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Preface

The Institute of Technical Physics (ITEP)  
is a national and international compe-
tence centre for fusion, superconduc-
tivity and cryotechnology with the 
following research fields:

	■ Superconducting and cryogenic 
materials
	■ Energy technology applications
	■ of superconductivity
	■ Superconducting magnet technology
	■ Fusion fuel cycle technologies.

ITEP‘s work is anchored within the Helm-

holtz-programmes „Fusion“, „Materials 

and Technologies for the Energy Transi-

tion“, „Energy System Design“ and „Mat-

ter and Universe“ of the Karlsruhe Institute 

of Technology (KIT) and the Helmholtz As-

sociation of German Research Centres. 

To work on these  complex and mostly 

multidisciplinary tasks,  ITEP hosts unique 

large-scale experimental facilities, laborato-

ries and corresponding technical infrastruc-

ture, which is constantly adapted to chang-

ing requirements. 

These include:

	■ Laboratory for the development of 

superconducting components for energy 

technology

	■ Centre for the development of supercon-

ducting materials

	■ Magnet laboratory for the development 

of specific superconducting windings 

and magnets

	■ Cryogenic high-voltage laboratory for 

investigating the high-voltage properties 

of cryogenic insulating materials

	■ Cryogenic materials lab to study 

electrical and mechanical properties  

at very low temperatures.

In 2022, KIT successfully appointed Prof. 

Giovanni de Carne to a tenure-track pro-

fessorship in real-time systems in energy 

technology at the Institute for Technical 

Physics, which is an important step in the 

strategic anchoring of Energy Lab 2.0 

work in our Institute. Unfortunately, the 

Institute‘s scientific work in 2022 contin-

ued to be hampered by Corona-related 

restrictions and, above all, by the strong 

impact of the Russian war of aggression 

in Ukraine. Nevertheless, our new and on-

going research projects were processed 

very successfully and a number of excep-

tional advances were made in our re-

search fields:

Within the research field of supercon-
ductor and cryomaterials, an important 

focus is on research into new superconduc-

tors, the development of HTSL Coated con-

ductors and the characterisation of func-

tional materials at cryogenic temperatures. 

Significant progress was made in the devel-

opment of complex high-entropy oxide su-

perconductors, in the work on the ESA 

HTS Harness project and in the characteri-

sation of high-temperature superconductor 

(HTSL) nanocomposite layers in strong 

magnetic fields, which was carried out in 

cooperation with the High Field Laboratory 

in Tohoku (Japan). The comprehensive 

set-up of the HTSL pilot-plant for Coated 

Conductors within the CERN collaboration 

was substantially completed in 2022, so 

that the final commissioning of the coating 

facility can take place in 2023. 

Finally, the organisation of the combined 

workshop „HTS4fusion and MEM (Me-

chanical and Electromagtic Properties of 

Composite Superconductors) was an out-

standing event for the entire institute in 

2022. Within the framework of this inter-

national workshop with more than 70 par-

ticipants from Asia, Europe and the USA, 

after two years of Corona abstinence, sci-

entific discussions could finally take place 

again in the presence of the participants.

In the research field of energy applica-
tions of superconductivity, essential 

components for a robust and low-mainte-

nance magnetic heater based on HTS were 

built and prepared for functional tests 

within the framework of the BMWI joint 

project ROWAMAG, and essential princi-

ples of superconducting switching were in-

vestigated with the help of the dynamic re-

sistance of HTS strip conductors. The con-

struction of a new calorimetric-based AC 

loss test rig significantly improves the ex-

perimental possibilities for investigating the 

AC losses of HTS components. The model-

ling of complex 3D coil structures was also 

successfully realised. In the area of re-

al-time simulation of energy components, 

the PHIL setup could be set up with double 

the power and a thermal emulator could 

be successfully tested.  

In 2022, superconducting magnet tech-
nology was strongly influenced by  new 

research work on liquid hydrogen in com-

bination with superconductivity. The coor-
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dinated joint project „AppLHy!“ has pro-

duced initial results and finalised a first ver-

sion of a white paper with the partners. A 

general strength of the institute lies in its 

special expertise in combining liquid hydro-

gen with electrical engineering applications 

in a novel and efficient way. Thus, the re-

search topic of rotating machines was also 

influenced by the new cooling possibilities, 

and new machine topologies became at-

tractive. The research topic of supercon-

ducting magnets with robotic winding tech-

nology was able to successfully contribute 

to a project with the production of coils for 

the first time. Since there is also a trend in 

magnet technology towards application 

temperatures of 20 to 30 K (e.g. in the Col-

laborative Research Centre Hyperion with 

compact NMR magnets), the research topics 

here have the same focus.

In the research field of fusion fuel cycle 
technologies, ITEP is developing new pro-

cesses and procedures for the internal fuel 

cycle of a demonstration fusion power plant 

(DEMO).The work for DEMO focuses on sys-

tematic technology development in the field 

of continuous vacuum pumping and isotope 

separation. For the metal foil pump, nio-

bium has been confirmed as an alternative 

foil material, allowing the design phase to 

begin. For the mercury diffusion pump, the 

nozzle experiments in the HgLab were com-

pleted, so that the design can also begin 

here. 

The production of the cryogenic pumps for 

the JT-60SA fusion facility was advanced 

significantly, so that the pumps can be de-

livered to Japan in 2023. Simulations of par-

ticle removal from the divertor of the DTT 

fusion facility in Italy showed that the cryo-

genic pumps meet the requirements. Com-

plex 3D calculations were made for the 

W7-X stellarator to understand what influ-

ence the cryopumps used there can have on 

the confinement time of the plasma. The 

expertise in cryovacuum technology avail-

able at ITEP was also used in a new project: 

the Einstein telescope. Here, a first study 

showed that the very demanding vacuum 

requirements can be mastered with 

cryopumps. 

The training of young scientists is a very im-

portant part of our scientific work, and in 

2022, in addition to 38 doctoral students, 

we were also able to supervise 23 Bache-

lor‘s and Master‘s theses in the faculties of 

physics, electrical engineering and informa-

tion technology, mechanical engineering, 

and chemical and process engineering.

In 2022, we were able to set up new stu-

dent experiments on the topics of hydrogen 

mobility and wind energy in the ITEP stu-

dent laboratory and, despite Corona, once 

again welcomed five student groups and 13 

interns.

Overall, 2022 was once again a very chal-

lenging year, and we would especially like to 

thank all of our staff most sincerely for their 

daily commitment to managing all of the In-

stitute‘s tasks in research, teaching and in-

novation, as well as all of our cooperation 

partners from universities, research institu-

tions and industry for their trust and for 

showing understanding for the existing re-

strictions. We look forward to further coop-

eration, a scientifically equally successful 

year 2023 and wish you all the best!

Yours sincerely

Mathias Noe

Bernhard Holzapfel

Tabea Arndt
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Results from the  
Research Areas

xxxxxxx

Results from the  
Research Areas

Set-up of the pulsed laser deposition cluster  

KC4 – the KIT-CERN Cooperation on Coated 

Conductors
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Superconducting-  
and Cryo-materials  
Coordination: Prof. Dr. Bernhard Holzapfel

The understanding of superconducting materials and the characterisation of material properties at 
cryogenic temperatures as well as the realisation of conductor structures form the basis of any super-
conducting energy or magnet application. In the research field of superconducting and cryogenic mate-
rials, ITEP is currently working on the following research topics:

	■ Superconducting materials
	■ Conductor and cable technologies 
	■ Structural and functional materials 
for cryogenic applications

SUPERCONDUCTING MATERIALS
In the field of high-temperature supercon-

ductors, the studies on oxygen loading by 

X-ray diffraction (XRD) were intensified and 

the studies on the mixing of the rare earth 

RE in REBa
2
Cu

3
O

7
 compounds were contin-

ued. Currently, XRD is mainly used at a fun-

damental level during the material charac-

terisation and optimisation process to en-

sure phase purity and good crystallinity of 

REBCO thin films. However, it can be used 

to find out much more about the micro-

structure of the thin films. The goal is to in-

tegrate XRD into the characterisation pro-

cess at a higher level through complete mi-

crostructure analysis. This microstructure 

analysis includes not only the lattice param-

eters and oxygen loading, but also the de-

fect structure of the films. In this way, a link 

can be established between the microstruc-

tural parameters and the superconducting 

properties, which makes it possible to influ-

ence the superconducting properties with 

the help of defects such as dislocations, 

stacking faults and/or precipitates. In order 

to quantify these defects, various analytical 

routines and methods will be created or fur-

ther developed from the literature on test 

samples.

The oxygen content, which is closely linked 

to the lattice parameters, is one of the most 

important microstructural properties of 

REBCO superconductors, as it strongly influ-

ences the critical temperature. Therefore, 

diffusion experiments are currently being 

carried out to investigate the dependence 

of the aforementioned lattice parameters 

on the oxygen content of the thin film sam-

ples. Based on the literature, the depen-

dence of the lattice parameters on the oxy-

gen content can be described with Vegard’s 

law. This means that the lattice parameter c 

changes linearly in the orthorhombic and 

tetragonal phase. At the transition point 

from the orthorhombic to the tetragonal 

phase, the lattice parameters a and b equal-

ise and c increases rapidly. This leads to the 

dependence of the lattice parameters 

shown in Figure 1, here for SmBa2Cu3O7-δ. 

The lattice parameter c is most affected by a 

change in δ and can be determined quickly 

and conclusively. Thus, using the data 

shown, it should be possible to determine 

the oxygen content and estimate a and b by 

a simple θ/2θ-scan.

Often, REBCO films are prepared with only 

one element on the RE lattice site. However, 

a combination of several rare earth ele-

ments on the RE lattice site can also have a 

positive effect on the superconducting 

properties. The main difficulty in the prepa-

ration of such layers is the optimisation of 

the deposition parameters, e.g. crystallisa-

tion temperature and oxygen partial pres-

sure, as these differ for each rare earth ele-

ment. In a 2022 publication, high-quality 

REBCO films with three and five rare-earth 

elements, respectively, could be produced 

at ITEP using chemical solution deposition 

[1]. Figure 2 (a) shows a chemical analysis of 

a sample cross-section of a (Gd,Dy,Y,Ho,Er)

BCO layer near the transition to the SrTiO
3
 

substrate. The samples were analysed using 

scanning transmission electron microscopy 

(STEM) in combination with energy disper-

sive X-ray spectroscopy (EDXS) at the Labo-

ratory for Electron Microscopy (LEM), yield-

Fig. 1: Dependence of the lattice parameters of 

SmBa2Cu3O7-δ on the oxygen deficit δ.

Fig. 2: (a) STEM-EDXS elemental distribution 

maps and STEM-HAADF signal of a cross-

sectional sample from a (Gd,Dy,Y,Ho,Er)BCO  

layer grown on SrTiO3. (b) Model of the atomic 

structure. The RE planes have a vertical spacing 

of about 1.2 nm and are visible in (a).
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tronic anisotropy on the charge carrier 

density as well as a phase transition – pos-

sibly with the quantum critical point – was 

found at an electron density of about 4.2 

1021 cm-3 [5].

[1] P. Cayado et al., RSC Advances 12, 

28831 (2022)

[2] L. Grünewald (2022) Electron Micro-

scopic Investigation of Superconducting 

Fe- and Cu-based Thin Films.

[3] J. Shi et al, Applied Surface Science 

612, 155820 (2023).

[4] D. Li et al, Supercond. Sci. Technol. 35 

064007 (2022)

[5] M.Y. Chen et al, Phys. Rev. Mat. 6, 

054802 (2022).

Contact: jens.haenisch@kit.edu

CONDUCTOR AND CABLE 
TECHNOLOGIES

This research topic focuses on the develop-

ment of new HTS conductor and cable ar-

chitectures for specific application scenar-

ios and their implementation in relevant 

conductor/cable lengths.  

ing chemical information with high spatial 

resolution (< 1 nm). The differently coloured 

elemental distribution maps of the REs 

show a horizontally striped structure with a 

vertical stripe spacing of about 1.2 nm. This 

spacing corresponds exactly to the lattice 

constant of REBCO in the vertical c-direction 

(see schematic of the crystal structure in 

Figure 2 (b). Thus, the atomic planes of the 

REs are directly recognisable on the elemen-

tal distribution maps. The homogeneous in-

tensity course of the RE signals in the ele-

ment distribution maps suggests the desired 

homogeneous distribution of the REs in the 

REBCO layer without the formation of local 

RE enrichments. The simultaneously re-

corded high-angle ring dark-field (HAADF) 

STEM signals directly reveal the atomic 

structure, since in HAADF-STEM the image 

intensity correlates with the average atomic 

number and thus heavier elements (here 

mainly REs) appear brighter. More informa-

tion on these results can also be found in 

the doctoral thesis by Lukas Grünewald [2].

