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Foreword

Dear friends and members of the Helmholtz Institute Jena,

The Helmholtz Institute Jena is situated on the campus of the Friedrich Schiller University Jena
(FSU) with the Helmholtz centers DESY and HZDR as additional partners. It combines the es
tablished scientific expertise of the University and of our partners with the strategic mission of
GSI. Embedded into the Faculty of Physics and Astronomy of the FriedrichSchillerUniversity
Jena, the focus of research at HI Jena is on fundamental and applied research at the borderline
of strongfield physics, relativistic lightmatter interactions and fundamental quantum processes.

For its research HI Jena profits substantially from the close involvement of the Institute for Op
tics and Quantum Electronics, the Institute for Theoretical Physics, and the Institute of Applied
Physics (closely coupled to Fraunhofer IOF). Moreover, many experimental research projects
are exploiting the unique research infrastructures of the large scale facilities at GSI at Darm
stadt and DESY including the flagship projects FAIR and XFEL. In addition, at the campus of
the FSU, HI Jena provides excellent research opportunities by operating its own infrastructures
which prove to be highly attractive for students and young scientists (see below). As such, the
highpower laser systems POLARIS and JETi200 have to be mentioned as well as a dedicated
xray laboratory and a cryolaboratory (since very recently, see below). For a detailed insight
into all the various research activities and the multitude of research highlights achieved, please
check out the details of our current Annual Report for 2020.

In the 12th year after its establishment, the buildup phase of the Institute has been finished and
all (new) W3 positions could meanwhile be filled. Consequently, and despite the impact of the
Covid19 pandemic, all research groups are very active and in full swing leading to a continuous
growth of the Institute, currently reaching about 100 scientists including PhD students and sup
port personnel. Of course, the demand for additional office and lab space is increasing as well,
and the institute is very grateful to the Federal State of Thuringia for providing it with an addi
tional institute’s building which is currently being built (civil construction is progressing very
well as documented by the photos in Figure 1). The new building is located at the campus of the
FSU Jena in direct neighborhood to the existing institute’s building at Fröbelstieg 3. Both build
ings are connected via a tunnel, enabling the use of the available highpower laser infrastructure
in both buildings. Civil construction has started in March 2020 and the building is expected to
be available in 2022.

Regarding strategic developments, particular focus is currently directed on enabling techniques
for quantum technology and quantum technology itself, as well as on data science. Illustrating
its sustained engagement in enabling techniques for quantum technology, HIJena has joined the
consortium of leading academic institutions and industry in Germany, “Consortium for Cryo
genic Detectors and Superconducting Electronics”. As a first result, the cryolaboratory started
its operation recently (being a common activity of HIJena and the Institute of Solid State Physics
of the University of Jena). Note, this activity is also part of the Helmholtz strategy document for
Quantum Technologies as well as a corner stone for the engagement of HIJena for the applica
tion of a Distributed Detector Laboratory (DDL). Related to quantum technology, the initiative

10



Figure 1: Construction site of the additional institute building which is expected to be available
in spring 2022.

“Quantum Hub Thuringia” by the State of Thuringia needs to be highlighted.

One central focus of the Helmholtz Institute Jena is the promotion of young scientists during
the different phases of their scientific career. In particular, doctoral students are supported by the
research school RSAPS of HI Jena, whose programwas also affected by the Covid19 pandemic
situation. The Research School adapted well to the given situation about the academic program,
moving to digital platforms. The RSAPS seminar was held via Zoom and the annual Lecture
Week of RSAPS which was traditionally designed as a retreat was reorganized as a modified
online version. The partnering graduate school HGSHIRe for FAIR which offers a dedicated
soft skills series for scientists to its participants changed its program to a virtual workshop series
and ensured the possibility for the young researchers to participate in such courses relevant for a
structured PhD program. Moreover, in 2020, RSAPSwelcomed five new students to its graduate
program, while the total number remains stable on a high level with 52 students participating in
the research school (approximately half of the students are financed by 3rd party funding).
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Research School of the Helmholtz Institute Jena

R. Märtin∗1, C. Hahn1, and G. Weber1

1Helmholtz Institute Jena, Fröbelstieg 3, 07743 Jena

The Research School of Advanced Photon Science
(RS-APS) of the HI Jena exists now for eight years and
is an established institution for the PhD students work-
ing at the Helmholtz Institute Jena.

The Research School RS-APS was affected by the
Covid-19 pandemic situation as all other institutions re-
lated to scientific research and education. In particular,
the first lockdown had a large impact on the doctoral stu-
dents and their scientific work at the University and the
Helmholtz Institute Jena. Besides the restricted contact
(“stay at home!”), research facilities stopped their oper-
ation and the access to the laboratories and offices was
prohibited. Several doctoral students whose research was
dedicated to a project at GSI, DESY or simply lab work
on the campus of the university could not continue their
projects and had to pause. The situation was compounded
further by the lack of scientific and academic exchange
with colleagues which is of great importance for the indi-
vidual scientific work, and the additional burden for several
students through childcare at home. Especially this situa-
tion required the support by the research school and the
Helmholtz Institute Jena, for example through the exten-
sion of the duration of the financial support.

Figure 1: Picture of the entrance of the building of the HI
Jena. Due to Covid-19 the access was limited or partially
forbidden.

However the Research School and the HI Jena adapted
well to the given situation, addressing the restrictions by
using digital platforms. The RS-APS seminar was held via
Zoom and the annual Lecture Week of RS-APS which was
traditionally designed as a retreat was reorganized as a se-
ries of online lectures. The 8th Joint Lecture Week of RS-
APS and HGS-HIRe was offered as a mini series of lectures
in the afternoon of four days with the title “The Prospects
of Cryogenic Detectors and Superconducting Electronics:
from Fundamental Research to Applications”. The scien-
tific program covered various aspects of cryogenic-based

∗r.maertin@hi-jena.gsi.de

sensor technology and electronics. The lecturers Prof.
Christian Enss (University Heidelberg), Dr. Ronny Stolz
(Leibniz-IPHT) and Dr. Volker Tympel (Helmholtz Insti-
tute Jena) gave a broad overview of this research for the ca.
25 students participating.

The partnering graduate school HGS-HIRe for FAIR
which offers a dedicated soft skill series for scientists to
its participants changed the whole to program to a virtual
workshop series and ensured the possibility for the young
researchers to participate in such courses relevant for a
structured PhD program.

Figure 2: Picture taken during the bi-weekly RS-APS sem-
inar. The seminar is held via Zoom in the moment.

The so-called PhD committee meeting, which is fore-
seen to be one of the main building blocks of structured
PhD education, actually profits from the focus on dig-
ital meetings. The meeting between student, their su-
pervisor and an additional co-supervisor ensures the ex-
change between doctoral student and supervisor and tracks
the progress and status of the student’s doctoral project.
During the pandemic the decentralized work using virtual
meeting tools helped to arrange these important discus-
sion meetings more often. Therefore we encountered an
increase of the conducted PhD committee meetings. This
is of course of special importance while the pandemic re-
strictions are ongoing and the individual student has less
chances for the scientific exchange on face-to-face basis.
Despite the forced break due to the first pandemic shut-
down nine doctoral students have finished their doctoral
studies with success in 2020, which amounts to a constant
completion rate. RS-APS welcomed five new students to its
graduate program, while the total number remains stable on
a high level with 52 students participating in the research
school.
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ATHENA: A high-contrast frontend for the PEnELOPE laser facility

M. Hornung∗1,2, G. A. Becker2, T. Weickhardt2, M. Hellwing2, M. Siebold3, M. Löser3, D. Albach3,
U. Schramm3, and M. C. Kaluza1,2

1Helmholtz Institute Jena, Fröbelstieg 3, 07743 Jena; 2Institute of Optics and Quantum Electronics (FSU Jena),

Max-Wien Platz 1, 07743 Jena; 3Helmholtz Zentrum Dresden Rossendorf, Bautzner Landstraße 400, 01328 Dresden

Within the framework of the ATHENA project, we
are developing a high-contrast frontend to generate
laser pulses with a center wavelength of 1030 nm, a
FWHM-bandwidth of 25 nm and an output energy of
100 µJ. The system is based on chirped pulse amplifi-
cation with subsequent crossed polarized wave gener-
ation [1]. The generated laser pulses will in future be
used as seed pulses at the PEnELOPE [2] laser facility
at HZDR.

During the past years we have designed and setup a CPA
based laser frontend which consists of a seed-source, a
pulse-picker, a pulse stretcher, a pulse compressor and an
amplifier. After commissioning and demonstrating that the
individual components are operational as a frontend sys-
tem in 2019 [3] we have optimized and finalized the system
with respect to the overall size, robustness and stability in
2020.

Figure 1: Photo of the ATHENA frontend laser system for
PEnELOPE.

Furthermore, in 2020 the system was partially disassem-
bled to be reassembled on robust optical breadboards with
corresponding housings to allow for an easy transport from
Jena to Dresden in the future and provide stable long-term
operation. A photo of the reassembled setup with open
housings is shown in Fig. 1.

In addition to the aforementioned CPA system a XPW
system is required to enhance the temporal contrast. The
XPW vacuum and optical system was assembled and tested
due to space constraints on a separate optical table with
POLARIS [4] laser pulses. The polarization quality of the

∗marco.hornung@uni-jena.de

optical components (e.g. polarizers, mirrors, vacuum trans-
mission windows, ...) was verified in measurements to be
significantly better than 10−6. The final optimization of the
XPW generation is still ongoing and close to finalization.
A photo of the realized XPW system is shown in Fig. 2.

Figure 2: Vacuum and optical system for XPW generation.

In parallel to the technical finalization and full opti-
cal characterization of the frontend system in Jena we are
preparing the delivery to HZDR and the installation of the
frontend into the PEnELOPE laser system in the near fu-
ture.
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Stretcher Compressor Simulation with Aberrated Optics
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We performed simulations for CPA stretcher com-
pressor systems with measured aberrated optic sur-
faces. These simulations were developed to understand
and further optimize the temporal pulse structure of
laser pulses which were stretched and compressed with
existing and planned stretcher compressor systems.

The temporal pulse structure on a picosecond and fem-
tosecond timescale is one of the most important character-
istics of a high-power laser pulse used in high-intensity ex-
periments. Deviations from a perfect temporal pulse struc-
ture (e.g. significant picosecond pedestal or aberrated spec-
tral phase) are partially due to the usage of “real” optics in
the stretcher-compressor systems. In order to connect mea-
sured data of temporal pulse structures with the quality of
the used optics (e.g. surface roughness and flatness) in dif-
ferent laser systems (e.g. PEnELOPE [1] and POLARIS
[2]) we developed a simulation using the FRED software
[3]. FRED is a commercial software which is able to sim-
ulate the propagation of coherent light through optical sys-
tems.

The stretcher-compressor system of the PEnELOPE
laser consist of an Offner-type stretcher and a Treacy-
type compressor. This setup temporally stretches the laser
pulses from 100 fs to 3 ns. After amplification the pulses
are temporally compressed again. The design of this sys-
tem was used in the simulations and is shown schemati-
cally in the upper left inset in Fig. 1. To verify and test

Figure 1: Calculated optical path delay vs. wavelength for
different test scenarios. Inset: optical system setup.

∗marco.hornung@uni-jena.de

the absolute simulation performance we inserted a small
piston stamp mirror on the Offner stretcher convex mirror
with small misalignments. The resulting optical path delay
(OPD) for different scenarios is shown in Fig. 1.

In Fig. 2 a calculation for the different optical path
lengths for a strongly aberrated convex mirror in the PEnE-
LOPE stretcher is shown. For this calculation the measured
surface quality was used and leads — as expected — to
a comparably large optical path delay for different wave-
lengths. In this case the simulation fits well to the mea-
sured (not optimal) pulse structure. The used optic was
meanwhile exchanged with a significantly improved optic
and further improvement is going on.

Figure 2: Optical path delay vs. wavelength for a stretcher
compressor system with a strongly aberrated optic.

Further measurements and simulations for different sce-
narios and systems are ongoing. In the future we will ex-
tend and use the model to benchmark and optimize our
laser systems with respect to optics quality and the tem-
poral pulse structure.
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A highly-efficient diode pumped Joule-class laser with a novel unstable
cavity and its application for laser-shock peening
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With a novel gain-shaped unstable laser cavity ap-
proach a compact diode pumped cryogenically cooled
Yb:YAG laser delivers more than 1 J output energy in a
10 ns pulse at 10 Hz. The hexagonal tophat output pro-
file is directly generated by the laser cavity with an out-
standing optical to optical efficiency of up to 37%. The
laser demonstrated its great potential in a proof of prin-
ciple experiment on laser shock peening of aluminum.

Although pulsed ytterbium doped lasers intrinsically fea-
ture a higher efficiency and a better compatibility with laser
diode pumping than their neodymium doped counterparts,
their potential is so far mainly demonstrated in scientific
systems as for instance described in [1]. The reasons are
relatively small cross sections requiring complex energy
extraction schemes.

Especially the utilization of unstable cavities widely re-
duces the complexity of a high energy laser as such allow
to directly generate a high pulse energy within a single res-
onator with according beam size. Nevertheless, the state
of the art approaches to generate a suitable tophat beam
profile need a high gain rendering it incompatible with yt-
terbium doped media. Here we show that our novel design
based on gain shaping of the cavity mode allows to signifi-
cantly increase the cavity feedback [2].

Using this technology we set up an electro-optically q-
switched laser with cryogenically cooled Yb:YAG as the
gain medium. The laser is pumped by a 7 kW peak power
laser diode module with a homogenized hexagonal tophat
pump profile. The Yb:YAG is a ceramic with a Cr:YAG
cladding to suppress amplified spontaneous emission and
transverse lasing. The active medium is cooled to about
80 K using a bath cryostat in a high vacuum environment.

A confocal unstable cavity consisting of a convex mir-
ror with a radius of 4 m and a concave mirror with radius
of 5 m is forming the resonator resulting in a round-trip
magnification of 1.25. Output coupling is realized with a
thin film polarizer in combination with a Pockels cell and
a quarter wave plate. The total footprint of the system is
about 60x80cm2.

The system generates a hexagonal tophat beam profile
with up to 1.1 J output energy in 10 ns pulses in q-switch
mode with a record high optical to optical efficiency of up
to 37%. The repetition rate of the laser could be increased
up to 10 Hz without significant impact on the output pa-
rameters as shown in figure 1 as a function of the pump
pulse duration. For higher repetition rates a reduced output
energy was observed due to the limited cooling capacity of
the cryostat.

∗joerg.koerner@uni-jena.de

With this laser a proof of principle experiment was con-
ducted to demonstrate its suitability for laser shock peen-
ing. For the test an aluminum alloy EN AW 7075 sample
was treated. It was coated with black vinyl tape to increase
absorption and submerged in a water filled bowl approxi-
mately 1 mm below liquid level. The laser beam having an
intensity of approximately 3 GW/cm2 was incident with a
small inclination from the top. The treated area was cov-
ered by stitching shots together with an overlap of 50%.

The sample was afterwards analyzed using the hole
drilling method. The generated compressive residual stress
was imparted up to 0.5 mm depth in the sample with a peak
value of 200 MPa on its surface.

Given the preliminary character of this test, these results
can be seen as very promising with respect to the intended
application, but it is not limited to it. The investigation of
additional applications for instance as pump laser for broad
band OPCPAs or for damage testing are intended.
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Figure 1: Output energy, optical to optical efficiency with
respect to absorbed pump energy and output pulse duration
as a function of pump pulse duration.

The work was performed in cooperation with Sanin
Zulić, Danijela Rostohar, and Tomáš Mocek from HiLASE.
The authors further acknowledge funding through ERDF
and the Czech Rep. (CZ.02.1.01/0.0/0.0/15 006/ 0000674);
EU programs No. 739573 and 654148; Thuringian Min-
istry TMWWDG (2016FE9058); German Ministry BMBF
(03ZIK445, 05P15SJFA1, 03Z1H531, 03VNE2068D).
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Diode pulse pumped, electro-optically q-switched, cryogenic Tm:YAG laser
operating at 1.88 µm
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We present first results on a cryogenically cooled,
diode-pulse-pumped Tm:YAG laser oscillator with
electro-optical q-switching. With this prototype we
are investigating a novel strategy for high energy short
pulse generation based on thulium doped gain media.
The extra-long fluorescence lifetime is promising to re-
duce the necessary amount of needed diode power per
Joule short pulse output. According to the spectral
properties of Tm:YAG the design parameters, such as
pump intensity, are required to be significantly differ-
ent from that used in neodymium or ytterbium based
laser systems. The laser oscillator prototype delivers
more than 2 mJ with a pulse length of 650 ns in q-switch
mode and 18 ns in cavity dump mode.

Thulium doped laser media exhibit an extraordinary long
radiative lifetime, which is typically more than ten times
longer compared to corresponding ytterbium doped gain
media. They can be pumped with high power laser diodes
close to 800 nm, while emission is in the range from 1.8 µm
to 2 µm with a nevertheless low quantum defect, due to the
intrinsic cross relaxation process.

This in principle should enable thulium based laser sys-
tems to generate high energy pulses in the short wave in-
frared regime with a highly advantageous ratio of output
energy compared to installed pump power. In addition to
applications in industry and medicine such laser systems
would be ideal as pump lasers for high energy broad band
Cr:ZnSe or Cr:ZnS laser amplifiers.

Using the spectroscopic parameters of cryo-cooled
Tm:YAG [1] in a numerical simulation of the laser process
(cf. figure 1) we found that under pulse pumped operation
saturation of the laser medium will already occur at inten-
sities as low as approximately 2 kW/cm2, if pump pulses
are as long as the radiative lifetime. This is more than 10
times lower compared to similar Yb:YAG lasers.

Therefore, a significantly lower pump intensity has to be
chosen. Based on these results we designed a stable res-
onator oscillator with an 8 at.% doped Tm:YAG active mir-
ror laser medium. The crystal was cooled to 120 K within a
high vacuum cryostat. A 30 W fiber coupled laser diode at
783 nm was used for pumping. The spot size was 0.7 mm
in diameter which results in an even higher pump inten-
sity than proposed by the simulation to provide some power
reservation for the compensation of additional losses.

Due to the low temperature the major emission is at
1.88 µm, which fits well with the absorption of chromium
doped laser media. Nevertheless, this wavelength is
strongly absorbed in air due to humidity. Therefore, the
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Figure 1: Simulation of the pump process in a 8 at.% doped
Tm:YAG assuming 15 ms fluorescence lifetime. Relative
inversion density β as a function of pump propagation dis-
tance in the active medium z and pump duration τp for a
pump intensity of 1 kW/cm2 (left) and 5 kW/cm2 (right).

whole system is enclosed in a tent purged with dry nitrogen
gas. The q-switch and cavity dump operation was realized
with an RTP Pockels cell in combination with a polarizer.

The system produced pulses with up to 2.55 mJ in q-
switch operation with a pump pulse duration of 1.6 ms. The
according pulse length was 650 ns. For the same pump du-
ration under cavity dump operation 2.2 mJ where obtained
with a pulse duration of 18 ns.

The results from this first test indicate that the high dop-
ing level in the crystal triggered unwanted decay mecha-
nisms and significantly limited the usable fluorescence life-
time. A lower doping level should mitigate this issue. More
details on the actual laser setup and simulation are pub-
lished elsewhere [2].

The work was performed in cooperation with Sanin
Zulić, Danijela Rostohar, and Tomáš Mocek from HiLASE.
The authors further acknowledge funding through ERDF
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istry TMWWDG (2016FE9058); German Ministry BMBF
(03ZIK445, 05P15SJFA1, 03Z1H531, 03VNE2068D).

References

[1] J. Körner et al., Journal of Luminescence 202, 427 (2018).

[2] J. Körner et al., High Power Laser Science and Engineering
9 (2021).

17



Spectroscopic characterization of the laser media Yb3+-doped KGd(WO4)2,
KY(WO4)2, YAlO3 and YLiF4

Jörg Körner∗2,1, Jürgen Reiter1,2, Clemens Anschütz2, Joachim Hein2,1, and Malte C. Kaluza2,1
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Fluorescence lifetime, absorption and emission cross
sections of ytterbium doped KGd(WO4)2, KY(WO4)2,
YAlO3 and YLiF4 as a function of temperature in
the range from 80 K to 280 K were determined. The
measurement was done with a setup that intrinsicly
minimizes re-absortion effects. By combining the
Fuchtbauer-Ladenburg equation and the McCumber
approach the validity of the results was cross-checked
and measurement limitations widely removed. The re-
trieved data can be used as a basis for detailed numer-
ical simulations for according laser setups to optimize
efficiency and bandwidth with respect to temperature.

Exact data on the cross sections and fluorescence life-
time of a laser medium is mandatory for the design of new
oscillators and amplifiers. In case of ytterbium based sys-
tems cryogenic cooling is often considered as a promising
strategy for increasing efficiency and output power. As the
spectral parameters significantly depend on temperature ac-
cording spectral data are required.

The investigated ytterbium doped host materials
KGd(WO4)2, KY(WO4)2, YAlO3 and YLiF4, have re-
cently attracted interest as broadband laser media. Other
applications are laser cooling and laser operation with ex-
tremely low quantum defect.

Polarized transmission and fluorescence spectra were ac-
quired in the setup shown in Figure 1. As it has been shown
in previous fluorescence measurements [1, 2] this special
geometry widely reduces the influence of re-absorption and
therefore allows for precise measurements especially in
spectral ranges with underlying absorption. Measurements
of the fluorescence lifetime were carried out in the same
setup by replacing the spectrometer with a photo-diode.
The samples where mounted in a liquid nitrogen flow cryo-
stat under high vacuum conditions to avoid condensation.

Absorption cross sections were obtained from the trans-
mission measurements using Lambert-Beer’s law. Emis-
sion cross sections were obtained via two independent
methods. One is the McCumber relation, which allows
for the direct calculation of the emission cross sections
from the previously determined absorption cross sections.
The other is the Fuchtbauer-Ladenburg equation, which is
based on the fluorescence spectra and the knowledge of the
radiative lifetime. While the latter yields more reliable re-
sults in low absorbing spectral ranges, the first is more ap-
propriate in high absorbing areas. Results from both meth-
ods where adapted to each other by using the radiative life-
time as the free fitting parameter. The values for the radia-
tive lifetime obtained by this method are in good agreement
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with the experimentally determined fluorescence lifetimes.
It was found that all materials maintain a broad band

amplification character also in the low temperature range,
though the spectrum becomes more structured, while the
peak emission cross sections are significantly increased.
Yb:YLF and Yb:YAP feature a strong emission lime close
to 1000 nm for cryogenic temperatures, which suggest a
high potential for low quantum defect lasing applications.
Detailed data is published elsewhere [3]. This data are used
for laser optimization within different related projects (see
funding statements).
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Figure 1: Schematic drawing of the measurement setup.
LD... fiber coupled laser diode; M... turning mirror; P...
polarizer; PM... parabolic mirror; S... sample; SM... spher-
ical mirror; WLS... fiber coupled white light source.

The work was performed in cooperation with M. Krüger
and A. Münzer from Ludwig-Maximilians University Mu-
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1-mJ, 31-fs pulses with an average power of 1 kW are
generated by post-compression of 200-fs pulses from
a high-power Yb:fiber laser system in an argon-filled
multi-pass cell with an overall compression efficiency of
96%. We also analyze the output beam, revealing essen-
tially no spatiospectral couplings or beam quality loss.

Intense sub-100 fs laser pulses can be used to drive
unique secondary sources either by nonlinear frequency
conversion into the Terahertz [1] and X-ray regime [2] or
by acceleration of particles in a plasma [3]. Increasing the
average power of the driving laser source increases the pho-
ton/particle flux of the secondary source and, thus, reduces
acquisition times and improves signal-to-noise ratios in a
plethora of applications. However, the pulse duration of
kilowatt ultrafast laser is currently limited to >100 fs [4],
which calls for efficient post compression shemes.

In this report, we present the combination of a millijoule-
energy high-average power Yb:fiber laser source with a
highly efficient multi-pass cell (MPC) compression stage
demonstrating a close-to lossless peak power boost from
4.5 GW to 24 GW resulting in a compressed pulse duration
of 31-fs [5]. The experimental results represent the highest
average power of sub-100 fs pulses generated to date.

The laser source for the pulse compression is a coher-
ently combined high-power Yb:fiber chirped-pulse ampli-
fier system [4]. The system provides pulses with ∼1-mJ
pulse energy and a pulse duration of 200 fs at a repetition
rate of 1 MHz resulting in an average power of ∼1 kW.

The MPC itself consists of two concave mirrors with a
radius-of-curvature of 0.6 m and 75 mm diameter placed
in a low-pressure chamber filled with 700 mbar of argon,
which acts as a nonlinear medium for self-phase modula-
tion (SPM) induced spectral broadening. The MPC mir-
ror distance is adjusted to 1183 mm resulting in 26 fo-
cal passes. The chirp after the MPC is removed with a
chirped-mirror compressor providing a group delay disper-
sion (GDD) of -1923 fs2.

The compressed output power is 1004 W when feeding
1045 W into the compression chamber resulting in an ex-
cellent combined transmission of MPC and chirped-mirror
compressor of 96%, which is not achievable with alterna-
tive compression approaches.

The measured broadened spectrum behind the compres-
sion chamber is shown in the upper panel of Fig. 1 exhibit-
ing a 20-dB-width of ∼120 nm. The spectrum reveals sym-
metric side-wings indicating SPM dominated broadening.

∗jens.limpert@uni-jena.de

Figure 1: Upper panel: measured input (dotted line) and
compressed output spectrum (measurement: blue line, sim-
ulation: red line). Lower panel: comparison of normalized
autocorrelation traces of the compressed pulse (measure-
ment: blue line, simulation: red line), input pulse (dotted
line), and Fourier-limited pulse (gray area). The latter is
derived from the output spectrum in the upper panel.

The compressed pulse duration is inferred from a second-
order intensity autocorrelation measurement to 31 fs and is
close to the theoretical limit (see Fig. 1, lower panel).

Finally, the quality of the compressed output beam was
characterized in terms of the beam propagation factor M2

and of the spatio-spectral homogeneity revealing essen-
tially no loss in beam quality or homogeneity due to com-
pression. Especially SPM induced spectral broadening in
principle leads to a strong spatial dependence of the broad-
ening. The characterization shows that this unwanted ef-
fect is fully compensated by the MPC topology. Hence, the
setup realizes a close-to lossless compression at highest av-
erage power with excellent beam quality and homogeneity.

The authors acknowledge funding from the ERC (Grant
Agreement No.835306), the Fraunhofer CAPS, and the
BMBF (01DR20009A).
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1Helmholtz Institute Jena, Fröbelstieg 3, 07743 Jena, Germany; 2Institute of Applied Physics, Abbe Center of

Photonics, Friedrich-Schiller-University Jena, Albert-Einstein-Str. 15, 07745 Jena, Germany; 3Active Fiber Sys-

tems GmbH, Ernst-Ruska-Ring 17, 07745 Jena, Germany; 4Fraunhofer Institute for Applied Optics and Precision

Engineering, Albert-Einstein-Str. 7, 07745 Jena, Germany

High harmonic generation (HHG), related phenom-
ena and applications are intensively studied since more
than three decades [1]. Nevertheless, the development
of HHG sources to new record performance levels is still
ongoing, enabling novel applications in fields as diverse
as physics, biology, chemistry and material sciences. In
this contribution a state of the art HHG based XUV
source is presented, delivering a record high average
power of 12.9 mW in a single harmonic line at 26.5 eV
[2], surpassing the average power of previously demon-
strated sources by an order of magnitude.

