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R. Märtin, C. Hahn, Ch. Spielmann, G. Weber, and Th. Stöhlker . . . . . . . . 13
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Zepf . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Commissioning of Target Area 2 at the JETI Laser
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Foreword

Dear friends and members of the Helmholz Insitute Jena,

The Helmholtz Institute Jena was founded more than 10 years ago as an institute of GSI Darm-
stadt on the campus of the Friedrich Schiller University (FSU), with the University of Jena and
the Helmholtz centers DESY and HZDR as additional partners. It combines established scien-
tific expertise of the university and of our partners with the strategic mission of GSI.

The institute’s mission is excellence in fundamental and applied research based on high-power
lasers, particle accelerators, and x-ray science. In the pursuit of this, it addresses the coupling
of intense light with matter, and conducts various research and development efforts of advanced
instrumentation for dedicated experiments at the flagship facilities for extreme matter research,
the EU-XFEL at Hamburg and the international FAIR project at Darmstadt. Indeed, during the
last 10 years a multitude of research highlights has been achieved and substantial progress has
been reported related to the development of novel instrumentation for the realm of x-ray science
and research into extreme states of matter. This scientific excellence has been proven in 2018 by
the scientific center evaluation of GSI in the framework of the Helmholtz Association, where all
scientific activities of the Helmholtz Institute Jena have been rated as “outstanding”.

Key to this success are the young researchers, postdocs and PhD students, who are actively
engaged in research and the close cooperation with our partners, in particular the colleagues
from the University of Jena. In this context, one must highlight the important role of the world-
renowned experts, Prof. Dr. Matt Zepf for the field of relativistic plasma physics and Prof. Dr.
Stephan Fritzsche for the theory of the dynamics of electrons and strong fields, who both could
be attracted for joint professor positions at the Helmholtz Institute and the FSU Jena. Their
research expertise and engagement has strongly influenced the scientific program and activities
during the recent years. Finally, in 2019, HI Jena was able to attract Prof. Dr. Ralf Röhlsberger
for the still vacant W3 position “x-ray science”, whose expertise and research group further
strengthen the research portfolio of the institute. For the latter purpose an important prerequisite
is additional laboratory and office space, considering the institute’s continuous growth over the
years to currently about 100 scientists, including PhD students and supporting personnel. In this
regard, essential progress has been achieved in 2019.

In October 2019, the “Spatenstich” for the new, additional institute building, financed by the
Federal State of Thuringia (8 M€), took place. The new building is located at the campus of the
FSU Jena in direct neighborhood to the institute building at Fröbelstieg 3. The civil construction
will start in March 2020 and it is expected that the building will be available for occupancy in
2022. With the additional institute building, which directly connects to the target laboratories
in the basement of the existing institute building, the infrastructural conditions for cutting-edge
research will be further improved.
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“Spatenstich” for the extension building of the HI Jena in October 2019.

2019 was also a very important year with respect to the strategic developments at Helmholtz,
which were characterized by the preparation of the upcoming strategic evaluation of the research
field “Matter”, which HI Jena is part of. The subject of the evaluation are the research goals and
central research topics of the research field in the context of the next funding period POF IV
(2021–2027).

With this Annual Report for 2019, we present an overview on the accomplishments in science
and technology made at the institute over the last year. Various research highlights have been
achieved using the institute’s own experimental facilities at Jena (the high-power lasers PO-
LARIS and JETi200), the ion storage rings and the PHELIX laser at GSI campus Darmstadt, the
photon facilities at DESY as well as the facilities of collaborative partners.

Finally, a particularly important task of HI Jena is the education and promotion of the next gener-
ation of scientists with a focus on the physics of matter in extreme states. Meanwhile a structured
PhD education program, including both scientific and soft-skills training adapted to the research
profile and organizational structure of the institute, is well established within the framework
of the “Research School of Advanced Photon Science” (RS-APS). The school interacts closely
with the GSI Graduate School HGS-HIRe as well as with the local Graduate Schools at FSU
Jena under the umbrella of the Graduate Academy of the university. Many students make use of
the benefits offered by the research school, e.g. most students regularly use the personal travel
money offered to attend conferences to present their own research work. The Research School
has now close to 60 participating doctoral students, of whom more than 50 % are financed via
3rd party funding. In the future, RS-APS will further increase its efforts to foster the exchange
of PhD students with our research partners located at other institutes in Germany and abroad.
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Status of the Research School of Advanced Photon Science  

of the Helmholtz Institute Jena 

R. Märtin1, C. Hahn1,2, Ch. Spielmann1,2, G. Weber1, and Th. Stöhlker1,2,3 

                           1HI-Jena, Jena, Germany; 2University Jena, Jena, Germany; 3GSI, Darmstadt, Germany 

 

Since 2012 all PhD students associated with the Helmholtz 

Institute Jena and its research mission are supported by the 

Research School of Advanced Photon Science (RS-APS) 

of the Helmholtz Institute Jena part of Helmholtz Center 

GSI Darmstadt at the Campus of the FSU Jena with the 

university, and DESY and HZDR as additional partners. 

Although there were already existing PhD programs at the 

Helmholtz partner centers, there was the need for a dedi-

cated local structured PhD education programme, 

prompted by both the distance of the  Friedrich Schiller 

University from GSI and the specific research focus at the 

interface of optics, lasers and accelerator technology. 

Since its foundation in 2012 the number of students par-

ticipating in RS-APS has steadily increased. In the year 

2019 almost 60 students working directly at the institute or 

the partner centers GSI, DESY or HZDR took part in the 

programme of the school. More than half of the students is 

third party funded, while the rest of the doctoral students 

either receive a scholarship or have a doctoral position sup-

ported by the Helmholtz Institute Jena. In addition every 

participant has its own annual travel allowance to visit con-

ferences and workshops. The offered travel budget is of 

great importance for the professional and international net-

work of the future researchers and most of the students take 

advantage of their yearly budget. 

The financial support is among other things an incentive 

to participate actively in the academic and soft skill pro-

gram offered by the research school of the Helmholtz In-

stitute Jena and its collaborating partners, the HGS-HIRe 

Graduate School for FAIR and the Graduate Academy of 

the FSU Jena. 

Together with HGS-HIRe, RS-APS has been organizing 

annual Lecture Weeks for seven years. In 2019 the Lecture 

Week addressed various photon imaging techniques avail-

able from the optical to the XUV regime. Hosted by the 

“Kloster Hardehausen” with its stimulating atmosphere, 

Christian Eggeling (FSU Jena), Tatiana Latychevskaia 

(PSI, Switzerland), Gerd Schneider (HZ Berlin), Silvio 

Fuchs (HI Jena) and the participating students discussed 

together various aspects of this crossdisciplinary topic. 

The internationalization of the school is developing well, 

with now 44% of the doctoral students having non-German 

citizenship. The percentage of female members of our re-

search school increased to 12%, from 5% in 2018. Ten 

members of the Graduate School successfully completed 

their doctoral studies in 2019. 

 

 

Figure 1: The participants of the sev-

enth joint Lecture Week of HGS-

HIRe and RS-APS in Kloster 

Hardehausen.  

.
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Generation of THz radiation from organic BNA crystals for plasma imaging

F. Roeder1,2 and A. Gopal1,2

1Institut für Optik und Quantenelektronik, Physikalisch-Astronomische Fakultät, Friedrich-Schiller-Universität, 07743
Jena, Germany; 2Helmholtz Institute Jena, 07743 Jena,Germany

We report on our studies on THz generation process
in organic N-benzyl-2-methyl-4-nitroaniline (BNA) via
optical rectification (OR). The generated radiation will
be employed for the characterization of optical window
materials, nonlinear spectroscopy and imaging of low
density plasmas with an aim to visualize wake fields at
the AWAKE project at CERN.

THz radiation was generated by OR of a laser pulse
with a central wavelength centered around 800 nm in an
organic BNA crystal. Even though conversion efficiencies
from optical to THz up to 0.2% have been observed at
wavelengths longer than 800 nm [1] no systematic work
has been reported on the performance of these crystals at
Ti-Saph wavelengths which is the workhorse of standard
university scale laboratories. At first, the influence of
the incident pump laser fluence on THz generation in the
BNA crystal was investigated. The results shows that
the maximum fluence at room temperature for optimum
THz yield is around 10.5 mJ/cm2. While the complex
electric field of the THz pulse measured with a 500µm
thick ZnTe crystal in the spatially resolved electro-optic
(EO) detection scheme showed that the THz pulses have a
temporal duration of 500 fs with mexican hat like feature
and with spectral components ranging from 0.5 to 2.5 THz.

To investigate the transmission of different window
materials used in plasma accelerators, THz beamlines and
at FELs, they were placed in the collimated THz beam.
Temporal and spectral changes of the transmitted THz
pulse were recoded using the EO scheme as depicted
in Figure 1. The transmitted THz spectra through dif-

Si
THz

EO crystal

Si

camerasamples analyser

Figure 1: Schematic experimental setup to determine THz trans-
mission through different window material samples.

ferent window materials is shown in Fig. 2. We tested
both mounted and unmounted sapphire which showed
the similar absorption patterns at higher frequencies.
A polycarbonate window which is suitable as a shock
proof outer material in beamline shows strong spectral
absorption. These findings forced us to test alternative
options such s highly durable and resistant diamond as a
window material. While employing a diamond window
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Figure 2: Normalised transmission spectra of THz radiation
through different samples.
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Figure 3: Temporal profile of the normalised THz field ampli-
tude without a sample (blue) and after the diamond window (red)
shifted in time.

shows less dispersion and Subsequent measurements show
(Figure 3), that there significantly lower dispersion of the
THz pulse compared to other window materials. Diamond
therefore stands out as a window material transmitting
the THz beam undisturbed, which is needed for imaging
applications requiring good temporal resolution.

References
[1] M. Shalaby et al., Opt. Lett. 41, pp. 1777-1780 (2016).
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ATHENA: An Ultra-High Temporal Contrast Frontend for PEnELOPE  

M. Hornung1,2 ,#, D. Albach3, J. Hein1,2, M. Hellwing2, A. Kessler1, M. Löser3, F. Schorcht1,  
M. Siebold3, I. Tamer1, U. Schramm3 and M. C. Kaluza1,2 

1Helmholtz Institute Jena, Germany; 2Institute of Optics and Quantum Electronics, FSU Jena, Germany, 3Helmholtz 
Center Dresden-Rossendorf, Germany 

 
 

# M.Hornung@gsi.de 

 ___________________________________________  

We present the status of the development of an ultra-
high temporal contrast frontend for 1 mJ laser pulses 
at a center wavelength of 1033 nm. The frontend is in-
tended to be delivered and used for temporal contrast 
enhancement at the PEnELOPE laser facility (Helm-
holtz Center Dresden-Rossendorf, HZDR).  

Within the ATHENA (Accelerator Technology HElm-
holtz iNfrAstructure) project a frontend [1] is designed and 
built for the PENeLOPE laser system [2] based on the cur-
rent POLARIS frontend. The basic parameters where fixed 
in corporation with HZDR to meet the requirements of the 
PEnELOPE laser system to enhance the temporal contrast. 
The frontend laser system (FE) is currently under construc-
tion and should deliver sub-100 fs pulses at a center wave-
length of 1033 nm and a pulse energy of up to 1 mJ. As one 
of the most important parameters the temporal pulse con-
trast should be as high as possible (e.g. for ASE better 1012) 
and the pulses should be generated as far as possible with-
out additional pre-and post-pulses. Furthermore, the sys-
tem should fit into PEnELOPE's technical architecture (e.g. 
trigger, space, electronics, vacuum, ...) for ease of imple-
mentation and operation.       

The FE architecture is based on the CPA concept and 
consists of an oscillator, stretcher, amplifier and pulse 
compressor. Finally, the pulses which were amplified by 
the CPA system are generating new high-contrast pulses 
in-between two crossed polarizers with use of the XPW 
process [1]. The CPA system is fully operational already 
whereas the XPW system is still under construction. The 
oscillator (Flint, LightConversion) delivers laser pulses 
with 60 nJ pulse energy and a repetition rate of 76 MHz. 
The repetition rate is reduced to 1 Hz with a Pockels-cell 
and polarizer system and the pulse are stretched from 80 fs 
to 55 ps with a spherical Offner-type stretcher. The 
stretcher was designed to support flexibility with spherical 
and cylindrical telescope optics as well as different line 
densities for the gratings with high mechanical accuracy. 
The stretching ratio and therewith the stretched pulse dura-
tion could be changed between 150 ps and 0.1 ps (zero-

dispersion) by stepper motors for the virtual grating sepa-
ration and the desired diffraction angle. The corresponding 
compressor system and the pulse stretcher use gold grat-
ings with a line density of 1480 l/mm. The compressor is 
able to compress laser pulses with more than 10 mJ.  

The amplifier for the FE is based on the POLARIS ampli-
fiers 1 and 2 (A1, A2 [3]) and is currently operating with 
pulse energies up to 4 mJ. The compressed pulse duration 
was measured with a SPIDER to 150 fs and a spectral 
bandwidth of 10 nm (FWHM). The temporal contrast of 
the compressed pulses is shown in Figure 1 measured with 
a THG-cross-correlator.  
 

 
Figure 1: Temporal contrast measurement (measured with 
Sequoia, Amplitude Technologies) of the newly developed 
frontend in comparison to the existing POLARIS frontend 
(both without XPW, detection limit at 1E-9). 
 

Compared to the pulses from the original and currently 
used POLARIS frontend (blue curve in Fig. 1) the ASE-
level is improved by one order of magnitude and the rising 
edge of the laser pulses is slightly better. This report pre-
sents an intermediate status of the development, the tem-
poral contrast and the temporal pulse quality will be further 
increased with the XPW system in the near future. 
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We show first measurements of a newly developed 
Offner-type CPA-pulse stretcher facilitating a cylindri-
cal Offner telescope. Within this project the optical per-
formance of a cylindrical Offner stretcher (COS) is the-
oretically and experimentally compared to a pulse 
stretcher using a spherical Offner telescope.  

The temporal rising edge (RE) of CPA generated high 
intensity laser pulses is currently an object of research. So-
phisticated laser-matter experiments are requiring temporal 
clean laser pulses, most importantly with a RE as steep as 
possible (c.f. Fig. 1) to avoid unwanted pre-ionization of 
the targets.  One suspected candidate for deteriorating the 
temporal rising edge are phase-amplitude couplings of far-
field stretcher optics [1,2]. Compared to a spherical Offner 
stretcher (SOS) a COS avoids the usage of such far-field 
optics. In order to further increase the experimental perfor-
mance of the POLARIS laser pulses [3] we investigate the 
feasibility of a COS. As soon as a COS is a promising can-
didate to optimize the RE we have set up a separate CPA 
system generating laser pulses with 150 fs pulse duration 
and multi-mJ pulse energies. Within the used Offner 
stretcher we have the capability to change between spheri-
cal and cylindrical Offner-telescopes while keeping all 
other parameters comparable and as constant as possible.   

This report represents an intermediate status of the project 
where the measurements of the temporal intensity contrast 
of the SOS and COS amplified pulses are shown in Fig. 1. 
Clearly visible and contrary to expectations, the RE of the 
COS pulses is slightly worse compared to the SOS pulses.

 
Figure 1: Temporal contrast measurements using different 
Offner-telescopes: SOS = spherical Offner (red), COS = 
cylindrical Offner (black) and for comparison POLARIS 
A2-amplified pulses in blue (detection limit at 1E-9). 

As far as we know, this slightly worse, and so far still not 
improved, RE is explained by non-compensated spectral 
phase aberrations originating from the surface errors of the 
used stretcher and cylindrical optics. This hypothesis is 
supported by measurements of the spectral phase and tem-
poral structure of the compressed pulses shown in Fig. 2.   

 
Figure 2: Temporal and spectral characterization of the 
SOS and COS amplified pulses. a) Temporal pulse shape 
and corresponding phase. b) Spectral intensity distribution 
and corresponding spectral phase.  

As seen in Fig. 2 the spectral phase and hence the temporal 
pulse shape of the COS amplified pulses is deteriorated 
compared to the SOS amplified pulses and ideal com-
pressed pulses (Fourier transform limited). Due to the dif-
ferent aspect ratios of the cylindrical optics (1:10) com-
pared to the spherical optics (6:10) the surface quality of 
the COS-optics is slightly worse due to the challenging 
manufacturing process. This leads, in connection with 
more stringent alignment tolerances, to an, even on a linear 
scale visible, time structure which degrades the temporal 
pulse shape and the RE of these laser pulses.  

In order to further improve the setup and most likely to 
demonstrate a beneficial operation with an improved RE of 
the laser pulses with a cylindrical Offner stretcher we will 
implement an acousto-optic modulator (Dazzler, Fastlite). 
The Dazzler is intended to compensate for the residual 
spectral phase aberrations and a direct comparison of SOS 
vs. COS stretched pulses with respect to the RE in the 
demonstrated setup should be feasible.  
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Within this project the performance of the POLARIS 
laser pulses will be optimized with respect to the pulse 
duration and the temporal contrast, especially the ris-
ing edge of the pulses.  

The POLARIS laser [1] is continuously used for HI 
Jena’s laser particle acceleration program. Since sophisti-
cated experiments do not only require high intensity laser 
pulses but also pulses with a very high temporal contrast a 
plasma mirror is used to enhance the contrast and here es-
pecially the rising edge of the laser pulses. A measurement 
of POLARIS’s laser pulse contrast without plasma-mirror 
is shown in Figure 1. The black curve shows a measure-
ment of the nanosecond-CPA system with a frontend am-
plifier A2 and the blue curve a measurement with all am-
plifiers up to the fifth stage A5. Comparing these measure-

 
Figure 1: Temporal contrast measurements of POLARIS 
A2-amplified pulses in black and A5-amplified pulses in 
blue. The red curve shows a measurement of the newly de-
veloped PENeLOPE frontend (detection limit at 1E-9). 

ments to the red curve, which shows a measurement of the 
newly developed PEnELOPE frontend (cf. this annual re-
port) within the ATHENA project reveals huge potential 
for improvement. Furthermore, since the spectral band-
width of the POLARIS laser was enhanced in 2016 from 
formerly 10-15 nm FWHM to 20-25 nm FWHM with tun-
able spectral filters [2] the compressed pulses are not Fou-
rier-limited.  With fully amplified pulses a bandwidth ex-
ceeding 23 nm FWHM could be shown [2], but the com-
pressed minimal pulse duration is still around 100 fs 
FWHM, which is 20-25 fs too long and also manifests itself 
in the limited quality of the rising edge of the laser pulses. 

To improve the aforementioned facts a couple of compo-
nents and measurement methods were developed with re-
spect to the experimental operation of POLARIS, which 
means that the laser system itself must not be used for the 
characterization and optimization. An active stretcher and 
a monolithic pulse compressor (without a tiled-grating ar-
ray) for the compression of 1.5 ns-stretched pulses were 
constructed and commissioned. Both devices are basically 
identical to the POLARIS devices and can be used as a 
testbed since they are not necessary, but can be fully im-
plemented in the POLARIS architecture with only some 
flip-mirrors. Using this stretcher-compressor system and 
searching dedicated for spectral-phase aberrations reveals 
multifold limiting components which are in sum far be-
yond the phase-compensation capability of the used 
acousto-optic modulator (DAZZLER). In parallel to the 
above mentioned active stretcher-compressor system an al-
ternative CPA laser within the framework of the Helmholtz 
ATHENA project was constructed and commissioned (cf. 
this annual report). This very flexible system serves as an 
on-site measurement and testbed system during experi-
mental operation of POLARIS. As mentioned before a va-
riety of components (e.g. wavelength couplers, TFP’s, 
stretcher telescope optics, …) with non-ideal spectral-
phase properties were localized and characterized. The 
procedure of optimizing these components with respect to 
the spectral phase is still ongoing. An optimized Offner tel-
escope for the pulse stretcher was ordered and will be in-
stalled and tested in 2020. Due to currently enhanced man-
ufacturing capabilities the stray light behavior is most 
likely enhanced for this optics. Finally, if broad-bandwidth 
pulses with a flat spectral phase and an improved temporal 
contrast are shown with the active stretcher and the mono-
lithic nanosecond compressor system, this project will re-
sult in the permanent use of the active stretcher and the ex-
change of the tiled-grating array used in the POLARIS 
pulse compressor with a monolithic grating which was or-
dered and will be delivered in the future.      
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An optimization of the POLARIS [1] laser system to-

wards higher laser pulse peak powers – in addition to the 

installation of a unique optical probing system [2] – is nec-

essary for ongoing and upcoming investigations on laser-

based ion acceleration regimes such as Target Normal 

Sheath Acceleration (TNSA) and Radiation Pressure Ac-

celeration (RPA) at the Helmholtz-Institute Jena. Due to 

the spectral acceptance of the operational CPA system and 

the limiting laser-induced damage threshold (LIDT) of the 

active materials, an improvement in the peak power is of-

ten accomplished solely via an increase of the laser pulse 

energy, following a costly aperture scaling of the back-end 

of the laser system. However, the high transport intensities 

– in excess of 1 TW/cm2 – achieved by the POLARIS laser 

pulse may now enable an additional method to enhance the 

peak power, without requiring modifications to the existing 

CPA system. Here, even in the near field [3], self-phase 

modulation (SPM) can be employed within a thin, highly 

nonlinear material after the CPA chain to significantly 

broaden the spectral bandwidth and allow for further pulse 

compression with, e.g., a chirped mirror pair. 

 

Numerical simulations of the post-CPA pulse compression 

technique with the POLARIS laser pulse indicate that a 

pulse duration shortening by a factor of 3 – corresponding 

to an increase in the laser pulse peak power at POLARIS 

by the same factor – in a single-pass setup would require a 

1 mm thick, transparent material with a nonlinear refractive 

index n2 ≥ 6 × 10-7 cm2/GW. Using degenerate four-wave-

mixing and a broadband spectrophotometer, the nonlinear 

refractive indices and optical transmission of multiple non-

linear samples – allyl diglycol carbonate (CR39), polyeth-

ylene terephthalate (amorphous PET), polymethyl methac-

rylate (PMMA), and cellulose acetate (CA) – were charac-

terized [4], with the results summarized in Table 1.  While 

the nonlinear refractive index n2 of PET exceeds that of the 

other designated materials, the relatively high absorption 

hinders its use within the post-CPA pulse compression 

technique for the joule-class POLARIS laser pulses. Here, 

the thermally induced material deformation would lead to 

spatially inhomogeneous spectral and temporal profiles 

that worsen with each subsequent laser pulse. 

 

For the post-CPA pulse compression technique, CR39 was 

selected as the optimal material, due to its combination of 

a high n2 and near-zero absorption (18× lower than that of 

PET). In a proof-of-principle test, a single 1 mm CR39 

sample was placed directly in the optical path of the PO-

LARIS laser pulse after the 1st CPA. As seen in Fig. 1, the 

near field SPM induced within the transparent nonlinear 

material using intensities of 1 and 2 TW/cm2, adjusted via 

the beam radius, resulted in a doubling and tripling of the 

spectral bandwidth, respectively. Installing a compact 

chirped mirror pair (-250 fs2/bounce) into the measurement 

setup allowed for pulse compression from 126 fs to 40 fs, 

corresponding to an increase in the peak power by a factor 

of 3.2 in a single pass of 1 mm CR39 without modifying 

the operational CPA setup [4]. With the verification of 

post-CPA pulse compression using CR39, the scalability 

of this method can now be tested after the 2nd CPA using 

the full power POLARIS laser pulse, along with a novel 

technique to obtain a flat-top spatio-spectral profile, even 

with a spatially inhomogeneous beam. 
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Figure 1: Spectral (top) and temporal (bottom) profiles 

before (black) and after post-CPA pulse compression in 

1 mm CR39 at 1 TW/cm2 (blue) and 2 TW/cm2 (red). 

