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ABSTRACT
We demonstrate high-harmonic generation (HHG) in solids using a high-energy fiber laser system operating at 1550 nm. The driving few-
cycle source consists of an erbium-doped fiber chirped pulse amplifier combined with a post-compression stage featuring a gas-filled hollow-
core photonic crystal fiber (HC-PCF). The nonlinear self-compression process in the HC-PCF enables the generation of ultrashort pulses
with sub-50 fs durations and μJ-level energies at a 660 kHz repetition rate. Perturbative and non-perturbative harmonics were subsequently
generated when focusing the few-cycle pulses into zinc oxide (ZnO) and magnesium oxide (MgO) bulk samples. In the latter, in particular, we
observed the generation of extreme ultraviolet harmonics up to H29 (below 55 nm), highlighting the remarkable potential of such a platform
for the development of compact HHG sources.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0244415

I. INTRODUCTION

Over the past few decades, the development of high-energy
ultrafast lasers delivering few-cycle light pulses has enabled sev-
eral breakthroughs in spectroscopy and the tailoring of light–matter
interactions. In particular, high-harmonic generation (HHG)1 has
enabled the development of coherent extreme ultraviolet (EUV)
light sources through nonlinear conversion.2–5 HHG, resulting from
the nonlinear interaction of an intense laser field with an atomic or
molecular gas, has led to significant advances in ultrafast science,
particularly in the generation of high-energy photons and isolated
attosecond pulses,6–9 tomographic imaging of molecules,10–16 and
high-resolution spectroscopy,17–21 to cite a few.

A major breakthrough occurred in 2011 with the demonstra-
tion of low-threshold HHG in a bulk zinc oxide (ZnO) crystal using
few-cycle mid-IR pulses.22 The generation mechanism involves
inter- and intra-band electron dynamics, resulting in bright vac-
uum ultraviolet (VUV) and EUV emissions.23 Thus, HHG in solids
represents an attractive route toward compact tabletop sources of
coherent and bright attosecond pulses in the EUV energy range,
which are key tools for probing the electron dynamics in crystalline
and amorphous media.23–32

HHG is strongly dependent on the driving wavelength. While
in gases, the high harmonic cut-off (the highest frequency in the har-
monic spectrum) depends on the square of the driving wavelength,
in solids, it depends linearly on the field strength.32,33 The use of
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long wavelength pulses extends the cut-off and increases the dam-
age threshold of bulk crystals. Such conditions were achieved using
high-power laser systems combined with optical parametric chirped
pulse amplifiers (OPCPAs)22,34–36 and optical parametric ampli-
fiers (OPAs).37–42 OPCPA architectures offer high energy levels in
the few-cycle pulse regime, but they have complex configurations
and generally operate at low repetition rates. The use of ultra-
fast fiber lasers in the mid-IR is a very promising way to develop
ultra-compact HHG platforms. This has been confirmed by several
demonstrations of HHG driven by few-cycle mid-IR fiber lasers.43–45

However, these sources based on soliton self-frequency shift or
supercontinuum generation in all-solid fibers are limited to a few
tens of nanojoules.

The best solution for achieving high energy levels in an all-fiber
configuration involves the use of post-compression in hollow core
(HC) photonic crystal fibers (PCFs) filled with noble gases.47 Such
fibers offer the best self-compression qualities due to their high non-
linearity to ionization rate ratio and do not exhibit a delayed Raman
response, as they use an atomic gas. Compared to traditional pulse
compression methods based on solid-core optical fibers, hollow-
core fibers support single mode operation with larger mode sizes
and thus allow higher energy pulses to be guided. The use of noble
gases also offers the possibility to control the nonlinearity strength
by changing the gas type and pressure. Furthermore, the dispersion
of the waveguide provides an additional degree of freedom for tailor-
ing the pulse propagation. Indeed, working with normal waveguide
dispersion involves spectral broadening in rare gas-filled HC-PCFs
and requires an additional element to compensate for the induced
pulse chirp, such as fused silica48–50 or chirped mirrors,51,52 which
introduce negative group delay dispersion (GDD). Interestingly,
operating in the anomalous dispersion regime offers the possibility
of generating Fourier-transform limited solitons directly from the
fiber, making the system very compact. In this case, the pulse evo-
lution along the HC-PCF is dominated by the interplay between the
self-phase modulation-induced spectral broadening and the simul-
taneous temporal compression due to the anomalous waveguide
dispersion.53–58

