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1. NOTATION AND DEVICE PARAMETERS

Symbol Description

a,b, ¢ operators for optical, acoustic, and
microwave modes of the transducer

Ct,C operators for hybridized electrome-

chanical modes

operators for optical and microwave
input (output) modes in coupling
waveguides

din; éiru (douh éout)

AC operators for optical and microwave
temporal modes in coupling waveg-
uides

Con moments of the temporal microwave
mode

moments of the temporal microwave
mode conditioned on an optical click

C’m n ‘ click

TABLE S1. Notation for various modes and moments.

Symbol Description Value
Aa optical mode wavelength 1561.3 nm
wy/2m | microwave acoustic mode frequency [5.001 GHz
we /27|50 microwave theZZ?g% _1;11;)1(2116 frequency 5011 GHz
Jom /2T optomechanical coupling 270 kHz
Jpe /2T piezoelectric coupling 800 kHz
Ke,a/2m external optical coupling rate 650 MHz
Kia /2T intrinsic optical loss rate 650 MHz
Kip /2T intrinsic acoustic loss rate 150 kHz
Ke,e/2T external microwave coupling rate 1.2 MHz
Ki,c/2m intrinsic microwave loss rate 550 kHz

TABLE S2. Coupling rates of transducer internal modes.

Symbol Description Value
T Two sigma duration of pump pulse| 160 ns
T Repetition period of pump pulses 20 ps

- Peak power of pump pulse 83 nW

Ng Peak intra-cavity photon number 0.78
2.7x10°°

Delick Optical heralding probability

Reick | Optical heralding rate (= peiic/Tr)| 0.14 87
P SPDC scattering probability 1.8x 1072

Nopt Optical collection efficiency 1.7x1077

Nmw Microwave conversion efficiency 0.56

TABLE S3. Microwave-optical photon pair generation pa-
rameters.
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Parameter Value

Optical cavity to on-chip waveguide 0.50

Waveguide to lensed fiber 0.29

Circulator between excitation and detection 0.90

Total filter bank loss 0.16
(individual components below)

2x2 switches 0.89

Filters (CW transmission) 0.52

Finite pulse bandwidth 0.39

Circulator in filter setup 0.89

SNSPD setup 0.83

Optical collection efficiency (1opt) |1.7 x 102

TABLE S4. Loss budget along optical detection path.

2. DEVICE FABRICATION PROCESS

The fabrication process for the transducer chip is illus-
trated in Fig.[S1|and described in the caption. Masks for
all steps are patterned in ZEP-520A resist via electron-
beam lithography on a Raith EBPG 5200 tool. All dry
etching is performed in Oxford Plasmalab 100 inductive
coupled plasma reactive ion etching (ICP RIE) tools.
The process flow can be sub-divided into sections used
to define various portions of the transducer device. Steps
(i)-(vi) complete the definition of the AIN box essential
for the piezoacoustic cavity. The combination of dry and
wet etch steps ensures that the dimensions of the AIN
box are precisely defined while the silicon device layer is
undamaged on most of the chip. This is important to
achieve optical, mechanical, and microwave modes with
high quality factors. Steps (vii)-(ix) define the NbN res-
onator and step (x) defines the OMC. Steps (xi)-(xiii) are
use to define aluminum electrodes on the piezo-resonator
and galvanically connect them to the NbN resonator us-
ing bandage steps. The bandaid steps involve in situ Ar
milling for two minute and six minute durations respec-
tively to clear the surface of NbN and Al prior to Al
bandaid evaporation. To provide optical fiber access to
coupler sections at the end of the silicon photonic waveg-
uides, we clear a portion of the SOI substrate up to a
depth of 150 pm using a deep reactive ion etch at the
edge of the chip. Finally, the buried oxide (BOX) layer
is etched in anhydrous vapor HF to release the device
membrane.

3. MICROWAVE CIRCUIT DESIGN

The kinetic inductance resonator used in our trans-
ducer is fabricated from an NbN film of 10 nm thick-
ness and 50 pH/sq sheet inductance. The meander-
ing ladder geometry described in the main text is com-
prised of 2 um x 1 pum rectangular loops formed from
traces of width 130 nm. We use extended electrical ter-
minals of length 200 pm and width 1 pum to spatially
separate the high kinetic inductance section from the
OMC. The resonator is designed to achieve a target fre-
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FIG. S1. Device fabrication process. Images are not to scale. (i) Sputter deposition of 300 nm thick c-axis AIN piezoelectric
film (grown by OEM group; stress T = +55 MPa; (002) XRD peak of full-width at half-maximum = 1.79°) on a silicon on
insulator substrate (Si device layer [float zone grown, 220 nm thick, p > 5kQ-cm]; buried oxide layer [3 pm thick, silicon
dioxide]; Si handle [Czochralski grown, 750 pm thick, p > 5kQ-cm]). (ii) 3 minute AIN trench etch (120W RF, 600W ICP)
with Ar/Cly (80/40 sccm) chemistry to define the perimeter of the piezo resonator via a small trench of width ~100 nm. (iii)
Conformal deposition of a 300nm SiO, hard mask via plasma enhanced chemical vapor deposition. (iv) Patterning of the SiO,
mask via a 6 minute dry etch (33W RF, 1300W ICP) with C4Fs/SF¢ (40/3 sccm) chemistry. (v) Removal of the remaining
AIN on the chip with a 12 minute 80° C H3PO4 wet etch. (vi) SiO, mask removal with 10:1 buffered oxide etchant for 3
minutes and 30 seconds. (vii) Protection of the piezo-acoustic and OMC regions with a resist mask prior to deposition of NbN.
(viii) Deposition of a 10 nm thick film of NbN via an RF sputtering process. (ix) 1 minute dry etch (30W RF, 300W ICP)
of NbN with SF¢/Ar (40/20 sccm) chemistry to define the high-impedance microwave resonator. (x) 4 minute dry etch (18W
RF, 600W ICP) of silicon with C4Fs/SFs (72/30 sccm) chemistry to define OMC, acoustic shield and optical waveguide. (xi)
Deposition of Al electrodes for the piezo-acoustic resonator using angled electron-beam evaporation. (xii, xiii) Bandage steps
with 3 minute Ar milling followed by Al evaporation. (xiv) Etching of the buried oxide (BOX) layer using anhydrous vapor
HF to release the device membrane.

quency of 5.0 GHz for the fundamental mode with a ca-
pacitance, Cies = 7.1 fF, which includes a small con-
tribution of 0.27 fF from the electrodes on the piezo-
acoustic resonator. Nearly the entire inductance of the
resonator mode is due to the kinetic inductance of the
superconducting film. The use of closed superconduct-
ing loops in the resonator allows for tuning of the ki-
netic inductance, Ly, via a DC supercurrent, I, induced
by an external magnetic field according to the relation
Ly =~ Ly o[l + (I/1.)?] as shown in [I]. Here Ly ¢ is the

kinetic inductance at zero magnetic field. I, > [ is a
characteristic current on the order of the critical current
of the nanowire [2]. This relation leads to quadratic tun-
ing of the resonator frequency in response to an external
magnetic field as observed in Fig.2b of the main text.
The resonator is capacitively coupled to an on-chip 50 (2
coplanar waveguide (CPW) patterned in NbN to achieve
an external coupling rate, k. ./2m = 1.3 MHz. On the
chip used for the experiments in this work, sixteen trans-
ducer devices were laid out in groups of four with each



group addressed by a separate CPW. Adjacent resonators
on the same CPW were designed to be detuned from each
other by a frequency spacing of 100 MHz, much larger
than the cross-coupling, which was estimated to be less
than 1 MHz from simulation. This frequency multiplex-
ing approach allows us to increase the number of trans-
ducers available for testing on the chip while ensuring
minimal microwave crosstalk.

