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Efficient Spectral Broadening and Few-Cycle Pulse
Generation with Multiple Thin Liquid Films

Jiacheng Huang, Xiang Lu, Feilong Hu, Yu Deng, Jie Long, Jiajun Tang, Lixin He,
Qingbin Zhang, Pengfei Lan,* and Peixiang Lu

High-energy, few-cycle laser pulses are essential for numerous applications in
the fields of ultrafast optics and strong-field physics, due to their ultrafast
temporal resolution and high peak intensity. In this work, different from the
traditional hollow-core fibers and multiple thin solid plates, the generation of
an octave-spanning supercontinuum broadening is demonstrated by utilizing
multiple ultrathin liquid films (MTLFs) as the nonlinear media. The continuum
covers a range from 380 to 1050 nm, corresponding to a Fourier transform
limit pulse width of 2.5 fs when 35 fs Ti: sapphire laser pulse is applied on the
MTLFs. The output pulses are compressed to 3.9 fs by employing chirped
mirrors. Furthermore, a continuous high-order harmonic spectrum up to the
33rd order is realized by subjecting the compressed laser pulses to interact
with Kr gas. The utilization of flowing liquid films eliminates permanent
optical damage and enables wider and stronger spectrum broadening.
Therefore, this MTLFs scheme provides new solutions for the generation of
highly efficient supercontinuum and nonlinear pulse compression, with
potential applications in the fields of strong-field physics and attosecond
science.

1. Introduction

Intense ultrafast lasers with few-cycle pulse widths play an es-
sential role in the fields of strong-field physics, ultrafast optics,
and attosecond science.[1–7] Such ultrafast pulses can be achieved
through nonlinear post-compression techniques, which rely on
the interplay between supercontinuum generation (SCG) and
compensation of dispersion.[8–10]

The SCG can be achieved by self-phase modulation (SPM),
self-steepening, and ionization between intense laser pulses and
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nonlinearmedium.[11–14] Extensive exper-
imental and theoretical research has been
conducted over several decades based
on various nonlinear media, including
gases and transparent solids.[15–17] For
many years, gas-filled hollow-core fibers
(HCFs) pulse compressors have gar-
nered considerable attention for their
high beam quality and high compression
factors.[18,19] However, the practical util-
ity of HCFs is constrained by the limi-
tations on the incident energy and the
strong nonlinear effects in the fibers,
arising from the inherent constraints on
the waveguide structures and the small
core diameters. Pointing-stabilization se-
tups are required for alignment and the
coupling efficiency of fibers is usually
low.[20] The scheme using multiple thin
solid plates (MTSPs) has gained sig-
nificant interest due to its simplicity,
compactness, flexibility, and free-space
geometric characteristics.[21–26] Notably,

the generation of quasi-stationary spatial solitons in periodic-
layered Kerr media has emerged recently as a promising scheme
to enhance the nonlinear light–matter interaction and suppress
the spatial and temporal losses.[27–29] More recently, a multi-pass
cell (MPC) scheme has also been reported for the spectral ho-
mogeneity across the beam profile.[30–32] The threshold of self-
focusing in solid medium is typically on the order of a few
MW. Whereas in inert gas, it is much higher (≈10 GW).[11] The
spectrum range of MPC may be narrower than that of MTSPs
and HCFs, and the relatively low compression ratio usually re-
quires two-stage nonlinear compression for producing few-cycle
pulses.[33–35]

Due to the higher nonlinear susceptibility and larger molec-
ular density compared to gases,[11,36] we expect physical mech-
anisms would be magnified in the liquid medium.[37,38] How-
ever, to our knowledge, no research has been conducted on the
nonlinear compression of few-cycle pulses with liquid medium.
Although supercontinuum can be obtained in condensed liq-
uid, it is still restricted to the input energy limitation and opti-
cal loss caused by self-focusing and filamentation.[39,40] Studies
show that spectrum broadening precedes pulse splitting or opti-
cal breakdown.[41] To address these challenges, we propose con-
trolling the liquid’s thickness to obtain multiple thin liquid films
(MTLFs). This arrangement ensures that laser pulses solely ex-
perience spectral broadening due to self-phasemodulation in the
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Figure 1. a) Schematic of the experimental setup for few-cycle pulses compression and HHG. The experiment of gas HHG is carried out under vacuum
conditions. b) The gravity-driven ultrathin liquid film workpiece. c) The beam profile is collected on flat paper and imaged on a camera.

