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High-harmonic generation (HHG) in liquids is opening new opportunities for attosecond light
sources and attosecond time-resolved studies of dynamics in the liquid phase. In gas-phase HHG,
few-cycle pulses are routinely used to create isolated attosecond pulses and to extend the cut-off
energy. Here, we study the properties of HHG in liquids, including water and several alcohols, by
continuously tuning the pulse duration of a mid-infrared driver from the multi- to the sub-two-cycle
regime. Similar to the gas phase, we observe the transition from discrete odd-order harmonics
to continuous extreme-ultraviolet emission. However, the cut-off energy is shown to be entirely
independent of the pulse duration. This observation is confirmed by ab-initio simulations of HHG
in large clusters. Our results support the notion that the cut-off energy is a fundamental property
of the liquid, independent of the driving-pulse properties. Combined with the recently reported
wavelength-independence of the cutoff, these results confirm the direct sensitivity of HHG to the
mean-free paths of slow electrons in liquids. Our results additionally imply that few-cycle mid-
infrared laser pulses are suitable drivers for generating isolated attosecond pulses from liquids.

I. INTRODUCTION

The process of high-harmonic generation (HHG) has
been successfully used as a probe method for understand-
ing strong-field dynamics in gases and solids with inher-
ent attosecond time resolution. This has led to the pos-
sibility of imaging and reconstruction of molecular or-
bitals [1–3], time-dependent chirality [4, 5], inter-band
and intra-band electron dynamics [6–10] and probing
of charge migration [11–13], to name a few. The ba-
sis of such applications of HHG to high-harmonic spec-
troscopy (HHS) is a clear understanding of the HHG
mechanism. This has been achieved in gases through
systematic studies of fundamental observables like the
cut-off energy as a function of laser parameters, such as
intensity, wavelength, pulse duration, etc. [14–18]. How-
ever, most (bio)chemically-relevant reactions occur in the
liquid phase. As a result, to apply HHS to liquids, it
is not only important to understand the HHG mecha-
nism in liquids but also to systematically investigate the
harmonic spectrum dependence on various experimental
parameters for identifying features that are laser driven
and those that originate from structural properties of the
liquid environment.

Previous works on HHS in bulk liquids have been
demonstrated to be a bright source of extreme-ultraviolet
radiation [19–21]. Further, in the multi-cycle regime, the
cut-off energy Ec of the liquid harmonic spectra as de-
fined by Lewenstein et al. [22], i.e. the end of the plateau
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region, has been shown to be independent of wavelength
and the laser intensity [23]. These results have been suc-
cessfully explained within a scattering-limited trajectory
model that shows the harmonic cut-off energy to be lim-
ited by a sample-characteristic mean-free path [23]. In
addition, the maximum harmonic energy (Emax) in the
multi-cycle regime has been shown to be linearly depen-
dent on the electric field amplitude [19, 23].

In remarkable contrast, the maximum energy of har-
monic spectra (designated as cut-off energy) in [24] at-
tributed to liquid-phase isopropanol, obtained in the few-
cycle regime, have been reported to be linearly depen-
dent on the laser intensity with cut-off energies as high
as ∼50 eV. Both properties are reminiscent of gas-phase
HHG on one hand, and contrasting with previous work
on liquid-phase HHG [19, 21, 23, 25] on the other. These
observations have led the authors of Ref. [24] to the con-
clusion that electron-scattering cross sections of liquid
isopropanol were significantly reduced compared to the
isolated molecule. However, in an earlier work by some
authors of the presented work utilizing few-cycle pulses
of a 800 nm driver, an extension of the cut-off energy
was not observed [25].These controversies further high-
light the need for additional systematic studies of HHG
in the liquid phase in varying laser conditions.

