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ABSTRACT
To investigate the electronic-dominated ultrafast dynamics in liquids, we built a liquid high-order harmonic generation (HHG) apparatus,
which consists of an ultrafast laser system, a liquid flatjet system, and an extreme ultraviolet (EUV) spectrometer. The performance of this
apparatus was systematically examined through the generation of HHG spectra from 99.7% isopropanol [(CH3)2CHOH], 99.7% ethanol
(CH3CH2OH), and liquid water (H2O). A negligible contribution from the gas-phase was verified by a direct comparison between the liquid-
phase and gas-phase under an optimal configuration. Under the current experimental conditions, the measured high-order harmonic spectra
(HHS) exhibited a distinct maximum photon energy of 20 eV, with intensity decreasing as the harmonic order increased. Our two-band
model based on the semiconductor Bloch equations suggests that HHSs from liquids reach saturation very quickly. Moreover, we measured
the time-dependent HHS of liquid isopropanol [(CH3)2CHOH] using a non-collinear 800 nm pump–probe Mach–Zehnder interferometer.
These preliminary results demonstrate the operational capability of liquid-based HHG spectroscopy and highlight its potential for probing
ultrafast electron dynamics and molecular properties in liquids.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0278967

I. INTRODUCTION

The advent of attosecond laser pulses via high-harmonic
generation (HHG)1,2 has undoubtedly revolutionized the field of
light–matter interactions and significantly advanced attosecond sci-
ence, particularly in the study of structural and electronic dynamics
in atoms,3,4 molecules,5–7 liquids,8 and solids.9,10 Over the past few
decades, HHG has been experimentally demonstrated in all phases
of matter: gases, solids, and liquids. In the gas phase, where HHG
was first discovered,11 it has been extensively researched and is well

understood. The high-order harmonic spectrum (HHS) from the
gas-phase medium,1,12 well-described by a three-step model13 and
considered as a self-probe approach, has been utilized to study the
electronic dynamics in atoms and molecules. Furthermore, the gas-
phase HHG has evolved into a widely used laboratory-based attosec-
ond laser source of extreme ultraviolet (EUV) radiation, enabling
real-time studies of structural and electronic dynamics in molecules,
solutions, and solids. However, the low density of gases results in
a low photon flux, which limits the efficiency of experiments. In
contrast, solids have the advantage of having high density and can
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be integrated, making them another important source of high har-
monics. Since the early pioneering work,14–16 the solid-phase HHG
has developed very rapidly, leading to impressive advancements.17,18

Meanwhile, the principal microscopic mechanisms associated with
solid-phase HHG have been further refined,19 although consen-
sus on several aspects is still forming. However, the practicality
of solids as attosecond light sources is constrained by their lack
of self-renewal capability, which makes them highly susceptible
to cumulative laser-induced damage and, thus, prevents sustained
long-term operation.

In recent years, liquid-phase HHG has received considerable
attention because liquids have the advantages of both the self-
renewal capability akin to gases and the high density of solids and
because the vast majority of chemical reactions occur in the liquid
or hydrated phase. In contrast to gas and solid phases, measure-
ments of liquid-phase HHG remain quite scarce. Since 2003, several
experiments have been performed on HHG associated with liquid
droplets.20–22 Incoherent EUV HHG was observed at the density
of natural water, while coherent HHG was detected only after the
droplets expanded to high pressure gas.20–22 Moreover, the thin
liquid film was also utilized as a self-refreshing target for gener-
ating high-order harmonics. In 2003, Tauber et al.23 developed a
wire-guided, gravity-driven jet apparatus capable of producing sta-
ble liquid films. However, this setup was not suitable for vacuum
environments, as the liquid film would rapidly condense under low
pressure. In 2009, DiChiara et al.24 adapted this jet apparatus to gen-
erate a 150-μm-thick liquid film in an atmospheric environment as
an HHG experimental target. While they successfully observed har-
monic signals in the visible range, harmonics in the EUV region were
not detected. This limitation was attributed to strong absorption
of high-energy photons by both the ambient air and the relatively
thick liquid film, which suppressed the generation and detection
of higher-order harmonics. To access higher-order harmonics with
greater photon energies, an ultra-thin liquid film operated under
vacuum conditions is necessary. In the last decade, the development
of ultrathin liquid flatjet technology25–32 has enabled the fabrica-
tion of μm-scale ultrathin liquid films under vacuum conditions,
significantly advancing experimental research in liquid HHG. More
recently, Luu et al.33 employed liquid flatjet technology to create
an ultrathin liquid flatjet with a thickness of ∼2 μm, leading to the
experimental discovery of HHG radiation in the EUV region. They
found that the HHSs of H2O and alcohols exhibit odd-only HHG,
with cutoffs around 20 eV. In addition, the intensities of the HHSs
of the alcohols decrease monotonically with photon energy, while
the HHS of H2O shows a plateau followed by a steep decline toward
the cutoff. Luu et al.33 treated the liquid as a large-bandgap semicon-
ductor and derived a highly simplified model band structure based
on the density of states of the liquid. By solving the semiconductor
Bloch equation, they theoretically predicted a harmonic spectrum
consistent with experimental results. Their findings indicated that
the harmonic generation from liquids is sensitive to the electronic
structure of the liquids, particularly the properties of the conduction
band and the bandgap.

