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ABSTRACT

Photonics offers the potential for large-scale, room-temperature, and ultrafast quantum
operations. Multiplexing pulses of light allows for high throughput speeds and dense
encoding, with tens of thousands of optical modes being present in a time as short as a
microsecond. However, the measurement speed of electronic devices such as photodetec-
tors is currently one bottleneck in such time-multiplexed scalability, because many quan-
tum optical protocols rely on measurement, including state preparation, feed-forward,
and feedback. Furthermore, characterization of quantum states and modes is essential
for their effective use. Using nanophotonic optical parametric amplifiers (OPAs) presents
one way to circumvent the measurement limitations of current quantum photonic schemes.
Their large amplification bandwidth, enabled by dispersion engineering on nanophotonic
integrated platforms, allows information encoded in femtosecond-scale, THz-bandwidth,

multimode quantum optical states to be accessed with nonlinear optical interactions.

In this work, we show how ultra-broadband integrated nanophotonic OPAs can be used
to measure ultrafast and multimode quantum states of light. First, we explore the single-
photon detection capabilities of OPAs, showing that current OPAs operating in the Gaus-
sian regime are capable of 250 MHz photon count rates with 26% efficiency and a 2% dark
count probability. We also show how non-Gaussian operation through pump depletion,
with performance that approaches state-of-the-art photon detectors in terms of efficiency
and dark count rate while retaining ultrafast operation, can become experimentally possi-
ble with a higher nonlinear coupling rate and lower loss. Next, we use nanophotonic OPAs
to both generate and characterize multimode ultrafast squeezed vacuum. We use the pho-
tocurrent distribution of amplified squeezed vacuum to recover 2.41 dB of squeezing in
one mode of a 154-fs multimode squeezed pulse and reconstruct its Wigner distribution.
Finally, we investigate the capabilities of broadband nanophotonic OPAs to determine
the temporal mode structure and quadrature variances of ultra-broadband temporally
multimode quantum states by adapting frequency-resolved optical gating to the quan-
tum regime. We numerically show the successful full characterization of a multimode
squeezed state, even in the presence of noise. Together, these results establish OPAs as
a valuable measurement device for measuring ultrafast quantum pulses and learning the
structure of multimode quantum states, and they provide one building block towards a
framework for scalable continuous-variable quantum photonics in which state generation,

manipulation, and characterization occur within the same nanophotonic platform.
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and these spectra are combined to form the spectrogram [(w, 7)., . . . . .
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Chapter 1

INTRODUCTION

It is not clear which technology will pull ahead in the race towards useful quantum com-
puters, and it is not clear whether only one technology will be used. However, in many
if not all current quantum technologies, light plays a role, be it to control atoms, mea-
sure qubits, or communicate quantum information and distribute entanglement. Thus,
improving the generation and measurement of quantum light will have far-reaching ben-
efits for all quantum technologies, not only those based on light itself. This thesis will
explore one building block in a quantum optical infrastructure, ultrafast all-optical quan-
tum measurement, which may prove beneficial for photonic quantum computation and,

more broadly, for any system that makes use of quantum light.

1.1 Nonlinear quantum optics

The benefits of using light with quantum properties such as squeezing and entanglement
are many, including higher sensitivity while sensing |16} 49, 84], more efficient and secure
communication [40, |67, [100], and the potential to perform calculations that would be
infeasible using classical computers |54, [101]. Many quantum technologies rely on light for
control, measurement, and communication. Light as an information carrier has the benefit
that it does not interact as much with the environment as matter-based quantum states,
and thus can be used at room temperature and atmospheric pressure without the need
for vacuum chambers or cryostats. Furthermore, the fact that it travels at a high speed
makes it the carrier of choice for quantum communication [40] and enables the packing of
quantum information in a short time-frame through time multiplexing [5,47]. In addition,
light has many degrees of freedom available to it, such as polarization [14, 35, 45, [56],
spatial modes [§], and frequency modes [34]. All in all, photonics is attractive because it
combines room-temperature operation, compatibility with communication networks, and

access to large Hilbert spaces through multiple optical degrees of freedom.

However, light’s low interaction strength with the environment and itself leads to the
issue of reliably and deterministically enacting nonlinear operations and creating the
states needed for universal quantum computation. There have been many works which

deal with the issue of probabilistic state production and gate operation [9, 43, |46, [66],
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which is typical of working with single photons and their detection (although research
into quantum dots is focused on their ability to generate single photons on-demand [33,
61, |76, [87]). One option for deterministic quantum light manipulation is to use nonlin-
ear optical elements to mediate interactions between photons, generating such states as
squeezed states, which are the most commonly generated and utilized quantum optical
state exclusively using nonlinear optical interactions [16, 62, 88]. Squeezed states can be
generated through parametric down-conversion (PDC), a process by which one photon
splits into two photons whose frequencies add up to that of the original photon. Degener-
ate spontaneous PDC generates squeezed vacuum, which has noise in one quadrature that
is less than that of vacuum. Squeezed states are important for quantum communication,
sensing, and computation because of the reduced noise and the generation of entangled
states by sending two of them into a beamsplitter, which can be used for generating large
entangled states called cluster states [, 47, |60]. The reduced noise is useful for lowering
the noise in optical detections which have an open vacuum port, such as in heterodyne

detection or other interferometers such as those used for gravitational wave detection [17,
84].

Nonlinear optical interactions are one of the most common ways of generating photons,
by heralding a photon detection on one arm after splitting up a low-amplitude squeezed
state, which contains mostly vacuum and a two-photon term |20} [57, (79, 90]. Unfortu-
nately, squeezed states and second-order nonlinear interactions are insufficient for uni-
versal quantum computing, and a higher-order nonlinear interaction or a non-Gaussian
operation such as single-photon detection is necessary to obtain an advantage over clas-
sical computers [58]. Nevertheless, improving squeezed state and other Gaussian state
generation and characterization will lead to advances in quantum optical sensing, com-
munication, and information processing due to their utility for generating large entangled
states deterministically and for noise reduction [5, |47} 49, |54}, 94, 95].

1.2 The case for ultrafast multimode quantum light

Ultrafast quantum light encompasses short pulses with lengths on the order of femtosec-
onds to hundreds of femtoseconds. They allow for a high peak power while retaining a
low average power. In nonlinear optical processes, since the efficiency of the interaction
scales nonlinearly with the peak power, pulses enable efficient processes while avoiding
damage to the nonlinear crystal. A main consideration while using ultrashort pulses is
their extremely broad bandwidth, which allows for high temporal resolution but requires

the dispersion in the nonlinear material to be low for the pump pulse to retain its shape



and the nonlinear process to be phase-matched throughout the bandwidth [50].

The usefulness of ultrafast classical light has led to an interest in ultrafast and attosecond
quantum light [23]. For example, the fluctuations of the quantum vacuum have been
probed with subcycle resolution using electro-optic sampling [42, |72, and attosecond
squeezed high-harmonic pulses have been generated using bright squeezed vacuum as
the pump [85] 86]. Generating ultrashort quantum pulses is also possible in broadband
optical parametric amplifiers (OPAs), a nonlinear device whose broad phase-matching
bandwidth allows for squeezed light to be generated across a large frequency range [50,
80]. These devices must be pumped by ultrashort pulses in order to take advantage of
this broad bandwidth, and when this is done, the modes in which this squeezed light is

generated can have bandwidths in the tens of THz range.

OPAs are commonly integrated into photonic chips that move light along nonlinear waveg-
uides in which the light is tightly confined [12, 50, 102]. The shape of the waveguide con-
trols the frequency-dependent dispersion, allowing for matching of group velocity between
different wavelengths and minimization of higher-order dispersion. The preservation of
the shape of ultra-short broadband pulses is crucial for achieving broadband and high-
amplitude gain [50]. Integrated nonlinear optical components also have the benefits of
scalable manufacturing and higher nonlinear efficiency due to the spatial confinement [95,
96]. Much work is being done to integrate entire circuits and optical setups, including
detectors, onto photonic chips for these reasons, which has the benefit of circumventing
the optical loss that comes with coupling the light out of the chip [22, [26] 46, [83]

Thin-film lithium niobate (TFLN) is a particularly popular material due to its high
second-order nonlinear and electro-optic coefficients and increasingly large variety of avail-
able integrated devices, in addition to its favorable dispersion engineering capabilities and
low propagation loss [25] 51} [102]. Thus, it is the ideal platform for ultrafast quantum
optics, with its large bandwidth enabling both generation and measurement of ultrafast
quantum light, and its large gain (over 100 dB/cm in some cases [50]) amplifying the
entire bandwidth of the state to a macroscopically detectable level. The high gain and

favorable dispersion allow for the on-chip measurement of squeezing, for example in [62].

Using broadband squeezed states for optical quantum communication and computation
is one path towards THz clock rates in these domains. By having shorter pulses, it is
possible to pack more pulses in a shorter time, which opens new paths for larger-scale

computations using large entangled states. For example, the biggest continuous-variable
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(CV) cluster states that have been created using squeezed states are made in the time-
multiplexed basis [5] 47], and their size is limited by the phase stability of the setups as
their sensitive alignment worsens over short timescales. Making the nodes closer together
in time would allow the size of the cluster state to increase dramatically without improving

the setup at all.

Another option for increasing the size of cluster states is to combine the time-multiplexed
dimension with another degree of freedom, such as spectrotemporal modes. Pulses of
squeezed vacuum generated by broadband OPAs typically contain many spectrotemporal
modes, which are orthogonal modes that are localized in time and frequency and overlap
with each other in both, and they generally resemble Hermite-Gaussian functions [13].
These modes offer another degree of freedom, or synthetic dimension, for information to
be encoded in and entanglement structures to be generated in. Synthetic dimensions are
popular in optics because light has many degrees of freedom, such as polarization [14,
35, 45, 56|, spatial modes |3}, |§], and frequency [34} [89], many of which can be used in
conjunction. Using these temporal modes concurrently with other information encodings,
it is possible to scale up the amount of modes significantly by multiplicative factors of
the number of modes in use, and to increase the dimensionality of the state. Currently,
there already have been temporally multiplexed optical cluster states generated with tens
of thousands of modes [5 47|, and including a temporal mode encoding in the setup can

potentially increase the number of modes by an order of magnitude.

A multimode squeezed state, and indeed any multimode Gaussian state, has at least
one basis in which the states are uncorrelated, called the principal basis, and measuring
correlations in other bases shows correlations between the modes [30]. It is the basis in
which the state consists of multiple squeezed or thermal modes. It is beneficial to measure
a quantum state in its principal basis, if such a basis exists, because in other bases the
entanglement with other modes causes thermalization and introduces noise when those
modes are traced out [30]. For a multimode squeezed state, for example, the highest
squeezing that can be measured of this state exists in the first principal mode [38, 63,

75].

Cluster states in the temporal mode basis have been generated by measuring multimode
squeezed states in a non-principal basis [15, 73]. Finding this principal mode basis and
characterizing the states in this basis is a crucial next step to take advantage of this
synthetic dimension, but the same broad bandwidth and multimode structure that make

these states useful also make them difficult to verify and control experimentally. The
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usefulness of ultrafast multimode quantum states therefore depends not only on gener-
ating them, but on identifying the basis in which their modal structure and quantum

correlations can be taken advantage of best.

1.3 Quantum optical measurements

Measurements for characterizing quantum light range from characterizing the light in
terms of its modal structure and state content, as mentioned above, to performing mea-
surements during a quantum computation. For example, operating on an ultrafast quan-
tum state in the measurement-based quantum computing scheme necessitates an ultrafast
measurement that can measure one node of a cluster state [69]. Recently, ultrafast quan-
tum teleportation has been implemented using an all-optical measurement scheme using
OPAs to measure the quadrature correlations and feed them forward [81]. As another ex-
ample, photon detection is commonly used to generate photons from a biphoton state [91]
and to herald other non-Gaussian states through photon subtraction [44} 46, 65]. To gen-
erate an ultrafast non-Gaussian state, an ultrafast non-Gaussian operation is needed. In
both of these cases, to achieve THz rates of operations in quantum optics and take advan-
tage of ultrafast light’s large bandwidth, such as gate operations in measurement-based
quantum computing, THz-rate measurements, which can be achieved through optical

means, are crucial.

Photon detection

While there are a variety of photon detection mechanisms, the most common ones today
are single-photon avalanche diodes (SPADs) 18], superconducting nanowire single-photon
detectors (SNSPDs) [29], and transition edge sensors (TESs) [53]. Each of these detec-
tors works by the photon causing a qualitative change in a material (either causing an
avalanche through impact ionization or breaking superconductivity through absorption
of the photon). Due to this material change and the necessity to reset the change before
the next photon detection, these detectors have both a timing jitter which causes uncer-
tainty in the detection time and a longer reset or dead time during which no photons can
be detected. These times come from fundamental physical limitations associated with
the processes of absorption; for example, in an SNSPD, the theoretical physical limit for

timing jitter is estimated to be 0.8 ps for current architectures [24].

The most important figures of merit for these detectors are the efficiency, which is the
probability of detecting a photon given a photon arrived at the detector, and the dark

count rate, or the rate of erroneous clicks given no photons incident on the detector.
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These figures of merit determine the quality of non-Gaussianity which can be generated
using these detectors and the rate at which it can be generated [44, 46| 65], in addi-
tion to determining the effectiveness of implementing quantum communication protocols
[67] and showing quantum advantage in protocols such as Gaussian boson sampling [64].
Thus, these metrics have been optimized for, leading to SNSPDs reaching single-photon
detection efficiencies of over 99% [19,|70] and dark count rates as low as 6 x 107 counts/s
[21], with SPADs having slightly lower efficiencies and higher dark count rates |18]. Fur-
thermore TESs have been reported with photon-number resolution of up to 100 photons
[27].

These detectors have been optimized extremely well for their regimes of operation because
of the importance of these metrics for practical applications. However, their timing jitter
and dead time make them incompatible with ultrafast quantum operations in the THz
regime. SPADs have been reported with count rates of 2.5 GHz [32] and SNSPDs with
count rates in the GHz range [71, (99|, but the dead times are limiting the speed of these
detectors. One alternative to these detectors is to measure the photon using homodyne
detection, which increases the amplitude of the signal optically through interaction with
a local oscillator, and thus makes it possible to take advantage of the higher speeds
of photodetectors relative to single photon detectors [31]. However, even the fastest
photodetectors’ bandwidths [52] pale in comparison to the bandwidths of the broadband
OPAs which are being fabricated today in thin-film lithium niobate. Thus, an ultra-
broadband, perhaps all-optical, measurement system is needed for measuring photons in

this ultrafast regime.

Multimode pulsed measurements

There are both time-resolved methods for measuring multimode pulses of quantum light,
such as electro-optic sampling [41} 72, |97], and mode-resolved characterization methods.
We will focus here on the mode-resolved measurements, although a study of how multi-
mode states respond to time-resolved measurements has been made [97], and one can view
time-resolved measurements as measurements in the time-bin mode basis. Separating a
multimode state into its constituent modes allows for operations on individual modes,
allowing for computation in the spectrotemporal mode, also known as the supermode,
basis 13}, 138, 74, [77].

Homodyne detection with a shaped local oscillator is an extremely common way to mea-

sure the quadrature of a quantum state in a specific mode [15, |68, [73]. The shape of the
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mode which will be measured is determined by the local oscillator shape. This method
has the benefit of amplifying the signal by a factor of the amplitude of the local oscillator
and being inherently single-mode, as long as the local oscillator is single-mode as well.
As mentioned above, measuring the nullifier of a temporal-mode cluster state involves
measuring the quadrature variance of a combination of principal modes, which is done by
shaping the local oscillator to be the linear combination of the modes which defines one
node of a cluster state [5, 47]. Shaping the local oscillator is done with a pulse shaper,
such as a spatial light modulator. The downside of using this method is that the res-
olution of the measurement is limited by the resolution of the pulse-shaping technique,
and that for the optimal measurement results, the principal mode basis must be known
in advance. It is possible to recover this basis by diagonalizing the covariance matrix
from measurements in a non-principal basis |75], but, once again, the resolution of these
recovered modes is determined by the pulse-shaping technique. Lastly, the bandwidth
of the local oscillator and photodetectors limits the bandwidth of the modes and the
rate at which the modes can be measured to GHz, although amplifying the state using a

broadband OPA prior to detection can help circumvent the bandwidth restriction [80].

Diagonalizing the joint spectral amplitude, which is a measure of the correlations between
the signal and idler photon emitted during PDC, is another way of determining the
principal mode basis [79]. In the low-gain or biphoton regime, this technique requires
single-photon spectrometers and knowledge of the complex phase of the pump pulse which
was used to generate the squeezed state. Furthermore, for higher gain, it is necessary
to measure the correlations of higher numbers of photons than just the signal and idler,

which only requires two-photon coincidences.

Another way of splitting up a multimode state into constituent modes is to use a quantum
pulse gate [1, [2, |11, 28]. These devices can be single-output [28] or multi-output [77],
and in either case, they act similarly to homodyne detection in the sense that the shape
of the pump pulse at the input determines which mode is selected for at the output.
Quantum pulse gates separate a mode from the others while still retaining access to
the unselected modes, as orthogonal modes are unaffected, which can be beneficial for
cascaded processing. Once again, the pump pulse must be shaped, which determines the
maximum bandwidth and resolution of the modes that can be selected for. While this
is a mode-selective measurement and not a measurement of the modes, a quantum pulse
gate has been used in conjunction with a closed-loop optimization method in order to

determine the temporal mode shape of a photon [7§].
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Closed-loop iterative optimization has also been proposed for sorting multimode squeezed
light into its most-squeezed supermodes based on self-configuring optics [38, 74]. An
algorithmic approach to determining the temporal mode shape of non-Gaussian states

has been implemented using continuous-wave dual-homodyne measurement [82].

In general, there is a plethora of options by which to measure multimode quantum light,
each with its own benefits and downsides, which can be applied on different platforms.
However, the entire bandwidths of ultrafast optical pulses are still much broader than
the electronic photodetectors being used in these implementations. What is missing is a
broadband measurement technique that can directly recover both the modal structure and
quantum statistics of broadband multimode Gaussian states, without requiring knowledge

of the mode basis or narrow-band electronic detection.

All-optical measurements

Because of the bandwidth limitations of electronic detection mentioned previously that
limit the measurement of light to 100s of MHz, a few all-optical measurement schemes
with a large bandwidth have been devised and implemented to circumvent this limitation.
OPAs have been used for broadband phase-sensitive amplification in conjunction with
photodetectors in squeezed state characterization [62, 80, 92| and non-Gaussian quantum
state tomography [39]. They have also been used for all-optical feedforward without
any photodetection systems in quantum operations such as controlling a squeezing gate
[93] and implementing optical quantum teleportation [81]. These implementations not
having a photodetector allows them to operate at rates limited by the bandwidths of
the OPA and pulses, in this case reaching the milestone of 1 THz. These works show
how lifting the limit on measurement rates allows for ultrafast quantum information
processing, as inline measurements are a part of most quantum computational protocols,
so speeding them up is of vital importance to reaching ultrafast operation and surpassing
classical computational speeds, which take advantage of the GHz clock rates of classical
computers [64]. Besides information processing, quantum communication is also currently
being limited by electronic and electro-optic bandwidths [6, |10] and could also potentially

benefit from an all-optical measurement approach.