In this work, we report on the exploitation of this nonlinear
self-compression regime using an anomalous dispersion HC-PCF

filled with noble gases to develop a highly efficient and compact
post-compression stage. We show that the combination of this stage
with an all-fiber pump laser system at 1550 nm enables the genera-
tion of few-cycle energetic pulses with sub-50 fs duration at a high
repetition rate and demonstrate the potential of this platform by
generating high-harmonics down to the EUV range in solid samples.
This article is organized as follows: First, we detail our experimen-
tal platform for few-cycle pulse generation and subsequent HHG,
guided by numerical simulations. We then highlight the key para-
meters for optimizing the pulse characteristics, such as gas pressure,
input pulse energy, and polarization tailoring. Finally, we report
HHG in two separate experiments: (i) up to H7 in bulk ZnO in air
and (ii) up to H29 in bulk MgO in vacuum, using an in-house built
spectrometer.

II. EXPERIMENTAL SETUP AND NUMERICAL
SIMULATIONS
A. Setup of the few-cycle pulse source at 1550 nm

The few-cycle pulsed source used in our experiments, compris-
ing an ultrafast fiber laser and a post-compression stage, is depicted
in Fig. 1(a). It consists of an erbium-doped fiber chirped-pulse
amplifier system (Calmar, FLCPA-01C) operating at 1550 nm and
generating pulses with a duration of 600 fs and an energy of 3 μJ
at a repetition rate of 660 kHz. The linear polarization of the beam
is then adjusted using waveplates, and the pulses are injected in the
post-compression stage using injection optics (L1) consisting of a
two-lens telescope ( fa = 50 and fb = 125 mm) to adjust the beam
size to ∼10 mm and a converging lens ( fc = 75 mm). The post-
compression stage is based on a hybrid Kagome-type hollow-core
photonic crystal fiber (HC-PCF,59 GLOphotonics) with a 33 μm
core mode-field diameter, featuring an anomalous dispersion at
1550 nm. The 2 m-long HC-PCF is placed inside a high-pressure
gas cell capped at its both sides with quartz windows that are only
0.2 mm thick to minimize pulse distortion. The transmission effi-
ciency through the argon-filled fiber assembly is higher than 80%.
The out-coupled self-compressed pulses are then collimated with
a lens L2 ( f2 = 125 mm) and sent through a half-wave plate and a

FIG. 1. (a) Experimental setup for pulse self-compression in an argon-filled hollow-core photonic crystal fiber (HC-PCF) and high-harmonic generation (HHG) in ZnO (in air)
or MgO (in vacuum) samples. FCPA: fiber chirped-pulse amplifier, M: mirror, TFP: thin film polarizer, and PM: photomultiplier. Inset: structure of the HC-PCF. (b) Dispersion
of the HC-PCF filled with argon gas at a pressure of 13 bars, obtained by combining the measured waveguide dispersion and the calculated dispersion of the argon gas.46
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thin film polarizer (TFP), which together act as a polarization filter.
A low GDD mirror is then used to direct the beam toward the HHG
section. Temporal and spectral characterization of the output laser
waveforms was performed at this stage using an autocorrelator (APE
pulseCheck, 1.5 ps time scan), an optical spectrum analyzer (Anritsu
MS9740A, 0.6–1.75 μm), and a second harmonic generation fre-
quency resolved optical gating (SHG-FROG) system. Subsequently,
two HHG schemes were investigated and are described in detail
in Secs. II B–III C: (i) using a ZnO crystal in air and (ii) using a
MgO crystal in a vacuum chamber comprising a home-built EUV
spectrometer.

