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Abstract

Since the early 1970s the Institute for Technical Physics of the Research Center Karlsruhe has been involved in the development
of superconductivity for research and industrial applications. A broad program with a focus on the superconducting magnet
technology was established to include large magnets for nuclear fusion, high field magnets for nuclear magnetic resonance spec
trometers, ore separation and energy storage magnets. Research and development work was performed in collaborative projects
with other national as well as international institutions and industry. The success of these projects has been supported by a broad
foundation of engineering science in superconductor development, electrical and cryogenic engineering. Several well known test
facilities like TOSKA, STAR, HOMER, MTA along with well equipped laboratories for conductor development, materials at
cryogenic temperatures, cryogenic high voltage engineering have made substantial contributions to in house, national and inter
national projects. A strong cryogenic infrastructure with two refrigerators and sophisticated cooling circuits from about 4.5 K down
to 1.8 K assure the reliable operation of these large facilities. Last but not least, cryogenic research, including vacuum pumps for
International Thermonuclear Experimental Reactor, improvements in thermal insulation, cryogenic instrumentation and small on
board refrigerators has supported progress in this field. High temperature superconductivity projects for low AC loss conductors, a
70 kA current lead and a fault current limiter are currently in progress.
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1. Introduction

At the beginning of the 1970s superconducting low-
temperature technology had progressed far enough that
the application in research and industry was near
at hand. Large superconducting magnets for bubble
chambers and special beam transport magnets for high-

energy physics were under construction. The required
high-magnetic fields or magnetic fields in large volumes,
which could not be economically generated by existing
normal magnet technology, were a challenge for the
superconducting technology.

Since this period, the Institute for Technical Physics
(ITP) has grown to be one of the largest institutions in



Europe, within the broad area of research and devel-
opment in applied superconductivity. The main goal has
been to make superconducting technology available in
fields that require it and where continuous research and
development has been necessary for breakthroughs
making superconducting components economical.

This review reflects ITP’s achievements in research
and development work in different fields over 30 years
and the existing potential of the Institute in applied

Table 1

superconductivity. An overview of the activities is given
in Table 1.

1.1. History of the Institute

In the beginning, the basic unit of ITP was part of the
“Institute for Experimental Nuclear Physics (IEKP)”
headed by W. Heinz, as one of the three directors of the
IEKP who initiated the development of superconducting
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accelerator magnets. The cryogenic infrastructure was
already under development and construction due to the
goal of the other two directors, A. Citron and H.
Schopper, to have the first linear proton accelerator and
a particle separator with superconducting cavities. The
development of superconducting accelerator magnets
was being done in collaboration with European industry
and other European laboratories in order to prepare the
technology of superconducting magnets for the CERN
superproton synchrotron (SPS). The decision of the
CERN council to construct the SPS magnets with nor-
mal copper conductors forced the superconducting
magnet section to base their research activities on
broader topics. At this time P. Komarek joined the in-
stitute and became head of the superconducting magnet
section (1973). The research activities were expanded
to enable the section to manage larger projects in the
field of superconducting magnet technology. These in-
clude research in technical superconductors, metallic
and non-metallic structural materials, electrical engi-
neering, cryogenic engineering, computer code devel-
opment, and project studies, as well as basic research in
superconductor and low-temperature physics. Projects
were initiated in collaboration with industry and other
institutions for industrial application of superconduct-
ing technology in energy technology (e.g. cable, gener-
ator, superconducting magnetic energy storage (SMES),
and nuclear fusion) and other areas (magnetic separa-
tion, high-field magnets, and nuclear magnetic reso-
nance (NMR)). The participation in the Large Coil Task
(LCT), a project of the International Energy Agency
(IEA) for the development of superconducting magnets
for nuclear fusion, was the beginning of large size su-
perconducting magnet technology, which has continued
along these lines up to the International Thermonuclear
Experimental Reactor (ITER) model coils, which are the
largest research and development area of the Institute.
The activities of the seventies and the first half of the
eighties have been described in [1]. The superconducting
magnet section of the IEKP became the “Institute for
Technical Physics™ in 1977 with W. Heinz as director.
After the death of W. Heinz in 1984, P. Komarek took
on the responsibilities for the Institute and became the
official director of the ITP in 1986.

Some of the most important highlights of the Insti-
tute are:

e Nuclear fusion magnet development with the Toroi-
dale Spulentestanlage Karlsruhe (TOSKA) magnet
test facility and the test of several superconducting
magnets (EURATOM LCT coil, poloidal field model
coil (POLO), Wendelstein 7-X demonstration coil (W
7-X DEMO coil), and the ITER toroidal field model
coil (TFMCQ)). These projects have been essential con-
tributions to both conductor development and mag-
net technology along with large sized cryogenics in

the application of superconducting magnet systems
to nuclear fusion.

e In collaboration with industry, the development of
high-field magnets with its test facilities (JUMBO,
HOMER I, MTA) has contributed to the commercial
availability of high-quality superconducting magnets
for 750, 800 and 900 MHz NMR spectrometers with
corresponding field levels of 17.6, 18.8 and 21.2 T.

¢ Superconducting magnets for ore separation achieved
industrial application and a superconducting magnet
for electrical network compensation (SMES) demon-
strated its efficiency in a field test.

The success of these projects has been based on ac-
companying engineering science research and the de-
velopment of suitable test facilities in the following
fields:

e Superconductor and superconducting composite de-
velopment.

e Cryogenic material investigations.

e Cryogenic high-voltage engineering and component
development.

e Cryogenic engineering, low-temperature physics and
infrastructure: These include refrigeration and helium
supply as well as developments in cooling, cooling cir-
cuits and systems, test facilities and control systems.

In 1998 the fusion oriented vacuum pump section has
been integrated into the ITP, using the cryogenic infra-
structure for the development of a model vacuum pump
for ITER in the Test Facility for ITER Model pump
(TIMO).

The discovery of high-temperature superconductors
(HTS) in 1986 switched the activities in superconductor
physics and conductor development completely into this
new field. New collaborations and projects were initi-
ated, especially in power engineering (e.g. low AC loss
conductors for electrical power components).

The basis of engineering science of the Institute’s re-
search and development (R&D) program is described in
a book by P. Komarek [2].

2. Superconducting magnets for nuclear fusion

These activities have been performed by an interac-
tion between design studies of fusion reactors and the
experimental program, which supports both the toroidal
and poloidal magnet development. The superconducting
fusion magnet activities have been performed in two
areas:

(1) Participation in reactor magnet design studies,
design of model or prototype magnets as well as the
design of test configurations.



These include computation of magnetic fields and
forces along with design optimization of conductors and
magnets, for projects (Tandem Spiegelmaschine
Karlsruhe (TASKA) [3], International Tokamak Reac-
tor (INTOR) [4], Next European Torus (NET) [5],
Wendelstein 7-X (W 7-X) [6], and ITER/Conceptual
Design activities [7]/Engineering Design Activities
(EDA) [8]). Further details are given below in the pro-
ject descriptions.

(2) Participation in hardware projects, including the
design, construction and test of model or prototype
magnets [9,10]. This means the development of the
engineering technology of superconducting magnets to-
gether with industry and the confirmation in a repre-
sentative overall test.

The development steps are characterized by the fol-
lowing projects:

e Participation in the “LCT” for developing toroidal
field coils for tokamaks. The Institute helped to de-
velop one of six D-shaped superconducting magnets,
the EURATOM LCT coil (tests 1984 1987).

e The POLO project for developing poloidal field coils
for tokamaks (tests 1994 1995).

e Demonstration of forced-flow superfluid He II cool-
ing of the EURATOM LCT coil and operation of
its NbTi technology at the maximum field levels (tests
1996 1997).

e Test of a superconducting stellarator W 7-X DEMO
coil in the background field of the EURATOM
LCT coil as a demonstration of technology for the
W 7-X torus coils (1999).

e Test of the ITER TFMC as single coil and in the
background field of the EURATOM LCT coil con-
firming the validity of the design (2001 2002).

For the first three projects, the responsibility was
completely in the hands of the Research Center
Karlsruhe. For the last two, the responsibility for coil
design and construction was with Max-Planck-Institut
fir Plasmaphysik (IPP) and European Fusion Design
Agreement/Close Support Unit (EFDA/CSU, former
NET Team) both located in Garching, Germany re-
spectively. The Research Center Karlsruhe contributed
here to the coil design and construction and supported
in component development. All the work was performed
within the framework of the Project Nuclear Fusion of
the Research Center Karlsruhe and the EURATOM
Fusion Programs.

The beginning of the investigation of toroidal field
coil arrangements with D-shaped coils was the six coil
laboratory torus TESPE [11]. The experiment was used
to study the mechanical stability of a toroidal coil sys-
tem and for investigations of magnet safety [12,13].
Later on, the coils were rearranged in a linear system
using four coils as background field for testing the

W 7-X conductor, wound in test coils. Four such coils
were tested in this so-called STAR facility [14,15].

The first activity for the development of large su-
perconducting magnets for fusion was the participation
of the Research Center Karlsruhe, represented by ITP,
in the LCT. The LCT was initiated as a technology task
in the mid-1970s for the development of large super-
conducting coils for the toroidal field magnet of toka-
mak machines. The task was performed under the
auspices of the IEA with the participation of EUR-
ATOM, Japan, Switzerland and USA [16]. On behalf of
EURATOM, the Research Center Karlsruhe was in
charge of designing one superconducting coil, the so-
called EURATOM LCT coil, for the six coil torus. Since
the final test of a superconducting magnet is indispens-
able for confirming the successful conclusion of the de-
velopment, the TOSKA facility was constructed in
1979 1983 for testing large superconducting magnets.
The EURATOM LCT coil was the first magnet tested in
TOSKA before shipping to the USA.

2.1. The TOSKA facility

The schematic view of the TOSKA facility with its
equipment in the present state is presented in Fig. 1.
Starting from 1984, the facility was upgraded incre-
mentally to fulfill the requirements of the various
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Table 2
The rated voltage, current and energy for PS and SDC

Voltage (V) Current (kA) Energy (MJ)

Power supply/circuit

PS 30 20
SDC 2500 20 300
PS 30 30
HVDC 23,000 23 8
PS 30 80
SDC 700 80 150

projects mentioned above until 2000 when it was ready
for the test of the ITER TFMC [17]. The main com-
ponents that have been added to the facility are:

o A 2 kW refrigerator with cold supply lines and valve
box.

e A superfluid He II cooling circuit with cryostat,
cold lines, piston, centrifugal and thermo-mechanical
pumps for the helium circulation and using the Linde
300 W He II refrigerator.

e High-current power supplies (PS) and safety dis-
charge circuits (SDC) as summarized in Table 2.

e Forced-flow-cooled 30 and 80 kA current leads.

e A crane system with a lifting capacity of 130 tonne.

e Modernized measuring and control as well as a data
acquisition system.

All systems have worked very well during the test of
the ITER TFMC test phase I (TFMC alone) with an
availability of about 98%.

The TOSKA facility has been used effectively as the
test bed for five successful superconducting magnet
projects for fusion over a period of about 18 years and
will be available for further component development for
the ITER-FEAT construction phase.

2.2. The development projects for superconducting fusion
magnets

Magnet component and fabrication development
projects include the design and construction of con-
ductor, winding and support structure of specific su-
perconducting magnet types, including a final functional
tests. The projects performed at the ITP are described in
the following sections.

2.2.1. History of conductor development

A fundamental component of superconducting mag-
nets is the conductor. The first coil design for the LCT
was based on the well proven cryogenic stability crite-
rion and NbTi as superconducting material [16]. It was
also important for the requirements of the reactor de-
sign points to develop new technologies for the future.
This perspective has led to forced-flow-cooled conduc-
tors, which allow a rigid winding pack, excellent
dielectric insulation and a better matching of the con-

ductor properties with the requirements of fusion reac-
tor operation. The plasma physics request for magnetic
fields as high as possible has pushed the worldwide de-
velopment in the application of the A15 material Nb;Sn
and later on Nb;Al by a Japanese group [18]. The A15
phase materials have allowed operational field levels of
13 T with sufficient margins for the constraints of
tokamak operation.

