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49 Abstract. Interferometric pump-probe experiments in the extreme ultraviolet
50 (XUV) domain are experimentally very challenging due to the high phase stability
51 required between the XUV pulses. Recently, an efficient phase stabilization scheme
52 was introduced for seeded XUV free electron lasers (FELs) combining shot-to-shot
53 phase modulation with lock-in detection [A. Wituschek et al., Nat Commun 11, 1
54 (2020)]. This method stabilized the seed laser beampath on the fundamental ultraviolet
55 wavelength to a high degree. Here, we extend this scheme including the stabilization of
56 the XUV beampath, incorporating phase fluctuations from the FEL high gain harmonic
>7 generation process. Our analysis reveals a clear signal improvement with the new
58 . e

59 method compared to the previous stabilization scheme.
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1. Introduction

Interference phenomena can be exploited to control quantum pathways withyhigh
precision [1] and to improve the attainable resolution of experiments with tespect to
temporal, spectral and spatial information [2, 3, 4, 5, 6]. In order to observe interferénce
between two optical pulses, sub-cycle phase/delay stability between the pulse replicas
is required. This explains why techniques exploiting the interferencé between multiple
laser pulses/beams are very challenging to perform at short wavelengths in/the extreme
ultraviolet (XUV) to X-ray regime where only a few such experiments have been reported
to date[7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19].

At visible wavelengths several phase stabilization methods havedbeen developed to
solve the phase jitter issue [20, 21, 22, 23, 24]. However, implementing these stabilization
concepts in the XUV and X-ray domain is very challenging, due‘to the lack of suitable
optics for short wavelengths and/or the required complex optical setups. Among the
established stabilization schemes, one very efficient concept is the phase modulation
(PM) technique [24]. This method features extraordinary sensitivity to probe highly
dilute samples in the condensed and gas phase [25,26, 27|, which can be further
improved using selective detection schemes{28, 29,730, 31], and can be transferred to
shorter wavelengths using frequency up-conversion’[32]. Recently, this method was
successfully implemented in the XUVsdomain using high-gain harmonic generation
(HGHG) [33] at the seeded XUV free electron laser (FEL) FERMI [15] where it enabled
the measurement of the dephasing of a Fano resonance in the time domain[9]. Tt
was also implemented in tabletop high harmonic generation (HHG), which enabled the
spectral characterization of narrow-band harmonics with very high spectral resolution
(< 0.7meV, AE/E ~ 107°) [10x

In these experimentgy” the timing and phase control, including the phase
stabilization, was implemented on the fundamental wavelength before the harmonic
generation was performed. This is advantageous, since no modification of the XUV
beampath is necessary, which greatly simplifies the experimental implementation.
However, this approach does not stabilize phase fluctuations introduced in the harmonic
generation process itself or the phase jitter introduced in the XUV beampath. The
same applies 0 other demonstrated concepts stabilizing the pulse sequences on the
fundamental ‘wavelength [17, 8, 34]. In the tabletop-approach based on HHG in gases,
this problem is‘usually not significant, since the phase jitter introduced between the
pump and probe pulses can be kept small [18]. In contrast, in HGHG the phase jitter
can bepsubstantial [35, 9] and, hence, including the XUV beampath in the stabilization
method would be desirable. The PM technique is a passive stabilization scheme, which
trackspthe phase fluctuations and corrects them in the signal detection, in contrast to
most other stabilization methods. This opens up the possibility to track and correct the
phase fluctuations of the harmonic generation and the XUV beampath, even if only the
beampath of the fundamental wavelength is controlled.

Here, we extend the PM technique in order to track and correct phase fluctuations
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in the XUV beampath at the FERMI FEL-1 source. This is not possibleswith
other concepts actively stabilizing the interferometer at the fundamental wavelength.

Our approach clearly improves the signal quality compared to the same measurement

stabilizing only the beampath before the harmonic generation.