Fluorine-free metal-organic deposition 

(FF-MOD) as a branch of CSD routes was 

further investigated during a one-year guest 

visit (Jiangtao Shi), as it is not only an envi-

ronmentally friendly process, but also has 

the merit of a very high growth rate of 

around 100 nm/s. 

In this study [3], the effects of different Y 

contents in YBCO on the supersaturation, 

crystallinity, and superconductivity of the 

films were investigated in the fast sintering 

process using the FF-MOD method. With in-

creasing Y content, the degree of supersat-

uration for nucleation at the interface in-

creases. The Y0.8Ba
2
Cu

3
O

7-δ+5%Y
2
O

3
 films 

with higher supersaturation tend to form 

a-axis-oriented crystals, which affect the su-

perconductivity of the films. A lower addi-

tion of Y, i.e. Y0.8Ba
2
Cu

3
O

7-δ+3%Y
2
O

3
, has a 

positive effect on the crystallinity of the 

films and improves the current-carrying 

properties (Figure 3).

FE-BASED SUPERCONDUCTORS
In the field of Fe-based superconductors, a 

DFG project was mainly concerned with 

the fabrication optimisation of Fe(Se,Te) 

bulk samples and thin films. For laser 

deposition, substrate temperature, laser 

repetition rate, laser energy, and number 

of pulses were varied, and in particular, a 

temperature of 625 °C proved to be the 

optimum. In this optimisation process, vari-

ous equipment improvements were made 

to the PLD system, which are essential for 

the subsequent production of high-quality 

films. Here, too, support was provided by a 

guest scientist, Jie Zhang. 

In collaboration with the Institute of Physics, 

Chinese Academy of Science, a novel exotic 

vortex phase was determined on (Li,Fe)

OHFeSe thin films and finally published [4]. 

This phase at the boundary between vortex 

glass and vortex liquid is reminiscent of the 

vortex slush phase, but in contrast only oc-

curs in extremely pure samples.

Also completed was a study of the anisot-

ropy of hydrogen-doped NdFeAsO films 

from Nagoya University, for which electri-

cal transport data were provided. For this 

system, a strong dependence of the elec-

Fig. 3: (a) critical current density, (b) phase diagram for YBCO layers of different Y content. 

Inset: resistive junction.
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KC4: R&D PILOT LINE FOR HTS COATED 
CONDUCTORS
After the KIT-CERN collaboration contract  

KC4 was concluded at the end of 2021, the 

construction of the coating systems re-

quired for this could be completed in 2022 

in the laboratory space provided for this 

purpose and the commissioning of the indi-

vidual systems could begin. As part of the 

KC4 project, HTS Coated Conductor depo-

sition systems, which have been developed 

with great success at an industrial super-

conductor manufacturer in recent years, 

will be transferred to KIT. This will make it 

possible in future to develop complete HTS 

Coated Conductor architectures for special 

application scenarios at ITEP and to pro-

duce them in a tape length of up to several 

hundred meters, so that new coil concepts 

can be tested, for example. With this ex-

pansion, from 2024 it will be possible for 

the first time at a research institute in Eu-

rope to directly link current short sample 

material developments with the HTS tape 

length requirements of application demon-

strators.  Within the framework of KC4, 

special HTS Coated Conductor architectures 

that are not available industrially will be de-

veloped in the coming years for the devel-

opment of HTS-based accelerator magnets 

and their special requirement profile. Simi-

larly, KC4 will produce wide HTS Coated 

Conductors that are currently not produced 

industrially and can be used for the devel-

opment of novel coil topologies. For the 

HTS tape synthesis, KC4 relies on the estab-

lished combination of ion beam textured 

buffer layers on metal substrates and their 

coating by pulsed laser deposition (PLD) 

and vapour deposition. As KC4 is an indus-

try-independent project, it will also be pos-

sible in the medium term to provide inter-

ested research institutions and companies 

with an openly accessible development 

platform for special HTS Coated Conductor 

developments. In 2022, more than 500m2 

of existing laboratory space at the ITEP 

could be rededicated to KC4 and prepared 

for the use of the HTS coating systems.  

After delivery and installation of all planned 

KC4 systems, they are currently in the com-

missioning phase. Despite major challenges 

in procuring the laser gases required for 

pulsed laser deposition due to international 

supply difficulties caused by the war in 

Ukraine, a new laser tube was installed in 

the excimer laser, which is central to super-

conductor coating, and the excimer laser 

and the associated coating systems were 

made operational so that the first coating 

experiments of superconducting tapes can 

be realized after finalization of the optical 

laser guidance in Q1 2023.

Contact: bernhard.holzapfel@kit.edu 

STRUCTURAL AND FUNCTIONAL 
MATERIALS FOR CRYOGENIC 
APPLICATIONS

PROJECT ADHYBAU 
As part of the national hydrogen strategy 

of the Federal Republic of Germany, the 

Additive-Hybrid-Bauweisen (AdHyBau) 

project, funded by the BMWK, is creating 

the basis for building a hydrogen-powered 

electric aircraft engine. Together with the 

partners Siemens, MT Aerospace, Fraun-

hofer IWM and TU Dresden, the ITEP is car-

rying out fundamental cryogenic material 

characterisations on additively manufac-

tured metallic materials. This enables a 

deeper understanding of the cryogenic 

material properties in the manufacturing 

method, e.g. Selected-Laser-Melting (SLM), 

Direct-Energy-Deposition (DED), or Cold-

Spray (CS). Typical pores appear with these 

additive methods. Due to the cold spray 

method, copper shows a more disturbed 

microstructure compared to the more ho-

mogeneous SLM (Figure 4). In this context, 

for the use of copper as an electrical con-

ductor, the residual resistance ratio is a pa-

rameter that must be controlled in order to 

optimise the design.

PROJECT APPLHY!
The transport and application of liquid hy-

drogen LH2 is being investigated together 

with project partners via the technology 

platform “TransHyDE” in the BMBF lead 

project “AppLHy! 

The behaviour of structural and functional 

materials under cryogenic hydrogen condi-

tions is being investigated at ITEP and 

IAM-WK. 

First, material conditions were defined and 

the material selection narrowed down. A 

test matrix was derived from the require-

ments matrix. The focus is currently on LH2 

trailer containers and on superconducting 

cable designs of the ITEP with direct and 

indirect hydrogen cooling. To extend the 

material analyses during hydrogen expo-

sure, a loading chamber was designed in 

which sample material can be exposed to 

hydrogen gas up to 200 °C and 200 bar in 

order to investigate the influence on me-

chanical and thermophysical properties 

(Figure 5a). Special hollow tensile speci-

mens are exposed to hydrogen gas from 

a)	 b) 

Fig. 4: Comparison between microstructure Cu-SLM (a) and Cu-Cold-Spray (b).
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the inside and mechanically tested at low 

temperatures under static or dynamic load 

(Figure 5b).

Fig. 6: Measuring device critical current under 

mechanical tension.

STANDARDS OF  
HTS CHARACTERISATION
After the successful round-robin test for 

tensile tests on HTS wires at cryogenic 

temperatures, which was coordinated by 

the ITEP, a proposal for a standard for such 

tensile tests on HTS tapes at cryogenic 

temperatures could be submitted to the 

IEC for comments.

Furthermore, the ITEP is participating in the 

international round-robin test for measur-

ing the critical current under tensile stress 

at 77 K on an HTS wire. Four different 

commercially available HTS wires are char-

acterised. In order to test the developed 

guideline for this type of measurement, a 

test set-up for the determination of the 

critical current as a function of the me-

chanical tension was adapted (Figure 6). 

After successful pre-tests, routine measure-

ments are currently underway. This extends 

the testing possibilities of the ITEP by an 

essential HTS wire characterisation.

Contact: klaus.weiss@kit.edu

Fig. 5: H2 loading chamber (a) or H2 hollow 

tensile specimens (b).

a)

b)
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After mounting the 4-K and 85-K inter-

faces and the mechanical brackets, bend-

ing tests with 1000 bends up to a radius of 

5 cm were carried out at the ITEP, as well 

as measurements of the insulation resis-

tance. Current tests up to 20 A in LN2 (Fig-

ure 8), carried out immediately after as-

sembly and the bending and resistance 

tests, showed no degradation. 

In Grenoble, the HTS current leads were 

then subjected to an ESA-specified shaker 

test programme with quasi-static, sinusoi-

dal, random and shock excitations. Again, 

no degradation was observed. Thermal 

tests are planned in Grenoble until the end 

of 2022. The HTS-SZF will then be returned 

to the ITEP for a final series of tests.

ESA’s requirements for the 1 m long cable 

include a flexible design that allows mini-

mum bending radii of 50 mm in all spatial 

directions and at the same time withstands 

the strong vibrations during the rocket 

launch. For this, a mechanically stable 

cable sheath with low thermal conductivity 

had to be developed, which simultaneously 

serves as electrical insulation and protec-

tion against moisture. The specification for 

the maximum thermal load at the cold end 

with mechanical supports at 80 K and 30 

K is 1 mW for the rated current of 2 A.

For the forward and return conductors, 1 

mm wide and 1.25 m long tapes were first 

cut from a 12 mm wide REBCO tape using 

a picosecond laser. To improve solderabil-

ity, the ends were coated with Cu over a 

length of 125 mm. The non-copper plated 

areas were coated with Parylene C for 

moisture protection and electrical insula-

tion. The forward and return conductors 

were then laminated in parallel between 

two 14 mm wide Kapton tapes, forming a 

flexible but mechanically stable sheath. 

Highlight 
Development and test of superconducting 
power supplies for ESA satellites

As part of the European Space Agency’s 

(ESA) Cosmic Vision and Voyage 2050 pro-

grammes, a number of satellite missions to 

explore the universe use extremely sensi-

tive X-ray or infrared detectors that need 

to be cooled to temperatures well below 

1 K. The HTS cable harness has been de-

veloped and tested successfully. To achieve 

the lowest temperatures in the range of  

50 to 100 mK, Adiabatic Demagnetisation 

Coolers (ADR) are used in complex cryo-

genic cooling chains. The superconducting 

ADR magnets are usually operated on sat-

ellites with direct currents of only a few 

amperes due to the limited availability of 

electrical power. Normal conducting cur-

rent feeds (SZF) from the warm to the cold 

would lead to too high a heat load in the 

cold due to the high thermal conductivity 

of good electrical conductors. By using su-

perconducting SZFs, the heat load can be 

reduced considerably.

Within the framework of a development 

contract of the European Space Agency 

(Contract No. 4000133578/21/NL/FE, ‘High 

Temperature Superconductor Harness for 

use in Cryogenic Applications’), an engi-

neering model of an HTS power supply for 

future ESA missions was developed, built 

and subjected to various tests at ITEP. 

The SZF with forward and return conduc-

tors (Figure 7) is designed for a nominal 

current of 2 A, but should also be able to 

carry a maximum current of 5 A at a tem-

perature of 85 K at the warm end.

As part of a development contract from the European Space Agency, an engineering model of an HTS 
cable harness for future ESA missions was developed, built and successfully tested in collaboration with 
CEA Grenoble and Neutron Star Systems UG, Cologne.

Figure 7: CAD model of the ESA HTS power feed.

Fig. 8: Test of the ESA HTS current lead in LN
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Research Areas

Power Hardware In the Loop testing hall
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Superconducting  
Power Applications 
Coordination: Prof. Dr.-Ing. Mathias Noe

In the research field of Superconducting Power Applications,  
ITEP scientists work on the following topics:

	■ Superconducting network and energy 

components

	■ Modelling of superconductors  

and components

	■ Real-time system integration

The focus of the topic “Energy applications 

of superconductivity” is on the develop-

ment of novel operating devices for electric 

power systems and on the development of 

resource- and energy-efficient applications 

for energy technology. In 2022, the follow-

ing results were achieved:

SUPERCONDUCTING NETWORK 
AND ENERGY COMPONENTS

RESISTIVE CURRENT LIMITERS:
High-temperature superconducting current 

limiters have already been used successfully 

in the medium-voltage grid in Germany. In 

cooperation with TH Köln, ITEP has been 

commissioned by Tennet to investigate the 

feasibility of a resistive HTSL FCL for 380 

kV, 5 kA.