Following this, a series of liquid-phase HHG studies were
conducted,34–42 collectively demonstrating the potential of liquids
as a bright source of high-order harmonics and paving the way
for further advancements in liquid-phase HHG and HHS. In these

studies, a consistent conclusion is proposed: liquid-phase HHG pro-
vides a means to probe ultrafast electron dynamics in liquids, includ-
ing electron mean free paths38,39 and scattering processes,41 which
are crucial for understanding radiation-induced damage in biolog-
ical tissues. However, notable discrepancies exist among experi-
mental observations. In particular, some work reports harmonic
energies of liquids extending only up to about 20 eV,33,36,38,39 with
cutoff energies showing independence on driving laser wavelength
or pulse duration.38,39 In contrast, Alexander et al.41 reported that,
when the laser intensity is below the damage threshold of the liquid,
the harmonic energy driven by few-cycle lasers can reach a max-
imum around 50 eV and exhibits a dependence on both the laser
intensity and the pulse duration. Conversely, when the laser inten-
sity exceeds the damage threshold, a plasma mirror forms on the
front surface of the liquid flatjet, reflecting a portion of the incident
light. This reflection reduces the effective intensity within the liq-
uid, leading to a suppression of harmonic yield and a lowering of the
harmonic energy. Ab initio quantum dynamics simulations by Xu
et al.43 support this picture, indicating that plasma generation in liq-
uid suppresses the intensity and the energy of high-order harmonics.
Recent work by Kim et al.40 and Cavagna et al.44 demonstrated that
the liquid plasma mirror can also generate the high-order harmon-
ics in both the coherent wake emission and relativistic oscillating
mirror regimes, suggesting additional pathways to HHG in liquid
systems. Moreover, Yang et al.42 revealed an additional mecha-
nism whereby resonant infrared excitation drives ultrafast heating
of the liquid, leading to a pronounced and persistent enhancement
of harmonic yield. These divergent results underscore the complex-
ity of laser–liquid interactions and emphasize the need for more
systematic, controlled studies to disentangle the roles of intensity,
pulse duration, damage threshold, and plasma formation in liquid-
phase HHG and to establish a coherent framework for interpreting
harmonics in liquid media.

As a highly disordered condensed phase, liquids cannot be eas-
ily treated as isolated molecules, as is the case with gases, nor can
they be characterized by a highly periodic lattice structure, as seen
in solids. Consequently, the mechanisms and analytic approaches
developed for gas and solid media cannot be directly applied to liq-
uids. Currently, there is a lack of an appropriate and feasible model
to describe the mechanism of light–matter interaction in liquids,
resulting in slow progress in research related to liquid HHG, which
requires further exploration. Because of its strong capability to probe
electronic and nuclear dynamics in liquid-phase environments, we
developed a liquid HHG apparatus.

In this work, HHG experiments were conducted using var-
ious liquid systems as samples to obtain their HHSs, which are
consistent with previous HHG studies,33,38 thereby confirming the
reliability and performance of this liquid-phase HHG setup. Build-
ing on our liquid-HHG setup, we integrated a pump–probe device
to enable time-resolved HHG spectroscopy of liquid samples. This
capability allows us to investigate fundamental ultrafast processes,
including solvation dynamics, charge transfer, and bond break-
ing/formation. Furthermore, the setup shares an identical configu-
ration for transient absorption spectroscopy in liquids,45,46 creating
a dual-function apparatus. This platform provides a comprehensive
tool for studying light–matter interactions in liquids across diverse
timescales and energy regimes.
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II. EXPERIMENTAL SETUP
The experimental setup is schematically depicted in Fig. 1(a).