Another benefit of using optical amplification rather than electronic amplification is that
amplifying a quantum state optically brings it from the quantum to the classical domain,
in which optical losses do not qualitatively change the state (i.e. losses introduce vacuum,

which reduces or removes Wigner negativity and non-Gaussianity from quantum states).
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Optical phase-sensitive amplification, such as that achieved using OPAs, imprints the
quantum statistics of the state onto the amplified state, which allows state tomography
to be performed even with significant optical losses between the OPA and photodetector
[36, 62, 92]. Furthermore, amplifying the multimode squeezed state with a multimode
OPA and characterizing the state using knowledge of the OPA’s mode structure takes
advantage of the broadband and high-gain amplification and multimode nature of the
OPA [37]. As long as the loss between the state generated and the OPA is minimal, the
state can be faithfully reconstructed. For all these reasons, we believe that OPAs have a
strong position in the world of optical quantum computation, sensing, and communication
and can enable ultrafast operations through their quantum-to-classical conversion and

phase-sensitive amplification.

1.4 Dissertation overview

In this thesis, we discuss new avenues for ultrafast quantum measurements using ultra-
broadband integrated nanophotonic OPAs on thin-film lithium niobate. We investigate
three different measurement schemes that all rely on an OPA to amplify a quantum state
to a macroscopic level rather than a photon-absorption or electronic spectral measure-
ment. The large bandwidths of these OPAs, achieved through dispersion engineering,
span many THz, which opens the door to ultrafast quantum optical information process-
ing and communication. Two of these schemes are implemented experimentally, and the
last is a forward-looking study on the possibilities in mode characterization enabled by

this platform.

In Chapter [2, we briefly give an overview of the theory of continuous-variable quantum
optics, second-order nonlinearities in quantum optics, multimode quantum optics, and
quantum detector tomography. We begin with the notation of annihilation and quadra-
ture operators and describe how quantum states act under the x® nonlinearity. We then
introduce the concept of spectrotemporal modes and show how they relate to the anni-
hilation operators in the time-bin and frequency-bin basis and how the principal mode
basis can be obtained for a pulse-pumped broadband OPA. Finally, we describe how a

quantum detection system can be characterized through quantum detector tomography.

In Chapter [3 we show how OPAs can be used as room-temperature ultrafast single-
photon detectors. We experimentally demonstrate quantum detector tomography of an
OPA detector (OPAD) consisting of an OPA and a photodetector. The performance ex-
tracted indicates a single-photon detection efficiency of 26.5% for a dark-count probability
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of 2.2%, which falls short of state-of-the-art photon detectors. The detector, however,
was operated at 250 MHz, which is on the upper end of state-of-the-art detectors, with
the potential for increasing the speed to 18 GHz when limited by the photodetector. This
OPAD’s performance is not sufficient to generate non-Gaussianity from a Gaussian state
such as squeezed vacuum. Looking forward, we also present a path towards non-Gaussian
operation by performing a quantum non-demolition measurement by post-selecting on a
homodyne measurement of the pump at the output of the OPA. This system can be
achieved with a higher nonlinearity-to-loss ratio (g/x) of about two orders of magnitude
greater than what our OPA exhibits and one order of magnitude greater than the current

highest ratio achieved in lithium niobate [55].

In Chapter [, we experimentally demonstrate multimode ultrafast squeezed vacuum mea-
surements using an OPA. The squeezed vacuum is both generated and measured on the
same chip using broadband OPAs, so both of these OPAs amplify light in multiple modes.
In this chapter, we take into account this multimode nature of the light and extract the
squeezing value both of a mode-averaged measurement based on the photon number
distribution and of the principal squeezing mode, finding 2.41 dB of squeezing in the
highest principal mode and 2 dB of squeezing for the mode-averaged measurement. The
measurements were again taken using an 18 GHz photodetector that can distinguish be-
tween individual pulses, indicating the potential for ultrafast integrated quantum light
processing, and we show how the speed can be improved even further by multiplexing
photodetectors at the output of the chip. We also discuss the effects of pump depletion
on the measured light and account for it in our analysis. While high squeezing can be
measured without accounting for the multiple modes of broadband OPAs [62], we show

here how accounting for this characteristic can improve the performance of the system.

In Chapter 5], we show how to further characterize multimode quantum light not only in its
quadrature variances but also in its temporal mode shapes by adapting frequency-resolved
optical gating (FROG) to quantum states and using a broadband OPA as the optical non-
linearity in the system. The OPA has the dual benefits of amplifying quantum light to a
macroscopically detectable level and performing ultra-broadband phase-sensitive amplifi-
cation that can amplify the whole spectrum of ultrafast quantum pulses. We numerically
simulate the retrieval of mode shapes of four squeezed modes using an adapted iterative
FROG algorithm and show that it functions even with a reduced signal-to-noise ratio
(SNR), with mode shape fidelities of over 0.85 at 15 dB of SNR. Furthermore, we show

that all second-order quadrature moments of a multimode state (i.e. the entire covariance



11

matrix) can be characterized using this method. It is possible to completely characterize
a zero-mean-field multimode Gaussian state with this method. This method works for
non-Gaussian states as well, but does not provide the full information on the state. With
this method, the complete information of a multimode Gaussian state can be obtained
with a single measurement without pulse-shaping or closed loops, and the bandwidth is
not limited by pulse-shaping techniques or electronic photodetector bandwidths, which

is in stark contrast to current mode-shape measurements and selections.

Finally, in Chapter [0 we will discuss future directions that may become available to non-
linear quantum optics, and quantum optics in general. In the near term, performing
operations on multimode ultrafast quantum optical states in the temporal mode ba-
sis offers a convenient way to generate large entangled states simply by changing the
measurement basis, which opens the door to performing quantum optical information
processing through measurement-based quantum computing, as has been done in time-
multiplexed cluster states [4, 48]. The advances in fabrication technology on lithium
niobate and other materials have already allowed the field to progress in terms of achiev-
able operating regimes, and further such advances are likely to open up regimes such as
deterministic non-Gaussianity |94} [95] or probabilistic large-scale quantum information
processing (7}, [59]. Furthermore, inhomogeneous material integration allows for combining
multiple materials in order to take advantage most fully of the benefits of each material
[98].
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Chapter 2

BACKGROUND ON QUANTUM, NONLINEAR, AND ULTRAFAST
OPTICS

2.1 A brief introduction to continuous-variable quantum optics
We will first go over the basics of quantum optics and define the useful operators and

concepts that will be central to the thesis.

We denote a pure quantum state by its state vector |¢)). Pure and mixed states can be
described using a density matrix p, which is in general the sum of the density matrices

of pure states:

p= an [Un) (¥nl (2.1)

where p, is the probability of the system to be in the state [¢,). As the density matrix
has trace 1, the probabilities p, must sum to 1. The purity of the state is p = Tr[p?|
which simplifies to p = 3, p2, which is a measure of the amount of pure states that

contribute in the sum.

In the case of light, a common basis in which to describe a state is the photon-number,
or Fock basis. We denote the photon number states, or Fock states, by their number as

|n), such as |0) for the vacuum state and |1) for a single photon.

The annihilation operator a acts on a Fock state as

an) =vnln—1). (2.2)

The creation operator is the adjoint of the annihilation operator and acts on Fock states

as
a'n) =vn+1|n+1). (2.3)
The canonical commutation relation is [a,af] = 1.

As these operators are not Hermitian, they are not observables. Commonly measured

observables of quantum light include the quadratures, which are defined as
&= —(a+al (2.4)

p=—(a—ab), (2.5)
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up to a normalization constant (sometimes the constant factor in front is 1/1/2). These
can be thought of as the in-phase and out-of-phase parts of a single mode of the electro-

magnetic field. Arbitrary quadratures which mix these are sometimes used:

2(0)
p(0) = pcosb + Zsind. (2.7)

Zcos — psind (2.6)

In this normalization using natural units (A = 1) the commutation relation for these is

[2(0), p(#)] = % for all angles 6. The vacuum variance is

1
AR = Ap2. =~ (2.8)

vac vac - 4

for A22 = (22) — (2)? and (A) denoting the expectation value over a state 1) of some
operator A as (A) = (Y| A|1p). The quadratures can take on any continuous value
when they are measured, and thus they are commonly manipulated and measured in

continuous-variable (CV) quantum optics.

The other most commonly measured observable is the photon number

N = afa. (2.9)
Unlike the quadratures, this observable takes on discrete values when measured (as it’s
possible to measure only discrete numbers of photons when projecting onto the photon
number basis), but adding and subtracting photons is still commonly done in CV quantum

optics.

Quantum optical states can be depicted in optical phase space, using the Wigner quasi-

probability distribution

W(a) = 732 / eC oS Ty pete’ =<4 g2 (2.10)
where o = x + ip is the coordinate in the phase space spanned by the quadratures x
and p, ( is a complex number, and Tr is the trace operation. Some example Wigner
functions are shown in Fig. 2.1b-e). It is not an actual probability distribution because
it can take on negative values for some quantum states, such as photons (Fig. [2.1{d)).
This distribution shows the effects of Gaussian operations quite intuitively (such as the
squeezing operator squeezing and stretching the distribution and the displacement op-
erator moving the distribution around), making it a useful representation of a quantum

state in CV quantum optics. In addition, Gaussian states have Wigner distributions that
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Figure 2.1: Description of phase space and example Wigner functions. (a) Phase space
and two vectors in it. The space is spanned by the quadratures x and p, and a location in
it av is defined by two coordinates, either the = and p values or the distance from the origin
|a| and the direction 6. Rotating the quadratures in phase space as defined in Eqn. is
shown as well, with () and p(6) being orthogonal to each other. (b-e) Wigner functions
of (b) vacuum, (c) 4-dB squeezed vacuum, (d) a single photon, and (e) a Schrodinger’s
cat state (< |—a) + |a) for @ = 0.8). The approximate vacuum quadrature variances
A2% and Ap? and quadrature variances of the squeezed vacuum Az? and Ap? are shown
in plots (b) and (c), respectively.

are two-dimensional Gaussians in this space. Finally, negativity in the Wigner function
is an indicator of the usefulness of the state for quantum information processing beyond
Gaussian protocols, including universal quantum computation that is accelerated beyond

the capabilities of classical computers |1, |6} |10].

2.2 Nonlinear optical interactions
The polarization P of a material can be dependent nonlinearly on the electric field F

which is applied to it. That is,
P=co(xWE+xPE? +xOE3 .., (2.11)

where gy is the vacuum permittivity and y™ is the n'"-order nonlinear susceptibility
(except for the first-order "), which is the linear susceptibility). The magnitudes of the
susceptibilities decrease as their order increases, and thus it suffices to study the largest
order which exists in the material. We focus on the second-order nonlinearity, which is

present in lithium niobate which is central to this work.
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A second-order nonlinear material enables three-wave mixing processes such as sum-
frequency generation, in which two photons combine to form one with higher energy, and
parametric down-conversion (PDC), in which one photon (the pump) becomes two (the
signal and idler). We focus on PDC. Energy is conserved in PDC, as the frequencies of

the signal and idler photons must sum to the frequency of the pump photon:

Wy = Ws + w;. (2.12)

Momentum is also conserved. The wavevectors of the photons are related to their mo-

menta and thus must satisfy the relation
k, — k, —k; =0, (2.13)

where k are the momentum vectors for the pump, signal, and idler. Achieving this so-
called phase-matching condition is done using many methods, but the one employed in
this work is quasi-phase-matching through periodic poling [8]. In this technique, the
orientation of the crystal domains are flipped at regular intervals in order to generate
a first-order approximation of an additional momentum vector. This additional vector’s
length is proportional to the interval at which the domains are flipped, and thus periodic

poling is a flexible way to satisfy this condition.

We mainly consider degenerate type-0 PDC, in which wy, = w; = w,/2 and the polarization
of the signal, idler, and pump photons is identical. In this special case, the signal and
idler are indistinguishable, and a material with (¥ implements the interaction-picture
Hamiltonian

H = ir(a'?h — a?bh), (2.14)

where a is the annihilation operator of the signal and idler and b is that of the pump.
r is the nonlinear coupling strength and depends on x?. We also typically make the
approximation that the pump is very strong and thus is not depleted significantly by the
PDC, so that the operator b becomes a complex constant [ which depends on the pump
strength.

Under the undepleted-pump approximation, this Hamiltonian enacts the squeezing op-
erator S &) = exp(%(ﬁ*d2 — §&T2)> on the signal state for complex squeezing parameter
¢ o k[t for interaction time £. The input state at the signal frequency will be amplified
in one quadrature and de-amplified in the other. The angle at which the state is squeezed
is determined by the relative phase of the pump and signal beams. This squeezing oper-

ation amplifies the state in one quadrature and squeezes it in the orthogonal quadrature,
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implementing a phase-sensitive amplification. If there is no input signal, then the process
is called spontaneous PDC (SPDC) the squeezing angle is determined by the relative
phase of the pump and measurement laser beams for typical measurement techniques

such as homodyne.

The amount of squeezing is typically reported as the ratio of the variance in the most

squeezed quadrature of the state to the variance of vacuum:

AZ?
Sq = = 2.15
17 am, 21
and also extremely commonly reported in dB:
Sqap = 101og,((Sq). (2.16)

Anti-squeezing is similarly reported as the ratio of the variance of the most anti-squeezed

quadrature to that of vacuum.

The amount of squeezing for a certain amount of anti-squeezing is limited by the Heisen-
berg uncertainty principle, which states that for non-commuting observables (such as &
and p in this case),

o 1., . 1
AZ*AP* > Z|<[%P]>|2 =16 (2.17)

in our normalization. This relation implies that the absolute value of the amount of
squeezing in dB cannot exceed the amount of anti-squeezing in dB. However, the amount
of anti-squeezing for a certain level of squeezing has no upper bound. As the state becomes
more thermalized, or mixed, the amount of squeezing decreases while the amount of anti-
squeezing does not decrease as much. For a single-mode Gaussian state, the purity of the

state can be written as .

P=—"F———
4/ AGAG,

for ¢sq being the squeezed quadrature and §,sq being the anti-squeezed quadrature.

(2.18)

One way of describing squeezing is using the Heisenberg picture. In this case, the anni-

hilation operator undergoes the Bogoliubov transform

A

@ = acoshr + ale " sinhr (2.19)

where ¢ = re??. It acts on the rotated quadrature operators in a particularly convenient

way:
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When the input state is vacuum, a second-order nonlinear device such as an OPA that
is phase-matched for PDC will generate squeezed vacuum when pumped at the second

harmonic. In the Fock basis, squeezed vacuum takes the form of

\/(2n)!
S(€)10) = \/WZ ® tanh 7)™ 2(%!) |2n) (2.22)

which indicates that this state consists of a superposition of the even-photon-number Fock

states |2n). For weak squeezing (r < 1), only the vacuum and two-photon contributions

are significant, and we can approximate the state as a biphoton state.
For strong squeezing, the OPA acts as a phase-sensitive amplifier of only one quadrature.
This can be seen when considering the photon number at the output of an OPA:

R = @(0)) + #(0) — 5 = a%0) + e 7i0) — . (2.23)

For a high-gain OPA, ¢ > > ¢~ %" and
N =~ e*#%(0), (2.24)

so when measuring the photons using a photodetector or another photon-number mea-
surement, only the amplified quadrature Z(6) contributes. Most importantly, the quadra-
ture statistics of the state are preserved, as the probability distribution of photon numbers

follows .,

VN

so measuring the photon number distribution gives one-sided information (no negative

P(N) = S—P(2()), (2.25)

values) on the distribution of the amplified quadrature, which can be used for state

tomography of symmetric states like in [5].

The variance of an input state is proportional to the state’s variance
(N) = e* (22). (2.26)

For example, an OPA can be used to measure squeezing by comparing the average photon

number of the squeezed quadrature to that of vacuum, which leads to

(N) _ er(@?)
<Nvac> e’ <$\2/ac>

= 5q, (2.27)

which works because both states are amplified by the same amount e
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2.3 Multimode and ultrafast quantum light

In the pulsed regime, quantum states can be thought of as living in a temporal mode.
One interpretation of these modes is that if you measure when the state arrives, it will
follow a certain distribution determined by the mode. Another interpretation is that in
order to measure or manipulate the state with as little loss as possible, the operation
must be mode-matched (e.g. homodyne detection must use a local oscillator pulse of the

same shape).

An annihilation operator can be assigned to a temporal mode shape v (t) as

Gy = / S(H)a(t)dt, (2.28)

where a(t) is the time-bin annihilation operator for time ¢. As these modes typically have
significant support in both time and frequency, they are called spectrotemporal modes

and can be referred to in both domains. For example @, can also be written as

a, = / D (w)a(w)dw, (2.29)

where ¥(w) = F{¥(t)} and a(w) is the frequency-dependent annihilation operator. In

this thesis these modes may also be called temporal modes.

A broadband OPA pumped by an ultrafast pulse is typically multimode [11], which
means it emits squeezed light in many spectrotemporal modes. These modes each act as

a separate OPA that enacts the Bogoliubov transform on that temporal mode as

ao™ = a™ coshr, 4+ afe =" sinhr,, (2.30)
for input modes
o = / SR ()a(t)dt (2.31)
and output modes
ag = [wnaltar. (2.32)

These modes can be thought of as the eigenmodes of the OPA’s squeezing transformation.
If an input pulse is sent in an input eigenmode, then the output will be in a single output
eigenmode. In general, the input and output modes of an OPA are different, but in the
special case where the pump is unchirped (has a flat spectral phase) in the center of the
OPA, then the modes become complex conjugates of each other in the frequency domain

(P2 (w) = Y™ (w)), or time-reversed with respect to each other in the time-domain
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[11]. Due to the requirement of satisfying the commutation relation [d,,, al] = 6., these

modes are orthonormal and satisfy the relation

[ de = [ st @ue @)dt = s, (2.33)
for d,,, being the Kronecker delta.

The shape of the modes can be determined by performing a Schmidt or singular value
decomposition (SVD) and diagonalizing the joint spectral amplitude (JSA) J(ws, w;). The
JSA is a complex function of the signal and idler frequencies that governs the spectral
distribution of creation of pairs of photons in PDC, and the interaction Hamiltonian in

this broadband case is

Hipy o // J(wy, w;)at (ws)a (w;)dw,dw; + h.c. (2.34)

In the weak-squeezing biphoton regime, the JSA governs the frequency correlations be-

tween the emitted photons:

Wspno) = [00) + / / T(ws, i) 1o, 1o ) dewsdas, (2.35)

up to a normalization constant, where |00) is the vacuum state and |1,,1,,) is the biphoton

state with photons at frequencies w, and w;.

The JSA can be approximated in the low-gain regime as the product between the phase-
matching condition ®(Ak(ws,w;)), where Ak(ws,w;) is the phase mismatch, and the
energy-conservation condition o(ws + w;). The phase-matching term is typically of the

form e(k(ws)—k(wi))L/2

sinc(LAk/2) for an OPA of length L. The energy-conservation con-
dition’s form depends on the shape and frequency of the pump, as it exists to ensure that
ws +w; = wp, and typically it is a Gaussian shape smeared along the anti-diagonal of the
frequency correlation matrix. A simulated example of these matrices can be seen in Figs.
2.2(a-c) for a waveguide OPA on thin-film lithium niobate with waveguide top width 900

nm, thin-film thickness 680 nm, and etch depth of 420 nm.

