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Abstract

Advancements in quantum optics and squeezed light generation have revolutionized various fields of quantum
science over the past three decades, with notable applications such as gravitational wave detection. Here, we extend
the use of squeezed light to the realm of ultrafast quantum science. We demonstrate the generation of the shortest
ultrafast synthesized quantum light pulses spanning 0.33 to 0.73 PHz by a degenerate four-wave mixing nonlinear
process. Experimental metrology results confirm that these pulses exhibit amplitude squeezing, which is consistent
with theoretical predictions. Moreover, we observe the temporal dynamics of amplitude uncertainty of the squeezed
light, demonstrating that quantum uncertainty of light is controllable and tunable in real time. Additionally, we
demonstrate control over the quantum state of light by switching between amplitude and phase squeezing. Our
ability to generate and manipulate ultrafast, squeezed, synthesized light waveforms with attosecond resolution
unlocks exciting possibilities for quantum technologies, including petahertz-scale secure quantum communication,
quantum computing, and ultrafast spectroscopy. As an example, we introduce an attosecond quantum encryption
protocol leveraging squeezed synthesized light for secure digital communication at unprecedented speeds. This work
paves the way for exploring quantum uncertainty dynamics and establishes the foundation for the emerging ultrafast
and attosecond quantum science fields.

Introduction

Over the past few decades, significant advances in
quantum optics, particularly the generation of quantum
light'"®, have played a pivotal role in enhancing the
sensitivity of gravitational wave measurements by the
Laser Interferometer Gravitational-Wave Observatory
(LIGO)*1°. Concurrently, the evolution of ultrafast sci-
ence, attosecond physics, and the development of
cutting-edge tools—such as femtosecond high-power
lasers and XUV pulses—have spurred new frontiers in
both fundamental research and technological applica-
tions. These breakthroughs, acknowledged by the Nobel
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Prizes in Physics in 2018 and 2023, have enabled
detailed investigations into light-matter interactions at
the classical level, thereby providing profound insights
into molecular, atomic, and electron dynamics''. For
instance, attosecond science has leveraged the high-
harmonic generation (HHG) to probe electron motion
on timescales as short as attoseconds'”™'’. Recent
experimental and theoretical studies have explored the
impact and generation of squeezed light'® on the HHG
process, revealing that the underlying physics of HHG
with squeezed light deviates significantly from classical
descriptions'*™*®. Theoretical models predict shifts in
both the electronic trajectories driven by the field and
the emitted photon energy compared to those observed
under coherent laser fields*”*°. Experimental demon-
strations of HHG”®’' in solid-state materials using
squeezed light have also shown promising results,

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

3950 | Light Sci Appl | 2025 | Vol 14 | Issue 12

LSA



Sennary et al. Light: Science & Applications (2025)14:350

19,32

yielding higher photon fluxes ”“. Additionally, the
control of electron and XUV photon statistics through
different quantum light modes has been reported, sug-
gesting the potential for tailored quantum control in
ultrafast processes”®*’. These findings raise critical
questions: How do light-matter interactions and ultra-
fast phenomena evolve when triggered by squeezed
light? How do the physics of ultrafast nonlinear optics
differ when using quantum light? Addressing these
questions calls for new novel tools—specifically, ultrafast
quantum light pulses—that can offer a new window into
ultrafast science through the lens of quantum physics.

In this work, we present a novel approach for generating
ultrafast quantum-synthesized few-cycle pulses produced
via a degenerate nonlinear four-wave mixing process. The
resulting quantum light pulse exhibits intensity squeezing
at the cost of phase uncertainty, as confirmed by both
experimental and theoretical analyses. With a pulse
duration of 5.3 fs, these pulses represent a promising tool
for a range of advanced applications, including ultrafast
quantum optics and spectroscopy aimed at exploring
light-matter interactions at the quantum level. Moreover,
the amplitude squeezing inherent in these pulses enhan-
ces the signal-to-noise ratio, surpassing the performance
of classical light sources”, with promising applications in
ultrafast quantum spectroscopic studies of biological
samples.