In this work we demonstrate the influence of pulse du-
ration of liquid-phase HHG by presenting back-to-back
measurements of liquid- and gas-phase high harmonics in
the sub-two cycle regime of 1.8 µm laser wavelength. Our
results clearly show that the cut-off energy (Ec) remains
pulse-width independent with a very weak dependence
on intensity(if any) in the case of the liquid-phase high-
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harmonic spectrum throughout the transition from the
multi-cycle (∼ 50 fs) to the sub-two-cycle regime (∼ 11.5
fs) regime. In comparison, the gas-phase harmonics show
the expected linear dependence on the laser intensity for
both Ec and Emax. We also demonstrate the pulse-width
independence of Ec to be a general property of harmonic
spectrum generated from ethanol, isopropanol and heavy
water (D2O).

Our work provides a novel, and completely indepen-
dent confirmation of the fact that Ec in liquid-phase
high-harmonic spectra is a fundamental property of the
liquids, limited by the electron mean-free paths, and is
weakly influenced by laser parameters, such as wave-

length, pulse duration or intensity. These observations
are confirmed by ab-initio calculations of HHG in liquids
[26]. Consistent with the scattering model introduced
in Ref. [23], the experimental and numerical results
demonstrate that even in the few-cycle regime, the
experimental results can be fully explained in terms of
electron scattering as the limiting factor determining Ec

for harmonics generated in the liquid phase. In addition,
as inferred from the continuity of the harmonic spectra,
the measurement suggests liquid-HHG as source of
ultrashort extreme-ultraviolet pulses at lower threshold
intensities in comparison to the gas phase.

FIG. 1. (A) Schematic of the experimental setup. Laser pulses with a central wavelength of 1800 nm, pulse energy of 800 µJ
and pulse width of ∼43 fs are focused into a HCF of 703 µm inner diameter filled with 2.4 bar Ar. The exiting broadened
pulse passes through a 2-mm fused-silica window before being focused on the flat-jet target for generating high harmonics.
The harmonics pass through a slit into the XUV spectrometer that diffracts the different orders onto an MCP backed with a
phosphor screen. The gas-phase sample is delivered into the laser beam through a heatable bubbler coupled to a nozzle. This
setup is mounted on the same 3D manipulator as the liquid jet, such that back-to-back measurements of liquid- and gas-phase
samples can be realized by a lateral translation of 2.5 cm. (B) A comparison of the unbroadened IR spectrum obtained from an
evacuated fiber (blue line) and the broadened IR spectrum in presence of 2.4 bar Ar (orange line). (C) The transient-grating
FROG trace of the compressed laser pulses. (D) Comparison of FWHM pulse-widths measured using FROG for the initial
TOPAS output (blue line), at the output of the fiber (orange line) and after the 2 mm FS window (yellow line).FWHM widths
obtained from Gaussian fits are indicated in the plot.

II. EXPERIMENTAL SETUP

Figure 1(A) shows a schematic of the experimental
setup. A commercial 0.8 µm, kHz Ti-Sapphire laser cou-
pled with an optical parametric amplifier HE-TOPAS is
used to generate 800 µJ laser pulses centered at 1.8 µm
with a duration of 43 fs (blue trace in Figure 1 (D)).
These pulses are then coupled into a hollow-core fiber
(HCF) of 703 µm inner diameter with a 1.5 m focal length

lens. The HCF is filled with 2.4 bar of Ar to generate a
broadened optical spectrum as shown by the orange trace
in Figure 1(B). A pulse width of ∼ 25 fs is obtained from
the output of the HCF (orange trace in Figure 1 (D)).
Further compression is provided by the 2 mm fused silica
window of the experimental chamber. This results in a
compressed pulse of ∼11.5 fs full-width at half maximum
(FWHM) as shown by the yellow trace in Figure 1(D),
using a Transient-Grating Frequency-Resolved Optical
Gating (TG-FROG) [27] measurement (Figure 1(C)).
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Figure 1 (B) shows that the IR spectrum for the case
of an evacuated fiber is unbroadened, corresponding to
a multi-cycle pulse (for an evacuated fiber) with a mea-
sured pulse duration of ∼ 43 fs, i.e. a Fourier-limited
pulse. The harmonic spectrum generated from such a
multi-cycle pulse is expected to consist of discrete har-
monics as a consequence of the periodicity of the HHG
process. As one approaches the single-cycle regime the
discrete harmonic spectrum is expected to evolve into a
continuous one [18]. These pulses are then focused on
a liquid flat-jet of ∼ 1µm thickness with a concave mir-
ror of 40 cm focal length. The generated harmonics are
diffracted by a XUV grating onto a multi-channel plate
(MCP) with a phosphor screen and optical CCD camera
for detection. The flat-jet, formed by the colliding jet ge-

