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Abstract
The self-compression of few-cycle pulses based on soliton dynamics is an emerging approach for
generating attosecond pulses covering the infrared to the vacuum ultraviolet spectral regions.
Using this technique, we compress 28fs laser pulses at 790nm directly to an attosecond duration in
a single gas-filled hollow core fiber. For the first time, the emitted sub-cycle pulse together with the
resonant dispersive wave are field-resolved down to 120nm. We show that the waveform measured
via nonlinear photoconductive sampling (NPS) is reproducible over multiple days, and we experi-
mentally probe the response function of NPS at petahertz frequencies by manipulating the carrier-
to-envelope phase. The sub-cycle attosecond resolution combined with the relatively simple setup
make field-resolved solitons a powerful platform for attosecond experiments.

1. Introduction

Probing electron dynamics in real time was a great achievement of attosecond physics [1]. Attosecond
pulses obtained via high-harmonic generation (HHG) enabled experiments with sufficient time resol-
ution to investigate ionization delays [2–4], atomic transition phases [5], and attosecond charge [6–9]
and spin [10] dynamics. Experiments with these conventional attosecond pulses, however, have faced
two major limitations: (1) the very low photon flux and (2) limited flexibility and tunability, which typ-
ically restricts them to the extreme ultraviolet (EUV) with photon energies exceeding 15eV [11–13]. In
this spectral region, photons preferentially interact with core electrons and ionize the sample, whereas
most of the transitions in the valence region would be more accessible to deep ultraviolet (DUV) and
vacuum ultraviolet (VUV) photons, potentially even leaving the sample in a neutral charge state [14–
16]. Moreover, the low photon flux of HHG leads to low count rates at the detector and problems with
low-cross-section processes, which are critical, for example, in attosecond-pump attosecond-probe spec-
troscopy (APAPS). Significant progress is being made in the direction of APAPS [17–20], but often, in
particular in the DUV and VUV, the experiments remain challenging.

Attosecond pulses with considerably higher pulse energies and longer wavelengths can be achieved by
soliton-effect self-compression and resonant dispersive wave (RDW) emission in gas-filled hollow core
fibers (HCFs). Using this technique, Travers et al demonstrated the generation of high-energy sub-cycle
optical waveforms with attosecond duration [21–23]. Noticeably, the RDW emission can improve the
energy efficiency of the frequency up-conversion by several orders of magnitude compared to HHG [24].
Additionally, RDW continuously covers the spectral range of the DUV and VUV (between ∼100nm
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and ∼300nm), where molecular and valence electron transitions are exceptionally dense. Soliton self-
compression has recently drawn significant attention in the attosecond community due to its flexibility
and potential, for example, in the generation of HHG driver pulses [25–27].

The shorter the pulse duration compared to the period of the electric field oscillation, the more rel-
evant becomes the specific waveform. For single- and sub-cycle pulses, only field sampling permits an
optimal extraction of information from the electric field of the pulse. For example, the waveform syn-
thesis of sub-cycle transients [28] or polarization sampling experiments [29] are only possible when the
entire electric field waveform is measured.

After being first separately characterized through frequency-resolved optical gating (FROG) [21, 30,
31], solitons and their RDWs were recently simultaneously field-resolved using nonlinear photocon-
ductive sampling (NPS) down to 150nm (2.0PHz, 8eV) [32]. For the first time, field-resolved detection
reached the DUV, and established the sub-femtosecond nature of the pulses. However, the ultimate limit
of field-resolved RDWs is still unexplored, in terms of bandwidth, reliability, and technical complexity.

In this work, we show that the soliton technique can be pushed further by compressing a 28fs pulse
directly down to the attosecond regime using a single fiber. For the first time, we measure the field
of the RDW in the VUV down to 120nm (∼2.5PHz, ∼10 eV), thus extending the spectral range of
field sampling techniques to the edge of the EUV. We report transient field durations down to ∼300as
(with the VUV RDW having a full-width at half-maximum (FWHM) duration of 4 fs) and show that
the measured waveform is stable over several days and can be reproduced by simulations. By com-
paring experimental and numerical results, we show that we resolve for the first time the electric field
of a subfemtosecond soliton shifted to the blue as a result of ionization of the HCF-filling gas. An
important aspect of the present work is the relatively simple setup, which does not rely on broad-
band dispersive optics, and where the gating (‘injection’) pulse used for field sampling is derived from
the same fiber output as the measured (‘drive’) pulse. Nonetheless, the gate event is clearly confined
to an attosecond interval ∆t short enough to resolve the half cycles of the 120nm radiation, that is,
∆t≲ 200as. Furthermore, the comparison with grating spectrometer measurements suggests that the
spectral response of NPS is fairly flat. We finally test our understanding of NPS in a carrier-to-envelope
phase (CEP) scan, which exhibits a modulation of the NPS spectral response at the third harmonic fre-
quency of the injection pulse.

2. Experimental methods

The layout of the experiment is shown in figure 1(a). 28 fs pulses centered at 790nm (see SI, figure 4)
self-compress in a single capillary (L= 3m, ø= 200µm) filled with He at one end and evacuated at the
other end. An all-reflective interferometer is built in vacuum after the fiber to sample the field of the
sub-femtosecond pulses. Differently from reference [32], the gating pulse is derived from the same fiber
output as the measured pulse, demonstrating field sampling with a self-referencing approach.

