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We propose a squeezed-light source meeting the stringent requirements of continuous-variable quan-
tum sampling. Using the time-dependent effective second-order nonlinear interaction induced by a strong
driving beam in the presence of the yx3 response in a microresonator, our approach is compatible with
established nanophotonic platforms. With typical realistic parameters, squeezed states with a mean pho-
ton number of 10 or higher can be generated in a single consistent temporal mode at repetition rates of
over 100 MHz. Over 15 dB of squeezing is expected in existing ultralow-loss platforms.
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I. INTRODUCTION

Squeezed light is an essential resource for quantum
information processing over continuous variables (CVs)
[1]. Since the first measurements of small levels of squeez-
ing were reported in the 1980s using hot atomic gases [2]
and then in optical fibers [3], a number of techniques for its
generation and control have been developed [4]. Dominant
among these techniques are those using parametric fluo-
rescence in y, crystals [5] and those exploiting the Kerr
effect on short pulses in optical fibers [6]. Both these tech-
niques and others have enjoyed intensive development for
achieving large squeezing levels [7], low-frequency side-
band squeezing [8], and a tailored spatiotemporal-mode
structure [9]. These efforts have had a marked impact
on squeezing-enhanced metrology [10], quantum com-
putation [11], simulation [12], and mesoscopic quantum
optics [9].

Most recently, an especially promising avenue toward
realizing practically useful CV quantum computation
has emerged based on sampling in the Fock basis
from multimode entangled Gaussian states [13]. This
paradigm of Gaussian boson sampling has been shown to
accommodate the embedding of a wide array of graph-
structured problems, such as the identification of dense
subgraphs [14] and perfect matchings [15] and measures
of graph similarity [16], as well as the difficult prob-
lems in computational chemistry of estimating Franck-
Condon factors [12] (crucial for calculating the vibronic
spectra of molecules) and predicting molecular-docking
configurations [17]. Aside from the practical utility of
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these applications, Gaussian boson sampling is appeal-
ing for its compatibility with existing architectures for
CV quantum information processing: squeezed states with
modest squeezing levels (5—10 dB), low-loss linear optics,
and high-efficiency photon-number-resolving detectors
[18,19] are sufficient to build such a sampling machine.

While all of these elements have been demonstrated
individually, a key challenge remains in designing a
squeezed-light source that meets the stringent require-
ments demanded by a large-scale Gaussian boson sampling
device or, indeed, any realistic CV quantum informa-
tion processing machine. As is apparent from its history,
squeezing is nearly ubiquitous across platforms for non-
linear optics; most physically realizable nonlinear-optical
Hamiltonians can be used to generate some squeezing in
certain regimes. But the mere ability to generate squeez-
ing is insufficient and to date no squeezed-light source
able to deliver all the features needed by practically use-
ful CV quantum computation and simulation machines has
yet been proposed. These key features are:

(i) Scalability: the ease with which many tens or
hundreds of identical mutually coherent and stabilized
squeezed-light sources can be integrated on one monolithic
platform.

(i1) Single-mode operation: the capability of producing
squeezed light in a single spatiotemporal mode, consistent
across multiple sources and a wide range of squeezing lev-
els, obviating the need for bulky and lossy mode-selective
elements.

(iii)) Squeezing levels sufficient to enable a genuine
quantum advantage in computation [20], simulation [12],
and sampling [13].
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(iv) Compatibility with single-photon and photon-
number-resolving detection [21], which are highly sensi-
tive to noise from residual pump or spuriously generated
light and require squeezed light without bright classical
mean fields.

Requirements (ii) and (iii) can be succinctly stated in
mathematical terms: an ideal source provides an out-

put quantum state of the form e/24’~H< |yac), with the
squeezing factor » being reliably tunable and in which
a is the annihilation operator for a single well-defined
spatiotemporal mode, the characteristics of which do not
vary over the tuning range of r. This feature is cru-
cial, since most CV quantum sampling applications rely
on interference between squeezed sources with different
squeezing levels, requiring the temporal-mode shape to
be fixed across multiple sources and power levels. Such a
requirement is problematic, since the standard techniques
used to select a well-defined temporal mode for photon-
counting measurements, based on precise time-of-arrival
statistics of photons incident on single-photon detectors,
cannot be used in applications such as Gaussian boson
sampling due to the slow response of available photon-
number-resolving detection systems [18]. Also, while sub-
stantial effort [9] has gone into strategies to develop true
single-mode squeezing in y,-based systems, they suf-
fer from spatial-mode engineering issues [22]. Further,
if low-index-contrast waveguide platforms are employed,
they cannot be scaled to large integrated systems with
many modes, due to poor transverse modal confinement,
which prevents the monolithic integration of high-depth
linear-optical networks.