2. Method
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Figure 1. Experiméntal scheme. (a) Principle of electronic WPI. Pump and probe
pulses each excite a quantum pathway (green, brown) in the system. The interference
of the excitation pathways.gives rise to interference fringes as a function of the relative
phase betweend the pathways. (b) Excited state population as a function of the
pump-probe delay, reflecting the constructive/destructive pathway interference. (c)
Fourier transform of (b) reveals the linear absorption spectrum of the system. (d)
Experimental setup: The UV seed pulses are split-and-delayed and phase-modulated
in the/PM interferometer setup. Subsequent HGHG generates phase-modulated XUV
pump-probe ‘pulse pairs used to excite the sample. A portion of the XUV light is
branched off and analyzed in the XUV beamline spectrometer. The reference for lock-
in demodulation is retrieved either from the seed laser interferometer (Refl) or from the
XUV spectrometer (Ref2). ¢o1: phase difference between seed laser pump and probe
pulsest d¢: fluctuations of ¢o1. da: accumulated phase fluctuations from HGHG and
subsequent XUV beampath.

The interference experiments are based on XUV electronic wave packet

interferometry (WPI) (Fig. la—). Here, pump and probe pulses each excite a coherent

superposition of electronic ground and excited states in the system, giving rise to

constructive/destructive interference in the excited state population as a function of the

relative phase between the pulses/excitation pathways (Fig. 1a). Detecting the excited

state population, e.g. by fluorescence or photoionization, while sweeping the temporal

pump-probe delay results in an interferogram in the time domain (Fig. 1b). This signal
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reflects the free polarization decay of the induced dipole transition between groundrand
excited electronic states. Accordingly, the oscillation frequencies (weq) correspond to
the energy difference between the involved states (w., = (E. — E,)/h)"and a Fourier
transform yields the linear absorption spectrum of the sample (Fig. 1c). The attainable
frequency resolution is given by the scan range in the time domain and is therefore
decoupled from the spectral width of the XUV pulses, thus facilitating highiresolution
spectra even with ultrashort and broadband pump and probe pulses.

In order to detect clean interferograms, the phase fluctuations between pump and
probe pulses must be kept small: d¢ < 27/50[36], which is increasingly difficult to
achieve at short wavelengths. In the PM technique, this issue is solved by removing the
phase jitter from the signal by heterodyne detection with a reference signal exhibiting
the same phase fluctuations. To this end, the relative €arrier-envelope phase (CEP)
between pump and probe pulses is modulated at a frequency of €2 on a shot-to-shot
basis. This characteristic modulation enables lock-inmamplification to efficiently extract
the interference signal from background contributions. At the same time, the optical
interference between pump and probe pulses i deteeted to track the phase changes
and fluctuations in the interferometer. Using this signal as reference for the lock-in
amplification returns as output the phase difference between the input signal and the
reference: ¢ous = ¢sig — ¢res- This leads to'cancellation of the correlated phase jitter
of the signals and down-shifts the signal frequencies by orders of magnitude to a lower
frequency regime (rotating frame sampling) [24]. Accordingly, the residual signal phase
at the lock-in amplifier (LIA),output is

¢0ut = AwT + 5¢sig7ref ;5 (1)

where Aw = wey; — wrer denotesithe frequency difference between the optical resonance
weg and the optical frequeney’of the reference signal wyef, 7 denotes the pump-probe
delay and d¢gis_rer the uncorrelated phase noise between signal and reference.

A detailed description of the PM technique and of the experimental setup are given
in Refs. [24, 28, 9, 37, 38]."Fig. 1d gives an overview over the experimental setup. With
a highly stable, monolithic PM interferometer setup [38] in the seed laser beampath,
phase-modulated pump and probe pulses are generated. Upon generation of the n’th
harmonic of thie seed laser pulses, the phase of each pulse increases by an integer factor
of n (Fig. 1d)./The/XUV/pulses excite and ionize the sample and the produced ions
are masssresolved with an ion time-of-flight (TOF) detector. The phase modulation
introduced on the seed laser is reflected in the ion yield and is demodulated with
a LILAm In addition, phase fluctuations da introduced in the HGHG process and the
XUV beaniline contribute to the signal. Here, the timing jitter between the seed laser
pulsesyand the electron bunch is identified as the major contribution to da[9]. In the
previous works [9, 37], the signal (Sig) was demodulated with Refl, tracking the phase
changes and fluctuations in the seed laser setup. To this end, Refl was digitized and its
n’th harmonic was computed inside the LIA. In that implementation, the XUV phase
flctuations da were not tracked and therefore did not cancel upon lock-in amplification.
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In the current work, we extend the scheme. Instead of using a commercial LIA forsthe
signal detection, we employ a software-based universal lock-in amplifier (ULIA) [39],
which provides more flexibility in the signal processing of the experimental datajand
the reference signal.

