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Measuring transient optical fields is pivotal not only for understanding
ultrafast phenomenabut also for the quantitative detection of various

molecular speciesin asample. Here we demonstrate near-petahertz electric
field detection of a few femtosecond pulses with 200 attosecond temporal
resolution and subfemtojoule detection sensitivity. By field-resolved
detection of the impulsively excited molecules in the liquid phase,

termed femtosecond fieldoscopy, we demonstrate temporal isolation

of theresponse of the target molecules from those of the environment
and the excitation pulse. In a proof-of-concept analysis of aqueous and
liquid samples, we demonstrate field-sensitive detection of combination
bands of 4.13 pmol ethanol for the first time. This method expands the
scope of aqueous sample analysis to higher detection sensitivity and
dynamicrange, while the simultaneous direct measurements of phase and
intensity information pave the path towards high-resolution biological
spectro-microscopy.

Laser-based, label-free quantitative determination of sample com-
position has proven to be a potent tool across a wide spectrum from
fundamental research to real-life applications' ™. For accurate and
delicate spectroscopic measurements, it hasbeen crucial toisolate the
sample from environmental interferences. For instance, water accounts
for approximately 60% of the human body, envelops 70% of the Earth’s
surface and permeates our surroundings through the atmosphere.
Water has a broad absorption spectrum spanning from the visible to
mid-infrared (MIR) and is a persistent component on our detectors.
Due toits strong absorption cross-section at MIR, sensitive spectros-
copy of samples at their resonance frequenciesis challenging, as water
dominates other, more subtle, absorbance features arising fromother
molecules. Moreover, the excessive absorbed energy by water at MIR
is left in the sample as thermal energy, limiting non-invasive analysis.
Meanwhile, near-infrared (NIR) spectroscopy provides a fingerprint
of sample constituents similar to MIR spectroscopy. It distinguishes
itself by offering higher spatial resolution and enhanced penetration
depth, afforded by the lower absorption cross-section of water in the
NIR region'* ™. This feature makes NIR spectroscopy particularly suit-
able for the non-invasive and label-free examination of soft matter and
large-volume aqueous samples™*.

Overtone and combination vibrations of molecules, which are
primarily detected in NIR spectroscopy, extend beyond 0.12 PHz.

Spectrometers have been used for frequency domain detection in
this range. However, their detection sensitivity is constrained by the
excitation light, which manifests as a background within the same
spectral range" . Since the resonance frequencies of overtone and
combination bands surpass the sensitivity of silicon-based detectors,
employing a second detector, generally more prone to noise in this
range, is necessary to capture the system’s entire response. Fourier
transform spectroscopy is analternative method allowing for precise
spectroscopic detection. Recent advancements in NIR dual-comb
spectroscopy have paved the way for precision Fourier transform
spectroscopy, albeit primarily in the gas phase’**. Nonetheless,
the technique remains constrained by detectors’ spectral response
and the existence of a background signal analogous to frequency
domain detection™?*,

In contrast, field-resolved detection allows the direct measure-
ment of light-matter interactions with attosecond precisionin a sub-
cycleregime, capturing bothamplitude and phase information®*”. For
decades, attosecond streaking was the sole method to probe the elec-
tricfield of light withabandwidth approaching the petahertz range?.
A significant drawback was its confinement to vacuum operations.
Over the past decade, various techniques have been developed that
enablethe near-petahertzfield-resolved detection of light in ambient
air’**, Among these techniques, electro-optic sampling (EOS) stands
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Fig.1|Near-petahertz fieldoscopy. a, An ultrashort pulse excites molecules
attheir NIR resonances. Here, the molecules inside a cuvette represent the
sample under scrutiny, while the surrounding molecules represent atmospheric
water vapour molecules. The transmitted field accumulates dispersion during
propagation and contains the global molecular response of both the sample

and the environment. A second short pulse at higher frequencies is used for
up-conversion and generation of a delay-dependent signal in a nonlinear crystal,
where the correlation signalis directly proportional to the electric field of the
excitation pulse. The measured electric contains the ultrashort excitation pulse,
the delayed response of the liquid spanning over several picoseconds, and a long-
lasting response of atmospheric gases lasting for hundreds of nanoseconds.
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By time filtering and subsequent data analysis, the molecular response can

be decomposed to the short-lived liquid and long-lived gas responses.