4. PIEZO-OPTOMECHANICS DESIGN

The piezo-optomechanical transducer in our work is re-
alized by attaching a half-wavelength AIN piezo-acoustic
cavity to a silicon OMC as shown in Fig. [S2h. Fig.[S2p,c
shows the optical and acoustic modes used for transduc-
tion. The energy of the acoustic mode is split between
the piezo-acoustic and OMC regions, which are designed
independently to support acoustic resonances at 5 GHz
with large piezo-electric and optomechanical coupling re-
spectively. Similar to the device demonstrated in [3],
hybridization of acoustic modes in these two portions
is achieved through the connecting OMC section, whose
band structure is designed to provide a bandgap for opti-
cal photons and waveguiding for acoustic phonons at the
frequencies of interest. The OMC design is unchanged
from previous work. The primary difference is the change
to an ultra-low mode volume piezo-acoustic cavity to re-
duce energy participation in the piezo region, which is
lossier for acoustics when compared to silicon. This de-
sign change is possible without sacrificing piezoelectric
coupling since the impedance of the kinetic inductance
resonator is roughly an order of magnitude larger than
that of the transmon qubit used in [3]. Fig.[S3|shows the
new design of the piezo-acoustic cavity and the phononic
shield with relevant dimensions.

Figs.[S21,e show the hybridization of the piezo-acoustic
and OMC modes via a sweep of the length of the piezo
box. We observe strong hybridization of two distinct
branches that are piezo-like and OMC-like as highlighted
by the dashed lines with maximal hybridization occurring
at a piezo length of 880 nm. On the transducer chip used
in our experiments, we fabricate devices with piezo length
swept over a range of 20 nm about this nominal value
to compensate for fabrication disorder. Both coupling
rates on the device in our experiment are lower than the
maximum design values, potentially due to fabrication
disorder in the piezo-acoustic section. Clamping loss of
the piezo-acoustic resonator is minimized by using teth-
ers with modulated width as shown in Figs. [S2h,b. The
tethers are designed to support a 1.5 GHz wide acoustic
bandgap centered around the transducer acoustic modes.

The OMC is evanescently coupled to a suspended sili-
con waveguide, which terminates in a coupler section at
the edge of the chip. We use a millimeter length scale
waveguide to distance the NbN circuit from scattering
of pump light generated near the optical coupler sec-
tion. The long waveguide shown in Fig.1b of the main
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text is designed with alternating S-shaped curved sec-
tions (length per section = 10pm, radius of curvature =
6 pm) in order to increase robustness against buckling
from intrinsic stress in the silicon device layer. The teth-
ers used to anchor the waveguide to the bulk are designed
with adiabatically tapered width in order to reduce op-
tical energy density at the edges, and thereby, reduce
scattering loss at the anchor points Burek2017. We use
a Gaussian taper profile, where the waveguide width is
increased from the nominal value of 550 nm to 1.1 pum
over a waveguide length of 5 pm. Through an FDTD
simulation, we find that this achieves a loss of ~ 0.01 dB
per tether and a loss of ~ 0.5 dB over the entire waveg-
uide length, which has a total of 52 tethers. While this
propagation loss is quite low, we find that in practice,
the long waveguide adds significant ripple (~3 dB), likely
due to finite back-reflection from the coupler tip at the
edge of the chip. Based on the exact wavelength of the
transducer optical mode with respect to this ripple, the
total fiber-to-cavity coupling efficiency varies from 55%
to 25% across devices on the same chip. With optimiza-
tion of the coupler in future devices, we hope to mitigate
the detrimental effect of this ripple on fiber-to-waveguide
coupling efficiency.

5. MEASUREMENT SETUP

The measurement setup used in this work is detailed
in Fig. For SPDC experiments, trigger signals from a
master digital delay generator are used to synchronize op-
tical pump pulses with the timing window used for optical
and microwave readout. Optical pump pulses with > 120
dB extinction are generated using two analog acousto-
optic modulators (G&H Photonics) and are routed via a
circulator into the ‘Optics in/out’ path towards the de-
vice in the dilution fridge as shown in Fig[SZh. The op-
tical emission from the device passes through the same
circulator and is directed to a pump filtering setup prior
to single photon detection (SPD) along the ‘SPD in’
path in Fig. [S4h. The filtering setup comprises two tun-
able Fabry—Perot filter cavities (Stable Laser Systems)
in series and provides 104 dB extinction for a pump de-
tuning of 5 GHz along with a transmission bandwidth
of 2.7 MHz. This transmission bandwidth naturally
excludes emission due to optomechanical scattering by
other transducer modes besides the two hybridized elec-
tromechanical modes of interest, ¢.. During the exper-
iment, transmission through the filters is checked every
four minutes and a lock sequence is initiated if the trans-
mission drops below a set threshold. At the beginning
of the transmission check, the optical path is set to by-
pass the fridge via a MEMS switch. An electro-optic
phase modulator (¢-m in Fig. ) is used to generate
a sideband on the pump tone at the target frequency to
which the filters are locked. In our SPDC experiments,
this target frequency corresponds to a pump detuning,
A, = (wy +w_)/2. If required, the locking algorithm
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FIG. S2. Piezo-optomechanics design. a. Geometry and material composition of the piezo-optomechanical transducer.
The black scale bar corresponds to 2 pm b,c. Top-down views detailing the displacement profile of a hybridized acoustic mode
and the transverse electric field of the fundamental optical mode of the transducer respectively. d,e. Simulated optomechanical
coupling, gom, and piezoelectric coupling, gpe, of the acoustic modes of the transducer as a function of length of the piezo-
acoustic cavity. Dashed lines in both panels are shown as a guide to follow the modes with maximum gom.

adjusts the filter cavities to maximize transmission at
the target frequency by monitoring the output of each
cavity on a separate photodetector. Additionally, during
long measurements, we periodically monitor the polar-
ization of the pump light sent to the device and compen-
sate for long term polarization drifts along the excitation
path. Active polarization control is preformed by using
an electronic polarization controller (Phoenix Photonics)
and maximizing the optical pump power reflected by the
device.

Optical photon counting is achieved using a tungsten
silicide (WSi) superconducting nanowire single photon
detector (SNSPD) mounted on the still plate of the di-
lution refrigerator (BlueFors LD-250) maintained at a
temperature of 770 mK. As shown in Fig. [S4b, electri-
cal pulses from the SNSPD generated by single optical
photon detection events are amplified and split into two
separate paths to record the detection time on a time
correlated single photon counter (TCSPC) and to trig-
ger microwave readout conditioned on an optical click.
For conditional microwave readout, we first generate a
logical bit for every optical click by performing a logic

level translation of the SNSPD electrical pulse to a TTL
signal. Using a microwave switch (Minicircuits ZASWA-
2-50DRA+), we then perform a logical AND operation
between this ‘optical click bit’ and a trigger bit provided
by the master delay generator defining the duration of the
optical gating window. On the other hand, unconditional
microwave readout is triggered directly by the master
delay generator. An RF switch (MiniCircuits ZASWA-2-
50DRA+) is used to switch between unconditional and
conditional readout of the microwave output signal.

