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Optically heralded microwave photon 
addition
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Photons with optical frequencies of a few hundred terahertz are perhaps 
the only way to distribute quantum information over long distances. 
Superconducting qubits, which are one of the most promising approaches 
for realizing large-scale quantum machines, operate on microwave photons 
at frequencies that are ~40,000 times lower. To network these quantum 
machines across appreciable distances, we must bridge this frequency 
gap. Here we implement and demonstrate a transducer that can generate 
correlated optical and microwave photons. We use it to show that by 
detecting an optical photon we generate an added microwave photon 
with an efficiency of ~35%. Our device uses a gigahertz nanomechanical 
resonance as an intermediary, which efficiently couples to optical and 
microwave channels through strong optomechanical and piezoelectric 
interactions. We show continuous operation of the transducer with 5% 
frequency conversion efficiency, input-referred added noise of ~100, and 
pulsed microwave photon generation at a heralding rate of 15 Hz. Optical 
absorption in the device generates thermal noise of less than two microwave 
photons. Improvements of the system efficiencies and device performance 
are necessary to realize a high rate of entanglement generation between 
distant microwave-frequency quantum nodes, but these enhancements are 
within reach.

Manipulating and transmitting quantum states with higher fidelity and 
at larger scales will enable technologies that promise breakthroughs 
in sensing, communication and computation1–3. Over the past two 
decades, our ability to manipulate the states of photons in supercon-
ducting circuits has advanced rapidly and led to demonstrations of 
quantum advantage for certain computational tasks4–6. Separately, the 
first quantum networks have been realized based on the transmission 
of quantum states and the distribution of entanglement over a small 
number of nodes using optically coupled qubits7,8. Optical intercon-
nects between superconducting quantum machines with advanced 
computational and error-correction capabilities9,10 would substantially 

accelerate the development and deployment of quantum networks. 
Moreover, microwave quantum processors would be beneficiaries 
of the quantum networks that would support distributed quantum 
computing11, sensing12,13 and secured communications14. Unfortu-
nately, in contrast to ions, atoms and semiconductor defect centres, 
superconducting circuits lack a natural optical transition that would 
generate entanglement between propagating optical photons and their 
internal states. To compensate for this deficiency, a highly efficient and 
low-noise quantum transducer needs to be developed.

Quantum transducers that connect microwave and optical photons 
have used a variety of physical processes, including optomechanical,  
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where γi is the intrinsic loss rate of the mechanical mode, and ηo ≡ κo, e/κo 
(ημ ≡ κμ, e/κμ) is the external coupling efficiency of the optical (micro-
wave) mode (Fig. 1a). For a blue-side pump, the interaction induces a 
non-degenerate parametric amplification rate of γom for the mechani-
cal resonator, with correlated photons emitted at optical frequency.

To achieve higher conversion efficiency and bandwidth, larger 
γom and γμ are required. This translates to higher optomechanical and 
piezoelectric coupling coefficients. We found that no single material 
system is optimal with respect to all the needs of the converter. As 
such, we pursued a heterogeneous integration approach that com-
bines materials with good optomechanical and piezoelectric proper-
ties. In addition to the materials integration challenge, this raises a 
challenge in design, as we must co-design the optomechanical and 
piezoelectric constituents of the transducer to maximize the modal 
overlaps while maintaining small mode volumes for high interaction 
rates. We implement the transducer by combining highly piezoelectric 
thin-film lithium niobate (LN)28 with thin-film silicon (Si), which has 
been shown to have strong optomechanical coupling and low loss29. 
We use a silicon optomechanical crystal (OMC) to co-localize the opti-
cal and mechanical resonances in a wavelength-scale volume30, and 
engineer the mechanical mode to be partially extended and strongly 
hybridized with a Si–LN hybrid piezoelectric mode24. The orienta-
tion between the piezoelectric resonator and the Si OMC is chosen to 
maximize the mechanical hybridization. The full transducer structure 
is released and supported by one-dimensional (1D) silicon phononic 
shields to minimize unwanted mechanical loss (Fig. 1c,d).

To couple the phonons to microwaves, we pattern aluminium 
electrodes on the LN and run these over the phononic shields that 
suspend the transducer. Because of the vastly different dimensions of 
the piezo-optomechanical element (~10 μm) and the microwave circuit 
(~10 mm), we fabricate them on separate chips that we then combine by 
wirebonding (Fig. 1f). The microwave resonance is formed by a stand-
ing wave in a high-impedance (high-Z) microwave coplanar waveguide 
(Fig. 1b,e) arising due to impedance mismatch with the output line. A 
niobium titanium nitride (NbTiN) thin film on high-resistivity silicon 
substrate is patterned into nanowires to support travelling waves with 
a characteristic impedance of Z = 1,000 Ω. The large kinetic inductance 
from the nanowires enables high impedance and magnetic frequency 
tunability31. Finally, by using NbTiN, with its short quasi-particle life-
time, for the microwave resonator, and by fabricating the microwave 
subsystem on a separate chip, we mitigate some of the effects associ-
ated with absorption of stray optical radiation24.