While commercial LIAs require smooth, single-channel analog signals as inputs, the
ULIA can process pulsed (single-shot-resolved) multidimensional detector gignals [31].
For the XUV experiments, this has two advantages. First, entire photoelectron/-
ion TOF traces can be processed on the single-shot level for the ULIA signal input,
and, thus, interference signals from many different ion/electron contributions can be
extracted, simultaneously in a single measurement. To this end, the TOF traces are
digitized with a fast analog-to-digital converter and each time bin is demodulated with
the ULIA algorithm, similar to the procedure in Ref. [31}

Secondly, extraction of the reference signal from the XUV beamline spectrometer
(2D CCD array detector) becomes possible, whichyallowsitracking the XUV phase
fluctuations da on the single-shot level (Fig.1d). Fig.i2a_ shows the XUV beamline
spectrometer signal for two consecutive shots{ revealing a clear interference fringe
spectrum of the XUV pump-probe pulsés.. In the Ramsey-type interference fringes,
the fringe spacing is inversely proportional'to the pump-probe delay 7, while the phase-
offset corresponds to the CEP difference between both pulses. Shot-to-shot modulation
of the relative phase between the seed laser-pulses leads to a modulation of the XUV
interferogram at n-times the modulation, frequency (Fig.2b). Hence, while keeping 7
fixed, extracting the amplitude of the spectra at one specific photon energy hw.s for
multiple consecutive laser shots, returns a periodic oscillating waveform suitable for the
lock-in demodulation (Fig. 2c).( To minimize the influence of FEL intensity fluctuations
on the extracted phase, we normalized the area of each interferogram before extracting
the phase.

For a direct comparison of the signal demodulation using the commercial LIA with
Refl and the ULIA with.Ref2, we apply both methods to the same data sets, that is the
3523p% — 3s!'3pY6plano résonance in argon atoms and the 1s? — 1s4p transition in
helium, as probed in Ref.[9]. In the experiment, the FEL was operated on the 6th/5th
harmonic of the seedilaser (28.53eV/23.74eV), respectively and the XUV pump-probe
delay was scanned from 150fs to 600fs in 2fs steps. The phase modulation frequency
was 0 = 18.24Hz (at the’6th harmonic), which was chosen close to the Nyquist limit
of 25 Hz for the FERMI FEL-1 source operated at a repetition rate of 50 Hz. At each
delay the signal was demodulated over 800 laser shots when using the commercial LIA
and Refl, and 700 laser shots when using the ULIA and Ref2, both at a repetition rate
of 50 Hz. The FEL pulse duration was & 57 fs, pulse energies were 10 pJ (for argon) and
30 nJ (for helium) and sample densities were ~ 10? cm ™ (argon) and 103 cm ™2 (helium).
I the previous method, the XUV interference data was extracted by gating the ion-
TOF spectra on the Art mass with a boxcar integrator yielding a sufficiently smooth
signal for demodulation with the commercial LIA. The reference was extracted from
the optical interference in the seed laser interferometer (Refl in Fig. 1d). In the current
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Figure 2. Retrieval of the XUV reference signal. (a) Two-pulse interference spectrum
for two consecutive laser shots at a fixed pump-probe delay 7 = 300fs. Solid line:
optical resonance probed in the experiment (weg), dashed line: position at which the
signal‘phase is evaluated (wyer). (b) Shot-to-shot phase modulation of 50 consecutive

laser shots at a pulse delay of 7 = 300fs and FEL repetition rate of 50 Hz.