In this section we highlight few key aspects that make it possible to detect the waveforms obtained
via soliton self-compression and RDW generation using the single-stage broadening setup mentioned
above.

Soliton dynamics constitute an effective method to compress multi-octave pulses to a sub-cycle dura-
tion. The price that we have to pay is that no transmissive optics nor propagation in a gas can be toler-
ated after the fiber. In fact, broadband chirp in the UV is, currently, irreversible: here dispersive mirrors
have strong limitations due to the multilayer design and the poor refractive index contrast achievable in
the UV (besides the strong absorption in most materials) [33, 34]. As a result, the fiber needs to termin-
ate in vacuum and only reflective optics are permitted afterwards.

In order to maintain a good mode quality we split and recombine the beam by wavefront division
on perforated mirrors, thus preserving cylindrical symmetry and collinearity at recombination. A dir-
ect consequence is that the spectrum is different in the two arms because longer wavelengths diverge
more. We privilege the ‘inner’ beam (drive arm) with the goal of maximizing its high-frequency com-
ponents. For this reason the drive beam is reflected three times off Si surfaces in the s-polarization; the
high losses from Si are convenient since the original beam is too powerful to be measured with NPS.
The only curved mirror in the drive arm is Al based, coated with a thin MgF2 protective layer. Al–MgF2
allows for lower total losses, but is more problematic at 120nm, close to the MgF2 bandgap.

On the contrary, the ‘outer’ beam (injection arm) is handled with all the elements necessary for
intensity, polarization and delay control—respectively, a pair of wiregrid polarizers, a double periscope,
and a retroreflector on a delay stage—in addition to collimation, refocusing and steering mirrors. Ag
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Figure 1.Methods. (a) Schematics of the experiment. 28 fs pulses self-compress in a single capillary. The pulses in the drive arm
are then measured via nonlinear photoconductive sampling (NPS). (b) Working principle of NPS: (i) ionization of Ar by an
intense injection pulse; (ii) charge acceleration by a weak drive pulse; (iii) screening current readout as a function of delay.

mirrors cause a sharp cutoff of the spectrum at 400nm. Nonetheless, the pulse is short enough to gener-
ate an attosecond gate event. The waveform of the injection pulse at the NPS position is presented in the
SI, section 1, for 1.32bar of He filling pressure.

The field waveform of the pulses is measured via NPS [32, 35–37]. As depicted in figure 1(b), a sub-
cycle nonlinear ionization event by an intense injection pulse serves as the gate window. A second, weak,
orthogonally polarized pulse (drive pulse) accelerates the freed electrons, which form a macroscopic
dipole. The dipole is measured through the screening current flowing in and out of two properly posi-
tioned conductors. A delay scan between the injection and drive pulse yields an electrical signal that is
linearly proportional to the vector potential of the drive pulse (i.e. the integral of its electric field). At
the NPS focus typical peak intensities of the injection (respectively drive) beam are 1 to 5× 1014Wcm−2

(respectively 1 to 5× 1012Wcm−2). The spatial gap between the two conductors is ∼0.3mm. The typ-
ical acquisition time of a waveform as shown in figure 2(a) is ∼10min (1 to 2min per individual delay
scan).

While NPS does not have bandwidth constraints in the long wavelengths, it is limited by the atomic
transitions at short wavelengths. In our case the injection pulse ionizes Ar, whose lowest-energy optical
excitation line is at 106.7nm. For a correct NPS measurement, none of the two pulses should reach such
short wavelengths. Otherwise linear excitation of intermediate electronic state in Ar would allow the
weak drive pulse to contribute to the ionization process. This would generate unwanted, complicated
signal.

The NPS data in this paper is presented without any deconvolution by the NPS gate function. Time-
dependent Schrödinger equation (TDSE) calculations were performed to retrieve the NPS response func-
tion. However, due to the experimental uncertainty in the waveform of the injection pulse, when correct-
ing the NPS data by the response function we would introduce additional noise and arbitrary assump-
tions. Often—but not always—this correction leads to a mismatch between the field-sampling and the
spectrometer measurements which can not be justified. A more extensive discussion can be found in the
SI, section 1.

Finally, UV-induced mirror contamination is one of the most critical practical issues when working
with intense UV radiation. This contamination is a well-known phenomenon not only in the context
of ion and electron beams [38, 39], but also in the context of EUV lithography [40, 41]. The radiation
breaks the bonds of the organic molecules present on the surface of the optics, promoting the growth
of a carbon layer on the irradiated area. The carbon layer gradually degrades the reflectivity of the mir-
rors. As a consequence, it is critically important to reduce the partial pressure of hydrocarbons in the
chamber. In our experiment we clean the contaminated optics daily using an external plasma cleaner.
The first measurement of each run was performed at 1.32bar of He; the slow contamination gradu-
ally reduces the amount of UV reaching the NPS stage, as confirmed in figure 4(a) by the comparison
between the curves CEPinj = 0rad—first waveform measurement—and CEPinj = π rad—fifth waveform
measurement—expected to be identical, except for the sign of the field.
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Figure 2. Field-resolved attosecond pulses in the visible-VUV. (a) Electric field waveforms of the pulses under identical condi-
tions on three different days. The pressure at the entrance of the fiber is p= 1.32bar. Each waveform is the average of 4 to 6 indi-
vidual delay scans, from which the error of the field is computed (shaded area). (b) Squared of the field of the average of the three
waveforms in (a). (c) Intensity spectrum of the average of the three waveforms in (a) together with a measurement via grating
spectrometer.