To identify the principal modes of the system in the weak squeezing limit, we perform
a Schmidt decomposition on the biphoton state. Mathematically, this is equivalent to
performing an SVD on the JSA. The resulting singular vectors define the orthonormal
basis of spectrotemporal supermodes, while the singular values determine the weight and
squeezing level of each individual mode. Performing an SVD on the JSA yields three
matrices:

J=UxVT, (2.36)
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Figure 2.2: Simulated joint spectral amplitude of a broadband OPA in the low-gain regime
and its singular value decomposition. (a) The phase-matching term ®(Ak(ws,w;)) =
sinc(AkL/(2m)) for a waveguide OPA in thin-film lithium niobate with waveguide top
width 900 nm, thin-film thickness 680 nm, and etch depth of 420 nm. (b) Energy con-
servation term o(ws + w;) for a 100-fs Gaussian pump centered at 1045 nm. (c) Joint
spectral amplitude J(ws,w;) = P(Ak(ws,w;))a(ws + w;), which is valid in the low-gain
regime. (d) Breakdown of how the JSA describes the action of a multimode OPA. The
matrices U and V' describe the output and input mode shapes, respectively, and the
diagonal matrix ¥ contains the squeezing parameters &,. (e) The input modes for the
OPA. (f) The relative mode weights. (g) The output modes.
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where the columns of U contain the output modes (or rather, the linear transformation
between the frequency basis and the output mode basis) and the columns of V' contain
the input modes (also a linear transformation). 3 is a diagonal matrix containing the
singular values, which are equal to the squeezing parameters o, = r,, = |£,|, along the
diagonal, which, in the weak-squeezing regime is approximately the square root of the
mode energy sinh?r,. An illustration of these matrices’ roles in the characterization of
the broadband OPA and some example modes are shown in Figs. 2.2(d-g). In the weak-
squeezing regime, these input and output modes are equivalent to the signal and idler

modes of the photons [11].

The Schmidt number K and its inverse, the spectral purity ps = 1/K, are measures of
the effective number of modes populated in a multimode squeezed state generated by an
OPA. Because there are a theoretically infinite number of modes being emitted, and each
mode’s contribution to the output state can vary dramatically. Rather than set a cutoff,
we would like to see how single- or multimode a state is based on the distribution of the

squeezing parameters encoded in ». The Schmidt number is defined as

. (Znsinh?rn)2 N < nri)z - < n0721>2 2.37)

!
>, sinh® r, >k >, ok

where the approximation holds for small squeezing values r, < 1 [4]. The purity is

equivalent to the purity of a single photon that is heralded by detecting the other photon
of a biphoton state generated by weakly pumping the OPA. It is important to note
that the effective number of modes K is gain-dependent. In the high-gain regime, the
exponential nature of parametric amplification (the sinh?®) leads the primary Schmidt
modes dominating the state, reducing the number of modes compared to the low-gain

regime.

In addition to describing the number of populated eigenmodes, K is also used to quantify
the amount of entanglement present in the system. If K = p, = 1, then the signal
and idler photons are uncorrelated and unentangled, and the state is single-mode and no
entanglement can be generated from this state alone. The higher K is and the lower p;
is, the more entanglement is present in the system. The entropy of entanglement of such

a state is related to the squeezing parameters through
S==> Alogy A\, (2.38)

where ), = sinh®r, /> sinh? 7, are the normalized eigenvalues |7, [12].
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In order to characterize a multimode Gaussian state (one whose Wigner distribution is
Gaussian), it is sufficient to know its covariance matrix and displacement vector. The

covariance matrix in terms of quadrature operators is defined as
L A
Cij = 5 ({1AG, Adj}) (2.39)

for G € {&,,p,} for all modes n and {, } denoting the anticommutator. The covariance
matrix contains information about the second-order moments of the state. It also contains
information about the purity of the state. The more general form of Eqn. for

multimode Gaussian states is

1
b= vdet C

where det signifies the determinant of a matrix.

(2.40)

Because squeezed states are Gaussian, a multimode squeezed state always has a basis
in which the modes are uncorrelated, or, equivalently, in which the covariance matrix
is diagonal [2]. This basis is called the principal basis and is important for measuring
and manipulating these multimode states. For a covariance matrix that is diagonal,

simplifies to

p= H (2.41)
\/ qsq nAqasq n

which is the product of the purity of the state in each mode n. Note that the spectral
purity is separate from the state’s purity, and a multimode state that has low spectral
purity (i.e. contains many modes) may have high purity if the state in each mode has
high purity. The reverse is also true, in that a single-mode state has high spectral purity

but may be a very mixed state with low purity.

The displacement vector is
D; = (4) (2.42)

and measures the displacement of the state from the origin, which is the first-order
moment. Because the state is Gaussian, no information about higher-order moments is
necessary. In this thesis we will mainly concern ourselves with the characterization of
zero-mean-field states, whose displacement vectors are all zero. This is because using
a phase-sensitive amplifier such as an OPA followed by a photodetector to measure the
quadrature of a state measures 22 rather than # as homodyne typically does. Thus, full
knowledge of the state is only obtained through this measurement if the state is mirror

symmetric about two perpendicular axes going through the origin in phase space (e.g.
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the z and p axes and their rotations), and this constraint leads to the zero-mean-field
assumption. Luckily, many important Gaussian and non-Gaussian states such as vacuum,

Fock states, squeezed vacuum, and Schrodinger’s cat states all satisfy this constraint.

Non-Gaussian states require information about higher-order moments, and characterizing
the Wigner function requires the full probability distribution along many directions in
phase space. Quantum state tomography using these probability distributions is the most
general method of characterizing a state in phase space, and has been used using inverse
methods such as maximum likelihood estimation to determine the state’s density matrix
[9]. These states can be intrinsically entangled, in which there is no basis in which the
modes are uncorrelated. Some examples of non-Gaussian states are single photons and

Schrodinger’s cat states.

2.4 Quantum detector tomography
A quantum detector can be defined by its positive operator-valued measure (POVM),

which is a collection of Hermitian matrices {II,,} for which
Y I, =1 (2.43)

and each matrix is positive semi-definite. They define measurement results, labeled by n,
for which the probability of obtaining the result n when measuring a state p is given by
Tr [ﬁﬁn} The elements I, are not necessarily orthogonal, and the number of elements

can be different than the dimension in which they act.

The POVM does not give enough information to obtain the state after measurement. This
is because a POVM is the most general description of a measurement. The information
about the output state is given by the projection valued measure (PVM) which is actually
happening. Much like a pure state generalizes to a mixed state, a POVM gan be thought
of as the action of a PVM onto a subsystem of a quantum state. The POVM elements
can be decomposed into

I, = Al A,. (2.44)

However, it can be seen that substituting A, — UA, for any unitary U preserves the
equality and thus A, is only defined up to this unitary. The exact unitary can be found

by considering the entire PVM.

For some expansion into A,,, the state after measuring state p and obtaining result n will
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P = m‘ (2.45)

Performing quantum detector tomography by determining the POVM of a quantum mea-
surement is the most complete way of characterizing a detection system. One way of
doing so [3] is to send in a known informationally complete ensemble of states and use

the measurement results to invert the following equation:
Py = Tr[polL, ] (2.46)

where « labels the different states (in anticipation of the fact that most states used for
quantum detector tomography are coherent states) and P, ,, is the probability of measur-
ing result n from state «, which can be obtained experimentally. Inverting this equation
is commonly done using convex optimization, because the requirements of satisfying the
above equation, Eqn. and that of the matrices being Hermitian and positive semi-
definite lend themselves well to this technique. If the measurement is not phase sensitive
(such as single-photon detection), then it suffices to measure the diagonals of the POVM
matrices, as the off-diagonals are zero. However, for a phase-sensitive measurement, entire

matrices must be retrieved.

It is interesting to note that although the probe states may be coherent and thus exhibit no
quantum behaviors, as long as they cover the relevant parts of phase space, full quantum

information about the detector can be obtained.
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Chapter 3
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NANOPHOTONIC PARAMETRIC AMPLIFIER
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ABSTRACT

Integrated photonic quantum information processing (QIP) has advanced rapidly due to
progress in various nanophotonic platforms. Single-photon detectors have been the sub-
ject of intense study due to their ubiquity in QIP systems, yet many detectors operate
at cryogenic temperatures under vacuum and are limited in operating speed by their
dead times. We propose and characterize an all-optical single-photon detection scheme
based on optical parametric amplification in nanophotonic lithium niobate (LN) combined
with a macroscopic photodetector. We use quantum detector tomography and experi-
mentally determine the positive operator-valued measure of the detector. The detector
operates at room temperature at a count rate of 250 MHz and is readily integrated in LN
nanophotonics. While the demonstrated experimental performance falls short of existing
photon detectors, we show that in the future, by improving the nonlinearity-to-loss ratio
and using homodyne detection on a squeezed pump, the detector can achieve a perfor-
mance sufficient to create non-Gaussian states, such as Schrodinger’s cat states. Our
results highlight a path towards all-optical photon detection for scalable high-throughput

nanophotonic quantum communication and information processing.
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3.1 Introduction

Photonic QIP has been the subject of intense research, due to photons’ long coherence
time and their minimal interaction with thermal noise [37]. In particular, temporal
multiplexing schemes have been of interest due to their scalability while using minimal
spatial modes [2, 24} 33] and the use of time as a synthetic dimension [4], in addition
to the ease of interfacing with optical quantum communication. Single-photon detectors
(SPDs) are the most widely used detectors in photonic QIP, for both determining the
outcome of a computation in discrete-variable (DV) QIP [21} [37] and for generating non-
Gaussian states, necessary for universal continuous-variable (CV) QIP [3, [30], such as
Schrodinger cat and kitten states [38] and GKP states [15] 22)].

Some of the most widely used single-photon detectors include superconducting nanowire
single-photon detectors (SNSPDs) [13], transition-edge sensors (TESs) [29], and single-
photon avalanche diodes (SPADs) [6]. SNSPDs benefit from their high efficiency (over
99%) |7, |40], low dark count rates [8], short timing jitter (as low as 3 ps) [23], and high
count rates up to the GHz level [41} |54]. TESs can distinguish between different numbers
of photons, up to 100 [12], while having high efficiencies but have a longer reset time
and timing jitter compared to SNSPDs [25]. SPADs operate at room temperature and
atmospheric pressure and have been operated at 2.5 GHz [17] but tend to have higher
dark count rates and lower efficiencies than SNSPDs [6]. These technologies are highly
optimized for their respective operating regimes and represent mature, continuously im-

proving platforms.

Using an alternative scheme for single-photon detection, such as homodyne detection [16],
is a promising direction for circumventing some of these problems with current detectors,
such as the speed limitations. Crucially, any new detector must retain the most important

characteristic of projecting the incoming state onto the single-photon state.

Moving QIP systems to integrated photonics is of growing interest due to the stability
and compactness of the components and their scalability [27, 43} [55]. Spatial confinement
in nanophotonics combined with dispersion engineering enables utilization of ultrashort
pulses and provides higher peak intensity, leading to higher nonlinear interaction efficien-
cies. Quantum photonics can benefit from the low loss and strong light-matter interaction
offered by integrated platforms 34, 46]. Recently, nanophotonic optical parametric am-
plifiers (OPAs) with gains of 100 dB/cm have been demonstrated [26], opening up new
avenues for quantum state engineering and measurement |19} |36} 48, 53|. Currently, sin-

gle photons on photonic chips are detected by either outcoupling them to SPDs off chip
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[1] or integrating the detector onto the photonic chip and placing it in a cryostat [42] |45].
Unfortunately, outcoupling photons from a chip leads to a lower total detection efficiency
due to the outcoupling loss, and integrating an SNSPD onto a photonic chip creates

fabrication and performance challenges due to the cryogenic operating temperatures.

In this work, we utilize a high-gain nanophotonic optical parametric amplifier (OPA)
to experimentally realize an all-optical room-temperature single-photon OPA detector
(OPAD) and analyze its prospects for QIP. We experimentally implement such a detector
using a periodically poled thin-film lithium niobate (TFLN) waveguide OPA pumped
by a mode-locked laser and a fast InGaAs photodetector (PD). We analyze the PD
OPAD’s performance using the positive operator-valued measure (POVM) framework

and quantum detector tomography [14] to extract the efficiency and dark count rate.

Current experimental limitations do not allow for a high-performance OPAD, limiting its
efficiency and dark count rate because it is a Gaussian operation and not able to impart
Wigner negativity. The PD OPAD is not intended to outperform SNSPDs, TESs, or
SPADs in efficiency or dark counts. Rather, it targets a complementary on-chip room-
temperature high-throughput regime, accepting the tradeoffs of using a fundamentally
Gaussian operation while taking advantage of the benefits of using a macroscopic pho-
todetector and integrated OPA. These include a potentially higher speed of operation
and time-gated operation, which mitigates dark counts arising from amplified vacuum
and stray photons and allows for resolution of photons in neighboring time-bins, at the
cost of not detecting photons when the pump is absent. The current efficiency and dark
count limitations of the OPAD cannot be substantially improved within a purely Gaussian

architecture but rather by extending operation into the non-Gaussian regime.

We also propose, as a path to non-Gaussian operation, an advanced variant we call
the homodyne detector (HD) OPAD, which achieves an efficiency on par with current
single-photon detectors, based on the quantum non-demolition (QND) scheme from [53].
Through simulations, we show that Schrodinger’s kitten states can be created using an
HD OPAD for photon subtraction from squeezed vacuum. We discuss the experimental
advancements needed for implementing this version of the detector in the near future,
such as creating single-mode OPAs [52] and increasing the nonlinearity-to-loss ratio [31].
These two detectors show how to extend the utilization of high-gain integrated waveguide

OPAs into single-photon detection and further the process of integrating ultrafast optical

QIP.
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Figure 3.1: Detecting photons with an OPA and a macroscopic photodetector. (a) The
concept of the single-photon OPAD. A microscopic quantum state is amplified in a waveg-
uide OPA to levels detectable by a macroscopic PD. A threshold is applied to the detected
pulse to categorize the signal as single photon or vacuum. (b) Simulated photocurrent
distribution from a PD when the input to the OPA is vacuum (dark blue) or a single
photon (red). An example click threshold is shown. (c) Simulated dark count rate (green)
and efficiency (red) as a function of photocurrent click threshold.

3.2 Photodetector OPAD Theory

Figure [3.1)(a) shows the concept of the OPAD, which uses an OPA followed by a macro-
scopic photodetector. We define the criteria for a click, as shown in Fig. [3.1j(b), to be
a threshold in the photocurrent. The photocurrent distributions were calculated for an
OPA with 50 dB of gain and for photons at 2.09 um. The laser repetition rate is 250
MHz, and the PD responsivity is 1.09 A/W. In Fig. |3.1c), we show how the single-photon

detection efficiency and dark count rate are affected by the threshold photocurrent.

In order to more precisely describe the OPAD, which is a phase-sensitive detector due to
the phase-sensitive amplification of the OPA, we use the POVM framework, which fully
describes any quantum detector [14]. The efficiency and dark count rate are found in the

POVM elements of the click detector, as we will show. The POVM of a PD OPAD with
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imperfect efficiency and Gaussian electronic noise, following [9], is

L, = >~ P(n|m)S'(€) [m) (m] S(¢) (3.1)

m>0
where P(n|m) is the probability that the PD will register n photons when m photons
arrive at the detector. We assume that the OPA is operating at degeneracy in the low
pump-depletion, linear gain regime, so that it implements the single-mode squeezing
operator S(€), for squeezing parameter £. P(n|m) depends on the PD’s efficiency 1 and

sources of Gaussian noise as

P(n|m) =} Ps(nlq) P,y(qlm), (3.2)

q=>0

where

P, (nlq) = exp (‘("‘q)) (33)

202
is the probability of detecting n photons given ¢ photons arrived at the detector and there

is Gaussian noise with standard deviation o, representing the electronic noise. The term

Py(qlm) = (L —n)" (3.4)

¢'(m —q)
is the probability that ¢ photons are detected after m photons pass through a beam-
splitter with transmission 7, which models the finite efficiency n < 1 of the PD.

This photon number based POVM model represents the most pertinent aspects of a
macroscopic PD. In order to convert photon number to photocurrent, which is the mea-
sured quantity, one can multiply the photon number by a constant conversion factor
EpnfrepR, with Ep;, the photon energy, f., the repetition rate if using a mode-locked
laser, and R the photodetector responsivity. The lack of photon number resolution of

macroscopic PDs comes from the large width of the Gaussian noise.

We model a click detector by setting a threshold number of photons Ny, above which the
detector registers a click. Then, the click POVM is

1_[click = Z Hn (35)

n>Nip
and Il ek = 1 — Heiek. The probability of getting result k is pr = Tr(pllg), so the
single-photon efficiency is the (1,1) matrix element of Il in the Fock basis, and the

dark count rate is the (0,0) element of the same matrix. All the summations are over all
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photon numbers, but for computational purposes it suffices to sum over photon numbers
within the range where there is significant probability density based on the squeezing

parameter and noise standard deviation.

When the macroscopic detection system is simply a photodetector, the performance of
the OPAD is limited by how well the system can distinguish between vacuum and a single
photon, which is not perfect due to the Gaussian noise erasing the parity information of
those states. However, a squeezed single photon has more probability distributed at high
photon numbers, and hence photocurrent, than squeezed vacuum does. Therefore, setting
the threshold involves a trade off between two sought-after qualities in a single-photon
detector: low dark counts, which occur when measuring the amplified vacuum results
in a photocurrent above the threshold and causes a click; and high photon detection
efficiency, which is the probability that measuring a squeezed single photon results in a
click. This trade-off can be seen in Fig. [3.1fc). In the high-gain linear squeezing regime,
a PD OPAD is equivalent to setting a threshold on a quadrature measurement. This
is a fundamentally Gaussian operation and cannot impart any Wigner negativity on a
Gaussian state. Even though the PD OPAD can distinguish imperfectly between vacuum
and a single photon due to their different phase-space distributions, it cannot project a
state onto the single-photon subspace well enough to create a non-Gaussian state, for
example through photon subtraction. Moving to an alternative architecture like the HD

OPAD is one path towards non-Gaussian operation.

It is also important to note that the gain of the OPA has almost no effect on the per-
formance; as long as the detector noise is high enough to erase parity information (as it
almost always is) and the gain of the OPA is high enough to amplify the signal above
the PD’s noise floor, then the performance follows Fig. [3.1(b) but with a scaling factor

on the photocurrent.

The dark count rate is here presented as a percentage due to the time-gated nature of the
OPAD, which amplifies vacuum as well as any signal when the pump is present. Thus, the
specific dark count rate depends on the rate of detection and thresholding, with typical
rates being very large by the standards of current SPDs [8]. For example, in the case of
a typical mode-locked laser repetition rate of 250 MHz, a 4% dark count rate would lead
to a dark count rate of 107 counts per second. The dark count rate-efficiency tradeoff

cannot be eliminated without moving to a non-Gaussian architecture such as the HD
OPAD, which we give the details of in Section [3.5]
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Figure 3.2: Experimental quantum tomography of an OPA-based detector. (a) Exper-
imental setup for quantum tomography, including Wigner functions of the generated
coherent and coherent squeezed states (not to scale). BPF: band-pass filter; LPF: low-
pass filter; PD: photodetector; FC: fiber coupler; OSA: optical spectrum analyzer. (b)
Average photocurrent of pulses as a function of coherent state angle. (c) Histogram of
the pulse photocurrents for amplified and de-amplified coherent states and vacuum.

3.3 Experimental realization of phototdetector OPAD

Experimental setup

Using quantum detector tomography |14} [32, [35], we characterized an OPAD made up
of an integrated TFLN waveguide OPA (2.4-mm long) and an InGaAs photodetector, as
shown in Fig. |3.2[(a). The waveguide was dispersion engineered for minimal group velocity
mismatch between the signal and the pump and for minimal group velocity dispersion at

the signal’s and pump’s frequencies [26].