Modulated signal extracted at 28.50eV for a modulation of 18.24 Hz, sampled at a

rate of 50 Hz.

work, we use the same data set, but demodulate the data with the ULIA algorithm and
use the/ XUV beamline spectrometer data for the reference (Ref2 in Fig. 1d).
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3. Results

First, we demonstrate the principle of rotating frame detection. TheyexcitedrFano
resonance is at 28.51 eV, which corresponds to an interference fringe spacing of,145 as'in
the time domain signal and would require an extremely fine sampling with 7-increments
of < 145/2as. In the PM technique, beating the signal with the reference. leads to a
down-shifted frequency of Aw = wey — wrer, Which depends on the reference frequency
wree. In the current work, wyes can be freely chosen within the bandwidth of the XUV
pulse spectrum (Fig.2a), enabling the optimization of the signal frequencies to the
experimental conditions. We note that the choice of the reference frequency does not
influence the spectroscopic information. However, free choice of w,.fenables maximum
down-sampling of the signal and reduces the amount of ungorrelated phase noise between
the signal and the reference.

Figs. 3a—c exemplify the demodulated signal for referenees Ref2 extracted at three
different frequencies wyef, clearly demonstrating the flexibility in arbitrarily down-
shifting the signal frequency. The corresponding interference fringe periods are 106 fs,
143 1fs, and 459fs, which correspond to a frequency down-shift of up to a factor of
3167, significantly simplifying data acquisition. This flexibility was not available in
the previous detection method [9], where wys wasydefined by a continuous-wave (cw)
metrology laser tracing the seed lasersinterferometer and was therefore not tunable.
The cw laser was necessary to obtain assmooth waveform for the lock-in demodulation
with the commercial LIA [40]. There, a frequency down-shift by a factor of 51 was
achieved, almost two orders of magnitude léss than in the current work.

This clear difference between the two demodulation methods using the fixed Refl
and the flexible Ref2 is showniin Fig.4. Fig.4a compares the corresponding down-
shifted signal frequencies in“the time domain. For a quantitative comparison of the
signal quality, the phase néise is shown in Fig.4b. For a better visualization, the
theoretically expected linear phase slope is subtracted from the data revealing the phase
fluctuations relative to an‘ideal harmonic oscillation. At a delay of > 350 fs where the
signal amplitude has decayed to =~ 18% the residual phase jitter clearly increases. In this
region, intensity fluetuations of the FEL start to dominate the signal and a comparison
of the residual™phase noise from both demodulation methods is not reasonable. In the
region < 350fs/(gray shaded), the phase noise is low for both methods, meaning that
the phasefor these delays is stable. However, the RMS fluctuations in this region are
a factor of 1.4 smaller for the ULIA demodulation. This suggests that using the XUV
reference (Ref2, cf. Fig.1b) for the signal demodulation, indeed improves the signal
quality.

Next; we evaluate the Fourier spectra of both signals. The interfering ionization
pathways at a Fano resonance alter the absorption line shape between absorptive and
dispersive character depending on the phase shift between the direct and indirect
ionization path [42]. The Fano line shape is recovered in the real part of the Fourier
transforms of the WPI signals. Accordingly, Fig.4c,d compare the Fourier spectra of
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Figure 3. Demodulated time-domain interferograms using different references
extracted at a photon energy of 28.56¢V (a), 28.53¢eV (b), and 28.50eV (c) from the
XUV spectrometer. The fringe frequency reduces clearly for reference signals extracted
at photon energies closer to the transition frequency of the Fano resonance frequency
(28.51eV).

both signals, up-shiftediby the corresponding w,.s-values to obtain the absolute frequency
axis. To recover fthe line shape in the lock-in detection correctly, a calibration of the
absolute phase shift between signal and reference has to be performed. While our new
approach conveniently omits phase shifts from analog electronics (amplifiers, filters,
etc.), optical chirp on the XUV pulses leads to a phase slope in the spectral interferogram
used to fextract the reference signal. This phase function was not characterized in
the current work. Instead, in Fig.4d the phase parameter was optimized by fitting
the data to the reference spectrum taken from a static absorption spectrum measured
with,synchrotron radiation [41]. For a better comparison between both demodulation
methods, the same fit procedure was applied to the data in Fig. 4c.

