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Foreword

Dear friends and members of the Helmholtz Institute Jena,

welcome to the latest collection of research activities from the Helmholtz-Institute Jena which
took place during the last 12 months. This volume showcases the breadth and depth of our in-
vestigations, spanning fundamental physics to cutting-edge technological developments.

Being hosted at the campus of the FSU, the close contact of HI-Jena with the research groups
from the university helped establish the high-power laser systems POLARIS and JETi200 and
also specialized detector, x-ray and cryo laboratories, bolstering the institute’s active involve-
ment in the strategic missions of GSI and our partners at Helmholtz DESY and HZDR. In addi-
tion, the unique research infrastructures of the large-scale facilities at GSI and DESY are utilized
in numerous experimental research projects, including the flagship projects FAIR and XFEL.
In connection with the latter facilities, a joint experiment to validate the darkfield concept for
vacuum birefringence was carried out during the reporting period. Based on the results, an ap-
plication was submitted to carry out the most precise measurement of vacuum birefringence to
date at the HIBEF beamline at the European XFEL.

We also report on the targeted exploration of QED in the strong-coupling regime, where we
investigate the Kα ground-state transition in He-like uranium at the CRYRING@ESR facility,
a Swedish contribution to FAIR. In this experiment, the substructure splitting of the transition
was observed for the first time, using quantum sensors that offer unprecedented energy resolu-
tion compared to conventional solid-state detectors. These are just two examples of our ongoing
research work, and in our current report you will find many more challenging research activi-
ties related to our central research pillars: the development of high-power lasers, laser particle
acceleration, photon and particle spectroscopy as well as the corresponding theoretical activities.

In connection with the research infrastructure of our institute, considerable efforts are being in-
vested in the development of the target area in the institute’s new building, which has been in
operation since 2022. This infrastructure enables joint experiments with the two laser systems
JETI and POLARIS. Last year, a timing systemwas installed that allows the oscillators to be syn-
chronized with a precision of less than 10 fs. The control systems are currently being upgraded
so that AI can be integrated into the experimental campaigns by directly controlling the laser in
response to the experimental diagnoses. In addition to the infrastructure itself, the development
of suitable beam diagnostics for ‘extreme’ beams poses a particular challenge. Plasma wakefield
accelerators are ideally suited to generate electron beams with unprecedented emittance and at-
tosecond pulse duration. These extreme beams require a new generation of diagnostic methods
that are adapted to these extreme capabilities. Recent work has shown that laser-based diagnostic
methods are capable of measuring emittances in the nanometer range.

Third-party funding is of the utmost importance for all these activities and the endeavors to keep
the experimental infrastructure, including equipment such as lasers and detectors, up to date.
HI-Jena continues to successfully attract funding from the Free State of Thuringia and the Euro-
pean Regional Development Fund and in October 2024 raised over 900,000 euros for a period

10



Figure 1: Group photo of the HI Jena team along with members of the atomic and plasma
physics departments of GSI. The photo was taken during the center evaluation at GSI
in April 2025 (© Michael Lestinsky).

of two years to expand the research infrastructure. This funding is flanked by a contribution
from the institute’s basic funding amounting to 10 % of the total project sum. In one sub-project,
a femtosecond laser system is to be installed in order to produce novel thin-film systems with
atomically smooth interfaces using laser deposition and to analyze them using extreme ultravi-
olet (XUV) spectroscopy. A second sub-project is dedicated to modernizing the laboratory for
X-ray optics by procuring a precision cutting machine equipped with X-ray diagnostics, which
will enable the production of unique X-ray optics.

One focus of activities in the reporting period was the preparation of the Helmholtz Science
Evaluation, which took place from 6 to 11 April 2025 at the GSI campus in Darmstadt. The
originally planned on-site visit to the HI Jena was cancelled at short notice and replaced by a
separate event on the GSI campus. Nevertheless, in order to provide a comprehensive impres-
sion of the institute, various lectures, including a virtual laboratory tour, and an extensive poster
session with a total of 30 posters and 18 poster presentations were organized. The posters pre-
sented the scientific achievements of the institute in the POF IV period (2021–2024) as well as a
detailed discussion of the scientific infrastructure of the institute on the campus of the Friedrich
Schiller University. In conclusion, the results of the evaluation for the various research programs
and program topics were rated as very positive and encouraging. The final step of the evalua-
tion will be a strategic evaluation in May 2026. Preparations for this event are already underway.

The current report will also look at the Institute’s public relations activities. HI-Jena has es-
tablished itself as a permanent player in various public relations initiatives in Jena. In addition
to joining the Particle World Network, the Institute took part in the ‘Day of Physics’, which is
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organized annually by the Faculty of Physics and Astronomy at the University of Jena to get
schoolchildren and the general public interested in physics. In addition, HI-Jena also took part
in the city-wide ‘Long Night of Science’ on 22 November 2024 with an exhibition stand and
various hands-on experiments, which attracted more than 200 visitors. At this point, we would
like to add that the Helmholtz Institute Jena supports the ‘Weltoffenes Thüringen’ initiative. This
decentralized, networked initiative is intended to send out a signal that many people, institutions,
associations and companies in the state are committed to a democratic, diverse and cosmopolitan
Thuringia.

The young researchers, postdocs and doctoral students who are actively involved in research and
the close collaboration with our partners, in particular our colleagues at the University of Jena,
are crucial to the success of the institute. In this context, it should be emphasized that an ERC
award has once again been acquired. An ERC Consolidator Grant was awarded to Dr. Christoph
Heyl, research group leader at DESY and the Helmholtz Institute Jena, for his project ‘GASONIC
– Gas Phase Sonophotonics’. The research project, funded with 2 million euros over five years,
will extend Dr. Heyl’s pioneering work on deflecting intense laser pulses using intense ultrasound
waves directly in the air. This approach was initially investigated as part of the SOPHIMA col-
laboration, which was supported by a wildcard grant from the Carl Zeiss Foundation.

Finally, we would like to report on the promotion of young scientists, which is a cornerstone of
the institute. The Research School for Advanced Photon Science (RS-APS) at the Helmholtz
Institute Jena continues to be an integral part of the institute and successfully aims to promote
and support young scientists during their doctoral studies. The number of participants remains
constant at between 50 and 60 doctoral students, with around half of the students being funded
directly by the Institute and the other half receiving third-party funding. The proportion of fe-
male early career researchers is stable at around 20%, while the school has a diverse international
flavor, with more than 50 % of doctoral students coming from abroad. At the end of Novem-
ber 2024, the RS-APS and the HGS-HIRe organized their eleventh annual lecture week. The
lecture week, organized in collaboration with the Helmholtz AI Consultant Team for Matter Re-
search under the motto ‘Machine Learning from Scratch’, included in-depth lectures, practical
programming exercises and a poster session for the participants and was very well received by
the approximately 25 participating students from GSI and the affiliated universities.

This volume of research demonstrates the scientific activities and successes of 2024.

Enjoy reading.
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Doctoral student program and public outreach at the Helmholtz Institute
Jena

R. Märtin∗1, C. Hahn1, and G. Weber1

1Helmholtz Institute Jena, Fröbelstieg 3, 07743 Jena, Germany

The HI Jena is committed to the training and educa-
tion of young scientists as well as to science communi-
cation to the general public with a particular focus on
high school students.

For the doctoral students at the HI Jena the Research
School for Advanced Photon Science (RS-APS) continues
to provide a structured PhD education, supporting young
scientists during their studies. The number of participants
lies consistently at between 50 and 60 doctoral students,
with about half of the students being directly financed by
HI Jena and the other half being third-party-funded. The
number of female young scientists remains stable at about
20 %, while the school exhibits a high degree of interna-
tionality with more than 50 % of the students coming from
abroad. In the 2024 reporting period ten PhD students suc-
cessfully graduated.

A main pillar of the graduate program is the education
offered by RS-APS and its partners, namely the graduate
school for Hadron and Ion Research HGS-HIRe for FAIR
and the Graduate Academy Jena. In late November 2024,
RS-APS and HGS-HIRe hosted the eleventh iteration of
their annual Lecture Week. Organized in cooperation with
the Helmholtz AI Consultant Team for Matter Research
under the headline “Machine Learning from Scratch” the
Lecture Week included in-depth lectures, hands-on pro-
gramming exercises as well as a participant poster session,
and was very well received by the about 25 attending
students from HI Jena/GSI and affiliated universities.

Figure 1: Group picture taken during the Lecture Week in
November 2024.

∗r.maertin@hi-jena.gsi.de

Figure 2: Members of the HI Jena at “Tag der Physik” PAF
(© Falk Ronneberger/PAF).

In addition, HI Jena has established itself as a constant
contributor to various outreach initiatives in Jena. Beyond
its recent accession as a site partner of the federal network
“Netzwerk Teilchenwelt”, the institute took part in the “Tag
der Physik”, a yearly event organized by the Faculty of
Physics and Astronomy of the University of Jena to in-
spire enthusiasm for physics in both high-school students
and the general public. Moreover, HI Jena also joined the
citywide “Lange Nacht der Wissenschaft” on 22 November
2024 with an exhibition booth and various hands-on exper-
iments, which managed to attract more than 200 visitors. In
addition Prof. Malte Kaluza gave a popular science lecture
on the “Physics of string instruments” during the afternoon
program of the Physics Olympics of the State of Thuringia.

High-school students with interest in getting insight view
into science were again offered to work on their own scien-
tific projects with the supported by the institute. For exam-
ple, two students spent two weeks for an individual intern-
ship, one working on the trigger counter for the POLARIS
Laser while the second high school student built a Geiger-
Müller Counter which ended up being part of a weather
ballon project on the “Tag der Physik”.

To improve the outreach activities, the institute bought a
CZT gamma spectrometer, which will be used in the intro-
duction to radioactivity of high school students. In addi-
tion, a team of high school students uses the detector for
their “Seminarfacharbeit” with the goal to investigate the
radon exposure in various buildings.
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Supporting Day of Physics and Astronomy @UniJena

V. Tympel∗1,2

1Helmholtz Institute Jena, Fröbelstieg 3, 07743 Jena, Germany; 2GSI, Planckstraße 1, Darmstadt

The flight of a stratospheric balloon is an exciting
undertaking and suitable to arouse an interest in the
STEM (science, technology, engineering, and mathe-
matics) subjects among high school students. The
Regener-Pfotzer maximum (extremum of secondary
cosmic rays) at an altitude of about 20 km is a worth-
while target that can be easily measured with Geiger-
Müller counters (GMCs).

In March 2024, the Day of Physics and Astronomy 2024
took place in the main building of the Faculty of Physics
and Astronomy in Jena. The faculty had invited to a fore-
taste of science, studies and professional life. HI Jena sup-
ported the Institute of Solid State Physics (IFK) in orga-
nizing the event. A highlight was the launch of the strato-
spheric balloon from the roof terrace of the main building
of the faculty. The payload (Fig. 1) consisted of four mea-
suring instruments and two transmitters, which provided
live transmission of the measurement data and telemetry to
the lecture hall (Fig. 2).

The radio connection was made in the 70-cm amateur ra-
dio band with the support of the German Amateur Ra-dio
Club local chapter Jena (DARC X-22). The general trans-
mitter with Automatic Packet Reporting System (APRS)
was received by stations in Germany, Poland, the Czech
Republic, Austria and Luxembourg and the trajectory was
put on the Internet. The measurement data from the RS41
transmitter were received with an antenna on the roof of the
IFK building and transmitted to the lecture hall.

For the first time, all 6 available data transfer slots were
used. Three were used for Geiger Müller counters (GMC).
Two GMC41 from the student soldering kit [1] with one
tube each. A first test of a GMC42 with two slightly larger
tubes, one of them with an energy filter (blocked p+ < 10
MeV, gamma < 100 keV). The Regener Pfotzer Maximum
(RP-Max) could be clearly measured (Fig. 3). GMC42
showed that the measured events had energies that the filter
could not stop. The GMC41 showed that aging drift was
undetectable after 10 flights. Slot#3 was a maiden flight
of a GMC built by an 11th grade student from Hanover
during an internship at HI Jena in February 2024. Com-
parisons to older measurements with the GMC41 match
Indian measurements that describe an anti-correlation be-
tween RP-Max and solar activity. Flights in the next 6 years
should provide more clarity here.

The results of the 3-channel spectral UV-A/B/C (ams-
osram AS7331) were somewhat surprising. Unfortunately,
the ozone effect at UV-C was not obvious, which was con-
firmed on a later second flight in August 2024.

∗v.tympel@hi-jena.gsi.de

Figure 1: Payload with APRS transmitter, UV sensor, 2x
GMC41, 1x GMC42, RS41 transmitter (top l. to bottom
r.).

Figure 2: Decoding software RS41Tracker with measure-
ment data of 6 slots, telemetry and trajectory on the map.

Figure 3: RPM measured with the 4 tubes, one GMC42
(CBM20, one with energy filter), two GMC41 (J305-90).

References
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Update on the Front-End Upgrade for the POLARIS Laser System

G. A. Becker∗1, M. Hornung1,2, M. B. Schwab1, M. Hellwing1, F. Schorcht2, and M. C. Kaluza1,2

1IOQ, FSU Jena, 07743 Jena, Germany; 2HI Jena, Fröbelstieg 3, 07743 Jena, Germany

We present an update on the front-end of the PO-
LARIS laser system including the active pulse stretcher
system (AS). The output pulses of the AS were used to
seed the 2nd2nd2nd regenerative amplifier (A2) of POLARIS
for further amplification. The amplified pulses were
then recompressed to the Fourier transform limit and
the temporal intensity contrast (TIC) was measured.

For future experiments with the POLARIS laser system
in the new target area Fraunhofer, a new pulse compressor
with a monolithic grating designed for an angle of inci-
dence of 54◦ will be used (described in another part of this
annual report). The new AS had previously been tested at
that angle [1]. However, the gain profile of the AS was not
optimized at that time, resulting in a spectral bandwidth of
only 17 nm (full width at half maximum (FWHM)).

To increase the bandwidth, the gain profile was shaped
using tunable spectral filters [2] to support short pulse du-
rations close to 100 fs. The AS with the improved gain pro-
file was seeded with pulses containing 90 µJ of pulse energy
that have been stretched to pulse duration of 500 fs before.
These pulses were amplified and stretched in 16 passes
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Figure 1: The top and the bottom left images show the
spectral and temporal shapes of the laser pulses, respec-
tively, measured with a Spider on a linear scale. The image
on the bottom right shows a measurement averaged over 60
consecutive pulses on a logarithmic scale, as measured with
a WIZZLER. The blue shaded area indicates the standard
deviation of the pulse shapes.
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Figure 2: Temporal intensity contrast (TIC) of the laser
pulses measured by a SEQUOIA.

to an energy of 200 µJ and a pulse duration of 1.3 ns.
Then, the pulses passed through a DAZZLER HR45-1030
[3] to correct spectral phase aberrations before seeding the
A2. The cleaned pulses could be amplified to the mJ level
in the A2. After amplification, the pulses were directed
to a test compressor, where they were temporally recom-
pressed. They were then characterized using an IR-Spider
[4] and a WIZZLER [3].

Figure 1 shows the measured temporal and spectral
shapes of the laser pulses. These measurements revealed
a pulse duration of 95 fs (FWHM) and a spectral band-
width of 27 nm (FWHM), as measured by the Spider.
The WIZZLER measured 60 consecutive nearly identical
pulses on a logarithmic scale, showing an average duration
of (91± 1) fs. This result is very close to the Fourier trans-
form limit of 90 fs.

Figure 2 shows the TIC of the laser pulses, as mea-
sured by a SEQUOIA [5]. The rising edge of the laser
pulses reaches the detection threshold of the Sequoia de-
vice around −25 ps before the arrival of the pulse peak.
Three pre-pulses can be identified at −148 ps, −120 ps,
and −55 ps before the arrival of the pulse peak, and their
origin in the AS and A2 will be investigated. The pulse
shape and TIC shown here represent a significant improve-
ment over the previously used version of the stretcher [6].
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Gain compensation of a Yb:CaF2 laser amplifier with spectral filters
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We present the process and results of designing tun-
able spectral filters (TSF’s) to compensate for gain nar-
rowing effects in a Yb:CaF2-based, high power, ultra-
short laser amplifier system. We start with a sophisti-
cated characterization of the spectral gain of Yb:CaF2

as a basis for spectral gain compensation. In order to
test different TSF designs, we developed a python-based
library to simulate the temporal and spectral output
profile of a laser-diode pumped CPA amplifier in com-
bination with the spectral losses of a TSF. Using this, we
can determine the optimal design parameters to achieve
the desired output spectrum in the A2-amplifier stage of
POLARIS.

At the POLARIS laser system, the Yb:FP15 glass is lim-
ited to output fluences of ≈ 3 J/cm2 due to its thermo-
mechanical properties. In comparison, Yb3+-doped cal-
cium fluoride (Yb:CaF2) has a significantly larger thermal
conductivity supporting higher output fluences and laser
repetion rates [1]. However, the spectral gain is more com-
plex, thus making the design of suitable spectral filters for
broad-bandwidth laser pulses challenging. To characterize
the spectral amplification of Yb:CaF2, the spectrum of the
amplified laser pulses as a function of the number of cavity
round trips was measured. From the change in the shape
of the spectrum per round trip and the measured pulse en-
ergy, the spectrally dependent small signal amplification
G0(λ, β) can be determined for each wavelength. In or-
der to gain access to parts of the gain spectrum with lower
gain, a Dazzler (fastlite) was placed in transmission into
the beam path to diffract central parts of the spectrum out
of the cavity. The obtained results are then combined into
a single curve, which can be fitted to the small signal gain

G0 = (1− L) · exp[Ndop(βσem − (1− β)σab)d], (1)

where d is the crystal thickness, L a loss term, Ndop =
3.3 ·10−20/cm3 the doping concentration, and σem, σab the
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Figure 1: Spectral gain measurement of Yb:CaF2 and com-
parison with the small signal gain G0 (dashed line).
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absorption and emission cross sections of the material. The
measured gain spectrum of Yb:CaF2 is shown in Fig. 1.

Tunable spectral filters (TSF) are dielectric layer sys-
tems on a glass substrate with a wavelength and angle-of-
incidence dependent reflectivity. Placing them in transmis-
sion into the laser cavity allows for a precise adjustment
of the spectral losses. For their design, we implemented
the Frantz-Nodvik solution [2] of a 3-level system [3] for
the energy extraction process in a python-based simulation.
The TSF was included as a spectral loss term at each round
trip in the laser cavity. To achieve a high flexibility we dis-
tributed the required reflectivity profile among four filters
whose angles can be controlled independently. Using the
simulation, a TSF design of a Gaussian profile with a max-
imum reflectivity of 4.5% and 13 nm (FWHM) spectral
bandwidth yielded the best results. Fig. 2 shows the simu-
lated output spectrum of the A2-amplifier stage with an in-
put spectrum centered at λ = 1035 nm and a bandwidth of
28 nm (FWHM), which was maintained after amplification
of 32 cavity round trips and a total gain of G = 3.2 · 103.
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Figure 2: Top: Simulated output spectrum for the last 5
round trips in the amplifier cavity and the amplified seed
spectrum with a constant gain (dashed). Bottom: Opti-
mized angles of the TSF with the total reflectivity profile.
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Characterization of Yb:LiMgAS as a new laser material for diode-pumped,
high power laser systems
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We present the spectral characterization of Yb3+-
doped Lithium-Magnesium-Alumino-Silicate glass
(Yb:LiMgAS) as a new laser material suitable for high
power laser applications at 1030 nm such as POLARIS
due to its beneficial thermo-mechanical properties. We
discuss its thermal lensing behaviour and characterize
the spectral gain for different pump intensities showing
its potential for broadband amplification.

Yb3+-doped Li-Mg-Alumino-Silicate (Yb:LiMgAS)
glass is a new laser material, which was first manufactured
by the company Vitron [1, 2] in 2015. It exhibits similar
spectral properties to the currently used Yb:FP15 glass in
the POLARIS laser system, but it has a reduced thermal
expansion coefficient and a higher fracture strength,
promising a larger resistance to laser induced damage [3].

The cross sections (c. f. Fig. 1) of Yb:LiMgAS show
broad, smooth absorption and emission bands with in-
creased values compared to Yb:FP15 or Yb:CaF2 at
1030 nm, however, this is mainly attributed to the reduced
radiative lifetime of τr ≈ 1ms [2].
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Figure 1: Absorption and emission cross sections of
Yb:LiMgAS at 300K. The spectroscopic measurements
were performed by Vitron. [1]

Even though the thermo-mechanical properties of
Yb:LiMgAS lead to a much higher laser induced damage
threshold (LIDT) of > 15 J/cm2 [2] compared to Yb:FP15
glass (≈ 3 J/cm2), the new glass exhibits a strong thermal
lensing effect. In a preliminary test, this was demonstrated
by recording the beam profile of an alignment laser prop-
agating through the pumped material at various pump cur-
rents as shown in figure 2. The strong lensing effect can
be reduced by shortening the diode-laser pump duration to
1ms and placing a corresponding lens with a focal length
of f = −2m in front of the sample (double pass setup).
This allows the formation of a stable mode in the cavity for
pump intensities in a range of 40 to 50 kW/cm2.