3. Results

In figure 2(a) we show the waveform obtained by exploiting soliton dynamics in a HCF and measured
via NPS as discussed in the section ‘experimental methods’. The FWHM of the intensity envelope is
570as, whereas—without cycle average—the FWHM of the squared field is 310as (see figure 2(b), even
shorter than what was previously reported by Heinzerling et al [32].

Remarkably, the waveform is stable and reproducible, even 20 days after the first measurement.
Deviations are within the experimental error (shaded area). The measured traces reveal the characteristic
shape of waveforms obtained via soliton dynamics in gas-filled HCFs: low frequencies on the leading
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Figure 3. Comparison between experimental and simulated pulses. At three different values of the gas pressure in the fiber: (a)–
(c) spectra of the pulses measured by NPS, along with the simulated ones and those obtained using the grating spectrometer.
As input for the numerical simulations, we used the pulses measured before the fiber and the following energies: (a) 445µJ, (b)
435µJ, and (c) 360µJ. At the same pressure values: (d)–(f) time-frequency analysis of the measured NPS waveforms, and (g)–
(i) corresponding time-frequency analysis of the simulated waveforms. Both the spectrum and the temporal structure of the
measured pulses are well reproduced by simulations. Note that below 200nm (ν > 1.5PHz) the spectral shape is relevant, but the
intensity value is not meaningful: in this region the spectro meter is not calibrated and the carbon contamination on the mirrors
is particularly absorptive. Each intensity curve and each spectrogram is individually normalized. Only the fundamental mode
HE11 is considered when plotting the simulation output.

edge, followed by a steepened front and higher frequencies on the trailing edge. The average of the three
waveforms in figure 2(a) is Fourier-transformed and shown in figure 2(c) together with a grating spec-
trometer measurement. By comparing the spectrometer and NPS data we see that NPS captures the field
correctly down to 120nm (2.5PHz). In particular the RDW feature, centered at 2.3PHz, matches very
well in the two spectra. Importantly, the comparison between the two spectra indicates that the spectral
response of NPS is fairly flat.

Note that to compare the two spectra, we applied an intensity correction curve to the data acquired
with the grating spectrometer. The same correction method is applied to the output pulses from HCF
simulations as well. The correction accounts for the perforated mirrors clipping the beam, for the dif-
fraction effects, and for the focus properties of the drive beam. These effects attenuate the low frequen-
cies more than the higher ones and, as a result, the contrast of the main temporal peak is conveniently
enhanced upon propagation in the drive arm. The propagation-related spectral reshaping is discussed
more in detail in the SI, section 2.

In figures 3(a)–(c), we show the spectra simulated using the Luna.jl code [42] for a selection of pres-
sures filling the input of the HCF, along with those acquired by the grating spectrometer and NPS. For
the simulations, we used, as input IR pulse, the temporal profile reconstructed from a second-harmonic-
FROG measurement integrated with plain spectrometer data (see SI, section 4). Below, in figures 3(d)–
(i), we show the spectrograms obtained from (top) the NPS measurements and (bottom) simulations,
using a Gaussian gate function with standard deviation σ = 1.0fs. The simulations reproduce not only
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the experimental spectrum after the fiber, but also the temporal structure of the pulses. In figures 3(e)
and (h), we see that the RDW at 1.32bar of He has a comparable duration of a few femtoseconds, and
is similarly delayed with respect to the soliton in simulations and experiments. This delay is the signa-
ture of the RDW propagating inside the fiber after its generation. The overlap between the RDW and
the soliton can in principle be optimized by shortening the fiber, as shown by simulations in the SI,
section 3. By increasing the pressure up to 1.85bar He (see figures 3(f) and (i), we can follow the split-
ting of the soliton and the temporal walk-off of different frequency components due to the dispersion
inside the fiber. The effect of self-steepening [43, 44] is clearly visible at the trailing edge of the soliton
in figures 2(a) and (b) as well.

At low pressures both experiments and simulations reveal a blue-shift of the self-compressing soliton.
In the spectra obtained with 1.2 bar and 1.32 bar of He at the fiber input, we can clearly identify a broad
feature between 0.5 and ∼1.2PHz with a flat phase, namely the soliton spectrum. The corresponding
spectrograms figures 3(d), (e), (g) and (h) show that such feature is markedly blue-shifted with respect
to the carrier frequency of the fiber input pulse ∼0.38PHz (∼790nm). Although self-steepening leads
to an asymmetric spectral broadening, it alone cannot account for the observed frequency shift, which is
primarily caused by gas ionization induced by the soliton. In the SI, section 5, we show the correspond-
ing simulations with and without ionization effects. As the soliton shifts to the blue, it approaches the
zero dispersion wavelength, and, as a result, the phase-matching to the RDW shifts to longer wavelengths
[45]. Increasing the pressure to 1.85 bar, the experimental data exhibit a clear spectral modulation with
a period of ∼156 THz, which indicates ionization-induced soliton splitting [46]. The phenomena have
been predicted and observed in anti-resonant HCFs, with the temporal profiles characterized through
FROG measurements [46–51]. Notably, the observation of blue-shifted solitons and measurements of
their electric field in capillaries have not been previously reported.