Comparing both demodulation methods with the synchrotron data, a better
qualitative match is found for the phase stabilization using the XUV reference Ref2
(Fig.4d). For a quantitative comparison, we calculated the RMS deviation from
the synchrotron data in the gray shaded spectral region. Outside of this region, no
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significant signal is expected and the spectra are dominated by statistical noisesnFhe
RMS deviations are 4.93 - 1073 (Fig. 4c) and 0.96 - 10~ (Fig. 4d), respectively, implying
a signal improvement by a factor of 5.1 when using Ref2 for the signal“demodulation:
This is in accordance with the time domain evaluation, showing the same tendency of an
improved signal quality when using the new stabilization scheme. The result is also in
agreement with another experiment (Fig.5), where we measured the coherenge between
two bound states in helium (1s? — 1s4p, 23.74eV) [9]. Here, we comipare the signal-to-
noise ratio (SNR) obtained with the two stabilization methods, yielding an/SNR of 14.0
using Refl and 43.3 using Ref2 for demodulation, which is a remarkably high SNR for
interference experiments in the XUV domain. For the SNR,_determination we defined
the noise floor as the mean value of the background signal plusitwo times its standard
deviation.
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Figure 5.  Fourier spectra of the 152 — 1s4p coherence excited in He atoms for
demodulation using Refl (a) and Ref2 (b). The overall SNR in (b) has been improved
by.a factorsof 3.1 compared to (a). Moreover, in (a) the spectral peak exhibits side
lobes as a typieal sign for discontinuities in the temporal phase of the signal. These
effects are well compensated when using Ref2 for the demodulation.

In generaly using the XUV reference (Ref2) for demodulation one may expect
an even higher improvement of the signal quality than observed in our study whose
limited performance can be explained by two reasons. First, the shot-to-shot amplitude
fluctuations of the FEL output introduces noise which is not corrected by either of the
two stabilization methods. Second, the correlation of the phase fluctuations d« is small
between consecutive laser shots. Hence, the bandwidth of the lock-in-based stabilization
method is insufficient to correct these high-frequency phase fluctuations. The correction
of such high-frequency noise contributions requires single-shot self-referencing methods,

Page 10 of 14
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e.g. as implemented in Refs. [43, 44]. We investigated the possibility of single-shotrself-
referenced data correction using the XUV spectrometer data and adapting the ULIA
algorithm accordingly. However, this did not improve the data quality further due to
the large uncertainties for extracting the required amplitude, phase and_delay. values
from the XUV spectrograms.

4. Conclusion

We introduced a new stabilization scheme for interferometticc XUV pump-probe
experiments with seeded FELs. The method is based on a“previous stabilization
scheme combining phase modulation and lock-in amplification te stabilize the seed laser
interferometer at the fundamental wavelength [9]. In the carrent work, we have extended
the method to include the stabilization of the XUV heampath;'in particular of phase
fluctuations introduced in the HGHG process. The mnew method simplifies the optical
setup by omitting a cw metrology laser. Applying both methods to track the evolution of
electronic coherences in argon and helium atomsy we find a five-fold signal improvement
with the new scheme. Further improvement of the signal quality is limited by high-
frequency noise introduced in the HGHG process which cannot be suppressed with the
limited bandwidth of the stabilization method, and:by the amplitude fluctuations which
are not corrected in the stabilization seheme. In general, the possibility of tracking
and stabilizing phase fluctuations in the XUV generation and the XUV beampath
opens up the extension of interferometric spectroscopy schemes to shorter wavelengths,
potentially to the X-ray domain,where recently first coherent control experiments were
demonstrated [45].

5. Acknowledgements

We gratefully acknowledge the'support of the FERMI staff, in particular of the machine
team and the laser team.

6. Funding

Bundesministerium fiir Bildung und Forschung (BMBF, 05K16VFB); European
Research Qouncils(ERC) with the Advanced Grant “COCONIS” (694965); Deutsche
Forschungsgemeéinschaft (DFG) RTG2079 and ST1125/19-2; Swedisch Research Council
(2018-03731);:Knut and Alice Wallenberg Foundation (2017.0104).