Temporal Profile 

Spectral Profile 

20



Carrier-envelope phase stable few-cycle fiber laser system 

E. Shestaev2, D.Hoff1,3, A. M. Sayle1,3, A. Klenke1,2, S. Hädrich5,  F. Just5, T. Eidam5, P. Jójárt6, Z. 
Várallyay6, K. Osvay6, G.G. Paulus1,3, A. Tünnermann1,2,4 and J. Limpert1,2,4,5 

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

2Institute of Applied Physics, Abbe Center of Photonics, Friedrich-Schiller-Universität Jena, Albert-Einstein-Str. 15, 
07745 Jena, Germany 

3Friedrich-Schiller-Universität Jena, Institut für Optik und Quantenelektronik, Max-Wien-Platz 1, 07743 Jena, Germany 
4Fraunhofer Institute for Applied Optics and Precision Engineering, Albert-Einstein-Str. 7, 07745 Jena, Germany 

5Active Fiber Systems GmbH, Ernst-Ruska-Ring 11, 07745 Jena, Germany 
6ELI-ALPS, ELI-HU Non-Profit Ltd., H-6720 Szeged, Dugonics tér 13, Hungary 

 
Emerging applications in the field of strong-field and atto-
second physics rely on the availability of few-cycle carrier-
envelope (CE) phase stable laser sources. This means that 
there is a stable relationship between the temporal enve-
lope of the laser systems and the underlying carrier oscil-
lations and the fundamental wavelengths. State-of-the-art  
laser systems providing these pulses are currently mostly 
based on Ti:Sa or OPCPA technology.  
Fiber laser systems with subsequent non-linear pulse com-
pression have already proven that they can provide few-
cycle pulses with average powers of multiple 100W. By 
using advanced technologies like synchronous pulse-pick-
ing [1], we have demonstrated that CE-phase stability is 
also achievable with these systems [2]. To the best of our 
knowledge, this is the first demonstration using a few-cycle 
fiber laser system. The increased average-power level has 
the potential to drastically increase the viability for follow-
ing scientific experiments. 

 

Fig. 1: Schematic experimental setup.  

The schematic experimental setup is shown in figure 1. It 
consists of a actively CE stabilized oscillator, followed by 
a pulse stretcher, multiple pre-amplifiers, a pulse picker, 
two rod-type large-area-mode fibers and, finally, a pulse 
compressor. At this stage, the system provides pulses with 
240 fs pulse duration and 300 µJ energy and a repetition 
rate of 100 kHz. The pulse-picker is based on an acousto-
optical modulator (AOM), whereby the acoustic wave is 
synchronized with the fundamental laser repetition rate. 
This is necessary to avoid scrambling the CE-phase of the 
laser pulses. The pulses are further compressed down in a 
two nonlinear compression stages, both consisting of a hol-
low-core fiber and a chirped-mirror compressor. A final 

pulse duration of 7.6 fs is achieved with this setup. The CE-
stability of the pulses was extensively investigated at dif-
ferent points of the system using technologies like f-2f in-
terferometers and a Stereo-ATI phase meter. Great care 
was taken to characterize CEP noise up to the Nyquist fre-
quency, which is very important in the presence of white 
noise and high-frequency contributions. The ATI was also 
employed as a feedback mechanism to the AOM to further 
reduce slow drifts of the CE-phase. 

 
Fig. 2: CEP noise spectrum of the laser system output.  

The power spectral density (PSD) plot of the CEP noise of 
the system without this feedback loop enabled is shown in 
Fig. 2. The integrated CEP noise amounts to 360 mrad in 
the frequency range of 10 Hz to 50 kHz. Only 40 mrad are 
contributed within 10 Hz to 1 kHz and 40 mrad below 
10 Hz (not shown). The largest part is accumulated above 
10 kHz due to white noise. This high stability is achieved 
despite the large frequency broadening factor of 45 in the 
nonlinear compression stage, which is very sensitive to-
wards amplitude fluctuations of the input laser pulses. The 
very low amplitude noise of the driving laser system of 
only 0.13% RIN (10 Hz – 50 kHz) makes this possible. 
The ongoing research is focused on reducing the high fre-
quency CE-phase fluctuations, as well as investigating ad-
ditional phase measurement concepts. Work is currently 
underway to implement these techniques into systems tar-
geting multi-mJ pulse energies and > 1kW average power. 
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A coherent extreme ultraviolet light source based on 
high harmonic generation of an average power scalable 
fiber laser is presented. It generates a broadband con-
tinuum from 80 eV to beyond 160 eV with a flux of 
𝟏𝟏𝟎𝟎𝟏𝟏𝟏𝟏 ph/s. At 92 eV (13.5 nm) 𝟕𝟕 ⋅ 𝟏𝟏𝟎𝟎𝟗𝟗 ph/s/eV are gen-
erated with an rms deviation of 0.8% over 20 minutes. 

Over the past decade, lab-scale extreme ultraviolet (XUV) 
light sources, based on higher order harmonic generation 
(HHG) have seen a rapid development [1]. Thus, such 
sources enabled groundbreaking studies of matter on 
atomic length (nm) and time (fs) scale [2, 3].  
Until now Ti:Sa based driving laser systems have been the 
workhorse for HHG [4]. However, they are limited in av-
erage output power. In contrast, novel Yb-based laser sys-
tems allow for femtosecond laser systems with output pow-
ers beyond 1 kW. Such lasers have the potential to be a 
driver for high average power high repetition rate XUV 
sources with an unprecedented photon flux.  
Fiber laser driven sources already have proven their high 
potential in lens-less imaging experiments with photon en-
ergies of ~70 eV [3]. However, many applications demand 
higher photon energies of up to 150 eV. Many important 
elements, such as Cr, Mn, Fe, Co, Ni and Si have absorp-
tion edges in this spectral region. Therefore, experiments 
in fundamental physics need ultrashort pulse durations as 
well as a high photon flux to investigate electronic, optical 
and magnetic properties of complex materials. Further-
more, semiconductor industry is looking for an actinic 
mask inspection tool for the latest EUV lithography tech-
nology at 92 eV (13.5 nm). A coherent high flux source in 
combination with lens-less imaging is a promising candi-
date for high resolution, table-top actinic mask inspection 
[5].  
Therefore, a lab-scale XUV source, based on a few cycle 
laser driven HHG was developed [6]. The driving laser 
for this XUV source is a fiber laser with subsequent hol-
low core compression. This result in 400 µJ, 7fs pulses at 
30 W average power. These pulses are focused into a gas 
jet for HHG and result in spectra shown in Fig. 1. 
Using neon a broad-bandwidth continuum from 80 eV to 
160 eV with a flux 1011 ph/s/eV of over this spectral region 
is generated, which theoretically supports <100 as pulses. 

Using argon the cutoff energy is lower, however a higher 
photon flux can be generated, resulting in 7‧109 ph/s/eV at 
92 eV (13.5 nm). Even though this photon energy is in the 
cutoff region of the spectrum, it still shows a very good 
long-term stability with an rms deviation of 0.8% over 
20 minutes 
This source has a great potential for nanoscale imaging ex-
periments at 13.5 nm and due to the broad bandwidth also 
for XCT experiments [7]. Since fiber lasers have demon-
strated average powers up to the kW regime and the com-
ponents for nonlinear compression and separation of IR 
and XUV have been proven to handle kW average powers, 
we are confident that the presented XUV source can be 
scaled to 1011 ph/s/eV in the near future. 
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Figure 1: HHG spectra generated with argon (700 µm jet, 
0.6 bar) and neon (150 µm jet, 13 bar) [5]. 
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The JETi200 laser system provides high intensity la-

ser pulse for studying laser-plasma-interactions. Over 

the last years electron bunches were accelerated to en-

ergies exceeding the GeV level. At the same time, High 

Harmonics were generated from solid surfaces with 

bright beam properties. The energy upgrade of 

JETi200 in 2018 now enables dual beam experiments 

with sufficient peak power in each arm. This required 

a redesign of Target Area I.  

Due to the increasing complexity of the experiments car-

ried out over the last years, a number of extensions to the 

target chamber were made. This has limited the space 

within the laboratory and restricted the access to the target 

chamber. Furthermore, the close proximity of the vacuum 

pumps and the mounting of the target chamber resulted in 

strong vibration and thus a jitter of the focal spot. When 

conducting two beam experiments, the spatial and tem-

poral overlap of the two beams is of crucial importance. 

A central part was the shift of the target chamber by 1 m 

in the plane. This required the disassembling of the beam-

line leading to the target chamber. After the shift, the inner 

chamber breadboard was set on preloaded plinths filled 

with quartz sand. The same was done for the external ex-

tension chamber housing the long focal length parabola. 

This has drastically increased the pointing stability of the 

laser pulses down to one focal spot diameter. In turn, the 

beam pointing of the electron bunches generated in laser 

wake field experiments has decreased to below 1 mrad. 

Further improvements were achieved by moving the vac-

uum pumps one level above. Additional increase of the 

pumping power results in shorter evacuating times despite 

the further distance. The new position of the pumps made 

a controls system necessary. Now full control of the vac-

uum system in the laser laboratory as well as in the target 

area is possible.  Due to the shift of the target chamber now 

the beam enters from the top giving a wide option to use 

the input beam in s- or p- polarization. For experiments us-

ing the long focal length parabola, p-polarization in the 

chamber is preferred, which requires s-polarization in the 

beamline. Changing the polarization was done in an all-re-

flective way via a periscope in the upstairs laser laboratory. 

As a further benefit, the dispersion of the used mirrors is 

up to a factor 5 less in s-polarization then in p-polarization. 

At the same time, the reflected bandwidth increases as 

well. The total acquired spectral phase after passing the 20 

beam line mirrors is significant reduced and now the pulse 

compression in the target chamber has improved. The pulse 

duration is now the same in the laser lab and the target area 

despite the long distance.  

In a next step, different beam splitting techniques are 

tested. Two options are available. First, using a thin beam 

splitter. To reduce the induced B-integral for the transmit-

ted beam its thickness is just a couple of millimeter. How-

ever, the mechanical properties concerning the reflective 

and transmitted wave front are quite challenging. The sec-

ond option is to split the beam into a left and right part us-

ing a d-cut mirror. To reduce the occurring diffraction pat-

ter on the subsequent optics, a beam-shaping device will be 

in use within the laser amplification chain. 

After a successful test, a new class of experiments can 

be performed. This involves high intensity laser-laser in-

teractions as well as generating GeV class electrons and ei-

ther colliding these directly with a high intensity laser pulse 

or converting the fast electrons to 𝜸-rays and colliding 

these with the second beam. This opens the path of a num-

ber of experiments that have to take novel physical effects 

like radiation reaction and pair creation from vacuum into 

account. 

We appreciate the help from the M1, M2, and M3, E1 and 

E2 workshops and the construction.  

Figure 1: View into Target area I with the new setup. 
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JETI 200 is designed to deliver beams into multiple 

target areas. Initial operation has concentrated on the 

long focal length target area – TA1. During the past 

year TA2 has been commissioned as flexible short/in-

termediate focal length target area. The design of the 

area includes a distinct design with a target chamber 

and beam preparation chamber – allowing for complex 

experiments and beam manipulation prior to the final 

interaction experiment. The availability of two separate 

target areas significantly increases the available beam 

time and range of experiments that can be performed. 

 

The design of the JETI facility included two target areas 

with different scientific goals. TA1 was designed with long 

focal lengths and electron beam-lines in mind and therefore 

well suited for laser wakefield experiments. TA2 smaller 

foot-print is suited for high intensity, short focal length ex-

periments, such as SHHG, terahertz generation or proton 

accleration. 

A key feature of the increasing complexity of high-power 

laser experiments is the ability to perform beam manipula-

tion after compression. The ability to do this in a single 

chamber where both plasma/experimental diagnostics and 

the laser manipulation are present is often limited.  

A special feature of TA2 is its dual chamber layout based 

on the CALA chambers in Munich. The beam first propa-

gates through the common beam line in the laser area (in-

cluding diagnostics and plasma mirror) and is then directed 

into the beam manipulation chamber (Fig. 1 on right). This 

allows the manipulation of the beam at full size (12 cm). 

Beam parameters such as frequency, pulse duration, polar-

ization etc. or the generation of secondary beams such as 

probe beams are envisaged through non-linear techniques. 

In particular pulse broadening/compression of JETI using 

an intermediate focus and gas targets and the production of 

phase controlled, multi-harmonic beams are features that 

will be pursued in the immediate future.  

The beam is then handed over to the second chamber which 

is dedicated to experiments and allows a high degree of ex-

perimenter/diagnostic access due to the full-scale door de-

sign. The chambers have been designed in such a way that 

pre-aligned setups on breadboards can be loaded into the 

chamber as a whole. This will allow to change between dif-

ferent experiments on a short timescale and further in-

crease the efficiency.   

The first experiments in target area II are planned for July  

2020. The initial experiment will be a test-bed for for future 

photon-photon scattering experiments. The first ion accel-

eration experiments are scheduled right afterwards.  

We appreciate the help from the M1, M2, and M3, E1 and 

E2 workshops and the construction.   

 

 

Figure 1: 3D drawing of the experimental chambers. 

Clearly visible is the split in two distinct chambers allow-

ing for multi-beam and beam preparation. 

Figure 2: Delivery of one vacuum-module 

24



108 W average power GW-level Tm-doped fiber CPA system 
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Scaling average and peak power of laser sources simul-
taneously is one of the most demanded development in 
today’s laser engineering. In this contribution, we re-
port on the first demonstration of a 100 W average 
power Tm-doped fiber chirped pulse amplifier system, 
emitting GW-level peak power at 2 µm wavelength. 
This shows the great potential of Tm doped fiber lasers 
toward high average and peak power emission in this 
highly interesting wavelength region.  

In recent years, laser sources with an emission around 2 µm 
wavelength have attracted significant attention in industry, 
life- and fundamental sciences. Especially in high-field sci-
ences, these sources are an enabling tool as they allow for 
the scaling of the cut-off photon energy (up to and beyond 
the water window, 2 nm – 5 nm [1]) in phase-matched high-
harmonic generation (HHG). Since water is transparent in 
this region of the soft X-ray spectrum, combining tabletop 
laser driven water window HHG sources, with modern 
spectroscopic methods would be a game changer for re-
search in life sciences, allowing for accessing time-re-
solved spectroscopy [2] and even element-specific coher-
ent diffractive imaging [3] of biologic specimens for a 
broad scientific audience. Since the conversion efficiency 
of fundamental laser radiation to high order harmonics 
scales unfavorably with increasing wavelength, this poses 
high demands on the laser source in terms of peak and av-
erage power to reach an application relevant photon flux. 
An ideal candidate for this could be Tm-doped fiber ampli-
fiers, which have in recent years already proven to be on 
par with well-established Yb-doped fiber laser technology 
emitting either peak powers in the excess of 1 GW [4] or 
average powers of >1 kW [5] in ultrafast operation. The 
system reported here resembles the first step in combining 
these properties, which is an important evolution toward 
the motivation to counterbalance a reduced HHG effi-
ciency at longer driving wavelengths with a higher laser 
average power. It consists of 4 amplifiers, seeded by a com-
mercial seed laser source. After preamplification the repe-
tition rate is reduced to 417 kHz The main amplifier con-
sisted of a Tm-doped large pitch fiber [6], with a core di-
ameter of 81 µm and a length of 1.2 m. Utilizing state of 
the art high efficiency multimode pump combiners, 500 W 
of cw light at 793 nm was launched to cladding pump the 
main amplifier from the counter propagating direction. At 
highest pump power, this led to an average output power 

of 132 W from the main amplifier. The pulses were after-
wards compressed by a Treacy-type compressor with an 
efficiency of >80 %. In order to prevent propagation effects 
associated with the absorption of water vapor [7], all high-
power parts of the system were placed in dry air atmos-
phere. This led an overall system performance of 108 W at 
417 kHz with an output pulse energy of 260 µJ. The spec-
trum and the reconstructed pulse profile are shown in Fig. 
1. Even though the modulations apparent in the spectrum 
are a signature of the onset of nonlinear propagation effects 
in the main amplifier, the output pulses have an acceptable 
contrast and are only 250 fs long. With a peak power of 
0.8 GW, this is the highest average power, GW-class 2 µm 
fiber laser system ever demonstrated. Regarding future 
work on the laser side, we see promising performance en-
hancement prospects and further development in this direc-
tion will thereby pave the way towards high flux tabletop 
emission of harmonic radiation in the water window. 
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Fig. 1: Spectrum and reconstructed pulse profile (inlet) of 
the laser system at highest average output power. 
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This progress report discusses recent efforts carried 

out at DESY aiming at exploring new laser concepts 

for Free-Electron Laser (FEL) sciences, spectroscopy 

and particle acceleration. Our efforts are based on 

multi-pass spectral broadening of Yb:YAG lasers fol-

lowed by post-compression. We demonstrate the com-

pression of picosecond laser pulses reaching a record 

compression factor in a single post-compression stage. 

Moreover, a second compression stage enables the 

generation of few-cycle laser pulses directly by post-

compression of picosecond pulses.    

The demand for higher average power ultrafast lasers as 

drivers for a wide range of applications, ranging from 

AMO physics to laser-based particle acceleration, has 

brought along alternative solutions to Ti:Sapphire ampli-

fiers including Ytterbium (Yb) -based systems. While 

Ti:Sapphire-based systems, representing a working horse 

ultrafast laser platform since many years, easily reach 

pulse durations around 30 fs, their average power is typi-

cally limited to the few-Watt regime. Contrarily, Yb am-

plifiers are easily power-scalable into the kW regime [1]; 

however, their output pulse duration is limited to a few 

100 fs up to 1 ps. This limitation can be circumvented by 

external spectral broadening e.g. in hollow-core fibers 

followed by post-compression, combining ultrashort pulse 

durations and high repetition rates with mJ-level pulse 

energies [2]. An alternative spectral broadening technique 

relies on Herriott-type multi-pass cells (MPCs), offering 

high throughput, large compression ratios and excellent 

beam quality while allowing for compact setups [3, 4]. In 

this scheme, a laser pulses is sent multiple times though a 

MPC, undergoing self-phase modulation causing spectral 

broadening. A simple compressor can then be employed 

to post-compress the spectrally broadened pulses.  

We here demonstrate MPC-based post-compression 

reaching the few-cycle regime directly driven with 1.2 ps 

pulses generated by an Innoslab Yb:YAG laser system. 

Using a single MPC, we broaden and compress 2 mJ 

pulses at 200 W in-burst average power down to 32 fs. A 

second post-compression stage yields 13 fs at reduced 

pulse energy (Figure 1). These results demonstrate few-

cycle pulse generation via direct post-compression of pi-

cosecond pulses for the first time, opening a route to-

wards high-average power few-cycle sources. Moreover, 

we push the single-stage compression factor achieved via 

mJ-level post-compression to ~ 40 with >80% throughput 

[5], surpassing latest record compression factors achieved 

using stretched hollow-core fibers [2, 6] and MPCs [7].   

 

Figure 1: Reconstructed spectral and temporal intensity 

(solid) and phase (dashed) profiles together with the cor-

responding spectra measured after compression stage 1 

and 2 (dotted) and at the laser output (blue area). 

 

Our results already triggered further development efforts 

at DESY including novel laser platforms for FEL pump-

probe experiments as well as laser plasma accelerator 

R&D. As the employed laser and compression scheme is 

known for excellent pulse energy and average power 

scalability, the demonstrated method promises further 

pulse energy upscaling potential and may thus enable 

future terawatt (TW)-class, few-cycle laser sources driven 

by industrial-grade kW-scale picosecond lasers. 

This work was supported by PIER Seed Projects grant 
(partnership of Universität Hamburg and DESY) (PIF-
2018-85); Cluster of Excellence “CUI: Advanced Imaging 
of Matter” of the Deutsche Forschungsgemeinschaft 
(EXC 2056 (390715994)); Swedish Research Council; 
European Research Council (339253 PALP). 
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NOPA-based Ultrashort Optical Probe Pulse for Laser-Plasma Interactions 
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The laser pulses delivered by the POLARIS [1] system at 

the Helmholtz-Institute Jena are focused to achieve inten-

sities on the order of 1020 W/cm2, and are utilized in laser-

plasma experiments to generate relativistic electrons and 

energetic ion beams. An improvement in the accelerated 

particle energies requires not only an enhancement of the 

laser system parameters (e.g., the peak power [2]), but also 

advanced optical diagnostics that can reveal the intricate 

details of the underlying acceleration mechanisms with a 

high spatial and temporal resolution. For this purpose, the 

POLARIS laser system has been equipped with a unique 

ultrashort optical probing system [3], capable of fulfilling 

the stringent design criteria established by the current and 

upcoming experimental campaigns.  

 

The ultrashort optical probe pulse originates at the PO-

LARIS oscillator, after which a single pulse is selected and 

coupled into a dedicated CPA system comprising a grating 

stretcher, a regenerative amplifier with Yb:FP15-glass as 

the active material, and a grating compressor. The output 2 

mJ, 120 fs laser pulse is then utilized, as seen in Fig. 1, to 

produce both the signal and pump pulses for a noncollinear 

optical parametric amplifier (NOPA). Enabling a high tem-

poral resolution for the NOPA-based optical probe requires 

an ultrabroadband signal pulse to allow for a compressed 

pulse duration in the few-cycle regime. Here, a nJ-level 

white light supercontinuum (WLC) was generated by fo-

cusing the attenuated (720 nJ) laser pulse into a 5 mm YAG 

crystal. To satisfy the phase-matching conditions for the 

NOPA process, the nearly 2 mJ, 120 fs pulse from the CPA 

system was converted into the second harmonic (SH), with 

a central wavelength of 515 nm, in a 3 mm KDP crystal. 

The WLC and SH pulses were then temporally aligned 

within a 2 mm BBO crystal for NOPA. The influence of 

the group velocity dispersion from the YAG and BBO 

crystals on the WLC pulse were compensated with a 

chirped mirror pair placed before the NOPA stage, leading 

to a matching of the WLC and SH pulse durations at the 

start of the BBO crystal and a near-FTL NOPA output. 

Figure 1: Schematic of the NOPA-based probing system. 

Figure 2: Simulated (left) and experimental (right) NOPA 

optimization results. By properly adjusting the signal pre-

chirp, pump/signal cross angle, and pump/signal delay, a 

flat-top-like output spectrum (top) and near-FTL output 

pulse duration (bottom, 𝜏 = 𝜏opt + 33 fs) can be achieved. 

 

The inhomogeneous, ultrabroadband WLC spectrum could 

be simultaneously shaped, as depicted in Fig. 2, and ampli-

fied through a precise optimization of the signal pre-chirp 

(GDD = –150 fs2), pump/signal cross angle (α = 2.65°), and 

pump/signal delay (𝜏opt + 33 fs). The fs-pumped, direct 

NOPA setup produces a record 20 µJ, 11 fs pulses at the 

output of a single BBO crystal with 230 nm FWHM band-

width at 820 nm central wavelength. The flat-top-like spec-

trum and minimal shot-to-shot spectral fluctuation of 

0.46% RMS are ideal for enabling a stable and homogene-

ous illumination throughout the temporal window of the 

probed laser-plasma interaction. The multi-beam output of 

the ultrashort optical probe has been temporally synchro-

nized with the POLARIS main laser pulse using a dedi-

cated diagnostic stage that spans multiple orders of magni-

tude of delay, and the NOPA output of the probing system 

is currently being employed in a chirped pulse probing con-

figuration to explore the complex dynamics of laser-

plasma interactions at the petawatt-class POLARIS laser 

system. 
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Terahertz radiation generation in air by mixing two-
color femtosecond laser pulses is investigated. Optical
to terahertz conversion efficiency is optimized by en-
hancing the photocurrent in the plasma by varying in-
cident laser polarizations.