b, The biologically relevant vibrational modes at NIR spectral range. Different
compounds, including proteins, carbohydrates, lipids, polyphenols and
alcohols, are associated with the shown bands. Associated bonds are described
inthe legend below the plot, where ‘str’ refers to stretching vibration and ‘bend’
refers to bending vibration. The numbers1and 2 indicate the first and second
overtones, while the plus sign (+) indicates combination bands. The values were
taken fromref.16. The liquid and gas responses shown in the figure are enhanced
for better visibility.

outforitsunparalleled detectionsensitivity”*”*%. In EOS, a short probe
pulse is employed to resolve the cycles of the electric field of light by
up-converting its spectral bandwidth to higher frequencies, making
it possible to apply silicon detectors for broadband NIR detection®.
Moreover, the combination of bright ultrashort pulses®** and het-
erodyne detection allows higher detection signal-to-noise ratio and
higher detection sensitivity, leaving the shot noise of the probe pulse
the primary source of noise**.

In this work, we report on the direct detection of the electric
field of light at near-petahertz frequencies. This has been enabled by
developing a unique laser source delivering broadband pulses with
carrier-to-envelope phase (CEP) stability, which were intrinsically
synchronized to near-single-cycle pulses at megahertz repetition
rates. The unique frontend enabled direct electric-field detection of
CEP-stable few-cycle pulses with high detection sensitivity and dynamic
range via EOS with attosecond temporal resolution.

Employing the bright ultrashort pulses, we report on the
field-sensitive detection of molecular response at the NIR region.
Few-femtosecond phase-coherent pulses were utilized for both
broadband molecular excitationand the near-petahertzelectric-field
detection of their response. Here, the confinement of the excitation
pulses allows temporal gating of the molecular response, while
accessing the electric field enables the precise detection of the

response of the target molecules from those of the environment.
We evaluated our approach by conducting field-resolved detection
of water vibration modes in both gas and liquid phases in the NIR
region. In addition, we detected the subtle combination bands of
ethanol in the liquid phase. These results show a field detection of
the NIR molecular response in ambient air, paving the path for the
emergence of innovative, field-sensitive, label-free spectroscopy
and microscopy techniques.

Results

Figure lillustrates the measurement concept. Few-cycle CEP-stable
NIR pulses, are utilized to extract sensitive spectroscopic informa-
tion from liquid samples under atmospheric conditions. The electric
field of the molecular response, in the wake of the excitation pulse, is
resolved viaEOS. Due to the high detection sensitivity, we canresolve
not only the response of the molecular vibrations of the sample at
their overtone and combination resonances but also the response of
atmospheric molecules along the beam path. The temporal confine-
ment of the excitation pulses ensures that the molecular responses
fromboththe sample and ambient air are temporally separated from
the excitation pulse. Moreover, the response of the liquid sample is
temporally distinguished from the ambient air’s fingerprint owing
to the faster dephasingin the liquid phase. Realizing such a concept

Nature Photonics


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-024-01548-2

a
Nonlinear fiber stages
‘ [ 15 bar argon i CM f 15 bar helium |
- compressor
! 50 cm SR-PCF ! 1 , 31 cm SR-PCF L
Sample
WGP, IPDFG bm1
Residual pump CcM
dump compressor
Lock-in 1
EOS BS1 mm
[ At BD s I cM I
(OO [OJKO) QWP compressor
N FEL 3
EDFA
N [EDFA] T
1 1 Delay line
PicoScale
b c Measured 10 d e
0.8 -
10° 4 10° 4
E — Laser 07+ | o5 1.00 E
- ] — First FS T 06 ’ - - ]
: = : >
2 10" 4 — Second FS < 05 L 3 075 3 2 10" 4 o
= E %) N - — 3 o
> ] c Retrieved > @ > 3 @
k9 ] @ — 1.0 k= o £ d
a 1 S 0.8 @ 050 = a 1 =
2 10?4 Si.’- 0.7 - 2 8— 9 107 E 8—
£ 3 e - o5 £ = E 3 =
] 06 | : 0.25 ]
| 0.5 107 -
107 T T T T T -0 0 T T T
0.2 0.3 0.4 0.5 -100 -50 O 50 100 -10 0 10 0.2 0.3 0.4 05
Frequency (PHz) Time (fs) Time (fs) Frequency (PHz)