ultrathin films.When compared to solid or gasmedia, theMTLFs
scheme offers several potential advantages. First, there is no per-
manent optical damage in the flowing liquid, allowing for high-
intensity laser input. Liquid degradation or surface damage could
be avoided by the continuous refresh of liquid.[42] Additionally,
the fluidity of liquid ensures a fresh area for each pulse. Third,
the nonlinear refractive index of water (5.7 × 10−20 m2 W−1)
is much higher than fused silica (FS),[11,44] theoretically lead-
ing to SCG with a wider spectral range and stronger intensity.
Based on the above consideration, multiple ultrathin water films
show promise as a better spectral broadening scheme, poten-
tially supplanting the traditional gas-filled HCFs and solid thin
plates.
In this paper, we demonstrate the generation of sub-4-

fs few-cycle laser pulses by octave-spanning supercontinuum
based on the multiple thin water films scheme. The ob-
tained supercontinuum covers from 380 to 1050 nm with
an efficiency of up to 86.7%. After dispersion compensa-
tion by chirped mirrors, the chirped pulses are compressed
from 35 to 3.9 fs successfully. The quality of the compressed
pulses is further confirmed by high-harmonic generation. A
continuous high-order harmonic spectrum up to the 33rd
order is achieved based on the compressed few-cycle laser
pulses.

2. Nonlinear Compression Experiment

2.1. The Generation of Supercontinuum

First, we investigate the supercontinuum generation using
MTLFs. The schematic of our experimental set-up is shown
in Figure 1. A commercial 800 nm Ti: sapphire laser system
(Astrella-USP-1K, Coherent, Inc.) is employed as the pump
source, which delivers 35 fs pulses at a repetition rate of 1 kHz.
An iris aperture is used to reduce the beam size to 6 mm for a
larger Rayleigh range at the focus. Through the convex lens of f
= 2000 mm, the Rayleigh range is measured to be 16.1 cm with
the peak power of the focused beam at ≈17 GW (pulse energy
0.6 mJ). Multiple ultrathin wire-guided free-flowing liquid films
are employed in our experiment, as depicted in Figure 1b. Ben-
efiting from the balance between high surface tension and the
gravity of the liquid, a flow guided by two Ni-80 wires with a di-
ameter of 200 μm forms a thin liquid film.[44] We first choose
water as the broadened liquid medium for it is cost-effective and
easily available. Its transmission efficiency of up to 99% in the
visible band ensures the high-efficiency output of SCG.[43]

Laser pulses would only experience spectral broadening due
to SPM, and exit the film before filamentation and optical dam-
age occur. After passing through the film, the beam gets focused
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Figure 2. a) Experimentally measured spectra after each water film at the incident energy of 0.6 mJ. b) Broadened spectra with three pieces of water
films under different incident pulse energies.

in the air and then diverges. The divergent beam would be refo-
cused by the self-focusing effect inside the next film. Thismethod
can circumvent the filamentation and optical breakdown, allow-
ing for the enhancement of the nonlinear Kerr interaction inside
the liquid.
By carefully optimizing and adjusting the positions of films

near the focus, we achieve the optimal conditions for SCG with
three water films. The first water film is placed≈100mm in front
of the focal point, and the spacings between the films are 118
and 50 mm, respectively. It is worth noting that the thickness
of the water films can be easily adjusted by controlling the wa-
ter flow rate and the spacing between two wires, which will pro-
vide flexibility in tuning the nonlinear phase shift accumulated in
the water films. To measure the nonlinear broadening spectrum,
we utilize a Charge Coupled Device (CCD) optical spectrometer
(AvaSpec-2048FT-SPU) and position it 60 cm downstream from
the focus.
The far-field beam profile after spectrum broadening is cap-