ometry [19] is mounted on an XYZ manipulator for finer
adjustment with respect to the laser beam. For a back-to-
back measurement of the gas-phase harmonics a heatable
bubbler is mounted on the same XYZ stage at a distance
of 2.5 cm from the flat-jet, which is five times the spatial
lateral extension of the fat jet. We can therefore measure
the gas-phase harmonics by simple translation along the
lateral direction. The MCP is maintained at a voltage of
-1.6 kV and the phosphor at 3.3 kV for detection of the
liquid-phase harmonic spectra with an acquisition time
of 200 ms. Each data set is then averaged over 30 such
spectra. As the signal yield from the gas-phase harmon-
ics is lower, the MCP voltage is increased to -1.7 kV with
an acquisition time of 600 ms and 30 spectra are averaged
for the gas-phase data.

FIG. 2. (A) A comparison of the high-harmonic spectrum from the uncompressed laser pulse (IR beam passing through
evacuated fiber) (blue line) and the compressed sub-two cycle laser pulse (IR beam passing through the fiber filled with 2.4
bar Ar, orange line). (B) A comparison of the harmonic spectrum generated from liquid-phase isopropanol (blue line) and
gas-phase isopropanol (green line) using sub-two cycle 1.8µm, ∼ 12 fs laser pulses. (C) Harmonic spectra from liquid-phase
isopropanol for a range of intensities driven by sub-two cycle pulses. (D) Harmonic spectra from gas-phase isopropanol
for a range of intensities driven by sub-two cycle pulses. Each harmonic spectrum (both for liquid and gas phase) is nor-
malized to its maximal signal intensity. The maximal intensity is limited by the onset of plasma generation in the flat-jet target.

III. RESULTS AND DISCUSSIONS

A. Observation of high-harmonic generation from
bulk liquids using sub-two cycle pulses

Figure 2(A) shows a comparison of the harmonic spec-
trum obtained from the multi-cycle pulse (blue line) and
from a sub-two cycle pulse (orange line), where a clear
transformation of the discrete harmonic spectrum to a
continuous one is observed. For both of these spectra
the laser intensity is kept below the onset of plasma gen-

eration. To measure a systematic intensity dependence
of the harmonic spectra in the liquid phase it is essen-
tial to eliminate possible gas-phase contributions from
the liquid harmonic spectrum. As the cut-off energies
for gases scale linearly with intensity, it may introduce
a pseudo linear dependence of the harmonic energy with
the laser intensity. Generally, a reference gas spectrum
can be obtained by simply translating the flat-jet later-
ally [19, 23, 25]. As evaporation from the flat-jet creates
a gas-phase background, this method is sufficient for ac-
quiring gas phase spectra up to 1500 nm wavelength [19].
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However, we observed that at 1800 nm (both for multicy-
cle and single cycle regime) no detectable gas-phase har-
monic signal were present when the laser was focused 0.5
mm (about the lateral size of the flat jet) from the center
of the jet where the gas signal was measured for shorter
wavelengths [23]. This is because as we shift to longer
wavelengths the photon energy reduces and the incident
intensity is not sufficient to generate detectable signal
from the density of the evaporating gas. This can sim-
ply be observed from the acquisition times of the signal.
For harmonic spectra obtained with an 800-nm driver,
a gas-phase harmonic spectrum (acquired by a lateral
0.5 mm shift from the jet center) requires an acquisition
time of 200 ms, whereas similar signal intensity for the
liquid-phase harmonic spectra only take 20 ms [23]. For
the current 1800-nm measurements a collection time of
200 ms was required to obtain the liquid spectrum with
decent signal-to-noise ratio. In accordance to previous
measurements, this would require an acquisition time of
2000 ms for the gas-phase spectrum, which is beyond the
maximum acquisition time of the system.

