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Entangling microwave-frequency superconducting quantum processors through
optical light at ambient temperature would enable means of secure communication
and distributed quantum information processing'. However, transducing quantum

signals between these disparate regimes of the electro-magnetic spectrum remains

anoutstanding goa

12f9

,and interfacing superconducting qubits, which are

constrained to operate at millikelvin temperatures, with electro-optic transducers
presents considerable challenges owing to the deleterious effects of optical photons

on superconductors

10, Moreover, many remote entanglement protocols

1 require

multiple qubit gates both preceding and following the upconversion of the quantum
state, and thus an ideal transducer should impart minimal backaction®™ on the qubit.
Here we demonstrate readout of a superconducting transmon qubit through a
low-backaction electro-optomechanical transducer. The modular nature of the
transducer and circuit quantum electrodynamics system used in this work enable
complete isolation of the qubit from optical photons, and the backaction on the qubit
fromthe transducer is less than thatimparted by thermal radiation from the
environment. Moderate improvements in the transducer bandwidth and the added
noise will enable us to leverage the full suite of tools available in circuit quantum
electrodynamics to demonstrate transduction of non-classical signals from a
superconducting qubit to the optical domain.

Superconducting quantum computers using arrays of transmon qubits
are aleading platform for scalable quantum computation'. However,
these devices must operate at temperatures below 100 mK, with quan-
tuminformation encoded in microwave fields that would be corrupted
by thermal noise if transmitted at ambient temperature. In contrast,
optical quantum networks are a well established technology for the
transmission of quantum states over long distances, and do not require
low temperatures'®®, Thus, a quantum-enabled electro-optic trans-
ducer linking the microwave and optical domains would greatly expand
the capabilities of quantum information science.

The pursuit of an optical quantum network of superconduct-
ing qubits has given rise to a rich research field searching for effi-
cient, low-noise electro-optic transduction techniques®”®. Although
electro-optic elements have been demonstrated as useful tools for
delivering classical signals to superconducting circuits'**, devices
designed to transduce quantum states must satisfy a different and
more stringent set of requirements®. In spite of substantial recent
progress, it remains an outstanding challenge to combine these trans-
ducers with superconducting qubits in a manner that does not inter-
fere with the operation of the qubit. Animpressive recent experiment
demonstrated the transduction of photons from a superconducting
qubit to the optical domain®, but an attempt to use this device to create
entanglement between the qubit and optical pulse would be disrupted
by the optical pump required for transduction. Furthermore, such

piezo-optomechanical transducers require a specific piezoelectric
materials platform for qubit fabrication, complicating theintroduction
of somerecentadvancesin modular circuit quantumelectrodynamics
(CQED)ZZ’M.

In this work, we demonstrate readout of a superconducting trans-
mon qubitembeddedin athree-dimensional (3D) cQED architechture
through a low-backaction electro-optomechanical transducer. The
transducer imparts minimal backaction on the qubit, equivalent to
only An= (3 +1) x 107 photonsin the microwave readout cavity disper-
sively coupled to the qubit. Although the transduction bandwidth is
relatively narrow, the operation of the transducer is continuous rather
than pulsed’’, enabling efficiency and repetition rates far exceeding
the values demonstrated by adevice thatintegrates the transducer and
the qubit on the same chip®. We then use the superconducting qubit
as anon-Gaussian resource to characterize the quantum efficiency®
with which we transduce signals from the cQED system to the optical
domain.

The experiment consists of two modular systems attached to the
base plate of an optical-access dilution refrigerator at a base-plate
temperature T,,, = 40 mK. The first of these (Fig. 1a) is a cQED system
comprising a transmon qubit dispersively coupled to a quarter-wave
coaxial cavity resonator?. The microwave cavity has a total linewidth of
k./21m =380 kHz, whereas the dispersive interaction between the qubit
and the cavity causes a state-dependent shift of the cavity’s resonant
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Fig.1|Apparatusforreadout of asuperconducting qubit viaelectro-optic
transduction. a, A cQED system consisting of atransmon qubit dispersively
coupledtoa3D coaxial quarter-wave cavity resonator. A translatable sapphire
rod tunesthe frequency of the cavity in situ. Qubit preparation pulses with
frequency w, (gold), followed by readout pulses with frequency w. (green), are
injected through the cQED system’sinputline. b, Adirectional coupleris used
to apply the microwave pump to the transducer, while the circulators enable
microwave heterodyne measurement of reflected signals. Isolation between
the cQED system and the transduceris achieved using circulators, along with
thedirectional coupler for interferometric cancellation. ¢, The electro-optic
transducer consists of an optical cavity and a flip-chip microwave
inductor-capacitor (LC) circuit resonator simultaneously coupled to asingle

frequency by 2x/21mt = 344 kHz; thus k./2x = 1, the optimal value for
low-power dispersive readout of the qubit®®. The microwave cavity’s
resonant frequency w. can be tuned in situ by a sapphire rod (Fig. 1a)
attachedtoa piezoelectric stepping module, enabling the microwave
resonance of the cQED system to be brought into resonance with the
transducer’s microwave mode at w./21 = 7.938 GHz (Methods).

The other experimental module (Fig. 1c) is an electro-optic trans-
ducer containing microwave and optical resonators coupled to asingle
mode of asilicon-nitride membrane with amechanical resonance fre-
quency of w,,/21 = 1.45 MHz (refs. *¥). Simultaneously applying strong
microwave and optical pumps red-detuned by w,, (Fig. 1e) enhances
the parametric coupling to the mechanical resonator*. This enables
microwave (optical) photons to be swapped through a beamsplitter
interaction with phonons at a rate I, (/) far exceeding the intrinsic
mechanical dissipation rate of y,, = 21t x 0.11 Hz. The low mechanical
dissipation is enabled by phononic shielding that yields a bandgap
centred on w,,, (Methods). An incident signal on resonance with the
microwave (optical) resonator will then be transduced to the optical
(microwave) domain with the bandwidth of the process determined
by the total dampingrate Iy=1,+1,+Vp.