The microwave output chain shown along the ‘MW
out’ path in Fig. [S4c begins with a Josephson traveling-
wave parametric amplifier (TWPA, MIT Lincoln Labs)
[4] mounted on the mixing plate as the first amplification
stage. For TWPA operation, we use a CW pump tone
at a frequency of ~6.07 GHz added to the amplifier in-
put using a 20 dB directional coupler (not shown in the
figure). A dual junction circulator with 40 dB isolation
is placed between the directional coupler and the sample
to shield the transducer from back-reflected pump. The
TWPA is followed by a high mobility electron transis-
tor (HEMT, Low Noise Factory LNF-LNC4_8C) ampli-
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FIG. S3. Piezo-acoustic cavity design. Geometry of the
piezo-acoustic section of the transducer. Relevant dimensions
of the piezo-acoustic cavity are labeled in the top inset. In
our design, (p,wp,e) = (880, 600, 20) nm. The aluminum
nitride layer has a thickness of 300nm with a ~60° side-
wall angle. Relevant dimensions on a single unit cell of the
phononic shield are labeled in the bottom inset. In our de-
sign, (a,bs, by, ty, tar, tsi) = (492, 300, 369, 90, 100, 210) nm.

fier mounted on the 4K plate. In the setup outside the
fridge as shown in Fig. [S4b, we perform additional am-
plification of the signal and filtering of the TWPA pump
tone using a tunable notch filter (Micro Lambda Wire-
less MLBFR~0212). The microwave signal is then down-
converted to an intermediate frequency (IF) of ~100 MHz
after mixing with a local oscillator on an 1Q mixer (Marki
1Q-4509). The I and Q outputs of the mixer are subse-
quently bandpass-filtered, amplified and recorded inde-
pendently on two channels of an analog to digital con-
verter (ADC, Alazartech ATS 9360). These two digi-
tized voltage signals correspond to measurement of the
real and imaginary quadratures of the output mode of the
amplification chain, S.,¢. Based on the calibrated gain
of our amplification chain, we measured that our hetero-
dyne detection setup has an added noise of ~2.5 quanta
referred to the output of the transducer at a signal fre-
quency of ~5.0 GHz. This near-quantum-limited hetero-
dyne readout enabled by the TWPA is a key enabler for
measurements of microwave-optical correlations from our
transducer on a reasonable experimental timescale. The
setup shown in Fig. additionally allows for pulsed
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microwave excitation of the transducer as well as spec-
troscopy with a vector network analyzer (VNA).

The transducer sample is wire-bonded to a printed cir-
cuit board (PCB) with coaxial connectors and is housed
in an oxygen-free high thermal conductivity (OFHC)
copper package. The microwave resonance frequency of
the NbN resonators can be tuned by an external mag-
netic field generated from an Nb-Ti coil mounted over the
sample package. Individual devices on the chip are opti-
cally addressed using a lensed fiber (OZ Optics) affixed
to the top of a three-axis piezo stepper stack (Attocube
Systems) placed in line with the on-chip tapered optical
couplers. The entire assembly is enclosed in a cylindri-
cal magnetic shield and is mounted to the mixing plate
of the dilution refrigerator cooled to a base temperature

6. PIEZOELECTRIC COUPLING TO OTHER
MODES

Fig. |S5|shows microwave reflection spectroscopy of the
transducer-resonator system over an extended frequency
range and magnetic field range compared with Fig.2b
in the main text. In addition to the anti-crossing at
~5.00GHz involving the main acoustic resonance of inter-
est shown in the main text, we detect anti-crossings with
two other modes at ~4.97GHz and ~4.93GHz with cou-
pling rates of 2.7MHz and 1.4MHz, respectively. These
two modes are also detected in the continuous wave
microwave-to-optical transduction spectrum shown in
Fig. 2a of the main text, thereby establishing their asso-
ciation with the piezo-optomechanical transducer. The
SPDC experiments in the main text are performed at
the maximal electromechanical hybridization point for
the ~5.00GHz mode. In this setting, the other acoustic
modes are far-detuned, and their parasitic participation
in the electrical resonator is estimated at ~0.5% based
on the measured piezoelectric coupling rates.

7. OPTICAL HERALDING RATE
CONTRIBUTIONS

The optical heralding events in our SPDC experiments
have a finite noise contribution from technical sources in
our experimental setup, namely detector dark counts and
pump laser leakage. In Fig.[S6h, we plot the optical pho-
ton count rate due to these noise sources as determined
from independent measurements. The blue trace corre-
sponds to the total optical signal as shown in Fig. 4a
of the main text. Dashed lines bound the gating dura-
tion used to select photon clicks that trigger conditional
microwave readout. The dark count rate (DCR) of the
SNSPD in our experiment is 1.5 Hz and is limited by
black-body radiation at wavelengths outside the telecom
band guided through the optical fiber. Stray photon flux
from laser leakage through the pump filtering setup as
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FIG. S4. Experimental setup. a. Optical pulse synthesis and detection. An external cavity diode laser is wavelength
locked to a wavemeter, and a 50 MHz tunable narrowband filter is used to remove spontaneous emission noise. ¢-m denotes
an electro-optic phase modulator, which is used during the locking sequence for the pump filter bank in the detection path.
Optical pulse shaping is achieved by modulating the laser with two acousto-optic modulators (AOMSs) connected in series.
The envelope for the optical pulses is generated by an arbitrary waveform generator (AWG). A variable optical attenuator
(VOA) is used to adjust the optical power level sent to the device. Excitation of the device is performed via an optical
circulator through which the device reflection and emission can be routed to two separate paths to perform either continuous
wave (CW) spectroscopy or pulsed single photon counting. For CW spectroscopy, the reflected optical pump along with the
optomechanically transduced signal is amplified with an erbium doped fiber amplifier (EDFA) and detected on a high-speed
photodetector. On the single photon counting path, pump light is filtered using two tunable Fabry—Perot filter cavities (Stable
Laser Systems, CW transmission loss of 3dB, bandwidth of 2.7MHz for the cascaded system) before directing the optical signal
to the single photon detector (SPD) in the dilution fridge. b. Microwave pulse synthesis and detection. For measurements that
require electrical excitation of the transducer, pulsed input signals to the fridge are generated at the intermediate frequency
(IF) by an arbitrary waveform generator (AWG) and subsequently upconverted to ~5GHz on an IQ mixer. Likewise, for CW
microwave spectroscopy, a vector network analyzer (VNA) may be switched into the setup. The microwave output from the
fridge passes though a tunable bandstop filter to remove the TWPA pump tone, and is down-converted, amplified and filtered
before acquisition on an analog to digital converter (ADC). For unconditional microwave readout, the master delay generator
for the experiment generates the trigger signal for the ADC. For microwave readout conditioned on an optical click generated
from SPDC, the trigger signal for the ADC is generated by performing a logical AND operation with a microwave switch
between optical click events from the SPD and a trigger bit from the master delay generator spanning the gating window for
collection of the optical signal. c¢. Dilution refrigerator configuration. The microwave (MW) input line contains attenuators
on the 4K, cold, and mixing chamber plates for thermalization of the coaxial cables. The MW output line passes through an
amplification chain consisting of a Traveling-Wave Parametric Amplifier (TWPA) mounted on the mixing plate and a High
Electron Mobility Transistor (HEMT) amplifier mounted on the 4K plate. The TWPA is driven by a strong pump tone sent
along a separate line and inserted via a directional coupler placed before the amplifier input (not shown). The superconducting
nanowire single photon detector (SNSPD) is mounted to the still plate and the electrical output signal is amplified on the 4K
plate before being sent to room temperature electronics.