∗m.beyer@uni-jena.de

0 A 25A 30A 35A

40A 45A 50A 55A

Figure 2: Beam profile of an alignment laser propagating
through the pumped Yb:LiMgAS sample at different diode
currents, demonstrating thermal lensing. The camera was
placed at around 3m distance to the sample.

For the gain characterization, spectra of the amplified
laser pulses were measured as a function of the number
of cavity round trips. The small signal gain G0(λ, β) can
be determined for each wavelength from the change in the
shape of the spectrum per round trip and the measured
pulse energy. This is then fitted to the small signal gain

G0 = (1− L) · exp[Ndop(βσem − (1− β)σab)d], (1)

where d = 12mm is the crystal thickness, L a loss term,
Ndop = 6 · 10−20/cm3 the doping concentration, and
σem, σab the emission and absorption cross sections of the
material. The measurement (double pass setup) is shown in
Fig. 3. The spectral gain profile is very similar to Yb:FP15
glass [4], but the measured gain is larger, even though the
losses L are higher due to thermal lensing.
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Figure 3: Spectral gain measurement of Yb:LiMgAS for
different pump intensities and fit to the small signal gain.
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Development of the Terawatt mid-IR Laser System CHROMEO

C. Anschütz∗1,2, J. Hein1,2, and M. C. Kaluza1,2
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Various laser-driven plasma experiments such as par-
ticle acceleration or high harmonic generation can ben-
efit from using mid-IR laser pulses as the driver [1, 2].
CHROMEO is aiming at reaching TW peak powers de-
livering 100 mJ pulses at 2400 nm with 100 fs duration.
Following the successful development of a stretcher-
compressor pair [3], the focus has shifted to the design
and optimization of the amplifier chain.

After the successful design, simulation, and implementa-
tion of the stretcher and compressor module for 2400 nm
pulses [4], the amplifier development phase has com-
menced. The first amplifier follows a regenerative archi-
tecture using a closed cavity formed by two concave mir-
rors. To account for the low saturation fluence of Cr:ZnSe
(≈ 65mJ/cm2 at peak), the cavity design was optimized
for a beam waist of 2.6mm, corresponding to a cavity
length of 2500mm with mirrors of 5000mm radius of
curvature. A RTP-based Pockels cell is employed in λ/4
mode with a double-pass configuration to reduce the risk
of air breakdown under high voltage operation. As pump
sources, two options are available: a custom-built cryo-
genically cooled Q-switched Tm:YAG laser producing up
to 9mJ, and a commercial Tm:YAP system delivering over
10mJ. The cavity layout and Tm:YAP pump system, both
designed using our in-house LaserCAD software [4], are
shown in Figure 1.

Figure 1: The regenerative amplifier’s complete cavity de-
sign alongside the Tm:YLF laser, as designed with Laser-
CAD [4]. CM: curved mirror R=5000 mm, PC: RTP Pock-
els cell, L4: Quarter wave plate, TFP: thin film polarizer,
DC: dichroic mirror. Both available pump laser beam lines
are shown in yellow.

To address increased diffraction effects at mid-IR wave-
lengths, an adjustable mode adaptation telescope was de-
veloped and implemented. This allows for tuning both the
input beam diameter and its complex-valued q-parameter to
optimally match the regenerative cavity eigenmode. Am-
plification performance and saturation behavior were simu-
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Figure 2: Simulated extraction fluence of the regenerative
amplifier after each pass. A pump energy of 1 mJ and a
seed energy of 5 nJ as well as a homogeneous pump profile
were assumed. The simulations were done with the same
tool as introduced in [5].

lated using our new LaserSIM software [5]. The simulation
results, presented in Figure 2, indicate that the regenerative
amplifier is capable of boosting the pulse energy from the
nJ to the mJ level.

Initial single-pass amplification experiments already
show a gain factor of 7 in the small-signal regime. Further
improvements are expected by optimizing the pump mode
overlap and increasing the round trip duration in the regen-
erative stage. Once this first stage is fully optimized and
characterized, a subsequent multi-pass amplifier, pumped
by the cryogenically cooled 300mJ Tm:YAG system, is
planned to reach the targeted energy of 100mJ.
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140 W, in-band pumped, Q-switched, thulium-doped, fiber laser system
delivering 7 mJ pulse energy

M. Lenski∗3, T. Heuermann5, Z. Wang3, C. Aleshire3, C. Gaida5, C. Jáuregui3, and J. Limpert1,2,3,4

1HI Jena; 2GSI; 3IAP, FSU Jena; 4IOF, Fraunhofer Jena; 5Active Fiber Systems GmbH

A Q-switched, in-band pumped, Tm-doped MOPA
sys-tem delivers 140 W average power and 7 mJ pulse
energy with 77% slope efficiency. This is achieved
by pumping at 1692 nm, which significantly reduces
the heat load, enabling the development efficient, high-
power, Tm-doped fiber lasers for demanding applica-
tions [1].

A plethora of applications in materials processing,
medicine, and frequency conversion to the mid-IR and
EUV spectral regions [2, 3] have created a growing de-
mand for efficient, high-energy, high-power laser systems
emitting in the 2µm range. In this context, Thulium (Tm)-
doped fiber lasers constitute a promising technology due
to their scalability and ability to deliver high pulse energy.
However, traditionally, these lasers are pumped at 793 nm
which severely limits their slope efficiency (≈ 40%) due
to a high quantum defect and related thermal issues. Even
though a theoretical efficiency increase is possible by ex-
ploiting cross-relaxation (CR) processes, this only works
reliably with low population densities of the upper laser
level. Unfortunately, this requirement is difficult to meet
high energy fiber laser systems, which usually rely on high
inversion levels in short fibers. Therefore, in practice, there
is a defacto trade-off between efficiency and high pulse en-
ergy output, as shown in Fig. 1.

To address this, our study investigates in-band pumping
(1550-1900 nm) of Tm-doped fibers, which significantly
reduces the quantum defect and heat load. In fact, our sim-
ulations show that an in-band wavelength between 1622-
1700 nm offers a good balance between stored energy and
acceptable fiber absorption length. A Q-switched, master
oscillator power amplifier (MOPA) setup was developed
using two 1.3m rod-type, Tm fibers; one for the oscilla-
tor and one for the amplifier. The system was tested with
both 1692 nm (in-band) and 793 nm pump wavelength.
The oscillator delivered 375 µJ pulses at 20 kHz. In the
amplifier, in-band pumped system achieved 77% slope ef-
ficiency, more than two times that achieved by with the
793 nm pumping (32%). This yielded an average output
power of 140 W and a pulse energy of up to 6.95 mJ, cor-
responding to 75 kW peak power.

By spectrally tuning the emission to 1888.5 nm (which
falls in between two water vapor absorption lines) ensured
good beam quality without the need for a special atmo-
sphere. Our simulations confirmed that in-band pumping
significantly reduces the heat load (44 W/m vs. 114 W/m
for 793 nm) at higher output powers.

∗mathias.lenski@uni-jena.de

Figure 1: Published ns-class, 2 µm fiber laser systems
with corresponding pulse energy, repetition rate and aver-
age power. The slope efficiency is indicated by the color-
bar. The result of this work is represented by a red star
(corresponding to the achived slope efficency of 77 %).

Conclusion—This system has demonstrated the highest
slope efficiency (77%) ever reported for a mJ-class, Tm-
doped, fiber laser system. Additionally, the system de-
veloped is a scalable, energy-efficient platform ideal for
nonlinear optics applications, including mid-IR and EUV
generation. Future improvements include a further pulse
shortening, better fiber designs for improving in-band ab-
sorption, and beam combination techniques using multi-
core fibers. These improvements will allow developing J-
class, Tm-doped, fiber laser systems in the future.

The authors acknowledge funding from TAB (FGR0022),
FhG CAPS, ERC SALT, BMBF (13N15244, PINT), DFG
(416342637, 416342891)
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Progress of the POLARIS Pulse Compressor Upgrade
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1HI Jena, Fröbelstieg 3, 07743 Jena, Germany; 2IOQ, FSU Jena

We report on the current progress of the POLARIS
pulse compressor upgrade. In 2024, the compres-
sor laboratory has beren renovated including a new
floor. In the refurbished laboratory we installed a new
pulse compression chamber and three additional vac-
uum chambers for beam transport.

After the complete dismanteling of the former POLARIS
pulse compressor laboratory we started the installation of
a novel vacuum system for beam transport and pulse com-
pression [1].

In Figure 1 a photo of the POLARIS compression labora-
tory is shown. The main compression chamber, with an in-
ner size of 4.59 m x 1.52 m x 1.13 m above the breadboard,
consists of 3 segments and was manufactured by STRE-
ICHER, spol. s r.o. Plzeň (Czech Republic). The cham-
ber is visible in the background on the left and includes a
10 cm thick 4.5 m x 1.5 m vibration decoupled breadboard
to mount the compression optics with highest stability and
lowest enviromental influences. An ultimate pressure of
3× 10−8 mbar is achieved with a very high level of cleani-
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Figure 1: View into the renovated compressor laboratory. The 3-segmented main compression chamber is positioned in
the background on the left. The circular grating chamber in the center of the picture and a small turning chamber are
directly attached to the main compression chamber. The switchyard chamber (in the foreground) will be connected in the
future via a DN320-vacuum tube to the turning chamber. Within the switchyard chamber it is possible to decide if the
compressed POLARIS pulses are sent to the existing target area or will be send towards the new target area Fraunhofer.

ness. The formerly used pulse compression chambers were
reworked with adapted flange sizes and positions for the
new purpose. Furthermore the fixation of the breadboards
was significantly improved with respect to their stability.
To achieve the highest eigenfrequencies and hence stability
for the optical breadboards we have installed massive gran-
ite blocks as close as possible to the optical breadboards to
connect them on the ultra-stable floor while decoupling the
breadboard from the vacuum chamber with bellows.

The two circular chambers are already connected to the
main compression chamber (cf. Fig. 1). The switchyard
chamber (foreground in Fig. 1) handles an adaptive op-
tics system for wavefront flattening and manages the beam
transport either to the existing target area one level below
the compressor laboratory or to the new target area Fraun-
hofer.

The authors acknowledge funding from European Union
(EFRE, 2022 FGI 0003).
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High performance few-cycle compression in the short-wave infrared
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The project develops ultrafast laser sources in the
short-wave infrared range (1.4–3 µm, SWIR) with high
pulse energies and repetition rates. Enabled by an
in-house Tm-doped fiber CPA system, we achieved
mJ-level, >100 W few-cycle pulses using two post-
compression scheme. Sub-two-cycle pulses were gener-
ated via a gas-filled hollow-core fiber (HCF), while the
multipass cell (MPC) supports 20 fs compression with
95% efficiency. These results highlight strong potential
for post-compression technique in the SWIR region and
its great promise for subsequent applications.

In recent years, there has been a growing interest in laser
sources with high pulse energy and high repetition rates
in the short-wave infrared range (1.4-3 µm) for scientific
and industrial applications. Compared to established ra-
diation sources at 1 µm, the longer wavelength provides
fundamental advantages for certain nonlinear conversion
processes, such as the generation of THz [1], mid infrared
(mid-IR) [2] or soft X-ray radiation [3]. For efficient fre-
quency conversion, for example by generating high har-
monics (HHG), pulse durations of only a few cycles per
pulse are preferred. Over the last years, we have built a
high-power Tm-fiber CPA system, which delivers about 90
fs pulses with 1.6 mJ pulse energy at 101 kHz repeti-tion
rate. However, for subsequent applications, pulse shorten-
ing down to few-cycle regime is demanded.

Pulse compression using HCF scheme—The first post-
compression is performed using an argon-filled HCF, pro-
viding 10.2 fs pulses (sub-two cycle at 1.87 µm central
wavelength). The output pulses exceed 1.3 mJ of pulse en-
ergy and >130 W of average power, presenting the highest
reported average power for a sub-two-cycle SWIR source
to date [4]. Moreover, the system provides an excellent
output beam quality and power stability.

Pulse compression using a multipass cell—In the re-
cent years, MPC have emerged as an effective alternative
for post-compression, offering superior trans-mission and
maintaining beam quality. While this method was already
demonstrated successfully at the HIJ several times in recent
years at 1 µm, it has, until now, not yet reached mJ-energies
or >100 W power in the SWIR.

Using our in-house built laser system, it was possible
to spectrally broaden pulse energies of 1.6 mJ at a rep-
etition rate of 100 kHz at a wavelength of 1.9 µm in a
krypton-filled MPC. The subsequent temporal compres-
sion achieved a pulse duration of 20 fs, which corresponds
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Figure 1: Retrieved output pulse profile of HCF-
compression. Inset: Near-field imaged output beam profile.

to three optical cycles, at an overall transmission of 95
%. Combining the powerful Tm-laser and the excellent
transmission efficiency of the post-compression stage, this
achievement represents the highest average power ever re-
ported for a sub-5-cycle SWIR source [5].

These unique results demonstrate the transferability of
nonlinear compression techniques and peak power scal-ing
potentials of ultrafast SWIR laser system. Moreover, the
laser system serves as a powerful platform for effi-cient and
broadband generation of THz, mid-IR, as well as soft X-ray
in the water window.
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Efficient amplification scheme for few-cycle laser pulses using an optical
parametric multi-pass cell amplifier
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Multi-pass cell (MPC) based post-compression offer-
ing high transmission, large compression factors, and
excellent beam quality is a key technology for ultrafast
laser source development. However, it is limited in spec-
tral tunability and temporal contrast. In contrast, op-
tical parametric chirped pulse amplification (OPCPA)
provides superior spectral tunability and temporal con-
trast, but suffers from low pump-to-signal conversion
efficiency (<20%) and suboptimal beam quality. Here
we present a novel hybrid approach — the optical para-
metric multi-pass cell (OPMPC) amplifier, combining
the strengths of MPC and OPCPA. Our numerical sim-
ulations demonstrate that OPMPC supports over 50%
amplification efficiency, broad spectral bandwidth, and
excellent spatio-temporal pulse quality, making it a
promising scheme for high-power ultrafast lasers.

High-power, few-femtosecond laser sources primarily re-
lies on two technologies: chirped pulse amplification with
multi-pass cell (MPC) based post-compression [1], and op-
tical parametric chirped pulse amplification (OPCPA) [2].
However, the limitations of the two technologies in terms
of spectral tunability, efficiency and spatio-temporal pulse
quality can introduce key constraints for applications such
as strong-field physics, secondary sources, and many more.
To address these challenges, we introduce the optical para-
metric multi-pass cell (OPMPC) amplifier, combining the
benefits of MPC and OPCPA.

We present results from our (3+1) D simulations using
the chi3D software [3]. The method uses thin nonlinear
crystals in an MPC for parametric amplification. Collinear
pump and signal pulses propagate through the MPC, while
the idler is filtered out after each pass to prevent back-
conversion due to phase mismatch and uneven pump deple-
tion. Fig. 1(a) illustrates the scheme using MPM mirrors
reflecting both pump (1.03 µm) and signal (1.6 µm) wave-
lengths. Four 0.15 mm thick KNbO3 crystals are symmetri-
cally placed near the focus, spaced 25 mm apart. Adjacent
crystal pairs have complementary orientations to compen-
sate for spatial walk-off. The pump pulses have a duration
of 1 ps with 1 mJ pulse energy. A suitable seed spectrum
spanning 1.3 µm to 2.1 µm is utilized. The seed is chirped
to optimize the temporal overlap with the pump.

Fig. 1(b) shows the seed spectrum together with the am-
plified signal spectrum after 20 passes through the MPC.
Linear losses occurring at crystal interfaces and mirrors are
taken into account, leading to a linear transmission of the
multi-pass cell of 80%. Our simulations predict conver-
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Figure 1: (a) Schematic of the OPMPC with collinearly
propagating seed and pump pulses. CM: Chirped mir-
rors. Simulated (b) input seed and output signal spectra, (c)
pump depletion and conversion efficiency, (d) compressed
output pulse. Inset: output signal beam profile.

sion efficiencies exceeding 50% in a key spectral range.
The simulated signal saturates at around 50% conversion
efficiency due to cell transmission losses, limiting perfor-
mance below the quantum limit of 64%. The compressed
output pulse after second and third order dispersion opti-
mization yields a 20 fs (FWHM) amplified output pulse,
close to the ∼18 fs Fourier limit, as shown in Fig. 1(d).
The inset displays excellent signal beam profile, resulting
from the quasi-waveguiding properties of the MPC.

In conclusion, we introduce a novel optical paramet-
ric multi-pass scheme integrating nonlinear amplification
within an MPC. Numerical simulations taking into account
idler suppression after each pass through the MPC reveal
excellent efficiency and spatio-temporal pulse quality.

The authors acknowledge funding from BMFTR, under
grant 13N16678.
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We present the status of the beam transport system
from POLARIS and JETi200 to the new target area
Fraunhofer. In particular, we describe the installa-
tion and commisioning of the wedding chamber and the
progress in manufacturing the beam shaping chamber.

The layout of the beam transport system was described in
detail in last year’s annual report [1]. It consists of a num-
ber of vacuum chambers for beam guiding through the dif-
ferent laboratories. Finally, the JETi200, JETiOne and PO-
LARIS laser pulses are combined in the so-called wedding
chamber. From this point onward, the three laser pulses are
propagating spatially separated in a DN630 vacuum tube
towards the beam shaping chamber. This beam shaping
chamber can be used to optimize, modify and focus the
laser pulses individually. During the last year we continued
the construction and planning of the overall system. With
the commissioning of the wedding chamber an the design
approval of the beam shaping chamber we achieved two
significant milestones. A photo of the wedding chamber is
shown in Fig. 1. The wedding chamber with an inner size

Figure 1: Wedding chamber on the stability optimized con-
crete block. For accurate attachment a glued and screwed
granite block is used to connect the wedding chamber with
the concrete block.

∗marco.hornung@uni-jena.de

0.92 m x 0.80 m x 0.82 m above the 10 cm thick aluminum
breadboard has a DN320-flange on the top as the entrance
for the JETi200 and JETiOne laser pulses and a DN500-
flange on one side as the entrance for the POLARIS laser
pulses. Inside the wedding chamber two large aperture
mirror mounts will direct all three laser pulses through a
DN630-output flange towards the beam shaping chamber.

The cutted schematic layout of the beam shaping cham-
ber is displayed in Fig. 2 to show the inner construction.
Currently, the chamber is being produced by Pfeiffer Vac-
uum Components & Solutions GmbH (Germany) and the
delivery and construction is planned for Q4/2025. The
beam shaping chamber will be mounted onto a 75 cm high
block of concrete.

Figure 2: Cutted schematic view of the beam shaping
chamber. The outer dimensions are 6.15 m x 1.94 m x
2.25 m and the chamber is separated in 5 segments to en-
sure the introduction.

One major challange for the beam shaping chamber is
the ultra-stable mounting of optical mounts in two different
heights at 2.5 m and 1.4 m above ground. To avoid vibra-
tions and movements of the turning mirrors and focusing
elements a complex setup is required. In coorparation with
the Baudynamik Heiland & Mistler GmbH (Germany) an
ultra-stable and flexible shear wall system was developed.
The shear wall system is shown in Fig. 2, where the edges
are marked in red. It offers two mounting levels. Due to the
simulation and optimization of the overall system with re-
spect to the highest eigenfrequencies the required stability
for the optic mounts is ensured.

The authors acknowledge funding from European Union
(EFRE, 2022 FGI 0005).
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Understanding the interaction of a high-intensity
laser pulse with matter is a fundamental part of the sci-
entific program at the Helmholtz Institute Jena. The
combination of JETi200 and POLARIS in the new Tar-
get Area Fraunhofer (TAF) will open the path for a new
type of high-intensity experiments.

The two high-power lasers JETi200 and POLARIS have
a peak power of more than 200 TW each. This allows
pump-probe experiments to be carried out in a new param-
eter space, e.g. use electron or ion beams as a probe. The
transient nature of the observed phenomena also requires
an additional optical probe pulse with a duration of a few
femtoseconds only over a wide spectral range, from the vis-
ible to the short wave infrared, the JETi ONE.