HHG is a highly nonlinear process, depending strongly
on the driving laser parameters [1], particularly on the pulse
duration and central wavelength. They can be optimized to
maximize the efficiency of the HHG process, while high-
est efficiencies can be expected for shortest driving wave-
length and pulse duration (supporting the particular cutoff
energy) [1]. This is due to a higher applicable intensity
for phase matched HHG using short pulse durations [1], in
combination with the scaling of the single atom response
with intensity (I6) and central wavelength (λ−6) [1]. In-
deed, by employing driving lasers with short wavelength
(<500 nm), but rather long pulse durations of more than
80 fs, high average power HHG sources exceeding the mW
level have already been demonstrated [3].

Additional up-scaling of the XUV average power can be
achieved by increasing the fundamental average power or
by recycling the unconverted fundamental light in enhance-
ment cavities [4].

Figure 1: Experimental setup for the compression and sub-
sequent HHG [2]. (HCF: Hollow Core Fiber, L: length, ID:
inner diameter)
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Figure 2: Optimized HHG spectrum using krypton with
the corresponding average power in each harmonic line, as
well as a spatial lineout of the XUV beam (shown in the
inset) [2].

This work demonstrates a significant increase in in av-
erage power from table-top HHG based XUV sources [2].
This is achieved by phase matched HHG of a frequency
doubled and post compressed Yb-fiber laser, which de-
livers a unique combination of short wavelength (515 nm)
and short pulse duration (18.6 fs) at a record high average
power of 51 W (Fig. 1). This new class of driving laser en-
ables an exceptional high conversion efficiency, while the
average power boosts the available photon flux to unprece-
dented power levels (Fig. 2). Furthermore, the measured
XUV spectrum supports a Fourier limited pulse duration of
sub-6 fs, which is supported by additional simulations [2].

In conclusion a new class of XUV light source is demon-
strated, opening up new possibilities in the growing field of
applications, such as coherent diffractive imaging of ultra-
fast dynamics [5] and XUV-pump XUV-probe experiments
[6].

This work was supported by CAPS, ECRAPS, APPA
R&D (13N12082), TMBWK (501100004404, 2017 FGR
0076), TAB (2015FGR0094), ExNet-0019-Phase 2-3.
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Water window high harmonic generation at 100 kHz repetition rate
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Ultrafast coherent light sources, providing high pho-
ton flux at high repetition rates in the soft X-ray (SXR)
spectral region are interesting for numerous applica-
tions in fundamental and life science [1]. Herein, we
demonstrate a compact, fiber-based SXR source based
on nonlinear pulse self-compression and high harmonic
generation (HHG) in a single helium-filled antiresonant
hollow-core fiber (ARHCF). Utilizing a state-of-the-art
thulium-doped fiber laser as the driver, we have gener-
ated > 106 ph s−1 eV−1 at the carbon K-edge.

Most recently, there has been a significant push toward
scaling the repetition rates of laser-driven SXR sources
in the water window to enable faster data acquisition,
space-charge-reduced photoelectron spectroscopy or coin-
cidence detection. Here, we present an approach to SXR
HHG that is based on nonlinear pulse self-compression
and HHG in the same helium gas-filled ARHCF [2].
Because of the intensity enhancement resulting from
temporal pulse self-compression along the waveguide, the
high harmonics are generated just before the fiber output.
This way, the SXR radiation can be retrieved directly
from the hollow wave-guide (Fig. 1). The experiments
are driven by moderate-energy, multi-cycle laser pulses,
which facilitates repetition rate scaling. We couple 100 fs-
, 250 µJ-pulses centered around 1.9 µm wavelength at
98 kHz repetition rate to the ARHCF input. Resulting from
the quadratic wavelength dependence of the driving laser
field’s ponderomotive potential, the phase-matched photon

Figure 1: Principal setup of the nonlinear self-compression
and high-order harmonic generation.
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Figure 2: Spectrum of the coherent SXR source with visi-
ble absorption feature at the carbon K-edge.

energy cut-off is beyond the carbon K-edge (284 eV, see
Fig. 2). To the best of our knowledge, the generated photon
flux is the highest reported to date at 300 eV and a laser
repetition rate >1 kHz. In future work, the efficiency and
yield in the water window will be further optimized, and
the source will be employed for spectroscopy as well as
imaging of organic samples at high repetition rate.

The authors acknowledge funding from the Helmholtz-
Institute Jena, the European Research Council (grant
835306, SALT) and the Fraunhofer Cluster of Excellence
Advanced Photon Sources.
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Differential pumping unit for window-less coupling of laser beams to ultra-
high vacuum
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Coupling extreme ultraviolet violet (XUV) radiation
from high harmonic laser sources to ultra-high vacuum
(UHV) setups is challenging. For this purpose, a dedi-
cated differential pumping unit has been developed [1].
It can provide a pressure gradient of up to six orders
of magnitude and a gas flux gradient of up to five or-
ders of magnitude. Moreover, the lowest total pressure
reaches deep into the 10−11 mbar range. Its window-
less design makes it a versatile tool for loss-less XUV-
beam coupling to storage rings, ion traps and cryogenic
detectors.

Figure 1: a) Drawing of the unit with the Differential
Pumping Chambers (DPC) 1, 2, 3 b): development of the
pressure along the DPU. Stars represent measured pressure
in the different vacuum chambers

The application of XUV high-harmonic sources (HHG)
[2] to ion storage rings opens up the promising field of laser
spectroscopy and lifetime measurements of excited states
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of highly charged ions [3,4]. Since the transmission of any
material is very low in the XUV, the high order harmonics
have to be transmitted window-less from the source point
to the target in the storage ring. Since high-order harmonics
are generated in noble gas targets, an unwanted but signifi-
cant noble gas flow towards the storage ring will be gener-
ated, resulting in a drastically reduced lifetime of the ions
in the ring. We have developed a three stage differential
pumping system (see Fig. 1a) which efficiently reduces the
noble gas partial pressure from the harmonics source to-
wards the UHV-storage ring. The first differential pumping
chamber (DPC 1) is equipped with two 1300 l/s (N2) turbo
pumps. The second and third DPC are of similar struc-
ture. Since the required pressure is lower than the pressure
limit of turbo-molecular pumps (∼ 10−10 mbar), two ion
getter pumps (IGP) are utilized per chamber, each provid-
ing 500 l/s nominal pumping speed for N2. Fig. 1b) shows
the evolution of the pressure along the DPU from the left
to the right, both measured and simulated using a Monte
Carlo method. Starting from an Ar-jet at 2.4 bar which is
necessary for the HHG each pumping chamber reduces the
pressure by more than one order of magnitude. Finally a
pressure of 3 × 10−11 mbar is reached, whereas the Ar-
partial pressure is even 5× 10−12 mbar. The clear aperture
of 10 mm, the compact total length of 1.7 m and the porta-
bility makes this DPU a versatile tool for any window-less
UHV coupling application, particularly for loss-less XUV-
beam coupling to storage rings, ion traps and cryogenic de-
tectors.

The authors acknowledge funding from the Federal State
of Thuringia (2015 FGR 0094), the European Social Fund
(ESF), the Federal Ministry of Education and Research
(BMBF) grant number 05P15SJFFA and the Fraunhofer
Cluster of Excellence Advanced Photon Sources.
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Hilbert, Th. Stöhlker, S. Fritzsche, and J. Limpert, X-Ray
Spectrom. 49, 165 (2020).

[4] M. Lestinsky et al., Eur. Phys. J. Spec. Top. 225, 797 (2016).

22



Single-shot characterization of strongly focused coherent XUV beams
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Measuring the wavefront in the XUV and soft X-
ray region is challenging due to the lack of refracting
optics in this spectral range. We report on a single-
shot-capable method for characterizing focused coher-
ent beams which relies on an amplitude mask in combi-
nation with an iterative phase retrieval algorithm. The
amplitude and phase profile of a focused beam is re-
constructed from a single measured far-field diffrac-
tion pattern. Our method is demonstrated in a proof-
of-principle experiment using a wavelength of 13.5 nm
achieving an RMS phase error of less than λ/70.

To characterize focused beams in the XUV or soft X-
ray region, multi-shot techniques such as ptychography are
often used [1]. These techniques require scanning, multiple
acquisitions, and assume that the beam does not change
during the scan.

Figure 1: Schematic representation of the setup. Repro-
duced from [3].

We have developed a technique that can measure the
amplitude and phase of a beam using only a single mea-
sured diffraction pattern. For this purpose, an amplitude-
only mask, consisting of an array of small holes (see Fig. 2
a)) is placed directly in the focused beam (Fig. 1). The
far-field diffraction of the transmitted beam is measured
by a detector. In the next step, a phase-retrieval algorithm
is used to reconstruct the electric field, which is transmit-
ted through the small holes. Since a binary mask is used,
the final illuminating beam can be interpolated from the
retrieved electric field of the sub-apertures, which are ar-
ranged regularly. The feasibility of our method is demon-
strated in a proof-of-principle experiment using an HHG
source operating at a wavelength of 13.5 nm. A pinhole
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with a diameter of 2.7 µm was placed in the focus of the
HHG beam to create a stable and well-defined illumination.
The wavefront sensor mask was placed 500 µm behind the
pinhole and its diffraction pattern was measured. The re-
constructed and interpolated phase, which corresponds to
the wavefront, is shown in Fig. 2 b) and shows, as ex-
pected, a spherical wavefront. To quantify the accuracy
of our wavefront sensor we simulated the expected wave-
front behind the pinhole. The RMS value of the differ-
ence between measurement and simulation was better than
λ/70. The reconstruction of the wavefront using an iterative
phase-retrieval algorithm took 20 s. Since real-time beam
characterization and the alignment of complex optical sys-
tems require fast reconstructions we developed an artificial
neural network to reconstruct the wavefront from the mea-
sured diffraction [2]. The use of the neural network allowed
to push the reconstruction time from 20 s to a few millisec-
onds which enables real-time wavefront characterization.
Hence, the developed wavefront sensor enables real-time,
single-shot measurements of the wavefront of coherent, fo-
cused beams in the XUV to the soft X-ray range, which will
enable alignment of complex optics, real time feedback of
adaptive optics and single-shot wavefront measurements of
HHG and free-electron laser beams. More details on the
wavefront sensor are given in [3].

Figure 2: (a) Mask used for the experiment presented here.
(b) Reconstructed wavefront of a pinhole placed 500 µm in
front of the wavefront sensor. Reproduced from [3].

The authors acknowledge funding from the Federal State
of Thuringia (2017 FGR 0076) and the European Social
Fund (ESF).
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We developed an all-PM Yb:fiber integrated fem-
tosecond NALM oscillator with sub-femtosecond tim-
ing jitter. The output is centered at 1030 nm with 51
mW average power and 19 nm bandwidth, compress-
ible to 88 fs. The integrated design provides excellent
stability and robustness, ideally suited for seeding high
power laser systems in applications which require both
high availability and low timing jitter.

Today, most ultrafast high-power laser applications are
powered by laser systems based on Ytterbium (Yb) doped
gain materials. Those laser systems require robust and sta-
ble seed oscillators, generating the ultrafast pulse-train to
be amplified. Here fiber-oscillators provide robustness, re-
liability and cost efficiency. However, timing critical laser
systems often rely on solid-state lasers, since their higher
cavity Q fundamentally allows lower timing jitter.

To overcome the above limitations, we developed a sub-
fs timing jitter mode locked Yb:fiber laser based on a non-
linear amplifying loop mirror (NALM) [1-3] for seeding
timing critical high power laser systems for example in
free electron laser (FEL) facilities [4]. The optical set-up
is shown in Fig. 1. The NALM is shown on the right-hand
side of the 50/50 coupler and acts as pulse-forming sat-
urable absorber: Pulses propagate in the loop both clock-
wise and counterclockwise but experience a different in-
tensity dependent phase shift, due to the asymmetric place-
ment of the gain fiber interfering at the coupler after one
round-trip. The non-reciprocal phase bias consisting of
Faraday rotator and waveplate is set such that high intensity
pulses are coupled towards the output arm, where a chirped
fiber Bragg grating acts as cavity end-mirror and disper-

Figure 1: Experimental set-up. CFBG: chirped fiber Bragg
grating; PM-YDF, PM980: Yb-doped and undoped po-
larization maintaining single mode fiber; PBS: polarizing
beam splitter; LD: laser diode; WDM: wavelength-division
multiplexer. FR: Faraday rotator; λ/8: waveplate; PZT:
piezo actuator.

sion compensating element. Timing jitter measurements
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Figure 2: (i) Measured phase noise PSD (RF measure-
ment); (ii) Instrument sensitivity (Agilent E5052B) (iii)
Measured timing jitter PSD (optical cross correlator) Note:
feedback loop with 25 kHz servo bandwidth was ac-
tive; (iv) – (vii) Calculated timing jitter PSD contribu-
tions according to theory: (iv) RIN via self-steepening, (v)
Gordon-Haus jitter, (vi) ASE noise (vii) RIN via Kramers-
Kronig relations, (viii) Noise floor of the BPD; (ix) Inte-
grated RMS jitter of curve (iii).

are shown in Fig. 2. Since the RF measurement was lim-
ited by the instrument noise floor, we performed an optical
measurement by cross-correlating two identical oscillators
with a slight repetition frequency offset, stabilized by a 25
kHz bandwidth servo loop. The integrated timing jitter was
measured to 0.7 fs RMS [25 kHz to 5 MHz] and to 0.8 fs
down to 10Hz, including the stabilization loop.

With this excellent performance, the laser meets all re-
quirements for seeding timing critical high power, high
energy laser systems at FEL facilities. We additionally
demonstrated CEP stable operation, which opens up fur-
ther applications such as frequency comb spectroscopy.
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Generation of laser beams with orbital angular momentum @ JETi200
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The high intensity laser facility JETi200 at the HI
Jena provides ultra-bright laser pulses with a peak
power in excess of 200 TW for studying laser-plasma
interactions. Using phase masks allows shaping the in-
tensity distribution in the focal plane and making new
experiments feasible.

In the last years, JETi200 has been used in the field
of surface high harmonic generation, laser driven ion and
electron acceleration. For these kind of experiments either
the highest intensity (the former) or a high intensity over
a long propagation length (the latter) is desired. The focal
spot hereby exhibits typically a Gaussian intensity distribu-
tion.

Recent PIC-simulations have suggested that a Gaussian
focal spot is not optimal for all kind of experiments. Using
a top hat like profile can reduce the growth of instabilities in
overdense plasmas. In laser wake field acceleration experi-
ments using Gaussian focal spots, the ponderomotive force
of the laser pulse acts as a snow plow shoveling electrons
away from the optical axis. Here, a donut shaped focal spot
with an intensity depression in the center spot, see Figure 1,
can generate an electron density spike on axis.

The expanded plasma structure allows accelerating elec-
trons in a 2-dimensional manner instead of the usual 1-
dimensional setup, which should increase the total acceler-
ated charge. At the same time the acceleration of positrons
is feasible.

Figure 1: Simulated focal spot without (left) and with
(right) phase mask.

These kind of donut shaped beams can be generated by
applying a spiral phase plate in the near field of the laser
pulse. Here, we have used such a plate with a topological
charge of 1. The plate was manufactured using 16 slices
with an equidistant stepwise increase of the phase up to
2π. The simulated far field profile in Figure1 considered
this, resulting in the star like modulation in the outer parts.
The plate was installed after the final power amplifier of the
JETi200 laser and in front of the last expansion telescope.

∗a.saevert@hi-jena.gsi.de

Figure 2: Measured focal spot in Target Area II using an
F/1.5 off-axis parabolic mirror. Without (left) and with
(middle) phase mask. Apodised beam with phase mask
(right). All images are normalized.

The focal spot was recorded using the experimental diag-
nostics in Target Area II. There an F/1.5 off-axis parabolic
mirror was used to focus the beam to a spot with a diame-
ter of 1.5 µm (FWHM), see Figure 2. The nearly diffraction
limited focal spot was optimized using a wave front sensor
(phasics) in combination with a deformable mirror. After
installing the spiral plate, the focal spot was imaged with
the same diagnostic. Its size has increased and the profile
is strongly modulated. A minor movement of the phase
plate in the laser chain did not change the outcome. At this
point, it is not clear whether the origin of the distorted fo-
cal spot results from residual phase aberration on the laser
pulse itself or on the manufacturing tolerances of the plate.
However, apodising the laser pulse to about one third of its
diameter results in a more distinct shape, see Figure 2 right
panel. The peak intensity is hereby reduced by more than
one order of magnitude.

In a next step, a beam shaping device consisting of an
amplitude mask and a spatial filter will be installed at the
JETi200 laser system. This would allow generating a more
top hat like profile, separating the beam annularly or verti-
cally. For pump-probe experiments, beamsplitters are used
routinely to split the beam into two parts. This becomes an
issue for high intensity laser pulses, as the thickness re-
quired for such large beam optics would contribute to a
large B-integral. Hence, the focusability and pulse com-
pression gets worse. Using such shaped beams in combi-
nation with D-shaped mirrors or mirrors, which have a hole
cut into; two beam can be extracted for pump probe exper-
iments. Further, one of the two beams can be shifted in
frequency by means of a frequency doubling crystal and
two-color experiments are feasible.
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Stability of JETI200 laser
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The LUXE (Laser Und XFEL Experiment) project
aims to measure processes in the strong-field quan-
tum electrodynamics regime with high precision by
colliding electrons or a high-energy photon beam with
high-power, tightly focused laser beam at a repetition
rate of 1 Hz. Simulations [1] predict that the proba-
bility of pair production responds highly non-linearly
to the laser strength parameter. Consequently, small
variations in the laser intensity lead to significant vari-
ations in the experimental observables. The required
precision will be achieved by intensity tagging though
precise measurements on the laser intensity of each
shot. We present first results of a laser diagnostic
system with an ultimate aim to monitor the shot-to-shot
fluctuations with precision below 1 %.

Figure 1: Layout of laser diagnostic system.

Temperature drift, air currents and mechanical vibrations
cause spectral and temporal phase fluctuations, which re-
sult in the variations of pulse duration and focus radius and
therefore ultimately in the focused laser intensity. The aim
is to develop a laser diagnostic, capable of precised measur-
ing the relative variation of intensity on a shot-by-shot basis
and tagging the experimental data to allow precision mea-
surements. Initial experiments were performed on JETI200
laser system. This laser is designed to have an on-target
energy of > 5 J and a pulse duration of 17 fs at its best per-
formance, with central wavelength 800 nm. Its peak power
can exceed 200 TW.

As shown in Figure 1, the diagnostic system uses the
leak light transmitted through a steering mirror. The light
is further attenuated by a wedge with reflection rate approx-
imately 3 %, and then focused by the off-axis parabola with
focal length 600 mm. CCD camera 1 is to measure the fo-
cus area, A. Pulse energy, E, can be calculated from the
results obtained by CCD 2 and the spectrometer. Finally,
before the Wizzler which measures pulse duration, t, a pair
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Figure 2: Pulse duration over a period of 15 minutes, with
mean value 22.6 fs and RMS 0.4 %.

Figure 3: Pulse energy measured during 30 minutes, with
mean value 6.8 J (with Titan3) and RMS 1.1 %.

Figure 4: Fluence of focus center, with RMS 10%.

of chirped mirrors are applied to compensate for the group
delay dispersion. The laser intensity, I , can be obtained
according to the following equation

I =
E

tA
. (1)

The laser was operated at a repetition rate of 1 Hz.
The RMS variation of the pulse duration is 0.4 %, as in
Fig. 2 and 1.1 % for energy in Fig. 3. As shown in Fig. 4,
the stability of the counts of focal maximum detected
on the pixels of CCD 1. fluctuates by as much as 10 %,
suggesting that phase-noise, rather than energy fluctuations
are the dominant source of intensity modulations. The role
of phase fluctuations on the focused pulse durations will
be evaluated in future.

In conclusion first tests of a system capable of moni-
toring fluctuations have been performed, with future work
focused on detailed focal spot reconstruction using IN-
SIGHT [2] and shot to shot pulse duration measurements.
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Pulse front tilt in ultrashort high-intensity laser pulses
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We report on the pulse front tilt (PFT) of the focused
laser pulse due to spatio-temporal couplings in a laser
beam. Besides the well established relation between an-
gular dispersion and PFT the relation between PFT and
spatial and temporal chirp is examined.

Today’s high intensity laser systems are based on the
principle of chirped-pulse amplification [1], where diffrac-
tion gratings are used to stretch and compress the pulse
prior to and after amplification, respectively. Slight mis-
alignments of the diffraction gratings lead to angular dis-
persion being imprinted on the pulse’s near field profile
which subsequently results in a pulse front tilt (PFT). Here
the intensity envelope of the pulse is tilted with respect to
the phase fronts being perpendicular to the pulse’s propa-
gation direction. The focusing of a laser beam with angu-
lar dispersion in the near field leads to a spatially dispersed
pulse in the focal plane showing no PFT there and changing
tilt direction around this plane (cf. Fig. 1(b)). However, it
is also possible to generate PFT by applying GDD to a spa-
tially dispersed pulse, independent from the PFT generated
by angular dispersion [2]. To reach a precise understand-
ing of the behavior of a pulse’s spatio-temporal intensity
envelope it is necessary to take into account all the pulse’s
spatio-temporal couplings (STCs) which are its inseperable
chromatic aberrations [3].

We consider a Gaussian beam propagating along the z-
axis with linear spatial chirp ξ0 = dx0/dω, linear angular
dispersion β0 = dΘ0/dω and GDD ϕ. Here x0 is the trans-
verse position of a ω-component of the beam, where ω is
the offset to the center angular frequency (ω0), and Θ0 is
the propagation angle of this component. The electric field
E(x, z, ω) of this Gaussian beam at its waist at z = 0 can
be expressed as [4]

E(x, 0, ω) = E0 exp

(
−ω2τ20

4

)
exp

(
−iϕ

2
ω2

)
× exp

(
−ik0(x− ξ0ω)2

2izR

)
× exp (−ik0β0ωx) (1)

where k0 is the nominal wave number, τ0 is the rms-pulse
duration and zR = πw2

0/λ0 is the Rayleigh length with w0

being the beam waist of the undistorted beam. Throughout
the analysis we concentrated on distortions in one trans-
verse direction only (i.e. the x-direction) thus neglecting
any distortions of the laser beam in y-direction. For prop-
agating the beam to an arbitrary position z in space we
use the Huygens Fresnel integral in one dimension and
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Figure 1: PFT-angle ψ as a function of z normalized to zR,
with ξ0 = 0.6 µm/nm, β0 = −4.56 µrad/nm, τ0 = 17 fs,
w0 = 26 µm and zR = 1.2 mm for (a) GDD = +1050 fs2,
(b) GDD = 0 fs2 and (c) GDD = -1050 fs2. Shown in gray
are the caustic of the beam along with an artist’s impression
of the spectrally resolved shape of a pulse front in (x− z)-
space.

perform an inverse Fourier transformation to obtain the
field in the temporal domain and the PFT-angle ψ. Fig. 1
shows the result for a beam with positive spatial chirp
(ξ0 = 0.6 µm nm−1 =−2 × 10−19 µm rad−1 s), i.e. the
longer wavelengths are located above, the shorter ones be-
low the laser axis and the following parameters: τ0 = 17 fs,
w0 = 26 µm, zR = 1.2 mm, ξ0 = −2 × 10−19 µm rad−1 s
= 0.6 µm nm−1 and β0 = 1, 49 × 10−18rad rad−1 s =
−4.48 µrad nm−1 for (a) GDD = +1050 fs2, (b) GDD =
0 and (c) GDD = -1050 fs2. It can be seen, that for no
temporal chirp being present, the pulse does not show any
tilt in the focal plane and changes its tilt direction around
the plane. With GDD being applied the pulse’s behaviour
changes, as a PFT is also visible directly in the focal plane.
In plasma experiments, this PFT can be visible, for exam-
ple, in a changed shape of the plasma wave or its develop-
ment.
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Faraday measurements from laser-driven plasma waves
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We report on the implementation and first experi-
ments with a Faraday-rotation diagnostics at the JETi-
200 laser facility at the Helmholtz Institute Jena. With
this diagnostic, the magnetic fields in a wakefield ac-
celerator are investigated via polarization rotation of a
linearly polarized, ultrahort optical probe beam.

Ultrashort-optical probing is a powerful tool to investi-
gate the dynamics of laser-wakefield accelerators. By us-
ing few-cycle optical pulses and a high resolution imaging
system the evolution of the density modulations inside the
plasma and therefore the evolution of the electron plasma
wave can be investigated via shadowgraphy [1, 2, 3]. Addi-
tionally the magnetic fields connected to laser wakefield ac-
celeration can be detected exploiting the Faraday effect [4].
By combining this polarimetry measurement with shad-
owgraphy, deeper insight into the laser-driven acceleration
process can be gained.

A linearly polarized probe beam propagating inside a
plasma changes its polarization state when crossing a mag-
netic field oriented parallel to the beam’s direction of prop-
agation. More precisely, the beam’s polarization is rotated
by an angle ϕrot as shown in the inset of Fig. 1. This angle
is defined as

ϕrot =
e

2 cme nc

∫
l

ne
~Bϕ d~s (1)

where ~Bϕ is the azimuthal magnetic field in the laser wake-
field accelerator, c, e, me, ne, nc are the vacuum speed of
light, electron charge, mass, density and critical density, re-
spectively, and d~s is an infinitesimal path element along the
path l of the probe beam through the plasma.

The experiments were performed with the JETi-200
Ti:Sapphire laser system at the Helmholtz Institute Jena.
As a probe beam the JETi200 few-cycle probe beam sys-
tem was used, delivering pulses with 7 fs pulse duration, an
energy of 100 µJ and a beam diameter of 5 mm. The setup is
depicted in Fig. 1. The main pulse with a center wavelength
of 800 nm, a FWHM pulse duration of 20 fs measured in
the near field and energy of 2.8 J were focused by an f/25
off-axis parabola to a vacuum intensity of 1×1019 W/cm2,
accelerating electrons in a 3 mm underdense helium plasma
target. The laser-plasma interaction was imaged with a
high resolution imaging system in a transverse probing ge-
ometry onto two CCD-cameras each equipped with a po-
larizer. The polarizers are rotated away from extinction of
the original polarization in opposite directions. A pixel by
pixel division of the two images then yields information
about the polarization rotation of the probe beam due to
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Figure 1: Schematic drawing of the Faraday rotation setup.
Inset: Schematic drawing of the probe’s polarization rota-
tion due to the presence of an azimuthal magnetic field.
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Figure 2: (c) Plot of the ~B-field induced rotation angle of
the interaction obtained by a pixel by pixel division of the
two polarograms (a,b).

magnetic fields, whereas the brightness modulations due
to shadowgraphy are reduced. One exemplary polarogram
obtained from the two shadowgrams is shown in Fig. 2.