Our qubit readout scheme starts with the dispersive interaction
between the qubit and the microwave cavity, which causes the cavity’s
resonant frequency w. + xto depend on whether the qubitis preparedin
the ground state or the excited state®. Thus, if ashort readout pulse cen-
tredat w_is applied to the microwave cavity input line (Fig. 1a), the phase
of the emitted microwave pulse will depend on the state of the qubit.
This microwave pulse is then routed to the electro-optic transducer
through elements used toisolate the qubit from transducer backaction
(Fig.1b, Methods), and the upconverted readout pulse at wavelength
A1=1,084 nmis demodulated using balanced heterodyne detection
(Fig.1d). During qubit readout experiments, the transducer pumpsare
applied continuously, whereas qubit preparation and readout pulses
arerepeated atintervals T, ranging from 0.4 ms to 2 ms depending on
the bandwidth of the transducer. The bandwidth of the transducer
filters the upconverted readout pulse as shown in the bottom row of
Fig. 1f, which sets the upper limiton T..

Toinitialize the qubit state, a short qubit drive pulse with frequency
wyand duration 7 (gold pulsein Fig. 2a) canbe applied to the input line
ofthe cQED systemto induce Rabi oscillationsinthe qubitatarate Q,.
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mode of a high-quality-factor silicon-nitride membrane with frequency

/21 =1.45MHz. Inset:image of flip chip containing the silicon-nitride
membrane, phononic shielding and the LC circuit, withapennyinthe
background forscale.d, Optical pump and heterodyne detectionscheme.

e, Transducer pumps and experimental readout signals represented in the
frequency domain. The electro(opto)-mechanical dampingrates /. (I;) are
controlled by the strength of the respective pumps, both red-detuned by w,, to
transduce microwave signals to the optical domain. f, A pulse timing diagram
illustrates the qubit (gold) and readout (green) pulses, with the experiment
conducted with arepetition time of 7, = 0.4-2 ms and steady-state pumps. The
upconverted readout pulseis filtered by the transducer’s frequency response
(bottom).

For 7=1/Q,, the qubit population is inverted, and prepared mainly in
the excited state [e). When no pulse is applied (= 0), the qubit is pre-
pared mainly in the ground state |g). State preparation is followed by
asquarereadout pulse of length 7, =15 ps (green pulse in Fig. 2a). The
maximum useful length of the readout pulse, and hence the minimum
bandwidth, is determined by thelifetime of the qubit (7, =17 ps)*. The
pulse thentravels through the cavity andis upconverted as described
above, and the demodulated optical signal is digitized, appropriately
weighted?” (Supplementary Information) and integrated to extract a
single voltage encoding the state of the qubit.

Wefirst use this protocol to demonstrate single-shot readout of the
superconducting qubit through the electro-optic transducer.
By recording multiple voltage traces to form histograms of the qubit
state-dependent optical heterodyne voltage, we can estimate the
single-shot probability P(e), and choose a voltage threshold Ve,
(dashedlineinFig. 2b) to maximize the fidelity £, = 1- P(elg) - P(gle),
where P(elg) (P(gle)) is the probability of measuring|e) (| g)) given that
lg) (le)) was prepared. In Fig. 2b, we show histograms of the optical het-
erodyne voltage when preparing the qubitineither|e)or|g). The ampli-
tude of the microwave readout pulse incident on the cQED system’s
microwave cavity is /i1, =19 photons"?, and the electro-optic trans-
ducerisoperated continuously with (I, I)/21t = (0.5, 2.4) kHz to trans-
duce the emitted microwave field to the optical domain for detection.
Abimodaldistributionis clearly visible in each histogram, with the two
modes corresponding to the ground and excited states of the qubit.
We find a maximum readout fidelity of F= 0.4, limited by inefficient
measurement and the residual excited-state population in the qubit
(Supplementary Information).

We canthen usethe electro-optic transducer to measure Rabi oscilla-
tions of the superconducting qubit and demonstrate the stability of the
optical measurement apparatus. To measure Rabi oscillations, we vary
the qubit drive pulse length rand the pulse frequency w, (Fig. 2c, with
the same pulse amplitude and transducer damping rates as in Fig. 2b).
This measurement was taken over approximately 1.5 h using a single
threshold value chosen at the beginning of the experiment, indicating
the stability of the electro-optic transducer over this period of time.

Next, we characterize backaction fromthe transducer on the qubit.
Itis critical to minimize this excess backaction as it can limit the fidel-
ity of qubit entanglement and post-selection operations® (Methods).
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Fig.2|Single-shotreadout of atransmon qubit via the electro-optic
transducer. a, Amicrowave drive pulse with frequency w4 near the qubit
frequency andlength risapplied to drive Rabi oscillations in the qubit atrate
0..Amicrowave readout pulse centred around w_ is sent through the cavity and
subsequently transduced to the optical domain for optical heterodyne
detection. The phase of the optical pulse depends on the state of the qubit.
Pulse widths are not to scale for clarity. b, Histogram of optical heterodyne
voltage whenreading out the superconducting qubit through the electro-optic
transducer. A15-ps microwave pulse (./7T, =19 photons"?) isapplied to the
microwave cavity to read out the state of the superconducting qubit when
preparingitintheground state (teal curve) or excited state (purple curve), with
(I, I,)/2n=(0.5,2.4) kHz. The dashed line represents the voltage threshold
Vinresh fOT single-shot readout. ¢, Rabi oscillations measured through the
transducer with the samereadout pulse and transducer parameters as above.