Fig.2|Experimental setup. a, The shaded regions highlight different parts of
the optical setup: nonlinear fibre stages in pink, IPDFG inblue and EOS in green.
b, The spectrum of the laser (red), the first fibre stage (blue) and the second fibre
stage black). ¢, Measured (top) and retrieved (bottom) spectrograms. The near-
single-cycle pulses were measured after the nonlinear compression stages via

SHG-FROG. d, The retrieved temporal pulse duration at the output of the second
fibre atal MHz repetitionrate. e, The retrieved spectral intensity and phase. DM,
dichroic mirror; WP, wedge pair; BS, beam splitter; WGP, wire grid polarizer; FEL,
long-pass filter; FES, short-pass filter; QWP, quarter-wave plate; BD, balanced
photodiode; EDFA, erbium-doped fibre amplifier; FS, fiber stage.

requires the generation of intrinsically synchronized bright few-cycle
pulses with at least one-octave separation and subcycle temporal
synchronization.

The pink-shaded region in Fig. 2a shows the optical setup for
near-single-cycle pulse generation at megahertz repetition rates.
Single-ring hollow-core photonic crystal fibres (SR-PCF) are used
due to their relatively low-loss broadband guidance and tunable
dispersion®*®, allowing the generation of ultrashort, bright pulses
containing tens of microjoules of energy®~. In the first stage, 20 pJ,
1MHz laser pulses were compressed from 255 fs to 25 fs at full width
at half maximum (FWHM), by self-phase-modulation-based spectral
broadening in argon-filled SR-PCF (Supplementary Figs.1and 2), fol-
lowed by group-delay dispersion compensation by a chirped mirror
(CM) compressor. Subsequently, in the second stage, the 25 fs pulses
were compressed to a near-single-cycle duration via soliton-effect
self-compression in a similar fibre (Fig. 2b). In both stages, the gas
species used asamedium were selected to minimize photoionization
and subsequent long-lived effects occurring at megahertz repetition
rates’®. The accumulated dispersion on the near-single-cycle pulses
owing to propagation in media after the fibre was compensated in a
CM compressorto4.8 fsat FWHM, limited by the bandwidth of the CM
compressor (Fig. 2c,d and Supplementary Fig. 3). This corresponds
to 3.5 GW of peak power with 69% of the energy in the main pulse. The
retrieved spectrum shown in Fig. 2e spans over 300 THz bandwidth
supporting 3 fs pulses at FWHM.

Intrapulse difference frequency generation (IPDFG) was employed
togenerate broadband NIR pulses with a passive CEP stability (Fig. 2a,
blue region)*. A 500-um-thick bismuth borate (BiBO) crystal was
pumped by 4.8 fs pulses at 1 um to generate a broadband spectrum
spanning from 0.1 PHz to 0.23 PHz and 160 mW of average power.