7. Disclosures

The authors declare no conflicts of interest.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPHYSB-107134.R1

D. Uhl et al. 12

8. Data Availability Statement

Data is available from the corresponding author upon reasonable request:

[1]
2]

N

[15]

Jones R R 1995 Phys. Rev. Lett. 75 1491-1494

Paul P M, Toma E S, Breger P, Mullot G, Augé F, Balcou P, Muller H G and Agostini P 2001
Science 292 1689-1692 ISSN 0036-8075, 1095-9203

Ttatani J, Quéré F, Yudin G L, Ivanov M Y, Krausz F and Corkum P B 2002 Physy Rev. Lett. 88
173903

Dantus M, Bowman R M and Zewail A H 1990 Nature 343 737-739

Griiner B, Schlesinger M, Heister P, Strunz W T, Stienkemeier F and<Mudrich M 2011 Phys.
Chem. Chem. Phys. 13 6816-6826 ISSN 1463-9084

Dai Y, Zhou Z, Ghosh A, Mong R S K, Kubo A, Huang C B and Petek H.2020 Nature 588 616-619
ISSN 1476-4687

Prince K C, Allaria E, Callegari C, Cucini R, Ninno G D, Mitri S D; Diviacco B, Ferrari E, Finetti
P, Gauthier D, Giannessi L, Mahne N, Penco G, Plekan O, Raimondi L, Rebernik P, Roussel
E, Svetina C, Trovo M, Zangrando M, Negro M, Carpeggiani P, Reduzzi M, Sansone G, Grum-
Grzhimailo A N, Gryzlova E V, Strakhova S I, Bartschat KjDouguet N, Venzke J, Tablonskyi
D, Kumagai Y, Takanashi T, Ueda K, Fischer A Coreno M, Stienkemeier F, Ovcharenko Y,
Mazza T and Meyer M 2016 Nat Photon 10 176-179/ ISSN"1749-4885

Jansen G S M, Rudolf D, Freisem L, Eikema K'S E and Witte S 2016 Optica 3 1122 ISSN 2334-2536

Wituschek A, Bruder L, Allaria E, Bangert\U,"Binz M, Borghes R, Callegari C, Cerullo G,
Cinquegrana P, Giannessi L, Danailov M, Demidovich A, Fraia M D, Drabbels M, Feifel R,
Laarmann T, Michiels R, Mirian/N S, Mudrich, M, Nikolov I, O’Shea F H, Penco G, Piseri P,
Plekan O, Prince K C, Przystawik A, Ribi¢ P R, Sansone G, Sigalotti P, Spampinati S, Spezzani
C, Squibb R J, Stranges S, Uhl D and Stienkemeier F 2020 Nat Commun 11 883 ISSN 2041-1723

Wituschek A, Kornilov O, Witting T, Maikowski L, Stienkemeier F, Vrakking M J J and Bruder
L 2020 New J. Phys. 22 092001 ISSN 1367-2630

Kaneyasu T, Hikosaka Y, Fujimoto M, Iwayama H and Katoh M 2021 Phys. Rev. Lett. 126 113202

Prince K C and Diviacco B 2021.Nat Commun 12 3784 ISSN 2041-1723

Usenko S, Przystawik A, Jakeb M A, Lazzarino L L, Brenner G, Toleikis S, Haunhorst C, Kip D
and Laarmann T 2017 Nat' Commun 8 15626 ISSN 2041-1723

Usenko S, Schwickert, D, Przystawik A, Baev K, Baev I, Braune M, Bocklage L, Czwalinna M K,
Deinert S, Diisterer S;Hans A, Hartmann G, Haunhorst C, Kuhlmann M, Palutke S, Rohlsberger
R, Ronsch-Schulenburg J;nSchmidt P, Skruszewicz S, Toleikis S, Viethaus J, Martins M, Knie
A, Kip D and Laarmann T 2020 J. Phys. B: At. Mol. Opt. Phys. 53 244008 ISSN 0953-4075