An important part of the study is the high 

voltage technical design. First, the test volt-

ages for different excitations were deter-

mined based on standards for comparable 

conventional equipment. The next step 

was the specification of maximum electric 

field strengths for the expected materials. 

For liquid nitrogen, experimentally derived 

values and properties, such as the pro-

nounced dependence of the breakdown 

voltage on the loaded high-field volume, 

are known. However, no experimental val-

ues are available for the specified test volt-

ages and size of the arrangement. It should 

also be noted that different maximum field 

strength values are to be derived for differ-

ent voltage forms. As a high-voltage value 

for field calculations, 1570 kV correspond-

ing to the cut-off lightning impulse voltage 

for transformers of the 380 kV grid level 

and a maximum field strength for bub-

ble-free liquid nitrogen at 5 bar operating 

pressure (absolute value) of 3.8 kV/mm 

were selected. For interfaces with other 

materials (high-voltage bushing, support 

insulators) and for small high-field volumes, 

other maximum field strengths apply. The 

dimensioning of the cryogenic 380 kV 

bushings was carried out by comparing the 

cryogenically tested 230 kV bushing avail-

able at ITEP (suitable for the 110 kV grid 

level) with conventional 380 kV open-air 

oil bushings. Figure 1 shows the basic de-

sign of the superconducting current limiter 

(SSB). The cryostat is a cylinder with a hori-

zontal axis and dished ends.

The feedthroughs are mounted on domes 

above the cylinder. Gaseous nitrogen is lo-

cated below the dome cover so that con-

ventional fastening systems can be used 

for the current leads. The superconducting 

tapes are wound in the form of bifilar coils. 

Depending on the tape type, different con-

figurations result, e.g. 95 series-connected 

coils arranged in a cylinder shape next to 

each other. At the end of the cylinder, spe-

cial shielding arrangements (hemisphere + 

cylinder + hemisphere) are mounted in the 

“termination” area. A reduction of the 

overall height is achieved by the fact that 

the cryogenic end of the feedthrough is lo-

cated in a hole of the termination shielding 

arrangement. Likewise, some coils are inte-

grated into each termination. The majority 

of the coils are housed outside the termi-

nation on a GFRP plate and surrounded by 

a shielding ring. For different transient volt-

age distributions between the shielding 

rings, different optimal shapes and dis-

tances of the shielding rings result with a 

fixed total length of the arrangement for 

all coils.

The support insulators are designed in the 

form of bipods. Ribbed insulators experi-

mentally show higher flashover voltages 

than smooth insulators. In small volumes 

(a few milliliters) around the top of the sup-

port insulators, overshoots of the targeted 

maximum field strength values along 

boundary layers were calculated with 3D 

models. Maximum field strength and vol-

umes of exceeding the 3.8 kV / mm target 

value depend on the relative dielectric con-

stant of the insulating material. To verify 

the calculated results, ITEP recommends an 

experimental test. 

Contact: stefan.fink2@kit.edu 

HTS SWITCHES
A promising application for REBCO coated 

conductors is superconducting switching. 

This application is based on the dynamic 

resistance that occurs when the supercon-

ductor is in an alternating magnetic field. 

As part of a doctoral thesis, several 

switches were constructed and fundamen-

tally characterized (Figure 2). To increase 

the resulting resistance, various normal 

conducting materials of the ribbon conduc-

tor were removed and tested for electrical 

stability and compatibility with liquid nitro-

gen. The next step is to build a circuit with 
Fig. 1 Sketch of a 380 kV superconducting current 

limiter for electrostatic field calculations
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several superconducting switches.

BMWK-PROJECT HIGHAMP  
As part of the HighAmp project, subcom-

ponents for a 20 kV cable demonstrator 

are being designed and tested at ITEP. The 

aim of the project is the replacement of 

existing cables in inner-city power distribu-

tion networks by systems with higher 

power transmission. Within the scope of 

the project, a demonstrator for a 3-phase 

HTS cable will be built. High-temperature 

superconductors (HTS) are used to in-

crease the current carrying capacity. Su-

percooled liquid nitrogen is to be used to 

increase the high-voltage strength and im-

prove cooling.

Since the start of the project on Sept. 

01,.2022, a list of requirements for the 

cable has first been drawn up. Current 

carrying capacity and AC losses were cal-

culated for two alternative HTS conductor 

concepts (CORC and CroCo). Based on the 

data, the specification for the desired HTS 

conductor (CORC) was prepared. A first 

concept for the cooling of 1 km cable 

length was created based on the calcu-

lated losses.

In parallel, the construction of a test stand 

specific to the test was started in the high 

voltage laboratory.

BMWK-PROJECT DEMO200 
In the framework of the DEMO200 project, 

a superconducting high-current system for 

a direct current of 200 kA is being devel-

oped.

Following the successful tests of 20 kA 

partial conductors in 2021, preparations 

were made in collaboration with the proj-

ect partners Vision Electric Superconduc-

tors and Messer for testing a pres-

sure-tight bushing and two 20 kA current 

supplies in pumped nitrogen. For this pur-

pose, a cryogenic container was set up, a 

DC power supply for a current of 21 kA 

was upgraded and the first cooling pro-

cesses were carried out with a dummy in-

stead of the test specimen. The aim of the 

combination test planned for 2023 is to 

check the functionality of the individual 

components and to prove the tempera-

ture layer formation in the super-cooled 

nitrogen.  

Contact: andrej.kudymow@kit.edu

BMWK-PROJECT ROWAMAG
The essential main task of the ITEP is to de-

velop a durable cryosystem including the 

cryostat and the refrigeration equipment. 

Together with its partners THEVA, Bült-

mann and Beck Maschinenfabrik, ITEP 

2022 integrated the superconducting coil 

into the housing. The coil, the current leads 

and the cold bus were installed in the cool-

ing shield (Figure 3) and then insulated 

against thermal radiation with MLI (multi-

layer insulation, Figure 4). The assembly 

was completed in 2022 and the magnet 

will be cooled to the operating tempera-

ture of 20K for the first time with the small 

cooler in 2023. 

Contact: ralph.lietzow@kit.edu

Fig. 2: HTS circuit setup for switching characterization

Fig. 3: Coil and current leads inserted into the 

cooling shield.

Fig. 4: Cooling shield insulated with MLI
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MODELLING OF 
SUPERCONDUCTORS  
AND COMPONENTS

AC-LOSSES
A new experimental setup for measuring 

AC losses of high-temperature supercon-

ducting (HTS) coils was developed (Figure 

5). The method consists in measuring the 

flow of the evaporated nitrogen related to 

the dissipated energy, The nitrogen gas is 

collected by a 3D-printed bubble collector 

that guides the gas into a flow sensor. A 

box-inside-a-box approach is used to sur-

round the measurement chamber with a 

cryogenic environment. This approach al-

lows re-directing the heat transfer from 

the surroundings into an intermediate 

zone (space between external and internal 

box). Since this intermediate zone oper-

ates under cryogenic temperatures, the 

noise and the heat transfer in the internal 

part of the setup are reduced.

A statistical analysis of the results based 

on a standard load cycle, average value, 

and standard deviation calculations allows 

assessing the variability in the measure-

ments and expressing the results as aver-

age value and uncertainty range. The cali-

bration and reproducibility of the mea-

surements were verified with a set of re-

sistors under different conditions and 

during different weeks. The AC transport 

losses in a racetrack coil for an electrical 

machine application were measured and 

compared with 3D simulation results 

based on a newly developed numerical 

model, based on the T-A formulation of 

Maxwell’s equations. An example of such 

comparison is shown in Figure 6. 

With the purpose of predicting the elec-

tromagnetic behavior of large coils, a fi-

nite element method-based model cou-

pling the T-A formulation with an electri-

cal circuit was proposed: the model pres-

ents the superconducting constituent as a 

global voltage parameter in the electrical 

circuit. This allows assessing the overall 

behavior of complex HTS systems involv-

ing multiple power items, while keeping a 

high degree of precision on the presenta-

tion of local effects.

Three-dimensional numerical simulations 

based on the Minimum Electro-Magnetic 

Entropy Production (MEMEP) method 

were used to predict the levitation force 

between a permanent magnet and a dou-

ble stack of HTS tapes. The MEMEP 

method is much more efficient than con-

ventional approaches based on commer-

cial software. Figure 7 shows an example 

of calculated and measured levitation 

force as a function of the separation be-

tween the permanent magnet and the 

HTS double stack. The model includes the 

dependence of J
c
 on the magnetic field 

Fig. 5. Top view of the experimental setup for measuring AC losses with calorimetric technique.  

One half of the HTS racetrack coil is visible in the center of the picture. The other half is covered by 

the white container that collects the evaporated liquid nitrogen.

Fig. 6: Transport AC losses of an HTS racetrack coil: comparison of simulations and measurements.  

The difference between measured and calculated values is evaluated on the right y-axis.
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and also its spatial non-uniformity along 

the tape’s width. In the illustrated exam-

ple, the difference between simulations 

and measurements is below 0.5%. 

Contact: francesco.grilli@kit.edu

REAL TIME SYSTEM INTEGRATION
The Real Time System Integration group 

deals with the modelling, control and ex-

perimental validation of high-power en-

ergy technologies. Our focus lies particu-

larly in developing new efficient real time 

models of these energy technologies, that 

are experimentally validated, and can re-

produce the hardware behaviour with the 

highest details accuracy.

To increase our experimental testing ca-

pacity, we have realized a first dou-

ble-power hardware in the loop evalua-

tion of the asynchronous grid concept, as 

planned in the Helmholtz Young Investi-

gator Group “Hybrid Networks”. Con-

necting two distribution grids, the asyn-

chronous connection needs a realistic per-

formance assessment from both primary 

and secondary side of the power electron-

ics converter. As can be seen in Figure 8, 

two power amplifier groups were em-

ployed to emulate the primary and sec-

ondary grid sides (emulated in real time in 

a OPAL-RT simulator), and connected to a 

back-to-back converter of Imperix. This 

setup allows to test new control strategies 

for asynchronous grids with high fidelity 

and testing repeatability. In a recent publi-

cation, we were able to transform a classi-

cal distribution grid in an active prosumer, 

able to change actively the consumed 

power by means of controlled frequency 

variation. This enables a direct load con-

Fig. 8: Double-power-hardware-in-the-loop setup for asynchronous grid connection

Fig. 7: Comparison of the levitation force between a permanent magnet and a stack of HTS tapes. 

Results of experimental measurements (performed by evico GmbH) and simulations.
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trol, without the need for advanced com-

munication infrastructure.

In December 2022 we have put in opera-

tion the 500kW 1.6kWh supercapacitor 

energy storage system, planned within the 

BMWi project “Flygrid”. This is a joint work 

of ITEP and ETI, and it aims at demonstrat-

ing the potential of supercapacitors in pro-

viding ancillary services to the distribution 

Fig. 9: Supercapacitor Energy Storage System DC voltage (white line) and DC current (red line) during 

PHIL testing.

Fig. 10: Thermal-hardware-in-the-loop: (a) experimental setup, (b) mass flow control options.

grid, such as voltage and frequency con-

trol. Initial testing have been performed, 

closing the supercapacitor system in the 

loop for a PHIL evaluation. As can be seen 

in Figure 9, the supercapacitor has a fast 

reaction time (less than 50ms) in absorbing 

and injecting current (up to 1200A) and 

has a total energy availability at full power 

around 40 seconds. This kind of power / 

energy ration is particularly suitable for 

providing power quality services, such as 

compensating grid low voltage situations, 

that can last up to hundreds of millisec-

onds.

An important step forward in the multi-

modal direction is the development and 

testing of a thermal emulator, that will 

play an important role in the multi-modal 

hardware in the loop concept planned in 

the „Hybrid Network“ project. The ther-

mal emulator (Fig. 10a) is composed is 

able to control the external temperature, 

pressure and mass flow by means of cool-

ing and heating systems. Initial testings 

for understanding the best control strat-

egy have been performed as shown in Fig. 

10b. Two strategies have been proposed 

to control the mass flow, regulating an 

external pump or varying the valve open-

ing. Due to the mechanical constraints, 

the first tests show that the pump per-

form faster and more granular control (see 

dotted green area in than the control 

through the valve.

The thermal emulator will be integrated 

next year with the power hardware in the 

loop setup, enabling the first step toward 

the multi-modal hardware in the loop ex-

perimental evaluation.
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An innovative power hardware in the loop 

setup is currently under construction at En-

ergy Lab 2.0, where hydrogen-based tech-

nologies can be tested in realistic grid con-

ditions (Fig. 11). The H2-in-loop lab consists 

of an alkaline elektrolyzer, a liquefying sys-

Fig. 12: Electrical distribution network of the city of Munich with connection to long-distance trans-

mission and planned routing of the HTS cable (green).