Existing work on integrated squeezed-light sources has
generally focused on such low-index-contrast systems,
typically using periodically poled lithium niobate. Two
such identical sources were recently integrated alongside
a linear-optical network for entanglement generation and
local oscillator mixing [23] and an all-fiber integrated
squeezed source has also been demonstrated [24]. In high-
index-contrast nanophotonic systems, bright twin beams
have been generated from a silicon-nitride optical paramet-
ric oscillator driven above threshold [25,26]. While useful
for quantum metrology, such twin beams cannot be used
in a photon-counting context, as they come with high lev-
els of excess noise, as well as bright classical mean fields
that would saturate any such detectors. Hoff et al. [27] sug-
gested that a single resonance in a silicon-nitride ring could
be used to generate degenerate squeezing using self-phase
modulation. However, making such a source compatible
with photon counting would require more than 100 dB
of pump suppression within a few hundred megahertz
of the squeezed signal, which is not practically feasi-
ble. Furthermore, thermorefractive effects [28,29] would
add considerable excess noise, destroying squeezing over
most of the mode [30]. Very recently, however, multiple

resonances in silicon-nitride rings driven below threshold
have been used to generate approximately 4 dB (on-
chip) of broadband nondegenerate and highly multimode
quadrature squeezed vacuum [31], measured using both
homodyne detection and photon-number-resolving detec-
tors. These results indicate the promise of such a device
for satisfying requirements (i), (iii), and (iv).

In this work, we propose a scalable squeezed-light
source that comprehensively satisfies all the requirements
(iyHiv). We focus in particular on metrics relevant to
near-term demonstrations of Gaussian boson sampling
and its practical-use cases but we emphasize that our
device offers substantial advantages over existing systems
for many other CV quantum tasks, including squeezing-
enhanced metrology protocols such as optical phase track-
ing [32] and gravitational wave detection [33]. To sat-
isfy the scalability requirements, we turn to existing
integrated nanophotonic platforms based on high-index-
contrast waveguides having a third-order nonlinear-optical
response, permitting the monolithic integration of nonlin-
ear quantum light sources with high-depth programmable
linear-optical circuits. A number of recent demonstrations
have proven the ability of such platforms to accommo-
date very complex quantum photonic devices, incorpo-
rating multiple quantum light sources, filters, and large
linear-optical networks [34,35] on a single chip. This
progress has done much to justify increased optimism
about the prospects of nanophotonic integrated quantum-
computation devices [36,37].

Our device is based on the effective second-order nonlin-
ear interaction induced by a strong continuous-wave (cw)
coherent driving field in the presence of the x; response
of an integrated nanophotonic resonator [38]; this strategy
has recently been used with silicon-nitride microrings to
enable strong nonlinear coupling of resonant optical modes
[39]. Combined with the resonance enhancement and
tight transverse mode confinement provided by modern
nanophotonic microresonators, this interaction can enable
highly efficient parametric fluorescence when pumped by a
secondary weaker field [40]. Crucially, our device provides
robust control over the spatiotemporal-mode structure of
the generated squeezed light. This allows the generation of
true single-mode squeezed states in a single, well-defined,
and well-behaved temporal mode at high repetition rates,
consistent across a wide range of squeezing levels appro-
priate for CV quantum sampling. We focus on platforms
that are available with present-day commercially available
fabrication technology and assess the performance of our
device based on currently achievable parameters.

In the following section, we lay out the theoretical tools
used to calculate the output of the proposed device. In Sec.
III, we then use these tools to calculate second-order field
moments of the device output. In Sec. IV, we apply this
to study a realistic system, as well as one with the best-
reported specifications, before concluding in Sec. V.
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II. HAMILTONIAN AND FIELDS

An overview of the structure is illustrated in Fig. 1(a).
We consider a high-finesse microresonator coupled to a
channel waveguide; for definiteness, we display a micror-
ing resonator geometry, although our theory and conclu-
sions apply equally well to other types of microresonators.
The ring accommodates a set of discrete resonant modes J,
with annihilation operators b;. In this work, we focus on
three key modes of interest: a drive mode D, a signal mode
S, and a pump mode P. The intraresonator Hamiltonian
arising from the linear and third-order nonlinear response
that connects these three modes is [27,41]

Hes = Z thb;bJ — hA (bDbpb;bj;‘FH.C.)
J

hA
- > bib5bsby
J

—2hA (bng(bng +bhbp) + b,tbpbgbs) + Hy,
(1)