We characterize the transducer at the mixing chamber plate in a 
dilution refrigerator where the temperature is T ≲ 10 mK—the same 
environment in which superconducting circuits and qubits are oper-
ated. We use a lensed fibre to focus light into an on-chip photonic 
waveguide, to which the optical cavity is evanescently coupled. We 
first measure the linear scattering parameters of the transducer with 
a red-detuned continuous-wave pump. We use 4.4-μW on-chip pump 
power, corresponding to an intracavity photon number na = 230. We 
sweep a weak probe tone across the optical resonance, generated by 
electro-optic modulation of the pump light by the microwave signal 
from a vector network analyser (VNA). The reflected light is ampli-
fied and detected by a high-speed photodetector and subsequently 
the VNA. We obtain the optical sideband response and extract the 
phase (Fig. 2a). We observe electromagnetically induced transparency 
(EIT)16 and fit the response using input–output theory, which gives 
a single-photon optomechanical coupling rate of go/2π = 410 kHz. 
The mechanical mode has frequency ωm/2π = 3.596 GHz. We find that 
the optical cavity is nearly critically coupled with a total linewidth of 
κo/2π = 1.12 GHz. Subsequently, we characterize the piezoelectric inter-
action in the transducer by a microwave reflection measurement. We 
obtain the scattering parameter Sμμ and plot its magnitude and phase 
in Fig. 2b. We find a piezoelectric coupling rate gμ/2π = 420 kHz and 
extract an intrinsic mechanical linewidth of γi/2π = 1.1 MHz. During 

electro-optical, magneto-optical interactions and atomic degrees of 
freedom15. In optomechanical transducers, the interaction between 
light and motion via radiation pressure and electrostriction offers 
the nonlinearity necessary for frequency conversion16. Mechanical 
vibration is then converted to a microwave signal with either para-
metric electromechanical coupling17,18 or the piezoelectric effect19,20. 
Steady progress in the field has led to constant improvements in trans-
duction efficiencies and added noise21–23, culminating in remarkable 
recent demonstrations of superconducting qubit state readout24,25. 
Although direct quantum frequency transduction is approaching the 
50% efficiency required for non-zero quantum capacity26, the pump 
powers required for such efficiencies add considerable noise during 
the conversion process. On the other hand, these transducers are 
equally capable of generating correlated optical-microwave photon 
pairs, allowing the trade off between pair generation rate and added 
thermal noise.

In this Article we split optical photons into correlated pairs of 
optical and microwave photons in a quantum transducer and herald 
microwave photons by detecting optical photons. Although we do 
not observe non-classical correlations between light and microwave, 
our demonstration is an important step towards realizing heralded 
entanglement generation between distant superconducting quantum 
machines that may form nodes in a quantum network27. We send a laser 
pulse with the sum frequency of the optical and microwave frequencies 
to the transducer. Through spontaneous downconversion, the input 
optical photon is converted to a pair of optical and microwave pho-
tons. The phonon half of this pair efficiently radiates from the device 
into an output line as a microwave-frequency electromagnetic signal, 
generated by a strong engineered piezoelectric coupling. The light is 
sent onto a single photon detector and, upon detection, we herald the 
microwave photon. Finally, we characterize the state of the microwave 
field using linear detection tomography and verify the presence of the 
additional photon.

The two physical processes in the transducer are the nonlinear 
optomechanical interaction between the optical mode and the 
mechanical mode, and the linear piezoelectric interaction between 
the mechanical mode and the microwave mode (Fig. 1a). The nonlinear-
ity that facilitates the frequency conversion process is governed by the 
optomechanical interaction Hamiltonian ̂Hom = ℏgo ̂a † ̂a( ̂b + ̂b †), where 
̂a ( ̂b) is the annihilation operator for the optical (mechanical) reso-

nance. The optomechanical coupling rate go represents the cavity 
frequency uncertainty from the zero-point motion in the mechanical 
mode16. As shown in Fig. 1b, when the system is pumped with a 
red-detuned laser, the interaction can be described by the beamsplitter 
Hamiltonian ̂Hbs = ℏGo( ̂a ̂b † + ̂a † ̂b), while a blue-detuned laser imple-
ments a two-mode squeezing Hamiltonian ̂Htms = ℏGo( ̂a† ̂b

†
+ ̂a ̂b) .  

We define the linearized coupling rate Go = √nago where na is the intra-
cavity pump photon number. The operator ̂a now represents the side-
band component of the optical mode that is resonant with the cavity. 
The piezoelectric interaction between the mechanical and microwave 
resonance is described by ̂Hpe = ℏgμ( ̂b ̂c† + ̂b

† ̂c), where gμ is the cou-
pling rate, and ̂c  is the lowering operator of the microwave mode.

We operate our transducer in a fast-cavity limit, where the optical 
(microwave) linewidth κo (κμ) is much larger than the corresponding 
coupling rate, κo ≫ Go (κμ ≫ gμ). In this limit, both the optical and micro-
wave subsystems act approximately as a broad Markovian bath for the 
mechanical mode. This means that the resonant phonons decay at a rate 
of γμ = 4g2μ/κμ  into the microwave transmission line. Similarly, for a 
red-side pump, the phonons decay directly into the photon loss channels 
at a rate of γom = 4G2

o/κo. The peak on-chip conversion efficiency is given 
by the ratio between external coupling rates and the total loss rates:

η = ηoημ
4γomγμ

(γi + γom + γμ)
2 (1)
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Fig. 1 | Transducer schematics and implementation. a, Definition of modes  
in the transducer and the coupling rates between the modes and channels.  
b, Physical implementation of the coupling mechanism and the possible 
conversion processes. The silicon optical mode is represented by the blue Fabry–
Pérot cavity, and the optomechanical coupling offers two types of three-wave 
mixing process between photons in the cavity and phonons in the vibrating 
mirror. A blue (red) pump laser–cavity detuning allows pair generation (quantum 
frequency conversion). The hybrid silicon-lithium niobate (Si–LN) mechanical 
mode utilizes the piezoelectric effect to convert the mechanical vibration to 
a microwave field. A niobium titanium nitride (NbTiN) microwave resonance 
formed by the standing wave in a high-impedance waveguide enhances the 
external coupling rate of the mechanical mode to the microwave coaxial cable. 