In this advanced conductor development program,
the ITP developed a forced-flow-cooled NbTi conductor
for the EURATOM LCT magnet, a NbTi conductor for
the poloidal field coils of a tokamak, a Nb;Sn conductor
for NET, and contributed the experience gained to the
development of the ITER Nbs;Sn conductors.

A separate line of development was the NbTi cable-
in-conduit conductor for the non-planar superconduct-
ing toroidal field coils of the stellarator W 7-X together
with the IPP Garching.

2.2.2. The EURATOM LCT coil

The EURATOM LCT coil is a forced-flow-cooled
NbTi coil with a D-shaped monolithic winding block,
consisting of seven double pancakes enclosed in a
stainless steel case with suitable elements for force
transmission between winding and case [16]. The
EURATOM LCT coil was developed in collaboration
with German industry (Siemens, Krupp, Vacuum-
schmelze).

The basic design idea of the EURATOM LCT con-
ductor was the creation of a rigid forced-flow-cooled
conductor, allowing no strand movement and an opti-
mal wetting of the strand surface by supercritical helium
flow (Fig. 2) [19]. The conductor design was qualified by
investigations of the forced-flow-cooling technique and
conductor stability [20,21]. The conductor was indus-
trially produced in a length of 7.5 km in pieces of about
500 m for the fabrication of the seven double pancakes
of the coil winding.

Fig. 2. Conductors developed for fusion magnets (NbTi conductors
for the LCT (center) and POLO (left) coil, as well as subsize R&W
Nb3;Sn NET conductor).



The EURATOM LCT coil ran successfully through
its pre-test in the TOSKA facility, before shipping to the
International Superconducting Fusion Magnet Test
Facility at Oak Ridge National Laboratory, USA. In
this facility, the EURATOM LCT coil was tested at the
rated current level as a single coil as well as in the to-
roidal configuration with the five other coils. The to-
roidal configuration also included out-of-plane loading
(one coil in the torus without current). For simulation of
the field changes of the poloidal coils in a tokamak, the
LCT coils were also exposed to magnetic pulse fields. In
the single coil test as well as in the test in the toroidal
configuration, the current of the test coil was raised to a
value such that the forces were doubled on the test coil.
Under these extended test conditions, the EURATOM
LCT coil was operated stably at a magnetic field of 9 T,
a temperature of 3.8 K and a conductor current of 16
kA in the single coil test. At this point, the coil was
operated fully in the region of intrinsic stability with a
Stekly factor o of about 10 (where for cryogenic stability
o < 1). In measurements of the current sharing tem-
perature, it was confirmed that the coil achieved the
critical data extrapolated from the strand critical data.
These results were a breakthrough for forced-flow-
cooled magnet technology, which has since been applied
for large superconducting magnets with nearly no mar-
gin available or required for internal energy release, e.g.
by friction of strands.

The excellent results were fully confirmed by the test
of the mechanically reinforced EURATOM LCT coil in
TOSKA by forced-flow-cooling with superfluid He II at
a temperature of 1.8 K where the coil went normal at a
predicted value of 19.6 kA and 11 T [22,23]. For the first
time with such a large coil, He II was circulated by a
thermo-mechanical pump working without moving
parts [24] (see Section 6.8.1).

It was also demonstrated by this test sequence (rein-
forced single coil, coil in torus) that a single coil pre-test
of a reinforced D-shaped coil can deliver appropriate
performance data. This result is useful and can assure
the proper function before the coil is installed in the
toroidal configuration of a tokamak [25].

In He II operation, the mechanical stresses were
comparable with those expected in operation together
with the ITER TFMC. Based on these results, the coil
was qualified to be used in further magnet development,
delivering the background field in test configurations
with prototype or model coils, as described later.

2.2.3. The POLO coil

The superconducting poloidal field coils for tokam-
aks are strongly linked to the dynamic requirements for
driving and controlling the plasma current. Therefore,
fast ramp rates, field changes during plasma control and
transient fields by mutual coupling and during plasma
disruption have to be absorbed without losing the su-

perconducting properties. Fast ramping means a fast
transfer of electrical energy, which requires high cur-
rents (POLO: 15 kA, ITER: 45 kA) and high voltages
(POLO: 23 kV, ITER: 14 kV). The task of the POLO
project was to develop the technology of supercon-
ducting poloidal field coils. At this time the specifica-
tions of the poloidal field coils of the superconducting
tokamak TORE SUPRA were taken as a reference [26].

The POLO conductor was designed according to the
pulsed requirements of the tokamak poloidal fields de-
scribed above. Therefore, the applied NbTi strand was
a mixed matrix Cu/CuNi low loss strand. In the two
cabling stages, the strands and the subcables were
respectively separated by resistive barriers in order to
reduce the coupling losses. The structural material was
integrated in a thick walled stainless steel jacket, which
carried the coil hoop forces and had low eddy current
losses (Fig. 2). The conductor was industrially produced
in a total length of 600 m in pieces of 150 m.

The conductor had a dual cooling system. Two-phase
helium was used in the central channel for removal of
losses, keeping the temperature constant over the con-
ductor length, and providing sufficient temperature
margin in case of transient field changes. The annular
space around the subcables was filled with supercritical
stagnant helium for defined heat transfer in order to get
sufficient transient conductor stability.

The POLO coil consisted of four solenoidal double
pancakes with 3 m average diameter. It was designed to
withstand high-voltage levels and transient field changes
without losing the superconducting state [27]. Develop-
ment and construction were carried out in collaboration
with European industry (Alstom, Vacuumschmelze)
(Fig. 3).

The coil was successfully tested in the TOSKA facil-
ity. For generating the high voltages and the fast field
changes, a special counteracting current switch circuit
was used. The crucial problem of ramp rate limitations
caused by unbalanced current distribution in the sub-
cables of the conductor was not observed. The excellent
transposition achieved by the precise two stage cabling
geometry and the careful joint design, resulted in a ho-
mogeneous inductance matrix between the subcables
and kept a uniform current distribution among them
during fast ramping and magnetic field transients. The
homogeneity of the mutual inductances allowed typical
60 T/s field changes averaged over 20 ms. The quench
current was only determined by the critical current of
the cable. With these results, the basic technology of the
superconducting poloidal field coils of a tokamak was
successfully demonstrated.

2.2.4. W7-X DEMO coil

For the large stellarator W 7-X of the Max-Planck-
Institute for Plasma Physics (IPP) superconducting non-
planar toroidal field coils are planned. The development



Fig. 3. The POLO coil during preparation for installation in the
TOSKA vacuum vessel.

of such coils was carried out as a joint project of IPP
with the Research Center Karlsruhe/ITP. This work
included the conductor design and test (STAR facility),
as well as the design, construction and test of a W 7-X
DEMO coil.

The non-planar coils required a new conductor tech-
nology for making the fabrication of the winding not too
difficult and expensive [15]. The solution developed was a
superconducting cable, enclosed in an extruded seamless
Al jacket. An Al alloy was selected, whose mechanical
strength is increased by moderate heat treatment.
Therefore the Al jacket is soft for the winding procedure
and gets its final strength after the completion of the
winding pack by a heat treatment (175 °C).

The construction of the W 7-X DEMO coil was
performed in the European industry (Noell, Ansaldo)
under the responsibility of the IPP Garching. The
winding is embedded by sand filled resin in the coil case,
which was fabricated from casted sections welded to-
gether. The coil was tested in the background field of the
EURATOM LCT coil in the TOSKA facility for getting
relevant field levels and mechanical stresses. The suc-
cessful conclusion of the test confirmed the applied de-
sign principles and was the approval for starting the

series production of the W 7-X toroidal field coils in
industry [28,29].

2.2.5. The Nb3;Sn NET/ITER coils

Field levels of 12 14 T are required for future toka-
mak machines, as mentioned above. The brittleness of
the A15 materials (Nb3;Sn, Nb3;Al) requires new strate-
gies for the fabrication of windings in order to avoid
conductor degradation. One solution is a suitable posi-
tioning of the heat treatment (about 650 °C, 200 h) for
generation of the superconducting A15 phase during the
production of the winding. Three procedures are can-
didates today:

React and wind (R&W), wind and react (W&R) and
wind, react and transfer (W&R&Tr).

For the first design of the NET toroidal field coils,
R&W conductors were foreseen. One such conductor
was developed and tested as a subsize version in the ITP
(Fig. 2) [30]. The conductor is a sandwich of a reacted
Nbs;Sn Rutherford cable between two LCT Cu stabilizer
cables enclosed in a stainless steel jacket. The strain de-
pendence of the critical current of A15 materials leads to
degradation, if materials in the composite conductors are
not well matched with respect to thermal contraction.

A high-field conductor test facility, FBI, was devel-
oped to investigate these properties (Fig. 4a and b) [31].
This facility and the Cryogenic Material Laboratory (see
Section 5.2) contribute substantially to the data base for
the ITER central solenoid conductor (thick wall Incoloy
908 jacket) and the ITER toroidal field coil conductor
(thin wall stainless steel jacket 316LN). Both ITER
model coils were manufactured according to the
W&R&Tr method. All handling procedures of reacted
conductors during coil fabrication have to avoid strain
levels that would cause irreversible degradation.

The arrangement of subcables for the ITER con-
ductors was similar to that of the POLO conductor (Fig.
5). Both ITER conductors achieved the predicted critical
currents in their model coils, according to the ITER
design criteria.

The design and construction of the ITER TFMC was
the task of the European Home Team (EUHT) as one of
the large research and development projects of the ITER
EDA.

The design of suitable test configurations for testing
model coils fabricated from superconducting cables of
the actual tokamak designs in the European Fusion
Program (NET, ITER) was a continuous task, begin-
ning in the mid-1980s [32,33]. The final test configura-
tion of the ITER TFMC was fixed in 1995. The driving
parameters were the achievement of relevant field and
mechanical stress levels for acceptable cost, and fitting in
the existing TOSKA facility. The test configuration se-
lected has been placement of the ITER TFMC adjacent
to the EURATOM LCT coil, linked by a suitable in-
tercoil structure. For current levels of 70 kA (80 kA) in
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the TFMC and 16 kA, in the LCT, a maximum mag-
netic field of 8.8 T (9.7 T) can be achieved [34].

The TFMC, using a Nb;Sn conductor, was con-
structed by a European industry consortium (AGAN)
under the guidance of EFDA/CSU (Garching) on behalf
of the EURATOM. In particular, the Research Center
Karlsruhe and the other EURATOM associated labo-

N

Fig. 5. The Nb;Sn conductor of the ITER TFMC with a thin wall
stainless steel jacket (Nb;Sn strands: dark grey, Cu strands: light grey)
[34].

ratories contributed to the conductor design and testing,
material testing, component development and quality
assurance [35]. The coil is made with a new winding
method in which the Nb;Sn conductors were spiral
wound, heat treated, insulated and transferred into a
spiral groove of a stainless steel radial plate, one on each
side. Each radial plate contains two conductor spirals.
Five radial plates were insulated, stacked, ground insu-
lated and enclosed in a thick wall stainless steel case.

In the first experimental phase, the TFMC was tested
as a single coil in the upgraded TOSKA facility (Fig. 6).
The coil achieved 80 kA, which is the highest operating
current ever used for such a coil. The test confirmed that
the developed technology can be applied for the ITER
FEAT toroidal field coils [36]. In the second test phase,
the TEFMC will be tested in the background field of the
EURATOM LCT. This test will create stress levels in
part of the TFMC that are relevant to those of the ITER
toroidal field full size coils.

2.2.6. Magnet component development
In addition to the development of conductor and
fabrication technology, discussed in the previous



Fig. 6. The ITER TFMC during installation in the TOSKA vacuum
vessel.

sections, conductor joints, electrical insulation system,
quench protection and current leads are necessary for
the operation according to the specific requirements of
the coils. These areas require a separate development
program.