Fig. 11: H2-in-loop lab basic schematic, from left to right: digital real time simulator, PHIL system, 

electrolyzer, hydrogen liquefier, liquid hydrogen storage tank, and fuel cells.

tem, a liquid hydrogen storage tank and 

fuel cells. On the opposite of classical hy-

drogen experimental plants, the H2-in-loop 

lab will be connected with the 1MVA PHIL 

system, in order to reproduce experimen-

tally the real grid conditions, where the fu-

ture hydrogen energy plants will operate. 

In particular, the H2-in-loop lab will focus 

on validating their performance in provid-

ing ancillary services to the power system, 

in particular frequency regulation support 

during large disturbances.

In the SuperLink Project, a superconduct-

ing cable is expected to be twelve kilome-

ters long and will connect a power plant at 

the southern location in Munich to a sub-

station at north, which is connected to the 

German high-voltage transmission system 

(Fig. 12).

The influence of such a cable in the 110kV 

distribution network of Munich was inves-

tigated by ITEP. For that, four different 

feeding conditions were considered and 



19

Fig. 13: (A) Influence of the SuperLink cable on the current loading of all other lines in the 110 kV net-

work and (B) Short circuit levels on each bus-bar before and after the intallation of the Super-Link 

cable.

three load scenarios were analyzed. The 

failure of the both availiable connections to 

the high-voltage system has been also 

taken into account.

In total, 66 network scenarios were stud-

ied. In general, it was concluded that the 

SuperLink cable can lead to the relief of 

overloaded cables in the network (Fig. 

13(A)). Consequently, the overall losses in 

the network can reduced in about 15-

20%. Furthermore, an important remark is 

the non-disturbance of the network stabil-

ity. Simulations indicate that voltage levels 

at all the busbars of the network are not 

affected and no significant change on the 

fault current level has been identified (Fig. 

13(B)).

The results of the numerical simulation also 

led to findings that additional simulations 

should be conducted for optimizations of 

the SWM distribution network.

 

Contact: giovanni.carne@kit.edu 

sousa@kit.edu for Supralink project
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Results from the  
Research Areas

View from the computer control station (monitor with camera system in the lower half of the image) into the 

robot cell during the winding process of HTS coils with great precision for the MEESST project (several research 

fields and topics involved) with the participation of all three robots (part-process). The robotic winding allows 

easy, controlled readjustment by experts to compensate for material imperfections.
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In 2022, the three research topics “Coil 

and Magnet Technology”, “High-Current 

Components for Hydrogen Technologies 

and Fusion” and “Rotating Machines” 

have been involved in the activities of the 

SupraGenSys project, MEESST project Ap-

pLHy! project and cross-institute work 

(Bachelor’s thesis on HTS -Gyrotron mag-

nets, PhD thesis on accelerator magnets). 

A particular success, made possible by the 

participation of many KIT institutes and ex-

ternal partners, was the acquisition of the 

“Hyperion” collaborative research centre 

for the development of miniaturized HTS 

magnets for special applications in NMR 

technology. In Hyperion, the research fields 

of superconducting and cryogenic materi-

als and superconducting magnet technol-

ogy work together, particularly in project 

A01. Below is the logo representing the 

Collaborative Research Centre.

COIL AND MAGNET 
TECHNOLOGY

ROBOTIC WINDING TECHNOLOGY
Applications with superconducting coils re-

quire increasingly complex, truly three-di-

mensional winding geometries. These can 

no longer be easily manufactured by hand 

and the usual winding machines. To fulfil 

this need, a self-designed robotic winding 

system was built  in 2020 and 2021. The 

coil body is held and oriented by a rotat-

able and pivoting work piece positioner. 

Two non-collaborative robots wind the su-

perconductor wire. The wire is fed by a so-

called winding hand, which picks up the 

supply spool and keeps the wire tension at 

the set value via a servo motor and tension 

sensor. For maximum flexibility in wire 

guidance, the two robots can pass the 

winding hand to each other and guide it 

alternately. The winding trajectory, i.e. the 

actual winding process, is programmed 

and simulated in advance with a digital 

twin of the robot cell.

In 2022, among other things, the following 

details in the robot cell were refined: (1) 

For perfect winding, it is essential that the 

cell is precisely measured, i.e. the relative 

positions of the robots, the positioning 

table and other tools and shelves are 

known exactly. To ensure this, the cell was 

calibrated with a laser triangulation system 

to an accuracy of approx. ±0.2 mm. With 

this system, the cell can be recalibrated at 

any time, e.g. in the event of any modifica-

tions. (2) The tension is regulated via a spe-

cifically programmed PID control. The pa-

rameters have been optimised to reduce 

peaks in the tension which shows that the 

changing geometry (winding radius or 

lever arm) and the mass of the supercon-

ductor supply as the supply coil is un-

wound (approx. a factor of three)  have a 

significant influence on the PID parame-

ters. (3) When winding in automatic mode, 

nobody is allowed to be in the winding 

cell. To check the winding pattern of the 

wire, a corresponding camera system was 

installed.

With the cell optimized in this way, a first 

disc-shaped pancake winding with 40 turns 

of HTS superconducting wire was built. 

One of the robots which was mounted on 

the work piece positioner circled the coil 

body with its winding hand and wound 

the ribbon-shaped wire in layers. The coil 

was then cast with epoxy resin in the vac-

uum pressure impregnation system (VPI) 

(see the following section and Figure 1).

COOLING CONCEPT: THERMOSIPHON 
WITH CRYO-COOLER
Due to the relatively high critical tempera-

ture of the HTS, cooling with liquid helium, 

which is extremely expensive, is not required 

in power engineering applications. Instead, 

dry cooling with cryo-coolers is recom-

mended. Usually these are coupled to the 

object to be cooled with solid copper and 

its thermal energy is dissipated via heat con-

duction. More  innovative and with higher 

heat transfer is the use of thermosiphons 

(heat pipes). A thermosiphon consists of a 

tube, an evaporator and a condenser and 

contains a small amount of a cryogen, in 

this case neon. The object to be cooled and 

the cold head of the cryo-cooler are con-

nected to each other via the thermosiphon. 

The liquefied cryogen vaporizes on the ob-

ject and flows to the condenser, where it 

liquefies again. The mass flow and the 

phase transitions result in an extremely ef-

fective heat dissipation.

The construction of a test stand for the fun-

damental investigation of this cooling tech-

nology progressed in 2022. After the design 

and manufacture of the mechanical parts in 

2021, the electrical supply of the system has 

In 2022, this research field was enhanced by special collaboration within the individual research groups. 
In this way, the specific expertise of the research areas could be used in a coordinated manner in 
projects and for know-how exchange.

Superconducting  
Magnet Technology 
Coordination: Prof. Dr. Tabea Arndt

Fig. 1: Impregnated HTS Pancake-Winding (right) 

with impregnation mould.
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now begun. A comprehensive control cabi-

net with components for controlling the 

pumps, heaters, etc. and recording mea-

sured variables - such as temperatures and 

pressures - is currently under construction 

(see Figure 2).

Commissioning of the plant and initial tests 

are planned for 2023.

30 K-TEST PLATFORM
With the increasing demand for supercon-

ducting components comes the need to 

test them. For this purpose, construction of 

an appropriate test platform began in 

2022. With this facility, it will be possible 

to investigate larger (approx. 1.5 m x 1 m) 

current-loaded superconducting compo-

nents without a background field at tem-

peratures of 30 K and higher with currents 

of up to 3000 A. The cooling takes place 

cryogenically by means of three cryo-cool-

ers; two for the power leads and one for 

the component under test.

In 2022, the system’s cryostat was installed 

in the hole and construction of the neces-

sary infrastructure began. The electrical 

supply for the laboratory space was in-

stalled along with the cooling water sup-

ply. In 2023, the construction of the test 

stand will be completed and will be ready 

for operation. Figure 3 shows the state of 

construction by the end of 2022.

MEESST
As part of the EU project MEESST (“Magne-

tohydrodynamic Enhanced Entry System for 

Space Transportation”), a magnet was de-

signed and manufactured at ITEP to be used 

for experiments in the plasma channels of 

the Institute for Space Systems at the Uni-

versity of Stuttgart and the Von Karmann 

Institute in Brussels. The MEESST magnet 

consists of 5 individual, non-insulated pan-

cake coils (PCS, Figure 4), cooled to a tem-

perature of 30 K via conduction cooling.

Due to the limited length of the conduc-

tors supplied by Theva, different types of 

contacts had to be designed and qualified: 

	■ Connection of two conductors within a 

pancake coil 

	■ 	Connection of two pancake coils, inner

	■ 	Connection of two pancake coils, outer 

	■ 	Connections of the power supply to the 

two outer pancake coils.

The contact resistances for bridge connec-

tions of the 4 mm wide REBCO strip con-

ductors measured on short samples in LN2 

were in the range of 90 – 175 nΩ, so that 

the losses to be expected in the magnet at 

a current of 100 A are in the order of 1-2 

mW per bridge contact.

In November 2022 the MEESST magnet 

was wound using the robots installed at 

ITEP (Figure 5).

The spatial distribution of the maximum 

magnetic field expected at I~Ic was calcu-

lated using angle-dependent Ic(B,T) data 

and is shown in Figure 6. A field of about 

5.5 T is reached at the inner windings of 

the magnet. On the surface of the probe 

body, the magnetic field reaches a value of 

around 2 T at maximum current.

Alongside the production of the magnet, a 

data acquisition system was set up and the 

control of the magnet was programmed. 

Magnet tests in the VATESTA facility are 

planned for 12/2022 and 01/2023, follow-

ing which the magnet will be delivered to 

the project partner Absolut Systems 

(Grenoble), where it will be installed in the 

cryostat and test body. The first plasma ex-

periments are planned for Q2/2023.

Contact: frank.hornung@kit.edu

Fig. 2: Operation (left) and control cabinet (under 

construction, right) of the heat pipe test stand.

Fig. 3: State of construction of the 30 K test plat-

form at the end of 2022.

Fig. 4: MEESST HTS-Magnet with cryostat and 

probe body.

Fig. 5: Robotic winding of the MEESST  

HTS-Magnets.

HIGH CURRENT COMPONENTS 
FOR HYDROGEN AND FUSION
In the research area high-current compo-

nents for hydrogen and fusion, EUROfu-

sion is working on HTS high-current con-

ductors for future fusion magnets and 

within the TransHyDE project AppLHy! var-

ious topics related to the transport and ap-

plication of liquid hydrogen were studied. 

QUENCH STUDIES ON HTS  
HIGH-CURRENT CONDUCTORS  
FOR FUSION MAGNETS
In 2022, progress was made on the pro-

duction of a high-temperature supercon-
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ducting (HTS) high-current sample for in-

vestigating quench behaviour, along with 

many other components required for this 

that were still to be developed. The geom-

etry of the conductor in question consists 

of three stranded superconducting ele-

ments in a steel housing. Supercritical he-

lium flows through cooling channels inside 

the sample and thus cools it. In the 

planned experiment, temperatures of the 

individual elements (superconductor, he-

lium, steel housing) and electrical voltages 

along the sample must be measured with 

spatial and time resolution. The following 

is an overview of some of the work com-

pleted in 2022.

VACUUM FEED FOR OPTICAL 
TEMPERATURE SENSORS
Optical temperature sensors are provided 

for measuring temperatures inside the 

high-current HTS quench probe, for which a 

vacuum-tight feed through is required for 

use on the test object itself and for calibrat-

ing the fibre. The feed through imple-

mented is shown in Fig. 7 and consists of six 

single feeds in a DN 100 ISO-K flange. Each 

fibre runs inside a resin-filled stainless steel 

tube that is tightly connected to the flange.

CONSTRUCTION OF MEASUREMENT 
ELECTRONICS FOR THE ACCEPTANCE 
TEST
For the final acceptance test of the probe, 

a new measurement system was required 

that can record the high channel density 

of the SULTAN probe and process the dif-

ferent sensor types used. For this purpose, 

a mobile measurement system was de-

signed and set up in a 19-inch rack 

(Fig. 8). The rack contains a computer 

with a data acquisition module for mea-

suring the voltage at the resistance tem-

perature sensors and the superconducting 

cable itself. The supply current for the 

temperature sensors is provided by two 

precision current sources. A measuring 

system dedicated to the optical tempera-

ture sensors communicates via a LAN con-

nection with the measuring computer, 

which records all measurement data. A 

patch box with D-Sub plug contacts was 

set up for acceptance tests and the mea-

surement operation itself, which can also 

be used later for other measurements 

with a high channel density. The new 

measurement electronics have already 

been used successfully to calibrate the op-

tical temperature sensors from 0–125 °C 

for the welding work on the sample hous-

ing and to monitor the temperature 

during welding. 