where w; is the resonant frequency of mode J and A is a
constant related to the resonator geometry and third-order
nonlinearity; for a microring, A ~ ha)gvéyNL /(2L) [27], in
which v, is the group velocity, L is the resonator length,
and yni is the waveguide nonlinear parameter. In general,
such a resonator accommodates many more than the three
modes of interest; the couplings of these extra modes to
the D, S, and P modes are contained in Hy, which we will
examine shortly. While it is immediately clear from the
form of this four-wave mixing Hamiltonian that squeez-
ing can be generated, it is not obvious if or how it can be
used to build a source that satisfies the additional require-
ments discussed previously, which are related to deeper
features of the system dynamics that appear at the high
pump powers needed to generate strong squeezing [42].
We restrict our analysis to the case in which the D
mode is driven by a strong coherent cw beam, yield-
ing a large amplitude Bpe P! in that mode, with B
constant; for convenience, we also take ED to be real,
which defines the phase reference for all other complex
quantities. The first nonlinear term in Eq. (1) can then
be written as —hAgff(f)bpb;bg + H.c., in which Agﬁ(t) =
ABpe ™ p! This coupling Hamiltonian is analogous to that
of a degenerate spontaneous parametric down-conversion
(SPDC)-like interaction driven by a time-dependent effec-
tive second-order nonlinearity with strength |A§ff|, which
here has a tunable magnitude determined by the res-
onator’s intrinsic nonlinearity and the driving amplitude.
The time dependence of this effective nonlinearity is con-
tained entirely in its phase, which varies at an optical
frequency and enables an effective theoretical picture to be

(a) ¢J,out \ i QéJ,in
T~ V}»'
P <
bD bs bp
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FIG. 1. (a) A microring resonator side-coupled to a channel
waveguide. (b) Tuning the resonance condition for paramet-
ric fluorescence via self- and cross-phase-modulation. (c) A
virtual-level diagram for dual-pumped spontaneous four-wave
mixing (SFWM); the strong cw drive beam mediates an effective
second-order parametric nonlinearity X;‘T.

used in which a field in the P mode can drive parametric
fluorescence into the S mode.

As illustrated in Fig. 1(c), in the presence of this effec-
tive second-order nonlinearity, a weaker coherent pump
pulse in the P mode produces photon pairs via paramet-
ric fluorescence into the S mode. However, unlike SPDC,
here 2wg # wp, for part of the energy is supplied by the
drive field (i.e., 2ws = wp + wp). This technique of using
a strong cw pump in conjunction with the intrinsic y3
response to induce an effective time-dependent second-
order interaction in an integrated microresonator has
recently been implemented experimentally on a silicon-
nitride nanophotonic platform in the context of strong non-
linear mode coupling, giving rise to effective second-order
up-conversion with an extremely large conversion effi-
ciency [39]. A similar dual-pump scheme on a nanopho-
tonic platform has been used to drive optical parametric
oscillation [43,44] and produce degenerate photon pairs
[45,46].

The second nonlinear term in Eq. (1) corresponds to
self-phase modulation (SPM) of each mode and the third to
cross-phase-modulation (XPM) between the three modes
of interest. For the regime under consideration, in which
the D mode is driven by a strong cw beam, the P mode by
a much weaker cw or pulsed field, and in which the S mode
never accommodates a large mean photon number (i.e.,
well below any thresholds for parametric oscillation), we
may neglect the effects of SPM and XPM due to photons
in the P and S modes [41]. The effects of SPM and XPM
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are then completely encapsulated by static shifts in the
effective resonance frequencies w; due to the large cw
driving amplitude in the D mode. The resonator Hamil-
tonian (1) under these circumstances can thus be well
represented by

Hies — Y haoybib; — 2hA|Bp(0)*blbs
J
— BAST] (ﬁp(z)b§b§+H.c.) Y Hy, ()

where Bp(f) = e @PTeP) B (1), with Bp(f) the (slowly
varying) envelope of the intraresonator pulse amplitude in
the P mode, which we treat in the usual way as a classical
coherent field and in which the resonant frequencies w; are
now understood to contain (drive-power-dependent) cor-
rections from the XPM-induced red shift due to the strong
driving field. Though, ultimately, we will confine ourselves
to a regime in which the pump amplitude Sp(?) is suffi-
ciently weak to have little effect on the S mode from XPM,
here we have retained the corresponding term to verify that
fact in our calculations.

For the desired process to be phase matched in the sim-
ple ring system shown in Fig. 1(a), the drive and pump
resonances must be separated from the signal resonance
by an equal number of mode orders; similarly, to maxi-
mize the efficiency of the process, the resonant frequencies
of the three resonances must be close to evenly spaced.
Absent any driving fields, material and modal dispersion
in the resonator will give rise to a detuning A = wp +
wp — 2ws away from this condition. As the driving beam
power is increased to “dress” the ring with an effective
x2(?), each resonant mode will experience a red shift in
frequency due to SPM and XPM (in addition to a global
thermal shift that is nearly the same for all three modes
and therefore may be neglected). Since the detuning Axpm
from XPM is twice as large as the detuning Agpy from
SPM, this effect can be used to counteract normal disper-
sion: for a particular drive power and dispersion, the net
detuning Apet = Ares + Aspm — Axpm = Ares — Agpy for
the three modes can be reduced to zero, as illustrated in
Fig. 1(b). Thus the driving power can be used to tune
the three phase-matched resonances into an equally spaced
frequency configuration.