A custom-made dichroic beam splitter with the cut-off at 0.2 PHz
was used to separate the residual pump from the CEP-stable pulses.
After dispersion management with a custom-made CM compressor,
the NIR pulses, along with the fraction of 4.8 fs pulses, were sent to a
20 pum beta barium borate (BBO) crystal for electric field sampling.
Thegreen-shaded regionin Fig. 2a highlights the schematic of the NIR
EOS. The up-converted signal is spectrally filtered with a pass band
filter from 0.425 PHz to 0.5 PHz to enhance the detection sensitivity
by eliminating the spectral components that do not carry specific field
information. The measured electric field of the broadband CEP-stable
pulses and its temporal intensity profile with a 15 fs pulse duration
at FWHM are shown in Fig. 3a and Fig. 3b, respectively. The corre-
sponding spectral intensity and phase obtained through the Fourier
transform shown in Fig. 3¢ reveals residual higher-order dispersion,
which can be compensated by optimizing the design of the CM com-
pressor. While the high-frequency cut-off of the spectrum is limited
by the beam splitter roll-off, the crystal absorption constrains the
low-frequency cut-off to 0.1 PHz. To verify the detection sensitivity
and dynamic range of the detector, the energy of the IPDFG pulses
before EOS crystal was reduced from 80 nJ to subfemtojoule energies
by using a series of neutral density filters. The Fig. 3a inset shows two
field-resolved measurements at 8 pJ (magenta) and 0.7 f] (in yellow),
respectively. The spectral intensity counterpart at the three different
pulse energies is shown in Fig. 3d corresponding to a110 dB dynamic
range. To establish the ability of the system to detect the response
of minute quantities of molecules, we resolved the electric field of
the atmospheric water vapour molecules, liquid water and ethanol
in ambient air after excitation by femtosecond NIR pulses. The tem-
porally gated molecular response and their frequency counterparts
areshowninFig. 4.
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Fig.3|NIR electric field sampling. a, The measured electric field of CEP-stable
pulses via EOS. The inset displays two low-energy fields in the presence of

ND4 (magenta) and NDS filters (yellow). Both fields are longer than the blue
curve owing to additional material dispersion caused by the ND filters. b, The
temporal profile of the CEP-stable pulses with a pulse duration of 15 fs FWHM.
¢, Theretrieved spectrum and phase of the CEP-stable pulses. d, The retrieved

spectrum of the CEP-stable pulses after attenuation with the ND4 and ND8filters.
The spectrum of the unattenuated pulse is shown in blue for comparison. The
dashed black line represents the measured noise floor in the absence of the CEP-
stable pulses on the balanced detector. The legend displays the acquisition time
for each field, along with the ND filter label. ND, neutral density. The retrieved
spectra are not corrected for the spectral response of the filters.

Discussion

Water has two prominent absorption peaks within the spectral cov-
erage of the excitation pulses: (1) an asymmetric stretch centred at
0.115 PHz (3,836 cm™) and (2) a combination resonance of bending
and asymmetrical stretch centred at 0.16 PHz (5,337 cm™)“°. Figure 4a
shows theelectric field of atmospheric water vapour molecules at two
different laboratory relative humidities (RHs). The measurements at
50% RH and 8% RH correspond to 16.5 pmol and 2.64 pmol of atmos-
pheric water vapour molecules interacting with the broadband 15 fs
excitation pulses, respectively (Supplementary Discussion 2). The
minimum laboratory-achievable RH of 8% was reached by purging the
beam path with dry air and nitrogen. Figure 4b shows the correspond-
ing absorption frequencies for both concentrations. The spectra are
achieved by Fourier transformation of the temporally gated molecular
response at 1 ps after the excitation pulse for atemporal window of
30 psand agree with the HITRAN database® (Supplementary Fig. 4). At
the2.64 pmollevel, the absorption peak at 0.16 PHz is barely resolved
due to the low absorption cross-section of the water’s combination
band (65 x 102 cm? per molecule) compared with its counterpart at
the fundamental resonance (600 x 1072 cm? per molecule)®'.