The images show, that at the JETi200 laser facility in-situ
measurements of the plasma electron density modulations
corresponding to wakefield acceleration as well as the as-
sociated magnetic fields are possible, giving direct insight
into the acceleration process.
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[2] A. Sävert et al., Phys, Rev, Lett. 115, 5 (2015)

[3] M. B. Schwab et al., Phys. Rev. Accel. Beams 23, 3 (2020)

[4] A. Buck et al., Nat. Phys. 7, 543 (2011)

29



Probing Measurements from Beam-Driven Plasma Waves
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We present the first optical probing images of elec-
tron driven plasma waves at the JETi-200 laser system.
Here an electron bunch generated via laser wakefield
acceleration in a first plasma target was used to drive a
plasma wave in a second plasma target, being the first
two stage wakefield acceleration experiment performed
at the JETi-200 facility.

Over the past decades, colliders and particle acclerators
have been a valuable tool to discover new physics. Ra-
dio frequency technology based electron accelerators have
been able to push high-energy physics to the 100 GeV
level. However, due to electrical breakdown in the ac-
celerating structures the acceleration gradients are limited
to . 100MV/m. To reach the energy frontier of parti-
cle physics - the TeV regime - long acceleration lengths
of 10s of kilometers are required leading to accelerators
eventually being too expensive to be built. Consequently
alternative acceleration concepts have been explored with
one of the most promising being wakefield acceleration
in plasmas [1]. Here, an intense particle- or laser-driver-
beam excites a relativistic plasma wave structure with ac-
celeration gradients being able to exceed 100 GV/m. The
concept of particle-driven plasma wakefield acceleration
(PWFA) was developed in the 80s and having a major
breakthrough in 2007 with the observation of energy dou-
bling of a 42 GeV electron driver beam in a 85 cm long
plasma target at SLAC [2]. Recent experiments also show
the multi-gigaelectronvolt acceleration of positrons [3] and
the GeV-acceleration of electrons in a proton-driven PWFA
[4]. In the future the proton-driven PWFA has the potential
to accelerate electron beams to the TeV-regime in a single
acceleration stage [5].

The experiment was performed at the JETi-200 laser sys-
tem at the Helmholtz Institute in Jena, a schematic drawing
is depicted in Fig. 1. The main laser beam with a FWHM
pulse duration of 20 fs measured in the near field and en-
ergy of 4.1 J were focused by an f/25 off-axis parabola to a
vacuum intensity of 5×1019 W/cm2, accelerating electrons
in a 7 mm long underdense helium gas cell target with laser
wakefield acceleration (LWFA). This resulted in electron
beams with 120 pC in the energy range of 200-930 MeV
with an energy peak at 800 MeV and down to 0.2 mrad
FWHM divergence (see Fig. 2 (a,b)). These electron beams
were used as a driver beam in a 2 mm × 1 mm - helium
gas jet target. The depleted main laser beam was used to
preionize the helium gas to a plasma electron density of
about 1 × 1019 cm−3 before the driving electron pulse ar-
rived.
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Figure 1: Schematic drawing of the experimental setup.
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Figure 2: (a) Electron beam profile and (b) energy spectrum
of a representative shot. (c) Shadowgram of an electron-
driven plasma wave.

The electron bunch-plasma interaction was imaged with
a high resolution imaging system and the JETi-200 few-
cycle probe in a transverse probe geometry onto a CCD-
camera. Fig. 2 (c) shows a shadowgram of the plasma wave
in the second target driven by the electron bunch generated
via LWFA in the first target.
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We have performed 2D simulations on a novel, highly
sensitive method for the single-shot characterization of
the electron beam waist and emittance using interfering
laser beams. Simulation results show applicability in
the range of [0.01,1] mm mrad but promise even smaller
emittances to be characterized.

Emittance describes the 6-dimensional phase-space. It
is one of the most essential quality parameters for many
applications, such as synchrotrons or free-electron-lasers.
Developments in both conventional and laser-plasma accel-
erator technology now make it possible to generate elec-
tron bunches with emittances of 0.1mm mrad and better.
The present methods for determining the emittance such as
beam focus scanning or the pepperpot method, have shown
to resolve these values, but the measurement of better emit-
tances would become very challenging and require large
setups.

In our proposed method, two laser beams cross at an an-
gle θ, which creates a stationary interference grating. An
electron bunch passes through this grating structure, and its
phase space is modulated due to the ponderomotive poten-
tial acting on the bunch. In the following free space prop-
agation, the phase space does not experience any further
changes, and the modulation can be measured on a scintil-
lation screen. The results of 2D PIC-simulations conducted
using the code EPOCH are shown in Figure 1. The ini-
tial electron parameters were chosen to match present laser
wakefield accelerators and the intensity of the laser is var-
ied between 0.1 and 2 I0 (I0 = 3.5 · 1016 W/cm2), where
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Figure 1: Momentum space of an electron beam (γe = 100,
σx = 100 nm, σx′ = 2 mrad, σz = 2 µm) after inter-
action with optimized laser intensities White curve: trans-
verse momentum space integrated along x (measured signal
on detector)
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Figure 2: Transverse momentum space of electron beams
with different σx after interaction (γe = 100, σx′ = 2 mrad
and σz = 2 µm)

I0 = 1 corresponds to the optimal laser intensity. For an in-
tensity I < 0.1I0, there is no measurable modulation of the
phase space. However, already from 30% optimal intensity,
small modulations become visible in the phase space and
thus measurable in the momentum space (plotted in white
color and corresponds to the measured signal on a detec-
tor). Notice that the modulations also occur at significantly
higher intensities, but the depth of the modulation becomes
increasingly shallower. The laser intensity parameters used
in the simulations do not represent minimum requirements.
Instead, by a clever design of laser focus and position of
the electron bunch in phase space, the required power can
be reduced to 1 TW and below. Figure 2 compares the re-
sults of the measured signal on the detector predicted by
simulations and our analytical model. It can be seen that
a prediction over a wide range of electron source sizes and
therefore the emittance is achievable.

Although the simulations describe the interaction of mo-
noenergetic electron bunches, this method can also be ap-
plied to poly-chromatic beams by combining this method
with an electron dispersing dipole magnet deflecting in the
complementary plane to the laser grating.

Future work will focus on verifying the simulation re-
sults in an experiment at JETi200.

The authors acknowledge funding from the Fed-
eral Ministry of Education and Research of Germany
in the Verbund-forschungsframework (project number
05K16SJB).
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Enhanced x-ray yield from tilted shock front injection at JETI200
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We report on preliminary results from experiments
at the JETI200 laboratory. A dedicated beam time in-
vestigated the generation of x-rays by controlling the
properties of electron beams from tilted shock front in-
jectors.

Rapidly accelerating electron beams originating from
laser wakefield accelerators (LWFAs) [1] are excellent pre-
requisites for generating short and intense x-ray pulses [2].
This radiation is triggered by the transverse motion of the
accelerating electron beam known as betatron oscillations.
In LWFAs, such electron beams are commonly generated
by shock fronts [3]. We report on experimental investiga-
tion of tilted shock front injection, i.e. exploiting shock
fronts that are oblique w.r.t. the propagation axis of the
plasma accelerator as illustrated in Fig. 1 and consequently
produce electron beams with increased betatron amplitude.
Tilted shock front injection and the resulting radiation has

Figure 1: Principle of electron generation employing con-
ventional (a1) and tilted shock front injection (a2). The
laser propagation direction is indicated in red. b) illustrates
snap shots of the LWFA injection process from particle-in-
cell simulations according to a). Courtesy of S. Kuschel.

been studied at the JETI200 laser system. The JETI pulses 
of τ ≈ 20 fs FWHM duration and 5 J pulse energy were 
focused by an f/20 off-axis parabola to a vacuum r.m.s. di-
ameter of 13 µm. Helium from a supersonic gas jet served 
as target, resulting in peak plasma densities of approxi-
mately 2 × 1018 cm−3. Tilted shocks were generated by 
a rotatable blade. Spectra of injected and accelerated elec-
tron populations were recorded using a permanent magnet 
and a scintillation screen. Simultaneously, profiles of the 
generated x-rays were acquired using an Andor BEN x-ray 
camera. This allowed for correlating properties of the elec-
tron beam and the resulting betatron radiation. Measure-
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Figure 2: a), normalised electron spectra from conventional
(a1) and tilted shock front injection (10◦, a2) as function of
the beam divergence θy and particle energy. Black lines
illustrate the projected line spectra (right axis). Both spec-
tra are normalised to the same value and contain a similar
number of electrons. b), x-ray profiles corresponding to
measurements in a) dependent on the x-ray divergence θx
and θy. Both distributions are normalised to the maximum
value of b2).

ments excluding the blade were conducted to ensure elec-
tron trapping and radiation originated solely from shock
front injection.

Figure 2 a1) shows the electron spectrum obtained from
shock front injection, i.e. without rotation. The electron
beam features a quasi-monoenergetic spectrum character-
istic for localised injection. An electron beam injected by
a 10◦ tilted shock front is visualised in Fig. 2 a2). The
charge and energetic composition is similar for both parti-
cle beams. This is vital for comparing the x-ray profiles re-
sulting from these beams, as the betatron radiation strongly
scales with the charge and energy of the electron population
[2]. The corresponding x-ray profiles are shown in Fig. 2
b) and demonstrate increased betatron flux by a factor of 2
in case of the tilted shock front injection. We anticipate fur-
ther insights into the radiation properties from analysis of
additional diagnostics. These include Ross filters and gold
gratings and will reveal properties of the spectral content
of the generated betatron radiation to complete the charac-
terisation of this effect.

ESF funded Forschergruppe 2017FGR0074 
(Thüringer Aufbaubank).
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When a relativistic laser pulse propagates in an un-
derdense plasma, electrons are injected into the laser
wakefield and their transverse oscillation gives rise to
betatron X-ray emission [1]. The betatron beam has
small source size (< 5 µm), fs pulse duration and high
photon energy (1-100 keV) which makes it relevant for
pump-probe experiments and in material and biologi-
cal sciences. At JETi200 not only did we produce beta-
tron beams for the first time but we also implemented a
technique to potentially increase the betatron yield.

Betatron radiation has similar characteristics to syn-
chrotron radiation in the wiggler regime at the fundamental
wavelength [2]. The emitted betatron spectrum is a func-
tion of electron γ-factor and the electron transverse oscilla-
tion amplitude. The on-axis radiated spectrum can be sim-
plified as:

d2I

dωdΩ

∣∣∣∣
θ=0

' Nβ
3e2

2π3~ε0c
γ2ξ2K2

2/3(ξ) (1)

Where Nβ is the number of oscillations, K2/3 is the mod-
ified Bessel function of the second kind with ξ = E/Ecrit

[3]. Ecrit is the energy within the distribution above and
below which lies half of the radiated power, and is given
as:

Ecrit[keV] ' 5× 10−24γ2 ne[cm−3] rβ [µm] (2)

Where ne is plasma density and rβ is the source size [1].
A gas cell with H2+N2 (95 % + 5 %) mixture was used
and the acceleration length was varied from 3 mm to 10
mm. Best performance was obtained a laser spot size of
≈ 25 µm, ≈ 2.5 J on target , 10 mm acceleration length
and 6 × 1018cm−3 plasma density. Ross pairs were used
for spectrum analysis with an estimated ∼ 109 photons in
10-20 keV and ∼ 106 photons in 60-80 keV energy bin,
a highly competitive performance. The source size was
< 3 µm with data analysis is still ongoing (see Fig. 1).
The betatron yield can be maximised by increasing the
transverse momentum of the electrons in the wakefield. To
control this parameter a gas jet with a razor blade was used
to produce shock front which could be tilted by rotating the
blade. This rotation of shock front, increased the transverse
oscillation of the trapped electrons, which in turn increases
the number of x-ray photons. The 5 mm gas jet with He+N2

(95% + 5%) mixture was used and the experimental data
indicates a significant increase in relative photon yield by
change in shock front angle (see Fig. 2).

The authors acknowledge funding from ESF, EU and
Freistaat Thüringen.
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Figure 1: A 12-bit, 150 × 120 mm CMOS detector
(’shadobox’) was used to detect photons in 10 - 225 keV
energy range. The beam has 25× 10mrad divergence and
∼18 keV critical energy.

Figure 2: Demonstration of increase in betatron yield at
JETi200 with shock front angle. Note the total yield is
lower compared to the gas cell due to the reduced γ of the
e-beam.
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We explore experimentally and numerically the ion-
ization dynamics induced during laser-thin foil interac-
tion at intensities I < 1016 W/cm2. Our space-time
resolved pump-probe measurements using a tempo-
rally stretched broadband probe [1] allows us to deter-
mine the spatio-temporal evolution of the plasma with a
single-pulse probe illumination. The performed numer-
ical simulations exhibit ionization timescales which are
in a good agreement with the measured values.

Highly energetic ion beams can, nowadays, be generated
during relativistic laser-thin foil interactions. However, still
a great effort is invested to enhance the beam quality for
applications. Laser-driven ions are accelerated by several
processes which strongly rely on the properties of the pre-
plasma induced by the rising edge of the laser pulse. There-
fore, a comprehensive study on the onset and the further de-
velopment of the pre-plasma is of paramount importance,
in particular, shedding light on the ionization processes
which rule the plasma formation. In this work, we investi-
gate the ionization dynamics for plastic and diamond-like
carbon (DLC) target foils with 3 µm and 10 nm thickness,
respectively. The experiments were performed at the PO-
LARIS laser system operated at HI Jena. The pump pulse
is normally incident on the target whereas the positively
chirped broadband (∆λ ∼ 150 nm) probe pulse propagates
at an angle of incidence of 37◦ through the interaction re-
gion. The latter is imaged onto a 1D-spatially resolving
spectrometer which wavelength axis is converted to a tem-
poral window defined by the probe pulse duration of ∼ 6 ps
[1]. The 1D space-time resolved transmission measure-
ments at a pump intensity of I ≈ 3 × 1015 W/cm2 are
depicted in Fig. 1.

Figure 1: Transmission measurements for 3 µm thick plastic (a)
and 10 nm thick DLC (b). Temporal transmission profiles at Y =
0 µm for plastic and DLC foils (c).

Figure 1 (a) and (b) present an opaque region corre-
sponding to the overdense plasma where T/T0 ∼ 0, ne �
nc. T and T0 are the probe pulse’s transmission with
and without the main pulse. ne, nc are the electron den-
sity and the critical density respectively. As the ioniza-
tion dynamics govern the electron density evolution, Fig-
ure 1(c) indicates that the ionization process takes longer
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for DLC with τDLC ∼ 5τplastic. τ is the time required
for the transmssion to decrease from 90 % to 10 %. To
elucidate the physical processes behind this behaviour, we
performed numerical calculation including an ionization
model based on Multiple Rate Equation [2], to retrieve the
time-dependent electron density considering the measured
temporal intensity contrast of the pump pulse and solving
Maxwell’s equations for the probe propagation through the
plasma. The calculated transmissions at a pump intensity I
= 1015 W/cm2 are given in Fig. 2.

Figure 2: Simulated transmission results for 3 µm thick plastic
(a) and 10 nm thick DLC (b). The inset in (a) is the measured
temporal intensity contrast of the pump pulse.

The results show that nc is reached during the rising edge
of the laser pulse for both materials. Besides, the ionization
starts earlier for DLC and, as observed in the experiment,
τDLC � τplastic. The photoionization rate Γn = σnI

n

(σn is the n-photon ionization cross section) may explain
these observations. On the one hand, the low band gap
of DLC (Eg-DLC ∼ 1 eV and Eg-plastic ∼ 4 eV) results in
a single photon absorption to bridge the gap (Eph = 1.2
eV for λPOLARIS = 1.03 µm). This leads to a larger Γn at
lower I due to the highest σn [3]. On the other hand, Γn

evolves linearly with I for DLC, resulting in a larger τDLC
to reach the overdense plasma state. Γn scales, however,
nonlinearly with I for plastic, leading to τplastic � τDLC
due to a highest Γn. Furthermore, due to the nm-thickness
of the DLC, the optical tunneling of the probe is high (∼
70 %) when nc is reached. Thus a higher ne and conse-
quently a longer τDLC, are required for the plasma to be-
come opaque to the probe light. This study demonstrates
a detailed plasma evolution which strongly depends on the
interaction parameters. In the future, this investigation of
the ionization dynamics will provide, not only, an unprece-
dent detailed initial pre-plasma condition for particle-in-
cell codes but also will be a powerful tool to help retrieving
the actual temporal and spatial laser pulse intensity con-
trasts in relativistic laser-plasma interaction.
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A spatio-spectral diagnostic of the optical radia-
tion emitted by relativistic electrons when crossing
the plasma-vacuum boundary in high-intensity laser-
plasma experiments is presented. The analysis of the re-
sults from this diagnostics provides information about
plasma heating and the laser intensity at the target
front.

During the interaction of a high-intensity laser with an
overdense plasma, short bunches of fast electrons are accel-
erated at the laser frequency ωL (resonance absorption and
vacuum heating) and twice the laser frequency 2ωL (rela-
tivistic v ×B heating) [1]. These fast electrons propagate
to the target rear side where they produce coherent optical
radiation (COR) [2, 3]. Such COR is most likely due to
synchrotron and transition radiation which exhibit similar
spectral characteristics [2, 4] in the spectral range of our
measurement (720 nm to 940 nm). In this work, the COR
emitted by fast electrons crossing the boundary between an
overdense plasma and vacuum has been analyzed to inves-
tigate their temporal structure.

The experiments were performed at the POLARIS laser
system, operated at the Helmholtz Institute in Jena. The
laser pulses (λL = 1030 nm) are focused to reach an in-
tensity of 1.1 × 1018 W/cm2 on a 370 nm thick aluminum
foil at normal laser incidence. This laser intensity is es-
timated from the independent parameters pulse energy E,
pulse width τ and focal spot area A, whereas the latter is
measured at low intensities. Consequently the actual laser
intensity in the experiment can deviate from this estimate.
The target rear optical emission is imaged at an angle of
37° to the foil’s normal direction by a microscope objec-
tive and a lens onto the entry slit of an imaging spectrom-
eter. The width of this vertical slit corresponds to ≈ 4µm
on the foil’s surface. The slit is imaged onto a camera after
passing a grating to obtain a spectral decomposition of the
vertical radiation profile. Based on polarization-resolved
measurements [3], we assume coherent transition radiation
(CTR) to be the source of COR in our experiment. The
measured spectral CTR intensity is depicted in figure 1(a).

According to theory [2, 5], the spectral CTR in-
tensity in figure 1(a) is governed by the factor
sin2(nbωLTL/2)/ sin

2(ωTL/2) for an electron current
containing nb bunches spaced at TL = 2π/ωL and/or 2nb
bunches spaced at TL/2. The Fourier-analysis of the CTR
spectrum, as shown in figure 1(b), allows to obtain nb from
the CTR spectrum and shows a clear peak around nb = 39
for bunches at ωL, corresponding to 78 bunches at 2ωL.
From nb and the measured pulse width τ one can calcu-
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late the peak laser intensity to be 1.7 × 1018 W/cm2 if one
counts the optical laser cycles above the relativistic inten-
sity level. The presented CTR measurement provides a
more direct intensity diagnostic using less parameters and
is in good agreement with the estimated intensity from the
laser parameters E, τ and A. Finally, further investigation
is required to understand the additional peaks observed in
the Fourier analysis of the CTR spectrum, which might be
due to recirculating electron bunches.

Figure 1: (a) Exemplary measurement of the imaging spec-
trometer. The characteristics of the laser shot (at FWHM)
are specified in the image heading. (b) The Fourier-
transformed spectrometer data.
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We experimentally investigated the accelerated
proton beam characteristics -maximum energy and
number- by varying the incident laser polarization, en-
ergy, focal spot size, and pulse duration. The pro-
ton spectra were recorded using a single-shot Thom-
son parabola spectrometer with a wide detection range
from few tens of keV up to several MeV. Experimental
findings are in agreement with theoretical works.

It is understood that the experimental conditions greatly
affect the temperature of the energetic electrons and sub-
sequently the accelerated protons and these conditions can
vary between different laser systems. Thus to find the op-
timal conditions for the particle acceleration process on
our laser system we carefully varied the laser parameters
and recorded and analyzed the proton and electron spec-
tra. The experiments were carried out in the Jeti40 laser
facility where the polarization state of the laser was con-
trolled by a 4-inch halfwave plate placed in the collimated
beam. The laser pulses were focused by a 45◦ off-axis
parabola (OAP) onto an Aluminium target with a thick-
ness of 6µm reaching intensities above 1 × 1019 W/cm

2.
We constructed the energy spectra of the protons emitted in
the target normal direction by using a single-shot Thomson
parabola spectrometer (TPS) equipped with an (MCP) and
a (CCD). The TPS is capable of detecting protons with en-
ergy from 30 keV up to several MeV in a single shot. We
also used a magnetic deflection spectrometer with image
plates to measure the temperature of the electrons along
the target normal direction. The setup is shown in Fig. 1.

Figure 1: Schematic of the experimental setup.

We investigated the dependence of the temporal dura-
tion on the proton yield and energy for various polarization
states of the incident laser. The results are presented in Fig.
2. We observe an increase in the maximum proton energy
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until 70 fs duration of the incident laser pulse, followed by
a decrease with the laser pulse duration following a scaling
law of (1/τlaser)0.5. This is in agreement with the analyti-
cal model of a radially confined surface charge induced by
laser-accelerated electrons on the target rear surface[2].
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Figure 2: Maximum proton energy as a function of laser
pulse duration. (left) P- and (right) S-polarization. Red
(solid) line is a power-law fitting.
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Figure 3: Total number of protons as a function of the target
position along the laser focus, blue (solid) line is a Gaus-
sian peak fit. (left) P-, (right) S-polarization. Red line rep-
resents laser spot size on target.

In a separate measurement, we fixed both the laser en-
ergy and the pulse duration while varying the laser spot
size on the target by moving it along the focal axis. As a
result, the intensity on target varied with the spot size. We
summed the number of all detected protons from 30 keV
up to 2MeV. The results are presented in Fig. 3. We ob-
serve a double-peak structure around the zero position of
the focus for both polarization states which we accounted
for by the volumetric effect. Although the laser intensity
decreases fast away from the focus, the irradiated area on
the target is larger meaning that a higher number of parti-
cles is involved in a given volume.

References

[1] M. Almassarani et al., submitted (2021).
[2] J. Schreiber et al., Phys. Rev. Lett. 97, 045005 (2006).

36



Photon and
Particle

Spectroscopy



High harmonic generation in CdSe quantum dots

Harshitha N. G. ∗1,2, V. Korolev1, R. Baruah3, M. Wächtler3, C. Spielmann1,2, and D. Kartashov1
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The enhancement and control of non-linear phenom-
ena at a nanometre scale has a wide variety of applica-
tions in science and industry. One important non-linear
process is high harmonic generation (HHG) that can
be altered by the complex electronic structure of exotic
materials in many interesting ways. For example, one
recent study highlighted that the quantum confinement
feature of nanomaterials can result in an enhancement
of the HHG yield [1]. In this report, we present experi-
mental results on high-order harmonic generation from
thin layers of CdSe quantum dots.

Quantum dots are zero-dimensional (0D) semiconduc-
tor nanocrystals having charge carriers confined in all three
spatial dimensions. This confinement results in discrete
electronic structure resembling the electronic/optical be-
haviour of individual “artificial” atoms or molecules. One
of the consequences of this confinement is a strong depen-
dence of the bandgap on QDs diameter.

Figure 1: High-order harmonic (HH) spectra emitted from
a CdSe film and CdSe QDs of various sizes excited by fem-
tosecond MIR laser pulses.
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Figure 2: Slope of the intensity-dependent harmonic yield
as a function of harmonic order.

We study influence of quantum confinement effects on
extreme nonlinearities in solids resulting in high-order har-
monic generation. In experiments, HHG was driven by a
mid-infrared (MIR) laser source delivering 100 fs pulses at
a central wavelength of 4.75 µm and at a repetition rate of
1 kHz. Micron-thick layers of CdSe QDs were prepared
using drop cast method on a c-cut sapphire substrate.

Fig. 1 shows the experimentally obtained high-order
harmonic spectra from CdSe QDs with different sizes and
from a CdSe film as a reference. The shaded regions on the
plot represent above band gap harmonics and the arrows
mark the position of the bandgap for film, 8 nm, 4 nm,
and 2 nm QDs. As follows from Fig.1, reduction in size
of QDs leads to suppression of above bandgap harmonics.
In addition, the harmonic yields as a function of the pump
intensity were recorded. At highest pump intensities the
yields show tendency to saturation, but for moderate in-
tensities these dependencies in log-log scale can be well
approximated by a linear function. The dependence of the
corresponding slopes on harmonics order is shown in Fig.
2 and demonstrates much sharper dependence of harmonic
yield on the pump intensity in QDs in comparison to the
bulk film.

As a next step, we plan to investigate influence of quan-
tum confinement effects on HHG in materials with differ-
ent dimensionalities, namely nanowires (1D confinement
along the radius) and 2D stacked materials.
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We report on the extension of XUV Coherence To-
mography (XCT) into the soft x-ray range by using a
laser-plasma source. The source has already been build
and tested and shows broadband soft x-ray spectra,
which are well suited for XCT. The decreased wave-
length will lead to an improved depth resolution and
high label-free material-specific contrast.

XUV Coherence Tomography (XCT) is a non-
destructive three-dimensional imaging technique with
nanoscale resolution. It can efficiently utilize broad band-
width extreme ultraviolet (XUV) radiation from laser-
based XUV sources like high harmonics. The depth struc-
ture of a sample is obtained by measuring the spectrum of
the light backscattered from the sample superimposed with
light reflected at the surface (common-path interferometric
design) and a subsequent Fourier transform [1]. XCT has
applicational potential e.g. in the inspection of semicon-
ductors and lithographic or in solid state interface physics.

The common-path interferometric XCT setup is techno-
logically attractive but has a characteristic disadvantage:
The reconstruction only yields the autocorrelation of the
sample’s depth structure rather than the actual structure
and, accordingly, the phase information is lost. However,
with our stable one-dimensional phase retrieval algorithm
(PR-XCT) we can reconstruct the actual sample structure
from its autocorrelation [1]. Furthermore, detailed and ac-
curate phase information strongly enhances the spectro-
scopic potential provided by the atomics inner-shell res-
onances in the XUV spectral region. With its inherently
broadband spectroscopic approach and together with the
recovered spectral phase, PR-XCT is a well suited tool
to exploit material contrast. We could show, that depth-
resolved material information can be accessed by XCT [2]
and that label-free element specific-identification of buried
structures within a nanometer depth resolution is possible.

