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Institute for Pulsed Power and  
Microwave Technology (IHM) 
 
Institut für Hochleistungsimpuls- und 
Mikrowellentechnik (IHM) 

The Institute for Pulsed Power and Microwave Technology (Institut für Hochleistungsimpuls- und Mikro-
wellentechnik, IHM) is working in the areas of pulsed power and high-power microwave technologies. Both, 
research and development of high-power sources and related applications are in the focus. Applications 
for pulsed power technologies are ranging from materials processing to bioelectrics. High-power 
microwave technologies are focusing on microwave sources (gyrotrons) for electron cyclotron resonance 
heating of magnetically confined plasmas and on applications for materials processing at microwave 
frequencies.  

IHM is doing research, development, academic education, and, in close collaboration with the KIT division 
IMA and industrial partners, technology transfer. The focus is on the long-term goals of the Helmholtz 
Association of German Research Centres (HGF). During the currently running Program-Oriented Funding 
period (POF4), IHM is doing research work in the HGF programs “Nuclear Fusion (FUSION)”, “Nuclear Waste 
Management, Safety and Radiation Research (NUSAFE)” and “Materials and Technologies for the Energy 
Transition (MTET)”.  

Projects funded by third-parties complement significantly the research work within all the different HGF 
programs. Considering the pulsed power technology and related applications, that includes the research 
on e.g. microalgae processing at large-scale relevant for industrial processes, the PEF-assisted extraction of 
valuable compounds and the development of powerful semiconductor-based marx-type pulse generators. 
Additionally, it includes the development of new materials that mitigate corrosion while being in contact 
with liquid metals and salts as required for future liquid metal batteries and the technical feasibility and 
scaling of CO2-free methane pyrolysis in liquid high-temperature Sn respectively.  

Considering the application of high-power microwaves to new and innovative energy-efficient industrial 
processes, third-party projects include the research on e.g. microwave assisted intermittent pultrusion of 
CFRP profiles, microwave assisted additive manufacturing with continuous carbon fiber reinforced 
thermoplastic filaments and the controlling and demolition of the distribution of weeds in crop fields.  

All research areas are strongly interdisciplinary and require the profound knowledge on modern electron 
beam optics, high-power microwave technologies, vacuum electronics, material technologies, high voltage 
technologies and high voltage measurement techniques.  
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1 Nuclear Fusion (FUSION): Microwave Plasma 
Heating 

Contact: Prof. Dr.-Ing. John Jelonnek / Dr. Gerd Gantenbein (until May 2024) 

The department for high-power microwave technology focuses on the research and development of high-
power microwave sources (gyrotrons) and related components for electron cyclotron resonance heating 
and current drive (ECRH&CD) of magnetically confined nuclear fusion plasmas. Additionally, it includes the 
fundamental research on gyro-amplifiers for spectroscopy and space radar. 

Following major activities have been carried out during the years 2023 and 2024: 

• Finalization, initialization, conditioning and start of FULGOR, the most powerful and versatile 
gyrotron teststand in the world today 

• Support in the finalization of the 1 MW 170 GHz hollow-cavity gyrotron for ITER 
• R&D towards a DEMO relevant gyrotron within the EUROfusion Work Package Heating and Current 

Drive (WP HCD): 

o 2 MW-class multi-purpose and frequency step-tunable coaxial-cavity gyrotron technology 
operating at center frequencies of 136/170/204 GHz and up to 238 GHz 

o Development and validation of gyrotron key components 

o Design and manufacturing of the first-of-its-kind Multistage Depressed Collector (MDC) as 
key component for future highly efficient operating gyrotrons 

o Quasi-optical mode converters, broadband windows and Matching Optical Units including 
the advancement of simulation tools for the analysis of passive quasi-optical components 

o DEMO EC system design and collaboration with DEMO physics towards a widely usable flight 
simulator for different tokamaks and configurations 

• Advanced developments towards a significant 1.5 MW, 140 GHz gyrotron upgrade for W7-X in 
collaboration with IPP Greifswald and NKUA, Athens and within EUROfusion WP W7X 

• Design and validation of the first European 1 MW, 104 GHz industrial gyrotron for WEST in close 
collaboration with CEA, Cadarache, and NKUA, Athens 

• Design of a first European 1 MW 117.5 GHz industrial gyrotron for DIII-D 

• Fundamental research on megawatt-class fusion gyrotron systems based on highly efficient 
operation at the second harmonic of the cyclotron frequency in collaboration with NKUA, Athens 
and within an EUROfusion Enabling Research (ENR) 

• Frequency stabilization of megawatt-class gyrotrons with a phase-locked loop for Collective 
Thomson Scattering (CTS) at W7-X in collaboration with IPP Greifswald and within an EUROfusion 
Engineering Grant (EEG) 

• Theoretical pre-study for a first 240 GHz gyrotron for Proxima Fusion 

• Fundamental research on a gyro-travelling wave tube with a helically corrugated interaction region 
at 263 GHz and 1 kW for the DFG SFB 1527 HyPERiON project 
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Contact: Dr. Tomasz Rzesnicki 

The effective suppression of the excitation of parasitic oscillations is one of the most important aspects 
during the design process of a gyrotron tube. In the most cases, the parasitic modes are directly responsible 
for a significant degradation of the gyrotron performance and reduction of the efficiency in the output 
power generation. The excitation of the parasitic oscillations in the gyrotron is mainly related to the 
combined beam-tunnel and cavity region, which is very challenging for numerical modelling and analysis. 
Therefore, a much more intensive experimental investigation on the possibilities to avoid the spurious 
modes in the gyrotron has been started. Within these activities, several versions of the setups, including 
different beam-tunnels and cavity designs, have already been experimentally tested with the 1 MW, 
170 GHz short-pulse (SP) gyrotron pre-prototype available at KIT (see Fig. 1.1.1). 

 

Fig. 1.1.1:  EU 1 MW short-pulse gyrotron prototype for ITER. 
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The problematic gyrotron area, susceptible to an excitation of parasitic modes, is concentrated close to the 
maximum magnetic field, between the beam tunnel and gyrotron cavity. The current and most common 
design of the beam tunnel structure consists of a stacked combination of copper and ceramic rings, ended 
up with the so-called spacer as a transition-part to the cavity. Recent theoretical studies have shown, that 
the so-called down-taper part of the cavity, could also contribute to the excitation of spurious backward-
wave mode oscillations, even inside the cavity section. Taking into account the results of the theoretical 
analysis in combination with the findings and observations collected over the years during several 
experimental campaigns a new version of the beam tunnel combined with an optimized cavity and spacer 
design has been proposed. Following modifications have been introduced in the gyrotron setup: 

a) the copper-ceramic structure is optimized in order to maximize its absorption capability at the 
parasitic frequencies  

b) an alternative profile is introduced on the inner spacer wall, that additionally minimizes the risk for 
the parasitic excitation 

c) the down-taper of the cavity section is optimized numerically in order to minimize the possibility of 
excitation of backward-wave modes 

 

Fig. 1.1.2: An example of measured RF power and efficiency vs. beam current, with visible saturation effect due to parasitic  
mode excitation. 
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The experimental verification is performed by using the modular short-pulse pre-prototype that is shown 
in Fig. 1.1.1. The gyrotron is operated in short-pulse regime (~1 ms) and at electron beam values between 
45 A (nominal value) and slightly above 60 A. This is done in order to validate a safety margin for the 
possible excitation of parasitic modes. A comparison of the achieved power and efficiency versus the 
electron beam current for the new and previous gyrotron configurations are presented in Fig. 1.1.2. The 
gyrotron is able to generate output power in the range of 1.6 MW, hence it demonstrated a much higher 
efficiency than in the previous configuration without any parasitic modes. It resulted in a much more stable 
operation without any degradation and saturation effects on the output power and efficiency versus beam 
current. 

In addition, the gyrotron is operated in depressed operation scheme. Due to much better stability of the 
operation due to suppression of the parasitic modes, for the first time the overall efficiency of the gyrotron 
is above of 50 %, as it is shown in the Fig. 1.1.3. 

 

 

Fig. 1.1.3:  Achieved results in the depressed voltage operation with the improved gyrotron configuration. 
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Contact: Chuanren Wu 

In the EU-DEMO power plant, radiative instability will be controlled by the ECRH system.  To compensate 
for the radiation, tens of megawatts will be deposited on the edge (ρ ≳ 0.9) of the confined plasma.  Since 
the tokamak toroidal magnetic field decays with B ∝ 1/R while the ECRH frequency is approximately 
proportional to the magnetic field, dedicated low frequency gyrotrons are typically required to perform 
this task. In the current design, these dedicated gyrotrons will be idle most of the time. Therefore, it would 
not be optimal in view of system cost and gyrotron lifetime. To target this situation, alternative schemes 
have been explored. The basic idea is to combine this functionality with the beam lines of regular heating 
by using the same gyrotrons, transmission lines and single-disk torus windows. Two ideas have been 
conceptually explored, which are shown below.  Idea 1 would be more resilient regarding plasma scenarios. 
However, it requires two gyrotron frequencies spaced by one octave and they should be rapidly switchable. 
This requires additional development of rapidly switchable harmonic gyrotrons which will be researched in 
a EUROfusion ENR-project starting from 2024. Furthermore, the slow-X mode of the wave requires an 
extremely large toroidal launching angle, and the principle relies on the broadband property of 
transmission lines at the considered frequency range.   

Idea 2 requires only a single frequency of gyrotrons, while it relies on the harmonic absorption of the EC 
wave on the edge of the plasma. Compared to the first idea, this would only work with a tokamak where 
both resonances could be achieved by the same wave frequency. Besides, the polarizer should be fast 
enough to switch the wave polarizations in time.  

As DEMO baseline may change in 2024, these possibilities will be further investigated considering the  
latest changes. 

The same
Hardware
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Contact: Lukas Feuerstein, Dr.Stefan Illy 

Operating gyrotrons at the second harmonic of the electron cyclotron frequency presents an appealing 
option due to the fact, that only halve of the magnetic field is required compared to those operating at the 
fundamental frequency. However, generating strong continuous wave radiation necessitates resonators 
capable of withstanding the Ohmic wall loading, requiring large overmoded cavities. In these cavities, 
certain competing fundamental modes couple more effectively with the electron beam than the intended 
second harmonic operating mode. Multiple methods and cavity designs were investigated to suppress the 
fundamental competitors and to ensure harmonic operation. The most promising technique for megawatt 
class harmonic gyrotrons is the use of impedance corrugated coaxial cavities. These cavities lower the 
quality factor of the fundamental competing modes, preventing them from oscillating.  

Further improvements were made to the TE34,19 harmonic cavity to enhance operating stability. It was also 
found that an axial variation of the depth of the coaxial insert corrugations can improve the suppression of 
the fundamental competing modes. Additionally, it was investigated whether the required beam 
parameters could be achieved with the currently available KIT-IHM coaxial electron guns. Therefore, the 
coaxial diode type gun and the triode type gun where simulated within different magnet systems. The 
triode type gun is preferable for the experimental investigation, because of the lower velocity spread of 
the particles and the extended adjustment options for the beam parameters. In a triode gun, the ratio of 
transversal to axial velocity 𝛼𝛼 of the electrons can be set independently of their kinetic energy, as shown in 
Fig. 1.3.1. Additionally, we deployed the developed design strategy for fundamental TE40,23 mode 204 GHz 
operation with an output power of 1.5 MW and an efficiency of > 20 % without depressed collector. 
Furthermore, a second harmonic 280 GHz gyrotron was designed for Collective Thompson Scattering 
Diagnostic applications. Despite the higher ohmic loading on the resonator walls due to the higher 
frequency, a theoretical output power of 0.7 MW could be achieved.  

Within the framework of a leading EUROfusion Enabling Research project, research was conducted on the 
development of gyrotron cavity designs capable of rapidly switching between fundamental mode (s=1) 
operation at 85 GHz and second harmonic mode (s=2) operation at 170 GHz. By adjusting the parameters 
of the electron beam, primarily the velocity ratio ɑ and the kinetic energy of the electrons, either the TE17,10 
or TE34,19 mode can be excited. Such a gyrotron could be employed to reduce plasma instabilities, with 
plasma heating taking place in the second harmonic mode. Upon detection of a plasma instability, 
operation can be switched to fundamental mode within milliseconds to heat the plasma edge layers. 
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Fig. 1.3.1:  High Power Fusion Gyrotron Cavities Operating at the Second Harmonic of the Electron Cyclotron Frequency 
(EUROfusion ENR project). Operational maps of the triode electron gun in the 6.7 T Oxford Instruments magnet operating at 3.5 T. 
Left: electron beam energy at the cavity, right: obtained. 
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Contact: Laurent Krier 

After the successful validation of the PLL system for a gyrotron operated at 174 GHz in 2022, the PLL system 
was used during the operation phase 2.1 in 2023 at the Wendelstein 7-X (W7-X) stellarator in Greifswald 
for the Collective Thomson Scattering (CTS) diagnostic. The CTS diagnostic requires consecutive short 
pulses from the gyrotron with a pulse length of 10 ms and a pulse repetition period of 140 ms. Furthermore, 
the notch filter of the CTS receiver is tuned to 173.92 GHz at which the gyrotron frequency shall also be 
tuned with the PLL system. The CTS scenario was tested for the 174 GHz gyrotron with the PLL system, and 
the result for 25 pulses are shown in Fig. 1.4.1. 

 

Fig. 1.4.1:  Spectrum of a 174 GHz gyrotron for multiple pulses. The pulse repetition period is 140 ms and the pulse duration 10 ms. 
The spectrum of each pulse is taken between 3 ms and 6 ms, during which the CTS receiver is enabled. The center frequency of the 
notch filter is at 173.92 GHz. 

In Fig. 1.4.1, the spectrum for each pulse is shown. The spectrum is calculated between 3 ms and 6 ms of a 
10 ms gyrotron pulse, where the CTS receiver is also enabled. The gyrotron pulse is repeated every 140 ms. 
The spectrum in Fig. 1.4.1 shows that the gyrotron frequency is successfully stabilized for each pulse to 
173.92 GHz, which is exactly the center of the CTS notch filter. After the successful tests, the gyrotron PLL 
was used for CTS measurements of the fast ion velocity distribution function at the W7-X stellarator during 
the last campaign. 