Anideal electro-optic transducer performs unitary operationson the
microwave and optical fields, and need not add noise orimpart backac-
tion during the transduction process®°. However, under real experi-
mental conditions, the effective thermal bath n.coupled to the cQED
systemimparts backaction on the qubitinthe form of shot noise from
microwave photonsrandomly arrivingin the cavity. For n.; < 1, these
photons cause dephasing of the qubit at a rate I,
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where we cansplit the effective occupancy n ¢ = ny, + Aninto athermal
component n,, and acomponent describing excess backaction An from
the transducer. Such backaction can arise due to heating of the cQED
device, through bulk heating or from thermal radiation emitted by the
electro-optic transducer, and more than 110 dB of microwave pump
suppressionisrequired to make coherent pump backaction negligible.
Thisisachieved using acombination of circulators and interferometric
cancellation® of the strong microwave pump required for efficient
transduction (Fig. 1b, Methods).

We first measure the effect of the optical pump on the cQED system,
with the microwave pump off. In Fig. 3a, a microwave-domain Ramsey
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Fig.3|Transducer backaction onthe qubit. a, Microwave-domain Ramsey
experiment withthe transducer off ((/,, I;) = (0, 0); red circles) and with the laser
on ((I, I,)/2m=(0,5.0) kHz; cyandiamonds). The lines are fits to the data.

b, Effective thermal occupancy of the cQED system’s microwave cavity asa
functionofthedilutionrefrigerator base-plate temperature T,,. Red circles are
data obtained with the transducer off, and the lineis theory. The cyan diamond
indicates the occupancy of the microwave cavity with /,/2m = 5.0 kHz, indicating
no additional dephasing of the qubit from the laser. The blue squareisthe
effective occupancy while operating the transducer at (7, I)/2m = (1.1, 5.0) kHz.
Thereisasmallamountof excess backaction equivalentto An=(3+1) x10
photonsinthe microwave cavity. Error bars represent one standard deviation.

experimentis performed to measure the coherence time T, of the qubit
when the laser is off (red circles) and whenitis on with I,/21t = 5.0 kHz
(cyandiamonds), achieved with11 mW of circulating power in the opti-
cal cavity. Heating of the cQED system by the laser would dephase the
qubit and reduce its coherence time. We find T, ,,,=20.7 £ 0.2 ps and
T, =20.4 £ 0.2 ps, showing no measurable change in the qubit coher-
ence time owing to laser illumination.

We can expand the scope of this measurement, and additionally
measure the lifetime of the qubit to determine its dephasing rate
[y=T,=T5'~ %TII, and infer the effective occupancy n ¢ of the cQED
system’s microwave cavity using equation (1). In Fig. 3b, we plot this
effective occupancy as the temperature of the dilution refrigerator’s
base plate Ty, is varied. At low temperature, the inferred thermal occu-
pancy plateaus at n, = 0.019 photons (T, = 95 mK), although this pla-
teau may be caused by intrinsic sources of qubit dephasing other than
anelevated temperature®. The cyan diamond in Fig. 3b demonstrates
that there is no measurable excess backaction from the laser
(I,/21 = 5.0 kHz) on the qubit. We then turn on the microwave pump
(I./2n=1.1kHz, leaving I', unchanged) and the blue square in Fig. 3b
indicates excess backaction of An = (3 1) 107 photons. The error
bars represent the statistical error resulting from repeated measure-
ments of the T, and T, time of the qubit to infer An (Methods). This
excess backaction comes largely from local heating of microwave com-
ponents by the strong microwave pump with incident power
P,,. =—45 dBm (Methods). These backaction measurements are taken
at the largest values of I, and I, used in this work, and backaction is
expected to be even lower when operating at smaller /.

Thefinalfigure of merit for electro-optic qubit readoutis the quantum
efficiency n,, whichisameasure of how well the optical measurement
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Fig.4|Quantum efficiency of electro-opticreadout of asuperconducting
qubit. a, During dispersive readout, the state of the qubitis mapped onto one
of two (microwave) coherent states, whichis then upconverted and detected
inheterodyne. The quantum efficiency n,isameasure of how well the optical
measurement apparatus can distinguish these two coherent states. b, The
optical measurementapparatus can be modelled as abeamsplitter with
effective transmissivity 7, followed by anideal heterodyne detector.
Alternatively, it can be modelled as an amplifier with gain 17,5, = 74/fise and
output-referred added noise N, whose outputis directed towards anideal
heterodyne detector. ¢, The quantum efficiency is calibrated by comparing the
signal-to-noiseratio of the electro-optic qubit readout measurement to the
total measurement-induced dephasing. For20 Hz</,<1,100 Hz, we vary I for
several fixed values of I, and perform qubit readout measurements. The points
aredatafrom these measurements, and the dashed lines are amodel using
independently measured parameters of the electro-optic transducer. The
modelincludesall sources of inefficiency such as loss, added noise and finite
transduction bandwidth. Allerror barsrepresent one standard deviation.

apparatus can distinguish the coherent states encoding the state of
the qubit, and can be characterized insitu by using the superconduct-
ing qubit as a non-Gaussian resource®***, As measurement photons
transit the cavity and extractinformation about the state of the qubit,
the phase coherence of the qubitis necessarily destroyed>®. This estab-
lishes a fundamental relationship between the signal-to-noise ratio
of adispersive measurement (Fig. 4a) and the measurement-induced
dephasing owing to the qubit readout pulse® (Methods). Animperfect
readout apparatus degrades the signal-to-noise ratio further, and thus
reduction of the signal-to-noise ratio below this fundamental bound
canbe used tomeasure the loss and added noise of the readout process.
We model the measurement apparatus as abeamsplitter with effective
transmissivity n, (top row in Fig. 4b), withanideal optical heterodyne
detector at the beamsplitter output, combining the effects of loss and
added noise into a single performance metric (Methods).

InFig. 4c, we measure the quantum efficiency while varying the elec-
tromechanical damping I for several different fixed values of the
optomechanical dampingrate /. For [/l <1, the quantum efficiency
is suppressed owing to mismatched damping rates”, whereas the
plateau in efficiency is primarily owing to noise emitted by the
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inductor-capacitor (LC) circuitand /' .-dependent LC circuitloss. From
these measurements, we obtain a maximum quantum efficiency of
n,~8x10"*. Thedashed lines inFig. 4c are obtained from astate-space
model using measured transducer parameters (Supplementary
Information).