Figure 4c shows the measured molecular response of 5.23 umol
and 2.64 pmol diluted water in the liquid phase, which were prepared
by mixing 20 pl and 10 pl of deionized water in 1 ml acetic acid. We
examined the molecular response in the liquid phase in the tempo-
ral window of 0.3 ps to 1 ps, as dephasing occurs faster (Fig. 4d)®>*.
The absorption amplitude of both concentrations was normalized to
0.2 PHz peak, which is present at this time scale owing to the cut-off
of the dichroic beam splitter used in our setup. Water’s asymmetric
stretch resonance at 0.115 PHz (3,836 cm™) in Fig. 4d is distinct for

5.23 umol (red curve) and 2.64 pmol (magenta curve). The pure acetic
acid response in the presence of water vapour molecules at RH of 8%
isshownin Fig. 4d (black curve). To evaluate the detection sensitivity
of our setup in environmental conditions, ethanol was measured due
to its distinct resonance frequency in comparison with water and its
low absorption cross-section. Figure 4e and Fig. 4f show the resonance
of pure liquid ethanol at different concentrations and 8% RH in time
and frequency domain, respectively. The weak absorption at 0.13 PHz
(4,336 cm™) is due to the combination band resonance arising from
the C-H stretch and C-H bend mode, which was resolved very clearly
inour measurement at the minimum detectable amount of 4.13 pmol
(ref. 64) (see Supplementary Fig. 5 for further analysis).

We define a figure of merit (FOM) to allow detection sensitivity
comparison of absorption bands between different species and various
absorption cross-sections. The FOM is defined as

FOM =nxo, 1

where n is the amount of substance in mol and ¢ is the absorption
cross-section of the absorption band in cm? per molecule. Given the
absorption cross-section values of water (600 x 10! cm*per molecule)
and ethanol (3.2 x 102 cm? per molecule)®"*, the calculated FOM value
for water at2.64 pmolis 9 x 102 m? mol™ per molecule, while FOM for
ethanol’s combination band at 4.13 pmol is 1.322 x 102 m? mol™ per
molecule with merely 25 um path length.

Inconclusion, wereport on field-sensitive, near-petahertz detec-
tion of molecular fingerprints in the liquid phase. To this end, bright,
intrinsically synchronized CEP-stable 15 fs pulses at 2 um and 4.8 fs
pulsesat1pmwere generated for impulsive excitation and probing of
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Fig. 4 | Benchmarking measurements. Each row shows the time-gated electric
field on the left and its Fourier-transformed spectrum on the right. a, The light-
grey field represents atmospheric water molecules at 50% RH (16.5 umol), while
the black curve represents 8% RH (2.64 pmol). b, Two absorption modes are
visible: afundamental mode at 0.115 PHz and acombination band at 0.16 PHz.

Frequency (PHz)

¢, Liquid water molecules at 5.23 pmol (red) and 2.64 pmol (pink) along with
pure aceticacid (brown) as a reference measurement. d, The molecular response
of pure acetic acid is compared with that of aqueous solutions. e, Pure liquid
ethanol at different volumes of 4.13 pmol, 16.5 umol and 82.5 pmol. f, The weak
combination peak centred at 0.130 PHz is observed at all three volumes.

the molecular response via EOS. Using the megahertz ultrashortlaser
pulses, we demonstrated the ambient air field-resolved detection of
femtosecond pulses with subfemtojoule energy and a 10* detection
dynamicrangeinthe electric field at near-petahertz frequencies*. The
source’s megahertzrepetition rate augments both the signal-to-noise
ratio and detection sensitivity, while the signal up-conversion in our
scheme alleviates the bandwidth constraint inherent in silicon-based
detectors.Inaproofof concept, wereported onthe sensitive detection
of the vibration modes of atmospheric and aqueous water molecules
at2.64 pmol, and ethanol combination band at 4.13 pmol. These meas-
urements mark the field-resolved detection of both fundamental and
combination bandsinthe liquid phase.

Femtosecond pump-probe spectroscopy has provided evidence
that rapid dynamics occurring within a time scale of less than 100 fs
ofliquid water have a significantimpact on chemical reactions taking
place in the aqueous phase®. This underscores the vital importance
of ultrafast processes in comprehending aqueous phase chemistry,
forexample, in grasping how water molecules dissipate energy®’.The
electric field measurements shown in Fig. 4 thus establish a foun-
dation for studying aqueous solutions with enhanced sensitivity,
dynamic range and attosecond temporal resolution compared with
femtosecond intensity pump-probe techniques®®*’. The enhanced
detection sensitivity is rooted in the higher amplitude of the molecular
response relative to the excitation pulses in field-resolved detec-
tion (Supplementary Fig. 6)’°”". Furthermore, the high repetition
rate of near-single-cycle pulses not only lays the groundwork for

single-shot monitoring of chemical reactions in liquids’> but also
presentsintriguing possibilities for exploring nonlinear interactions
owing to the unique combination of peak and average power in the
near-single-cycle domain.