For the experiments to be successful, all three laser sys-
tems must be synchronized with each other. The temporal
jitter should be below 20 fs (rms) to ensure a reliable tem-
poral overlap. Cycle GmbH provided the timing system to
synchronize all three laser systems. The main component is
a temperature-stabilized platform for the low noise optical
master oscillator (OMO) running at 1550 nm, see Fig. 1.

Figure 1: Installaton of the Pulsed Timing System in the
POLARIS lab

The pulses are split into four channels each equipped
with an out-of-loop delay line to select the relative de-
lay between the timing links and hence to the synchro-
nized oscillators. The timing links have a length of 80 m
and are distributed from the POLARIS lab to JETi200 lab
and TAF. The synchronization between the timing link and
the oscillators is based on Two-Colored Balanced Optical
Cross-Correlators (2x 1550 nm/800 nm and 1550 nm/1030
nm) [1]. Depending on the noise level of the used os-
cillator a synchronization with a jitter below 5 fs was
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Figure 2: Temporal integrated jitter measurement between
the Element 2 and Flint oscillator.

Figure 3: Long-term temporal integrated jitter measure-
ment between the Element 2 and Flint oscillator.

achieved. Furthermore the temporal delay jitter between
the new JETi200 oscillator (spectra physics Element 2) and
the new POLARIS oscillator (light conversion Flint) have
been measured in the frequency range between 1 Hz and 1
MHz to 11 fs (rms), see Fig. 2. The long-term drift over 10
hours was measured to 5 fs (rms), see Fig. 3.

The next step is to put the oscillators at their designated
position at the beginning of each laser system.

The authors acknowledge funding from Thüringer Min-
isterium für Bildung, Wissenschaft und Kultur (2023 FGI
0022) and the Europäischen Fonds für regionale Entwick-
lung (EFRE).
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Laser Plasma Accelerators (LPAs) demand stable
laser operation due to the non-linearity of various ac-
celeration mechanisms, e.g., LWFA, TNSA, etc. Rein-
forcement Learning (RL), using the model-free Proxi-
mal Policy Optimization (PPO) algorithm, is tested as a
control technique for alignment of the POLARIS laser’s
regenerative amplifiers using existing laser diagnostics.
Control of two input mirrors into a regenerative ampli-
fier was given to the trained RL agent. The stationary
task of realigning to known references is performed in
∼ 5 laser shots, while the non-stationary task of find-
ing a new optimal alignment is still being refined. Se-
quential and simultaneous control of the input align-
ment and the amplifier’s cavity alignment is also the
subject of ongoing tests. Similar work on automated
laser alignment using RL can be found in [1].

The PPO algorithm [2] was introduced in 2017 as a
successor to a more computationally intensive algorithm
(TRPO [3]) and has seen wide success in a diverse range
of applications. Like most RL algorithms, it is fundamen-
tally based on the Markov Decision Process (MDP) frame-
work used in learning optimal policies for sequential deci-
sion making. The goal of such a policy, which in modern
RL is encoded into the weights and biases of a neural net-
work (NN), is to maximize the expected sum of rewards
collected by the agent depending on how it interacts with
its environment. Observations (see Fig. 1) of the environ-
ment are given to the agent’s NN which produces actions
to be performed on the environment. The change in the
environment’s state is used to determine the reward signal.

In the work described here, observations include the laser
beam’s position on CCD sensors that monitor the amplifier
chain, as well as the output laser energy from the ampli-
fier. Actions are limited to the motion of stepper motors
that control the orientation of laser mirrors in the ampli-
fier chain. Training an agent to learn an optimal control
policy requires, for “vanilla”-RL algorithms, millions of it-
erations with the system. Given the 1 Hz repetition rate
of the amplifier, training an agent must be performed in
simulation, meaning a simulation of the amplifier system
must be available. Furthermore, the so-called “Sim2Real”-
gap must be investigated. In short, this gap consists of all
the hardware defects, noise sources and other biases that
the simulation might not contain, which prevents the con-
trol policy, learned in simulation, from being optimal in the
hardware environment.

Two methods of simulating the input mirror system were
developed. The first implemented ray tracing using the
measured geometry of the mirrors and detectors in the lab-
oratory. The second method was based on a linear algebra
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Figure 1: Typical reinforcement learning scenario.

model that was calibrated using laboratory measurements.
Both methods exhibit advantages and disadvantages, and
both are suitable for use in training an agent in simulation.

Other important factors in this work have been the cal-
ibration and modelling of backlash and the improvement
of our beam diagnostics to resolve motion of the laser
beam. Motor backlash, if improperly simulated, prevents
the agent from learning the real result of driving the step-
per motors in a back-and-forth fashion, which can be nec-
essary for fine-tuning the laser alignment. The resolution
of our beam position diagnostics also needed improvement,
so that single motor steps are resolved at the CCD sensors.

Finally, two general alignment cases have been identified.
In the stationary case, the laser beam is aligned to known
references, defined as beam positions on the CCD sensors.
In the non-stationary case, the amplifier’s optimal energy
no longer coincides with the CCD references. This forces
the PPO agent to search in the vicinity of the previous CCD
reference for the new optimal laser alignment.

The current status of the project is as follows. In the sta-
tionary case, trained PPO agents can realign the laser beam
to known CCD references to sub-pixel accuracy in 5 laser
shots. This performance exceeds that of most, if not all,
human operators, especially when the laser mirrors cannot
simultaneously be controlled by a single human. Develop-
ment and testing of the non-stationary case are ongoing.
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Helmholtz Institute Jena has acquired a plasma
downstream asher, dedicated to removing unwanted ac-
cumulated carbonaceous layers from JETi200 compres-
sor gratings and beamline optics. A test chamber for
evaluation of the device was built and first tests were
performed. The downstream asher is readily installed
and easy to use.

At the JETi200 laser system large scale optics, such as
mirrors, gratings, or parabolic mirrors in vacuum beam-
line and pulse compressor are exposed to high intensity
laser pulses, UV, or ionizing readiation. While these op-
tical elements are kept under vacuum conditions, residu-
als of carbohydrates evaporate from contamination sources
and reach optical surfaces, eventually. Exposure to high
intensity laser pulses, or other mentioned types of radia-
tion, leads to cracking of residing carbohydrates. Volatile
compounds, as well as solid carbonaceous deposits [1] are
produced. Progressive build-up of these carbonaceous lay-
ers gradually decreases reflectivity and efficiency of men-
tioned optical elements. As a result, laser beam intensity
decreases over time, eventually prompting the need for re-
placement of optical elements. Considering, more than fif-
teen turning mirrors are installed in the JETi200 laser beam
line, just minor changes to their reflectivity result in a huge
drop in total transmission efficiency.
Cleaning approaches pose viable alternatives to replace-
ment strategies, including ozone cleaning [2], laser clean-
ing [3], and plasma cleaning [1]. Most of these methods
still require mirrors to be unmounted, entailing an effortful
procedure of realignment. However, downstream plasma
cleaning stands out, owing to its simple setup and in-situ
application procedure to the installed optical element.
A plasma downstream cleaner houses a radio frequency
plasma source, generating a plasma with oxygen radicals as
active cleaning species. Emitted oxygen radicals reach car-
bonaceous deposits and subsequently transform solid de-
posits into volatile compounds, e.g. CO2, that are readily
pumped out.
In order to profit from such cleaning prospects High In-
tensity Laser Physics working group of Helmholtz Institute
Jena has acquired a GV10x downstream asher from ibss
in 2024. After ten years of successful operation, JETi200
Laser still employs most of the original beamline mirrors
and optical gratings. While not begin damaged, their effi-
ciency has decreased. By employment of the asher we aim
to mitigate the exchange of contaminated optics, and save
time and costs for the benefit of pursuing scientific goals.
In our evaluation phase we have constructed a simple test
chamber, shown in Fig. 1 (a), to gain operation experi-
ence, try different cleaning recipies, and to prevent damag-
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Figure 1: (a) Plasma cleaner test setup in the JETi200 lab.
Downstream asher is indicated by a red arrow. Cleaning
results are illustrated featuring a beamline mirror (b) before
and (c) after cleaning.

ing critical parts due to possible improper operation. Our
tests were carried out on several beamline mirrors and used
gratings, showing dark imprints of the laser profile. Re-
sults are shown in Fig. 1. Before cleaning the mirror ex-
hibits a black central spot (Fig. 1 (b)), that is completely
removed (Fig. 1 (c)) after cleaning over five hours at a
chamber pressure in the high 10−4 mbar range. Similar re-
sults were achieved with a gold coated grating and a silver
coated parabolic mirror.
One of the main goals was cleaning parts over the course
of a few hours, while keeping the turbomolecular pump
running. Since cleaning efficiencies wane with decreas-
ing pressure, operating the pumps prolongs cleaning dura-
tions. However, in a live setup we refrain from turning off
the pumps to reach much faster re-establishment of desired
operation pressures after switching off the plasma cleaner.
Such technique enables cleaning of optics over night with-
out affecting experimental beam time schedules.
So far, our qualitative analysis shows huge improvements
and a complete removal of dark imprints on tested optics.
In a next step, we aim for quantifying these results by
mounting the device at the JETi200 compressor chamber
to clean the installed gratings. Further, we have planned
cleaning several turning mirrors in-situ along the beam
line.

References

[1] Z. Hubka et al., Applied Optics 60, 533–538 (2021)

[2] N. Bartels et al., Proc. SPIE 11173, 9–107 (2019)

[3] Y. Zhou et al., Journal of Nuclear Materials 415, S1206–
S1209 (2011)

30





Laser Plasma
Acceleration



Observation of Coherent Emission from Relativistic Solitons
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Instabilities are inevitable when high-power laser
pulses interact with plasmas due to their highly nonlin-
ear nature. In this study, we observed an undocumented
coherent light-emitting structure following a high-power
laser pulse in underdense plasma. The observation was
done using our newly developed few-cycle burst-shot mi-
croscopy diagnostic. The results show that the structure
is stationary, has micrometer-sized dimension, a broad
spectral bandwidth, and a long lifetime. These distinct
features strongly correlate the observed structure with
previous simulation studies of relativistic solitons. Ob-
serving relativistic solitons substantially contributes to
our understanding of laser-plasma instabilities and the
fundamentals of plasma turbulence.

Interactions of high-power laser pulses with plasmas have
been extensively studied over the past decades. In this
study, we report the observation of an undocumented co-
herent light-emitting structure in the wake of high-power
laser pulses propagating through underdense plasmas. Our
experiment used a novel ultrafast burst-shot microscopic
imaging system based on few-cycle microscopy. A few-
cycle probe pulse (Fourier transform limited pulse duration
τFWHM = 8 fs) was linearly chirped (GDD = 434 fs2), and
then back-illuminated the wakefield, which was imaged by
a microscopic system. Three non-polarizing beamsplitters
were placed after the tube lens to create four replicas of the
probe. These replicas were individually imaged by cam-
eras equipped different narrow bandpass filters with center
wavelengths at 850 nm, 800 nm, 750 nm and 700 nm, and
a bandwidth of ∆λ = 10nm. One set of the four images
taken during one single laser shot is shown in Fig. 1.
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Figure 1: A relativistic soliton in the wake of a high-power
laser pulse. The numbers on the upper-left corner denote
the delay relative to the first frame and the corresponding
wavelengths of each frame.

Fig. 1 shows a small bright emission spot (< 5 µm) with
interference rings around its center, indicating coherence of
the soliton emission and the probe pulse. The emission with
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interference rings was observed in all four frames across
varying wavelengths, suggesting that the emission has a
broad spectral bandwidth. Moreover, due to the linear chirp-
ing of the probe pulse, different wavelengths are transmitted
through the interaction point at varying time delays ≈ 200 fs
between the first and last frames. This indicates that the
lifetime of the emission exceeds this duration. Nevertheless,
no movement of the soliton was observed on this time scale.
These findings demonstrate a good agreement with previous
PIC simulations [1], as evidenced by the following charac-
teristics: coherence, broad bandwidth, long-lifetime, and
stationarity. PIC simulations for our experimental parame-
ters are ongoing.
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Figure 2: Comparison of the simulated (a,b) and experimen-
tally observed (c) interference at 800 nm wavelength. Panel
(b) shows the optical field on the source plane (a) imaged by
an ideal image system onto a detector. (d) Comparison of
the interference period. The intensity was extracted along
the white dashed line on (a), (b) and (c), and normalized.

We hypothesized that the emission has the form of a spher-
ical wave due to its µm source size. An optical field simula-
tion was conducted to verify this hypothesis, and the results
are shown in Fig. 2. In Fig. 2(a), the interference between
a spherical wave and a plane wave at 800 nm wavelength
was observed 0.8 µm after the point source of the spherical
wave and the spatial period is ≈ 0.8 µm. The optical field
in this plane was imaged by an ideal imaging system with a
numerical aperture of 0.26 and the intensity is presented in
Fig. 2(b), with a spatial period of the 3.2 µm, matching well
with the experimental observation. A comparison of the
simulation and experimenal lineouts is given in Fig. 2(d).
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Ultra-intense lasers and GeV electron beams from
plasma accelerators offer a promising way to explore
strong-field QED effects experimentally. The FOR2783
pair-production experiment at CALA [2] will test the
nonlinear Breit-Wheeler process [1] using an all-optical
setup, expecting about 80 pairs per hour [2]. A key
challenge is the generation of 10 pC electron beams at
around 2.5 GeV with the necessary splitting of the AT-
LAS 3000 laser into LWFA and collider beams. Here,
we present a preliminary analysis of laser-accelerated
electron beam performance using different near-field
laser configurations for the experiment.

At the FOR2783 nonlinear Breit-Wheeler experiment,
the ATLAS-3000 laser will be split into two beams: a
laser beam of approximately 9.5 J with a root mean square
(RMS) diameter of about 12 cm, referred to as the col-
lider laser, and the remaining laser beam, known as the
LWFA beam, with energy above 25 J, which will be used
to accelerate electron beams up to 2.5 GeV to generate
bremsstrahlung γ-photons that will interact with the col-
lider laser beam.

Two possibilities have been considered for splitting the
full 28 cm RMS diameter of the ATLAS-3000 into the both
laser beams: a D-shaped or a ring-shaped split. However,
the performance of the electron accelerator using the struc-
tured NF of the LWFA beam after the split still needs to be
assessed to help determine which of the two settings offer
superior performance.

To this end, we conducted an experimental campaign at
the JETi-200 laser system at the Helmholtz Institute Jena
to determine the optimal laser beam splitting for the pair-
production experiment at CALA. The JETi-200 beam, with
a 12 cm RMS diameter and 25 fs pulse duration, was fo-
cused by an F/20 off-axis parabolic mirror into a 5 mm gas
cell filled with 95% He and 5% N2, creating an underdense
plasma with electron density of ≈ 2×1018cm−3. The laser
energy of the full beam before splitting was (1.7 ± 0.1) J.
The intensity on target, characterized by normalized vector
potential a0, was varied either by reducing the full, unsplit
beam energy (Figure 1a) or by adjusting the splitting ratios
of D-shaped and ring-shaped beams (Figures 1b and c).

The energy spectrum and charge of the accelerated elec-
tron beams were measured using scintillating LANEX
screens. Figure 1d) presents a comparison of the measured
beam charge across different beam-splitting configurations
and a0 values, with all other parameters held constant. Pre-
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a)

c) d)

b)

Figure 1: Examples of near-field laser beam configura-
tions used in the JETi-200 experiment are shown in Fig-
ure 1: a) full beam without blocking, b) D-shaped with 31%
blocked, and c) ring-shaped with 26% blocked. The elec-
tron beam charges compared in d) show the D-shaped per-
forming similarly to the full beam, while the ring-shaped
yields about half the charge.

liminary results indicate that the D-shaped near-field per-
forms similarly to the full, unsplit beam at reduced energy,
while the ring-shaped configuration yields roughly half the
charge.

Based on the results in Figure 1, the D-shaped split
is as a promising option for generating stable electron
beams, showing performance comparable to the full near-
field laser beam without energy reduction in terms of beam
charge. However, further investigation of the electron en-
ergy spectrum peak, along with tests at the ATLAS-3000
laser system, is still required to determine the most suit-
able splitting configuration for the final FOR2783 pair-
production experiment at CALA. Simulations are also be-
ing conducted to support the experimental observations.

F.C.S. and M.Z. thank the funding by the Deutsche
Forschungsgemeinschaft (DFG) under Project
No. 416708866 within the Research Unit FOR2783.
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The Breit-Wheeler pair production experiment, un-
der project FOR2783 [1], requires laser operation near
the damage threshold of the turning mirror. Due to the
experiment’s inherently low cross section, a high num-
ber of laser shots is essential. Consequently, the selec-
tion of the mirrors and the geometry must be optimized
to maximize shot count without exceeding damage lim-
its. To support this, a laser-induced damage threshold
(LIDT) test was performed using the JETi200 laser sys-
tem on candidate mirrors intended for use in the final
setup.

To test the candidate mirrors, a scaled-down version
of the setup in Center for Advanced Laser Applications
(CALA) was built in JETi200 laser lab. The candidate mir-
rors were installed after the laser was focused with an off-
axis parabola (OAP), with an incidence angle of 8 degrees
and s-polarization relative to the laser beam. The mirrors
were located before the focal plane of the OAP, resulting
with a laser spotsize of 5 mm on the mirror. The reflected
laser from the mirror blocked with a ceramic screen which
was imaged by a CCD camera resulting in Fig 1. Addi-
tionally, another camera was used to image the mirror un-
dergoing the LIDT test, in order to capture scattered light
resulting from damage.

Figure 1: Left: Beam Near-Field profile on the ceramic
screen with an average fluence of 63 mJ/cm². Right: Beam
profile with an average fluence of 72 mJ/cm² which re-
sulted with damages at the high fluence center. Both figures
scaled to match the beam size on the mirror.

The ramp-up test procedure [2] was employed to deter-
mine the LIDT. The laser profile used in the experiment is
shown on the left in Fig.1, where the average fluence is 63
mJ/cm²—below the LIDT—while the peak fluence reaches
146 mJ/cm², yielding a Max/Avg ratio of 2.3. The right side
of Fig.1 shows visible damage formed in the high-fluence
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Figure 2: Ramp-up damage threshold test results for three
different mirror designs (M1-M3). Peak fluence obtained
multiplying average fluence with Max/Avg ratio. Mirrors
M1 coated using magnetron sputtering, M2 coated using
ion beam sputtering, and M3 coated using thermal evap-
oration. Each datapoint indicates a test run with different
sample. Error bars are systematic error (ramp-up steps) and
laser energy jitter.

regions of the beam profile. In this configuration, an aver-
age fluence of 72 mJ/cm² was computed which corresponds
to 166 mJ/cm² peak fluence, defined as LIDT level.

The results of the ramp-up test for three different mirror
designs (M1–M3) are shown in Fig.2. The averaged peak
LIDT values of different test runs were measured to be 205
mJ/cm² for M1, 175 mJ/cm² for M2, and 255 mJ/cm² for
M3. Despite these differences, overall performance range
suggests that there is no significant variation between mir-
rors. Notably, all mirrors withstood high-repetition rate
testing at fluence levels 15% below their respective LIDT
limits, with no observed damage after 15 minutes of laser
shots at 5 Hz.

To conclude, with slight differences of peak LIDT, all
mirrors performed similarly. Each remained stable during
high-repetition rate testing at 15% below their measured
LIDT. For accurate LIDT assessment and further experi-
mental considerations, the Max/Avg fluence ratio in CALA
should be taken into account, as damage is primarily driven
by peak fluence.

F.C.S. and M.Z. thank the funding by the Deutsche
Forschungsgemeinschaft (DFG) under Project
No. 416708866 within the Research Unit FOR2783.
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We report on experimental results demonstrating the
passive plasma lensing effect for a broadband electron
bunch typical for laser wakefield acceleration (LWFA).
Furthermore, by utilizing linear plasma wakefield the-
ory, we demonstrate that the length of the electron
bunch can be derived from the focused energy spec-
trum.

Laser wakefield acceleration (LWFA) has emerged as
a promising technique for producing ultra-short (σz ≈
1 µm), high-energy (E > GeV), high-charge (nC) electron
bunches with normalized emittances ϵn < 1 µm, making
them ideal candidates for seeding free-electron lasers or
synchrotrons. However, while advances have been made in
the quality of electron bunches, small and accessible mea-
suring techniques for ultra-short bunches(< 1 µm) have not
yet been developed.

We present a technique for measuring the length of ultra-
short and high-energy electron bunches.

When an electron bunch propagates through a plasma of
similar density, it creates a co-moving density perturba-
tion known as a wakefield. The wakefield, along with the
electromagnetic fields acting on the electron bunch, will be
weaker at the front than at the rear of the bunch. The trans-
verse wakefields in this configuration will increase linearly
with the distance from the axis and will therefore act on the
electron bunch like a lens [1].