To more directly compare the electro-optic transducer to existing
results, we caninstead describe the entire measurement apparatus as
an effective amplifier with gain 17,5 = 114/Mn0ise and two-quadrature added
noise N, = q;})ise —1atits output (Methods, bottom row in Fig. 4b), fol-
lowed by anideal optical heterodyne detector. Thus, the total noise at
theinputoftheideal optical heterodyne detector Ny, =1+ N, consists
of the sum of the vacuum fluctuations, the added noise of this ideal
heterodyne detector and the added noise of the transducer N..

We obtain a maximum transmission efficiency of 7,,,, = 1.9 x 1073,
which captures all sources of loss between the cQED system and the
optical detector,and is more than two orders of magnitude larger than
the best demonstrated efficiency for transduction of states from a
superconducting qubit to the optical domain®. This maximum value of
Nioss is the product of many individual contributions, and includes the
transducer efficiency as defined in ref. * (7, = 0.19), optical detection
efficiency (7,,, = 0.28), microwave transmission 10ss (17,i. = 0.34) and
inefficiency owing to the bandwidth of the readout pulse exceeding that
of the transducer (1, = 0.15) (Methods). The noise at the input of the
optical heterodyne detector is Ny, =1+ N, = 2.4 photons at this operat-
ing point, owing primarily to technical noise emitted by the LC circuit,
whichis caused by the application of the strong microwave pump and
is present even in the absence of laser light”. When calibrated using
narrowband signals, the noise added at the input of the transducer is
N,qq =23 photons, whichisitself much larger than the minimum trans-
ducer added noise obtained at a different operating point?.

However, with only moderate improvements in the bandwidth and
added noise of the electro-optic transducer, the upconversion of
non-trivial quantum states from a superconducting qubitis well within
reach. Using standard techniques*?, the lifetime of the qubitin our
cQED system can straightforwardly beimproved to T, >100 ps. More-
over, the vacuum electromechanical coupling g, was smaller in this
device thanin previously measured transducers*, suggesting that the
transduction bandwidth can easily be improved to about 10 kHz by
enhancing this coupling. The combination of spectrally narrower
pulses emerging from the cQED system and increased g. would remove
bandwidth as a limiting factor, and enhancements in g, would also
reduce microwave noise by reducing the pump power required to
achieve a given damping®. With I, =, =2mn x 5kHz, T;=100 ps and
N, <1, we expect a quantum efficiency of 7, = 0.1 and the ability to
transmit heralded quantum states from superconducting qubits exhib-
iting non-classical statistics. Two such systems would then enable
remote entanglement of superconducting qubits over kilometre-scale
distances.
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Methods

CcQED system

The cQED system consists of a planar superconducting transmon qubit
coupled to the fundamental mode of a seamless 3D aluminium cavity.
The qubit was fabricated on a14 x 2 mm? ¢c-plane sapphire chip. Using
asingle-electron-beam lithography step, the Dolan bridge process®®
was used to fabricate an Al-AlO,~AlJosephson junction with area of
150 x 250 nm?. The first layer of aluminium in the AlI-AlO,-Al structure
was 30-nm thick and deposited via e-beam evaporation at an angle of
20°, which was then subsequently oxidized in 7 torr of pure oxygen
for 3 min. Following formation of the aluminium oxide layer, asecond
layer of aluminium (60 nm) was deposited at an angle of —20°. The
qubit capacitance comes from two rectangular 500 x 700 pum pads
separated by 200 pm.

The cavity,a40-mm-longcircular waveguide with aradius of 4.7 mm,
was machined out of a single piece of 99.999%-purity aluminium. The
waveguide was openatone end, with a7.25-mm-long post with aradius
of 1.5 mm at the other end; this geometry defines the fundamental
mode as a quarter-wave resonance with evanescent coupling to the
waveguide above?. To reduce surface loss, the cavity was etched in
Transene aluminium etchant type A for 24 h at ambient temperature.

A more unique feature of this cQED system is its tunability at the
base temperature of the dilution refrigerator, whichis enabled by the
translation of a sapphire rod within the microwave cavity via a piezo-
electric stepping module (Attocube ANPz101/LT/HV). This capability
isrequired to bring the electro-optic transducer and cQED deviceinto
resonance at cryogenic temperatures. A sapphire rod with aradius of
2 mm is epoxied to a copper plate and fastened to the piezoelectric
stepping module above the waveguide withamaximum travel of 5 mm.
This assembly allows the sapphire rod to be translated along the centre
ofthe waveguide to tune the fundamental mode’s resonant frequency
w insitubyupto1.7 GHz. The cavity mode has a total linewidth of k. =
Kew ¥ Kejne  Keoxe = 2T0 X 380 kHz, where k.., ke ox and k. . are the weakly
coupled, strongly coupled and internal ports of the microwave cavity
respectively. The cavity is strongly overcoupled to the transmission line
connected to the electro-optic transducer such that & o, K K jni- SE€
Extended DataFig.5foramodel of the cQED device alongside a photo
of arepresentative cQED system (without the magnetic shielding).

The cQED system canbe described by the Jaynes—Cummings model
with interaction Hamiltonian I:IIJ,]C[ = hgqc(ciTé_ +do6"), where g, is the
qubit-cavity coupling rate and #2is the reduced Planck constant. Here,
theresonator has creation (annihilation) operator dT(d), and canswap
excitations with the qubit via the raising (+) and lowering (-) operators
0.. When the qubit-resonator detuning 4,.= @, @ is large such that
8 < 14gcls theJaynes—Cumnjicngs mode] can be described under the
dispersive approximation H;,,= - hx6,d d . The dispersive shift y is
given by X=gécv/(ch(ch -v))*, where the qubit anharmonicity v
encodes the contribution from higher-energy levels of the transmon
qubit. See Extended Data Table 1for alist of parameters describing the
cQED system.