HOUSING WELDING
The welding work on the sample housing 

was completed by the end of 2022. After 

the superconductors were placed in the 

housing half-shells and the second half-

shell was pressed on and attached, the 

optical fibres for temperature measure-

ment were threaded in and in this way the 

temperature was monitored during weld-

ing. Both sample legs were welded simul-

taneously so that one leg could always 

cool down, effectively limiting the tem-

perature. To complete the sample, the 

electrical connections will be sealed at the 

beginning of next year, sensors will be at-

tached and the sample will be mounted in 

its retaining bracket.

APPLHY! – TRANSPORT AND APPLICA-
TION OF LIQUID HYDROGEN
The work on liquid hydrogen is part of the 

BMBF’s TransHyDE lead hydrogen project. 

Here the ITEP coordinates the work of the 

AppLHy! partnership on the transport and 

use of liquid hydrogen and is involved in 

all work packages of the joint project. In 

2022, the group jointly wrote a white 

paper on liquid hydrogen, which will be 

published in early 2023.

 Within the project, a hydrogen liquefac-

tion plant is being implemented at KIT in 

which gaseous hydrogen (GH2) is taken 

from a tank and cooled to the condensa-

tion temperature in several steps in heat 

Fig. 6: Calculated magnetic flux density |B| of the 

MEESST-Magneten at I≈ Ic (T=30 K).

Fig. 7: Vacuum feed through for optical tempera-

ture sensors

Fig. 8: Mobile measuring rack for the acceptance 

test of the quench sample
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exchangers. Liquid nitrogen (LN2) is used 

to cool the hydrogen from room tempera-

ture (300 K) to 80 K. A helium low-tem-

perature system is available for further 

cooling of the hydrogen from 80 K to ap-

prox. 17 K. The cryogenic hydrogen mass 

flow is then expanded and liquefied in a 

liquid hydrogen tank with a Joule-Thomp-

son valve. From there it can be transferred 

to mobile liquid hydrogen transport con-

tainers and transported to experiments. In 

addition to hydrogen liquefaction and fill-

ing in transport cans, the transport of liq-

uid hydrogen through a demonstration 

pipeline with a superconducting cable is 

also being investigated. For this, the mass 

flow of hydrogen, which has been cooled 

from the vacuum container with heat ex-

changers, can alternatively be expanded 

into a pump cryostat and from there sup-

ply the pipeline with liquid hydrogen. Fig. 

9 shows a greatly simplified process dia-

gram of the hydrogen liquefaction plant. 

A detailed piping and instrument flow di-

agram was drawn up in 2022 and the di-

mensions of the main components were 

defined. On this basis, an installation 

planning draft was developed, which is 

currently being coordinated.

Two doctoral theses started this year 

study the combined liquid hydrogen and 

electrical energy transport in a joint hybrid 

energy transmission pipeline. Initially, a 

comparison was made between different 

regions of Germany and Europe with re-

gard to existing and planned gas and 

electricity networks as well as energy 

flows, and the Brunsbüttel / Hamburg re-

gion was identified as an attractive envi-

ronment for detailed study. 

Fig. 10 shows a map of the Brunsbüttel / 

Hamburg region with existing and 

planned pipeline networks as well as the 

diagram of a hybrid energy transmission 

pipeline.

In a second study, different conductor ar-

rangements and geometries were consid-

ered and compared with regard to the 

planned experimental demonstration of 

the concept. In order to assess whether 

the electrical line must be in direct con-

tact with the flowing hydrogen or 

whether a separate arrangement – and 

the associated weaker, indirect cooling – 

is sufficient, experimental investigations in 

liquid nitrogen were carried out on the 

thermal coupling of the electrical line.

Fig. 11 shows a schematic and photo of 

the experimental setup, with a piece of 

cable separated from the vessel walls by 

spacers. The gap was filled with helium 

gas at different pressures and the steady-

state temperatures of the cable were de-

termined at different heating powers. The 

results (Fig. 11 graph) agree well with em-

pirical expectations for helium pressures 

that are not too low over the entire heat-

ing power range studied and have been 

incorporated into a detailed cable design 

and decision-making process for the line 

arrangement to be tested in the demon-

strator.

More results of research work from the 

AppLHy! can be found in the research 

areas Structural and Functional Materials 

for Cryo Applications and Rotating Ma-

chines.

Contact: michael.wolf@kit.edu

Fig. 9: Highly simplified process diagram of the 

hydrogen liquefaction plant

Fig. 10: map of the Brunsbüttel / Hamburg 

region with existing and planned pipeline 

networks and a diagram of a hybrid energy 

transmission pipeline (bottom right).
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ROTATING MACHINES

TEST STANDS FOR HTS-ROTORS
The HTS Geno Test Rig project was ap-

proved as part of a strategic development 

investment by the HGF for a period of 4 

years with a budget of around 3.8 million 

euros. The aim of the project is to set up a 

test stand for the development of rotating, 

superconducting motors and generators.

(Fig. 12)

The HTS coils are to be cooled down to 30 K 

with the help of a thermosiphon circuit with 

neon, operated with an excitation current of 

approx. 3 kA and with a rotation speed of 

up to 1000 rpm. In 2022, work continued on 

adapting the infrastructure (requirements for 

the electrical supply, the refrigeration system, 

lighting). The cryo-coolers have arrived and 

the rail system is laid. A comprehensive spec-

ification of the vacuum container has been 

created. Work has been carried out on a new 

design for the rotor body and on various 

physical measurement techniques. Due to 

the enormous price increases of basic materi-

als by up to 300%, the reduced availability of 

components and the very long delivery 

times, unforeseen external difficulties arise, 

which may lead to adaptive measures in 

2023. 

Furthermore, a rotation test stand for the 

characterization of non-planar supercon-

ducting coils is under construction at ITEP. 

The basis of the rotation test stand is the 

scaffolding that was made available to our 

institute as part of a cooperation with 

Rolls-Royce Germany Ltd & Co KG. During 

the course of the year, more components 

of the rotation test stand were prepared 

for the installation and the drive of the 

rotor. The basis for the speed-variable 

drive of the rotor is an asynchronous ma-

chine controlled by a frequency converter 

with a rated output of 4 kW, which can 

accelerate the rotor to speeds of up to 

1000 rpm. The electrical structure and the 

wiring of the drive have already been com-

pleted and are waiting for the installation 

of the new rotor together with the shaft 

(Figure 13).

Contact: tabea.arndt@kit.edu; 

              mathias.noe@kit.edu

SUPERCONDUCTING GENERATORS FOR 
WIND ENERGY
A conceptual design for a cryogenic cool-

ing system for a fully superconducting 10 

MW generator for wind turbines was de-

veloped for the BMWi project SupraGen-

Sys. In a first step, different versions were 

compared with each other in terms of bal-

ance. A design was chosen in which both 

the stator and the rotor have an operating 

temperature of 30 K and completely dis-

pense with an intercooled thermal shield. 

The rotor coils are kept at the right tem-

perature by means of rotating small coolers 

and a line-cooled connection. Due to the 

increased heat input from the AC losses of 

the stator coils, a cooling design with 

forced helium gas cooling was investi-

gated. The finite element calculations show 

that the temperature margin of 30 K can 

be maintained at a helium inlet tempera-

ture of 28 K, a static helium pressure of 20 

bar and mass flow rates above 6.3 g/s. 

Figure 14 shows the temperature profile in 

the cross-section of the coil heatsink and 

the helium gas channel with a diameter of 

10 mm.

Fig. 11: Scheme (top) and photo (middle) of the 

experimental setup for investigating the indirect 

thermal coupling of the electrical line and 

experimental results (bottom).

Fig. 12: Sketch of the HTS-Geno test rig.

Fig.13: Drawing of the rotation test stand including new shaft and rotor

Fig. 14: Temperature profile in the cross section 

of the coil body and helium gas channel.
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larly advantageous use of the DUDA con-

cept by the easy dissipation of the heat 

from the high number of (resistive) con-

tacts. The power transmissions of different 

vehicle types based on LH
2
 as fuel and a 

fuel cell for electrical power generation 

were analysed. Figure 16 shows the basic 

structure of such a drive.

Figure 17 makes it clear that the level of 

the provided “free cooling capacity” de-

pends on the efficiency of the 

fuel cell: the lower the efficiency of the 

electrical energy generation in the fuel cell, 

the more (initially cold) fuel LH
2
 has to be 

supplied.

In the overall system, it is clear that almost 

6 percentage points in efficiency can be 

achieved

development of non-planar coils for electri-

cal machine applications that enable signifi-

cant reductions in AC losses.

Contact: francesco.grilli@kit.edu

POWER TRANSMISSION IN CONNEC-
TION WITH LIQUID HYDROGEN (LH2)
Within the research topic “High current 

components for Hydrogen and Fusion” 

new topologies for fully superconducting 

motors (rotor and stator windings with 

HTS) were investigated. The DUDA concept 

with air-gap winding (with iron only to 

guide the external magnetic flux) offers 

new options, especially for compact, 

high-performance machines. The cooling 

provided by the LH
2
 allows for a particu-

In order to reduce the AC losses in the su-

perconducting winding of a generator for 

a wind turbine, a new arrangement of the 

stator coils was proposed. This is based on 

aligning the coils with the magnetic field 

and achieves a 73 % reduction in AC 

losses in the stator coils. Figure 15 shows a 

comparison of the losses in the stator 

winding of a superconducting generator in 

the typical configuration (racetrack coils) 

and in the proposed arrangement (star 

configuration, non-planar coils).

This graph also shows the self-field be-

haviour of the critical current of the strip as 

the temperature drops. The loss reduction 

achieved with the star configuration at 65 

K cannot be achieved with the conventional 

racetrack coils, even if the critical current of 

the tape is doubled or the operating tem-

perature of the coils is reduced to 5 K in the 

typical configuration. A system for measur-

ing AC transport losses in superconducting 

coils for wind turbine applications was de-

signed and built. Two racetrack coils have 

already been measured and the results are 

in good agreement with a new modelling 

approach developed to study coils with 

complex geometries and based on the 3D 

homogenization of the T-A formulation. 

These results support and encourage the 

Fig. 15: Comparison of the losses in the stator winding of a superconducting 

generator

Fig. 16: Fuel cell electric drive train using liquid hydrogen as the fuel

Tab.1 (right): Power flows in a fuel cell electric powertrain and liquid hydrogen “cooling power”  

for a mechanical power of 100 kW

Fig. 17: „Cooling capacity” of the liquid hydrogen corresponding  

to the efficiency of a fuel cell.

1,24 kWh/kg Heat



27

Highlight 
Whitepaper on Liquid Hydrogen

In the document, the authors of all 13 proj-

ect partners involved address the fields of 

application in the energy system, the prop-

erties of liquid hydrogen, safety and mate-

rials, liquefaction and storage, transport 

options, use in stationary and mobile appli-

cations and, of course, the combination of 

liquid hydrogen and superconductivity. 

With many caveats and outdated informa-

tion still circulating in many areas (e.g. liq-

uefaction, storage and safety), this docu-

ment is an important step towards a timely 

assessment of the potential of liquid hydro-

gen. Detailed updates are also expected as 

the work progresses.

A particular success is the finalisation of the white paper after around twelve months of content-re-
lated and coordinating work. This important document will be published via the BMBF in early 2023.
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Results from the  
Research Areas

Retained mercury dew during active 

experimental operation with the NEMESIS  

setup in the HgLab Karlsruhe.
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Technologies for  
the Fusion Fuel Cycle
Coordination: Dr.-Ing. Christian Day

In the research field “Fusion Fuel Cycle Technologies”, ITEP is developing novel technologies to make 
the fuel cycle and associated neighbouring systems of a future fusion power plant more efficient, 
thereby ensuring that the tritium fuel produced in situ is optimally utilised. The research field covers all 
three key technologies of the fuel cycle: matter injection, vacuum technology and tritium processing 
technology.

middle figure presents a 4 K panel, first 

untreated, then coated with activated car-

bon, fitted with resistance heaters and 

temperature sensors. The lower image 

shows the blackened chevron baffles 

during the dimensional inspection test.