Furthermore, our approach allows us to control the
temporal and spectral properties of the squeezed light,
enabling us to probe its real-time dynamics with atto-
second resolution. Our experimental results reveal that
the uncertainty in amplitude-squeezed light is dynamic,
varying with the system’s state and its interactions. This
ability to manipulate and observe the change of
uncertainty in real time opens new avenues for
exploring the fundamental nature of quantum
mechanics and its implications for quantum control-
based technologies.

Moreover, as an initial demonstration of the potential
significance of the demonstrated quantum-synthesized
light pulses, we present a secure ultrafast quantum com-
munication scheme, leveraging the digital encoding on
ultrafast waveforms. Beyond the inherent security of
squeezed light in quantum communication, our synthe-
sized quantum pulses introduce an additional layer of
digital encryption where the data are carried on the
squeezed ultrafast light waveform in the binary format of
(0 &1). This approach establishes a foundational frame-
work for advancing ultrafast quantum science with
transformative potential across diverse scientific and
technological domains. The demonstrated capabilities of
ultrafast quantum applications also pave the way for
developing next-generation petahertz quantum electro-
nics®* and communication protocols.
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Results
Generation and metrology of ultrafast squeezed light in
visible and flanking spectral regions

Harnessing the quantum properties of light for ultrafast
applications requires the generation of squeezed light
pulses with precise temporal and spectral control. In this
study, we generate for the first time, to the best of our
knowledge, few-cycle squeezed light pulses in the ultra-
violet, visible, and NIR spectral ranges. Our approach is
based on a degenerate four-wave mixing (FWM) process
in a nonlinear crystal using a light field squeezer setup
shown in (Fig. 1a). In this setup, the input beam is divided
by a three-hole mask and obtains three identical beams
propagate colinearly. These three beams are focused by
two D-shaped focusing mirrors (one of them is controlled
by a highly precise piezoelectric delay stage) onto a
100 um-thick SiO, target, where the FWM signal is
generated. Our setup arrangement maximizes the phase
matching between the three input beams, which can be
controlled by changing the incident angle by rotating the
SiO, substrate. This advance allowed us to generate FWM
signal from few-cycle laser pulses spanning three different
spectral regions: near-infrared (NIR, 1000-690 nm), visible
(VIS, 715-500 nm), and ultraviolet (UV, 515-350 nm)
obtained from our previously developed light field syn-
thesizer (LFS)*~, as explained in the Method section.
The generated FWM signal is isolated through a spatial
filter, and the conversion efficiency is estimated to be on
the order of 0.1%, depending on the nonlinear material,
thickness, and input beam intensity. These generated
pulses exhibit a squeezing in the amplitude or phase
quadratures, which can be controlled easily in our setup
light squeezer setup by changing the phase matching
condition (by changing the tiling angle of the nonlinear
medium).

To verify the quantum squeezing characteristics of the
generated pulses, we employ a new metrology approach
that differs from the conventional approach used for
continuous wave (CW) lasers. Our metrology technique
involves measuring the spectral interference between
temporally delayed pulses (NIR-VIS and VIS-UV) to
extract the phase uncertainty (A¢). Additionally, the
intensity uncertainty (Al) is determined by evaluating the
variance in the overall spectral intensity of the squeezed
light pulses, which is then compared to that of coherent
light.

Hence, the input beam before entering the light field
squeezer is divided by a beam splitter into two beams. The
reflected beam is opted as our coherent reference beam,
which focused and measured by spectrometer #1. The
measured spectra of the three different color inputs (UV,
VIS, and NIR) coherent light pulses are shown in Fig. 1b.
The transmitted beam enter the light field squeezer to
generate the squeezed light pulses, and the output is
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Fig. 1 Generation of ultrafast squeezed light pulse synthesized with attosecond resolution. a Schematic of the light field synthesizer (LFS)
setup, consisting of three spectral channels (pulses) used to generate synthesized waveform pulses. The output pulse is split into two beams: one is a
classical coherent light pulse, serving as a reference, while the second beam undergoes a four-wave mixing process (energy diagram is shown in the
inset) in a SiO, sample to generate a squeezed light pulse. The phase and intensity quadrature uncertainties of both beams are measured using
spectrometers 1 and 2. Spectra of the broadband classical light pulse (b) and the spectra of its constituent LFS channels (c). d Spectrum of the
generated squeezed light pulse. e Spectra of the squeezed light generated by the three LFS pulses. Insets in (c) and (e) show the spectral interference
fringes between the LFS channels for both the classical and squeezed light pulses

