric heater.
Proper control of the JT-valve will assure that there is nearly no excess liquid helium
entering this bath.



II-260 8 Infrastructure and Auxiliary Systems

The pressure drop in the worst case (unit no. 3, 2.8 km long) is 0.94 mbar at a mass
flow of 108 g/s. In addition a pressure drop of 2 mbar occurs in the about 20 m long
shaft connecting the cryo-plant with the tunnel.

For cool down and warm up, helium at appropriate temperature is pumped through
the 2.2 K one-phase tube and to a gas header above the cavities and magnet packages.
From this header the gas runs through small tubes connected to the bottom of the
helium vessels. The smallest cool down section is here one half of a string (5 mod-
ules). After running through the helium vessels the gas returns back to the refrigerator
through the 300 mm gas return pipe.

One-phase helium of 5 K and 5 bar is flowing from the refrigerator through the
cryomodules to the end of the unit. On its way back to the refrigerator it is cooling
the 5–8 K radiation shield to which all the heat intercepts are connected.

Helium gas of 40 K and 19 bar is flowing from the refrigerator through the cryomod-
ules cooling the high temperature end of the HTS current leads. On its way back to
the refrigerator it is cooling the 40–80 K radiation shield with all the heat intercepts
(HOM absorber, input coupler, instrumentation).

8.7.0.4 Instrumentation

Because of the large numbers involved the instrumentation in the cryo-units is kept
to the necessary minimum. In the standard modules there are platinum sensors (Pt)
at each input coupler, as well as cables to the motor and piezo-quartz of each tuner.
Each cavity is equipped with two HOM antennas, one RF-pick-up and one secondary
emission electron sensor. The modules with magnet package have a platinum sensor
at the current lead heat intercept (50 K) and voltage taps across each HTS part in
addition. The BPM has 4 antennas for signal readout. Modules with valves at the
string ends, feed and end boxes have platinum thermometers, low temperature sensors
(Lt) and flow meters (F) at each 2.2 K line and each cool down/warm up line as well
as level sensors (L, superconducting, and carbon-glass resistor chains) and heaters at
the local liquid helium reservoirs. A list of the foreseen instrumentation is shown in
table 8.7.3.

8.7.0.5 Plant reliability and redundancy

The refrigeration system needs to have a very high availability of over 95 %. Because
the refrigerators in all 7 refrigeration halls have to be working at the same time, each
single hall has to have an availability of at least (0.95)1/7 = 99.3 %. So availability has
highest priority in all design considerations.

The first questions, which one has to address, is, whether in each refrigerator hall
one should install one large refrigerator or multiple refrigerators with eg 2 · 100 % or 3
· 50 % redundancy.

The sources of unavailability in existing cryogenic refrigeration systems have been
investigated, whether the installation of multiple refrigerators increases the availability.
Table 8.7.4 shows the main causes of unavailability in existing systems, in order of the
frequency of their occurrence.
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standard
mod.

mod.
with
magn.

mod.
with
valves

mod.
8 cav.

mod.
4 cav.

feed
boxes

end
boxes

sum

Pt sensors 20064 19292 5376 486 128 114 114 45574
Lt sensors 1008 162 76 76 1322
sc level sensors 672 38 38 748
carb. res. chains 336 19 19 374
cold flow meter 504 38 38 580
heater 336 38 374
HOM antennas 20064 17808 4032 432 64 42400
pick-up antennas 10032 8904 2016 216 32 21200
e− sensors 10032 8904 2016 216 32 21200
BPM antennas 2968 108 32 3108
voltage taps 7420 270 320 8010
motor steering 10032 8904 2016 216 32 21200
piezo quartz 10032 8904 2016 216 32 21200

Table 8.7.3: Number of sensors and other instrumentation in each TESLA linac.

Rating Topic Example Multiple refrigerators ...
1 External utility

failures
Electrical power,
cooling water,
instrument air failure

bring no advantage

2 Blockage by frozen
out gaseous
impurities

Air and/or water vapour provide somewhat larger
tolerance

3 Operational
problems

Controls, instrumentation,
operators

would be detrimental,
because of higher
system complexity

4 Single component
failure not leading
to total plant shut-
down

Electrical motor burnout,
compressor bearings,
leaking oil pump seal,
turbine bearing trouble

bring no advantage over
component
redundancy within a
single refrigerator

5 Catastrophic
component failure
leading to plant
shutdown

Loss of insulation vacuum,
rupture of heat exchanger,
oil spill into cold process
piping

would have a positive
effect

Table 8.7.4: Rating of refrigerator system unavailability.