B. Numerical modeling of pulse self-compression
in a gas-filled HC-PCF

First, we numerically studied the temporal and spectral pulse
evolutions during propagation along the HC-PCF using commercial
software (fiberdesk60). This software is based on the resolution of the
scalar nonlinear Schrödinger equation (NLSE):

∂A
∂z
= −α

2
A +∑

n≥2
βn

in+1

n!
∂nA
∂Tn + iγ(1 + i

ω0

∂

∂t
)A∣A∣2, (1)

where A is the slowly varying complex pulse envelope, α repre-
sents the linear losses in the fiber, βn is the nth order disper-
sion coefficient, and γ corresponds to the contribution from the
Kerr nonlinearity through self-phase modulation and is defined as
γ = 2πn2

λAeff
, in which n2 is the nonlinear index at wavelength λ (corre-

sponding to a carrier frequency ω0) and Aeff is the effective mode
field area. As light is highly confined in the gas-filled core of the
HC-PCF, the nonlinear refractive index is determined by the gas
pressure as n2 = P(bar) × 9.8 × 10−24 (m2/W).61 The term with the

first temporal derivative accounts for self-steepening. The calculated
dispersion curve for the fundamental mode guided in the argon-
filled fiber is shown in Fig. 1(b). It results from two contributions:
the waveguide group velocity dispersion (GVD) (βWG

2 ) derived from
the effective index of the fundamental mode calculated using a finite
element method (FEM) considering an air-filled fiber at atmospheric
pressure and the GVD of the pressurized argon (βgas

2 ). The total
dispersion is then calculated using the following approximation:

β2(λ, P) ≈ λ3

2πc2
⎛
⎝

P
P0

∂2χe

∂λ2 +
∂2n01

eff

∂λ2
⎞
⎠
= βgas

2 + βWG
2 , (2)

where n01
eff is the effective index of the LP01 mode guided in the air-

filled HC-fiber, c is the speed of light, P is the gas pressure, P0 is the
atmospheric pressure, and χe(λ) represents the Sellmeier expansion
of the electric susceptibility of the gas at room temperature.62,63 As
shown in Fig. 1(b), for 13 bar argon pressure, our fiber exhibits a
second order group velocity dispersion (GVD) β2 ≈ −6.4 (ps2/km).
The higher order dispersion terms calculated from the dispersion
curve using a polynomial fit are as follows: β3 ≈ +401 (fs3/cm) and
β4 ≈ −1872 (fs4/cm). The numerical results obtained considering
input pulses of 600 fs duration and 2.5 μJ are shown in Fig. 2.
The pulse dynamics along the fiber shows a monotonic spectral
broadening combined with significant temporal shortening, leading
to strong peak power scaling. The pulse self-compression process,
resulting from the interplay between self-phase modulation and
anomalous dispersion, accelerates strongly in the second half of the
fiber, demonstrating the feasibility of generating sub-30 fs pulses
from such a platform. The calculated output pulse characteristics are
shown in Figs. 2(c) and 2(d). Compressed pulses of 27 fs with more
than 80 MW peak power are calculated after 2 m of propagation in

FIG. 2. Numerical simulations of pulse
self-compression. (a) Spectral and (b)
temporal evolutions of the pulse as a
function of distance along the fiber. (c)
Spectrum of the multi-cycle input pulse
compared with the broad spectrum at
the HC-PCF output. (d) Temporal pro-
file of the compressed pulse and its
comparison with the input pulse.
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the nonlinear fiber. This corresponds to a compression factor greater
than 22. It is worth noting the asymmetric distribution of the output
spectrum due to third-order dispersion and self-steepening.