tured on a flat piece of white paper and imaged onto a cam-
era, as depicted in Figure 1c. The beam spot represents a high-
quality transverse mode with a zeroth-order Bessel function,
which is similar to the phenomenon observed in the scheme of
FS plates.[11] In general, the white light beam generated during
filament in gases and condensed media would consist of a bright
round central zone surrounded by conical emission.[45] An iris
aperture is employed to block outer diffraction rings before rec-
ollimation. The energy proportion of the center spot is 79.7%,
much higher than that of HCFs systems (≈50%).[19] The beam
instability caused by the generation of liquid films can be further
optimized by improving the liquid film workpiece.
The spectrum evolution of fundamental femtosecond pulses

after the MTLFs is depicted in Figure 2a. The pulse spectrum
broadens incrementally after passing through each water film.
After the first water film, the spectrum expands from its initial
range of 740–860 to 580–960 nm. As the second film is intro-
duced, further spectral broadening occurs, resulting in a range
of 480–985 nm. In the first two films, the broadened spectra
exhibit symmetrical expansion on both the red and blue sides,
which is in accordance with the process of SPM.[46] However, the
more pronounced blue extension is observed after propagating
through the last water film due to the self-steepening and ioniza-
tion effects, as demonstrated previously in the FS plates broad-

ening scheme.[22] Three water films are employed for maximum
broadening, no significant further spectral broadening effect is
observed when adding more water films. Ultimately, at an inten-
sity level of −30 dB, the final broadened spectrum covers a range
of 380–1050 nm, corresponding to the Fourier Transform Limit
(FTL) pulse duration of 2.5 fs. The supercontinuum output en-
ergy reaches 0.52 mJ with an efficiency of 86.7%, generally much
higher than that of HCF. The total energy loss of ≈10% through
the three water films can be attributed tomultiphoton absorption
and ionization in water.[47] Additionally, diffuse reflection caused
by the non-smooth surface of water films also contributes to cer-
tain energy loss.
The applicable range of input laser energy in our MTLFs

scheme is also characterized. By utilizing a combination of a half-
waveplate (HWP) and a polarizer, we continuously reduce the in-
cident pulse energy from 0.6 to 0.2 mJ at 0.1 mJ intervals. The
input beam waist size and the position of water films remain
unchanged. Thus, the incident intensity on the water films for
SCG solely depends on the incident pulse energy. The obtained
broadening spectra under different input energies are shown in
Figure 2b. As the incident laser energy decreases, the range of
the broadened spectrum reduces significantly. When the input
energy drops below 0.2 mJ, no considerable spectral broaden-
ing occurs. It indicates that the nonlinear intensity is too weak to
achieve SPM in the water films under this circumstance. In the
case of low-energy laser input, the focusing lens with a smaller
focal length can be employed to obtain sufficiently high intensity
for SCG.
Additionally, we conduct the supercontinuum generation with

MTLFs under high-energy laser input. 1 mJ energy and 1 kHz
repetition rate laser pulses are injected into the thin water films.
In this case, the intense average power will lead to the evapora-
tion of the thin water film and the filamentation in water under
the conditions of the previous experimental setup. To address this
issue, adjustments are made to optimize supercontinuum gener-
ation by modifying the positions and spacings between the water
films. Compared to the relatively low-intensity input, the spectral
broadening through air is more pronounced with 1 mJ energy
input. As depicted in Figure 2b, the final spectral broadening
covers a range from 420 to 1000 nm at the −30 dB bandwidth.
Despite the difference in incident energies, the spectral config-
urations are similar in both cases. Furthermore, after passing
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Figure 3. a) The long-term energy stability of the supercontinuum output. b) Characterization of the homogeneity of spectra across the beam profile.