However, this observation reported independently for
few-cycle measurements done on liquid isopropanol [24],
cannot completely rule out gas contribution in the liquid
harmonic spectra. At 1800 nm and the chosen focus-
ing conditions, the Rayleigh range amounts to ∼ 1 cm.
Therefore, at sufficiently high laser intensities, the laser
beam passing through the jet has enough intensity to gen-
erate harmonics from the gas layer adjacent to the back
surface of the liquid jet. The gas density indeed mono-
tonically decreases with the distance from the liquid-gas
interface. In addition, the driving laser itself causes heat-
ing of the liquid, which increases evaporation resulting in
an increased gas density for the next arriving laser pulse.
This effect is absent when we laterally shift the flat-jet
out of the interaction region. Therefore, it is essential to
do a back-to-back measurement of both gas and liquid
phases separately to exclude gas-phase contributions to
the liquid-phase harmonics.

Isopropanol was chosen as the target for the liquid
and gas-phase comparative study due to its higher va-
por pressure as compared to water, which makes it eas-
ier to form a denser gas jet. Figure 2(B) shows a com-
parison of the harmonic spectrum generated from iso-
propanol in gas- (green line) and liquid-phase (blue line)
with a sub-two-cycle 1800 nm laser pulse with a peak
intensity of 4.4×1013W/cm2. Since the high-harmonic
signal from gases is dependent on the position of the
target with respect to the laser focus [28, 29], the com-
parative study was performed at a position where the
maximum signal intensity of gas-phase harmonics was
observed. As expected, we observe that the liquid Ec of
∼ 11.3 eV(determined using the technique elaborated in
section 3.3 consistent with the Lewenstein definition[22]).
Further, it is observed that the maximum photon energy
for the gas-phase spectrum extends up to 35 eV, whereby
the detection limit is determined by the background sig-
nal.

FIG. 3. (A) Quadratic fit of experimentally measured FROG
data to calibrate pulse width (FWHM) as a function of glass
thickness. The data points at -2 mm glass thickness corre-
spond to the FROG trace measurement at the output of the
HCF before transmission through the 2 mm FS experimental
chamber window. (B) Harmonic spectra from liquid-phase
D2O for different glass thicknesses. The normalized harmonic
spectra at different pulsewidths have been scaled down by fac-
tors of 1/2 (14 fs), 1/4 (16 fs), 1/8 (19 fs), 1/16 (26 fs), 1/32
(31 fs), 1/64 (37 fs) and 1/128 (43 fs) respectively.The data
sets were taken at a fluence of ∼ 0.51 J/cm2.

The incident laser intensity is varied with the help of
an automated iris. At each iris position the focal spot size
is imaged and the transmitted beam power is measured.
As the harmonic spectra are acquired at a distance of
11 mm from the focus position, the 1/e2 radius is calcu-
lated using

w(z) = wo

√
1 + (

z

zR
)2 (1)

where wo is the 1/e2 radius of the beam at focus, z is
the distance from the focus, zR is the Rayleigh length for
specific wo and w(z) is the 1/e2 radius of the beam at
distance z from the focus. For a gaussian beam 99%
of the beam power is contained in an area of radius
w’(z)=1.52w(z). The respective intensity of each aper-
ture diameter is calculated as

I =
2P

πw′(z)2t
(2)
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where P is the total power transmitted through the iris,
t is the FWHM pulse duration of ∼12 fs. Figure 2(C)
shows the normalized harmonic spectra from liquid iso-
propanol over a range of laser intensities. The actual
intensity on the jet should be accurate with calculated
intensities from the above measurement up to a preci-
sion of 20%.