Another focus of our 2022 work was the 

development of DTT’s vacuum systems, a 

new fusion machine in Italy. DTT is to de-

velop and demonstrate the divertor solu-

tion for DEMO’s; operation, however, will 

be only without tritium. Based on the stud-

ies we conducted in 2021, it was decided 

to also use customised cryosorption 

cryopumps for DTT. In 2022, we therefore 

developed a pump design for the lower 

vertical ducts, see Figure 2. Space is very 

limited, which is a particular challenge. We 

finally decided to suspend the cryopump 

on the wide side of the trapezoidal 

cross-section over a length of about 2 m, 

which is an optimised design point in terms 

of pumping probability and heat load.

The Institute’s Vacuum Technology Division 

is also involved in the Einstein Telescope 

The following current research topics have 

emerged in the research field: 

	■ Vacuum Technology and Process Integra-

tion,

	■ Rarefied Gas Dynamics,

	■ Vacuum Hydraulics and Hydrogen Sepa-

ration. 

The work is firmly anchored in the Euro-

pean Fusion Programme via the EUROfu-

sion consortium, which will develop a con-

cept design of the DEMO demonstration 

fusion power plant by 2027.

VACUUM TECHNOLOGY AND 
PROCESS INTEGRATION

The research topic “Vacuum Technology 

and Process Integration” addresses all vac-

uum-related questions around a fusion 

plant and develops an integrative approach 

for their description with the help of a fuel 

cycle simulator. The work also covers vac-

uum technologies for other large-scale fu-

sion facilities, such as the European neu-

tron source IFMIF-DONES or the fusion re-

actors currently under construction JT-

60SA in Japan and DTT in Italy.

ITEP’s Vacuum Technology Division has 

been working for many years with the 

team of the JT-60SA tokamak in Japan, 

which, after an extended commissioning 

phase, will go into operation in 2023. After 

an initial experimental campaign, the ma-

chine will then be reopened and com-

pleted with further installations. This in-

cludes a powerful cryogenic pump system 

(nine identical cryopumps), which will be 

integrated directly into the divertor ring. 

The ITEP was commissioned to develop the 

complete design for this, to accompany the 

production in the industry and to ensure 

the quality-compliant execution. The pro-

duction of the pumps progressed very well 

during the reporting period, so that deliv-

ery to Japan can be expected in the first 

half of 2023.  

The design of the cryopump follows the 

proven cryosorption pump concept devel-

oped at the Institute. Figure 1 illustrates 

some manufactured components from the 

different manufacturing phases. 

The upper figure shows hydroformed 

structures during the pressure test. The 

Fig. 1: Components of the JT-60SA Cryopumps.

Fig. 2: The DTT vacuum vessel with the pumping 

ducts (red) to house the vacuum systems (green).
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the cryogenic pump at 80K and thus with-

out pumping speed for hydrogen.

Contact: christian.day@kit.edu

RAREFIED GAS DYNAMICS

For the correct design of complex vacuum 

systems such as in the fusion fuel cycle, it is 

essential to quantitatively calculate rarefied 

gas flows. This is done in a very accurate 

manner by solving the Boltzmann equa-

tion, which describes the flow in the entire 

range of rarefaction. However, the solution 

of this equation for realistic applications 

(complex geometries, gas mixtures) is ex-

tremely complex. The ITEP’s Vacuum Tech-

nology Division is pursuing two different 

approaches to this: on the one hand, with 

(ET). The Einstein Telescope is a design 

concept for a third-generation European 

gravitational wave detector that will be 

about 10 times more sensitive than today’s 

instruments (LIGO, Virgo). ET will consist of 

three nested detectors, each consisting of 

two Michelsen interferometers with 10-ki-

lometre-long arms and a tube width of the 

order of 1 m. One of these interferometers 

will measure low-frequency gravitational 

waves (2 to 40 Hertz), while the other will 

be tuned to higher-frequency gravitational 

waves. The Einstein Telescope will be one 

of the largest ultra-high vacuum systems in 

the world. 

The improvement in sensitivity to gravita-

tional waves expected to be achieved by ET 

is partly due to the fact that the pressure in 

the beam tubes will be much lower than in 

previous systems (10-10 mbar total pres-

sure with partial pressures for water below 

10-12 mbar and for heavy components 

below 10-14 mbar). A further improvement 

in the low-frequency range is essentially 

due to a cryogenically cooled detector mir-

ror. During the reporting period, the essen-

tial vacuum requirements for this spec-

trometer were compiled and an initial con-

cept was drawn up showing where cryo-

genic pumps must be installed at low tem-

perature (between 3.5 and 10 K, 

depending on the technology chosen, to 

pump hydrogen) and where cryogenic 

pumps at 80 K are sufficient (to pump es-

sentially water). Gas particles impinging on 

the cryogenic mirror must be eliminated as 

much as possible, as they increase the back-

ground. Condensable species such as water 

must also be pumped out effectively so as 

not to negatively affect the optical proper-

ties of the mirror. With the developed con-

cept, measurement times of the order of 1 

year are possible. Figure 3 shows a typical 

pressure curve along the jet pipe. In this ex-

ample, vacuum pumping stations are in-

stalled every 100 m. At position 0 the cryo-

genic pump ends, the cryogenic mirror is 

located at -30m. A cryogenic pump is as-

sumed in front of the mirror, the length of 

which has been varied here. It can be seen 

that the length has no significant influence 

on the hydrogen profile, from which it can 

be concluded that it is sufficient to operate 

Fig. 3: Calculated pressure profile in the transi-

tion between beam pipe and cryogenic mirror 

oft he low frequency interferometer.

Fig.4: Illustration of the calculated pressure profiles in different sectional cuts of the DTT divertor.

A-A‘

B-B‘

C-C‘
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the DSMC algorithm, which uses stochastic 

methods, and on the other hand, with de-

terministic methods (DVM), which solve 

the equation directly. 

In 2021, a major breakthrough was 

achieved in the acceleration of the DIVGAS 

Boltzmann solving code developed at the 

Institute. This made it possible in 2022 to 

calculate complicated divertor geometries 

in 3D for the very first time. This was 

demonstrated for the two machines DTT 

and the W7-X stellarator.

For DTT, it was possible to quantify the 

particle flows and pressure profiles to be 

pumped for the geometry of the first test 

divertor. Figure 4 shows an example of the 

pressure distribution in the area below the 

divertor when it is pumped by cryopumps. 

The analysis also showed that the poloidal 

gaps between the individual divertor cas-

settes (10 mm nominal) cause a deteriora-

tion of the pumping behaviour of about 

10%, while the toroidal gaps between the 

divertor cassette and the vessel wall can 

deteriorate the effective pumping speed by 

up to 60%. While there is mechanically no 

headroom to reduce the poloidal toler-

ances, consideration is now being given to 

at least partially closing the toroidal gaps. 

The divertor of W7X has also been anal-

ysed. This is done in view of the fact that 

the current pumping system with turbo-

molecular pumps will be replaced by 

cryopumps, see Figure 5. The final model is 

shown in Figure 6.

Contact: stylianos.varoutis@kit.edu

VACUUM HYDRAULICS AND 
HYDROGEN SEPARATION

The research topic “Vacuum Hydraulics and 

Hydrogen Separation” addresses the the 

flow behaviour of fluids, especially liquid 

metals, in machines and processes under 

vacuum. Accordingly, the Vacuum Technol-

ogy Division is also working on processes 

for handling these working fluids, such as 

purification and processing of mercury, and 

on the development of associated analytical 

procedures. The reference concept for the 

torus vacuum system of the European 

demonstration fusion power plant DEMO 

provides for three different pump types. 

One is the metal foil pump, which not only 

compresses the gas but also separates most 

of the unburnt fuel in the exhaust gas. 

Downstream, this is then followed by a 

combination of mercury-based high vacuum 

and roughing pumps. 

In metal foil pump development, the first 

measurements were made on vanadium as 

a foil material during the reporting period. 

Compared to niobium, the material used so 

far, the pumping results were only slightly 

worse. Also, no isotope effect could be de-

tected, which is very desirable. Fig. 7 shows 

the plasma-driven permeation flux density 

through the vanadium foil for the two cases 

before and after decarbonisation of the foil. 

. During this treatment, carbon located in 

the sub-surface region is released as CO, 

which improves the diffusivity of oxygen in 

the material. This is a desirable effect to 

maintain the stability of the surface condi-

tion and thus the permeation process. It can 

be seen that – before decarbonisation – a 

higher foil temperature can improve the 

post-transport of oxygen to the surface and 

thus the stability of the permeation flux, but 

that it still decreases with the duration of 

plasma exposure. Only with the removal of 

the carbon the superpermeability of the foil 

is resistant to the exposure to energetic par-

ticles of the plasma. In order to further im-

prove the long-term stability of the process 

with respect to energetic plasma particles, 

the direct line of sight of plasma and foil will 

be provided with a screen currently being 

investigated in a further series of tests.

Downstream of the metal foil pump, linear 

mercury diffusion pumps are to be used, 

possibly in combination with ejector pumps. 

Fig. 5: View of the new W7-X cryopumps below 

the divertor targets.

Fig. 6: Final 3D Model of the sub-divertor with 

pumps and interconnection piping. 

Fig. 7: Influence of de-carbonization on  

permeation fluxes.
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produce the gas mixtures needed continu-

ously for the experiments fully automatically 

and accurately.  

For the test vessel, which must be able to 

be heated to 200°C, the infrastructure close 

to the vessel was prepared and integrated 

into the process control system (Siemens 

PCS7). In addition to the distributors and 

measuring points for the thermo oil-based 

heating system, this also includes the four 

control boxes for connecting the approx. 

200 temperature sensors and flange heaters 

(Figure 10).

Contact: thomas.giegerich@kit.edu

to correctly map the dynamics of the entire 

process, it is then necessary to realise the 

first two of the three fuel cycle loops com-

pletely, i.e. including the supply of material 

via pellet injection. This requires a separate 

test environment. After a planning and ap-

plication phase lasting several years, the 

DIPAK project (Direct Internal Recycling Inte-

grated Development Platform Karlsruhe) 

was approved by all sides (Presidium, Senate 

and Supervisory Board KIT, EUROfusion, 

Helmholtz Energy Programme) in 2021. 

However, as a result of the current eco-

nomic world situation with problems in sup-

ply chains and the procurability of raw ma-

terials, major cost increases have occurred in 

the meantime, which now have to be re-

planned. This applies to both the construc-

tion and manufacture of the large test ves-

sel that will simulate the torus of a future 

fusion power plant.

In preparation for DIPAK, work has already 

begun on building the scientific infrastruc-

ture. Figure 9 shows a new gas mixing and 

analysis facility. It will make it possible to 

The working principle of diffusion pumps is 

based on the transfer of momentum from 

mercury vapour, which is accelerated to su-

personic velocity in nozzles, to the gas parti-

cles to be pumped. For a better understand-

ing of the flow processes in the nozzle, ex-

periments were carried out in 2022 on the 

new experimental setup NEMESIS, see Fig. 

8. 

The measured pressures can be used to vali-

date the developed flow code. 

The development work underway in this re-

search topic qualifies new and innovative 

processes for application in the DEMO fuel 

cycle as part of the systematic technology 

development undertaken at the Institute. In 

the next 3 years, all new technology devel-

opments carried out at the institute (metal 

foil pump, mercury vacuum pumps, tem-

perature swing process for hydrogen sepa-

ration) will lead to prototype maturity.

The next logical step is then to build and 

test the individual prototypes in their inter-

action in the fuel cycle. In order to be able 

Fig. 10: Control boxes for connecting flange 

heating and temperature sensors tot eh DIPAK 

test vessel.

Fig. 9: Multi-channel gas mix- and gas analysing 

system for the DIPAK gas supply infrastructure.

Fig. 8: NEMESIS experimental setup for 

characterising nozzle geometries for mercury 

diffusion pumps.
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Prizes and awards

In 2022, the following awards and prizes were presented for the work and to the employees of ITEP. 

Topology Comparison of 
Superconducting AC Machines  
for Hybrid Electric Aircraft
Matthias Corduan, Martin Boll,  

Roman Bause, Marijn P. Oomen,  

Mykhaylo Filipenko , and Mathias Noe

https://ieeexplore.ieee.org/

document/8947911

Jonas Schwenzer, doctoral student, was 

awarded the second prize in the student 

paper competition at the Fusion Technol-

ogy Conference (TOFE) of the American 

Nuclear Society in June 2022 for his mod-

We are very pleased about this recognition 

of these exceptionally good achievements 

of our staff and thank you very much for 

your excellent work.