A typical microresonator system accommodates many
hundreds or even thousands of resonances. The term Hy

J

. Anet
1

M) = —Tsh +
g* ()

in Eq. (2) contains the corresponding contributions to
the Hamiltonian and their couplings to the three modes
of interest. Below any thresholds for optical-parametric-
oscillator (OPO) and comb generation and operating in a
regime in which cascaded four-wave mixing is negligi-
ble, there are two dominant unwanted couplings relevant
to the device performance. One gives rise to unwanted
SFWM, leading to the generation of spurious photons

in the § mode; another gives rise to Bragg-scattering
four-wave mixing, leading to an additional source of

loss on the squeezed state generated in the S mode
[47,48]. Both of these processes should be suppressed
to yield a pure low-noise squeezed output. This can
be accomplished by designing the structure such that
the auxiliary resonances involved in their dynamics are
absent or sufficiently detuned; many strategies have been
demonstrated to selectively suppress or control the posi-
tion of these resonances [49,50]. More detail on these
effects and strategies to eliminate them can be found in
Appendix A.

III. DYNAMICS AND MOMENTS

We now turn to calculating the properties of the
squeezed output from the S mode for a system appro-
priately designed to suppress unwanted processes, fol-
lowing a cavity input-output formalism appropriate for
microresonators [41]. We consider a single-channel sys-
tem like that shown in Fig. 1(a), for which we intro-
duce Heisenberg-picture input- and output-field operators
Ysin(®) and Ysou(?), as well as field operators ¢gin(f)
and ¢goui(#) for the scattering modes that couple to the
resonator modes due to the presence of loss. Here, all
time-dependent quantities are understood to be slowly
varying, i.e., their fast optical dependence at wg has
been removed; we also move into a rotating wave frame
evolving as e~ /(Anet/27 taking into account a possible net
detuning of the three resonances from the ideal evenly
spaced configuration. The equation of motion for the
resonator-mode annihilation operator in this frame is then
given by

d (bs(®)\ _ bs(n) ‘
” (b;(ﬁ) =M@ (b;(ﬂ) + din(0), A3)

with the coupling matrix

+ 2A|3p(f)|2) g

, 4)

. Anet o 2
—l( > +2A|ﬁp(t)l>
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in which 7, is the 2 x 2 identity matrix, and input vacuum
fluctuations

)

din () = ("75 Vsin(h) — iu§¢s,m<r>> |

YsYen(®) + s (1)

Here, the function g(¢) = 2iAB B p(f) describes the time-
dependent nonlinearity in the resonator and 'y = I's + M
is the total damping rate of the resonator S mode, to
which both scattering loss [with associated rate Mg =
lsl?/ (2vg)] and the resonator-channel coupling [with
associated rate I's = |ys|?/ (2vg)] contribute. These are
related to the full loaded quality factor Qg = ws/(2Ts) and
the escape efficiency 7§ = I's/Ts.
The output field in the channel is given by

Vs.out(t) = Ysin(?) — i(ys/vg)bs(2). (6)

Thus a solution for bg(7) enables the calculation of all prop-
erties of the output. For the linearized dynamics of Eq. (3),
it is straightforward to construct a Green function for the
system response: a solution is given by

t

(bs(0), bs(1))T = / dt G(t,{)di (1), (7)

—00

where the 2 x 2 matrix Green function G satisfies G(z,¢) =
I, for all t and

dG(,t)

7 MG, 1) (®)

for ¢ > . This equation can be solved numerically; the
properties of all system outputs can then be expressed
in terms of the four components of G(¢,¢). In addition
to the static system parameters (quality factor, coupling
ratios, etc.), the function g(¢) also must be specified; this
can be calculated by numerically integrating the associated
nonlinear equation of motion for the pulsed mode, given by

dEP ®

7 = (=Tp +iAIBpDOINBp (D) — iyiapn®, (9)

where ap;, is the input pump-pulse profile in the chan-
nel, normalized such that the energy in the pulse Ep =
hwpvg ffooo dt|ap;n(H)|*. With the drive-mode amplitude

Bp and the nonlinear strength A, g () is determined; for a

resonant drive beam ED = 2\/ PpOpnp°/ (ha)lz)), in which
Pp is the input drive power in the channel, Op is the full
loaded quality factor of the drive resonance, and n° is the
corresponding escape efficiency.

Since the dynamics of the system are linear in the mode
operators, for a vacuum input in the S mode, the output
must correspond to a Gaussian state with zero mean in all

quadratures. Thus all properties of the system output can
be expressed in terms of the second-order moments

N(t, 1) = Ve (¥rg g OV s00(®)) (10)

and

M(t, t/) = vg(va,out(t) wS,out(t/))- (1 1)

From these moments, we can extract all measurable quan-
tities; full details are provided in Appendix B. For our
purposes, we are primarily concerned with those aspects of
the system output that are relevant for applications in CV
quantum sampling: the efficiency (the degree of squeez-
ing as a function of the drive and pump-pulse powers),
the purity (limited by scattering losses), and the temporal-
mode structure. The latter can be assessed by calculating
the Schmidt number K of the output field, which quan-
tifies the number of excited output modes and ideally
equals unity for single-temporal-mode squeezed states. It
is also important to assess the full complex temporal-mode
shape of the generated squeezed light, to ensure that is
benign (i.e., does not suffer from a complicated and erratic
phase or envelope function) and consistent across a wide
range of squeezing levels. This last point is crucial for CV
quantum-sampling applications, for which squeezed states
with different squeezing levels must interfere.