It is observed that in the liquid phase harmonic gen-
eration occurs for intensities as low as 1×1013 W/cm2

and the Ec is constant at 11.3 eV, independent of the in-
cident intensity. Another interesting feature observed is
that with increasing intensity the liquid harmonic spec-
tra transition from discrete to continuous. In compari-
son, Figure 2 (D) shows the normalized harmonic spec-
trum of gas-phase isopropanol for similar intensities. It
is observed that gas-phase harmonics appear only above
a threshold intensity of 4×1013 W/cm2 and, as expected,
Ec shows a linear dependence on the incident laser inten-
sity.

To observe the effect of pulse duration on the cut-off
energy of liquids, a systematic variation of the pulse du-
ration was performed using a pair of fused-silica wedges,
where one wedge was fixed and the other was translated
using an automated stage, which varied the amount of
additional glass in the beam path from ∼0.51 mm to
∼1.72 mm. Beyond this, an additional 2 mm fused-
silica window was added in the beam path to vary the
glass thickness from 2.5 mm to 3.72 mm over the same
range of wedge displacements. Figure 3(A) shows the
pulse duration at each glass thickness is measured using
a TG-FROG set-up. The black dashed line indicates the
quadratic fitting of the pulse-duration as a function of
glass thickness that is used for calibrating the pulse du-
rations for Figure 3(B). Figure 3(B) shows the harmonic
spectrum obtained from liquid D2O for different pulse
durations. For clarity the normalized harmonic spectra
at 14 fs, 16 fs, 19 fs, 26 fs, 31 fs, 37 fs and 43 fs have been
scaled down by factors of 1/2, 1/4, 1/8, 1/16, 1/32, 1/64
and 1/128 respectively. A clear transition from a slightly
modulated continuous spectrum to a sharply peaked odd-
only harmonic spectrum at higher pulse duration is ob-
served. An interesting phenomenon is observed at in-
termediate pulse durations, e.g. in the green and blue
curves of Fig. 3(B), corresponding to pulse durations of
26 fs and 31 fs, respectively. In these cases, the harmonic
peaks display a substructure that is best visible around
12 eV. This substructure is attributed to the interfer-
ence of the direct, forward-propagating emission from
the bulk liquid with a replica that has been internally
reflected twice before exiting the thin liquid sheet. This
assignment is supported by the photon-energy intervals
of the observed structure and our previous work on the
subject [20]. Importantly, we find here that these sub-
structures disappear for shorter pulse duration, resulting
in the generation of truly continuous XUV spectra. This,
in turn, indicates that isolated attosecond pulses with a
good temporal contrast could be generated from liquids.

B. Ab-initio calculations

From the theoretical perspective, we employed the
recently developed methodology for calculating the HHG
response of liquids through the use of finite-sized clusters
[26]. We follow the prescription in ref. [26] and use
54-molecule water clusters for calculating the nonlinear
optical response, which is further averaged over 12
orientations. The cluster approach attempts to passivate
the surface contribution to the harmonic response by an
additional absorbing layer placed outside of the cluster,
and by freezing the surface state dynamics.
The resulting HHG response approximately corresponds

FIG. 4. (A) Comparison of high harmonic spectrum for liq-
uid and gas phase H2O from ab-initio calculations for 1800 nm
wavelength, 10.5 fs pulse duration at an intensity of 6.3×1013

W/cm2.(B) Harmonic spectra for different 6 fs, 10.5 fs and
24 fs pulse durations for liquid phase H2O obtained from ab-
initio calculations. The calculations were performed at a flu-
ence of 0.66 J/cm2.

to that of the bulk liquid. We model the laser-matter
interaction in the length gauge with the following electric
field:

E(t) = E0f(t) cos(ωt+ φCEP ) (3)
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where E0 is the field amplitude, ω is taken to corre-
spond to an 1800 nm driving wavelength, f(t) is an
envelope function taken as a super-sine form[30], which
roughly corresponds to a super-Gaussian but is numeri-
cally more convenient, and φCEP is the carrier-envelope
phase (CEP). We modeled several different pulse dura-
tions corresponding to different HHG regimes. For the
long pulse limit we used a FWHM of 24 fs and a peak
pulse intensity of 2.625×1013 W/cm2, and the CEP was
set to zero. The shorter pulse durations employed a peak
pulse intensity that was increased linearly with respect to
the pulse duration, roughly corresponding to the experi-
mental settings. The response was further averaged over
three CEPs of values of 0, π/4, and π/2, to correspond
to the experimental set-up which is not CEP-stabilized.
Figure 4(B) shows the numerically obtained spectra for
several pulse durations, which correspond very well with

the experimental results in Figure 3(B). Indeed, the cut-
off in the ab-initio calculations is independent of the pulse
duration, and is very weakly dependent on the pulse peak
power (increasing by only 1 eV when the peak inten-
sity is increased by a factor of 4). Moreover, the cal-
culations show that the harmonic peak contrast indeed
decreases when employing shorter pulses, as observed ex-
perimentally. Overall, these results agree well with our
previously developed semi-classical trajectory model [23]
that predicts a similar weak dependence on pulse peak
power due to a suppression of longer electron trajecto-
ries through mean-free-path-limited scattering channels
in the liquid. Such a strong suppression is not observed
in the gas-phase calculations, which follow the expected
simple three-step-model results as seen in the gas-phase
simulations(bottom-panel) of Figure 4 (A).

FIG. 5. (A) Measured temporal profiles of the sub-two-cycle pulse after it propagates through 0.51 mm FS (blue line) and
3.72 mm (orange line). FWHM widths obtained from Gaussian fits are indicated in the plot. (B-D) Harmonic spectra from
liquid-phase ethanol (B), isopropanol (C) and D2O (D) for different glass thicknesses Inset in Fig. 5(D) shows the same spectra
as Fig. 5(D) but now normalized. The 13.3 fs spectrum is seen to envelope the 43 fs spectrum indicating negligible shift in
cut-off energy. The black dased lines in all figures of Fig. 5 are guides for the eye while the green dashed lines indicate the
cut-off energy determined for the multi-cycle spectrum using the fitting technique described in the manuscript.

C. Pulse width dependence of cut-off energy for
different liquids

Finally, we also investigated whether the liquid-phase
Ec changes as a function of pulse duration for different

liquids. For this purpose we compare the near continuous
harmonic spectrum obtained for a glass thickness of
0.51 mm with the harmonic spectrum obtained for the
maximum glass thickness of 3.72 mm. Figure 5(A) shows
the temporal profiles of the laser pulses measured using
FROG for these two glass thicknesses at a fluence of ∼
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0.51 J/cm2. Figure 5(B), Figure 5(C) and Figure 4(D)
show that Ec is independent of pulse duration for
liquid-phase ethanol, isopropanol and heavy water with
their cut-off energies amounting to 11.1 eV, 11.3 eV and
12.9 eV, respectively with an accuracy of one visible
harmonic order. To determine the cut-off energy (end of
the plateau region) accurately in the discrete multi-cycle
liquid harmonic spectrum and reduce human errors we
use the a fitting approach elaborated in the supplement
Figure S2. of [23]. In brief, we explain the methodology
as follows.

