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Supplementary materials

S1. Quadrature variance measurement

Detailed Experimental Apparatus

The quadrature variance measurement (Fig. 2(a) of main text) is performed using three
resonances of the microring that span a bandwidth of 3 nm. The central resonance of the
microring is pumped by a fiber-amplified external cavity diode laser (ECDL). Amplified
spontaneous emission generated near the signal and idler frequencies is filtered out by a
WDM filter placed at the input of the chip. A polarization controller on the pump fiber
aligns the input polarization to the TE mode of the on-chip waveguides.

The frequencies of the microring resonances can be tuned using an integrated micro-

heater, and are actively stabilized to the pump wavelength through a side-of-peak lock.



The transmitted pump beam is separated from the generated signal and idler wavelengths
using an (off-chip) WDM filter, and its extinction is monitored on a photodetector. This
signal is sent through a PID filter and fed back to the integrated heater to stabilize the
microring resonances to the pump frequency.

The filtered signal and idler photons are carried over the same optical fiber, to a tunable
beamsplitter where they are interfered with the bichromatic local oscillator (LO) for
balanced homodyne detection. The bichromatic LO is generated by combining light from
two ECDLs operating at the signal and idler wavelengths as shown in Fig. S1. Variable
attenuators and polarization controllers placed inline with each LO provide independent
power and polarization control of the two beams at the balanced homodyne detector.
The power in each LO beam is independently adjusted to provide 10 dB of shot-noise
clearance above the electronic noise floor of the homodyne detector. The shot-noise of
the resulting bichromatic LO is thus 13 dB above the detector noise floor (see Fig. S2).
Their polarizations are also independently adjusted to align with those of the generated
signal and idler at the detector.

The signal and idler ECDLs are stabilized to the pump phase as illustrated in Fig. S1.
Low power pickoffs from the pump, signal and idler LO lasers (see Fig 1) are used to
measure the relative phase between pump and LO lasers. A strong phase modulation
at w,, = 21 x 15.694 GHz is applied to the pump to generate sidebands 188 GHz away,
near the signal and idler frequencies. The signal and idler lasers are interfered with the
modulated pump beam to produce RF beatnote signals at 800 MHz on a pair of homodyne
detectors.

A pair of phase-locked loop (PLL) controllers stabilize the phases of these beatnotes
to a w, = 2m x 100 MHz reference clock by feeding back on fast current modulation ports

present on both the signal and idler ECDLs. The reference clock is derived from the same
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Figure S1: Phase-locking schematic for the bichromatic LO. The pump is strongly phase-
modulated at w,, to produce sidebands near the signal and idler resonances. The reference
clock w, used to stabilize the signal and idler beatnotes is derived from same source as
w,, to minimize excess phase-noise. EOM: electro-optic modulator.

synthesizer that modulates the pump, to avoid adding excess phase noise to the PLL. Our
feedback scheme suppresses relative phase noise between the pump and each LO beam to
within 4° RMS and ensures that the signal and idler LOs are symmetrically split about
the pump frequency as illustrated in Fig. S1.

The squeezing measurement presented in Fig. 2 of the main text is performed by
analyzing the homodyne detector output on an RF spectrum analyzer, as the phase of
the bichromatic LO is varied using a fiber-strecher. The noise level at 20 MHz is measured
with a resolution bandwidth (RBW) of 1 MHz and a video bandwidth (VBW) of 300 Hz,
while the LO phase is ramped at an approximate rate of 27 s71. The squeezing spectrum
measurements presented in Fig. 3 of the main text are performed under similar conditions,
while recoding the maximum and minumum values of the noise level at each sampled

frequency.
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Figure S2: Shot noise calibration of the bichromatic LO. The noise integrated over the
1 GHz bandwidth of the homodyne detector is measured as a function of the total optical
power in both LO beams. All measurements presented in the main text are performed
with an LO optical power of 8 dBm, well above the detector noise floor.