Figure 1: Electron energy spectrum after passing through a
plasma lens.

With the smaller wakefields at the front of the bunch,
it will experience a reduced focusing strength compared
to the rear part. If the electron bunch is chirped, as it is
the case for LWFA electron bunches, the varying focusing
strength will be evident on a dispersing spectrometer, as
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Figure 2: Longitudinal electron density profile (blue)
with the corresponding uncertainty of the fitting algorithm
shown in grey.

shown in Figure 1. Here, we present data on an electron
bunch accelerated by focusing the JETi 200 laser (E =
4J,τ = 23fs and a0 = 3) onto a gas cell developed at
the Helmholtz Institute in Jena. The cell was filled with a
mixture of 92% helium and 8% nitrogen, which enabled
the laser beam to be guided over an acceleration length
of 7mm while simultaneously providing maximum charge
injection into the bunch through ionization injection. A
7mm long gas jet filled with pure helium was utilized as
the plasma lens. The electron bunch’s initial rms diver-
gence is 0.6mrad across the entire energy range, and it is
strongly modulated in the plasma lens as presented in Fig-
ure 1. With precise knowledge of the setup, the charge of
the electron bunch, and the density of the gas jet, it is pos-
sible to deduce the length of the electron bunch from the
number of modulations; a lower amount indicates a shorter
bunch, while a higher amount implies a longer bunch.

To analyze the length of the electron bunch, we devel-
oped an algorithm combining linear wakefield theory [2]
and electron beam optics. Our findings, illustrated in Fig-
ure 2, reveal a full bunch length of ≈ 4 µm, consistent with
prior LWFA measurements [3]. Particle-in-cell (PIC) sim-
ulations further suggest that this method can measure elec-
tron bunch lengths down to sub-µm scales, underscoring its
potential as a robust diagnostic tool for advanced accelera-
tor research.
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Theoretical models for ion stopping in plasma dis-
agree, especially when ion velocity approaches the
plasma’s thermal electron velocity. Experiments with
the laser driven LIGHT beamline at GSI investigate this
critical regime. Preparatory beam times with protons
and carbon ions confirmed the setup’s capability, de-
livering very intense and short ion bunches for study.
Stopping power measurements in cold foils were suc-
cessfully demonstrated, validating the approach.

The stopping power of ions in plasma is important in in-
ertial confinement fusion, where alpha particle self-heating
must overcome all loss processes. Many theories exist for
the energy loss of ions in plasma, but there are discrepan-
cies in the region where the projectile velocity is close to
the thermal plasma electron velocity. This region is inves-
tigated in stopping power experiments with the Laser Ion
Generation, Handling, and Transport (LIGHT) beamline.
The setup is shown in Figure 1. Projectile ions are gener-
ated and accelerated via the TNSA mechanism using the
PHELIX laser in the Z6 target chamber at GSI. The initial
TNSA beam is divergent and has an exponentially decay-
ing energy spectrum. A pulsed high-field solenoid mag-
net captures the ions, selects one energy, and collimates it.
Afterwards, an RF cavity temporally compresses the ion
bunch by decelerating the fast ions in the front and accel-
erating the slow ions in the back, such that the ions in the
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Figure 1: Schematic illustration of the planned stopping power experiment with the LIGHT beamline at the Z6 experi-
mental area of GSI.

back catch up to the ions in the front generating ion bunches
shorter than 1 ns. A second solenoid focuses the ion beam
onto a plasma generated by the nhelix laser in the Z4 tar-
get chamber at GSI. After probing the plasma, a diamond
detector measures the energy of the ions via time of flight.

Table 1: Measured parameters of the temporally com-
pressed proton and carbon ion bunch.

parameter proton bunch carbon ion bunch

mean energy 0.63(1)MeV 7.2(2)MeV
bunch width 0.76(4) ns 1.23(4) ns
focal spot radius 2.82(3)mm 4.11(2)mm
number of ions 5.9(4)× 108 2.0(6)× 108

Preparatory beam times have been conducted to demon-
strate the capacity of the LIGHT beamline to generate the
required ion beam, thereby confirming the experiment’s
feasibility. The beam times were conducted using carbon
ions (C4+) and protons. The resulting ion beam parameters
are enumerated in Table 1. Furthermore, the measurement
of the stopping power in cold foils during these preparatory
beam times was demonstrated. The results of this study
have been published in [1]. The stopping power measure-
ments in plasma are planned for 2025 and 2026.
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Our recent experiments revealed nanosecond-long
“jets” of hot, dense plasma formed by high-contrast,
relativistically intense laser pulses interacting with
nanowire arrays [1]. 3D Particle-in-Cell (PIC) simu-
lations were conducted to study early plasma condi-
tions and electromagnetic fields. Unlike flat targets,
nanowire arrays generate kTesla-scale magnetic fields,
which likely drive jet formation. Simulated X-ray emis-
sion from He-like Ti ions provided estimates of plasma
density and temperature within these long-lived jets.

Jet-like plasma structures emitting He-like Ti ion ra-
diation were observed on nanosecond timescales when
nanowire arrays of 100 nm Ti core, 25 nm Si cladding,
and 400 nm spacing on a 50 µm Si membrane were ir-
radiated with ultra-high contrast, relativistically intense
(≥ 3× 1019 W/cm2) femtosecond laser pulses [1].
The X-ray spectroscopy results measured in the experi-
ments were modeled using the FLYCHK kinetic atomic
code to simulate the X-ray emission spectra. We used
the steady state model as well as time-dependent transient
calculations, based on the plasma density and temperature
history retrieved form our PIC simulations, to reproduce
the He-like emission spectrum of Ti20+ ions. Both ap-
proaches suggest that during the interaction with the laser
pulse the plasma reaches solid density (ne ∼ 1024 cm−3)
and hot temperature (> 1 keV), whereas in the “jet” at
nanosecond time scale the density and the temperature re-
main on the level > 1021 cm−3 and > 0.5 keV. The 3D
PIC simulations were carried out by the QUILL 3D QED
PIC code using δx = δy = δz = 0.21λ spatial grid and
δt = 5 × 10−3 λ/c temporal resolution. The target com-
prised 25 Ti-coated nanowires (each of diameter 0.375λ
and spaced by 1λ), on a substrate, with an electron density
of ne = 30ncr. Results (see Figure 1) revealed strong con-
trast between nanowire and flat targets. Nanowire arrays
generated a global magnetic field permeating the plasma,
in contrast to the surface-localized field in flat targets. The
vertically aligned nanowires facilitated the generation of
intense forward electron currents, which in turn induced
return currents to maintain quasi-neutrality. This inter-
play produced strong azimuthal quasistatic magnetic fields
and an inward-directed J⃗ × B⃗ pinch force, leading to the
confinement and heating of the plasma. The simulations
validated the emergence of kiloTesla-level magnetic fields,
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Figure 1: PIC simulations of electron density ne (in ncr),
return current jx (MA/µm2), and magnetic feld By (GG)
for nanowire (a–c) and flat targets (d–f) shortly after laser
interaction. Laser propagates left to right.

consistent with analytical estimates and prior studies.
However, the connection between the short time scale
plasma evolution after the interaction with the laser pulse
and the long (nanoseconds) time scale evolution in the
“jets” requires a hybrid PIC - fluid dynamic code that is not
currently available. Therefore the question how the giant
magnetic field generated in the plasma nanowires on the
picosecond time scale influence the subsequent long time
plasma evolution is the subject of further investigations.
We propose two possible mechanisms for the formation
of plasma “jets” observed in experiments: (1) magnetic-
field-driven evolution leading to strongly enhanced Weibel-
like instabilities, potentially sustaining hundreds of Tesla
magnetic fields over nanosecond time-scale [2], sufficient
to confine hot and dense plasma with the parameters esti-
mated from FLYCHK simulations, and (2) collisions of lat-
eral shock waves between adjacent magnetized nanowires,
producing longitudinal ejection of dense plasma plasmoids
[3].
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Highly-charged heavy ions offer excellent properties
for fundamental physics research. We are develop-
ing a new optical clock experiment for this purpose,
based on quantum logic spectroscopy in a cryogenic
Paul trap and being set up downstream of the HITRAP
decelerator. The combination of this universal and
highly accurate spectroscopy method with the ion pro-
duction capabilities of a heavy-ion accelerator is unique
and opens the door to frequency metrology of highly-
charged heavy ions with all its opportunities.

The study of highly-charged heavy ions holds an im-
mense potential for advancing our understanding of fun-
damental physics. The few or even single electrons that
are bound to the nuclei of these ions, are subjected to ex-
treme electromagnetic fields. This qualifies highly-charged
heavy ions as ideal candidates for testing the limits of the
Standard Model of particle physics. Furthermore, these
ions feature forbidden optical hyperfine-structure transi-
tions which can be measured with highest precision in an
optical clock experiment and which can be used to search
for unknown physics [1, 2].

Substantial progress has been made in 2024 for the de-
velop of the required setup at the HITRAP facility of GSI
in Darmstadt as well as in the preparation of the lab space.
The work is primarily conducted by the Helmholtz Young
Investigator Group (HYIG) of Peter Micke.

The construction of a new laser laboratory for the quan-
tum logic clock experiment has been completed, including
the installation and commissioning of a state-of-the-art lab-
oratory air conditioning to guarantee a draught-free air in-
take and a constant lab temperature at an acceptable level
of humidity (Figure 1), being essential for stable laser oper-
ation. Additional technical infrastructure has been installed
as well.

The plannings of numerous laser systems for the pro-
duction of single trapped Be+ as logic ions, for Doppler
and resolved-sideband laser cooling, and for optical pump-
ing and state preparation are well advanced. This includes
in particular the procurement of fiber laser systems and
components for the generation of optical sum frequencies
and second harmonics to match the required transition fre-
quencies of the ion species. Furthermore, an iodine spec-
troscopy setup is developed to provide an absolute atomic
transition-based reference for laser stabilization.

Beyond that, the experimental setup relies on further key
components: At the heart is a Paul trap that requires op-
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Figure 1: New quantum logic laser laboratory. a) From
the outside with the new air conditioning unit. b) From the
inside with the first optical table installed.

eration at a cryogenic temperature of 4 K. Major progress
has been achieved towards a monolithic trap design which
minimizes detrimental micromotion of the trapped ions
and features a high quality factor step-up resonator to pro-
vide a clean radio frequency of up to several hundreds
of volts. The design is driven by elaborate finite-element
simulations, and the manufacturing will de done in col-
laboration with the Physikalisch-Technische Bundesanstalt
Braunschweig, the Leibniz University Hannover, and the
Max Planck Institute for Nuclear Physics in Heidelberg.
The step-up resonator will be based on a planar coil made
of a high-temperature superconductor, deposited on a sap-
phire wafer. First promising tests have been conducted at
GSI in a cryogenic test stand at 4 K.

Also the plannings of the ion transfer beamline which
will connect the Paul trap to the Cooler Penning trap of the
HITRAP decelerator are well advanced. Highly-charged
heavy ions will be provided from there at sufficiently low
kinetic energy for recapture in the Paul trap where they will
be co-trapped with the laser-cooled Be+ ions.

The authors acknowledge funding from the Initiative and
Networking Fund (IVF) of the Helmholtz Association.
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Light is an excellent carrier of information. It is
used not only for classical communication technologies
but increasingly also for quantum applications such as
quantum computing. However, processing light signals
is far more difficult compared to the more common elec-
tronic signals. Here we have demonstrated how X-ray
pulses can be stored and released by a frequency comb
in a novel way that could be applicable for future X-ray
quantum technologies [1].

In quantum computing, synchronising computational
processes requires memory devices that can store and re-
lease pieces of quantum information, referred to as qubits,
at specific times without loss. In optical quantum comput-
ing, qubits are often encoded in properties of photon wave
packets, such as polarisation or waveform. However, stor-
ing these photons while preserving their quantum state is a
major challenge [2].

A common solution involves transferring the quantum
state to a long-lived collective excitation in matter. Some
protocols allow these systems to re-emit the photon wave
packet on demand. One promising approach uses a ‘fre-
quency comb’, a set of evenly spaced resonances in a ma-
terial’s absorption spectrum. When a photon is absorbed,
all comb modes are excited together, forming a coherent
collective state. Though these modes rapidly dephase due
to their frequency differences, they rephase at specific in-
tervals (echo times), leading to a re-emission of the original
photon wave packet as a ”photon echo” [3, 4].

This frequency comb protocol has been demonstrated
with visible light using strong lasers to create the comb in
atomic ensembles. However, creating such combs at X-
ray energies is difficult due to the weaker X-ray sources.
To address this, we developed a new method [5] using
the nuclear transition of the isotope 57Fe at 14.4 keV. Nu-
clear transitions are extremely narrow, in this case, with a
linewidth of just 5 neV, corresponding to a natural lifetime
of 141 ns, rendering them ideal for precise temporal con-
trol.

In experiments at PETRA III (beamline P01) and ESRF
(beamline ID18), we used mechanical motion to shift the
resonance frequencies of multiple single-line 57Fe absorber
foils, effectively forming a nuclear frequency comb. A
short resonant X-ray pulse excites all foils simultaneously,
creating a collective comb state that emits an X-ray pho-
ton echo at a controlled time. The timing can be adjusted
via the velocity spacing of the foils: wider velocity spacing
leads to shorter echo delays.

This nuclear frequency comb stored an X-ray wave

packet with 33% efficiency and up to 97% fidelity, preserv-
ing its temporal shape, see Fig. 1. Importantly, the syn-
chrotron pulses used here had on average less than one
resonant photon, proving this system works at the single-
photon level, qualifying it as a quantum memory [6] and
marking the first such demonstration at X-ray energies [1].

Our work shows that nuclear frequency combs offer a
pathway to compact, room-temperature quantum devices
operating at short wavelengths. They enable precise ma-
nipulation of X-ray photons and can generate “time-bin”
qubits, opening new opportunities in quantum optics and
technologies involving ultra-narrow nuclear transitions.

Figure 1: Photon emission after excitation of the nuclear
frequency comb. Each emitted photon is counted as a func-
tion of its arrival time at the detector after X-ray excitation
and the velocity spacing of the frequency comb. The colour
scale is logarithmic, showcasing the time instants of high
emission probability as sharp bright lines.
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For X-ray polarization microscopy, the choice of lens
material is crucial; polycrystalline materials like beryl-
lium compromise polarization [1]. This study investi-
gates the relationship between crystallite size in poly-
crystalline materials and the degree of polarization
purity, using α-Al2O3 powder samples with varying
crystallite sizes. Our results demonstrate that even
nanometer-sized crystallites significantly degrade po-
larization purity.

X-ray polarization microscopy combines high-purity X-
ray polarimetry with X-ray compound refractive lenses.
The highest degrees of polarization purity are achieved
with polarimeters, based on reflections at the Brewster an-
gle. For X-rays, the Brewster angle is 45◦. The degree of
polarization purity δ0 characterizes the polarimeter. δ0 is
defined as the ratio between the transmittance of the π- and
σ-components. So far, degree of polarization purities of
10−11 were achieved [2]. The divergence of the beam lim-
its the degree of polarization purity δ0 [3]. This has direct
implications for combining X-ray polarimetry with X-ray
lenses, which must be placed inside the polarimeter, and
the focused beam must be recollimated. The lens material
must not influence the polarization to achieve the best de-
gree of polarization purity. Materials for X-ray lenses can
be grouped into three parts: single-crystalline, polycrys-
talline, and amorphous lenses. In polycrystalline materi-
als, the crystallite orientation is random, meaning one or
more crystallites may fulfill the Bragg condition. As crys-
tals at or near the Bragg condition act as phase plates, a
polarization change in the radiation is expected with poly-
crystalline X-ray lenses. Marx-Glowna et al. [2] have
shown that polycrystalline lenses significantly change the
measured degree of polarization purity.
This raises the question of how the measured change in po-
larization relates to the crystallite size of the polycrystalline
lens material and how the polarization change depends on
the thickness of the polycrystalline material. It’s important
to determine whether it is possible to simply create a poly-
crystalline X-ray lens with so small crystallites that there is
no measured change in degree of polarization purity.
To investigate the relationship between crystallite size D
and the degree of polarization purity δ0, we performed a
systematic investigation using α-Al2O3 powder samples.
The used α-Al2O3 powder is a polishing powder. The mea-
surements were performed at beamline P24 of synchrotron
PETRA III (DESY) at an energy of E = 14.412 keV. The
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Figure 1: Comparison of the dependence of the degree of
polarisation purity δ0 and the crystallite size D for α-Al2O3

powder samples with different thickness; D = 0µm corre-
sponds to the measurement of the degree of polarization
purity with no sample.

base of the setup was a four-reflection Si(840) polarimeter.
This polarimeter achieved a degree of polarization purity
of δ0 = (4.7± 0.2) · 10−9. The beam onto the sample was
limited by a slit of (0.9× 1) mm.
We investigated the change in the measured polarization
purity for the α-Al2O3 powders with different crystal size
distributions (see fig. 1). The larger the crystallite size D
of the powdered samples, the worse is the measured de-
gree of polarization purity δ0. However, even nanometer-
sized crystallites change the measured degree of polariza-
tion purity significantly. For a crystallite distribution of
D= (46 ± 4) nm, the measured degree of polarization pu-
rity becomes δ0 = (1.22± 0.05) · 10−8. Therefore, X-ray
lenses with nanometer-sized crystallites cannot be used for
high-purity X-ray polarimetry. We also showed that the
more material is inserted into the beam path, the worse the
measured degree of polarization purity. For X-ray lenses,
the focal length is inversely proportional to the number
of lenses and, therefore, to the amount of lens material.
This indicates that the smaller the desired focal length, the
poorer the degree of polarization purity.
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We integrated a microfluidic flow cell (MFC) into a
laboratory-based soft X-ray (SXR) microscope that en-
ables high-resolution imaging of biological samples in
aqueous environments under vacuum conditions. Ad-
ditionally, the cell allows trapping and manipulation of
samples using dielectrophoresis. Demonstration of the
functionality was performed using nanoparticles and
biological samples.

High-resolution imaging of biological samples is
essential for a wide range of biological applications,
such as gaining insights into cellular processes. The
so-called water window (WW) spectral region, de-
fined by the absorption edges of carbon and oxygen
(280–530 eV / 2.3–4.4 nm), is particularly well suited
for this purpose. It offers a natural structural contrast,
as carbon-rich biological material strongly absorbs the
radiation while water, dominated by oxygen, offers a
penetration up to 25 µm (1% transmission at 430 eV). This
allows whole-cell imaging with nanometer resolution.
However, WW radiation is absorbed by air after a few
centimeters, making vacuum conditions necessary and
posing a challenge for imaging living cells.
To address this limitation, a microfluidic flow cell (MFC)
was developed by Fraunhofer IZI-BB and IOF in collab-
oration with HIJ and IOQ [1]. A schematic of the MFC
is shown in Fig. 1 (left). The device consists of two
silicon wafers, encapsulated in a PEEK housing, each
measuring 5× 5 cm2, which are sealed and separated by
spacers to maintain a gap of approximately 10 µm. This
narrow channel is filled with liquid and allows samples to
be suspended directly in the flowing medium. Both wafers
feature opposing silicon nitride membrane windows that
permit SXR imaging, enabling the observation of biologi-
cal specimens in a near-native aqueous environment while
preserving compatibility with vacuum conditions. Unlike a
closed chamber, the MFC includes fluidic connections that
allow for the exchange of liquids and samples without the
need to break vacuum. Furthermore, integrated electrodes
enable the trapping, manipulation and rotation of samples,
supporting long-duration exposures and potentially even
tomographic imaging.
The MFC was integrated into an existing laboratory-based
SXR microscope [2] at the IOQ Jena. The microscope is
based on a laser-produced plasma source and uses a zone
plate for high-resolution imaging. The plasma is generated
by focusing a nanosecond laser into a nitrogen gas jet,
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producing strong line emission at 2.88 nm. A spatial
resolution of 50 nm half-pitch was demonstrated using a
Siemens star test target.

PEEK

Silicon

Electrodes

Si3N4

10 µm

Figure 1: Left: Cross-section of the flow cell. Right: SXR
image of a nanobead in the flow cell enclosed by 22 µm of
water. Images taken from [1].