The main components of the apparatus include a laser system,
a liquid flatjet system within the reaction chamber, and an EUV
spectrometer within the detection chamber. The laser system can
generate laser pulses with a center wavelength of 800 nm, a full
width at half maximum (FWHM) of 33 nm, a pulse width of 45 fs,
a repetition frequency of 1 kHz, and a pulse energy of 200 μJ. After
collimation and focusing, the laser pulses enter the reaction chamber
through a 2-mm-thick ultraviolet-fused silica glass window, where
they interact with an ultrathin liquid flatjet produced by the col-
lision between two round liquid micro-jets, generating high-order
harmonics in the EUV wavelength range. Figure 1(b) shows a photo-
graph of a laser pulse interacting with a liquid flatjet. The interaction
region was positioned at the center of the flatjet. The laser was
focused to a spot diameter of ∼260 μm, as measured by a beam pro-
filing camera. This spot size yields a peak electric field strength of
0.85 V/Å. The generated harmonics propagate through a differential
pinhole that connects the interaction and detection chambers. These

harmonics are then recorded by the EUV spectrometer to obtain
the liquid HHS. The side and top views of the experimental setup
are given in Figs. 1(c) and 1(d), respectively, providing a detailed
workflow of the spectrometer along with technical information.

A. Liquid flatjet system
An ultrathin liquid flatjet that remains stable in both diameter

and thickness for up to several hours is essential for successfully
executing the HHG experiment. To produce the required liquid flat-
jet, we constructed a liquid flatjet apparatus based on the method
developed by Ekimova et al.26 A liquid sample is pumped into the
vacuum chamber at room temperature using a high-performance
liquid chromatography (HPLC) pump purchased from WATREX
Prague (Model: P102). The pump operates at flow rates between 0.1
and 10 ml/min with a stability better than ±0.5%. A multi-channel
switching valve is fitted upstream of the HPLC pump to facilitate
sample switching. The liquid flow is then split into two streams,
each entering the vacuum chamber through separate capillary arrays

FIG. 1. Liquid HHG spectrometer. (a) Schematic depiction of the experimental setup. Laser pulses (800 nm, 1 kHz, 50 fs, and 0.73 mJ) are focused onto a liquid flatjet
to generate high-order harmonics. The generated high-order harmonics pass through a slit into the extreme-ultraviolet (EUV) spectrometer that disperses and records the
different harmonic orders. (b) Photograph of the laser pulse interacting with the liquid flatjet. [(c) and (d)] Side and top views of the experimental setup. LP: linear polarization;
LN2: liquid nitrogen; PSD: position-sensitive detector, which is equipped with a pair of micro-channel plates, a phosphor screen, and a charge-coupled device camera.;
TMP: turbomolecular pump; PEEK: poly-ether ether ketone; HPLC: high-performance liquid chromatography.
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and exiting through identical cylindrical glass nozzles. The capil-
lary arrays are made of poly-ether ether ketone with varying inner
diameters arranged in increasing order to ensure a more uniform
flow. When two individual laminar liquid streams collide at a spe-
cific angle that is not equal to 180○(66○ in this work), their opposing
horizontal momentum components mutually cancel. This causes the
incompressible liquid to expand radially within the collision plane,
thereby producing a stable planar liquid sheet through progressive
thinning and flattening in this direction. Surface tension in the liquid
then overcomes radial diffusion, causing the liquid jet to reconverge
and resulting in the formation of a liquid flatjet shaped like a sharp
leaf, characterized by a thin center and relatively thick liquid edges.
In this work, water (H2O), 99.7% ethanol (CH3CH2OH), and 99.7%
isopropanol [(CH3)2CHOH] were chosen as liquid samples due to
their viscosity and vapor pressure, which support the formation of
optimal flatjets.

To achieve the thinnest possible flatjet, the liquid must be pro-
duced with a minimal volume, requiring nozzle dimensions of tens
of μm. In this work, the diameter of the nozzles used is about 55 μm,
measured using a microscope. It was found that the liquid flatjet
remains stable only within a specific flow rate range. In our setup,
we optimized the flow rate between 3 and 5 ml/min to achieve a
stable liquid flatjet. Flow rates above this range cause the liquid
flatjet to collapse, while rates below this range fail to generate the
desired liquid flatjet. The liquid flatjet apparatus is mounted on a
precision four-axis (XYZR) manipulator for finer adjustment of the
azimuth and three-dimensional position of the liquid flatjet rela-
tive to the laser beam. In addition, a microscope is positioned in
the reaction chamber to monitor the quality of the liquid flatjet
in real time. Long-term monitoring confirmed that the flatjet can
remain structurally stable for several hours.26,29,30 When the liquid
flatjet enters the vacuum at room temperature, the evaporation of
the liquid removes heat, causing the flatjet temperature to drop. The
magnitude of the drop depends on the evaporation rate of the liquid
and the surface area of the flatjet, leading to sample-dependent cool-
ing. Measurements show that liquid H2O experiences a temperature
drop on the order of ∼20 ○C,26,30 whereas a larger drop of ∼45 ○C is
observed for liquids CH3CH2OH and (CH3)2CHOH.29,30,38

B. EUV spectrometer
The EUV spectrometer, used to detect and analyze the high-

order harmonic emission, consists of an entrance slit, a commercial
diffraction grating, and a position-sensitive detector (PSD). The
commercial diffraction grating, purchased from Shimadzu, has a
groove density of 500 lines/mm, an incidence angle of 10○, and a
sensitive wavelength range of 27–135 nm. The PSD is equipped with
a pair of micro-channel plates, a phosphor screen, and a charge-
coupled device camera. The generated high-order harmonics pass
through the slit and are directed toward the diffraction grating,
where they are dispersed into various diffraction angles based on
their orders. These dispersed harmonics are then detected and read
out by the PSD.