through three water films, the output energy is measured to be
0.84 mJ with a conversion efficiency of 84%. As for much higher
pulse energy input, a focusing lens with a larger focal length is
required. It is necessary tomaintain relatively constant nonlinear
intensity on the liquid films for effective SCG. The large range of
permissible pulse energies input of our MTLFs setup makes it a
promising platform for various SCG and nonlinear compression
applications.
Figure 3a illustrates the long-term energy stability of the su-

percontinuumoutput before the chirped-mirror compressor. The
RMS fluctuation of the pulse energy over 30 min is quantified
at 0.99% with a mean average energy of 0.52 mJ when the in-
put pulse energy is 0.6 mJ, representing the sustained stability of
the MTLFs system. Meanwhile, the measured energy stability of
the input pulses is ≈0.3% and the flowing liquid also causes cer-
tain influence. The inset in Figure 3a presents a histogram of the
energy distributions and the pulse-to-pulse (PTP) fluctuations is
4.8%.
In general, the inhomogeneous spectral broadening across the

beam profiles can be avoided in theMTLFs scheme by restricting
a small nonlinear phase in each liquid film. To characterize the
homogeneity of the spectral broadening, a multimode fiber with
an FC/PC tip is scanned across the profile in steps of 1 mm along
the x-axis. As spectra along the x-axis are depicted in Figure 3b,
the widths of the spectra do not vary much, and also the cen-
troid of the spatial spectra. From the above power stability and
the spatial-spectral distribution of the broadened beam, the su-
percontinuumbeam output obtained by ourMTLFs has relatively
good stability and spatial homogeneity.
Under the current experimental parameters, we have not

observed significant effects of liquid film evaporation on the
spectrum-broadening experiment. To evaluate the thermal ef-
fects, we employ the simple formula for temperature change in-
duced by energy absorption in a flowing water film, i.e., ∆T =
∆Q/(m × C), where ∆Q denotes the absorbed heat energy, m is
the mass of the flowing water, and C denotes the heat capacity.
Under full load 6 W power input, the heat energy absorbed by
water is ≈0.06 W, considering the absorption of water at 800 nm
wavelength. By incorporating the flow velocity of the water film
into our analysis, the calculation indicates that the temperature

Figure 4. The comparison of SCG between water, ethanol, and 1-decanol.

rise in the flowing water film is ≈0.1 °C. Even with an aver-
age power input of 100 W, the temperature increment is merely
1.7 °C. Such a small temperature change does not result in obvi-
ous evaporation andwill not influence our experiment.Moreover,
considering the dynamic flow of the water, the heat dissipation is
continuous, significantly mitigating the thermal impact on the
experiment.
Next, we investigate the influence of the nonlinear Kerr in-

dex coefficient n2 on the broadening. To this end, we choose two
more alcohols with higher n2 value as nonlinear media, ethanol
and 1-decanol, whose nonlinear Kerr index are 7.7 × 10−20 and
11 × 10−20 m2 W−1, respectively.[47] Under the identical input
laser parameters and experimental setup, the broadened spec-
tra can be achieved by using three 200 μm liquid films similar
to the water-thin films. For comparison, we show the broadened
spectral with water, ethanol, and 1-decanol in Figure 4. When the
spectral intensity is above −10 dB (in the range of 650–850 nm),
the employing of ethanol and 1-decanol has been observed to
induce a significantly stronger and wider broadening spectrum
compared to water. Notably, the spectral broadening intensity ex-
hibited by 1-decanol films is threefold that of water films near
700 nm. At wavelengths below 650 nm, water demonstrates the
most extensive blue broadening conversely; however, the inten-
sity of this spectral component remains less than−10 dB. Beyond
850 nm, the red broadening manifested in alcohols is more ex-
tensive than that in water.
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Figure 5. The comparison of SCG between MTLFs and FS plates scheme.