A typical harmonic spectrum(beyond the perturbative
regime) for a multi-cycle laser pulse includes plateau re-
gion with harmonic peaks of comparable signal strength
followed by a cut-off region where the harmonic yield
falls exponentially as a function of harmonic order. This
is observed as a linear decline in a log-linear scale as
shown in Figure 5(B-D). We perform a linear fitting of
the log of the signal at each harmonic peak in the cut-off
region as a function of the harmonic energy(represented
by the black-slanted dashed lines in the orange curves
of Figure 5(B-D)). The black dashed lines parallel to
the energy axes in the orange curves of Figure 4(B-D)
represent the average intensity value of the plateau har-
monics. The intersection of these two lines(the aver-
age intensity of plateau harmonics and the linear fit of
the log(signal) for the cut-off harmonics), is denoted the
cut-off energy(depicted by the green dashed lines in Fig-
ure 5(B-D)). However, in the few-cycle regime where the
spectrum is continuous, we do not observe discrete peaks
but rather a slight modulation on a continuous spectrum.
Overlaying the normalized spectrum of the few cycle case
with the multi-cycle case (inset of Figure 5(D)) we see
that the continuous spectrum(blue line for 13.3 fs) en-
velopes the discrete spectrum(orange line for 43 fs) per-
fectly indicating negligible change in the cut-off energy.
We have previously argued that, in the multi-cycle
regime, HHG from liquids is well explained by a
scattering-limited trajectory model. Based on this trajec-
tory picture, Ec is determined by the characteristic elec-
tron mean-free path (MFP) in a liquid, which is shown
to be comparable to the electron MFP in liquid water,
methanol, ethanol and isopropanol [23]. Determining
MFPs for few-eV electrons in the liquid phase is an un-
solved challenge, both computationally and experimen-
tally. As a result, reliable low-energy electron MFPs have
so far only be obtained in liquid H2O through a combi-
nation of experimental and theoretical methods [31, 32].
For the alcohols, the liquid-phase MFP has been esti-
mated by 1/(nσ), where σ is the gas-phase elastic scat-
tering cross-section and n is the number density of scat-
tering molecules in the liquid phase. The agreement of
the MFP values derived from the scattering-limited tra-
jectory model for the multi-cycle liquid jet experiments
[23] and the estimated MFP values proved that scattering
played the decisive role for determining Ec for liquids. As
a result, unlike in gases Ec is observed to be wavelength-

and approximately intensity-independent in the multicy-
cle regime.

The cut-off energies obtained for different liquids in
the current experiments using the sub-two cycle pulses
are also in agreement with the multi-cycle measurements
done with laser wavelengths of 800 nm, 1500 nm and
1800 nm on liquid flat-jets [23] and is demonstrated to be
intensity-independent above a certain threshold intensity.
Further we demonstrate that Ec is also pulsewidth inde-
pendent. The observed behavior is consistent with the
scattering model of HHG in liquids. Since Ec is solely
dependent on the liquid MFP and independent of the
intensity, the increase in pulse duration just causes the
transition of the harmonic spectrum from continuous to
discrete. These results further demonstrate that even in
the sub-two cycle regime, scattering plays the dominant
role in the HHG mechanism in liquids, and the simple
theoretical description developed in Ref.[23] is valid.

IV. CONCLUSIONS

In this work we have demonstrated that the cut-off en-
ergy of harmonic spectra generated in the liquid phase
is pulse-duration independent. The values of the cut-
off energy are moreover in agreement with our recent
work in the multi-cycle regime [23]. Through a system-
atic variation of the pulse duration, we have observed
that harmonic spectra from liquids evolve from continu-
ous to discrete with increasing pulse duration. Further-
more, with a back-to-back measurement of gas-phase and
liquid-phase isopropanol with sub-two-cycle pulses, we
showed that for liquids Ec remains intensity independent
as opposed to the expected linear intensity dependence
in the gas-phase spectra. We also showed that the on-
set of HHG in bulk liquid isopropanol occurs at much
lower peak intensities (1×1013W/cm2) compared to the
gas phase (4×1013W/cm2).
The present results thus show that sub-two-cycle mid-
infrared driving pulses do generate fully continuous XUV
spectra from bulk liquids. However, unlike in gas-phase
HHG, the cut-off energy is not extended, but identical
to that obtained with multi-cycle drivers. Combined
with our previous results demonstrating the wavelength-
independence of the cut-off energy Ec in the multi-cycle
regime, the present results further confirm that scatter-
ing plays a dominant role in HHG in liquids making Ec a
fundamental property of the liquid, independent of laser
parameters such as wavelength, intensity and pulse du-
ration. Owing to the continuous nature of the emitted
XUV spectra which enable a more accurate determina-
tion of Ec, few-cycle HHG in liquids may become an ac-
curate method for the first all-optical determination of
the mean-free paths of slow electrons in liquids, which
play an important role in the understanding of radiation
damage in aqueous environments.
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