On the contrary, simulations do not accurately reproduce the spectral modulation observed when
filling the fiber with 1.85 bar of He. We attribute the discrepancy to the high sensitivity of the simu-
lations to the input laser parameters (a chirp as small as a few femtoseconds squared can significantly
affect the spectrum at the fiber output) and variations in the incoupling due to the high peak power
(only ∼ 5 times lower than the critical power). Our hypothesis is supported by the observation that to
simulate similar spectral modulations, we need to reduce the energy of the input pulses. As opposed to
the measured spectra, in the simulated ones the RDWs have considerably larger spectral amplitudes—
a significant discrepancy that we attribute to the reduced reflectivity of the mirrors at the center of the
beam due to slow damage caused by the intense VUV radiation (see section ‘experimental methods’).

The time-frequency spectrograms in figures 3(d)–(f) also reveal that the high-frequency signal above
2PHz is experimental noise. The only exception is the RDW at 1.32bar, which appears at a precise
instant in time. The rest of the signal is randomly distributed over the entire sampled window. In the
time domain, it corresponds to the fast oscillations visible at t<−5fs in figure 2(a), for example. The
NPS spectra in figures 3(a) and (c) reach the noise baseline around 2PHz and therefore do not match
the spectrometer data at higher frequencies—this adds to the lack of amplitude calibration data for the
spectrometer above 1.5PHz. There are many pathways to lower the noise baseline; trivially: a slower mir-
ror contamination would enable a longer integration time, and a doubled or tripled drive pulse energy—
without reaching the nonlinear drive regime in NPS—could improve the signal-to-noise ratio as well.
Other optimizations might concern the mode overlap between the drive and injection beams at the
focus, or the electronic noise.

The field sampling of VUV down to 120nm (corresponding to a 0.2fs half-cycle) would not be pos-
sible without an ionization (gate) event that is strongly confined to a duration in the order of 0.2fs. In
our case, the central wavelength of the NPS injection pulse is 650nm; assuming that the pulse is single-
or sub-cycle, the FWHM of the squared field of its central half cycle is ∼0.5fs, insufficient for NPS to
resolve VUV radiation. The nonlinear ionization of Ar atoms at the NPS focus must play a role in con-
fining the gate function to a ∼0.2fs interval.

A simple model of NPS consists of three steps: (i) medium ionization (gate event) by an intense
injection pulse, (ii) charge carrier acceleration by a weak drive pulse, and (iii) readout of their final velo-
city, where the ionization must not be perturbed by the weak drive pulse, orthogonally polarized with
respect to the strong injection. Charge acceleration by the injection pulse itself can be neglected since it
is delay-independent. The simplest model is based on strong-field approximation, and uses either multi-
photon or ADK [52–54] ionization rates to describe the gate event, whereas electron acceleration follows
the basic classical mechanics. Despite its simplicity, the model explains NPS data quite accurately [35].
According to this semi-classical model, the delay dependent signal S(τ) is proportional to the convolu-
tion of the ionization rate R(t) with the vector potential of the drive pulse Adrive(t). Full quantum mech-
anical simulations of the medium (in our case Ar atoms) in the presence of the two pulses can take into
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Figure 4.Manipulation of the field sampling response via carrier-to-envelope phase (CEP). (a) Spectrum of the waveform as
measured via NPS at three different values of CEP. At CEP= π/2rad we see both a sensitivity dip at the central frequency of our
injection pulse (650nm / 0.46PHz) and at its third harmonic (217nm / 1.38PHz). (b) Simple model: a synthetic sine pulse gen-
erates two identical ionization spikes—computed via the ADK ionization rate [52]—a semi-cycle apart. On the contrary a cosine
pulse leads to a single isolated ionization event. The Fourier transform of the gate function—i.e. of the ionization rate—is the
spectral response of the sampling technique. (c) Spectral response function G(ν) estimated from a time-dependent Schrödinger
equation (TDSE) simulation of NPS in Ar, respectively for a cosine (CEPinj = 0rad) and a sine (CEPinj = π/2rad) injection
pulse. The presence of the dips at the fundamental and third harmonic of the injection frequency confirms what is observed in
experiments. Each plot has a common scaling factor for all intensity curves, so that proportions are maintained within the plot.

account more details, such as the effect of the Coulomb potential or the electron recollision [37]. In this
latter case the ionization rate can be replaced by a more general response function G(t), as long as the
signal S(τ) is linear in the drive field A(t). In the frequency domain:

S(ν) = G∗ (ν)Adrive (ν) . (1)