When one inspects table 8.7.4, it turns out that concerning the four most frequent
sources of unavailability the effect of multiple plants is either small, negligible or even
detrimental. Only in case of a catastrophic component failure like loss of vacuum or oil
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spill into the cold box piping, there would be a clear advantage of multiple refrigerators,
but these effects have occurred so far very seldom in existing refrigerators.

So after consulting with experts at CERN, who were confronted with a similar
question when a decision had to be made for the LHC cryogenic system, and with
refrigerator manufacturers, we decided to go for just one single large refrigerator at each
of the seven refrigerator halls with some built-in component redundancy and a clear
strategy to fight impurities. Further discussions with manufacturers showed that the
required size of refrigerator is about 20 % larger than the largest existing refrigerator,
but the cold components still fit within a single cold box, which is transportable across
the road.

So we are convinced that in this case the lowest cost solution also provides the
maximum possible availability. Of course all technical details have to be executed in
high quality.

8.7.0.6 Refrigerator size

The design refrigeration loads in halls 3, 4, 5, 6 and 7 are about equal, whereas the
requirements in halls 1 and 2 are somewhat smaller. It is suggested to install seven
refrigerators, which are identical in those components which are difficult to replace or
to modify (coldbox, heat exchangers, expander and cold compressor housings, adsor-
bers and piping). Adjustment to the special needs, like the lower design loads of the
refrigerators in halls 1 and 2, can be covered by a different number of compressors and
special turbine and cold compressor nozzles and wheels.

As usual for refrigerators of this size, the plants will be designed for very high
energy efficiency at the design point, i. e. the highest expected refrigeration load. The
present state of the art is a Carnot efficiency of about 27 %, which translates for a 4.5 K
refrigerator into a COP1 of 245 W of input power for each W of refrigeration.

The TESLA refrigerators are designed for a very good partial load efficiency. So if
e. g. the accelerator is operated at reduced load, the electrical power consumption is
reduced proportionally down to about 60 % of the highest refrigeration load.

For the upgrade to 800 GeV, space will be left in all halls for additional refrigerators.
They may have a capacity up to the same size as the refrigerators of the first phase;
but the actual size can be determined at a later stage. The only investment, which will
be done already in the beginning, are additional connections in the distribution boxes.

8.7.0.7 Technology of large helium refrigerators

Over the last forty years, accelerator projects have been instrumental to push helium
refrigerator technology into the direction of higher reliability, better efficiency and
lower cost. All major components of the TESLA helium refrigerators have been used
successfully in similar systems before.

While the design of the mechanical components is already fixed, continuous progress
is going on concerning quality assurance, instrumentation, diagnostics and computer

1The coefficient of performance, COP, is the inverse of the overall refrigerator efficiency.
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simulation of operational conditions.
The special challenge of the TESLA refrigeration system is the remote operation of

several such refrigerators from a central operating room without any service persons on
site. It is of advantage for TESLA, that the LHC cryogenic system will be in operation
a number of years earlier. The TESLA refrigeration system has many similarities with
the LHC system, like number of plants, distance between plants, superfluid helium
cooling and the helium inventory of about 100 t. The TESLA system has about an
eight times smaller cold mass, so cool-down and warm-up will be simpler.

8.7.0.8 Helium storage

When in full operation the TESLA cryosystem will contain about 100 t of helium. When
the cryostats are warmed up, this helium has to be handled outside the cryostats. In
principle one has the following options:

• Gaseous storage at 200 bar (very expensive compressors needed)

• Gaseous storage at 20 bar (investment about 150 Euro/kg)

• Liquid storage (investment about 60 Euro/kg)

• Reselling of the helium to the market (Depends strongly on market conditions)

For the TESLA system, it is proposed to provide a combination of gaseous storage
at 20 bar and liquid storage. Gaseous storage will be provided for about 25 % of
the inventory in 31 storage vessels with a geometric volume of 250 m3 each, working
between 1 bar and 23 bar. On the other hand, nearly 100 % of the inventory can be
stored in liquid form in seven 120 m3 liquid helium dewars.

Halls 1 and 2 will be equipped with one dewar and 3 gas tanks each, whereas
stations 3 to 7 will be equipped with one dewar and 5 gas tanks each. All tanks and
dewars will be installed outside the refrigerator halls.

The dewars are shielded by liquid nitrogen and have nevertheless a boiloff-rate of
0.28 %/day, i.e. 14 l/h. This load is negligible, when the associated refrigerator is in
operation. When the refrigerator is not in operation, the boiloff has to be compressed
into gaseous storage, preferably by a compressor, which is on emergency power.

The ambient temperature helium systems of halls 1, 2, 3 and 4 on one side and 5,
6 and 7 on the other side are interconnected by ambient temperature pipes through
the tunnel. In an extended standstill period, about once per month one of the plants
on each side of the accelerator has to be started to reliquefy the collected boil-off gas
from 20 bar storage vessels into its dewar.