The harmonics of different orders diffract at distinct angles
and are spatially separated on the PSD. The harmonic orders can,
thus, be determined by analyzing their positions and separation dis-
tances, allowing for calibration of the EUV spectrometer. In this
work, the harmonic orders were identified based on their spacing,

as shown in Fig. 2. Figure 2(a) illustrates the optical configuration
of the EUV spectrometer, including the incident angle α of HHG
and the diffraction angles βi corresponding to different harmonic
orders. From these parameters, the harmonic spacings li and their
ratios li : lj were derived. Figure 2(b) presents a raw PSD image
of harmonics generated in a gaseous CH3CH2OH, showing fifth-
harmonic components labeled A through E. The measured ratios
of the spacings between adjacent harmonics are summarized in the
table accompanying Fig. 2(b) and show close agreement with the
expected values. This agreement enables clear assignment of har-
monic orders and facilitates accurate calibration of the spectrometer.
The energy resolution δE/E of this EUV spectrometer is determined
from the FWHM (δE) of the harmonic peaks, yielding δE/E ≈ 2%.
Furthermore, the system exhibits a dynamic range ∼10 000:1 and

FIG. 2. Calibration of the EUV spectrometer using harmonics generated in
gaseous CH3CH2OH. (a) Optical configuration of the EUV spectrometer. α and βi
are incident angle of HHG and the diffracted angles of different harmonic orders. li
and li : lj are the spacings between adjacent harmonics and their ratios derived by
the optical configuration. (b) Raw PSD image of harmonics generated in a gaseous
CH3CH2OH medium, showing fifth-harmonic components labeled A through E. l′i
and l′i : l′j are ratios of the spacings between adjacent harmonics and their ratios.

Rev. Sci. Instrum. 97, 013005 (2026); doi: 10.1063/5.0278967 97, 013005-4

Published under an exclusive license by AIP Publishing

 06 February 2026 07:45:27

https://pubs.aip.org/aip/rsi


Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

a signal-to-noise ratio of ∼200:1, ensuring reliable detection and
quantification of harmonic signals across a wide intensity range.

C. Vacuum chambers
Since the working pressure of the reaction chamber is 102–103

times higher than that of the detection chamber, the two chambers
are separated by a differential diaphragm with an inner diameter
of 2 mm to minimize their interaction. An Edwards turbomolecu-
lar pump with a pumping speed of 1600 l/s and an Edwards rotary
mechanical pump with a pumping speed of 35 m3/h are employed
to evacuate the reaction chamber, achieving an ultimate vacuum of
5 × 10−7 mbar. In the detection chamber, a Leybold turbomolecu-
lar pump with a pumping speed of 300 l/s, along with a Leybold
rotary mechanical pump with a pumping speed of 30 m3/h, is used
to achieve an ultimate vacuum of 8 × 10−8 mbar.

Liquid samples with high vapor pressures evaporate rapidly
upon entering the vacuum chamber, raising the pressure to ∼10−1

mbar in the reaction chamber and to 10−3 mbar in the detection
chamber. These pressures are too high for the EUV spectrometer
with a normal operating pressure of around 10−6 mbar. To mitigate
this issue, two liquid nitrogen (LN2) cryotraps were installed in the
reaction chamber to reduce the evaporation rate of the liquid target
and obtain a lower operating air pressure. With the implementation
of these LN2 cryotraps, the operating pressures stabilize at 10−3 mbar
in the reaction chamber and 10−6 mbar in the reaction chamber. The
pressure in both chambers exhibits no significant fluctuation over
30 min following the filling of the cryotraps with liquid nitrogen,
demonstrating high pressure stability within the system. By peri-
odically replenishing the liquid nitrogen, pressure stability can be
maintained for extended periods exceeding ten hours.