The qubit lifetime (7, =17 ps) is far from Purcell limited*°, probably
owing to participation of lossy dielectrics that remain after e-beam
lithography and aluminium deposition. The coherence time of the
qubitisT8 = T5°= 20 ps,and no difference is seen wheniit is measured
using a Hahn echo versus a standard Ramsey sequence.

The cQED system is contained in a magnetic shield comprising an
outer shield of high-permeability Amumetal 4K and aninner shield made
of pure aluminium to minimize stray magnetic fields near the cQED
system during cooling of the device through its critical temperature.

Electro-optic transducer

The electro-optic transducer consists of a microwave resonator and
an optical resonator coupled to a single mode of a micromechanical
oscillator. It is described by the Hamiltonian

>

= wod'a+ 0,b b+ wycle+ (g a'a+ g b'B)(E+ e, (2)

where @, b and ¢ are the annihilation operators for the optical, micro-
wave and mechanical modes, respectively, and g, (g.) is the vacuum
optomechanical (electromechanical) coupling rate.

The mechanical oscillator is a100-nm-thick, 500-um-wide-square
silicon-nitride membrane suspended from a silicon chip. Phononic
shielding with a bandgap centred around w,, = 21t x 1.45 MHz is pat-
terned into the silicon chip, isolating the membrane mode used for
transduction from the vibrational modes of the chip. The phononic
shield uses few unit cells to maintain a reasonably sized flip chip for
integration with the electro-optic transducer. This shielding resultsin
aquality factor Q,,=1.3 x 10’ for the mode of interest, or equivalently
anenergy dissipationrate y,,=2m x 0.11 Hz.

The microwave resonator is a superconducting flip-chip LC circuit
whose capacitance is modulated by the motion of a superconduct-
ing pad deposited on the membrane. The vacuum electromechani-
cal coupling is determined by the distance d between this pad and a
second capacitor pad on aseparate nearby chip hosting the rest of the
circuit, whichisd =300 nm for most devices. Inthe transducer used in
thiswork, the capacitor pad separation was unusually large, probably
owing to thermal contraction of the epoxy (Stycast 2850) that was
used toattach the chips toeach other. Thisresulted inalower vacuum
electromechanical coupling rate than in previous devices*:

g, =pg)—§ =2nx1.6 Hz, 3)

where p = 0.67 is the participation ratio of the motional capacitance
in w,, and d =830 nm (ref. ). Wafer bonding without the use of
epoxy is being explored to couple the two chips together and enable
smaller plate separation d and hence larger g.. The LC circuit is cou-
pled via mutual inductance? to a microwave transmission line at rate
Keine = 2T0 X 1.42 MHz, and its total linewidth k, varies between 1.6 MHz
and 2.7 MHz owing to the dependence of the internal loss . ;,. on the
power of the microwave pump used to mediate transduction.

The optical resonator is a Fabry-Pérot cavity defined by
high-reflectivity ion-beam-sputtered mirror coatings deposited by
FiveNine Optics, which are chosen to be very asymmetric such that
the cavity mode couples preferentially out the front mirror with exter-
nal coupling K, ., = 2T % 2.12 MHz. The total cavity linewidth is k, =
Koext T Koine = 2T X 2.68 MHz, where k, ;. includes scattering and absorp-
tion losses as well as transmission through the back mirror. The mem-
brane is positioned at a maximum in the intensity gradient of the
intracavity light, yielding avacuum coupling rate g, = 21t x 60 Hz. The
heterodyne mode matching factor quantifying the overlap of the
propagating optical cavity mode and the local oscillator (LO) beam
ise=0.80.

During operation, strong optical and microwave pumps are applied
near the corresponding electromagnetic resonances to enhance the
vacuum couplingrates g, and g,, respectively*’. Transforming to arotat-
ing frame to remove the free evolution of the fields, d > de %,
b~ be ¢ and ¢~ ¢e m’ , the Hamiltonian can then be linearized
around the strong pumps to yield

+b)(E+¢éh), 4)

whered (b)isthe optical (microwave) mode coherent state amplitude
duetotheincident pump.Both pumpsarered-detuned fromtherespec-
tive resonances by w,,, resonantly enhancing the optomechanical and
electromechanical beamsplitter terms in the Hamiltonian*. In the
resolved sideband limit at this optimal detuning, the optomechanical



(electromechanlcal) damping rate is then given by [, =4g_ 2a2/k,
(r,= 4g2b /k.). The transducer bandwidth is given by I =T, +r + Y
The electro optic transducer parameters are summarized in
Extended Data Table 1. See ref. ¥ for a more detailed description of
the fabrication, assembly and characterization of the electro-optic
transducer, as well as the theory of transducer operation.

Experimental layout

Aschematic of the experimental setup is shownin Extended DataFig. 4.
Here we briefly summarize the details of the optical setup, discussed
furtherinref.?.

The 1,084-nm laser light used for optical detection is supplied by a
widely tunable external cavity diodelaser (Toptica Photonics CTL1050),
andissplitinto three separate beams whose frequencies are shifted rela-
tive to one another by acousto-optic modulators (not shown). The lock
beam (yellow) is nearly resonant with a TEM,, mode of the optical cavity
(detuned by approximately —50 kHz), and is used to stabilize the beam
frequencies relative to the optical cavity resonance frequency with the
Pound-Drever-Halltechnique. The optical pump beam (red) isdetuned
from cavity resonance by —w,,,. The LO beam (maroon) is detuned from
the pump beam by -12.9 MHz. The reflected pump beam (including the
transduced measurement pulse) isinterfered withthe LObeam onabal-
anced photodetector (Thorlabs PDB450C) for heterodyne detection. The
resulting signalis demodulated using a Zurich Instruments HF2LIlock-in
amplifier, whose outputis recorded with an AlazarTech ATS9462 digitizer.