characterized by spectrometer #2. The spectra of the three
squeezed pulses are shown in Fig. 1c. Consequently, by
analyzing the interference fringes within the spectral
overlap region (insets in Fig. 1b and c) between the three
pulses, we extract the phase uncertainty (A®) for the
coherent and squeezed lights. The intensity uncertainty
(AI) is obtained by measuring the variance in the overall
pulse intensity. Amplitude squeezing is confirmed when
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the intensity fluctuations of the squeezed light (Al;) are
smaller than those of the coherent light (Al.), while the
phase jittering of the squeezed light (AD;) exceeds that of
the coherent light (AD,).

Our metrology measurements, shown in Fig. 2,
demonstrate that the generated light confirms the
amplitude squeezing. The phase uncertainty is higher in
the squeezed light (Fig. 2all and clII) compared to the
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Fig. 2 Ultrafast squeezed light phase and intensity uncertainty measurements. Measured phase (in a) and intensity (in b) uncertainties
between the near-IR and visible pulses of the LFS, retrieved by averaging 2800 spectra for coherent light (al, bl) and amplitude squeezed light (all,
bll). ¢, d Corresponding phase and intensity uncertainty measurements for the visible and ultraviolet pulses of the LFS, presented in the same order
as in panels a and b

coherent light (Fig. 2al and cI), while the amplitude of the
squeezed light (Fig. 2bIl and dII) is more stable than that
of the coherent light. These results confirm that the
degenerate FWM process in our light squeezer generates
amplitude-squeezed light at the expense of increased
phase uncertainty. To assess amplitude stability for indi-
vidual pulse components, we spectrally filtered the con-
stituent pulses and retrieved their intensity stability. The
results shown in Fig. S1 indicate that the amplitude sta-
bility difference between the squeezed and coherent light
of the different color pulses is roughly comparable. We
also perform a shot noise measurement for both classic

and squeezed light by measuring the standard deviation of
I (0I) as a function of the beam power and show it in
Fig. S2. This result is another proof of the obtained
amplitude squeezing of ultrafast light.

Next, we performed theoretical modeling to investigate
the nature of the measured phase and amplitude uncer-
tainties and compare it with those of a squeezed state.
Then, we calculated the Wigner function as a visual
representation of these generated states. The Wigner
function is a quasi-probability distribution that provides a
visual representation of the quantum state in phase space.
Our analysis reveals that the squeezed states correspond
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to a Gaussian distribution that has been squeezed along
one optical quadrature and expanded along the conjugate
quadrature (Fig. 3, see SI text).

From a theoretical point of view, the four-wave mixing
process under co-linear phase matching conditions and
within the parametric approximation® produces
squeezed coherent states of the form @, S(r;)|a;). In this
expression, N denotes the number of modes, S(r)
explra® — r*aTz} is the squeezing operator, and |a)
represents a coherent state of light. To determine the
compatibility of the experimental results with these the-
oretical squeezed states, we compared the variances in
phase and intensity obtained experimentally, A(I)gxp and
AIEX , with the theoretical predictions, ACD?h (¢) and
A% (x), (see Ref. *' and the supplementary information
(SI) for detailed calculations), the latter parametrized by
x={(ri, @) }Y,. Specifically, we defined the following
function

]2
(1)

which serves as a measure of the distance between the
experimental  observations and the theoretical

@

— AR + BIA®E (x) — ADZ,

exp

Clx) = AIALZ (x)

3954 | Light Sci Appl | 2025 | Vol 14 | Issue 12

expectations, where a value of C(x) = 0 would represent
a perfect match between the two. Consequently, the
comparison involves finding an optimal set of parameters
«* that minimizes Eq. (1) as much as possible. To achieve
this, the parameters A and B have to be chosen carefully
to ensure simultaneous minimization of both terms
within the function. In practice, the optimization was
performed across a range of values for A and B, and the
best result was retained (see SI for more details).
Furthermore, given that the experimental data suggests
the presence of amplitude-squeezing, we restricted our
search space to real values of r; and &; when solving this
optimization problem, as to reduce the number of
variables over which to optimize.