To demonstrate the capabilities of the flow cell, nanopar-
ticles were used as initial test samples. A representative
image is shown in Fig. 1 (right). A single nanoparticle was
imaged through a 22 µm water layer, which exceeds the de-
signed target thickness of 10 µm for optimal SXR imaging.
This increased thickness results from bending of the silicon
nitride membranes under vacuum and can be reduced in
future designs by using smaller membrane windows. The
nanoparticle remained stably positioned during a two-hour
exposure, held in place by the eight integrated electrodes
(four on each membrane), visible as dark rectangles in the
figure. In subsequent experiments with biological samples,
stable positioning was achieved even overnight, enabling
imaging the next day.
In the future, this flow cell will support a wide range of sci-
entific applications, such as studying cellular modifications
in different culture media. The cell enables high-resolution
SXR imaging of biological samples in liquid and supports
tomographic acquisition for 3D structural analysis.

This work was supported by the Fraunhofer Cluster of
Excellence ”Advanced Photon Sources“ CAPS.
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We present broadband soft-X-ray imaging in the wa-
ter window using a high-flux lab-scale high-harmonic
source with > 106 photons/eV/s at 500 eV. Enabled
by soft X-ray coherence tomography that exploits the
full 284–532 eV bandwidth, we can retrieve non-
destructively depth profiles of samples with 12-nm ax-
ial resolution. It has been demonstrated forAl2O3/Pt on
ZnO. This broadband technique forms a foundation for
element-specific attosecond experiments.

Soft-X-ray imaging within the water-window spectral
range (∼ 284–532 eV; 2.3–4.4 nm) is uniquely suited to
three-dimensional, non-destructive inspection of nanos-
tructures. Carbon-rich layers exhibit pronounced absorp-
tion, while oxygen-dominated oxides and water remain
comparatively transparent. Despite this intrinsic chemi-
cal contrast, laboratory-scale investigations have long been
constrained by the limited photon yield of HHG sources
and by the absence of imaging techniques capable of ex-
ploiting their broadband emission.
Here, we combine short-wave coherence tomography [1]
and a remarkable laser source, which consists of an optical
parametric chirped-pulse amplification (OPCPA) system
with few-cycle pulses, 28W and 2.1µm as an HHG driver.
The source delivers more than 5×105 photons/eV/s within
295–525 eV, ensuring that soft-X-ray coherence tomogra-
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Figure 1: Five SXCT scans across an Al2O3/ZnO stack with an buried Pt layer show extra spectral fringes and lower
reflectivity where Pt is present. The reconstruction demonstrates 71–75 nm Al2O3 and a Pt layer with increasing thickness
from 17 nm to 20 nm. Images taken from [2].

phy (SXCT) can be conducted. SXCT uses a common-path
Fourier setup to extract depth profiles from reflected spec-
tra. The utilized bandwidth of 230 eV yields an axial coher-
ence length and resolution of 12 nm. The lateral resolution
is limited to 150 × 300µm2 as a result of the illumination
spot size imposed by the focusing optics.
With this setup a sample consisting of a layered system
comprising 70 nm Al2O3 and 17–22 nm Pt films on ZnO
was investigated. A cross-section was generated perform-
ing SXCT at five lateral positions. These results resolve
both the buried interfaces and the Pt layer with a thickness
gradient. The extracted thicknesses are precisely 71±2 nm
(Al2O3) and 21 ± 2 nm (Pt), showing an excellent agree-
ment with destructive SEM and TEM measurements.
This first implementation of laboratory water-window
SXCT addresses new transmission windows and, thanks
to its broad spectral bandwidth, delivers intrinsically high,
material-specific resolution that complements EUV coher-
ence tomography. Further improvements in HHG flux and
focusing optics will allow single-digit-nanometer axial res-
olution and sub-micrometer lateral resolution. Using the
inherent short pulse duration of HHG, time-resolved inves-
tigations of buried nano-interfaces in semiconductors, bat-
teries, and thin films will be possible.
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Ghost Imaging (GI) represents a transformative ap-
proach in lensless microscopy, particularly in the ex-
treme ultraviolet (XUV) regime. This report demon-
strates a tabletop XUV ghost imaging system utilizing
high-harmonic generation (HHG) with 20–40 nm wave-
length, low-dose imaging without conventional optics.
By systematically evaluating random, Hadamard, and
Fourier illumination patterns paired with traditional
ghost imaging algorithm and compressive sensing algo-
rithm, we achieved 396% Structural Similarity Index
Measure (SSIM) improvement over baseline methods
through advanced post-processing techniques.

Motivation—The Abbe criterion fundamentally limits
traditional microscopy’s resolution, motivating the use of
shorter wavelengths such as XUV and soft X-ray radi-
ation. Although XUV from HHG allows nanoscale co-
herent imaging, applying visible-spectrum techniques di-
rectly is difficult due to absorption in optical compo-
nents. Furthermore, lens-based alternatives like Coherent
Diffraction Imaging (CDI) and ptychography are hampered
by expensive optics and low photon flux, and traditional
XUV optical solutions also exhibit limitations in numeri-
cal aperture and aberrations [1]. GI, a lensless correlation-
based method effective with broadband, low-flux sources,
emerges as a promising approach for high-resolution XUV
microscopy, especially where conventional optics are im-
practical, while also reducing radiation damage [2].

Experimental Setup—The tabletop system (Fig. 1) com-
bines: Tabletop XUV source and ghost imaging setup. The
process begins with a seed laser pulse that is first stretched
to reduce its peak power before being amplified using a
Ti:Sapphire amplifying medium. The amplified pulse is
then recompressed by a compressor (800 nm, 35 fs, 1
kHz) and focused onto a nickel tube filled with argon gas,
where HHG produces coherent XUV radiation. The gener-
ated XUV beam is directed towards the experimental setup,
where it passes through an XUV mask. The transmitted
light is recorded by an XUV detector, and computational
algorithms reconstruct the image, enabling ghost imaging
of microscopic features.

Experimental Result—This study systematically evalu-
ated factors impacting XUV ghost imaging quality and im-
plemented mitigation strategies. Hadamard patterns signif-
icantly outperformed random and Fourier patterns in image
reconstruction. While experimental challenges like mis-
alignment, beam fluctuations, noise, and mask imperfec-
tions degrade image quality, they can be effectively ad-
dressed. Specifically, position calibration, real pattern us-
age, histogram equalization, and noise reduction collec-
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Figure 1: Experimental setup illustrating the genera-
tion of XUV radiation using amplified and compressed
Ti:sapphire laser pulses focused onto a nickel tube. The
generated XUV beam illuminates an object through an
XUV mask, and the resulting shadowgraph is detected by
an XUV detector. The inset shows a reference target image
used for object, with a size indicating 600 µm.

Figure 2: Comparison of XUV Ghost Imaging with ideal
and real patterns with position calibration and histogram
equalization, showing SSIM values for full and cropped
buckets.

tively enhance image fidelity, with a combination of po-
sition calibration and histogram equalization on real pat-
terns yielding nearly a 400% improvement in SSIM. These
results provide a strong framework for optimizing future
XUV ghost imaging systems, suggesting that further re-
finements in alignment, beam stabilization, and noise fil-
tering have the potential to result in even higher-quality re-
constructions.

The authors acknowledge funding from Quantum Hub
Thüringen.
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This work presents an adaptive filtering method for
Greedy Algorithm-based Ghost Imaging (GI) to sup-
press noise after domain transforms like DCT or DWT.
By leveraging spatial-frequency characteristics, the
method improves reconstruction quality while main-
taining efficiency, illustrating a strong synergy between
physical principles and algorithmic design in com-
pressed sensing GI.

Ghost Imaging (GI), also known as Single-Pixel Imaging
(SPI), utilizes detectors with only a single pixel—typically
photodiodes. While this hardware setup may seem restric-
tive, it opens up a broad and fertile ground for software-
based optimizations. Among imaging algorithms used in
GI/SPI, three main categories stand out: Correspondence
Algorithms (CA), Compressed Sensing (CS), and Deep
Learning (DL) [1].

Correspondence Algorithms (CA) represent the earliest
and most traditional approach. These methods typically re-
quire a large number of measurements and tend to yield rel-
atively lower image quality. On the other end of the spec-
trum, Deep Learning (DL) introduces a novel paradigm that
can deliver high-quality reconstructions. However, DL ap-
proaches are often computationally intensive and challeng-
ing to implement on local or resource-constrained systems.
More importantly, despite their performance, DL methods
generally lack a solid grounding in physical principles [2].

Compressed Sensing (CS) strikes a compelling balance.
By leveraging sparsity in the image domain, CS methods
can reconstruct high-quality images from a significantly
reduced number of measurements, effectively bypassing
the traditional Shannon-Nyquist sampling limit. Within
CS-based GI (CSGI), there are two major algorithmic cat-
egories: convex optimization methods and greedy algo-
rithms (GAs) [3].

Greedy algorithms are typically more efficient because
they perform partial image reconstruction at every itera-
tion. However, they are sensitive to noise, which can de-
grade image quality. To mitigate this, various optimizations
have been proposed, proving effective particularly against
additive noise. However, when greedy algorithms are ap-
plied to GI, transformations such as the Discrete Cosine
Transform (DCT) or Discrete Wavelet Transform (DWT)
are usually involved. These transformations alter the na-
ture of the noise, making it non-additive and rendering tra-
ditional denoising techniques less effective. In our work,
we investigated the mathematical properties of the trans-
formed noise and proposed an adaptive filtering strategy:
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Figure 1: The experimental setup and the procedure of pro-
posed algorithm. Collimated light are modulated by a digi-
tal micromirror device (DMD) and the modulation patterns
are transferred and flattened. The modulated light then illu-
minates the object and the total trans-intensity will be col-
lected and moved into the algorithm process.

W (ρx, ρy) = exp

(
−
ρ2x + ρ2y
2σ2

)

× exp
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ρx
ηx

)
exp

(
−β

ρy
ηy

)
,

where (ρx, ρy) are the coordinators in the transformed
domain; σ is employed to control the size of the filter;
α, β, ηx, ηy are the parameters for vertical and horizontal
directions, respectively. By allocating exponential weights
to different elements in the transformed domain, the noises
can be significantly reduced while the essential image fea-
tures are well preserved. Therefore, the proposed algorithm
can spend less computational resources in reconstruction
and produce high contrasted images.

Our experimental results demonstrated that the pro-
posed filtering method significantly improves reconstruc-
tion quality. Beyond its practical efficiency, this method
exemplifies the powerful synergy between physical un-
derstanding and algorithmic design—highlighting how a
deeper grasp of both domains can lead to robust and ef-
ficient imaging techniques.
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In recent years, ptychography, a modern computa-
tional imaging modality, has enabled high-resolution
imaging in the XUV and X-ray regimes, where the
fabrication of high-quality lenses remains a signifi-
cant technological challenge. The advent of modern
laser-driven coherent EUV light sources has further ex-
tended the capabilities of high-resolution lab-scale pty-
chographic imaging, which was previously limited to
large scale facilities. However, the performance of these
lab-based microscopes has so far been constrained by
the use of unstructured XUV beams for illumination.
In our work, we demonstrate a resolution enhancement
by a factor of 4 through the use of a highly structured
speckle EUV beam for ptychography.

Ptychography is a lensless imaging modality that enables
the computational reconstruction of a coherently illumi-
nated object from its measured diffraction patterns. In re-
cent years, this method has become established particularly
in the field of X-ray microscopy at synchrotron facilities
where sufficient coherent photon flux (i.e. brightness) is
available. Due to its lensless nature, ptychography offers
higher resolution and better dose efficiency compared to
conventional X-ray microscopy techniques.

In parallel, there has been significant progress in the de-
velopment of coherent sources in the extreme ultraviolet
(XUV) spectral range on a lab scale through high-order har-
monic generation (HHG) driven by compact and powerful
femtosecond lasers. The combination of these HHG-based
XUV sources with ptychography opens up new possibil-
ities for high-resolution microscopy that were previously
only feasible at synchrotrons [1].

In our research, we investigated the impact of structured
illumination on the image quality in XUV ptychography
at 13.5 nm wavelength [2]. Previous XUV ptychography
experiments predominantly employed unstructured beams
for sample illumination. However, our results demonstrate
that structured beams offer significant advantages. In par-
ticular, structured illumination enables higher spatial reso-
lution and simultaneously improves the convergence of the
numerical reconstruction algorithms used. This behavior
can be explained by the fact that the measured diffraction
patterns correspond to a convolution of the object spectrum
with the illumination spectrum. Structured beams exhibit a
broader spectrum, which leads to higher diffraction angles
and thus provides access to additional information about
the sample. To realize structured beams in XUV ptychog-
raphy, we developed nanostructured masks [2], which were
positioned directly in front of the sample at a distance of
approximately 100 µm. In our experiments, two different
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Figure 1: Figure illustrating that unstructured illumination
(a) results in low resolution and visible reconstruction arti-
facts (c), whereas highly structured illumination (b) yields
higher image quality with no observable artifacts [2].

types of masks were used. The first mask was a simple pin-
hole aperture, which produced a soft, unstructured beam
(Fig. 1 a). Image reconstruction with this illumination re-
sulted in a low spatial resolution of 125 nm, and the recon-
structed images exhibited clearly visible artifacts. In the
next step, we replaced the pinhole aperture with a highly
structured, phase-shifting diffuser mask. This generated a
diffuse speckle pattern with high structural diversity on the
sample (Fig. 1 b). The reconstruction of the object using
this structured illumination yielded a significantly higher
resolution of 32 nm and a markedly improved image qual-
ity. In the future, the findings of our work will enable high-
resolution imaging of weakly scattering specimens, such as
bacteria, at lower radiation doses.

The authors acknowledge funding from the Thüringer
Aufbaubank (2019 FGI 0013), the Helmholtz Association
(FISCOV, Ptychography 4.0, ZT-I-PF-4-018 AsoftXm), and
the Fraunhofer-Gesellschaft (CAPS).
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This study investigates the dielectronic recombina-
tion of low-charged neon ions, specifically nitrogen-
like Ne3+, using the ultra-cold electron beam at
CRYRING@ESR. The experiment aims to improve the
accuracy of modeling charge state distributions in cold
photoionized plasma by investigating low-energy dielec-
tronic recombination rate coefficients, with a particular
emphasis on resonances below 0.5 eV.

Neon, among the most abundant elements in the present
day universe, is widely observed in various charge states
in spectra of astrophysical objects. Dielectronic recombi-
nation (DR) — the resonant capture of a free electron with
simultaneous excitation of a bound electron — is the domi-
nant electron - ion recombination process and modifies the
charge state distributions in astrophysical plasmas. This
process occurs when the kinetic energy of the free electron
matches the energy difference between two bound states
of the ion, creating a doubly excited intermediate state.
While theoretical prediction of DR rates are quite reliable
for higher energies but has been shown to be unreliable for
lower energies in the region of a few eV and below [1].
Accurate recombination rates for a light ion species in low
charge states can provide valuable data for modeling cold
plasma environments such as planetary nebulae.

The experiment was conducted at the CRYRING@ESR,
storage ring at GSI in Darmstadt, where beams of specific
elements and charge states are stored, cooled, and merged
with a monoenergetic electron beam for DR measurements
[2]. The ultra-cold electron beam enables high-resolution
DR rate measurements at low collision energies — crucial
for understanding recombination in cold photoionized plas-
mas [3]. Recombined ions were detected by a scintillation
particle detector placed in the section following the elec-
tron cooler, where the product beam is well separated from
the stored beam.

The ions were injected from an ECRIS at the local in-
jector, accelerated to an energy of 2.23 MeV/u, stored and
electron cooled with an average of 5.5×106 ions per cycle.
The merged beams DR spectrum was measured across sev-
eral overlapping energy ranges, covering a total range of
-0.5 to 24 eV in the center-of-mass framework, where the
dominant resonances arise from ∆n=0 transitions — mean-
ing the electron is excited within the same principal quan-
tum shell — through 2s→2p core excitation into 2s2p4 4P
electronic configuration.
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Figure 1: Recombination rate coefficient for the selected
collision energy ranges are shown. The lightblue area rep-
resents a thermal distribution of parent ions in their ground
state and relevant metastable states. Here, the autostructure
theory is shifted by -0.1 eV.

In particular, we observed strong DR resonances at en-
ergies below 0.5 eV, with the associated merged beam re-
combination rate coefficient nearly as strong as at the series
limit (2s2p4 4P1/2: 22.91 eV). Additionally, the level popu-
lation fractions as a function of storage time were modeled
to compare the theoretical DR of a mixed-ion beam with
the experimental data.

Detailed analysis of the data is currently ongoing and we
have since been able to complete another measurement –
on O2+ – which also falls within our programme of astro-
physically motivated DR experiments.
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Precision spectroscopy of x-ray transitions in few-
electron, high-Z systems is an indispensable tool for the
study of bound-state quantum electrodynamics (QED)
in the presence of strongest electromagnetic fields. Such
measurements significantly profit from the develop-
ment of low-temperature calorimetric detectors, such
as metallic magnetic microcalorimeters (MMC), which
combine a high spectral resolution, similar to crystal
spectrometers, with a broad bandwith acceptance that
is comparable to semiconductor detectors. We report
on the first precise determination of Kα transition en-
ergies in U90+.

The spectral data was obtained during the 2021 beam
time block at the electron cooler of CRYRING@ESR, us-
ing two novel MMC detectors tailored for a photon en-
ergy of 100 keV. An U91+ beam was provided by the
ESR with a kinetic energy of 10.255MeVu−1. After in-
jection into into CRYRING@ESR the beam was continu-
ously electron-cooled at a voltage of 5634.5V and an elec-
tron current of 30.5mA. Recombination of cooler electron
with the stored U91+ ions resulted in the formation of ex-
cited U90+ ions which subsequently decayed to the ground
state via radiative cascades.

In this experiment, the MMC detectors were fully inte-
grated in the experimental environment of the storage ring
facility for the first time, following an extensive bench-
marking and preparation phase at GSI. Using two detec-
tors and exploiting the favourable observation geometry of
0◦ and 180◦ allowed for a measurement in which the re-
maining systematic uncertainty stems from the quality of
the energy calibration instead of hard-to-control-for uncer-
tainties of the experimental geometry. Moreover, a coin-
cidence measurement, which is well established for semi-
conductor detectors, has been demonstrated with the new
type of detectors for the first time, yielding virtually back-
ground free spectra. The experiment succeeded in achiev-
ing a spectral resolution of better than 100 eV FWHM. As
a consequence, it was possible to disentangle the individ-
ual components of the Kα radiation in helium-like uranium,
see Fig. 1.

Applying a spectral model of four lines with Voigt-
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Figure 1: Graph of the measured Kα spectra (histogram
in gray) together with the corresponding fit results. The
model function is drawn as solid black lines. The gray
bands surrounding them represent a one standard deviation
wide confidence range resulting from the uncertainty of the
fit result. The effects of counting statistics (Poisson distri-
bution, 68 % interval) are represented by the light green
area. For visual guidance the Voigt-shaped profiles of the
individual components of the Kα transitions are shown as
colored dashed lines.

shaped profiles to the experimental data resulted in the first
high-accuracy determination of their transition energies in
a heavy system. The results, which are in good agreement
with state-of-the-art QED calculations, were recently pub-
lished in [1].

This work was conducted in the framework of the SPARC
collaboration, experiment E138 of FAIR Phase-0 supported
by GSI. We acknowledge support by the ERC under the
European Union’s Horizon 2020 research, by the innova-
tion program (grants 824109 “EMP”) as well as by ErUM
FSP T05 - “Aufbau von APPA bei FAIR” (BMBF grants
05P19SJFAA and 05P19VHFA1).
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[1] Ph. Pfäfflein et al., Phys. Rev. Lett. 134, 153001 (2025).

50



First Results of Machine Learning Techniques for Microcalorimeters

M.O. Herdrich∗1,2,3, T. Mattis4, C. Enss5, and Th. Stöhlker1,2,3
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Several manual steps are required to optimize the op-
eration of individual MMC detector channels as well as
the analysis of their recorded signals. To improve the
scalability of the data analysis, multiple machine learn-
ing techniques have been investigated to automate the
pulse shape classification and feature extraction. We
report on first results of their application.

During the last decades, metallic magnetic calorime-
ters (MMCs) – like the maXs-series detectors developed
within the SPARC collaboration – have evolved to be-
come promising tools for high-resolution x-ray spectrome-
try. Their unique working principle of measuring the tem-
perature increase upon absorption of the incident photon’s
energy combine the advantages of traditional energy- and
wavelength-dispersive photon detectors, making them well
suited for precison spectroscopy measurments in funda-
mental atomic physics research.