The TFLN chip has a thickness of 700 nm, waveguide etch depth of 345 nm, and width
of 1.85 um. The poling period is 5.22 um. We estimate that the group velocity mismatch
between the fundamental and second harmonic is 5.2 fs/mm, and the group velocity
dispersion at the fundamental is 120.1 fs?/mm and at the second harmonic it is 28.4

fs? /mm.

We characterized the chip’s gain and output coupling by measuring the OPG power as
a function of pump power. We did so by blocking the signal path from the OPO and
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adjusting the pump power using a half-wave plate and polarizing beam-splitter. The data
we collected is shown in Fig. [3.3] The equation we fit to is

Popc.off = hwsnoc frep sinhQ(L\/nNLmCPpump,off) (3.6)
~ Mwshoc frep or/axinic Prompors (3.7)
1 ’ |

where the last approximation is in the large-gain regime. Pppg s is the OPG power
off-chip, Pyump.off is the pump power off-chip, noc is the output coupling efficiency
of the chip, nic is the input coupling efficiency, w, is the signal frequency, f,., is the
laser repetition rate, L is the length of the OPA, and 7y, is the normalized second
harmonic efficiency. We fit to a linearized version of the equation, In(Popgorr) =
In(Awsnoc frep/4) + 2by/ Poumpogs- We find noc = 0.102 and b = L./jnp7ic = 16.3
with standard deviations of the fit o,,, = 0.027 and o, = 0.328. Thus, the output
coupling loss is 9.9 dB. The transmission loss through the chip is 25 dB, which leads
to an input coupling loss of approximately 15.1 dB. This is likely due to the mode
mismatch between the output of the reflective objective and the waveguide. We find
nyr = (1.46 £ 0.06) x 10> W lem™2.

We sent coherent states of known amplitude and phase created by an optical parametric
oscillator (OPO) into the OPAD to gather data for POVM reconstruction, as is typical
for characterizing single-photon detectors [14]. We pumped both the OPO and the OPAD
with 75-fs pulses at 1.045 um at 250 MHz from a mode-locked laser. The coherent states’

amplitudes were adjusted with a neutral density filter.

To reduce the multi-mode effects in the amplified light and filter the pump out, we used a
48-nm bandwidth band-pass filter centered at 2.09 um. In addition to this filter, we used
one 1330-nm long-pass filter and two 1500 nm long-pass filters, which provided 150 dB of
total pump rejection. Both the coherent states and the pump pulses were coupled onto

the chip using a reflective objective and outcoupled onto a tapered single-mode fiber.

Using a 90/10 beam-splitter, we recorded both the individual pulse photocurrent am-
plitudes and a slower signal from an optical spectrum analyzer (OSA) containing the
amplification and de-amplification envelope of the signal (amp/de-amp) as the coherent
state’s phase was swept. The pulse data was recorded using an InGaAs photodetector
with an 18 GHz bandwidth with an 80Gs/s 40GHz oscilloscope, enough to resolve indi-
vidual electronic pulses. The amp/de-amp curve from the OSA was used to determine the

phase 6 of the coherent state relative to the pump. The phase # is scanned by tuning the
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Figure 3.3: OPG power as a function of pump power. We used a subset of the data
which is in the undepleted pump regime and also with high enough power to consistently
register on our detector, shown in blue. The average power is shown as the green line for
illustration purposes. The fit equation with the parameters we found is shown in red.

delay (dz) in the experiment, wherein § = 0 corresponds to the amplification quadrature
and @ = /2 corresponds to the de-amplification quadrature for the OPA.We recorded
data from over 4 million pulses and collected over 140,000 pulses of optical parametric

generation (OPG) data, in which the signal is the vacuum state.

In order to characterize the amplitude of the coherent states on-chip, we sent the pulses
into an SNSPD optimized for operation at 2 um. Knowing the chip output loss from
OPG measurement and the loss from the filters allowed us to calculate the amplitude
from the fraction of pulses that caused a click on the SNSPD.

Histograms of the amplified and de-amplified coherent state photocurrents can be seen
in Figures (c), respectively. We classified any pulse with a phase # < 0.15 rad as
amplified and any pulse with |7/2 — | < 0.15 rad as de-amplified, as we found this to
be a reasonable bin size through variation of the total number of bins. The amplified
pulses have a higher average photocurrent and variance than amplified vacuum, and the
de-amplified pulses have a similar distribution to amplified vacuum, as expected. The
cause of the double-bumped distribution of |a| = 7.11 in Figure 3.2[c) is likely pump
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Figure 3.4: Detector tomography results and analysis. (a) The POVM elements of the
OPAD, reconstructed through detector tomography (first and second rows) and theoret-
ically calculated using QuTiP (third row). The theoretical POVM elements are real. (b)
The efficiency and dark count rate of the detector for both experimentally reconstructed
and theoretically calculated POVMs as a function of the threshold photocurrent or pho-
ton number. (c) The fidelity with a single-photon state after one mode of the Bell state
(]00) + ]11))/+/2 is measured with an OPAD vs. the threshold photocurrent or photon
number, for both experimental and theoretical POVMs. Inset: diagram of the measure-
ment scheme.

depletion, which leads to gain saturation and a bunching of the distributions at higher
coherent state amplitudes. The average photocurrent as a function of the coherent state
angle 0, with the data binned into 5 angle bins between 0 and 7 /2, is plotted in Figure
3.2(b). As 6 approaches 7/2, the average approaches that of a squeezed vacuum state,

corresponding to the de-amplification of the coherent states.

Quantum detector tomography
We calculated the theoretical click and no-click POVM matrices for a squeezer with 10
dB of squeezing. We used 1 = n,qny = 0.314, for photodetector efficiency 7, = 0.629

and filter loss 7y = 0.5. In order to determine the appropriate standard deviation o for
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10 dB of squeezing we used the ratio of the standard deviation of the electronic noise
to the average photocurrent for squeezed vacuum as a metric for the amount of noise.
This metric was 0.172 for our setup and the average photon number for a 10 dB squeezed
vacuum contains 2.02 photons, so for the theoretical POVM we used ¢ = 2.02 x 0.172 =
0.347 photons. We summed over photon numbers up to 150 since at 10 dB the average
photon number of squeezed vacuum is 2.02 and the probability amplitude at 150 photons
is 1077,

To experimentally reconstruct the POVM of our OPAD, we used the convex optimization
process described in [14], but with the full POVM matrices rather than just the diagonal
entries, since this is a phase-sensitive measurement. Because of this, we must solve a

tensor equation rather than just a matrix one. We seek to invert the following equation:
Pi,n = -Fi,k:,ka,p,ny (38)

where P;,, = (a;| 7, |a;) is the experimentally determined probability of getting a click or
not, with |o;) being a coherent state with amplitude «;, and Fj ., = exp(—|a;|?)(af)*a? //Ep!
are the prefactors associated with the type of state being sent in. Iy, = >, 0™ |k) (p|
are the POVM matrices we are trying to find by performing a convex optimization which
minimizes ||P — FTI||s. The indices k and p are the indices of the matrices, n refers
to which measurement result (n = 0 for no click, n = 1 for a click), and 7 indexes the

coherent state amplitude.

The optimization also involves a regularization constraint which smooths the diagonal
entries of the POVM, which takes the form of

R=3"(6", i1 — 0% (3.9)

k,n

We can then perform the minimization over
min(||P — FII||s + vR), (3.10)

for some regularization constant v. Here we used v = 1074, a relatively low value, in
order to prevent over-smoothing of the POVM, as we expect some sharp characteristics
from |0) (0| to |1) (1| indicating the click-like character of the detector. To ensure we
use a value of v not too high such that it starts to introduce artifacts, we swept v and
found the dark count rate and efficiency as a function of v. We saw that 10~* was within
the region such that changing it did not change the result significantly, so we chose that

value.
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We used data from coherent states with amplitudes |«| = 0.449, 4.87, and 7.11 and binned
the phases into five bins between 0 and 7 /2, as shown in Fig. [3.2(c), in order to discretize
the data enough for the convex optimization. We found that varying the bin sizes did
not create large variations in the output, so we concluded that five bins was enough. We

used CVXPY, a Python library for solving convex optimization problems, to invert Eqn.
m)

The experimentally retrieved and theoretical POVMs are shown in Figure [B.4[a). The
experimentally reconstructed POVM has a dark count probability of 2.2% and an effi-
ciency of 26.2%, while the theoretical POVM has a dark count probability of 4.4% and
an efficiency of 22.7%.

The theoretical POVM was calculated for an OPA with a scaled down amount of gain
(10 dB) in order to be computationally viable, and with proportional noise. Since more
squeezing does not change the POVM qualitatively, it is possible to recover the same
POVMs from different amounts of gain by choosing appropriate thresholds. We calculated
the fidelity between the theoretical and experimental POVMs F,, = Tr((H:l{ fheOHn,epoi{ 5heo
[14], with the trace of each of the POVM elements normalized to 1, for every combination
of Ny, in the theoretical POVM and photocurrent threshold in the experimental recon-
struction. The average fidelity of both elements, (Feick + Fho click)/2, was over 0.72 for

certain thresholds.

To quantify the trade-off between efficiency and dark counts, we swept the cutoff pho-
tocurrent in our convex optimization algorithm and swept Ny, in the theoretical POVM
calculation. The efficiencies and dark counts vs. the threshold photon number (for theory)
and threshold photocurrent (for experiment) both for the experimental and theoretical
POVMs are plotted in Figure (b), with the threshold photocurrent adjusted to match
the threshold photon number proportionally to the gains of the OPAs. The experimental
POVM outperforming the theoretical POVM at higher thresholds is an indication that
the pump depletion, which causes the bump in the amplified photocurrent distribution,
is improving the performance. This is because as the threshold photocurrent increases,
especially above 6 pA, the detection probability does not decrease as quickly as for a

squeezed coherent state with no pump depletion.

We considered an example of DV detection in which one mode of a Bell state |®,) =
(]00) + |11))/4/2 is sent to the OPAD. We calculated the fidelity of the other mode with

a single photon (|1)) as a function of the detection efficiency using the theoretical and

)1/2)2
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Figure 3.5: Simulation of using a homodyne detector OPAD to create a kitten state. (a)
Diagram of the HD OPAD. The displaced squeezed pump’s Wigner function is shown
in the bottom left. (b) Simulated pump homodyne result distribution of vacuum (dark
blue) and a single photon (red) as a function of the homodyne measurement result of the
pump’s squeezed quadrature. (c¢) Dark count rate (green) and efficiency (red) of the HD
OPAD as a function of the lower homodyne measurement result threshold. (d) Diagram
of the kitten state generation scheme. The first OPA creates squeezed vacuum and the
second OPA is followed by a homodyne measurement on the depleted pump, triggering
a click. The Wigner function of the kitten state is shown in the upper right. (e) The
detection probability as a function of the pump homodyne measurement result, with the
detection window for creating the kitten state shaded.

experimentally reconstructed POVMS. The numerical results are plotted in Figure (C)
We find that for a detection efficiency of 30%, the fidelity of the other mode with a single
photon is over 92%. As expected, the theoretical curve indicates a decrease in fidelity as
the detection efficiency increases. This is due to the higher dark count probability. The
calculations based on the experimental POVM have a higher fidelity than the theoretical
fidelity, which can be explained by the pump depletion. Thus, in a system in which
photons have already been generated, the PD OPAD can occupy a niche as an integrated

detector that can project entangled states onto single photons.
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3.4 Discussion of photodetector OPAD

It is worth noting that the measured dark count and quantum efficiency of the PD OPAD
falls short of the established single-photon detectors. However, the OPAD as experimen-
tally realized offers some benefits over conventional SPDs, such as its throughput speed,
inherent integrability, and flexibility in wavelength. The fundamental limit of jitter for
a typical SNSPD has been estimated to be on the order of 1 ps |13], with less than 3 ps
having been demonstrated [23], while for a SPAD the smallest timing jitter demonstrated
is in the tens of ps [6]. Unlike electronic SPDs, the OPAD does not rely on avalanche or
superconducting switching dynamics, and its temporal resolution is instead linked to the
OPA’s bandwidth, the photodetection system, and the timing stability of the pump laser.
Because the timing jitter is very low for mode-locked lasers and our OPA’s bandwidth
is on the order of THz [26], we consider the bandwidth of the photodetector to be an
accurate measure of the time resolution of the system. The throughput speed of detection
is limited by the laser repetition rate. We tested our detector at a click rate of 250 MHz,
which is equal to the repetition rate of the pump laser due to the large amplitude of the
coherent states we used (|a| = 7.11). Higher repetition rates and timing resolution would
be accessible with faster photodetection and laser systems. For example, photodetectors
have currently achieved 3-dB bandwidths of 265 GHz [28]. With sufficient signal-to-noise
ratio, the location of the peak of a pulse can be estimated with sub-cycle precision relative

to the pump reference.

It is important to note that because our implementation of the OPAD is time-gated, the
photon would have to arrive concurrently with the pump pulse, which in the case of this
setup is 75 fs. This type of operation is well-suited for time-multiplexed computing |2,
24] and pulsed sensing 5] and reduces dark counts by not amplifying anything, including

vacuum, outside of the pump pulse time window.

Typically, the efficiency of SNSPDs and SPADs decreases as the wavelength increases due
to bandgap-related limitations [10], although SNSPDs exist which can detect photons at
wavelengths up to 29 wm [44]. It is also possible to use sum-frequency generation to
upconvert the photons to a detectable range [47]; however, this method introduces more
loss and possibilities for errors. The current version of the PD OPAD can be designed to
operate flexibly within the transparency window of LN spanning from the visible (400 nm)
to the mid-IR (5 um). This window can be extended by using other materials exhibiting
second-order nonlinearity which are transparent at higher wavelengths, such as gallium

arsenide, which is transparent up to 16 um. Furthermore, the simplicity of the design
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and availability of integrated photodetectors on TFLN with bandwidths up to 140 GHz
[50] and pump-suppression filtering through dichroic beamsplitters [39] means that this
detector can be readily integrated into the fast-evolving nonlinear nanophotonic circuits
in LN [55]. Additionally, our OPAD scheme is tolerant to losses after the OPA, as the
loss affects all amplified states equally and can thus be accounted for by setting a lower
threshold photocurrent. The PD OPAD would be well suited for applications emphasizing
high repetition rate and post-selected measurements, such as on-chip calibration and

characterization of photonic circuits or proof-of-principle experiments.

3.5 Homodyne detector OPAD

As an example of a path to future non-Gaussian operation, we show how using a ho-
modyne on the pump after the OPA, akin to the QND scheme from [51], as shown in
Fig. (a), can enhance the OPAD’s performance over the currently feasible PD OPAD.
For the HD OPAD, the click criteria is a range or multiple ranges of values of the pump
homodyne measurement. This detector operates in the high g/x (the ratio of the coupling
between the fundamental and second harmonic to the single-photon loss) pump-depletion
regime, in which the pump and signal become entangled, and non-Gaussian and Wigner
negative features begin to emerge. In this regime, it is possible to project the signal state
onto a squeezed Fock state through homodyne conditioning on the depleted pump, which

is initially a displaced squeezed state.

We numerically simulated an HD OPAD by calculating its POVM using equation 10 from
[51], with normalized interaction time gt = 1, initial pump squeezing of 5 dB, and single-
mode OPA squeezing of 3.88 dB, and found that the measured distributions of vacuum
and single photon inputs overlap very little, as can be seen in Fig. (b), unlike in the
PD OPAD. This type of detector would have an efficiency of 94.7% and a dark count rate
of 0.1% for the click categorization limits on the homodyne measurement corresponding
to the shaded regions in the figure. The purity of the state resulting from a click is 0.94.
The performance can be adjusted by changing these thresholds, as can be seen in Fig.
3.5(c). The interaction time ¢ is not time in seconds, as ¢ is normalized differently for a
traveling-wave OPA rather than in a cavity. For example, for current OPA gain levels,
the interaction time would be on the order of picoseconds to femtoseconds, allowing for
low latency. The throughput rate is not limited by the interaction time, because multiple
pulses can be amplified by an OPA at the same time. Rather, the throughput rate is
limited by the pump pulse width, which determines how closely the pulses can be packed

next to each other.
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The proposed HD OPAD has a performance that is sufficient for efficient photon subtrac-
tion for generation of non-Gaussian states, provided further improvements in the gain
and material loss on nanophotonic platforms. We consider creating a Schrodinger kitten
state through photon subtraction from a 5-dB squeezed state [38] using an HD OPAD,
as shown in Fig. [3.5(d). In this scheme, when the pump homodyne measurement is in
a specific range (the shaded region of Fig. [3.5(e)), a click is triggered, projecting the
initial squeezed vacuum onto a kitten state. The ensemble average output state purity
is numerically estimated to be > 0.999, and the fidelity between the squeezed photon
subtracted two-mode squeezed state and a photon subtracted squeezed state is 0.96, with
a click probability of 3.1%. An increase in the squeezing of the input state leads to an
increase in the click probability, with a 10-dB squeezed state having a 7.5% chance of a
click. Because the HD-OPAD projects the state onto a squeezed Fock state subspace with
the photon number determined by the homodyne result, a click still leads to a squeezed

single-photon subtraction for the right thresholds.

Extracting ¢g/x from OPG measurements

We calculate both theoretically and from the OPG measurements how far away our

system’s g/k is from the required amount. The interaction Hamiltonian for 3-wave mixing

is R
H
h

for interaction strength ¢, signal annihilation operator a, and pump annihilation oper-

— g(ab + a%bh) (3.11)

ator b. In the Heisenberg picture under the undepleted-pump assumption with pump
strength b — B, for an initial state of vacuum, the signal number operator evolves as
(ata)(t) = (N,)(t) = sinh?(2g|B|t). To compare this to the OPG equation (Eqn. ,
we consider how to convert these quantities into the power measurements. <Na>(t) =

Poprc.on/(hws frep) and |5 = ,/(Nb> = \/Ppumpyon/ (hwy frep) where the "on" subscript
refers to the on-chip power. Substituting, we have

hwsfrepnOC e4gt\/771CPpump, oﬂ/(hwpfrep) (312)

Popg, ot & 1

Comparing to Eqn. , we can see 4gt\/chpump7 oft/ (Awp frep) = 2L\/nNLnICPpump7 offs
so we have g = L\/nyphw, frep/(2t), and with ¢ = Ln/c, finally,

C
g = %\/ nNLhu)p rep- (313)

From the value of nyp from the fit, we have g = 29 MHz.
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However, we must account for multimode effects in our OPA. The simplest, most naive
way of dealing with it is to assume that each mode receives an equal amount of the
gain. We calculate the spectral purity p, from the normalized joint spectral intensity
by performing a singular value decomposition and adding the squares of the eigenvalues,
and obtain the effective mode number meg = 1/ps &~ 12.6. We can then calculate geg =
g/meg = 2.3 MHz.

We compare this number to the theoretical value using this equation from [52], modified

to include the naive multimode effects:

4deff 2m3he3
_ 2T 3.14
9ot = e \| mdeg Vi (3.14)
where deg is the effective quadratic nonlinear coefficient, which is ds3/(27), with ds3 =

20 pm/V and V,, is the effective mode volume divided by (\/n)?, with perfect mode

overlap resulting in it being exactly the normalized mode volume. We use the size of the

waveguide 400 nm by 1780 nm times the pulse width of 7, = 100 fs equating to 7,¢/n =
16.2 um for n = 1.85. Assuming perfect overlap and plugging in the parameters for our
waveguide and pulse width to get the volume, we get an estimate of ¢ = 2.8 MHz. This

value is very close to the experimentally extracted value.

