Few-cycle vacuum squeezing in hanophotonics
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Quantum information processing offers great promise for computation, secure communication,
metrology, and sensing. Many physical platforms such as nuclear spins, superconducting circuits,
photonics, trapped ions, quantum dots, and neutral atoms have widely been explored in the pursuit
to build quantum information processors (1). Among these, photonics stands out because of its
potential for scalability, room-temperature logical operations, and ease of encoding quantum

information in both discrete and continuous variables (2).

TFRELEATH. RLEBE I EFERRBET EXNAF L. FSHETS, ot A k.
RFEE. LTH AEBF. TFEFPRRET, T Z2HKE, uHEZTTRALE
B (Do ¥, AFFALBANTYER. TRIFBFURY FLAEHRE T AL TS
PR E A2 B m LR (2),

In continuous-variable (CV) quantum photonics, information is encoded in continuous amplitude
and phase values of the quantized electromagnetic field. The single-mode and multimode squeezed
states are widely used for various applications, including quantumenhanced interferometry such as
in the Laser Interferometer Gravitational-Wave Observatory (3), microscopy (4), and quantum
teleportation (5). Moreover, highly entangled CV quantum states, that is, cluster states (6-8), serve
as a universal resource for one-way quantum computation.
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Typically, such high-quality CV states are generated from a single- or two-mode squeezed vacuum
produced using quadratic [c(2)] parametric processes either in bulk crystals or waveguides with
large (~10 to 100 mm2 ) mode areas (6-10). Although such experiments using bulky discrete
components have been successful in demonstrating small- and medium-scale quantum circuits, it is
desirable to achieve CV quantum states with comparable qualities in nanophotonics to enable large-
scale integrated quantum circuits.
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In nanophotonics, silicon nitride (SiN) and silica platforms have been used for many quantum
photonic experiments, such as entangled photon-pair generation, squeezing, error correction, and
small-scale Gaussian boson sampling (11-13). However, their inherently weak cubic [c(3)]
nonlinearity typically necessitates using high—quality factor resonators, which imposes limitations
on accessible squeezing levels and bandwidths. Despite advances, the measured squeezing levels
have so far remained around 2 dB in nanophotonics (see supplementary materials, section 8).
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On the other hand, the measurements in CV quantum systems have typically relied on balanced
homodyne detection using highly efficient and low-noise photodetectors, which are limited to
bandwidths in the mega- to gigahertz range (14). Moreover, in nanophotonics, the loss associated
with transferring the microscopic quantum states from a tightly confined mode to a photodetector
has imposed barriers in the measurement capabilities of such states (15-17). A potential solution for
these measurement challenges lies in all-optical measurement schemes based on a noiseless phase-
sensitive amplifier with sufficiently large gain (18-21) that can eliminate the bandwidth limitations
of homodyne detection and the sensitivity to detection losses. However, achieving such large gains
(>30 dB) over broad optical bandwidths is challenging in nanophotonics with cubic nonlinearity
(22). Such an all-optical measurement allows one to exploit the entire optical bandwidth of quantum
fields and thereby paves a practical path toward ultrafast all-optical CV quantum information
processors using time- and frequencymultiplexed schemes (6-8).
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Recently, lithium niobate (LN) nanophotonics has opened promising avenues in optical
communication, sensing, and computation owing to its extraordinary optical, electrical, and acoustic
properties (23). A combination of subwavelength confinement of the optical mode, strong c(2)
nonlinearity, high-fidelity quasi-phase-matching by periodic poling, and dispersion engineering for
longer interaction lengths has enabled devices outperforming the traditional LN devices (24-26).
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In this work, we used a nanophotonic circuit in LN to experimentally demonstrate the generation
and all-optical measurement of an ultra-short-pulse squeezed vacuum as the building block of
scalable CV quantum nanophotonics. Our circuit combines two dispersionengineered phase-
sensitive optical parametric amplifiers (OPAS) (24) (Fig. 1). The first OPA generates a microscopic
squeezed vacuum, which is then amplified with a high-gain OPA to macroscopic levels within the
same nanophotonic chip. The resulting macroscopic field carries information about the microscopic
squeezed state, which can be measured with a high tolerance to loss.
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We have demonstrated few-cycle vacuum squeezing and its all-optical measurements in the LN
nanophotonic platform. Our on-chip all-optical loss-tolerant broadband measurements through
high-gain phase-sensitive amplification enabled squeezing measurements over more than 25 THz
of bandwidth while providing measurement purification against the detection losses as high as
Loffchip overall ~ 7 dB. Combined with the recent advances such as high-speed electro-optic
modulators and integrated single-photon detectors (23), we envision that our results may enable
scalable ultrafast all-optical quantum information processors in LN nanophotonic platform.
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