Frequency mixing in materials can synthesize new fre-
quencies by nonlinear interaction of light with matter. Ob-
servation of terahertz generation from intense laser pro-
duced air plasma was initially thought to be due to four
wave mixing process[1]. However, the four-wave mix-
ing model could not explain all of the observed phenom-
ena, in particular, the intensity threshold coincident with
the threshold for ionization of the gas. Thus the photocur-
rent model was proposed using the strong field approxima-
tion and classical electrodynamics[2]. A photocurrent is
formed due to the average drift velocity of the electrons,
which is determined by the laser vector potential at the mo-
ment when they are ionized. This photocurrent could be
enhanced by employing dual or multi color color schemes
or by few cycle pulses[2, 3]. Recent works proposed new
schemes to increase the THz pulse energy by employing
circularly polarised mid infrared pulses [4, 5]. The exper-

Figure 1: Experimental scheme for investigating THz gen-
eration from dual color plasma filaments. BS: beam split-
ter, DM: dichroic mirror

imental scheme presented in Figure 1 comprises of a two
color generation set up driven by a Ti-Saph laser operating
at 1 kHz emitting short pulses at 800 nm wavelength and 30
fs duration. The polarization and temporal delay between
the laser pulses are controlled by a Mach-Zehnder inter-
ferometer. The generated THz radiation from air plasma
channel is recorded with a pyrometer equipped with a sil-
icon window. The plasma channel is characterized with
orthogonal probing by sending a temporally delayed leak-
age beam of the main laser pulse across the plasma chan-
nel. Furthermore, the transmitted laser pulses were col-
lected and send to a high resolution spectrometer. We mea-
sured the THz pulse generated with an fundamental energy
Eω = 1.3 mJ and second harmonic E2ω = 180 µJ. The
temporal delay between the pulses was measured relative to
the position of maximum 3rd harmonic signal correspond-

ing to maximum overlap between ω and 2ω.We observed

Figure 2: Terahertz yield for different laser polarisations
for different temporal delay between ω and 2ω pulses

the maximum THz emission for circular polarization of ω
irrespective of 2ω polarization state.The emission lasted for
80 fs as seen in Figure 2. While the transmitted spectrum of
the pump pulses observed a blue shift for the fundamental
in case of CP(ω)-LP(2ω) and an enhancement of the sec-
ond harmonic in the transmission spectrum with increase
in THz generation as shown in Figure 3. This change could
be attributed to sum frequency mixing between the ω and
the generated THz waves. Beyond the time window be-

Figure 3: Transmssion sprectrum of CP(ω)-CP(2ω) with
enhancement of second harmonic

tween ω and 2ω for THz generation, no significant shift
is observed in the transmitted laser spectrum compared to
input spectrum. This implies our interaction intensities is
below the whitelight generation regime.
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We are reporting a new scheme of plasma undula-
tor/wiggler produced by the beating of several different
Hermite-Gaussian (HG) laser pulses inside a parabolic
plasma channel [1, 2]. The oscillation of the excited
plasma wakefield is caused by the interference between
each set of two pulses. Control over both the betatron
and undulator forces is conveniently achieved by tun-
ing the amplitude ratios, colors, and order numbers of
the modes. A special structure of the undulator/wiggler
field without the focusing force near the propagation
axis enables the generation high-quality radiation beam
with tunable polarization and OAM.

A parabolic plasma channel supports the propagation of
a linearly polarized laser pulse in a HG mode of order m
and n, ã⊥(τ, x, y) = a0

2 ηχ(x, y)e−iθτ+iϕ, where a0 is the
normalized amplitude of the mode and ϕ is its phase. η =
1/
√

2m+nm!n! is a normalization coefficient, wherem and
n are the numbers of modes in x̂ and ŷ directions respec-
tively. χ(x, y) = Hm(x/

√
R)Hn(y/

√
R) exp{−(x2 +

y2)/2R}, θ = (1/2Mp+(m+n+1)/MpR), whereHn(x)
is a Hermite polynomial of n-th order, andR is the normal-
ized plasma channel depth andMp = λl/λp with λl and λp
as the wave length of laser pulse and plasma wave respec-
tively.

In the case of the superposition of various HG modes,
due to the difference in the phase velocity, the intensity
profile I = a⊥(τ, x, y, ζ)a⊥(τ, x, y, ζ)∗ will contain in-
terference terms and can lead to the oscillatory structure
which is dependent on the mode numbers. The wakefield
driven by such super pulse can oscillate around the axis of
the channel due to the interference between different HG
modes. For example, as shown in Fig.1, the wakefield is
excitated by beating fundamental and first-order modes to-
gether. It is easily shown that, if these modes strength a0
and a1 can be matched as

a20 − 2a21 = 0, (1)

the inner structure of the wakefield field is dramatically
changed, as seen in Fig.1(b), and independent of the spa-
tial coordinates near the propagation axis ẑ. Such a special
wakefield will reduce the spread of momentum and energy
of the electron beam, and subsequently be very benefical
for the generation of a narrow radiation spectrum.

∗B.Lei@gsi.de
† S.Rykovanov@skoltech.ru

Figure 1: (a), (b) Projection of the transverse wakefieldEx,
generated by two different modes without and with the con-
dition (1), as a function of time τ on x̂ẑ plane. The dashed
white lines show the trajectories of an electron in the wake-
field.

Figure 2: Radiation spectrum from plasma-based undula-
tor/wiggler with (a) au ' 0.62 and (b) au ' 16. Dashed
white line is the theoretical on-axis solution and solid cyan
lines in both plots are for the numerical on-axis radiation
with γ0θ = 0.

For a relativistic electron injected on-axis into the spe-
cial wakefield as shown in Fig.1(b), the motion is described
by a linear harmonically driven oscillator equation and then
the radiation is calculated. As shown in Fig.2, the spectrum
depends on the undulator strength of the electron beam
0 < au < γ0Ω

√
2R. As a result, it is capable of generating

a narrow X-ray radiation spectrum for au < 1 as well as
synchrotron-like X/γ-ray radiation with higher-order emit-
ted harmonics containing OAM for au > 1.
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We report on (stimulated) Raman Side Scattering re-
sults obtained during a laser wakefield acceleration ex-
periment carried out with the JeTi-200 laser system
at the Helmholtz-Institute Jena using Few-Cycle Mi-
croscopy on a micrometre scale.

One of the possible instabilities arising during laser wake-
field acceleration of electrons is Stimulated Raman Side
Scattering (SRSS) in which the intense driving laser pulse
with frequency ω0 and wave vector ~k0 decays into an
electron plasma wave (ωp,~kp) and a scattered light wave
(ωs,~ks) with the amplitude of the instability eventually
growing in time. The angle ϕ under which the fundamental
wave is scattered in SRSS (~ks, cf. Fig.1) can be calculated
via [1]

sin(ϕ) = cos(θ) =

√
2 · ωp

ω0 · γ
with γ =

√
1 +

a20
2
.

(a0. . . normalized vector potential of fundamental wave)

In an experiment at the JeTi-200 laser, the scattering
process was imaged using an ultrashort probe pulse
(τ < 8 fs) and a high resolution imaging set up with a
12.5x magnification and a resolution of 0.5 µm / pixel in a
transverse pump-probe geometry [2].

Figure 1: Raw Image of the SRSS process.

Fig. 1 is a Few-Cycle Microscopy image taken from a
negatively chirped pump pulse at an electron densities of
ne=1.04 · 1019 cm³ in the middle of a 3 mm gas jet. One
can clearly observe the k-vectors becoming flatter in prop-
agation direction of the pump and the angle β becoming
smaller, respectively. Furthermore, the direction of the
scattered light (up or down) changes with the sign of the
applied GDD (not shown here). In each image the max-
imum and minimum angle of the scattered light from the
laser propagation axis was measured (grey bars in Fig. 2).
In Fig.2 the absolute value of the measured angles β are
plotted over the GDD applied to the main laser pulse. Fit-
ting the theoretical scattering angle ϕ into the graph (red)

∗ carola.zepter@uni-jena.de

shows that ϕ due to SRSS alone does not fit the measured
data. The scattering angle β is significantly larger.

Figure 2: Measured scattering angles over applied GDD.

In Fig. 3(a) the lateral intensity distribution of the laser
focus at the beginning of the gas jet is illustrated. The
dashed circles indicate the position of the focal spot taken
with a short (blue)- and longpass (red)-filter on the camera.

Figure 3: (a) Vacuum focus of the pump pulse. (b) Pulse front tilt
due to temporal chirp realized by changing the GDD.

This lateral displacement of the different colours in the fo-
cal plane is a direct consequence of an angular chirp due to
a misalignment in the compressor. When applying GDD,
the pulse thus is not only temporally broadend but also its
front is tilted by an angle α due to the lateral displacement
(cf. Fig. 3(b)). This angle can be calculated via

α =
c · τc

∆ yFWHM
with τc ≈ τFL·

√
1 + (4 ln 2)2 (GDD/τ2FL)

2

The curve in Fig. 2 combining both angles (α + ϕ, blue)
is in good agreement with the medians of the measured
maximum scattering angles at the beginning of the gas
jet. This shows that SRSS alone cannot explain the data
and that the tilted pulse front of the pump pulse needs
to be taken into account as well. Numerical simulations
corroborating this interpretation are currently under way.
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We present the development and experimental test-
ing of a detection system for electron positron pairs on
high intensity laser experiments at Astra Gemini, pro-
duced by pure photon-photon collision from quantum
vacuum. The system is composed of permanent mag-
nets, lead shielding and sensitive Caesium Iodide crys-
tal detectors. The performance has been measured and
the required sample size for a statistical significance of
4 σ is calculated to be 153 shots at nominal laser accel-
erator performance of 300pC/shot.

One of the two Gemini laser beams was used to accel-
erate 11.5 pC of electrons via LWFA up to 550 MeV of
energy. This beam propagates through a 1 mm thick Bis-
muth converter target and emits Bremsstrahlung, which is
further collimated by a 10 cm long hollow cylinder of solid
Tantalum with a 2 mm wide bore. A 1 T strong, 40 cm
long permanent magnet deviates remaining charged parti-
cles away from the interaction region. Finally, the pure
multi 100 MeV γ-beam collides with a strong x-ray field,
produced by a burn through Germanium foil driven by
Gemini’s second beam. The high density x-ray flux re-
sults in an appreciable pair production probability for γ-
rays above the energetic reaction threshold determined by
the particles rest mass. While single energetic leptons are
typically detectable, the challenge in this experiment is sep-
arating the signal from the intense background in a space
constrained experiment. To achieve this the analyzer mag-
netic system separates the pairs from the intense γ-beam
and directs them onto small but highly sensitive detectors,
encapsulated in lead based radiation shielding. (Fig. 1)
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Figure 1: A top view sketch of the analyser magnet sys-
tem (green) with γ-beam (purple) and pair trajectories (red)
around the shielding (black) onto the detectors (blue). [1]

To calibrate the detectors, we inserted a 1 mm thick
PTFE target into the beam to provide a defined positron
source, which yielded a total (8.7±2.7) ·108 counts. From
a combination of Geant4 simulations and Radia tracking
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calculations with the measured primary LWFA beam, we
infer that (225 ± 61) positrons carrying a total energy of
(62 ± 17) GeV hit the detector during PTFE shots. This
gives a calibration of (1.4 ± 0.8) · 107 counts per GeV for
incident multi 100 MeV positrons.

On the experiment, with no positron target and full ra-
diation shielding, we measured a detector signal of (3.3 ±
0.8) · 107 counts with an average LWFA beam charge of
(9.3±2.5) pC, giving a background level of (3.5±0.9)·109
counts/nC. This is due to scattered secondary radiation
from the primary electron and γ-ray beams. By measur-
ing this, we were able to compensate for charge variations
on a single shot basis, giving an improved background level
stability of (3.5± 0.3) · 109 counts/nC.

The expected pair-rate depends on the density of the
thermal x-ray photons in the γ-ray beam path and the in-
tensity of the γ-ray beam itself. Calculations for our ex-
perimental geometry and x-ray source [2] predict a rate of
4.3 pairs/nC. Assuming all positrons hit the detector, the
average Breit-Wheeler signal would be 1.7 · 107 counts/nC
above the background level of (3.5± 0.3) · 109 counts/nC.

To bring the statistical significance up to our targeted
value of 4σ, the measured Breit-Wheeler signal µBW needs
to have a standard error δµBW smaller than 1

4 th of the sig-
nal level above background µBG. If we assume a normal
distribution for the signal variation, the standard error of
the mean δµBW can be expressed by the standard deviation
σBW and the number of shots nBW as δµBW = σBW√

nBW
,

which gives the following expression for the number of sig-
nal shots needed:

nBW >

(
4σBW

|µBW − µBG|

)2

(1)

Assuming a constant conversion probability with
σBW ≈ σBG = 0.3 · 109 counts/nC and a pair rate of
|µBW − µBG| = 1.7 · 107 counts/nC, 46 nC total electron
beam charge is required. During the experiment the energy
of the Gemini laser was limited resulting in reduced charge
of (9.3±2.5) pC per shot requiring≈5000 shots for 4σ sig-
nificance. For an electron source delivering the previously
demonstrated performance of 300pC per shot [3], 153 shots
are predicted to be sufficient.
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Recent progress in ultraintense short-pulse laser systems
have facilitated the acceleration of highly energetic ions
from ultrathin foils. However, fluctuations of the differ-
ent laser parameters, mainly laser energy, focal spot size
and temporal intensity contrast, have a strong influence on
the target properties and ultimately on the acceleration pro-
cess itself. Furthermore, the possible interplay of differ-
ent acceleration mechanisms is not yet fully understood.
Therefore, single-shot diagnostics are necessary to achieve
a better control in laser-plasma experiments as well as a
deeper understanding of the acceleration scheme. Ion ac-
celeration depends on the absorption of the incident laser
pulse in a pre-formed plasma, where the so-called hot elec-
trons are accelerated by the laser field [1]. The temporal
intensity contrast affects significantly the generation of the
pre-plasma and thus the laser absorption process which re-
lies on the pre-plasma’s electron density and scale length.
Also, recent studies indicate that an overdense plasma may
become transparent during the laser-plasma interaction due
to the increase of the electrons’ relativistic mass [2]. Ions
might be accelerated to higher energies in this regime. In
this context, we developed a new transmission diagnostic
to be able to monitor the spatio-temporal dynamics of the
plasma properties within a single laser shot. The experi-
ment was set up at the POLARIS laser system operated at
the Helmholtz Institute Jena. The probe laser is a home-
made non-collinear optical parametric amplifier (NOPA)
[3] seeded by the same oscillator as the POLARIS system.
The 200 nm broadband probe pulses, centered around 800
nm, contain 10 µJ laser energy and can be as short as 11 fs.
The experimental setup is depicted in Figure 1a).

Figure 1: (a) Sketch of the experimental setup. (b) Transmitted
probe beam through a transparent target without main pulse im-
aged onto a 1D space-resolved spectrograph.

Before reaching the interaction zone, the probe pulses
were positively chirped and thus stretched to a duration of
6 ps. The probe pulses propagate then through the target
at an angle of incidence of 37◦. The interaction region is
imaged onto a 1D space-resolved spectrograph with a spa-
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tial resolution of ∼ 2 µm. Due to the introduced chirp,
the different wavelengths correspond to different times of
the laser-plasma interaction. By the wavelength separation
within the spectrometer, the plasma generation can be mon-
itored as a function of time and one spatial dimension. The
temporal calibration of the wavelength axis was obtained
using a controlled pre-pulse with different delays to the
main pulse. Figure 2a) shows a preliminary measurement
of 1D space-time resolved relative transmission (T/T0) of
the probe pulse through a 3 µm thick plastic foil. T and
T0 are the probe pulse’s transmission with and without the
main pulse. In this measurement, the main pulse with an
energy of E = 0.62 J, was focused at normal incidence on
the target, with an effective f-number of 2.5, resulting in an
intensity of I = 7 × 1018 W/cm2.

Figure 2: (a)1D space-time map of the probe pulse relative trans-
mission (T/T0) during the interaction. (b) Relative transmission
as a function of time for different spatial positions (y) in the focal
plane. (c) Spatial profile of the main pulse’s focal spot.

Figure 2a) reveals a region where the target is fully trans-
parent (T/T0 ∼ 1, ne � nc, with ne, nc being the electron
density and the critical density respectively) and a region
where the target is fully opaque ( T/T0 ∼ 0, ne � nc) de-
pending on the time during the interaction. As the opacity
is induced by the electron density increasing during the ion-
ization process, Figure 2b) indicates that within the focal
spot at y = 0 µm the ionization starts earlier (t ∼ 1 ps) and
lasts longer (τi ∼ 0.6 ps) compared to the regions of low
laser intensity outside the focus (at y = ± 7 µm, t ∼ 2 ps
and τi ∼ 0.2 ps). This single-shot measurement points out
the strong dependence of the plasma generation on both the
temporal intensity contrast and the spatial focus quality. In
the near future, we will investigate the plasma dynamics for
different contrast conditions and target materials. This new
diagnostic also paves the way to investigate novel regimes
such as relativistic self-induced transparency [2].
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Recent endeavours in the field of laser-driven ion accel-
eration from solid targets highlight the importance of the
driving laser’s temporal intensity contrast. The contrast
fundamentally determines the density and geometric shape
of the pre-plasma in which the main laser is absorbed and
converted into ’hot’ electrons. In the so-called ‘Target Nor-
mal Sheath Acceleration’-regime (TNSA), these electrons
travel through the target and generate a sheath field on the
rear side in which protons from contamination layers can
be efficiently accelerated. In order to achieve a high con-
version efficiency of the laser energy into kinetic energy of
the accelerated protons, the absorption of the laser pulse,
and thus the pre-plasma itself, must be precisely tailored.
This requires a complete understanding of the generation
and spatial expansion of the pre-plasma. In this context,
the plasma excitation with spatio-temporally shaped pre-
pulses or the use of specially developed target surfaces are
a key technology for optimizing laser-driven proton accel-
eration.

To make these technologies available for the experiments
at Polaris, we have developed an independent pump-probe
setup, which allows to precisely characterize the genera-
tion and the temporal evolution of the pre-plasma. Here,
the spatial expansion of the plasma’s electron density can
be characterized via interferometry. First investigations of
plasma generation on solid aluminium targets have already
been successfully carried out. Fig. 1 shows a measurement
of the plasma expansion excited by a femtosecond pulse at

Figure 1: Exemplary interferometric characterization of a
plasma excited by a femtosecond pulse at three different
time steps.
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Figure 2: View into the plasma laboratory with the oscilla-
tor and the currently developed CPA system.

three different times.
Since –for safety reasons– it is not possible to operate

this measurement setup during experimental operation, a
dedicated plasma characterization laboratory is currently
being established. To ensure a stable and clean laboratory
environment, the laboratory rooms were equipped with op-
tical tables, enclosures and flow boxes as can be seen in Fig
2. Furthermore, the laboratory is currently equipped with
a Flint oscillator having a pulse duration of 50 fs, a power
of 500mW and a repetition rate of 76MHz. A subsequent
chirped-pulse-amplification (CPA) system, consisting of a
pulse stretcher, a regenerative amplifier and a pulse com-
pressor, is currently under development. Finally, the sys-
tem will deliver pulses with an energy of about 2 − 3mJ,
a pulse duration of 100 fs with a repetition rate of 1Hz,
which can be used to generate and characterize the plasmas.
It will also be possible to generate plasmas with pulses of
nanosecond duration. While plasmas generated with fem-
tosecond pulses only expand with an initial temperature,
plasmas generated with nanosecond pulses are heated con-
tinuously. This leads to significantly different electron tem-
peratures and thus to different propagation characteristics.
For this purpose a Surelite with approx. 400mJ at the fun-
damental wavelength (1064 nm) and a pulse duration of ap-
prox. 8 ns is available. Furthermore, the development of
novel plasma diagnostics and probing schemes can be car-
ried out in this laboratory, which will enable a better under-
standing of the laser-plasma interaction with high intensity
lasers.
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The availability of proton pulses accelerated to kinetic
energies well above 1 MeV using novel, laser-based accel-
eration schemes has great potential for fundamental science
and applications, e.g. in radiation therapy [1]. While pro-
ton energies in the multi-ten-MeV range are already avail-
able for applications, here, kinetic energies in excess of
200MeV are required. This increase in energy is currently
being addressed not only by a continuous development
of the driving laser technology, but also by investigating
and improving well-established acceleration mechanisms,
e.g. the Target Normal Sheath Acceleration (TNSA). Here,
electrons are accelerated by a high intensity laser pulse to
relativistic energies within a pre-plasma formed at the front
side of a solid target. The relativistic, ‘hot’ electrons then
travel through the foil and form a space charge field at the
back side. This field can ionize atoms from a surface con-
tamination and the generated protons and ions can be accel-
erated along the target normal direction. To identify pos-
sibilities which further increase the maximum proton en-
ergy Ep as a function of different experimental parameters,
e.g. the laser pulse energy EL, various scaling laws have
been derived, e.g. Ep ∝ EξL with ξ being the exponent of
such a power law. In literature, exponents of ξ = 0.5 up
to ξ = 1 have been reported. However, experiments veri-
fying the different scalings have only been carried out with
laser systems having peak powers of 10 . . . 400 terawatt.
A confirmation of the scaling laws at the petawatt (PW) or
even multi-PW level, where Ep > 100MeV is predicted,
has still not been reported. This reveals a lack of com-
prehension of the acceleration dynamics, where additional
experimental parameters might play an important role.

For this reason, we carried out an extensive experimental
study in which we investigated the scaling of Ep with the
laser energy EL (Fig. 1a-b). The study was carried out by
varying different parameters, mainly the laser polarization
and the temporal intensity contrast (see Ref. [2] for de-
tails). We were able to successfully reproduce the different
scaling exponents reported in the literature by changing the
contrast setting of the driver laser system [2]. However, Ep

only followed these scaling laws up to a certain threshold
in laser energy. Above this threshold, the Ep-curve flat-
tens significantly (Fig. 1a-b). Thus the highest proton ener-
gies predicted by the scaling measurement at low intensity
could not be reached leading to the assumption of a princi-
ple Ep-limitation in the TNSA regime.