We estimate the loss in the waveguide of 0.23 dB/cm and a group velocity of v, =
1.33 x 10® m/s, which leads to a k = av, [52] of 702 MHz. Thus, g.z/r ~ 0.0033.

Experimental realization of an HD OPAD requires further mitigation of the loss in
nanophotonic waveguides and control of the multimode effects that occur with broadband
pulsed operation and dispersion engineering or other methods to achieve single-mode op-
eration 18| 52]. The g/ needed to realize this detector is inversely proportional to the
pump squeezing, which in the case of our simulation, with 5 dB of pump squeezing, cor-
responds to a requirement of g/k 2 0.16 [51], representing a required improvement of
about two orders of magnitude from our system. There are advancements continually
being made to increase g/k, with the record for g/ in TFLN being 0.007 [31]. The
performance of the HD-OPAD partially depends on wavelength; as long as g/ is above
that threshold, the performance is similar no matter the individual values of g or k, but
g decreases with wavelength so the loss will have to be appropriately lower in order for
the ratio to remain above the threshold. Furthermore, the speed of homodyne detection
is constantly being improved, with homodyne detection at 66 GHz having been experi-
mentally demonstrated [20], and photodetectors are amenable to time multiplexing [49],

further increasing the potential throughput and allowing for ultrafast operation.
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3.6 Conclusion

We have demonstrated and characterized a PD OPAD on a TFLN nanophotonic chip.
Our detector operates at room temperature and atmospheric pressure and is readily inte-
grated into nanophotonic circuits. Through tailoring of the material, periodic poling, and
dispersion engineering, it is possible to detect photons from visible wavelengths into the
mid-IR. As an example of the OPAD’s utility for DV QIP, we simulated a measurement
using our experimental POVM on one mode of a Bell state, showing how this system
is useful for DV state manipulations. We also showed a future path towards generating
non-Gaussianity, showing numerically that it is possible to create a Schrodinger kitten
state with an HD OPAD. Our results suggest that all-optical single-photon detection
using second-order optical nonlinearity is a promising direction for integrated photonic

quantum systems.
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Chapter 4

ULTRAFAST ALL-OPTICAL MEASUREMENT OF SQUEEZED
VACUUM IN A LITHIUM NIOBATE NANOPHOTONIC CIRCUIT

[1] James Williams*, Elina Sendonaris®, Rajveer Nehra, Robert M. Gray, Ryoto
Sekine, Luis Ledezma, and Alireza Marandi. “Ultrafast all-optical measurement of
squeezed vacuum in a lithium niobate nanophotonic circuit”. In: Physical Review
Research 7.4 (Oct. 1, 2025), p. 043006. DOI: |10.1103/rvmb-13jd3.
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ABSTRACT

Squeezed vacuum, a fundamental resource for continuous-variable quantum information
processing, has been used to demonstrate quantum advantages in sensing, communi-
cation, and computation. While most experiments use homodyne detection to charac-
terize squeezing and are therefore limited to electronic bandwidths, recent experiments
have shown optical parametric amplification (OPA) to be a viable measurement strat-
egy. Here, we realize OPA-based quantum state tomography in integrated photonics and
demonstrate the generation and all-optical Wigner tomography of squeezed vacuum in
a nanophotonic circuit. We employ dispersion engineering to enable the near-distortion-
free propagation of femtosecond pulses and achieve ultra-broad operation bandwidths,
effectively lifting the speed restrictions imposed by traditional electronics on quantum
measurements with a theoretical maximum clock speed of 6.5 THz. We implement our
circuit on thin-film lithium niobate, a platform compatible with a wide variety of active
and passive photonic components. Our results chart a course for realizing all-optical

ultrafast quantum information processing in an integrated room-temperature platform.
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Figure 4.1: A) Layout of the measurement procedure. At represents the relative time-
delay between the pump and squeezed vacuum where a 0.775 fs delay corresponds to a
measurement phase of § = 7. B) Measured photon number distributions for squeezing
(0 = %), anti-squeezing (¢ = 0) and vacuum. C) Wigner function recovered for vacuum.
D) Wigner function recovered for squeezed vacuum.

4.1 Introduction

Many quantum systems have been used to gain an advantage over otherwise purely classi-
cal means in a variety of fields |10} |16} |42]. Implementations of provably-secure quantum
key distribution and random-number generation are now commercially available [23] 25,
39]. Many enhanced sensing techniques using squeezed and non-classical states of light
with applications in chemistry and imaging have been shown [1, 9, |20, |48]. Considerable
effort is currently being invested into building quantum computers both in research and
industry [2, |18, 49].

Photonics has emerged as a front-runner for quantum information processing for several
key reasons. Most photonic technologies are capable of operating at room temperature
outside a carefully controlled cryogenic environment. Advances in integrated photonics
have allowed many devices and circuits to be combined into a single monolithic platform
similar to CMOS technology and the advent of integrated circuits [59]. Photonics also
offers an inherently broad bandwidth which, when combined with dispersion engineering,

can allow for the manipulation and propagation of ultra-short pulses of light [34]. Time-
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multiplexing, an effective technique used in photonic systems to increase information
throughput [28] 29, 35, [55], can leverage femtosecond pulses to achieve clock speeds far

exceeding what is currently possible with conventional electronics.

Optical parametric amplifiers (OPAs) are a cornerstone of quantum optics and continuous-
variable quantum information, and have been studied extensively in a variety of different
contexts. In the low-gain limit, OPAs generate pairs of entangled photons for quantum-
enhanced sensing and quantum key distribution |12} {30, 37, 47, 62]. Boson sampling with
a quantum advantage has recently been demonstrated with 100 independent OPAs [66].
At higher gains, OPAs generate squeezed vacuum (SV), a quantum state in which one
quadrature is compressed below the shot-noise limit. SV is often used for sensing enhance-
ment [33] and most notably in the LIGO experiment [43]. Independently-generated SV
states can be combined to create a highly entangled cluster state for universal quantum
computation [4, 32]. SV generation from a type-0 source is typically spectrotemporally
multimode. Recently, several experiments have demonstrated how these modes can be
utilized as a basis for quantum information. Bulk experiments have shown that shaping
the spectral profile of the pump can control the occupancy of each mode [52]. Pump
shaping combined with engineering of the phase matching condition for sum-frequency

generation can be used to isolate and measure each individual mode [3, [11].

A crucial part of any quantum information processing system is a measurement device
capable of characterizing a component of interest. For SV, homodyne detection is often
employed as its phase-sensitive nature can be used to reconstruct the Wigner function,
a quasi-probability distribution over two non-commuting quadratures which completely
characterizes a quantum state. Homodyne detectors can isolate a single mode by shaping
the spectral profile of the pump appropriately [50]. This phase-sensitive and mode-
selective behavior makes them well-suited for characterizing a variety of quantum states,
including non-classical states. Single-photon and photon number-resolving (PNR) detec-
tors are also common tools for state characterization, especially in the context of states
exhibiting Wigner negativity [31, |46]. Given the non-Gaussian nature of their measure-
ment operator, PNR detectors have been used to generate non-classical states which are
characterized through homodyne detection |15, 56, 58, 65]. While homodyne and PNR
detection are powerful techniques for probing quantum states of interest, their speed is
ultimately constrained by the bandwidth of the electronics used to physically realize these

detectors, which are limited to the GHz range.

OPAs have seen use as a method of measuring quantum information [53, |57]. Degen-
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erate x? OPAs use a nonlinear medium to amplify a signal at w using a pump at 2w.
Importantly, OPAs amplify the portion of the signal that is in-phase with the pump and
de-amplify the out-of-phase portion. Similar to homodyne detection, this phase sensitiv-
ity allows for quantum information to be recovered from the input state by resolving the

number of photons in the output state [27, |45].

Here, we demonstrate OPA-based Wigner tomography in lithium niobate nanophotonics.
In our previous demonstration of nanophotonic OPA measurements [45], we measured
the average photon number at the output of the OPA to calculate squeezing levels. In
this work, we use a fast photodetector to measure each pulse and resolve the statistical
information necessary to calculate the Wigner function of the input SV. Our OPA has
low dispersion at both the pump and signal wavelengths, allowing for the near-distortion-
free propagation and amplification of femtosecond pulses. Such an OPA-based circuit for
generating and measuring SV supports a maximum clock speed of 6.5 THz for time-
multiplexed quantum information processing. Our results highlight nanophotonic OPAs
as an important building block for ultrafast quantum state measurement and information

processing on a chip and at room temperature.

4.2 Parametric Amplifiers as Quantum Measurement Devices

Early proposals of OPAs as quantum measurement devices demonstrated loss tolerance
and detector inefficiency mitigation [7]. OPAs are particularly well-suited for this task
as their phase-sensitive amplification is in principle noiseless unlike phase-insensitive am-
plifiers such as erbium-doped fibers and semiconductor gain media [41]. OPA-assisted
balanced homodyne detection has been used to characterized fiber-based sources of SV
over 43 GHz of electronic bandwidth [26]. A similar technique has also been demonstrated
using the x® nonlinearity [53]. Other experiments have shown quantum-enhanced sens-
ing using an SU(1,1) interferometer constructed from two OPAs for state readout |14} 24].
OPAs have also been used to amplify weak spatially-varying signals and detect quantum
correlations for imaging applications |40} 54]. All-optical feed-forward, a technique used
to surpass the constraints of electronics in feed-forward schemes for quantum information
processing, has been demonstrated using 3 OPAs [64]. Wigner-tomography of squeezed
states using bulk OPAs has been experimentally realized [27]. OPA-based techniques have
also been extended to squeezing across multiple spatial modes where direct detection is

used to disentangle and analyze each mode independently [5].
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Quadrature Measurement

Figure depicts the scheme used to measure the Wigner function of a squeezed vacuum
state. When a quantum signal enters the OPA, its in-phase quadrature #(#) is amplified
by the pump while its out-of-phase quadrature p(#) is de-amplified. These quadratures

map to the un-rotated quadratures of the state as:

2(0) = & cos(f) — psin(6) (4.1)
p(0) = pcos(f) + & sin(0) (4.2)

Where 6 represents a relative phase between the pump and amplified signal induced
by adjusting the time-delay (At o< ) of the pump. After amplification, the output

quadratures can be expressed as:

X(0) = e"2(0) (4.3)
P(6) = e "p(0) (4.4)

where e”, the amplification applied by the OPA, can be controlled by changing the pump

power. The operator for the number of photons in the signal field at the output is then:

Ny = X(0)*+ P(h)* — (4.5)

1
2

For a large gain €” >> 1> e™", the 2nd and 3rd terms of Eq[4.5| can be ignored such that:

Ny =~ X(0)? (4.6)

By resolving the number of photons at the output of the OPA in the signal field in each
pulse, we can recover the marginal distribution P(N,6), or the probability of detecting

N photons at a pump phase 6.

Because our OPA exhibits low dispersion over a broad bandwidth while operating in
the type-0 phase matching configuration, it amplifies many orthogonal spectrotemporal

modes simultaneously [60], all of which contribute to the measured P(N,#). These modes
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Figure 4.2: A diagram of the squeezer and measurement OPA circuit. The annihilation
operators correspond to the modes at each point in the circuit, with m denoting the
squeezer OPA basis and n denoting the measurement OPA basis.

can be calculated analytically by computing the joint spectral intensity (JSI) function
of the signal and idler, which is the absolute value squared of the JSA (JSI(ws,w;) =
|J(ws, w;)|?). Our JSI and the corresponding modes are computed and plotted using
the dispersion parameters calculated from the waveguide geometry and the Heisenberg
propagators derived in [22]. As our JSI is inseparable (|J(ws,w;)|? # ¢(ws)d(w;)), it is
composed of a sum over multiple terms J,, (ws, w;), each corresponding to an independent

mode through J,(ws, w;) = ¢n(ws)Pn(w;), as shown in Fig. 4.3

At the photodetector, we use a combination of a 1700-nm long-pass filter and 1950-nm
short-pass filter to suppress contributions from higher order modes. Using the measured
P(N) for vacuum amplification (i.e when no signal field is sent into the OPA), we calculate

a Schmidt number of 1.35 modes using definition of g from [13].

Multimode Cascaded Squeezing in the Heisenberg picture

We use the formalism of [61] to derive the output of a two cascaded multimode OPAs: a
squeezer OPA and a measurement OPA. Figure 4.2/ shows the circuit diagram. We begin
with the state after the squeezer OPA (denoted with superscript s) and decompose the

annihilation operator into the squeezer OPA’s eigenmodes (denoted by subscript m):
a'(t) =Y _ v (t)ay, (4.7)
=Y ¢ (t)(cosh s G + sinhr® ")

where 77, is the squeezing parameter of mode m. Each eigenmode of the squeezer OPA

is independently squeezed. To simplify later expressions, we assume that r5 = r2 (0)
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where 6 is the phase of the squeezed vacuum relative to the measurement pump. In our

Avac

experiment, we inject vacuum into the squeezer OPA, and so 4™ = a

After the squeezer OPA, the state is placed into the measurement OPA (superscript
ms and mode subscript n) and the resulting output operator is labeled a°“!(t). The

measurement OPA amplifies its own modes as independent single-mode OPAs:

am () = 0w (ag (48)

=" (t)(coshrl*as + sinhr*as)
n

We can write the squeezed operators in the measurement OPA basis as a function of

the mode overlaps between the measurement OPA’s and squeezer OPA’s eigenmodes

i = [ at e e (4.9)
= [ aterm e,
= Z Oy, -

The output annihilation operator is then

mn-—m

a*t(t) = > Y (t) (cosh 1l oy, as, + sinhrol, ash) (4.10)
= 3" () (cosh 11" oy (cosh 75,420 + sinh s ainT)

ms _*

+sinh ™07 (coshr® @™ + sinh 7% a™"))

For large measurement OPA gains, we use the approximation coshr*® =~ sinhr"® =

$exp(r®), when €™ > 1> ¢, Then, the output operator becomes:

i . . , .
a”t(t) =>_ GTM?S* (t) (0 (cosh 78 6" 4 sinh v @) + o7 (coshrs ai"t + sinh s aim))
mn

(4.11)
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Figure 4.3: A) A plot of the joint-spectral intensity function of the squeezed vacuum
produced by our OPA. B) The JSAs corresponding to the first four modes of the JSI
calculated via the singular value decomposition J,, (ws, w;) = ¢n(ws)Pn(w;). C) Plot of the
mode number vs proportion of mode present in the JSI.

We can write the photon number operator for an individual pulse as

A

N = dt acti (¢ )&O"t(t) (4.12)

—/dt

+ Opn(cosh 7%, G + sinh 78 amT))>

+r

— <¢ms( (o7, (cosh rfndeT + sinh r;&fg)

m,m/,n,n’

(w;ﬁs*(t)(am/n/ (coshrs,ai™, + sinhrs,a™"})
+ 07y (cosh s, af 4 sinh 7,6, ))>
= Z ¥ (Re|onle ™2™ — Tm|[o, e m9im)?
where the integral over At captures the total time-duration of the pulse, and we have

used the orthonormality of the principal modes ([ dt 1, (£)1} (t) = dpn) to insert d,,

and 0,,,, and resolve m’ and n’ in the summation.

Bandpass filtering around degeneracy suppresses the imaginary component of o,,, as
imaginary contributions arise from phase walk-off away from degeneracy. Taking Im|[c,,,]e™™™ <<
Re[0,,n]e™™, which is true when there is low dispersion (as we have engineered our chip

for), we have:

N=Y 0@ +anh? (4.13)
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If we take a compare to the case of no squeezing from the squeezer OPA (0, = Sy, 75, =

0V m),
N =3 5" (ain +ain)?2 (4.14)

and assume M squeezer modes and N measurement modes, we show that there are now
M N modes with effective squeezing parameters ré/f = ™%+ 5 whose contributions are

weighted by 0,,,. From here, we can re-write Eq[4.13] as a function of the quadratures as

R e2r,’{”+2rfn .
N=> ——— 0 (X (4.15)
m,n 8
In our experiment, we make the assumption that only the first two modes provide sig-
nificant contributions to the measured statistics as our Schmidt number after filtering is
1.35, and so we truncate m and n to the range {1,2}. Furthermore, we know that o,,,

where m and n are of different parity are zero. This simplifies Eq[4.15] to:

627"1“«#27‘? . e?r?5+2r§ ..
o (X + (X (4.16)

N =

This allows us to model the measured photon number distribution as the sum of two
independent photon number distributions. During the experiment, we treat the fast
photodetector as a macroscopic photon number detector such that N o I; where I is

the current measured on the detector integrated over a single pulse.

For a single mode, the photon number distribution for bright squeezed vacuum is [27]:

1 N
LA (N, 1) = —————e 2N (4.17)

A

2N (N)(r)

By
with average photon number (N)(rr) = €?" /4. Since the photon number contributions

from each mode are summed at the detector, we can model the total distribution as the

convolution of two single-mode distributions [27] 38|, i.e:

P2(N,0) 5, 1 :/0 Pl (N —n,6) Pl (n,6)dn (4.18)
where (N(6)) is the average photon number as a function of relative pump phase between
the squeezed vacuum and amplifying measurement OPA pump. By fitting Eq[4.18to the
measured photon number distributions (see Sec. , we isolate the squeezing parameter

of the 1st mode from higher-order modes.
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Figure 4.4: A) Signal spatial mode within our waveguide. Text on the right denotes
the material stack-up with air, poly methyl methacrylate (PMMA), lithium niobate (LN)
and silicon dioxide (SiO2). Dimensions are indicated by the vertical and horizontal mea-
surements. The ordinary and extraordinary crystal axes are denoted at the top right.
B) Pump spatial mode. C) OPA gain vs measurement pump energy. Error bars are
calculated from pump and signal coupling stability measurements taken before gain mea-
surements.

Intuitively, this convolution can be understood as a sum of all probabilities for which the
photon contributions of the first and second modes sum to /N as the photodetector cannot
distinguish between photons arriving from different modes. These fitted distributions are
then sampled and used as inputs to a maximum-likelihood reconstruction algorithm to

recover the density matrix and Wigner function [6].

Dispersion Engineering

A key advantage of using nanophotonics is the ability to control the dispersive prop-
erties of the waveguides used to create photonic circuits. Figure [£.4] depicts our ridge
waveguide geometry and material stack used for our OPAs. We fabricate our OPAs on
a thin-film lithium niobate (TFLN) on silica on silicon wafers available from NanoLN.
By adjusting the width, height and etch depth of the waveguide, we can manipulate its
dispersive properties to achieve low group velocity dispersion (GVD) at the pump and
signal wavelengths while simultaneously minimizing the walk-off from group velocity mis-
match (GVM) between the pump and signal [34]. This regime of operation allows for our
OPA to exhibit high gain over a broad bandwidth, making it an ideal tool for studying
quantum states encoded in ultrafast pulses. Our waveguide geometry achieves a GVD of

—17.3 fs?/mm at our signal wavelength of 1860 nm, 244 fs*/mm at our pump wavelength
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Figure 4.5: A) Pump dispersion and group-velocity mismatch (calculated at degeneracy
and plotted at the pump wavelength) for our OPA. B) Signal dispersion vs wavelength. C)
Parametric generation (vacuum amplification) spectra of our measurement and squeezer
OPAs.

of 930 nm, and a GVM of —87 fs/mm. By comparison, bulk lithium niobate has a GVD
of 13.3 fs?/mm at 1860 nm, a GVD of 341 fs?/mm at 930 nm, and a GVM of 203 fs/mm.
A thin layer of poly-methyl methacrylate (PMMA) is deposited via spin-coating on top
of the waveguide to tune the phase matching condition. We note that our design is not
perfectly optimal, and that geometries with lower dispersion have been demonstrated
[34].