c, Simulated optical mode and mechanical mode of the transducer. d,e, Optical 
and scanning electron microscopy (SEM) images of the fabricated transducer 
device (d) and microwave resonator (e). The SEM image of the transducer is taken 
before etching the silica substrate and is false-coloured to highlight the silicon 
(cyan), LN (purple) and aluminium electrodes (yellow). Scale bars, 2 μm (white) 
and 200 μm (black). f, Top: photograph of the transducer assembly wirebonded 
to a printed circuit board. The transducer (microwave) chip is highlighted with 
dashed blue (green) lines. The lensed fibre is also shown as the light blue region 
(not to scale). Bottom: side view of the transducer assembly as seen by the lensed 
fibre. Wirebonds run between the two surfaces of the chips that face each other. 
They galvanically connect the ground (signal) on the microwave chip to the 
ground (signal) on the transducer chip.
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Fig. 2 | Transducer characterization. a, EIT. Top: schematic of the measurement 
allowing us to extract the optical sideband response with a red-detuned pump. 
Bottom: measurement of the phase of the reflected optical sideband (blue) 
with the EIT visible at a mechanical frequency of fm = 3.596 GHz. A close-up of 
the transparency region is shown in the inset. The red line is a fit assuming the 
model shown in the schematic. b, Microwave reflection. Top: schematic of the 

measurement of Sμμ. Bottom: magnitude and phase of the measured Sμμ.  
The fit (red) is done using coupled-mode theory. c, Frequency conversion. 
Schematic and measurement of the on-chip microwave-to-optical (Soμ) and 
optical-to-microwave (Sμo) conversion efficiencies using a red-detuned pump. 
The theoretical calculation is shown as a yellow dashed line.
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this measurement, the pump is sent to the device with 10.1-μW on-chip 
power (γom/2π = 324 kHz). The device parameters are summarized in 
Extended Data Table 1. Next, we characterize the microwave-to-optical 
(Soμ) and optical-to-microwave (Sμo) frequency conversion using the 
VNA. The set-up is the same as in the reflection measurements, with 
an on-chip pump power of 10.2 μW, corresponding to na = 540 and 
γom/2π = 327 kHz. The measured scattering parameters are shown in 
Fig. 2c. Using a method similar to refs. 18,32, we determine the peak 
on-chip conversion efficiency to be η = 4.9 ± 0.5% (Methods) with a 
3-dB bandwidth of 1.5 MHz. The added noise referred to the input for 
optical-to-microwave conversion is measured to be nadded, μo = 99 ± 10. 
Like state-of-the-art demonstrations (see ref. 15 for a recent review), 
our achieved efficiency and added noise are currently insufficient for 
direct conversion of quantum states. However, the ability to post-select 
quantum optical states by single-photon detection (SPD) obviates the 
need for high efficiency by leveraging the nonlinearity afforded by 
strong measurement.

For heralded microwave photon generation, a blue-detuned 
laser pulse first adds a phonon in the mechanical mode, which sub-
sequently leaks out to the microwave channel. The phonon added 
thermal state and single-phonon Fock state have been generated with 
similar techniques in an optomechanical system, where the mechanical 
state is probed with optical readout33–36. Via piezoelectric coupling, 
the mechanical state in our transducer is converted to a propagating 
microwave state, and subsequently measured with microwave tomog-
raphy37. This allows us to estimate the noise added during the laser 
pulse from parasitic optical absorption38 in both the mechanical state 
and the propagating microwave state. Lower added noise is desired 
for high-fidelity single-photon generation, which can be achieved 
with lower pump power and lower experiment repetition rate. A more 
important goal for our device is to achieve a high rate of microwave 
photon addition so that heralded protocols become practicable.

A blue-detuned pump laser pulse with duration τ ≈ 20 ns is sent to 
the transducer. The pulse duration is chosen so that τ−1 is much smaller 
than the optical decay rate and laser detuning, and so the intracavity 
photon number follows the pulse amplitude closely. However, the 
pulse is much faster than the response time of the mechanical and 
microwave system. As shown in Fig. 3a, upon heralding, a phonon 
is effectively added to the mechanical resonator, which then leaks 
out as microwave radiation at a rate on the order of γμ. We integrate 
the optomechanical scattering rate over the optical pulse duration 

to find the photon–phonon-pair generation probability, P ≈ γomτ  
(ref. 39). The sideband photon leaks out of the optical cavity together 
with reflected pump photons, most of which are filtered out by two 
Fabry–Pérot cavities, enabling SPD of the sideband photon. The gen-
erated microwave photon is amplified by a near quantum-limited 
travelling wave parametric amplifier (TWPA)40 followed by a cryogenic 
low-noise amplifier. At the end of a room-temperature amplification 
chain, the microwave signal is demodulated to obtain a quadrature 
sample. The samples are labelled according to whether the microwave 
detection was accompanied by a photon click.

We use an on-chip peak pump power of ~5 μW and a pulse dura-
tion of τ ≈ 20 ns, giving a scattering probability of P ≈ 3.6%. We choose 
a repetition rate of 170 kHz, which leads to a thermal occupation 
of the mechanical mode prior to the arrival of the pump pulse of 
nth = 0.68 ± 0.08 (Methods). A lower repetition rate reduces this 
source of noise, but makes the experiment slower. We use a pair of 
filter cavities to realize >90-dB suppression of the pump photons with 
respect to the optomechanically generated sideband photons. The 
probability of detecting a photon that starts inside the optical mode 
is ηsys = 1%. This low system efficiency is caused by the optical-mode 
external coupling efficiency ηo = 50%, an insertion loss of 25.4% from 
the on-chip photonic waveguide to the fridge optical port, transmis-
sion through the filter cavities (15%) and the quantum efficiency of 
the SPD (65%).