Theory

Equations to which the data is fit are derived as follows. Adding the appropriate channel-
ring coupling Hamiltonian (27) to the nonlinear Hamiltonian of Eq. (1) in the main text,
the Fourier transformed equations of motion for the signal and idler ring mode operators
can be written
—iQbs () = —T'sbs () — i5¢s,, ()
— ipss,, () +iABRH (—Q).
i (=Q) = —T5b] (—) + i), (—9)
il (—9) —iA (53) bs (). M

where 1, are channel mode operators with input-output relations

G () = i, (@) — 220, (). 2)

xT

and ¢, are “phantom channel” mode operators that allow one to include additional

sources of loss easily. Here |%|2 + |ugﬁ|2 = 20,1, |'y$|2 = 20,,n,, and [, =T, —iA,
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Figure S3: Detailed experimental setup of the photon number measurements. Further
description is found in the text.

where A is an effective detuning including pump detuning from resonance as well as
the power-dependent effects of self- and cross-phase modulation. The channel operators

satisfy the commutation relations

[y, (), 00 ()] = [Ba,, (), 05, ()]
= 5,0 (2 — Q) Jv,. (3)

Equations (1) are readily solved as
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and can then be used, along with Eqs. (1), to solve for the moments
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up to an inconsequential global phase on M,, (2, —Q). Note that N, (2,Q)" = N, (Q,Q)
and M,, (2, —Q) = M,, (-, Q). Finally, we solve for the general quadrature variance at

sideband frequency () relative to that where the signal is maximal with a bichromatic LO

V(ps,or; Q) =1+ N (Q,Q) + N (—Q, —Q)

+ 2R {e ST AT (Q, -Q) ), (7)

where the ¢, are local oscillator phases, N (€,€) = [Ng(Q,Q) + N;(Q,Q)] /2, and
M (Q,) = [Msy (2, Q) + Mis (Q, )] /2. It has a form similar to that using a single local
oscillator, as expected from bichromatic LO theory (25). For I's =T; =T, ng = n; = 7,

and T's = T'; = T, the variance can be written as
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where we have put |Bp|2 AT =g.

We note that our derivation parallels previous work on squeezing in Y optical para-
metric oscillators (44-46), however there are two important differences. The first is that
because we consider a x®) process, g depends linearly on the number of pump photons
(or, equivalently, the pump power) rather than its square root. The second is that a
common consideration, when there are no power-dependent terms in A, is to work such
that A = 0 and thus, maximizing/minimizing over ¢s + ¢, denoted with the superscript

+,

+ 4gn
VEQ) o =1% > . 9
(Da (1F9)°+ ($) ¥

Yet here, we track the shifts due to self- and cross-phase modulation and work such that
A = gI', leading to
VE(0)ayr = 1+ 4gn (20 + VI +40%) (10)

exactly as in Eq. (2) of the main text. Note that here, unlike in (9), ¢ is not constrained

to be < 1.

S2. Photon Number Measurement

Detailed Experimental Apparatus

A detailed schematic of the setup used in the photon number experiments is shown in
Fig. S3. The setup comprises of four main parts: the pump source preparation, chip
input filtering, the photonic chip coupling and control, and the post chip filtering and
data acquisition. We will elaborate on the construction of these parts further below.
The pump section is comprised of two stages of Mach-Zehnder Modulators (MZM)
and amplification, the first stage creates a high repetition pulse train. A continuous wave

external cavity laser (Toptica CTL) sent to a 20 GHz Mach-Zehnder Modulator (MZM1,



Optilab IM-1550-20). The DC setpoint of the modulator is set to null transmission in a
closed feedback loop through the use of a homebuilt system using an FPGA to perform
a dither lock (Red Pitaya 125-14), with a 1% tap of the output of the Modulator being
measured at a photodetector as the input signal (PD1). An electrical pulse train drives
the RF input of the Modulator (PG), with a pulse width of 1.5ns and a repetition rate
of 64 MHz being generated by an arbitrary waveform generator (Agilent M8195A) and
further amplified with a broadband RF amplifier (iXblue DR-PL-20-MO). The pulse train
has a stable extinction ratio above 30 dB, attained through the use of the DC stabilization
and alignment of the input polarization state with PC1. The pulse train is then amplified
using a pulsed amplifier (Pritel FA-23-10) to an average power of a few 10s of mW.