In case of an unplanned refrigerator shutdown and an associated pressure rise in
all cold systems, the helium inventory of the portion of the system, which has a high
design pressure, will be directed directly to the 20 bar buffer. This includes the helium
in the refrigerator itself and in the 40–80 K shield of the cryostats. The 5–8 K shield
will be treated as part of the low pressure system to keep it operational for the purpose
described in the next paragraph.
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The helium of the part of the system with lower design pressure, i. e. mainly the
inventory of the cavity cryostats, will be allowed to rise in pressure and temperature
by the “2 K static heat load”. Such a warm-up from 2 to 4.4 K will take about 10 to
20 hours. If the pressure in the cryostat exceeds a pressure of about 1.2 bar, vapour is
allowed to leave the cryostat, partially also through the 5–8 K shield line. So additional
static heat load to the cryostat is avoided. All emerging vapour will be warmed up to
ambient by an air-heated exchanger and compressed by a compressor, which works on
emergency power, into the 20 bar storage.

The evaporation of all liquid from the cryostats by the static heat load would take
about 80 hours. But already after about 20 hours, the gaseous storage of the respective
station will be full. So at this moment either the refrigerator itself should come online
again, or the warm compressed helium has to be transferred to a neighbour hall for
reliquefaction into the dewar of that station.

8.7.0.9 Model refrigerator

A model refrigerator has been designed, with valuable advice from CERN and from
industry. The model refrigerator allows

• to get information an component sizes, number of compressors, flow rates in
different loops etc.

• to get provisional data on power consumption for the specification of utility sys-
tems and the operating budget

• to get the approximate size of components for the building layout.

This model refrigerator (figure 8.7.4, table 8.7.5) was discussed extensively with
the industrial companies, which are presently building the LHC refrigerators. The
following important aspects of the model refrigerator are a correct basis of the planning
of TESLA:

• The design loads can be covered by a single refrigerator with a single horizontal
coldbox.

• The number of foreseen screw compressors is adequate.

• The power consumption estimates are realistic.

• The intended Technical Specification leaves industry sufficient freedom to incor-
porate their best components.

• The estimated cost is adequate.

Helium is compressed at ambient temperature by a two-stage screw compressor
group to a pressure in the 20 bar range. After recooling to ambient temperature and
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Figure 8.7.4: Flow diagram of model refrigerator.

careful oil removal and drying from residual water vapour, the high pressure helium is
cooled in HX 1 to 80 K, where it is purified from residual air in switchable adsorbers.

Then a part of the flow is split off and expanded in turbines T1, T2 and T3 to
about atmospheric pressure. After T1 a part of the stream is split off and cooled in
HX 3 to 40 K. Here one part of the flow leaves the coldbox and cools the 40–80 K shield
in the cryostats. It returns back, is cooled in HX 2 and enters T2. A pressure drop of
about 1 bar is foreseen for this shield flow.

One part of the flow already expanded in T1 and precooled in HX 3 is further
cooled in HX 4 and expanded in T4 and T5 to atmospheric pressure. The main
high pressure stream leaving the 80 K adsorbers is cooled in HX 2, 3, 4, 5 and 6 and
in between purified from neon and hydrogen in the switchable “20 K adsorbers”. The
high pressure stream is expanded in two parallel turbines T6 and T7 to an intermediate
pressure of about 5 bar. The major part is further cooled in exchangers 8, 9 and 10 and
is then used for the 5–8 K shield. After return from this shield, the gas is expanded in
T8 to atmospheric pressure.
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Another part of the 5 bar flow is expanded in T9 and subcooled in HX 11 before
flowing to the cavity cryostats. After throttling to the 30 mbar pressure level and
evaporation in the cryostats, the low pressure helium vapour returns to the refrigerator
through the 300 mm line in the cryostats. After superheating in HX 11, the gas is
compressed in a three or four-stage cold compression system to a pressure close to
atmospheric pressure, but not necessarily to above atmospheric pressure. This stream
is separately warmed up to ambient in exchangers 4, 3, 2 and 1 and enters its own low
pressure screw compressor.

The indicated power consumption of 5147 kW (table 8.7.5) is the power consump-
tion of the biggest refrigerator for the design case. The power at smaller refrigerators or
at part load operation can be calculated by using the indicated COPs for the individual
temperature levels.

A possible layout of a cryogenic hall is shown in figure 8.7.5.