In Fig. 1d-h), both the evolution of the electric field
E(x, t) generated on the target rear surface as well as the
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Figure 1: Measured scaling of maximum proton energy Ep

with (b) and without (a) plasma mirror for different polar-
ization states; Evolution of the longitudinal Ex-field on the
target rear side for different values of a0 (c-g) with trajec-
tories of the fastest protons xpmax

(t) (continuous lines); (h)
temporal line-outs.

position of the fastest protons xpmax
(t) (solid line) – ex-

tracted from 2D-PIC simulations – is depicted for differ-
ent a0. Here we see, that with increasing laser energy, the
laser pulse is sufficiently intense for longer time periods
to produce ‘hot’ electrons. Thus, the rear-surface field is
generated earlier and maintains its large amplitude longer.
As a consequence, also the protons are accelerated earlier.
Starting at the lowest intensities, increasing the laser pulse
energy first leads to both an increase of the maximum field
strength experienced by the protons and of the duration of
the acceleration process. Consequently, this leads to a scal-
ing exponent ξ, which is larger than can expected when the
maximum field strength alone is considered. However, if
the intensity is increased further, the proton acceleration
process starts earlier and protons are more distant from tar-
get when the field strength at the target rear surface is max-
imum. Consequently, the protons do not experience the
increased field due to the increased laser energy and are
therefore not accelerated to higher energies. In conclusion,
the acceleration dynamic of the rear field significantly af-
fects the intensity scaling ξ of Ep eventually leading to a
principle limitation of Ep in the TNSA regime.
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With the development of ultra-intense laser techno-
logy,  laser-driven  plasma-based  ion  acceleration  has 
attracted  much  attention.  High-energy  high-quality 
controllable ion beams with particle energy hundreds 
of  MeV have  important  applications  in  many  areas 
including medical treatment of cancer, matter detec-
tion, nuclear physics, and high energy physics. Theor-
etical analysis and simulations have shown that foam-
like plasma targets is promising for laser-driven high-
energy ion acceleration. In relativistically-transparent 
regime,  via  ion wave breaking acceleration (IWBA), 
high-energy  high-quality  controllable  ion  beams can 
be produced. With the help of three-dimensional (3D) 
particle-in-cell (PIC) simulations, we have investigated 
laser-plasma interaction in such regime with practical 
laser plasma parameters. This work provides helpful 
information for the future experiments on high-energy 
ion acceleration. 

When propagating an ultra-intense laser pulse in a 
foam-like plasma target in the relativistically-transparent 
regime, electrons are piled up at the laser front edge, 
forming a high density electron layer. A localized charge-
separation field created in the region just behind of the 
electron layer co-moves with the laser front edge. Back-
ground ions can be self-trapped in the field via ion wave 
breaking [1] and then be accelerated to velocities far be-
yond the velocity of the laser front edge. The trapping 
happens localized close to the laser axis, resulting in high-
ly directed ion beams. The output ion beam is adjustable 
by tuning the laser intensity or the plasma density. This 
allows designing controllable laser-plasma ion accelera-
tors.  

In laboratories, it is extremely difficult to prepare a 
foam-like target standalone with a relatively steep bound-
ary which is crucial for breaking an ion wave at the initial 
stage. A foam-like carbon nano-tube target is usually pro-
duced on a solid-density substrate foil which usually 
makes the density of the foam have a step-like boundary 
on the foil side. Actually, IWBA can survive in such a 
double-layer target which combines a solid-density foil 
and a foam as long as the foil is thin enough so that the 
incident laser pulse can penetrate through it. This allows 
an experimental implementation of IWBA.  

We have carried out 3D PIC simulations of IWBA for 
POLARIS laser parameters. The laser pulse is chosen as a 

circularly polarized gaussian pulse with peak intensity 

6x1020W/cm2 and total energy 16J. The target is assumed 
to be combined by a solid-density ultra-thin (areal density 
1.4x1017cm-2) carbon foil and a uniform foam with a 
thickness 20um. The foam is assumed to be hydrogenated 
so that it is composed of fully ionised hydrogen and car-
bon atoms. We have found that the optimal proton accel-
eration happens when the foam density is about 
1.1x1022cm-3 (10nc, where nc is the critical density) and 
the corresponding maximum proton energy is about 150 
MeV, as is shown in Fig. 1.   

Work	supported	by	the	John	von	Neumann	Institute	for	
Computing	(NIC)	on	the	GCS	Supercomputer	JUWELS	at	
Jülich	Supercomputing	Centre	(JSC).	 
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Figure 1: (a) A schematic plot: High-energy ions are produced 
by irradiating a POLARIS laser pulse on a foil-coated foam 
target. (b) Maximum proton energy versus foam density ob-
tained from 3D PIC simulations.
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The E-320 experiment at the SLAC National Accel-
erator Laboratory will investigate the nonperturbative
regime of strong-field quantum electrodynamics by the
interaction of an ultra-relativistic electron beam with a
strong laser field. For the envisaged laser and electron
parameters at SLAC, 10-100 pairs are produced per
laser pulse in the range of 1-6.5 GeV. The main diagnos-
tic for the generated positrons is a Cherenkov calorime-
ter, which is designed and built by the Helmholtz Insti-
tute Jena.

Strong-field quantum electrodynamics (SFQED) models
have been widely studied theoretically [1]. Examples of
physical processes from the interaction between relativis-
tic electrons and high energy photons are radiation reac-
tion and electron-positron pair creation (trident and Breit-
Wheeler process). Experiments demonstrating SFQED ef-
fects have been performed, for example, at SLAC [2] and,
recently, at the Rutherford Appleton Laboratory [3]. The
proposed E-320 experiment at FACET-II will explore a
regime of interaction where the perturbative treatment of
a strong electromagnetic (laser) field breaks down, i.e., the
electrons start to interact coherently with many photons.
Therefore, a reliable detection system for GeV-particles
produced by SFQED processes is required.

Here, we present a detection system composed of pixe-
lated crystals arrays and a Cherenkov calorimeter designed
to fit into the space constraints of the FACET-II facility and
capable of tracking and diagnosing single GeV-positrons
with reduced background signal from scattered high energy
radiation for the upcoming E-320 experiment at FACET-II.
Two LYSO crystal arrays are utilized for the tracking of
single positrons and exhibit a sufficiently rapid temporal
response to allow for the suppression of scattered radiation
(e.g. from the beam dump) by temporal gating. Figure 1
shows the proposed single particle detection system.
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Figure 1: 3D drawing of the proposed detection system.

The Cherenkov detector consists of seven F2 lead-glass
∗ felipe.salgado@uni-jena.de

channels, where a photomultiplier tubes is attached on its
rear, and aluminum frames to hold the parts together.

Monte-Carlo simulations of the detection system were
performed using GEANT4. In the simulations were imple-
mented the LYSO screens and the Cherenkov detector, the
FACET beamline with radiation shielding, and, the elec-
tron spectrum after the electron-laser interaction. Figure 2
presents the number of detected photons (sum of all PMTs
hits) for a total of 1000 simulation events. One event con-
sists of a single GeV-positron interacting with the proposed
detection system.

Figure 2: Expected total number of detected photons on the
PMTs after a single GeV-positron interacted with the F2
lead-glass of the calorimeter. The total number of events,
i.e. the number of Monte Carlo simulations, are equal to
1000.

The result presented in Fig. 2 shows an increase in the
number of detected photons by the PMTs for higher ener-
gies of single positrons. More photons being detected by
the PMTs leads to a higher current signal generated by the
PMT devices which can be associated with the energy of
the incoming positron.

In conclusion, the proposed single particle detection sys-
tem is capable of diagnosing single GeV-positron hits as
required by the experiment E-320. The calibration of the
system will be performed at the high-power laser system
JETI200 at the Helmholtz Institute Jena before the SFQED
experiment at FACET-II.
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We report on the use of synthetic single-crystal dia-
monds for high definition x-ray polarimetry. The dia-
monds are precision mounted to form artificial channel-
cut crystals (ACCs). Each ACC supports four consecu-
tive reflections with a scattering angle 2ΘB of 90° (Fig-
ure 1). We achieved a polarization purity of 3.0 · 10−10

at beamline ID18 of the European Synchrotron Radiation
Facility (ESRF). When the x-ray beam’s horizontal diver-
gence was reduced through additional collimation from
17µrad to 8.4µrad, the polarization purity improved to
1.4 · 10−10. Precision x-ray polarimetry thus has reached
the limit, where the purity is determined by the divergence
of the beam. In particular, this result is important for po-
larimetry at 4th generation x-ray sources, which provide
diffraction-limited x-ray beams. The sensitivity expected
as a consequence of the present work will pave the way
for exploring new physics like the investigation of vacuum
birefringence.

A particularly demanding application of x-ray polarime-
ters, which actually sets the benchmark for our efforts, is
the detection of the birefringence of vacuum polarized by
an extremely strong laserfield [1]. Based on ideas of Eu-
ler and Heisenberg, the effect was already predicted in the
early days of QED. Like in birefringent crystals, the in-
duced optical anisotropy causes a difference between the
refractive indices parallel and perpendicular to the electric
or magnetic field vector.

Here we improved the polarization purity compared to
the best value which was achieved with silicon and six re-
flection in a channel cut. In both cases the 400 - Bragg
reflection were used. The photon energy of the polarized
radiation was 9839 keV.

Moreover, the choice of an appropriate crystal material is
imperative to reduce multiple-wave diffraction. The influ-
ence of multiple-wave diffraction grows with the 4th power
of the atomic number Z [2, 3]. Silicon with Z = 14 is ad-
vantageous because perfect crystals with minimal impuri-
ties are readily obtainable and can easily be machined. For
the challenge of detecting the birefringence of vacuum, the
highest polarization purity at the highest photon energy is
desired. Obviously, diamond with Z = 6 is an attractive
material (see Figure 2).
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Figure 1: The mounting of the four diamond crystals con-
sist of piezo driven mirror mounts (dark grey) which are
fixed within an invar skeleton (grey). An X-ray photodiode
(dark blue) can be moved along the artifical channel cut in
order to align each diamond crystal.

Figure 2: The polarization purity of x-ray polarimeters
measured for different number of bounces and by using sil-
icon and diamond crystals. According to [3] the purity is
decreasing for lower atomic number Z.
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The cryogenic electron beam ion trap facility based 

on the Stockholm EBIT [1], set two experimental con-

cepts (S-EBIT-I and S-EBIT-II), serving as R&D plat-

forms and the sources of ions/photons for the 

SPARC/FARI and HI Jena. The S-EBIT-I is already 

supplying the experiments and instrumentation with 

the photons from up to the mid-Z ions, while the S-

EBIT-II is being commissioned with the goal of reach-

ing the highest charge states of high-Z ions.  

The S-EBIT-I among all serves as a benchmarking setup 

in the combination with the on-going FAIR related devel-

opments driven by the Helmholtz Institute Jena, e.g. x-ray 

optics [2], magnetic micro-calorimeters [3] etc. Here, re-

cent efforts have been devoted to the activities in support 

of the very first experiments to be carried out at FAIR fa-

cility, namely the Lamb-shift experiment at the CRYR-

ING@ESR [4]. In this campaign, a magnetic micro-calo-

rimeter (MMC) of a high energy-resolution has been set up 

at the S-EBIT-I in combination with a data acquisition sys-

tem based on novel data processing algorithms [5]. The ex-

perimental setup can be seen in the Figure (left) below. The 

EBIT was operated with a 10 keV electron beam and a cur-

rent of 25 mA compressed by 1 Tesla magnetic flux density 

and provided highly charged iron and barium ions for a 

high-precision x-ray spectroscopy in a few keV region of 

interest. As an example, the below figure (right) shows the 

x-ray spectrum obtained by preliminary analysis. The L x-

ray transitions of highly charged barium (measured by the 

MMC and a SiPIN-diode detector) are indicated. The data 

analysis is in progress. These activities lead to a number of 

improvements of the MMC operation, readout, data acqui-

sition as well as its signal processing algorithms, which are 

crucial for the upcoming FAIR experiments (more details 

can be seen in a contribution these reports by M.O. Her-

drich et al.). In addition to the MMC, the application of the 

x-ray optics [2] is of particular interest for optimizing the 

measurement efficiency in a broad range of x-ray spectro-

scopic studies. Ultimately, the combination of such optics 

with the MMC will serve this purpose.  

In the meantime, the S-EBIT-II has been undergoing fur-

ther upgrades, e.g. successful test of the new prototype 

(IrCe-based) electron gun, achieved a stable operation of 

the superconducting magnet near its maximum flux den-

sity, which was enabled by the optimized vacuum and the 

cryogenic systems. In the upcoming months, we aim on 

completing the mechanical and electrical setup for the 

high-voltage cage with all the safety interlocks and 

measures for the first commissioning of this EBIT.  
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Figure 2: Spectra of the 9th (21.5 eV, i.e. 57.6 nm) 
and the 11th (26.7 eV, i.e., 46.4nm) harmonic [1]. 

A high harmonic source generating more than 1013 
XUV photons per second per harmonic was developed. 
To apply this source in experiments at heavy ion stor-
age rings, a 3-stage differential pumping system was 
developed that allows windowless and thereby lossless 
coupling of the generated XUV photons to the storage 
ring. In a first part of a proof of principle experiment 
at CRYRING@GSI XUV photons where successfully 
delivered to the storage ring and spatially overlapped 
with the ions.  

Up to date table-top fiber laser systems enable the sci-
entific community to execute a variety of experiments 
that where formerly confined to large scale instruments 
such as free-electron lasers and synchrotron light sources. 
Amongst others the development of high harmonic gener-
ation (HHG) sources opened access to a variety of photon 
hungry XUV applications that require laser like radiation. 
To apply such an XUV source for spectroscopy of highly-
charged ions at an ion storage ring it has to be of table-top 
size, remotely controllable and in addition exhibit a nar-
row bandwidth. 

We designed and have setup a dedicated XUV source 
for this purpose as shown in fig. 1. A robust and compact 
fiber laser system at a fundamental wavelength of 
1030nm acts as the driving system. The fundamental IR 
pulses are then frequency doubled and focused into an Ar-
gas jet to generate the harmonics. The photon flux of the 
9th harmonic at 21 eV yields 2.0 × 1013 Photons per second 
and the 11th harmonic at 27 eV yields 6.5 × 1013 Photons 

per second (fig. 2) at a repetition rate of 334kHz. Togeth-
er with the measured narrow energy bandwidth of 
ΔE/E=7.5·10-4 the developed HHG XUV source is a 
powerful table-top turn-key tool for a number of applica-
tions [3]. Photoionization experiments making use of the 
Doppler upshift at ion storage rings or pump probe exper-
iments on cooled ions stored in ion traps (EBIT) are fea-
sible. 

To apply the generated XUV harmonics at ion storage 
rings we developed a dedicated vacuum coupling unit. It 
comprises of an efficient multi stage pumping system to 
decrease the absolute pressure over three stages from 1.5·      
10-5mbar to 1·10-11mbar. An open aperture of 10mm di-
ameter guarantee lossless XUV- transport to the storage 
ring target ions. The developed XUV source was already 
successfully run during the first shifts of a granted beam 
time at CRYRING@GSI together with the vacuum cou-
pling unit. The generated XUV beam was transported to 
the storage ring and overlapped with the ion beam.  

In future these promising results will open exciting 
possibilities e.g. spectroscopy, photoionization or lifetime 
pump probe measurements on highly charged ions [3, 4]. 
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Figure 1: Scheme of the HHG source setup combined 
with the differential pumping unit. The path of the laser 
is marked green (driving laser) and purple (XUV pho-
tons). The differential pumping section is shown in the 
grey rectangle. [2] 
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X-ray spectroscopy at the electron cooler of CRY-

RING@ESR offers the unique possibility to study the 

photon emission in the interaction of decelerated 

highly-charged ions with an ultracold electron beam 

[1]. One of the flagship experiments is the precise deter-

mination of the 1s Lamb shift in U91+. The preparation 

of the experiment led to the development of several new 

experimental installations. In this report we present 

vacuum chambers for mounting beryllium x-ray win-

dows at the electron cooler as well as a moveable holder 

for calibration sources.  
Different experiments being conducted at the CRYR-

ING electron cooler need the interaction region of the ion 

beam and the electron beam to be accessible either in the 

optical or in the x-ray regime. This requires the mounting 

of windows optimized for the specific wave-length regime, 

while at the same time the strict UHV requirements make 

it desirable to minimize the need to break the ring vacuum. 

To facilitate the exchange of the windows without interfer-

ing with the CYRING vacuum, dedicated vacuum cham-

bers were developed for both viewports of the electron 

cooler section. The chamber at 180° is depicted in Figure 1. 

Its main part is a 5-way CF100 cross with the following 

installations: a vacuum pocket for beryllium x-ray win-

dows, a combined NEG and ion getter pump as well as a 

valve and an ion gauge are installed. The chambers can be 

separated from the CRYRING by a UHV valve to enable 

the exchange of the windows with-out breaking the vac-

uum of the storage ring. Moreover, the chambers are 

equipped with tailor-made heating jackets for vacuum 

bakeout.  

As the 1s Lamb shift experiment requires a rigorous and 

continuous energy calibration of the x-ray detectors, it is 

planned to place suitable reference gamma sources in front 

of the detectors during periods when there is no ion beam 

in the storage ring. To this purpose a lead-shielded box 

with a moveable source holder was developed, which is 

presented in Figure 2. It enables a continuous calibration 

that is synchronized with the measurement operation of the 

CRYRING. This box will be mounted to the vacuum 

chamber in front of the x-ray window. 

We acknowledge financial support by BMBF for APPA 
R&D, project number 05P19SJFAA. 
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Figure 2: Drawing of the chamber at the 180° port of the 

CRYRING electron cooler. A valve between the dipole 

magnet and the chambers allows a separation from the 

CRYRING vacuum to exchange the windows (e.g. 

switching between optical and x-ray windows). 

Figure 1: Lead-shielded box with moveable holder for 

a reference gamma source. The holder is synchronized 

with the operation of the storage ring to place the source 

in front of the detector whenever the setup is not in 

measurement mode. 
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The compact electron beam ion trap PolarX-EBIT
provides a target of trapped highly charged ions for x-
ray photon beams at the PETRA III synchrotron light
source. It has been used in multiple experiments for
high-precision spectroscopy, as well as for the charac-
terization of photon beams at different beamlines.

An electron beam is used to stepwise ionize neutral
atoms into high charge states. The ions are produced at
rest and held at the trap center. A compact design and re-
duced complexity, compared to conventional electron beam
ion traps, is achieved by using permanent magnets to sup-
ply the magnetic field necessary to compress and guide the
electron beam. Additionally, a novel off-axis electron gun
is employed, which allows the synchrotron photon beam to
pass through the apparatus, while being axially overlapped
with the cloud of trapped ions [1].

Undulators combined with high-resolution monochro-
mators, which are available at multiple beamlines, are used
to select the energy of photons interacting with the ions.
By scanning this energy and simultaneously recording the
ion fluorescence caused by resonant excitation of electronic
transitions, it is possible to measure transition energies and
other atomic structure parameters with high accuracy.

An experiment focused on measuring the intensity ra-
tio of two 2p–3d transitions in Ne-like Fe16+ was con-
ducted at beamline P04. Values for this ratio predicted by
theory have consistently disagreed with laboratory experi-
ments and astronomical observations. A spectral resolution
ten times better than previous experiments was achieved,
resulting not only in the most accurate measurement of the
line ratio yet, confirming the discrepancy, but also in the
rejection of all proposed explanations [2]. Data analysis
for a follow-up experiment with improved resolution and
statistics is still in progress.

Other experiments were performed at beamlines P04 and
P01, providing atomic data for high charge states of oxygen
and medium charge states of iron, relevant for the analy-
sis of x-ray observatory data, and for benchmarking atomic
structure theory. One such measurement revealed surpris-
ingly strong two-electron-one-photon transitions [3].

The PolarX-EBIT has also been used to provide high-
precision calibration of other experiments [4] and to char-
acterize the apparatus profile of the P04 beamline. Ex-
periments were conducted to explore the possible use of

∗ sven.bernitt@mpi-hd.mpg.de

Figure 1: PolarX-EBIT with permanent magnets (A), off-
axis electron gun (B), x-ray photon beam (C), fluorescence
detector (D), trap electrodes (E), cloud of trapped ions (F),
and electron collector (G). A typical spectrum recorded is
shown at the top.

electronic transitions in highly charged ions as future x-ray
wavelength standards.

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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Recently two scintillation detectors based on Ce-

doped yttrium aluminium perovskite (YAP:Ce) were 

developed for ion detection in CRYRING@ESR. In this 

report we present a systematic study of the degradation 

of the scintillation material as a result of ion bombard-

ment. 

The recently commissioned CRYRING@ESR allows the 

storage of highly-charged ions at low kinetic energies 

down to a few 10 keV/u. For detection of these ions win-

dowless detectors are necessary as the stainless steel foils 

of the multi-wire proportional-counter (MWPC) detectors 

routinely used at the ESR cannot be penetrated by ions with 

less than roughly 10 MeV/u. To this purpose recently two 

scintillation detectors based on YAP:Ce were developed. 

This scintillator material is well-known to be radiation-

hard and UHV-compatible [1,2,3,4]. However, to our 

knowledge its performance for detection of low-energy 

ions was not systematically studied so far. 

In the following we report on a series of measurements at 

the 3 MV JULIA accelerator operated at the University of 

Jena, where the relative light yield and radiation damage 

was studied for a broad range of low-charged, low-energy 

ion species, namely from C4+ to Au4+. A schematic view of 

the experimental setup is shown in Fig. 1. The scintillator 

is coupled to a photodetector which converts impinging 

scintillation photons into an electric signal. The electronic 

output signals from the photodetector are typically fed into 

a preamplifier, shaping amplifier, multichannel analyzer, 

and computer in pulse-height analysis. 

Using a digital oscilloscope, we recorded a few thousand 

events for a number of different cumulated ion depositions 

on 1x1 mm2 spots of the scintillator. The aim is to see at 

what ion deposition level the detector signals starts to de-

grade and at what level the signals can no longer be dis-

criminated from the noise/background signals. Our results 

for 10 MeV total kinetic ion energy are depicted in Fig. 2, 

where the pulse strength is plotted as a function of the 

amount of ions already deposited on the scintillator. By 

comparing the signals resulting from different ion parti-

cles, we find that for different ion species with the same 

kinetic energy, light ion species produce higher light yields 

and show a higher damage threshold compared to heavy 

ions. The most probable cause is that light ions transfer 

more of their kinetic energy into electron excitations that 

lead to the emission of scintillation light, but do not result 

in a damage of the crystal structure. In contrast, heavy ions 

transfer a greater fraction of their energy into modifications 

on the crystal structure, leading to radiation damage but not 

so much to electron excitation and subsequently light yield. 

We acknowledge financial support by the Chinese Schol-
arship Council. 
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Figure 2: Schematic sketch of a typical scintillation detec-

tor. 

Figure 1: Light output of activated inorganic scintillator 

YAP:Ce under bombardment by different ion beams with 

the same kinetic energy. The light output is defined by the 

area under detector signal. 
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Few-cycle laser beams are known since more than 20 

years. Much less known is the complex phase distribu-

tion in the few-cycle focus and even less known are the 

implications in attosecond and strong-field physics. In 

this project, we investigated the importance of the non-

Gouy phase-volume effect for few-cycle light-matter in-

teractions.  

The phase behaviour of focused broadband lasers, which 

was predicted [1] and recently directly probed in a highly 

specialized measurement [2], is very different and signifi-

cantly more complex than the well-known Gouy phase for 

monochromatic beams. Thus, one should expect that there 

are profound consequences for all broad-band laser-in-

duced dynamics, in particular in cases where the interac-

tion volume is comparable to the focal size, as is inevitable 

for isolated attosecond pulse generation, high-harmonic 

generation, terahertz emission, and electron dynamics in 

atomic, molecular, and solid-state systems.  

In this project, we investigated and demonstrated the im-

portance of this non-Gouy phase induced “phase-volume 

effect”, i.e., the complex spatial distribution of the carrier-

envelope phase (CEP) of few-cycle laser pulses, has an on 

measuring effect on interpreting the CEP-dependent dy-

namics.  