By manipulating the shape of the injection waveform we can modify the ionization rate, and thus
partially probe the response function G∗(ν). One of the major effects is the drop in sensitivity at the
central injection frequency when the injection waveform switches from the optimal cosine to the sine
shape, as demonstrated by Sederberg et al [35]. We additionally detect a response dip at the third har-
monic of the same injection pulse, i.e. at PHz frequencies, as shown in figure 4(a). This behavior of the
response function can be reproduced by both a semi-classical, ADK-based model (see figure 4(b) and
TDSE simulations (see figure 4(c). Intuitively, if the driving field is an odd harmonic of a sine-shaped
injection the electrons ejected in the two adjacent bursts will be accelerated in opposite directions, thus
canceling out the dipole signal.
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In our experiment, the CEP is stabilized before the fiber entrance, and thus its modification has
equal effect on both the injection and drive pulses. The spectrum of the fiber output is not affected by
the CEP except for narrow f-3f spectral fringes, and therefore the difference in the waveforms measured
at CEP = 0rad and CEP = π/2rad (see figure 4(a), if we neglect the mirror degradation, is entirely due
to the different response function. We define CEP = 0rad (for our purposes equivalent to CEP = π rad)
as the experimental phase value at which NPS has the most broadband, flat response. Conversely, at
CEP = π/2rad we see both a sensitivity dip at the central frequency of our injection pulse (650nm
/ 0.46PHz) and at its third harmonic (217nm / 1.38PHz). Remarkably, the spectrum of the gating
(injection) pulse has a cutoff around 400nm (0.75PHz): the field sampling and the response modu-
lation occurring above such frequency are, strictly speaking, sub-wavelength for the injection pulse.
We can not conclude anything about the dip at the fifth harmonic frequency (130nm / 2.30PHz)
because the slow contamination of the mirrors gradually attenuates the RDW, interfering with the
CEP effect in this spectral region. Finally, the spectra shown in figure 3(a) also illustrate the effect
of UV-induced mirror degradation: the first-recorded spectrum (CEP = 0rad) features a clear RDW
around 2.3 PHz, but the peak disappears in the measurements taken immediately afterwards using
CEP = π/2rad, and CEP = π rad (control measurement).

4. Conclusions

We have reported optical attosecond pulses and VUV RDWs generated through soliton-effect self-
compression of 28fs-FWHM pulses in a single fiber. By using NPS, we measured electric field waveforms
with durations of ∼ 310 attoseconds and bandwidths spanning from the VUV to the infrared, which are
highly reproducible over several weeks. The measured traces and comparisons with numerical simula-
tions reveal RDWs in the VUV with durations of a few femtoseconds, as well as other soliton dynamics
such as ionization-induced blue-shift and temporal splitting of the solitons undergoing self-compression.
Notably, the comparison of the traces with independently acquired spectra of the fiber output indicates a
flat response of the argon-based NPS over a spectral range extending down to λ= 120nm. Furthermore,
we have shown a CEP-dependent response at the third harmonic of the injection, which supports our
model of NPS. The scheme enables field sampling with attosecond resolution over an unprecedented
spectral range without requiring an external, shorter-wavelength gate. As such, the combination of NPS
with soliton sources paves the way for exciting developments in attosecond experiments such as polariz-
ation sampling [29], where the fine features of the waveform convey information on the dynamics of the
electrons in a sample.

Acknowledgments

We would like to gratefully acknowledge the support that Ferenc Krausz gave to this project. We are
thankful to Dionysios Potamianos, Pascal Freisinger, and Oliver Gosau for the helpful discussions and
support with the cleaning of contaminated optics.

Data availability statement

The data that support the findings of this study will be openly available following an embargo at the
following URL/DOI: https://doi.org/10.17617/3.V3KK7X [55]. Data will be available from 28 November
2026.

Supplementary Information available at https://doi.org/10.1088/2515-7647/ae4957/data1.

Funding

M.D. acknowledges support from the Max Planck Society via the International Max Planck Research
School for Advanced Photon Science (IMPRS-APS).

Author contributions

Marco Dassie  0000-0001-7295-6421
Data curation (lead), Formal analysis (lead), Investigation (lead), Writing – original draft (lead), Writing
– review & editing (equal)

Daewon Kim  0009-0009-2420-4140
Investigation (supporting), Writing – review & editing (supporting)

8

https://doi.org/https://doi.org/10.17617/3.V3KK7X
https://doi.org/10.1088/2515-7647/ae4957/data1
https://orcid.org/0000-0001-7295-6421
https://orcid.org/0000-0001-7295-6421
https://orcid.org/0009-0009-2420-4140
https://orcid.org/0009-0009-2420-4140


J. Phys. Photonics 8 (2026) 015068 M Dassie et al

Francesco Tani  0000-0001-6482-0647
Formal analysis (supporting), Writing – original draft (supporting), Writing – review & editing (equal)

Manoram Agarwal  0000-0001-5246-6548
Formal analysis (supporting), Software (supporting), Writing – review & editing (supporting)

Mikhail Mamaikin  0009-0008-2448-8385
Conceptualization (equal), Writing – review & editing (equal)

Nicholas Karpowicz  0000-0003-3137-3144
Conceptualization (equal), Supervision (lead), Writing – review & editing (equal)