Many elements have their specific inner shell resonances
in the soft x-ray wavelength range. However, our high har-
monic source is limited to approx. 12 nm. Therefore, we
started the development of a laser-plasma soft x-ray source
to perform XCT. A nanosecond laser pulse with high pulse
energy is focused into a gas jet. The plasma can emit nar-
row bandwidth radiation as well as broad bandwidth radi-
ation depending on the gas. Figure 1 a) shows the imple-
mentation of a gas-puff target we obtained within a col-
laboration with the University of Warsaw. In part b) first
measured spectra for nitrogen and krypton are shown. The
latter one is well suited for XCT. In a collaborative effort
we will soon be able to perform XCT in the soft x-ray range
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Figure 1: Laser plasma source for XCT: a) A well-confined
gas jet is emitted from the gas-puff target and hit with a
10 ns laser pulse with a pulse energy of ≈2 J. The plasma
radiates soft x-ray light in the full solid angle. Only a small
fraction of the light will be refocused through an aperture to
the actual sample. b) Two soft x-ray spectra are shown (ni-
trogen and krypton). The bandwidth of the krypton spec-
trum is well suited for XCT.

and to exploit the high material contrast in this range [3].

The authors acknowledge funding from the Thüringer
Aufbaubank (2015FGR0094, 2018FGR0080) , the DFG
(Beethoven 2 Lab-XCT) and the Helmholtz excellence net-
work (ExNet).
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Using shorter wavelength light sources is a straightfor-
ward approach for improving spatial resolution in imag-
ing. Table-top soft X-ray lasers (SXRL) offer a photon
flux per pulse that allows for single shot imaging and near
wavelength-limited resolution. In an SXRL, a high-energy
pump pulse ionizes a solid or a gas until it reaches a nickel-
like atomic configuration constituting a three-level lasing
scheme. It has been recently shown that a SXRL operat-
ing in an amplified spontaneous emission (ASE) scheme
exhibits low transverse coherence limiting the applicability
for coherent imaging applications [1]. By seeding a SXRL
with a highly coherent pulse generated by High Harmonic
Generation (HHG) a higher photon flux and shorter pulse
duration in the order of a few hundred femtoseconds was
achieved [2] turning the SXRL into a laser plasma ampli-
fier for the HHG radiation. We investigate the wavefront
properties of a high-harmonic-seeded SXRL using a 2 J
Ti:sapphire laser system depending on the arrival time of
the seed pulse. The laser ionizes and inverts krypton atoms
producing Kr8+ ions in a 5 mm long plasma waveguide
emitting at 32.8 nm. For imaging the output of the laser
plasma amplifier in amplitude and phase, we image a mi-
cron scale sample using ptychography (Fig. 1).

We find that HHG seeding results in excellent spatial
coherence properties, while a high degree of temporal co-
herence is maintained through the narrow-band amplifica-
tion. Further, we find that the time delay dependence be-
tween the pump and seed pulses causes significant reshap-
ing of the amplified laser beam hinting at a seed-plasma
interaction that is confirmed by model calculations. Fi-
nally, we successfully employ the characterized and opti-
mized HHG-seeded SXRL for single shot coherent diffrac-
tion imaging which demonstrates the outstanding capabili-
ties for ultrafast nanoscale imaging [3].
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Figure 1: (a) Experimental scheme for ptychographic char-
acterizing the beam of a HHG-seeded SXRL in amplitude
and phase and single shot ultrafast imaging [3[. (b) Recon-
struction of a microscopic object imaged using ptychogra-
phy. The inset shows a SEM image of the used sample. (c)
Reconstructed complex-valued illumination function at the
sample. (d) Examples of measured complex-valued SXRL
beam profiles at the exit of the plasma channel for two dif-
ferent time delays between SXRL pump and HHG seed
as indicated. (e) Measured single shot coherent diffrac-
tion pattern. (e) Reconstruction of the object with ∼100
nm resolution. The inset shows SEM image of the sam-
ple used for single shot measurements. All panels except
(e) show complex-valued spatial representations where the
amplitude and phase are encoded by brightness and hue as
indicated in right panel in (d).
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In the x-ray regime, polarization analysis plays a
pivotal role in the investigation of the magnetic and
electronic structure of materials. So far, those exper-
iments have all been done at large-scale facilities like
synchrotrons or free-electron lasers. They also rarely
use any spatial resolution to accompany the sensitivity
to polarization changes. Here we demonstrate, that we
can transfer the successful x-ray polarimetry to small-
scale facilities and establish experiments that can thrive
with the higher flexibility and more available beamtime
of small-scale facilities. We achieved a polarization pu-
rity of 8 × 10−8 with the combination of a microfocus
rotating anode, collimating multilayer mirrors and two
germanium polarizer crystals. We added to this po-
larimeter a 2D-detector and achieved a spatial resolu-
tion of 200 µm to investigate the micro-crystalline struc-
ture of beryllium sheets, commonly used as focusing
lenses in the x-ray regime. The results are important
for the development of x-ray optical instruments that
combine high spatial resolution and high sensitivity to
polarization changes.

X-ray polarimetry is a technique established at syn-
chrotrons to investigate materials and their crystalline, elec-
tronic and magnetic structure. The polarization purity for
such experiments, and thus the sensitivity to polarization
changes, is usually in the order of 10−9 to 10−10. At small-
scale facilities, polarimetry is very rarely pursued due to
the much smaller intensities and a more divergent beam.
The best polarization purity reached so far was in the order
of 10−5 by Schulze et al. in Jena [2].

We developed a polarimeter at a small-scale facility,
combining a microfocus rotating anode, collimating mul-
tilayer mirrors and two germanium polarizer crystals. The
polarimeter reaches a polarization puritiy of 8 × 10−8 and
thus improves on the previous achieved values by more
than two orders of magnitude. This high-precision po-
larimeter, which is unique at a low-scale facility, is capable
of detecting a rotation of the polarization plane of 6′′ or an
ellipticity in the order of 10−7 [1] and thus allowing high-
precision polarimetry that was previously only available at
synchrotrons or free-electron lasers.

The potential of today’s x-ray lenses to magnify fea-
tures in the 100 nm range [3] makes the combination of
polarimeters and x-ray lenses interesting for material char-
acterization. For this reason, it is important to know if and
how the lens material itself influences the polarization.
Therefore, in a first step to achieve spatial resolution, we
installed an areal detector with a 13.5 µm pixel size behind
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Figure 1: Polarization sensitive imaging of two beryllium
samples with a CCD detector, one pixel is 13.5 µm ×
13.5 µm in size. The colorbar shows flipped photons per
second and pixel in a linear scale. Measuring time was
three days. O-30-H is the typical lens material.

the analyzer crystal of our polarimeter. The spatial resolu-
tion is limited in the order of 200 µm due to the divergence
of the x-ray beam. However, even with this spatial resolu-
tion, we can characterize the typical lens material, beryl-
lium, and determine its effect on the polarization purity of
the polarimeter. Figure 1 shows for two different grades of
beryllium, that beryllium is significantly altering the polar-
ization of the x-ray beam and decreases the sensitivity of
the polarimeter by more than one order of magnitude.

The polycrystalline nature of beryllium exhibits strong
birefringence in the x-ray beam, that leads to these polar-
ization changes. Therefore, beryllium should be avoided
as material for optical elements within a high-precision po-
larimeter. Alternative ways to focus x-rays are necessary
to realize a polarization microscope with sub-micron reso-
lution. Possible are for example Kirkpatrick-Baez mirrors
or the use of other materials for x-ray lenses. For the x-ray
lenses, there are two options, either single-crystal material,
e.g. diamond, with a precise crystal orientation and align-
ment of each lens to avoid birefringence or a material with
an amorphous structure to avoid polarization changing ef-
fects altogether, e.g. glassy carbon and SU-8 polymer.

We gratefully acknowledge funding by the Deutsche
Forschungsgemeinschaft (416700351) within the Research
Unit FOR2783/1, by the Bundesministerium für Bildung
und Forschung (05K16SJ2) and by the European Social
Fund and the Free State of Thuringia (2017FGR0074).
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3Universite Grenoble Alps, CNRS, Grenoble, France; 4Sorbonne Universite, Paris, France; 5DESY, Hamburg,

Germany; 6SLAC, Stanford, USA

High-brilliance synchrotron radiation sources have
opened new avenues for X-ray polarization analysis
that go far beyond conventional polarimetry in the op-
tical domain. With linear X-ray polarizers in a crossed
setting polarization extinction ratios down to 10−10 can
be achieved. This renders the method sensitive to probe
tiniest optical anisotropies. Here we show that high-
purity polarimetry can be employed to reveal electronic
anisotropies in condensed matter systems with utmost
sensitivity and spectral resolution. Taking CuO and
La2CuO4 as benchmark systems, we present a full char-
acterization of the polarization changes across the Cu
K-absorption edge and their separation into dichroic
and birefringent contributions.

While we receive visual information about our world
through color and brightness of light, a less “obvious”
property of light is its polarization. The polarization of
light can change (e.g., rotate) when light is scattered by
a material. The polarization change of the light contains
valuable information about the properties of the illuminated
material. For example, it allows insights about the pre-
ferred orientation of electrons in atoms (orbitals) and the
directions along which electrons can move in a material.
Such preferred directions are called anisotropies and often
form the basis for specific properties of modern functional
materials, e.g. directed current transport, magnetic align-
ment of nanostructures, optical birefringence etc.

In the experiment reported here we describe a new way
to detect polarization changes of X-rays to investigate
anisotropies in the electronic properties of materials with
high sensitivity [1]. The samples studied were the metal
oxides CuO and La2CuO4. These are starting materials for
high-temperature superconductors, in which the electrons
in the orbitals of the copper atom play a major role in su-
perconductivity.

The key to the new measurement method is a technique
that has been under development in Jena for many years,
namely precision polarimetry with X-rays: If X-ray light
is allowed to reflect several times at an angle of incidence
of 45 degrees on a perfect single crystal of silicon, then
this light is almost completely linearly polarized after re-
flection, i.e. it oscillates practically exclusively in one
plane. Scattering of this light by an optically active mate-
rial causes deviations from this perfection, which become
apparent in a slight rotation of the plane of oscillation of
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the light. This rotation of polarization can be detected by
reflecting the scattered light off a second, identical crystal
whose reflection plane is rotated 90 degrees with respect
to the first crystal. Due to the high perfection of silicon
crystals, sensitivities in the range of 10−9 can be achieved.

Two optical effects contribute to the rotation of the polar-
ization: the selective attenuation of the light by the sample
(dichroism), and the direction-dependent refraction of the
light (birefringence) in the material.

In this experiment, performed at the synchrotron radi-
ation source PETRA III at DESY in Hamburg, we could
separate the contributions of these two effects and attribute
them to the interaction of the X-ray light with specific or-
bitals of the copper atom in the materials studied, see Fig.1.
This provides a highly sensitive method for tracking down
the electronic anisotropies in complex materials and inves-
tigating the role they play, for example, in novel forms of
superconductivity, magnetism and optical properties.

Further development of the method promises to increase
the detection sensitivity by a factor of 1000 to one in a tril-
lion (10−12). This could even make it possible to detect the
optical birefringence of the vacuum, an effect that was pre-
dicted by Heisenberg and Euler as early as 1936, but which
has so far eluded experimental proof. A corresponding ex-
periment at the European X-ray laser is currently in prepa-
ration. If a dichroism of the vacuum were also detected
in such an experiment, this could be a direct indication of
particles beyond the Standard Model.

Figure 1: Comparison of measured data with calculated
spectra of x-ray dichroism and birefringence of CuO for
different azimuthal sample orientations χ.

The authors acknowledge funding from the European
Social Fund (2017FGR0074), the Bundesministerium für
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Forschungsgemeinschaft (416700351).

References

[1] A. T. Schmitt et al., accepted for publication in Optica (2020)

42



Laser Photodetachment of Negative Ions for Element Selective Suppres-
sion of Isobars in Accelerator Mass Spectrometry

Oliver Forstner∗1,2
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Laser photodetachment of negative ions is a very
promising method for introducing an element sensitive
suppression of isobars in high sensitive mass spectrom-
etry. However, being a non–resonant process one has
to deal with low cross–sections of the photon–ion in-
teraction. To overcome this the ion beam has to be
slowed down to thermal energies in a radio frequency
quadrupole ion cooler. Due to the lack of spectroscopic
data especially of molecular negative ions, an experi-
mental program for acquiring photodetachment data is
underway at the low–energy electrostatic storage ring
at the Goethe–University Frankfurt. Negative ions of
helium and oxygen could be successfully stored in the
ring and a laser setup is currently under construction.
Spectroscopic information of radioactive ions could for
the first time be acquired at the facility ISOLDE at
CERN. Notably the electron affinity of the rarest nat-
urally occurring element on earth, astatine, could be
measured for the first time.

In the framework of the BMBF funded joint project
05K2019 – LISELatDREAMS, a radio–frequency ion
beam cooler is currently being set-up at the FSU Jena.
At a later stage of the project the LISEL cooler (Low–
energy Isobar SEparation by Lases) will be transferred to
the HZDR and installed at the DREAMS (DREsden AMS)
accelerator mass spectrometry facility. Together with a
tuneable, high–repetitive high–power Ti:sapphire laser sys-
tem developped by the project partner at the University
of Mainz, an element–selective suppression of isobars by
laser photodetachment will be possible. This allows the
measurement of new isotopes at DREAMS and will extend
the current application spectrum.

In view of the hurdles due to SARS-CoV-2 a new lab-
oratory space in the basement of the Max–Wien–Platz 1
could be occupied and the construction of the LISEL cooler
started. Until the end of 2020 the vacuum chambers and
pumping system was installed and leak testing could be
performed. The newly developed control system based
on an industry standard PLC system by BECKHOFF was
ready for operation (see Fig. 1).

The main goal of this project is to clean isobars from a
keV–energies negative ion beam by laser photdetachment.
To achieve this goal knowledge about the electron affini-
ties (EA) of the atomic and molecular isobaric system is
needed. The method is only applicable to systems where
the EA of the ion of interest is larger than the unwanted
ion. Unfortunately, sufficient spectroscopic information of
negative ions is not always available. Notably of molecular
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Figure 1: Image showing the LISEL cooler setup end of
2020 under vacuum and leak tested.

negative ions experimental data is insufficient. The storage
of molecular negative ions in an electrostatic low–energy
storage ring can help by allowing to study the ions in its
rotational ground state. An initiative to measure EAs of
molecular ions was started at the Frankfurt Low–energy
Storage Ring FLSR at the Goethe–University Frankfurt.
The storage of the anions He−, O− and OH− could suc-
cessfully be achieved [1]. The installation of a laser sys-
tem for in–flight photodetachment experiments is currently
ongoing in collaboration with the project–partner from the
University of Mainz.

Together with partners from the University of Mainz and
University of Gothenburg a program for measuring EAs of
radioactive negative ions could be started at the radioactive
ion beam facility ISOLDE at CERN. With the ion 128I− the
EA of a radioactive ion could be measured for the first time.
Furthermore, the EA of astatine, the rarest naturally occur-
ring element on earth, has been determined experimentally
for the first time. The results of this study were presented
in the journal Nature Communications in 2020 [2].

This project is supported by funding from the Ger-
man Ministry of Science BMBF, joint project 05K2019 –
LISELatDREAMS.
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Utilizing a diatomic prototype molecular system,
HeH+, we show that mid-infrared laser pulses can drive
the nuclear motion in the anharmonic potential of the
electronic ground state, increasing its energy above the
potential barrier and facilitating dissociation of a di-
atomic molecule by purely vibrational excitation.

The vibrational motion of molecules is a fundamental
example of an anharmonic oscillator. When light cou-
ples directly to the vibrational degrees of freedom of the
molecule, absorption of photons can transfer population
from lower to higher vibrational bound or even contin-
uum states, while remaining on the same electronic state [1]
(see Fig. 1). The ground electronic surface is of enormous
general importance for chemical transformations which are
predominantly carried out on the ground state.

We report a direct measurement of molecular photodis-
sociation of the HeH+ molecule induced by purely vibra-
tional excitation [2]. Efficient dissociation requires match-
ing the periodicity of the driving force to the eigenfre-
quency of the system, which is 11.5 fs for HeH+. Exper-
imentally, this is realized by combining a molecular ion
beam target for coincidence 3D momentum spectroscopy
and mid-infrared laser pulses produced by an optical para-
metric amplifier. The dissociation yield for different pe-
riodicities of the driving laser is displayed in Fig. 2. The
observations can be adequately described by the intuitive
model of a driven anharmonic oscillator. The uneven spac-
ing of vibrational states in the anharmonic potential results
in a characteristic wavelength dependence of the dissocia-
tion probability [3].

We compared the wavelength-dependent response of the
helium hydride molecular cation to both classical and quan-
tum mechanical calculations. We find excellent agreement,
which shows that the results can be interpreted applying
the anharmonic oscillator analogies and removes any un-
certainties through electronic excitation. Additionally, we
examine the measured momenta of the fragments after dis-
sociation. This allows us to identify the different dissocia-
tion pathways starting from different vibrational states.

Our study provides insight into the rich dynamics of an-
harmonic quantum oscillator systems and laser-controlled
ground-state chemistry.

The authors acknowledge funding from the Deutsche
Forschungsgemeinschaft (Priority program 1840, Quan-
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Figure 1: Laser-driven anharmonic oscillator: (a) The
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photons can couple these states as consequence of the per-
manent dipole moment of HeH+. The inset displays the
electronic ground state and first excited state. (b) Classical
trajectory model for laser-induced dissociation of HeH+.
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on X1Σ+ for a laser field with 3.2µm (30 TW/cm2).
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Gold and silicon ions emitted from high brightness
liquid metal ion sources (LMIS) are used as ionic tar-
gets for strong field laser interaction with femtosecond
laser beams. Field ionization processes in the field emis-
sion source at electrostatic fields of some 10 V/nm al-
low the generation of various metallic and metalloid ion
beams with charge states such as Au2+ and Si2+. Study-
ing the ionization in strong femtosecond laser fields with
intensities of up to 1016 W/cm2, we observed for these
elements charge states of up to Au11+ and Si4+.

The application of ionic laser targets offers the opportu-
nity to investigate interesting fundamental systems of light-
matter interaction, such as He+, H+

2 [1] and molecules that
only arise in the ion source, e.g. HeH+ [2]. In this work we
generated ion beam targets for the investigation of strong-
field laser interactions with metal and metalloid ions. To
increase the density of these targets we adapted a high-
brightness liquid metal ion source (LMIS), originally ap-
plied in focused ion beam systems [3, 4], to an ion system
for 3D coincidence momentum spectroscopy. The ions are
emitted from a low melting liquid Au-Si eutectic alloy and
are generated by electrostatic field evaporation and field
ionization. Using an E × B filter in the beamline, several
different ion species could be detected: Si+, Si2+, Au+,
Au2+, Au+

2 , Au+
3 and Au2+3 . The monoatomic and noble

metal molecular ions are now available to carry out studies
on the ultrafast laser-induced fragmentation and ionization.

We investigated the ultrafast laser-induced ionization re-
sulting in higher charge states after the multiple ioniza-
tion of Au+ and Si2+ ions. Laser intensities of up to
1016 W/cm2 allow the tenfold ionization of the Au+-ions
and triple ionization of Si2+-ions (see Fig. 1). These results
can be explained by examining the charge-state depending
electron configurations and their ionization potentials.

In addition, we applied two-color sculpted laser fields
to control the double ionization process on the attosecond
time scale. The observed momentum distributions depend
strongly on the relative phase of the two-color laser field.
This allows us to confirm the resolution of the recoil ion
momenta for the detection of heavy atoms.

Our results demonstrate that the manifold of emerged
experimental techniques of attosecond physics can be ex-
tended to the until now rarely explored range of various
metal and metalloid targets and beyond.
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Figure 1: Multiple ionization of singly charged gold and
doubly charged silicon ions: (a) Position-resolved detec-
tion of the laser-induced higher charge states after multiple
ionization of Au+ at an intensity of 3·1016 W/cm2. Dif-
ferent charge states are separated by horizontal and vertical
electric fields after the laser interaction. The Au+-beam is
blocked by a Faraday cup before the detector. The structure
around the Faraday cup is produced by fragments from gold
molecules. (b) and (c) relative yields of different charge
states for Au and Si respectively.
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We performed an experimental campaign at the
PHELIX system at GSI to study the properties of rel-
ativistic plasmas using time-resolved reflection spec-
troscopy, which correlates the spectral modulation of
the reflected laser pulse with the plasma scale length.
To further control the interaction conditions, we imple-
mented a plasma mirror to enhance the temporal con-
trast and tuned the preplasma expansion using a con-
trolled prepulse. The created plasma was measured us-
ing side-view interferometry, which enabled the calcu-
lation of the spatial electron density distribution.

The state and properties of the plasma pre-expansion, in-
duced by the imperfect temporal pulse profile picoseconds
prior to the laser-peak intensity, remains a large uncertainty
in laser-plasma interaction experiments. A measurement of
the preplasma properties is a challenging task, especially if
the scale length of the plasma density distribution is in the
sub-micrometer range. In this regime, time-resolved reflec-
tion spectroscopy represents a promising method to deter-
mine the preplasma properties, which relies on measuring
the reflected laser pulse during the interaction in a time-
resolved manner. To study this method, we performed an
experiment at the PHELIX laser system at GSI in Darm-
stadt. A schematic of the setup is visible in Fig. 1, showing
the incoming laser beam, which has been focused onto a
micrometer-thick target, using a F/1.4 off-axis parabola. To
enhance the temporal contrast of the laser pulse we imple-
mented a plasma mirror (PM) in the focusing beam, which
results in a reduced preplasma expansion.

Figure 1: Experimental setup at the PHELIX system, in-
cluding the plasma mirror setup (inlet) and the diagnostic
beamline.

As a comparison, the PM was replaced by a mirror with
a high-reflective coating to achieve a lower contrast, re-
sulting in a stronger preplasma expansion. During the in-
teraction, a part of the laser pulse is reflected at the criti-
cal density position, which is picked off and imaged onto
the time-resolved diagnostics. These diagnostic based on
”Frequency-Resolved Optical Gating” (FROG) and ”Spec-

∗j.hornung@gsi.de

tral Phase Interferometry for Direct Electric field Recon-
struction” (SPIDER), which have been built and commis-
sioned at our facility [1, 2], are able to measure the spec-
tral change of the laser pulse throughout the interaction.
This information can be used to gain insight into the move-
ment of the critical density surface. Depending on the
temporal contrast, both diagnostics showed a strong differ-
ence in the spectral-temporal behavior of the reflected laser
pulse. The spectrum is strongly red-shifted in the presence
of a more extended preplasma with a longer density scale
length, whereas the spectrum is completely blue-shifted af-
ter the interaction if the PM is used.

To further vary the preplasma conditions and reach scale
lengths above 1 µm, we introduced a controlled prepulse
with a peak-intensity in the range of 1014 W/cm2. The
resulting density distribution of the preplasma was mea-
sured using side-view interferometry. The schematic setup
is shown in Fig. 2, in which a frequency doubled beam was
used to probe the plasma.

Mach-Zehnder

interferometer

camera

probe

beam

Figure 2: Setup of the side-view interferometry used to
measure the preplasma expansion, created by a controlled
prepulse. The black arrow indicates the incoming prepulse.

The resulting measurement, shown on the right-hand
side, was used to determine the corresponding density dis-
tribution. This enables the possibility to use such a prepulse
in further experimental campaigns to generate a controlled
preplasma and therefore improve the study of the plasma
conditions using time-resolved reflection spectroscopy.

Funding Acknowledgements: This work has been car-
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tium and has received funding from the Euratom research
and training programme 2014-2018 and 2019-2020 under
grant agreement No 633053. The views and opinions ex-
pressed herein do not necessarily reflect those of the Euro-
pean Commission.
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Low-temperature x-ray detectors based on the metal-
lic magnetic calorimeter (MMC) technology combine
a broad spectral acceptance together with an energy
resolution comparable to that of crystal spectrometers
and an excellent signal linearity. After several years of
development within the SPARC collaboration two sys-
tems based on the maXs (Microcalorimeter Arrays for
High-Resolution X-Ray Spectroscopy) detector design
are now available for precision x-ray spectroscopy.

Micro-calorimeters are low-temperature detectors which
convert the energy of an incident particle into a tempera-
ture rise of a small absorber which is then measured, e.g.
as a change in magnetization for the case of MMC de-
tectors [1]. These detectors work at typical temperatures
below 50 mK, where the relevant material properties like
magnetization and heat capacity are very sensitive to small
changes in temperature. In recent years, the maXs detector
design was developed to meet the specific requirements of
the precision x-ray spectroscopy program of SPARC [2, 3].
This detector system now features 64 pixels of MMCs that
are read out via 32 SQUIDs. The area and thickness of the
absorbers can be optimized for specific photon energies and
desired spectral resolutions, with the caveat that increasing
the absorber volume in general results in a reduced spectral
resolution. There now exists a broad range of already tested
absorber designs, ranging from the maXs-10 (∆E ≈ 2 eV
FWHM for photon energies up to 10 keV) to the maXs-200
(∆E ≈ 50 eV FWHM for energies up to 200 keV).

After several iterations of test measurments and subse-
quent detector optimization, including adaptation of the
readout electronics to the experimental environment of
GSI, two maXs detector systems are now ready to be used
in precision x-ray spectroscopy measurements. The first
of these measurements will be experiment E138 ‘1s Lamb
shift in U91+’, that is scheduled for the first half of 2021.
In this report, we present a brief overview of both systems.

The first detector system is based on a Bluefors multiple-
purpose cryostat that is equipped with an arm of about 60
cm length. At the end of the arm the detector array can
be mounted in two different positions: along the axis of
the detector arm or under 90◦ to it. This design enables
a high degree of flexibility in positioning the detector, in
particular when it is not possible to place the bulky cryo-
stat, weighting about 350 kg, in close range to the photon
source.

The second detector system features the so-called Min-
iMix cryostat that was developed as a very compact cryo-
stat dedicated for the maXs detector system. This devel-

∗g.weber@hi-jena.gsi.de

Figure 1: Left: Multiple-purpose cryostat from the com-
pany Bluefors equipped with an arm, that allows for two
different orientations of the maXs detector head. Right:
Photograph of the 64-pixel absorber array mounted at the
end of the arm.

Figure 2: Left: Dedicated cryostat for the maXs detec-
tor system, developed together with the company Entropy
Cryogenics. Right: Detector platform to be mounted inside
the cryostat.

opment was conducted together with Entropy Crygenics
GmbH and in a reduction of a factor 4 in volume and a fac-
tor 2 in costs compared to the aforementioned system that
employs the more versatile Bluefors cryostat. The second
system is compact enough that the cryostat can be placed
next to the photon source, thus the absorber array can be
mounted inside the cryostat housing and a detector arm is
not necessary.

The authors acknowledge funding from TAB and the EU
via project 2016 FGI 0017 and 2016 FGI 0037 as well as
from BMBF via Verbundforschung 05P2018.
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Recently an experiment was conducted at the ESR
storage ring of GSI aiming on the study of the x-
ray emission of Xe54+ ions colliding with Xe atoms.
The resulting x-ray radiation was recorded using a
high-resolution spectrometer based on metallic mag-
netic calorimeter (MMC) technology. An analysis of the
measured spectrum was performed in order to deter-
mine the 1s-Lamb-shift of Xe.