For the EURATOM LCT coil, a full size joint and
for the POLO coil, subcable joints were designed, con-
structed and tested in advance of full scale magnet tests.
The electrical insulation system consists of the basic
components (e.g. conductor insulation, insulation breaks,
warm and cold feed-throughs, and instrumentation ca-
bles). These components have to be integrated into the
magnet components like conductor terminals, current
leads and instrumentation cabling lines. The basic com-
ponents have to be pre-tested under actual operating
conditions (pressure, leak, high-voltage insulation resis-
tance) before installation in the magnet components
[37]. The components of the electrical insulation sys-
tem developed for the POLO coil were also used for the
W 7-X DEMO coil and the ITER TFMC.

For protection of the superconducting magnets,
suitable electronic circuits were developed applying the

bridge circuit or a co-wound wire for compensation of
the inductive voltage. This circuit has been indispensable
for the fast and reliable detection of resistive conductor
regions. For all magnets tested, the circuits worked very
reliably with suitably adapted isolation amplifiers, which
isolate the winding potential from the ground potential
of the interlock system [27,38].

Along with providing the electrical insulation for the
feed-through in the vacuum vessel, the current leads
have also to conduct the current from the room tem-
perature (RT) to 4 K with minimized thermal losses. In
the POLO project, a forced-flow-cooled 30 kA current
lead for 23 kV was developed. The helium heat ex-
changer (HEX) was optimized with the computer code
CURLEAD [39]. Superconducting NbsSn inserts were
included in order to reduce the zero current losses and
for better adapt for operation at various current levels.
This type of current lead was successfully operated in
vertical and horizontal positions for the POLO, EUR-
ATOM LCT and W 7-X coil tests. The design was ex-
trapolated to an 80 kA current lead and a pair was

Fig. 7. The 20 kA HTS current lead with the HEX (inside the upper
smooth tube), the two HTS modules and the contact surface to the
superconducting bus bar (lowest section). In the background the re
inforced EURATOM LCT coil can be seen.



constructed and successfully operated at these current
levels during the test of the ITER TFMC.

Copper current leads are a considerable load for the
cryogenic system. For the current lead operation, the
electrical power of the refrigerator can be reduced by a
factor of three by the application of high-7¢ supercon-
ductors (HTS) at the cold end. A development program
for so-called binary current leads (a conventional HEX
with HTS cold end) was successfully concluded by the test
of a 20 kA current lead in collaboration with National
Institute of Fusion Science (NIFS), Japan (Fig. 7) [40]. As
a next step, a 70 kA HTSC current lead will be designed,
constructed and tested in TOSKA for ITER-FEAT [41].

3. Superconducting high-field magnets

For more than 20 years the High Magnetic Field
Laboratory of the Institute for Technical Physics has
been engaged in the development of superconducting
high-field magnets. At present the activities concentrate
on the following three areas:

e The conceptual design, construction, and operation
of superconducting high-field magnet facilities.

e Basic research on advanced technical superconduc-
tors regarding critical current, n-value, stability, and
quench propagation of these materials at 4.2 and
1.8 K.

e Design, construction and test of magnet systems for
commercial NMR spectrometers. This work is done
in cooperation with industrial partners.

Highlights of these efforts include the world record of
20.1 T for a superconducting magnet system achieved in
1987 [42] and the world’s first 750 MHz [43] and 800
MHz NMR magnet systems built in 1991 and 1995,
respectively. In 2001 a commercial 900 MHz NMR
spectrometer was brought to market by the partner
Bruker BioSpin GmbH.

3.1. Basic research on technical superconductors

Knowledge of the voltage current characteristics
V(I) of composite superconductors is very important for
the development of superconducting high-field magnets,
especially NMR magnets. These curves can be described
by the empirical law V(1) = Vc(I/1c)" where Ic is the
critical current and the exponent is known as n-value. Ic
and n were systematically investigated for the low-tem-
perature superconductors (LTS) NbTi, (NbX);Sn with
additional components, X = Ta, Ti, and for Bi-2212/Bi-
2223 composite HTS using the four-point measurement
technique [44]. Only wires of highest performance were
qualified for building high-frequency NMR magnet
systems operated in persistent current mode with an
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excellent combination of high spacial homogeneity and
high temporal stability of the magnetic field.

The result of the work in the past years is given by
Figs. 8 and 9. Fig. 8 shows the overall critical current
density of various LTS and HTS superconductors as a
function of external magnetic field. For clarification,
the corresponding proton resonance frequency, where
v o« B, is also given. Insert coils made of HTS materials
have to be used for NMR magnet systems with fre-
quencies about 1000 MHz (23.5 T) and above.

The steepness n of the V' (I)-characteristics is a mea-
sure of the structural homogeneity of a superconductor.
Only materials showing the highest n-values are suitable
for NMR magnet systems. From Fig. 9 one can see that
the n-values of HTS have to be improved in order to use
these wires in NMR magnet systems.

3.2. High-field magnet facilities

Basic research on LTS and HTS in magnetic fields
up to 20 T presently use the facilities JUMBO and
HOMER 1 at the High Magnetic Field Laboratory of



the ITP. In order to achieve fields up to 25 T, a third
facility, HOMER 1I, is under construction. The accep-
tance trials of the above mentioned series of NMR
magnet systems are performed in the facility named
MTA 1 [45]. To test NMR magnets of 1000 MHz and
above, the facility MTA II is under construction.
JUMBO: The facility JUMBO is equipped with a
magnet system consisting of superconducting NbTi- and
Nb;Sn-coils cooled in a liquid helium bath. Several
configurations of coils are possible from 10 T in a 100
mm bore up to 15 T in a bore of 44 mm. Optionally, an
inner cryostat can be installed to perform experiments in
a range from 4.2 K up to ambient temperature.
HOMER I: HOMER 1 is an advanced facility for
measurements in magnetic fields up to 20 T. HOMER 1
was the first facility equipped with a superconducting
magnet system that reached 20.1 T [42]. To obtain such
fields with LTS, the magnet system must be cooled down
to 1.8 K. An overview of HOMER 1 is given in Fig. 10.
HOMER II: The facility HOMER 1I is currently
under construction. The goal of the first phase is a
magnetic field of 20 T in a 180 mm bore. The field will be
generated by a superconducting coil system consisting of
advanced LTS materials. This basic configuration of
HOMER 1I consists of five concentric coils. For each
coil a superconductor of an optimized cross section is
used. The two outer coils are connected in series and
produce a magnetic field of 12 T at a rated current of
1400 A, which permits the use of NbTi as the super-
conducting material (Fig. 11). The layers of the NbTi
coil system are insulated with axially orientated strips of
glassfiber-reinforced epoxy. These strips also create
channels for the coolant, namely superfluid helium at
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Fig. 10. Schematic drawing of the HOMER 1 test facility.
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Fig. 11. The NbTi magnet section of HOMER II.

1.8 K. The contribution of the three inner coils is 8 T at
a rated current of 500 A. (NbX);Sn has been chosen as
the superconducting material to cope with the total
magnetic field of 20 T which occurs in the central bore of
180 mm diameter. In a second step, an insert coil built of
Bi-2223 tapes will be added to obtain a total central field
of 25 T [46].

MTA I In cooperation with the industrial partner,
Bruker BioSpin GmbH, magnets for NMR spectrome-
ters are being developed. Acceptance tests of the magnet
systems for these spectrometers are performed in the
facility MTA 1. MTA I offers a sufficiently large helium
bath volume for magnet systems up to 900 MHz. For
tests of 1000 MHz magnet systems and above, the larger
facility MTA 1II is under construction.

3.3. Magnet systems for NMR spectrometers

750 and 800 MHz NMR spectrometer: In the context
of a technology transfer project together with Bruker
BioSpin GmbH the world’s first 750 MHz (17.6 T) [43]
and 800 MHz (18.8 T) NMR spectrometers were devel-
oped in 1991 and 1995, respectively. Now these magnets
are a market product. The core of the NMR spectro-
meter is its superconducting magnet system, which must
be driven in persistent mode to achieve the desired reso-
lution. The requirements are a field drift corresponding



to a frequency drift of less than 10 Hz/h and a spatial
field homogeneity of approximately 0.2 Hz.

900 MHz NMR spectrometer: In another technology
transfer project a 900 MHz (21.1 T) NMR spectrometer
was developed together with Bruker BioSpin GmbH.
Due to the strong decrease of the critical current of LTS
in such high fields, this project was an especially de-
manding task. To build up a 900 MHz magnet system
quaternary (NbX);Sn material at reduced temperature
has to be used. In 2001 the first Bruker 900 MHz NMR
spectrometer was installed at “The Scripps Research
Institute” (www.scripps.edu).

1000 MHz NMR spectrometer: Scientists of various
disciplines use NMR as a key research tool. To get
higher resolution and shorter times to acquire a spec-
trum, NMR spectrometers with higher magnetic field
strengths are required. With this background, a bmb + f
project (project supported by the German Federal
Ministry for Education and Research) for the devel-
opment of a 1000 MHz spectrometer has been started
together with Bruker BioSpin GmbH and Vacuum-
schmelze GmbH. 1000 MHz is equivalent to a magnetic
field of 23.5 T. This field is close to the upper critical
field of technical LTS (see Fig. 8). Therefore these ma-
terials cannot be used for the inner coils of a 1000 MHz
magnet system. A new class of insert coils built of HTS
wires, e.g. Bi-2223 tapes, has to be developed. Although
the HTS tapes or wires have sufficiently high upper
critical fields, many problems are connected with the use
of these materials: their physical properties (e.g. pin-
ning) are highly anisotropic, they must be properly heat
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Fig. 12. Development of superconducting magnet systems for NMR
spectrometers.

treated, and superconducting joints and switches have to
be developed. Currently these technical issues are being
addressed. An overview of the development of super-
conducting magnet systems for NMR spectrometers at
the ITP is given in Fig. 12.

4. Superconductivity for industrial and power engineering
applications

Work at ITP has been performed in several promising
areas, including magnetic separation and supercon-
ducting generators, as well as magnetic energy storage,
fault current limiters (FCLs) and power transmission
cables.

All applications of superconductivity in the electric
power sector have been studied over a period of more
than 10 years in the framework of an IEA implementing
agreement as Germany’s representative together with 13
partner countries worldwide. For every aspect of those
applications an overview of the state of the art has been
written, which is available to each of the partner coun-
tries [47].

4.1. Magnetic separation

The application of magnetic separation to weakly
magnetic minerals and ores was the basis for a devel-
opment programme together with KHD Humboldt
Wedag, Cologne. A full size demonstration unit of a
novel superconducting rotating drum separator was
designed, constructed and successfully operated at the
Institute in the 1980s. The core of the demonstrator is a
superconducting NbTi magnet operated at 4.5 K [48]
(Fig. 13). The major advantages of this concept are the
used large open gradient volume, which allows high
throughputs of material, simultaneous treatment of a
large range of particle sizes from tens of micrometers up
to tens of millimeters, easy extraction of the strongly
magnetic particles that appear in some processes and
could disturb the separation, and the possibility of wet
or dry material feed. The industrially built successor
plant called DESCOS (drum equipped superconducting
ore separator) [49] was the world’s first open gradients
system in industrial operation. Equipped with a drum of
1.2 m diameter and 1.5 m length it reached more than
100 tonne/h throughput and was successfully operated
in a mine in Turkey for the removal of devaluating
weakly magnetic particles from the non-magnetic min-
eral magnesite.

During the past decade our activities on magnetic
separation were focused on the support of the Institute
for Technical Chemistry Water and Geotechnology,
which investigates the applications of magnetic separa-
tion for the removal of pollutants from municipal and
industrial waste water, and also studies the possible use



Fig. 13. First superconducting magnetic separator with rotating drum:
demonstration unit at the Research Center Karlsruhe.

of magnet technology for the so-called downstream
processing in the bioindustry [50,51].