III. EXPERIMENTAL RESULTS
A. Few-cycle pulse optimization

First, we performed measurements without the polarization
components by following the evolution of the pulse duration at the
fiber output as the input pulse energy was increased at different
argon pressures, as shown in Fig. 3(a). At a pressure of 11 bars, we
observed that pulse compression reached its optimum at an input
energy level of 2.5 μJ. The 600 fs input pulses are then compressed
down to 50 fs. At lower pressures, the self-compression regime is not
reached due to low accumulated nonlinearity. Conversely, at higher
pressures, the energy required to reach the sub-50 fs regime was sig-
nificantly reduced. The typical output spectra measured at 13 bars of
argon pressure for different input pulse energy levels are shown in
Fig. 3(b). As expected, a strong spectral broadening is observed with
increasing pulse energy before reaching the self-compression regime
above the 2 μJ energy level. The typical autocorrelation trace mea-
sured for a gas pressure of 13 bars and 2.5 μJ input energy is shown
in Fig. 4(b). The pulse duration derived from the AC trace assuming
a Gaussian pulse shape is ∼60 fs, corresponding to ∼11 optical cycles
at 1550 nm. However, the AC trace exhibited a notable pedestal
of more than 60% of the total pulse energy. This is very different
from numerical predictions, which suggests that pulse propagation
is affected by additional effects.

Note that when self-compression is reached, we observe the
generation of visible light at 515 nm, corresponding to the third

harmonic of the pump signal at 1545 nm. The corresponding spa-
tial distribution exhibits a “supermode” structure resulting from the
coupling between the LP02 core mode and the cladding mode, as
shown in Fig. 4(a). The output power at 515 nm evolves linearly
with the pump power, with a threshold level of about 1.65 μJ. The
maximum power measured at 515 nm is ∼1 mW.

To enhance the contrast of the compressed pulses, we have
incorporated a set of half-wave and quarter-wave plates before and
after the hollow core fiber in combination with a thin-film polar-
izer (TFP) placed at the post-compressor output. This polarization
filter is combined with a long pass spectral filter to simultaneously
select the fundamental mode of the fiber core and suppress the visi-
ble light. This has resulted in significant pulse contrast enhancement,
as shown in Fig. 5(a). Indeed, more than 70% of the energy is now
concentrated in the main pulse peak, which is well-fitted with a
Gaussian pulse with a duration of 48 fs. The output beam exhibits
a Gaussian spatial distribution, indicating an efficient fundamental
mode filtering. This observation confirms that polarization filter-
ing is an efficient approach to improve pulse purity by suppressing
the cladding modes, which interact less with the gas and thus con-
tribute more to the pedestal. It should be noted that the filtered
pulses are narrower than those measured directly at the fiber out-
put due to the limited transmission bandwidth of the TFP used in
the experiments. Despite this filtering effect, the pulses exiting the
post-compressor at 2.5 μJ can reach their Fourier transform limit
with sub-50 fs duration, as shown in Fig. 5(a). It is also worth noting
that the beam shape of the rejected polarization containing the non-
compressed pulse also exhibits a Gaussian-like shape, indicating
that propagation within the fiber is dominated by the fundamental
mode guidance. It is highly expected that the fiber bending-induced

FIG. 3. (a) Measured pulse durations for
different argon pressures and different
input pulse energies. (b) Output spectra
measured at 13 bars of gas pressure for
different pulse energy levels.

FIG. 4. (a) Spectrum of the third
harmonic generation (THG) generated
inside the HC-PCF. Inset: spatial distri-
bution of THG. (b) Corresponding auto-
correlation trace measured at 1550 nm.
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FIG. 5. Pulse features after polarization
and spectral filtering. (a) Autocorrelation
trace. Inset: near-field distribution of the
output beam. (b) Optical spectrum before
and after filtering.

birefringence is behind this degeneracy lifting, as evidenced in
Ref. 64. This could explain the limitation in post-compression effi-
ciency. More work would be needed to explore this avenue and
provide solutions for improvements.

The output pulse energy measured after the polarization filter
is about 0.92 μJ for an input energy of 2.5 μJ, giving an overall effi-
ciency of 37%. To explore the potential of this source to produce
shorter pulses as predicted numerically, we have replaced the TFP
with a polarization beam splitter (PBS) and performed second har-
monic generation frequency-resolved optical-gating (SHG-FROG)
pulse characterization. The results obtained for a gas pressure of
13 bars and an input energy of 2.5 μJ are shown in Fig. 6. These
measurements confirm that our platform is very attractive for the
generation of few-cycle pulses with sub-40 fs. Indeed, the recov-
ered spectrum exhibits a strongly structured spectral shape with
good qualitative agreement with experiments. The pulse duration
derived from phase retrieval calculations is very close to the Fourier-
transform limited duration inferred from the measured spectrum

assuming a zero-phase relationship. The main limitation of these
measurements comes from the low spectral resolution of our FROG
instrument, which is ∼9 nm. Work is under way to fix this issue.
The power efficiency of this configuration was lower than that of the
TFP-based scheme, with a maximum extracted energy of ∼0.6 μJ.