Mass flow Outlet Return
2 K Load 4253 W 199.4 g/s 1.1 bar 0.0275 bar

2.2 K 2.0 K

5 – 8 K Shield 7465 W 249.8 g/s 5.5 bar 5.0 bar
5.16 K 8.2 K

40 – 80 K Shield 80788 W 383.3 g/s 16.0 bar 14.0 bar
40 K 80 K

Compressor
LP I 199.4 g/s 0.92 bar

295 K
LP II 1369 g/s 1.4 bar

295 K
HP 1568.4 g/s 24.0 bar

300 K

Power Refrigeration Specific Load % of Power
Consumption COP
2 K 4.253 kW 588 W/W 2500 kW 49 %
5 – 8 K 7.465 kW 168 W/W 1254 kW 24 %
40 – 80 K 80.788 kW 17 W/W 1373 kW 27 %
Total 5147 kW 100 %

Table 8.7.5: Process parameters of the model refrigerator.
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Figure 8.7.5: Layout of the refrigerator hall.

8.7.0.10 Additional Refrigeration for Damping Rings

In addition to the refrigeration requirements of the main linac with the FEL, there are
the two damping rings, where each of them requires refrigeration at 2 K for supercon-
ducting RF cavities. The present estimate is, that 720 W of additional refrigeration at
2 K will be needed. The damping rings are close to refrigeration halls 1 and 6. Whereas
the refrigerator in hall 1 has sufficient spare capacity, the foreseen safety margin for
the refrigerator in hall 6, which covers units 9&10, would be reduced from a factor of
1.5 to 1.3 regarding the 2 K plant capacity. If that is found unacceptable, one has to
envisage an ”oversize” refrigerator for this particular cryo hall.

8.8 Accelerator Module Test Facility

8.8.1 Objectives of the Accelerator Module Test Facility

In order to detect systematic faults in the production process, 9-cell cavities have to
be tested before assembly of the accelerator modules. Furthermore, a certain amount
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of scattering in the maximum gradient per cavity has to be expected and the energy
reach of the linear accelerator can be improved by sorting of the cavities according to
their performance. We therefore plan to test all of the ≈21,000 single cavities, at a
rate of about 24 cavities per day.

In addition, about 800 packages of superconducting quadrupoles have to be tested
in the vertical dewars on an average rate of one quadrupole per day.

Before their installation in the TESLA tunnel, the accelerator cryomodules have to
be qualified after the assembly in random tests. The qualification includes the check of
the general mechanical dimensions and the measurement of the cryogenic performance
of all systems, in particular, the performance of the cavities. At the start of the
cryomodule series production the tests will cover 100 % of the cryomodules, in order
to check and adjust the fabrication. After that, only about 25 % of the cryomodules
will be tested. These random tests can be applied with low risk for the commissioning
of the accelerator, because all main single components, like cavities and quadrupoles,
will be tested to an extent of 100 % before the assembly of the cryomodules.

In general, with the exception of the tests of prototypes, the tests will aim only at
quality insurance. For the cavities as well as for the cryomodules the test results from
the test facility will be used as a fast feed back into the series production in order to
avoid failures and to increase the performance.

8.8.1.1 Test Programme for the Cavities and Quadrupoles

The maximum accelerating field and the corresponding unloaded quality factor Q0 of
each single cavity will be measured at a temperature of 2 K in a bath cryostat. To
increase the throughput of the vertical tests stands, eight cavities will be assembled
at one cryostat insert. Each cavity will be equipped with a fixed coupler antenna
(Qext = 1 ·1010) and a pick up probe (Qext = 1 ·1013). The cavities will be locked in the
accelerator mode. The accelerator field will be increased to the maximum value in steps.
At each step the cavities will be powered for 20 s in cw-operation mode. According to
estimates of the test schedule, about 20 hours are needed for one complete test run for
eight cavities, including the assembly and disassembly of the insert to the cryostat and
the cool down and warm up procedures.

The inserts will be assembled at the cavity preparation site and delivered to the
test facility. Cavities, which have passed the tests successfully will be sent to the
cryomodule manufacturer. Cavities with low performance will be returned to the cavity
preparation.

The superconducting performance of the quadrupoles will also be tested in the bath
cryostats. Two quadrupoles will be tested at a time in one cryostat.

8.8.1.2 Test Programme for the Accelerator Module Test Benches

The cryogenic performance tests include the integral leak check of all vacuum systems
and cryogenic process tubes, the test of the instrumentation, measurements of the static
heat loads, of the maximum accelerating field of the cavities and the corresponding
unloaded quality factor Q0. The quality factor will be monitored by means of cryogenic
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measurements of the dynamic heat load. The cryogenic measurement of the Q0-value
has been demonstrated as well in the horizontal cryostat (CHECHIA) [26] as for the
cryomodules of the linear accelerator of the TTF. During the performance tests of the
cavities, also the X-ray radiation and the related dark currents will be measured by
means of two ionisation chambers at each test bench and monitors at both ends of the
beam tube of the cryomodules, respectively.