4.2. Electric power engineering

The application of high-current superconductors for
electric power technology has been regarded as at-
tractive for a long time. In the 1970s, the Institute was
involved in investigating the economics of supercon-
ducting power transmission cables and contributions to
the rotor cooling of a superconducting generator. Since
1990, the Institute’s work has concentrated on magnetic
energy storage (SMES) and FCLs together with con-
tributions to power cables. While the SMES magnets are
constructed with the low-temperature conductor mate-
rial NbTi, the FCLs and power transmission cables are
already using HTS.

4.2.1. Superconducting generator cooling
In the 1970s, large superconducting power generators
with rotating NbTi windings were considered. The LHe
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Fig. 14. Operational scheme of a “self pumping” and “self level
adjusting” rotating helium cryostat.

coolant is exposed to centrifugal acceleration up to 5000
g. Extensive studies on helium handling [52], heat
transfer [53], and helium flow were done. As to the first
topic, the high centrifugal force causes an appreciable
increase of temperature of the helium flowing from the
centerline inlet position to the superconducting winding
close to the periphery. The solution investigated exper-
imentally by FZK (Fig. 14) makes use of the centrifugal
force to reduce the centerline pressure of the rotating
helium pool. This effect over-compensates the tempera-
ture rise within the pool [54]. Subatmospheric centerline
pressure is obtained by guiding the boil-off gas first to
the periphery where it is heated by conduction through
the shaft and then back to the centerline exhaust. In
both radial ducts the density of the gas will adjust so
that the pressure close to the periphery becomes the
same, and hence the density of the cold gas has to be-
come nearly the same as the warm exhaust gas. The
rotating LHe pool can be replenished from a stationary
reservoir connected to normal pressure exhaust lines.
The stationary transfer line ending at some radial dis-
tance within a co-rotating phase separator makes it
possible to control the level of the rotating LHe pool
just by a small overpressure within the supply vessel.
This simple but very reliable technique has been incor-
porated in a superconducting generator prototype
developed by Siemens [55].

4.2.2. Superconducting magnetic energy storage

The SMES development at the Institute started with a
study on the use of SMES for smoothing photovoltaic
power generation in those regions where the motion of
clouds leads to sags or interruptions of generation. The
work performed together with the University of Karls-
ruhe and the utility EnBW-Badenwerk was funded by
the Energy Research Foundation Baden-Wuerttemberg.
It was found that economic break-even cannot be
reached with LHe cooled SMES, but that the future use
of LN, for HTS SMES systems would lower the limit
down to an attractive 100 kW h/100 kW.



In the early 1990s, the use of so-called Micro-SMES
became attractive, when considered for improvement of
the quality of power supply [56]. Meanwhile, the SMES-
based uninterruptible power supply was introduced into
the market with stored energies and delivered power in
the megajoules and megawatts range, respectively. A
complementary view of power quality requirements has
been investigated by ITP with the development of a
SMES-based power compensator and active filter, which
can avoid those disturbances in the electric network that
are produced by industrial loads with fluctuating power
demand such as arc furnaces or steel rolling mills [57]. In
addition to the compensation of power changes, the
SMES compensator can filter the distortions of the si-
nusoidal shape of the net currents that are produced by
AC/DC converters needed by all electronic devices. This
system requires a highly dynamic SMES and current
converters that can follow the fluctuation and compen-
sate power changes within about 0.3 ms. In collabora-
tion with the University of Karlsruhe and the utility
EnBW-Badenwerk and funded by the Energy Research
Foundation of Baden-Wuerttemberg, for the first time
in Europe a mobile demonstration unit of a SMES
compensator with an integrated active filter was devel-
oped, providing approximately 100 kW and using a
solenoidal magnet with 250 kJ maximum stored energy.
Operation was demonstrated successfully at a sawmill in
the Black Forest (Fig. 15), which generated a disturbing
flicker in the surrounding power consumers. Not only
the power variations of the 10 Hz repetitive load but
also the distortion of the sinusoidal shape of the currents
were compensated and filtered so that the grid saw a 50
Hz sinusoidal current with nearly constant amplitude
[57].

In the second and final step of the development
program, the magnetic stray field was reduced below the
legally permitted heart pace-maker limit by constructing
and operating a 10 coil toroidal magnet (Fig. 16). In
quench tests this magnet reached 100% of the maximum
possible current and 416 kJ stored energy at a magnetic
field of 5.73 T [58].

Fig. 15. The first SMES compensator during field tests.

Fig. 16. Ten coil toroidal magnet system for SMES compensator,
closing the magnet cooling vessel.

A second SMES development programme of the ITP
is conceived to avoid deterioration of power quality.
The goal is the generation of high-power pulses in
manner compatible with a network. While the technol-
ogy exists for pulses of microsecond duration, long
pulses in the megawatt range with 2 ms duration require
new technology. Such pulses are needed for the PS of the
radio frequency (RF) power generating Klystrons of
accelerators like TESLA at Deutsches Eletronensyn-
chrotron (DESY), where pulsed power up to 10 GW at a
repetition rate of 5 10 Hz must be supplied. For this
application, a novel power modulator using SMES is
being developed at the Institute [59]. A demonstration
unit with an output pulse power of 25 MW for operation
at DESY is in its final stage of development [60]. The
SMES (Figs. 17 and 18) has 237 kJ stored energy at 4 T
maximum field, which suggests the use of NbTi. A
special requirement for this SMES operation is the very
high dB/d¢ of more than 100 T/s during the power pulse
generation. The losses in the superconducting cable are
kept low through suitably arranged CuNi barriers be-
tween the NbTi filaments within the strands. Interme-
diate results include the achievement of the nominal
current in the magnets and 10 MW pulses using most of
the parts of the power electronics. This prototype de-
velopment may become a model for the power grid
connection of plants with high pulse power demand.

4.2.3. Fault current limiter

One of the most attractive applications of supercon-
ductivity in the power sector is the use of supercon-
ducting FCLs. This novel device limits the current of the
electric network in the case of a short circuit to an ac-
ceptable value by passively introducing a resistive or
inductive impedance when an overcurrent drives the
superconductor to the normal conducting state. In the
framework of a bmb +f (Federal Ministry for Educa-
tion and Research) project and together with industrial
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Fig. 18. The 25 MW SMES power modulator ready for installation in
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partners, the suitability of bulk YBCO and BSCCO for
FCLs has been investigated on samples and modules.
Measurements of the current voltage characteristics, the

Fig. 19. Bulk bifilar MCP BSCCO2212 coil with integrated metallic
shunt (SC length 5.4 m, critical current 800 A at 65 K).

AC losses and the limiting behaviour in case of a short
circuit have demonstrated the applicability of this con-
cept [61]. In tests on modules of BSCCO non-inductive
spirals (Fig. 19) with an integrated high-resistive metallic
shunt, a power per module of about 100 kV A was
achieved at an operating temperature of 65 K (Fig. 20)
[62]. These modules will be used for the network dem-
onstration unit of 15 MV A/10 kV (Fig. 21), which is
under construction. The transfer of the technology from
the medium voltage level to 110 kV has started and the
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Fig. 21. Artist’s view of the 15 MV A class network demonstrator of
the FCL under development (courtesy ACCEL).



possibility of extending the activities to the high-voltage
level is being explored.

4.2.4. Superconductor power transmission cables

In the 1970s a study on the economics of LTS for
power transmission cables was performed with the result
that operation was not possible or economical in central
Europe [63]. This discussion was reconsidered as an
application of HTS after their discovery in 1987. Eco-
nomic operation looks promising in the cable routes of
large cities when replacing the oil cables by HTS cables
that increase the transferred power [64]. In the frame-
work of a project of the bmb + f with Siemens as major
contractor using suitable HTS conductor (see Section
5.1.3), electrical and thermal insulation (see Sections 5.3
and 6.6) at cryogenic temperature were investigated. A
test facility was constructed (200 kV, DC, AC, pulse
voltage) to select a suitable electric insulation design and
material (Fig. 22) [65].
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Fig. 22. Facility for testing the insulation of HTS energy transfer ca
bles (HAIhKE), HVB: high voltage bushing; E: control electrodes;
LN,C: liquid nitrogen cryostat; RS: radiation shields; TS: cable test
sample.

5. Basic engineering science, research and development

For on-going projects, an accompanying basic engi-
neering research is indispensable for creating a database
for the design work and solving arising problems during
construction in a reasonable time.

5.1. Development of low-temperature and high-tempera-
ture superconductors for application

The R&D of superconducting materials in the ITP
was always strongly focused on conductors for technical
applications and motivated by the need to increase
transport currents towards higher fields generated by
superconducting coils for fusion research, NMR mag-
nets, and for energy related components such as trans-
formers, energy storage coils (SMES) and motors. For
AC driven devices or pulse operated coils, specific de-
velopments in low AC loss conductors were requested
and investigations on this topic were started. The ac-
tivities cover a wide range from basic material prepa-
ration and characterization to concepts for technical
conductors, the investigation of preparation routes and
the investigation of the superconducting properties as a
function of temperature, background magnetic field and
mechanical strain.

In the years 1979 1980, intensive work began on the
investigation of the LTS Al15 systems Nb;Sn and
Nbs;AlL as the most important materials for generating
higher fields than achievable with NbTi. The main
challenge was to improve the critical current densities
and upper critical fields, by using improved materials.
Most of the work was performed on the basis of tech-
nology transfer contracts with industry. In the years
1983 1990 work on the next generation of high-field
materials, the Chevrel phases (Pb;_,Sn,MosSg) was
performed, motivated by the observed extremely high
By, of up to 50 60 T at 4.2 K.

With the discovery of HTS in 1986, LN, cooling
became a possibility few years later and the extremely
promising superconducting properties, high-current
densities and extreme high critical fields at LHe (>100
T). This led to a nearly complete switch of R&D activ-
ities to this new material class. The work focused first on
BSCCO tapes and YBCO bulk materials. Since 1998,
YBCO as a coated conductor on metallic substrate tapes
was investigated in the framework of a national col-
laboration with universities and industries. Very re-
cently, the discovery of superconductivity in MgB, with
a Tc of 39 K initiated the exploration of the potential
of this new compound, leading to the development of
MgB, wires and tapes.

In the following sections, the achieved highlights
and milestones for the specific materials are re-
viewed.



5.1.1. A15 phase superconductors

In the 1970s, a lot of fundamental research on Al5
bulk, wire and thin film samples showed that alloying
and more sophisticated preparation methods could im-
prove pinning and high-field properties. For the most
interesting system, Nb3;Sn, ternary substitutional alloy-
ing with Ti, Ta, Zn, Ga, etc. were investigated on mul-
tifilamentary wires, improving the material with respect
to several properties [66]. The ternary additions sup-
pressed the spontaneous structural phase transforma-
tion to the tetragonal phase and improved the Sn
content towards stoichiometry via faster diffusion paths
[67]. The microstructure was improved towards smaller
grains, resulting in enhanced flux pinning. In ternary
Nb;Sn wires, the current densities increased significantly
and this new technique rapidly became the industrial
standard for wires used in high-field applications. The
B, values were improved by about 3 5 T to values close
to 28 30 T. Supporting a high Sn content for the phase
formation, internal tin diffusion techniques were applied
(Fig. 23) [68]. Since the efforts to achieve small grains
were limited by grain growth during annealing, inno-
vative methods such as the introduction of artificial
pinning centers and powder-metallurgical approaches
were investigated for the wire preparation with good
success but limited applicability for technical conductor
lengths of several km [69]. These investigations demon-
strated the potential of the material but failed to gen-
erate an industrial application.

In parallel with the Nb;Sn development, Nb3Al be-
came of high technical interest due to the potential for a
significantly higher B, of approximately 35 T. The
meta-stability of the stoichiometric compound at RT
required completely new preparation schemes such as
microalloying and powder-metallurgical approaches or
extremely fast quench methods from temperatures of
about 1900 °C. Although much improved wires could be
prepared by this method, the limited deformability of
the materials for technical conductor lengths hindered

Fig. 23. Internal Sn diffusion Nb;Sn wire, 55 cores 7260 filaments [68].

the rapid breakthrough of these approaches to industrial
processes [70].