Allaria E, Badano,l., Bassanese S, Capotondi F, Castronovo D, Cinquegrana P, Danailov M B,
D’Auria Gg-Demidovich A, De Monte R, De Ninno G, Di Mitri S, Diviacco B, Fawley W M,
Ferianis/M /Ferrari E; Gaio G, Gauthier D, Giannessi L, Tazzourene F, Kurdi G, Mahne N,
Nikolov Ty Parmigiani F, Penco G, Raimondi L, Rebernik P, Rossi F, Roussel E, Scafuri C,
Serpico C, Sigalotti P, Spezzani C, Svandrlik M, Svetina C, M T, Veronese M, Zangrando D and
Zangrando M 2015 J Synchrotron Rad 22 485-491 ISSN 1600-5775

Skruszewicz<S, Skruszewicz S, Przystawik A, Schwickert D, Sumfleth M, Namboodiri M, Hilbert
V, Klas R, Klas R, Gierschke P, Schuster V, Vorobiov A, Haunhorst C, Kip D, Limpert J,
Limpert J, Limpert J, Rothhardt J, Rothhardt J, Rothhardt J, Laarmann T, Laarmann T and
Laarmann T 2021 Opt. Express, OFE 29 40333-40344 ISSN 1094-4087

Bellini M, Lynga C, Tozzi A, Gaarde M B, Hansch T W, L’Huillier A and Wahlstréom C G 1998
Phys. Rev. Lett. 81 297-300

Salieres P, Le Déroff L, Auguste T, Monot P, d’Oliveira P, Campo D, Hergott J F, Merdji H and
Carré B 1999 Phys. Rev. Lett. 83 54835486

Cavalieri S, Eramo R, Materazzi M, Corsi C and Bellini M 2002 Phys. Rev. Lett. 89 133002

Page 12 of 14



Page 13 of 14

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPHYSB-107134.R1

D. Uhl et al. 13

[20]
[21]

[22]

Scherer N F, Carlson R J, Matro A, Du M, Ruggiero A J, Romero-Rochin V, Cina J A, Fleming
G R and Rice S A 1991 J. Chem. Phys. 95 1487-1511 ISSN 00219606

Tian P, Keusters D, Suzaki Y and Warren W S 2003 Science 300 1553-1555¢1SSN 0036-8075,
1095-9203

Brixner T, Mancal T, Stiopkin I V and Fleming G R 2004 J. Chem. Phys. 121 4221-4236 ISSN
00219606

Volkov V, Schanz R and Hamm P 2005 Opt. Lett. 30 20102012

Tekavec P F, Dyke T R and Marcus A H 2006 J. Chem. Phys. 125 194303 ISSN 0021-9606,
1089-7690

Bruder L, Bangert U, Binz M, Uhl D, Vexiau R, Bouloufa-Maafa N, Dulieu Osand Stienkemeier
F 2018 Nat Commun 9 4823 ISSN 2041-1723

Bruder L, Bangert U, Binz M, Uhl D and Stienkemeier F 2019 J. Phys. B: At. Mol. Opt. Phys.
52 183501 ISSN 0953-4075

Tamimi A, Landes T, Lavoie J, Raymer M G, Raymer M G, Marcus A H and Marcus A H 2020
Opt. Ezpress, OF 28 25194-25214 ISSN 1094-4087

Bruder L, Mudrich M and Stienkemeier F 2015 Phys. Chem. Chem. Phys. 17 23877-23885 ISSN
1463-9084

Bruder L, Binz M and Stienkemeier F 2015 Phys. Rev. A 92053412

Bruder L, Eisfeld A, Bangert U, Binz M, Jakob M¢{ Uhl D, Schulz-Weiling M, Grant E R and
Stienkemeier F 2019 Phys. Chem. Chem. Phys. 21,2276-2282 ISSN 1463-9084

Uhl D, Bangert U, Bruder L and Stienkeméier'F 2021 Optica 8 1316-1324 ISSN 2334-2536

Bruder L, Bangert U and Stienkemeier F 2017 Opt: Express 25 5302-5315 ISSN 1094-4087