First, we examined measurements and simulations of CEP-

dependent strong-field ionization to quantify and illustrate 

the characteristics of this effect. We applied ~12-fs, 1800-

nm pulses to ionize xenon atoms around the barrier-sup-

pression intensity (0.8×1014 W/cm2). The CEP-dependent 

photoelectron spectra were measured by a high-resolution 

time-of-flight spectrometer. The spatial asymmetry was 

obtained by analysing the normalized difference between 

the photoelectron spectra emitted to opposing directions 

along the laser polarization axis. The measured asymmetry 

(Fig. 1a) was compared to simulated results (Fig. 1b, 1c 

and 1d) calculated from a standard one-dimensional time-

dependent Schrödinger equation simulation. One can 

clearly see the blurring of the phase-dependence due to the 

intensity- and phase-volume effect. The strength of the 

asymmetry for each energy region becomes smaller when 

the focal phase is included in the simulation, producing a 

better agreement with the measurements.  

The carrier-envelope phasemeter (CEPM) traces, which 

are based on the measurement of high-order photoelectron 

emission, allowing for single-shot CEP and pulse duration 

measurement, also shows the same quality of the phase ef-

fect. A so-called parametric asymmetry plot (PAP) can be 

obtained by plotting two asymmetries in different energy 

regions as x- and y-coordinates, shown in Fig. 1e and 1f. 

Including the focal phase in the theoretical model reduces 

the radius of the PAP due to the averaging effect on the 

CEP. Additionally, the agreement between the measure-

ments at both laser wavelengths (750 nm and 1800 nm) and 

the numerical calculations including the focal phase vali-

dates our theoretical treatment. This allows more accurate 

modelling and interpretation of the CEP-dependent few-

cycle laser-induced processes, as well as more precise de-

termination of the CEP of the laser pulse.  

         

         
Fig. 1 (a) Measured asymmetry with τ = 11.8 + 0.5 fs pulses (b) 

Simulated asymmetry excluding the intensity- and phase- averag-

ing effect with 12-fs pulses with  I0 = 0.8×1014 W/cm2 (c)  Simu-

lated asymmetry including only the intensity-volume effect. (d) 

Simulated asymmetry including both effects. (e) Measured PAP 

by a CEPM with 10.4 + 0.5 fs pulses at 1800 nm.  (f) Simulated 

PAPs with 10-fs pulses. The blue and red dots represent the case 

with and without the phase-volume effect, respectively. Two en-

ergy regions within black dashed lines and black solid lines in (d) 

are selected to obtain the PAPs. [3] 

 

Building upon the knowledge of the phase effect in strong-

field ionization, we further formulated a more general de-

scription of the impact of the focal phase for laser-matter 

interactions with different nonlinear intensity dependen-

cies to answer the fundamental question: If, when and how 

much should one be concerned about the phase-volume ef-

fect? 

                      
Fig. 2 RMS of the phase distribution for light-matter interactions 

with different degrees of nonlinearity, n, with the probability of 

events, P ~ In, where I is the laser intensity. [3] 
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Weak and partially coherent sources based on laser-

driven plasmas emitting in the extreme ultraviolet 

(XUV) are hard to characterize with diffraction-based 

methods like the double slit. Here we demonstrate a 

new method which allows to characterize the source’s 

spatial coherence and the axial jitter via a long-exposed 

diffraction pattern evaluated with a refined numerical 

method. For water-window XUV source at 2.7nm we 

estimated the coherent fraction of the beam area to 7.5 

% with a total axial jitter amplitude of 160µm. 

We report on a diagnostics tool for weak and partially co-

herent high energy XUV sources, where common tech-

niques, such as Young’s double slit or SCIMITAR [1] fail 

due to low count rates and small scattering angles. A long 

time exposed diffraction pattern of a laser-driven, plasma-

based XUV source, located at the Berlin Laboratory for In-

novative X-Ray Technologies (BLIX) has been recorded. 

The image contains information about spatial coherence 

and jitter of the light emitting plasma spot, which we want 

to retrieve. The axial jitter of the spot causes warping-like 

effects (see fig.1, measurement) due to the imaging system, 

described in [2]. The high spectral purity λ/Δλ = ~10000 of 

the emitted Lyα line (2.48 nm) of highly ionized nitrogen 

rules out spectral overlay as the accountable effect for 

warping. Partial coherence however leads to a significant 

normally distributed background and blurring of the dif-

fraction pattern’s features. We developed a numerical 

model to simulate the far-field diffraction of a known ob-

ject, taking into account jitter and coherent diameter, to 

generate a 4D matrix of patterns. For the same coherence, 

patterns with different axial jitter amplitude were mixed, 

resulting in the pattern matrix shown in Fig. 1(overlay). 

Image correlations between the generated patterns and the 

measured long-exposure time image results in a 2D corre-

lation matrix. Finding the maximum reveals the parameter-

set which fits best to the experimental conditions. The pa-

rameter recovered via this framework for the nitrogen 

plasma-source reveal a total jitter amplitude of 160±10 µm 

with a coherent diameter of 11±1 µm, resulting in an illu-

minated area to coherent area ratio of 7.5 %.   

 

Figure. 1: Calculated diffraction pattern matrix varying in 

axial jitter and coherent diameter (overlay) with the corre-

sponding correlation factors to the measurement. The jitter 

values in brackets were calculated via the lens equation. 

The shown diffraction patterns were freed from the central 

high-intensity spot for the sake of clarity. 

We acknowledge support by the Federal State of Thu-
ringia and the European Social Fund (ESF) Project 2018 
FGR 0080. 
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The field of strong-field and attosecond laser physics 

has recently seen a significant shift towards longer 

wavelengths. Ultrashort laser pulses in the mid-infra-

red (MIR) spectral range hold the promise to push high 

harmonic generation (HHG) towards the soft x-ray re-

gime, and enable molecular imaging experiments with 

ultrahigh spatial and temporal resolution. Realizing the 

full potential of ultrashort MIR pulses, however, will 

require efficient methods for the measurement of the 

carrier-envelope phase (CEP). In order to aid develop-

ment of such methods, we have performed phase-re-

solved measurements of strong-field effects in atoms, 

molecules and solids using the CEP-stable MIR laser at 

the ELI-ALPS laser facility. Our measurements of 

phase-dependent above-threshold ionization provide 

new insights into the mechanisms leading to asymmet-

ric electron ejection, relevant for CEP measurements. 

Moreover, we show that HHG from wide-band semi-

conductors, such as ZnO, represents a convenient and 

cost-effective route to CEP measurements of few-cycle 

MIR laser pulses.  

The interaction of intense laser light with gaseous media 

is characterized by the quiver motion of electrons in the 

strong oscillating electric field of the laser. The quiver en-

ergy, or ponderomotive potential 𝑼𝐏 ∝ 𝑰𝝀𝟐, amounts to 

typically a few eV for visible to near-IR driving lasers but 

can be dramatically increased if MIR laser sources are 

used. While propagating in the laser field, the electron may 

re-collide with its parent ion [1] leading to high-harmonic 

generation and electron scattering and diffraction. Both ef-

fects can be extended to higher energies by using MIR driv-

ers. Key to generate attosecond pulses from HHG and 

reach the ultimate time resolution in electron scattering ex-

periments is measurement and control of the CEP. 

In the MIR spectral range, established methods for meas-

uring the CEP are faced with significant challenges. 

Firstly, the overlap of a broadband MIR pulse with its sec-

ond harmonic may no longer be within the detection range 

of economic silicon-based detectors, making CEP detec-

tion with the f-2f method costly. Secondly, due to the un-

favorable scaling of the recollision probability (~ 𝝀−𝟒) the 

stereo-ATI technique cannot be directly transferred to the 

MIR. In order to identify efficient routes to CEP measure-

ments it is desirable to obtain a survey of strong-field phe-

nomena in phase-controlled MIR laser fields. 

Here, we report on measurements of above threshold 

ionization using CEP-controlled few-cycle laser pulses at 

3.1 µm. We observe pronounced CEP-dependencies of res-

cattered electrons for the benchmark system Xe, as well as 

for C60, which was identified as an anomalous scatterer at 

near-IR wavelengths [1].  However, as expected, the low 

rescattering probability precludes usage of these targets in 

a stereo-ATI phase meter.  

The prospects for detecting the CEP via rescattered elec-

trons is more favorable when using Cs as a target, whose 

low ionization potential allows for experiments using mod-

erate laser intensities. Our experimental results represent 

reference data for the design of a specialized stereo-ATI 

phase meter, in which alkali metals are used. Moreover, our 

measurements provide clear evidence for a new mecha-

nism leading to high-order CEP-dependencies in photoe-

lectron spectra from strong fields.  

In addition, we have measured CEP-dependent spectra of 

HHG in ZnO. Thanks to the large bandwidth of the MIR 

laser, adjacent odd-order harmonics overlap. The spectral 

interference fringes that appear in the overlap regions pro-

vide access to the CEP, as shown in Figure 1. In a very 

recent publication [2], we demonstrate that HHG from sol-

ids provides an economic route to CEP measurements of 

MIR few-cycle pulses. 
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Figure 1 CEP measurement using HHG in ZnO. The se-

ries of harmonic spectra (a,b) have the triangular (a,c) and 

sinusoidal (b,d) waveforms used to vary the CEP, im-

printed on them. The retrieved CEP values (blue line) to-

gether with reference f-2f measurements (red dots) are 

shown in panels (c,d). 
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In this project, we report the first measurement of the 

strong-field fragmentation of a molecular ion beam tar-

get using a 100 kHz-High-Repetition-Rate Fiber Laser 

Source. The high laser repetition rate allows to over-

come the limitations resulting from the low target den-

sities of ionic targets.  

Simple molecular and atomic systems play an important 

role in understanding of principles of light-matter interac-

tion. In contrast to neutral targets, ionic targets provide an 

easy access to many fundamental systems, which serve as 

benchmark systems for theory, such as the single electron 

system He+ and the simplest molecular ion H2
+[1]. Addi-

tionally, some molecular species exist only as an ion and 

must be synthesized in an ion beam apparatus, for example 

the helium hydride molecule (HeH+) [2].  

Ion sources produce target density at 104-105 ions/cm3, 

which is several orders of magnitude lower than that of 

neutral atomic or molecular beams. Thus, the use of ionic 

targets lowers dramatically the achievable statistics for the 

investigation of strong field phenomena, which typically 

have very low cross sections. Therefore, using conven-

tional laser sources with repetition rates of only 1 kHz, very 

long measurement times of several days are required. 

These limitations can be overcome by either increasing the 

target density or using higher repetition-rate lasers. While 

the target density is limited by the extraction efficiency 

from the ion source [1], aiming for high-repetition-rate la-

ser sources is a promising path.  

Here, we report the first measurements with a newly ac-

quired 100 kHz-fiber laser system. The pulse duration of 

the laser pulses of the 100 kHz laser system was character-

ized with a FROG  (Frequency Resolved Optical Gating). 

(see Fig. 1). The compressed laser pulses are then focused 

into the interaction region of the ion beam coincidence 3D 

momentum imaging setup, which is regularly operated at 

the HI Jena. Additionally, a new data acquisition system 

was installed, which allows for the momentum coincidence 

detection of laser-induced molecular fragmentation at high 

event rates. These laser pulses were successfully used for 

benchmark measurements of laser-induced fragmentation 

of the H2
+ molecule. Using a pulse energy of 800 µJ focus-

ing provides focal intensities of approximately 2x1014 

W/cm2, high enough to observe dissociation and ionization 

of H2
+(see Fig.2). The data was obtained with a measure-

ment time of only approximately 1 hour and demonstrates 

that the high repetition rate laser enables the conduction of 

ion beam experiments at much higher event rates. The new 

laser source allows for measurements which are previously 

too time consuming to be realized. Such candidates include 

dedicated pump-probe measurements, carrier-envelope-

phase dependent measurements or scans with a larger pa-

rameter space in general. 

 
Figure 2: H2

+ measurement with the 100 kHz laser system: 

(a) KER and cos(θ) dependent distribution after dissocia-

tion (a) and ionization (log. scale) (I ≈ 2 ∙ 1014 W/cm2 and 

40 fs). 
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Figure 1: SHG FROG measurement for the 100 kHz laser. 

(a) Measured FROG trace in log. scale. (b) Reconstructed 

FROG trace, (c) reconstructed spectrum (solid blue line) 

with spectral phase (solid orange line) and the measured 

spectrum (dashed red line). (d) Temporal profile with 

phase, the FWHM pulse duration is 39.3 fs. 
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The nonlinear absorption of light in a broad spec-

tral range ranging from the near- to the far-infrared 

in the semiconductor ZnO was studied. The onset of 

stimulated emission (lasing) was applied to probe the 

density of excited carriers. Comparing the experimen-

tally determined lasing thresholds with theoretical 

simulations based on a rate equation model provides 

insight into the nature of the excitation channels. In-

creasing the wavelength the electron excitation mech-

anism changes first from multiphoton absorption to 

tunnelling excitation, and finally electron impact exci-

tation upon intraband free carrier absorption is the 

dominant mechanism.  

In recent years, strong-field laser physics has experienced 

a shift towards longer wavelengths. On one hand this is 

motivated by the beneficial scaling law of electron accel-

eration as a result an increasing ponderomotive energy 

(𝑈𝑝  ̴ 𝜆
2). On the other hand, the low linear excitation rate 

of mid-IR light in wide band gap semiconductor and die-

lectric materials allows for applying high electric fields 

[1]. However, applying a strong electric laser field onto a 

semiconductor carries the risk of laser induced damage 

due to avalanche excitation upon free carrier heating. In 

this work the contribution of interband impact excitation 

subsequently intraband free carrier absorption is studied 

using photoemission spectroscopy from polycrystalline 

ZnO thin films.  

Polycrystalline ZnO thin films are a well-known wide-

bandgap (3.3 eV) semiconductor material and one of a 

few, efficient near ultraviolet (NUV) laser materials [2]. 

Here we demonstrated NUV lasing far off-resonance 

pumped in the multiphoton absorption and tunnelling ex-

citation regime by intense femtosecond laser pulses in the 

spectral range from 1.2 to 10 µm wavelength, whereby 

the ratio between the band gap and photon energy is up to 

27. 

The onset of lasing was experimentally confirmed by an 

abrupt increase of the output yield and a spectral narrow-

ing as a function of the pump laser intensity. This lasing 

threshold was additionally confirmed by temporally re-

solved measurement revealing a transition from a slow to 

a fast dynamics. 

Figure 1 depicts the lasing threshold as a function of the  

 

 

 

 

 

 

 

 

 

pump laser wavelength. The blue dots show the experi-

mentally determined laser threshold values. A rate equa-

tion model, based on the the Keldysh and Drude formal-

ism [3] describing the interband and intraband absorption 

processes, was used to study the nature of the electron 

excitation channels (green and purple areas). The lasing 

threshold values for excitation pulses between 1.2 and 

2µm increase as a result of a higher number of photons 

absorbed in the multiphoton absorption process. The satu-

ration of the threshold values reveals the transition to-

wards the tunneling excitation mechanism [3] which is 

characterized by a wavelength independent electron gen-

eration rate. Comparing calculations with and without 

free carrier absorption (green and purple areas, respec-

tively) reveals, that the reduction of the pump threshold 

intensity of pump wavelength in the mid- to the far IR (2-

10µm) can be explained by the increasing electron impact 

excitation upon efficient free carrier absorption (FCA). 

Therefore our results demonstrate the possibility of NUV 

lasing from polycrystalline ZnO thin films optically 

pumped in the tunneling regime as well as the striking 

importance of free carriers in the absorption processes of 

intense light in the mid- and far-IR. 
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Figure 1: Threshold intensity to observe lasing from ZnO 

thin films as function of the pump wavelength  
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In this report, the influence of the histogram of speckle 

field on the contrast-to-noise ratio (CNR) is examined 

in microscopic pseudothermal ghost imaging which is a 

promising method for high-quality XUV/X-ray imag-

ing. The result shows that the histogram of speckle field 

plays a significant role in CNR improvement. To our 

knowledge, the scaling of CNR with the different histo-

grams of the speckle field is observed for the first time 

in the field of microscopic ghost imaging. 

In recent years, ghost imaging with pseudothermal light 

sources has been studied extensively to overcome the lim-

itations of the image quality, which mainly depends on the 

detection contrast-to-noise ratio (CNR). In microscopic 

pseudothermal ghost imaging, the diffused light is weak 

and easy to be disturbed by the stray light in detection. 

Thus, the influence of the histogram of speckle field must 

be considered, which represents the distribution of the 

pixel count of the speckle pattern. In this report, we report 

on the influence of the speckle’s histogram on the CNR in 

microscopic ghost imaging. We analyze the influence of 

the center position and full width at half maximum 

(FWHM) of the speckles’ histogram to eliminate the unfa-

vorable influence caused by the pseudothermal light field 

in experiment. This research has great support for na-

noscale microscopic imaging combining our previous re-

sults in manipulating the speckle pattern and speckle size, 

especially for high-quality XUV/X-ray imaging [1-4]. 

 
Fig.1 Schematic of the experimental setup and object.  

 

The experimental setup to study the evolution of CNR with 

pixel distribution in the speckle field is shown in Fig. 1. A 

He-Ne laser and a rotating diffuser constituted a nonuni-

form pseudo-thermal light source. Using a continuously 

variable filter and a few filter papers, we can realize the 

different Gaussian-like speckle’s histograms. We can see 

from Fig. 2(a), the mean CNR of the object “μ” will in-

crease rapidly with increasing the FWHM of the speckles’ 

histogram. By contrast, after being modulated by corre-

sponding optical elements, the FWHM of the speckles’ his-

togram became narrower. In Fig. 2(b), the CNR of the re-

trieved images with different center positions of the speck-

les’ histogram was evaluated. By moving the center posi-

tion of the speckles’ histogram,the CNR starts to grow 

from the left position of the speckles’ histogram until it 

reaches a maximum, then the CNR begins to drop. 

 
Fig. 2 (a) The CNR as a function of the FWHM of the speck-

les’ histogram,and corresponding the retrieved images; (b) 

The CNR as a function of different center positions of the 

speckles’ histogram, and corresponding the retrieved images. 

 

Therefore, the best CNR of ghost image can be achieved if 

the speckles’ histogram with the broadest FWHM located 

in the center position of the histogram. The slight discrep-

ancy may be due to some uncertainties of the FWHM of 

the speckles’ histogram. Our data prove that the widest 

FWHM at the center position of the speckle’s histogram 

can achieve the best CNR for the given speckle size and 

object in microscopic ghost imaging. 

In conclusion, the speckle’s histogram plays a more im-

portant role in the CNR enhancement of ghost imaging. To 

our knowledge, this CNR behavior with the speckles’ his-

togram is observed for the first time in microscopic ghost 

imaging. Furthermore, it offers a general approach appli-

cable to all fields of imaging where higher CNR is needed 

and can be applied to all lensless ghost imaging schemes 

of any wavelength, including XUV/X-ray sources. 
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The goal of the HILITE Penning trap setup is to pro-
vide a well-defined ion target that can be used to study
light-matter-interactions with intense laser beams. We
present the current status of the setup and the prepa-
rations for a beam time at the FLASH laser facility at
DESY in Hamburg.

The development of high-intensity laser systems in the
XUV to X-ray regime allows the investigation of non-linear
ionisation of highly charged ions. Especially, the K-shell
of highly charged ions is available for ionisation, such that
simple systems like hydrogen-like ions can be investigated.
To compare the measured absolute cross sections of the in-
teraction, the ion target has to be well defined and the ion
detection techniques have to be sensitive also to small num-
bers of ions.

The HILITE experiment [1] produces the target ions
with a compact electron-beam ion trap (EBIT), which al-
lows the creation of ions up to Xe46+. The produced ion
bunch is guided and decelerated inside a beam line with a
length of about 2m and stored in a Penning trap. Such a
trap can confine ions and offers a wide range of ion manipu-
lation techniques as well as destructive and non-destructive
detection. The main ion detector of the setup is a multi
channel plate detector (MCP). In particular, this detector
allows the measurement of single ions.

The motivation for the beam time at the FLASH laser fa-
cility is to investigate double photon ionisation. To this end
we created C2+ bunches and trapped them for an extended
period. Figure 1 shows the trap content after a storage time
of 14min.

Figure 1: Time-of-flight spectrum of the stored C2+ ions
after 14min. Measured with the MCP.

∗markus.kiffer@uni-jena.de

This plot shows that a sufficient number of ions can be
stored and are available for the experiment while distinct
charge states can be determined. Furthermore, the narrow
C2+ peak indicates a cold ensemble, which is required for
sufficient target densities. Here the main cooling mecha-
nism is buffer gas cooling. In the future we plan to reduce
the required cooling time with resistive cooling.

In addition to the C2+, one can see other peaks, which
result from charge exchange with the residual gas, mainly
H2. From the decay time of the ion signal we deduce
the residual gas pressure in the trap centre to be about
2× 10−10 mbar, which allows storage of highly charged
ions for sufficient times to conduct laser experiments.

The setup is modular and transportable to allow oper-
ation of the setup at different laser facilities. For a first
laser experiment we have successfully moved the setup to
the FLASH laser facility at DESY in Hamburg. Figure 2
shows the assembled setup.

Figure 2: Picture of the full setup at the FLASH laser
facility. The laser enters the setup from the pipe to the left.
The target chamber is encompassed by our 6T magnet. To
the right of the chamber one can see the ion beam line.

During the beam time we want to investigate double pho-
ton ionisation of C5+ and O5+ and show that the setup is
capable of providing a well-defined ion target for laser ex-
periments. In the future we plan to conduct more experi-
ments with XUV laser systems to investigate ion-laser in-
teractions in detail.
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Recent experiments on relativistic interaction of ultra-

short laser pulses with nanowire targets demonstrated a 

possibility to reach unique plasma parameters with high 

density and temperatures of electrons. It was predicted in 

simulations that wire geometry enables unprecedented cur-

rent densities resulting in pinch effect that increases the 

electron density and temperature by orders of magnitude. 

To reach pinching regime the temperature of electrons is of 

critical importance. Typically to ensure sufficiently high 

temporal contrast of relativistically intense laser pulses fre-

quency doubling technique is used. However, electron tem-

perature scales quadratically with the laser wavelength, 

thus longer wavelength laser pulses are preferable for en-

tering pinching regime.  

In this report we present results in experimental investi-

gation of energy spectra of electrons, ions and X-ray radi-

ation generated from Ti foils by relativistically intense, 

femtosecond near-IR laser pulses to verify if the temporal 

contrast of the laser system is sufficient for relativistic in-

teractions with nanowire targets.   

Experiments were conducted at the JETI40 multi-

terawatt laser system delivering 30 fs laser pulses at the 

0.8 m wavelength with energy up to 520 mJ and estimated 

peak intensity on the target 51019 W/cm2, resulting in 

normalized vector potential value a0  5. Particle and X-ray 

energy spectra were measured for two different focusing 

conditions: normal to the target and under 45 (p-polarized) 

incidence angle on the target surface using 90 and 45 off-

axis parabolic mirrors correspondingly. The targets were 

15 m and 50 m thick Ti foils placed in a vacuum cham-

ber pumped down to 10-4 mbar.  

The energy distribution of run-away electrons with ener-

gies above 300 keV was measured by a magnet spectrom-

eter with a magnetic flux density of 250 mT and image 

plates (IP) as a detector accumulating a signal over 10–30 

laser shots. The X-ray crystal spectrometer comprises a to-

roidally bent GaAs crystal in 111 orientation. Spectral di-

agnostic was conducted in air after the emission was pass-

ing through a 50 m thick Kapton window. 