The second stage of the pump is used as a pulse picker for the input pulse train,
reducing the duty cycle to be compatible with the photon number resolving detectors. To
do this we generate a trigger pulse for the pulse picking generator (PPG, Siglent SDG
6052X), through the use of an input optical pulse and a home-built electrical pulse picking
circuit (EPP). The optical pulse is measured on a TTL photodector (PDT, Koheron
PD200T) giving a constant peak voltage output, and is compared to a reference level on
the EPP circuit. After detecting an initial optical pulse the EPP generates a trigger pulse,
and then counts 1024 pulses (21°) before resetting. Upon receiving a trigger the PPG
generates a square pulse of 8 ns width, which drives the RF input of a high extinction MZM
(MZM2, iXblue MXER-LN-20) to pick the optical pulse train, with a second synchronized
output being used to generate a trigger pulse for the data acquisition. The picked electrical
pulse is aligned to the optical pulse train by tuning the relative electrical delay upon
receiving a trigger with the PPG. A slight jitter of less than 1ns is observed, which is well
below the width of the pulse picking pulse guaranteeing that only a single optical pulse

is within each pulse picking window. The DC bias of the modulator is controlled with a



second stabilization system in the same way as MZM1. The pulse train, now comprising
of 1.5ns square pulses at a rep rate of 62.5 KHz, is finally amplified by a second EDFA
before being sent to the experiment. During operation the modulation bias control and
pulse picking is monitored and the system was found to be stable over the course of a day.

After the pump source the input power to the chip is controlled with a computer
controlled variable optical attenuator (VOAL) with a fixed attenuation uncertainty of
0.1 dB and attenuation precision of 0.001 dB (VIAVImVOA-C1). A bank of filters are used
to remove unwanted residual photons from the pump light. The filters consisted of the
following: two 980 nm filters (Thorlabs WD9850AB), required due to the pumping diodes
in the EDFAs, followed by two 100 GHz WDMs centered around the pump at 1549.9 nm
(Opneti 100 GHz DWDM), which reject amplified spontaneous emission (ASE) from the
amplifiers, as well as spontaneous Raman scattering generated in the fiber patch cords in
the setup. Each WDM provides greater than 80 dB rejection close to the passband, with
a typical insertion loss of 0.5 dB. The fiber pigtail output of the final WDM was spliced
down to minimize generated Raman being injected into the chip.

The filtered pump pulses were coupled to the chip using small-core fiber (Nufern
UHNAT) and index matching gel, mounted on multi-axis stages (Newport 562F) equipped
with stepper motor actuators with 25 nm resolution (Zaber LAC10A). The insertion loss
was monitored using optical power meters (Thorlabs PM100USB) located before and after
the filtering stages (PM1, PM2), with the chip coupling bypassed to provide a reference
measurement. During the experiment the ring was actively side-of-peak locked to the laser,
through the use of a feedback signal generated from an FPGA board (PID, Red Pitaya
125-14 running PyRPL 0.9.4 (47)). When the pump power was swept for the experiment,
using VOAL, the input power to the locking detector (PDL) was controlled with VOA2

to prevent saturation of the FPGA analog-to-digital converter. To ensure consistent



behaviour for the measurements, the setpoint of the side-of-peak lock was calibrated for
each separate pump power. The input polarization to the chip was optimized to maximize
the extinction of the pump resonance of interest, using the input PC.

To ensure that only the desired generated light is measured on the TES detectors a
series of filters wavelength division multiplexers (WDM) are used after the chip to reject
the pump and direct the two desired frequency channels to separate detectors. Each WDM
consists of an input “common” port (C), the transmitted passband (P) and a reflection
port (R). Immediately after the chip a bandpass filter (CBND) is used to only transmit
light from 1540 nm to 1560 nm, filtering light down to 1200 nm. As shown in Fig. S3, the
reflected light from the initial WDM, aligned to the signal frequency (SIG), is input to
the common port of another WDM which is aligned to the idler frequency (IDL). The
reflected light from this WDM contains the pump frequency, which is used in the locking
setup described above. A second WDM at both the idler and signal frequencies is used
to ensure the pump is sufficiently rejected in the bands of interest. The 117 GHz free
spectral range of the micro-ring resonances ensures that only a single resonance is within
the passband of the 100 GHz WDMs. The loss of the two paths of the signal and idler
was approximately 1dB.

Finally, the temporal traces of the TES detectors were acquired using a DAQ card
(AlazarTech ATS9440), which was triggered (TRIG) with the same pulse generator used
for generating the picked pump pulses (PPG). The temporal window of 5 us contained a
single pulse response from the detectors. In the next section we detail the processing of

the acquired time traces to determine the photon number of individual measurements.