As shown in Extended Data Fig. 4, the qubit control and readout
pulses are generated via individual sources (Agilent E8257D and
N5172B). For the qubit drive pulses and readout pulses, these generators
emitacontinuous signal centred at the frequencies wgand w,, respec-
tively. To control the envelope of each pulse, the signals are gated by
inphase/quadrature (IQ) mixers or double balanced mixers, while fast
microwave switches are placed at the output of each mixer to prevent
leakage of the LO through the mixer when the signals are supposed
to be turned off. For measurement-induced dephasing experiments
(Extended Data Fig. 3), the readout signal is split and run through a
separate mixer and switch to enable individual control of the readout
and weak measurement pulses (Extended Data Fig. 4a). An arbitrary
waveformgenerator (Zurich instruments HDAWG) controls the timing
and envelope of the pulses, and triggers the digitizers used to capture
both the optical and microwave readout signals (AlazarTech ATS9462).

Superconducting qubit readout signal-to-noise ratio
Inadispersive measurement, acoherent state|a)is entangled with the
state of the qublt Ifinitially the qubit is prepared in a superposition
state|(p )= qu) +|g)), itsinteraction with the driven cavity mode
causes lt to evolve into the state

1
= ﬁ(l@l%) +Dlay)), &)

wherel|a.)and|ag)are coherent states with equal magnitude but phases
shifted by 6, = +arctan 2y /., with the + (-) sign corresponding to the
qubitin|g) (e). The readout amplitude ./, = |alsin @ determines the
separation in phase space between these two coherent states. The
degree to which we canresolve the two Gaussian distributionsin phase
space is quantified by the signal-to-noise ratio (SNR): loss degrades
the SNR by reducing the phase space separation, whereas noise
degrades the SNR by increasing the variance of each distribution. We
define the SNR as
It — g
SNR=———>-,

Oge

(6)

where g, = 0. = 0, is the standard deviation of the Gaussian-distributed
optical heterodyne voltage corresponding to the qubit in either the

ground or the excited state, and y, and p. are the mean values of the
two distributions. Noise N, gets added by the transducer, and some of
the signalis lost such that|a| > NosslOF thus the SNR can be written as

2.2, Jalsin®

T+N,

SNR = (7)

Measurement-induced dephasing and the quantum efficiency
Reading out the state of the qubit through the cavity necessarily causes
fluctuationsin the frequency of the qubitowingto the dispersiveinterac-
tionbetween the qubitand the cavity H,,, = - x6,d 'd. Thisleads tomeas-
urement-induced dephasing?®, destroying the coherence of any initial
superposition. The off-diagonal elements of the qubit’s density matrix
after thisinteractionaregivenby o, =p,, (0)e 21asin*(®) — o2 (ref, 34),

To demonstrate measurement-induced dephasing, weinject aweak
measurement pulse into a Ramsey sequence (Extended Data Fig. 1a),
and measure the resulting amplitude of the Ramsey oscillations—where
Py = =(6,)/4 —using a strong projective measurement of the qubit.
Extended DataFig.1b shows the results of these measurements, using
the microwave readout chain and varying the strength of the weak
15-ps readout pulse. We observe a clear Gaussian decay of p,. asafunc-
tion of readout amplitude . /n,.

This measurement-induced dephasing quantifies the amplitude of
thereadout pulseinside the cQED system’s microwave cavity, whereas
the SNR quantifies the distinguishability of the two (thermal) coherent
states at the optical detector. Thus, these two quantities are funda-
mentally related to each other through the quantum efﬁcnencyq ﬂ";‘z
(ref. %), which describes the optical measurement apparatus asan
effective beamsplitter between the cQED system and an ideal optical
heterodyne detector.

Technical details of the quantum efficiency calibration
To control the readoutamplitude. /i, adrive voltage Vis varied viaan
IQ mixer. The SNR and Gaussian decay of p,, can be recast in terms of

this drive voltageas:SNR=aVand p,, =Pre (0)e” 202 Asshowninref.?,
the quantum efficiency is then a function of the slope of the SNR a
(Extended Data Fig. 1c) and the width of the Gaussian distribution o:

’quaa ’ 8)

whereinthis conventionanideal heterodyne detector would have ,=1

Contributions to the quantum efficiency

The quantum efficiency of the electro-optic qubit readout apparatus
can be split into seven main components, 77, = M 116MmicMoptlcavTnoise-
We describe each contribution below, and the contributions are also
summarized in Extended Data Table 2.

Bandwidth limitations. A significant contribution to n,is due to the
mismatchinbandwidthbetweenthe transducer and thereadout pulse
emitted by the qubit cavity. In the rotating-wave approximation, and
approximating the cQED system’s output as asquare pulse with width
T,, we obtain

(1-e1Ter2)

qu:l_ZirTTp . 9)

Solvingfor the fulldynamics without the above approximations gives
a contribution to the efficiency in the range 0.02 < n,, < 0.15 over the
range of I'; values plotted in Fig. 4c.

Transducer efficiency. The relatively low electromechanical coupling
in this device (g.=2m x 1.6 Hz) limits the maximum achievable
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electromechanical dampingrate to [, = 21 x 1.1 kHz. To maximize the
bandwidth, we often operate the transducer in a mismatched mode
with /> I, but this comes ata cost to the narrowband signal efficien-
cy of the transducer?”:

Ko ext Ke,ext 4l [,

n=e—— ,
t Ko, Ke TI%

(10)

where gisthe optical cavity mode matching. This setsan upper bound
on the efficiency with which broadband signals can be transduced.
Equation (10) also depends on I, implicitly owing to the
pump-power-dependent LC circuitloss®. This contributionis respon-
sible for the sharp drop in efficiency for I, < I,oneach curveinFig. 4c,
and contributes to the plateau in i, at high /. for each fixed value of I,.

Transducer gain. Owing to the finite sideband resolution of the
electro-optic system*, the transducer has gain*

e ] 1o i)}

This two-quadrature gain is undesirable for transduction, as it is
necessarily accompanied by unwanted added noise®, but it is a small
effect, varyingin the range 1.3 < n; < 1.5 with microwave pump power.