Furthermore, a new concept was tested to improve the PLL system. The PLL system controls the gyrotron 
frequency with the body power supply, which is not able to counter the switching noise from the cathode 
power supply. For faster body voltage control, a fast amplifier is implemented in series to the existing body 
power supply. The maximum output voltage of the fast amplifier is 800 V peak-to-peak, which is sufficient 
to counter the remaining frequency noise. 

First experiments show that it is possible to control the gyrotron frequency with the fast amplifier in series 
to the body power supply. The gyrotron frequency was successfully stabilized, and the frequency spectrum 
was improved compared to the frequency stabilization with the existing body power supply. However, the 
cathode power supply could not be countered fully, and sidebands at 3.3 kHz and 135 kHz are still present 
in the spectrum. The proof-of-principle experiments show that the concept with the fast amplifier is 
feasible but needs further investigations to remove the remaining noise. 
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Contact: Benjamin Ell 

Multistage Depressed Collector (MDC) technology is one of the key components for high power gyrotrons 
working at continuous waves to significantly increase the overall tube efficiency. A target gyrotron 
efficiency of ≥ 60 % is planned for the compact E×B MDC prototype for the first short-pulse experiments. 
The collector is optimized for the KIT 170-GHz, 2 MW coaxial-cavity short-pulse gyrotron. However, the 
basic design of the electrodes can be used in several gyrotron configurations, for example in multi-
frequency operation and at different harmonics with the KIT 2 MW 170 GHz coaxial-cavity gyrotron. Other 
operation scenarios are the W7-X Upgrade SP gyrotron at 140 GHz operation in the designated 5.6 T Super 
Conducting (SC) magnet and 105 GHz operation of the same gyrotron in a 4.2 T SC magnet. 

The compatibility of the MDC prototype with the updated configuration for second harmonic gyrotron 
operation at 170 GHz is presented. In the simulations, a high flexibility of voltage operation points was 
demonstrated as shown in Fig. 1.5.1 (a) with the possibility of achieving high collector efficiencies, whlie 
the reflected current is kept low. The optimal depression potentials are set to 45.9 kV and 62.8 kV for the 
first and second collector electrodes, respectively. A maximum collector efficiency of 85.3 % and a low 
reflected current of 30 mA were achieved without considering the space charge effect. The spent beam 
electrons are distributed as expected on the first electrode, as shown in Fig. 1.5.1 (b), while the maximum 
power loading density is in a very acceptable range for a short-pulse collector. 

 

(a) 

 

(b) 
Fig. 1.5.1: Voltage operation points of the MDC short-pulse prototype for second harmonic operation with collector efficiency and 
reflected current (a) [Ref. Paper SOFT 24], and power loading density on the first electrode (b). 
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Fabrication of all parts of the first MDC prototype was finalized in 2023 and the MDC was assembled at KIT. 
The test assembly without vacuum housing is shown in Fig. 1.5.2 on the left. Due to the rapid availability of 
equipment the 140-GHz W7-X upgrade short-pulse gyrotron has been selected for first experiments. The 
configuration shown here is assembled with the shorter version of the bottom section which is compatible 
with the W7-X short-pulse gyrotron. A high collector efficiency of 75 % and a low reflected current were 
shown in the simulation for the W7-X gyrotron at 140 GHz, while at 105 GHz the collector efficiency 
dropped to 70 %. Experiments with the MDC prototype started end of 2024 with the W7-X gyrotron at 
105 GHz in a 4.2 T magnet from CEA/WEST in the KIT FULGOR test-stand as shown in Fig. 1.5.2 on the right. 

         

Fig. 1.5.2: Assembly demonstration of the MDC short-pulse prototype with both electrodes without vacuum housing (left) [Ref. Paper 
EC 24] and installed MDC on the W7-X gyrotron in the FULGOR test-stand (right). 
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Contact: Dr. Jianbo Jin 

1.6.1 Development of two-channel mirror-line launchers 

A two-channel mirror-line launcher has been designed by weighting the wall perturbations to transform 
the co- & counter- rotating modes into Gaussian-like distributions. The field distributions operating in the 
co-rotating TE34,19 mode and the counter-rotating TE34,19-mode at 170 GHz are shown in Fig. 1.6.1.The 
Gaussian mode contents are estimated as 93.65 % at the launcher aperture.  

 

Fig. 1.6.1:  Field distribution on the launcher wall (linear scale)  @ TE-34,19 (right), @TE-34,19 (left). 

1.6.2 Development of simulation tools for the simulation of EM resonances in 
broadband windows 

HE11 mode transmission 

The in-house computer code ASRET has been developed to calculate the transmission of the HE11 mode 
incident on a Brewster-angle window. As an example, a diamond disk with thickness of 1.8515 mm 
operating at136 GHz, 170 GHz, 204 GHz and 238 GHz is used in the window. Calculation results reveal that 
Brewster-angle windows can be employed for broadband transmission.  

Implementation of dielectrics and interfaces between dielectrics and PEC into 
KARLESSS to identify unwanted EM resonances in Brewster-angle windows 

In 2023 all the subroutines corresponding to the Electric Field Integral Equation (EFIE) have been developed 
and integrated into the in-house code KARLESSS.  

In 2024, the KARLESSSS code has been improved to calculate both the electric and magnetic currents on 
the dielectric window disk. A new mesh generator has been developed to produce triangle meshes to 
match the surface of window disks very well. The triangle mesh on a window disk with radius of 44 mm is 
shown in Fig. 1.6.2 and the current distribution on the disk surface is shown in Fig. 1.6.3. 
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Fig. 1.6.2: Triangle meshes on the window disk. Fig. 1.6.3: Current distribution, front (left) & back 

view (right) 

1.6.3 Broadband MOU for multi-frequency & frequency step-tunable gyrotrons 

Abroadband MOU has been optimized for a multi-frequency gyrotron operating at four center frequencies 
136 GHz (TE28,13-mode) / 170 GHz (TE35,16-mode) / 204 GHz (TE42,19-mode) and 238 GHz (TE49,22-mode) 
including broadband operation (+/-10 GHz). The field distributions at the entry of the HE11 waveguide are 
shown in Fig. 1.6.2, where the HE11-mode contents (HMC) are estimated to 94.43 % at 136.29 GHz, 97.56 % 
at 170 GHz, 98.1 % at 203.71 GHz, and 95.89 % at 237.41 GHz, respectively. For the broadband (+/-10 GHz) 
operation with frequency steps of 2 GHz at the four different operating frequencies, all the forty HMCs are 
estimated as larger than 91 % and smaller than 98.1 %.  

 

 (a) (b) 

 

 (c) (d) 

Fig. 1.6.4:  Field distributions at entrance of HE11 waveguide, (a) @ 136.29 / (b) 170 / (c) 203.74/ (d) @ 237.48 GHz. The red circles 
denote the edge of the HE11 waveguide. 
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1.6.4 Investigation of constraints for direct feed to transmission line. 

A QO system has been designed to transform the TE24,8-mode at 117.5 GHz to match the HE11 waveguide 
located at the output window of the gyrotron. The HMC of the field distribution in the window plane is 
estimated as 98 %, so it can be directly fed into the HE11 transmission waveguide without MOU. 

1.6.5 Development of launcher for a dual-harmonic gyrotron. 

A mirror-line launcher has been synthesized for a highly efficient, megawatt-class fusion gyrotron that will 
operate at the fundamental and second harmonic of the electron cyclotron frequency. It is really a 
challenge to design a launcher to operate at such broadband frequencies, the TE17,10 mode @ 85.66 GHz 
and the TE34,19 mode @ 170.05 GHz. Fig. 1.6.5 shows the field distributions on the mirror-line launcher wall. 
The Gaussian Mode Contents (GMC) of the field on the launcher aperture are estimated as 97.05 % @ the 
TE17,10 mode, 85.66 GHz, and 97.3 % @ the TE34,19 mode, 170.05 GHz. In the graphs, the cuts are indicated 
with red lines. As shown in Fig. (left), the field on the straight cut (marked out with the elliptic dashed black 
line) is relatively strong. Therefore, the reflection on the straight cut is also relatively large and results in 
the “ripple” on the field distribution on the launcher wall. The launcher would be further optimized. 

GMC=97.05%                                                            GMC=97.3% 

 

Fig. 1.6.5: Field distributions on launcher wall, operating in the TE17,10 mode @ 85.66 GHz (left) and in the TE34,19 mode @ 170.05 
GHz (right). 
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Contact: Dr. Gerd Gantenbein 

During the recent years the new high-power gyrotron teststand FULGOR has been built up. This unique 
facility will replace and complement the old teststand with a performance which is well beyond the state 
of art of gyrotron development. First operation of the teststand with a gyrotron has been show in 2022.  

In 2023 on the FULGOR gyrotron teststand for megawatt-class gyrotrons a high-power industrial gyrotron 
has been installed and tested. These tests have been performed with a 1 MW, 105 GHz gyrotron within a 
collaboration of CEA IRFM, Cadarache, France, Thales, France and KIT. The design of the gyrotron was done 
under guidance of KIT in the previous years, the tube has been manufactured by Thales and it will be the 
first out of three gyrotrons which will be used for ECRH and CD at the WEST tokamak.  

The tube and the corresponding magnet have been delivered to KIT in 2023, the operation of the cryogen-
free superconducting (SC) magnet has been started and its performance according to the specifications has 
been shown. The gyrotron has been inserted into the magnet and equipped with the beam sweeping 
systems Fig. 1.7.1. All components have been connected to the cooling system. Prior to pulsing of the tube 
at nominal parameters the HV stability has been verified and the emitter has been conditioned up to 
nominal temperature.  

  

Fig. 1.7.1:  TH1511 installed in the super conducting magnet (left), bottom part of the gyrotron with support structure, HV isolation 
oil tank and magnet (right). 

In the first phase of operation short pulses up to 3 ms have been applied to the CEA-WEST Gyrotron. The 
gyrotron has been tested in non-depressed and depressed configuration where a part of the electron rest 
energy after interaction is recovered and the efficiency is increased. After conditioning the gyrotron 
showed a smooth and stable operation, nominal mode (TE20,8) was oscillating close to 105 GHz. In non-
depressed operation the peak output power was 1.2 MW with an efficiency of 30 % at a beam current close 
to 50 A. At reduced beam current (40 A) an efficiency of 35 % has been achieved. Depressed operation of 
the gyrotron with energy recovery showed an efficiency of close to 46 % with an output power of ~1 MW), 
at a depression voltage of 25-26 kV. See Fig. 1.7.2 and Fig. 1.7.3 for typical operating signals.  
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The RF output beam has been measured and analysed, the Gaussian has been calculated to 96.6 % and the 
beam propagating parameters are very close to the design values Fig. 1.7.4. 

These first results are excellent starting points for long pulse operation of the gyrotron which is scheduled 
for the first half of 2024.  

 

Fig. 1.7.2 : Experimental set up for monitoring the RF beam profile (left) and typical cross section of the beam measured by  
IR camera (right). 

 

Fig. 1.7.3: Typical voltage and beam current signals during short pulse operation of TH1511 in depressed modus 

 

Fig. 1.7.4: Short pulse power measurement of TH1511 

Gyrotron window

Target

Absorber

IR camera
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Contact: Dr. Tomasz Rzesnicki 

In 2022, the first 2 MW 170/204 GHz coaxial-cavity short-pulse pre-prototype has been presented for 
future fusion machines like DEMO. However, recent start-ups, like Proxima Fusion, request gyrotron 
operating in the frequency range from 238 GHz to 250 GHz for their fusion machines that work with higher 
magnetic fields. Therefore, the existing mode series has been extended to be capable operating the existing 
gyrotron at 238 GHz. The selected mode is given by the TE46,27 (ꭕ=147.5). In this year, the given mode has 
been excited in cold tests in the quasi-optical mode generator according to Fig. 1.8.1. The cavity was 
designed for special use in the mode generator. The cavity is perforated with 4000 holes.  A challenge is 
the very dense mode spectrum as depicted in Fig. 1.8.1. It can be calculated that approximately 5600 modes 
are capable of propagation at 238 GHz. The operating frequency has been determined to be 238.133 GHz. 
The measured quality factor is with 4500 in very good agreement with the simulated 4423. In Fig. 1.8.2 the 
measured field intensity and phase pattern of the vertical polarization of the TE46,27 mode is depicted. This 
mode will replace the TE40,23 mode at 204 GHz as the highest ever excited mode in cold measurement.  

 

Fig. 1.8.1:  Photo of the assembly and arrangement of the mode generator and measured frequency spectrum 

  

Fig. 1.8.2:  Excited mode pattern of TE46,27 mode at 238.133 GHz: amplitude (left) and phase (right) 
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Contact: Max Vöhringer 

In recent years, dynamic nuclear polarization (DNP) magic angle spinning NMR has gained increasing 
interest. To achieve the millimeter (mm)-waves with the desired power and frequency, high power 
oscillators (gyrotrons) are currently employed. Those devices use the relativistic electron cyclotron maser 
(ECM) interaction but are not capable of producing coherent pulse sequences. However, to create such 
coherent pulse sequences, amplifiers instead of oscillators are needed. One promising amplifier is the gyro-
TWT with helically corrugated interaction region, the so-called helical gyro-TWT. The development of such 
an amplifier is the goal of the SFB 1527 HyPERiON Project B01. An output power of 1 kW at a frequency of 
263 GHz is desired.  

A system overview is given in Fig. 1.9.1 here the three parts of the entire system can be seen. First the solid-
state pre-amplifier system Fig. 1.9.1 (left) it generates a lower power input signal Fig. 1.9.1 (green arrows) 
which is radiated by an antenna array into the second part, the quasi-optical feed system. The solid-state 
pre-amplifier is designed at IHE. 

 

Fig. 1.9.1:  Schematic of amplifier system. The signal power flow after the solid-state pre-amplifier is depicted in green, the power 
flow during and after amplification in the gyro-TWT is red. 