indicated by the purple trace in Fig. [S6]is determined by Source of a photon click| Fraction of clicks
detuning the filter cavity by 100 MHz from the acoustic SPDC signal 0.796
mode used in the transduction experiment. Integrating DCR 0.171
the photon counts from these independent measurements Pump leakage 0.033

over the gating window, we obtain the contributions of
each noise source to the total probability of a herald-
ing event, pejick = 2.7 x 107¢ as shown in Fig. [S6p. The
corresponding fractional contributions are enumerated in
Tab. [SEl To complement microwave measurements of pump-

TABLE S5. Contributions to the optical photon count rate.
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FIG. S5. Microwave reflection spectrum of the transducer-
resonator system probed as a function of external magnetic
field. Avoided crossings are observed between acoustic modes
of the transducer and the tunable microwave electrical res-
onator.

a b
L2 —bluepump]] 3|
2 —redpump || &
c 8 DCR = signal
= — leakage "g il
S 4 Q
o
& PCE
Sy 0 04 o8 O cakage
t (us)

FIG. S6. a. Optical photon count rate vs time as measured
with blue detuned pump pulses, red detuned pump pulses and
in calibration measurements for the dark count rate (DCR)
and pump leakage through the filter setup. b. Contributions
to the optical click probability during the gating window ex-
tracted from the data in a.

induced noise, we perform a measurement of optome-
chanical sideband asymmetry [5]. We excite the trans-
ducer with the same pump pulse sequence used in the
SPDC experiment but with the pump laser tuned to
the red mechanical sideband of the optical cavity (A, =
—(wt 4+ w-)/2). The resultant photon flux from this
measurement is shown by the red trace in Fig. [S6h. The
difference between the count rate under red and blue de-
tuned laser excitation allows us to infer an average ther-
mal occupation of 0.097+0.019 for the acoustic mode over
the duration of the optical gating window. In Section [T4]
of the SI, we develop a heating model for the transducer,
and find that this measurement result is consistent with
microwave measurements of heating discussed in Fig. 3 of
the main text.

8. MICROWAVE MOMENT INVERSION

To measure the statistical moments of the microwave
emission from the transducer, we adopt the method origi-

S8

nally demonstrated in Ref. [6], which has been widely ap-
plied to perform tomography of non-classical microwave
radiation emitted by superconducting qubits [7H9]. The
microwave signal emitted from the device undergoes a se-
ries of amplification steps before a record is captured as
a digitized, complex-valued voltage signal on the hetero-
dyne setup. This phase-insensitive amplification chain
inevitably adds noise and is modelled as [10] 1],

§out = \/ééout + v G — 1]:LT5 (1)

where Cout, Sout and ht are the bosonic mode opera-
tors corresponding to the transducer output, the hetero-
dyne setup output and added noise respectively, with di-
mensions of 772, In the limit of large amplifier gain
(G > 1), this relation may be approximated as

Sous ~ VG (Ct + At ) : 2)

Once recorded, we take the inner product of the het-
erodyne traces with an emission envelope function, f in
software. A particular choice of the envelope function
corresponds to a measurement of the quadratures of the
temporal mode S(t = [ Sou(t F*(t)dt'. With this
choice Eq. (| . becomes
Sm/é(éﬂaﬁ), (3)
where C(t) := [ Gou(t 41 )£ (#)dt" and H(t) = [h(t+
)t )dt' Note that C' is a temporal mode in the
output waveguide, not the internal microwave mode, ¢é
of the transducer. Thus from a sequence of N hetero-
dyne measurements, a dataset of complex voltage sam-

ples {S,53,...Sn} is generated and the statistical mo-
ments are numerically calculated as [6] [T1],

N

I S CLICANE)

i=1

S = <ng5vn> =

The results in the main text require us to determine
the statistical moments of C, which we _organize into a
moments matrix with elements Conn = (CT™C™). This is
accomplished using additional reference measurements in
which the transducer is not optically pumped so that the
input to the amplifier is a vacuum state. This reference
measurement directly gives the anti-normally ordered
moments of the added noise as H,,, := (H™H") =

S /G5 ]

We experimentally verified that H.,,,, is consistent with
a thermal state for m,n < 2. Knowledge of the mean oc-
cupancy (nn,m) of the state constitutes full knowledge
of the statistics for a thermal state. Accordingly, we ex-
tract nyn, g from the reference measurements and calcu-
late H,,, as [12],

i {m!(nth,H + ].)m

m=n,

(5)

0 otherwise.



Finally, under the assumption that there are no corre-
lations between C' and H, Eq. can be used to derive
the following relation between the moment matrix ele-
ments [6],

Sij = Tijmncmnv (6)

where

5 _GF () Hicmgn m<in<j,
Y0 otherwise.

(7)

By inverting Eq. @, we recover Chyy,.

9. MICROWAVE EMISSION ENVELOPE
FUNCTION

We define the two hybridized electro-mechanical modes
in our experiment as

éizﬁ(f)ié), (8)

with center frequencies w1 = wp £ gpe.

The ideal two-mode squeezed state generated under
constant optical pumping on the blue optomechanical
sideband (A = w, — wp = w) can be written in the
form [I3],

) = [1+ v (al el +alel ) + o) ey, (9)

up to a normalization factor. Here p is the probability
of an optomechanical scattering event, a4 are the opti-
cal modes which match the frequencies of the hybridized
modes ¢4 as required by energy conservation. Performing
single photon detection on the optical state coupled out
of the cavity naturally allows us to discard the vacuum
component of |1). Further, we can neglect higher order
terms, O(p) in the expansion since p < 1 for the optical
pump power level used in our experiments. In our exper-
iment, the SNSPD has nanosecond timing jitter, which
is much smaller than the period of the beat note between
the modes a. given by 27/2gpe = 625 ns. As a result, de-
tection of an SNSPD click in an experimental trial erases
frequency information of the optical state. This measure-
ment can be described as a projective measurement onto

the state, (e*®")/2a1 + e_i¢(t)/2di) |vac), where the rel-

ative phase ¢(t) = ¢, + 2gpet for an optical click received
at time t. Here ¢, is the constant relative phase acquired
between the two frequency bins along the optical path
and t is the emission time of the photon pair defined rel-
ative to the beginning of the pump pulse. An optical click
at time t can therefore be used to herald the microwave
state [1) i = (e""b(’f)/géfF + ei‘f’(t)/QéT,) [vac).