The measured electron spectra from front and back sides 

of the target for different focusing conditions are shown in 

Fig.1. The bulk electron temperature is similar for both fo-

cusing conditions and estimated to about 0.3 MeV. At the 

same time, the hot electron fraction shows about twice 

higher temperature for the back side of the target 

(2.7 MeV) in comparison to the front side under normal 

focusing (1.3 MeV), whereas for 45 incidence the hot 

temperatures are very similar (0.9 MeV) and substantially 

less than for the normal focusing  

 

Fig.1: Energy spectra of electrons measured at the front side (red 

line) and the back side (blue line) of the foil for a) normal inci-

dence and b) 45 incidence focusing.  At the back side the spectra 

are measured in the direction of the laser beam propagation, 

whereas at the front side the spectra are measured under 10 for 

a) and 30 for b). 

geometry. Importantly, our measurements show that the 

temperature of electrons at the back side of the foil is high 

enough to penetrate through a few hundred micron thick Si 

substrate that supports nanowire targets. Therefore, it 

might be possible to detect pinch effect in wires from meas-

urements of energy spectra and density angular divergence 

of electrons.  

Measured X-ray spectra (see Fig.2) show that line emis-

sion from high charge states like He-like Ti ions are much 

more intense for the case of normal incidence than for 45 

geometry but still much weaker than in our previous exper-

iments with relativistically intense second harmonic beam. 

These high charge states can be reached only under condi-

tions of relatively hot and dense plasmas. Therefore, our 

results suggest that, although the temporal contrast of laser 

pulses at the fundamental wavelength is considerably 

worse than after frequency doubling, it should be possible 

to use those pulses under condition of normal incidence for 

relativistic interaction with sparsely arranged nanowire tar-

gets.  

 

Fig.2: Calibrated spectra of X-ray emission measured under 45 

focusing (red solid line), normal focusing (black line) and 45 fo-

cusing but using the second harmonic pulses with a0=1.4. 
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Extreme ultraviolet coherence tomography (XCT) is
emerging as a laboratory-scale sub-surface metrology
method, which can achieve a depth resolution of 16 nm us-
ing the spectral range of 36 − 98 eV [1]. Broadband ex-
treme ultraviolet radiation (XUV) that is generated by a
high-harmonic source is focused onto the sample under in-
vestigation. The reflected spectral intensity is detected with
a high-resolution XUV spectrometer [2]. With the ability
to mitigate autocorrelation artefacts using a phase-retrieval
algorithm, the reconstruction of samples with an arbitrary
depth structure is possible. However, this algorithmic so-
lution usually requires an adequate signal-to-noise ratio.
Here, we report on a solely hardware-based approach of
artefact mitigation using a broadband extreme ultraviolet
interferometer, which enables direct unambiguous three-
dimensional imaging. Our approach utilizes a few nanome-
ter thin Si3N4 membrane that is suspended in close prox-
imity of the sample surface such that a common-path in-
terferometer is realized. The distance of the membrane to
the surface is critical. Its maximum distance from the sur-
face depends on the depth structure of the sample and the
resolving power of the spectrometer. Accordingly, a high-
resolution spectrometer is necessary since large depths cor-
respond to high frequency modulations in the spectral in-
tensity. The thickness of the membrane is about 20 nm.
Its mechanical positioning with respect to the sample sur-
face is accomplished by a sophisticated mount that allows
nanometer precision manipulation in tip, tilt, and distance
while keeping vibrations at low amplitudes (≈ 10 nm).
The distance is kept constant at typically 1000 nm with a
closed-loop piezo-actuator system. The three-dimensional
representation in Fig.1 is accomplished by scanning the
sample under the incident XUV beam and retrieving the
individual depth structures. A volumetric image is created
from these datasets. The silicon sample contains three lay-
ers. At a depth of 170 nm, there is a few nanometer thin
SiO2 layer, at 220 nm a 10 nm gold layer which is later-
ally structured, and at 330 nm a final layer of 10 nm thick
scattered points of gold. The image shows an edge of the
buried gold layer at the depth of 220 nm.

This hardware-based approach of artefact-free XCT by
realizing a the common-path interferometer enables sub-

∗Work supported by HI Jena/University Jena; Bundesministerium für
Bildung und Forschung (BMBF) (VIP “X-CoherenT”); Thüringer Auf-
baubank Forschergruppe Grant No. 2015FGR0094 and 2018FGR0080;
We thank Uwe Hübner from the Leibniz Institute of Photonic Technology
(IPHT) Jena for the production of the sample.
† jan.nathanael@uni-jena.de

Figure 1: Three-dimensional representation of the scan
over a laterally structured sample with buried layers. The
scan area is 300µm by 900µm in 27 individual points. An
edge of the structured layer is prominently visible at about
220 nm depth.

surface non-invasive 3D cross-sectional imaging of layered
samples on the laboratory scale. Our XUV interferometer
can furthermore be utilized to determine the broadband res-
olution of the XUV spectrometer[2]. Since the membrane
is independent of the sample, it is possible to utilize the
reflection of the membrane as a spectral reference of the
XUV source.
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In this work we report on first simulations and exper-

iments with high brightness liquid metal ion sources 

(LMIS) to generate high density ionic laser targets. As 

a first source, the emission characteristics of a Ga-

LMIS has been measured and optimized. The LMIS 

will be prepared for adaption to the existing beam line 

for ultrafast laser-induced processes at the HI Jena. 

These experiments should open the opportunity to use 

atomic or molecular ions of many elements as high den-

sity ionic targets for laser interactions.          

The aim of this work is to generate advanced ion beam tar-

gets for the study of ultrafast laser-induced fragmentation 

and ionization dynamics of atoms and molecules in strong 

laser fields. Ionic targets allow the investigation of many 

interesting fundamental systems of light-matter interac-

tion, as He+ and H2
+[1], and molecules that only arise in the 

ion source, e.g. HeH+[2]. An additional advantage is the 

well-defined setting and controllable properties of an ion 

beam target in the interaction volume with the laser beam.  

Drawbacks of ion beam targets generated by conventional 

ion sources like duoplasmatron, EBIT and RF, are the very 

low densities of 104 - 105 cm-3 in the laser focus, resulting 

from the typical parameters of the ion beam with a cross 

section A = 0.25 mm² and a current of I = 2 nA. The very 

low number of molecules in the laser focus requires very 

long measurement times. To overcome these problems, an 

alternative ion source with a higher brightness is desirable. 

The aim is to generate particle densities closer to those of 

neutral targets, which are typically around 1011 cm-3 for 

cold supersonic gas jets.  

A promising respective candidate is a high brightness liq-

uid metal ion source (LMIS) based on the field evaporation 

from a liquid metal cone of 10 to 30 nm. At least two orders 

of magnitude higher densities should be possible.  

The LMIS has the following advantages [3,4]: 

• Small source size results in high brightness of 

106  A / cm-2 sr-1 (see Fig.1) 

• Simple and compact setup (see Fig.2) 

• Ions from a variety of chemical elements possible 

(almost half the periodic table) by the use of liquid 

alloys 

• Numerous combinations of different stoichiometries 

in the molecular ions of an element (Si2 +, Ge2 +) 

• Examination of noble metal molecular ions Aun
m+ 

(e.g. Au2
+, Au3

+, Au3
2+) and noble metal compounds 

(e.g.  AuSi+, AuGe+)  
 
 

 

• Possibilities of further increasing emission currents 

by application of new emitter configurations and 

source geometries based on high current LMISs de-

veloped for ion thrusters. 
 

First experiments with a Ga-LIMIS were carried out and 

have shown promising results. Emission currents of 

60 µA have been measured and will be improved in the 

next steps. Experiments using other elements and alloys, 

e.g. Au-Si and Au-Ge, are in preparation. 
 

 

Fig. 1 Potentials at the emitter tip and the resulting tra-

jectories of the ions emitted from the Taylor cone and fo-

cused by the einzel lens (simulated in SIMION) 

 

Fig. 2 Scheme of the ion source housing with LMIS ion 

emitter (red) and an einzel lens.  
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We report on the development of a setup for a study 

of the polarization transfer in elastic scattering of hard 

x-rays, which was recently granted beamtime at the 

PETRAIII synchrotron of DESY. The planned experi-

ment on the polarization properties of elastically scat-

tered synchrotron radiation will allow us to get a com-

plete characterization of the polarization-dependent 

elastic scattering. 

Elastic scattering of hard x-rays on atoms is a fundamen-

tal process in QED which can be used to test the theoretical 

models. Fully relativistic calculations predict a strong de-

pendence of the polarization of the scattered beam on the 

degree of polarization of the incident beam [1]. In a previ-

ous measurement, where the linear polarization of the scat-

tered radiation was analyzed within the polarization plane 

of the incident synchrotron beam, we could verify this pre-

diction [2]. 

 
Figure 1: Sketch of the experimental setup with two 

Compton polarimeters for linear polarization analysis 

of the elastically scattered radiation. 

In addition to the incident photon beam’s degree of po-

larization and the scattering angle ϑ, the scattered beam’s 

polarization degree and orientation also strongly depend on 

the azimuthal scattering angle φ, which denotes the angle 

between the incident polarization plane and the scattering 

plane, see Fig. 1. In an upcoming experiment an out-of-

plane detector will enable us to probe this dependence for 

the first time, providing a more complete picture of the 

scattering process. We plan to use synchrotron radiation 

with a beam energy of 175 keV as a highly linear polarized 

x-ray source at the beamline P07 of the PETRAIII facility 

and a thin gold foil (Z=79) as the scattering target. 

 

Figure 2: Technical design of the experimental setup 

with two Compton polarimeters for linear polarization 

analysis of the elastically scattered radiation. 

The design of the experimental chamber is shown in 

Fig. 2. We will use two 2D-sensitive hard x-ray detectors 

as Compton polarimeters [3] to measure the degree and di-

rection of linear polarization of the scattered radiation. The 

first detector will be placed inside the polarization plane of 

the incident photon beam (φ=0°), which will allow us to 

precisely measure the degree of linear polarization of the 

incident beam, as shown in [2]. The second detector will 

be placed at different azimuthal angles outside the polari-

zation plane (φ>0°) to probe the dependence on the azi-

muthal scattering angle. Both detectors will be placed at 

multiple scattering angles ϑ during the experiment for a 

complete picture of the scattering process. To avoid scat-

tering in the air, we will place the target inside a vacuum 

chamber. The chamber and positioning system for the de-

tector are being designed and constructed at the moment.  
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The upcoming investigation of the 1s Lamb shift in
hydrogen-like uranium performed at CRYRING@ESR
will use two high resolution cryogenic micro-
calorimeters for X-ray spectroscopy. They outperform
conventional intrinsic germanium (Ge(i)) detectors
by an order of magnitude in terms of resolution.
Ge(i) detectors on the other hand offer online spectra
throughout the measurement at the electron cooler
where both detectors need to be mounted level with
the stored ion beam, 2 metres off the ground [1]. This
report focuses on the design of two support frames for
the detector setup.

Figure 1: Left: Detector assembly used at the 180◦ port
with Blufors cryostat. Right: Detector assembly for use
at the 0◦ port using a compact MiniMix cryostat. Bright
orange: accompanying Ge(i) detectors.

Spectroscopy of the light emitted by electronic transi-
tions is a well established method for gaining insight into
the atomic energy levels. In the case of highly charged ions
these photons can have energies in the order of 100 keV
and therefore X-ray detectors are necessary. In that en-
ergy regime micro-calorimeters can outperform the reso-
lution of conventional Ge(i) detectors by more than one
order of magnitude [2]. Therefore the upcoming investi-
gation of the 1s Lamb shift in hydrogen-like uranium (G-
PAC E138) will make use of them. One major drawback
of micro-calorimeters is their need for temperatures lower
then 50mK, which means that they require helium dilu-

∗p.pfaefflein@gsi.de

Figure 2: Stepper-motor-driven XYZ positioning unit for
use with Blufors cryostat.

tion cryostats which are usually a lot bigger than the liq-
uid nitrogen dewars required for the operation of Ge(i) de-
tectors. This experiment will be the first investigation of
the X-ray emission for H-like uranium at CRYRING, ex-
ploring the unique geometrical conditions at the electron
cooler (simultaneous x-ray detection at 0◦ and 180◦). For
monitoring purposes it will be necessary to quickly switch
between Ge(i) detectors and their capability to provide on-
line spectra and the micro-calorimeters which offer supe-
rior resolution but require extensive data post processing.

The shape of the designed frames, displayed in fig-
ure (1) is determined by geometric constraints of the vac-
uum setup of CRYRING as well as site-specific restric-
tions (e.g. emergency exits). The common idea was having
an upper mount carrying both detectors and a lower frame
adapting them to the beam height and granting the neces-
sary support by being bolted to the cave floor. The feet of
said lower frame can be used to fine-adjust the reference
height and level the supports. In the case of the simpler
support in the right part of the image the alignment of both
detectors with respect to each other is realised by the table
carrying the Ge(i) detector. For the support of the larger
cryostat as seen on the left of figure (1) the Ge(i) detector
is aligned with the bottom frame and the micro-calorimeter
can be positioned by an automated XYZ stage shown in
figure (2). Both supports are currently being built and will
be installed at GSI within 2020.
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For high precision spectroscopy like in the upcom-
ing 1s Lamb shift study of hydrogen-like uranium it
is crucial to thoroughly characterise the used detector.
For the evaluation of said properties, data taken with
a maXs-30 detector in combination with a radioactive
241Am source has been analysed. The resolution was de-
termined to be about ∆E/E = 2000 at 26.345 keV.

Micro-calorimeters are pixelated spectroscopic detectors
which translate the energy of an incident photon into a
temperature rise of a small absorber which is then mea-
sured [1]. The detectors work at temperatures below
50mK, where the relevant material properties like mag-
netisation, heat capacity and thermal conductivity are very
sensitive to changes in absolute temperature. In the case
of the maXs, a metallic magnetic micro-calorimeter, each
pair of pixels is read out by an individual superconducting
quantum interference device (SQUID) which has its own
working point and therefore gain. In addition the working
point cannot be fixed between operations. Consequently, to
determine the detector gain monitoring of the chip’s tem-
perature as well as continuous measurement of a known
calibration source is necessary. Then it is possible to ac-
count for the temperature dependent gain in post process-
ing, where each recorded pulse shape is analysed, resulting
in high resolution spectra. Resolutions as good as 1.6 eV at
a 6 keV line have been demonstrated [2].
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Figure 1: Blue: Result of the first analysis with a Gaussian
fit, yielding FWHM to be 29.6 eV. Orange: Result where
the data set was divided into two subsets, according to the
difference in signal gain as a function of detector base tem-
perature resulting in a 16.8 eV FWHM.

A maXs-30 micro-calorimeter has been used to measure
a radioactive 241Am source over a period of 10 days. The
result of a first analysis can be found as blue plot in fig-
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ure 1. The achieved resolution was considerably inferior
than expected and a more in-depth analysis of the data was
performed, focusing on the time evolution of the temper-
ature dependence of the gain. This can be seen nicely in
figure 2, where the measured energy is plotted against the
so-called offset, a signal proportional to the temperature of
the detector. Clearly the temperature dependent gain can
be seen which needs to be taken into account when com-
piling a spectrum. This analysis revealed that the opera-
tion point of the detector must have shifted throughout the
measurement, as data taken in the first 6 d 18 h, plotted as
blue dots, nicely scatter around one line and data taken in
the remaining 3 d 6 h of the experiment lie around another
line. Calibrating each part separately and adding the spec-
tra up lead to an improvement in resolution from 29.6 eV
FWHM to 16.8 eV FWHM when fitted with a Gaussian
as seen as orange data in figure 1. Although the resolu-
tion achieved by the first analysis outperforms an intrinsic
germanium (Ge(i)) detector’s resolution of 180 eV drasti-
cally, this study shows that for achieving the full resolution
a micro-calorimeter is capable of, constant measurement of
a known calibration source is crucial.

34.0 34.5 35.0 35.5 36.0 36.5 37.0

26.25

26.30

26.35

26.40

26.45

Offset/(arb. U.)

E
m

ea
s/(

ke
V

)

0 h till 6 d 18 h
6 d 18 h till 10 d

Figure 2: Measured Energy plotted over so-called offset,
a detector quantity proportional to the chip temperature.
Colour-coded is the time slice of the measured pulse. It
is clearly visible that the two time slices need individual
calibration.
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Combining novel laser-driven high-flux XUV sources 

with storage rings will open new possibilities for precision 

spectroscopy as well as pump-probe measurements of 

highly-charged ions [1]. A proof-of-principle experiment at 

the CRYRING@ESR was conducted in November 2019, 

using stored C+ ions with ion beam energies ranging from 

50 keV/u to 600 keV/u. In the experimental section YR09 

the ion beam was merged with pulses from a laser-driven 

high-harmonics XUV source, which was designed to meet 

the very high vacuum requirements of storage rings. 

 

 

Figure 1: Drawing of the head of the new SiPM-based 

ion detector. 

Ions that underwent charge-changing events were sepa-

rated from the primary ions by a dipole magnet located 

downstream to the straight section YR09. The trajectory of 

the typical product ion, namely C2+, restricts the detection 

to positions inside the dipole-magnet chamber. This re-

quires the detector to be positioned and operated in a strong 

magnetic field, which can adversely affect conventional 

photomultipliers and secondary electron detectors. 

 

Thus, a novel detector system has been developed and 

installed that is based on a YAP:Ce (yttrium aluminium 

perovskite, YAlO3:Ce) scintillator connected to an array of 

silicon photomultipliers (SiPM), which is not sensitive to 

magnetic fields. Note that the scintillator material is known 

to be both radiation hard and compatible with strict UHV 

requirements [2]. A drawing of the detector head, consist-

ing of the scintillator, a light guide and the photodetector is 

shown in Fig. 1. In the following we report on first results 

regarding the performance of the detector. 

 

Figure 2: Pulse strength distribution of detector events 

for three different ion beam energies.  

The distribution of pulse strengths, defined by the area 

under the detector signal, is depicted in Fig. 2 for three dif-

ferent ion beam energies together with the background sig-

nals, when no ions were in the ring. It is found that only for 

500 keV/u and higher beam energies the signal induced by 

ion impact on the scintillator is strong enough to be distin-

guished from the background. This limits the efficiency of 

the detector for low beam energies and light ions. However, 

we see considerable potential for improvement by optimiz-

ing the guiding of photons from the scintillator to the pho-

todetector and by using a photodetector with a higher quan-

tum efficiency at the specific wavelength of YAP:Ce. 

Moreover, the shielding of the detector against stray light 

will be improved in the future. 

We acknowledge financial support by BMBF for APPA 
R&D, project number 05P19SJFAA. 
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The non-destructive and highly sensitive measure-
ment of a charged particle beam is of utmost im-
portance for modern particle accelerator facilities. A 
Cryogenic Cur-rent Comparator (CCC) can be used to 
measure beam currents in the nA-range. Therein, 
charged particles passing through a superconducting 
toroid induce screening currents at the surface of the 
toroid, which are measured via Superconducting Quan-
tum Interference Devices (SQUIDs). Classical CCC 
beam monitors make use of a high magnetic permeabil-
ity core as a flux-concentrator for the pickup coil. The 
core increases the pickup inductance and thus coupling 
to the beam, but unfortunately also raises low-fre-
quency noise and thermal drift. In the new concept 
from the Leibniz Institute of Photonic Technology the 
Coreless Cryogenic Current Comparator (4C) com-
pletely omits this core and instead uses highly sensitive 
SQUIDs featuring sub-micron cross-type Josephson 
tunnel junctions. Combined with a new shielding geom-
etry a compact and comparably lightweight design has 
been developed, which exhibits a current sensitivity of 
about 6 pA/sqrt(Hz) in the white noise region and a 
measured shielding factor of about 134 dB.  The meas-
urements were done in the Cryo-Detector Lab at the 
University of Jena. 

Traditionally, the pickup coil is a full-wrap single turn 
coil around a high-permeability ring core. This core acts as 
a flux concentrator to make the system highly sensitive [1]. 
On the other hand, the core dominates the noise and drift 
behaviour of the CCC. It may therefore be useful to give 
up the ring core and to compensate for the loss of sensitiv-
ity on the SQUID side. Such a coreless CCC (4C) was de-
signed and prepared at the Leibniz IPHT (see Fig. 1).  

As it was to be expected from the first pulse measure-
ments, the 4C noise is currently still somewhat above that 
of the CCCs with flux concentrator core (see Fig. 2). Fur-
ther SQUID optimization should improve white noise 
(1 kHz to 100 kHz). The sensitivity to mechanical vibra-
tions in the range between 5 Hz and 1 kHz should be coun-
teracted constructively in the next 4C. The reason for the 

higher low-frequency 1/f-noise in the range 50 mHz to 
1 kHz is unclear at the moment and object of further re-
search. 

Figure 1: Pb-4C principle (left) in a folded coaxial topol-
ogy and the realisation (right) with a 270 mm inner-diam-
eter including cable to the room-temperature filter box. 

 
Figure 2: Comparison of the noise spectra of three CCCs. 
With core: Red in the middle, GSI-Pb-CCC in 2015 
(4 pA/√Hz white noise); blue at the bottom, GSI-Nb-CCC-
XD in 2017 (3 pA/√Hz white noise). Without core: Black 
at the top, IPHT-Pb-4C in 2019 (6 pA/√Hz white noise). 
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This report covers the first analysis of data taken by 
a maXs-30 series microcalorimeter based x-ray spec-
trometer at the S-EBIT-I at GSI in 2019. A new algo-
rithm is presented for calibrating spectra with de-
formed peak shapes and overall low counts per bin.  

In recent years, cryogenic microcalorimeters like the 
maXs-series metallic-magnetic detector array developed 
by the group of C. Enss [1] have proven to be a promising 
tool in the field of x-ray spectrometers for atomic physics 
application. Due to their working principles they combine 
a high energy resolution 𝐸 Δ𝐸⁄ > 3000 with a broad en-
ergy acceptance range of up to three orders of magnitude 
[2]. In order to benchmark the performance of such a de-
tector in a realistic experiment environment, a measure-
ment was carried out in 2019 at the S-EBIT-I on the site of 
GSI using a maXs-30 spectrometer. The detector consists 
of 64 metallic-magnetic microcalorimeter channels and has 
a resolution of up to 5 eV FWHM in a range between 100 
eV and 100 keV by design.   

During the experiment the microcalorimeter detector con-
tinuously recorded x-ray photons emitted from the interac-
tion region of electrons with ions in the S-EBIT-I operating 
at 10 keV electron energy. A ferrocene gas source was used 
to supply Fe ions into the EBIT. Additionally, a 241Am 
source was present for calibration of the EBIT spectra. The 
analysis of the raw data from the calorimeter is performed 
utilizing the finite response filter-based algorithm devel-
oped at the HI-Jena during the last years. A low overall 
count rate together with distortions of the spectrum due to 
a high susceptibility of the detector to vibrations leading to 
temperature fluctuations made a consistent energy calibra-
tion of the individual detector channels relative to each 
other challenging. Therefor a new calibration algorithm 
was implemented and tested in order to find the best match 
𝑀()* between two spectra 𝑓 and 𝑔:  

𝑀()* = max
1,3,4

5𝑓6(𝐸) ⋅ 𝑔6(𝑎 + 𝑏𝐸 + 𝑐𝐸>)
6

 

The overlap of two spectra is measured using the sum over 
their pointwise product. One of the spectra is panned and 
stretched relative to the other. Utilizing the Nelder-Mead 
method (downhill simplex) the optimal parameter set for 

the highest overlap is determined. This algorithm is a vari-
ation on the classical auto-focus method used by many dig-
ital cameras. It is applied to all detector channel spectra 
subsequentially in order to match them all to each other. 