The results from this optimization are shown in Fig. 3a
and Fig. 3b as a function of the number of modes N,
where Fig. 3a represents the IR-VIS dataset and Fig. 3b the
UV-VIS dataset. The dashed curves show the absolute
difference between the experimental and theoretical var-
iances after optimization, while the solid horizontal lines
represent the experimental variance values. In all cases,
we observe that the dashed curves lie below their
respective solid horizontal lines—indicated in matching
colors—demonstrating a good agreement between theory

LSA
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Fig. 4 Ultrafast uncertainty dynamics in real time. a The measured
amplitude uncertainty at different delay T times between the three
input photons in the FWM nonlinear process (all are on the same
scale). b The amplitude uncertainty as evolves in time. The measured
amplitude standard deviation “uncertainty” is shown in black dotes
connected with a dashed black line (the smoothing is presented in a
dashed red line as a guide to the eye)

and experiment, as the absolute error remains around one
and two orders of magnitude below the experimental
values. Notably, this trend persists across all values of N
considered in our study, suggesting that the experimental
data are compatible with the presence of squeezed states
along multiple modes. However, for both the IR-Vis and
UV-VIS datasets, an increase in the number of modes
generally corresponds to reduced accuracy in the absolute
error, particularly pronounced in the intensity variance.
Overall, we observe that the best results are achieved in
the N=1 case, yielding a total estimated squeezing of
13.03 dB for the IR-Vis dataset and 8.81 dB for the UV-
VIS dataset. The difference in the squeezing level may be
attributed to the alignment optimization in the two
measurements to achieve the optimized FWM output
signal. The Wigner function*” of the resulting squeezed
states is shown in Fig. 3c and d, respectively, where y
and p represent the optical quadratures. The functions
have been rotated by 45° relative to the p-axis for
representational purposes. They correspond to a Gaus-
sian distribution that has been squeezed along one
optical quadrature and expanded along the conjugate
quadrature.
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Attosecond control of the quantum light uncertainty
dynamics

Having established the generation of ultrafast squeezed
light pulses, we now turn our attention to the central
question of this study: How does amplitude uncertainty
change in real-time? To address this, we directly measure
ol, which presents the amplitude uncertainty of the
squeezed light as a function of time. We exploit
the temporal control between the three input beams in
the FWM process to introduce a variable delay (t)
between one photon and the other two photons using the
D-shape mirrors (see the setup in Fig.1a). By measuring o/
for different values of 1, we can track the evolution of
amplitude uncertainty as the system interacts and evolves
in time. The measurements at different delay t times are
shown in Fig. 4a. Our results, presented in Fig. 4b (black
circles connected by the black dashed line, and the red
dashed line as a guide to the eye), show that the oI has
higher values at the positive and negative delays in time.
The minimum oI is achieved when all three input pho-
tons overlap in time. These results demonstrate that o7 is
not static but varies in real-time, influenced by the sys-
tem’s state and its interactions.

This dynamical uncertainty of the amplitude can be
explained as follows: the amplitude squeezing is achieved
by utilizing the quantum correlations arising from
the nonlinear four-wave mixing interaction among three
input photons. In our case, the incident angle of these
beams is kept very small (<5°). So, the good phase
matching, which can be optimized by tilting the nonlinear
medium, occurs and ensures constructive interference
when the three pulses arrive simultaneously in time.
Consequently, the nonlinear signal generation window is
temporally confined to the pulses’ overlap time (= —1.5
to 1.5 f5, from Fig. 4b), reducing the uncertainty in the
number and amplitude of generated photons. Conversely,
if one of the input pulses arrives with a certain delay (t)
relative to the other two, the nonlinear signal generation
window widens, increasing randomness and, in turn,
intensity uncertainty.

To further confirm this interpretation, we repeat the
measurements with a squeezed phase light, obtained by
altering the tilting angle of the nonlinear medium. In this
case, the behavior of o/ as a function of time, shown in
Fig. S3c (black circles connected by a black dashed line,
blue dashed line is a guide to the eye), is opposite to the
case of amplitude squeezing (Fig. 4b), confirming the
dynamic behavior of uncertainty.