The input signal enters the power splitter Fig. 1.9.1 (center), it is used to separate the input from the output 
signal Fig. 1.9.1 (red arrows). The input signal is then fed into the combined input/output section of a high-
power helical gyro-TWT Fig. 1.9.1 (right side). This feeding system enables a direct transition from the pre-
amplifier array and is one of the unique aspects of this amplifier. Assuming an input power level of several 
hundred milliwatt up to 1 W, which is the goal of the preamplifier system, and a gyro-amplifier gain of 
above 20 dB, a new level of output power up to 1 kW in pulsed operation regime is expected over a wide 
bandwidth. 

To operate a 263 GHz helical-type gyro-TWT a high magnetic flux density of 5.1 T is required. To create 
such high fields, superconducting magnets are utilized. Due to the long delivery times of such a magnet 
and the dependence of other components on the magnetic field profile, it was designed first. The 
requirements of the field in the emitter and collector regions were investigated. The magnet was designed 
in a way to produce a constant field at the interaction region to facilitate efficient energy transfer from 
electron beam to electromagnetic wave. Parallel to the magnet design, a suitable electron emitter was 
designed and published. The resulting Magnet geometry is shown in Fig. 1.9.2. 
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Fig. 1.9.2:  Magnet coil configuration, red solenoids show positive winding direction, green solenoids negative winding direction.   

The designed electron emitter is able to operate at multiple frequencies, e.g. 94 GHz, 140 GHz in addition 
to the desired 263 GHz with a current of up to 1 A and voltages up to 65 kV. Additionally, investigations 
into the design and manufacturing of the microwave components like the interaction region and polarizers 
were conducted.  
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Contact: André Schmidt 

In recent years, interest in high-frequency gyrotrons for Electron Cyclotron Resonance Heating (ECRH) 
applications in compact fusion reactors has grown significantly. This includes Proxima Alpha, a high-field 
quasi-isodynamic stellarator. To address this need, plans are underway to develop a prototype gyrotron 
operating at approximately 240 GHz with an output power exceeding 1 MW. The prototype shall be tested 
at the FULGOR facility, which will be equipped with a newly commissioned 10.5 Tesla magnet system. 

Various design options are being evaluated to optimize thermal management, minimize mode competition, 
and enhance operational stability. To manage the significant thermal loading, a high mode order must be 
employed. However, to suppress mode competition at such high mode orders, a coaxial cavity design with 
an inner insert is being considered. Advanced simulations have been performed to evaluate the electron 
beam interaction within this configuration. For the Magnetron Injection Gun (MIG), a triode design has 
been proposed for better electron beam control in the prototype. This triode has been simulated to assess 
whether the required precision can be achieved to meet operational demands. 
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2 Renewable Energy (RE): Bioenergy 
-Feedstocks and Pretreatment- 

Contact: Prof. Dr.-Ing. Georg Müller 

 
Contact: Dr. Wolfgang Frey 

2.1.1 PEF-assisted solvent extraction of lipids from oleaginous yeasts: Study on the 
different strains’ characteristics, conditions of downstream processing and 
solvent efficiency.  

Oleaginous yeasts are considered to be a promising renewable source of lipids that can be transformed 
into various oleochemicals, such as biodiesel or biolubricants. Yeasts' ability to use low-cost carbon sources 
and to produce lipids at high rates, combined with their short cultivation times and independence from 
arable lands and climate conditions, make them strong competitors to vegetable oils. In this context, the 
Elegant project, the frame of this research, aims to develop a sustainable and cost-efficient process to 
produce and extract oils from oleaginous yeast for its usage as biolubricants. In particular, the IHM work is 
focused on the downstream process, exploring the use of Pulsed Electric Fields (PEF) processing as a low-
energy cell-pretreatment and identifying green solvents for the effective extraction of intracelullar lipids 
from yeasts.  

Four strains of oleaginous yeasts (Cutaneotrichosporon oleaginosum, Saitozyma podzolica, Apiotrichum 
porosum and Scheffersomyces segobiensis) were cultivated and provided by the Institut für Bio- und 
Lebensmitteltechnik 2 (BLT2, KIT). Biomasses were grown in a bioreactor with glucose as carbon source 
under different cultivation conditions (nitrogen limitation, phosphate limitation and unlimited conditions). 
Yeast biomasses were characterized in terms of cell dry weight (CDW), electrical conductivity (mS/cm), pH 
and total lipid content (%CDW). The harvested biomass was pretreated in continuous flow at 6 mL/min by 
PEF (40 kV/cm, 50 kJ/L or 150 kJ/L) before undergoing solvent extraction (20 h of extraction time). Various 
solvents or solvent systems including ethanol, hexane, MTBE, ethyl-acetate or MeTHF were tested. Lipid 
yields were determined gravimetrically after solvent evaporation. Whether an incubation time of 24 h after 
PEF and the medium’s osmolarity during this incubation could contribute to increasing lipids yield was also 
studied.  

Fig. 2.1.1 and Fig. 2.1.2 show the values of cell dry weight and total lipid content for the different yeast 
strains under all the cultivation conditions investigated. High cell dry weigths values ranging from 20 to 35 
g/L were obtained for all the strains in at least one of the cultivation conditions. In the case of lipid content, 
the maximun values were obtained under nitrogen limitation conditions being 48 %, 36 % and 29 % 
respectively for C. oleaginosum, S. podzolica and A. porosum. On the contrary, the maximum lipid content 
obtained for S. segobiensis was less than 16 % under phosphate limitation. Furthermore, electrical 
conductivity values ranged from 5 to 10 mS/cm under nitrogen conditions, while under unlimited of 
phosphate limitation these values were 10 times higher (50 to 100 mS/cm). Based on these results, the 
following lipid extraction experiments were focused on C. oleaginosum, S. podzolica and A. porosum grown 
under nitrogen conditions.  
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Fig. 2.1.1: Cell dry weight (grams per litter of biomass) obtained for the different yeast strains studied grown under nitrogen 
limitation, unlimited conditions of phosphate limitation. 

 

Fig. 2.1.2:  Total lipid content (% of the CDW) obtained for the different yeast strains studied grown under nitrogen limitation, 
unlimited conditions of phosphate limitation. 

Lipid extraction experiments revealed that great extraction yields from 80 to 99 % of the total lipids were 
reached in all the strains evaluated, although by different strategies, Table 1. The successful lipid extraction 
on S. podzolica and A. porosum required PEF treatment plus an incubation period before solvent admixture. 
On the other hand, no pre-treatment was necessary for C. oleaginosum achieving after the solvent 
extraction step lipid yields from 70 to 90 % of the total content either by ethanol-hexane blends or 
alternative solvents like MTBE or MeTHF.  

Strain % Total Lipid Content 
Extracted Downstream Processing 

C. oleaginosum 87.3 % Untreated biomass + Extraction in MTBE or MeTHF 

S. podzolica 83 % PEF + 24h incubation (↓ osmo) + Extraction in MeTHF 

A. porosum 83 % PEF + 24h incubation (↓ osmo) + Extraction in Ethanol-hexane blend 

Table 1:  Relation between the downstream processing conditions for each yeast strain studied and the total lipid yield obtained. PEF 
treatments: 50 kJ/kg. Biomass to solvent ratio: 37 g/L. Extraction time: 20 h. 

After PEF processing of S. podzolica, an incubation step of 24 hours in the same treatment media increased 
the extraction yields from 23 to 62.8 % of the total lipids when using ethanol-hexane blends. However, the 
lipid yields improved even more (up to 99 %) when the incubation after PEF was performed in a low 
osmolarity medium. When same PEF and incubation conditions were applied and the extraction was 
performed in MeTHF, 83 % of the total lipids were extracted. In the case of A. porosum, only PEF plus 
incubation in a low osmolarity medium was efficient for lipid extraction (78 % of total lipids) using ethanol-
hexane blends. The high efficieny of MeTHF - considered as a green solvent and easy to recycle - in 
extracting lipids from C. oleaginosum and S. podzolica opens a promising approach for further optimization. 

Collaboration: BLT 2 - Electro Biotechnology, CS 

Nitrogen Limitation Unlimited Phosphate Limitation

 Phosphate Limitation
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2.1.2 Cultivation of oil-producing yeasts at IHM 

At the end of this year, we took a significant step for our research infrastructure, namely the acquisition of 
a modern commercial biofermenter. The Minifors 2, manufactured by INFORS HT, enables us to precisely 
cultivate and research a wide range of microorganisms. 

The Minifors 2 is characterized by its modern technology, which enables precise control of the cultivation 
conditions. The culture vessel has a working volume of 3 liters, which corresponds to a working volume of 
2 liters. Parameters such as temperature, stirring speed and gassing are fully adjustable via an integrated 
digital touchscreen, creating a customized environment for different microorganisms. Particularly 
noteworthy is the integrated pump system, which not only enables automatic sensory monitoring and 
regulation of the pH value, but also allows nutrients to be added easily during the cultivation process. 

As part of the Elegant project at the IHM, we are planning to use the Minifors 2 for the cultivation of oil-
producing yeasts in the so-called fed-batch process. Our current focus is on the yeast strain 
Cutaneotrichosporon oleaginosum, which is of great interest due to its potential as an oil producer for 
biotechnological applications. This yeast culture is cultivated in the absence of light with glucose as the 
main carbon source. In the future, we intend to investigate other substances such as glycerol and molasses 
as more cost-effective alternatives. 

After successfully carrying out a test cultivation, the Minifors 2 was used for production of biomass from 
S. podzolica and C. oleaginosum for subsequent lipid extraction experiments. 

Collaboration: BLT 2 - Electro Biotechnology, CS 

2.1.3 Lipid Extraction with Ethanol from Auxenochlorella protothecoides (A.p.)  

It is well known that ethanol has been extensively used in food and pharmaceutical industries, because 
ethanol is a sustainable and environment-friendly organic solvent. In the past years, the Bioelectrics group 
has demonstrated that ethanol-hexane blends can extract lipids from A.p. effectively. Compared with 
ethanol-hexane blends, using a water-ethanol mixture for lipid extraction first and then transferring the 
lipids to the second organic phase consisting of pure n-Hexane, leaving the water-ethanol phase lipid-free, 
can be more economical.  

In order to obtain the best extraction conditions, this study mainly focussed on the effect of ethanol 
concentration, ethanol volume and buffers with different pH on extraction efficiency. Furthermore, the 
influence of incubation time and extraction time was studied for ethanol percentages of 95 %. 

For all processing conditions the lipid yield increases with the concentration of ethanol added to the 
biomass, Fig. 2.1.3, (A). Due to the azeotropic nature of ethanol water mixtures, ethanol recycling for re-
use in extraction requires high amounts of energy if the required purity exceeds 96 %. Thus, further 
extraction experiments were performed with ethanol at a purity of 95 %. 

The determination of the extraction time kinetics revealed, that after 3 h of extraction a stationary yield 
value was achieved. An extraction time of 20 h only marginally increases the lipid yield. Already 15 min 
after solvent admixture a yield value of 25.1%CDW could be obtained, Fig. 2.1.3, (B). 
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Fig. 2.1.3:  (A) Lipid extraction with different ethanol concentrations, PEF treatment energies and incubation times; (B) Lipid 
extraction with different extraction time (95% ethanol, 4 h incubation). Lipid yield is given in percentage of dry cell weight (dw). The 
average of the total lipid content was 38 %dw. 

Results on variation of the incubation time after PEF treatment demonstrate, that the lipid yield exhibits a 
maximum at about 8 h of incubation after PEF treatment with 150 kJ/L Fig. 2.1.4, (A), wheras at 50 kJ/L 
longer incubation periods were more advantageous, Fig. 2.1.4, (B). The highest lipid yield of 32 %dw could 
be achieved with a PEF treatment at 150 kJ/L. 

To verify above measured tendency, a more detailed study on the effect of ethanol purity, specific PEF 
treatment energy and duration of incubation after PEF treatment was performed. The Response Surface 
Method (RSM) was utilized to better illustrate the influence of the three factors on the lipid extraction from 
A.p. In the RSM experiments, the extraction time was set to 3 h, and the PEF energy was 0, 50 kJ/L, 150 
kJ/L, the ethanol purity was 90%, 95%, 100%, incubation time was 1 h, 4 h and 24 h. We carried out ESM 
analysis for the data from 71 experimental groups of independent batches of A.p. microalgae.  
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Fig. 2.1.4: The ESM analysis of the effects of PEF energy, ethanol percentage and incubation time on percentage of total lipid content 
extracted from A. protothecoides. 
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RSM analysis revealed, that an ethanol purity of 95 % and higher is required for achieving lipid yields on the 
order of 70 %. Extraction with ethanol at a purity of 90 % only allows to recover 47 % of the intracellularly 
stored lipids, Fig. 2.1.4, upper row. For all cases, the lipid yield increases with specific PEF-treatment energy 
and with incubation time. The higher the ethanol purity, the broader is the range of incubation time periods 
which result in high lipid yields. 

Future techno-economic evaluations have to show whether the application of ethanol with a purity of 95 % 
for lipid extraction at a moderate yield of around 70 % can equalize increased solvent recycling efforts 
needed for the highly efficient ethanol/hexane extraction, which requires higher volumes of solvents per 
unit of recovered lipids. 

2.1.4 PEFassisted protein extraction from mixed cultures of microalgae  
and bacteria  

This study was supported by the Deutsche Bundesstiftung Umwelt (DBU) as part of an international 
collaboration with the Centre for Physical Sciences and Technology, Vilnius, Lithuania. Microalage 
demonstrate remarkable potential to reshape protein production and consumption patterns, with benefits 
that outshine traditional protein sources. The rapid growth and the efficient nutrient utilization make them 
an environmentally friendly protein source. They require minimal land and water, in stark contrast to 
resource-intensive livestock farming. Algae cultivation also thrives in diverse environments, using spaces 
unsuitable for traditional agriculture.  