During this time, pioneering work was done on ex-
perimental investigation of stress and strain induced
effects on superconducting wires [71]. This includes the
construction of axial tensile strain rigs for background
fields up to 20 T (HMFL, Grenoble). From those in-
vestigations conductor reinforcements to improve the
mechanical properties, such as steel reinforcements were
developed. Experimental methods were extended to
larger assembled conductors, as subsize conductors for
toroidal field coils of fusion reactors, with forces up to
100 kN and 10 kA current (see Fig. 4a and b). For coils,
transverse stresses are the most important and new
kinds of strain rigs allowed the application of transverse
stresses to the conductors [72]. Such investigations were
performed first on Nbs;Sn wires, then Chevrel phase
wires [73] and later on HTS tapes [74] with continually
improving strain rigs.

A theoretical and physical understanding of the stress
and strain effects was generated by investigations of the
strain tensors in standard and reinforced Nbs;Sn wires
by means of neutron diffraction studies of the crystal
structures at different temperatures [75]. 3D-modeling of
the stress and strain states in Chevrel phase wires dem-
onstrated the importance of the 3D-nature of the re-
sidual stress state in the superconducting filaments [76].

5.1.2. Chevrel phases

The development of Chevrel phase wires required a
new fabrication method, including precursor pre-reac-
tion using HIP (hot isostatic pressing) techniques [77],
and the powder-in-tube (PIT) technique. This was a new
challenge for the deformation technique and conductor
heat treatments. Using a very complicated four com-
ponent conductor with a steel/Cu/Nb (or Ta)-sheath,
mechanically stable monofilamentary wires were devel-
oped that carried high-current densities of up to 2 x 10*
A/em? at 20 T and a temperature of 4.2 K, which is the
best value for this material. The limitation of this tech-
nique to monofilamentary wires, the failure of further
current improvement and rapid success with the new
HTS conductors destroyed the chance of further pro-
gress in these materials or in possible technical appli-
cation. The activities were stopped as a consequence in
1990.

5.1.3. BSCCO(2223) tapes

The discovery of the HTS conductor BSCCO(2223)
with a Tc of 110 K opened the possibility of LN, bath
cooling. The two-dimensionality of superconductivity in
this compound required the creation of phase texture
which can be achieved only in a tape geometry. A new
preparation scheme, the PIT process, and sophisticated
rolling processes were now necessary (Fig. 24). The
chemical reactivity of BSCCO and some oxygen ex-



Fig. 24. Cross sections of BSCCO conductors: 85 filament standard
tape (top), 703 filament tape (middle) and ring bundle barrier (RBB)
tape for low AC losses (central resistive barrier).

change during reaction required the use of an Ag sheath,
which had the disadvantage of poor mechanical per-
formance that was not sufficient for most applications.
The phase formation from the multiphase precursors
required complex and very accurate heat treatments.
One first milestone was therefore the first introduction
of AgMg dispersion hardened sheaths in BSCCO(222 3)
conductors, which also became the industrial standard
(Fig. 25) [78]. AgMg/AgAu sheathed conductors were
developed for use in current leads [79]. AC applications
in power cables, transformers and motors soon became
of dominant interest for applications. Since in standard
conductors an effective coupling of the filament due to
the very good conducting Ag sheath leads to high AC
losses, an innovative method of resistive barrier layers in
the sheath between the filaments was introduced [80].
The results were very promising and the measured de-
coupling of the filaments corresponded to an AC loss
reduction of 40% or more at 50 Hz AC current. The
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Fig. 25. Critical current versus axially applied strain for 19 filament
BSCCO tapes with Ag sheath and AgMg, dispersion hardened sheath.

development of these new conductors is continuing,
since an enhancement of the thermodynamically limited
current densities is absolutely necessary for application.
Many AC applications require high-current conductors
with low AC losses. A new tape geometry with a
Rutherford cable-like structure was developed and al-
lowed very effective filament twists and excellent de-
coupling of the filaments [§1]. Methods to increase the
suppressed current carrying capability in these innova-
tive concepts are also under investigation. Since 1992,
the R&D activities for BSCCO(2223) has been in-
cluded in European projects (BriteEUram3 and 4, and
5th Frame Program of the European Union) with in-
dustrial collaborations.

5.1.4. YBCO coated conductors

Since 1998, a coordinated effort has existed in Ger-
many to develop YBCO coated conductors on the basis
of cube textured NiCr alloys. The main contribution of
the ITP to this research is to improve the texture quality
of the substrate tapes, to avoid single wrongly oriented
grains and to define the process parameters for repro-
ducible preparation of long substrate tapes. For this
purpose, short time annealing techniques were applied
and differential scanning calorimetry investigations were
used to quantify the thermodynamics of the recrystalli-
sation [82]. The deformation method, rolling texture and
recrystallisation parameters are of the most importance
for an improved texture quality and are the main goal of
the investigations. The microstructure, individual grain
orientations and their statistical distribution, i.e. texture,
were analyzed by the SEM-based electron back scatter
diffraction (EBSD) technique, which is the most ad-
vanced analytical tool for this purpose. For NiCr alloys,
state of the art textures with less than 5° out-of-plane
misorientation were achieved. Thermodynamical studies
of the kinetics of the recrystallisation process allowed a
fast adjustment of the heat treatment conditions of new
alloys.

5.1.5. MgB>

The discovery of superconductivity in this compound
in January 2001 initiated worldwide efforts in investi-
gating thin films, wires, tapes and bulk materials. This
material is of technical interest due to a 7 of 39 K and
very high critical current densities of up to about 107
A/ecm? at 4.2 K in self-field. Methods used to fabricate
Chevrel phase wires could successfully be applied and
adapted for wire and tape concepts, and mechanically
reinforced monofilamentary conductors were developed
and characterized (Fig. 26) [83]. Although critical
transport current densities of above 10° A/cm? were
achieved at 4.2 K in self-field, being the highest trans-
port currents reported for these wires so far the poten-
tial for superconducting transport currents is 100 times
higher as demonstrated in textured thin films. Sample
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Fig. 26. MgB, conductors: MgB,/Nb/Cu/steel wire (top left), MgB,/
Fe/steel wires with different steel contents (top right), diameter 1 mm,
MgB,/Fe tape (=3 x 0.35 mm).
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Fig. 27. Transport critical current densities of different MgB, con
ductors: wires and tape with different sheath composites applying pre
reacted MgB, precursor.

densification, phase homogeneity and purity are limiting
factors and cause spontaneous quenches at current val-
ues well below the values obtained from magnetic mea-
surements (Fig. 27) [84]. The superconducting properties
show a significant stress and strain sensitivity, which can
lead to irreversible partial damage of the conductor [85].
This is of most importance for mechanically reinforced
wires [86]. MgB, may become very interesting for niche
market applications in persistent mode magnetic reso-
nance imaging magnets. The general behaviour resem-
bles more LTS conductors than HTS conductors but
much R&D are necessary to improve the phase homo-
geneity and purity and to develop multifilamentary wires
or tapes with sufficient thermal stabilization.

5.1.6. Basic physical properties
The development of superconducting materials is al-
ways accompanied by investigations of their physical

properties. For the low-7¢ superconductors, structural
instabilities are of particular interest. They manifest
themselves in an enhanced electron phonon coupling,
but may also initiate a transition to a crystal struc-
ture with reduced superconducting properties, when the
material is simply cooled down or exposed to mechan-
ical stress, e.g. by Lorentz forces. The structural tran-
sitions have been thoroughly studied through changes of
electric, magnetic, and mechanical properties as well as
with microscopic and spectroscopic means.

In A15 materials, X-ray investigations under high
pressure revealed the sensitivity of the martensitic cubic-
tetragonal transformation to changes of the lattice
constants [87]. While Nb;Sn can be stabilized in the
cubic structure by substitutional alloying as described
in Section 5.1.1, Nb3;Ge could only be obtained in a
metastable state by thin film deposition, thus achieving a
transition temperature above the important 20 K limit
[88]. For cubic (bcc) NDbTi, the lattice instability was
traced back to the microscopic origin. It has been shown
that the development of elastic strain fields finally sta-
bilizes the structure, known as the training effect. Gen-
eral insight into the plastic instabilities of structural
materials for magnets at low temperatures emerged from
tensile tests with fcc materials such as copper and au-
stenitic stainless steel. It could be demonstrated that a
load drop, as precursor to failure, stems from disloca-
tion motion controlled by viscous and thermally acti-
vated mechanisms [89].

The attempt to develop a (carbon fiber, NbN)-com-
posite conductor combining high tensile strength with
excellent superconducting properties was successful and
patented, but the initial interest in this new conductor
decreased significantly after the discovery of HTS [90].

The early availability of high-quality single crystals of
the high-Tc (RE)Ba,Cu;0, family and the consequent
chemical and structural characterization by high-reso-
lution SEM/EDX analysis and neutron diffraction fa-
cilitated a successful investigation of thermodynamic
properties. Calorimetric and dilatometric investigations
under high pressure on differently doped crystals reveal
the influence of oxygen content and ordering on the
charge carrier density which determines 7¢ in a universal
way [91,92].

For the understanding of the field and temperature
dependence of the critical current density, jc(B,T), of
superconducting materials, DC and AC magnetization
measurements have been performed and analyzed in the
framework of flux pinning models. Whereas in the case
of strong pinning centers, e¢.g. for NbTi, the elementary
pinning forces at structural defects can add linearly, in
materials with weak pinning centers, commonly existing
in A15 materials, the elastic energy of the flux matter
must be taken into account. This leads to a collective
flux-line pinning which causes an increase of jc at high
fields. This “peak effect” has been studied in-depth on



single-crystalline V;Si as a representative of the AlS
materials [93]. The individual structure of pinning cen-
ters has been visualized with high-resolution electron
microscopy [94].

For the high-7¢ superconductors, the thermal energy
leading to thermally activated flux creep can no longer
be neglected. The interplay between the pinning energy,
the vortex interaction energy, and the thermal energy
now causes a variety of phases of the flux matter in the
B T phase diagram. Against this background, in par-
ticular the influence of the oxygen content on jc(B,T)
has been investigated in great detail. Starting from
almost defect-free single-crystalline YBa,Cu;O, and
NdBa,Cu;0, at x =7, the importance of oxygen-
vacancy clusters for flux-line pinning was demonstrated
and it was shown that high critical currents and maxi-
mum critical temperatures do not come into conflict in
cuprates [95].

In addition to DC magnetometry, AC methods were
successfully used for the investigation of the flux dy-
namic in thin films [96]. Hall-sensor magnetometry
proved especially suitable for the contactless test of the
critical current homogeneity of long BSCCO(2223)
tape conductors (Fig. 28).

It has been demonstrated that this inductive method
detects the same current system as a resistive one [97].
A prototype “Tacho” (Tape Current Homogenity) has
been built and patented.

In a similar way, basic investigations of texture by
EBSD became of fundamental importance for the de-

Fig. 28. Equipment for continuous homogeneity test of critical cur
rents for long length HTS, such as multifilamentary BSCCO(22 2 3)/
Ag tapes.

velopment of YBCO coated conductors (see Section
5.1.4).

5.2. Material properties at cryogenic temperatures

A sound structural materials database is essential for
the engineering design and construction of large super-
conducting magnet systems that are capable of with-
standing forces of several hundreds of MN. At the end
of the sixties, a limited structural engineering database
was available from the activities of liquid natural gas
container manufacturing and large hydrogen bubble
chambers design for high-energy particle physics [98].
For fusion technology, the design of large magnets re-
quires basic engineering data of the base and weld ma-
terials at low temperatures. Therefore, the adaptation
and the development of measurement techniques for
material characterization at 4 K was an important part
of the work.

5.2.1. Equipment for cryogenic material tests

Within the framework of the fusion magnet tasks,
several low-temperature mechanical test facilities were
designed, completed and operated (Table 3).