Finally, we use linear detectors to characterize the microwave field 
emitted from the device. Linear phase-insensitive amplification of 
microwave fields effectively measures both quadratures, necessarily 
adding half a quantum of noise. The resulting amplifier output cor-
responds to the Husimi Q function Q(α) of the microwave state up to a 
scaling36,37 where α is the quadrature-phase amplitude of the microwave 
mode. In practice, noise in excess of the quantum limit is added due to 
the device inefficiency, amplifier noise and demodulation inefficiency. 
We denote the measured probability distribution by 𝒟𝒟(α) for the ther-
mal state without the SPD event, and 𝒟𝒟s(α) for the photon-added state 
after post-selection with the SPD event. As a result of the excess noise, 
the measured 𝒟𝒟(α) and 𝒟𝒟s(α) look virtually identical to the eyes, but 
their numerical difference is clearly resolvable37. We accumulated 
~1.4 × 106 post-selected samples over the course of ~35 h, and binned 
them into a 2D histogram with 41 × 41 entries to obtain the probabilistic 
distribution 𝒟𝒟s(α). During the same experiment, 4.3 × 107 samples of 
the thermal state were collected and binned in the same way for 𝒟𝒟(α). 
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Fig. 3 | Optically heralded microwave photon addition. a, Schematics of the 
heralding experiment. A blue-detuned pump pulse incident on the transducer is 
split into a sideband photon on-resonance with the optical cavity and a phonon 
resonant with the mechanical mode. The reflected light contains the pump 
residual and the sideband photon, which is filtered and detected with a 
single-photon detector (SPD). The phonon is converted to a propagating 
microwave photon and is amplified, downconverted by mixing with a local 
oscillator (LO), demodulated and accumulated into a phase space probabilistic 
distribution 𝒟𝒟𝒟α). When a click is registered on the SPD, the demodulation result 
is collected into a post-selected dataset 𝒟𝒟s𝒟α). b, Probability distribution 

difference between the post-selected dataset and the full dataset 𝒟𝒟s𝒟α) −𝒟𝒟𝒟α). 
c, Probability distribution difference of the radially binned distribution 
𝒟𝒟rad𝒟r) = ∫𝒟𝒟𝒟r, ϕ)rdϕ, α = r exp𝒟iϕ). Blue points represent the post-selected 
samples, and black points are calculated from randomly selected samples instead 
of post-selected, with the same number of samples. Error bars represent one 
standard deviation according to the number of samples in each bin, which 
follows a Poisson binomial distribution. The total number of samples for the 
thermal state is 4.3 × 107, and the number of post-selected samples is 1.4 × 106. 
Blue and grey regions are theoretical calculations with the same uncertainty.
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The difference in the probability distributions 𝒟𝒟s(α) − 𝒟𝒟𝒟α) is shown 
in Fig. 3b. As the states have no well-defined phase, we bin the samples 
radially and plot the results as blue points in Fig. 3c. The shaded blue 
region is the theoretical distribution of the phonon added state with 
excess noise, calculated from independently measured device param-
eters. As a control, we randomly sampled a subset from the thermal 
dataset, and obtained the probability difference shown in black in  
Fig. 3c. In both the 2D histogram and the radially binned data, the axes 
are calibrated assuming an excess noise nex = 39 ± 6, obtained from the 
change in variance between thermal and post-selected samples (Meth-
ods). An independent quantum calibration of the gain and excess noise 
in the detection chain uses sideband asymmetry to determine the 
phonon temperature, and leads to values of gain and excess noise that 
are within roughly a factor of two. Other calibration approaches, espe-
cially when they require changing optical power, are unreliable due to 
the sensitive dependence of system parameters such as the 
mechanics-microwave output efficiency on optical pump power (Meth-
ods). Multiple noise sources contribute to the excess noise, including 
heating after the optical pulse, an added noise of nm = 2.4 ± 0.4 from 
the TWPA, and the total measurement efficiency of ~8%. Heating after 
the optical pulse adds extra thermal noise in the output microwave 
photon from the transducer, which is important for evaluating the 
quality of the microwave photon for potential applications. We esti-
mate an added thermal noise of nn = 1.6 ± 0.5 in the propagating micro-
wave photon with two different methods. First, we use the excess noise 
from the heralding experiment and microwave readout efficiencies to 
infer the added thermal noise. Alternatively, we calculate the overlap 
between the independently measured time-domain heating after the 
optical pulse and the temporal mode of the microwave field to obtain 
the added noise (Methods).

We have demonstrated the direct measurement of optically 
heralded microwave added photon states. The heralding rate in our 
experiment is ~15 Hz, limited by the total optical readout system effi-
ciency of ηsys = 1%. Although the heralding rate is comparable to other 
quantum systems for entanglement generation41–45, we can drastically 
improve it by increasing the fibre-to-chip coupling efficiency46 and 
reducing optical filter insertion loss. These substantially improved 
heralding rates (approximately kilohertz) would be comparable to 
the state-of-the-art coherence time of microwave47,48 and acoustic49 
resonators. Another challenge is reducing the effects of induced ther-
mal noise. Recent designs have emerged that demonstrate much bet-
ter thermalization50, allowing lower initial thermal occupation and 
added noise nth, nn ≲ 0.1. Adopting these 2D structures would also 
increase the achievable rates. The piezoelectric coupling rate of our 
transducer is also limited by the multimode nature of our microwave 
resonator. Moving to a single-mode microwave system24 would increase 
our phonon-to-microwave photon output efficiency from an ημm of 
~35% to close to 100%. To entangle two distant microwave systems, 
in addition to reducing the heating, we will need to implement two 
copies of our transducer to produce indistinguishable optical pho-
tons inside two separate fridges. Overcoming frequency variations 
in different devices by frequency-shifting in the optical domain44,51 or 
entanglement-swapping with entangled optical photons at different 
frequencies from optical spontaneous parametric downconversion39 
would relax the device frequency-matching requirements. Our results 
show that, with these improvements, piezo-optomechanical quantum 
frequency transducers that entangle distant quantum microwave 
systems are within reach.
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Methods
Device parameters
Extended Data Table 1 shows the device parameters for the optical, 
mechanical and microwave modes and the coupling rates. The meas-
urement method used to obtain each parameter is also listed. We 
observed that the mechanical frequency and intrinsic loss rate are dif-
ferent under different optical powers. When the optical pump is turned 
off, γi is reduced by a factor of ~3 and the mechanical frequency redshifts 
by ~700 kHz. Variation of the mechanical frequency and intrinsic loss 
rate are probably due to a combination of optically induced heating 
and saturation of two-level systems. Reducing the frequency fluctua-
tion and improving the intrinsic mechanical quality factor will be the 
subject of future efforts. Device and measurement set-up effiencies 
are summarized in Extended Data Table 2.