Data Acquisition and Processing

Our data consists of sets of 800000 voltage traces V' = {v; ()} in each of two chan-
nels, where each set corresponds to a different controlled amount of attenuation between
source and detector. To assign a photon number to an individual trace in each set, first
we follow Ref. (43) and perform a principal component analysis on each set V', which
amounts to solving for the eigenvectors of VIV, where V is the data set with its mean
trace subtracted. Calling these mean-subtracted traces o; (f) and their respective first
principle component PC (t), this enables ordering of the v; () within each set according
to [ 9; (t) PC (t)dt = s;. We then construct a histogram of the s; with 223(~+/800000/4)
bins, and observe that they naturally cluster (see Fig. S4). We associate these clusters
with discrete photon numbers, and determine the s; € S boundaries for discretization by
fitting a sum of Gaussians to the histogram and solving for their points of intersection.
Having “digitized” the v; (t) for each channel, it is then a simple matter to determine
the mean photon number of the sum of the two channels ny, = (Ns + N;) as well as the
variance of the photon number difference of the two channels Va,, = Vy,_n,. We estimate
that the largest source of error associated with this procedure arises from traces with an
s; much larger than the Gaussian centered at the largest s;, as all of these traces will
be assigned photon number n when they more likely correspond to n + 1 or even n + 2.
However, we calculate that they form less than 0.04% of the traces in any given set, and
therefore lead to error bars on data presented in Fig. 4 of the main text too small to be
seen by eye.

Consideration of other sources of error in this type of procedure is a difficult and
relatively new problem, prime for future study. In the present work we consider each
extracted integer sample as a separate, uncorrelated measurement. We estimate the sta-

tistical uncertainty in each aggregate quantity — Van, N, and g® — by calculating the
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Figure S4: Representative histogram of traces ordered according to overlap with their
first principle component s; on both linear (top) and log (bottom) scales. The red line
corresponds to a fit using a sum of 6 Gaussians.

corresponding quantity on eight 100,000-sample subsets of the 800,000 samples collected
for each pump setting. The mean and standard deviation of these are used for the data
points in Figs. 4 and 5 in the main text. This accurately quantifies the degree to which
100,000-sample measurements of such first- and second-order photon number moments
vary between repeated independent measurements. Systematic uncertainties in these ag-
gregate quantities can be estimated from the measurements on coherent states, where the
corresponding quantities are extremely well modeled by Poisson statistics. The deviation
of associated means from the predicted values gives an estimate of the relative systematic
uncertainty in reported quantities, which is on the order of 1073 for the NRF and 1072
for g2,

Finally, we explore the predicted quadratic scaling of n, and n; with pump power for
spontaneous four-wave mixing (SFWM) in a ring resonator when the pump detuning is
locked to a ring resonance that moves due to self- and cross-phase modulation (27). In

Fig. S5 we plot the measured logarithm of n. as a function of the logarithm of injected



pump pulse peak power to the ring Pp over the range of pump powers used, and observe

that it is indeed nearly quadratic, with a slope close to 2 for both the signal and idler.
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Figure S5: Measured logarithm of ny, vs. logarithm of injected pump power for values
of Niot > 1.

Theory

To calculate the expected slope of Va, vs. nit, we first write the state generated on chip

as the two-mode squeezed vacuum
i) = eXereesete o) o), (1)
for which the number operator in either the signal or idler channel is
N, = Zalgaﬂ. (12)
¢

Introducing loss with transmission factors 7, we have

<al£ay@> = 5$y5a/77x sinh2 Ty,

(Agpaye) = (1 = Ozy) Oppr /Mty sinh vy cosh . (13)



We can thus solve for the photon number difference variance

Van = Vg + Viy — 2 ((Ns V1) — (Ns) (MV1))
= 1g Z sinh? 7, (778 sinh? ry + 1)
¢
+ Z sinh? ry (mrsinh® r, + 1)

¢
— 2nsm Z sinh? r; cosh® ry,
¢

or, when ng =n = n,
Van =2n(1—n) Zsinh2 re = (1 —n) Ngot,
¢

exactly as in Eq. (3) of the main text.

(14)

(15)
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