The pre-conditioned RF-couplers will be further conditioned. The RF-phase will
be adjusted in the order of ± 20 degrees. There will be also the possibility to process
the cavities.

The instrumentation of superconducting quadrupoles will be tested in those cryo-
modules which contain quadrupoles.

About 170 cryomodules will be equipped with cryogenic valves, temperature sen-
sors, flow sensors and liquid level indicators (string interconnection equipment). Also
this instrumentation will be tested on the test benches.

According to estimates of the test schedule, about eight days are needed for the
complete test of one accelerator cryomodule, including the mechanical assembly and
disassembly on the test bench [27]. To fulfil this schedule, it is assumed that the pre-
conditioned RF main couplers will be pumped and heated before the installation on
the test bench.

8.8.1.3 Layout of the Accelerator Module Test Facility

Hall Layout

From the given test rates and the estimates of the test schedules it follows that 6
test benches for cryomodules and at least 3 vertical dewars have to be installed in the
module test facility.

The number of test benches includes an overcapacity of about 20 % for the test of
25 % of the modules. In order to increase the efficiency of the vertical tests, 6 vertical
dewars will be foreseen.

The overcapacities will compensate for shut down periods, maintenance and repairs.
In addition, depending on the detected failure rates, capacities for the repetition of tests
have to be foreseen.

Beside the test areas there will be areas for the intermediate storage of cryomodules
and cavity test inserts, a test area for “warm” measurements of cryomodules, transport
areas, infra structure areas and workshops. Also control rooms, offices and social rooms
have to be provided. The test hall will have an overall size of 135 m × 85 m ground
area and a height of about 12 m. Two parallel hall cranes, each with a capacity of
20000 kg, a span of 36 m or 40 m respectively, and a hook height of 9 m will be installed
(see figure 8.8.1).

There will be under floor channels leading from the cryogenic and RF supply equip-
ment to the test benches and to the test dewars in order to take all supply tubes and
cables.

Each individual module test bench has to be surrounded by a concrete shielding of
0.8 m thickness. The test benches will be covered by a roof shielding of 0.8 m thickness
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Figure 8.8.1: Ground plan of the accelerator module test facility.

in order to establish radiation safety in all parts of the test hall. There will be an inner
space of 23 m × 4.4 m × 2.5 m for one test bench. Three test benches will be grouped
together as a block.

The front door of each test bench together with a module support structure can
be moved horizontally on railways into the transport area. For the installation of a
cryomodule on a test bench, the cryomodule will be moved by the hall crane from the
storage area to the front of one test bench and will be installed on the support structure.
After installation, the support structure will be moved back into the shielding of the
test bench. During the installations inside the shielding, the front door can be shifted
relatively to the support and will stay open.

The vertical dewars will be inserted into the ground and covered by movable con-
crete shielding blocks of 1.2 m thickness. The cryostat inserts will be moved from the
storage area into the cryostats by use of the hall crane.

Cryogenic Systems

For the continuous operation of the test hall, cooling capacities of about 10 kW
at 40/80 K, 1.0 kW at 4.5 K and 0.6 kW at 2.0 K are needed. In order to reduce the
effort of the helium distribution system, only the 40/80 K and 4.5 K circuits will be
branched to the test benches and the test dewars. At the cryomodule test benches as
well as at the vertical cryostats the 2 K liquid helium will be supplied by the isenthalpic
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Figure 8.8.2: Block Diagram of the Cryogenic System.

expansion of the 4.5 K helium, which will be sub cooled to 2.2 K before the expansion
by means of counter flow heat exchangers. The average 2 K heat loads will be small in
comparison to the capacity of the cold compressors of a TESLA refrigerator plant, and
these loads will always vary. Therefore distributed warm compressor systems will be
used to lower the vapour pressure of the helium baths to 31 mbar [28]. As a result, a
helium liquefaction rate of about 50 g/s has to be supplied on average from the helium
plant. Peak liquefaction rates will be buffered by means of two 10 m3 liquid storage
reservoirs.

The cryogenic system of the test facility will be designed in a modular structure
(see Fig. 8.8.2). The test facility can be connected to any helium refrigerator plant,
which can supply the capacities mentioned, in particular to the HERA refrigerator or
TESLA refrigerator on the DESY site.

a) Cryomodule Test Benches

The cryogenic supply of the test benches is divided into two “layers”, in order to
operate the test benches independently from each other, to avoid air condensation on
cryogenic valves during the exchange and installation of modules, and to reduce the
consequences of leaky valves. One layer are the feed boxes of each test bench, the
other layer are the sub cooler & valve boxes, to which a group of 3 feed boxes will be
connected (see figure 8.8.2).