Tunable high-impedance waveguide
The high-impedance (high-Z) waveguide was realized with a hybrid 
aluminium–NbTiN coplanar waveguide (CPW). The ground plane 
of the CPW is made of electron-beam-evaporated aluminium. The 
centre conductor of the CPW is composed of thin and narrow NbTiN 
nanowires to achieve high kinetic inductance. The thickness of the 
NbTiN layer is 10 nm, deposited by StarCryo on a high-resistivity Si 
(ρ > 10 kΩ cm−1) substrate from WaferPro. The width of the nanow-
ire is 500 nm. Square-shaped loops of 50-μm width, formed by the 
nanowires along the centre conductor of the CPW, allow wireless 
tuning of the kinetic inductance through an external magnetic field31. 
The distance between the edges of the ground plane was chosen 
to be 150 μm to reduce the capacitance. A home-made tuning coil 
with 50-mm diameter and ~2,000 turns of NbTi wire (Supercon 
Inc., SC-T48B-M-0.10mm) generates ~0.01 mT mA−1 at the chip. We 
observed negligible heating from the coil with up to 200-mA con-
tinuous current thanks to zero heat dissipation in the superconduct-
ing NbTi wire. The total length of the high-Z CPW is ~65 mm, giving 
rise to standing-wave resonances with a free spectral range (FSR) 
of ~110 MHz (Extended Data Fig. 1). The waveguide resonances can 
be frequency-tuned by more than 150 MHz, larger than the FSR of 
the resonances, allowing us to match a waveguide resonance to a 
mechanical mode over a broad frequency range.

We show the measured microwave-to-optical conversion S param-
eter in Extended Data Fig. 2 as we vary the coil current. Mechanical reso-
nances of the transducer are not affected by the coil current, while the 
conversion is enhanced when the microwave modes are resonant with 
the mechanical modes. The microwave modes reach their maximal fre-
quencies at non-zero current due to non-zero trapped external flux in 
the tuning loops from a non-zero background magnetic field during the 
cooldown.

Thermal occupation measurement and time-domain heating 
from the optical pulse
Thermal occupation of the mechanical mode nth is measured with 
sideband asymmetry by comparing the SPD rates of the optome-
chanically scattered optical sidebands. Two tunable external cav-
ity diode lasers (Pure Photonics PPCL300) are locked to detunings 
Δ± ≡ ω± − ωo = ±ωm with respect to the optical mode ωo as blue- and 
red-detuned pumps. Due to imperfect laser detunings and the narrow 
linewidths of the optical filter cavities, the count rates are recorded 
as the filter cavities are tuned by ~20 MHz between the blue-detuned 
and red-detuned sideband count rate measurement to optimize the 
sideband count rate. The insertion loss between counts at the two 
frequencies could be different. To calibrate the varying insertion loss, 
we drive a coherent phonon occupation ncoh with a microwave pulse 
and measure its sideband count rate in addition to sideband count 
rate from the thermal phonons nth in an interleaved fashion. The ratio 
of the sideband count rates between nth and ncoh is independent of the 
filter insertion loss:

Rr =
ncoh

nth
, Rb =

ncoh + 1
nth + 1

(2)

where the subscript denotes the laser detuning. By further comparing 
these ratios between blue- and red-detuned pump, we find

Rb − 1
Rr − 1

= nth

nth + 1
≡ A (3)

giving us the sideband asymmetry ratio A and thermal phonon number 
nth = 1/(1/A − 1). Extended Data Fig. 3a shows the measured thermal 
occupation versus different repetition rates of the optical pulse. We 
find that our repetition rate and thermal occupation are comparable 
to similar optomechanical systems52.

The microwave port of the transducer allows us to monitor the 
microwave noise from the transducer, which is dominated by converted 
thermal mechanical noise when the transducer is under a pulsed optical 
pump. As shown in Extended Data Fig. 3b, we measured the tempo-
ral heating of the mechanical mode by using a series of consecutive 
demodulation windows, each of duration 48 ns. Changes in the vari-
ance of the demodulated data correspond to varying thermal noise in 
the microwave signal, which can be calibrated to a varying thermal 
phonon occupation by the initial thermal occupation measured with 
optical sideband asymmetry.

Conversion efficiency and added noise measurement
The on-chip conversion efficiency of the transducer is defined as

ημo ≡
Ṅout,μ

Ṅin,o
, ηoμ ≡

Ṅout,o

Ṅin,μ
(4)

where Ṅin𝒟out),μ𝒟o) is the input (output) microwave (optical) photon flux.
The input and output optical photon flux are measured with 

the sideband filter and the SPD. For the output photon flux from 
microwave-to-optical conversion, it can be directly measured with the 
optical set-up shown in Extended Data Fig. 4. The system detection 
efficiency of the optical detection set-up, including the insertion loss of 
the optical switches, the isolator, the two sideband filters and the SPD 
quantum efficiency, is measured independently to be ηSPD = 9.9%. The 
optical insertion loss within the dilution refrigerator, and the one-way 
coupling efficiency between the lensed fibre and the on-chip waveguide, 
is measured to be ηin-fridge = 25.4% in total. We measure the insertion loss 
of the output circulator to be ηcirc = 77%. Together we calculate an overall 
optical set-up efficiency from on-chip photonic waveguide to the SPD 
to be ηsetup = 2%. Note that the optical mode external coupling efficiency 
ηo = 50% is not included in the set-up efficiency, whereas it is included 
in the on-chip conversion efficiency η and system efficiency ηsys. The 
measured count rate at the SPD and all the output insertion losses are 
used to calculate the output photon flux at the device.