Operating with low dispersion allows us to utilize ultrafast femtosecond pulses at both
the pump and signal frequencies. Shorter pulses are advantageous in nonlinear optics
as the high peak power from temporal confinement can achieve a stronger nonlinear
interaction for the same pulse energy. This interaction is also enhanced by the tight
spatial mode confinement offered by ridge waveguides. Furthermore, by shortening the
length of the pump and signal pulses in the time domain, subsequent pulses can be packed
closer together in time, enabling a significant boost in clock speeds for time-multiplexing.
Based on the dispersive properties of our 5-mm measurement OPA and our 70-fs pump
source, we estimate an upper bound on the temporal length of our SV of 154.3 fs, which
gives a theoretical maximum of 6.5 THz for our clock rate [61]. This clock rate can be
increased further by using a shorter OPA and a higher pump power, or more advanced

dispersion engineering.

Dispersion engineering in TFLN has been used to demonstrate broadband amplifiers with
record-breaking gain bandwidths [34]. Dispersion-engineered OPAs have been shown to

be suitable devices for both generating and measuring the time-averaged squeezing of
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Figure 4.6: A) Simulated photon number distributions for unfiltered detection across
different pump energies. B) Simulated photon number distributions for 20-nm bandpass
filtered detection across different pump energies. C) A plot of the remaining pump energy
after pulse propagation (lower remaining energy is a more depleted pump), and the peak
histogram bin for the unfiltered and filtered simulations.

SV [45] as well as producing short-pulse biphotons [63]. Ultrafast switching [17], and
ultrafast computation of nonlinear functions for machine learning have been achieved
[36]. Combining these OPAs with resonators has allowed new regimes of nonlinearity to

be studied which were previously impossible to achieve in bulk platforms [51].

Calculation of the Joint Spectral Intensity and its Modes

Figure shows the joint-spectral intensity function (JSI) of the squeezed vacuum
we measure. We calculate our JSI using the dispersive parameters obtained from mode
simulations, the input pump pulse energy, and the resources from [21]. The modes of
the JSI are found by performing the Bloch-Messiah decomposition which calculates the
modes such that the correlations between pairs of modes are minimized. The first four
modes are plotted in Fig. and the fraction of the first eight modes comprising the
JSI is shown in Fig. {.3IC. The JSI decomposition reveals a Schmidt mode number of 7.1.

This same calculation can be repeated for the measurement OPA resulting in a Schmidt
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number of 3.9. Filtering before detection reduces this number to 1.35.

Pump Depletion

An important consideration for OPAs as quantum measurement devices is the deple-
tion experienced by the pump during amplification. As the pump energy increases, the
nonlinear interaction becomes more efficient, causing the pump pulse to deplete while
propagating in the OPA and the gain to saturate. Figure £.4C shows measured on-chip
OPA gain vs the input pump energy. The black line represents the theoretical undepleted

WE) where F is the pump energy in Joules and b is found

pump gain Gy = 10log,,(e
by fitting the pump energy vs gain curve in the undepleted regime. Around 20 pJ, the
measured gain begins to saturate relative to the theoretical gain due to pump depletion

effects.

Pump depletion impacts our measurement in two ways. First, the larger photon number
components of the state being measured experience less gain than smaller photon number
components. This phenomenon, often known as gain saturation for classical amplifiers,
suppresses the larger photon number contributions to the measured photon number dis-
tribution. Second, pump depletion can be thought of as a semi-deterministic transfer
of energy from the pump pulse to the signal pulse. This causes the peak of the photon
number distribution to shift away from N = 0. We observe this effect in classical sim-
ulations which use a split-step Fourier method to simulate single-mode and multimode
vacuum measurements. These simulations are detailed in the supplementary. This effect
has also been observed in single-mode quantum simulations [8] and experimentally [13].
We address this issue when fitting our data with 2-mode distributions by fitting a con-
stant offset along the IV axis, leading to good agreement between the measured data and
fitted distributions.

We model the effects of pump depletion as a shift in the peak of the photon number
distribution. Figure[4.6]shows semi-classical simulation results of vacuum amplification in
our OPA generated via a split-step Fourier method. As pump energy increases, the pump
pulse depletes more efficiently given the peak-power-enhanced nonlinear interaction, and
causes the peak of P(N) to shift away from 0. Fig. [4.6B shows simulated P(N) with
20-nm bandpass filtering at degeneracy before measurement. In this case, the dominant
contribution to the peak shift is pump depletion as multimode effects are suppressed.
The difference can be seen in Fig. |4.6lA where in the unfiltered case, peak shifting is

more prominent thanks to strong multimode contributions. Peak shifting as a result of
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pump depletion has recently been studied in single-mode quantum simulations [8] and

experimentally observed [13].

4.3 Experimental Setup
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Figure 4.7: Experimental setup. MLL: Titanium:sapphire tunable mode-locked laser.
PBS: polarizing beamsplitter. VND: variable neutral density filter. SH: mechanical
shutter. Obj: reflective objective. FC: reflective fiber collimator. LP and SP: long-pass
and short-pass wavelength filters. 90/10: fiber splitter with 90% going to the fast detector
and 10% going to the slow oscilloscope. PD: photodetector. Fast Osc: 80 GSPS 40 GHz
oscilloscope. Slow Osc: 100 MSPS 10 MHz oscilloscope.

Figure [£.7] shows the experimental setup. An 80 MHz mode-locked titanium-sapphire
laser (MLL) sends 70-fs pulses to a half-wave plate (HWP) and polarizing beamsplitter
(PBS) combination to control the power splitting between the measurement and squeezer
beam paths. Pump light for the squeezer OPA is sent to a delay stage used to scan € in
equation [£.I] A shutter is also placed in this path to block the squeezer beam for shot-
noise calibration. Two continuously variable neutral density filters (VND) are used in
both paths to fine tune the input power. The paths are combined on a reflective objective
(Obj) and focused onto the waveguide inputs for the OPAs. Figure shows the layout
of the nanophotonic circuit. In the squeezer OPA, the vacuum field around 1860 nm is
squeezed by the pump. The SV and the remaining pump light enter an adiabatic coupler
which passes at least 55% of the SV and 5% of the pump into the measurement OPA.
Inside the measurement OPA, the SV is amplified by a strong pump pulse (40 pJ) to
macroscopic photon levels detectable by a fast photodetector. A lensed fiber collects

light from the output of the measurement OPA and directs it to a series of free-space
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filters used to remove remaining pump light, including the previously mentioned 1700-nm
long pass and a 1950-nm short pass for limiting the measured mode number. From here,
the filtered SV is collected into single-mode fiber and enters a 90/10 splitter where 90%
is sent to a fast (10 GHz) photodetector and fast (80 GSPS 40 GHz) oscilloscope used
to resolve individual pulses while the remaining 10% is sent to a slow (1MHz) detector
and slow (100 MSPS 10 MHz) oscilloscope used to detect the amplification fringe and

determine the measurement phase 6.

4.4 Data Analysis

Shot-noise Calibration

Initial characterization of the shot noise and squeezing levels is performed using a slow
photodetector and an optical spectrum analyzer (OSA) which replaces the fast detector
in Fig. 4.7 This data is used to calibrate the shot noise of the measurement OPA
and measure the squeezing generated by the squeezer OPA (See [44] supplementary).
During calibration, the mechanical shutter is initially left open. As the relative delay of
the squeezer path is scanned, the measurement amplifier oscillates between measuring
squeezed and anti-squeezed quadratures, resulting in the black curve in Fig. [£.8A. The
remaining pump light collected from the output is monitored on a second OSA. Because
the optical coupler between the measurement and squeezer OPAs couples some of the
pump used to drive the squeezer, the measurement and squeezer pumps interfere inside the
measurement OPA, causing the gain, and therefore shot-noise level, of the measurement

OPA to depend on 6. The shutter is then closed and the baseline shot noise is measured
by the OSA resulting in the gray curve in Fig. [4.8A.

To determine the shot-noise levels corresponding to the minimum and maximum of the
squeezing curve, the measurement OPA power is lowered using the VND until the mea-
sured pump power matches the minima of the pump interference. The shot-noise min-
imum is then measured on the slow photodetector and OSA resulting in the red curve
in Fig. {.8A. This same procedure is repeated for the shot-noise maximum as well to
calibrate the anti-squeezing and obtain the blue curve. The pump OSA is set to measure
around 970 nm to minimize any pump depletion effects. After shot-noise calibration, the

squeezing is calculated as:

S%[dB] = 101ogy [<N(9)>} (4.19)
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Figure 4.8:  A) Squeezing measurement taken on the OSA. The black curve is the
amplification fringe produced from squeezed vacuum amplified by the measurement OPA.
The grey curve is the baseline shot noise at the pump power used to measure the black
curve. The red and blue curves are the corrected shot-noise levels to account for pump
interference in the measurement OPA. B) Variance relative to vacuum vs squeezer pulse
energy with a measurement pulse energy of 30 pJ. C) Variance relative to vacuum vs
measurement pulse energy. Error bars are calculated from shot-noise variations during
each measurement.

where (N ()) is proportional to the current measured at the detector, and (N,..) is the
calibrated shot noise from amplifying vacuum. We note that the variance of the measured

quadrature is proportional to the average photon number for a state with zero mean field
such as SV [45].

Slow Photodetector Measurements

Figure shows the measured squeezing on the slow photodetector and OSA as a
function of the input pulse energy for the squeezer waveguide with a measurement pulse
energy of 30 pJ. For these measurements, the 1950-nm short-pass filter is removed to
accentuate the impact of multiple modes (a Schmidt number of 2.8). Because the OSA
uses a 2-nm bandpass filter, it can better suppress higher-order modes to isolate the
squeezing in the fundamental mode [21]|44]. For the photodetector, the presence of higher-
order modes with less squeezing reduces overall measured squeezing as the photodetector
is not mode-sensitive and measures the squeezing as averaged over all modes. At low
squeezer pulse energies, the measured squeezing is limited by the gain available in the
squeezer OPA and grows as the pulse energy is increased. After 5 pJ, the observed
squeezing begins to decrease with increasing pulse energy. Two phenomena contribute to

this behavior. First, the finite phase noise of the pump laser causes a portion of the anti-
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squeezed quadrature to leak into the measurement of the squeezed quadrature. Raising
the squeezer gain increases the contribution of the anti-squeezing to the measurement
and reduces the measured squeezing. This increased gain produces more squeezing, but
the noise reduction in the squeezed quadrature is asymptotically limited by the finite
efficiency of the coupler while the noise of the anti-squeezed quadrature is not (see solid
theory curves in Fig. ) Second, nonlinear behavior in the measurement amplifier

increases with input power and further degrades measured squeezing.

The solid lines plotted in Fig. are calculated from the theoretical measured squeez-
ing as a function of the coupling loss from the squeezer to measurement OPA. As SV
passes through the coupler, some of the light is lost to propagation losses and fabri-
cation imperfections in the coupler. This light is replaced with vacuum noise, causing
lower squeezing and anti-squeezing values to be measured [19]. For a given measurement

efficiency 7, the measured squeezing can be modeled as

S1[dB] = 101log,,[(1 — 1) 4+ ne**] (4.20)

Where r is the on-chip squeezer gain in natural log units (i.e. the squeezing parameter).
Using this fit, we estimate an effective measurement efficiency () of 55% at 1860 nm.
This fit includes squeezing lost to inefficiencies in our coupler as well as losses to nonlinear
behavior in the measurement OPA. This fitting also allows us to calculate the expected
anti-squeezing, however we can see that the measured data has a stark divergence from
the expected trend. This is a result of the gain compression in the measurement OPA.
Because the measurement OPA operates in the pump depleted regime, the anti-squeezed
vacuum cannot be sufficiently amplified to reflect the true anti-squeezing entering the
OPA. The same is true for the squeezing measurements in which the shot-noise level

becomes compressed, leading to lower measured squeezing.

The effects of gain depletion can also be seen in Fig. which plots the measured
squeezing values vs the measurement pulse energy for a fixed squeezer energy of 5 pJ. As
the measurement pulse energy is decreased, the measurement OPA experiences less gain
depletion, leading to higher measured squeezing and anti-squeezing. In the undepleted
pump regime, measured squeezing and anti-squeezing will follow Eq[4.20] and remain
unchanged with small changes in pump energy. Hence, we know all measurements in

Fig. [£.8B are taken in the pump depletion regime. This is also confirmed from Fig. [£.4C
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Figure 4.9: A) Sample photon number distributions from fast measurements at different
0. Red points are data, blue curve is a 2-mode fit. B) Photon number variance vs 6
for slow and fast (pulse-to-pulse) measurements, and the 1st mode of a 2-mode fit. C)
Recovered squeezed vacuum Wigner function. D) Expected density matrix (p) based on
measured squeezing and anti-squeezing. E) Recovered p. F) Absolute difference between
expected and recovered p.

where pump depletion effects take hold around 20 pJ. Below 20 pJ, the shot noise no
longer clears the electronic noise floor of the OSA, preventing squeezing measurements at
lower measurement pump energies. This problem can be mitigated by improving output

coupling efficiency and operating the measurement OPA at a lower pump power.

Pulse-to-pulse Measurements

Fast photodetector measurements resolve the pulse-to-pulse photon number and provide
the statistical information necessary to measure P(N,#) and recover the Wigner function
of a symmetric state. Before a fast measurement, a slow measurement is conducted
with the OSAs to calibrate the shot noise. During each fast measurement, the shutter
is initially left open, and the fast oscilloscope is triggered using the voltage applied to
the piezo driving the squeezer’s delay stage to coincide with the middle of the 8 scan.
Data from the slow oscilloscope is used to determine 6 and estimate the coupling stability
based on measurement-to-measurement variations in the shot noise. After recording data,

the squeezer’s shutter is closed and the measurement is repeated to find the calibrated
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shot-noise level.

Figure [4.9] shows results gathered from fast photodetector measurements for a squeezer
pulse energy of 5 pJ and a measurement pulse energy of 45 pJ. Sample measured his-
tograms at 4 different phases are plotted in Fig. [1.9A, and each histogram corresponds
to a single data point in Fig. [1.9B. For each measurement, we fit the 2-mode photon
number distribution model in Eqn. to extract the variance of the fundamental mode
as a function of the amplified quadrature phase of the squeezed vacuum 6. Figure
shows these measurements for three cases: slow photodetector measurements, fast pho-
todetector measurements, and the 2-mode fit. Slow measurement values are calculated
from the slow oscilloscope trace using the method outlined in section [£.4] Because of
the photon number offset resulting from pump depletion, the numerator and denomina-
tor of Eq[4.19) have a small but constant offset, resulting in the measured squeezing and
anti-squeezing being underestimated. Fast measurement values are calculated using the
variance of the photon numbers measured at the fast detector. This overcomes the offset
problem and measures more squeezing and anti-squeezing, but these measurements are
still contaminated with remaining contributions from higher-order modes. The 2-mode
fit addresses this problem by isolating the variance as a function of # for the fundamental
mode, leading to higher measured squeezing and anti-squeezing. After performing this
fit for all measurements, the distributions are re-sampled and fed into a maximum likeli-
hood algorithm which calculates the Wigner functions for squeezing data (Fig. [4.9C). We
extract a squeezing in the fundamental mode of 2.41 + 0.34 dB and an anti-squeezing of
3.87 + 0.61 dB, which corresponds to a state purity of 0.929 4+ 0.044. Figure [4.9E shows
the recovered density matrix corresponding to the Wigner function plotted in Fig. [£.9(C.
We show the expected density matrix given the measured squeezing and anti-squeezing in
Fig. 4.9D, and the absolute difference between the expected and recovered in Fig. [4.9]

where we calculate a fidelity of 0.9998 + 0.0001. While our fitting strategy limits us to
states with known distributions, we can overcome this limitation with tighter bandpass
filtering to better reject higher-order modes. Our losses between the chip and fiber (10
dB) and from our filter setup (6 dB) currently prevent us from tighter filtering as the
remaining light is no longer strong enough to provide a sufficiently large signal-to-noise

ratio at the fast photodetector.

4.5 Conclusion
We have demonstrated OPA-based state tomography for squeezed vacuum in the ultra-

fast regime using dispersion-engineered TFLN. The low dispersion of our OPA design
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allows operation with ultra-short pulses to exceed the bandwidth of homodyne measure-

ment and access a new regime of THz repetition-rate measurement and computation.

With narrower bandpass filtering at the output of our OPA, modest improvements in

detection efficiency, and a generalization of our state tomography algorithm, we can per-

form Wigner tomography on arbitrary symmetric quantum states encoded in femtosecond

optical pulses. We show that ultrafast nanophotonic OPAs can serve as quantum mea-

surement devices, paving the way for ultrafast quantum information processing to be

realized in a room-temperature chip-scale platform.
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ABSTRACT

Temporally multimode squeezed states have been a topic of recent interest due to their
applications in quantum communication, information processing, and sensing. Charac-
terizing the mode shapes is crucial for effectively manipulating these states, but current
mode shape and state characterization techniques necessitate constraining assumptions
and complicated experimental setups. Here, we propose a characterization technique that
simultaneously recovers the complex temporal mode shapes and quadrature variances of
ultrafast multimode squeezed states based on frequency-resolved optical gating (FROG)
using an optical parametric amplifier (OPA). FROG is a promising tool for quantum
state characterization due to its flexibility of implementation and high temporal resolu-
tion. Using an OPA as the nonlinear process in FROG has the benefit of amplifying
weak quantum states to a detectable level while preserving quantum information. Nu-
merical simulations demonstrate the recovery of the mode shapes and levels of squeezing
and anti-squeezing of ultrafast multimode squeezed states. This scheme offers a practical
experimental approach to measuring arbitrary temporal mode shapes and characterizing

large-scale multimode ultrafast Gaussian quantum states.
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5.1 Introduction

Optical quantum information processing and communication have been the subjects of
intense study, due to light’s long coherence time and information density capacity [1, 15,
16, 24}, 25, 48|. Encoding quantum information in the temporal modes of ultrashort pulses,
which are overlapping orthonormal modes in time and frequency, allows for multiple
modes to exist within the same pulse and spatial mode [4]. This basis allows a single
pulse to carry a large amount of information, making it an attractive and natural option
for ultrafast time-multiplexed communication and computation [32]. High-bandwidth
single-mode pulses also carry a large amount of information, and recent progress has seen

quantum optics extended even to the attosecond regime [6, |38, |39).

One difficulty of working with ultrafast quantum states is that the efficiency of opera-
tions degrades rapidly with the mismatch between modes, so characterizing the mode
shapes of the quantum state is paramount to manipulating these states and realizing
useful computation and communication. Using squeezed states to perform continuous-
variable quantum computation [20, 21| and secure quantum communication [18, [27] is
one path to quantum advantage which has the benefit of deterministic state generation.

Characterizing ultrafast quantum states has therefore been an active field of study.