In order to supply the cryogenic 40/80 K and 4.5 K shield circuits as well as the
2 K circuit, each cryomodule test bench has to be equipped with a feedbox, including a
feed cap and an end cap [27, 29]. The feed box will be fixed inside the shielding of the
test bench and will contain cryogenic valves for each supply and return tube, a small
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4.5 K sub cooler and a 2 K counter flow heat exchanger. The 4.5 K sub cooler of the
feedbox is used to stabilise the supply temperatures of the 4.5 K and 2 K circuits. The
safety vent lines and relief valves are connected to the feed box. The feed cap, which
is attached to the feedbox will contain all connection flanges to the cryomodule. The
end cap will be fixed to the module support structure and will contain only the short
circuits of all cryogenic tubes and a 2 K liquid reservoir. The position of each end cap
can be adjusted easily to the different length of cryomodules.

Each cryogenic supply tube in the feedbox is equipped with a Venturi flow meter.
As well in the feed cap as in the end cap all supply and return tubes are equipped with
redundant thermometers. Redundant liquid level indicators and pressure sensors are
installed in the 2 K reservoir of the end cap. The pressure of all cryogenic circuits will
be monitored.

Each group of three feed boxes will be supplied via transfer lines from one sub cooler
& valve box. The connecting transfer lines consist of 4.5 K supply, 4.5 K return, 40 K
supply and 80 K return tubes. The sub cooler & valve box contains one 4.5 K sub cooler
and cryogenic valves for all process tubes of the different transfer line branches and
all corresponding warm up and cool down tubes and valves connected to the transfer
lines. The sub cooler has to compensate the heat losses of the transfer lines, leading
from the refrigerator to the test benches.

As a result of the combination of feed boxes and sub cooler & valve boxes all
cryogenic supply and return tubes are separated by two cryogenic valves in series from
the test bench.

The sub cooler & valve boxes will be supplied from the test hall distribution box
(see figure 8.8.2).

The 2 K vapour return tubes of three test bench feed boxes are connected to one
300 K helium compressor unit. In the exhaust of the compressor unit the pumped mass
flow can be measured by warm gas flow meters. By means of this flow meters, the heat
load of the 2 K circuit can be monitored with a resolution of better than ± 0.1 W at a
constant liquid helium level in the 2 K reservoir of the test bench.

b) Vertical Test Cryostats

As for the supply of the module test benches also for the vertical dewars two “layers”
of valves in the dewars and in distribution boxes will be installed (see figure 8.8.2). The
design of the vertical dewars can be scaled from the vertical test dewars of the TTF
[28, 30]. The vertical dewars will consist of a 2.2 m3 liquid helium volume, cryogenic
valves and a 2 K counterflow heat exchanger, installed in the vacuum jacket. Three
dewars will be connected to one distribution box respectively. The distribution boxes
will contain all warm up and cool down connections and valves. One 10 m3 liquid
storage dewar will be connected to each distribution box respectively, in order to buffer
the loads for the refrigerator. The storage dewars will also be used as sub coolers. The
storage dewars will be supplied from the test hall distribution box.

The 2 K vapour return tubes of the vertical dewars will be connected to warm
helium compressor units.

RF Systems

According to the test schedule of the cryomodules [27], up to 4 test benches have
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to be supplied with RF power in parallel and independently from each other at a time
for the conditioning of the couplers and the dynamic measurements of the cavities. It
is supposed that all couplers of one cryomodule will be conditioned in parallel.

In order to avoid time consuming installations of the RF equipment in between the
test benches and to obtain redundancy, one 10 MW klystron and modulator set will be
connected to each test bench, including a fixed RF distribution system.

Vacuum Systems

a) Insulation Vacuum

For the insulation vacuum of the cryogenic systems standard turbo molecular pump
units are foreseen. Each cryomodule test bench will get its individual turbo molecular
pump unit. The other cryogenic equipment will be connected to a net of pump stands
according to the experience of the HERA and TTF insulation vacuum systems.

b) Main Coupler Vacuum

The main RF couplers of one cryomodule will be equipped with one pumping tube
connected to the pumps without individual valves. There will be only one manual valve
at the pumping tube. The set of pumps and pumping tube will stay at each individual
cryomodule from the assembly, during the tests until the installation in the TESLA
tunnel.

c) Cavity Vacuum

During the tests on the module test benches, one oil-free turbo pump unit will be
connected to the cavity vacuum.

One getter pump will be connected to the coupled vacuum system of the eight
cavities of each vertical dewar insert. In addition there will be oil free turbo molecular
pump units at the vertical dewars as a back up.

Controls

There will be different control sub-systems for the RF-, vacuum- and cryogenic sys-
tems, which have to be integrated by an industrial visualisation and data management
system. In general, standard industrial components will be used as far as possible.
The transfer of data between the different systems and the data management will be
mandatory for the operation of the test facility.