Their operation, however, requires the utilization of spe-
cialized hardware like SQUID-arrays for the amplification
of magnetic flux changes in the sensor at fractions of the
magnetic flux quantum. These systems must be tuned care-
fully to exploit the full capabilities of the MMC detec-
tors. Furthermore, the high sensitivity of the sensor leads
to a strong susceptibility to external disturbances, which
can lead to artifacts like gain-drift of the sensors over time
[1]. To achieve highest detector performances, these arti-
facts need to be corrected for in software, which was devel-
oped and tested extensively in the past years [2]. Typically
MMCs consist of arrays of individual sensors to cover a
larger active detection area on a single chip, while keep-
ing the thermal capacity of each sensor as low as possi-
ble. So far, algorithmic parameters for each detector chan-
nels have been tuned and optimized separately, which is
a time-consuming and error-prone process. Future devel-
opment of MMCs aims to increase the number of pixels
by orders of magnitude, making this approach not feasible
anymore. Therefore, tools from machine learning (ML)
research have been explored to automate the procedure for
scalability and to improve the robustness of the data analy-
sis.

The investigated methods range from classical machine
learning techniques, like principle component analysis
(PCA) in combination with cluster searching for a reliable
classification of the pulse shape, to more advanced neural
network (NN) architectures like convolutional variational
auto-encoders (CVAEs) for the extraction of features from
raw pulses. The latter approach is capable of embedding
MMC pulses into a lower dimensional latent space, which
can then easily be mapped back to the original pulse pa-
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Figure 1: The presented calibration spectrum contains sev-
eral transitions of 241Am and 57Co and was recorded with
a maXs-100 detector. The comparison between the recon-
struction using a NN trained on synthetic data and a tradi-
tional finite response filter shows the feasibility of utilizing
ML techniques in our MMC pulse shape analysis.

rameters - like amplitude, timing, triggering, etc. - using
a multi-layer perceptron (MLP). To cover a wide range
of input parameters, simulated pulses were used during
the training process. Measured filter performances of the
NN surpassed the results of traditional finite response filter
base approaches in every simulated scenario. More impor-
tantly, though, it was demonstrated (see fig. 1) that a NN
trained on purely synthetic data was already capable of suc-
cessfully reconstructing the real world calibration spectrum
recorded during a dedicated high precision spectroscopy
experiment [3]. This could be enhanced by including real
world data into the training process by adding fine-tuning
steps of the auto-encoder or by using adversarial training
methods to refine the training pulse synthesis. More ad-
vanced artifact simulation methods could be implemented
to include temperature drift correction into the NN-bases
extraction process itself. In the future, optimization of
high-dimensional hardware parameters could be performed
as well using reinforcement learning (RL) methods, which
would allow for a fully automated tuning process of the
MMCs.
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Compton polarimetry is an essential tool to obtain a
detailed understanding of fundamental radiative pro-
cesses in the hard x-ray regime, i.e. for photon energies
from above 50keV up to the MeV range. A novel po-
larimeter with two double-sided segmented planar crys-
tals, a Si(Li) and a HPGe detector, which is optimized
for the energy range between 60keV and 1MeV was
developed within the SPARC collaboration. A first de-
tector test experiment at the experimental storage ring
ESR at GSI is scheduled in 2026.

Compton polarimetry is an established technique to de-
termine the (linear) polarization of a photon beam in the
hard x-ray regime (above 20 keV). It depends on the
anisotropy of the Compton scattering with respect to the
electric field vector of the photon beam. For this purpose,
multiple 2D sensitive semiconductor detectors have been
constructed within the SPARC collaboration as dedicated
Compton polarimeters. The most recent development is
a novel Compton telescope, equipped with two detector
crystals, a Si(Li) crystal followed by a HPGe crystal, both
segmented on front and back side. In contrast to the pre-
vious Compton polarimeters designed within SPARC, the
new telescope structure enables an extended feasable en-
ergy range up to the MeV regime. A detailed description
of the Compton telescope, which is being commissioned,
can be found in [1].
The expected detection efficiency of fully registered Comp-
ton scattering events by the Compton telescope was esti-
mated for multiple photon energies between 100 keV and
1 MeV via a simulation of the detection response [2]. For
comparison, also the estimated detection efficiency for a
previous stage of the Compton polarimeter, only consist-
ing of one segmented Si(Li) detector was simulated. The
result is presented in Figure 1. The additional HPGe detec-
tor in the Compton telescope leads to a strongly increased
detection efficiency of full Compton scattering events due
to the higher photon absorption probability of germanium
in comparison to the simple Compton polarimeter based
on a Si(Li) crystal only. Additionally, next to full Comp-
ton events being registered in either the Si(Li) crystal or
the HPGe crystal, the telescope structure now enables scat-
tering events, where the first detector (Si(Li)) can now act
as scatterer, measuring the recoil electron, and the second
crystal (HPGe) acts as the absorber of the scattered photon.
This is of greater importance at higher energies, as scat-
tering to forward angles is more pronounced with rising
energies.

To verify the simulated efficiency and to test the perfor-
mance of the new Compton telescope, a first detector test
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Figure 1: Simulated efficiency of detecting a Compton
event of the previous polarimeter with one Si(Li) crystal
(black) and the novel Compton telescope with two crystals
(red).
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Figure 2: Scheme of the experimental setup at the gas jet
target of the ESR at GSI.

experiment is planned. The polarization of photons, emit-
ted in the radiative electron capture (REC) process, will be
measured at the GSI facility in Darmstadt, Germany. This
process and its photon polarization features has been stud-
ied in detail in prior experiments [3, 4] and therefore pro-
vides an ideal test case for the novel Compton telescope. In
the planned experiment a bare uranium beam will be used
as the projectile at an injection energy of 400MeV/u inter-
acting with a molecular hydrogen gas jet target. The Comp-
ton telescope will be placed at an observation angle of 35◦,
detecting the emitted photons at an energy of 593 keV, as
depicted in Figure 2. For redundancy an additional po-
larimeter, with only a Si(Li) crystal, will be positioned at
an observation angle of 145◦.
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Regarding the Compton scattering off atomically
bound electrons, the scattering process is influenced by
the momentum distribution of the bound electrons, re-
sulting in a broadening of the scattered photon energy,
the so-called Compton profile, which is well understood
and described in the impulse approximation. However,
the influence of the electron momentum distribution on
the polarization transfer from incident to scattered pho-
ton beam has not yet been investigated and is the subject
of a simulation developed by us.

Compton scattering is the inelastic scattering process of
an incident photon off an electron. In the most basic picture
of Compton scattering, the electron is assumed to be free
and at rest. In this framework, the energy ℏω′ of a scat-
tered photon beam is well defined by the incident photon
energy ℏω and the polar scattering angle θ. The interaction
cross section and the polarization transfer from incident to
scattered photon beam can be calculated by the transfer ma-
trix formalism [1, 2]. In the Compton scattering off bound
electrons, the scattering process is influenced by the elec-
tron momentum. This is considered in the (relativistic) im-
pulse approximation (IA) [3, 4], which treats the scattering
process as the inelastic scattering off an ensemble of free
electrons with a momentum distribution according to the
electron momentum density. The double differential cross
section (DDCS) of Compton scattering can be calculated
by an integration over the electron momenta. This results
in a Doppler broadening of the otherwise sharp energy of
the scattered photon, the Compton profile.

While the Compton profile is well described in the IA, a
thorough investigation of the polarization transfer from in-
cident to scattered photon beam was so far pending. In a
recent experiment on elastic and inelastic hard x-ray scat-
tering processes, we were able to perform a first test on the
polarization transfer in the Compton scattering off bound
electrons. The results show a change of the polarization of
the scattered photon beam across the Compton profile [5].
This lead us to develop a simulation based on the concept of
the IA, which describes the Compton scattering off atomic
targets and provides results for both the DDCS as well as
the linear polarization characteristics of the scattered pho-
tons. In the simulation, N scattering events are simulated
and for each individual simulated scattering event, a 3D
electron momentum is sampled from the electron momen-
tum distribution of the target atom. The event is Lorentz
transformed to the electron rest frame, where the Compton
scattering can be calculated according to the transfer ma-
trix formalism, providing results for the scattered photon
energy, scattering cross section and linear polarization of
the scattered photon beam. In the laboratory frame, the re-
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sults of the individual scattering events are superimposed,
resulting in the DDCS, which follows the Compton profile
and the polarization of the scattered photon beam across
the Compton profile. Figure 1 shows example results of
the simulation for scattering a 175 keV photon beam with
a linear polarization of P1,i = 0.99 off a gold atom at
θ = 63.4◦ compared to experimental results. The simu-
lated DDCS fits well to the experimental data and is also in
good agreement with other calculations in the IA. The sim-
ulation predicts a variation of the linear polarization across
the Compton profile, which fits well to experimental data.
The change in polarization can be linked to the influence of
the electron momentum on the scattering process.

The results of this simulation are submitted to New Jour-
nal of Physics and are currently under review. The simula-
tion is available for open use [6].

Figure 1: Top: DDCS of a 175 keV photon beam with an
incident linear polarization of P1,i = 0.99 Compton scat-
tering off a gold target. Bottom: Linear polarization of the
scattered photon beam.

The authors acknowledge funding from ErUM-FSP
APPA (BMBF ◦ 05P19SJFAA).
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For the routine operation of Cryogenic Current Com-
parator (CCC) systems in the accelerator environment,
it is important to understand the pathways of external
disturbances. For this purpose, a non-metallic GRP
beamline cryostat with a dual-core CCC was developed
as part of the BMBF project AoCCC (05P21SJRB1,
2021-24). This cryostat can accommodate beamlines up
to a diameter of 50 cm and allows dry operation for a
few days.

At the beginning of 2024, the GRP cryostat developed by
Supracon AG was handed over [1]. The first cooling with
liquid helium took place together and without any prob-
lems. The required service life was exceeded. Unfortu-
nately, none of the three SQUIDs worked. Only after a
temporary shielding with aluminium foil and its ground-
ing does one of the SQUIDs work, namely the insensitive
one. This means that the existing external superconducting
shielding of the CCC sensor is not sufficient. The entire
close-up range has to be electrically shielded and grounded
(Fig. 1). It must also be prevented that RF interference can
reach the immediate vicinity of the CCC sensor via electri-
cal supply cables.

One of the main topics was to clarify the question of
whether dry operation is advantageous in terms of avoiding
acoustic interference, as there are contradictory statements
from the users CERN and GSI in this regard. With this
cryostat it is possible to operate the CCC sensor for about
four days without direct contact with the helium bath, i.e.
in a dry mode. The sensor was designed as a dual-core
CCC (DCCC), i.e. with two identical pickup coils. Acous-
tic disturbances were created with a subwoofer at a distance
of 3 m. The laboratory experiment at the DCCC showed
that in dry operation it is possible that the sensitivity to
acoustic interference can be increased as well as decreased.
The only difference between the two coils is their position
in the arrangement. Nevertheless, they showed different
amplitude and phase behavior with regard to the acoustic
signals in dry or wet operation. Thus both are possible. The
dry operation can be advantageous, but it does not have to
be (Fig 2.).

Another important question regarding the improvement
of system stability is: What disturbance frequency on sup-
ply lines or the beamline passage can lead to jumps in the
SQUID electronics. The measurements showed that par-
ticular attention should be paid to frequencies in the range
of resonance of meander shielding capacitors/core induc-
tance. For the Pb-DCCC-Sm-300, the range around 670
kHz. Filters in the cables have to be designed accordingly.
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Figure 1: Copper shielded DCCC-GRP beamline cryostat.

Figure 2: Comparison of helium bath operation and dry
mode.
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Liquid metal ion sources (LMIS) have small emission
points and a high emission current density. Therefore,
the ion beams already have a very small phase space
volume already at emission. These properties make
LMIS suitable ion sources for various future applica-
tions. We have developed and commissioned a spe-
cial preparation and vacuum test chamber for the con-
trolled and high-precision preparation of ion emitters.
This allows the properties of the emitter substances to
be tested on a microscopic scale and the ion emission to
be observed under high voltage.

The development of new liquid metal ion sources (LMIS)
moves this type of ion source from former special appli-
cations in nano-structuring and satellite technology to the
center of new research directions. These research topics
include strong-field laser physics as well as highly charged
ion generation in EBIT (Electron Beam Ion Trap) for basic
research.

We improved the quality of the ion emitters and prepara-
tion processes on the microscopic scale at emitter cleaning,
wetting with source feed material and test in vacuum under
high voltage [1]. This gives us the possibilty to understand
and optimize the material properties, such as melting, wet-
ting, flowing and evaporation for a much better controlling
of the source behavior.

Important quality factors of LMIS are [1]: high brilliance
of 106 A cm−2 sr−1, long service life (approx. 1000 h per
emitter), low melting metals / alloys, ion currents of 5 µA –
max. 1 mA, continuous and triggered beams are possible.

Fig. 1 (a) shows the new developed UHV test chamber
for the preparation, testing and optimization of ion emitters
down to the microscopic scale and (b) the emitter, already
wetted with source feed material, e.g. gallium.

In Fig. 2 (a) we can see a needle during ion emission and
wetted with a molten Au-Si alloy. Fig. 2 (b) shows an op-
erating Ga emitter also with light emission, caused by the
interaction of ions with gas particles.

We continued strong-field laser experiments and used the
high-brightness LMIS to the ion laser system for 3D coinci-
dence momentum spectroscopy.[2]. We carried out studies
on the ultrafast laser-induced fragmentation and ionization.

The authors acknowledge support from GSI Innovation
Fund as an internal funding instrument for technology
transfer of GSI. The collaboration with JEVATEC GmbH
Jena is acknowledged.
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Figure 1: (a) UHV test chamber for the preparation, testing
and optimization of ion emitters on a microscopic scale,
(b) emitter wetted with a low-melting-point metal as source
feed material, e.g. gallium.

Figure 2: (a) Ion emitter needle of Au-Si with light emis-
sion, indicating the ion emission, caused by interactions
of ions with gas particles. (b) Ion emitter needle, wetted
with gallium, showing the ion interaction with gas. The ion
generation occurs in a region, which is about 1000 times
smaller than the light emitting region.
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In the HILITE experiment we intend to further ionise
highly charged ions in the centre of a Penning trap. In
this environment, we are able to produce dense clouds
of ions in a well-define quantum state. To this end, we
have elaborated a method to cool ions in radial and ax-
ial direction and measure the ion cloud characteristics.

For the investigation of the interaction of ultra-intense
laser pulses beyond intensities of 1019 W/cm2, highly
charged ions are ideal interaction partners as the electric
field of the laser is of the same order of magnitude as the
electric field between electron and the nucleus.

To prepare well-defined targets of highly charged ions,
we use the HILITE setup which is a Penning trap setup ca-
pable of capturing ions from an external source and prepare
them for laser experiments within about 100ms [1]. As ion
source we use an Electron-Beam Ion Trap (EBIT) which
delivers highly charged ions in the low-Z regime in bunches
of 10.000 to 30.000 ions. By use of the dynamic-ion-
capture technique, the ions are decelerated in flight with a
pulsed drift tube and are then captured in the Penning trap
by appropriate tuning of the timing.

The trap voltage is chosen in the way that the ions are
immediately trapped in a harmonic potential, brought into
resonance with a resonator, and cooled in axial direction
within tens of milliseconds [2]. In consequence, the ions
are confined axially close to the trap centre. During this
cooling process, the ion signal is acquired (see Figure 1)
and the number of ions as well as the final axial energy and
hence the ion distribution width can be determined.

Figure 1: Evolution of the ion signal of stored ions. The
slope is directly proportional to the ion number and the
residual energy is a measure for the final ion energy.

In contrast, the radial direction cannot be cooled using
resistive cooling. Before careful adjustment, the ions typi-
cally are stored on a large magnetron radius and a smaller
but significant modified cyclotron radius. The radial con-
finement is tuned by proper alignment of the ion-beam tra-
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jectory with the axis of the magnetic field of the setup.
Here, the non-zero magnetron radius is due to an offset of
the beam direction to the magnetic field axis and the cy-
clotron radius is caused by a non-zero angle between ion
trajectory and the magnet’s axis. For ion beam tuning we
use three sets of so-called Sikler lense which allow beside
ion focussing also ion beam steering.

Figure 2: Ion density distributions in the radial plane after
four different storage times, showing the transition from a
narrow distribution of perturbed cyclotron radii (frame a)
to a Gaussian distribution (frame d).

Due to careful adjustment of the ion optics’ voltages, the
ions are capture with a magnetron radius close to zero but
non-zero reduced cyclotron radius (ρ+ ≈ 200 µm) as de-
picted in 2a. The ion distribution in the trap evolves from an
initially ring-shaped distribution to a Gaussian distribution
within about 2ms (Figure 2d) [3]. Combining all informa-
tion, one can calculate an ion density in the cloud’s centre
of about 1×105 mm−3 which is sufficiently dense for high
ion yield in the upcoming laser experiments at Jeti200 in
Jena.
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An electron beam ion trap (EBIT) is a device that uses
a quasi-monoenergetic electron beam to produce highly
charged ions (HCI) be means of electron impact ioniza-
tion and traps them in the beam’s negative space-charge
potential. Such devices offer opportunities to study HCI
on a small-laboratory scale.

S-EBIT II is installed at the HITRAP slow-ion facility at
GSI [1]. It will be used there as a local ion source, and
also as a stand-alone experimental setup for spectroscopy
on highly charged ions (HCI). As an ion source, it will
serve multiple experiments connected to HITRAP. Its su-
perconducting magnet facilitates the production of mid-Z
HCI. During the first successful x-ray spectroscopy mea-
surements with trapped highly charged argon ions, it be-
came apparent that the original electron gun was not able
to provide electron beam currents larger than 1 mA, which
is insufficient for normal operation. Therefore, it was con-
cluded that it is necessary to replace it with a new model.
This will also resolve potential future problems due to non-
availability of replacement parts. After investigating differ-
ent options, guided by numerical beam simulations, it was
decided to adapt an electron gun design which was devel-
oped for compact electron beam ion traps at the MPIK in
Heidelberg. Using an existing design, which was shown
to work well, reduces uncertainties. By now, most parts
have been manufactured and were delivered. Partial test
assemblies have taken place, and installation is planned
in the first half of 2025. New control software has been
developed to overcome limitations of the old system and
facilitate rapid implementation of ion breeding cycles and
complex ion extraction schemes. It will be deployed during
re-commissioning of S-EBIT II after installation of the new
electron gun. Furthermore, a series of dielectronic recom-
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Figure 1: Experimental setup for high-precision x-ray spectroscopy experiments with PolarX-EBIT and the ASPHERE
electron spectrometer [2]. Kinetic energies of photoelectrons are monitored to track changes in photon energy.

bination experiments was planned and is currently being
prepared. These aim at finding best operational parameters
for as high as possible ion yields.

We also participated in two experimental campaigns with
compact EBITs based on permanent magnets. One of them,
PolarX-EBIT, has already been operational for a number
of years and was originally developed in a cooperation of
IOQ, MPIK, PTB, and HIJ. It was used for a high-precision
spectroscopy experiment at beamline P04 of PETRA III,
during which a unique combination of EBIT, synchrotron
light source, and electron spectroscopy setup (see figure 1)
was used to achieve unprecedented accuracy in the determi-
nation of transition energies in various high charge states of
iron [2, 3]. This is part of efforts to provide high-quality
atomic data for astrophysical plasma models, which are
crucial for the interpretation of spectra observed with the
newest generation of satellite x-ray observatories [4].

Another campaign took place at the European XFEL
free-electron laser facility. The new SQS-EBIT, which is
based on the PolarX-EBIT design, was used to perform
a first-of-its-kind two-color x-ray pump-probe experiment.
By varying the delay between a resonantly exciting first and
a resonantly ionizing second pulse, and observing changes
in ion charge state populations, it was possible to directly
measure the lifetimes of excited states in various HCI,
which decay via allowed electric dipole transitions in the
x-ray regime, resulting in lifetimes on the order of 100 fs
and below. Data analysis is still ongoing.
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We put forward a concrete experimental setup allow-
ing to measure light-by-light scattering in the collision
of two optical high-intensity laser beams at state-of-the-
art high-field facilities operating petawatt class laser
systems. Our setup uses the same focusing optics for
both laser beams to be collided and employs a dark-
field approach for the detection of the single-photon-
level nonlinear quantum vacuum response in the pres-
ence of a large background. Based on an advanced
modeling of the colliding laser fields, we in particular
provide reliable estimates for the prospective numbers
of signal photons scattered into the dark field for vari-
ous laser polarizations.

Quantum fluctuations mediate effective couplings of
macroscopic electromagnetic fields in vacuum [1]. These
generically give rise to a signal component that may differ
in characteristic properties such as propagation direction
and polarization from the originally applied fields. Because
these signals are very small, they could not yet be verified
in a controlled laboratory experiment. However, recent ad-
vances in high-intensity laser technology have substanti-
ated the perspectives of a first measurement of this effect
with state-of-the-art technology in the near future. One of
the key challenges is to achieve a sufficiently large signal-
to-noise ratio allowing to measure the small quantum vac-
uum signal in the presence of the huge number of photons
constituting the driving laser fields.