This picture becomes slightly more complicated when
considering the pulsed optical drive used in this work as
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FIG. S7. Microwave emission envelope function. a.
Simulated temporal profile of microwave emission intensity
from the transducer heralded by an optical detection event.
b. Comparison of normalized power spectral density (PSD)
of the emission envelope function, f (orange trace) and of the
experimentally measured transducer microwave output con-
ditioned on an optical click (blue data points). Detuning is
defined with respect to the mean frequency of the hybridized
electromechanical modes.

well as the parameters of the device. The large band-
width of the pump pulse of 2.75 MHz in comparison
to the mode splitting of 1.6 MHz means that the fre-
quency bins cannot be individually well resolved in the
optical emission. Further, given the splitting between
the frequency bins versus their individual linewidths of
1.0 MHz, our device is not deep in the strong piezo-
electric coupling regime. This is evinced by the two
peaks with finite overlap in the experimentally mea-
sured power spectrum of the conditional microwave emis-
sion, (2] (w)eout (w))]etick shown with the blue trace in
Fig. [S7b. However, the theoretical picture discussed
above can guide the parametrization of the envelope func-
tion used for microwave readout. Accordingly, we define
the microwave emission envelope function as a coherent
superposition of two frequency bins centered at w4,

f(t) = ‘(i(};) (e*"(“’”*‘f"’/m + efi(w’tf‘ﬁ"/z)) - (10)

The relative phase, ¢, is assumed to be fixed since the
optical pulse duration used in our experiment is short
compared to the beat period between the frequency bins.
The function, ¢(t) accounts for the finite linewidth of the
frequency bins and is obtained by numerically solving the
master equation for our system using the QuTiP software
package [14]. For this calculation, we use the Hamilto-



nian in Eq. 1 of the main text along with experimentally
determined coupling and decay rates for the transducer
modes. The resulting MW emission intensity is shown in
Fig. [S7h. g(t) is parameterized as a skewed Gaussian to
capture the faster timescale of the rising edge relative to
the decay. The corresponding voltage envelope is given
by the square root of a skewed Gaussian and is written
as

1/2

0=~ (73
g(t) = ——=-exp | —
f2n T2 ATE

)

at
1 + erf (\/m>
(11)

up to a normalization factor involving the gain of the mi-
crowave amplification chain. Here the Gaussian standard
deviation, T, = 230 ns and skew factor, o = 2.0 are ob-
tained from fitting to the simulated result. We note that
for a microwave photon instantaneously loaded into the
resonator, g(t) is expected to follow an exponential decay.
However, in our transducer, due to the finite conversion
rate of the phonon from SPDC into a microwave pho-
ton, g(t) has a finite rise time. As a result, we find that
choosing the skewed Gaussian parametrization instead
of an exponential decay provides ~ 4% higher overlap
between the emission envelope function and the simu-
lated wavepacket as quantified by their normalized inner
product. The power spectrum of the resultant envelope
function, | f(w)|? is shown as the orange trace in Fig. .
This is observed to be well-matched to the power spec-
trum of the conditional microwave emission from the
transducer obtained from experimentally recorded het-
erodyne voltage traces.

10. MICROWAVE GAIN CALIBRATION

We calibrate the gain of our microwave heterodyne
detection setup by operating the transducer as a fre-
quency converter with the optical pump laser on the red
mechanical sideband. The calibration procedure is per-
formed at zero magnetic field, when the acoustic and mi-
crowave modes, Z), ¢ are detuned by a frequency separa-
tion, wy — we = 2w x 12 MHz > 2g,. and are weakly hy-
bridized. An independent measurement of optomechan-
ical sideband asymmetry provides a meter for phonon
occupation in the acoustic mode, b via the single phonon
count rate, R, [5]. We then resonantly excite the acoustic
mode via the microwave port and measure the transduced
optical photon count rate, R. Simultaneously, we record
the reflected microwave signal from the transducer, which
produces an output power, Pgye; at the output of the het-
erodyne setup. The gain, G of the amplification chain
can be determined using the series of equations below.

510

R = ’I’Lb7sigRo, (12)
4K,
Ny sighwy = B KT:)’ (13)
R 7b — Ripb ?
Py =G | —=—) P 14
det (fie,bJrfii,b) (14)

Here, ny sig is the occupation of the acoustic mode due
to the microwave drive obtained after subtracting the
thermal component of the transduced signal. P, is the
input microwave power to the transducer. &y is the cou-
pling rate of the acoustic mode to the microwave waveg-
uide due to weak hybridization with the microwave res-
onator and ky; is the intrinsic linewidth of the acoustic
mode. Both rates are determined via a VNA measure-
ment of the acoustic mode in the presence of the opti-
cal pump pulses. Following this procedure, we estimate
gain, G = 103 dB between the microwave output port of
the transducer and the output of the heterodyne setup.
While knowledge of the gain allows us to estimate the mi-
crowave intensity at the transducer output, we note that
the values of the normalized correlation functions mea-
sured in our experiment are independent of the absolute
accuracy of this calibration.

11. TWPA OPTIMIZATION

The operating point of the TWPA was optimized prior
to data acquisition. In order to ensure fast acquisition
and unbiased statistics, our operational criterion were
(1) maximize the gain and (2) ensure linearity in the re-
sponse. In our optimization procedure, the frequency and
power of the pump tone driving the TWPA were swept,
and coherent pulses with amplitude matched to the con-
ditional microwave signal in our experiment were sent to
the transducer input port. The result of the heterodyne
measurement of the reflected signal from the transducer
was used to compute ggé To ensure linearity, we chose
a region in the TWPA pump frequency and power space
where gg()) = 1 to within one standard deviation. The
final operating point was then chosen as the one with
maximum gain from this cohort. Over the course of the
experiment, linearity of the TWPA was periodically ver-

ified by measuring gg)c for a weak coherent input. In

case of a deviation of g(gé from unity by one standard
deviation, the experiment was halted and the pump op-
timization routine was re-run.

12. TRANSDUCER HEATING SPECTRUM

In Fig. [S8h, we show the time-resolved power spectrum
of the unconditional microwave emission at the trans-
ducer output port. For this measurement, we use the
optical pulse sequence (T, = 160 ns, 50 kHz repetition
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FIG. S8. Transducer heating spectrum. a. Power spectral
density of the unconditional microwave signal as a function
of delay, 7 from the center of the optical pump pulse. De-
tuning is defined with respect to the mean frequency of the
hybridized electromechanical modes. Legend indicates mi-
crowave quanta emitted at the output port in a 100 kHz band-
width. Measurement is performed with optical pump pulses
of peak power, n, = 12, pulse duration of 160 ns, and 50 kHz
repetition rate. b. Time dependence of waveguide and res-
onator components of heating extracted by fitting the data in
panel a..