Infrastructure

The installation of the test facility will require 4.5 MW of electrical primary power,
2.7 MW equivalent of water cooling capacity and about 500 m3/h of instrument air.
About 0.7 MW of heat will be dissipated into the air of the test hall.

8.9 Global Control System

A powerful control system is important for a successful commissioning and operation of
TESLA. Experience with such control systems exists from the operation of the present
accelerators HERA and TTF. A challenge for the design of the control system is the
rapidly changing hardware and software over the last several years and the changes will
continue during the course of constructing the linac. On the other hand, a software
development for such a big machine has to start early to be ready in time. Most of the
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investment goes into computer software and into front-end electronics. As to the front-
end components, investing in industrial standards is a safe path to follow. Systems
such as VME have a long lifetime, for example. Software developments should be
based on new industrial methods and standards. A modular design of the software
is required to allow to adapt new standards and products for a smooth development
of the whole system during its lifetime. Special consideration of the huge amount of
equipment, (due to the length of the machines) has to be taken. The software and
the hardware layout of the control system must allow for this. On the software and
communication side, an efficient access to device data is necessary. A lot of similar
devices must be readable with little overhead and short response times. Higher levels
in the control system should provide summary information on device groups. Good
and automatic monitoring of all devices is essential. This includes a complete remote
debugging and control of all front-end hardware to high degree of detail. The control
system layout should be fault tolerant. Failing hardware and software components
should not in general stop larger segments. This can be achieved by a modular design
and by using redundant units of key components. All these principles will allow an
operation of TESLA in a global accelerator network.

8.9.1 Architecture

The overall architecture consists of three layers of computers (figure 8.9.1). A top
level with display or client programs, a front-end layer with device servers and I/O
and a middle layer with powerful group servers. The upper layer is the interface
to the operators. These top-level services should be available to the consoles in the
control room, the experts working in the tunnel and the specialists of the collaborating
institutes in their offices and development labs. All such users should be able to use
the same programs, where the level of details presented might be different for different
categories of users. Modifications of device data must be protected with access rights.

Since a lot of users and client programs access a lot of data from the front-end and
the middle layer, a fast network is necessary to decouple the display stations. Ethernet
switch technology that routes packets from the clients to their servers provide the
important bandwidth. Client programs often need a go/no-go information from a
group of devices only. In such a big system it is necessary to ask a large number of
front-ends to get this information. A middle layer server should provide such collective
reports. Likewise, the middle layer should supply frequently requested data of all its
front-end computers in a single block transfer. In general, the middle layer implements
higher services to provide integrative functionality and to improve the performance of
the system. This becomes more important as the size and complexity of accelerators
increase. The middle layer is the natural level at which to implement sequencing,
automation, and global features such as data bases.

TESLA will need a real-time accelerator model which uses data from magnets,
BPMs, and cavities to generate a picture of the current optics and beam envelope; this
can be used to predict the effect of modifications and to block potentially destructive
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Figure 8.9.1: Sketch of the control system layers.

actions. The challenge for the next generation of control systems will be effective
implementation of these automation features.

The front-ends are distributed and close to the devices of the linac. Some hardware
is directly connected to the device servers, other equipment use field busses or Eth-
ernet to connect the front-end electronics to the device servers. Programmable Logic
Controller (PLC) and ‘intelligent’ devices, e.g. magnet power supplies, are examples
of stand-alone units. They introduce a further level of computers in the system. If a
front-end has to run stand-alone in case of a network problem, it should have a direct
connected disk or must have the program and data files in memory. A huge number of
devices can reduce the overall up-time of the machine. Malfunctions of a single device
should not stop machine operation. A fault-tolerant or redundant layout must be used.
The organisation depends very much on the individual device type. Low level RF sys-
tems for the klystrons can be grouped to serve one klystron only. A single failure would
switch off the cavities of one klystron only and the machine could continue to operate.
In order to be able to analyse, understand, and optimise all details of the machine a
fast data acquisition system must be provided. This requires all front-end electronics
including ADC and bus systems to be able to process the linac data with 5 Hz rate
and single bunch resolution. The network has to provide the necessary bandwidth to
transfer the data to a central diagnostic archive.
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8.9.2 Network

Devices servers connect to the group servers via standard local area networks (LAN).
The devices get their timing and synchronisation signal on a dedicated network and
the machine protection system is connected to a further separate line. Standard LAN
technology is also used in the links between the servers and all client processors. Clients
are distributed in the control room, the tunnel and the offices. And the whole network
is connected to the DESY and outside nets. Networks between the consoles, group
servers and front-end servers will be based on standard LAN technology. This is today
the 100 Mbit Ethernet. The servers in the middle layer should be connected by a
faster network i.e. about 1 to 10 Gbit/s. All these network components are or will be
standard items from many suppliers and can easily be integrated in the control system
since they are based on the TCP/IP communication.