The operation of mechanical tests at cryogenic tem-
peratures requires reliable, on-site displacement trans-
ducers. Based on strain gauge and current extensometer
technology, design and development of suitable dis-
placement transducers were initiated for a variety of
specimen types [100]. Within the last two decades several
types of extensometers were developed at ITP by con-
tinuous improvements made for different mechanical
test programs. The extensometers produced to date are
highly reliable and are used at several institutions
around the world, ranging from measurement tasks for
fragile BSCCO high-temperature superconducting tapes
of the size 0.2 mm x 4 mm (extensometer mass less than
2 g) up to large size tensile specimens of 22 mm & [101].
In addition, these extensometers are able to determine
the strain of the specimen under test up to 60% strain.
The accuracy of these high sensitivity (resolution <0.2
um) extensometers is below 1 um at 4 K.

5.2.2. Measurement of tensile properties

The determination of mechanical tensile data is well
defined by several standards [102 104]. However, they
are not directly applicable at 4 K being limited to RT
and to 77 K. The new ISO standards committee [105], of
which ITP is a national committee member, will guide
the tensile tests in near future for 4 K tests. However,
these standards usually do not define the Young’s
modulus determination at zero offset. This engineering
quantity is important for the finite element method of
structural mechanical analysis and for the development
of new superconducting materials. For Young’s mod-
ulus determination to date, only the ASTM E 111



Table 3
Mechanical test facilities at the cryogenic material testing laboratory

Machine details 200 kN Zwick machine

630 kN Schenk machine

25 kN MTS machine (Fig. 29)

Installation year and operation 1978 2000

Load capacity 200 kN

Type Screw driven
Operation and environment LHe or LN2
Cryostat type and diameter Bath 400 mm ¥
Tensile specimens 4 12 mm &

Kjc specimens
FCGR specimens

Compact tension 6 24 mm

JETT specimens 6 mm

Multispecimen rig Four specimens tensile or
fracture

Kind of testing Static

2000 to date

630 kN

Servo hydraulic

LHe or LN2

Bath 400 mm J

422 mm

Compact tension 6 40 mm

Four specimens tensile or
fracture
Static and dynamic

1987 to date [99]

+25 kN

Servo hydraulic

7 300 K He gas

He flow 180 mm &

0.24 mm J

Compact tension 2 6 mm
Compact tension 2 6 mm
6 mm

Four specimens JETT

Static and dynamic

FCGR: fatigue crack grow rate; JETT: J evaluation on tensile test, Section 5.2.3.

Fig. 29. The test chamber of the 25 kN MTS machine cooled by a
helium flow cryostat for generating variable temperatures.

standard [106] is applicable. Although this standard was
reapproved in 1988, it is not recommended to use the
stress strain curve’s initial tangent modulus (slope of the
stress strain curve at the origin) because of the diffi-
culties of establishing the zero offset line experimentally.
The standard recommends, instead, the use of the dou-
ble extensometer system, which was considered at ITP
since the mid-1980s, when ITP successfully developed a
measuring technique using two independent extenso-
meters attached to the tensile specimen in 180° position,
working at 4 K. Using the specific data acquisition (18
bit resolution) and evaluation software, to date, the
system is capable to analyze the engineering parameters
(Young’s modulus, yield and tensile strengths, and
elongation) with a +3% accuracy for the Young’s
modulus.

5.2.3. Measurement of fracture toughness properties
Along the high yield strength, an additional stringent
requirement for materials used as structural parts for
heavy loaded components is to have a reasonable high
fracture toughness. Beginning with the EURATOM

LCT coil development, ITP actively worked out a
technique to determine the fracture toughness of the
baseline 316LN 50 mm thick case material (base and
weld). The 200 kN test facility was ready in 1981 to
measure the fracture toughness Kjc of the case material
at 4 K using the multispecimen J-integral test method
according to ASTM E 813-81 [107]. Since then, the
method has become a standard test technique at ITP
and during the eighties a variety of different structural
materials was successfully tested at 4 K [108]. Fig. 30
shows the established database for several structural
materials. The diagram addresses the performance of the
material at 4 K and gives valuable information about
the strength and toughness relation of the particular
material for structural applications.

The need for fracture toughness data for ITER full
size superconductor conduits (jacket material) raised the
question of seeking a test technique with small size
specimens machined from jacket structures. In close
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collaboration with NIFS (Gifu, Japan) a novel test
method called J-evaluation on tensile test (JETT) was
successfully developed, which was able to measure the
fracture toughness of small size (6 mm ¢, 60 mm long)
specimens at cryogenic temperatures [111 113]. A re-
cently conducted worldwide round-robin test showed
the potential of this current test technique.

5.2.4. Measurement of cyclic loading properties

The requirement in fusion technology for cyclic ma-
terial database has necessitated the collection of addi-
tional cryogenic fatigue crack growth rate (FCGR) data.
The dynamic mechanical behaviour of that used LCT
case material, Type 316LN was measured at 4 K with
large compact tension specimens of 24 mm thickness. In
the early stage, these measurements were based on an
estimation of crack lengths during the necessary fatigue
pre-cracking of fracture toughness tests [114]. The recent
comparison of these data with measurements conducted
using the new cryogenic mechanical test facility (MTS
25 kN servo hydraulic machine) showed the excellent
agreement of both types of measurements, as shown in
Fig. 31. The FCGR test is now standardized with re-
spect to the test procedure and the type of specimen. In
Fig. 31 a data set of current test results is given con-
cerning ITER cryogenic structural materials. In addi-
tion, the fatigue life data of the structural materials were
established with standard small size specimens up to 1
million cycles at 7 K. These important data give addi-
tional information about the real structural performance
of a cyclic loaded member in its non-artificially cracked
state, when compared to FCGR tests. The verification
of these fatigue life cyclic test results with full size

L.0E-02

structures will be the next step of the material test pro-
gram. Preliminary tests at 4 K with full size jacket
structures of the ITER central solenoid superconductor
should verify that the presently installed large 630 kN
capacity servo hydraulic machine is capable of carrying
out tests under four-point bending mode for load ranges
of AP =400 kN with 2 Hz frequency without major
problems.

5.2.5. Component tests

Besides the determination of basic engineering ma-
terial properties, testing of small-scale components,
which represent a model of a real structure are essential
during the development phase of magnets. Typical tasks
within this framework are as follows:

e Friction coefficient of structures joined with pre-
stressed bolting [115].

e Shear strength of conductor to conductor bonds by
insulating composite materials [115].

o Sliding properties of the ITER TFMC conductor at
the joint region [115].

e Oxygen partial pressure and its impact during aging
of jackets produced by superalloy Incoloy 908 mate-
rial [115].

The cryogenic material laboratory has made essential
contributions to the development of suitable testing
techniques at low temperatures and the engineering
database of structural materials for fusion magnets. The
laboratory’s expertise and equipment is presently unique
in the world.
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Fig. 31. FCGR test results with Type 316LN structural materials. Black circles indicate the LCT case measurements at 4.2 K [114]. The 80 mm thick
plate, cast steel, and forged 316LN represent the currently candidate structural materials for ITER.



5.3. High-voltage engineering

The mastering of electrical insulation technique is an
indispensable requirement for electrical machinery. The
high-magnetic energies stored in fusion magnet systems
require high voltages for charging and removal of
magnetic energy (see Section 2.2.3). Voltage levels up to
20 kV in superconducting magnet technology have been
mastered. Therefore, a cryogenic high-voltage labora-
tory with suitable equipment has been necessary for
making insulation tests on magnets and for the devel-
opment of components used in operation at low tem-
perature (Fig. 32) (see Section 2.2.6). The high-voltage
equipment includes voltage sources up to 200 kV (AC,
DC and pulse), measuring equipment (voltage dividers,
partial discharge measuring equipment, tan 6 measuring
bridge), and cryostats with bushings for the voltage
levels required.

Since the magnets are exposed to switching proce-
dures during the fast safety discharges, the response of
the electrical network representing the magnet winding
on transient voltages has to be considered [116].

For the development of superconducting power
transmission cables, techniques for handling voltages
between 50 and 500 kV have to be mastered (see Section
4.2.4).

Fig. 32. The cryogenic high voltage laboratory with the high voltage
power supply and measuring equipment on the right hand side, on the
left hand side a part of the test facility HAIhKE (Fig. 22) can be seen,
the whole arrangement is enclosed in a Faraday cage.

6. Cryogenic supply, development and research

Almost all project requirements of the Institute so far
have necessitated the use of helium cryogenics. The RF
superconductivity projects in the seventies even needed
1.8 K refrigeration. For this reason, two 1.8 K/300 W
refrigerators were constructed and delivered by Linde
and Messer Griesheim. Both refrigerators are capable of
liquefaction and refrigerator mode operation at 4.4 K,
as well. A 2 kW refrigerator was added in the 1990s for
the extension of the TOSKA facility.

Every experimental area has its special requirements
for the helium supply, the cold helium feedback to the
refrigerator or to the recovery system. The helium
management has to be adapted to the actual experiment
and handled by appropriate measuring and control
systems. Special accompanying research and develop-
ment work is necessary for the corresponding cryostats
and cooling circuits of the actual experiments.

6.1. Refrigeration and liquefaction plants

The unique, powerful, and flexible “300 W/1.8 K”
plants of Linde and Messer Griesheim were used suc-
cessfully in a large number of RF and high-current su-
perconductivity projects. The plants, equipped with dry
piston compressors and upstream oil-free roots blowers
for operation at 1.8 K, were mainly used for combined
operation with up to three parallel loads plus liquefac-
tion into the LHe storage tanks [117]. The Messer
Griesheim plant was decommissioned in 1995 after
nearly 40,000 h of operation and donated for further use
to the Institute for Plasma Physics of the Academia Si-
nica at Hefei, China. The more compact, more powerful
Linde plant commissioned in 1971, which has mean-
while been upgraded with respect to its measurement
and control technology (113,000 h of operation by
2001), is still much in demand as a highly reliable
refrigeration plant and as a liquefaction plant.

To increase the He I refrigeration capacity for the
operation of fusion magnets that are forced-flow-cooled
by supercritical helium, another Linde refrigeration
plant was commissioned in 1993 with an equivalent 4.4
K refrigeration capacity of 2 kW as continuous perfor-
mance (/2.5 kW discontinuously by LHe consumption
from an integrated 10,000 1 tank) [118]. This refrigerator
is equipped with oil injected screw compressors and
turbines with dynamic gas bearings. Up to now, it has
been used for 26,000 h of reliable operation and, espe-
cially, for cold He supply of the TOSKA facility. The
plant can run 10 fully automatic operation modes
comprising 3.3 K refrigeration, 4.4 K refrigeration, lig-
uefaction and combinations of each. During the cryo-
genic supply for the TOSKA facility the plant worked
very successfully, mostly over many weeks, at operating
temperatures between 3.3 and 4.4 K (Fig. 33).



Fig. 33. The 2 kW/4.4 K refrigerator hall with the valve and cold box.

6.2. He supply and recovery system

The two present refrigerator/liquefier facilities are
parts of a powerful, highly flexible helium supply and
recovery system. This system meets the special require-
ments of a large laboratory with a large number of
loads, continuously changing refrigeration requirements
in two experimental halls, and the additional LHe re-
quirement in small laboratories of ITP and other insti-
tutes of FZK. Table 4 presents an overview of the
current scope and performance of the state-of-the-art
FZK interconnected helium facility system.

6.3. Cooling circuits and test facilities

The first requirements arose from high-energy physics
in the 1970s. For economic reasons, closed refrigerator

circuits were needed with the “300 W” plants in which
superconducting cavities had to be cooled in saturated
superfluid baths, and superconducting magnets in nor-
mal-fluid He I baths. The refrigeration capacities at 1.8
and 4.4 K of the circuits added up to approximately
100 300 W.

A large number of the superconducting systems and
cryogenic circuits developed and tested at the Institute
were designed for commercial applications and locations
[1].