III. FLATJET CHARACTERIZATION UNDER
ATMOSPHERIC CONDITIONS

To evaluate the quality and stability of the liquid flatjet, it
was generated under atmospheric conditions and monitored for
extended periods, revealing stability for up to tens of hours. A
representative image of the liquid flatjet in Fig. 3(a) demonstrates
the surface quality and integrity of the liquid flatjet, and its size,
defined as width and length, can be extracted from this image.
The sizes of the flatjets are influenced by the flow rate and the

type of liquid, enabling the production of flatjets with varying sizes
by adjusting these parameters. Figures 3(b)–3(d) depict the rela-
tionship between flatjet size and flow rate for different liquids:
(CH3)2CHOH, CH3CH2OH, and H2O. The results indicate that the
size of the liquid flatjet increases with the flow rate, consistent with
the experimental result of Ekimova et al.26

Thin-film interferometry is a valuable tool for measuring the
thickness of the liquid flatjet. The setup, illustrated in Fig. 4(a), con-
sists of a halogen light source, two focus lenses, a fiber-coupled
spectrometer, and an ultrathin liquid flatjet to be measured. Contin-
uous light with wavelengths from 450 to 950 nm is emitted from the
light source, focused by the convex lenses into a spot with a diameter
of 200 μm, and directed at the liquid flatjet at a specific incident
angle θ. Light reflected from the front and back surfaces of the liquid
flatjet was subsequently focused onto a fiber-coupled spectrometer
and recorded. The thickness of the film creates phase differences
between the reflected light, resulting in interference fringes in the

FIG. 4. (a) Schematic diagram and (b) principle diagram of a thin-film interferom-
eter. θ is the incident angle of the light, while n and T are the refractive index and
thickness of the thin-film.

FIG. 3. Size of the liquid flatjet. (a) Photo of the liquid flatjet and the definition of the size of the flatjet. The length is defined as the distance between the upper and lower
vertices, and the width is defined as the length of the plane jet at its widest position. The origin of the coordinate axes is defined as the upper vertex of the flatjet, the y axis
is defined as the centerline of the liquid flatjet, and the x axis is orthogonal to the y axis in this plane. [(b)–(d)] Flatjet size as a function of flow rate for (CH3)2CHOH,
CH3CH2OH, and H2O.
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spectrum, as shown in Fig. 4(b). The thickness of the liquid flatjet can
be obtained from the wavelengths of adjacent peaks in those fringes.
Figure 5(a) displays the interference spectrum of the (CH3)2CHOH
flatjet at a flow rate of 5 ml/min, measured at y = 3.5 mm. The
average thickness, calculated from the spacing between all adjacent
peaks, was determined to be 1.8 ± 0.1 μm. By scanning the position
of the liquid flatjet, the thickness can be measured at various loca-
tions. The thickness profiles along the y axis of the flatjets for each
liquid sample at different flow rates are presented in Figs. 5(b)–5(d).
Each data point was acquired over a total measurement time of
∼30 min, conducted in three sessions spaced 24 h apart, demonstrat-
ing stability and reproducibility with a precision better than 0.2 μm.

FIG. 5. Thickness of liquid flatjets measured by thin-film interferometry. (a) Interfer-
ence spectrum of the (CH3)2CHOH flatjet at a flow rate of 5 ml/min, measured
at y = 3.5 mm. [(b)–(d)] Thickness profiles along the y axis of the flatjets for
(CH3)2CHOH, CH3CH2OH, and H2O as a function of the flow rates. The error
bars represent the standard deviation from three repeated measurements.

Due to the small size of the H2O flatjet, only a single-point thickness
measurement was feasible, taken at y = 0.5 mm, yielding a thickness
of 1.1 ± 0.1 μm. In contrast, multi-point thickness measurements
were performed for the CH3CH2OH and (CH3)2CHOH flatjets,
revealing thicknesses ranging from 1 to 5 μm. Consistent with previ-
ous studies,25–28 the thickness of the flatjets decreases monotonically
along the y axis. Notably, the thickness at specific locations was not
sensitive to the flow rate under current experimental conditions.
Due to the limitations of the experimental conditions, we did not
measure the thickness of the liquid flatjet in vacuum. However, the
results of Ekimova et al.26 indicate that the difference in the thickness
of the liquid flatjet between vacuum and atmospheric conditions
is only 5%. Therefore, the thickness of the liquid flatjet measured
under atmospheric conditions can be considered equivalent to that
in vacuum.

IV. RESULTS AND DISCUSSION
Figure 6(a) presents the HHS of the liquid (CH3)2CHOH mea-

sured using the PSD, where the spectra were acquired from the
center of the flatjet with its thickness estimated as ∼1.7 μm. The
spectrum clearly resolves four distinct odd harmonics: the 7th (H7),
9th (H9), 11th (H11), and 13th (H13). Among these, H7, H9, and
H11 are comparatively strong, while H13 is relatively weak. The
absence of observed even-order harmonics indicates that contri-
butions from the surface of the liquid flatjet are negligible. The
vertical integration of the PSD image from Fig. 6(a) yields the HHS
shown in Fig. 6(b), which displays a generally decreasing signal
trend with increasing harmonic order beyond H7. The HHSs of
liquid CH3CH2OH and H2O are plotted in Figs. 6(c)–6(f), respec-
tively. Similar to (CH3)2CHOH, both liquids also produce four
odd harmonics (H7, H9, H11, and H13), with signal intensities
decreasing beyond H7. The behaviors of HHS for (CH3)2CHOH
and CH3CH2OH are qualitatively consistent with previous reports
in liquid-phase HHG33,38,39 and may be related to the fact that
the photon energy of H7 is near the reported cutoff energies of
∼11 eV for (CH3)2CHOH39 and CH3CH2OH,38 beyond which the