References

[1] Krausz F and Ivanov M 2009 Attosecond physics Rev. Mod. Phys. 81 163–234
[2] Cavalieri A L et al 2007 Attosecond spectroscopy in condensed matter Nature 449 1029–32
[3] Schultze M et al 2010 Delay in photoemission Science 328 1658–62
[4] Isinger M et al 2017 Photoionization in the time and frequency domain Science 358 893–6
[5] Han M, Liang H, Ji J-B, Sum L C, Ueda K, Rost J M and Wörner H J 2025 Interference control of fano resonances and dynamical

imaging of an electron wave packet Ultrafast Sci. 5 0091
[6] Goulielmakis E et al 2010 Real-time observation of valence electron motion Nature 466 739–43
[7] Schultze M et al 2014 Attosecond band-gap dynamics in silicon Science 346 1348–52
[8] Calegari F et al 2014 Ultrafast electron dynamics in phenylalanine initiated by attosecond pulses Science 346 336–9
[9] Mocci D et al 2025 Ultrafast structural reorganization and charge dynamics in a photoionized donor–acceptor biphenyl molecule

Ultrafast Sci. 5 0108
[10] Siegrist F et al 2019 Light-wave dynamic control of magnetism Nature 571 240–4
[11] Sansone G, Poletto L and Nisoli M 2011 High-energy attosecond light sources Nat. Photon. 5 655–63
[12] Nisoli M, Decleva P, Calegari F, Palacios A and Martín F 2017 Attosecond electron dynamics in molecules Chem. Rev.

117 10760–825
[13] Yang Y, Mainz R E, Rossi G M, Scheiba F, Silva-Toledo M A, Keathley P D, Cirmi G and Kärtner F X 2021 Strong-field coherent

control of isolated attosecond pulse generation Nat. Commun. 12 6641
[14] Gaarde M B 2025 Going visible Nat. Photon. 19 668–9
[15] Brahms C and Travers J C 2024 HISOL: High-energy soliton dynamics enable ultrafast far-ultraviolet laser sources APL Photonics

9 050901
[16] Jackson S L et al 2025 Decoupling structural molecular dynamics from excited state lifetimes using few-femtosecond ultraviolet

resonant dispersive waves Nat. Commun. 16 9986
[17] Kretschmar M, Svirplys E, Volkov M, Witting T, Nagy T, Vrakking M J J and Schütte B 2024 Compact realization of all-attosecond

pump-probe spectroscopy Sci. Adv. 10 eadk9605
[18] Li S et al 2024 Ludger Inhester, Robin Santra and Linda Young. Attosecond-pump attosecond-probe x-ray spectroscopy of liquid

water Science 383 1118–22
[19] Crego A et al 2024 Sub-20-fs UV-XUV beamline for ultrafast molecular spectroscopy Sci. Rep. 14 26016
[20] Wanie V et al 2024 A flexible beamline combining XUV attosecond pulses with few-femtosecond UV and near-infrared pulses for

time-resolved experiments Rev. Sci. Instrum. 95 083004
[21] Travers J C, Grigorova T F, Brahms C and Belli F 2019 High-energy pulse self-compression and ultraviolet generation through

soliton dynamics in hollow capillary fibres Nat. Photon. 13 547–54
[22] Brahms C, Belli F and Travers J C 2020 Resonant dispersive wave emission in hollow capillary fibers filled with pressure gradients

Opt. Lett. 45 4456
[23] Kotsina N, Heynck M, Nordmann J, Gebhardt M, Grigorova T, Brahms C and Travers J C 2025 Extreme soliton dynamics for

terawatt-scale optical attosecond pulses and 30 GW-scale sub-3 fs far-ultraviolet pulses Conf. on Lasers and Electro-Optics/Europe
(CLEO/Europe 2025) and European Quantum Electronics Conf. (EQEC 2025) (paper jpd_2_3) (Optica Publishing Group) p jd_2_3

[24] Brahms C, Grigorova T, Belli F and Travers J C 2019 High-energy ultraviolet dispersive-wave emission in compact hollow capillary
systems Opt. Lett. 44 2990

[25] Fernández Galán M et al 2024 Robust isolated attosecond pulse generation with self-compressed subcycle drivers from hollow
capillary fibers ACS Photonics 11 1673–83

[26] Utrio Lanfaloni V et al 2026 Self-compressed waveform-stable light transients enabling water-window attosecond spectroscopy
Nat. Photon. 20 79–86

[27] Blöchl J, Kuthe M F, Schröder H, Azzeer A M, Nubbemeyer T and Kling M F 2025 Multi-millijoule hollow-core fiber compression
of short-wave infrared pulses to a single cycle Opt. Express 33 28071

[28] Wirth A et al 2011 Synthesized light transients Science 334 195–200
[29] Sommer A et al 2016 Attosecond nonlinear polarization and light–matter energy transfer in solids Nature 534 86–90
[30] Reduzzi M et al 2023 Direct temporal characterization of sub-3-fs deep UV pulses generated by resonant dispersive wave emission

Opt. Express 31 26854
[31] Andrade J R C et al 2025 Temporal characterization of tunable few-cycle vacuum ultraviolet pulses Nat. Photon. 19 1240–1246
[32] Heinzerling A M, Tani F, Agarwal M, Yakovlev V S, Krausz F and Karpowicz N 2025 Field-resolved attosecond solitons Nat.