Stimulating the molecular composition of a sample with
phase-coherent femtosecond excitation pulses leads to temporal
gating between the molecular response from the excitation pulses.
This temporal gating allows the detection of different phases of mat-
ter at weak resonance frequencies in a single measurement with high
detection sensitivity, dynamic range and temporal resolution. The
attosecond temporal precision of the measurements enables precise
accesstothe subcycle electric field of light and decomposition of the
short-lived liquid molecular response from the long-lived ambient gas
responses (Supplementary Fig. 7). Moreover, it allows the real-time res-
olution of both molecular and electronic dynamics within matter’> 7,
Employing probe pulses with shorter temporal duration extends the
detection bandwidth of EOS up to visible frequencies, constrained by
the absorption of the gate pulses in ambient air. The high repetition
rate of the source enables tracking the sample’s dynamic temporal
evolution onatimescale of hundreds of milliseconds. Capturing spec-
trograms with exceptional temporal and spectral resolution offers
information akin to that of multidimensional spectroscopy, yet with
amore straightforward and sturdy setup. This is particularly benefi-
cial for liquid samples that feature broad bandwidths and intricate
spectral resonances. Femtosecond fieldoscopy expands the scope of
aqueous sample analysis and paves the path towards novel methods
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for multidimensional spectroscopy and high-resolution biological

spectro-microscopy
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Method

Near-single-cycle pulse generation

A commercially available Yb:KGW amplifier (CARBIDE Light Con-
version) delivering 255 fs pulses at 1,030 nm with 20 W of average
power and at 1 MHz repetition rate is used as the source laser. In the
first nonlinear fibre stage, we used a100 mm focal length (Thorlabs
LA1509-B-ML) lens to couple 20 pJ circularly polarized pulsesinto a
50-cm-long SR-PCF with a core diameter of 55 pm (Supplementary
Fig. 8) filled with15 bar of argon. The spectrally broadened laser pulses
were compressed to 25 fs (FWHM) using a CM compressor (UltraFast
Innovations GmBH PC1611) with 16 bounces (Supplementary Fig. 9).
The total group delay dispersion compensated by the CM compres-
sor was 2,400 fs% Subsequently, the 25 fs compressed pulses were
coupled (viaThorlabs LA1509-BML) to a31-cm-long SR-PCF (parameter
same as before), filled with 15 bar of helium. After the second stage,
a 2-inch off-axis silver parabola (Edmund 36-598) with an effective
focal length 0of177.8 mm was used to collimate the beam. The two gas
cells were mounted on a three-axis stage (MDE122) from Elliot Scien-
tific. The two-stage fibre system achieves a total throughput of 85%
before the collimating parabola. Afterwards, the soliton-compressed
pulses were sent to a CM compressor (UFI PC105) consisting of four
double-angle CM (total group delay dispersion of -160 fs?) and a pair
of wedges (Altechna M0067705) to compensate for the dispersion
caused by the 2-mm-thick MgF, output window of the second gas cell
and to pre-compensate for the accumulated dispersion on the pulse
before reaching the IPDFG crystal. After the compressor, we placed a
1 mm anti-reflective (AR)-coated window (UFI AR7203) that reflects
5% of the beam, to separate the probe pulses for EOS. We employed a
home-built second-harmonic generation frequency-resolved optical
gating (SHG-FROG) for temporal characterization. Toensure accurate
measurements, the device utilized all-reflective dispersion-free optics
inanon-collinear geometry with 20-um-thick BBO crystal (Castech)
cut for type I phase matching.