Application of synthesized quantum light in petahertz
digital data encoding and quantum communication
Remarkably, by the spatiotemporal overlap of the UV,
VIS, and NIR pulses, we can obtain nearly the shortest
squeezed light pulse in the order of 5.3 fs duration (Fig. 5).
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Fig. 5 Ultrafast synthesized squeezed light pulse. a Retrieved
electric field, and b Intensity temporal profile of the synthesized

ultrafast squeezed light pulse generated by the four-wave mixing
nonlinear process

Moreover, by controlling the delay and the amplitude of
the UV, VIS, and NIR pulses, we can synthesize the
broadband squeezed light waveforms with attosecond
resolution®*~*°, The ability to generate and control
ultrafast squeezed light pulses unlocks exciting new pos-
sibilities for quantum technologies. One particularly
promising application is ultra-secured quantum
communication.

Traditional continuous-variable quantum key distribu-
tion (CV-QKD) relies on encoding information into the
quadratures of quantum states, such as amplitude (Al)
and phase (A®), using a squeezed or coherent light
source. The receiver measures one of these quadratures
using a local oscillator (LO) to project the quantum state
onto the desired quadrature, chosen at random. The
security of CV-QKD arises from the inability of an
eavesdropper (Eve) to intercept the quantum state with-
out introducing detectable noise, owing to the Heisenberg
uncertainty principle.

In our petahertz communication scheme, we leverage
the ultrafast nature of the squeezed light pulses to encode
quantum-encrypted digital data at unprecedented speeds.
As illustrated in Fig. 6, Alice synthesizes and encodes
digital data onto amplitude-squeezed light waveforms
using the LFS, as we demonstrated earlier®>>**3% The
measured exemplary waveforms shown in Fig. 6al-III are
the average of three scans, and despite the phase uncer-
tainty of these waveforms, they maintain their shapes.
Alice sets a predefined intensity threshold (30%) for the

3956 | Light Sci Appl | 2025 | Vol 14 | Issue 12
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modulation, encrypting digital data within the squeezed
waveforms. She then sends the encoded squeezed light
beam to Bob (Fig. 6b), sharing the squeezing degree and
the threshold information.

As in conventional CV-QKD, any eavesdropping
attempt by Eve (Fig. 6¢) to intercept and decode the
squeezed light waveform would alter its squeezing degree,
thereby revealing the intrusion to both Alice and Bob. Bob
can check the signal’s squeezing degree by measuring its
intensity stability between different pulses (as we did in
our experiment and shown in Fig. 2) to confirm the
communication’s security.

To further enhance security, we propose using one of
the three pulses—specifically, the NIR pulse—as a
quantum-correlated local oscillator®. This eliminates the
need for an external classical LO and simplifies synchro-
nization. At the receiver station, after sampling the
waveform and decoding the digital data, Bob introduces a
controllable relative time delay between the NIR reference
pulse and the other pulses. This delay adjusts the inter-
ference conditions at specific wavelengths, allowing Bob
to effectively select quadrature projections by inducing
constructive or destructive interference. By varying the
delay, Bob dynamically selects which quadrature compo-
nent (amplitude or phase) to measure at a given wave-
length. He then measures the noise at specific
wavelengths within the spectral overlap region, where
spectral interference exists between the different chan-
nels. Depending on the interference condition at that
wavelength, Bob measures a specific quadrature and
obtains the squeezing level of the selected quadrature
projection. This protocol enhances security by making it
difficult for an eavesdropper to predict Bob’s quadrature
choices or replicate the quantum-correlated states with-
out introducing detectable noise. This approach avoids
challenges associated with classical LOs, enables dynamic
quadrature selection, and leverages quantum correlations
to strengthen the security and efficiency of CV-QKD.
Remarkably, our protocol introduces additional layers of
security, in analogy to the typical CV-QKD protocol,
protecting the communication from potential tampering.
Specifically, our approach provides multiple safeguards
against Eve’s interference: (i) Eve would need the decod-
ing key to correctly interpret the transferred information,
(ii) Eve cannot accurately decode the data without
knowing the predefined intensity threshold (30%), and (iii)
even if Eve knows the threshold, her measurement of the
squeezed light waveform using a beamsplitter will inevi-
tably disturb the squeezing, introducing errors in the
decoded data due to the altered squeezing degree. This
disturbance increases the tolerance error of the pre-
defined threshold and amplifies the likelihood of faulty
decoding, as shown in Fig. 6cI-IIl. Consequently, our
approach not only secures the communication channel