Shown in figure 1 is a preliminary spectrum containing Kα 
transitions of several charge states of iron ions as well as 
L-shell transitions from barium (from the EBIT cathode). 
A numerical optimization of the finite response filter win-
dow size improved the single channel energy resolution to 
21 eV FWHM at 59.5 keV photon energy. The auto-focus 
algorithm yielded an improvement from 40 to 24 eV 
FWHM by resolving mismatching energy calibrations be-
tween the detector channels. 

We	acknowledge	financial	support	by	the	European	Un-
ion	and	the	federal	state	of	Thuringia	via	Thüringer	
Aufbaubank	within	the	ESF	project	(2015		FGR		0094). 
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Figure 1: An x-ray spectrum recorded by the maXs-30 
from the S-EBIT-I at 10 keV electron energy with a ferro-
cene source. The K-shell transitions of iron and L-shell 
transitions of barium in various charge states are present. 
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We investigated Rayleigh scattering on heavy
hydrogen-like ions theoretically [1]. Focusing on
Gamma Factory initiative at CERN, we chose the exam-
ple of Pb81+ ion with photon energy close to 1s → 2p
transitions. Calculations are performed in rigorous
QED-based treatment, as well as within two approxi-
mations: relativistic and non-relativistic. In contrast to
the non-relativistic one, formulas in relativistic approx-
imation, derived in this work explicitly, provide ∼10-
20% accuracy for observables within reasonable range
of photon energies near resonances.

Scattering of light on atoms is a widely used technique
for characterization and tailoring of properties of both pho-
tons and atoms. Here, we focus on the case of photon en-
ergy being close to certain electronic transition, which we
call resonant case. We also focus on elastic component of
photon scattering, so-called Rayleigh scattering. We em-
ploy well-developed theoretical tools of quantum electro-
dynamics (QED) for rigorous calculations of the scattering
process, namely angle-differential cross section and polar-
ization of the scattered light. Our goal is to derive ana-
lytical expressions describing the observables and verify
their accuracy. Such expressions can be used for design-
ing an experiment, that involves resonant Rayleigh scatter-
ing. Our focus lies on Gamma Factory initiative [2], where
Rayleigh scattering on highly charged heavy ions is pro-
posed as a high intensity and high photon energy γ-ray
source.
The expressions are derived in two resonant electric-dipole
approximations. This means that, in contrast to QED treat-
ment, we neglect two things: (i) effects of all states, ex-
cept for the resonant one; (ii) all types of transitions, except
for the electric-dipole one. The first approximation is non-
relativistic, currently used by Gamma Factory study group.
The second one is relativistic, derived in this work in de-
tails. Results obtained in both approximations are com-
pared to exact QED calculations to determine their accu-
racy. The relativistic approximation is also tested for sta-
bility with respect to photon energy detuning from the res-
onance.
Calculations are performed for example of H-like lead ion
Pb81+. For exact calculations and relativistic approxima-
tion we considered 1s1/2 → 2p1/2 and 1s1/2 → 2p3/2
as resonant transitions. For the non-relativistic approxima-
tion the two transitions are degenerated into one 1s → 2p
transition. Based on the results presented in Figure 1, we
conclude that the non-relativistic approximation fails to de-
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Figure 1: Cross section and polarization angular distri-
bution for different resonant states: 2p1/2 - left column,
2p3/2 - middle column, and nonrelativistic 2p state - right
column. Dashed black line - relativistic resonant electric
dipole approximation, dash-dotted red line - exact calcula-
tions for the “off-resonance” scenario (see text), solid blue
line - exact calculations at the corresponding resonance. In-
cident light is assumed to be circularly polarized.

scribe angular distribution of the scattered light, as well
as its polarization state. At the same time, the relativistic
approximation provides ≈10% accuracy, while the photon
energy is within 5 natural linewidths range near the reso-
nance. We have also found out, that the accuracy of this
approximation drops down to ≈20%, when the photon en-
ergy is 30 linewidths “off” the resonance.
Therefore, we find that relativistic resonant electric-dipole
approximation provides satisfactory accuracy in reasonable
range of photon energies near resonances. We suggest
using this approximation for evaluation of scattered light
properties for design of experiments, such as proposed by
Gamma Factory initiative.
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This work is a theoretical investigation of the process
of spontaneous parametric down-conversion (SPDC).
In SPDC a nonlinear crystal is pumped with a laser
to create entangled pairs of photons. The entangled
state of photon pairs, also known as biphoton state, is
decomposed in Bessel modes, which also enables to in-
vestigate the non-degenerate SPDC process. Further-
more, we discussed optimization conditions for an effi-
cient generation of entangled pairs. In particular, the
proper choice of such parameters as the beam waist of
the pump beam, the length of the crystal, and selected
orbital angular momentum of photon pairs enable to
control the rate and the strength of entanglement.

Spontaneous parametric down-conversion is a way to
generate entangled photon pairs, where a strong pump field
interacts with a nonlinear crystal to create pairs of photons.
A crystal is called nonlinear, depending on the symmetry
properties of its lattice. The rate at which SPDC can create
entangled photons is up to hundreds of thousands per sec-
ond in a narrow frequency band. Therefore, SPDC is one of
the most popular processes for the generation of entangled
photons.

Theoretical and experimental studies have shown that the
photon pair produced by SPDC are naturally entangled in
OAM modes. OAM is a very convenient quantum observ-
able, because, firstly, eigenstates of OAM can be efficiently
prepared, unitary manipulated, and measured, which are
essential steps in quantum communication protocols. We
considered Bessel beams, which also carry OAM if the
paraxial approximation is valid [1] and use them to de-
scribe the spatial structure of the biphoton state. In addition
to OAM, we also considered the radial degree of freedom
of biphoton state, which can be presented by a continuous
observable called opening angle of Bessel beam.

The Bessel modes have been used to represent the spa-
tial correlations of photon pairs. In particular, the descrip-
tion of the radial degree of freedom by the transverse mo-
mentum of Bessel modes. We introduced a new approach,
namely, the utilization of the opening angle of the Bessel
beam to represent the radial degree of freedom. The open-
ing angle and the radial momentum can be equivalently
used for the description of Bessel modes. However, the
main difference between the opening angle and the ra-
dial momentum is that the correlations regarding the open-
ing angle depends on the ratio of energies of the down-
converted photons in contrast to correlation regarding the
radial momentum. This fact can be useful for the direct in-
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vestigation of nondegenerate SPDC process. We therefore
express the spatial structure of the biphoton state in terms
of Bessel modes.

We found optimization conditions, which enable us to
control both the rate and the strength of the correlation. For
instance, the pump beam waist affects the strength of the
correlation. It leads to delta-correlation between transverse
momenta of the down-converted photons when the beam
waist attends to infinity. Such kind of conditions was also
found for OAM and energies of photon pairs, energy of the
pump photnon, and the length of the crystal. On the other
hand, the description of the radial degree of freedom of a
biphoton state by the opening angle of the Bessel beam is
found out to be a convenient approach. Firstly, the corre-
lation measurements regarding the opening angle are easy
to realize. Secondly, this kind of measurement enables the
investigation of the non-degenerate biphoton states, which
were neglected in the previous works. Our investigations
offer new tools for the control of high dimensional entan-
glement experiments. For the demonstration, we present
an example of such kind of correlation between the open-
ing angle of down-converted photons, where we analyzed
the crystal-length dependence.

Figure 1: Correlation between ϑk,s and ϑk,i for different
crystal lengths L = 2 mm, 8 mm. By increasing the crystal
length, the correlation between opening angles of signal
and idler beams vanishes along diagonal for large opening
angles.
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The Kapitza-Dirac effect (KDE) describes the deflec-
tion of electrons by an intense standing light wave [1].
If, instead of a free-electron beam, the electrons are gen-
erated by above-threshold ionization (ATI) driven by
the standing wave itself, the deflection is strongly en-
hanced (high-intensity KDE). We use a complete quan-
tum description of this process to compute the momen-
tum transfer to low- and high-energy photoelectrons in
elliptically polarized standing waves. Our model pre-
dicts experimental conditions under which low-energy
photoelectrons can be generated with high and control-
lable longitudinal momenta.

In ATI, an atomic target is ionized and the emitted pho-
toelectrons absorb more photons than needed to overcome
the ionization threshold. If the ionizing laser beam is a
standing wave formed by two counter-propagating modes
of identical wavelength λ and intensity I , an electron may
absorb N photons from one mode and emit the same num-
ber into the other, which changes its momentum by 2N~k
while leaving its energy constant. This virtual Compton
scattering leads to the high-intensity KDE. To theoretically
describe this process, we apply a nondipole formulation of
the strong-field approximation (SFA) that we adapted to
laser fields with arbitrary spatial dependence [3].

Fig. 1 shows the resulting angular distributions of photo-
electrons in the plane spanned by the beam axis (horizon-
tal) and the polarization direction (vertical) for a linearly
polarized standing wave. The red dashed curve belongs
to photoelectrons with kinetic energy Ep = 9.0 eV at the
detector, which is large compared to the ponderomotive en-
ergy Up ≈ 4 eV of the standing wave. The maxima corre-
spond to a momentum transfer of ∆pz ≈ 850~k to the pho-
toelectron, which agrees with the experiment [2]. However,
low-energy photoelectrons with Ep < Up were not acces-
sible in past experiments. The black curve (Ep = 2.8 eV)
in Fig. 1 shows a second set of maxima, corresponding to
a much larger momentum transfer ∆pz ≈ 1240~k. These
different results for low- and high-energy photoelectrons
can be understood in analogy to the free-electron KDE: If
the electron’s kinetic energy is sufficient to move over the
crests of the ponderomotive potential (Ep > Up), it can
be described classically, leading to a distinct value of its
momentum at the detector. On the other hand, if the elec-
tron’s motion is bounded by the potential crests (Ep < Up),
different paths interfere quantum mechanically, giving rise
to another maximum in the polar-angle distributions. Our
calculations show that due to the conservation of angular
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Figure 1: Normalized polar-angle distributions of photo-
electrons in the ATI with linearly polarized standing light
waves. Shown are high-energy (Ep = 9.0 eV > Up; red
dashed curve) and low-energy (Ep = 2.8 eV < Up; black
solid curve) photoelectrons. The labels denote the momen-
tum transfer corresponding to the maxima. Parameters:
I = 1.5 × 1014 W/cm2, λ = 1200 nm, Kr target. [3]

momentum in the laser-electron interaction, the momentum
transfer can be controlled via the ellipticity of the standing
light wave. In particular, the emission of low-energy photo-
electrons with large momentum transfer can be enhanced.

Since the SFA underestimates the yield of low-energy
photoelectrons due to the neglect of the atomic potential in
the electron continuum, we expect that the effect reported
here is even more pronounced in experiments. Further-
more, semi-classical simulations promise to give more in-
sight into the different dynamics of low- and high-energy
photoelectrons in the standing light wave, especially for el-
liptical polarization.
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We provide an explicit expression for the strong mag-
netic field limit of the Heisenberg-Euler effective La-
grangian for quantum electrodynamics. To this end,
we show that the strong magnetic field behavior is fully
determined by one-particle reducible contributions dis-
covered only recently. The latter can efficiently be
constructed in an essentially algebraic procedure from
lower-order one-particle reducible diagrams. Remark-
ably, the leading strong magnetic field behavior of the
all-loop Heisenberg-Euler effective Lagrangian only re-
quires input from the one-loop Lagrangian. Our re-
sult revises previous findings based exclusively on one-
particle irreducible contributions.

The Heisenberg-Euler effective Lagrangian [1] is a cen-
tral quantity in the development of quantum field theory. It
studies the effect of quantum fluctuations on the effective
theory of prescribed constant electromagnetic fields in the
vacuum, and allows for the systematic derivation of quan-
tum corrections to Maxwell’s classical theory of electrody-
namics. The latter manifest themselves in effective, non-
linear self-couplings between electromagnetic fields, giv-
ing rise to light-by-light scattering phenomena. In electric
fields the Heisenberg-Euler effective Lagrangian LHE de-
velops an imaginary part which can be associated with an
instability of the quantum vacuum towards the formation
of a state featuring real electrons and positrons.

As in the derivation of LHE the dynamical fermion and
photon fields are integrated out, LHE can be represented
in terms of Feynman diagrams featuring internal fermion
and photon lines only. In turn, the only physical dimen-
sionful scale inherited by LHE from the microscopic theory
of QED is the electron mass m. Each coupling of a pho-
ton to a fermion line is mediated by the elementary charge
e =
√
4πα, implying that each internal photon line comes

with a factor of α. On the other hand, the external field
dependence of any loop diagram is entirely in terms of the
combined parameter eFµν . The latter combination actually
forms a renormalization group invariant, and hence is inde-
pendent of the renormalization scale. Correspondingly, it is
convenient to formally treat the parameter α and the com-
bination eFµν as independent. The power of the former
counts the number of internal photon lines in a given dia-
gram, and the power of the latter the number of couplings
to the external fields.

The Heisenberg-Euler effective Lagrangian admits a di-
agrammatic expansion in the number of loops ` of the con-
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ℓ = 1 :

ℓ = 3 :

ℓ = 4 :

ℓ = 2 :

Figure 1: Topologically distinct diagrams constituting
L`-loop
1PR up to four loops. The double solid line denotes

the charged-particle propagator dressed to all orders by the
background field.

stituting Feynman diagrams,

LHE =
∞∑

`=0

L`-loop, (1)

where L0-loop = − 1
4FµνF

µν is the classical Maxwell La-
grangian. The `-loop contribution scales as L`-loop ∼
(απ )

`−1, where α ≡ α(m2) = e2

4π ' 1
137 is the fine-

structure constant. Contributions beyond one loop gener-
ically decompose into one-particle irreducible (1PI) and
one-particle reducible (1PR) diagrams [2], such that for
` ≥ 2 we have L`-loop = L`-loop

1PI + L`-loop
1PR .

In Ref. [3] have explicitly determined the strong mag-
netic field limit of the Heisenberg-Euler effective La-
grangian. After demonstrating that beyond one loop this
limit is fully determined by 1PR contributions, we ex-
tracted the leading contribution at each loop order `. See
Fig. 1 for an illustration of 1PR diagrams. In a next
step, we resummed these leading contributions to obtain
the leading strong magnetic field behavior of the all-loop
Heisenberg-Euler effective Lagrangian. This result could
then be straightforwardly translated to the case of a purely
electric field, by means of the replacement B → −iE.

This work has been funded by the DFG under Grant No.
416607684 within the Research Unit FOR2783/1.
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We show that coherent harmonic focusing provides
an efficient mechanism to boost all-optical signatures of
quantum vacuum nonlinearity in the collision of high-
intensity laser fields, thereby offering a promising route
to their first experimental detection. Assuming two
laser pulses of given parameters at our disposal, we
demonstrate a substantial increase of the number of sig-
nal photons measurable in experiments where one of
the pulses undergoes coherent harmonic focusing be-
fore it collides with the fundamental-frequency pulse.
Imposing a quantitative criterion to discern the signal
from the background of the driving laser photons and
accounting for the finite purity of polarization filtering,
we find that signal photons arising from inelastic scat-
tering processes constitute a promising signature.

The quantum vacuum has remarkable properties. It is
not trivial and inert, but amounts to a complex state whose
properties are fully determined by quantum fluctuations.
As these fluctuations comprise all existing particles, the
quantum vacuum even constitutes a portal to new physics
beyond the Standard Model of particle physics. To ob-
tain a measurable response, the quantum vacuum has to
be probed by some external stimulus. A powerful means
is provided by strong macroscopic electromagnetic fields
which couple directly to the charged particle sector. Within
the Standard Model, the leading effect arises from the ef-
fective coupling of the prescribed electric ~E and magnetic
~B fields via a virtual electron-positron pair. This process
is governed by quantum electrodynamics (QED) and sup-
plements Maxwell’s classical theory in vacuum with effec-
tive nonlinear couplings of the electromagnetic fields. Up
to now, the corresponding deviations have never been di-
rectly observed for macroscopically controlled fields. This
is because the effective interactions are parametrically sup-
pressed by powers of | ~E|/Ecr and | ~B|/Bcr, with Ecr '
1.3× 1018 V

m and Bcr ' 4× 109 T, respectively.
In Ref. [1], we showed that the number of attainable and,

in particular, discernible signal photons can be increased
significantly for a given laser pulse energy put into the in-
teraction volume. To this end, we relied on the mecha-
nism of coherent harmonic focusing (CHF), pioneered by
Ref. [2]. Our quantitative analysis is based on the novel
numerical approach [3] allowing for first-principles simu-
lations of photonic signatures of vacuum nonlinearities. As
a concrete example, we employed CHF to boost photonic
signatures of QED vacuum nonlinearity in the head-on col-
lision of two linearly polarized high-intensity laser fields of
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Figure 1: Spectra of the driving laser photons and signal
photons attainable in a polarization insensitive measure-
ment. In the highlighted example, the fundamental-mode
laser pulse propagates in “+” direction and collides head-
on with a CHF pulse made up of 12 harmonics. White
dashed circles indicate lines of constant photon energy. The
bottom panels focus on the spectral domain where the dif-
ferential number of signal photons surpasses the differen-
tial number of driving laser photons.

given parameters. See Fig. 1 for an illustration.
We are confident that our findings will stimulate many

further theoretical proposals as well as dedicated experi-
mental campaigns aiming at the first verification of quan-
tum vacuum nonlinearity using CHF and replications based
on conventional higher-harmonic generation techniques.

This work has been funded by the DFG under Grant Nos.
416611371; 416607684; 416702141; 416708866 within
the Research Unit FOR2783/1.
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We study x-ray photon scattering in the head-on colli-
sion of an XFEL pulse and a focused high-intensity laser
pulse, described as paraxial Laguerre-Gaussian beam
of arbitrary mode composition. For adequately chosen
relative orientations of the polarization vectors of the
colliding laser fields, this gives rise to a vacuum bire-
fringence effect manifesting itself in polarization flipped
signal photons. As previously demonstrated for the
special case of a fundamental paraxial Gaussian beam,
this scenario is generically accompanied by a scatter-
ing phenomenon of x-ray energy signal photons outside
the forward cone of the XFEL beam, potentially assist-
ing the detection of the effect in experiment. Here, we
study the fate of the x-ray scattering signal under exem-
plary deformations of the transverse focus profile of the
high-intensity pump.

Quantum electrodynamics (QED) predicts effective non-
linear interactions of electromagnetic fields mediated by
quantum fluctuations of electrons and positrons. In the
low energy limit, these effective interactions are governed
by the Heisenberg-Euler effective Lagrangian. For field
strengths much smaller than the critical electric and mag-
netic fields, the leading effective interaction amounts to a
four-field interaction.

The collision of x-ray photons and a high-intensity laser
field constitutes one of the most prospective scenarios to-
wards the first experimental verification of QED vacuum
nonlinearities in macroscopic electromagnetic fields in the
laboratory. The dominant signal arises from the quasi-
elastic interaction of the incident x-ray photons with the
intensity profile of the high-intensity laser. Recently, it has
been demonstrated that the scattering of signal photons out-
side the forward cone of the x-ray beam can be used to sig-
nificantly increase the signal-to-background ratio.

So far, all available studies of the effect have modeled the
high-intensity laser pump as fundamental paraxial Gaus-
sian beam. However, the details of the scattering pro-
cess may depend sensitively on the precise spatio-temporal
structure of the pump field, and in particular on its trans-
verse intensity profile in the interaction region.

Reference [1] is devoted to a first exploratory study
of the fate of the scattering signal under deformations of
the transverse focus profile of the pump. To this end,
we focus on the head-on collision of a weakly focused
XFEL probe pulse with a tightly focused high-intensity
laser pump pulse. More specifically, we assume the waist
wprobe of the x-ray probe to be wider than the wast w0 of
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Figure 1: Far-field angular decay of the signal and probe
(gray) for different transverse pump profiles. For the pump
we consider flattened Gaussian beams of different order N ;
see the inset for the associated focus profiles. The plot is for
a probe photon energy of ω = 12914 eV, pump wavelength
λ = 800 nm, pulse durations τ = T = 30 fs and waist
parameters w0 = 1000 nm as well as wprobe = 3w0.

the pump, thereby ensuring that the x-ray probe photons il-
luminate the full transverse pump profile. While the former
is modeled as linearly polarized plane wave supplemented
with a finite pulse duration, the latter is described as pulsed
paraxial Laguerre-Gaussian beam of arbitrary mode com-
position [2]. In our explicit examples, we especially focus
on pump pulses with flattened Gaussian focus profiles [3],

EN (r) = E0,N e−(
r

w0
)2
N∑

k=0

1

k!

( r

w0

)2k
, (1)

where E0,N denotes the peak field amplitude. See Fig. 1
for an illustration of the effect for flattened Gaussian focus
profiles of different orders N ∈ N0. The general trend
is as follows: the wider the pump, i.e., the larger N , the
narrower the scattering signal.

This work has been funded by the DFG under Grant No.
416607684 within the Research Unit FOR2783/1.
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According to predictions based on electric dipole ap-
proximation, an atom can be brought to a fully oriented
state by two-photon ionization of one of itsK-shell elec-
trons, if the incident light is circularly polarized and
its energy is tuned to a nonlinear Cooper minimum.
We show that by inclusion of electric quadrupole inter-
action, dramatic drop of the orientation purity is ob-
tained. The low degree of ion orientation provides a
diret access to contributions of electron-photon inter-
action beyond electric-dipole approximation. The pre-
dicted ion orientation can be experimentally detected
either directly using a Stern-Gerlach analyzer, or by
means of subsequent Kα fluorescence emission.

The interest in the inner-shell dynamics of atoms and
molecules has been rising ever since excitation and ion-
ization of the strongly bound electrons became accessible
by the first XUV and x-ray light sources. Nowadays, it is
also possible to probe these systems in nonlinear regime
with free-electron lasers. That is why, in the last decade,
much of experimental efforts have been paid to studying
the fundamental properties of nonlinear light-matter inter-
action, and finding use in applied fields such as nonlinear
spectroscopy [1, 2].

We consider the case of two-photon K-shell ionization
of atoms by right-circularly polarized light. Due to the
light polarization, the two electrons from the 1s subshell
proceed via different electric dipole ionization pathways.
While the spin down electron can be ionized through a sin-
gle ionization pathway s1/2 → p1/2 → εd3/2

only, both
electrons can be ionized via an intermediate p3/2 state.
Consequently, passing through a nonlinear Cooper mini-
mum, where the ionization pathways through the interme-
diate p3/2 state vanish, one might expect a pure depletion
of the spin down electron. However, this conclusion holds
only in the electric dipole approximation.