FIG. 6. High-harmonic spectra from
liquid samples. (a) Spatio-spectrally
resolved and (b) vertically integrated
HHSs from the liquid (CH3)2CHOH
driven by an 800 nm laser. Inset in
(b): Experimental configuration for iso-
lating the gas-phase harmonic emission,
with the liquid flatjet aligned parallel to
the laser propagation axis and placed
adjacent to the beam. [(c)–(f)] Typi-
cal spatio-spectrally resolved HHSs (top)
and their vertical integration (bottom) of
HHSs obtained from liquid CH3CH2OH
and H2O. For comparison, HHSs from
gaseous samples are also shown. Noted
that the HHS of gaseous H2O was mea-
sured at 1.27 V/Å, as no harmonics were
detected at 0.85 V/Å.

Rev. Sci. Instrum. 97, 013005 (2026); doi: 10.1063/5.0278967 97, 013005-6

Published under an exclusive license by AIP Publishing

 06 February 2026 07:45:27

https://pubs.aip.org/aip/rsi


Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

conversion efficiency decreases markedly. However, the HHS of
H2O does not exhibit the plateau reported in previous studies,33,38

which may be attributed to the substantially lower laser field strength
employed in this work (0.85 V/Å) compared to those used in earlier
experiments (1.533 and 4.2 V/Å39), and which is insufficient to drive
the higher-order harmonic generation responsible for such a plateau
feature.

Due to the evaporation of liquid samples in vacuum, high-
density vapors with a number density ranging from 1016 to 1018/cm3

are present near the liquid flatjet.29 To quantitatively evaluate the
potential contribution of this vaporized material to the detected
harmonic signal, a dedicated control experiment was performed.
The liquid jet was rotated and aligned parallel to the direction of
laser propagation, positioning it immediately adjacent to the focused
beam as illustrated in the inset of Fig. 6(b). In this configuration,
the laser interacts primarily with gas-phase species evaporated from
the flatjet over an extended region several millimeters in length,
while minimizing direct interaction with the bulk liquid. Under oth-
erwise identical experimental conditions, the integrated harmonic
signal from this vapor-phase measurement was found to be over two
or three orders of magnitude weaker than that generated from the
standard perpendicular interaction with the liquid jet, as shown in
Figs. 6(b), 6(d), and 6(f). It should be noted that the HHS of gaseous
H2O was measured under a field strength of 1.27 V/Å, as no har-
monics were detected under a field strength of 0.85V/Å. This stark
contrast in signal strength strongly indicates that the high-harmonic
generation observed under identical experimental conditions origi-
nates primarily from the bulk liquid phase and that the contribution
from the surrounding vapor is negligible. Although the liquid–laser
interaction length is orders of magnitude shorter than that typi-
cally achieved in gas-phase targets, the dramatically higher HHG
yield observed from the liquid is consistent with its greater den-
sity and suggests that liquid targets hold significant promise for
achieving high photon flux. It should be noted that although the pro-
nounced enhancement of the harmonic signal from the liquid target
compared to gas-phase targets clearly indicates greatly improved
efficiency under the present conditions, a definitive comparison of
absolute photon flux will require future calibrated measurements
against an optimized gas jet. Nevertheless, this result demonstrates
the potential of liquid-phase targets as intense EUV sources.

To evaluate the influence of laser field strength on HHG
in liquids, we took measurements under a broad range of field
strengths. The harmonic intensities of the liquid (CH3)2CHOH,
CH3CH2OH, and H2O as a function of the field strengths are
shown in Figs. 7(a)–7(c), and the harmonic intensities exhibit a