Cryogenic MMCs like the maXs-series detectors devel-
oped within the SPARC collaboration by the group of C.
Enss at the university of Heidelberg have proven to be
a valuable tool for high precision spectroscopy in atomic
physics experiments. Due to their unique working princi-
ples they combine the benefits of a broad spectral accep-
tance with a high energy resolution of up to E/∆E > 3000
[1]. During the course of the last years, multiple exper-
iments were performed at the ESR storage ring at GSI
Darmstadt where several maXs-detectors have been de-
ployed to record the x-ray emissions resulting from ion-
atom-collisions at the ESR’s internal gas-target. Because
of the development of new data analysis algorithms in the
past few years, data taken at the ESR in 2014 has recently
been reanalyzed in order to determine the 1s-Lamb-Shift of
hydrogen-like Xenon.

The experiment was conducted in April 2014 (see also
[3], and [2]). A beam of Xe54+ ions at 50 MeV/u beam
energy was overlapped with a Xe gas-jet and the resulting
x-ray emission was observed through the 60◦ view port of
the target chamber using a maXs-200 type detector. The
recorded spectrum can be seen in Fig. 1. The instrumen-
tal resolution of the detector was 77 eV FWHM at 60 keV
photon energy.

Due to the high atomic number of both the projectile and
target as well as the low collision energy the exchange of
K- and L-shell electrons between the two happens adia-
batically. Subsequent, characteristic x-ray emissions stem-
ming from the relaxation of excited states produced by the
charge transfer can be observed. Besides the x-ray pho-
tons emitted from the ionized target atoms, spectral lines
from several transitions into the K-shell in different charge
states of the projectile ions are visible. A linear least square
fit was performed correlating the transition energies of the
most prominent Ly-α and -β lines with the binding energies
of their initial excited states taken from theory [4]. Note,
by applying this procedure the ground-state energy for
132Xe53+ was determined whereby the Doppler-correction
was taken into account by inclusion of the various ground
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Figure 1: The plot shows the x-ray spectrum produced by
the collision between Xe54+ ions at 50 MeV/u and a Xe
gas-jet. It was recorded with a maXs-200 detector placed
at the 60◦ view port of the ESR’s internal gas-target. Dis-
played is the measured spectrum overlayed with the peak
fits of several Lyman- and K-lines of Xe53+ and Xe52+

projectile ions.

state transitions observed. By comparing this experimental
result with the prediction of the Dirac theory we find a 1s-
Lamb-shift value for Xe53+ of ELS = 46.80 eV± 2.77 eV
(preliminary results). This result is in excellent agreement
with the theoretical prediction of 47.09 eV [4, 5] as well
as with the result of a similar experimental study obtained
by the application of a micro-calorimeter at the Livermore
EBIT ion source [6].

The first proof-of-principle measurements at the GSI ac-
celerator facility proof that maXs-type detector are able to
provide an energy resolution that is almost one order of
magnitude better compared to conventional semiconductor
detectors. Thus, these instruments are perfectly suited for
x-ray precision spectroscopy studies within the scientific
program of the SPARC collaboration.

We acknowledge financial support by the European
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It was shown recently that nanowire geometry of a
solid target enables so-called volumetric heating in rela-
tivistic laser-solid interaction, resulting in generation of
high density and high temperature plasmas [1]. We re-
port here comparative results on direct measurements
of laser energy absorption for solid targets of different
morphology, i.e. polished bulk samples versus vertically
and randomly oriented nanowires (NWs), irradiated by
relativistically intense ultra-short laser pulses.

The experiment was conducted at the JETi-40 laser sys-
tem [FSU, IOQ Jena], delivering laser pulses with a pulse
duration of 30 fs at 800 nm. Temporal ns to ps inten-
sity contrast of the laser pulses down to 10−11 − 10−12

was achieved by frequency doubling the output radiation
of the laser system in a type I KDP crystal. The optical
absorption of the incident laser pulses of ∼40 fs duration
with a central wavelength of 400 nm at intensities above
1010 W/cm2 was determined using an integrating sphere.
Nanowires made of ZnO were grown in a bottom-up ap-
proach using the vapor-liquid-solid (VLS) technique on a
500-µm thick silicon substrate. SEM image analysis of the
NW targets shows that the randomly oriented NWs have
an average length of (5.57 ± 0.38) µm and an average di-
ameter of (224 ± 39) nm, while in the case of vertically
oriented NWs, the average length was (5.26 ± 0.38) µm
and diameter was (778±77) nm. Polished flat ZnO sam-
ples with 500 µm thickness were used as reference targets
for comparison.

The results of the total laser energy absorption of the
ZnO targets with different morphologies as a function of
the laser energy are shown in Fig. 1. Every point in this
plot is a single laser shot. We demonstrate an almost 2-fold
enhancement of absorption in both NW morphologies with
an average of (79.5±1.9) % in comparison to the flat bulk
sample of (45.8±1.9) %.

The observed substantially enhanced absorption in NWs
is also confirmed by high-resolution X-ray emission spec-
troscopy. K-shell X-ray emission lines (Fig. 2) revealed
that the He-like resonance line emission from highly ion-
ized Zn (Zn28+) is only present in the case of NWs, indicat-
ing the presence of a hot and dense plasma resulting from
higher laser energy absorption in NWs. Our results can be
used to benchmark theoretical models and numerical codes
for the relativistic interaction of ultrashort laser pulses with
nanowire targets.

∗e.eftekharizadeh@uni-jena.de

Figure 1: Laser energy absorption for polished targets (blue
triangles), vertically (black squares), and randomly ori-
ented (red circles) NWs at the incident laser intensity of
≥ 1019 W/cm2.

Figure 2: The X-ray emission spectra measured from the
polished (solid blue line), randomly oriented NWs (solid
red line), and vertically oriented NWs (solid black line)
ZnO targets. The inset shows the zoomed spectral range
of 8.8-9.1 keV in the vicinity of He-like K-shell emission
lines.
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We investigated the thermal load on the organic crys-
tal BNA during THz radiation generation with 800 nm
laser pulses delivered at 1 kHz repetition rate. We mea-
sured the thermal load by imaging the crystal with a
thermal camera and quantifying heating and cooling
times for three different substrate materials.

For many real-life applications, compact THz systems
operating with high average power driven by table top laser
systems are required. The best organic crystal based THz
sources driven by 800 nm lasers employ BNA crystals for
terahertz generation [1]. However until now the repetition
rate of the laser system pumping those crystals were kept to
100Hz to limit the thermal load on the crystal for optimum
operation conditions [2]. This provided high peak power
but a low average power. In order to increase the aver-
age power the thermal load on the organic crystal needs to
be reduced. However, organic crystals employed for THz
generation have very low heat capacity and thermal con-
ductivity and many are novel materials still lacking com-
plete characterization. From laser physics it is known that
bonding the crystals onto substrates with higher thermal
conductivity can dissipate the heat and thereby lower the
thermal load for enabling their use at high average powers
of the laser pulse. As a continuation of our earlier stud-
ies we investigated the thermal load on BNA crystal at kHz
repetition rates to probe their potential to deliver high av-
erage powers. To this extent we investigated three sub-
strate materials, glass, sapphire and diamond respectively
and recorded at the rise in temperature of the crystal for
increasing laser fluences as shown in Figure 1.

Figure 1: Schematic of the experimental set up.

At first, we compared the generated THz yield from three
different samples. Figure 2a shows the THz yield as a func-
tion of input laser power. It suggests that the THz yield
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(a) (b)

Figure 2: a) THz yield is presented as a function of input
laser power. b) Rise in temperature at the center of the
crystal.

from the BNA crystal mounted on sapphire substrate is
more than four times higher than diamond substrate and
an order of magnitude higher than glass substrate for same
input laser power. Also at this repetition rate, the THz gen-
eration process saturates faster than low repetition rates [1].
It is also evident that sapphire and diamond substrates can
withstand higher laser fluence compared to glass before
thermal damages become visible. Figure 2b presents the
rise in the peak temperature at the centre of the crystal for
increasing laser power. Even below 1.4mJ/cm

2 or below
400mW, the crystal temperature reaches melting point for
glass substrate while sapphire and diamond bonded crystals
remain close to room temperatures. It can also be seen that
despite the low temperatures compared to diamond, THz
yield from sapphire bonded BNA crystal is higher.
We have presented here a preliminary study on the influ-
ence of three well known substrate materials for bonding
BNA crystals to generate THz radiation at high average
powers of the pump lasers. Even with a low laser fluence
like 350mW the temperature of the BNA crystal bonded
onto the glass substrate rises by 60◦C while the one em-
ploying sapphire and diamond rises less than 10◦C. Al-
ready with 400mW input laser power causes a tempera-
ture rise above 90◦C bringing it close to the melting point
eventually resulting in complete melting of the substrate.
Among the three substrates sapphire has the lowest ther-
mal load and the highest THz yield.
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A single shot THz detection system has been devel-
oped and installed at the JETI 40 laser system for linear
and nonlinear spectroscopic and imaging applications.
The scheme was employed to characterize a new THz
source and to improve the laser to THz conversion ef-
ficiency by a factor of 4. Subsequently they were em-
ployed to measure the complex refractive index of win-
dow materials in the THz range.

In the last decades THz radiation has attracted huge in-
terest due to the availability of compact, broadband and
tunable sources enabling real life applications. Compact
systems based on organic crystals accelerated this growth
thanks to their simple experimental schemes and phase
matching at commonly available laser wavelengths. With
the increase in THz pulse energy it is also important to
understand the optical properties of materials in the THz
range for efficient beam control and guiding. In fact, previ-
ous studies have shown that current THz sources can create
intense pulses which can induce optical nonlinearities in
the medium as they propagate through it [1, 2].

For material characterization conventional time domain
spectrometer (TDS) either in the reflection or transmission
mode is employed. In a TDS system terahertz and short
optical pulses enters collinearly in an electro-optic crystal
and sampling technique is employed to read out the THz
pulse. At high energies single-shot spatial encoding tech-
nique to obtain the complex THz field. We employed this
single-shot spectroscopy to detect the THz pulses and char-
acterize different window materials.

Figure 1: Spectrally resolved refractive indices of the win-
dow materials.

We generated THz radiation by shining 800 nm laser
pulses from the JETI laser onto BNA crystal mounted on
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Figure 2: Spectrally resolved absorption coefficient of the
window materials.

sapphire substrate. At first the THz radiation was charac-
terized without the sample (Ẽref ). Thereafter free stand-
ing windows were placed in the collimated THz beam path
and the complex electric field of the transmitted THz pulse
(Ẽref ) was measured. The refractive index and the absorp-
tion coefficient were extracted using

Ẽsample/Ẽref = e
−α
2 d+ik[(n−1)d−∆z] , (1)

where α is the absorption coefficient and d is the sample
thickness. Using the extracted refractive index and absorp-
tion coefficient α, the dielectric constants were calculated.
The refractive indices and absorption coefficient measured
are close to the reference data obtained using EO sampling
schemes, thereby demonstrating the suitability of single-
shot spectroscopy for material characterization [3].

Figure 3: The real and imaginary components of the dielec-
tric constants of the window materials.
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The goal of the High-Intensity-Laser-Ion-Trap-
Experiment (HILITE) is to investigate the interaction
of stored highly-charged ions with high-energy or high-
intensity radiation. We will review the recent experi-
ment at FLASH, present the results and give an out-
look to planned modifications based on the experience
at FLASH.

The development of the free-electron laser allows the
creation of intense laser beams with photon energies in the
XUV to X-ray regime. This opens the possibilities for laser
experiments with highly charged ions. In particular, the
inner shells like the K- or L-shell can be accessed. The
HILITE Penning trap setup is designed to prepare a pure
target of highly charged ions in a defined state [1].

In spring we have performed our first beam time at the
FLASH2 free-electron laser at DESY in Hamburg. The
goal of this beam time has been to measure two-photon ion-
isation of hydrogen-like C5+ and lithium-like O5+. Both
species offer a single active electron that can be addressed
by both two- and three-photon ionisation, depending on the
applied photon energy. The ions have been created in an
EBIT that is part of the transportable setup. After creation
the ions have been decelerated and stored in the trap. The
alignment of the laser beam with the ion cloud has been
performed using the measurement of the one-photon ioni-
sation of C2+.

Figure 1: Measurement of the ionisation of stored C2+.
The green curve shows the signal without irradiation. Blue
and red show the signal after irradiation with 400 laser
pulses for two different total pulse energies. For both sig-
nals the measured background signal was subtracted. The
loss of signal proves that C2+ was ionised and overlap was
achieved.

One can see in figure 1 that the FLASH2 beam has had
a significant impact on the stored ion cloud. The signal has
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been much lower which means that the C2+-ions have been
ionised. This indicates that an overlap between beam and
ion cloud has been achieved. The higher charge state could
not be detected.

Due to unexpected bad vacuum conditions
(1× 10−8 mbar instead of 1× 10−10 mbar) the life-
time of the stored ions has been two orders of magnitude to
short. Hence, the lifetime of highly charged ions has been
of the order of one second and they could not be stored
and irradiated for a long time. Additionally, the amount
of background ions due to background laser ionisation has
been increased due to the high pressure. This has led to
significant overlap between background ions and ions of
interest. Thereby we could not verify any multi-photon
ionisation process of C5+ and O5+.

In order to decrease the amount of residual gas from the
ambient, we have included apertures with a diameter of
4mm on either side of the trap which is sufficiently large to
focus the FEL inside the trap centre. These apertures can
be seen in figure 2. We have been able to trap ions with
these new apertures successfully.

Figure 2: Picture of the trap without (left) and with the
apertures (right). The apertures are used to improve the
vacuum conditions in the trap.

For future experiments with strongly-focussed laser
beams we have developed a new trap with an aperture of
4mm and an overall length of only 67mm. Performed
simulations shows a good performance in ion capture ca-
pability. This system is currently under construction and
will be used in spring 2022 for our second beam time at the
JETi laser facility in Jena. During this beam time we will
focus on the interaction of high-intensity laser beams with
stored ions.
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The resonant excitation of electronic transitions in
trapped highly charged ions with x-ray photon beams
was studied in multiple experiments with the compact
electron beam ion trap PolarX-EBIT at beamlines P01
and P04 of the PETRA III synchrotron light source.

The PolarX-EBIT is equipped with a novel off-axis
electron gun, which provides the monoenergetic electron
beam used for ionization and trapping of highly charged
ions, while allowing the synchrotron photon beam to pass
through the apparatus. The beam is axially overlapped with
the prolate cloud of trapped ions [1], as illustrated in fig-
ure 1. By recording x-ray fluorescence spectra from the
ions for different synchrotron photon energies, it is possi-
ble to measure transition energies, relative rates, and line
shapes with high accuracy. This has applications in funda-
mental atomic physics [2] and laboratory astrophysics.

Earlier experiments provided atomic data for high charge
states of oxygen, which revealed a systematic shift of the
K-shell Rydberg spectrum of molecular O2 compared to
previous literature values [3]. This has demonstrated how
electronic transitions in few-electron ions can serve as ac-
curate, reproducible, and widely employable x-ray energy
references. Experiments at beamlines P04 and P01 were
carried out to further explore this field of application. At
P01, repeated measurements of 1s-3p transitions in dif-
ferent charge states of Krypton, performed simultaneously
with measurements of the nuclear 57Fe Mössbauer transi-
tion in a separate setup using the same photon beam, re-
vealed long-term instabilites of the P01 monochromator,
which for now limit the accuracy of spectroscopic mea-
surements. This also led to the reevaluation of data from
previous measurements.

The ratio of oscillator strengths of two key soft x-ray 2p-
3d transitions, called 3C and 3D, in Fe16+ ions has consis-
tently exhibited a disagreement between astrophysical ob-
servations and laboratory measurements on one side, and
theory on the other. This problem was exacerbated by a
recent measurement with PolarX-EBIT [4]. New experi-
ments were conducted at P04, after technical upgrades and
implementing new measurement schemes, which allowed
to reach count rates, signal-to-background ratios, and re-
solving powers sufficient to directly measure the natural
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Figure 1: Setup for spectroscopy with trapped ions by de-
tection of resonantly excited fluorescence.

linewidths of 3C and 3D. Data analysis is still ongoing, but
preliminary results already uncovered previously unknown
systematic effects, which could reconcile experiment and
theory.

In another experiment, synchrotron photons were used to
probe the populations of neon and iron ions in high charge
states, distinguishing between ions in the ground state and
various excited metastable states. These metastable states
were populated via electron impact. The well-defined con-
ditions in the EBIT make these measurements a valuable
benchmark for atomic structure theory and plasma models.

Additionally, the PolarX-EBIT has been equipped with
new ion optics elements. Ions can now be extracted from
the trap and detected with a channeltron, without obstruct-
ing the beam axis. First test measurements were successful.
In the future, this will make the detection of resonant pho-
toionization processes possible, expanding the capabilities
of PolarX-EBIT to provide atomic data for x-ray astrophy-
ics.

The PolarX-EBIT was funded by BMBF through project
05K13SJ2 and was supported by MPG and PTB. Part of
this work was performed by LLNL contributors under con-
tract DE-AC52-07NA27344 and was supported by NASA
grants to LLNL.
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The S-EBIT II is a part of the HI-Jena S-EBIT facil-
ity. It contains two liquid-helium free, cryogenic elec-
tron beam ion traps, based on the Stockholm EBIT
[1]. The S-EBIT facility provides ions and photons for
SPARC/FAIR and HI-Jena R&D projects and experi-
ments. Here, the S-EBIT II is being commissioned with
the goal of reaching the highest charge states of high-Z
ions.

The support frame of the S-EBIT II was completly re-
newed in order to provide sufficient maintenance access 
and therefore prevent a high risk in damaging sensitive 
parts, which had to be disassembled to reach the inner 
parts. The EBIT is now mounted on two different rail sys-
tems, which grants access to either the main chamber or 
one of the two side towers, containing the electron gun and 
the collector, whithout the need of disassembling the EBIT 
completely (compare Fig. 1).

Figure 1: S-EBIT II Setup with the new support frame. 
The left tower includes the electron gun, the right tower the 
electron collector. The intermediate main chamber includes 
multiple view ports around the ion trap region.

During previous magnet tests, our high temperature su-
perconductors (HTS) could not sustain the highest currents
when the magnet was operating at its limits. In order to
prevent possible breakdowns, a second coldhead was in-
tegrated into the system that provided additional cooling
power at the temperature shield as well as at the HTS. The
internal connection between the coldhead and the temper-
ature shield, as can be seen in Fig. 2, is done by coupling
a multiple layer copper ribbons, which on one hand pro-
vides a good thermal connection and at the same time vi-
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Figure 2: View inside of the S-EBIT II temperature shield.
On top is the connection between the newly installed cold-
head and the temperature shield with multiple layer copper
ribbons.

brationally decouples the coldhead from the internal setup,
which is of a very high importance for the future exper-
iments with ion laser interaction inside the EBIT, where
overlapping the beams has to be effectively provided. In
addition, all electrical cppper connection wires to the 4K
stage were exchanges with manganin wires in order to min-
imize the thermal load onto the superconducting magnet
and thus enabling a very reliable operation of the EBIT.

In a close collaboration with the electrical departement
of GSI, the safety systems for the high-voltage cage of the
S-EBIT II have been successfully installed and commis-
sioned. Currently, the power supplies and the controll mod-
ules for the electron gun and collector are being installed
for further commissioning.
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In 2020 the first DR measurements were performed
at CRYRING@ESR since its move from Stockholm.
The experiments were conducted in merged-beam con-
figuration in the CRYRING electron cooler where the
new setup includes two particle detectors for count-
ing of recombination products with different mass-to-
charge ratios and a dedicated data acquisition system.
Dielectronic recombination (DR) is an established method
for probing the energy levels of deeply bound electrons.
It facilitates spectroscopy of heavy, highly-charged ions
(HCIs) that provide access to effects like strong-field QED,
hyperfine interactions and isotopic shifts. In addition DR
experiments yield absolute rate coefficients which are vital
for determining the charge state balance in plasma mod-
elling. During its Stockholm years, CRYRING and its
electron cooler hosted many DR experiments which greatly
benefitted from the excellent vacuum conditions and ultra-
cold electron beam [1]. In Darmstadt, the GSI accelerator
complex is able to provide intense beams of previously in-
accessible ion species which we will use to continue this
tradition of DR measurement with ultra-high precision.

Figure 1: Experiment setup at the electron cooler.

In merged-beam DR experiments the electron cooler is
used both to reduce the momentum spread of the ion beam
(”cooling”) and as an electron target. For the measurement
the electron energy is detuned from the cooling value by
changing the acceleration voltage. In this way an energy
range in the ions centre-of-mass system can be scanned
and the downcharged ions produced in collisions at vari-
able relative collision energy are detected with a particle
counter installed behind the next downstream dipole mag-
net (see Fig. 1). Both the detuning and the data acquisition
were synchronously controlled by a dedicated setup.
Besides injection from the GSI accelerator chain, a local in-
jector can supply a range of ion species from a local source
for both testing and experiments. After the installation of
a new ECR ion source, Ne7+ was chosen for tests of the
DR measurement setup prior to scheduled experiments to
improve our understanding of the electron beam tempera-
tures of the electron cooler and to commission our exper-
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iment controls. Ne7+ is a Li-like system with low-energy
DR resonances associated with 2s → 2p core excitations.
Data for this system is available both from AUTOSTRUC-
TURE calculations and from a previous measurement in
Stockholm using the same electron cooler [2]. A YAP:Ce
scintillation detector was used for the Ne7+ test run took
place in May 2020 and provided benchmark data for the
overall system performance. It also demonstrated an unde-
graded resolution compared to the previous measurement.
This not only confirms that electron beam production at
the cooler is intact after the move from Stockholm, but also
proofs that our new experiment electronics are capable of
delivering high-resolution DR spectroscopy, a comparison
of our results with the data from [2] is shown in Fig. 2.
In preparation for experiments on HCIs, Pb78+ ions were
injected via the full accelerator chain and stored as well as
cooled successfully. During this test run a Rinn-type chan-
nel electron detector [3] for counting heavy, highly-charged
recombination products was tested for the first time.
The activities of the past year have shown the readiness
of both CRYRING@ESR and of our DR setup and we
are looking forward to future DR beamtimes ranging from
spectroscopy of highly charged ions to studies of astro-
physically relevant systems, including three scheduled ex-
periments (E131, E140 and E153).

Figure 2: Comparison between the Ne7+ DR measure-
ments performed at CRYRING in Stockholm and at GSI.
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We report on the preparation of the data acquisition
system for experiment E138 “1s Lamb shift in U91+”
as well as on the development of a tool for visualization
and remote monitoring of live experimental data.

The goal of the upcoming experiment is the measure-
ment of the 1s Lamb shift in hydrogen-like uranium with
a precision of 1 eV or better to be able for the first time
to test second-order quantum electrodynamic (QED) con-
tributions in the regime of extreme field strengths. To this
purpose we will employ novel low-temperature detectors
of the maXs-type [1], which in the energy range of interest
(≈ 100 keV) are able to provide an improvement in spec-
troscopic resolution of about one order of magnitude com-
pared to standard semiconductor x-ray detectors.

However, to reach the high resolution it is necessary to
perform an offline analysis involving sophisticated pulse
shape algorithms and various corrections to the detector
signals. This requires to read out and store the complete
trace of the detector pulses instead of relying on the out-
put of analog electronics or simple pulse shape analysis at
the frontend electronics for signal processing as was done
in previous experiments. To this purpose we set up a new
DAQ system (see figure 1 for the schematic working prin-
ciple) based on SIS3316 16-bit digitizers that we integrated
in the MBS-based data acquisition (DAQ) infrastructure of
GSI [2]. After the digitized pulses are read out, subsequent
analysis of the raw data is performed both in a live mode
with fast algorithms and also in offline mode with more so-
phisticated analysis routines.

Digitalization Detector Signals Pulse Shape Analysis 

E = 3 keV 
t = 1.2 µs 

Figure 1: Schematic working principle of the DAQ. The
data processing of the raw pulse in terms of energy and
time information is all performed by software.

For the upcoming experiment we also plan to exploit for
the first time the time resolution of the maXs detectors to
enable x-ray spectroscopy in coincidence with the detec-
tion of charge-changed ions by a particle detector down-
stream of the interaction region. This measurement tech-
nique is well established with conventional semiconductor
detectors and the associated common DAQ systems, but
was never demonstrated for the novel maXs detector. To
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this purpose we will also digitize the particle detector sig-
nal and analyse it together with the maXs pulses. For this
task our DAQ system is designed around four SIS3316 16-
bit digitizer from Struck Innovative Systeme [3]. These
versatile VME-based cards provide high resolution digi-
tizer/ADC chips and have 16 analog input connectors each,
so that two modules with a total of 32 channels will be
dedicated to one of the maXs detectors, as its 64 pixels are
sharing in pairs one output cable (using either positive or
negative signals per pixel). The sampling rate per channel
is 125 Megasamples per second.

In addition, we report on the development and imple-
mentation of an web-based visualization tool to display live
experimental data (by Linev, Adamschewski-Musch, Spill-
mann) [4]. This tool, which was mainly motivated by the
exceptional situation for travel and on-site participation in
experiments at GSI due to the pandemic, will enable remote
monitoring of measurements as well as a fast dissemina-
tion of experimental data within the SPARC collaboration.
Using the THttpServer class allows to provide remote http
access to running ROOT-based applications. It is based on
Civetweb embeddable http server and provides direct ac-
cess to all objects registered to the server. The support of
FastCGI allows to integrate it with standard web servers
like Apache or lighttpd. A generic user interface was im-
plemented using JavaScript ROOT, so that one can display
and monitor objects available on http server with any mod-
ern web browser. The use of THttpServer in the framework
of the GSI data analysis program go4 [5] to monitor and
modify analysis objects will allow to configure and control
our go4 analysis remotely during the experiment via http.

The authors acknowledge funding from TAB and the EU
via project 2016 FGI 0017 and 2016 FGI 0037 as well as
from BMBF via Verbundforschung 05P2018.
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The upcoming investigation of the 1s Lamb shift in
U91+ at the CRYRING@ESR will use two maXs-type
detectors for x-ray spectroscopy, that outperform con-
ventional semiconductor detectors by an order of mag-
nitude in terms of spectral resolution. However, the low
working temperature of about 20 mK requires a cum-
bersome cryogenic infrastructure that results in a heavy
weights of up to 500 kg per detector. We report on the
experimental setup including dedicated support struc-
tures for fine positioning of the detectors in front of the
view ports.

Spectroscopy of the light emitted by electronic transi-
tions of few-electron ions along the isoelectronic sequence
is a well established method for probing our understand-
ing of the atomic energy levels. Of particular interest is
the 1s Lamb shift of hydrogenlike high-Z ions as it pro-
vides insights into bound-state quantum electrodynamics
in the presence of extreme field strengths. For the high-
est stable element, the 1s Lamb shift is of the order of 464
eV with second-order QED corrections being predicted to
contribute about 1.4 eV [1]. This is significantly below the
uncertainty range of 4.6 eV of most precise measurement
that was performed using standard Ge(i) x-ray detectors for
spectroscopy of the Lyman transitions of U91+ at the ESR
electron cooler [2]. The upcoming experiment E138, which
will be performed by the SPARC collarboration, adapts the
setup of the previous measurement to the experimental en-
vironment at the electron cooler of CRYRING@ESR (see
fig. 1), while exploiting the superior spectral resolution of
the metallic magnetic calorimeters of the maXs-type [3] to
improve the experimental accuracy down to the < 1 eV
range.