In particular, the tomography of temporally multimode squeezed states using optical
parametric amplifiers (OPAs) has been the subject of intense recent study [2, 13, 42].
OPAs are well-suited to generating and measuring these states due to their inherently
multimode [41] and broadband nature [34], and their phase-sensitive amplification which
allows for quadrature-selective measurement while preserving some quantum information
[12, |22]. Because of their broad bandwidth [17], many temporal modes can exist in an
ultrashort multimode squeezed pulse generated by an OPA. Mode-selective squeezing
measurements allow us to access the squeezing in the principal modes, which is higher

than the mode-averaged (e.g. time-averaged) squeezing which is typically measured |2,
23, 42].

One challenge in temporal-mode continuous-variable (CV) quantum optics is that the
relevant basis is typically unknown, as the principal squeezing modes depend on pump
shape and phase matching and are sensitive to physical imperfections. Most detection
strategies require mode-matched local oscillators [5] or reconfigurable mode projections
[14, 26]. Some techniques have a tradeoff between the amount of information gained
about the state and the modes [36], and others rely on prior knowledge about the state

[9, 135]. Quantum pulse gates can decompose the state into multiple modes by shaping
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a pump pulse [30, 33] and have been used to decompose a state into its component
modes adaptively [9} 31]. Electro-optic sampling has also been used to characterize the
temporal nature of squeezed light [10, |11, 28, 43], but it necessitates sub-cycle pulses,
which limits it to quantum pulses with longer wavelengths. Lastly, decomposition of data
measured using homodyne detection [5, |29] can also be used to identify the principal
modes of a state. Many of these techniques require pulse shaping and feedback loops,
and their resolution and bandwidth is typically limited by pulse shaping performance.
However, a technique capable of directly reconstructing both the temporal mode structure
and quantum statistics of ultrafast multimode squeezed states without requiring mode-

matched local oscillators or adaptive pulse shaping remains a significant challenge.

Here we introduce multimode Gaussian OPA frequency-resolved optical gating (MMG-
OPA-FROG), a phase-sensitive parametric variant of FROG in which a broadband OPA
serves as the nonlinear gate, and show how it can be used to characterize Gaussian states
through their quadrature variances and simultaneously determine their principal temporal
mode basis. We propose and numerically simulate using an OPA as the nonlinear element
in a frequency-resolved optical gating (FROG) setup [37] and develop a retrieval algorithm
to account for the multimode and quantum nature of the input state. The concept is
illustrated in Fig. [5.1]

FROG is popular due to its simplicity of setup and robustness to experimental imperfec-
tions while having high resolution and bandwidth. Employing an OPA as the nonlinear
process in FROG has been used to measure pulses with extremely low energy [44, 46, 47],
which is possible because OPAs can amplify pulses by a factor of as large as 10® while
having low dispersion. Furthermore, the complex temporal envelope of quantum corre-
lations between twin beams has been measured using FROG [7]. Thus, an OPA-based
FROG is an ideal candidate for characterizing low-photon-number ultrashort quantum
states. The phase-sensitive nature of the OPA provides access to the second-order mo-
ments, from which it is possible to fully characterize Gaussian states and even partially
characterize non-Gaussian states. This technique gives the full temporal mode informa-
tion, including the complex mode phase, which is crucial for manipulating the modes.
MMG-OPA-FROG can be applied even for single-mode ultrafast quantum states, in order
to take advantage of the high resolution and flexibility in wavelength. We have recently
explored multimode squeezed state reconstruction using sum-frequency generation FROG
[45]. The present work instead considers the distinct measurement regime of OPA-only

FROG and develops the corresponding formalism for recovering the temporal modes and
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Figure 5.1: Temporally multimode Gaussian (MMG) state reconstruction process using
OPA FROG. The pulsed quantum input state and a gate pulse are put through an OPA
FROG setup, and the resulting spectrogram is put into the MMG-OPA-FROG algorithm,
which splits the input state up into its component modes 1, (t) and second-order moments

(27) and (p7).

second-order quadrature moments.

We show how the FROG spectrogram is related to the mode shapes and second-order
moments and then show numerically how ultrafast multimode Gaussian states can be
characterized using a FROG retrieval algorithm. In addition, we quantify the resiliency
to noise in the spectrogram, showing a successful retrieval even in the presence of noise,
and how to extract the relative squeezing angles from the mode shapes. We show how
to extract information necessary for temporal mode quantum information processing and

communication using a minimal experimental setup and few assumptions.

5.2 Theory

Quantum OPA FROG with arbitrary OPA and signal modes

We start by considering a frequency-resolved optical gating (FROG) setup with an OPA
as its nonlinearity. The MMG-OPA-FROG spectrogram is generated by sending the
quantum state and gating pulse as the pump into an OPA and measuring the output
spectra at various relative delays between the input state and gate. The information in
the spectrogram allows for the reconstruction of the complex mode shape of a classical

pulse, and it also allows for reconstruction of multiple modes in the same pulse. This
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spectrogram [ (w, 7) is the expectation value of the photon number of the output state at

delay 7 and frequency w:

Iw,7) = (N(w,7)> = (0" (w, 7)a"" (w, T)). (5.1)

where [ is spectrogram and a°“(w, 7) is annihilation operator in the Heisenberg picture

after the OPA in the frequency mode w at gate delay 7. Expanding the output operator
in terms of the temporal modes of the OPA and then in terms of the operators of the

signal input into the OPA @™, using the Bogoliubov transform, we have

) = Y00 (w, Tz (5.2
— Z @Z)SZPA* (w, 7)(cosh rm(T)&ZL‘ — sinh rm(T)ewm(T) diZT) (5.3)

where &, = rp,e" are the complex gain parameters of the OPA for each mode m and
POPA(w) are the OPA modes in the frequency basis. The modes are delay-dependent
since their position in time is dependent on the relative position of the pump pulse to
the signal pulse, and the gain parameters are delay-dependent because the pump phase

determines which signal quadrature is amplified. The mode annihilation operators in a
basis {¢;,(w)} are defined as

G, = / dw P (w)a(w), (5.4)

which, for an orthonormal basis leads to the complementary transformation

aw) = Y 6 (@)an. (5.5)

We can expand the spectrogram in terms of sums over the OPA modes, suppressing the

delay dependence of the modes and gain parameters for now:

m

Hw,7) =) <w2PA(w)(Cosh Pt — sinh 7,,e”maim)

m,m’

OPA™ (W) (cosh rpydi™, — sinh rm/ewm’&zﬁ». (5.6)
We now define how we would like to decompose the multimode Gaussian input state.
Any Gaussian state can be decomposed into a principal mode basis in which the states
are uncorrelated with each other [8]. The input state’s annihilation operator can be

decomposed into its uncorrelated principal mode basis {1:(w)} and the output signal
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can be written as a function of that basis as (subscript n denotes an operator the signal

basis while m indicates one in the OPA basis):

il = [ dw w9 W) (w) (5.7)
— [ dw v @) S u (w)alr (5.8)
=" ynal (5.9)

where 0., = [ dw O (w)1h39*(w) is the overlap of a signal and OPA mode.

Now, we make the high-gain approximation, which is that the detected modes have high
gain parameters r,, such that coshr, ~ sinhr, =~ exp(r,,)/2. This approximation is
relevant when using a photodetector which is not sensitive to single photons, or rather,
one which is used to detect mainly classical macroscopic states. With this approximation

and plugging in the definition for ¢,,, we have:

67’m+r£n

)= ¥ (4P e w)

*  Adnf _—if Ain)
m,m’ n,n’

m
( Omnn € OmnQy,

(O-m/n/&:f;} - eiem/ O-jn/n/a,lr:/ﬁ)> (510)

The sums over n,n’ are over all modes of the input state (that is, from the first mode
to a potential infinite number of modes), and the terms are not necessarily zero when
the input state is vacuum, but rather only zero when the overlap between the OPA and

input modes is zero. This is due to an (a™7a™) term which is non-zero for vacuum.

Using that the signal modes are uncorrelated, that is, that (§,qd,) o du. for ¢,§ €

{a™ a1}, we arrive at

eTm+Tm/ i N . N
I(w,7) = Z Q/JT?LPA(W,T)@/JSI?A*(W, T) 1 (afnnam/nmwa;@—e ’emamnam/n((a;”)2>
m,m’n
0 T V) + O (0. (5.1)

This shows that we need to know the overlap between the modes of the OPA and the
input state in order to interpret the results. This indicates that the spectrogram contains
all second-order moments of the state, which fully characterize a zero-mean-field Gaussian

state.
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Quantum OPA FROG with a large-bandwidth OPA
A large-bandwidth OPA has modes which approach delta functions in time and plane
waves in frequency:

PO W) — FL6(tm)} = e ™im. (5.12)
This is because the temporal width of OPA modes is inversely proportional to the product

of the bandwidths of the pump laser and of the phase matching of the OPA [19].

The mode overlap then becomes

O = [ dar €7 (w) = U7 (1) (5.13)

where 1%9(t),, are the inverse Fourier transforms of the signal modes. We now drop the
m subscript and simply refer to the OPA modes by their time ¢. Plugging all this into
Eq. [5.17] results in

r(t—7)+r({t'—71)

) = [f Attt e 5 (w0 () - B (¢ ()
— D (1) (1) (a2 + O ()i (1) i), (5.14)

We now assume that the signal is centered around a frequency w, and that the pump is
centered around a frequency w, = 2w,. The squeezing parameter £(¢) can be separated
into

E(t) = r(t)e?V) = r(t)e! 00t +wrt) (5.15)

with 6(t) = 00(t) + wpt.

We also define the broadband quadrature operators

1

B = olan+ al) (5.16)
1

Do = 5 (n = al) (5.17)

The spectrogram can be written in terms of the interaction picture squeezing phase and

quadrature operators, dropping the superscripts sig and in, as

4
+ ({00 + (D7) + g)e” TN ) t)
— ((82) — (B2) + (@ + Dain) e O F Ty (1)) (1)
— ((82) = (P2) — i(Zafu + Pun) ) (D) ()], (5.18)

iw(t—t")+r(t—7)+r ' —7)
](W,T)://dtdt’e Z[((ﬁ>+<ﬁi>—%)%(t)ﬁ(t/)
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i(—36(t—7)+86(t' —7))

Moving a factor of e /2 in front, we have

I(w,7) / dede’ 1 Wt =) =80(t—7) /24+80(t' =) /2)+r (=) 47 (¢ ~7)

S [((a2) + (p2) — §)e DI 2y, () (¢

n

)+ (52) + B I 2 1
—((# > <p31> + i(ZnPn ‘I'pnmn»ei((_(se(t_ﬂ_56(t/_7))/2_wﬂ)¢;(t>w:(t,)
. (<£721> < > <33npn+pn33 >)ei((é@(th)JrM(t’f‘r))/2+wp7-)wn(t)wn(t/)}' (519)

Collecting the second-order moments and defining d¢(t) = 6(t)/2 — wst, we get

I(w,7) = Z // dtdt/iei(w(t’—t)—6¢(t—7)+6¢(t/—T))—Jrr(t—ﬂ')—l—r(t’—T)

(t/)efi(fsﬁb(t’fT)erpT/Q)_wn(t/)ei(5¢(t/7T)+pr/2))

n n

[<i’ >( () z(&bt T)+wpT/2) _ w*(t)efi(6¢(tfr)+wp‘r/2))(w*
< >( n(t) z(5¢(t—7)+wp'r/2)_{_¢*() —i(5¢(t—7)+wp7'/2))(¢Z<t/) —i(6¢p(t' —7)+wpT/2) +1by, ( ) i(Sp(t' —T )+wp7—/2))

+ L (g (), () e 0P () ()T 00l =)
+i<@nﬁn+]9n96n>(¢n(t)w;(t)e’l(5¢’(t*7)+5¢( ) +wpT) — () (e i(5¢(t77)+5¢(t’77)+w))}.
(5.20)

Finally, simplifying each term and using the definition G(t) = e~?¢M+®) e have

o0

=2 [f

Aln )S{G t— 7') Im[w ( ) i(6¢(t77)+w57)]}’2

(B2 |FG(E = 7) Refu, (e @]
S ) T [F{G U =) () A GG (1= ) (e 04Dy

2
+3 (\s{a(t — e Dy )+ (G - T)ew‘b(tﬂi/}n(t)}fﬂ . (5.21)

This form of the spectrogram is specific to bases in which the states in the modes are
uncorrelated, so finding the modes which contribute in this way to the spectrogram
will give us the principal modes, effectively diagonalizing the covariance matrix. The
spectrogram is the incoherent sum of the principal-mode spectrograms, with four terms
per mode. Two of the terms are weighted by the two non-zero second-order moments, and
the last two are independent of the state’s statistics. The angle in quadrature phase space
along which the state is squeezed is encoded in the relative phase between the modes,

allowing us to recover the covariance of the squeezed state. Thus, this spectrogram
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contains all the information needed to recover the mode shapes and the second-order
moments of a multimode state, which is enough for characterizing a multimode Gaussian

state.

It is important to note that the sum is over an infinite number of modes, since the vacuum
modes result in a non-zero contribution to the spectrogram due to OPG. Thus, even for
a vacuum input, the output spectrogram will be non-zero, and it is beneficial to subtract

the vacuum contributions for ease of recovery.

Covariance term

The term following the covariance (Z"pi" + pz#") is not in an ideal form for using
a FROG-type algorithm. However, for a Gaussian state with zero mean-field (e.g. a
squeezed state), the state can be rotated such that the covariance goes to zero by adding
a phase to the mode shapes. This occurs because the covariance vanishes when the state
is squeezed along the & or p axis. Therefore, we may set this covariance to zero without
discarding physical information. The squeezing angle is not lost, but instead is absorbed

into the complex phases of the recovered mode functions.

This equivalence follows from the broadband input state annihilation operator

a(t) = >_vn(t)an (5.22)

and noting that multiplying either 1, () or @, by a complex phase e~ can be compen-
sated by multiplying the other one by the same complex phase. Making the transfor-
mation @ — e ?a leads to the usual rotation in phase space & — 2 cosf + psiné and
p — pcosf — T sinf. Hence rotating in quadrature phase space is operationally the same
as adjusting the complex phase of the mode function. We can use this freedom to choose
a basis with (2I"pi" 4 pizin) = (), while keeping the squeezing orientation encoded in the

retrieved mode phases.

As an example, we show three spectrograms in Fig. [5.2] each with just one mode. We
show how rotating the quadrature operators and the modes leads to the spectrogram
changing. Rotating the quadrature by 7/4 shifts the peaks and valleys by half a period,
as can be seen in Fig. [5.2(b), while adding the same phase to the modes shifts it back
to the original spectrogram, as can be seen in Fig. M(C) Thus, adding a phase to the
operators and the modes leads to the same effect and one can be used to absorb the
effect of the other, allowing us to ignore the covariance term for squeezed states. Moving

forward we will omit this term in the equations of spectrograms.
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Figure 5.2: Spectrograms changing with rotating quadratures and adding a phase to the
mode. All spectrograms are vacuum-subtracted and generated with one 30-fs Gaussian
mode a 100-fs pump pulse, both with no chirp, and normalized such that their peak value
is 1. The red lines are aligned to the peaks of (a) as a visual guide. (a) Spectrogram with
no rotations. (b) Spectrogram with the quadratures rotated (& — ae~"/*). (c) Spectro-
gram with the quadratures rotated and a phase on the mode (¢(t) — 1(t)e~""/*). Note
that this action undoes the quadrature rotation and that this spectrogram is identical to

(a).
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Figure 5.3: Overview of the vacuum-subtracted spectrogram V3¢ s"(w, 1), which is the
measured spectrogram [™(w, 7) minus the vacuum spectrogram I'*°; which is the out-
put when the input state is vacuum. All color bars are shared and are normalized to the
maximum of the measured spectrogram. For multimode squeezed states, the vacuum-
subtracted spectrogram is composed of positive elements for the anti-squeezed quadra-
tures and negative elements corresponding to the squeezed quadratures, with two terms
per mode (one positive and one negative). Negative values indicate the presence of squeez-
ing.
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Vacuum-subtracted spectogram

For the case of a vacuum input, the spectrogram simplifies to the constant IV*(w, ) =
| [ dt G(t)|>/4, which is just the optical parametric generation from the OPA. Because the
spectrogram is non-zero for vacuum input, it is possible to extract the absolute squeezing
parameters by normalizing the extracted mode shapes using the vacuum spectrogram
as a reference. Furthermore, if the vacuum spectrogram is subtracted from a measured
spectrogram, the last two terms and all contributions from un-squeezed modes in the
input state are canceled out, truncating the sum to only those modes which are occupied

by a non-vacuum state:

sy )y = I(w,7) — 1w, 7)
-5 () - DBt mp el

Ain 1 i NdwsT 2
+((02) - 7 ) [§{e@) Refune o=
where M is the number of non-vacuum modes

This spectrogram, which we call the vacuum-subtracted spectrogram, has negative com-
ponents if either quadrature has noise below the shot noise level. The negativity of the
vacuum-subtracted spectrogram thus gives an indication of whether there is squeezing.
An example vacuum-subtracted spectrogram for a multimode squeezed state is shown in
Fig. using 25-fs Hermite-Gaussian modes with a moderate chirp and a 100-fs chirped
gating pulse. The modes have 3 dB, 4 dB, and 2 dB of squeezing, in order of increasing

Hermite polynomial order.

5.3 Algorithm

We use a similar algorithm to that developed in [3], which was for a varying probabilistic
pulse train, whose spectrogram is also an incoherent sum over the potential pulses that can
be emitted. Whereas their spectrogram was positive, our vacuum-subtracted spectrogram
can contain negative values, so their data constraint cannot be applied directly. We use
Lagrange multiplier projection to get around this issue. Furthermore, the form of the
spectrogram terms is not amenable to the principal-components generalized projections

algorithm, so we must use gradient descent for the nonlinear constraint step. A block
diagram is shown in Fig. [5.4l

Throughout the algorithm, as is common in FROG algorithms, we keep track of both

the mode shapes (and the corresponding weights, which are based on the second-order
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Figure 5.4: Block diagram of the MMG OPA FROG algorithm. The data constraint
uses the measured data to update the guess in frequency space. The nonlinear constraint
enforces the form of the spectrogram based on the nonlinear action of the OPA, which
is encoded in Eq. The mode orthonormalization step ensures the validity of the
modes. An initial (usually random) guess for the shapes and quadrature variances of the
modes begins the algorithm.

moments) and the frequency-domain complex signal fields [37]. The aim of each iteration
of the algorithm is to update the signal fields so that they match the measured data and
then to update the modes and weights so that they match the signal fields. In the case of
MMG-FROG, we must keep track of 2M signal fields for M modes, where for each mode
there is an x and a p field corresponding to their respective term in the vacuum-subtracted

spectrogram. We label these signal fields EZP(w, 7).

Data constraint

The spectrogram is in the form of

N 2N
Jvac Sub(w,T) _ Zi|Ef;(w,7‘)|2i |Ef;(w,7)|2 — Z Sm|Em(w,7')|2 (524)
n=1 m=1

with the signs in front of the fields s,, € £1 depending on whether each quadrature is
squeezed or anti-squeezed, m denotes a sum over both z and p terms (e.g. the first N
terms for  and m = N + 1 through 2N correspond to the p terms), and E,, without
a superscript denotes that the field can be of either quadrature. The goal of the data

constraint step is to change the signal fields as little as possible while satisfying the
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equation above. This can be done by the method of Lagrangian multipliers.