However, there are a number of challenges associated with large-scale cultivation under aseptic conditions. 
Some of the key reasons include contamination issue and the genetic homogeneity of monocultures. 
Maintaining aseptic conditions is costly and challenging due to the potential for contamination by other 
microorganisms. Bacteria, fungi, or other algae can quickly proliferate in the culture, leading to a loss of the 
desired monoculture. Monocultures often result in genetic homogeneity, making the population more 
vulnerable to diseases or environmental changes that affect specific genetic traits. Therefore, the 
cultivation of mixed cultures of microalgae and bacteria is an approach that has gained much attention in 
recent years and offers several advantages over monoculture, such as: symbiotic relationships between 
bacteria and microalgae, recycling of wastewater and other organic waste substrates by bacteria, and 
increased stability of the culture to environmental fluctuations, resulting in a more robust and reliable 
culture system.  

In our previous study we have shown that the interaction between microalgae (Chlorella vulgaris) and 
bacteria (Delftia sp.) is not solely determined by species specificity, rather, it is a dynamic process of 
adaptation to the surrounding conditions, where one or the other microorganism dominates (temporally). 
Depending on the growth conditions, in particular the composition of the growth medium, it was possible 
to achieve stable cultivation with biomass densities similar to those of monocultures, while viable bacterial 
populations remained below critical levels.  

In this study, we aimed to investigate the influence of bacteria on the quality and yield of proteins obtained 
after PEF pretreatment. In a second approach, PEF treatment was used as a method to selectively inactivate 
bacteria and microalgae in order to gain an understanding of the ecosystem dynamics potentially affecting 
the microalgae biorefinery. By investigating various parameters at different growth stages, including PEF-
specific treatment energy, we aimed to unravel the complex dynamics of PEF application in a mixed culture 
environment. Other important aspects of our investigation were the effects of microalgae and bacterial 
growth stages on PEF efficiency, the dynamics of bacterial inactivation, the viability of algae after PEF 
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treatment, the antibacterial properties of algal PEF extracts, and the changes in extracted proteins due to 
the presence of bacteria. 

The obtained results reveal that PEF treatment exhibited consistent efficiency on C. vulgaris inactivation 
exceeded 95% for all PEF treatments, showing no dependence on the cell growth stage. In contrast, the 
impact on bacteria displayed variability. PEF efficiency in inactivating bacteria relied on the cell growth 
phase and cultivation conditions (alone or with algae). An important result was that the bacteria can 
recover during the incubation step after PEF treatment. However, the protein yield obtained after PEF 
treatment did not change compared to that of monocultures (approx. 50 % of the total protein content). 
This indicates that the bacteria do not use the released protein as a nutrient substrate during the 
subsequent 24 hours of incubation, Fig. 2.1.5.  

 

Fig. 2.1.5: Protein yield after pretreatment of algal biomass with PEF and HPH. C. vulgaris was cultivated alone or in co-culture with 
Delftia sp. 

Furthermore, SDS-PAGE profiles after PEF treatment showed no significant differences between algae 
cultured alone and in the presence of bacteria. However, after HPH treatment, a subtle but statistically 
insignificant decrease in the amount of protein was observed in the sample of algae grown with bacteria. 
In addition, the SDS-PAGE gel, Fig. 2.1.6, revealed at least one prominent additional protein band in the 
HPH protein extract from the algal and bacterial samples compared to the algal sample alone which was 
attributed to proteins released from bacteria.The estimated molecular weight of this band, based on the 
molecular marker migration, was approximately 27 kDa. 

 

Fig. 2.1.6: Visualisation of protein extracts obtained by HPH and PEF treatment by SDS-PAGE. Samples obtained from concentrated C. 
vulgaris biomass (5 g/l) cultivated alone (A) or co-cultivated with bacteria (A+B). 
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This is a potential contaminant for HPH extracts derived from co-cultures of algae and bacteria, as they may 
be harmful or toxic when used as a dietary supplement in the human diet or as a feed additive. In view of 
this, PEF treatment appears to have the potential to selectively extract proteins from algae and bacteria, 
especially when low specific energies are applied that do not affect the viability of the bacteria and thus 
proteins are not released from them. 

In summary, this study contributes to the understanding of the effects of PEF treatments in mixed cultures, 
in particular the influence of bacteria on the efficiency of microalgae utilisation and the resulting product 
yield, but also safety aspects such as contamination with undesirable molecules of bacterial origin. 
Although mixed cultures offer some advantages, the economic feasibility of such approaches depends on 
factors such as the target products, the cultivation methods and the scalability of the system. Ongoing 
research in this area aims to optimise the extraction technique and fully exploit the potential of mixed 
cultures for various applications, taking into account food safety and environmental concerns. 

Collaboration: Centre for Physical Sciences and Technology, Vilnius, Lithuania 

2.1.5 Biological signalling supports biotechnology: cell death triggers protein release 
from Chlorella vulgaris 

Several studies have shown that after PEF treatment, an incubation step in buffer for more than 6 h (at 23-
39°C and pH between 8 and 9) is required to improve the bioaccessibility of cell components such as 
proteins and lipids. The main reason for this has been shown to be enzymatic processes that occur during 
incubation and improve the release of proteins and facilitate solvent extraction of lipids from different 
microlayer types. This autolytic process can be triggered by various methods, e.g. by dark anoxia, in which 
the microalgae are incubated in the dark for 24 h to 48 h, or by PEF treatment even with very low specific 
energies (< 5 J/g). 

In particular, in C. vulgaris, there is evidence that a specific cell death inducing factor (CDIF) of protein origin 
causes cell death in intact cells. The current concept implies that the CDIF plays an important role during 
the algae incubation period for protein extraction after PEF treatment, by triggering cell death in intact 
cells and subsequent autolytic processes, leading to an enhanced extraction process. The search for the 
identity of the CDIF led to the assumption that radical oxygen species (ROS) could play a decisive role as a 
signalling molecule involved in many cell signalling pathways. One possible mechanism of cell death 
triggered in C. vulgaris is based on the implication of L-amino acid oxidase (LAAO), a flavoenzyme that 
catalyzes stereospecific oxidative deamination of an L-amino acid to form corresponding α-keto acid along 
with ammonia and hydrogen peroxide (H2O2). It has been shown that LAAOs can induce cell death in yeast 
and several mammalian cancer cell lines as well as in the diatom Phaeodactylum tricornutum.  

To clarify this possible mechanism, we investigated the development of intra- and intercellular ROS 
production during incubation of fresh algal suspensions with algal extract containing CDIF, as well as in 
extract only. Whereas algal cell death induced by PEF treatment, even at low specific treatment energies, 
leads to a dramatic increase in intracellular ROS, no changes in inter- and intracellular ROS could be 
measured due to cell incubation with CDIF containing extract. One reason for this result is that the algae 
extract not only contains CDIF, but also a high concentration of molecules with antioxidant properties that 
automatically suppress ROS. This finding suggests that ROS depletion interferes with signalling pathways in 
the cell, which in turn leads to programmed cell death. To test this new hypothesis, we investigated the 
citotoxicity of antioxidants such as trolox, glutathione and ascorbic acid on algal cells at different 
concentrations. Surprisingly, ascorbic acid was able to increase algal mortality during a 24 h incubation 
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period and also enabled the release of proteins that correlated with algal mortality. In addition, the 
combination of PEF treatment and the addition of ascorbic acid results in an increase in protein yield of 
more than 20%, Fig. 2.1.7. This finding holds significance as the synergistic application of cell disruption and 
ascorbic acid not only has the potential to enhance the yield of extracted cell components from algae but 
also preserves them from oxidative degradation. Furthermore, the antibacterial properties of ascorbic acid 
play a crucial role in controlling bacterial proliferation, particularly in mixed cultures of algae and bacteria. 

 

Fig. 2.1.7: Time course of protein release from C. vulgaris alagal biomass after pre-treatment with PEF and combination of PEF and 
ascorbic acid (vit. C). Addition of ascorbic acid alone also resulted in protein release during incubation. 

This result has the potential to optimise the extraction process by minimising energy costs for cell 
disruption and increasing product safety, laying a new approach to sustainable biotechnology. This would 
allow for the development of new downstream processes that align with environmentally conscious 
practices, marking a significant step towards a more sustainable and efficient approach in biotechnological 
applications. 

Collaboration: Botanical Institute, KIT Campus South 

2.1.6 EU-Project SusAlageFuel: “Exploring the synergies between direct carbon-
capture, nutrient recovery and next-generation purification technologies for 
cost-competitive and sustainable microalgal aviation fuel development of 
microalgae fuel production and purification technologies for advanced aviation 
fuels” 

SusAlgaeFuel aims to revolutionize the production of sustainable aviation fuels (SAFs) from microalgae by 
integrating cost-efficient, circular, and scalable technologies. Key innovations include the use of CO2 
emissions and nutrient-rich waste from anaerobic digestion (AD) to support algae growth, advanced 
monitoring and purification tools to prevent culture contamination, and an energy-saving biorefinery for 
efficient biomass fractionation, Fig. 2.1.8. The project also develops algae-specific thermocatalytic 
pathways for efficient conversion of algae-lipids to Hydroprocessed Esters Fatty Acids-Synthetic Paraffinic 
Kerosene (HEFA-SPK) to meet aviation standards, supported by comprehensive economic, environmental, 
and policy analyses. With a total budget of approximately 4 million EUR distributed among 9 partners (3 
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universities, 1 research and technology organization, and 5 subject matter experts) from 5 European 
countries, SusAlgaeFuel culminates in a pilot facility in Ireland. This facility demonstrates the project's 
potential to transform EU energy independence by enabling significant waste valorization and contributing 
to 20% of Europe’s SAF targets for 2030. 

 

Fig. 2.1.8: Graphical Abstract of the EU-project SusAagaeFuel. 

The SusAlgaeFuel project officially was kicked off on 25 May 2024 and is scheduled to run for a total 
duration of 4 years. The Bioelectrics group is actively involved in WP3: "Cascading biorefinery for biomass 
purification", which focuses on two key tasks: 1. autolytic cell-wall disruption for direct processing of wet 
microalgae and 2. solvent screening, recycling, and emulsion management. To support this work, a qualified 
biochemist was hired in September 2024, marking the official start of our activities in WP3. Initial efforts 
have been dedicated to laying the groundwork for task execution and ensuring smooth progress towards 
achieving the project objectives. 

Collaboration: University College Dublin, A4F-Algafuel, S.A. 

2.1.7 Investigation of electrode corrosion in pulsed electric field (PEF)-processes, using 
austenitic, stainless steel (AISI 316Ti) electrodes in combination with different 
processing electrolytes   

For a better understanding of the corrosion behavior of high voltage (HV) electrodes during PEF-processing, 
electrical treatment parameters, applied electrolytes, electrode materials and processing duration need to 
be varied. Investigation of this influencing factors can help to find appropriate techno-economic solutions 
with respect to relevant, individual PEF-processing applications.  

In a first approach two different electrolytes were evaluated, derived from different applications, with 
respect to their corrosion behavior. In all cases, HV-electrodes made of an austenitic, acid resistant Cr-Ni-
steel alloy (AISI 316Ti / 1.4571: Cr 16.5-18.5%, Ni 10.5-13.5%, Mo 2.0-2.5%, Ti 0.7%, Mn < 2%, Si 1%, with 
minor shares of P, S and C) were used due to its known, good resilience e.g. to chlorine ions. As electrolytes 
we used ascorbic acid (due to its occurrence in numerous food juices and pastes, etc. processed in food 
industry) and a sodium chloride (NaCl) electrolyte, for the aggressive corrosion behavior of chlorine ions to 
many materials, demonstrated, last but not least on material in the marine environment). The electrical 
parameters were W process = 150kJ/kg, E process = 40kV/cm, f rep =3Hz. Flow rate of the respective electrolyte 
was 360mL/h. Processing time was two hours or three hours respectively for each experiment. In Fig. 2.1.9, 



 

47 

surfaces of two electrodes, made of the described austenitic steel, are illustrated, after being processed 
with different electrolytes, for different treatment periods. As reference, an untreated electrode is shown 
on the left side in  Fig. 2.1.9 

 

Fig. 2.1.9:  Austenitic steel electrodes processed with different electrolytes at different processing periods. 

Discolorations on the electrode surfaces, caused by corrosion procedures during PEF-treatment, clearly 
indicate size and bounraries of the process zones. In the course of the treatment and the coupled corrosion 
mechanisms across the surface, material is removed. Mass losses and mass loss-rates during the conducted 
investigations where determined with appropriate analysis scales and are illustrated in Fig. 2.1.10. 
Corrosion intensity, where ascorbic acid-based electrolyte was applied, was much lower, compared to 
corrosion experiments, where sodium chloride electrolyte was used, Fig. 2.1.10. 

 

Fig. 2.1.10:  Electrode erosion for different electrolytes and processing periods. 

The electrodes, employed with PEF-asisted corrosion experiments, together with sodium chloride 
electrolytes showed significant higher mass losses and loss rates than the electrodes stressed with ascorbic 

process 

zone 
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acid electrolyte. The electrode-couple, treated with sodium chloride electrolyte was processed for a total 
period of 10 hours in the end, in time intervals of 2h / 2h / 3h and 3h. The mass losses and the mass loss 
rates as well decrease with continuous experiments, regardless of the length of the processing periods (2h 
/ 3h). Mass losses of the cathodes are considerably lower in all experiments compared to the anodes mass 
losses. This observation is more pronounced with the sodium chloride electrolyte-based experiments in 
comparison to those electrodes, treated with ascorbic acid electrolyte. 

electrolyte untreated ascorbic acid  sodium chloride sodium chloride 

processing 
period  0 2h 2h 10h 

S q  [µm] 15.7 15,7 15.4 16.0 

Table 2:  Impact of different processing electrolytes and processing periods during PEF-treatment on electrode surface quality, 
described by S q , the standard deviation of the height distribution, or RMS (Root-Mean-Square surface) roughness. 