From the 1980s onward, the work concentrated on
cooling circuits for high-capacity fusion and high-field
magnets which were designed, built and operated at
the Institute. This changed the requirements to be
met in refrigeration, cryostat and cooling circuit tech-
niques. From that time the large-volume, high-capacity
forced-flow-cooled fusion magnets have been cooled in



Table 4
ITP He supply and recovery system

Upgraded Linde 300 W/1.8 K refrigeration plant (380 W at 1.8 K; 600 W at 4.4 K; 5 g/s LHe)
Linde 2 kW He I refrigeration plant (2 kW/4.4 K; 700 W/3.3 K; 1000 W/80 K; 9 and 22 g/s LHe, respectively)

L' Air Liquide purifier plant (14 g/s at 200 bar)
He recovery system (total 30 g/s; 30 and 200 bar respectively)
He storage facility (16,000 scm GHe; 3000 kg/24,000 1 LHe)

Two LHe filling stations (current LHe output 200,000 1/a)

Three He transfer line systems with an overall length of 350 m, connected to 8 experimental stations
Six refrigerator circuits with the test facilities: TOSKA, STAR, TIMO, HOMER I, HOMER II and MTA 1

Quench gas recovery system ~200 m long, with 4500 kg of basalt stone pre heater and a gas balloon of 200 m?
LN, supply system with a 30,000 1 tank and ~200 m of distributing piping

stationary mode within autonomous secondary circuits.
Separate circuits are used for cryogeneration and supply
(primary circuit) and for magnet cooling (secondary
circuit). The thermal coupling point of the two circuits is
a LHe HEX bath cryostat, in which the cold pumps are
also installed for circulating the helium through the
cooling channels of the magnet (Fig. 34). The LHe bath
and the superconducting magnet are located in different
cryostats (HEX bath cryostat and magnet dewar). A
prototype facility employing this concept was the HE-
LITEX facility designed and used for cryogenic inves-
tigations in forced-flow-cooling of superconducting
magnets. The same principle of a magnet cooling circuit
is being used in the larger, more powerful TOSKA fa-
cility.

Different cooling circuits and experimental facilities
were developed and built for development, testing, and
operation of high-field magnets. Here the supercon-
ducting systems made up of concentric solenoids are
cooled in subcooled superfluid baths for reliable stabi-
lization. As the HOMER I and HOMER 1II experi-
mental facilities are frequently cooled down and warmed
up, and NMR magnets also need to be trained routinely
in the MTA I and MTA 1I test facilities, all facilities
were integrated into closed He I refrigeration circuits
with the Linde 300 W plant. The comparatively low He
IIp subcooling capacity in the magnet bath is generated
by expansion and HEX units installed in the cryostat;
the vapor produced in the He IIs auxiliary HEX bath is
extracted by vacuum pumps. Table 5 shows the present
cooling circuits and test facilities integrated in the ITP
interconnected helium facility system.

6.4. Cooling techniques, helium circulation techniques

In the early superconductivity projects, the magnets
and cavities as test objects were cooled in saturated He
baths. More powerful superconducting magnets indi-
cated rather early the limits and risks of cooling by He |
baths (location-dependent heat transfer, degradation
of heat transfer in blind-end channels, change and

Fig. 34. TOSKA facility: the He II (He II HEX) cryostat inserts with
HEX, piston, centrifugal and thermo mechnical pump (left hand
behind the He valve).

obstruction of heat transfer by vapor formation). On
the other hand, the advantages of He IIs bath cooling
(extremely high thermal conductivity without bubble
formation, location-independent heat transfer) were
exploited in cooling various RF resonators and RF in-
put and output elements.

Extensive studies and development work have been
performed on helium forced-flow-cooling. In the HE-
LITEX facility, the attraction and special features of
supercritical forced-flow-cooling have been studied in
long superconducting cable models, and quantified un-
der steady-state, transient and off-normal load condi-



Table 5

ITP cooling circuits and test facilities

Test facility

Test object/object to be
cooled

Refrig. circuit with/LHe
supply from

Cryostats

In operation
since

TOSKA

TESPE/STAR

TIMO

FBI 10/100 kN

JUMBO

HOMER 1

HOMER 11

MTA I

MTA II

Fusion magnets

fic 4.4/3.3 K

fic 1.8 K

Fusion magnets 4.4 K

ITER model cryopumps ffc
44 K

SC probes 4.2 K bath cool
ing

15 T magnet SC probes
4.2 K bath cooling

20 T magnet syst. 1.8 K
He II,, bath

20 T magnet syst. (1) 25 T
magnet syst. (2) 1.8 K

He II,, bath

NMR magnets 750/800/900
MHz 7, He 11, bath
Highest field magnets

< T, He II, bath

2 kW He I Refr.

300 W He II Refr.

2 kW He I Refr. or

300 W He I Refr.

2 kW He I Refr. or

300 W He I Refr.

LHe from 5000 1 storage at
300 W Refr.

LHe from 5000 I storage at
300 W Refr.

300 W He I Refr. +He 11
subcooler 10 W

300 W He I Refr. + He 11
subcooler 25 W

300 W He I Refr. + He 11
subcooler 15 W

300 W He I Refr. + He 11
subcooler

175 m? test dewar

3000 1 He I HEX Cryost.
1000 1 He IT HEX Cryost.
18 m?® test dewar with two
separated LHe tanks

10 m? test dewar

3000 1 He I HEX Cryost.
He I bath cryostat

He I bath cryostat

250 1 He II, cryostat with
therm. barrier
300 1 He II,, cryostat with
therm. barrier

250 1 He II,, cryostat with
therm. barrier

He II, cryostat with therm.
barrier

1984
1996
1981/1993
2000
1993
1979
1983

2001 (cryosystem)

1989

To be constructed

tions. The positive findings constituted the basis for the
decisions on the construction of the forced-flow-cooled
EURATOM LCT coil, whose stability characteristics
were excellent, as described above under all conditions
of use (in TOSKA at 4.4 K, in the Oak Ridge National
Laboratory test facility at 3.8 K, in TOSKA at 1.8 K)
[16,25,119].

To this day, helium forced-flow-cooling of large fu-
sion magnets has been practiced at ITP within autono-
mous closed secondary cooling circuits employing cold
pumps for helium circulation [120]. Extensive findings
were generated by specific comparative thermohydraulic
studies in the HELITEX facility: the advantages and
drawbacks of direct cooling with the Joule Thomson
flow of the refrigerator and within a closed secondary
loop, delivery characteristics of piston and centrifugal
circulator pumps, cooling stability under transient heat
loads as a function of cooling circuit configuration and
circulator pump characteristic [121].

The high-capacity circulator pumps used (single-
cylinder and three-cylinder designs with mass flows up
to 150 g/s and pressure heads up to 4 bar) were devel-
oped jointly with industry and subjected to extensive
trial runs in the HELITEX facility [122,123]. For lower
cooling capacity requirements (up to 50 g/s and 0.4
bar), centrifugal LHe immersed pumps with magnetic
bearings and superconducting drive developed at the
Walther-Meissner Institut, Munich, were redesigned
and upgraded to match ITP’s systems and operating
conditions. All of these mechanical pumps were used
very successfully both in normal fluid, mostly super-
critical, He I conditions and in subcooled, superfluid
He II conditions (in the 11 T operation of the me-

chanically reinforced EURATOM LCT coil). These
pumps proved to be able to pump and circulate He 11
without any deterioration of the delivery characteristics
[124].

Prior to the development of the POLO model coil,
which was operated in a dual cooling mode ensuring
stable and effective quasi-isothermal cooling of the su-
perconducting cable, cryogenic investigations of two-
phase He I forced-flow-cooling were carried out in three
stages:

1. Experiments with a quasi-horizontal test channel 200
m long and 10 mm in diameter to study flow behav-
iour and heat transfer characteristics.

2. Thermohydraulic studies of four parallel quasi-hori-
zontal channels equipped with heaters and mass flow
control circuits to simulate the four pancakes of the
model coil.

3. Simulation, by pulsed thermal loads, of AC losses due
to plasma control in a reactor, and observation of the
effects on cooling effectiveness.

Optical observation of the flow indicated a typical
wavy flow or a typical stratified flow. Despite separately
flowing phases, the homogeneous computation model
turned out to be sufficiently accurate for pressure drop
estimates [125].

Pulsed thermal operation resulted in case of a flow
generated by a “natural’ pressure gradient in dangerous
operation conditions with complete stoppage of flow
and even flow reversal. Here the use of a piston pump to
force the two-phase flow through the channels enabled a
sufficiently stable forward flow. The advantage of this



solution was confirmed during the operation of the
POLO model coil [27].

Bath cooling in superfluid subcooled He IlIp baths
proved to be a highly efficient cooling and stabilization
technique for high-field magnets. For this reason, it is
being applied at ITP at the boundary temperature, 73,
and at the lower He II temperatures down to 1.6 K.

6.5. Cryostat techniques

The many requirements for RF and high-current
superconductivity areas have necessitated individual
special cryostats to be designed, manufactured, tested
and operated in the Institute.

Initially, horizontal bath cryostats were chosen for a
variety of high-energy physics applications. Their reli-
able and economic operation when filled with He I and
He II also required experimental studies and develop-
ment work to be performed in cooling process tech-
nology, sealing, measurement, thermal insulation and
safety techniques. The experience accumulated in these
fields has been used to this day in designing and building
new cryosystems.

The change in activities that was associated with a
discontinuation of RF superconductivity and a con-
centration on fusion magnets, high-field magnets, and
energy technology, required other types of cooling
techniques, and also different vertical cryostat designs.

Fusion magnets with forced-flow-cooling demand
cryostat designs with spacial separation of the functions of
thermal insulation of the forced-flow-cooled magnet (test
dewar) and the refrigerant bath with the cryoreservoir
(LHe HEX cryostat with thermal coupling point between
the primary and secondary helium circuits, see Figs. 34
and 35) and also with the new designs with very powerful
gaseous He forced-flow-cooled current leads [39].

The other type of cryostat design now customarily
used at ITP is the vertical wide-neck cryostat with
thermal barrier. This type is used for all of the ITP high-
field magnets, e.g. in the HOMER 1I facility (Fig. 36).
The He I reservoirs above the thermal barrier of these
cryostats are supplied by the He I refrigerator plant.
Part of the flow is fed to the He II subcoolers, whose
expansion and HEX units are located in the magnet
baths below the thermal barrier; the exhaust vapor of
the HEX operating with saturated He II is first warmed
up to ambient temperature and then pumped off by
conventional vacuum pumps and returned to the com-
pressor of the refrigerator. This type of cryostat has
been used successfully for many years in the high-field
experimental and test facilities, HOMER 1, MTA 1,
HOMER 1II and, in the future, MTA II. To limit the
thermal load for the He Il magnet bath, a tightly sealing
thermal barrier is required for the HOMER plants op-
erated at approximately 1.8 K. For MTA I, which is
operated at the He II boundary temperature, 7, a

Fig. 35. TOSKA facility with test dewar and HEX cryostats in the
background.

simple convection barrier is sufficient, as the gaps in the
region of this barrier contain only He I, whose thermal
conductivity is low. Two different types of He II sub-
coolers were developed and compared in performance
tests for subcooling of the magnet baths [126]. Both
types have been run successfully for years.

The development, design, and test work for the low
loss prototype cryostat of the Bruker high-resolution
NMR spectrometers conducted at ITP required a dif-
ferent, more sophisticated cryostat technique. In this
case, a low loss thermal barrier technique and optimum
utilization of the He exhaust gas enthalpies were re-
quired to limit the overall consumption of the cryostat
below 100 ml/h to be supplied intermittently from LHe
transport containers [127, Pat.].

6.6. Thermal insulation

Thermal insulation with MLI (multilayer insulation)
as employed in He cryogenics allows the maximum at-
tainable quality of insulation to be achieved. Because of
the anisotropy of MLI and the difference from an ideal
configuration in the form of highly reflective shields
freely floating in high vacuum, MLI may undergo tre-
mendous degradation when installed in cryoequipment.
This is particularly true of three-dimensional surfaces,



Fig. 36. HOMER 1I cryostat during installation of the magnet system
(Fig. 11).

surfaces with interruptions and penetrations, compo-
nents with small diameters, difficult access, etc. Un-
satisfactory experience with purchased and in-house
cryoapparatus and transfer lines required in-house
studies to be performed.