We define a Lagrangian to be minimized
L= B, ) — By, D + Al 7) (zsm|E;<w,T>|2 S ﬂ), (5.25)

with E! (w, 7) being the updated signal fields. Taking the derivative with respect to E*

we have that
Ep(w,T)

T 1 s (w, )
This equation represents N? equations, one for each point in the spectrogram. To deter-
mine the value of A(w, 7), we plug this equation into the data constraint Eq. :
LA,
— " (14 s (w, T))2
After solving for A(w, 7), we simply plug it into Eq. and obtain the new signal.

B (w,7) (5.26)

= (), 7). (5.27)

Nonlinear constraint

The nonlinear constraint serves to enforce the form of the signal fields. That is, that
EX(t, 1) = X,G(t) (Re[t, (t)] sin(0o(t) + wsT) + Im[1), (¢)] cos(dp(t') + wsT))  (5.28)
EP(t,7) = P,G(t')(Re[th,(t)] cos(0p () + weT) — Im[eh, (¢)] sin(0o(t') + wsT))  (5.29)

where X, = ‘((ig)% -1, B, \((ﬁg)% ~1

Fourier transforms of E*?(w,7) in the first parameter.

,and t' =t — 7. These are the inverse

The way to enforce this constraint is to find the mode shape and variance that minimizes

the functional loss
ZwP =" |EP(t,T) — EXP(t, 7)), (5.30)

t,T
where EZ7'(t,7) is a function of the mode shape and state as shown above in Equs. [5.2§
and [5.29. We can analytically find the gradient of the functional loss with respect to the

real and imaginary parts of the modes:

M{f[qui(t)} = —2 2 Re[XuG(t — 7) sin 0 (t, ) " (1, 7)] (5.31)
aln?[qui(t)} = —22 Re[XuG(t —7) cos 6 (1, 7) &y (1, 7)] (5.32)
(% = —2 RelP,G{t = 7) cosde/ (1.7 RE' (1. 7)] (5.33)
Tt = 2 RelPLG(E = ) sin 50/ (0,7 RE (1.7 5.3
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where G(t) = er®W+1090) §¢/(t 1) = 6p(t — T) + wsT and

RE(t,7) = E2(t,7) — XoG(t — 7)(Re[yn(t)] sin 8¢/ (t, 7) + Im,(t)] cos 8¢/ (£, 7)) (5.35)

n

RP(t,7) = EP(t,7) — PuG(t — 7)(Re[thn (£)] cos 3¢/ (t, 7) — Im[ih, ()] sin 668 (¢, 7)) (5.36)

are the residuals between the stored signal fields and the signal fields calculated from the
modes and quadrature variances. After calculating these gradients, we use an optimizer
to determine the optimal step size before updating the mode shapes along the gradient

direction.

In order to update the mode variance weights, we normalize the new mode shapes such
that 3=, [1,(t)|> = 1 for all n and multiply the variance weight by the amount we divided
n(t) by. That is,

norm ¢"(t)

Yo () = 5.37
) VI [ (t)]2dt 30
Ch = Cuy [ 1alt)Pat (5.38)

for C,, being one of the mode weights X,, or P,. Thus, the product C, ¥, (t) = C/ 12" (t)
remains constant but the mode is normalized, and enough information is gained from
this gradient step (i.e. an increase or decrease in mode amplitude) to adjust the mode

weight.

5.4 Results

We numerically simulated the generation of the OPA FROG spectrogram and retrieved
the mode shapes and quadrature variances using our MMG-OPA-FROG algorithm, de-
scribed above. We used the retrieval algorithm to extract the shape of modes, the vari-

ances in Z and p, and the relative angles of squeezing.

We numerically generated the spectrogram from a multimode squeezed state composed
of 30-fs-long chirped Hermite Gaussian temporal modes, which are a good approximation
for the modes that arise from a broadband OPA [41], using Eq. [5.23] The gating pulse is
a mildly chirped 100-fs Gaussian pulse which amplifies the state by 50 dB. The results,
after 10,000 iterations of the algorithm, are shown in Fig. [5.5] The loss, which is the root
mean square distance between the simulated and recovered spectrograms normalized by

the root mean square of the measured spectrogram, is 0.0026.

The mode fidelity of each mode, written as an inset in Figs. (d)—(g), which we define

as the squared overlap between the actual and recovered modes as | [ dt ¥ (¢)rec(t)|?,
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Figure 5.5: Simulated retrieval of an ultrafast multimode squeezed state using MMG-
OPA-FROG algorithm using a 100-fs chirped Gaussian gating pulse. (a) Simulated spec-
trogram, normalized such that the peak value is 1. (b) Retrieved spectrogram, also
normalized. The root mean square distance loss is 0.0026. (c¢) Plot of actual (black cir-
cles) and recovered (blue crosses) squeezing and anti-squeezing for each mode. (d)-(g)
Recovered (colored) and actual (black) mode shapes, with the solid lines portraying am-
plitude and the dashed lines phase. The fidelity between the actual and recovered modes
is written in each plot.

is above 0.995 for all modes. The amount of actual and recovered squeezing and anti-
squeezing is shown in Fig. [5.5(c), with all recovered values falling within 2% of the
actual values. All of these quantities indicate a successful reconstruction of the state.
This demonstrates that the MMG-OPA-FROG algorithm can accurately recover both
the temporal structure and quantum statistics of ultrafast multimode squeezed states

directly from the measured spectrogram.

The algorithm can identify the relative phases, which is equivalent to the squeezing angles
for a multimode squeezed state, which can be used to reconstruct the full covariance

matrix. In the case of Fig. the relative phases are zero.

We use the algorithm to extract the relative phase between the modes, which for squeezed
vacuum allows us to determine the full covariance matrix with one of the squeezing modes
as the reference for squeezing angle 8, = 0. We show the correspondence in Fig. (a)
and the relative mode phase recovery for 2 modes in[5.6(b). The covariance as a function

of the relative mode phase and the quadrature variances can be calculated as

(227 sin 0, cos O, — 2p* sin O, cos 0,). (5.39)
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Figure 5.6: (a) Correspondence between the squeezing angle in phase space and the
relative phase between a mode and a reference point (usually another mode). (b) The
recovered relative phase between two modes vs. the actual relative phase. Unity (perfect
reconstruction) is shown in gray.

We characterize the noise-tolerance of the algorithm by adding Gaussian noise to the
simulated spectrogram to achieve various signal-to-noise ratios (SNRs) and characterizing
the loss and mode fidelity, as shown in Fig. |5.7(a) and (b). We employ a zeroing mask
over the data outside the significantly non-zero portion of the spectrogram so that the
noise in the wings does not prevent convergence. In order to simulate a realistic recovery
procedure, we use the common bootstrapping technique to generate the error bars from a
single noisy spectrogram at each noise level |[40]. We can see that the recovery decreases
in effectiveness with higher noise, and that some retrievals fail (note the heavy tails of
the fidelity distributions towards low fidelity for low SNR in Fig. [p.7(b)). These tails
indicate that some retrievals fail, so we set a threshold of 10% loss for considering a state

recovery successful, and the following plots are based on successful recoveries.

We show an example mode retrieval at an SNR of 15 dB in Figs. [p.7(c-h). The mode
retrieval is slightly less successful than in the noiseless case, with the squeezing values in
particular having a large variance. However, the average mode fidelities, shown in the
insets of Figs. [5.7[(f-h), are above 0.85, and the mode variances are within 10% of their
actual values, showing that the mode shape reconstruction was successful even in the

presence of noise.

5.5 Discussion

The experimental prospects for generating and characterizing a multimode squeezed state
using MMG-OPA-FROG are promising. A potential setup to implement it is shown in
Fig. Multimode squeezed states have been generated and characterized using OPAs
12,113,142, and OPAs have been used as the nonlinear process in FROG setups for classical
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Figure 5.7: Performance of the algorithm in the presence of noise. (a) Loss vs. iteration
number for different amounts of noise in the spectrogram. (b) Distributions of mode
fidelity for different SNRs. (c) Example noisy spectrogram with 15 dB SNR. (d) Recovered
spectrogram, with the noisy one as input. (e) Actual (dots) and recovered (crosses)
squeezing and anti-squeezing values from the noisy spectrogram. (f-h) Recovered mode
intensity (solid lines) and phase (dashed lines) from the noisy spectrogram, averaged
over successful retrievals. The shaded region indicates one standard deviation, based on
bootstrapping. The fidelity of the recovered mode with the actual mode is inset.

pulses , . OPAs with a broad bandwidth, which is necessary for the spectrogram
to be in this form, are available in integrated photonics . Furthermore, the length of
the pump pulse does not limit the resolution of the reconstruction, within reason, and so
the pump pulse can be any pulse that allows for broadband and high-gain operation of

the OPA, lifting the pulse-shaping requirement present in homodyne detection.

One difficulty of implementing this state retrieval scheme is minimizing the loss between
the state-generation and measurement OPA, so that the squeezing is maintained. One
solution is putting both OPAs on one integrated photonic chip, which reduces loss and
allows for significant squeezing to be measured . Another potential difficulty lies in
stabilizing the relative delay between the state and gating pulse, since the amplified state
coming out of an OPA is very sensitive to the relative phase of the pulses and as such
it must be very well stabilized. There are, however, techniques for calibrating the phase
given instabilities [44].

Currently, except for the mode orthonormalization step, the computation time of the

algorithm scales linearly with the number of modes and with the number of data points,
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Figure 5.8: Retrieval time vs. number of modes in the retrieval.

since each data constraint and gradient descent step must be implemented mode-by-mode
and data-point by data-point, leading to a scaling of O(M N, N.) for M the number of
modes recovered, N, the number of frequency data points, and N, the number of de-
lays measured. The mode orthonormalization, which is a Gram-Schmidt decomposition,
scales as O(N,M?), but in practice up to M = 40 modes the linear factor dominates. We
plot the computation time vs. the number of modes in the retrieval in Fig. for 200
iterations each, with 64 points along both frequency and delay. The small fluctuations
are likely due to other processes on the computer. For retrieving five modes using 10,000
iterations, twelve minutes are required on an Apple M1 processor with no GPU speedup.
Due to the linear scaling, by optimizing the algorithm further and using dedicated hard-
ware it may be possible to scale up the retrieval to a larger number of modes with a

reasonable computation time.

Further work includes advancing the measurement scheme, including retrieving the co-
variance for arbitrary input states, which would grant us access to some information on
non-Gaussian states [43]. To characterize non-Gaussian states fully, we require access
to all of the statistics of the state, not just the second-order moments. If a single-shot

spectrometer is available, it may be possible to perform full multimode state tomography

[9]-

5.6 Conclusion

In summary, we have proposed and numerically simulated the characterization of a mul-
timode squeezed state using OPA FROG. We derived the OPA FROG spectrogram of a
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Figure 5.9: An experimental setup to measure the OPA FROG multimode spectrogram.
The quantum pulse is amplified by a delayed gating pulse in a broadband high-gain
OPA. The resulting amplified pulse is measured in a spectrometer and these spectra are
combined to form the spectrogram I(w, 7).

multimode quantum state as a function of the second-order moments and mode shapes.
We developed a multimode FROG algorithm to extract the mode shapes and Z and p
variances. This technique can be implemented using available experimental techniques
and equipment, particularly the scalable platform of integrated photonics, and has the
potential to characterize a wide range of mode shapes and states. Unlike existing tech-
niques, MMG-OPA-FROG does not have demanding gating pump pulse requirements,
and there are few limits on the range of wavelengths that can be characterized. There
are no assumptions on the shapes of the modes or on the gating pulse, and the assump-
tion that the OPA used in FROG is broadband and high-gain is consistent with current
experiments. Thus, ultra-broadband multimode input states such as the ones generated

using broadband OPAs themselves can be characterized and utilized more effectively.

The ability to characterize ultrafast temporally multimode Gaussian states is central to
implementing an optical temporal-mode-based communication and computation system,
since knowing the mode shapes is crucial for mode matching and manipulation. This
technique is one possible tool in the toolbox of ultrafast optical temporal mode computing

and communication.
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Chapter 6

OUTLOOK

In this chapter, we will discuss future directions in nonlinear quantum optics, and quan-
tum optics in general, with additional technological and theoretical innovations. Here we
will focus on the goals of improving sensing, communication, and computation and in par-
ticular focus on integrated platforms. As mentioned in Chapter [I}, many of these goals can
be achieved using quantum light, and scaling these operations up is imperative for achiev-
ing an undeniable quantum advantage. This thesis explored some methods of overcoming
the electronic measurement bottleneck using integrated nonlinear photonics, which may
help with lifting the scaling limit of time- and mode-multiplexed quantum optical sys-
tems. These systems are of interest because they have already seen success in large-scale
entangled state generation [2, 9] and quantum operations |1, [10] while maintaining a
constant physical overhead, and large entangled states are imperative for achieving fault-
tolerant quantum information processing. A fast measurement of quantum light may also
be beneficial for increasing the operating speed of matter-based quantum systems such
as neutral atoms and trapped ions and increasing the number of operations possible be-
fore the qubits decohere. For these reasons, lifting the bandwidth limitation on quantum

optical measurement has broad-reaching implications across quantum technologies.

6.1 Quantum optical information processing

Looking forward, quantum optical computing and information processing has a few
advantages over other quantum computation schemes such as superconducting qubits
and trapped ions and atoms, namely, room-temperature operation, ultra-broad available
bandwidths, and ready integration with quantum communication systems. Optical quan-
tum computations can also take advantage of the reconfigurability of entanglement and
long-range entanglement available to optical time-, temporal mode-, and frequency-bin-
multiplexed systems. The downsides are the low nonlinear interaction rates, which leads
to an increased difficulty of performing deterministic non-Gaussian operations, and the
difficulty of storing information in light. In order for quantum photonics to be a viable
alternative to matter-based qubits and qudits, these issues must be addressed, and the

benefits must be taken advantage of.
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Large-scale entangled states

In terms of large-scale entangled state generation, implementation in the time-multiplexed
regime will be improved by multiplexing shorter pulses, as current implementations are
limited by the phase coherence time [2, 9]. For example, the temporal widths of the
modes in those works is of the order of tens or hundreds of nanoseconds, limited by the
bandwidth of their OPO squeezed light source, while squeezed pulses from our OPAs are
hundreds of femtoseconds wide, which offers an increase in the number of modes of five

orders of magnitude if the full bandwidth is taken advantage of.

Furthermore, performing operations on multimode ultrafast quantum optical states in
the temporal mode basis offers a convenient way to generate large and high-dimensional
entangled states simply by changing the measurement basis. This is similar to what
has been done in frequency-bin cluster states, since the principal mode basis is some
superposition of these frequency bins [16]. Mode-selective photon subtraction, an essential
building block for any CV quantum optical system, has already been implemented [14],
and multi-output quantum pulse gates have been created that separate the modes for
better mode-selective operations |17]. Arbitrarily selecting modes for light generation
would also increase the capabilities in the spectrotemporal mode basis, and work has been
done on this using dispersion engineering and pump pulse shaping [18]. Combining time-
and temporal mode-multiplexing with feedback locking for phase stability could provide
the possibility for high-dimensional and indefinitely large entangled state generation. The
phase stability of integrated photonic chips makes them an attractive alternative to free-
space setups. The use case for these states is MBQC [15], a particularly popular scheme
in quantum optics due to the convenience and benefits of separating the entangling gates
from the single-mode operations. The ability to use time as a dimension sets light apart in
terms of scalability from other quantum systems, and ultrafast ultra-broadband photonics

may offer a way to push those abilities even farther.

Fault-tolerant quantum optical computing

Using CV cluster states combined with Gottesman-Kitaev-Preskill (GKP) states for fault-
tolerant quantum computing has been a topic of recent interest. For topological fault-
tolerance through error correction, a three-dimensional cluster state is necessary [12].
One lower limit on the required squeezing to achieve this regime is 12.7 dB [8], which
also requires the use of GKP states as the non-Gaussian resource. The greatest measured
squeezing in a CV cluster state to date has been 5 dB [24]. Improving squeezing in

cluster states, achieving deterministic non-Gaussian operation (such as generating GKP
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states), and increasing the dimensionality of cluster states to surpass the fault-tolerant
limit is therefore of utmost importance for achieving fault-tolerant CV quantum optical

computation.

One way to mitigate the difficulty of performing a non-Gaussian operation is to improve
the nonlinearity-to-loss rate, as mentioned in Chapter [3| Improving this rate opens the
door to non-Gaussian operation of an OPA by entangling the pump with the signal,
accessing the true quantum nature of the pump term in the PDC Hamiltonian, making
it a cubic Hamiltonian and thus capable of generating non-Gaussian states [21, 22]. One
route to achieving this regime is to raise the gain by concentrating the OPA gain in a
single mode [6, [13] or by using another pulse to create single-mode dynamics [23], but
these require precise dispersion engineering beyond current fabrication capabilities on
integrated platforms. Another route is to lower the loss in the system. TFLN seems
to be an ideal platform for achieving high-gain amplification due to the low dispersion
allowing for extremely high peak power ultrashort pulses without damaging the chip and
its high ¥, but the sidewall roughness is putting a lower limit on the loss possible, and
further engineering is necessary in order to achieve the strong coupling regime (g/k =~ 1).
Another direction that is being taken is to multiplex many probabilistic non-Gaussian

operations to increase the odds of success [3, |7].

6.2 Integrated quantum photonics

In general, experimental limitations to integrated TFLN quantum photonics arise from
allowing vacuum to mix in with the quantum states. The sidewall roughness of integrated
nanophotonic ridge waveguides, such as the ones considered in this thesis, imposes a con-
tinuous loss over the waveguide. The phase noise of the laser mixes the anti-squeezed
quadratures in with the squeezed quadratures, and the fabrication imperfections of in-
tegrated photonic devices often leads to unnecessary loss on-chip. Furthermore, outcou-
pling from the chip imposes even more loss, typically over 3 dB, which would destroy any
Wigner negativity. Thus, moving all sensitive quantum operations on-chip and amplify-
ing before the outcoupling is necessary. Integrating single-photon detectors onto TFLN
can bypass the outcoupling loss issue for detecting photons generated on-chip [19]. Inte-
grating photodetectors onto silicon [11] and TFLN [4] removes the outcoupling loss for
other forms of light and, in some cases |11], allows for an ultra-broad photodetector band-
width. Integrated mode-locked lasers may help overcome the large energy consumption

associated with tabletop lasers [5].
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One of the main challenges to scaling TFLN chips up to larger circuits, even though func-
tional integrated devices are common, is the difficulty of simultaneously phase-matching
multiple devices on-chip due to poling and thin-film thickness imperfections. The dis-
persion profile of the waveguide is extremely sensitive to the thin-film thickness and
waveguide dimensions, and achieving phase-matching over an entire circuit becomes ex-
ponentially harder with the number of devices in it. For these reasons, even though
integrated photonics on TFLN offers much promise due to high nonlinear efficiency, band-
width, and fabrication scalability, progress must be made on the fabrication techniques

and technology to achieve the platform’s full potential.

To mitigate some of each material’s specific downsides, heterogeneous material integration
allows for combining multiple materials in order to take advantage most fully of the
benefits of each [25]. New materials beyond silicon and LN are also being explored,
such as lithium tantalate for its low birefringence and higher damage threshold [20] and

LN-on-sapphire for its mid-IR absorption properties [26].

There are many approaches to overcoming the limitations of quantum light generation,
manipulation, and measurement, and it is likely that a functioning large-scale useful
quantum computer will require a combination of them. The progress being made in
the design, fabrication, and theory of integrated photonics represents a small fraction of
current efforts to better control quantum light, but the improvements that have already
been seen on these platforms indicate that the integrated approach has immense promise

that has not yet been accessed.
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