IV. DEVICE ANALYSIS

We examine a system with realistic device parameters,
well below the best-reported values, which are routinely
achievable in modern silicon-nitride microring resonators
[51]. We consider a device optimized for a cw drive input
power of 200 mW at the phase-matching point that yields
Apet = 0 and we include the effects of time-dependent
self-phase modulation and cross-phase-modulation from
the pump pulse. In Fig. 2(a), we show the squeezing
performance for a structure with a 400-um round-trip
length, ws = 2w x 193 THz, a nonlinear parameter ynp =
1(Wm)~!, a group velocity vy = ¢/1.7, and an intrinsic
quality factor of 2 x 10° for all three resonances, with
escape efficiencies of 0.5 (critically coupled) for the drive
mode D, 0.9 for the S mode, and 0.98 for the pump mode P;
the corresponding loaded quality factors are then 1 x 10°,
2 x 10°, and 4 x 10%, respectively. The sequence coupling
ratios are chosen to maximize the circulating power in the
D mode, to ensure good escape efficiency for the gener-
ated photons in the S mode, and to allow large-bandwidth
pulses into the P mode, which are necessary to achieve
a low Schmidt number [52,53]. Independent control over
the escape efficiencies can be realized by suitable coupler
design [54]. We note that the maximum operating repeti-
tion rate is limited by the S- and P-mode inverse dwelling
times. For the device that we consider here, the .S mode has
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FIG. 2. The system performance for a device with realistic parameters (details in text). (a) The variance relative to vacuum of the
squeezed quadrature (bottom solid curve) and the antisqueezed quadrature (top solid curve) for the dominant mode. The dashed curve
shows the variance of the antisqueezed quadrature for an ideal pure state; some excess antisqueezing is evident from the finite escape
efficiency. (b) The mean photon number of the first ten Schmidt modes as a function of the pulse energy; the dominant mode (top
curve) consistently lies about 100 x above the next-largest mode. (c) The intensity (virtually identical solid curves) and phase (dashed
curves) of the temporal-mode profile for the squeezed pulses generated for five pulse energies spanning 1—100 pJ. The intensity profile
is virtually unchanged across this range; the phases show only very small progressive deviations due to cross-phase-modulation from
the pulsed pump as the energy is increased. (d) The Schmidt number is consistently close to unity across a wide range of pump-pulse
energies and squeezing levels. (¢) The fidelity between the dominant complex temporal-mode profile at varying pulse energies and that
at the lowest pulse energy. Only very slight degradation of this fidelity is predicted, primarily due to the slight phase variations shown
in (c). More details of how these quantities are extracted from the output moments can be found in Appendix B.

very close to unity [Figs. 2(d) and 2(e)]. The purity p =
(Vmax Vmin) ~1/? [55]—where Viax and Vi, the maximal
and minimal quadrature variances—of the generated Gaus-
sian state for a fixed desired squeezing level is determined
entirely by the escape efficiency. The behavior of the purity
as a function of target squeezing is plotted in Fig. 3 for a
device with g = 0.9; this behavior would be identical
for any resonator-based parametric squeezed-light source
with the same escape efficiency. We note that, as demon-
strated experimentally by Cernansky et al. [30], the singly

the longer dwelling time of F;l ~ 300 ps, enabling pump
repetition rates in the 100 MHz range to be used while
allowing ample time for the fields to ring down between
pulses.

The fundamental limit to squeezing attainable in this
system is set by the S-mode escape efficiency, which in
this case limits the output to —101log(1 — »5*) =10 dB
of squeezing. As is evident from Fig. 2(a), the system
can readily approach loss-limited performance, with nearly
10 dB of squeezing realized for a Gaussian pump pulse
having energy 100 pJ and an intensity full-width-at-half-
maximum duration set to one tenth of the S-mode dwelling

time. This level of squeezing is precisely the desired oper- 1.0

ational point for many CV quantum-sampling protocols, ne*=0.9

which typically call for squeezed states with about 8 dB 0.9

of squeezing at the input, corresponding to a mean pho-

ton number before losses of about one [13]. As is the 0.8

case with any realistic squeezed-light source, the losses Zz

(i.e., the finite escape efficiency) of our device necessitate g 07

an output with a higher mean photon number for a fixed '

level of squeezing; this is reflected by the commensurately

higher mean photon number in the dominant temporal 061

mode of the device output [see Fig. 2(b)]. Furthermore,

as shown in Fig. 2(c), the system produces clean single- 0-51 ] ] ] ] ]
0 2 4 6 8 10

temporal-mode squeezed pulses of roughly 1-ns duration,
with negligible variation in their pulse profiles across a
wide tuning range of squeezing levels. The Schmidt num- FIG. 3. The purity of the generated Gaussian state as a func-

ber and the fidelity of the generated temporal mode at high tion of the target squeezing level for a device with 90% escape
input energies with that at low input energies both remain  efficiency.