rate) used in the SPDC experiments in the main text
albeit at a higher pump power, n, = 12, which gen-
erates higher thermal noise. We observe that major-
ity of the heating occurs in the emission bandwidth of
the hybridized electro-mechanical modes. The peak of
this thermal emission is noticeably delayed from the op-
tical pump pulse. Additionally, we observe a small but
non-zero noise contribution far from the transducer res-
onances, which we attribute to heating of the microwave
waveguide. These resonator and waveguide contributions
to the added noise are separated by fitting the power
spectrum at each delay to a double Lorentzian function
with a constant floor. The fit result is shown in Fig. [S8p,
and indicates that resonator heating significantly domi-
nates waveguide heating and has a stronger time depen-
dence. This points to parasitic optical absorption in the
intrinsic baths of the acoustic and microwave modes as
the dominant source of transducer heating.
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13. A SIMPLE MODEL FOR TRANSDUCER
CORRELATION FUNCTIONS

Here we present a simple analytical model for the cor-
relation functions based on a two-step approximation for
the conditional microwave state in the transducer out-
put port. In the first step, the optical pump pulse acts
on the transducer acoustic mode, b containing a thermal
state with initial occupation, n;. Probabilistic detection
of an optical photon signifies a successful SPDC scatter-
ing event and conditionally adds a phonon to the thermal
state in the acoustic mode. This phonon-added thermal
state is then extracted into the temporal mode in the
microwave output port, C, via the piezoelectric interac-
tion. We model this conversion process as an imperfect
beamsplitter by writing C= \/mniw?) + 41— nmwd. Here
Nmw = 0.56 is the conversion efficiency for a phonon into
the microwave output temporal mode, and d is a phe-
nomenological thermal noise operator with mean noise
quanta, nq = (1 — Nmw){d'd), added unconditionally due
to delayed heating from the hot bath induced by the
pump.

For the unconditional microwave state, we have

(CTC) = i + 1 (15)
(C12C?) = 2(C1C)? (16)

For the microwave state conditioned on optical detec-
tion, we use the moments for a photon-added thermal
state [I2] to write

(CTC) leticte = Do (070 etictc + (1 — ) (' d)
= Nmw (213 + 1) +ng (17)
<OT202>\click = nr2nw<éT2Z;2>|click
+(1 = ) (dd%)
4 (1 = e ) (AT d) (D7D | eticnc
=2, (6n? +4n;) + 2n?
+4nmwnag(2n; + 1) (18)

Finally, we can include the effect of dark counts via
the finite probability of a false heralding event due to
dark counts, pge. The final moments will be given by a
weighted sum of the unconditional moments and the con-
ditional moments with weights, p4. and (1 —pqc), respec-
tively. In our experiment, we have n; = 0.097 from op-
tomechanical sideband asymmetry, ng = 0.083 from the
unconditional microwave measurement, and pg. = 0.12
at the peak of the optical pulse. Calculating the mo-
ments with these parameters in the above expressions,
we obtain gffé(n,) = 4.9 and g(c2)c|chck = 0.71. This esti-

mate of g(Azé is within 20% of the experimental value, and

of ggékhck is roughly one standard deviation away from
the mean of the experimentally measured confidence in-
terval. While this simple model has limited predictive



power, it supports our claim of non-classical correlations
after clearly accounting for the level of pump-induced
noise expected in the generated states. For a more accu-
rate picture, in the next section, we fully model the time
dynamics of our system via a numerical simulation of the
master equation.

14. SIMULATION OF THE CONDITIONAL
MICROWAVE STATE

As detailed in Eq. 1 of the main text, the dynamics of
the transducer are governed by the Hamiltonian,

-Habc(t) - I;Io + ﬁom(t) + ﬁpcv (19)

where H,, Ffom(t), and H'pe contain the mode frequen-
cies, optomechanical interaction, and piezoelectric inter-
action terms respectively. These are defined as

H, = —hAzata + hopdtd + hw.éte, (20a)
Hom (t) = hGom (t) (@'t + ab), (20Db)
Hpo = hgpo(bTé + bét). (20c)

We have explicitly included the time dependence of the
optomechanical coupling Gom (t) = /14 (t)gom due to the
temporal shape of the intra-cavity pump photon number,
Na(t) = Kea/ (A2 + k2 /4) Py (t). Pin(t), the optical pump
power at the device follows a Gaussian shape with param-
eters described in the main text. In our experiment, we
use a blue detuned pump with A, = wy. Further, our
device is in the sideband resolved regime with wy > K.

In addition to unitary evolution due to couplings
among the internal modes of the transducer, the system
is also subject to dissipation and heating due to coupling
to the environment. This is captured by the master equa-
tion,

A1) = LH(D). (21)

Defining the Lindblad superoperator as D(6)p = 6p6" —
1{676,p} the action of L(t) on the density matrix is
written as
LWpE) =~ [Haer p8)] + (Lo + Lo(8) + Le(8)) (1),
(22)
where the superoperators, L, Ly, L. describe the cou-
pling of the respective transducer modes to the environ-
ment according to the relations below.

Lap(t) =raD(a)p(t),
Ly(0)p(t) = nunp (D) ks DOT) (1)
+ [nenn () + 1] ki D(D)A(1),
Lo(6)p(t) =ngm o()rs,D(ENp(t)
+ [an,e(t) + 1] ki D(E)p(t)
+ Nth,w ﬁe,cD(éT)[’(t)
+ [Mth,w + 1] Ke cD(E)A(F).

(23a)

(23b)

(23¢)
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Here the total dissipation rate of the optical mode, k, =
Ke,q + Ki,q- To capture heating of the transducer modes
due to parasitic absorption of the optical pump, we as-
sume that the acoustic and microwave modes are coupled
to intrinsic baths with time dependent thermal occupa-
tion, ngnp(t) and ngn o(t) respectively. nyp ., the ther-
mal occupation of the microwave waveguide is set to a
constant value much smaller than ny,,(t) and ng (%)
based on the measurements detailed in Section 11. We
note that while these baths may be significantly more
complex and involve several components possessing dif-
ferent, time-dependent coupling strengths, our model is
aimed at capturing the total influx of thermal excita-
tions into the transducer modes generated by the optical
pulse. With this endeavor in mind, we assume that the
acoustic (microwave) mode couples to a single intrinsic
bath at a fixed dissipation rate, ;5 (ki) and ascribe
the time-dependence of the heating dynamics entirely to
the thermal occupation of the bath. This phenomenolog-
ical approach to heating induced by optical absorption
has previously been used to model photon correlations in
optomechanics experiments [15].

While Eq. can be numerically solved in princi-
ple, this is computationally intensive owing to the large
state space involving the three modes of the transducer.
Instead, we take advantage of the fact that k, > Gom
to adiabatically eliminate the optical mode [16]. Moving
into a frame rotating with the mechanical and microwave
modes and defining the optomechanical scattering rate,
Tom(t) = 4|Gom(t)|?/Ka, we arrive at the simplified mas-
ter equation,

/;)T (t) = ‘Cr(t)ﬁr(t)7 (24)

where p, = Tr,{p} denotes the reduced density matrix
spanning only the acoustic and microwave modes. L, is
defined by its action on the reduced density matrix,

- % [ﬁpevﬁr(t)}
+ (Lom(t) + Lo(t) + Le(t) pr(t),  (25)

L, (1)pr(t) =

where we have introduced optomechanical scattering as
a coupling of the reduced system to an effective bath
according to the relation,

Lo (t)pr(t) = Fom(t)D(bT)ﬁr (t). (26)

The Lindblad superoperator, D(b') contains a non-
number preserving quantum jump operator which adds
a phonon to the system due to optomechanical SPDC.
This process is naturally correlated with the creation of
an optical photon, which is routed with finite collection
efficiency to a single photon detector. Given that opti-
cal decay (kq/2m = 1.3 GHz) occurs on a much faster
timescale than the dynamics of the rest of the system
(Ka >> Kb, gpe, Kc), optical detection is assumed to be in-
stantaneous. Under this approximation, in the event of a
click on the optical detector caused by a quantum jump



at time tj, the resultant conditional state of the reduced
system is,

PN A (7)) o7
PJ(tJ) Tr{lA)Tlﬁr(tJ)lA)}. ( )

This state then evolves according to Eq. . Since
we operate in the weak pump regime where the inte-
grated jump probability over the optical pulse duration,
J Tom(t)dt < 1, we neglect two-fold SPDC events.