LSA
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(al-In) using the LFS. These waveforms have predefined amplitude thresholds, indicated by the red line: signals above the threshold represent (1),
and signals below represent (0). The encrypted data are carried by ultrafast squeezed light pulses, which Alice sends to Bob. She also shares the
squeezing degree between channels, the predefined threshold, and the encryption key. b Upon receiving the data, Bob first checks the squeezing
level to confirm the security of the communication. He then decodes the data by sampling the waveform of the synthesized squeezed light pulses.
¢ Eva attempts to intercept the data using a beamsplitter. Her intervention alters the squeezing level, alerting Alice and Bob to potential tampering.
Since Eva does not know the predefined threshold or the data decoding key, her attempt to decode the information results in faulty decoding, as

shown in panels cl-lll

but also protects the transferred data from unauthorized
retrieval.

Discussion

This work introduces a groundbreaking approach to
ultrafast quantum optics by demonstrating the generation
of broadband squeezed light pulses with attosecond pre-
cision. By leveraging these ultrafast quantum light wave-
forms, we have shown how they can be used for secure
quantum communication, marking a significant step

toward the realization of high-speed, encrypted commu-
nication networks. Our results not only open new avenues
for exploring quantum light-matter interactions in real-
time but also lay the foundation for future advancements
in ultrafast quantum optoelectronics and quantum
computing.

As quantum communication systems evolve, the ability
to operate at petahertz-scale data transmission speeds will
be critical, and our findings contribute to the develop-
ment of technologies that can meet these challenges while
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ensuring security and robustness. The potential of ultra-
fast squeezed light in secure communication represents a
promising frontier for both fundamental research and
practical applications in the quantum technology land-
scape. Moreover, the dynamic nature of quantum uncer-
tainty observed in our experiments suggests a more fluid
picture of quantum reality. This has profound implica-
tions for understanding the fundamental nature of time
and measurement in the quantum world. The ability to
generate and control ultrafast squeezed light also opens
exciting new possibilities for ultrafast spectroscopy and
quantum computing. In ultrafast spectroscopy, this
technology could be used to probe the dynamics of che-
mical reactions or biological processes on the attosecond
timescale, providing unprecedented insights into the
fundamental building blocks of matter. In quantum
computing, ultrafast squeezed light could be used to
manipulate qubits or perform quantum logic operations
at unprecedented speeds, paving the way for the devel-
opment of faster and more powerful quantum computers.

The introduced ultrafast quantum communication
protocol operates offering the potential for ultra-secure,
high-speed communication networks. Although our
petahertz quantum communication protocol offers a
higher level of security due to the intrinsic sensitivity of
squeezed light to any eavesdropping attempt, there are
practical challenges, such as maintaining low-loss trans-
mission or pulse dispersion distortion of squeezed pulses
over long distances in dispersive media/optical fibers.
However, this can be precompensated by controlling the
relative delay between the synthesizer pulses. Moreover,
this approach would be promising for space-space quan-
tum communication, where the pulse is not affected by
dispersion as it propagates in vacuum. Furthermore,
scaling up the LFS and the input coherent laser pulse
power to generate a high-power squeezing synthesized
pulse would overcome the transmission loss problem and
support robust ultrafast quantum communication. Fur-
thermore, achieving quantum communication at peta-
hertz frequency speeds is currently limited only by the
laser repetition rate and the delay stage speed in the
synthesizer. However, with ongoing advancements in laser
technologies, this digital data speed is potentially on the
horizon.

In summary, this work introduces a groundbreaking
approach to ultrafast quantum optics by demonstrating
the generation and metrology of broadband squeezed
light pulses with attosecond precision. By leveraging these
ultrafast quantum light pulses, we have shown how they
can be used for secure quantum communication, marking
a significant step toward the realization of high-speed,
encrypted communication networks. The demonstrated
approach can be potentially extended to the light-matter
coupled in QED cavity’ and to quantum spin

3958 | Light Sci Appl | 2025 | Vol 14 | Issue 12
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squeezing”’. Our results not only open new avenues for
exploring quantum light-matter interactions in real-time
but also lay the foundation for future advancements in
ultrafast quantum optoelectronics and quantum

s +34,43,48
computing .