Figure 1: 3D drawing of the experimental setup at
the 0◦ and 180◦ view ports of the electron cooler of
CRYRING@ESR.

For exact and reproducibly positioning of the heavy
cryostats of up to 500 kg, two dedicated support structures
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were built and tested. These allow x-y-z positioning of the
maXs detectors and in addition quick switching between
this detector system and conventional Ge(i) detectors that
are placed on the same support (see left side of fig. 2). This
enables remote switching between large-area Ge(i) detec-
tors and their capability to provide online spectra and the
maXs detector which offer superior resolution but require
extensive data post processing. The first test of the entire
assembly has been performed in August 2020 in Jena (right
side of fig. 2). Lead shielding bricks have been used to sim-
ulate the weight of the cryostat. The tests were sucessful,
so the design proved its ability to carry and 3D position the
detector using ball screws driven by stepper motors. Both
support frames have been shipped to GSI.

Figure 2: Left: 3D model of the support strucutre with
maXs detector and conventional Ge(i) detector. Right: De-
tector assembly with lead bricks to simulate the weight of
the detector.

We acknowledge financial support by the EU and the
state of Thuringia via TAB within the ESF project (2015
FGR 0094) as well as by BMBF for APPA R&D, project
number 05P19SJFAA.
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We present detailed collisional radiative recombina-
tion (RR) modelling to enable a detailed understanding
of the x-ray spectra of highly charged Uranium ions ob-
served at the electron cooler of CRYRING at a beam
energy of 10 MeV/u. The spectra permit the identi-
fication of spectral lines from H-like ions, leading to
the re-interpretation of the previously known Lyman
and Balmer lines originated from the prevailing cas-
cade feeding up to higher Rydberg state, and reveal
the subtle features in the x-ray spectrum arising from
the importance of forbidden transitions between excited
states.

Highly charged ions of heavy elements represent a cru-
cial field of atomic physics that offers numerous challenges
from both theoretical and practical viewpoints. Their ba-
sic atomic characteristics, such as energy levels and ra-
diative transition probabilities, are dominantly influenced
by relativistic effects or even by quantum-electrodynamics
(QED) in the extremely strong field regime, which often
bring about new spectral patterns that are remarkably dif-
ferent from the spectra of light elements [1]. To be more
specific, the forbidden radiative transitions in such system
are enhanced by many orders of magnitude relative to “al-
lowed” electric-dipole transitions whereas the total angular
momenta are dominated by spin-orbit coupling.

Of particular interest are the heaviest Uranium species
selected as candidates to probe uniquely our understanding
of atomic structure. The radiative recombination processes
in the collision of cold heavy ions, injected from ESR into
CRYRING decelerated down to 10 MeV/u, with free elec-
tron occur in the cooler region. The cooler electron beam
usually is described in terms of an anisotropic Maxwell-
Boltzmann distribution with transversal temperature sev-
eral meV and parallel temperature several tens-µeV, high-
lighting the well-controlled experimental conditions. As a
consequence of the “cold” temperature conditions, a spec-
trum simulation/prediction has to consider recombination
into excited projectile states with principal quantum num-
bers n of up to about n = 200 whereby the cutoff parameter
is finally defined by the magnetic field settings of the dipole
magnets of the storage ring.

As the electron beam has a velocity distribution, intro-
ducing an integrated quantity namely the rate coefficient in-
stead of the radiative recombination cross section, defined
for a fixed electron velocity, appears to be more reasonable.
Since no existing database can provide the required exten-
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sive set of energy levels, transition probabilities, and radia-
tive recombination cross sections for the relevant ions of
Uranium, the input data for radiative recombination simu-
lations need to be generated using accurate atomic code [2,
3]. The simulated spectral line profiles are approximated
by a Gaussian function with a FWHM of 80 eV, keep pace
with high resolution x-ray spectra of highly charged ions
registered by microcalorimeter spectrometer. The (prelim-
inary) x-ray spectrum associated with radiative recombi-
nation, consisting of Lyman transition lines together with
intense state selective Balmer spectrum is depicted in Fig-
ure 1.

Figure 1: Calculated x-ray spectrum at C.M. system for
U92+ → e− collisions at 10 MeV/u.

Binghui Zhu as a recipient acknowledges CSC Doctoral
Fellowship for 2018.9-2022.2.
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We present recent results on the characterisation of
the pair detection system for Breit-Wheeler (BW) ex-
periments at Astra Gemini. The two-photon or lin-
ear Breit-Wheeler process γ + γ → e− + e+ was first
described in 1934 [1] as the collision of two photons
to form an electron positron pair from quantum vac-
uum, which is not experimentally observed to this day.
A series of experiments at Astra Gemini pursued this
objective, which required a detection system for sin-
gle electron positron pairs. We developed and tested
such a system and present a measurement of the beam
line transport efficiency of 14% for generated Breit-
Wheeler pairs and update some results we presented
last year.

Astra Gemini is a two beam titanium doped sapphire
laser system with each arm delivering 12 J within 40 fs.
One beam is focussed with an f/40 spherical mirror into a
gas cell to accelerate electrons via laser wake field acceler-
ation (LWFA) up to 700 MeV with 50 pC above 300 MeV.
This beam propagates through a 1 mm thick Bismuth con-
verter target to emit bremsstrahlung, which is further col-
limated by a 10 cm long hollow cylinder of solid Tantalum
with a 1 mm inner radius. A 1 T strong, 40 cm long perma-
nent dipole magnet deviates charged particles to provide
a clean multi 100 MeV photon beam. The second laser
beam is focussed with an f/2 off-axis parabolic mirror
onto a solid Germanium target to create 1 to 2 keV X-ray
cloud from M-L shell transitions at an energy conversion
efficiency of a few percent. The γ-ray beam propagates
through the X-ray cloud to form BW pairs with a dominant
momentum in γ-ray direction at multi 100 MeV kinetic en-
ergy. Created pairs are separated from the γ-ray beam by a
dipole magnet, called separator, and focussed by a second
pair of dipoles, called collimator, on single particle detec-
tors (SPD) that are shielded from both the LWFA electron
and γ-ray beam dump. The combination of separator and
collimator magnets is referred to as analyser magnet sys-
tem (AMS) and is characterised by the amount of produced
BW pairs that are guided to the SPDs. This pair transport
efficiency is essential when comparing measured and pre-
dicted pair yield and is calculated in two major steps, calcu-
lating pair trajectories for different phase space coordinates
with Radia and second, calculate the phase space distribu-
tion of produced pairs on this setup with Geant4 so that
combining these two gives a transport efficiency for BW
pairs. With the γ- and X-ray parameters achieved at Gem-
ini, BW pairs have a circular source size of 5 mm radius
and divergences up to 5 mrad of which 14% hit the detec-
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Figure 1: The transmission efficiency of the analyser mag-
net system for Breit-Wheeler class positrons.

tor. Most particles are lost due to the limited spectral ac-
ceptance window from 220 MeV to 380 MeV whereas the
majority of pairs is produced below 200 MeV. Within the
acceptance window, transmission efficiencies of 80% for
certain energies are achieved as shown on Fig. 1. Guided
pairs impact the SPDs, each composed of 15 by 20 CsI(Tl)
scintillator crystals. The emitted light is recorded by a 4Pi-
cos ICCD from Stanford Computer Optics that achieves
single photon sensitivity. As a unit, the SPD achieves sin-
gle particle sensitivity for BW class electrons and positrons
of a few 100 MeV energy. The SPDs were calibrated by in-
serting a PTFE target into the beam at the BW source point
to produce a known Bethe-Heitler positron signal on the
SPD which was directly correlated to the recorded yield on
the ICCD. This allowed a background characterisation of
the overall setup and combined with theoretical predictions
of the expected pair yield, the signal-to-noise ratio (SNR)
was determined. In the end, the detection system composed
of AMS and SPDs lowered the detected background by 4
orders of magnitude while transmitting 14% of produced
BW pairs, increasing the SNR by 3 orders of magnitude.
The sensitivity was tested with a 25µm Kapton target in
the beam to produce a know pair source at a SNR of 0.3.
For the full dataset, the confidence in a signal surplus due
to the Kapton target is 99% based on Poisson statistics. The
absolute yield was 0.19 ± 0.03 positrons per pC of refer-
ence LWFA beam, which is close to the predicted rate of
0.43+0.30

−0.19 positrons per pC reference LWFA beam.
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The electrical protective earth (PE) conductor is an
important safety feature for power lines. The PE use as
grounding of interference filters of power supplies leads
to high-frequency signals on PE lines. In the laboratory,
this problem can be eliminated by batteries and sepa-
rate measurement grounding. In field use, a connection
between PE and measurement grounding is often un-
avoidable [1]. The use of extremely broadband sensors
such as SQUID (superconducting quantum interference
devices) used in a CCC (cryogenic current comparator)
can even become impossible. This work shows the influ-
ence of power line filters and defined RF-interference
by the example CCC and beam tube simulation in a
shielded chamber.

The aim of the study was to quantify the possible in-
fluence on the SQUID parameters by RF-interference in a
defined environment. Simulated interferences in the fre-
quency range from 1 MHz (Agilent 3310A) to 1 GHz (Ro-
hde & Schwarz SMR20) were coupled into the CCC via
RF-cable and a piece of vacuum tube that passes through
a CCC (Fig. 1). The setup was build up in a LHe bath
cryostat and measured in an electrically and magnetically
shielded chamber. With the exception of the SQUIDs and
SQUID electronics, all electrical devices were outside the
chamber.

Figure 1: CCC pickup coils with tube in cryostat before
LHe filling.

Even the completion of the wiring without switching on
the generators was sufficient to render the SQUID unus-
able. Only after the introduction of a sheath current filter
and a PE choke (Fig. 2) into the power supply line was it
possible to stabilize the SQUID (Fig. 3).

An important parameter for system stability is the maxi-
mum SQUID voltage swing in a Phi0-period (typ. 50 µV).
A swing reduction destabilizes the system in Flux-Locked
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Figure 2: PE-choke with M616-02 ring core, inductance 70
mH @ 10 kHz, 15 mH @ 100 kHz.

Figure 3: Correlation between SQUID noise density and
stable SQUID FLL mode working.

Loop (FLL) mode. By coupling RF-voltage to the tube, it
was always possible to reduce the SQUID voltage swing
or to completely disable the SQUID. In the range between
200kHz and 90MHz, a voltage-frequency product of about
220 µVrms × 1 MHz was sufficient to achieve a halving of
the voltage swing. This means that especially higher fre-
quencies can interfere with the CCC system and should be
avoided.

The authors acknowledge funding from BMBF, project
number 05P18SJRB1.
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One of the frontiers of quantum electrodynamics
(QED) is the study of electrons in extreme electromag-
netic fields. Especially, the 1s Lamb shift in the heav-
iest stable hydrogen-like ions available in the labora-
tory, may serve as the ultimate testbed for rigorous
experiments at high field strength. The coupling of
the CRYRING and ESR storage rings, for the first
time, enable state-of-the-art test of X-ray spectra reg-
istration from H-like Lead (Pb81+) at electron cooler of
CRYCRING, providing proof of the favorable condi-
tions for planned spectroscopy precision study.

The aim of the planned experiment E138 is to measure
the 1s Lamb shift in hydrogen-like uranium (U91+) with
an accuracy of better than 1 eV to test the non-perturbative
bound-state QED on the level of 2nd order corrections.
Recently, some significant parts of the experiment setup
had been prepared and installed at the CRYRING electron
cooler. In addition, several critical aspects regarding to ac-
celerator settings were also successfully demonstrated in
the commissioning beam time in May 2020. The bare lead
ions (Pb82+) were injected from ESR into CRYRING de-
celerated down to 10 MeV/u, which allowed us for a com-
missioning run for the aforementioned E138 experiment, as
the beam lifetimes, ion trajectories and x-ray energies are
expected to be quite similar as for U92+. At the electron
cooler, equipped with dedicated chambers for housing of
the view ports for x-ray detection under 0° and 180° with
respect to the ion beam axis, standard high-purity germa-
nium x-ray detectors were mounted. In order to suppress
the strong background of photons (bremsstrahlung) emit-
ted from the electron beam, an ion detector (channel elec-
tron multiplier) was successfully operated downstream to
the cooler, enabling to record x-rays in coincidence with
recombined ions (Pb81+) in the electron cooler section.
Even though in this very first beam time with bare Pb82+

ions in CRYRING only a low intensity of max. 2 x 105

ions per injection was achieved, a few days of continuous
operation were sufficient to accumulate meaningful spec-
tral information when combining the signals in both x-ray
detectors with the particle detector. The x-ray spectrum as-
sociated with radiative recombination observed at 0° at the
electron cooler is shown in Fig. 1. Note, due to the exact 0°
geometry, the tails of the Ly-α transition lines disappeared
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and intense Balmer radiation due to beryllium view-ports
is clearly visible. For comparison, the x-ray spectrum ob-
served in past studies at the electron cooler of the ESR with
U91+ ions at the beam energy of 43 MeV/u is shown in ad-
dition [1].
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Figure 1: X-ray spectrum observed (a) at close to 0° for
U92+ → e− collisions at 43 MeV/u at ESR [1], and (b) at
exactly 0° for Pb82+ → e− collisions at 10 MeV/u.

This research has been conducted in the frame-work of
the SPARC collaboration, experiment E138 of FAIR Phase-
0 supported by GSI. It is further supported by the Euro-
pean Research Council (ERC) under the European Union’s
Horizon 2020 research by the innovation program (Grant
No 682841 ”ASTRUm”). We acknowledge substantial sup-
port by ErUM-FSP APPA (BMBF n° 05P19SJFAA) too.
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Polarization experiments on elastic scattering of hard
x-rays on atoms allows for a sensitive test of the under-
lying theory of quantum electrodynamics. In a beam-
time during October 2020 at the synchrotron facility
PETRA III we scattered an initially linearly polarized
hard x-ray beam on a gold target and analyzed the po-
larization characteristics of the scattered beam both in-
side and out of the polarization plane of the incident
beam.

Rayleigh scattering being the scattering of photons on
bound electrons is the dominant process in elastic scatter-
ing of hard x-rays for photon energies in the keV regime
up to ~ω ≈ 1 MeV. In the framework of quantum elec-
trodynamics this process is described as the excitation of
the bound electron into a virtual state, immediatly followed
by deexcitation that leads to the emission of a photon with
the same energy [1]. Momentum conservation requires that
the momentum transfer during scattering is matched by the
momentum of the bound electron. Thus for hard x-rays the
electrons in higher shells contribute significantly only un-
der small forward angles to the cross section, whereas for
all other angles studies of Rayleigh scattering are probing
almost exclusivley the K shell electrons. Theoretical calcu-
lations for a given target show that the polarization charac-
teristics of the scattered beam strongly depend on the po-
larization characteristics of the incident beam and on the
scattering geometry given by the scattering angle between
incident and scattered photon ϑ and the azimuthal scatter-
ing angle ϕ between the polarization plane of the incident
photon and the scattered photon [2].
A first experiment performed in 2014 analyzing Rayleigh
scattering of a highly linear polarized incident beam for
ϕ = 0◦ already showed that while the polarization vec-
tor of the scattered beam stays oriented in the scattering
plane, the degree of linear polarization strongly decreases
for ϑ → 90◦ well in accordance with theory for a slightly
depolarized incident beam [3].

In October 2020 we extended on this study leaving the
polarization plane of the incident beam, meaning ϕ 6= 0◦,
see Fig. 1 for a sketch of the experimental setup. Utiliz-
ing a position-sensitive 2D Si(Li) strip detector dedicated
as Compton polarimeter [4] we analyzed the polarization
characteristics of elastically scattered x-rays with a photon
energy of 175 keV during one week of beamtime at beam-
line P07 of the PETRA III synchrotron facility of DESY,
Hamburg. Fig. 2 (a) shows a Monte Carlo simulation of
a characteristic polarization measurement taken during the
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Figure 1: A sketch of the experimental setup. A linear po-
larized synchrotron beam with a photon energy of 175 keV
is scattered on a thin gold target.

beamtime for ϑ = 88◦ and ϕ = 45◦. The white dashed
line shows the scattering plane and the red arrow marks
the polarization of the Rayleigh scattered beam. As can
be seen, the polarization is rotated to the scattering plane
by the polarization angle χ when leaving the polarization
plane of the incident beam. In fig. 2 (b) the actually mea-
sured polarization image under the same scattering position
is shown. As expacted, the polarization vector is rotated
under an angle χ to the scattering plane. However, the ob-
served rotation as well as the measured degree of linear po-
larization strongly deviate from the theoretical prediction
for the Rayleigh scattered beam.

Figure 2: A characteristic polarization measurement with
the Compton polarimeter, here for ϑ = 72◦ and ϕ = 45◦.
(a): Monte Carlo simulation, (b): Experiment.

The authors acknowledge funding from ErUM-FSP
APPA (BMBF n◦ 05P19SJFAA).
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Strong Field QED is a highly active area of research
with untested fundamental phenomena such as vacuum
pair production and non-linear QED phenomena be-
coming experimentally testable when the quantum pa-
rameter χ ∼ 1 [1]. Here we report the on development
of a single-particle detection system with signal-to-noise
ratio above unity for detecting single electron-positron
pairs generated by the Breit-Wheeler process at the up-
coming FOR2783 experiment which will be realized at
the Centre for Advanced Laser Applications (CALA).

The experimental concept for the first detection of pairs
from photon-photon interactions is based on an all optical
set-up. In this concept, relativistic electron beams with en-
ergy of 2.5GeV and a charge of 10 pC are produced by
the laser wakefield accelerator (LWFA) and interact with
a 50 µm tungsten target to produce bremsstrahlung γ-ray
photons. The γ-photons propagate towards the interac-
tion point (IP) where they collide with an optical laser
beam with 43 J, pulse duration of 30 fs, central wavelength
at 800 nm and, repetition rate of 0.1Hz. The laser is fo-
cused using f/2 to < 2 µm focal spot parabola to reach in-
tensities > 1021 Wcm−2. The predicted pair yield is in the
range 0.1-10 pairs per shot for the parameters of interest.
Therefore, a detection system capable of detecting single-
particles with a high signal-to-noise ration is essential for
the success of the experiment.

The proposed e+/e− detection system is shown in Fig-
ure 1 and contains two LYSO screens and a Cherenkov
calorimeter as part of the single-particle particle diagnos-
tics.

Figure 1: Detector region where the single-particle diag-
nostics, LYSO screens, and Cherenkov calorimeters detec-
tors are placed.

The response of the detectors to diagnose single-particle
hits were simulated using GEANT4, and the signal to
noise-to-noise ratio (SNR) of a single detection channel of
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Figure 2: Signal due to background radiation in a single
Cherenkov calorimeter channel. In total, about 786 back-
ground Cherenkov photons are expected per primary elec-
tron bunch.

the Cherenkov calorimeter was estimated by comparing a
full simulation of the backgrounds to the signal for a single
GeV lepton. Figure 2 shows the number of Cherenkov pho-
tons obtained from the simulation for a single Cherenkov
detection channel per incoming background particle en-
ergy. The background is composed solely of gamma-
photons with energies at 3 MeV or lower which originate
from multiple scattering of the primary particles.

A total of 786 photons are generated due to the back-
ground noise radiation for 10pC primary charge in the
LWFA beam. Moreover, also using Monte-Carlo simu-
lations, we obtained a single 1GeV positron, which is
typical of the energy range of the expected pairs, pro-
duces 4.9× 104 Cherenkov photons at a detection chan-
nel. Therefore, the expected signal-to-noise ratio at a sin-
gle detection channel is SNR = 62. We note that increasing
the lWFA charge towards 1nC would linearly increase the
background to levels comparable to that of a single 1GeV
positron.

In conclusion, the detector design coupled with GEANT
4 simulations predicts a signal to noise ratio of 62 for a sin-
gle lepton incident on the detector. The signal to noise ratio
for single signal leptons decreases with increasing primary
beam charge in a single shot. This paves paving the way for
the first observation of pairs from photon-photon collisions
with moderate charge LWFA beams.

This research work was funded by DFG Research Group
2783 ”Quantumvacuum”.
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Experimental realization of photon-photon scatter-
ing from the quantum vacuum with High Intensity
Lasers collisions requires an understanding of every
single detected photon’s origin. The background must
be minimized. As a first step, we measured the scattered
photons from modestly intense laser pulse propagating
in vacuum to determine the initial level of backgrounds.

In the realm of quantum fields, the vacuum is filled with
virtual electron-positron pair fluctuation. In presence of a
strong EM-field the vacuum shows detectable signals (few
scattered photons) of nonlinear behaviour[1], but the back-
ground (BG) generated by the intense laser > 1019 pho-
tons poses a signifcant challenge. At JETi200 we took to
take the first step to quantify the BG photons from rest gas
and other scatter sources. A single laser pulse, 24 fs long
with 175mJ energy, was focused in vacuum with an F/1.5
off-axis parabolic mirror (OAP) down to 2.2 µm. The light
from ambient sources (photons scattered from objects in
the chamber) and Thomson scattered light was collected
with a 20× objective imaging the focus perpendicular to
the propagation axis,with a single photon sensitive gated
ICCD camera with QE of 16.6% for 800 nm with gate
time of 1 ns as detector. The gated imaging minimizes
the time that the scattered photons can reach the detector
and allows discrimination of background sources Photons
scattered by electrons (Thomson Scattering) have a linear
dependence on the vacuum pressure. Starting from atmo-
spheric gas composition, the main contributor to the free
electrons in high pressure is from Nitrogen. Our Laser
pulse with a0 ≈ 5 is strong enough to strip at least 7 elec-
trons from the Nitrogen. Furthermore, the chamber was
flooded by Helium at low pressures (10−2 to 10−5mbar) to
test Helium dominant interaction conditions . The intense
laser pulse fully ionizes the Helium substanially before the
arrival of the peak of the pulses. Fig.1, shows the scat-
tered photons for different pressures, from a 70 × 70µm2

ROI around the focus. The number of scattered photons fits
closely to estimates based on Thomson scattering calcula-
tions. The polarization defines the dipole oscillations i.e.
electrons oscillations for V-pol is parallel to the objective
and for H-pol is perpendicular to the objective. Fig.1 shows
the difference in photon number for V and H-pol, with the
difference between the two polarisations limited due to the
collection of wide angular cone and the laser cone angle.
Due to scattering into the collection light path within the
chamber, Thomson photons from the focus are not the only
photons reach the detector. This scattered light become the
dominant source of BG at pressures (< 10−5 mbar) and
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Figure 1: Pressure Dependency of Scattered Photon show-
ing pressure dependent thomson scattering and direct scat-
tering into beam path.

Figure 2: Thomson Scattering at 5 × 10−4 mbar. Note the
intensity dip at focus due to ponderomotive e−-expulsion.

will be addressed in future experiments. Fig.2 shows the
Thomson scattering BG. For a uniform electron density,
the number of scattered photons should remain constant
at each point along the laser axis with the reduced trans-
verse size leading to an intensity peak at the focus Instead
an intensity dip at focus is visible with a factor of ≈ 10
inferred for reduction of electron density at the focus, sug-
gesting that ponderomotive ‘vacuum cleaning’ is highly ef-
fective. In conclusion, in a ”Multi PW-beam experiments”
with 3 orders of magnitude higher energy (175 J) in a ROI
< 7 × 7 µm2, the fs-gated detection and ponderomotive
‘cleaning’ at < 10−9 mbar are promising to achieve suffi-
ciently low BG for photon-photon scattering experiments.

The authors acknowledge funding from DFG within the
Research Unit FOR2783/1.
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The LUXE experiment is an international collab-
oration aimed at performing precision strong field
QED experiments using the 17.5 GeV electron beam
of the European XFEL situated in Hamburg and an
intense laser focused to intensities in the range of
1019 . . . 1021 Wcm−2. This allows the critical field of
QED Ec to be reached and exceed in the centre of mo-
mentum frame of both electron-laser and γ-laser col-
lisions. LUXE will be the first experiment capable of
such γ-laser interactions at field strengths exceedingEc

and the first experiment for dedicated strong-field QED
measurements.

The interaction of high energy particles (electrons and
γ-rays) with an intense field allows the physics of strong
field QED to be tested. The critical field of QED - the
parameter which defines the strong field regime - Ec =
m3

c/e~ ≈ 1018V/m and corresponds to a field capable of
performing the work of the rest mass energy of an elec-
tron over the Compton wavelength. The laser field is typ-
ically a factor of ∼ 104 below the critical field in the lab-
oratory frame. However in the boosted frame this is in-
creased by the Lorenz-factor γ (in the case of electrons)
allowing field in the rest frame to exceed the critical field
and χ = γE/Ec > 1. Under these conditions pair cre-
ation from the quantum vacuum and non-linear coupling
of the field to the particles can take place. Figure 2 shows
the Feynmann diagramms of two of the processes of in-
terest. The non-linear Breit-Wheeler effect, describes the
direct production of matter pairs from the vacuum through
the combination of multiple photons in the collision, allow-
ing the interaction of fields with the quantum vacuum to be
observed directly through the creation of lepton pairs. HI
Jena is contributing to both the strong-field theory effort as
well as the design of the laser system, IP and detectors.

An area of particular importance is the accurate determi-
nation of the interaction conditions and excellent statistics
for precise comparison with theory. The location shown
in figure 1 at the end of the XFEL accelerator allows con-
tinuous beam availablity during XFEL operation at a rate
of 10Hz - providing the basis for excellent statics. The
strong non-linearity of the processes requires the laser to
be precisely characterised - with a shot-to-shot knowledge
of the laser interaction intensity at focus < 1%. This is
significantly beyond what can be currently achieved with
flash-lamp-pumped laser systems with the beam propagat-
ing in air and realistic levels of environmental vibration.
The weak interaction even at these high intensities allows
the laser to be transmitted essentially unperturbed (Fig. 3),
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Figure 1.1. Schematic diagrams for the Compton process (e+ngL ! e0 + g) and the Breit–Wheeler process
(g +ngL ! e+e�).

the five beamlines are operating. At this location called "Osdorfer Born", there is a part of a tunnel currently unused which
presents an ideal opportunity to install the LUXE experiment. Starting in about 2030 this tunnel will be part of the construction
of a second XFEL.EU fan. Above the tunnel there is also a building which provides access to the tunnel, and has significant
infrastructure. In this building a laser can be installed, as well as service rooms and other necessary infrastructure for the
experiment.

Figure 1.2. Aerial view of the XFEL.EU location. The linear accelerator starts at the DESY site and ends at the Osdorfer
Born location where the XFEL.EU fan starts with five beamlines going to the XFEL.EU main site in Schenefeld. The location
of the LUXE experiment at Osdorfer Born is indicated.

The high electron beam energy, and the chance to access well-defined electron bunches continually at 10 Hz, makes the
XFEL.EU uniquely suitable worldwide for this proposal. While other accelerator-laser combinations can be considered for
similar experiments, they have lower beam energies (e.g. SACLA, SLAC or laser accelerators) and/or less access to continuous
electron bunches, or a significantly lower beam quality and current (e.g. tertiary electron beam at CERN).