For evaluation of the surface quality, topographies of the considered electrodes were determined by means 
of a contactless laser assisted measuring system and characterized by the parameter Sq. Sq computes the 
standard deviation for the amplitudes of the surface root mean square (RMS). The Sq - values remain almost 
constant, regardless of the applied electrolyte, electrode type (anode/cathode) as well as with the surface 
of the untreated reference electrode, Table 2 

Considering electrode material losses during PEF processing of NaCl-electrolytes, using stainless steel 
electrodes (AISI 316Ti, comprising the heavy metals iron, chromium, nickel, molybdenum and manganese), 
it needs to be clarified, where the lost material has gone.  For that purpose, the liquid processed NaCl-
electrolytes were analyzed with ion chromatographic- and optical emission spectrographic methods. The 
results of these analyzes are shown in Fig. 2.1.11. No iron-, chromium- and molybdenum-ions could be 
found in the investigated electrolytes. Thereby, it must be considered that the lower sensitivity limit of 
measurement, regarding potential ions in the processed electrolytes, was conc detect ≥ 0.01 mg/L. Only the 
concentrations of nickel-ions exceeded the limits of approved values for human consumption of nickel-
contaminated food (conc Ni-food, max ≤ 0.14mg/L, substantially; ´European council-resolution CM/Res 
(2013)/9- metals and alloys used in food contact materials and acticals´. Allowed nickel-values in drinking 
water are significantly lower (conc Ni- drinking  water, max  ≤ 0.02 mg/L); values published in the german ´drinking 
water ordinance´. Concentration of metal-ions in the processed electrolytes remained at almost identical 
levels (conc Ni ~ 0.27 mg/L), notwithstanding the different process durations of 2h and 3h, respectively 
(dotted line in Fig. 2.1.11).  

The determined amount of mass losses, obtained by weighing the used electrodes, before and after PEF-
treatment, are not reflected in the quantity of found ions in the liquid electrolytes. For that reason, it must 
be assumed that the missing material is located in small flakes, distributed in the processed electrolytes, 
which appeared to be organic contaminations, initially.  

Specific composition of presumed particles, included in the observed flakes of the collected, processed 
electrolyte, must be examined. For that purpose, it is necessary to remove organic components. 
Electrolytes need to be rinsed, to remove remaining NaCl and subsequently evaporated to obtain a 
concentrate of the present metal particles. Composition of those particles can be quantitatively 
determined in the scanning electron microscope (SEM) by means of energy dispersive X-ray analysis (EDAX), 
then. 



 

49 

 

Fig. 2.1.11: Metal-ions found in PEF-processed NaCl-electrolyte, after 2h- and 3h-PEF-treatment, respectevely, using stainless steel-
electrodes (AISI 316Ti). The dotted line represents the limits of approved maximum nickel-concentrations for human consumption of 
nickel-contaminated food (conc Ni-food, max ≤ 0.14mg/L). 
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Contact: PD Dr. Martin Sack 

2.2.1. GaN-HEMT in gate-boosted operation 

Commercially off-the-shelf available GaN-HEMTs are available for a maximum drain-source voltage of 
approximately 650 V and exhibit rise times in the order of 3 ns according to the data sheets. In order to 
invesigate the switching behaviour of a GaN-HEMT in gate-boosted operation, a test circuit according to  
Fig. 2.2.1 has been set up. The circuit features capacitive gate boosting operation and comprises a three-
stage Marx configuration to generate a fast-rising driving voltage. Bipolar transistors operated in avalanche 
mode serve as closing switches of the Marx generator. The first stage of the Marx generator is triggered by 
applying an extra voltage to its switch causing its avalanche breakdown. The trigger signal is applied to the 
circuit at TTL level. Logic inverters serve as driver for an additional bipolar transistor operated in avalanche 
mode, which serves as closing switch for the generation of the extra voltage to trigger the Marx generator.  

For the measurement of the voltages at the GaN-HEMT’s gate and the drain versus ground potential the 
circuit features two resistive dividers of appropriate ratio. Thereby, the divider for measuring the voltage 
at the drain is coupled via a capacitor to measure the AC component only. The dividers are connected via 
50-Ohm cables to an oscilloscope, which match to the characteristic impedance of the measurement 
system. 

For the tests the GaN-HEMT has been operated as closing switch. A Blumlein configuration has been used 
as load. It has been arranged in two different configurations with cables having characteristic impedances 
of 50 Ohm and 16.6 Ohm. Additionally, the voltage across the load of the Blumlein configuration has been 
measured. 

 

Fig. 2.2.1:  Gate-boosting circuit for a GaN-HEMT with a 3-stage Marx generator. 

Fig. 2.2.1 shows the voltages at the gate (Vg) and the drain (Vd) versus ground potential with the switch 
being connected to a parallel configuration of three 50-Ohm cables acting as resistive load of 16.6 Ohm. 
For the measurements the voltage at the drain has been increased stepwise from 100 V to 600 V in steps 
of 100 V. A risetime of the voltage of 0.7 ns (10% -> 90%) at a charging voltage of 600 V has been achieved. 
Fig. 2.2.3 and Fig. 2.2.4 show measurements for the Blumlein configuration set up with cables having a 
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characteristic impedance of 16.6 ohm. Voltages at the gate, the drain, and the resistive load at the output 
of the Blumlein configuration of 33.2 ohm versus ground potential are shown. The voltages at the drain 
and the load exhibit rise times of 0.7 ns and 0.8 ns, respectively. Measurements with cables having a 
characteristic impedance of 50 ohm showed similar results with slightly faster rise time. The Blumlein 
configuration (ZC = 16.6 ohm) has been operated for 6.25 hours at a charging voltage of 600 V and a pulse 
repetition rate of 1.4 Hz resulting in approximately 33000 pulses. Fig. 2.2.5 shows a superposition of 
measured voltages at the gate, the drain, and the resistive load of the Blumlein configuration versus ground 
potential. First and last pulse together with four randomly selected additional pulse shapes are displayed. 
The pulse shapes exhibit no substantial deviations.  

 

Fig. 2.2.2:  Voltages at gate (Vg) and drain (Vd) versus ground potential connected to a parallel configuration of three 50-ohm cables 
acting as resistive load of 16.6 ohm.  

 

Fig. 2.2.2:  Blumlein configuration: Voltages at gate (Vg), drain (Vd), and resistive load versus ground potential  
(resistive load: 33.2 ohm).  



 

52 

 

Fig. 2.2.3:  Blumlein configuration (detail): Voltages at gate (Vg), drain (Vd), and resistive load versus ground potential (resistive load: 
33.2 ohm).  

 

Fig. 2.2.4:  Blumlein configuration: Superposition of measured voltages at gate (Vg), drain (Vd), and resistive load (33.2 ohm) versus 
ground potential in the course of an operation for 6.25 hours at 1.4 Hz pulse repetition rate. First and last pulse together with four 
randomly selected additional pulse shapes are displayed.  

A setup comprising two closing switches with one closing switch at the end of each transmission line of the 
Blumlein configuration allows for a control of the pulse length and the polarity of the pulse. Thereby, the 
range of the pulse length is limited by twice the signal travelling time along each of the two lines of the 
Blumlein configuration. Fig. 2.2.6 shows such a configuration. Each switch comprises one GaN-HEMT in 
gate-boosted operation. For the experiments the desired delay between both switches has been adjusted 
by means of RC circuits. The Blumlein line has been set up using three paralleled 50 ohm cables per 
tranmission line resulting in a total characteristic impedance of 16.6 ohm. 

Fig. 2.2.7 shows the output voltage of the Blumlein configuration for a charging voltage of 100 V, measured 
at a matched resistive load. Different delay times were selected between the closing of the switches in the 
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range between -5 ns and 5 ns, staggered with a step width of approximately 1 ns. An enlarged view of the 
curves in Fig. 2.1.8 shows rise and fall times of significantly less than 1 ns. 

 

Fig. 2.2.5:  Blumlein configuration with two closing switches.  

 

Fig. 2.2.6:  Variation of the delay time between closing of the switches: Voltages at the resistive load versus ground potential. 
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Fig. 2.2.7:  Variation of the delay time between closing of the switches in detail. 

2.2.2. Approach towards improved modelling of GaN HEMTs  

In the framework of DFG-funded research project which is conducted in close cooperation between the KIT 
institutes IHM and ETI, the description of dispersive effecs in commercially available GaN HEMTs like charge 
carrier trapping and temperature effects is being investigated based on S-parameter measurements and 
time-domain measurements. The research activities at IHM deal with the setup and operation of an 
advanced arrangement for S-parameter measurements under pulsed operating conditions of the device 
under test and the parameter extraction for modelling. It is the goal of the project to set up behavioural 
models of selected GaN HEMT devices, which may serve in future for circuit simulations at advanced 
precision compared to the currently commercially available models. Current work on the project comprises 
an evaluation of the algorithms for the setup of small-signal equivalent circuits based on the S-parameter 
measurements and time-domain measurements, and the description of the large-signal behaviour, both 
comprising a model for the description of charge carrier trapping effects Fig. 2.2.9 shows a comparison of 
simulated S-parameters for a small-signal and a large-signal model with the exemplarily original data at a 
selected operating point. Original and processed data are in very good agreement. 
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Fig. 2.2.8: Example for the algorithm evaluation: Comparison of original and processed data.  

A streamlined method to model GaN high electron mobility transistor's (HEMT) behaviour based on I-V 
measurements is currently under investigation. An Angelov-based model is used to this end, modified to 
account for the device's off-tail of the transconductance function and the steeper output conductance 
behaviour in the ohmic regime, as well as the effects of self-heating. The resulting model features an 
equation for the equivalent circuit's current source with its numerical parameters obtained from the step-
wise fitting of the measurement data (Fig. 2.1.10). The fitting helps modelling the current-voltage 
dependency of a GaN HEMT in the cases when the input dataset provides insufficient number of points to 
assess all critical parameters of the Angelov model using standard techniques. 

Comparison of simulated S-parameters for a small-signal and a large-signal model with the exemplarily original data 

at an operating point 𝑈𝑈𝑔𝑔𝑔𝑔 = 2𝑉𝑉,  𝑈𝑈𝑑𝑑𝑑𝑑 = 20 𝑉𝑉. 



 

56 

 

Fig. 2.2.9: Comparison of the Ids characteristics shown for the gate bias between 1 and 5 V. Black dots represent the measured data; 
blue dashed curves represent its simulation using the Angelov model, parameters for which were found from measurement curve 
analysis; red curves represent the simulation using the Angelov model with parameters found via direct fitting. 

2.2.3. Pulse generator for arbitrary waveform generation 

In order to enable the generation of voltage pulses with a stepped arbitrary waveform, a pulse generator 
comprising individual control for each stage is currently under development.  

Fig. 2.2.11 shows a photo of one stage. It comprises three H-bridge modules equipped with SiC MOSFETs 
and pulse capacitors. The pulse capacitors are charged via a chaging circuit controlling the charging voltage 
for the stage. Thereby, the charging voltage Vch,i can be selected individually for each stage up to a 
maximum voltage of 800 V. Each stage is powered by a local power supply which is coupled via a 
transformer to an AC current source providing the power for all stages at a frequency of approximately 100 
kHz. Each stage is equipped with a local control unit which is connected to the main control unit of the 
generator via a bi-directional fiber-optic link. During pulse generation, the local control units control the 
operation of the H-bridges such that the bridges deliver an output voltage which is either zero or plus or 
minus Vch,i .The stages will be connected in series, so the total output voltage of the generator will be the 
sum of the individual stage voltages. For the generation of a stepped arbitrary waveform, well before the 
pulse generation the individual switching pattern for each stage is stored to its local control unit. During 
pulse generation the main control unit generates a clock signal, which is distributed simultaneously to all 
stages.It serves as a time reference for a synchronized operation of all stages.  

For the generation of well-defined voltage pulses it is of interest to study the generation of a precise voltage 
across a matched load. However, accross a semiconductor switch a voltage drop occurs depending on the 



 

57 

current. When connecting the generator to a matched load with a known and constant load impedance, 
for example 50 ohms, the ratio of voltage and current at the load is therefore known and enables a 
compensation of the voltage drops, especially of the voltage across the temperature-dependent internal 
impedance of each individual semiconductor switch (i.e. for a MOSFET the value RDS,on ) in the following 
ways: 
a) the individual stage voltage U0m of each module m is adjusted such that the absolute value of the 
module's output voltage stays within a predefined tolerance band when considering the voltage drops 
across the impedances RDS,on of the module's conducting MOSFET switches and the due to the discharging 
or charging process varying voltage of the module's capacitor. If the pulse repetition rate is sufficiently low, 
e.g. 10 Hz, the semiconductor switches have time to cool down significantly, so that the internal impedance 
(e.g. RDS,on ) is lower than after a longer period of time while conducting a significantly high current. If the 
capacitor of one module is discharged during pulse generation, both effects are superimposed and the 
module's output voltage drops accordingly with the time. 

b) The pulse generator's output voltage is measured, e.g. by means of a voltage divider coupled to an 
oscilloscope and compared to the sum of voltages of the capacitors of all active modules, i.e. modules 
delivering a voltage different from zero in any individual step. Thereby, all voltages are acquired in the same 
moment of time. If only one module is active during the measurement, the voltage drop can be calculated 
as difference between the voltage across the active module's capacitor and the output voltage. If more 
than one module is active, the individual voltage drops can be calculated based on m measurements, if m 
is the total number of active modules in a series of i steps. The voltage drops at each individual module can 
be calculated by solving a linear equation system, provided, that the combination of active modules in the 
course of the m measurements is linearly independent in the mathematical sense. If the individual voltage 
drops of each module are known, the modules' charging voltages U0i can be adjusted to compensate for 
the voltage drop and, hence, adapt the modules to varying environmental conditions, e.g. varying ambient 
temperature. 