Materials and methods

In our experimental setup, few-cycle laser pulses cen-
tered at 750nm (passively stabilized carrier-envelope
phase) are generated by an Optical Parametric Chirped-
Pulse Amplification (OPCPA)-based laser system with a
repetition rate of 20 kHz. These pulses propagate non-
linearly through a hollow-core fiber filled with neon gas
(at 3.5 bar), generating a supercontinuum that spans from
the ultraviolet to the near-infrared spectral range. The
broadband spectrum is directed into a light field synthe-
sizer (LFS) device®®™*” where it is split into three spectral
channels using dichroic beam splitters: Ultraviolet (UV,
515-350 nm), Visible (VIS, 715-500nm), and Near-
Infrared (NIR, 1000-690 nm). Each of these channels is
compressed using six pairs of chirped mirrors to approach
their Fourier limits. The temporal profiles of the pulses in
each channel are shown in Fig. S4. The full-width at half
maximum (FWHM) pulse durations are 10, 9, and 8.5 fs
for the UV, VIS, and NIR pulses, respectively. The pulses
are recombined using similar dichroic beam splitters and
coherently superimposed at the output of the synthesizer,
forming a two-cycle laser pulse. This pulse waveform is
finely controlled by adjusting the relative delay between
the three LFS pulses with a high-resolution piezoelectric
linear stage in the UV and NIR beam paths. Neutral
density filters are used to control the relative intensities of
the constituent pulses. The total power of the output
beam from the LES is one watt.

The beam is first split using a beamsplitter, with the
reflected beam (8% of the total power) representing the
classic coherent synthesized pulse. This reflected beam is
focused into spectrometer #1 (Ocean Optics HR 4000,
which has an estimated typical quantum efficiency of
50-70%) with a 5-cm focal length lens (the intensity loss
through the optics and optical fiber is estimated to be
about <5%). We measure 2800 spectra to assess the
average intensity stability. First, we integrated each spec-
trum to get the total intensity (I,,), where n is the number
of iterations. Then, Al was calculated by normalizing each
spectrum to the average intensity of all the spectra and
then calculating the percentage stability. The intensity
standard deviation (o) percentage is calculated from the
average and standard deviation of the n intensities for n
iterations. On the other hand, the interference fringes
between the spectral channels (inset of Fig. 1b and c) are
analyzed, and their corresponding Fourier transforms are
computed to extract phase jittering (A¢d) between the
individual pulses.
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The transmitted beam, after passing through the
beamsplitter, is directed through a 3-hole mask. The three
emerging beams, which are identical in power
(162.5 mW), are focused using two D-shaped focusing
mirrors onto a fused silica sample (beam diameter
~50 um). One of these D-shaped mirrors is mounted on
the piezo stage to control the relative delay between one
of the input beams with respect to the other two beams.
Then, a four-wave mixing process occurs, and a non-
linear light signal is generated, which is amplitude-
squeezed (153 uW). A 1-hole mask filters out this
squeezed light, which is then focused into spectrometer
#2 (Ocean Optics HR 4000CQG) for characterization of its
intensity, phase stability, and jitter. The LFS constituent
pulses are delayed,d generating better interference fringes
at the spectral boundary of each pulse (see in set Fig. 1c
and e). Dark noise from the spectrometers (Fig. S5) was
negligible, being two orders of magnitude lower than the
observed amplitude fluctuations.

For the time-resolved intensity uncertainty measure-
ments, we acquired 1000 spectra at each time delay (1)
between one of the input beams with respect to the other
two beams, which interact with the SiO, to generate the
nonlinear signal. We obtained o1 at each time delay t and
plotted it in Fig. 4. Next, the relative delay between the
LFS channels is also adjusted to synthesize the squeezed
light waveform. The waveform is sampled using an all-
optical light field sampling technique, reported pre-
viously®>?****, This method involves focusing the
squeezed light onto the SiO, sample (200 pm) alongside a
probe beam. By measuring the modulation of the probe
beam’s transmission induced by the squeezed light, we
extract the waveform by analyzing the recorded spectrum
intensity as a function of the delay between the squeezed
light and the probe pulse.
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