While the treatment above describes the evolution of
the internal modes of the transducer, we experimen-
tally measure the emission in the temporal mode, C in
the transducer microwave output port. This temporal
mode is linearly related to the internal microwave mode
of the transducer as C(t) = [éouw(t + ') f*(')dt’ =
VEee [ E(t +1)f*(t')dt’. We can thus compute the oc-
cupation of the temporal mode as

(CHBC()
- H&C(/ éT(t+t”)f(t”)dt”/é(t+t/)f*(t/)dt’>

:“‘/W@+Wﬁ@+WWWWﬂHﬁWﬂ

=@¢/WW+#MﬂUW+#—ﬂﬂW—ﬂﬁmﬁ
(28)

where the correlator, (¢f(# + 7/)é(t')) inside the integral
on the final line can be numerically computed using the
quantum regression theorem [17]. Further, to model the
conditional state due to a quantum jump at time tj, this
correlator is computed using p;(t;) in Eq. for times,
t > ty. For times t < tj, we use the value for the uncon-
ditional state. Performing this calculation for a sequence
of jump times, {t;} associated with detector clicks re-
ceived within the optical gating window, we obtain a
sequence of conditional time traces for the occupation
of the temporal mode, {{(CTC)|;,}. The final conditional

trace, (éTé> |click 1 given by a weighted average over this
sequence with weights determined by the infinitesimal
jump probability, dpy o Tom(ty)dt in an interval dt at
time t3. The effects of detector dark counts as well as
the optical pump filter in our experiment are incorpo-
rated via appropriate modifications to these weights.
We perform a numerical simulation of our system by
implementing the above model using the QuTiP software
package [I4]. Solutions to the master equation as well as
the required correlators are evaluated in a 10 x 10 Fock
space of the acoustic and microwave modes. To incor-
porate effects of heating of the microwave and acous-
tic baths separately in our model, we measured the un-
conditional microwave emission from the transducer in
response to optical pump pulses under two conditions
(i) mechanics far detuned from the microwave mode,
We —wp > 2gpe, (ii) mechanics on resonance with the mi-
crowave mode, wp = w.. The results of the measurement
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FIG. S9. Simulation of transducer heating dynamics a. Time
trace of the optical pump pulse plotted in terms of the intra-
cavity occupation of the optical mode, n,. b. Model used for
time dependent thermal occupation of the intrinsic baths of
the acoustic and microwave modes, nth,b(t), Nen,c(t). c¢. Time
dependent occupation of the acoustic mode, (6*6) obtained
from the master equation simulation. Gray data point corre-
sponds to experimentally recorded thermal occupation of the
acoustic mode as inferred from an optomechanical sideband
asymmetry measurement. The vertical bar on the point repre-
sents a confidence interval spanning two standard deviations
while the horizontal bar indicates the two sigma duration of
the optical pulse. d. Time dependent occupation of the tem-
poral mode, <CTC) in the microwave output port of the trans-
ducer from the master equation simulation (solid traces) and
from experimental heterodyne data (dotted traces). The con-
dition where the acoustic mode is far detuned (on resonance)
with respect to the microwave mode is shown with pink (red)
traces.
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FIG. S10. Simulation of the conditional microwave state. Oc-
cupation of the temporal mode, C in the microwave output
port of the transducer from simulation (solid traces) and from
experimental heterodyne data (dotted traces). The occupa-
tion of the microwave state conditioned on an optical click,
(C’TC’>\C1iCk is shown with purple traces. The occupation of
the unconditional microwave state, (CTC) is shown with red
traces for comparison.



are shown with the dotted traces in Fig. [S9d. Under
condition (i), which is achieved at zero magnetic field,
the microwave emission is approximately entirely due to
heating of the microwave bath alone. On the other hand,
condition (ii) corresponds to maximal electro-mechanical
hybridization and is relevant to the SPDC experiments
described in the main text. In this setting, heating of
both microwave and acoustic baths is expected to con-
tribute to the measured microwave output signal. Us-
ing measurements of the microwave emission under both
conditions, we invert the master equation to determine
Nen,b(t) and ngnc(f) approximated as a piece-wise linear
function over coarse samples as shown in Fig. [S9p. The
inversion is performed by choosing an ansatz for ng, p(t)
and ngn o(t), iteratively solving the master equation and
performing least mean square optimization with respect
to the experimentally measured thermal microwave emis-
sion. The resulting occupations of the acoustic mode, E)
and of the unconditional temporal microwave mode, C
obtained by solving the master equation are shown in
Fig. [S9 and with the solid traces in Fig. [S9d respec-
tively. While the model for the hot baths is determined
entirely using microwave measurements, we observe that
the simulated occupation of the acoustic mode is in rea-
sonable agreement with an experimental measurement
shown by the gray data point in Fig. [S9. This data
point corresponds to the optomechanical sideband asym-
metry measurement described in Section [7] and repre-
sents the thermal occupation of the acoustic mode aver-
aged over the duration of the optical pump pulse. Finally,
the conditional microwave emission determined using our
model shown with the solid purple trace in Fig. is in
good agreement with the corresponding experimental re-
sult shown via the dotted purple trace. The simulated
conditional and unconditional intensity traces plotted in
this figure predict a value of gffé(To) = 3.97, which is in
good agreement with the experimentally observed value
of 3.90.

Simulation of g(CZéL;th requires evaluation of
(C12C?)| . Extending the approach of Eq. (28)
to the second order moment is a nontrivial computa-
tional endeavor as it requires calculation of the four-time
correlator, (¢f(t + t"")ét(t + t")e(t + t")e(t + t)).
For the purpose of this work, we pursue the more
tractable task of placing bounds on ggéknck. First,
we consider the conditional state of the acoustic mode
immediately after the addition of a phonon as triggered
by an SPDC event. Since the extraction of this acoustic
state into the microwave output port is accompanied
by loss and addition of noise, we expect the func-
tion, gfp etk = (B126%)]erie/ ((b1b) etie)? to provide

a lower bound for g(cz)c|chck. Our model estimates

géi)|click(0) = 0.24. Next, we consider a choice of the
emission envelope function, f(t) = §(t — T, — 7,), where
T, is the time corresponding to the peak intensity of the
pump pulse. Physically, employing this function results
in collecting the microwave emission at all frequencies
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from the transducer at a fixed time. This is strictly less
optimal than the choice in our measurements, namely
a function coherently matched to the theoretically ex-
pected single photon wavepacket as discussed in Sec.[d]
In the event of this sub-optimal choice, moments of the
temporal mode, C are proportional to the corresponding
moments of the internal microwave mode, ¢ and the

function, gg§)|click = (e12¢%)|ctick/ ((¢7¢)|click )%, serves as
an upper bound for gg();|click. Our model estimates

ggg)\dick(ro) = 0.77. In summary, the above argu-
ments allow us to use numerical simulations to bound
ggékhck(ﬂ,) to the interval (0.24, 0.77), which has
substantial overlap with the experimental observation of

2
95 etiex (o) = 0.425927.