Remote configurability and maintainability is mandatory. For the long distances
fibre optical links will be used to prevent ground loops and to isolate the subsystems.
Local connections use less expensive twisted pair cabling to the active hubs that link
to the fiber optics. In order to keep the network load low and reliable, the network is
switched and redundant with two parallel lines to the front-end distributions.

During the installation and maintenance of all components of the machines, mobile
terminals will be used. These terminals connect to the standard network and allow
access to all devices in the system. A wireless network should be used in order to be
more flexible and to save installation costs compared to a wall plug system. Such a
wireless system will be used for audio communications i.e. telephones also. It can be
based on the UMTS standard. A few receivers/transmitters inside the tunnels will
connect the terminals to the controls network and telephone system.

8.9.3 Software

Throughout the development time of the software for the machines the computer in-
dustry will introduce a lot of new products. A main challenge for the design will be
to create the software modular with good interfaces to allow easy migrations to new
environments. Modular means that some submodules must be changeable without
interference with other part. It also means to design reusable objects. The ’heart’
of the control system is the communication protocol. All client and server programs
communicate by it. Requirements are:

• must be based on standard protocols on top of TCP/IP

• has to transport a well defined set of data objects

• needs to convert the data between different computer architectures

• provides common methods e.g. translations of the data structures

• access to all data (including archived data) of devices in a consistent way
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• interface to standard desktop applications like spread sheets and to special con-
trols applications

• has to provide an on-line names service to query existing devices and their prop-
erties

• defines a unique way for names of device addresses and their parameters

• provides access to data from other systems

Whenever possible standard industrial components should be used for front-end hard-
ware up to the display programs. And the software should be designed with the com-
mon tools and programming languages. Our experience in the TTF control system
showed that object oriented languages (like C++) are adequate design environments
to create reusable modules. Object orientation leads to a clean frameworks and follows
the industrial paradigm. In addition to apply object orientation, an implementation
on more than one computer platform leads to a better design and helps migrating to
new operating systems. A good design with standard methods allows to create generic
programs. These programs don’t have to be modified in a changing environment.
They allow access to all devices in a standard way and therefore, can save software
investment.

8.9.4 Machine Protection System

The complete accelerator complex and the various beam transfer and delivery lines
etc. have to be equipped with a machine protection system to prevent beam operation
e.g. in case of technical failures. The machine protection system is an independent
alarm system. It is remotely controlled, configured and read out by the main accelerator
control system. The structure of the machine protection system follows the structure of
the TESLA complex having separate section permits for the different machine sections.
The section permits can change from pulse to pulse and must exist for all sections the
beam will pass in a pulse. The machine protection system acts on the gun, the ejection
elements of the damping rings and on the various beam abort kickers. It reacts to
trigger events, e.g. from beam loss detectors, beam current measurements, RF systems,
collimators and spoilers, vacuum valves, etc. The remaining beam pulse after a trigger
event should be as short as possible. To prevent for example the damage of spoilers
or collimators of the beam delivery system the beam has to be re-directed to the final
beam dump within a few microseconds. The machine protection system consists of
distributed interlock modules. These interlock modules have digital I/O channels and
interfaces to a redundant fibre-optic alarm line as well as to the main Ethernet network.
It is desirable to use industrial interface chips or boards. An embedded CPU running
for local control, self-testing, error logging, configuring of I/O channels and trigger
events to react on etc. should be integrated.
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[5] Umweltverträglichkeitsstudie für TESLA, Planungsgruppe Ökologie + Umwelt
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[21] Technischer Überwachungs-Verein Nord e.V., Gutachten über radiologische Ar-
beiten für den Linear Collider TESLA, Nr. 50-98-004 (1998).
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[27] W. D. Möller, B. Petersen, B. Sparr, A Proposal for a TESLA Accelerator Module
Test Facility, DESY TESLA-01-08, 2001.

file:references/IN-D3-95.pdf�
file:references/LN-D3-97.pdf�
file:references/LN-D3-98.pdf�
file:references/LN-D3-99.pdf�
file:references/LN-D3-101.pdf�
file:references/LN-D3-104.pdf�
http://www.desy.de/d3/d3index.html�
http://www.desy.de/d3/d3index.html�
file:references/mtf_moeller1.pdf�


II-280 8 Infrastructure and Auxiliary Systems

[28] G. Grygiel et al., Status of the TTF Cryogenic System, Adv. in Cryogenic Engi-
neering, Plenum Press, New York (1996), Vol. 41 a, p. 847.
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