During signal transmission via fibre optic cables from the generator's main control unit to the individual 
generator modules differences in the individual propagation delay times occur due to different lengths of 
the fibre optic cables or unequal and time-variable attenuation of the light signal, e.g. due to bending of 
the fibre optic cables. These differences in propagation delay times are equalized by adding an adjustable 
delay module into each signal path, either as part of the main control unit or preferably as part of each 
individual stage module, which can be adjusted individually for each stage module to compensate for 
unequal delay times. This is done on the basis of individual measurements of the switching times of 
individual stage modules by determining the individual time difference between the generation of the 
switching signal in the main control unit and the change in the measured output voltage for each stage 
module. This works particularly well if only one or a few stages are active in a switching step. By comparing 
the measured delay times at different steps and configurations of active modules, the delay times for each 
stage module can be calculated, provided that the combinations of active modules is selected 
appropriately, i.e. allows for the solution of a linear equation system. For this evaluation the same 
measurement setup for the output voltage can be employed as for checking the voltage amplitude as 
described above. In addition to or as an alternative to determining the switching times during pulse 
generation, the switching times can also be determined before pulse generation or between two pulses by 
switching the stage modules individually or in groups especially for such measurements, either one time 
for calibration purpose or repeatedly in order to adapt the delays to changing conditions. Moreover, an 
over-all delay of the pulse at the generator's output versus the generator's input signal can be performed 
by means of adding an appropriate offset value to all delay modules. 
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Currently, the initial tests with the setup are performed. The diagram in Fig. 2.2.12 shows voltage and 
current at the output of one H-bridge connected to a resistive load. The pulse shape has an arbitrarily 
selected pattern. The magnified view on Fig. 2.2.13 shows a rise time (10% to 90%) for both voltage and 
current of approximately 20 ns.  

 

Fig. 2.2.10  Experimental setup of one stage of the pulse generator for arbitrary waveform generation. 

 

Fig. 2.2.11  Voltage and current at the output of one H bridge connected to a resistive load, together with the clock signal provided 
by the main control unit.  
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Fig. 2.2.12  Voltage and current at the output of one H bridge connected to a resistive load, together with the clock signal provided 
by the main control unit: magnified view. 
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Contact: Dr. Alfons Weisenburger 

Liquid metals, used for example as advanced heat-transfer (HTM) and storage media for CSP and other 
high-temperature technologies, can make an important contribution to low-carbon energy production and 
storage. Within LIMCKA (Liquid Metal Competence Center KArlsruhe) several institutes and laboratories of 
the KIT combine their many years of experience and specific expertise in material research, system 
engineering, safety and thermal-hydraulics to tackle the relevant aspects of liquid metals. The IHM focuses 
on compatibility research through surface optimisation of existing materials using GESA and the 
development of new materials, both of which are able to mitigate corrosion in contact with liquid metals 
and salts. To realize a high-temperature thermal storage with liquid metals, filler materials that are 
compatible and inexpensive are required in addition. Liquid metal batteries are a further research area 
where the expertise of the IHM was combined with the expertise of the DLR and a Chinese university (HUST) 
to explore Sb-Bi(Sn)/ Na based low cost liquid metal battery concepts in the frame of a German-Chinese 
DFG project that was successfully finalized in this reporting period. In the BMWK-funded LIMELISA project, 
which is being coordinated by KSB, ITES, DLR and KSB are jointly investigating materials for valves and 
pumps for high-temperature heat storages based on liquid Pb and molten salts. In this project the IHM 
investigates the compatibility of materials in Pb up to 700°C and proposes potential candidates for the 
manufacturing of pumps and valves to be used in such conditions. 

Some of the tasks are embedded in European projects, the EERA-CSP and cooperations like with DLR and 
HUST via the DFG or with KSB and DLR via the BMWK. 

The most relevant results obtained in the reporting period are presented briefly:  

2.3.1 CSP – experimental set-up transient heat loads 

The experimental setup to investigate material compatibility during transient heat loads in a CSP sodium 
receiver was finally assembled and taken into operation in the frame of a Bachelorthesis. Previous 
simulations have shown that the diameter of the induction coil needs to be reduced to fit a 12 mm diameter 
tube used as a test section to get closer to the required energy density. The segment that was exposed to 
the first high temperature thermal cycles was a section of a tube with a diameter of 12mm and a length of 
about 4cm made from 316Ti. The influence of parameters like generator voltage and frequency as well as 
the orientation of the test piece with respect to the inductor coil were simulated using COMSOL 
Multiphysics. According to these simulations, the first tube was equipped with three thermocouples to 
measure the outside tube temperature before, in the middle, and after the area that is located within the 
inductor coil. The sodium flowed with constant velocity of about 0.04l/s and reached a temperature of 
380°C before the test section. The two thermocouples at the in and outlet were rigidly and tightly 
connected while the one in the middle was fixed by a wire only.  
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Fig. 2.3.1:  Test section of thermal cycling test 

Thermocouple 2 measured a variation between 380°C and 720°C as foreseen at the location of the 
induction coil. However, these values seem to reflect more the temperature of the fixing wire than the tube 
surface temperature. The temperature at the outlet of the test-section increased from 380 to 450°C, which 
is close to the expected values considering the applied induction energy.   

The change in microstructure and hardness of the tube test section was evaluated. The hardess decreased 
from HV 156 to 135 while the grain size was mainly unaffected.  

 

Fig. 2.3.2: Grain size distribution of 316 tube section measured by EBSD before (left) and after (right) the thermo cycle test  

Further tests with varying flow rate and heating loads and especially long-term cycling tests with more than 
100 cycles are planned.  

2.3.2 Material development 

Packed-bed thermal energy storage (PBTES) systems are a promising alternative for cost intensive two-tank 
molten salt systems that er used in most commercial CSP plants. For high temperature (>500°C) thermal 
energy storage, liquid metals have great potential as heat transfer media due to their chemical stability and 
their wide fluid temperature range. Selected filler materials with promising physical and thermophysical 
properties have been exposed in lead-bismuth eutectic (LBE) at 500°C with a maximum oxygen content of 
1x10-17wt% oxygen for 1 and 4 weeks. Both of the glass materials (diamond beads and borosilicate glass 

Na - inlet 

Thermocouples Test tube 

Location of induction coil 

Na - outlet 
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beads) show signs of surface corrosion and chipping. In particular, Na, Mg and Ca appear to be leached 
from the glass network. In the case of the two ceramics, steatite and alumina (90%), their more or less poor 
behaviour can also be attributed to the presence of a glassy phase. Zirconia and zirconia silicate showed 
good behaviour in LBE. In a second phase, 7 different ceramics were tested at 650 and 750°C in lead (Pb) 
up to 5000h with a reducing atmosphere above. The findings suggest that neither temperature nor time 
dependency plays a significant role in the observed attack on the beads. As observed in the initial tests, the 
glass content is of greater significance. The penetration depth of Pb is frequently depending on surface 
defects. Pre-existing fissures and cracks provide preferable penetration paths for Pb, thereby facilitating 
deeper penetration. The Y-stabilised ZrO₂ (YTZ) and the zirconia toughened Al₂O₃ (Minerax) ceramics show 
the most favourable behaviour, with only a negligible reaction with Pb. The two alumina ceramics (90% and 
92%) and the zirconium silicate RIMAX exhibited a slightly inferior behaviour, as shown in Fig. 2.3.3. The 
zirconium silicate ER120 and the Ce-stabilised ZrO2 are both unsuitable for use due to their high glass phase 
content. which results in the associated Pb attack. In addition, the thermal shock resistance plays a more 
important role at the envisaged high temperature gradients envisaged. Consequently, the next step will be 
to test the materials that have performed well under isothermal conditions under frequent thermal cycling. 
A test facility is being set up for this purpose. 

 

Fig. 2.3.3 : Alumina 92%: cross section of the original material (left), samples after 1000h at 750°C in Pb (middle) and  

The valves and pumps that are investigated in the LIMELISA project require abrasion resistant materials 
such as stellites. The Co-alloy Stellite 6 shows corrosion attack after 2000h and 5000h exposure to molten 
nitride salt at 600°C, while an oxide scale seems to protect the material at 700°C. In order to minimise 
damage during service at 600°C, it was suggested to grow an oxide scale by pre-oxidising the alloy prior to 
any contact with the molten salt. Pre-oxidation was carried out at 700°C and 800°C for different durations 
and oxygen contents. Only at 700°C in normal air and for 160 hours a 1µm thick stable Cr oxide layer is 
formed.  

The second investigation focused on whether nitriding or diffusion of nitrogen into the material leads to 
material embrittlement. Hardness profiles were taken on materials such as Antinit Dur 300, SLM 316L dark 
and white, which had been aged in solar salt and where nitriding had been detected. They showed no 
increase in hardness near the surface. In fact, the hardness values decreased slightly but were still in the 
lower limit range, probably due to the reduction in Cr caused by spinel formation. A slight increase in 
hardness near the surface was observed when the indenter hit a hard phase, namely Cr-rich nitrides. It 
should be noted that the annealed SLM 316 dark has coarser Cr nitrides at the grain boundaries compared 
to the unannealed 316L white 
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Fig. 2.3.4: a). Stellite 6 after 160-h pre-oxidation in normal air at 700°C b). Hardness values below the oxide scale measured at Antiit 
DUR 300 after der 5000-h exposure in solar salt c). Hardness values at SLM 316L dark and SLM316L white. 
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2.3.3 Liquid metal battery 

Liquid metal batteries (LMBs) offer a cost-effective technology for grid-scale stationary energy storage. 
They are characterized by rapid kinetics, easy scalability, and long service life. Our institute concentrates 
its research activities on Na-based LMBs due their economic and environmental advantages over other 
negative electrode materials such as lithium. Main research topics are the material compatibility of the 
solid cell components with the electrochemically active liquid components and the electrochemical 
performance of the Na-LMB cells.  

The active liquid components of a Na-based LMB cell comprise Na as negative electrode, a molten salt 
electrolyte, and a heavy liquid metal as positive electrode. The molten salt mixture LiCl-NaCl-KCl (61:3:36 
at%) combines good electrochemical performance (high Na+ conductivity, low Na solubility) with a relatively 
low melting temperature, which allows to reduce the working temperature to 450 °C. Antimony as positive 
electrode promises a high cell voltage and high storage density and is typically alloyed with Sn or Bi to 
reduce its melting temperature.  

After static corrosion tests of various candidate positive current collector (PCC) materials in both Sb-Sn and 
Sb-Bi alloys performed in the preceding years, it was decided to proceed with the least aggressive SbBi9 
alloy as positive electrode. Excellent electrochemical performance of respective Na//SbBi9 test cells could 
be demonstrated. In the reporting period, the electrochemical performance of Na//SbBi9 LMB cells was 
further investigated. The influence of various design parameters on the cell performance could be 
quantified and important parameters such as the ohmic resistance of the electrolyte, contact resistances, 
self-discharge current, and the cell voltage as function of its state-of-charge could be determined.  

Regarding the compatibility of the PCC material with the positive electrode, the corrosion behaviour under 
operating conditions is of most interest and concern. Static corrosion tests indicated that stainless steel 
might be suitable as PCC for short-term use, while molybdenum might sustain even long-term application. 
Therefore, LMB cells with the PCC made of stainless steel and such with Mo were built and their 
performance under continuous charge-discharge cycling was compared. It was found that the cell capacity 
decreased in both cells due to evaporation of Na into the cell’s free space and subsequent condensation at 
the colder cover. After 800 h of operation, however, a much faster decrease in cell capacity is observed for 
the cell using stainless steel as PCC. This accelerated capacity loss is not observed for the cell with Mo as 
PCC. Post-analysis of the dismantled cells confirmed a much higher corrosion attack of the stainless steel 
compared with molybdenum.  

 
 

 

 

Fig. 2.3.5: Na-based LMB cells. Left: Schematic of cell design. Middle: Electrochemical performance under continuous charge-
discharge cycling of Na-LMB cells with the PCC made of stainless steel (cell D10) and Mo PCC (cell M1). Right: Corrosion of PCC material 
after operation. 



 

65 

Sack, M.; Herzog, D.; Hochberg, M.; Loisch, G.; Obier, F.; Mueller, G. (2023). Pulse Generator with an 
Individual Power Supply per Stage. 2023 IEEE Pulsed Power Conference (PPC), 1–4, Institute of Electrical 
and Electronics Engineers (IEEE). doi:10.1109/PPC47928.2023.10311026 

Straessner, R.; Nikolausz, M.; Silve, A.; Nazarova, N.; Wuestner, R.; Papachristou, I.; Akaberi, S.; Leber, K.; 
Mueller, G.; Frey, W. (2023). Holistic exploitation of pulsed electric field (PEF)-treated and lipid extracted 
microalgae Auxenochlorella protothecoides, utilizing anaerobic digestion (AD). Algal Research, 69, Art._Nr.: 
102950. doi:10.1016/j.algal.2022.102950 

Onea, A.; Fetzer, R.; Lang, F.; Weisenburger, A.; Hering, W.; Fuchs, J.; Stieglitz, R.; Müller, G. (2023). 
Thermocycling tests by inductively heated sodium in the high temperature SOLTEC-2 facility. 27th 
International Conference on Concentrating Solar Power and Chemical Energy Systems: Solar Power and 
Chemical Energy Systems, SolarPACES 2021, Article no: 100007, AIP Publishing. doi:10.1063/5.0150350 

Yu, R.; Gong, Q.; Shi, H.; Chai, Y.; Bonk, A.; Weisenburger, A.; Wang, D.; Müller, G.; Bauer, T.; Ding, W. 
(2023). Corrosion behavior of Fe-Cr-Ni based alloys exposed to molten MgCl₂-KCl-NaCl salt with over-added 
Mg corrosion inhibitor. Frontiers of Chemical Science and Engineering, 17 (10), 1608–1619. 
doi:10.1007/s11705-023-2349-1 

Niedermeier, K.; Lux, M.; Purwitasari, A.; Weisenburger, A.; Daubner, M.; Müller-Trefzer, F.; Wetzel, T. 
(2023). Design of the LIMELIGHT Test Rig for Component Testing for High-Temperature Thermal Energy 
Storage with Liquid Metals. Processes, 11 (10), Article no: 2975. doi:10.3390/pr11102975 

Ardila-Rey, J. A.; De Castro, B. A.; Rozas-Valderrama, R.; Orellana, L.; Boya, C.; Muhammad-Sukki, F.; Mas’ud, 
A. A. (2023). Variation in the spectral content of UHF PD signals due to the presence of obstacles in the 
measurement environment. IEEE Sensors Journal, 23 (19), 22620–22629. doi:10.1109/JSEN.2023.3306605 

Orellana, L.; Ardila-Rey, J.; Avaria, G.; Davis, S. (2023). Danger assessment of the partial discharges temporal 
evolution on a polluted insulator using UHF measurement and deep learning. Engineering Applications of 
Artificial Intelligence, 124, Art.-Nr.: 106573. doi:10.1016/j.engappai.2023.106573 