clear dependence on the field strengths. At the lowest field strength
of 0.21 V/Å, only the H7 and H9 harmonics can be observed.
With increasing field strength, additional harmonics emerge, cul-
minating in four clearly resolved orders, from H7 to H13. The
maximum detectable photon energy shows a strong dependence on
the laser field strength, reaching about 20 eV under the highest fields
applied in this study. Although this result is consistent with some
previous reports,33,38,39 it is noteworthy that higher cutoffs have
been observed under different experimental configurations.41,47 By
improving the signal-to-noise ratio of the detection system, Mondal
et al.47 successfully detected harmonic signals with photon energies
beyond 20 eV, despite their extremely low intensities, while Alexan-
der et al.41 reported harmonics up to 50 eV driven by few-cycle laser
sources with durations of 1.8 optical cycles, which is significantly
shorter than our durations of over ten optical cycles. These observed
discrepancies do not contradict our results but rather reflect funda-
mental differences under experimental conditions—particularly in
laser pulse duration and detection sensitivity. Consequently, future
work will focus on systematically investigating the influence of pulse
duration on high-harmonic generation in liquids, alongside improv-
ing the sensitivity, noise performance, and stability of our detection
system. Such efforts are essential both for accessing weak high-
harmonic signals and for enabling a more comprehensive explo-
ration of the physical mechanisms underlying liquid-phase HHG.
Furthermore, a clear and consistent saturation trend is observed
across all harmonic orders and sample types: as the laser field
strength increases, the harmonic intensity initially rises rapidly, then
exhibits a slowed growth rate, and eventually approaches saturation
at higher field levels. Notably, the intensity growth rate varies con-
siderably across different harmonic orders and samples, indicating a
field-dependent redistribution of harmonic intensity ratios.

V. PROPAGATION EFFECT AND BAND STRUCTURE
Considering the absorption and dispersion effects caused by the

liquid flatjet, it is crucial to clarify that the characteristics observed
in the experimental results derive entirely from the intrinsic prop-
erties of the liquid flatjet, rather than from the aforementioned
effects or being overshadowed by such effects to the extent that
their intrinsic properties are obscured. On the one hand, we solved
the first order Maxwell’s equations combined with Semiconduc-
tor Bloch Equations (SBEs) to capture both the absorption and
dispersion effects on HHG spectra transmitted through the flat-
jet. For simplicity, we simulated the HHSs from liquid H2O and
consider the refractive index of liquid water. The liquid H2O is

FIG. 7. [(a)–(c)] Harmonic intensities of
the liquid (CH3)2CHOH, CH3CH2OH,
and H2O as a function of the field
strengths. The error bars represent the
standard deviation from five repeated
measurements.
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characterized by the band structure and together with its complex
refractive index, which are presented in Figs. 8(a) and 8(b), respec-
tively. The real part of the refractive index represents the dispersion
of the HHG in the medium, and the imaginary part represents the
absorption of HHG. A field strength of 0.85 V/Å was used in the sim-
ulation, as it is close to the experimental estimate. Figures 8(c) and
8(d) show the simulation results, which clearly suggest that the HHSs
are generated at the surface of the liquid flatjet (within 0.1 μm) and
then propagate through 2 μm without intensity decrement, which
are in good agreement with the experiment. It is worth noting that
the spatial intensity profile of the focal spot was assumed to be a
Gaussian distribution. The calculation was done by

S(ω) = 1
πr2

0

r0

∫
0

Sr(ω)2πrdr, (1)

where the r0 is the radius of the focal light spot and Sr(ω) is the
spectral intensity at a distance r from the center of the focal light
spot.

To investigate the yield difference between H2O and
CH3CH2OH, we simulated their HHG spectra based on two distinct
band structures [Fig. 8(a)]. Our SBE calculations successfully
reproduced the experimental results [see Fig. 8(f)], suggesting that

the HHG spectra reflect the intrinsic properties of the liquids.
This demonstrates that HHG can be utilized as a tool to probe the
microscopic electronic structure of liquids.

VI. TIME-RESOLVED HHG MEASUREMENT
To investigate the ultrafast electron-driven dynamics in liq-

uids via time-resolved HHSs, we integrated a pump–probe optical
device into our liquid-phase HHG apparatus, as shown in Fig. 9(a).
A fundamental NIR pulse (800 nm, 45 fs, 1 kHz) was divided by
a beam splitter (BS, 70:30). The higher intensity portion served as
the driving beam for HHG. The minor portion, serving as the pump
pulse, was independently focused on the liquid jet in the second arm
of the interferometer. The power of the two beams can be inde-
pendently adjusted by rotating the half-wave plate (HWP) together
using a linear polarizer (LP), ensuring that both beams are hori-
zontally polarized. The time delay was controlled by a piezo-driven
stick–slip motion stage from Nators (Model: LS-1730). Both beams
are finally focused by passing through a plano-convex lens with
a focusing length equals to 400 mm. Utilizing this configuration,
we measured the time-resolved HHSs from liquid (CH3)2CHOH,
shown in Figs. 9(b) and 9(c). The time delay between the pump and