The laser envisaged for the initial phase (phase-0) of the experiment has a power of 40 TW, and will be focused to ⇠ 3µm,
achieving intensities of up to 1.3 ·1020 W/cm2. The laser photon wavelength is 800 nm, corresponding to an energy of 1.55 eV. It
will operate with a steady-state amplifier repetition rate of 1 Hz to ensure high stability. An elaborate state-of-the-art diagnostics
system for the laser intensity will be designed with the goal of achieving a precision on the absolute laser intensity below 5%
and an uncertainty on the relative intensity of individual shots below 1%. In a second phase (phase-1) of the experiment a more
powerful laser with 350 TW is envisaged to reach intensities up to 1.2 ·1021 W /cm2. With phase-0 the critical field will be
reached (ce ⇠< 1.2), but only with the full capacity of phase-1 will it be possible to explore the transition to the super-critical
regime thoroughly up to ce ⇠< 3.
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Figure 1: LUXE is situated at the end of XFEL acceler-
ator section of the XFEL, where bunches at 10Hz will be
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will operate with a steady-state amplifier repetition rate of 1 Hz to ensure high stability. An elaborate state-of-the-art diagnostics
system for the laser intensity will be designed with the goal of achieving a precision on the absolute laser intensity below 5%
and an uncertainty on the relative intensity of individual shots below 1%. In a second phase (phase-1) of the experiment a more
powerful laser with 350 TW is envisaged to reach intensities up to 1.2 ·1021 W /cm2. With phase-0 the critical field will be
reached (ce ⇠< 1.2), but only with the full capacity of phase-1 will it be possible to explore the transition to the super-critical
regime thoroughly up to ce ⇠< 3.
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Figure 2: The LUXE experiment will make precision mea-
surements of strong field QED phenomena reaching χ > 1.

4 Laser Specifications and Diagnostics
Reaching the regime of SFQED requires reaching the Schwinger limit in the centre-of-momentum frame of the colliding
particles. As detailed earlier in this report such extreme fields can now be achieved in the laboratory by colliding extremely
high energy photons or electrons with energies exceeding 10 GeV with state-of-the-art high-intensity lasers with a peak power
of up to 350 TW, and the existing European XFEL infrastructure at the Osdorfer Born facility is very well suited for this. The
interaction point (IP) of this ambitious experiment is schematically illustrated in Fig. 4.1.

g-rays

Figure 4.1. Interaction geometry between a high-power laser and the high-energy electron/photon beam. The laser beam is
focussed by off-axis parabolic mirrors to a high intensity point focus and recollimated for on-shot analysis. The typical g-ray
beam diameter will be around 230 µm while the laser spot is as low as 3 µm at the highest x . The longitudinal spot sizes are
typically 9 µm (30 fs) for the laser and ⇠ 40 µm for the electron beam.

A key feature of SFQED is the non-perturbative, non-linear behaviour of the interaction between the high-energy pho-
tons/electrons and the intense laser field as discussed in Sec. 2. Additionally, the event rate on each detector will in certain
configurations be ⌧ 1 per shot, so that the measurement of a given spectrum or cross section will necessarily need to analyse a
large number of bunch crossings. Despite the long-term stable operation that is typical of current high-power laser systems
(with ⇠percent level stability in the major pulse parameters), the exacting requirements for high precision measurements
following from the non-linearity and low event rate require innovative and precise pulse characterisation. In the following we
will describe the laser system and diagnostic equipment envisaged to meet the high requirements.

Table 4.1 shows the key parameters of the laser system envisaged for LUXE. The laser in the first and second column with
an energy of 1.2J and a power of ⇠ 40TW, is the JETI40 laser and will be used during the initial phase LUXE. This laser
allows the regime up to c ⇠ 1 to be investigated. During the second phase, the laser system will have a peak power of 350TW
which will enable the c > 1 regime to be reached. Lower values of x and c can be accessed by defocussing the laser in either
the transverse or longitudinal direction. The focus in the transverse dimensions is quantified by the waist radius, w0, which is
the value at which the intensity falls to 1/e2 of its value, and for a Gaussian beam corresponds to 2s in intensity.

4.1 The JETI40 Laser System
The initial laser installation will consist of the JETI40 laser system that will be provided by the University of Jena/HI Jena as an
in-kind contribution to the LUXE project. JETI40 is a continuously developed system based on a commercial chirped pulse
amplification (CPA) platform (Amplitude Technologies). The laser follows the generic CPA concept, shown in Fig. 4.2, of
using pulse stretching to lower the intensity in the laser chain during the amplification to dramatically increase the maximum
energy that can be achieved in a short pulse for a given beam diameter.

The JETI40 laser is a well-characterised system that is in continuous operation for over 10 years to this date and is used for
high field science in Jena. It produces pulses down to 25fs duration of high quality (near the Fourier-transform limit in time and
space) with maximum energy after compression exceeding 1J. A schematic layout of the systems is shown in Fig. 4.3, and this
system will be transferred and installed at the LUXE experiment. This power level is well suited for first stage of LUXE and
will allow c approaching unity to be achieved with focussing to a 3 µm laser spot size. The laser clean room environment that
will be installed on level -2 of the building at Osdorfer Born and the beam transport will be specified to include sufficient space
for a subsequent installation of a further amplifier and upgrade to 350TW. This will enable LUXE to explore peak intensities of
1.2 ·1021 Wcm�2, so that data well into the non-linear regime can be obtained at fields significantly exceeding the Schwinger
limit (cmax = 3.8�4.7).
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Figure 3: Conceptual Layout of the interaction point of the
LUXE experiment. The laser is focused on the e-beam of
γ-ray beam and recollimated for precision shot-to-shot di-
agnostic.

allowing the laser interaction point to be precisely diag-
nosed after attenuation. The diagnostics currently being
developed allow shot intensity tagging to with a goal of
∆I/I < 1%. Work is ongoing with the preparation of the
TDR being undertaken currently.
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Single-atom high-order harmonic generation by a
monochromatic laser field is considered in the strong-
field approximation. By utilizing the semi-classical ap-
proach we determine the most relevant quantum orbits
contributing to the harmonic spectrum. In addition to
the intensity of the generated harmonic radiation, also
its ellipticity is calculated, as well as the classical analog
of the electron’s trajectories which give insight about
the origin of the harmonic radiation’s characteristics.

High harmonic generation (HHG) on a microscopic
scale can be viewed in terms of the well-known semi-
classical three-step model: The intense laser field ionizes
an atom, the liberated electron gets driven back to the par-
ent ion and finally recombines by emitting a high energetic
photon. Theoretically, the intensity of the q-th harmonic
(with frequency q times the laser field frequency ω) is pro-
portional to the T-matrix element as described in [1]. For
the interaction of a periodic laser field and a hydrogen-
like atom the T-matrix element is obtained by integrating
over possible recombination times within one laser field cy-
cle T : Tq =

∫ T

0
dt d(t)eiqω/T , with the dipole moment

d(t). The calculation of the latter involves the integration
of Feynman’s propagation factor over all ionization times.
Due to the rapidly changing action in the exponent of the
propagator one can apply the saddle point method, i.e. ap-
proximate the integral by summing over those values of the
integrand, where the exponential phase term is stationary.
Finding stationary points of the exponent results in solving
a system of nonlinear saddle-point equations for complex
sets of ionization time, recombination time and momentum
(ti, tr,p), respectively. The real parts of the times and mo-
mentum then trace out unique paths following Newtonian
mechanics, so-called quantum orbits. Within each cycle of
a monochromatic field two paths exist, that have slightly
different travel times, referred to as short and long trajec-
tory, respectively. Examples of those classical paths for
various harmonic orders can be seen in Fig. 1. Now, sum-
ming up the contributing dipole moments yields the har-
monic spectrum. In Fig. 2 the spectra for the slightly ellip-
tical field is compared to a linearly polarized field.

Generally, a linearly polarized field will result in lin-
early polarized harmonics, whereas an elliptically polar-
ized field produces elliptically polarized harmonic radia-
tion. The harmonic intensity for the elliptical field is lower
than for the linearly polarized field, because the traveling
electron eventually misses the parent ion when the laser
field changes direction. Because controllable ellipticity of
harmonic radiation is highly desired for multiple applica-
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Figure 1: Classical trajectories of travelling electrons dur-
ing the HHG process resulting in different harmonic or-
ders, for Argon in a monochromatic slightly elliptical laser
field (λ = 800 nm, ε = 0.2, peak intensity I0 = 5 ·
1014 W/cm2). Dashed (solid) lines denote long (short) tra-
jectories.

Figure 2: Spectrum of HHG by fields of slightly different
ellipticity. The other parameters are the same as in Fig. 1.

tion purposes, recent publications investigate quantum or-
bits of HHG by bilinear (bicircular) two-color beams, as
they also produce elliptical (circular) harmonics. To bet-
ter understand the underlying processes and thereby en-
hance experimental reproducibility, we shall further apply
the quantum orbit approach not only to two-color beams of
same polarization, but also to bielliptical beams.
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Strong-field atomic processes like high-harmonic
generation (HHG) and above-threshold ionization
(ATI) are affected by the magnetic Lorentz force. For
long-wavelength driving laser beams, electrons ejected
from target atoms are driven along the beam axis, sup-
pressing their rescattering with parent ions. We show
that this suppression can be undone by controlling the
photoelectron forward momentum with two identical
driving laser beams that propagate under a small cross-
ing angle. This setup might enable the efficient genera-
tion of x-ray high-harmonic radiation on the table-top.

If an intense laser beam irradiates an atomic gas target,
the atoms are ionized and the ejected electrons propagate in
the continuum. For appropriate laser parameters, the elec-
trons are driven back to their parent ions and recombine or
rescatter, leading to the emission of high-energetic radia-
tion (HHG) or the observation of high-energetic photoelec-
trons (ATI). The cut-off energy ~ωmax of the HHG spec-
trum increases with the ponderomotive energy Up ∼ Iλ2

where I and λ are the intensity and wavelength of the driv-
ing laser beam. However, if one tries to increase ωmax

by tuning the wavelength from the typical near-infrared to-
wards the mid-infrared, a significant suppression of the in-
tensity of the emitted high-harmonic radiation is observed.
This suppression occurs since the ejected electrons are
driven along the beam axis by the magnetic Lorentz force,
thus missing the parent ion and preventing recombination.

In the past years, we have shown how the magnetic field
can be included in the theoretical description of strong-field
processes on the basis of the so-called strong-field approx-
imation (SFA) [1]. For a single driving laser beam, this
theory successfully reproduces the forward drift of photo-
electrons in ATI. Recently, a simple setup was proposed to
eliminate this forward drift at long driving wavelengths and
to recover the HHG signal [2]. Here, a second laser beam is
added to the first and both beams are identical in polariza-
tion, intensity and wavelength. However, their beam axes
are aligned under a small crossing angle β and, as a result,
the magnetic Lorentz force exerted on electrons in the con-
tinuum differs from the single-beam setup.

We used our reformulation of the SFA in order to an-
alyze this setup in detail with respect to the forward mo-
mentum ∆pz of photoelectrons emitted in ATI [3]. The
forward momentum is visible in the polar-angle distribu-
tions, displayed in Fig. 1: For a single beam that propa-
gates along the horizontal z−axis (β = 0), two lobes are
visible that are slightly tilted along this axis, correspond-
ing to a momentum ∆pz ≈ 5 × 10−3 a.u. If the second
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Figure 1: Photoelectrons polar-angle distributions with en-
ergyEp = 8.1 eV ≈ 5.2ω emitted in the ATI with two non-
collinear laser beams (I = 1014 W/cm2, λ = 800 nm) for
three values of the crossing angle β and for an argon target.

beam is added and the crossing angle β is increased, the
lobes rotate counter-clockwise. Most importantly, an op-
timal crossing angle β0 can be found for which ∆pz = 0
for electrons emitted in the upper half (∆px > 0). For this
optimal crossing angle, therefore, half of the electrons re-
turn to their parent ions and recombine or rescatter, which
leads to a significantly increased harmonic yield. Our de-
tailed computations showed that such an optimal crossing
angle can be found for all intensities and wavelengths of
the driving laser beam.

Thus, in practice, the forward momentum can be
controlled for long-wavelength driving beams and high-
harmonic radiation with energies in the x-ray domain might
be generated with sufficient yields. In the future, we plan
to explicitly compute these harmonic yields for the above
beam setup within our SFA theory.
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Bicircular bichromatic Laguerre-Gaussian beams
have been found to possess torus knot angular momen-
tum (TKAM), which is a new form of angular momen-
tum. TKAM is conserved in nonlinear atomic processes
such as high harmonic generation and can be classified
by the time delay parameter τ and the coordination pa-
rameter γ. We derive a consistent geometric TKAM-
model to classify τ and γ from the driving beam as
well as the high harmonic radiation. We show the
classification for a planar atomic gas target irradiated
by bicircular Laguerre-Gaussian beams. Moreover, we
demonstrate that besides γ, τ can be associated with a
torus knot as well. Furthermore, we derive a geometric
method that relates τ and γ to each other. Thus, the ge-
ometric TKAM-model characterizes the incoming and
outgoing radiation.

In recent years, the interest in strong-field processes
like strong-field ionization and high harmonic generation
(HHG) increased. Within the ongoing progress of HHG in
atomic gaseous targets, a broad range of tune-able param-
eters are available. Especially the angular momentum of
the driving beam can be varied to tailor the high harmonic
(HH) radiation effectively [1].
HHG with bicircular Laguerre-Gaussian (LG) driving
beams reveal classification issues within angular momen-
tum in general. Since the superimposed LG beams do not
have the same orbital angular momentum ` (OAM) or fre-
quency ω, these beams do not obey the dynamical sym-
metry transformations anymore. The angular momentum
reveals to be ill-defined. The solution to this problem is
a new form of angular momentum, the torus knot angular
momentum [2].

Ĵγ = L̂z + γŜz, (1)

Here, L̂z and Ŝz denote the projected orbital angular mo-
mentum and the projected spin angular momentum, respec-
tively. The coordinated rotation parameter γ = p1`2−p2`1

p1+p2
depends on the beam parameters `1, `2, ω1 and ω2 with
ωi = qiω. Therefore, `i are integer and qi are positive
integers. The associated dynamical symmetry reads than,

R(γα)E(R(α)r, t) = E(r, t+ τα). (2)

The coordination parameter γ is associated with a torus
knot, displayed in Fig 1c. Fig.1a describes the evolution of
the planar time-dependent electric field strength (blue Lis-
sajous figures). Here, the azimuthal angle ϕ of the cylin-
drical coordinate system evolves on the straight black axes.
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Figure 1: a) Evolution of the Lissajous figure with re-
spect to the azimuthal angle ϕ of a driving beam with
`1 = `2 = 1 and ω1 = ω2/2 = ω, b) Closed curve formed
by connecting the open ends, c) Intensity maxima on the
surface of a torus. Torus knot of type (-1,3) which is asso-
ciated to γ = − 1

3

Fig.1b indicates how to connect the open ends of Fig.1a,
which creates a torus knot that is directly related to γ. We
demonstrate a similar method to classify the time delay pa-
rameter τ of the dynamical symmetry Eq.(2). In contrast
to the torus knot of Fig.1c, the temporal dimension of the
τ torus knot evolves on the straight black axes of Fig.1a.
Thus, the azimuthal evolution is encoded in the curved di-
mension of Fig.1a. Both tori are constructed from the same
quantity, namely the electric field maxima. It turns out that
the order of operation to create the torus knot (time or az-
imuthal angle on the straight axes in Fig.1a) leads either
to a τ torus knot or a γ torus knot. So, the electric field
maxima of the diving beam uniquely define the coordina-
tion parameter γ and the time delay parameter τ . Since
TKAM is a conserved quantity [3], we show that the above-
applied method can also be applied to the high harmonic
radiation. Further, both parameters can be associated with
a torus knot, where the knots are constructed from the same
field but differ in the order of operation to create them. The
field is a two-dimensional (azimuthal and temporal) planar
map of the electric field maxima. The curved dimension in
Fig.1a occurs while using the boundary conditions to con-
nect two ends of the planar map that results in a cylinder.
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Using an improved quantitative rescattering (QRS)
model, we calculate the correlated two-electron momen-
tum distributions (CMDs) of nonsequential double ion-
ization (NSDI) of Ar exposed to intense laser pulses
with a wavelength of 790 nm at a peak intensity of
1.0 × 1014 W/cm2. We analyze the drastic variations
in the CMDs that were observed by Kübel et al. [1]
in the transition from near-single-cycle to multi-cycle
driving laser pulses. We find that the transition from
near-single-cycle to multi-cycle driving laser pulses de-
pends strongly on the details of the pulse envelope.

According to the QRS model [2] of NSDI, with the pre-
pared parallel momentum distribution of the first return-
ing electron after recollision and the parallel momentum
distribution of the second electron tunnel-ionized from an
excited state of the parent ion, respectively, the CMD for
laser-induced electron impact excitation with subsequent
tunneling ionization in the laser field with a peak intensity
I is obtained as

D(p1‖, p
2
‖) =

∫ ∞

I
(exc)
p

dEi D
(RESI)
Ei,I

(p1‖, p
2
‖)WI(Er), (1)

where W (kr) is the RWP describing the momentum distri-
bution of the returning electron with kinetic energy Er =
k2r/2. Using the QRS model [2], we computed the CMDs
for NSDI of Ar in 790 nm laser pulses at a peak intensity of
1.0× 1014 W/cm2 with pulse durations of 4 fs, 8 fs, 16 fs,
and 30 fs, respectively. And we present direct comparisons
of our model results with the experimental results [1]. It
can be seen from Fig. 1 that the QRS model well repro-
duces the overall pattern of the experimental findings.

In the present work, we focus on unveiling the mecha-
nisms for the cross-shaped CMD for 4 fs and the collapse of
the cross-shape in the CMD for 8 fs. Our study reveals that
the strong backward scattering of the first returning elec-
tron from the parent ion, due to the low incident energy
(the maximum energy of the returning electron is less than
20 eV), and the narrow parallel momentum distribution (the
maximum value of the parallel momentum is about half of
A0) for the tunnel-ionized electron, owing to the restriction
of the carrier envelope on the laser pulse, are responsible
for forming the cross-shaped CMD or 4 fs.

We further find that the collapse of the cross shape when
the pulse duration is increased to 8 fs results from the sig-
nificant change in the temporal shape of the laser pulse.
Since the consecutive local field maxima near the center of
the pulse have almost the same absolute value for 8 fs laser

∗fangfangliu2020@gmail.com

-2 -1  0  1  2

-2

-1

 0

 1

 2

p
||2
 (

a.
u

.)

(a)

4 fs

-2 -1  0  1  2

-2

-1

 0

 1

 2
(b)

8 fs

-2 -1  0  1  2

-2

-1

 0

 1

 2
(c)

16 fs

-2 -1  0  1  2

-2

-1

 0

 1

 2

0.0

0.2

0.4

0.6

0.8

1.0
(d)

30 fs

-2 -1  0  1  2

p||
1
 (a.u.)

-2

-1

 0

 1

 2

p
||2
 (

a.
u

.)

(e)

4 fs

-2 -1  0  1  2

p||
1
 (a.u.)

-2

-1

 0

 1

 2
(f)

8 fs

-2 -1  0  1  2

p||
1
 (a.u.)

-2

-1

 0

 1

 2
(g)

16 fs

-2 -1  0  1  2

p||
1
 (a.u.)

-2

-1

 0

 1

 2

0.0

0.2

0.4

0.6

0.8

1.0
(h)

30 fs

Figure 1: Normalized correlated two-electron momentum
distribution D(p1‖, p

2
‖) for NSDI of Ar in 790 nm laser

pulses with a peak intensity of 1.0 × 1014 W/cm2. The
theoretical results (top row) and the experimental measure-
ments [1] (bottom row) are compared for pulse durations of
4 fs (a,e), 8 fs (b,f), 16 fs (a,e), and 30 fs (a,e), respectively.
The results for 4 fs and 8 fs are CEP-averaged.

pulses, no significant discrepancies exist between left-side
and right-side recolliding wave packets, which are associ-
ated with tunnel-ionization of the first electron returning
to the parent ion along +ẑ and −ẑ respectively. As a re-
sult, the magnitudes of the left-side and right-side CMDs
are almost the same. More importantly, due to the same
reason, the widths of the momentum distributions along p

‖
2

in the left-side and right-side CMDs also become compar-
ative and are close to 2A0. The side-arm for 4 fs then turns
out to be approximately a square-shape for 8 fs, leading to
the collapse of the cross-shaped CMD.
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well as the XSEDE Allocation No. PHY-090031. S.F. ac-
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In multiphoton ionization of atoms, elliptical dichro-
ism may arise in the photoelectron angular distribu-
tions due to the interference of the possible ionization
pathways. We here consider the interaction of atoms
with an elliptically polarized biharmonic (ω + 2ω) field
which simultaneously allows one- and two-photon ion-
ization of the atoms. The interference between these
two ionization pathways introduces contributions to the
elliptical dichroism in addition to the dichroism that
arises from the two-photon ionization alone. We show
that these additional dichroism contributions can lead
to a stronger dichroism in comparison to the one arising
from two-photon ionization only. We present a relativis-
tic analysis of the corresponding photoelectron angular
distributions and discuss individual contributions to the
dichroic phenomena. Detailed computations have been
performed for biharmonic ionization of neutral helium
atoms.

Biharmonic ionization of atoms is often used to refer
to the photoionization by light beams that consists of two
co-propagating components with frequencies which are
integer multiples of some fundamental frequency ω, i.e.
nω + mω. In biharmonic ionization, therefore, nω and
mω multi-photon ionization may both result in the same fi-
nal state of the photoelectron (and ion). The photoelectron
angular distribution is then composed of the contributions
of both ionization paths as well as their interference.

In our recent work [1], we showed that the angle-
differential rate can be characterized by three contributions

dW

dΩ
=

dWsym

dΩ
+

dWdich

dΩ
+

dWasym

dΩ
. (1)

We analyzed the contributions to the angular distribution
of photoelectrons from the dichroic term dWdich

dΩ in detail.
In particular, we explained the origin of the dichroism and
showed that the dichroism arising from the interference be-
tween the one- and two-photon ionization posses different
rotational symmetries than the one arising from the two-
photon ionization process [2]. Detailed computations have
been carried out for the specific case of the ionization of
neutral helium. We found that, in addition to the depen-
dence of the angular distribution on the handedness of the
elliptically polarized beam in pure two-color ionization,
such a dichroism is also present in the biharmonic ioniza-
tion. Most importantly, we showed that the dichroism can
be enhanced by tuning the intensity of the second harmonic
beam and the relative phase between the beams properly.
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Figure 1: The angle-differential biharmonic ionization rate
can split into symmetric, dichroic and asymmetric contri-
butions. Contributions arising from interference between
different ionization pathways can be either constructive (or
positive, full green) and destructive (or negative, dashed
red), while the symmetric and final distributions are always
positive-valued. The dichroic contribution can be further
split into two fundamentally different parts, one with one-
fold rotational symmetry within the polarization plane (sec-
ond line, left) and one with two-fold rotational symmetry
(second line, right). The asymmetric term is shown in the
third line. The total distribution (fourth row) results from
the sum of all above contributions.
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Quantum vacuum fluctuations give rise to effective
nonlinear interactions between electromagnetic fields.
A prominent signature of quantum vacuum nonlinear-
ities driven by macroscopic fields are signal photons
differing in characteristic properties such as frequency
and propagation direction from the driving fields. We
devise a strategy for the efficient tracing of the vari-
ous vacuum-fluctuation-mediated interaction processes
in order to identify the most prospective signal photon
channels. As an example, we study the collision of four
optical laser pulses. We demonstrate how this informa-
tion can be used to enhance the signal photon yield in
laser pulse collisions for a given total laser energy.

The best tested quantum field theory is quantum elec-
trodynamics. Nevertheless, it still predicts unobserved
physics like the nonlinear interaction of strong electro-
magnetic fields mediated by quantum vacuum fluctua-
tions. Formally, these interactions result from the one-
loop Heisenberg-Euler effective Lagrangian and can be an-
alyzed using the signal photon emission picture. They lead
to signal photons encoding quantum vacum nonlinearities.

The basic idea is to look for these signal photons induced
by several driving laser fields which differ in key prop-
erties from the photons constituting the latter. However,
separating the typically small signal from the large back-
ground in general constitutes a major challenge. Aiming
at a systematic enhancement of photonic quantum vacuum
signals, a detailed knowledge about the microscopic origin
of the prospective signal photon channels is indispensable.
In Ref. [1], we demonstrated how their microscopic ori-
gin can be efficiently traced. Moreover, using a particular
scenario envisioning the collision of several high-intensity
laser pulses as an example, we have shown how this infor-
mation can be used to enhance the signal photon yield for
a given total laser energy.

To this end, we analytically decomposed the signal into
so-called channels. These channels represent the influence
of only three modes of the driving laser pulses, indicated
by the indices ` = {i, j, j}, on the signal. An illustrative
example scenario envisions one ω0 = 1.55 eV beam col-
liding with the apex of a regular pyramid formed by the
beam axes of three additional laser beams with different
frequencies ω0, 2ω0 and 4ω0. The full density of signal
photons ρ(ϕ, ϑ) with frequencies between kmin and kmax
results from the signal photon density of the contributing
channels ρ``′(ϕ, ϑ). By comparing these, it is possible to
identify the origins of several promising signals. In Fig.
1 we depict the full signal photon density and highlight
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the signal with photon frequencies around 5ω0 beyond the
driving laser frequencies.

Figure 1: Mollweide plot (longitude ϕ, latitude ϑ) of the
signal photon density signal photon density. We highlight
the relevant angular domain (marked by a red frame) for
scattered signal photon with energies in the regime 7.24 eV
to 8.26eV; the linear violet color scale is normalized to its
maximum in its frame. The other colors (red, green, blue)
represent the frequencies ω0, 2ω0, 4ω0.

Upon integration of the signal photon density over the
two angular regimes highlighted in blue in Fig. 1, we ob-
tain 2.3 (upper area) and 0.5 (lower area) signal photons per
shot. Even in the frequency of the driving lasers we identify
a scattering signal discernible from the background. We
base our considerations on the availability of a single high-
intensity laser of the ten petawatt class such as available at
ELI-NP, see Ref. [2]. However, our results can straightfor-
wardly be rescaled to other laser parameters.

Our method allows us to answer relevant questions, such
as which laser beams participate in the formation of a given
signal, and what is the specific interaction process inducing
the latter. In addition, we have explicitly demonstrated how
this information can be used to enhance the signal photon
number in a given signal photon channel.

We are confident that the concepts outlined and applied
in the present study will prove very useful in future at-
tempts at optimizing photonic signatures of quantum vac-
uum nonlinearity for given experimental parameters and
constraints.

The authors acknowledge funding from the DFG under
Grant No. 416607684 and No. 416611371 within the Re-
search Unit FOR2783/1.
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We demonstrate that tailored laser beams provide a
powerful means to make quantum vacuum signatures
in strong electromagnetic fields accessible in experi-
ment. Typical scenarios aiming at the detection of quan-
tum vacuum nonlinearities at the high-intensity frontier
envision the collision of focused laser pulses. The effec-
tive interaction of the driving fields mediated by vac-
uum fluctuations gives rise to signal photons encoding
the signature of quantum vacuum nonlinearity. Isolat-
ing a small number of signal photons from the large
background of the driving laser photons poses a ma-
jor challenge. The main idea of the present work is to
modify the far-field properties of a driving laser beam
to exhibit a field-free hole in its center, thereby allowing
for an essentially background free measurement of the
signal scattered in the forward direction.