(11

Microwave transmission loss between the cQED system and the
transducer. Our systemalso permits qubit readout through amicrowave
readout apparatus, shown in Fig. 1b. Its quantum efficiency qg‘i“ is
defined to include all sources of loss and noise that affect the readout
pulseasitemerges fromthe cQED system’s cavity, reflects off the trans-
ducer’s LC circuit, and is detected using the microwave heterodyne
measurement chain. Measuring qg‘icallows ustoback outthe microwave
transmission loss 77, between the cQED system and the transducer,
which also contributes to 17,. As shown in Extended Data Fig. 2, qg“c
decreases significantly withincreasing I,—mainly owing to I ,-dependent
reflection loss. These data are fit to amodel (purple curve in Extended
DataFig.2) thatincludes the effects of /.-dependent LC circuit reflection
loss, noise emitted from the microwave port of the transducer, and in-
dependently calibrated microwave measurement chain added noise
referred to the transducer output?, with i,,;. as the only free parameter,
yielding n.i.. = 0.34 (4.7 dB). Thisrelatively high loss can be mitigated by
reducing the total number of microwave connectorsin the signal path,
switching to superconducting cables, and removing filters from the
signal pathand placing theminstead on the pump and cancellationlines.

Using the quantum efficiency of the optical measurement appara-
tusand astate-space model (Supplementary Information), we perform
afitton,asl, +/,is varied, with ;. as the only free parameter. This
yieldsanapparent microwave loss of PP = 0.17, inslight tension with
Numic = 0.34 inferred from the microwave measurement described above.
This discrepancy may be owing to drifts in the optical cavity mode
matching or microwave chain gain over atimescale of several months.

Optical detection efficiency. The optical detection efficiency is given
by the product of factors encoding optical transmission losses between
thetransducer and the balanced heterodyne detector, the inefficiency
of the heterodyne detector itself, and the detector’s dark noise: to-
gether these three factorsyield n,,,, = 0.28. This figure excludes optical
cavity losses and imperfect mode matching, whichareincludedin the
transducer efficiency, equation (10).

cQED system cavity loss. Through the measured attenuationon the
lines, we bound the sum of the of the weak port coupling andtheinter-
Nal 0SS t0 K in + Kepy < 2T x15kHz. Thus g =1~ Loine? Fow '"‘“(c —eint_Zev 5 0.96 does
notsignificantly affect .

Added noise. Here we show how the noise measured at the input of
the optical heterodyne detector, or equivalently at the output of an
effective amplifier with gain ,,., can alternatively be expressed as a
contribution to the quantum efficiency n, of the electro-optic readout
apparatus, modelled as an effective beamsplitter (Fig. 4b).

The voltage records obtained from optical heterodyne detection of
the upconverted qubit readout pulse can be written in the form

Ly () = \[Go ([K T s REaty(0)) +4(£)) 12)
Qe (8) =[Gy ([Kellore IM (@, () + o (0)), (13)

where@is anoverallgainfactorandtheindex k = {g, e} labels whether
the qubit was prepared in the ground state or the excited state.
Nioss = Nowllell6MmicMloplcay iNCludes all sources of loss between the cQED
systemand theideal optical detector, and (]and fQ arenoise operators
whose autocorrelation functionsinclude contributions from vacuum
fluctuations, the added noise of an ideal heterodyne detector and
transducer added noise N,:

D) =0y = %(1+Nt>6(t—t'). 14)

Equations (12)-(14) define the amplifier model described in Fig. 4b
inwhichthetransduction processis characterized by an efficiency 7,
and total two-quadrature noise N4 =1+ N,at theinput of anideal opti-
cal detector. However, for qubit readout, it is often more convenient
to combine these metrics into a single figure of merit. To this end, we
rescale equations (12), (13) to obtain

I0=./G; [/ s Re(ak>(t))+5(t>] (15)
a0~ [c; [/l‘f';;s lm(ak><r>)+zQ(t>J 6)

where JG, =.[G,(1+N,) isamodified overall gain factor, and { and
(Q are noise operators containing only contributions from vacuum
fluctuatlons and ideal heterodyne detection: (((t)((t’))—
(ZQ(t)ZQ(t’)) = 76(1,* t’). From equations (15), (16) it is clear that nqcan
be defined as

1

nq = ’Zloss’znoise = nloss x

See Supplementary Information for a derivation of the exact form
of N,.

Prospects for quantum transduction
The relevant figure of merit for quantum-state transduction
is the added noise referred to the output of the cQED system
Negep = N/ Mioss (ref. ). When we optimize for maximum efficiency,
with (I, I,)/2m = (1.1, 5.0) kHz, and achieve n, = 8 x 10™, we obtain
N.qep = 740 photons. This is, of course, far from the value required for
quantum-enabled transduction® and is limited by insufficient band-
width, LCcircuitloss, transducer efficiency and pump-power-dependent
noise generated by the LC circuit”. However, even moderate improve-
mentsinthe vacuum electromechanical coupling g, will greatlyimprove
Mowr ’]tand Mnoise-

Anincrease ing, would provide many simultaneousimprovements to
the operation of the transducer by reducing the number of microwave
pump photons required to achieve a given transduction bandwidth.



Forexample, g, =2m x 8 Hzwould enable/.=/,=2m x 5 kHzand reduce
pump-power-dependent LC circuit loss, yielding n, = 0.6. If accompa-
nied by anincreaseinthe qubitdecay timesto T, =T, =100 ps, we expect
Nyw = 0.9,and the transducer to be quite close to quantum-enabled with
N.qep <10. Further reductions inadded noise, which will be needed to
approach the N, <1regime, are currently being explored, includ-
ing the use of wafer bonding to achieve more reliable and even larger
electromechanical coupling rates. Pump-induced vortex loss in the
superconductorisalso currently being investigated as a possible source
ofbothLCcircuitloss and added noise, which may be improved through
better magnetic shielding.