FIG. 8. Propagation effect and the influ-
ence of the band structure. (a) Band
structure and (b) the complex refrac-
tive index48 of H2O. The H2O’s bandgap
is 8 eV, and CH3CH2OH’s bandgap is
8.5 eV.49,50 (c) Simulated spectral inten-
sity of H2O concerning energy and prop-
agation length; the displayed data are
the logarithm of simulated spectral inten-
sity. (d) H2O’s spectral intensity of H7,
H9, and H11 through the flatjet was set
2 μm. (e) Comparison of the experiment
data (shown by the solid line) and cal-
culated data (shown by the dashed line).
(f) Comparative experiments and calcu-
lations concerning the spectral intensity
at specific harmonic orders.
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FIG. 9. Time-resolved HHG data of liquid (CH3)2CHOH. (a) Schematic repre-
sentation of the pump–probe optical device. BS: beam splitter, M1–M7: reflective
mirrors, HWP: half-wave plate, LP: linear polarizer, and lens: focusing lens. (b)
2D time-resolved HHS spectra of isopropanol. The positive delay signifies that the
probe pulse follows the pump pulse. (c) 1D time-resolved HHSs for H7, H9, and
H11 harmonics, obtained by integrating over all the time delays, are shown in (b).

probe pulses was scanned between −200 and +2000 fs in steps of 2 fs.
The intensities of the pump and probe pulses were estimated to be
0.85 and 1.06 V/Å based on the focus spot size and the input power.
At negative time delays, the pump pulse arrives after the probe, and
the HHG intensity remains constant, demonstrating the high stabil-
ity of the time-resolved measurement. The HHG intensity shows a
significant depletion around time zero, where the pump and probe
pulses temporally overlap. It begins to recover after a few hundred
femtoseconds but remains weaker than its original level. These fea-
tures serve as a distinct fingerprint of the early stages of electron
relaxation dynamics. To deepen our understanding of the underly-
ing dynamics, we analyzed the decay profile for each harmonic by a
bi-exponential fitting equation,51

P(t) = I0 + [(A1e−t/τ1 + A2(1 − e−t/τ1)e−t/τ2) ×H(t)]⊗G(t), (2)

where I0 represents the harmonic intensity without pumping. A1
and A2 are the amplitude factors of the two sequential decay pro-
cesses, and τ1 and τ2 are their lifetimes, respectively. The lifetime
τ1 is the same as the rise time of τ2. H(t) is the Heaviside step
function, and the cross-correlation function between the pump and
probe pulses is given by G(t), which was determined by the cross-
correlation between two NIR pulses. The fitting results [red solid
lines in Fig. 9(c)] accurately reproduce the experimental data, reveal-
ing a fast decay ranging from 249 fs to 300 fs and a slower process
on the order of several ps. Having established the success of the
semiconductor-like band structure model in describing the static
harmonic spectrum (Sec. V), we now turn to elucidate the mecha-
nism whereby a pump laser suppresses interband harmonic gener-
ation. This mechanism similarly explains the features observed in
tr-HHG spectra of solids.52–54 Following photo-excitation, the elec-
tron and hole become spatially displaced as the electric field drives
them apart. Subsequent electron–hole scattering facilitates momen-
tum and energy transfer, thereby depleting the spatial coherence of
the pairs. This, in turn, leads to a suppression of coherent recom-
bination. Consequently, the observed fast decay can be attributed
to this scattering-induced dephasing. This observed electronic ther-
malization directly demonstrates the utility of tr-HHG for tracking
ultrafast electron dynamics in liquids. On the other hand, it is known
that substantial alterations to the electronic structure can signifi-
cantly influence carrier dynamics and, consequently, also the HHG
emission. However, excitation-induced dephasing primarily focuses
on carrier interactions and does not consider significant reorga-
nization of the material’s electronic potential. The slower decay
process shown in Fig. 9(c) signifies that electrons, upon excitation
by pump light, attain a quasi-free state. This elevates the energies
of the conduction bands above the Fermi energy level, representing
an insulator-to-metal phase transition. Consequently, metallic free
carriers lack the nonlinear response to the driving field required for
generating high-harmonics, which is analogous to the slow decay
processes observed in solids.54,55 It is important to note that more
sophisticated ab initio simulations, while beyond the scope of this
study, are required to draw a definitive conclusion. Nevertheless,
the stability and robustness of our experimental apparatus allow us
to capture subtle changes in both static and time-dependent HHS
from liquid samples. This capability promises to probe laser-induced
modulations of electronic structure.

VII. CONCLUSION
A liquid-phase HHG apparatus has been constructed to inves-

tigate the ultrafast electron-driven processes associated with higher-
order harmonics in liquids. The performance of this setup was
examined using liquid (CH3)2CHOH, CH3CH2OH, and H2O as
samples, yielding their corresponding HHS. The HHS of all liquid
samples exhibit four harmonics: H7, H9, H11, and H13, with har-
monic intensity decreasing as its order increases. Furthermore, a
pump–probe optical system is equipped into our liquid-phase HHG
setup to access the time-resolved HHS measurement, enabling the
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study of coherent electronic motions and bringing new possibilities
toward the realm of attochemistry.56–58
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