Giovanni De Carne has been appointed to 

a tenure-track professorship for “Real-time 

Systems in Energy Technology” at the KIT 

Faculty of Electrical Engineering and Infor-

mation Technology as of 7 November 

2022. He has headed the Helmholtz junior 

research group “Real-time systems in en-

ergy technology” at the ITEP since 2020.

elling work on tritium recovery from the 

coolant of the helium-cooled pebble bed 

blanket. His transient simulations revealed 

significant optimization potentials of the 

reference process. 
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Completed PhD Theses

Particle exhaust is a key process that con-

trols the plasma core density and the 

pumping of the helium ash resulting from 

the nuclear reactions. In fusion machines 

such as the tokamak in its divertor configu-

ration, the particle flow in the divertor and 

sub-divertor region is related to the pres-

sure and the gas being pumped by the 

torus pumping system. This is why predic-

tive modelling of the neutral particle ex-

haust is crucial for understanding and opti-

mizing the operation of vacuum systems in 

fusion devices.

The main objective of this dissertation is to 

develop a numerical tool based on the Di-

rect Simulation Monte Carlo (DSMC) 

Method that describes the neutral gas flow 

in fusion applications. Within the frame-

work of the open-source C++ toolbox for 

computational fluid dynamics OpenFOAM, 

the in-built DSMC solver dsmcFoam is em-

ployed for modelling, simulation and vali-

dation of the neutral gas flows in the di-

vertor region for the first time in a context 

of nuclear fusion. 

A necessary step to apply dsmcFoam in the 

divertor region is to first assure that the 

solver can predict gas flows in a simple ge-

ometry. Therefore, dsmcFoam is verified 

against theoretical predictions and bench-

marked against independent numerical cal-

culations. The sensitivity analysis on the 

modelling parameters shows the effect on 

the flow field as a function of time step, 

cell size dependence and number of mod-

elled particles. As second step, the solver 

capabilities are further developed in order 

to model gas absorption at surfaces via the 

sticking probability.

With this new capability of the dsmcFoam 

solver, the analysis of the particle exhaust 

in the sub-divertor of the JT-60SA tokamak 

is performed. The analysis has been 

carried out by studying the gas flow with 

and without neutral particle interactions. 

The study confirms that the inclusion of 

the intermolecular collisions plays a signifi-

cant role in the description of the neutral 

gas transport and the gas flow develop-

ment in tokamak sub-divertors. This is re-

flected in the pressure values of the DSMC 

collisional model, which increase by around 

25% and 40% when comparing them with 

the pressure values obtained with the 

DSMC collisionless model. The comparison 

is the first of its type in the application 

context of nuclear fusion.

The second application of dsmcFoam con-

sists of the analysis of the gas flow of a 

high-divertor pressure scenario in ITER to-

kamak. For a 10 Pa divertor pressure, the 

neutral gas flow in the ITER 2009-design 

geometry is studied. Here the gas recircula-

tion effects through the divertor are shown 

to have a direct dependency with the pres-

sure at the pumping port. The relation be-

tween the gas flowing towards the plasma 

main chamber and the pressure at the 

pumping port is obtained. 

The simulations have shown that the pres-

sure increase at the pumping port en-

hances the gas flow at the low-field side, 

whereas at the high-field side no effect is 

observed. The study shows that flow rever-

sal near the pumping port occurs, leading 

to an increase of the particle flow at the 

low-field side. 

The combination of experimental data and 

DSMC modelling allows the calculation of 

neutral gas flow in the entire sub-divertor 

of ASDEX Upgrade (AUG) tokamak. With 

the installed Divertor III in AUG, dedicated 

experiments focusing in the particle ex-

haust by operating the tokamak with full 

cryogenic pumping is modelled with 

DSMC. The modelling shows that particle 

fluxes below the divertor dome region and 

at the low-field side are comparable to the 

experimental measurements. A mismatch is 

found between the calculated gas fluxes in 

the modelling and the measurements at 

the high-field side manometers, behind the 

divertor target. The sensitivities on the 

AUG modelling have shed light onto de-

pendencies among sub-divertor parame-

ters, which are of relevance in the divertor 

operation

Dr. Cristian Gleason González
Modelling and validation of neutral particle flow by means of stochastic algorithms using the example 
of a fusion divertor 
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The fuel cycle of a fusion power plant is a 

complex chemical plant that essentially 

provides the hydrogen isotopes deuterium 

and tritium for fusion. Since a large part of 

this gas mixture leaves the fusion reactor 

without fusing, the cycle ensures that the 

hydrogen can be recovered with high effi-

ciency from the resulting exhaust gas 

stream. To do this, the process gas must 

first be transferred out of the reactor by 

means of vacuum pumps. Then the hydro-

gen is filtered out of the exhaust gas mix-

ture via various separation processes. Fi-

nally, the hydrogen mixture is fed back into 

the reactor. 

This thesis represents the first systematic 

work to derive the function and structure 

of the inner fuel cycle for the DEMO 

demonstration fusion power plant from its 

boundary conditions. Then the relevant 

physical relationships of the technologies 

used are described and integrated into a 

simulation programme as independent 

models. Special focus is placed on the 

physical interactions of hydrogen (sepa-

rately for all six isotopologues) with itself, 

liquids such as water (in all forms of tritia-

tion) and various metals, which form the 

basis of the separation processes used. 

To integrate all subsystems, the simulation 

programme maps the complete cycle tran-

siently in the commercial software ASPEN® 

Custom Modeler. In this way, the be-

haviour at the operating point, during the 

start-up process and for variable boundary 

conditions can be modelled.

The model for the fuel cycle describes all 

systems – arranged in three interconnected 

loops - in a self-consistent manner. In this 

way, an initial dimensioning of the technol-

ogies used is worked out in the work.  

In the innermost loop, the throughputs 

were essentially obtained via scale-ups of 

current experimental results. The assumed 

total throughput of 450 Pa m³/s is pro-

cessed by 26 metal foil pumps, which ex-

tract 80% of the hydrogen in pure form 

and recycle it directly. The vacuum pump-

ing system comprises 15 linear diffusion 

pumps and over 100 liquid ring pumps. 

The recycled gas fraction is then mixed 

with the reflux from the other circuits of 

the fuel cycle and fed into the plasma. 

Cryogenic pellet injectors are mainly used 

for this.

 

In the next loop, the hydrogen is separated 

again, here with membranes. A two-stage 

permeator is provided for this purpose, 

which already separates 99.5% of the hy-

drogen in the first stage with 45 units. The 

composition of the hydrogen is then ad-

justed in a temperature change process. 

In the outer loop, the remaining hydrogen 

stream is finally separated into the pure 

isotopes via cryogenic distillation. Produced 

tritiated water is separated electrolytically 

and purified in scrubbers in a mass transfer 

process. The outer circuit is where the tri-

tium produced and extracted by the tritium 

blankets is imported. 

Using a representative reference point, an 

optimisation of the fuel cycle is carried out 

according to its main design criteria. From 

the consideration of the entire system 

under the conditions of the assumed oper-

ating point of the plant, an estimated tri-

tium loss term of 1.6 g per year results, 

which is related to an operational tritium 

inventory of 6.3 kg. The individual contri-

butions to the total tritium inventory are 

derived and are largely found in liquid form 

or in solid beds.

 

Using mass balances, the influence of each 

subsystem on the reference point is dis-

cussed, taking into account the loss terms. 

In a parameter study, the most important 

boundary conditions of the fuel cycle are 

then varied and corresponding adaptation 

possibilities of the system are described. 

The result of this work is a comprehensive, 

modular and well-founded tool for opti-

mising future fuel cycles. 

This work will be continued in a follow-up 

work. 

Dr. Yannick Hörstensmeyer
Holistic fuel cycle modelling of a future fusion reactor 
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The fuel cycle is of central importance for 

the efficient operation of a fusion power 

plant. During the fuel feed, the required 

particle ratio of the two hydrogen isotopes 

deuterium and tritium must be precisely 

maintained in the specified injection mass 

flow and the proportion of impurities must 

not exceed certain upper limits. In the past 

(e.g. ITER), the hydrogen fraction in the ex-

haust gas was separated into the individual 

isotopes by means of cryogenic distillation 

only. Since the reactor is operated with a 

large fuel surplus, very large flows must be 

processed for this purpose, which already 

leads to large tritium inventories at ITER. A 

scale-up of the ITER approach to the size 

of a demonstration fusion power plant 

(DEMO) would lead to unacceptable tritium 

inventories of between 15 and 20 kg. On 

the one hand, this is problematic because 

the stocks of tritium, for which there is no 

significant natural source, are limited. Sec-

ondly, tritium is a radioactivity source and 

therefore the maximum permissible release 

in a fusion power plant is only one gram 

per year. ITER has an inventory of about 4 

kg, and the goal is to be able to comply 

with this limit for a fusion power plant as 

well.  

For this reason, a new architecture of the 

fuel cycle has been proposed, which dis-

tributes the separation task between two 

systems. For this purpose, a semi-continu-

ous temperature change process is to be 

connected upstream of the cryogenic distil-

lation, which effects a pre-separation. In 

the separation process, a partial stream 

with a composition of D and T that is as 

equimolar as possible is to be generated, 

which can be directly recycled, and a par-

tial stream enriched in H, which is further 

separated in the cryodistillation. 

The work deals with this separation task. 

The main subject is the development of a 

technical process based on it and the ex-

perimental demonstration of the tempera-

ture cycling process in a facility. 

A concept for the separation of the iso-

topes was developed that combines two 

separation principles: Gaseous diffusion 

and hydrogen-metal interactions in a cyclic 

process. The approach is based on inten-

sive research, meets the requirements of a 

fusion power plant, incorporates literature 

analyses, reflects the best possible evalua-

tion of known separation processes and 

underpins the new two-stage process with 

theoretical process analyses. 

Membranes are used as the first stage. 

Membranes are usually used for gas sepa-

ration applications, but not for the separa-

tion of the different hydrogen isotopes. 

The positive separation effect of mem-

branes was included in the process devel-

opment and proven in experiments. For 

the DEMO upscale, a tritium reduction of 

17 % can be achieved.

As a second stage, hydrogen-metal inter-

actions are exploited, which so far have 

primarily been used for hydrogen storage 

and not for separation. For our purpose, 

the properties of two different materials 

were analysed to demonstrate the isotope 

effect and to show the behaviour of tem-

perature and pressure in a specially devel-

oped Sieverts test rig. Pd and TiCr1.5 

proved to be suitable candidates. 

In a next step, a test facility was designed 

and set up to experimentally investigate 

the two separation stages. The experimen-

tal separation of the hydrogen isotopes 

was successfully demonstrated and vali-

dated with an adapted simulation model. 

A total of three parameter studies were 

carried out for this stage. The parameter 

with the best result (separation effect over 

time) was used for the next study. In the 

first study, four temperature differences in 

the possible operating range were com-

pared, with 288-383 K yielding the best re-

sult. In the second parameter study, three 

different process variations were carried 

out, with one clearly qualifying as the best. 

In the final study, three different numbers 

of cycles were compared (3, 5 and 10), 

with 3 cycles proving to be the best set-

ting. The final procedural variation demon-

strated enrichments for H2 from 42.2% to 

66.5% and for D2 from 57.8% to 78.5%.  

A scale-up in relation to DEMO based on 

the best parameters determined in the tri-

als showed that the two-stage principle 

can meet the requirements. The mem-

brane stage is essential to reduce the high 

tritium inventory. The thermal cycling stage 

is essential for the removal of protium.

This work will be continued in a follow-up 

work.

Dr. Cyra Neugebauer
Investigation on the Semi-Continuous Separation of Hydrogen Isotopes for Fusion 
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In recent years, coated conductors (CC) 

containing a high – temperature supercon-

ducting layer have been shown to be a 

promising solution for the development of 

large-scale applications such as motors, 

generators, fault current limiters, supercon-

ducting magnetic storage devices. One of 

the major requirements for such applica-

tions is the ability to carry large currents at 

various temperatures and magnetic fields.

GdBa
2
Cu

3
O

7-ẟ (GdBCO) superconducting 

thin films prepared by a pulsed laser depo-

sition have a high transition temperature 

(T
c
) and relatively critical current densities 

(J
c
). GdBCO has a large density of 

growth-related defects and J
c
 is dependent 

on the interaction of “flux lines” penetrat-

ing the superconductor in the “mixed 

phase” with these defects. Therefore, in 

the recent years the main strategy to push 

J
c
 even further was increasing of the den-

sity of these defects. 