Yu L H 1991 Phys. Rev. A 44 5178-5193 ISSN11050-2947, 1094-1622

Koll L M, Maikowski L, Drescher L4 Witting T and Vrakking M J J 2022 Phys. Rev. Lett. 128
043201

Gauthier D, Ribi¢ P R, De Ninno G, Allaria E,, Cinquegrana P, Danailov M B, Demidovich A,
Ferrari E, Giannessi L, Mahieu B and Penco G 2015 Phys. Rev. Lett. 115 114801

Hamm P and Zanni M 2011 Concepts and Methods of 2D Infrared Spectroscopy (Cambridge
University Press) ISBN 978-14139-49707-7

Wituschek A, Bruder L, Allaria E, Bangert U, Binz M, Callegari C, Cinquegrana P, Danailov M,
Demidovich A, Fraia M Dy FEeifel RyLaarmann T, Laarmann T, Michiels R, Mudrich M, Nikolov
I, Piseri P, Plekan O, Prince K\C, Przystawik A, Ribi¢ P R, Ribi¢ P R, Sigalotti P, Stranges
S, Stranges S, Uhl D, Giannessi L, Giannessi L and Stienkemeier F 2020 Opt. Ezpress, OF 28
29976-29990 ISSN 1094-4087

Wituschek A, Bruder L, Klein L S, Strucka J, Demidovich A, Danailov M B and Stienkemeier F
2019 Opt. Lettf44 943 ISSN 0146-9592, 1539-4794

Uhl D, Bruder LIi'and Stienkemeier F 2021 Rev. Sci. Instrum. 92 083101 ISSN 0034-6748

Bruder L, Binz M and Stienkemeier F 2018 Opt. Lett., OL 43 875-878 ISSN 1539-4794

Madden R/P, Ederer D' Ih.and Codling K 1969 Phys. Rev. 177 136-151

Fano U 1961/Phys. Rev. 124 1866-1878

MarojusP, K Grazioli C, Fraia M D, Moioli M, Ertel D, Ahmadi H, Plekan O, Finetti P, Allaria
E, Giannessi L, Ninno G D, Spezzani C, Penco G, Spampinati S, Demidovich A, Danailov M B,
Borghes Ry Kourousias G, Reis C E S D, Billé F, Lutman A A, Squibb R J, Feifel R, Carpeggiani
P, Reduzzi M, Mazza T, Meyer M, Bengtsson S, Ibrakovic N, Simpson E R, Mauritsson J,
Csizmadia T, Dumergue M, Kiihn S, Gopalakrishna H N, You D, Ueda K, Labeye M, Bakhgj
J._E,Schafer K J, Gryzlova E V, Grum-Grzhimailo A N, Prince K C, Callegari C and Sansone
G 2020 Nature 578 386-391 ISSN 1476-4687

Maroju P K, Grazioli C, Fraia M D, Moioli M, Ertel D, Ahmadi H, Plekan O, Finetti P, Allaria
E, Giannessi L, Ninno G D, Spampinati S, Lutman A A, Squibb R J, Feifel R, Carpeggiani
P, Reduzzi M, Mazza T, Meyer M, Bengtsson S, Ibrakovic N, Simpson E R, Mauritsson J,
Csizmadia T, Dumergue M, Kiithn S, Harshitha N G, You D, Ueda K, Labeye M, Bakhgj J E,



oNOYTULT D WN =

aOuvuuuuuuuuuudAdDdDDDIEDNDMNDIEDNDNDNEWWWWWWWWWWNNNDNNNDNNNDN=S S @2 Qa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOVOVUONOOCULPdMNWN—_ODUOVUONOUVEDSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - JPHYSB-107134.R1

D. Uhl et al.

2021 New J. Phys. 23 043046 ISSN 1367-2630

[45] Heeg K P, Kaldun A, Strohm C, Ott C, Subramanian R, Lentrodt D, Haber J, Wille H
S, Riiffer R, Keitel C H, Rohlsberger R, Pfeifer T and Evers J 2021 Nature 590
1476-4687

Page 14 of 14