To calibrate the input photon flux that reaches the device during 
the optical-to-microwave conversion, the dilution refrigerator and 
the circulator are bypassed in the optical circuit while not changing 
anything else in the set-up. As a result, the same output optical circuit 
is used to measure the sideband photon flux at the fridge input port. 
The in-fridge insertion loss ηin-fridge is then used to calculate the input 
photon flux at the device.

The microwave photon flux at the device is not directly measur-
able, and there is also no independent way of measuring the microwave 
input attenuation and the output amplification Gm separately in our 
experiment. However, Gm can be calculated using the measured optical 
photon flux and external microwave power assuming the conversion 
efficiencies are equal between the two directions. More specifically

Ṅout,μ =
Pμ,μo

ℏωμ

1
Gm

, Ṅin,μ =
Pμ,oμ

ℏωμ

1
Gm|Sμμ|2

(5)
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where Pμ, μo(oμ) denotes the output microwave power measured at the 
real-time spectrum analyser (RSA) for the optical-to-microwave 
(microwave-to-optical) conversion. Gm converts between the micro-
wave photon flux at the RSA and the flux leaving the transducer Ṅout,μ. 
For the microwave input flux, the output flux is converted to input using 
microwave reflection Sμμ independently measured with the VNA. Sub-
stituting equation (5) into equation (4), we find that ημo = ηoμ leads to

Gm = (
Pμ,μoPμ,oμ/(ℏωμ)

2

Ṅin,oṄout,o|Sμμ|2
)
1/2

(6)

η ≡ ημo = ηoμ = (
Ṅout,o

Ṅin,o

Pμ,μo|Sμμ|2

Pμ,oμ
)
1/2

(7)

We obtain an on-chip conversion efficiency η = 4.9 ± 0.5% with 
output amplification Gm = 101 dB. Gm can be used to calculate the added 
noise in the microwave output during the optical-to-microwave con-
version, which is directly measured by the RSA. We find it to be 4.9 at 
the microwave output of the device, and the corresponding added 
noise referred to the input is nadded, μo = 99 ± 10. Based on the relation-
ships between theoretical added noises and the thermal occupation 
of the mechanical mode15, we further estimate the thermal occupa-
tion of the mechanical mode to be nth ≈ 22, and the added noise for 
microwave-to-optical conversion to be nadded, oμ ≈ 181.

Microwave readout and added noise
The microwave readout uses a phase-insensitive amplifier with Gm ≫ 1, 
necessarily adding noise, which we represent with ̂h:

̂S = √Gm ̂cout +√Gm − 1 ̂h † ≈ √Gm( ̂cout + ̂h †) (8)

where ̂cout is the microwave output operator. The output operator is 
related to the mechanical mode operator by the external coupling 
efficiency ημm. Note that ημm is different from the external coupling 
efficiency of the microwave resonator ημ. Assuming perfect demodula-
tion, the temporal microwave mode detected from the device has a 
ladder operator given by

̂cout = √ημm
̂b +√1 − ημm

̂bn (9)

where ̂bn describes noise added from other degrees of freedom because 
of the device inefficiency, and follows the relations ⟨ ̂bn

̂b †
n⟩ = nn + 1 and 

⟨ ̂b †
n
̂bn⟩ = nn.
Noise is further added by the microwave readout chain. More 

specifically, we characterize the microwave readout by the gain Gm, 
measurement noise nm referred to the TWPA input, and the demodula-
tion efficiency ηd:

̂I = ̂S + ̂S
†

= √ηdημmGm ̂X

+ √ηd(1 − ημm)Gm ̂Xn +√Gm ̂Xm

(10)

where ̂X𝒟n) = ̂b𝒟n) + ̂b
†
𝒟n). The measurement added noise is assumed to 

be broadband and is independent of the demodulation. Xn(m) follows 
the noise statistics ⟨X2

n𝒟m)⟩ = 2nn𝒟m) + 1.
When the mechanical mode is in a thermal state with mean phonon 

number nth, the variance of the demodulated IQ data is

⟨I2⟩ = ηdημmGm(2nth + 1) + ηd(1 − ημm)Gm(2nn + 1)

+Gm(2nm + 1)

= ηdημmGm(2(nth + nex) + 2)

(11)

where nn is thermal noise from other degrees of freedom, including 
heating from the optical pump pulse, emitted into the microwave 
channel, and nm is excess noise from the microwave amplifiers. We have 
lumped all excess noise into nex:

nex = 1−ημm

ημm
nn +

1

ηdημm
nm

+ 1

2
( 1−ημm

ημm
+ 1

ηdημm
− 1)

(12)

For ideal quadrature-phase measurement, ημm = ηd = 1 and nm = 0, 
and a minimal noise of 1/2 is added, giving us the phase space distribu-
tion as the Husimi Q representation of the state. Note that this minimal 
added noise is not included in our definition of excess noise nex, and 
nex = 0 for ideal quadrature-phase measurement.

When a phonon is added to the state via post-selection with SPD, 
the mean phonon number is nth, PS = 2nth + 1. As a result

⟨I2⟩ |PS = ⟨I2⟩ + ηdημmGm(2nth + 2) (13)

⟨I2⟩ |PS
⟨I2⟩

= 1 + nth + 1
nth + nex + 1

(14)

In the actual experiment, there is a non-zero dark count rate of 
70 ± 10 Hz on the SPD, resulting in a heralding efficiency of ηherald ≈ 85%, 
defined as the fraction of the total counts that are actually from  
the sideband photons. The normalized post-selected variance is  
then given by

⟨I2⟩ |PS
⟨I2⟩

= 1 + ηherald
nth + 1

nth + nex + 1
(15)

We note that the dark count rate appears to be higher than the herald-
ing rate of ~15 Hz. The heralding rate is an average rate combining the 
sideband photon count rate within the sideband pulse time window, 
duration of the sideband pulse and repetition rate of the experiment. 
The average sideband photon count rate within its duration is ~600 Hz, 
much higher than the dark count rate, which is approximately constant 
over time.