Target squeezing (dB)
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resonant microresonator squeezer design proposed by Hoff
et al. [27] suffers from strong nonparametrically gener-
ated noise contributions and therefore generates states with
much lower purity than those from our proposed device.

As for most resonator-based parametric squeezed-light
sources, the purity for our proposed device is limited
by losses, which are quantified by the resonator escape
efficiency. The impact of subunity purity depends very
strongly on the application. For example, squeezing-
enhanced gravitational wave detectors [33] require low
levels of excess antisqueezing and therefore high purity
since the finite phase precision of such devices mixes
noise from the antisqueezed quadrature into the measured
quadrature and limits the effective quantum enhancement
available [56]. On the other hand, high-fidelity CV tele-
portation experiments (for which very high phase preci-
sion can be achieved) can tolerate lower purity, provided
that the level of squeezing remains high, since it is the
variance of the squeezed quadrature that determines the
teleportation fidelity. The role of state purity in applica-
tions that can be realized with Gaussian boson sampling
is an open question. It has been studied recently [57] in
the context of the classical simulability of such a machine
in asymptotic limits where the system losses grow with
the system size, as would be the case for lossy linear
optical networks into which squeezing is injected. How-
ever, no analysis is available that definitively addresses
how subunity state purity would affect an actual device
of fixed size, designed to target a specific application of
CV quantum sampling. Nevertheless, since in all cases
losses degrade the degree of quantum correlations and
coherence available in such a system and since losses
are a critical factor in the closely related context of con-
ventional (single-photon-based) boson sampling [58], we
expect state purity to be an important metric with which
proposed squeezed-light sources should be assessed. Since
high escape efficiencies can readily be achieved in inte-
grated microresonators, in this metric our device should
compare well with existing nonintegrated approaches, such
as bulk x, OPOs.

For applications requiring very high squeezing levels,
such as CV teleportation and cluster-state-based CV quan-
tum computation [20,59], we note that existing ultralow-
loss platforms [60] in principle permit the signal resonance
escape efficiency to be further optimized while maintain-
ing an acceptable generation efficiency. For our system
modified to yield intrinsic quality factors of 107 with
npS = 0.5, = 0.99, np° = 0.999, thereby lowering the
effective losses while maintaining respective high loaded
quality factors of 5 x 10%, 1 x 103, and 1 x 10* and so
retaining comparable generation efficiency, it would be
possible to realize 15 dB of squeezing with only a few
decibels of excess antisqueezing arising from the subunity
escape efficiency. This level of squeezing is comparable
to the current experimentally demonstrated record [7].

The engineering of such highly overcoupled resonators
is very challenging, but we use this example to high-
light how already-demonstrated material parameters and
corresponding intrinsic quality factors open such possibili-
ties for extremely high-performance sources. Furthermore,
very recently [61], the threshold squeezing required for
fault-tolerant CV cluster-state-based quantum computation
has been shown to be less than 10 dB; a device with a more
manageable signal-mode escape efficiency of n$ = 0.9,
as considered in detail in this section, could readily provide
this.

To compare the performance of our device with that of
Hoff et al. [27], we note that both systems operate using the
same underlying material nonlinearity and resonator struc-
ture and therefore exhibit similar generation efficiency
performance as a function of the pump power, quality fac-
tors, and coupling ratios. However, even setting aside the
excess noise issues and the presence of a bright coprop-
agating pump that affect the device of Hoff ef al. [27],
we emphasize that attaining single-temporal-mode opera-
tion using a single pulsed pump would be very difficult.
The crucial feature in our scheme that allows single-mode
squeezed light to be generated in a consistent temporal
mode across a wide tuning range is the use of a strong
cw drive beam in conjunction with a weak pulsed pump.
This avoids time-dependent XPM effects on the squeezed
mode, which strongly affect the temporal-mode structure
of the generated light. In addition, the use of a single res-
onance for the pump and squeezed light, as proposed by
Hoff et al. [27], prevents the independent engineering of
the quality factors that is required for the pulsed-pump res-
onance to admit pulses with bandwidths exceeding that of
the signal-mode resonance.