The advent of high-intensity laser facilities opens up
the possibility of verifying QED vacuum nonlinearities in
macroscopically controlled fields. All-optical signatures,
i.e., effects driven by laser fields resulting in photonic sig-
nals, are the prime candidates for such discovery experi-
ments. However, the large background of the driving laser
photons typically constitutes a major obstacle in measuring
the signal. In Ref. [1], we demonstrated that tailored laser
beams featuring a peak in the focus where the interaction
takes place, but a hole in the far field where the signal is
measured allow to overcome these limitations.

To this end, we constructed a new class of beam solu-
tions to the paraxial wave equation featuring a field-free
hole in its transverse profile at a given longitudinal coordi-
nate. More specifically, for this endeavor, we only consid-
ered a specific class of monochromatic laser fields of oscil-
lation frequency ω, which are rotationally symmetric about
the beam axis and are well-described by focused beam so-
lutions of the paraxial wave equation: namely, linearly po-
larized laser fields without topological charge. These can
be expressed as superposition of Laguerre-Gaussian LGp,l

modes with l = 0, but finite p ∈ N0.
Building on these results, we demonstrated the novel

possibilities enabled by the use of beams featuring a peak
in the focus but a hole in the far field for nonlinear QED
experiments on the example of vacuum birefringence [2].
Replicating this scenario with probe beams featuring such
properties seems particularly promising. In fact, it should
facilitate an essentially background-free measurement of
the signal photons scattered in the direction of the forward
beam axis in a way not possible with conventional beams:
while the focal spot of the probe photon field essentially
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Figure 1: Laser intensity as function of the longitudinal
coordinate z measured in units of the Rayleigh range zR,
and the radial distance r measured in units of the waist w0.
The inset shows the transverse focus profile; on the right
we depict the far-field intensity profile.

does not differ from that of conventional beams, the driv-
ing probe photons are effectively diverted in the far field,
leaving a field-free hole about the beam axis. On the other
hand, the kinematics of the signal photons is determined
by local properties of the driving fields in the interaction
region about the beam focus, implying that the scattering
phenomenon does not differ much from that induced by
conventional beams. This results in signal photons quasi-
elastically scattered in the direction of the beam axis. How-
ever, the hole in the far-field imprinted in the probe beam
now allows for their unobstructed measurement.

Certainly, many other signatures of quantum vacuum
nonlinearity can be critically enhanced by such tailored
beams. This is especially true for scenarios based on the
collision of high-intensity laser pulses, usually character-
ized by a paradox: while most signal photons arise from
quasi-elastic scattering processes, for standard beams their
measurement is typical obstructed by the background of the
driving laser photons. Our study underpins that the use of
tailored beams can change this and make quasi-elastically
scattered signals experimentally accessible.

This work has been funded by the DFG under Grant No.
416607684 within the Research Unit FOR2783/1 and was
supported by the DAAD “Mikhail Lomonosov” Program.
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We theoretically and numerically demonstrate the
generation of a relativistic modified Bessel-Gaussian
optical beam (MBGB), an optical vortex beam
(OVB),via plasma-based beam combining (PBC) in an
underdense plasma channel. The plasma acts as laser-
pulse-combiner by refractive guiding coupling, which
results in the formation of a guided MBGB carrying
large values of OAM. It is shown that the MBGB is
stable in the plasma channel, allowing for in-situ appli-
cations in particle acceleration, extreme magnetic field
generation, or novel radiation production. After leav-
ing the plasma, the MBGB survives in vacuum for at
least hundreds of femtoseconds. The tunability over the
initial laser and plasma parameters enable the vortex
beam to fit various applications.

We are proposing a new approach for generating rela-
tivistic OVB in a plasma from focused Gaussian beams,
which promises high beam-quality for in-situ applications
in the plasma. The method employs underdense micro-
scale parabolic plasma channels, which have been widely
used in plasma wakefield acceleration for stably guiding
intense laser pulses well as for novel applications. It re-
quires several intense Gaussian laser pulses equally ar-
ranged along a circle and obliquely injected into the plasma
channel simultaneously. A schematic of the method with
initially three Gaussian pulses is shown in Fig.1. Each of
the Gaussians undergoes a helical centroid oscillation as

r = ε
rc0
2
eiΩcτ+iψ + c.c. (1)

due to the transverse focusing force [1], if specific initial
injection conditions are satisfied. Ωc is the centroid oscil-
lation frequency, rc0 is the oscillation amplitude, ψ is the
transverse centroid tilt and the complex vector ε = (1,±i).
Being combined inside the plasma, the Gaussians are heli-
cally guided by optical refraction and together form a spe-
cific ultra-intense OVB, a modified Bessel Gaussian beam
(MBGB), with normalized vector potential

ã(r, φ, τ) =

l∑
j=1

ãj(r, φ, τ)

= C0le
− r2

w2
0

+∞∑
n=−∞

Inl

(
2rc0r

w2
0

)
einl(Ωcτ+φ+ψ0) (2)

where the number of Gaussians l is chosen such that l <
2πrc0/w0 to avoid significant beam overlap and accompa-
nying pulse-pulse interactions. C0 = a0e

−r2c0/w
2
0 , In are
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Figure 1: (a) Schematic of PBC scheme in parabolic
plasma channel with three Gaussian pulses (green beam-
lets). Each pulse undergoes centroid oscillation around
channel center along z-axis (green arrow) with a helical
trajectory (orange line). A plasma wave is excited with
twisted structure (blue surface). Electrons can be trapped
and acclerated to form the structured beam (yellow beam-
lets at the back). (b) Transverse slice at the position indi-
cated by the grey frame in (a). Transverse density gradient
of the plasma channel is indicated by blue-white colour.
(c)-(d) Numerical result of initial field structure of the first
two sub vortex modes of the MBGB, |n| = 0, 1.

the modified Bessel functions of the first kind and ψ0 rep-
resents the initial reference phase.

Such a vortex pulse enables various application in strong
vortex field-plasma interaction, including particle accel-
eration, extreme magnetic field generation, electron vor-
tex creation, radiation generation, and optical control of
plasma wakefields.

This work was supported by the Helmholtz Association
(Young Investigator’s Group VH-NG-1037).
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We study the effect of particle polarization in the for-
mation of QED cascades in ultra-high intensity laser
fields. By including the spin and polarization of the elec-
trons, positrons and photons in the strong-field QED
processes of nonlinear Compton emission and pair pro-
duction, we find that the growth rate of QED cascades
are reduced, and the produced particles to be highly
polarized. While the bulk of particles is polarized as
expected from Sokolov-Ternov theory, the high-energy
tails are polarized oppositely, which is a results of “spin-
straggling”.

One of the most striking predictions of strong-field QED
was the formation of avalanche-like QED cascades [1] at
laser intensities approaching 1024 W/cm2. In these cas-
cades, the prolific generation of high-energy photons and
electron-positron pairs can convert an initially strong laser
field into a hot and dense plasma of nearly solid density.
Such cascades can be sustained in field configurations that
allow an effective acceleration of leptons to χe ∼ 1 which
then can emit photons with χγ ∼ 1 that can efficiently
produce pairs. We address for the first time the effect of
particle polarization on cascade formation [2].

The evolution of a cascade in a rotating electric field
E(t) is modeled via a transport equation,(

∂

∂t
+ qE(t) ·∇p

)
fsq (p, t) = Csq [{fs

′

q′ }] , (1)

for the one-particle distribution functions fsq , where the
charge q = 0,±1 distinguishes different particle species.
In the rotating electric field, the existence of a global non-
precessing spin basis perpendicular to the plane of the field
to restrict the spin-polarization-dynamics to just two dis-
crete states s =↑ / ↓ for leptons and s =‖ / ⊥ for the pho-
tons. Transitions between the different polarization states
are possible only via the Boltzmann-type collision opera-
tors Csq which contain on the spin-and polarization resolved
LCFA rates for nonlinear Compton scattering and nonlin-
ear Breit-Wheeler pair production [3].

The classical advection in Eq. (1) is solved effectively
using a semi-lagrangian algorithm since the characteristics
are known analytically. Since ultrarelativistic particles emit
collinearly, the simulation of quantum transitions is simpli-
fied by introducing p = |p| and ϕ = ∠(E(t),p), such
that during the quantum step and only p changes for each
ϕ = const. independently.

In our simulations we found that the growth rate Γ of
a polarized cascade is reduced compared to the case when
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Figure 1: Upper: Distribution functions fsq for a0 = 1000
and ωt = 10. Green curves are χ isocontours. Lower:
Spectra and corresponding degrees of polarization.

the particle polarization is neglected. For 800 nm lasers the
maximum discrepancy was found to be 8% at around a0 =
600. A much larger reduction of about 25 % was found
for longer wavelengths [2]. Due to the exponentiation of
the particle yield during cascade growth, n ∼ eΓt, even a
small reduction of Γ can reduce n by orders of magnitude.

Numerical results for the distribution functions fsq in the
exponential growth phase of the cascade development are
shown in Fig. 1. The spectra in the lower panels show that
the bulk of electrons up to a momentum of p ≈ 2a0 are
↓-polarized (positrons ↑), as predicted by Sokolov-Ternov
(S&T) theory. A factor of 4 times more ‖-polarized pho-
tons are produced compared to⊥-polarized photons. In the
high-energy tail above p & 2a0 the leptons are polarized
oppositely to S&T. This effect cannot be explained alone
by asymmetries in the pair production rates [3]. The major-
ity of the anti-S&T behaviour is due to “spin-straggling”,
where the ↑-electrons are more likely to reach highest en-
ergies due to a lower probability of photon emission, i.e.
spin-dependent quantum radiation reaction effects.
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We examine the scattering of electrons sourced
through ionization by relativistic laser pulses as a
means to measure laser strength. For laser strengths
between a0 = 5 and 10, the energy levels of xenon cor-
respond to peak field strengths. Using 3D EPOCH sim-
ulations, we find the angular spectra of electrons from
rarefied gas and demonstrate the correlation between
the rising edge of the spectrum and laser strength.

Relativistic laser facilities enabling strong-field QED ex-
periments are increasing demand for high precision mea-
surement of peak laser strength a0 [1, 2]. One potential
scheme for measuring the laser strength is examining the
ponderomotive scattering of ionized electrons from rarefied
gases. Previously, we had confirmed findings that heavier
noble gases function well as scattering targets but saw a sat-
uration trend of scattering angles for laser strengths above
a0 ≈ 6.8 [3].
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Figure 1: Laser strength a0 associated with the barrier sup-
pression ionization of a particular energy level for various
elements in the relativistic regime. Blue dashed line is a
laser peak strength of a0 = 8.76.

Figure 1 shows how the laser strength corresponds to
the energy levels of various gases in barrier suppression
ionization. From the distribution of energy levels, we ex-
pect relevant Kr ionization to occur for a0 between 1 and
3. Xe offers energy levels nearer to these higher laser
strengths while lighter gases are fully ionized [4]. Using
3D EPOCH simulations, we investigate the ionization and
subsequent ponderomotive scattering of electrons at vari-
ous laser strengths. For a0 = 8.76, Figure 2 shows the an-
gular spectra of electrons for Kr and Xe. It is clear electrons
from outer shells are scattered to larger angles θ which can
be understood through the θ ≈ arctan 2/a0 relation. The
Xe spectrum’s prominent rising edge appears nearer to the
predicted scattering angle for a0 = 8.76 as its deeper en-
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Figure 2: Numerical angular electron spectra for Kr and Xe
scattered by a λ = 800 nm,w0 = 8µm, τ = 27 fs, and a0 =
8.76 laser. Shaded regions are plane wave scattering angles
corresponding the donor ionization shells. The blue line is
the plane wave solution for the laser’s a0. The colored bars
are electrons donated by particular energy levels.

ergy levels have binding energies approximating that of the
laser better than the closest levels of Kr.

Our results indicate the importance of choosing an ap-
propriate gas target when attempting to measure laser
strength through ponderomotive scattering. If (full) ion-
ization of the target is achieved by lower intensity regions
of the laser, the inverse tangent relation will greatly under-
estimate the peak laser strength as the dynamics cannot be
modeled as a small correction applied to plane wave scat-
tering. Our ongoing work includes investigating a general-
ization for how electrons born into the peak of a laser pulse
deviate from plane wave scattering solutions.
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The two-photon-exchange diagrams for atoms with
single valence electron are investigated. Calculation for-
mulas are derived for an arbitrary state within the rig-
orous bound-state QED framework utilizing the rede-
fined vacuum formalism. In contrast to other meth-
ods, the redefined vacuum approach enables the iden-
tification of eight gauge-invariant subsets and, thus, ef-
ficiently check the consistency of the obtained results.
The gauge invariance of found subsets is demonstrated
both analytically (for an arbitrary state) as well as nu-
merically for 2s, 2p1/2, and 2p3/2 valence electron in
Li-like ions. Identifying gauge-invariant subsets in the
framework of the proposed approach opens a way to
tackle more complex diagrams, e.g., three-photon ex-
change, where the fragmentation on simpler subsets is
crucial for its successful calculation.

The treatment of the interelectronic interaction remains
a cornerstone for accurate theoretical predictions of the en-
ergy levels in many-electron atoms or ions. The relativistic
many-body perturbation theory (MBPT) or configuration-
interaction calculations usually treat the electron-electron
interaction within the Breit approximation on the basis of
the so-called no-pair Hamiltonian [1, 2]. However, the use
of this approximation allows one to evaluate energy lev-
els accurately only up to the order (αZ)2 in atomic units.
Here, α is the fine structure constant and Z is the nuclear
charge or effective charge in the case of the outer electrons.
In order to account for higher-order effects, O

(
α3Z3

)
, one

has to employ the bound-state quantum electrodynamics
(QED) formalism.

Within the bound-state QED, the interelectronic interac-
tion is usually treated perturbatively as an expansion over
the number of exchanged photons. While the first-order
contribution, that corresponds to the one-photon exchange,
is relatively simple to deal with, most of the attention is
paid to the next order, namely, the two-photon exchange.
The two-photon exchange diagrams were first calculated in
the milestone paper by Blundell et al. [3] for the ground
state of He-like ions. The current experimental and the-
oretical developments recently reviewed by Indelicato [4]
suggest the necessity to extend these computations also to
other systems with more complicated electronic structures.
An essential step towards this goal is to derive the com-
putational formulas for the corresponding diagrams. All
the derivations performed so far used zeroth-order many-
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electron wave-function constructed as a Slater determinant
(or sum of Slater determinants) with all electrons involved
[3, 5, 6]. Such a derivation becomes increasingly diffi-
cult for many-electron systems. The vacuum redefinition
in QED, which is extensively used in MBPT to describe
the states with many electrons involved, could be a path to-
wards an extension of two-photon-exchange calculations to
other ions and atoms.

The redefined vacuum approach within the bound-state
QED is presented in detail in Ref. [7], where it is applied
to the derivation of the one- and two-photon exchange cor-
rections for atoms with one valence electron over closed-
shells. The general formulae for the two-photon exchange
correction are presented. The employment of the rede-
fined vacuum approach allowed us to identify the gauge-
invariant subsets at two- and three-electron diagrams and
separate between the direct and exchange contributions at
two-electron graphs. In total, we identified eight gauge-
invariant subsets in the case of the original Furry picture.
In the case of screening potential involved, additional three
subsets are originated from the counterpotential diagrams.
The gauge invariance of the identified subsets is verified an-
alytically for three-electron terms and numerically for all
of the subsets on the example of Li-like ions (see Tables
in [7]). The possibility of checking the gauge invariance
allows us to control the correctness of the derived expres-
sions and verify the numerical calculations by comparing
the results for each identified subset in different gauges.
The presented redefined vacuum approach can be further
employed for atoms with a more complicated electronic
structure. Moreover, the identification of gauge-invariant
contributions within this approach paves the way for calcu-
lating the higher-order corrections, which can be split into
gauge-invariant subsets and tackled one after the other.

This work was supported by DFG (VO1707/1-3) and by
RFBR (Grant No. 19-02-00974).

References

[1] R. N. Faustov, Theor. Math Phys. 3, 478 (1970).

[2] J. Sucher, Phys. Rev. A 22, 348 (1980).

[3] S. A. Blundell et al, Phys. Rev. A 48, 2615 (1993).

[4] P. Indelicato, J. Phys. B 52, 232001 (2019).

[5] V. M. Shabaev et al, Phys. Rev. A 49, 4489 (1994).

[6] J. Sapirstein et al, Phys. Rev. A 91, 062508 (2015).

[7] R. N. Soguel et al, Phys. Rev. A 103, 042818 (2021).

78



G factor of lithiumlike silicon

V. P. Kosheleva1,2, A. V. Volotka3, D. A. Glazov4, and S. Fritzsche1,2

1Helmholtz Institute Jena, 07743 Jena, Germany; 2GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291

Darmstadt, Germany; 3Department of Physics and Engineering, ITMO University, 197101 St. Petersburg, Russia;
4Department of Physics, St. Petersburg State University, 199034 St. Petersburg, Russia

In the past decades, bound electron g factor of highly
charged ions has been a subject of intense theoretical
and experimental investigations. Nowadays, the bound
electron g factor is measured with a relative accuracy of
few parts 10−11 in H-like ions [1]. Present experimen-
tal techniques allow determining the value of g factor
even in few-electron ions [2, 3] with unprecedented ac-
curacy.

Due to such high accuracy which is achieved on the ex-
perimental as well as theoretical side the bound electron g
factor provides an opportunity to probe various QED ef-
fects in strong electromagnetic field.

Just recently the experimental value of bound elec-
tron g factor in Li-like 28Si11+ was improved and cur-
rently it is the most accurate lithiumlike g factor [2]
value. To match experimental precision, one should ac-
count for the various QED effects. Up to date the fol-
lowing progresses have been made in calculation of re-
coil [4, 5], screened QED [2, 6, 7], and interelectronic in-
teraction [2, 6, 8] corrections. In recent theoretical calcu-
lation [2], the latter two corrections were evaluated within
extended Furry picture formalism where the zeroth-order
wave-functions are obtained from Dirac equation with ef-
fective screening potential. As a result, the obtained the-
oretical value of the g factor of 28Si11+ is gth,2019 =
2.000 889 894 4 (34), what is 1.7σ from experimental value
gexp,2019 = 2.000 889 888 450(139) [2].

In order to find out the source of this disagreement
the screened and QED corrections to the bound elec-
tron g factor in 28Si11+ has been independently eval-
uated by Yerokhin and co-workers [7]. In this work,
the calculations are performed in the usual Furry pic-
ture, i.e. based on the Dirac equation in Coulomb poten-
tial. In contrast to Ref. [2], the higher-order screening
and multi-photon effects were calculated with the help of
the NRQED (nonrelativistic quantum electrodynamics) ap-
proach. As a result, Yerokhin and co-workers have deliv-
ered a new theoretical value for the bound electron g factor
gth,2020 = 2.000 889 896 3 (15) which is still in agreement
with Ref. [2] within the quoted error bars but disagrees by
about 5σ with experiment.

To explain the disagreement between the theory and ex-
periment established in Refs. [2, 7] we investigated in detail
the two-photon exchange correction to the bound electron g
factor of Li-like 28Si11+ ion. The calculations of this cor-
rection were performed in original as well as in extended
Furry pictures. Also, we carefully analyse different ways
of uncertainty estimation due to higher-order correlation
effects. It was found that these higher-orders corrections

are larger than estimations presented in Ref. [7]. As a re-
sult we deliver a new theoretical value (see Table 1) for the
g factor gth,2021 = 2.000 889 892 2(34) of Li-like 28Si11+

which now is an agreement with the experimental result.

Table 1: Theoretical contribution to the ground-state g fac-
tor of Li-like 28Si11+. Preliminary results.

Effects Reference

Dirac value (point nucleus) 1.998 254 750 7 This work
QED, ∼ α 0.002 324 043 9 [9, 10, 11]
QED, ∼ α2 −0.000 003 516 6(3) [8, 12]

Interelectronic interaction 0.000 314 809 4(27) This work
Screened QED −0.000 000 241 5(21) [2]

−0.000 000 236 4(8) [7]
Finite nuclear size 0.000 000 002 6

Nuclear recoil 0.000 000 043 5 [4, 5]
Total theory 2.000 889 892 0(34) This work

2.000 889 894 4(34) [2]

2.000 889 896 3(15) [7]
Measured g-factor 2.000 889 888 450(139) [2]
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In SPDC a nonlinear crystal is pumped with a laser
to create entangled pairs of photons whose efficient con-
trol plays an essential role in various applications of
quantum information processing. In particular, the
amount of entanglement has been successfully con-
trolled by adjusting the spatial structure of the inci-
dent pump field. Here, we theoretically analyzed how
the entanglement of the down-converted two-photon
state can be further enhanced by using Ince-Gaussian
beams with well-defined ellipticity ε, i.e. solutions of the
paraxial wave equation in elliptical coordinates. These
spatially-structured beams are quite universal as they
include both, the Laguerre-Gaussian beams for ε → 0
as well as the Hermite-Gaussian beams for ε → ∞. We
demonstrated that the entanglement of the generated
photon pairs in SPDC can be maximized by a proper
choice of ε and that such an enhanced entanglement
can be observed experimentally in terms of the Schmidt
number.

The down-converted photons from SPDC can be entan-
gled in either their time-bins, polarization, orbital angular
momentum (OAM) or with regard to their radial wave vec-
tor [1], in dependence of how the set-up (geometry) is se-
lected in a given experiment. It is therefore natural to ask
how the state of the down-converted photons can be manip-
ulated in order to enhance their entanglement. Apart from
adjusting the properties of the crystal [1], the spatial struc-
ture of the incident pump beam can shape the two-photon
state. For instance, an exponential pump beam has been
used in order to flatten the OAM spectrum (spiral band-
width) or a superposition of LG beams to generate a com-
plete high-dimensional Bell basis.

In this work, we followed the last line and analyzed how
the pump beam can be controlled in order to improve the
entanglement of the generated two-photon state. Along
this line, previous works have considered as a pump beam,
for instance, the paraxial Hermite-Gaussian (HG) beams,
Laguerre-Gaussian (LG) beams or superposition of LG and
HG beams. HG and LG beams are well known as exact so-
lutions for the free-space paraxial wave equation (PWE)
in Cartesian and cylindrical coordinates. We instead con-
sidered a more general paraxial pump field, also known as
Ince-Gaussian (IG) beam.

IG beams represent the exact, complete, and orthogonal
solutions of the PWE in elliptical coordinates. Therefore,
their transverse field distribution possess an inherent ellip-
tical symmetry. Experimentally, the IG beams appear natu-
rally as transverse eigenmodes of stable resonators but have
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Figure 1: Dependence of the Schmidt number on the el-
lipticity of the incident IG beam. Odd, even and helical
IG pump beams are denoted by red, dashed blue and black
lines, respectively.

been generated as well by means of liquid crystals.
We explored the state of SPDC photons for different

Ince-Gaussian (IG) pump beams and their different limits.
Figure 1 shows the dependence of the Schmidt number on
the ellipticity, when the pump beam is an IG and where
beam widths of pump and down-converted beams are cho-
sen to be equal. The proper choice of the kind (odd, even
or helical) and ellipticity can maximize the amount of en-
tanglement.

Our goal was to investigate the SPDC process for gen-
eral paraxial pump fields, the (so-called) IG beam from
which both, the paraxial LG are obtained for a zero elliptic-
ity ε → 0 as well as the HG beams for ε → ∞. The shape
of the pump beam is easily controlled using the ellipticity
parameter. We showed how the entanglement of the SPDC
two-photon states can be maximized by a proper choice of
the ellipticity ε. We also show how the Schmidt number as
an observable of such SPDC experiments can be utilized to
better understand the amount of (generated) entanglement.
The smooth transition of IG beams into LG beams has been
analyzed in terms of the spiral bandwidth and the conser-
vation (rule) of the OAM in the SPDC process.
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Systems of trapped atomic ions are promising candi-
dates for future quantum technologies, and the efficient
simulation of quantum systems. In particular, mod-
els of interacting spin-1/2 degrees of freedom (qubits)
can be efficiently implemented and simulated on these
platforms. Here, we propose a setup, based on a pe-
riodically driven spin-chain, that can realize a high-
quality quantum router. We present two protocols that
can either generate highly entangled two-qubit states,
or transfer single-qubit states with high fidelity over an
arbitrary distance. Besides, we can execute several pro-
tocols at the same time, and store quantum states on the
spin-chain. Our protocols exploit the effect of coherent
destruction of tunneling to control, which spins on the
chain couple to each other. This control is acquired by
suitably shaping the external driving field. Our setup is
scalable, robust against errors, and may be of practical
use for future quantum information technologies.

The generation of entanglement and the transfer of quan-
tum states over distance are two essential tasks for quantum
information processing. A few years ago, Bose proposed
to use an interacting network of spins to acquire these tasks
[1]. That is, state transfer and entanglement generation are
achieved by time-evolution under an appropriate Hamilto-
nian. The spin-network shall, therefore, serve as a trans-
mission channel for quantum information. However, if the
couplings among spins have a ’natural’ form, the complex-
ity of the system’s dynamics grows with its size, and the
quality of these tasks decreases accordingly. By quality, is
meant how close the outcome of a given protocol is to the
known optimum. To achieve the latter, the network, there-
fore, has to be tuned in a certain way.

H (t) = H0 (t) +HI ,

H0 (t) =
∑
m

fm (t)S z
m ,

HI = −
1

2

∑
m,n

Jmn

(
S+
mS−

n + S−
mS+

n

)
(1)

In this work, we consider a chain of spins that interact
pairwise via an exchange coupling of the XY -type. The
chain is subject to a driving field, which is periodic in
time, see Eq. (1). Adjusting the local amplitudes of this
field, and choosing the driving frequency sufficiently
large (high-frequency limit), allows for complete control,
whether two spins couple to each other or not. One can
then use this control to decouple a sub-system of spins
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Figure 1: Time-evolution of the concurrence as a mea-
sure of entanglement between the edge-spins of a chain of
length N = 20. Blue represents no periodic driving and or-
ange represents the high-frequency limit. The dashed line
shows the time evolution in the high-frequency limit when
the field amplitude of one of the target-spins is changed, to
store the entangled pair on the chain.

from the rest of the chain. The values of the respective
couplings can be arbitrary as long as they are finite and
much smaller than the driving frequency. Moreover, the
distance between these two spins can be arbitrarily long,
and their coupling strength determines the required time
for the protocols to complete. Additionally, we can store
a transferred state or an entangled pair on the chain. The
protocols only require individual control over the two
participating spins and are, therefore, well suited to be
scaled up. Our analysis shows, the protocols are robust
concerning potential errors in their setup. Furthermore, we
can use the spin-chain to carry out multiple protocols at
the same time. Our setup, hence, realizes a high-quality
quantum router [2] and might serve as a fundamental
building block of future quantum information devices
that can route entanglement and quantum states between
remote locations efficiently and robustly.

More details regarding this work can be found in [3].
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