Ding, W.; Gong, Q.; Liang, S.; Hoffmann, R.; Zhou, H.; Li, H.; Wang, K.; Zhang, T.; Weisenburger, A.; Müller, 
G.; Bonk, A. (2023). Multi-cationic molten salt electrolyte of high-performance sodium liquid metal battery 
for grid storage. Journal of Power Sources, 553, Article no: 232254. doi:10.1016/j.jpowsour.2022.232254 

del Barrio Montañés, A. A.; Senaj, V.; Kramer, T.; Sack, M. (2024). Updates on Impact Ionisation Triggering 
of Thyristors. Applied Sciences, 14 (10), 4196. doi:10.3390/app14104196 

Silve, A.; Nazarova, N.; Wüstner, R.; Straessner, R.; Delso, C.; Frey, W. (2024). Excess of Water Enables 
Efficient Lipid Extraction from Wet Pulsed-Electric Field-Treated A. protothecoides Microalgae Using 
Immiscible Solvents. ACS Sustainable Chemistry & Engineering, 12 (20), 7683–
7692. doi:10.1021/acssuschemeng.3c06966 

Jonynaite, K.; Stirke, A.; Gerken, H.; Frey, W.; Gusbeth, C. (2024). Influence of growth medium on the 
species‐specific interactions between algae and bacteria. Environmental Microbiology Reports, 16 (4), 
Article no: e13321. doi:10.1111/1758-2229.13321 

https://doi.org/10.1109/PPC47928.2023.10311026
https://doi.org/10.1016/j.algal.2022.102950
https://doi.org/10.1063/5.0150350
https://doi.org/10.1007/s11705-023-2349-1
https://doi.org/10.3390/pr11102975
https://doi.org/10.1109/JSEN.2023.3306605
https://doi.org/10.1016/j.engappai.2023.106573
https://doi.org/10.1016/j.jpowsour.2022.232254
https://doi.org/10.3390/app14104196
https://doi.org/10.1021/acssuschemeng.3c06966
https://publikationen.bibliothek.kit.edu/1000173717
https://publikationen.bibliothek.kit.edu/1000173717
https://doi.org/10.1111/1758-2229.13321


 

66 

Gusbeth, C.; Krolla, P.; Bruchmann, J.; Schwartz, T.; Müller, G.; Frey, W. (2024). Bacterial decontamination 
of process liquids and paints in E-coating lines by pulsed electric field treatment. Journal of Coatings 
Technology and Research, 21, 1385–1398. doi:10.1007/s11998-023-00901-4 

Gusbeth, C.; Frey, W. (2024). Processing liquid food with hundreds of Hertz and tens of kilovolts Comment 
on “Advances in pulsed electric stimuli as a physical method for treating liquid foods” by F. Zarea, N. 
Ghasemi, N. Bansal and H. Hosano. Physics of Life Reviews, 48, 201–202. doi:10.1016/j.plrev.2024.02.001 

 

  

https://publikationen.bibliothek.kit.edu/1000169438
https://publikationen.bibliothek.kit.edu/1000169438
https://doi.org/10.1007/s11998-023-00901-4
https://publikationen.bibliothek.kit.edu/1000168262
https://publikationen.bibliothek.kit.edu/1000168262
https://publikationen.bibliothek.kit.edu/1000168262
https://doi.org/10.1016/j.plrev.2024.02.001


 

67 

3 Safety Research for Nuclear Reactors 
(NUSAFE): Transmutation -Liquid Metal 
Technology- 

Contact: Prof. Dr. G. Müller, Dr.  A. Weisenburger 

Long-living high-level radioactive waste from existing nuclear power reactors should be transmuted in 
short-living radio nuclides using fast neutrons provided by a spallation target in an accelerator driven 
subcritical system or by a fast nuclear reactor. The objective is to reduce the final disposal time of high-
level radioactive waste (plutonium, minor actinides) from some 106 years down to about 1000 years. Lead 
(Pb) and lead-bismuth (PbBi) are foreseen as spallation-target and coolant of such devices. 

The aim of the institute’s contribution is to develop advanced corrosion mitigation processes based on in-
situ formation of protective alumina scales especially for parts under high loads like fuel claddings or pump 
materials in contact with liquid Pb or PbBi. Pulsed large area electron beams (GESA) are used to create 
aluminum containing surface alloys on steels. In addition, bulk alumina formers like FeCrAl, AFA (alumina 
forming austenitic steels) and HEA (high entropy alloys) are developed.  

All tasks are embedded in European and international projects and cooperations like e.g., ILTROVATORE, 
ORIENT-NM, INNUMAT, CONNECT-NM and EERA-JPNM. 

The most relevant results obtained in the reporting period are presented briefly:  

 

3.1.1 Investigation of GESA facility 

The use of the Langmuir probe as an instrument for the measurement of plasma parameters is subject to 
fundamental problems which significantly limit the applicability of the measurement method to many 
plasma objects. Whether the positive bias of the probe violates the non-disturbing measurement principle 
is always an issue. In principle, the disturbed energy balance of the charged particles can spread to the 
entire plasma volume. Another problem is that the relationship between the plasma parameters and the 
measured current to the probe must be carefully checked or redefined for each measurement. Thus, the 
measurement method itself becomes the object of investigation. 

Based on the LIF-Dip Diagnostics (An, Zhen, Weisenburger, Mueller Rev. Sci. Instr. DOI:10.1063/5.0064676 
Feb. 2022), the „LIF-Dip-Probe“ measurement method was developed at IHM. This method can detect a 
wide spectrum of plasma parameters, with sub-mm spatial and nano-seconds temporal resolutions. In 
particular, this method closes the diagnostic gap of diluted low-temperature plasmas of pulsed systems. 

As with the classical Langmuir probe, the plasma parameters in a LIF-Dip-Probe are measured around a 
locally immersed conductive probe, where the probe potential for the collection of ions is maintained 
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(=<floating Potential). The potential difference between the plasma and the probe is equalized by the 
formation of a positive space charge area (the sheath). Thus, the disturbance due to the probe expands 
only on the sheath size into the plasma volume (a few Debye lengths). The characteristic of this sheath is 
largely independent of the properties of the probe (except its potential), representing only the specific 
parameters from the undisturbed plasma surrounding. In order to know the local plasma parameters, the 
electric field distribution in the sheath is measured using the LIF-Dip diagnostics. The measurement signal 
from the LIF-Dip (Fig. 3.1.1) delivers not only the amplitude of the field, but also the geometry of the space 
charge area.        

To obtain the plasma parameters, a simulated curve generated by the numerical solution of the Poisson 
equation is fitted to the Dip shape. Plasma density, temperature and potential, the fitting parameters, are 
varied using a special algorithm. The boundary conditions of the Poisson equation include: Bohm criterium, 
continuity equation, conservation of energy for the ions in the sheath and Boltzmann distribution for the 
electrons.  

As a side effect of the LIF-Dip-Probe, it is possible to use the method as a Mach probe to measure the drift 
velocity of the plasma. To do this, it is sufficient to compare the sheath characteristic in the up- and down-
stream areas. 

 

Fig. 3.1.1: Measurement of Lif-dip delivers the amplitude of the field and the geometry of the space charge area.        
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3.1.2 Erosion corrosion experiments in the CORELLA facility  

The new facility CORELLA-2 for erosion corrosion experiments in liquid lead alloys with controlled oxygen 
content was finally designed and constructed. Fluid dynamic simulations using COMSOL with varying inner 
geometries were the basis to construct the entire facility. The specimens are now rotating and the Pb is 
kept almost stagnant by adding flow inhibiting plates. The relative velocity can reach up to 6m/s at a 
rotation speed of 400 rpm only.  To allow higher experimental temperatures (>550°C) all inner surfaces of 
the experimental container were aluminized by an external partner. Commissioning of the facility is almost 
finalized and first tests are in preparation.  

3.1.3 Material development to mitigate corrosion  

As part of the INNUMAT project three new AFA alloys were developed and finally produced by a partner. 
The main aim of the development was to obtain phase stable austenitic steels that can be employed at a 
temperature range above 600°C. Based on the experimental results from the GEMMA project the 
composition of the AFA alloys were optimized using thermodynamic simulations applying the Thermocalc 
software. The main criterion for optimization was to minimize the formation of sigma and other embrittling 
phases in the temperature range above 650°C, while maintaining the austenitic matrix. The addition of V 
and W should contribute to the formation of precipitates that can improve the mechanical properties at 
the envisaged temperature range. The amount of Al was kept as low as possible in combination with the Ni 
and Cr content to prevent the long-term formation of ferritic phases in the alloys.  

 

AFA-1: bal.Fe15.2Cr 22Ni 2.7Al 3Mn 0.8Nb 0.2V 
0.08C 0.02Y  

AFA-2: bal.Fe15.2Cr 24Ni 3.1Al 3Mn 0.8Nb 0.2V 
0.08C 0.02Y  

AFA-3: bal.Fe14.5Cr 24Ni 3.85Al 3Mn 0.8Nb 
1.1W 0.08C 0.02Y 

Composition of AFA alloys in weight%  

Fig. 3.1.2:  Calculated amount of phases as function of temperature of AFA-A alloy using Thermocalc software.  

Based on these simulations, three alloys were manufactured at SWERIM in SWEDEN and hot rolled for 
delivery to the partners in the INNUMAT project. A final heat treatment at 1150°C was performed to obtain 
a fully austenitic structure with homogenous grain size distribution, see Fig. 3.1.3. Samples are shipped 
after final heat treatment to the partners in the INNUMAT project for further studies. Beside tests in liquid 
Pb the three AFA steels will also be exposed to molten chloride salts. Therefore, pre-oxidation to form an 
alumina scale at the surface is investigated. At 850°C the formation of a continuous alumina rich oxide scale 
is observed at the surface. 
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Fig. 3.1.3: Grain size dirstrubtion of annealed AFA steels. From left: AFA-1, AFA-B and AFA-C 

Collaboration: SCK-CEN, ENEA, KTH, SANDIVK, CIEMAT, CEA, … 

Funding: NUSAFE and EU-Projects  
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4 Materials and Technologies for the Energy 
Transition (MTET): Power-based Fuels and 
Chemicals - Microwave Process Technology -  

Contact: Guido Link 

Besides the activities on development of technologies and systems for the plasma heating in the FUSION 
Program, IHM is also in charge of research and development in the Power-based Fuels and Chemicals part 
of the MTET Program. 

The main focus of IHM in this field of research is in plasma chemistry such as CO2 dissociation or H2 
production by use of atmospheric plasmas sustained by high-power microwaves, generated by innovative 
solid-state amplifiers. For this purpose, the power of plasma sources has been increased and further efforts 
were undertaken regarding plasma diagnostic and multi-physics modelling. In the frame of the eXPlore 
project a container-based infrastructure has be elaborated for the development of a pilot scale plasma 
base reactor concept for CO2 activation. 

The expertise on microwave engineering and the existing industrial scale high-power microwave 
infrastructure faces growing interest from industry and research. As a consequence, the research group is 
involved in several national and international joint research projects with objectives in various fields of 
applications. Further activities investigated microwave assisted additive manufacturing with continuous 
carbon fiber reinforce thermoplastic filaments in the framework of a Helmholtz Technology Transfer and 
Validation project MWPrint4ReCon. Within the IraSME project Phased-Array-Antenna for Microwave based 
Weed Control (PAMiCo) the design antenna has been built an test.  

Within the highly multidisciplinary Helmholtz IVF project CORAERO (Airborn Transmission of SARS 
Coronavirus), which brings together scientists from virus biology, medicine, applied physics, chemistry, and 
engineering, IHM has design microwave-based applicator concepts for inactivation of coronavirus. 
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Contact: Sergey Soldatov 

In close collaboration with KIT-IMVT, KIT-IHM actively contributes to the Helmholtz energy research 
program MTET (Materials and Technologies for the Energy Transition) to address the increasing demand 
for power-to-X technologies. We investigate the endothermic reduction of CO2 to CO in atmospheric 
microwave plasma discharges for its subsequent conversion into valuable chemical precursors and 
synthetic fuels: 𝐶𝐶𝐶𝐶2 ⇆ 𝐶𝐶𝐶𝐶 + 1 2⁄  𝑂𝑂2. At atmospheric pressure contrary to vacuum conditions, CO2 plasma 
gets contracted that leads to very high plasma temperature (6000 K to 7000 K) resulting in 1) excessive (not 
required for the process) dissociation 𝐶𝐶𝐶𝐶 ⇆ 𝐶𝐶 + 𝑂𝑂 and 2) higher challenges for plasma quenching to avoid 
back reaction of CO with O. The first problem can be hardly combated and for the second one the special 
design of afterglow reactor zone is in the focus of our recent study to improve the process efficiency.  

A special water-cooled nozzle constructions were designed and installed in the plasma afterglow reactor 
zone. The nozzle improves both quenching and gas cross mixing. To estimate the temperature and velocity 
fields in the reactor as well as the heat loads in the materials, multi-physical simulations of the gas flow 
dynamics coupled with heat transfer were performed. Experimental validation has proven that water-
cooled nozzle as compared with no-nozzle configuration improves the CO2 conversion and energy efficiency 
by factor of 4 and 3.5 respectively (Fig. 4.1.1). 

 

Fig. 4.1.1:  Simulated temperature and gas flow for nozzle configuration (left). Energy efficiency vs. conversion with and without 
nozzle in the afterglow. Specific energy input (SEI) is color coded. Inlet: photo of experiment (right). 