V. CONCLUSION

We introduce an integrated nanophotonic device, com-
patible with current available fabrication technology, and
demonstrate that it is capable of producing squeezed light
satisfying the strict requirements of CV quantum com-
putation and simulation tasks. We present a strategy for
device design and pumping that allows substantial squeez-
ing at modest input powers in a single spatiotemporal
mode, the properties of which do not significantly vary as
the squeezing level is tuned. This solves a number of key
issues hindering progress in CV quantum technology and
especially in quantum sampling. We therefore expect our
strategy to be of considerable utility for a wide range of
CV quantum information processing applications.
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APPENDIX A: UNWANTED NONLINEAR
EFFECTS

A typical microresonator system accommodates many
hundreds or even thousands of resonances. The term Hy
in Eq. (1) of the main text contains the corresponding
contributions to the Hamiltonian of these resonances and
of their couplings to the three modes of interest. Below
any thresholds for OPO and comb generation and oper-
ating in a regime where cascaded four-wave mixing is
negligible, there are two dominant unwanted couplings rel-
evant to the device performance: those that give rise to
unwanted SFWM, leading to the generation of spurious
photons in the S mode [41], and those that give rise to
Bragg-scattering four-wave mixing (BS-FWM), leading to
an additional source of loss on the squeezed state generated
in the S mode [47]. These effects arise from terms of the
form bpbpbibl, and bpbpblb',, (unwanted SFWM) and
bpbhbshl, and bl bpbsh',, (unwanted BS-FWM), where
bx1 and by, are annihilation operators for unwanted modes
X1and X2.

Such processes effectively entangle the X1 and X2
modes with the S mode, corrupting the purity of the S-
mode output state. Though both normal dispersion and
the effects of SPM or XPM from the strong drive act
to counteract this effect by increasing the corresponding
net detuning for these processes, in general, for simple
single-resonator devices with realistic parameters, this is
not sufficient to suppress the unwanted processes to a level
appropriate for CV quantum sampling, in which highly
pure Gaussian states are desirable.

To see this, we first estimate the strength of the SFWM
process associated with the generation of photons at wg and
wy>. Similar considerations apply for the pump field and
pair generation at wg and wy;. However, the noise arising
from the driving field is expected to be several orders of
magnitude larger, since SFWM scales quadratically with
the power of the generating field.

The intensity of SFWM involving the modes at wy»,
ws, and wp depends on the relative position of the corre-
sponding resonances. In this case, SPM and XPM lead to a
relative detuning:

§ = (wp — wx,) — (ws — wp) = —

(AT)

where neg 1s the mode effective index, ynp is the waveg-
uide nonlinear parameter, and Pp, is the input power at wp.
Finally, v, is the group velocity, Q is the resonator quality
factor, and R is the ring radius.

In the presence of a detuning § and in the limit of a small
pair generation rate, the average number of generated pairs
is reduced according to

2

A
2 2
Bl = 180 5

where |B|? is the average number of pairs in the case of
equally spaced resonances (i.e., § = 0) and A is the reso-
nance line width, which for simplicity we assume to be the
same for all the three resonances involved in the process.

Considering only the noise contribution coming from
unwanted SFWM, the signal-to-noise ratio (Rgy) can be
defined as

2
Bl

1Bs.x, 1
where |Bs|? and |Bsx, |~ are the average number of pairs

generated in the signal mode and by the unwanted SFWM
associated with the driving field, respectively. This leads to

2 P 82
RSN=ML|2’&’—P<1+—2>,
[Bsx,| Pp A

Rsn

| 2

(A2)

where Pp is the pump-field power. As expected, in the
absence of detuning, i.e., when all the resonances at wy,,
wp, ws, and wp are equally spaced, the Rsny would be
essentially proportional to Pp/Pp. However, due to the
presence of SPM or XPM, the unwanted SFWM process
is suppressed by the detuning. We can rewrite Eq. (A2)
by explicitly taking into account the dependence on the
structure parameters using Eq. (Al):

Pp 2Q4 2
Rn~ — |1 =P A3
wrp(1+8%h). @)
where
3y
g:—z 5 (A4)
T W Nefihg

is a constant that depends on the nonlinearity and disper-
sion of the waveguide.

In the case of SiN ring resonators, one can take & =
1074 mW=!, 0=10% R=10"* m, Pp =2 x 10"'W,
and Pp = 1073 W, which leads to

Ron =~ 2.

This value suggests that, in general, the resonance detuning
determined by SPM or XPM is not sufficient to neglect the
effect of unwanted pairs generated by the driving field via
degenerate SFWM.

Care must therefore be taken to further corrupt the effi-
ciency of the unwanted process, either by detuning or
removing altogether the associated resonances X 1 and X 2.
Many strategies exist to accomplish this without signifi-
cantly compromising other aspects of device performance:
one particularly promising possibility is to couple to the
primary resonator two auxiliary resonators with different
free spectral ranges, which can be used to selectively split
and severely detune the X' 1 and X2 resonances from their
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default frequencies [49]. Another strategy involves using
a Mach-Zehnder interferometer-based coupler to indepen-
dently modify the quality factors of the resonances; the
efficiency of processes involving the unwanted X1 and
X2 modes can be strongly degraded by reducing their
associated quality factors. Alternatively, if a more sophis-
ticated coupled resonator system is used to obviate the
need for strong dispersion and the associated free spec-
tral ranges are chosen to be incommensurate, the unwanted
resonances will be absent, strongly suppressing unwanted
four-wave mixing effects.