In Ref. [2] we put forward a specific setup allowing for its
detection in an experiment based on the collision of two fo-
cused high-intensity laser pulses in a counter-propagating
geometry. The basic idea of our setup is to use the same fo-
cusing optics for both pulses to be collided and to employ a
dark-field approach for the detection of the induced single-
photon-level signal. To this end two subsequent pulses gen-
erated by the same laser system and appropriately separated
in time by means of a delay line are collided in their com-
mon focus after the propagation direction of the first pulse
has been reversed at a spherical retro-reflector. Moreover,
a central shadow is imprinted in the transverse profile of
the initial beam by reflecting the initial beam off a mirror
with hole. By construction this shadow is then present both
in the converging beam prior to its focus and the diverging
beam after its focus, while a peaked on-axis focus profile
is retained [3]. The shadow in the diverging beam is effec-
tively imaged onto a single-photon sensitive detector via a
hole in the retro-reflector such as to spatially filter out a siz-
able fraction of the quantum vacuum signal induced in the
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Figure 1: Schematic layout of the experimental setup. Two
pulses generated by the same frontend are separated in time
and fed into the same focusing optics such that they are col-
lided in their common focus after the propagation direction
of the first pulse has been reversed at a retro-reflector. A
central shadow is imprinted in the transverse profile of the
initial beam by reflecting it off a mirror with hole. The
shadow is effectively imaged onto a single-photon sensi-
tive detector via another hole in the retro-reflector such as
to spatially filter out a sizable fraction of the quantum vac-
uum signal while minimizing the background.

collision of the two laser pulses. See Fig. 1 for an illustra-
tion. By appropriately preparing the polarization state of
the incident beams prior to being fed into the focusing op-
tics also polarization sensitive observables can be studied
with our setup.

Resorting to a set of well-justified assumptions and theo-
retical idealizations, in Ref. [2] we have explicitly demon-
strated that the setup envisioned by us should indeed pro-
vide a prospective new route towards a first measurement
of nonlinear quantum vacuum signals in an all-optical ex-
periment at present and forthcoming petawatt-class high-
intensity laser laboratories, such as CALA in Garching,
Germany. As a critical next step, it needs to be shown that
the scattering and diffraction background that is inevitable
in any real-world experimental implementation of the setup
can indeed be appropriately controlled and sufficiently sup-
pressed in experiment.

This work has been funded by the DFG under Grant Nos.
416607684, 416702141 and 41670886 within the Research
Unit FOR2783/2.
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Laser pulse collisions are a promising tool for the in-
vestigation of light-by-light scattering phenomena in-
duced by quantum vacuum fluctuations. Using a nu-
merical code based on the vacuum emission picture, we
study laser pulse collisions observing a strong depen-
dence of the signal features on the transverse pulse pro-
files. For an annular probe beam colliding with a coun-
terpropagating pump beam, the signal’s main emission
direction can undergo the analogue of a phase transi-
tion with the beam waist ratio of the pulses serving as
a control parameter. Depending on the pump’s beam
profile, this phase transition can be first or second or-
der. Improving the code performance, we determine the
critical point and extract the corresponding critical ex-
ponent for the second order transition.

Nonlinear interactions of electromagnetic fields in vac-
uum are a long-standing prediction of quantum electrody-
namics (QED). For a precise and quantitative verification of
these interactions, the collision of macroscopically control-
lable, ultra-intense laser pulses is a promising experimental
pathway in many laboratories worldwide.

For the description of general beams and collision ge-
ometries, powerful numerical methods are needed. Our
work relies on the VacEm code [1] based on the vacuum
emission picture. We highlight and analyze a phenomenon
reminiscent to a phase transition in statistical physics. In
[2], we demonstrate that both its qualitative and quantita-
tive properties depend sensitively on the beam properties
such that the use of an accurate computational method is
mandatory. More specifically, we use a probe beam with
an annular far-field profile but a pronounced on-axis peak
in the focus colliding head on with a strong pump pulse
and study the angular distribution of quantum-induced sig-
nal photons. We confirm that the asymptotic signal can be
peaked either in the direction of the beam axis or at a finite
angular offset [3] depending on the relative beam waists of
the colliding pulses and the transverse beam profiles.

Interestingly, our results can be phrased in the language
of critical phenomena with the main emission direction of
the signal serving as an order parameter that can undergo
an apparent symmetry transition from on axis to off axis
depending on the pump properties serving as control pa-
rameters. The analogy is quantified further by fitting the
data to a power law as suggested by conventional critical
phenomena. Using the fit model

φpeak
∣∣
transition = C

(
w0,2 − w0,2,c

w0,1

)β

+
π

2
, (1)

with parameters C, β, and w0,2,c, we find for the criti-
cal exponent of the order parameter β = 0.372± 0.014.
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Figure 1: Peak direction of the signal photon distribution
for an annular flat-top probe colliding with a Gaussian
pump vs. the pump-to-probe waist ratio w0,2/w0,1. In-
terpreting φpeak as an order parameter, we observe a con-
tinuous second-order phase transition. The blue curve rep-
resents the power-law fit (1), the orange curve depicts an
analytical estimate. The double-log plot in the inset con-
firms the critical behavior described by (1) with a critical
exponent β.

For our PW-class laser parameters, cf. [2], we obtain a
critical pump-to-probe beam waist ratio (w0,2,c/w0,1)

∣∣
g =

1.9121± 0.0017 which plays the role of the critical point.
As the computation of observables in the critical re-

gion requires a substantial numerical accuracy, we use
the present investigation also as a motive to improve the
VacEm code as well as study its convergence with criti-
cal discretization parameters. We observe that the accurate
modeling of generic flat-top beam profiles poses a numer-
ical challenge that is addressed by our code improvements
[2]. More specifically, the improvements significantly re-
duce the computation time, memory, and storage demand.
The extensive simulations of flat-top beams is thus made
feasible in practice.

In summary, our work sets an example that the language
of critical phenomena can be useful to describe and quan-
tify quantum vacuum signatures in laser pulse collisions.
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quvac: exploring the virtual swamp of quantum vacuum
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First experiments to observe photon-photon scatter-
ing with real on-shell photons are being planned and
performed at the moment. To provide quantitative esti-
mates for expected quantum vacuum signals, we wrote
a new code “quvac” with special emphasis on clarity
and sustainability. We plan to make it open source in
the near future and hope that it will be useful to the
light-by-light scattering community.

Strong-field QED predicts that in the presence of strong
electromagnetic fields the quantum vacuum starts to be-
have like a medium and affect light propagation. For cur-
rently available technology the expected signals are typi-
cally weak (only a few photons) making it challenging to
observe against huge laser background. Theoretical studies
provided a lot of insights into promising configurations and
qualitative estimates but they are limited to simplified beam
profiles. Employing numerical Maxwell solver allows to
model more realistic beam profiles and obtain quantitative
estimates [1].

In the vacuum emission picture [2], the zero-to-single
photon (with wavevector k, energy ω = |k| and polariza-
tion vector ϵµ(p)) transition amplitude is given by

S(p)(k) =
ϵ∗µ(p)(k)√

2k0

∫
d4x eikνx

ν

jµ(x)

∣∣∣∣
k0=ω

, (1)

where

jµ(x) = 2∂ν ∂LHE

∂F νµ
(2)

is the signal-photon current generated by the external
macroscopic electromagnetic fields Fµν and LHE is the
Heisenberg-Euler Lagrangian.

We follow the same basic algorithm to calculate quantum
vacuum signals [1]: 1) a linear Maxwell solver is used to
describe the evolution of external electromagnetic fields, 2)
the vacuum emission picture is used for the calculation of
the quantum vacuum signals (Eq. 1).

Compared to the previous implementation, we improved
the following aspects:

• To extend physics case and remove some limitations,
we added the possibility to calculate channel-separated
signals (linearized in the probe) and to use any combi-
nation of analytic and Maxwell-propagated fields. We
also implemented several new field profiles.

• To make the package more user-friendly and sustain-
able, we have a git project page (including tutorials), a
separate documentation webpage and also use modern
packaging tools (testing, continuous integration).
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Figure 1: Angular signal photon spectrum from the colli-
sion of a focused probe (W = 20 J, λ = 800 nm, τ = 25
fs FWHM, w0 = 1.6 µm, θc = 45◦) with a belt pump
[5], consisting of four focused beams (W = 10 J, θc =
90◦, ϕ = {0◦, 90◦, 180◦, 270◦}, β = {0◦, 90◦, 90◦, 0◦},
other parameters are similar). (Top) Calculation including
all channels; (Bottom) calculation with the amplitude lin-
earized in probe field.

• Better modularity and more utilities allows for almost
seamless implementation of grid scans and Bayesian
optimization methods [3].

• For faster computations we added the possibility of
lower precision calculations (float32) [4] and paral-
lelization.

We benchmarked the code against analytical results and
the previous implementation with satisfactory agreement.

Figure 1 shows the angular signal spectrum for the full
vacuum emission amplitude and the one linearized in the
probe field. When interference terms are negligible, such
channel separation could give additional insights.
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Towards the full Heisenberg-Euler effective action at large NNN
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We study the Heisenberg-Euler effective action in
constant electromagnetic fields FFF for QED with NNN
charged particle flavors of the same mass and charge
eee in the large NNN limit characterized by sending N → ∞N → ∞N → ∞
while keeping Ne2 ∼ eF ∼ N0Ne2 ∼ eF ∼ N0Ne2 ∼ eF ∼ N0 fixed. This immediately
implies that contributions that scale with inverse pow-
ers of NNN can be neglected and the resulting effective ac-
tion scales linearly with NNN . Interestingly, due to the
presence of one-particle reducible diagrams, even in
this limit the Heisenberg-Euler effective action receives
contributions of arbitrary loop order. In particular for
electric- and magnetic-like field configurations we con-
struct an explicit expression for the associated effective
Lagrangian that, upon extremization for two constant
scalar coefficients, allows to evaluate its full, all-order
result at arbitrarily large field strengths.

In Ref. [1] we advocated the study of external-field quan-
tum electrodynamics (QED) with N charged particle fla-
vors of the same mass m and charge e in the large N
limit. We emphasized that this deformation of standard
QED constitutes a very interesting theoretical laboratory
allowing to assess the impact of high-order loop corrections
on the physics predictions of a quantum field theory under
extreme conditions, and detailed the structure of the associ-
ated Heisenberg-Euler effective action ΓHE =

∫
d4xLHE

governing the dynamics of prescribed macroscopic elec-
tromagnetic fields in the quantum vacuum [2]. The explicit
results of that work mainly assumed the possibility of a per-
turbative expansion of ΓHE in powers of the fine-structure
constant α = e2/(4π), or equivalently, the numbers of
loops of its constituting Feynman diagrams.

In Ref. [3], we provide an explicit expression for the full
constant-field Heisenberg-Euler effective Lagrangian LHE

in the ’t Hooft limit receiving contributions from arbitrary
loop orders. Our starting point is the formal mean-field
expression of ΓHE for N -flavor QED,

ΓHE[A] = −1

4

∫
FµνF

µν

+ Sψ[A+ j]− 1

2

∫∫
jµ(D

−1)µνjν , (1)

where Sψ[A] = −iN ln det(−i /D[A]+m), (D−1)µν is the
free inverse photon propagator and the auxiliary field jµ is
implicitly defined in terms of Aµ by the condition

δ

δjµ
ΓHE[A] = 0 . (2)

Presuming that both Nα and eAµ scale as ∼ N0, Eq. (1)
neglects corrections of O(1/N). In the limit of N → ∞ it
thus becomes exact.
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The formal expression for the effective action in Eq. (1)
is a functional of the external field Aµ and an auxiliary, in-
frared divergent vector field jµ. The latter is supposed to
extremize this effective action and thus is implicitly also
defined in terms of Aµ. In a first step, we analyzed the mo-
mentum structure of the vector field jµ and showed that in
generic constant fields it can be parameterized by four con-
stant scalar coefficients πp. Making use of this fact, the ex-
tremization of the effective action for jµ can be traded for
the much simpler extremization for these four scalars. We
then demonstrated that upon introducing the field strength
tensor of the auxiliary field Jµν = ∂µjν − ∂νjµ, in con-
stant fields the effective action (1) can be cast into a specifc
form that is fully determined by the one-loop Lagrangian
L1-loop
HE [2]. Using that in constant fields L1-loop

HE depends
on Fµν only via the scalar invariants of the field F and
G, further simplifications are possible and the associated
full effective Lagrangian is given by LHE(F ,G). By ex-
tremizing this Lagrangian for the four scalar coefficients
πp, its superficial dependence on these unknowns can be
completely eliminated. Subsequently, we focused on the
special case where G = 0 and arrived at a rather com-
pact expression for LHE(F). This effective Lagrangian
is characterized by just two scalar unknowns ξ and χ to
be eliminated by an extremization. As consistency checks,
we explicitly demonstrated that our expression for LHE(F)
correctly reproduces the all-order strong field limit studied
in Ref. [1], and the perturbative result for LHE(F) up to
O(α3).

As a natural continuation of Ref. [3], in the future we in
particular plan to numerically extremize the effective La-
grangian LHE(F) for both scalars ξ and χ. This will al-
low us to study the fate of the full Heisenberg-Euler La-
grangian at large N as a function of F up to arbitrarily
large values of this parameter. Because the Feynman di-
agrams that dominate the all-loop strong field limit [4] of
standard N = 1 flavor QED are precisely those surviving
in the large N limit of the theory, this study will also be
relevant for the understanding of the strong-field behavior
of standard external-field QED.

This work has been funded by the DFG under Grant No.
416607684 within the Research Unit FOR2783/2.
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We study the renormalization flow of generic actions
of nonlinear electrodynamics. We search for RG fixed
points or rather fixed functions, i.e., globally existing
nonlinear Lagrangians. For proper initial conditions
parametrized by the photon anomalous dimension, we
construct a global fixed function for homogeneous mag-
netic fields of arbitrary strength. For the strong-field
limit of the 1PI QED effective action, where the anoma-
lous dimension is determined by electronic fluctuations,
our result suggests the existence of a singularity free
strong-field limit, circumventing the standard conclu-
sions based on naive RG improvement arguments con-
nected to the perturbative Landau pole.

Relativistic models of nonlinear electrodynamics have
an extensive history in field theory, beginning with Born-
or Born-Infeld theory motivated by the removal of the di-
vergence the electron’s self-energy in a classical setting.
From QED and a suitable average over quantum fluctu-
ations, Heisenberg-Euler theory arises as the presumably
correct theory of the nonlinear response of the electrody-
namic quantum vacuum, representing also a hallmark of
the concept of effective field theory. Higher-order resum-
mations together with RG-improvement arguments seem to
suggest that the Landau-pole divergence at high momenta
translates into an analogous divergence in field amplitudes
[1].

In our work [2], we address the strong-field limit of
Heisenberg-Euler-type theories using methods of func-
tional renormalization. More specifically, we derive the
general nonperturbative RG flow equation for action func-
tionals depending on the gauge- and Lorentz-invariant
combinations of the field strength. We find that the cri-
terion of global existence of functions satisfying the fixed-
point equation for the action is most relevant. Carefully
imposing proper initial conditions makes it possible to
construct globally existing fixed-point actions which are
parametrized in terms of the anomalous dimension of the
photonic field. The corresponding global action in the di-
rection of one of the invariants is obtained by a nontriv-
ial matching of the small- and large-field expansions, see
Fig. 1. The approximations involved can be applied to
the case of a purely magnetic field and thus provide evi-
dence for the absence of Landau-pole-type singularities in
the strong-field limit of this type.

The large-field asymptotics of our solution for the effec-
tive Lagrangian is characterized by [2]

L(F → ∞)) ∼ −F∆(η), ∆(η) =
4

4 + η
. (1)

Using the QED perturbative value η = 2
3πα and expand-
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Figure 1: Global continuous fixed function and residuals
of small- and large-field expansions as a function of the
(dimensionless version of the) field strength invariant F =
1
4FµνF

µν for the photon anomalous dimension η∗ = 10−3.
The large-field asymptotics is given by a power law with
exponent ∆ = 4

4+η∗
. The small-field expansion in powers

of F is truncated beyond the polynomial order N = 40,
whereas the large-field truncation parameters (N1, N2) are
taken to be either (2, 1) (dashed) or (4, 3) (solid) and spec-
ify a suitable Hahn series [2]. The parameters µ0 and F0

control a smooth interpolation in the overlap region. Gray
lines represent pure large-field solutions, black dotted lines
the small-field solution. The existence of a smooth overlap
indicated by the colored regions is a strong indication for
the existence of a global solution.

ing in α, this result corresponds precisely to the strong
magnetic field limit of the one-loop Heisenberg-Euler La-
grangian. Whereas conventional perturbative resummation
techniques [1] of that result induce a Landau-pole singu-
larity in the effective action at exponentially large field
strength

√
F ∼ m2

ee
3π/α, the asymptotic form suggested

by Eq. (1) as well as our full global solutions are free of
any singularity.

In summary, our nonperturbative construction suggests
the existence of a regular effective action of nonlinear QED
to arbitrarily high (magnetic) field strength amplitudes with
the asymptotic limit being controlled by the photon anoma-
lous dimension. We emphasize that our observation does
not resolve the triviality problem of QED which – in our
setting – would be linked to a high-energy divergence in η
driven by charged-particle fluctuations.
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Polarized heavy ions are a valuable research tool with
a wide range of applications. Not only the production
and preservation of ion polarization in storage rings,
but also its measurement is an extremely important
task. For this reason, we proposed the method of di-
agnostics of spin-polarized ions that can provide infor-
mation about both the direction and the degree of their
polarization.

We employ the radiative recombination (RR) of polarized
electrons into the ground state of initially hydrogen-like, fi-
nally helium-like, ions as a probe for ion polarization. Ra-
diative recombination is one of the dominant processes that
occurs in ion-electron collisions. RR radiation is known to
be very sensitive to the spin states of colliding particles [1].
This sensitivity can naturally be studied within the frame-
work of density matrix theory [2]. Within this framework
it is convenient to express the elements of density matri-
ces of the incident free electron ρ̂

(el)
i , characterized by an

asymptotic linear momentum p, and helicity ms, and of
the hydrogen–like ion ρ̂

(ion)
i , being in a magnetic substate

|1s1/2 µ0⟩, in terms of the corresponding statistical tensors
[2, 3]:〈

pms

∣∣∣ρ̂(el)i

∣∣∣pm′
s

〉
=

∑
k=0,1

k∑
q=−k

(−1)1/2−m′
s Ck q

1/2ms, 1/2−m′
s
ρ
(el)
kq ,

〈
1s1/2 µ0

∣∣∣ρ̂(ion)i

∣∣∣ 1s1/2 µ′
0

〉
=

∑
K=0,1

K∑
Q=−K

(−1)1/2−µ′
0 CK Q

1/2µ0, 1/2−µ′
0
ρ
(ion)
KQ .

In addition to well-defined symmetry properties, a great ad-
vantage of the statistical tensors is their direct relation to
the components

(
P

(el,ion)
x , P

(el,ion)
y , P

(el,ion)
z

)
of electron

and ion polarization vectors:

ρ
(el,ion)
00 =

1√
2
,

ρ
(el,ion)
10 =

P
(el,ion)
z√

2

ρ
(el,ion)
1±1 = ∓1

2

(
P (el,ion)
x ∓ iP (el,ion)

y

)
.

Both polarization vectors P(ion) and P(el) are defined in
the ion rest frame, where the z–axis is chosen along the
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momentum of the incident electron p, and together with
the x–axis defines the reaction plane. Moreover, the degree
of polarization

P (el,ion) =√(
P

(el,ion)
x

)2

+
(
P

(el,ion)
y

)2

+
(
P

(el,ion)
z

)2

≤ 1

is equal to unity for a completely polarized beam, and
P (el,ion) < 1 if electrons or ions are partially polarized.

We considered the cross section of the radiative recom-
bination, integrated over the photon emission angles and
summed over its polarization. It was found that this inte-
grated cross section depends on the polarization of both the
initial ion and the incident electron:

σRR = σ
(unp)
RR +

∑
i=x,y,z

P
(el)
i P

(ion)
i ∆σ

(i)
RR . (1)

Here, σ(unp)
RR is the total cross section for the radiative re-

combination of unpolarized electrons and ions, and cross
section corrections ∆σ(x,y,z) depend on the incident elec-
tron energy and the nuclear charge of the ion.