Photon. 19 772–7
[33] Pervak V, Razskazovskaya O, Angelov I B, Vodopyanov K L and Trubetskov M 2014 Dispersive mirror technology for ultrafast

lasers in the range 220–4500 nm Adv. Opt. Technol. 3 55–63
[34] Razskazovskaya O, Krausz F and Pervak V 2017 Multilayer coatings for femto- and attosecond technology Optica 4 129
[35] Sederberg S et al 2020 Attosecond optoelectronic field measurement in solids Nat. Commun. 11 430
[36] Schötz J et al 2022 The emergence of macroscopic currents in photoconductive sampling of optical fields Nat. Commun. 13 962

9

https://orcid.org/0000-0001-6482-0647
https://orcid.org/0000-0001-6482-0647
https://orcid.org/0000-0001-5246-6548
https://orcid.org/0000-0001-5246-6548
https://orcid.org/0009-0008-2448-8385
https://orcid.org/0009-0008-2448-8385
https://orcid.org/0000-0003-3137-3144
https://orcid.org/0000-0003-3137-3144
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1038/nature06229
https://doi.org/10.1038/nature06229
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.aao7043
https://doi.org/10.1126/science.aao7043
https://doi.org/10.34133/ultrafastscience.0091
https://doi.org/10.34133/ultrafastscience.0091
https://doi.org/10.1038/nature09212
https://doi.org/10.1038/nature09212
https://doi.org/10.1126/science.1260311
https://doi.org/10.1126/science.1260311
https://doi.org/10.1126/science.1254061
https://doi.org/10.1126/science.1254061
https://doi.org/10.34133/ultrafastscience.0108
https://doi.org/10.34133/ultrafastscience.0108
https://doi.org/10.1038/s41586-019-1333-x
https://doi.org/10.1038/s41586-019-1333-x
https://doi.org/10.1038/nphoton.2011.167
https://doi.org/10.1038/nphoton.2011.167
https://doi.org/10.1021/acs.chemrev.6b00453
https://doi.org/10.1021/acs.chemrev.6b00453
https://doi.org/10.1038/s41467-021-26772-0
https://doi.org/10.1038/s41467-021-26772-0
https://doi.org/10.1038/s41566-025-01688-z
https://doi.org/10.1038/s41566-025-01688-z
https://doi.org/10.1063/5.0206108
https://doi.org/10.1063/5.0206108
https://doi.org/10.1038/s41467-025-64943-5
https://doi.org/10.1038/s41467-025-64943-5
https://doi.org/10.1126/sciadv.adk9605
https://doi.org/10.1126/sciadv.adk9605
https://doi.org/10.1126/science.adn6059
https://doi.org/10.1126/science.adn6059
https://doi.org/10.1038/s41598-024-77841-5
https://doi.org/10.1038/s41598-024-77841-5
https://doi.org/10.1063/5.0190889
https://doi.org/10.1063/5.0190889
https://doi.org/10.1038/s41566-019-0416-4
https://doi.org/10.1038/s41566-019-0416-4
https://doi.org/10.1364/OL.398343
https://doi.org/10.1364/OL.398343
https://doi.org/10.1364/OL.44.002990
https://doi.org/10.1364/OL.44.002990
https://doi.org/10.1021/acsphotonics.3c01897
https://doi.org/10.1021/acsphotonics.3c01897
https://doi.org/10.1038/s41566-025-01802-1
https://doi.org/10.1038/s41566-025-01802-1
https://doi.org/10.1364/OE.564364
https://doi.org/10.1364/OE.564364
https://doi.org/10.1126/science.1210268
https://doi.org/10.1126/science.1210268
https://doi.org/10.1038/nature17650
https://doi.org/10.1038/nature17650
https://doi.org/10.1364/OE.494879
https://doi.org/10.1364/OE.494879
https://doi.org/10.1038/s41566-025-01770-6
https://doi.org/10.1038/s41566-025-01770-6
https://doi.org/10.1038/s41566-025-01658-5
https://doi.org/10.1038/s41566-025-01658-5
https://doi.org/10.1515/aot-2013-0051
https://doi.org/10.1515/aot-2013-0051
https://doi.org/10.1364/OPTICA.4.000129
https://doi.org/10.1364/OPTICA.4.000129
https://doi.org/10.1038/s41467-019-14268-x
https://doi.org/10.1038/s41467-019-14268-x
https://doi.org/10.1038/s41467-022-28412-7
https://doi.org/10.1038/s41467-022-28412-7


J. Phys. Photonics 8 (2026) 015068 M Dassie et al

[37] Agarwal M, Scrinzi A, Krausz F and Yakovlev V S 2023 Theory of nonlinear photoconductive sampling in atomic gases Ann. Phys.,
Lpz. 535 2300322

[38] Healy M J F 1997 Minimising carbon contamination during ion beam analysis Nucl. Instrum. Methods Phys. Res., B 129 130–6
[39] Farr N T H, Hughes G M and Rodenburg C 2021 Monitoring carbon in electron and ion beam deposition within FIB-SEM

Materials 14 3034
[40] Hill S B, Tarrio C, Berg R F and Lucatorto T B 2020 Extreme-ultraviolet-induced carbon growth at contaminant pressures between