CEP-stable NIR pulse generation

For the IPDFG, we focused 12 pJ of the compressed pulses from the
fibre stages to 40 pum by using a 1-inch off-axis parabola. A type |
BiBO crystal with a phase matching angle of 11° (Castech) was placed
afew millimetres behind the focus to avoid white light generation
in the crystal. A half-wave plate was introduced into the beam path
before the second fibre stage to project 14% of the input pulses to
the fast axis of the crystal. The generated CEP-stable pulse was col-
limated to a beam size of 3.2 mm at 1 e 2 employing a 4-inch focal
length parabola (Thorlabs MPD254508-90-P01). A custom-built (UFI
BS2214-RC2) broadband dichroic beam splitter separated the pump
and the NIR beam. The measured power after the beam splitter was
160 mW. A custom-built double-angle CM compressor (UFI IR7202)
(Supplementary Fig. 10) with four bounces was used for temporal
compression to15fs.

Field-resolved detection

InEQS, probe and excitation pulses propagate collinearly inanonlinear
crystal, generating spectral components at sum and difference frequen-
cies. The up-converted field-sensitive signal arises from the interfer-
ence between partially overlapping spectra of the probe pulse and the
sum or difference frequency pulse. Through an ellipsometer, direct
accessis obtained to the electric field of the sampled pulse™. By utilizing
alock-inamplifier and balanced detection, the technical noise surplus
of the gate pulse was mitigated, thereby making the shot noise of the
probe pulse the primary limitation on detection sensitivity. Inthe EOS,
the IPDFG pulses were used as an excitation pulse, whereas a 5% reflec-
tion from the second fibre stage’s output was used as a probe pulse.
A wire grid polarizer combined the probe and the excitation pulses
withorthogonal polarization, collinearly in the EOS crystal. An off-axis
parabolic mirror of 3-inch focal length was used to focus the beams

ina20-pm-thick type Il BBO crystal to generate the sum frequency
signal. The sum frequency signal interferes with the high-frequency
portion of the probe pulse, which acts as a local oscillator for hetero-
dyne detection. Appropriate filters (Thorlabs FEL 600 and FES 700)
were placed after the EOS crystal. The resulting polarization rotation
was measured by an ellipsometer, which included a Wollaston prism, a
quarter-wave plate and balanced photodiodes. The quarter-wave plate
isadjusted to ensure that both photodiodes receive the same intensity
inthe presence of the probe pulses. Amechanical chopper modulated
the excitation pulses at5.8 kHz to enable heterodyne lock-in detection.
The delay line was based on the linear motorized stage (Physik Instru-
ment V-528.1AA) with a scanning range of 20 mm, correspondingtoa
scanning delay of 132 ps. An interferometric delay tracking system®!
was employed to precisely track the delay line and any timing jitter
artefacts (Supplementary Information).

InEOS, the measured interference of the sampling field with sum
frequency field componentsis convoluted with the detector response.
Consequently, itissubject toacomplex response function comprising
both amplitude and phase components. The response function can
be calculated using the methods described in ref. 30. Based on the
wavevector mismatch calculation (Supplementary Fig. 11), it can be
seen that the post-processing of the measured field can be neglected
for our spectral range as the nonlinear response remains constant
throughout the EOS detection range.

Sample preparation

APike Technologies liquid cell (162-1,200) with two 3-mm-thick barium
fluoride windows and a spacer was used to hold the liquid samples. To
examine theliquid water, 10 pland 20 pl of deionized water were mixed
with 1 mlacetic acid buffer solution (chemlab, CL00.0119). The sam-
ples were placed between two windows using a 0.5 mm Teflon O-ring,
corresponding to anirradiation volume of 4.81 pl. Three cells with
different concentrations were mounted side by side on a translation
stage toreduce the systematic error. For ethanol measurements, pure
ethanol (VWR Chemicals, 85033.360) was filled into three liquid cells
with Teflon O-ring spacers of different thicknesses (0.5 mm, 0.1 mm
and 0.025 mm). The spacers corresponded to irradiation volumes of
4.81pl,0.962 pland 0.241 pl, respectively.
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