B. High-harmonic generation in ZnO
The compressed pulses obtained using the TFP-based scheme

(50 fs pulses with 0.92 μJ of energy) were then focused into a 500 μm
thick ZnO sample to obtain HHG. Using a focal length of 35 mm,
the beam spot size was ∼20 μm, which corresponds to an intensity of
5.8 TW/cm2.

The HHG signal is observed and optimized by moving the
sample around the focal point using a translation stage. The har-
monics for linear polarization were measured using two fused silica
lenses, with f = 25 mm to collimate the beam and f = 50 mm to
inject the beam into the spectrometer (OceanOptics Maya 2000 Pro,

FIG. 6. SHG-FROG measurement of
the post-compressed pulses using a
PBS-based polarization filter. (a) Mea-
sured and (b) retrieved FROG traces.
(c) Comparison between measured and
retrieved pulse durations. (d) Compar-
ison between measured and retrieved
spectra.
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covering a spectral range of 200–1200 nm). Spectral analysis of the
transmitted beam reveals the generation of all odd harmonics up to
H7, as shown in Fig. 7. We observe an additional signal that can
be identified as incoherent luminescence centered at 385 nm, cor-
responding to the band edge emission. However, in this experiment,
we were limited to measuring H7 due to our detection system.

We investigate the yields of harmonics H3, H5, H7, and the
luminescence as a function of the driving laser intensity. The power
was varied using an attenuator, and the intensity was estimated from
the measured pulse energy and the focal spot size for a pulse dura-
tion of 50 fs. The harmonic intensities were estimated by integrating
the corresponding spectra.

The H3 harmonic centered at 516 nm is selected using a Sem-
rock F01-940/SP-25-D transmission filter. The harmonic intensity
grows with increasing pump power and begins to saturate at higher
pump levels. It can be well fitted with the polynomial expression
[I(n) = I(t)(q)],22,37 where I(n) is the intensity of the nth harmonic
and I(t) is the intensity of the driving laser. We obtain q = 3.2,
which implies that H3 is dominated by the perturbative contribu-
tion, as shown in Fig. 7(b). The H5 harmonic is selected using a
highly reflective laser mirror at 308 nm. The corresponding effi-
ciency slope follows a perturbative scaling law at a low laser intensity
(q = 5) and deviates from this behavior at high intensities with
non-perturbative scaling (q = 1.7) [Fig. 7(c)]. H7 is selected using a
Pelham 220-BB-1D VUV/UV transmission filter, which is adapted
for the measurement of spectra around 220 nm with a typical
bandwidth of 35–50 nm (FWHM), although H3 (516.6 nm) and
H5 (310 nm) are partially transmitted due to their high energies
while the residual IR pump is highly attenuated. H7 is well above
the gap and scales non-perturbatively [q = 4.7, Fig. 7(d)]. The inten-
sity dependent fluorescence measurement, obtained using the HRs
275–350 nm Topas filter that can reflect both H5 and luminescence,
is shown in [Fig. 7(e)]. For a pure ZnO crystal, without defects
and/or doping, at least four photons at 1.55 μm are necessary to
overcome the bandgap. At low laser intensities, the multiphoton
absorption dominates, confirmed by a value q = 3.8 of the fluorescent
signal.