10-10 and 10-6 mbar: experiment and model J. Vac. Sci. Technol. A 38 063201
[41] Hao M, Chen S, Teng S, Liu J, Zhang Y, Xie Y, Ba Y, Bian X and Liu K 2025 Implementation of a dynamic gas lock mechanism

reducing contamination in extreme ultraviolet cleanrooms J. Ind. Eng. Chem. 149 530–42
[42] Brahms C and Luna.jl J C T 2024 (available at: https://zenodo.org/doi/10.5281/zenodo.5513570)
[43] DeMartini F, Townes C H, Gustafson T K and Kelley P L 1967 Self-steepening of light pulses Phys. Rev. 164 312–23
[44] Voronin A A and Zheltikov A M 2020 Sub-half-cycle field transients from shock-wave-assisted soliton self-compression Sci. Rep.

10 12253
[45] Chang W, Nazarkin A, Travers J C, Nold J, Hölzer P, Joly N Y and St. P Russell J 2011 Influence of ionization on ultrafast gas-based

nonlinear fiber optics Opt. Express 19 21018–27
[46] Köttig F, Tani F, Travers J C and St. P Russell J 2017 Phz-wide spectral interference through coherent plasma-induced fission of

higher-order solitons Phys. Rev. Lett. 118 263902
[47] Serebryannikov E E and Zheltikov A M 2007 Ionization-induced effects in the soliton dynamics of high-peak-power femtosecond

pulses in hollow photonic-crystal fibers Phys. Rev. A 76 013820
[48] Hölzer P et al 2011 Femtosecond nonlinear fiber optics in the ionization regime Phys. Rev. Lett. 107 203901
[49] Saleh M F, Chang W, Hölzer P, Nazarkin A, Travers J C, Joly N Y, Russell P S J and Biancalana F 2011 Theory of photoionization-

induced blueshift of ultrashort solitons in gas-filled hollow-core photonic crystal fibers Phys. Rev. Lett. 107 203902
[50] Sabbah M, Belli F, Brahms C and Travers J C 2023 Effect of rotational raman response on ultra-flat supercontinuum generation in

gas-filled hollow-core photonic crystal fibers Opt. Express 31 28273–84
[51] Huang Z Y, Chen Y F, Yu F, Wu D K, Zhao Y, Wang D and Leng Y X 2019 Ionization-induced adiabatic soliton compression in gas-

filled hollow-core photonic crystal fibers Opt. Lett. 44 5562–5
[52] Ammosov M V, Delone N B and Krainov V P 1986 Tunnel ionization of complex atoms and of atomic ions in an alternating elec-

tromagnetic field Sov. Phys. J. Exp. Theor. Phys. 64 1191
[53] Bebb H B and Gold A 1966 Multiphoton ionization of hydrogen and rare-gas atoms Phys. Rev. 143 1–24
[54] Keldysh L V 1965 Ionization in the field of a strong electromagnetic wave Sov. Phys. JETP 20 1307–14
[55] Dassie M et al 2026 Data for “Self-referenced sampling of attosecond visible-vacuum ultraviolet electric fields” Edmond (https://

doi.org/10.17617/3.V3KK7X)

10

https://doi.org/10.1002/andp.202300322
https://doi.org/10.1002/andp.202300322
https://doi.org/10.1016/S0168-583X(97)00127-4
https://doi.org/10.1016/S0168-583X(97)00127-4
https://doi.org/10.3390/ma14113034
https://doi.org/10.3390/ma14113034
https://doi.org/10.1116/6.0000437
https://doi.org/10.1116/6.0000437
https://doi.org/10.1016/j.jiec.2025.02.013
https://doi.org/10.1016/j.jiec.2025.02.013
https://zenodo.org/doi/10.5281/zenodo.5513570
https://doi.org/10.1103/PhysRev.164.312
https://doi.org/10.1103/PhysRev.164.312
https://doi.org/10.1038/s41598-020-67134-y
https://doi.org/10.1038/s41598-020-67134-y
https://doi.org/10.1364/OE.19.021018
https://doi.org/10.1364/OE.19.021018
https://doi.org/10.1103/PhysRevLett.118.263902
https://doi.org/10.1103/PhysRevLett.118.263902
https://doi.org/10.1103/PhysRevA.76.013820
https://doi.org/10.1103/PhysRevA.76.013820
https://doi.org/10.1103/PhysRevLett.107.203901
https://doi.org/10.1103/PhysRevLett.107.203901
https://doi.org/10.1103/PhysRevLett.107.203902
https://doi.org/10.1103/PhysRevLett.107.203902
https://doi.org/10.1364/OE.495719
https://doi.org/10.1364/OE.495719
https://doi.org/10.1364/OL.44.005562
https://doi.org/10.1364/OL.44.005562
https://doi.org/10.1103/PhysRev.143.1
https://doi.org/10.1103/PhysRev.143.1
https://doi.org/10.1142/9789811279461_0007
https://doi.org/10.1142/9789811279461_0007
https://doi.org/10.17617/3.V3KK7X
https://doi.org/10.17617/3.V3KK7X

	Self-referenced sampling of attosecond visible-vacuum ultraviolet electric fields
	1. Introduction
	2. Experimental methods
	3. Results
	4. Conclusions
	References