Systematic investigations of pulse modulated microwave power with a high Q self-igniting TM010 microwave 
resonator have demonstrated for the first time specific modulation regimes with non-contracted CO2 
plasma at atmospheric pressure. Time resolved optical emission spectroscopy, which is used to analyze the 
evolution of plasma temperature demonstrate a large temperature change in the transition region from 
contracted plasma to diffuse, non-contracted plasma with a significant increase in the efficiency of CO2 
dissociation. This could be a promising approach for future atmospheric plasma-based gas-conversion 
systems. 
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Contact: Sergey Soldatov 

e-XPlore is a transportable research platform for new electricity-based low-emission synthetic fuels jointly 
developed by KIT and DLR. Its purpose is to validate selected options for electricity-based synthesis gas 
generation from carbon dioxide and water combined with selected utilization paths for converting the so-
produced synthesis gas into high-quality fuels and chemicals in a modular format under the constraints of 
different concentration and contamination as well as electricity fluctuations in field test, i.e., for real on-
site approval. Three different synthesis routes are considered as first choice options for the e-XPlore facility 
during its installation. Those shall further be modifiable to serve as installation basis for improved 
assemblies to allow other options being implemented with lower effort. Thus, e-XPlore can act as incubator 
for bridging the gap between lab and real environment. 

In close collaboration with IMVT, IHM is supporting the elaboration and engineering of the e-Xplore 
synthesis route 3, which will be a container-based pilot-scale reactor concept for plasma assisted reduction 
of CO2 with an overall microwave power of 12 kW. This reactor concept includes an oxygen separation stage 
based on a fixed-bed reactor with a redox material that allows to separate O2 from the exhaust gas stream. 
For continuous operation, two parallel reactor lines with switching microwave power between those lines 
are envisaged. While the redox material used for oxygen separation during plasma activation of CO2 in line 
one, it will be regenerated with forming gas Ar+H2 in the second line and vice versa (Fig. 4.2.1). The 
engineering and construction of the pilot plant is finished (Fig. 4.2.2). The assembly has started recently, 
and commissioning of fully automated operation is projected to mid of 2025. 

 

Fig. 4.2.1: CAD design of two parallel reactor lines including microwave plasma activation, plasma quenching and oxygen separation 
by use of redox-materials (left); corresponding lab-based set-up with CO2 plasma (right). 

 

Fig. 4.2.2: CAD design synthesis route 3 (left). Container prepared for assembly or the plasma reactor (right). 
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Contact: Moritz Engler 

Carbon concrete offers the possibility of significant material savings compared to conventional reinforced 
concrete. On the one hand, this is possible due to the higher tensile strength of carbon fibers compared to 
steel, which allows comparable loads to be absorbed with smaller cross-sections. Secondly, carbon does 
not corrode, so there is no need for cover layers to protect the reinforcement from corrosion. The 
MWPrint4ReCon project aims to develop a process for the production of carbon concrete using robot-
based microwave 3D Printing. With the robot-based approach large load optimized structures can be 
printed using continuous carbon fiber reinforced filaments. These structures require significantly higher 
profile cross-sections than in conventional 3D printing processes to be viable as concrete reinforcement. 
In conventional 3D Printing one limiting factor of print speed is the thermal conductivity of the filament. In 
contrast to that the volumetric nature of microwave heating makes it much less dependent of thermal 
conductivity. Therefore, microwave 3D printing is especially suited for printing of larger cross-section 
filaments. 

For this project a new print head was developed which can print with filaments up to 4 mm diameter. While 
earlier designs used preformed filaments this approach is no longer viable at this diameter as they would 
be much too stiff to be fed into the printhead. To enable the filament consolidation inside the print heat 
commingled yarns of carbon fibers and PA6 fibers are used as a precursor. After heating inside the print 
head, the fiber mixture is pulled into a 4 mm nozzle where the molten PA impregnates the fibers and forms 
the ridged 4 mm filament.  

The print head was tested on a purpose-built test stand which pulls the filament through the printhead at 
predefined speeds to evaluate the ideal operating parameters and their influence on the resulting profile 
quality. Following the evaluation on the test stand the printhead was handed over to the project partners 
at FAST where it was installed to the robot and successfully used to print multiple structures to test as 
reinforcement of concrete beams. 

   

a) b) 

Fig. 4.3.1:  a) Test stand including print head (center left), fiber rack (top), pulling device (right) and control unit (center). b) Print 
head during pultrusion of 4 mm profile. 

Funding:  HGF IVF project, support code: KA-TVP-11  
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Contact: Jesus Nain Camacho Hernandez  

The COVID-19 pandemic, caused by SARS-CoV-2, led to over 774 million cases and seven million deaths 
globally by January 2024, highlighting the continuing need for the development of innovative and effective 
technologies to prevent virus transmission and manage future pandemics effectively. The Helmholtz 
CORAERO project brings together a multidisciplinary group of scientists from virus biology, medicine, 
applied physics, chemistry, and engineering to understand virus spreading through aerosols and designing 
technical and administrative measures for mitigation, detection and virus control. The IHM participates in 
the CORAERO project, by researching on air purification systems that utilize microwave radiation to reduce 
virus load in enclosed spaces, targeting airborne viruses in public and private ventilation systems. Current 
research focuses on two distinct approaches for virus inactivation via structural damage, specifically 
employing moderate electric fields or microwave heating of high-efficiency particulate air (HEPA) filters. 

In a biosafety level 3 laboratory, research has been conducted to investigate the inactivation of the active 
SARS-CoV-2 virus utilizing a resonant cavity as depicted in Fig. 4.4.1 (left). This cavity was designed to 
generate a uniform electric field of moderate strength along the flow channel transporting aerosols laden 
with SARS-CoV-2. This virus inactivation approach is designed to avoid air heating in ventilation systems 
and to reduce operational costs. Current efforts are dedicated to adjusting the experimental setup to work 
with various aerosol flow rates at different humidity levels. 

On the other hand, the project also studies virus inactivation through energy-efficient microwave heating 
of virus-laden aerosols captured and circulating through filter media. This heating method aims at sterilizing 
pathogenic aerosols, a vital measure to inhibit virus re-entrainment into exhaust air or to avert infections 
during filter replacement or disposal. The considered filter media comprise tailored non-woven filters and 
custom ceramic hierarchical pore structures, as shown in Fig. 4.4.1 (right). Numerical calculations are 
employed to investigate the flow characteristics and effective permittivity of both filter types. From these 
studies, mixing relations that consider the filter structure geometry were formulated to estimate the 
effective permittivity of both fibrous and porous media. Subsequently, the design phase will focus on 
developing microwave applicators for uniform and efficient heating of the studied filters.  

 

 

 

Fig. 4.4.1:  (left) Microwave cavity enhancing E-fields for virus inactivation, (right) aerosol filter media illustrating non-woven fibers 
and ceramic structures being investigated for efficient microwave-heating, and (center) microwave assisted photocatalysis to enhance 
hydroxyl production. 

Funding: HGF Initiative and Networking Fund, www.coraero.de   

http://www.coraero.de/
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Contact: David Tomsu 

In farming production, weeds compete with crops for sunlight, space, nutrients and water. The estimated 
global crop production loss due to weeds is 12%, even though there is an estimated amount of 2 million 
tons of pesticides applied globally. This is not only impairing the environment, but also human health. Weed 
control with high-power microwaves is an environmentally friendly candidate to reduce pesticide use. As 
part of an IraSME funded project, IHM is in charge of the development and the demonstration of a novel 
phased-array antenna at 5.8 GHz, which will allow to focus the installed microwave power to the weed 
location, which is identified before by an intelligent image recognition system. In the final application the 
antenna system will traverse the field on a vehicle and will be facing downwards to actively direct the 
microwave energy towards weeds at ground level. The sudden volumetric heating caused by the high-
power density of the microwaves will lead to a bursting of the plant cells. In Fig. 4.4.1, the test stand for 
the validation of the slotted waveguide phased-array antenna connected to the phase-shifting system for 
active steering of the antenna's main beam and the measuring probe is shown. In Fig. 4.4.2 the nicely 
focused field profile of the zero phase-shift center position can be observed. The measured profile of the 
beam steering with a previously computed phase-shift distribution applied to each element of the array 
can be seen in Fig. 4.4.3. As the beam focusing and steering has been demonstrated at IHM, in the final 
steps of the project, the system will be fully integrated and prepared for field testing by our project 
partners. 

  

Fig. 4.5.1: Test stand for measuring antenna characteristics using digital signal generators with phase shifting and the slotted 
waveguide array antenna (left) and a WR159 receiving antenna probe fixed to a xyz positioning stage (middle). Measured zero phase-
shift x-y plane field profile at a distance of 50 cm to the antenna. Most of the energy is nicely focused in the center (right). 

 

Fig. 4.5.2:  Measured x-y plane field profiles at a distance of 50 cm from the antenna showing the beam steering in azimuth. 

Funding:  ZIM cooperation project; support code KK5431301DF1 
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Appendix 

Equipment, Teaching Activities and Staff 

IHM is equipped with a workstation cluster and a large number of experimental installations: KEA, KEA-ZAR, 
three GESA machines, eight COSTA devices, one abrasion and one erosion teststand, a gyrotron test facility 
including a microwave-tight measurement chamber and two teststands for gyrotrons, one compact 
technology gyrotron (30 GHz, 15 kW CW), several 2.45 GHz applicators of the HEPHAISTOS series, one 
0,915 GHz, 60 kW magnetron system, one 5.8 GHz, 3 kW klystron installation and a low power microwave 
laboratory with several vectorial network analysers, a plasma laboratory with 2,45 GHz atmospheric plasma 
sources up to 6 kW and a laboratory for microwave assisted 3D printing of continuous fibre 
reinforced filaments. 

The project FULGOR, targeting for a renewal of the KIT gyrotron teststand is progressing. In 2013, an 
agreement on the project structure including the involvement of the KIT project and quality management 
has been achieved. The final start of the procurement of the equipment was in 2014 whereas the first initial 
test of operation was starting in 2021. 

Prof. John Jelonnek, strongly supported by Dr.-Ing. Alexander Marek has continued to teach the lecture 
course entitled “High Power Microwave Technologies (Hochleistungsmikrowellentechnik)” for Master 
students. In 2023/2024, additionally, Prof. John Jelonnek has started to teach part of the lecture course 
“Lineare elektrische Netze (LEN)” for undergraduate students. The lecture course LEN is coordinated by 
Prof. Sebastian Kempf of the Institute of Micro- and Nanoelectronics Systems (IMS). Prof. Georg Müller has 
continued to teach the lecture on “Pulsed Power Technologies and Applications” at KIT. Dr. Gerd 
Gantenbein has been teaching in 2023 the part “heating and current drive” of the lecture 
“Fusionstechnologie B” by Prof. R. Stieglitz, IFRT. Dr.-Ing. Martin Sack hold the lecture course “Elektronische 
Systeme und EMV”. 

At the turn of the year 2024/2025 the total staff with regular positions amounted to 38 (20 academic staff 
members, 10 engineers and 8 technical staff member and others). Additionally,15 academic staff members, 
2 engineer and 2 technical staff members (and others) were financed by acquired third party budget. 

In course of 2023/2024, 4 guest scientists, 20 doctoral students (1 of KIT-Campus South, 14 of KIT-Campus 
North, 5 others), 2 DHBW students, 3 trainees in the mechanical and electronics workshops worked at IHM. 
2 Master students, 2 Bachelor students, 20 student assistants and 4 Research internships were supervised 
at IHM during 2022/2024. 
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Strategical Events, Scientific Honors and Awards 

• Prof. Dr. Dr. h.c. mult. Manfred Thumm was awarded an honorary doctorate from the V. N. Karazin 
Kharkiv National University. 

• Dr.-Ing. Alexander Marek was awarded the VDE-ITG 2023 Dissertation Prize for his dissertation entitled 
“New Type of sub-THz Oscillator and Amplifier Systems” in Berlin. 

• Mr. Louis Müller was named the best of his class by the Baden-Württemberg Cooperative State 
University Karlsruhe as part of his bachelor's degree in mechanical engineering with a focus on design 
and development due to his outstanding examination performance. 

Longlasting Co-operations with Industries, Universities and Research Institutes 

• Basics of the interaction between electrical fields and cells (Bioelectrics) in the frame of the 
International Bioelectrics Consortium with Old Dominion University Norfolk, USA; Kumamoto 
University, Japan; University of Missouri Columbia, USA; Institute Gustave-Roussy and University of 
Paris XI, Villejuif, France; University of Toulouse, Toulouse, France, Leibniz Institute for Plasma Science 
and Technology, Greifswald, Germany. 

• Cooperation on the technological development of a sodium liquid metal battery as an electrical storage 
device with DLR and the Huazhong University of Science and Technology – HUST in Wuhan (China). 

• Development of protection against corrosion in liquid metal cooled reactor systems in the following EU-
Projectes: GETMAT, IL TROVATORE (Partner: CEA, ENEA, SCK-CEN, CIEMAT). 

• Development of large area pulsed electron beam devices in collaboration with the Efremov Institute, 
St. Petersburg, Russia (on hold). 

• Development of advanced 1.5 MW gyrotrons, gyrotron for multi-purpose operation and new gyrotron 
control techniques for the ECRH System at the stellarator Wendelstein W7-X in collaboration with the 
Max-Planck-Institute for Plasmaphysics (IPP) Greifswald. 

• Development of the European gyrotrons for ITER in the frame of the European GYrotron Consortium 
(EGYC) and coordinated by Fusion for Energy (F4E). The other members of the Consortium are EPFL 
Lausanne, Switzerland, CNR Milano, Italy, ENEA, Frascati, Italy, HELLAS-Assoc. EURATOM (NTUA/NKUA 
Athens), Greece. The industrial partner is the microwave tube company Thales Electron Devices (TED) 
in Paris, France. 

• Development of 105 GHz 1 MW gyrotrons for WEST in collaboration with EPFL, Lausanne, Switzerland 
and CEA, Cadarache, France. 

• In frame of EUROfusion, collaboration with EPFL Lausanne, Switzerland, CNR Milano, Italy, ENEA, 
Frascati, Italy, HELLAS-Assoc. EURATOM (NTUA/NKUA Athens), Greece and the industrial partner Thales 
Electron Devices (TED), Paris, France to develop gyrotrons for future European DEMOstration fusion 
power plant. EUROfusion is a consortium of national fusion research institutes located in the European 
Union, the UK, Switzerland and Ukraine. 

• Development of Microwave Systems of the HEPHAISTOS Series for materials processing with 
microwaves with the Company Vötsch Industrietechnik GmbH, Reiskirchen. 
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