Oxygen annealing, which is an important 

step during thin films preparation, intro-

duces additional oxygen atoms into 

GdBCO and forms the superconducting 

phase. Therefore, the main goals of this 

work were improvement of J
c
 by the oxy-

gen annealing, in particular by such param-

eters as annealing temperature (T
ann

), an-

nealing time (t
ann

) and oxygen pressure 

(PO
2
), look for the possibility to tailor the 

defect morphology by varying the oxygen 

annealing parameters and improve J
c
 in 

GdBCO thin films containing BaHfO
3
 (BHO) 

nanocomposites. 

Studying the oxygen annealing in pristine 

and 2.5wt% BHO-nanocomposite GdBCO, 

several important features were observed: 

1. �T
ann

: Predominantly affects the stacking 

faults in the GdBCO matrix. All films 

showed the highest in-field J
c
 for 450 °C 

(the lowest T
ann

 investigated). 

2. �PO
2
: Primarily affects the size of Gd-rich 

nanoparticles present in the GdBCO ma-

trix.

3. �T
ann

 for GdBCO+2.5wt% BHO: Com-

pared to pristine GdBCO, BHO nano-

composite GdBCO thin films show the 

highest in-field J
c
 at T

ann
=700 °C.  

Combining all features observed from 

studies of influence of Tann, tann and PO
2
, 

it was suggested that in pristine GdBCO 

thin films two approaches can be used to 

modify the defect morphology: 

1. �High T, high PO
2
 processing with conse-

quent cooling to room temperature: This 

path preserves the stacking faults pres-

ent in the GdBCO matrix and reduces 

the density of Gd-rich nanoparticles. 

2. �High T, low PO
2
 processing and Low T, 

high PO
2
 annealing: This path preserves 

Gd-rich nanoparticles and reduces the 

density of stacking faults. 

Dr. Ruslan Popov
Influence of oxygen annealing on structural and transport properties of pristine BaHfO3 nanocomposite 
GdBa2Cu3O7-ẟ films

Fig. 1: Diagram showing two paths for modifying the defect morphology for pristine GdBCO  

thin films.
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The increasing demand for inexpensive, re-

newable energy sources is causing a con-

tinuing trend towards wind power plants of 

higher performance classes. Generators in 

these power classes are usually particularly 

heavy and have in-creased requirements in 

terms of con-struction space. Superconduct-

ing materi-als with their high current carry-

ing capac-ity show the potential for in-

creased pow-er density of electrical ma-

chines in terms of weight and volume. At 

the same time, the demand for rare earths 

can be dras-tically reduced compared to 

conventional, permanently excited genera-

tors.  The work therefore deals with the de-

velop-ment and testing of a generator de-

mon-strator with field excitation coils con-

sist-ing of high-temperature superconduc-

tors. For improved electrical and thermal sta-

bil-ity, the superconducting coils are 

de-signed as non-insulated coils and have 

no electrical insulation between the coil 

windings.

Within the scope of the dissertation, a de-

tailed electromagnetic, thermal and me-

chanical design of a superconducting gener-

ator demonstrator is developed. In this con-

text, not only the interaction of the men-

tioned physical domains among each other, 

but also the basic practical feasibility is con-

sidered. The superconducting field excitation 

coils are located in the stator of the ma-

chine, while the normally conducting three-

phase winding is of rotating design. Further-

more, the stator and rotor are implemented 

as so-called air gap wind-ings. This means 

that the windings are not inserted in slots as 

in conventional rotating field machines. 

Cryogenic cooling is achieved by direct con-

duction cooling with two cryocoolers. The 

coolers are of two-tube design with the re-

spective operating temperatures at 77 K and 

Dr. Fabian Schreiner
Development and test of a superconducting generator demonstrator for wind turbines

30 K. The rated power of the demonstrator 

is 10 kW at a speed of 389 min-1 and a 

torque of 250 N m. The average magnet-ic 

flux density in the air gap is 0.63 T at a nom-

inal excitation current of the super-conduct-

ing field coils of 450 A. The heat inputs from 

the current leads, from the mechanical sup-

port structures and from thermal radiation 

are 44.64 W, 15.87 W and 4.12 W for the 

first cooling stage and 0.89 W, 2.89 W and 

0 W for the second cooling stage, respec-

tively.

The design of the superconducting genera-

tor demonstrator is shown in Figure 1.

For the construction of the demonstrator, 14 

so-called pancake coils were devel-oped and 

manufactured, which in a later step were 

joined together to form seven double pan-

cake coils. High-temperature superconduc-

tors from two different man-ufacturers were 

used. All coils were pre-characterized in liq-

uid nitrogen at 77 K and met the minimum 

critical current requirement. However, the 

coils with critical currents ranging from 

122.4 A to 283.6 A showed a large scatter. 

The delays in charging time, due to the lack 

of winding insulation, ranged from 13.1 s to 

43.2 s for the different double pan-cake 

coils. In total, only six double pan-cake coils 

were needed for the stator system. The sev-

enth coil was subjected to further testing 

under conduction cooled conditions at tem-

peratures below 77 K. Non-insulated super-

conducting coils exhibit additional losses 

during transient charging and discharging. In 

order to better estimate the behavior of the 

coils, a transient thermal-electrical model 

was developed that shows good agreement 

with the measured maximum coil tem-

per-atures during transient processes. 

Fur-thermore, the improved electrical and 

thermal stability of the non-insulated coil 

could be verified. Despite a continuous load 

of 1.5 times the critical current, the coil 

showed no damage.

Cooling of the entire system took just under 

48 hours. During this time, all coils reached 

temperatures below 20 K. At the adjusted 

operating temperature of 30 K, the coil sys-

tem reached a critical current of 695.4 A 

and thus met the require-ments for operat-

ing current. The alter-nating magnetic poles 

required for gen-erator operation were also 

confirmed by measurement. Figure 2 shows 

the super-conducting generator demonstra-

tor on an engine test bench at the East 

Campus.

Fig. 1: Design of the superconducting generator 

demonstrator.

Fig. 2: Superconducting generator demonstrator 

on the engine test bench at Campus East.
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KIT-Fakultät Elektrotechnik und 
Informationstechnik

	■ �Praktikum Supraleitende Materialien 
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Superconducting Magnet Technology 
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WS 22/23 

Superconducting Power Systems 

(Arndt, Pham, Müller, Grilli, Schreiner,  

De Sousa) WS 21/22, SS 22, WS 22/23  

Praktikum Robotische Wickeltechnik 
für Supraleiterdrähte (Arndt) 

WS21/22, SS 22, WS 22/23 

Superconductors for Energy Applica-
tions (Grilli) WS 21/22, SS 22, WS 22/23 

Übungen zu Superconductors for En-
ergy Applications (Grilli) SS 22, WS 

22/23 

Electrical and Electronic Engineering 
for Mechanical Engineers (De Carne) 

WS 21/22, WS 22/23 

Tutorial for Electrical Engineering 
and Electronics for Mechanical 
Engineers (De Carne) WS 22/23

KIT-Fakultät für Chemieingenieur
wesen und Verfahrenstechnik

	■ �Vakuumtechnik (Day, Varoutis)  

WS 21/22, WS 22/23

	■ Übung zu Vakuumtechnik  

(Day, Varoutis) WS 21/22, WS 22/23

KIT -Fakultät Maschinenbau

	■ Fusionstechnologie A (Day, Größle, 

Fietz, Weiss, Wolf) WS 21/22, WS 22/23

House of Competence

	■ „Netzwerken – Verbindungen schaf-
fen Freiheiten“ (Arndt), SS 22, WS 
22/23, Tagesworkshop

Seminare
Kryo-Seminare

	■ �09.-11.03.2022 (Neumann)

	■ 28.-30.09.2022 (Neumann)  

Duale Hochschule BW – Fachbereich 
Maschinenbau

	■ Arbeitssicherheit und Umweltschutz 

(Bauer) WS 21/22, SS 22, WS 22/23

	■ Tieftemperaturtechnik (Neumann)  

WS 21/22

	■ Thermodynamik Grundlagen 2 

(Neumann) WS 21/22

	■ 	Thermodynamik Grundlagen 1 

(Neumann) SS 22
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Completed PhD Theses 
(* Academic supervisor) 
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Alexander Buchholz
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Temperature Superconductors for Future 
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Dustin Kottonau 
Echtzeitsimulation und Netzintegration 

einer Mikrogasturbine
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Betreuer: Prof. Dr.-Ing. M. Doppelbauer 

(KIT, ETI), Prof. Dr.-Ing. M. Noe*
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Lukas Grünewald 
Elektronenmikroskopische Untersuchung 

von eisen- und kupferbasierten Hochtem-

peratursupraleitern

Betreuer: Prof. Dr. B. Holzapfel,  
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Ruslan Popov 
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2
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3
O

7-δ films

Betreuer: Dr. J. Hänisch,  

Prof. Dr. B. Holzapfel (KIT, ETIT)*

VAKUUM

Cristian Gleason-Gonzàlez
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Betreuer: Dr. S. Varoutis, Prof. Dr. R. Stieg-
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sreaktorsBetreuer: Dr. C. Day,  

Prof. Dr.-Ing. R. Stieglitz (INR)*

Cyra Neugebauer 
Untersuchung zur semi-kontinuierlichen 

Separation von Wasserstoff-Isotopen für 

die FusionBetreuer: Dr. C. Day,  

Prof. Dr. R. Stieglitz (KIT, Mach)* 
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Completed Master Theses
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Stefanelli Lorenzo 
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TurbinesBetreuer: D. Kottonau, Prof. Eng. 

M. Marconcini (University of Florence)*
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Betreuer: Dr. G. de Carne,  

Prof. Dr.-Ing. M. Noe*
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Prof. Dr.-Ing. M. Noe*
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Optimization of Hybrid Energy Storage Sys-

tems Under Different Control Approaches-

Betreuer: M. Maroufi, Dr. G. de Carne*

Ander Retamosa Garcia 

Micro Gas Turbine thermal emulator  

set-up in a real-time environment

Betreuer: D. Kottonau, Dr. G. de Carne*

Xiaochang Liu 
Stability Analysis of Power Hardware in the 

Loop with Impedance-based modeling 

approach using Grid converters 

Betreuer: Dr. G. de Carne,  

Prof. Dr.-Ing. M. Noe*

Ziyang Li 
Untersuchung einer schnell taktenden LLC 
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in verschiedenen Ausgangleistungsklassen

Betreuer: Dr. G. de Carne,  

Prof. Dr.-Ing. M. Noe*

Han Zhang 
Modeling and Analysis of a PEM Electroly-

sis System for Parallel Simulation

Betreuer: N. Nemsow, Dr. G. de Carne *

VAKUUM

Alexander Zilz 

Investigation of the Rarefied Gas Flow in 

the Pumping Tube of a 3He/4He Dilution 

Refrigerator

Betreuer: Dr. Tantos,  

Prof. Dr.-Ing. S. Grohmann (ITTK)* 

MATERIAL

Johannes Weis 
Thermal Resistance Measurement over 

Solid-Solid Interfaces 

Betreuer: Dr. N. Bagrets, Dr. K. Weiss* 
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ENERGY

Julian Bell
Entwicklung eines didaktischen Konzepts 

für die Station „Windenergie“ im 

KIT-Schülerlabor Energie

Betreuer: A. Rimikis, Prof. Dr. B. Holzapfel*

Nicolas Dworschak
Entwicklung eines didaktischen Konzeptes 

für die Station „Wasserstoffmobilität“ im 
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Betreuer: A. Rimikis, Prof. Dr. B. Holzapfel*

Florian Steinhauser
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Prof. Dr. B. Holzapfel*
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Simon Urban
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Betreuer: S. Bobien, M. Kastner (DH)*
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Maximilian Korb
Elektromagnetische Auslegung eines  

HTS-Gyrotron-Magneten

Betreuer: Dr. F. Hornung,  

Prof. Dr. T. Arndt*

Completed Bachelor Theses 
(* Academic supervisor) 
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Understanding the real, imperfect nature 
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Chief Materials Scientist of the National 

High Magnetic Field Laboratory & Professor 

of Mechanical Engineering Applied 

Superconductivity Center and Florida State 

University, Tallahassee, Florida, USA
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Grid forming power converters.  

Principles and applications

Prof. Pedro Rodriguez

Gastvortrag, IB Energie
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Tabea Arndt
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Conference Magnet Technology, MT

	■ International Organizing Committee 
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