APPENDIX B: TEMPORAL-MODE
DECOMPOSITION

In this appendix, we analyze how, from the second-order
moments of the channel fields, one can obtain the quantum
state of systems that produce Gaussian states of zero mean
in all quadratures and calculate any measurable quantity
related to the device output. We start by noting that the
intraresonator dynamics are linear in the quantum oper-
ators within our assumptions and thus, since the initial
quantum state is vacuum, the state is at all times Gaussian
[62], i.e., it is described by a mean displacement

(WS,out(t)) 5 (Bl)

and the two-point correlation functions
N(t,1) = s (W quOVsoun®). (B2)
M, 1) = vs (Ys.0uOPsoun()) . (B3)

For our system, we can always guarantee that (Vs o ()) =
0 and thus for the rest of this appendix we focus on M (z,¢)
and N (z,7). Furthermore, note that N is Hermitian and M
is symmetric:

N, {)=N{,0* and Mt t{)=M{,1). (B4)
In the absence of intrinsic losses, i.e., assuming that any
photon created inside the resonator can only leak into the
waveguide at rate I's, we know that the quantum state of
the waveguide is pure once the resonator-mode popula-
tions have decayed. If this were not the case, there would
be some entanglement between the mode S in the resonator
and the mode S in the waveguide and thus the resonator
could not be in the vacuum state. Knowing this, we can use
Williamson’s theorem and the Bloch-Messiah decomposi-
tion [62] to write a joint decomposition of the second-order
moments,

N(t,0;Ts)pure = Y _sinh(r)* (04 (),  (BS)
A

sinh(2ry)

M(t, t/; FS)pure = Z —A*(I)A*(l/),

4 > (B6)

where the set of functions f; () are orthonormal and com-
plete:

/ dt £, (0F 0 = S50 (B7)

Y A =81 —1). (B8)
A

We use the subscript “pure” to indicate that these moments
come from a pure state and we explicitly write the depen-
dence on the overall decay rate I'g into the waveguide.
For pure states, there is a certain degree of redundancy,
since if one has just the N moment, one can obtain the set
{fo.(»} and the mean photon numbers sinh?(r,) via a sim-
ple eigendecomposition. Alternatively, if one has the M
moment, one can obtain the set {f,(#)} and the quantities
sinh(27;)/2 via a Takagi-Autonne decomposition [63]. For
our purposes, we use the eigendecomposition of N but also
verify consistency using the Takagi-Autonne decomposi-
tion, as implemented in STRAWBERRY FIELDS [64]. Note
that, in practice, one knows the correlators on a grid of
points and then for a sufficiently dense grid estimates the
decompositions in Eq. (B5) (cf. Appendix B of Ref. [65]).
Having the functions f; () and the coefficients 7;, one can
write the ket describing the state of the electromagnetic
field of the waveguide as

W) = (X) S(r3,45) [vac) , (B9)

A
S =exp (3[4 -4F]).  ®10)
i = [t psuton; (B11)

Now let us consider the case in which photons from the
ring can be scattered into modes different from the ones
in the waveguide, e.g., scattering modes that contribute to
loss of photons from the resonator. The treatment of such
losses into an undesired channel has been dealt with by,
e.g., Vernon and Sipe [41]. The system is now described by
several decay rates: I'g, the decay rate into the waveguide;
Mg, the scattering loss decay rate; and I's = I's + Mj, the
total decay rate. For our correlation functions, it is eas-
ily seen that in the case of loss, the moments associated
with this mixed state are related to the moments of a
pure state as in Eq. (B5), where all the photons go into
a fictitious waveguide (with modes corresponding to the
physical channel and the bundle of scattering modes) at
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rate Iy, by
Nmixed(?, t/) = ng‘sc pure(ta t/;FS)a (B12)
Mixea(t, t/) = ng‘schure(ta t/;FS)a (B13)

where 15 =I's/T's is the escape efficiency into the
waveguide channel, i.e., the ratio of the decay rate into the
physical waveguide to the overall decay rate into all chan-
nels (including the waveguide). If there is only decay into
the waveguide, we have e = 1, I's = I's and recover the
pure-state case discussed previously.

The moments in Eq. (B12) are also the moments char-
acterizing the state |W) after being sent through a loss
channel where the (energy) transmission is precisely ng*.
Note that a squeezed state with squeezing parameter r
subjected to loss by transmission amount 7 has the same
density matrix as a thermal state with mean photon number

1 1
= 5\/c0sh2(r) — (1 —2n)2 sinh?(r) — > (B14)
and then squeezed by the amount [66]
, 1 ne’ +1—n
F=-log| ——— ).
4 ne=? +1—n

Using this equivalence, we write the density matrix of the
state when scattering into unmeasured modes is present as

(B15)

p =) S, 4) ()} ST, 4,
A

(B16)

where p; is a thermal state in the mode with temporal pro-
file & and with mean occupation number 7, given by Eq.
(B14) with n = nes and r = r,. Likewise, 7} is given in
Eq. (B15) with the same substitutions.
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