C. High harmonic generation in MgO
To explore the capabilities of our laser system to drive EUV har-

monics, we build a second HHG bench using a 200 μm thick MgO
bulk sample, which is integrated into a vacuum chamber that also
contains the focusing lens and the EUV spectrometer, as shown in
Fig. 1(b). The laser beam is focused on the MgO crystal at normal
incidence, and the EUV signal is optimized by moving the sample
on a motorized translation stage along the optical axis. The inter-
action of the intense laser pulse with the MgO sample (bandgap
ΔE = 7.8 eV) results in the emission of coherent high-order harmon-
ics in the EUV range, which co-propagate with the driving laser. The
fundamental beam and high order harmonics are spectrally resolved
using a home-built EUV spectrometer consisting of a reflective con-
cave diffraction grating (McPherson 234/302, 2400 grooves/mm,
Pt-coated) and a photomultiplier. Spectra were acquired by scanning
and counting photons at each wavelength step for 10 s. The crystal
was continuously moved during the scan with a speed of 20 μm per
second to avoid any heating-induced damage. The range of harmon-
ics detected is shown in the spectrum in Fig. 8(a), recorded at a pump
intensity of 5.4 TW cm−2. As can be seen, non-perturbative har-
monics are generated up to H29, well above the material bandgap,
demonstrating the relevance of our fiber-based laser platform for
HHG. We have also studied the scaling of individual harmonic peaks
by varying the pump laser intensity from 3 to 5.8 TW cm−2. The
results corresponding to harmonics H19, H21, and H23 are shown in
Fig. 8(b). For comparison, we show the theoretical scaling curve for
a 19th-order process. At lower intensities, the harmonics are highly
nonlinear with a very close generation efficiency but still below the
perturbative regime, while at higher intensities, the scaling efficiency
is reduced indicating the non-perturbative nature of the high-order
harmonics. The photon flux of all combined harmonics is mea-
sured to be more than 106 photons/s, taking into account the grating
efficiency and the quantum efficiency of the photomultiplier. This
corresponds to an HHG energy of a few pW for a pump energy of
450 mW (0.68 μJ@660 kHz) and, therefore, to an efficiency of 10−11.

FIG. 7. (a) Typical HHG spectrum in a ZnO sample, measured at a pump intensity of 1 TW cm−2. (b)–(d) Intensity-dependence of the high-order harmonic yields for (b)
below-gap (H3), (c) near-gap (H5), and (d) far above-gap (H7) harmonics. (e) Intensity dependence of the luminescence.
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FIG. 8. EUV HHG in a 200 μm thick MgO crystal. (a) HHG spectrum generated for a pump laser intensity of 5.4 TW cm−2. (b) Signal yields as a function of pump intensity
and comparison with a 19th-order scaling.

Even though such a bulk-HHG cannot compete with gas-HHG in
terms of yield and photon energy for now, it offers the possibil-
ity to realize compact, solid-state attosecond sources in spectral
ranges inaccessible to the generation in gases, such as the terahertz
gap and the EUV. In addition, such sources can be pumped using
high-repetition-rate lasers, which could prove relevant for imaging
applications.

IV. CONCLUSION
In conclusion, we have demonstrated the realization of a high

energy, few-cycle fiber laser qualified for high harmonic generation
in solids. The compact laser platform combines an erbium-doped
fiber chirped pulse amplifier with a post-compression stage featur-
ing an Ar-filled hollow-core photonic crystal fiber. The interplay
between anomalous dispersion and the Kerr nonlinearity enables
the generation of fundamental solitons with more than 18 MW peak
power and sub-50 fs duration. This few-cycle laser source holds great
promise for a wide range of strong field-driven experiments in dense
media, such as HHG and terahertz generation. Indeed, our results
show that perturbative and non-perturbative harmonics up to H7
could be efficiently generated in bulk ZnO samples. Using a MgO
crystal, we also demonstrated the generation of EUV harmonics in
the vicinity of 70 nm wavelength. There is still room for optimiz-
ing the source by increasing the efficiency of the post-compression
stage. This could be achieved by optimizing the fiber design to
reduce the impact of higher-order modes. The use of broadband
polarization beam splitters is very promising for the generation of
sub-30 fs pulses. In terms of HHG optimization, the exploration of
large bandgap materials with higher damage thresholds is one of the
routes to energy scaling in the EUV.
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