In our work, we showed that in the case of two-photon
ionization ofK shell at nonlinear Cooper minima, account-
ing for beyond-dipole contributions becomes inevitable [3].
In other words, the fragile spin nature of the nonlinear
Cooper minimum of a fine-structure channel gives us the
opportunity to access multipole contributions in nonlin-
ear light-matter interaction processes. To demonstrate the
breakdown of the electron-dipole approximation on exam-
ples, we proposed similar conditions as considered in the
recent experiments [1], where either ion, or fluorescence
yields were detected as a signature of two-photon K shell
ionisation. However, instead of solely detecting the yields,
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Figure 1: Direct two-photon ionization of germanium atom
by two right-circularly polarized photons within electric
dipole approximation (dot-dashed yellow), and including
higher multipole orders (full, black). Top: Total pho-
toionization cross section as function of incident photon
energy. The nonlinear Cooper minimum is reflected into
the cross section in a form of a local minimum around
ω = 10.35 keV. Bottom: Degree of circular polarization
of subsequent Kα fluorescence. Clear breakdown of the
dipole approximation is visible at nonlinear Cooper mini-
mum. [3].

we suggest to additionally carry out measurements of de-
gree of polarisation of photoions or fluorescence photons.
Figure presents the theoretical predictions of the total cross
section as well as degree of polarization of Kα fluores-
cence in the case of nonsequential two-photon ionisation
of neutral germanium atoms. The nonlinear Cooper min-
imum can be clearly seen both in the values of the cross
section (top), where it appears as a local minimum around
ω = 10.35 keV, as well as in the degree of polarization of
Kα fluorescence (bottom), where the strong variation be-
tween electric-dipole (dashed yellow) and multipole (full
black) occurs [3].

Work supported by Bundesministerium für Bildung und
Forschung (Grand No. 05K16FJA).
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The Inverse Compton Scattering (ICS) of laser light
off high-energy electron beams is a well-established
source of X- and gamma-rays for applications in med-
ical, biological, nuclear, and material sciences. High-
brightness ICS γ sources require high-intensity scatter-
ing lasers in general. Here we describe a method to gen-
erate optimized chirped laser pulses that compensate
nonlinear spectrum broadening that inevitably occurs
when the scattering laser is relativistically intense. The
optimized pulses can be thought of as a superposition
of two oppositely linearly chirped pulses, and delayed
with respect to each other. By using those pulses in ICS,
the peak spectral brightness of γ-rays can be increased
by orders of magnitude.

We propose to synthesize an optimized laser spectrum
using spectral interferometry. By working in frequency
space, both the temporal pulse shape and the local laser
frequency are adjusted simultaneously to fulfill as good
as possible the compensation condition, ωL(ϕ) = ω0[1 +
a(ϕ)2], where the frequency rises with the squared normal-
ized laser vector potential a(ϕ).

Our proposed scheme can be summarized as follows: An
initially unchirped broadband laser pulse with the spectral
amplitude ãin(ω) is split into two identical pulses. Each of
these pulses is sent to the arms of an interferometer where
a spectral phase Φ̃(ω) is applied to one of the pulses and
the conjugate spectral phase −Φ̃(ω) is imposed onto the
other one, using, e.g. a DAZZLER. The two pulses are co-
herently recombined causing a spectral modulation. In the
time-domain this translates to the coherent superposition of
two oppositely linearly chirped laser pulses which are de-
layed with respect to each other, see Fig. 1 (a).

By modeling the laser spectrum as Gaussian, and in-
cluding spectral phase terms up to the second order,
Φ̃(ω) =

∑2
k=0Bk (ω − ω0)

k
/(k!∆ωk

L), we found an-
alytic expressions for the synthesized laser pulses in the
time-domain as function of the chirp parameters B =
(B0, B1, B2). These laser pulses were then used to sim-
ulate the ICS γ-ray spectrum using the Lienard-Wiechert
potentials in the far field [1].

We need to find, for given a0 and laser bandwidth, the
optimized values of B that minimize the spectral band-
width (BW) of the scattered γ-rays and provides the largest
peak spectral brightness (psb) of the ICS source. In Ref. [1]
this has been achieved by both numerical optimization, and
by developing an analytic model, see Fig. 1 (c).

Fig. 1 (d) shows the relative rms bandwidth of the ICS
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Figure 1: (a) Schematic sketch of the two-pulse model for
generating optimized laser pulses for narrowband nonlin-
ear ICS. (b) On-axis scattered photon spectra as function of
y = ω/4γ2ω2

0 for a0 = 2, ∆ωL/ω0 = 0.1 (blue) in com-
parison to matched Gaussian (red) and unchirped pulses
(black). Right panels: Optimal chirp parameters (c) that
lead to the narrowest on-axis scattered photon spectrum (d)
for given a0 and ∆ωL/ω0 = 0.1. Shaded areas are analyt-
ical model predictions [1] and symbols are from numerical
optimization. (e) Peak spectral brightness (psb) of the on-
axis scattered photons as a function of a0 for the optimally
chirped pulse (blue) and compared to matched Gaussian
(red) and unoptimized cases (black).

photons, which is well below 4% throughout. It is evident
that there is an optimal range of a0 for the given laser band-
width around a0 = 1.5 where the bandwidth of the ICS
photons is smallest. This optimal region shifts to higher a0
for larger laser bandwidth. For large values of a0 > 3.5,
the quality of the photon spectrum decreases.

Fig. 1(e) shows the on-axis peak spectral brightness of
the γ photons as a function of a0 for the numerically op-
timized chirped pulses. It is several orders of magnitude
larger than for unchirped pulses, and exceeds the matched
Gaussian pulse by a factor of 4 . . . 5.

To verify the robustness of the presented two-pulse
scheme with regard to 3D effects we performed numeric
simulations of realistic LWFA electron bunches with fo-
cused optimized chirped laser pulses [1].
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To enhance the efficiency of high order harmonics
generated from plasma surfaces, a multipass scheme
has been proposed. We show on the example of two tar-
gets, that it is not optimal to place the targets as close
as possible, but at a certain distance to optimize the
waveform of the pulse and thus maximize the efficiency.
This is due to the Gouy phase shift changing the relative
phase between multiple colours in a Gaussian beam.

Surface High Harmonic Generation (SHHG) has been
considered as a promising route towards intense ultrashort
XUV pulses generated in laser-plasma interactions. Sev-
eral different techniques have been proposed since then to
enhance the efficiency of the harmonic generation process.
One technique is the mixing of several frequencies in the
driving laser pulse by using multiple passes [1, 2, 3]. An
important factor, which has not been considered so far, is
the distance between two targets in a multipass setup. It
is especially important for possible experiments to find the
optimal distance, while still being practical from a techni-
cal point of view. As already outlined in previous work [2],
the waveform of the driving laser pulse is important for the
efficiency of the harmonic generation process. But due to
the Gouy phase [4, 5], the waveform of a Gaussian pulse
with multiple colours will change, even when propagat-
ing in free space. Furthermore, the Gouy phase shift is
different, depending on the number of spatial dimensions.
While this does not seem to be important for experiments
in the three-dimensional real world, often two-dimensional
Particle-in-Cell (PIC) simulation are used to support ex-
perimental data. Performing full scale 3D PIC simulations,
especially of surface high harmonic generation in double
reflection, would require a huge number of CPU-hours of
computing time even for a single simulation. This was not
feasible for this study, but it was possible to reproduce the
effect using 1D PIC simulations. To model the free space
propagation in higher dimensions between the two targets
in a 1D PIC simulation, both the intensity and the phase
had to be adjusted accordingly. The reflected pulse was
obtained after the first target and, after a Fourier transform,
the Gouy phase was artificially imposed on the pulse. Like-
wise the intensity was reduced according to the paraxial
approximation. Afterwards the pulse was injected into an-
other simulation for the interaction with the second target.
The model was verified by comparing the results to full-
scale 2D PIC simulations.

The Gouy phase shift changes the relative phase between
multiple colours in a Gaussian beam while propagating.
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Figure 1: Dependence of the harmonic generation effi-
ciency η = IAP /IL (normalized to the single pass effi-
ciency ηS) on the distance between the two targets. The
attosecond pulse is obtained by applying a highpass filter
which cuts out everything below the 20th harmonic. The
pulse between the two targets has been modelled to reflect
the intensity falloff only (a), the Gouy phase shift only (b)
and the combined effect of both (c). The combined effect
is also compared to full 2D simulations.

This also changes the resulting waveform, which has impli-
cation for multipass high order harmonics generation. As
the waveform changes with the propagated distance, there
exists an optimal distance between the two targets, where
the harmonic generation efficiency on the second target is
maximized. It is not optimal to just minimize the distance
between the two targets, as one would assume purely from
the intensity falloff alone. It is found that the harmonic
generation efficiency peaks at 0.2zr or 0.5zr for 3D and
2D propagation geometry, respectively.
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We use the worldline representation for correlation
functions together with numerical path integral meth-
ods to extract nonperturbative information about the
propagator to all orders in the coupling in the quenched
limit (small-Nf expansion). We consider a simple scalar
toy model (S2QED) for QED-like theories. Using a
worldline regularization technique, we are able to ana-
lyze the divergence structure of all-order diagrams and
to perform the renormalization of the model nonper-
turbatively. We compute the pole mass of the S2QED
electron and observe sizable nonperturbative effects in
the strong-coupling regime arising from the full pho-
ton dressing. We also find indications for the existence
of a critical coupling where the photon dressing com-
pensates the bare mass such that the electron mass van-
ishes.

In addition to Feynman diagram calculus for perturbative
expansions of quantum field theory, the worldline method
[1] has proved useful in both perturbative as well as non-
perturbative applications in QED and beyond.

We have extended nonperturbative worldline methods to
a computation of a full propagator in S2QED, a scalar QED
toy model, combining a compact worldline representation
for a large subclass of Feynman diagrams with information
carried by the probability distribution function of a rele-
vant worldline observable. This has enabled us to perform
the renormalization of the model nonperturbatively and to
compute the propagator of the scalar electron for large val-
ues of the coupling beyond the perturbative validity region.

The fully resummed subclass of diagrams is the domi-
nant set in the formal small flavor Nf → 0 limit. For the
scalar electron propagator, it diagrammatically corresponds
to the electron line dressed by all possible photon radiative
corrections but without any additional electron loop. The
computation becomes accessible in the worldline formal-
ism as it corresponds to an expectation value of a worldline
observable which we have been able to compute using the
method of probability distribution functions.

This gives rise to a number of concrete results for the
model: we observe that the propagator is always positive
for the range of accessible coupling values, so that we ob-
serve no violation of reflection positivity. More precisely,
we have analyzed the dependence of the propagator on the
distance as a function of the coupling. The large distance
behavior is governed by the physical (pole) mass corre-
sponding to the inverse correlation length characterizing
the propagator.

For small couplings, our nonperturbative results coincide
with the loop approximation. Even though asymptotically
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Figure 1: Nonperturbatively computed electron pole mass
m? (red circles) as a function of coupling strength ḡ com-
pared with various perturbative estimates.

large distances are numerically difficult to deal with, the ac-
cessible distances already exhibit the expected asymptotic
behavior and allow for a determination of the pole mass for
comparatively large couplings ḡ ∼ 0.5 (playing the role of
the finestructure constant in S2QED).

From about ḡ ∼ 0.2 on, we observe a clear deviation
from the perturbative estimate, cf. Fig. 1. The inclusion
of more diagrams corresponding to a full radiative dressing
of the electron with a photon cloud reduces the physical
pole mass compared to the leading-order perturbative es-
timate. Our results are compatible with the existence of
a critical coupling value for which the physical mass ap-
proaches zero as a consequence of the radiative dressing.

Finally, we observe that the small-distances behaviour
of the propagator is not affected by photonic corrections,
neither perturbatively nor in the nonperturbatve worldline
computation. This provides evidence for the superrenor-
malizable structure of the theory as suggested by power-
counting. As a result, the anomalous dimension of the
scalar electron field in S2QED remains zero both in per-
turbation theory and beyond.

Work supported by (DFG) under Grant Nos.
416611371; 392856280 within FOR2783/1.
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A precise determination of laser intensity in focus is
of critical importance for experiments probing strong-
field QED, such as the ones planned within the LUXE
and FOR collaborations [1, 2]. We examine the possibil-
ity of such measurements by means of ponderomotive
scattering of electrons from diffuse gas targets. Here the
advantages of various target gases for measuring laser
pulses at different intensities are compared.

This work investigates the electron energy and angular
spectra emerging from the interaction of short, intense laser
pulses with a gas target as a means of probing the laser
strength, a0, in focus. Simulations were conducted using
the particle-in-cell code EPOCH to investigate the features
of the scattered electron spectra, and from which spectral
features the laser strength can be accurately determined.

At high laser intensity, the outer-shell electrons, and in
fact all electrons from low-Z gases, are ionized well before
the peak of the laser pulse arrives. Those electrons never
interact with the peak of the pulse and are thus not useful
for determining the peak intensity. We compared various
target gases including nitrogen, argon, and krypton to find
the optimal target for strong field ionization of electrons at
the peak for various intensity levels.

For weakly focused Gaussian pulses, the field distribu-
tion near focus and peak of field strength is nearly planar.
The dynamics of the electron in such a field are well known
theoretically. The minimum scattering angle of the elec-
trons given by the peak laser amplitude is then:

θ ≈ arctan(2/a0) (1)

where a0 is the laser strength parameter. The highest en-
ergy electrons are ponderomotively scattered by fields near
the peak of the laser pulse and have the largest drift velocity
as compared to their transverse velocity [3]. Therefore, we
examine the minimum scattering angles of the highest en-
ergy electrons to determine the peak value of laser strength.

We performed 2D-EPOCH simulations where a JETI-
like laser pulse collides with a low density gas target. The
laser’s wavelength is λ = 800 nm, duration is τ = 40 fs,
and beam waist is w0 = 10µm. Intensity was permuted
over 2.94 × 1018, 1019, 1020, 1021, and 1022 W/cm2. Our
targets were nitrogen, argon, and krypton at number den-
sity 1 × 1014 /cm3. As previously shown, we found all
of the electrons of nitrogen are ionized and scattered well
before the peak of the pulse arrives. We saw little dif-
ference between the scattered electron spectra of krypton
and argon for the entire intensity range [4]. The peak of
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Figure 1: Peak laser strength as given by the minimum scat-
tering angle according to Eqn. 1 (the black line). Different
colors correspond to different input values of a0 (dashed
lines): green to a0 = 1.167, red to a0 = 3.369, and cyan
to a0 = 11.66. Circles are for simulations using krypton,
crosses for argon, and triangles for nitrogen.

the scattered electron spectra also tends to underestimate
laser strength as compared to the spectrum’s high energy
tail. Figure 1 shows the value of a0 calculated from Eqn.
1 using the scattering angle of the highest energy simula-
tion electrons. This technique predicts laser strength fairly
well for weakly focused beams with intensities below 1021

W/cm2, but consistently underestimates a0. For simulation
inputs a0 = 1.2 and 3.4, krypton offers predictions accu-
rate within 5.6% which show an advantage over Thomson
scattering techniques [5].

This work is on-going and aims to establish a parameter
space for which lasers the technique can be most accurate
and precise. Our forthcoming simulations will provide a
prediction for the accuracy of these measurements, the en-
ergy resolution required for detection, and the sensitivity of
the technique to pulse duration and spotsize.
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Investigation of the interaction of the twisted (or vor-

tex) light beams with the matter has become an im-
portant research topic with extensive applications. It
is explained by the fact that these beams can carry a
nonzero projection of the orbital angular momentum
(OAM) onto the propagation direction. This projec-
tion being an additional degree of freedom provides a
unique possibility to get a deeper insight into the role of
the OAM in light-matter interactions.

In the present work, we perform the fully-relativistic in-
vestigation of the resonant sequential two-photon ioniza-
tion of the neutral atoms by the combination of plane-wave
and twisted Bessel light [1]. This process can be regarded
as a two-step one. On the first step, the plane-wave pho-
ton excites the neutral sodium atoms (Z = 11) from their
ground 32S1/2 state, while, on the second step, the pho-
toionization of the 32P3/2 excited state by the vortex pho-
ton occurs. We evaluate the “twistedness”-induced effects,
namely the influence of the kinematic parameters of twisted
light such as opening angle, on both the angular distribution
of the photoelectron and the circular dichroism. Here we
propose to enhance these effects through the appropriate
choice of the geometry of the considered process, namely,
via adjusting the angle between the first, plane-wave and
the second, twisted photon.

The Bessel-wave twisted photons possess the well-
defined energy ω, helicity λ as well as the linear kz and
total angular m momenta projections onto the propaga-
tion direction. We fix the z axis along this direction. The
Bessel-wave twisted photon is described by the vector po-
tential [2, 3, 4]:

A
(tw)
κmkzλ(r) = iλ−m

∫
eimϕk

2πk⊥
δ(k⊥ − κ)δ(k‖ − kz)

×A
(pl)
kλ (r)dk . (1)

where A
(pl)
kλ standing for the vector potential of the plane-

wave photon, k‖ and k⊥ are the longitudinal and transver-
sal components of the momentum k, respectively, and
κ =

√
ω2 − k2z is the well defined transversal momen-

tum. From Eq. (1), it is seen that in the momentum space,
these Bessel states represent a cone with the opening angle
θk = arctan(κ/kz).

Now let us discuss the geometry of the process under in-
vesitigation (see Fig. 1). As was mentioned before, the z
axis is directed along the propagation direction of the sec-
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Figure 1: The geometry of the resonant sequential ioniza-
tion of a single atom by the combination of plane-wave and
twisted light.

ond, Bessel photon. The reaction x-z plane is formed by z
axis and the direction of the wave vector of the first, plane-
wave photon k1. The position of the target atom is given
by the impact parameter b = (b, ϕb, 0) in cylindrical coor-
dinate.

In the present work, we consider the scenario of macro-
scopic target since most photoionization experiments deal
with extended targets. We describe such a target as an inco-
herent superposition of atoms being randomly and homo-
geneously distributed.

We investigate the angular distribution of the photoelec-
tron as well as the circular dichroism for different opening
angles of the twisted photon θk and different angles be-
tween the first, plane-wave photon and the second, Bessel
one θ1. It was found that the “twistedness” effects do sig-
nificantly increase with θ1 approaching 90◦. That makes
the case of θ1 = 90◦ the most promising scenario for the
observation of these effects in the process under investiga-
tion.
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I. Arapoglou, A. Egl, M. Höcker, T. Sailer, B. Tu, A. Weigel, R. Wolf, H. Cakir, V. A.
Yerokhin, N. S. Oreshkina, V. A. Agababaev, A. V. Volotka, D. V. Zinenko, D. A. Glazov, Z.
Harman, C. H. Keitel, S. Sturm, and K. Blaum

g Factor of Boronlike Argon 40Ar13+

Physical Review Letters 122, 253001 (2019).

S. Asnafi, H. Gies, and L. Zambelli

BRST-invariant RG flows
Physical Review D 99, 085009 (2019).

F. Aumayr, K. Ueda, E. Sokell, S. Schippers, H. Sadeghpour, F. Merkt, T. F. Gallagher, F. B.
Dunning, P. Scheier, O. Echt, T. Kirchner, S. Fritzsche, A. Surzhykov, X. Ma, R. Rivarola, O.
Fojon, L. Tribedi, E. Lamour, J. R. C. Lopez-Urrutia, Y. A. Litvinov, V. Shabaev, H. Cederquist,
H. Zettergren, M. Schleberger, R. A. Wilhelm, T. Azuma, P. Boduch, H. T. Schmidt, and T.
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Differential cross sections for ionization of atomic hydrogen by antiprotons
Hyperfine Interactions 240, 60 (2019).

J. Buldt, M. Mueller, C. Jauregui-Misas, L. H. Stark, and J. Limpert

Fiber-laser driven THz source based on air-plasma
Proceedings of SPIE 10897, 52 (2019).

T. P. Butler, D. Gerz, C. Hofer, J. Xu, C. Gaida, T. Heuermann, M. Gebhardt, L. Vamos, W.
Schweinberger, J. A. Gessner, T. Siefke, M. Heusinger, U. Zeitner, A. Apolonski, N. Karpow-
icz, J. Limpert, F. Krausz, and I. Pupeza

Watt-scale 50-MHz source of single-cycle waveform-stable pulses in the molecular finger-
print region
Optics Letters 44, 1730 (2019).

80



S. Creutzburg, E. Schmidt, P. Kutza, R. Loetzsch, I. Uschmann, A. Undisz, M. Rettenmayr, F.
Gala, G. Zollo, A. Boulle, A. Debelle, and E. Wendler

Defects and mechanical properties in weakly damaged Si ion implanted GaAs
Physical Review B 99, 245205 (2019).

L. Dabelow, H. Gies, and B. Knorr

Momentum dependence of quantum critical Dirac systems
Physical Review D 99, 125019 (2019).

C. Danson, C. Haefner, J. Bromage, T. Butcher, J.-C. Chanteloup, E. Chowdhury, A. Gal-
vanauskas, L. Gizzi, J. Hein, and D. Hillier

Petawatt and exawatt class lasers worldwide
High Power Laser Science and Engineering 7, E54 (2019).

J. Deprince, M. A. Bautista, S. Fritzsche, J. A. Garcı́a, T. R. Kallman, C. Mendoza, P. Palmeri,
and P. Quinet

Plasma environment effects on K lines of astrophysical interest - I. Atomic structure, ra-
diative rates, and Auger widths of oxygen ions
A&A 624, A74 (2019).

M. Durante, P. Indelicato, B. Jonson, V. Koch, K. Langanke, U.-G. Meißner, E. Nappi, T.
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Löher, F. Nolden, N. Petridis, U. Popp, T. Rauscher, M. Reed, R. Reifarth, M. S. Sanjari, D.
Savran, H. Simon, U. Spillmann, M. Steck, T. Stöhlker, J. Stumm, A. Surzhykov, T. Szücs, T. T.
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R. Hollinger, D. Gupta, M. Zapf, R. Röder, D. Kartashov, C. Ronning, and C. Spielmann

Single nanowire defined emission properties of ZnO nanowire arrays
Journal of Physics D: Applied Physics 52, 295101 (2019).

R. Hollinger, P. Malevich, V. Shumakova, S. Ališauskas, M. Zapf, R. Röder, A. Pugžlys, A.
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S. J. Skruszewicz, G. G. Paulus, and C. Rödel
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Sun, L. Susam, F. Suzaki, T. Suzuki, S. Torilov, C. Trageser, M. Trassinelli, S. Trotsenko,
X. Tu, P. Walker, M. Wang, G. Weber, H. Weick, N. Winckler, D. Winters, P. Woods, T.
Yamaguchi, X. Xu, X. Yan, J. Yang, Y. Yuan, Y. Zhang, and X. Zhou

New test of modulated electron capture decay of hydrogen-like 142Pm ions: Precision mea-
surement of purely exponential decay
Physics Letters B 797, 134800 (2019).

B. E. Panah, S. Panahiyan, and S. H. Hendi

Entropy spectrum of charged BTZ black holes in massive gravity’s rainbow
Progress of Theoretical and Experimental Physics 2019, 013E02 (2019).

S. Panahiyan, and S. Fritzsche

Simulation of the multiphase configuration and phase transitions with quantum walks uti-
lizing a step-dependent coin
Physical Review A 100, 062115 (2019).

S. Panahiyan, S. H. Hendi, and N. Riazi

AdS4 dyonic black holes in gravity’s rainbow
Nuclear Physics B 938, 388 (2019).
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Frequency-comb-based laser system producing stable optical beat pulses with picosecond
durations suitable for high-precision multi-cycle terahertz-wave generation and rapid de-
tection
Optics Express 27, 11037 (2019).

L. Schmidl, G. Schmidl, A. Gawlik, J. Dellith, U. Hübner, V. Tympel, F. Schmidl, J. Plentz, C.
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Hagmann, S. Hess, C. Kozhuharov, R. Märtin, N. Petridis, R. Hess, S. Trotsenko, Yu. A.
Litvinov, J. Glorius, A. Gumberidze, M. Steck, S. Litvinov, T. Gassner, P.-M. Hillenbrand, M.
Lestinsky, F. Nolden, M. S. Sanjari, U. Popp, C. Trageser, D. F. A. Winters, U. Spillmann, T.
Krings, and Th. Stöhlker
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