To minimize added noise nn in the microwave tomography meas-
urement, matched filtering is desired and can be realized during the 
digital demodulation36,37. The optimal filter shape is given by the 
time-domain waveform of the outgoing photon, which has the same 
time-domain waveform as the classical solution of the propagating 
microwave field A(t). We solve the coupled-mode theory (CMT) to 
calculate the propagating microwave field with one initial phonon in 
the mechanical mode, as shown in Extended Data Fig. 5a. The intracav-
ity photon numbers of the mechanical and microwave modes are also 
shown for comparison.

We have attempted demodulation with different filtering  
including the matched filtering with the numerical waveform 
fdemod(t) = A(t)  calculated from CMT, and exponential waveforms 
fd(t) = √κd exp(−κdt/2)θ(t) with a decay rate of κd/2π = 1 MHz and 5 MHz. 

θ(t) is the Heaviside function. The matched filter is plotted as a dashed 
black line to show the theoretical maximal efficiency limited by the 
device parameters. Extended Data Fig. 5b shows the theoretical meas-
urement efficiency ηm(t) ≡ |∫dτA*(τ)fd(τ − t)|2, where t is the demodula-
tion delay. The matched waveform gives the highest possible 
measurement efficiency equal to ημm, which is the device mechanics- 
microwave efficiency, and is limited by device internal loss. Extended 
Data Fig. 5c shows the measured relative change of the IQ variance 
before and after post-selection as a figure of merit for the state tomog-
raphy measurement36. A higher initial thermal phonon occupation 
both increases the sideband count rate, and makes the post-selected 
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state more distinguishable with the same excess noise from the meas-
urement, because the mean phonon number roughly doubles after the 
phonon addition event35,36. Therefore, we apply a heating pulse to the 
transducer 140 ns before the heralding pulse to increase the initial 
thermal phonon occupation to ~10. We find that the two exponential 
filters give a more visible change in variance, and thus lower excess 
noise. We suspect this is due to two-level system-induced fluctuation 
of the mechanical frequency, as shown in Extended Data Fig. 5e, with 
microwave reflection measurement under no optical pump. As a result, 
the demodulation in the heralding experiment is conducted with a 
5-MHz exponential filter, and the theoretical total measurement effi-
ciency is ηdημm ≈ 8%, where the demod efficiency ηd ≈ 24% and the device 
mechanics-microwave efficiency ημm ≈ 35%. This is larger than the 
magnitude of the frequency fluctuations and therefore masks their 
effect at the cost of lowered measurement efficiency. Characterization 
and improvement of the frequency fluctuation will be the subject of 
future study.

To calibrate the gain Gm and excess noise nm, two different states 
of the microwave field are required. We carry out two types of calibra-
tion. First, we use the laser heating to generate two thermal states 
with different thermal occupations. For the thermal state with higher 
nth, a heating pulse is applied 140 ns before the probe pulse, where 
the sideband asymmetry from the probe pulse is used to obtain the 
thermal occupation of the mechanical mode nth, high = 5.9 ± 2. For the 
thermal state with lower nth, we use a repetition of 10 μs and no heating 
pulse to obtain nth, low = 0.56 ± 0.2. The demodulation is aligned to the 
probe pulse, and we measure the IQ variance from these two different 
thermal states. From equation (11), we calculate nex = 18 ± 8. However, 
we find that the device parameters are varying under different optical 
powers, which results in different ημm. A 10% change in ημm could lead to 
a factor of 2 difference in nex. Alternatively, nex can be calculated using 
the thermal and photon-added state as shown in equation (15). For the 
data shown in Fig. 3, we find nex = 39 ± 6.

To better understand the potential of the microwave field from 
the transducer, it is important to estimate the added noise nn in it. 
Noise in the microwave field is not directly measurable with imperfect 
detection. Nevertheless, we carry out the estimation with two different 
methods. In addition to the pre- and post-selected datasets, we further 
take a control measurement every 500 experimental runs, where we 
execute the same demodulation with the same timing except that no 
optical pump pulse is sent to the device. The system can be approxi-
mated to be in the initial thermal state with nth = 0.68, independently 
measured by optical sideband asymmetry, and no heating or microwave 
photon is generated. As a result, the variance becomes

⟨I2⟩ |th = ηdGm(2nth + 1) + Gm(2nm + 1) (16)

Using ηd and ημm calculated from theory, the measured 〈I2〉, 〈I2〉|PS and 
〈I2〉|th allow us to calculate nn = 1.9 ± 0.4 and nm = 2.4 ± 0.4.

Alternatively, we could estimate the added noise in the micro-
wave field from the overlap between the measured temporal heating 
and the temporal mode of the microwave photon. We fit the meas-
ured temporal heating assuming the mechanical mode is coupled to 
a thermal bath with an exponentially decaying population excited by 
the pump pulse. Noise in the output microwave signal is calculated 
with semiclassical Monte Carlo simulation of an ensemble of 3,000 
instances. Extended Data Fig. 5c shows the temporal heating together 
with the single-photon temporal mode. Overlap between the heat-
ing and single-photon temporal mode gives nn = 1.3 ± 0.2. The uncer-
tainty mostly comes from the sideband asymmetry measurement of  
the initial nth.