As seen from Eq. (1), the integrated RR cross section
contains the term σ

(unp)
RR that is completely independent

of the ion and electron polarization, and a sum of terms
proportional to the product of the polarization components
P

(el)
i P

(ion)
i . Our theoretical study clearly demonstrates

that this cross section is highly sensitive to the mutual ori-
entation of the electron and the ion polarization vectors.
We argue, therefore, that cross section measurements can
provide information about both the direction and the de-
gree of ion polarization. Such “spin tomography” of stored
hydrogen–like ions is of paramount importance for planned
experimental activities at GSI and FAIR facilities, aimed at
searching for new physics beyond the Standard Model.
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Observing multiphoton electron-positron pair pro-
duction via the nonlinear Breit-Wheeler (NBW) pro-
cess requires high-energy γ rays to interact with strong
electromagnetic fields. The polarization dependence of
NBW was predicted already in the seminal papers in the
1960, but hitherto remains unobserved. Here we report
on detailed Monte Carlo simulations of an experimen-
tal configuration that accomplishes this by employing a
two-stage set-up. First, a multi-GeV electron beam in-
teracts with a moderately intense laser pulse to produce
a bright, highly polarized beam of γ rays via inverse
Compton scattering. Second, after removing the pri-
mary electrons, these γ rays collide with another, more
intense, laser pulse in order to produce the e+e−-pairs.

The schematic of this two-stage set-up is depicted in
Fig. 1. A laser pulse with polarization E1 collides with an
electron beam to create γ rays via inverse Compton scat-
tering, which are predominantly polarised along E1. Af-
ter travelling along the baseline of several meters, the γ
rays collide with the second laser pulse, which is polarized
along E2 (at a pitch angle θ relative to E1), and electron-
positron pairs are created via the NBW process. By varying
θ we can go from ∥ (θ = 0) to ⊥ (θ = π/2) polarized pair
production channels.

Baseline

ICS-𝛾

NBW

Figure 1: Schematic of the two-stage NBW set-up.

To study the feasibility of such two-stage experiments we
have performed detailed Monte Carlo simulations of both
the production of polarized γ rays via linear ICS [2] and
NBW pair production from polarized photons [3]. We have
investigated in detail 3 different scenarios with primary
electron energies between 16.5 GeV and 200 GeV. For de-
tailed simulation parameters we refer to Ref. [1]. Here we
report in some detail the results for 16.5 GeV which could
be realized at LUXE [4].

Our simulations for stage 1 predict a mean photon en-
ergy of about 8 GeV at the center of the strong-field IP,
with a root-mean-square (rms) bandwidth of approximately
0.5 GeV, see Fig. 2(a). The central part of the γ-ray beam
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Figure 2: Simulation results for the γ-ray beam at the
strong-field IP (a-d) and of the produced positrons (e-g).

has a photon fluence of 40 photons/µm2 per bunch crossing
(BX). Fig. 2(b) depicts the orientation and magnitude of
the polarization. The photons are highly linearly polarized
approximately along the x-axis with a polarization degree
S ≈ 77 %. This value was calculated by averaging over all
macro-photons in a circular spot of radius 4 µm at the IP.

The energy spectrum of the positrons produced when
ICS-γ rays collide with a laser of a0 = 0.5 is shown in
Fig. 2(e). Changing the pitch angle θ from 0 to π/2 in-
creases the positron yield without changing the shape of
the spectrum, which is mostly symmetric in both cases. In
Fig. 2(f), the total number of positrons is shown as a func-
tion of a0, while keeping the total laser energy constant.
Positron yields of up to 3.8–5.8 per BX are achieved for
a0 = 10. In Fig. 2(g) we show the ratio between the yields
at θ = 0 and π/2. It is mostly constant over the entire
range of a0, with an average value of 1.7. This difference
would be observable at LUXE, given the expected preci-
sion, statistics, and sustained operation that are planned [4].

In summary, the high degree of linear polarization pro-
vided by ICS enables the polarization dependence of NBW
to be studied in detail in a SFQED experiment located at a
linear collider.

The data are available at 10.5281/zenodo.14139805.
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We address the locally monochromatic approxima-
tion (LMA), which is a fundamental tool in the simu-
lations of laser-particle collisions. We revisit the deriva-
tion of the LMA and propose a new, consistent method
for obtaining LMA probability rates for arbitrary po-
larizations of a plane wave background. Also, we in-
clude bandwidth effects that are absent in the LMA. We
refer to the bandwidth-restored LMA as LMA+, and
compare it with exact strong-field QED calculations and
the locally constant field approximation.

Under the extreme conditions that take place in the col-
lisions of high-intensity laser pulses with ultrarelativistic
electron beams, processes of strong-field QED (SFQED),
such as nonlinear Compton scattering (NCS) and nonlin-
ear Breit-Wheeler pair production, play a significant role
[1]. For the upcoming experiments [2], one requires re-
liable simulation routines that account for the SFQED ef-
fects. In the transition regime of laser intensities (a0 ∼ 1),
these simulations are based on the probability rate in the
locally monochromatic approximation (LMA) [3].

In contrast to the only previously known locally constant
field approximation (LCFA) [1], which works for a0 ≫ 1,
the LMA is applicable for arbitrary intensities. However,
it is not so versatile as LCFA and requires the electromag-
netic background to be close to a plane wave and to possess
two time scales: slow envelope and fast carrier.

The key idea behind the LMA derivation is the splitting
of the particle’s trajectory into the slow ponderomotive drift
of the guiding center and the fast quiver motion around
it. But the mere separation of time scales is insufficient,
since it leaves us with the altering in sign quantity, which
we refer to as proto-rate R (φ) [4]. The second essential
step is to perform cycle-averaging of the proto-rate over the
fast varying carrier component, to turn it into the positive-
definite probability rate [4]

RLMA (φ) ≡ 1

2π

φ+π∫

φ−π

R (φ′) dφ′. (1)

Notably, the cycle-averaging procedure was always im-
plied, but has never been implemented explicitly until re-
cently [4].

We emphasize that our approach to the derivation of
LMA allows us to obtain the probability rates consistently
for arbitrary polarizations of a background plane wave.
Whereas, the probability rates take forms of the corre-
sponding rates in the infinite plane wave limit [4], with the
substitution a0 → a (φ/∆) ≡ a0g (φ/∆), where g (φ/∆)
is a pulse envelope and ∆ ≫ 1 is its duration.
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Figure 1: Energy spectra of NCS for circular polarization,
plotted for a0 = 0.5 and various pulse durations. Each
curve is normalized by the total pulse duration ∆.

In the regime of moderate intensities (a0 ∼ 1), the emit-
ted spectrum exhibits harmonic structure and LMA is able
to reproduce it. However, the LMA predictions lack the
features associated with the finite duration of a plane wave
background. To account for the finite bandwidth, we have
to include interference effects on the entire pulse scale. We
achieve it by introducing the window function in the def-
inition of proto-rate. Such bandwidth-restored LMA we
call LMA+. Since the window function and its width may
be arbitrary, we specify them by matching LMA+ and full
SFQED results in the weak field limit (a0 ≪ 1).

In Fig. 1 we compare the emission spectra of NCS in
a circularly polarized background [1], obtained by means
of the standard LMA, LMA+ and exact SFQED calcula-
tions. The envelope is chosen as exp

(
−φ2/2∆2

)
. The

LMA lacks the finite bandwidth features, like broadening
of the harmonics and damping of the maximum harmonic’s
magnitude. In turn, the LMA+ reproduces these features
and provides reasonable results even for the regime ∆ ∼ 1,
where a separation of time scales is not valid anymore. We
also added the LCFA result, to demonstrate that for the
moderate intensity regime a0 ∼ 1 its predictions are much
worse than both LMA and LMA+, as expected.
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We present a theoretical investigation of a Poincaré
beam interacting with optically polarized atoms in the
presence of magnetic field. In particular, we con-
sider a linearly polarized plane wave as the pump
and a Poincaré beam as the probe field interacting
with rubidium atoms. The study of this interaction
reveals that the absorption profile of the Poincaré
beam is axially-asymmetric and this asymmetry depends
on: (a) mutual orientation of the pump and probe
light propagation directions relative to the quantiza-
tion axis, and (b) on the strength of the constant mag-
netic field. To illustrate our results, we assume the in-
coming radiation drives an electric dipole transition,
5s 2S1/2 (F = 1) → 5p 2P3/2 (F = 0), in rubidium
atoms. These results, we believe will be beneficial for
planning future experiments on atomic magnetometers
based on structured light-atom interaction.

Recent works [1, 2] have established the advantages
of vector-light-based atomic magnetometers in retrieving
magnetic field information by observing the symmetrical
absorption profile of vector light. In this work [3], we con-
sider a dual beam set-up, where linearly polarized Gaussian
beam is pump and Poincaré beam is probe light field that
interacts with rubidium atoms driving an electric dipole
transition 5s 2S1/2 (F = 1) → 5p 2P3/2 (F = 0). To an-
alyze this interaction process, we describe the atomic sys-
tem by density matrix and obtain the population of the ex-
cited atomic state by solving Liouville-von Neumann equa-
tion in steady-state regime. This population of the excited
state across the Poincaré beam’s cross-section then directly
translates into the absorption profile.

In the beginning, the Poincaré beam is assumed to propa-
gate along the quantization axis and solely interacts with
the unpolarized atoms, meaning the pump light field is
turned off. In this simplified scenario, the three magnetic
sublevels in the ground state of the rubidium atomic target
will be equally populated. For this case, we find that the
atoms located in the upper part of the beam cross-section
interacts strongly with the Poincaré beam, and those in the
bottom half are less interactive. This asymmetry in the
interaction process stems from the fact that the Poincaré
beam has an inhomogeneous polarization profile, see Fig. 1
(a). Specifically, the Poincaré beam’s local polarization is
purely circular at the beam center. As one moves away
from the center, the light field’s polarization changes to el-
liptical with varying ellipticity parameter. For example,
atoms located at b = 200µm experiences an elliptically
polarized light and this field couples all the three mag-
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Figure 1: (a) Intensity and polarization profile of Poincaré
beam. (b) Polar plot of the absolute value of transition am-
plitude for Mg = 0 → Me = 0. Absorption profile for
Poincaré beam interacting with (c) unpolarized, and (d) po-
larized Rb atoms. The strength of the magnetic field is 1 G.

netic sublevels in the ground state with the excited state.
Among these, we observe the local transition amplitude for
the transition Mg = 0 → Me = 0 (∆M = 0) is not sym-
metric across the beam cross-section. Particularly, the tran-
sition amplitude for this transition has lower values in the
bottom part of the beam cross-section, as shown in the po-
lar plot of the absolute value of transition amplitude Fig. 1
(b). Thus, for this case the absorption profile of Poincaré
beam is axially-asymmetric, unlike in the case of vector
light, see Fig. 1 (c). Whereas, when we consider the po-
larized case, the absorption profile is symmetric, see Fig. 1
(d). Because here the pump light propagates perpendicu-
lar to the quantization axis and thus drives the transition
Mg = 0 → Me = 0 and pumping all the ground state
population to sublevels Mg = ±1. Thus, the incoming
probe light field cannot drive ∆M = 0 transition, which is
the fundamental reason for the observed asymmetry in the
absorption profile.

We believe our results can be useful in guiding the fu-
ture experiments of optically pumped atomic magnetome-
ters utilizing structured light modes.

The authors acknowledge funding from research School
of Advanced Photon Science of the HI Jena.
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Photoelectrons from photoionization reveal key de-
tails about light-atom interactions. While conven-
tional lasers are well-studied, structured light fields like
twisted Bessel beams, carrying orbital angular momen-
tum, remain less understood. Prior work shows spec-
tral shifts in above-threshold ionization with changes in
the beam’s opening angle and orbital angular momen-
tum, but their precise impact on photoelectron momen-
tum distributions (PMDs) is unclear. Using the strong
field approximation and saddle point method, we ana-
lytically derive the ionization amplitude, modeling the
atom with a hydrogenic 1s orbital (adjusted for kryp-
ton) for computational efficiency. This allows us to re-
solve how both parameters shape the PMD.

Previous studies, such as Böning et al. [1], have shown
that photoelectrons can be emitted along the propaga-
tion direction of a Bessel pulse, with the above-threshold
ionization (ATI) peak intensities governed by the beam’s
opening angle and total angular momentum (including
its projection). While this finding advanced the under-
standing of structured light-matter interactions, the fine-
scale variations in ATI peaks—such as their sensitivity to
changes in the opening angle or orbital angular momen-
tum (OAM)—were not explored. Moreover, earlier anal-
yses relied heavily on computationally expensive numeri-
cal simulations, which, despite their accuracy, hinder intu-
itive insights into parameter dependencies. To overcome
this limitation, we employ the saddle point method (SPM),
a semi-analytical approach that efficiently identifies domi-
nant contributions to the ionization dynamics. This allows
us to systematically dissect how the Bessel pulse’s opening
angle and OAM shape the photoelectron momentum dis-
tribution (PMD) while balancing rigor with computational
tractability.

We investigate [2] the impact of intense few-cycle Bessel
pulses on photoelectron momentum distributions using the
strong-field approximation combined with the saddle point
method (Fig. 1). Our analytical approach accounts for the
Coulomb singularity in hydrogenic 1s states by modifying
the SPM near saddle points, where the dipole matrix ele-
ments diverge. While this method is tailored for hydrogen-
like systems, extending it to more complex targets would
require additional modifications to handle both the singu-
larity and wavefunction structure.

This work has been funded by the Research School of Ad-
vanced Photon Science of HI Jena, Germany.
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Figure 1: Electric field components of a two-cycle Bessel
pulse with saddle-point solutions (gray circles) for a laser
intensity of 5×1013 W/cm

2 and ϵp ranging from 0 ≤ ϵp ≤
20ω. The colored lines represent the electric field compo-
nents: red for Ex, blue for Ey , and green for Ez . The
TAM values mγ = 1, 2 are shown from left to right, with a
fixed opening angle θk = 20◦ and 60◦. θp and φp are kept
constant at 90◦ and 0◦ respectively. Black dashed arrow-
headed lines indicate the direction of the saddle point with
increasing kinetic energy of the photoelectrons.
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Photon pairs generated via spontaneous paramet-
ric down-conversion (SPDC) intrinsically possess high-
dimensional entanglement in orbital angular momen-
tum (OAM), offering promising features for future ap-
plications such as enhanced capacity and security in
quantum communication protocols. However, the ex-
perimental generation of high-dimensional maximally
entangled states (MESs) within a desired OAM sub-
space remains challenging. We calculate the joint condi-
tions for the pump beam and the nonlinear crystal pro-
file required for the direct generation of MESs, without
the need for subsequent post-selection.

Maximally entangled states (MESs) are an important
class of bipartite states exhibiting perfect quantum corre-
lations. Well-known examples for two entangled qubits
(with dimensionality d = 2) are the four Bell states.
High-dimensional entanglement can be quantified by the
Schmidt numberK, where MESs of two d-dimensional en-
tagled systems are characterized by Kd×d = d.

Unlike polarization modes (limited to d = 2), orbital
angular momentum (OAM) modes span an unbounded
Hilbert space, where a photon carries OAM of ℓℏ with
ℓ ∈ Z. In the paraxial and narrowband approximation, the
spatial two-photon state from SPDC is given by

|ψ⟩ =
∞∑

ℓs,ℓi=−∞

Cℓs,ℓi |ℓs⟩ ⊗ |ℓi⟩ , (1)
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Figure 1: Example of a maximally entangled two-ququint state (d = 5). (a) The normalized OAM spectrum for the target
state |ψ⟩ = 1√

5

(
|−2,−1⟩+ |−1,−2⟩+ |0, 0⟩+ |1, 2⟩+ |2, 1⟩

)
within the range ℓs, ℓi = −3, ..., 3. The state is maximally

entangled in the subspace ℓs, ℓi = −2, ..., 2. (b) The required spatial profile of the pump beam consists of an unequal
weighted superposition of modes carrying OAM of ℓp = −3, 0 and 3. (c) The required PMF ΦPM (green line) and, for
comparison, a typical sinc-like PMF of a periodically poled crystal (red line) of a lenght L = 10 mm.

where Cℓs,ℓi is the OAM expansion amplitude of the pho-
ton pair, consisting of signal and idler, carrying ℓs and ℓi
OAM, respectively. Desirable MESs from Eq. (1) can be
realized by post-selection, i.e. filter out unwanted OAM
modes from the subspace, but this reduces the photon yield
and requires much experimental effort [3].

The amplitudes Cℓs,ℓi depend on the pump beam’s spa-
tial profile [1], especially its OAM ℓp, and how the phase-
matching condition in the nonlinear crystal is realized. By
employing a non-trivial poling configuration χ(2)(z) [2],
we can modify a customized phase-matching function

ΦPM(∆kz) =

∫ L/2

−L/2

χ(2)(z) ei∆kzzdz, (2)

where L is the crystal length aligned along the z-axis and
∆kz the phase mismatch. Combined with optimal chosen
superposition of OAM modes for the pump, this enables
direct generation of MESs in desired OAM subspaces. In
[4], we show how to obtain suitable configuration for the
pump beam and the crystal and demonstrate our method
with maximally entangled qutrits (d = 3) and ququints
(d = 5), see Fig. 1.
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We calculated the energy levels and g factors of the
excited states in Ca14+ ion to support the correspond-
ing measurements [1]. The calculations are performed
using a large-scale configuration interaction method to
correlate all six electrons. We found an unexpectedly
large contribution of the frequency-dependent Breit
interaction corrections to the energy levels and good
agreement with the experimental results. Comparison
of the calculated g factor of the excited 3P1 state with
the measured value demonstrates the significance of the
negative-energy states contribution and QED effects on
magnetic moments.

Highly charged ions (HCI) have extreme electronic prop-
erties as a result of strong internal electric fields, allowing
precise tests of fundamental physics [2]. Measurements of
atomic parameters of these few-electron HCI are of inter-
est, because theory predictions can reach accuracies far be-
yond what is possible in many-electron systems. In addi-
tion, quantum electrodynamics (QED) effects are greatly
enhanced due to the high charge state, allowing stringent
tests of QED in the strong-field regime. Furthermore, the
response of the atomic structure to a magnetic field can be
both calculated and measured with high accuracy.

Comparisons to the measured atomic parameters require
the calculation of transition energies as an essential quality
test of the wave functions used to compute, for instance,
g factors. The calculations are performed using a large-
scale configuration interaction (CI) method to correlate all
six electrons in Ca14+ [3]. We converge the CI compu-
tation, including excitations up to 24spdfghi and extrap-
olating contributions of higher partial waves. The results
of the computations are listed in Table 1. We find an un-

Table 1: Theoretical energies (in cm−1) of 2s22p2 states
in Ca14+ are given relative to the 3P0 ground state energy.
Contributions of frequency-dependent Breit and QED are
given in columns ‘freq.’ and ‘QED’, and the differences
between the final energies with the NIST and Ref. [4] data
are given in columns ∆a and ∆b, respectively.

Level CI freq. QED Final ∆a ∆b

3P1 17507 -10 60 17557 -2 1
3P2 35839 -17 99 35921 -2 9
1D2 108555 -18 111 108648 48
1S0 197726 -21 52 197757 87

expectedly large contribution of the frequency-dependent
Breit interaction corrections, which is listed separately in
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the table. The resulting theoretical energy values are in ex-
cellent agreement with the experimental values, as shown
in Table 1.

We isolated the contribution of the Breit interaction to the
energies in Table 2, where we list contributions from the
frequency-independent Breit interaction (‘Breit’) and the
frequency-dependent correction (‘freq.’) to the Coulomb
energies (‘Coulomb’). We find that the Breit corrections
are very large, a few percent of the total excitation energies.
This is due to large cancellations in the total energies of
the ground and excited states, leading to optical transitions
between them. We note that such a large Breit interaction
is common for the HCI of interest in the development of
high-precision atomic clocks. Our calculations show that
frequency-dependent Breit contributes at the level of 1% of
the Breit interaction, enabling us to estimate in which cases
frequency-dependent Breit should be computed to achieve
the expected accuracy in future HCI computations.

Table 2: Contributions (in cm−1) to the energies of 2s22p2

states in Ca14+ relative to the 3P0 ground state energies
(see text for notations). Last column shows the ‘freq.’ to
‘Breit’ ratio.

Level Coulomb Breit freq. ratio %
3P1 18323 -823 -10 1.2%
3P2 38187 -2347 -17 0.7%
1D2 110971 -2249 -18 0.8%
1S0 199236 -1337 -21 1.6%

The theoretical result for the g factor of the 3P1 state,
g(theo) = 1.49902, is in good agreement with the exper-
imental value g = 1.499032(6). We emphasize that the
contributions from negative-energy eigenstates (−0.00009)
and QED corrections to the atomic magnetic moment
(0.00116) are critical to achieve agreement (see [1] for de-
tails). Further g-factor calculations should include the rig-
orous QED treatment and nuclear recoil corrections.
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