Based on the experimental results involving three liquids with
varying nonlinear Kerr index coefficients, it was observed that
the intensity of the supercontinuum generated in ethanol and 1-
decanol significantly surpasses that obtained in water, as shown
in Figure 4. It is worth noting that the spectral components above
650 nm exhibit a more pronounced broadening effect with two
alcohols. And with the increase of the nonlinear coefficient in-
dex n2, the range of the red broadening also increases. These en-
hancements benefit from themore significant nonlinear SPM ef-
fect induced by a higher n2 value. Nevertheless, water facilitates
the shorter cut-off wavelength of blue broadening below −10 dB
intensity, aligning with the multiphoton ionization and bandgap
dependence theories in Ref.[36]
We also conduct a comparison experiment using traditional

solid fused silica (FS) plates as the nonlinear media for SCG. Un-
der similar laser input conditions, the supercontinuum in the
multiple FS thin plates scheme expands from 450 to 980 nm.
The total thickness of the six pieces of FS plates is 600 μm. As
depicted in Figure 5, it is evident that the spectrum achieved
with the MTLFs setup exhibits wider range and higher inten-
sity, indicating the stronger nonlinear interaction in the water
films. Moreover, the intensity of the broadened spectrum below
500 nm based on water films is even ten times higher than that
achieved with FS plates, although both water and fused silica
possess bandgaps of 7.5 eV.[47] Note that the broadening effect
with 1-decanol is much stronger than that of fused silica (see
Figures 4,5). These results not only validate the feasibility of uti-
lizing ultrathinwater films for SCG, but also highlight their supe-
riority over traditional FS plates in terms of spectral broadening
and intensity enhancement, showing great potential for subse-
quent nonlinear pulse compression.
To gain further insight into the experimental results of SCG,

we conduct numerical solutions of the generalized nonlinear
Schrodinger equation (NLSE) to investigate the pulse propaga-
tion [48] (see Supporting Information). The simulated spectral
configuration closely agrees with the experimental results. The
Kerr nonlinear optical responses, including SPM and the self-
steepening, act jointly with the dispersion effect and play a major
role in spectral broadening. The influence of the nonlinear re-
fractive index n2 of the medium on the spectral broadening is
verified theoretically. The spectra with a wider range and higher
intensity obtained in ourMTLFs scheme are affected by the larger
nonlinear refractive index n2. The theoretical results indicate that
the compressed pulse duration would be shorter under a rela-
tively large nonlinear refractive index n2 and low group velocity

dispersion 𝛽2, which is in agreement with the Ref.[49] Addition-
ally, the effect of the thickness of water films on broadening and
self-focusing has been investigated (see Figure S2, Supporting In-
formation). The increasing self-focusing effect in an excessively
thick medium leads to the formation of filaments and eventual
beam degradation and collapse.

2.2. The Pulse Compression

To compress the pulse duration, four pairs of chirped mirrors
(Ultrafast Innovations) with 450–1000 nm bandwidth and GDD
= −40 fs2 are utilized to compensate for the chirp of the out-
put pulses. Additionally, a pair of wedges is incorporated to finely
tune the dispersion. Note that, considering the cost-efficiency, ac-
cessibility, and broader spectral expansion, we only adopt water
as the nonlinear medium in the subsequent experiments. The
efficiency of the output pulse energy, measured after the chirped
mirrors, is≈91.4%. Moreover, the center spot of the output beam
contains an energy of ≈0.37 mJ.
A homemade scanning second-harmonic generation

frequency-resolved optical gating (SHG-FROG) measurement is
utilized to record the temporal and spectral characterizations of
the compressed pulses. Figure 6a,b represent the measured and
retrieved FROG traces of the compressed pulses, respectively,
with the retrieved error of 0.005. Figure 6c illustrates the recon-
structed temporal profile of pulse duration (blue solid) and phase
(orange solid). The duration of pulses is measured to be 3.9 fs by
FROG, corresponding to 1.6 FTL (FTL = 2.5 fs) of the measured
spectrum. And the pulse compression factor Kc is ≈10. The
difference in pulses characteristics may be attributed to the
bandwidth limitations of the chirped mirrors, as some spectral
components are not fully compensated for dispersion. As shown
in Figure 6d, the retrieved spectrum in the blue line agrees well
with the actual spectrum measured by the spectrometer (shaded
area). The spectral phase is relatively flat in the spectral range
of 600–1000 nm, suggesting the effect of SPM plays a dominant
role in this spectral broadening region and dispersion has been
effectively compensated in the experiment. However, below
600 nm, the spectral phase exhibits modulation due to possible
contributions from the self-steepening effect and ionization.