Measurement set-up
Extended Data Fig. 4 shows the optical set-up used in this work. Two 
tunable external cavity diode lasers (PurePhotonics PPCL300) are 

first intensity-stabilized with electro-optic modulators, and then 
frequency-stabilized using temperature-stabilized fibre Fabry–Pérot 
filters (F1 and F2). The filters also suppress the laser phase noise at the 
converter frequencies. A fast wavelength-scanning laser (Freedom 
Photonics FP4209) is used for fibre-to-chip coupling optimization. 
Two acousto-optic modulators (AOMs) are simultaneously pulsed to 
generate the optical pump pulse with high on–off ratio (>90 dB). The 
duration of the pulse is limited by the rise–fall time of the 200-MHz 
AOM to be ≳20 ns. Multiple MEMS optical switches are implemented 
to route the input light to either the transducer or filter cavities FA and 
FB for coarse tuning. The filter cavities have 15-MHz bandwidth and 
14-GHz free spectral range, and provide 90-dB pump suppression, 
while dispersion at the filter resonance delays the sideband photons 
by an extra ~40 ns compared to the feed-through transmitted pump 
photons. This allows us to further separate the pump and sideband 
photon counts in the time domain. The reflected light from the device 
can be routed to one of the photodetectors for the EIT measurement or 
microwave-to-optical conversion measurement, or to the filter cavities 
for SPD on the sideband photons.

We show the microwave set-up in Extended Data Fig. 6. An interme-
diate frequency (IF) of 125 MHz is used from the quantum machine (QM 
OPX01) and upconverted for the microwave input. Proper attenuations 
on the microwave input line guarantee the input microwave thermal 
noise to be less than 0.01. The microwave signal from the transducer is 
first amplified by a TWPA with the dispersive feature around 6.42 GHz 
and pumped at 5.027 GHz (not shown) to maximize the gain at the trans-
ducer frequency. Two broadband isolators (3−12 GHz) are installed 
before and after the TWPA to minimize reflection within its gain band-
width. The signal is then further amplified by a high electron mobility 
transistor (HEMT) and two room-temperature low-noise amplifiers, 
and measured by either the RSA or the VNA, or downconverted and 
digitized on the QM. Temporal delay in the optical set-up is longer than 
in the microwave set-up, and the microwave signal from the transducer 
arrives at the QM before the voltage pulse from the SPD. As a result, the 
demodulation is always executed first, and then stored differently in 
real time, conditioned on the SPD event.

Data availability
The data for Figs. 2 and 3 and Extended Data Figs. 1, 2, 3 and 5 are avail-
able on Zenodo at https://doi.org/10.5281/zenodo.7903643. Additional 
data that support the findings of this study are available from the cor-
responding author upon reasonable request. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Microwave high-impedance waveguide 
characterization. a, Schematics of the high impedance (high-Z) waveguide. The 
mechanical external coupling is approximately proportional to the impedance of 
the environment. Thus the effective impedance Zeff looking from the mechanics 
side into the high-Z waveguide gives us intuition on the enhanced external 

coupling. b, Calculated Zeff and the group delay with a free spectral range of 110 
MHz and a waveguide characteristic impedance Z = 1000 Ω. c, Measured group 
delay of the high-Z waveguide. The coupled mechanical modes appear as sharp 
peaks in group delay.
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Extended Data Fig. 2 | Microwave-to-optical conversion with different 
microwave resonator frequencies. Plot of normalized microwave-to- 
optical conversion S parameter as a function of frequency and coil current.  

The mechanical resonance frequencies do not shift with coil current and 
therefore appear as vertical lines. Soμ increases when a microwave mode is  
tuned into resonance with a mechanical mode.
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Extended Data Fig. 3 | Thermal occupation and heating. a, Thermal phonon 
occupation of the mechanical mode versus repetition time of the optical pump 
pulse. As explained in Methods, the thermal occupation is calculated from 
sideband asymmetry between the blue- and red-detuned pump pulse. The error 
bars correspond to the standard deviation over 23 sets of sideband asymmetry 

measurements with data points representing the mean values. b, Time-domain 
heating of the optical pulse at 6 μs repetition, measured with microwave readout of 
the mechanical mode. Variance of the microwave noise is measured and calibrated 
to thermal phonon number with optical sideband asymmetry. Dashed red line is 
the exponential fit of the decaying tail of the thermal phonon occupation.
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Extended Data Fig. 4 | Optical setup. Diagram representing the optical setup used in the experiment.
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Extended Data Fig. 5 | Demodulation efficiency and timing. a, Calculated 
intracavity phonon and output photon flux versus time of the transducer 
with one initial phonon using coupled-mode theory. b, Calculated microwave 
measurement efficiency using different demodulation waveforms. Matched 
waveform gives the highest possible efficiency and is limited by device internal 
loss. c, Added noise in the microwave photon. The temporal heating is a theory fit 
to the time-domain heating measurement, assuming a bath with exponentially 
decaying thermal noise excited by the laser pulse. The temporal mode of the 
single photon is shown in comparison. The measured temporal heating is shown 
as grey dots. d, Measurement of the best demodulation timing for different 
demodulation waveforms. Efficiency of the demodulation is measured by the 
relative variance of post-selected state IQ data from single photon detection 

events versus the thermal state IQ, explained in detail in Methods. Black curves 
are control calculations using randomly selected IQ data instead of post-
selected. Error bars are the standard deviation over 8 sets of measurements 
with data points being the mean values. e, Microwave Sμμ with no optical pump. 
50 measurements, taken in quick succession of each other are plotted (blue) 
where one of them is highlighted for clarity (blue dots). The red curve shows 
the fit result from coupled-mode theory. For some traces the mechanical mode 
is undercoupled while for others it is overcoupled due to fluctuations of the 
intrinsic mechanical loss rate. The frequency is also stochastically jumping 
around. When the optical pump is turned on, the mechanical mode becomes 
more stable and its linewidth increases to ~ 1 MHz. These effects are possibly due 
to two-level systems (TLS).
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Extended Data Fig. 6 | Microwave setup. Diagram representing the microwave setup used in the experiment. The dilution refigerator is highlighted in blue.

http://www.nature.com/naturephysics


Nature Physics

Article https://doi.org/10.1038/s41567-023-02129-w

Extended Data Table 1 | Device and system parameters
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Extended Data Table 2 | Device and system efficiencies
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