In a mid-size test facility (TESSI/THISTA) built for
this purpose, studies between RT and 80 K, and RT and
4 K, respectively, were carried out, first mainly with
reference to large scale cryostat technique, then later to
cryotransfer lines and “pipe cryostats” for HTS cables.
This also included a choice of optimum available com-
mercial MLI available for ITP applications and their
characterization under the constraints of assembly and
operation in various cryostat and cryotransfer line
configurations [128].

The use of blanket MLI allowed the quality of the
insulation to be enhanced considerably; this is particu-
larly true for equipment of smaller diameter and for
transfer lines [129].

Incidents such as damage to the vacuum vessel and
subsequent venting with atmospheric air cause major to
catastrophic deterioration in thermal insulation quality.
In the 1970s, detailed studies of this type of failure were
conducted in LHe cryostats and transport containers
and produced basic design data for safety design of
cryoequipment which have been applied to this day
[130]. Supplementary measurements with superinsulated

LN, equipment were carried out in the TESSI facility
[131].

At present, experimental studies have been started in
the THISTA facility to improve the insulation quality in
flexible LN, cooled corrugated pipe cryostats for HTS
cables by means of new, patented MLI techniques.

6.7. Cryomeasuring and cryoprocessing techniques

A cryosystem that is economic in use and safe and
reliable in all modes of operation necessitates accurate
and reliable measuring techniques. For this reason, ex-
perimental studies have always accompanied projects in
order to design suitable low-temperature measurement
techniques. Measured quantities of particular impor-
tance in cryoprocess management are the temperature,
the pressure, the mass flow and the cryogen bath level. A
multitude of sensors and actuators matching the re-
quirements in each project have been used to conduct
studies and optimize design. Specific constraints had to
be taken into account, such as the influence of strong
magnetic fields or stray fields, difficult conditions of
installation and access, and ageing effects and the effects
of temperature cycling. Recently, more detailed studies
and developments of low temperature and mass flow
measurements have been conducted (present activities
with TVO temperature sensors and very small Venturi
nozzles [132,133]).

For low-temperature sensor calibration, a helium
calibration cryostat was designed for operation in the
evaporator and bath modes, which has been modernized
and automated over the years. At 1.5 < 7 < 300 K it
allows temperature sensor calibrations to be achieved
with an accuracy of +0.3% [134].

Logging, processing and visualizing measured data
has undergone major changes and improvements.
Throughout the cryofacility area, there have been con-
tinuous improvements, upgrading, and more and more
automation. Very powerful process instrumentation and
control systems were set up in cooperation with industry
which achieve a high and reliable degree of automa-
tion in a variety of different modes of operation [126,
135]. Thus, e.g. the two Linde refrigeration plants, the
TOSKA- and HOMER Il-test facilities have been
equipped with up-to-date and suitable computerized
process control systems.

6.8. Special cryogenic developments

Some applications of superconductivity require spe-
cially developed cooling methods. For the forced-flow-
cooling of magnets by He II a pump on the basis of the
fountain effect was constructed and successfully oper-
ated. The so-called cryogen-free magnets need small,
efficient and vibration free refrigerators which has been
achieved by a pulse tube refrigerator. Outside of magnet



technology, cryogenic vacuum pumps are being devel-
oped for the plasma exhaust system of ITER.

6.8.1. Thermo-mechanical pump for He II

Some applications, such as for the test of the rein-
forced EURATOM LCT at its outermost operation
limits, need cooling by forced flow of superfluid helium.
A very elegant method for circulating subcooled He II
by using of the so-called fountain effect (thermo-
mechanical effect) was developed in ITP and is schemat-
ically shown in Fig. 37 [136]. The circulation is driven by
the heat picked up by the magnet. This method is most
useful for internally cooled windings. Typically, helium
with 1.8 K temperature is fed-in in the high-field region.
The warmer helium leaving the magnet is guided
through a HEX at the warm end of a porous plug, which
is the main element of the pump. The pressure head of
such pumps can be as high as 0.05 MPa, thus enabling
to force sufficient helium flow through coolant channels
of several 100 m in length. Experimental and theoretical
models for the design of such cooling loops were initially
developed for small-scale devices with about 1 g/s of He
IT flow. Based on those results, a large pump for oper-
ating the EURATOM LCT coil with about 20 g/s has
been constructed and operated successfully [22]. Addi-
tional research has been done on heat transfer and on
the friction loss of forced He II flow in different con-
figurations of channels [137].

6.8.2. Pulse tube refrigerator

The commercialization of small and medium size
superconducting equipment is calling for ‘“‘invisible”
refrigerators. Some of the drawbacks of conventional
Stirling and Gifford McMahon (GM) coolers may be
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Fig. 37. Schematic of a forced flow cooling loop driven by a thermo

mechanical pump. (Q: heat removed from the magnet, 7z: mass flow of
circulating He II subcooled by externally applied pressure p,, SF:
porous plug with temperatures 75 1.8 K and 1.8 K < Ty < T;; He II:
pool of saturated superfluid He; numbers 1,...,7 indicate the flow
direction.

eliminated by pulse tube refrigerators. These pulse tube
refrigerators have no moving components in the cold
head, and promise the possibility of high reliability and
low level of vibration. ITP’s pulse tube development
program began in the 1990s. The experimental facility as
schematically shown in Fig. 38 has been designed for
operation with a 6.5 kW scroll compressor, as used for
conventional GM coolers. The cold head of the pulse
tube refrigerator is presented in Fig. 39. Single and two
stage arrangements can be realized simply by rearrang-
ing of the cold head components. Typical achievements
are 90 W at 70 K for single stage operation, 10 W at 18
K together with 40 W at 45 K for a two stage system,
and no-load temperatures below 4 K are achieved when
a rare-earth material is used in the second stage regen-
erator [138]. It has been shown that the efficiency of such
coolers is no longer far below that of conventional GM
coolers. Pulse tube coolers are now ready as a substitute
for GM coolers in many applications.

6.8.3. Cryogenic model vacuum pump for the plasma
exhaust system of ITER

The objective of the working group “Vacuum tech-
nology for fusion” which joined the ITP in 1998, is the
design, manufacturing and testing of the torus cryo-
pumps to be used for evacuation of the ITER in all
operation modes.
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Fig. 38. Schematic of the two stage pulse tube cooler test facility. The
gas flows at the ambient temperature end of regenerator and both
pulse tube are controlled by open/close valves combined with throttling
devices.



Fig. 39. The experimental set up of the pulse tube cooler.

Because of the challenging environment (e.g. high
magnetic and radiation fields, tritium atmosphere, ac-
celeration during disruption, sudden venting with air or
steam under accidental conditions) and the need for
high gas throughputs, no commercially available pumps
can be used. On the basis of the ITER requirements, the
advantages and disadvantages of known and approved
vacuum pumping systems were analyzed and it was
concluded that a new concept is required. Ten identical
batch regeneration pumps have been selected for ITER,
using cryosorption, of helium and some hydrogenic
species, and cryocondensation of the other gas species in
the torus exhaust [139,144].

The pump development programme includes both
design and supporting R&D activities [142].

In preliminary screening tests, combinations of sub-
strate, bonding and sorbent materials were optimized
[139]. Thermal shock tests over 10,000 cycles in the
temperature range between 300 80 K and 80 4.5 K
demonstrated the qualification of the pumping panels in
1:2 scale compared to the prototype pump. Component
tests with the pumping panels to study the pumping
speed, capacity and poisoning with single gases and
ITER-relevant gas mixtures were performed.

Following this successful demonstration on the re-
duced size panels, a 50% full size model with an integral

Transfer lines Pump housing 80K Main inlet valve at
with 5 K and 80 K louvre closed position
connections baffles and max. opened

5 K Sorption
panels

Valve actuator of Bellow segments

the main inlet valve

Pump Plug

Fig. 40. 3D View of ITER model pump.

inlet valve has been designed and manufactured in co-
operation with the company Air Liquide, Sassenage,
France. The cryopump as shown in Fig. 40 is designed
on the basis of a cylindrically shaped housing with 1200
mm diameter and a length of 1360 mm [145]. The

Fig. 41. TIMO facility showing 3000 1 control cryostat and cryo
transfer line to cold valve boxes.



diameter of the valved inlet port is 700 mm. Gas parti-
cles entering the pump impinge on an optically tight
baffle arrangement cooled at 80 K by gaseous helium.
The impurity gases with high-boiling point are con-
densed on these surfaces. Hydrogen isotopes, helium
and the remaining impurities pass the baffle and are
cosorbed on a set of 16 activated charcoal-coated panels
maintained at 5 K. The pumping panels are arranged on
a radius of 450 mm to the pump axis. They are inclined
by 45° to achieve maximum pumping efficiency. The 5 K
panels are completely surrounded by 80 K shields and
the 80 K baffle in order to avoid thermal radiation from
the outer shell of the pump, the valve disk and the shaft.

At the same time, the TIMO facility (Fig. 41) was
built which enables studying the cryogenic and vacuum
characteristics of the pump [143]. The pump itself is
installed in a vacuum vessel designed according to the
PNEUROP rules [146]. The needed average cooling
power at 4.5 K temperature level is supplied by the 600
W Linde refrigerator. A control cryostat with a 3000 1
liquid helium inventory is used as a buffer system. The
80 K gaseous He supply consists of a closed loop
maintained at constant temperature by a HEX dipped
into a liquid nitrogen bath.

During the parametric tests, the ITER requirements
concerning pumping speed, gas load and throttling
behaviour were achieved [140,141]. Cycling tests with
the upgraded 3000 I control cryostat are under way,
to verify the ITER-relevant regeneration times,
cycle numbers and temperature distribution across the
pumping panels.

7. Summary

The development of superconducting magnet tech-
nology has brought encouraging progress over 30 years,
during which the ITP has made substantial contribu-
tions. Breakthroughs in the early 1970s and again in the
second half of the 1980s, with the discovery of the HTS,
have not been achieved in all areas up to now. But in
several areas high-current superconductors and super-
conducting magnet technology were essential to further
progress.

e In the frame of international collaborations, the su-
perconducting magnet technology has been made
available for the next generation of fusion experi-
ments (W 7-X, ITER) with magnetic confinement.

e The ITP has supported by its high-field magnet re-
search, development and test facilities an industrial
partner to become one of the world leaders in high-
resolution NMR spectrometers.

e For industrial application, LTS magnet technology
was successfully applied in field tests of a magnetic
separator and of a small SMES system. For a super-

conducting rotor of a turbo generator, a helium cool-
ing circuit was developed. Devices for electrical power
systems with HTS material are under development.

e The LTS materials NbTi and Nb;Sn are in a very ad-
vanced state of their development. Suitable HTS con-
ductor concepts are developed for application in
electrical power technology. They are successfully ap-
plied in demonstrations.

e The fusion magnet development stimulated the cre-
ation of a cryogenic structural material data base
by the adaptation and development of the measuring
techniques at cryogenic temperatures. The developed
equipment and results are unique around the world.

e An extended cryogenic infrastructure has been stimu-
lated by the superconducting magnet projects. Large
quantities of liquid helium and cold helium mass
flows can be handled reliably and with acceptable
losses. Forced-flow-cooling has been developed and
mastered in the typical temperature range of super-
conducting magnet operation from 1.8 to 4.6 K. Bath
cooling with subcooled superfluid helium has been
applied successfully for high-field superconducting
magnets. The cryogenic supply system and all test fa-
cilities are capable to run in steady state or standby
mode in unattended operation.

Research and special developments improve contin-
uously cryogenic technology, e.g. 1.8 K cryostats,
high-quality superinsulation techniques, cold helium
circulators and small on-board refrigerators.

On the basis of the existing cryogenic infrastructure,
the development of a cryogenic vacuum pump for the
ITER exhaust system has been integrated in 1998 in
the ITP and the pump has started its operation in the
TIMO facility.

All research and development work as well as all
projects of the ITP have been included in national and
international collaboration with other research organi-
zations and industry. The ideas for collaborations
combined with integration and management work has
been the merit of P. Komarek, who has created with this
the basis for successful projects supported by research
and development.
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