2.3. HHG Experiment

To further demonstrate the quality of the compressed pulses, we
carry out the high-order harmonic generation experiment by in-
teracting with Kr gas after compressing the supercontinuum. Af-
ter the chirped mirrors compressor stage, certain loss is induced
by multiple reflections on the silver mirrors and the vacuum
window. The compressed few-cycle pulses laser with the energy
of 0.26 mJ is focused onto a gas target inside a vacuum cham-
ber using a concave mirror with a focal length of 150 mm. Note
that a certain amount of dispersion would be introduced during
propagation through long-distance air and the vacuum chamber
window. The generated high-order harmonics are detected by a
homemade flat-field soft X-ray spectrometer, which consists of
a 0.2 mm-wide, 15 mm-height entrance slit, a flat-field grating
(1200 grooves mm−1), and a microchannel plate backed with a
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Figure 6. Characterization of the 3.9 fs few-cycle pulses compressed from the supercontinuum by homemade SHG-FROG. a,b) Measured and retrieved
FROG traces. c) Retrieved pulse envelop (solid blue line), FTL pulse of 2.5 fs (dashed line), and temporal phase (solid orange line). d) Retrieved spectrum
(solid blue line), the spectrum measured by the spectrometer (shaded region), and the spectral phase (solid orange line).

phosphor screen.[50] The spectrally resolved images are recorded
using a CCD camera.
As shown in Figure 7, the cut-off region of the high-order har-

monic spectrum is continuous and smooth. The signal of the
33rd harmonic with photon energy up to 51 eV is observed in the
generated supercontinuum, corresponding to an approximate
peak intensity of 1.8 × 1014 W cm−2 in the interaction region.
In contrast to the compressed few-cycle pulses, we also inject the
uncompressed pulses (35 fs in the full-width-at half-maximum)
into the chamber. The corresponding odd harmonics appear dis-
crete in the spectrum and the peaks are noticeably sharper. More
importantly, one can see that the strongest harmonic is≈ the 17th

Figure 7. Experimentally measured high-order harmonic spectra gener-
ated in krypton driven by compressed few-cycle pulses (red) and uncom-
pressed multi-cycle pulses (green).

order in the multi-cycle laser pulse and the strongest harmonic
is extended to the 25th harmonic in the few-cycle pulse. Such an
extension is notable considering that the cutoff energy is ≈33rd
harmonic. Moreover, the observed supercontinuum signal in the
33rd harmonic demonstrates the potential for follow-up attosec-
ond pulse generation and attosecond science applications.

3. Conclusion

In this work, we demonstrate the generation of an octave-
spanning supercontinuum based on multiple ultrathin liquid
films. Thewidest broadening spectrum achieved usingwater cov-
ers a wide range from 380 to 1050 nmwith an efficiency of 86.7%.
Few-cycle 3.9 fs laser pulses are achieved successfully after dis-
persion compensation by chirped mirrors. The high quality of
the compressed pulses is further confirmed by the generation
of a continuous high-harmonic spectrum up to the 33rd order.
This MTLFs scheme provides valuable solutions for SCG cover-
ing from ultraviolet to near-infrared and nonlinear pulse com-
pression with few-cycle durations. Furthermore, this work has
potential applications in the fields of high-order harmonic gen-
eration and attosecond pulse generation, contributing to the ad-
vancement of ultrafast science and strong-field physics.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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