15. DATA ANALYSIS FOR CORRELATION
FUNCTIONS

For measurements of gfgv and gggjkhck presented in
Fig. 4 of the main text, 9.1x10* heterodyne voltage traces
were acquired over a one month period. For every ~16
minutes of acquisition of conditional microwave data, we
interleaved the acquisition of voltage samples of ampli-
fier noise and the unconditional microwave signal. The
unconditional microwave intensity signal, C1;(7) used to
evaluate the normalized cross-correlation function, 91(42();
was obtained from 1.4 x 107 heterodyne voltage traces.
Likewise, the measurement of the normalized second or-

der intensity correlation function, 9(02()J (7o) used 3.2 x 107
heterodyne voltage samples.

To minimize the effect of long term fluctuations in
the added noise and gain of the TWPA, we divide the
dataset into chunks corresponding to acquisition over
one day, and invert each separately to extract the mo-
ments C'y(,]f,)l,@(fmchck, where the index k runs over the
daily chunks. This inversion process follows the tech-
niques described in Sec. [§] and assumes that no corre-
lations exist between H and A as well as H and C.
We then take a weighted average to compute the en-

tries of the moments matrix, Cp,, = >, w® ) and

~ k) Ak o (k
C’mnlclick = Ek w((:li)ckcfn%klickv where w! )a wclilk denote

the fraction of records in the k' chunk of the uncon-
ditional and conditional datasets respectively. The mo-
ments matrices constructed from this process are shown
in Fig. [S1ip.

The acquisition rate for the moments of the condi-
tional heterodyne output, Smn\click is determined by the
optical heralding rate, R = 0.14 Hz. This is much
slower compared to that for the amplifier noise moments,
H,.,,, which can be acquired at the 50 kHz repetition
rate of the experiment and determined with high accu-

racy. As a result, the error in gg();khck is dominated by

. . & . 2
uncertainty in Spnleick- To calculate error in géé and

g(cz)c|chck, we employ bootstrapping with replacement us-
ing 10° bootstraps to construct the probability density



FIG. S11. Moments matrices. a. Moments matrix for the
unconditional microwave output of the transducer, Cyurn, ob-
tained from 3.2 x 107 voltage samples. b. Moments matrix
for the microwave output of the transducer conditioned on
receipt of an optical click, C_’mn|01ick, obtained from 9.1 x 10*
voltage samples. In both panels, height of colored bars indi-
cates mean value. Error bars are indicated by black vertical
pins on data points at the top of each bar and correspond to
+/- one standard deviation.
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FIG. S12. Error estimates for correlation functions.
a. Probability distribution for ggé and g(c?é|click calculated
from bootstrapping. Vertical blue and red lines correspond
to one standard deviation above and below the distribution
mean respectively. b,c. Convergence of the error estimate
vs. number of bootstraps for optically heralded traces and all
traces, respectively. Blue lines correspond to positive error,
red lines to negative error, and black lines indicate the error
estimate used in the main text.

functions shown in Fig. [S12h. Finally, error estimates
were calculated by numerical integration of the distribu-
tions such that they they cover a 34.1% confidence in-
terval above and below the mean. The error estimates
calculated using this process vs. number of bootstraps
is shown in Fig. [S12p-c for the conditional and uncondi-
tional datasets. We find that the use of 10° bootstraps
yields acceptable convergence in the error estimate.

To mitigate the effects of long term drifts in frequencies
of the microwave modes, we periodically measured the
unconditional microwave power spectrum and monitored
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the resonance frequencies, w4. This additionally allowed
us to characterize the spectral diffusion of the microwave
modes. In our data analysis, we excluded intervals of
the measurement where the mode frequencies drifted by
more than twice the standard deviation associated with
spectral diffusion, which represented 3% of all recorded
traces.

16. CLASSICAL BOUND ON THE
CONDITIONAL SECOND ORDER INTENSITY
CORRELATION

In the main text, we claim that the conditional mi-
crowave autocorrelation function is expected to satisfy
the inequality, ggé|click > 1 for classical microwave-
optical states. This can be proved by rewriting the con-
ditional quantities defined in the main text in terms of
correlators of the joint microwave-optical state,

<CT2(7)02(7)> |ctick
(<c<> O err)

_ {AICR()C2 ) A) (A1 A)
(t4td) (¢t @EE))

where the above correlators are explicitly written in nor-
mal order. Using the the optical equivalence theorem,
we can recast the expectation values of the above cor-
relators in phase space using the Sudarshan-Glauber P

representation [I8, [19] as

2
98 (7) | etiex =

; (29)

(AimE () AmEm (e / P 12" P (0, 7)dad

= (la*™ ") p,, (30)

where Pr(a,v) is the joint phase space density cprre-
sponding to modes A and C' with relative delay 7. Ap-
plying this directly to Eq. gives,

08 () o = (el p (le?)p, -1

(lo? I’yl )P, oy

which follows directly from the Cauchy-Schwarz inequal-
ity.

17. CONVERGENCE OF ¢{) TO THE
CLASSICAL BOUND

The results of pump power dependent measurements of
the normalized intensity cross-correlation function, g(2)
are shown in Fig. [SI3h. All measurements were per-
formed with the same pump pulse duration and repe-
tition rate used to acquire data in the main text. With
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FIG. S13. a. Maximum value of gfé versus pump power plot-
ted on the horizontal axis as the peak intra-cavity occupation
of the optical mode, n,. Data points indicate mean and error
bars indicate +/- one standard deviation. Microwave voltage
samples are acquired at n, = (0.77,1.5,3.1,6.2,12,25) for
(1.7,3.2,6.9,4.0,4.9,16) x 10" heralding events, respectively.
Shaded region indicates predictions from the simple model
presented in Section Dashed line denotes the classical up-
per bound of 2. b. Unconditional microwave output quanta,
Ch1, versus pump power. Circles show the value before the
pump pulse, triangles show the peak value after the pump
pulse.
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. . . @ .
increasing pump power, the maximum value of g, ap

proaches the classical upper bound of 2. The experi-
mentally observed trend agrees well with estimates from
the simple model presented in Section For the noise
parameters, n;,ng, in the model, we determine bounds
using experimentally measured unconditional microwave
output quanta, C7; shown in Fig. [S13p, and calculate
the shaded region in Fig. [SI3h. The data in this figure
was collected from the same device used for the experi-
ments in the main text albeit after a partial warm up and
cooldown to base temperature. This thermal cycle led to
modified device parameters, which produced an increase
in gffé at the lowest pump power of n, = 0.8 compared
to the result presented in the main text.
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