Isolation and filtering

The two modular systems are connected via a coaxial transmission
line through asingle-junction circulatorinseries with atriple-junction
circulator. This provides atotal of 63 dB of isolation to shield the cQED
system from the strong microwave pump (up to —45 dBmincident on
the LC circuit), whichisrouted to the transducer through a directional
coupler. Additionalisolationis achieved by sending a cancellation tone
through the second portof the directional coupler (labelled ‘cancel port’
in Extended DataFig. 3a) tointerferometrically cancel the large reflected
microwave pump? Filters are also placed between the cQED system
and the transducer to eliminate the propagation of high-frequency
thermal radiation along the coaxial cable connecting the two systems.
See Extended Data Fig. 4c for details of the layout and filtering.

Source of excess backaction

AsshowninFig. 3b, there is asmall amount of excess backaction from
the operation of the transducer at very high I, equivalent to
An=(3+1) x10excess photonsin the cQED system’s microwave cav-
ity. This excess backactionis inferred from measurements of the pure
dephasingtime of the qubit 7' = 75" - %Tfl—see Extended DataFig. 6—
using equation (1). Two possible mechanisms could cause such excess
backaction: heating of the 50-Q termination that thermalizes the cQED
system by the strong microwave pump, or direct backaction from pump
photons making it through the isolation between the cQED system and
the transducer. We can differentiate these two possible sources of
backaction by using our cancellation scheme as an interferometer to
tune the power P, of the microwave field propagating towards the
cQED system (Extended Data Fig. 3a, b).

The number r1, of pump photons in the cQED system’s microwave
cavity canbe accurately measured by monitoring the qubit frequency
shift Aw, = 2x7,dueto the (coherent) a.c. Stark effect®. Extended Data
Fig.3c shows the number of coherent pump photonsin the cQED sys-
tem’s cavity as a function of P,... During normal operation of the trans-
ducer, the cancellationis optimized so that P,.; < —95 dBm, and we can
linearly extrapolate 17, to low powers to find that i, <1 x 10 during
normal operation. The measured excess backaction An=(3+1) x107
is larger, so it is likely that local heating of the 50-Q termination that
thermalizes the cQED system is responsible for the majority of the
excess backaction observed in Fig. 3b. Improvements in g, that will
enable a reduction in microwave pump power should further reduce
this excess backaction.

Importance of backaction for remote entanglement protocols
As optical fibre imposes photon loss of at least 0.14 dB km™ (ref. *),
encodings with fidelity insensitive to photon loss are required for opti-
cal quantum networks. A recently proposed and promising example
of a protocol that heralds quantum states in such a manner uses
time-bin qubits of the form ) = alt,) + BIt,), where ¢, and ¢, represent
two distinguishable arrival times for a single photon. There are differ-
ent techniques for generating such superpositions*, but two tempo-
rally separated gates arerequired to transmit the qubit. This describes
a protocol for transmitting heralded quantum states through a lossy
quantum network.

However, if the process of transducing the single photon disrupts
the circuit QED system generating the time-bin qubit, then turning on
the electro-optic transducer during the first time bin will destroy the
entire time-bin qubit and prevent the transmission of any quantum
information. More broadly, any quantum communication protocol that
requires a qubit gate operation after the electro-optic transducer has
beenturnedonrequires that the electro-optic transducer not disrupt
the state of the qubit.
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Extended DataFig.1| Quantum efficiency measurement. (a) Protocol for
measurement-induced dephasing calibration. Aweak measurement pulseis
injected intoaRamsey sequence. The Ramsey sequence is then followed by a
strong projective measurement of the qubit. (b) The coherence of the qubit p,,
decays as a Gaussian function of the weak measurement amplitude /7. The
points are data, while the line is a Gaussian fit. (c) Measurement of the SNR
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Extended DataFig.2|Characterisation ofthe quantum efficiency of the
microwave readoutapparatus. The microwave readout efficiency q‘q“i“ is
measured asafunction of the electromechanical damping rate[,. The points
aredata, while thelineisamodelincluding partial absorption of the readout
pulse by the pump power-dependent reflectionloss of the LC circuit,
power-dependentadded noise, fixed transmissionlosses and the
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independently measured added noise of the microwave heterodyne
measurement chain. The shape of the curve is dominated by power-dependent
LCcircuitreflectionloss, with the quantum efficiency of the microwave
readoutapparatus approaching zero at high power because the LC circuit is
nearly critically coupled. From this model, we estimate 4.7 dB of loss

(7mic = 0.34) between transducer and the cQED system.
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Extended DataFig. 3 | Excess backaction from pump photonleakage.

(a) Circulators (total isolation of 63 dB) and interferometric cancellation are
used to prevent the strong microwave pump fromreaching the cQED system
and dephasing the qubit. Cancellationis achieved by sending amicrowave
cancellation tone with amplitude equal to that of the reflected microwave
pump butopposite phaseinto the second arm of the directional coupler. The
phasor sum of this cancellation tone and the reflected microwave pump
determines the pump power P, ;propagating towards the cQED system. (b) The
directional coupleracts asaninterferometer, enablinginterference between
thereflected microwave pump and the cancellation tone. During normal
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operationofthe transducer the cancellation tone is tuned to minimise P,;, but
to estimate the effect of pump photons on the qubit the cancellation tone can
betunedtoonly partially interfere and tune P,.;over several decades. The
phasor sumshown here s for the case of constructive interference. (c) The
number of pump photonsin the cQED system 77, is measured as P,is varied.
Duringtransducer operation the cancellationis typically tuned to achieve
Ps<-95dBmorequivalently 7, <1x 1073. The cancellation does not stay
completely fixed over the course of the experiment due to small thermal drifts
slightly changing the amplitude of P,.



Readout
(Agilent E8257D)

b
~, O 50 Q termination @ Variable attenuator

AWG
(Zurich Instruments r 10 GHz LPF Variable phase shifter

HDAWG)

a

] Qubit drive

(Keysight N5172B) J, J> L l oo

S
Q-

RF switch 180° hybrid

Transducer pump

<Y O (R & S SMA100B) ] oirectional coupler Ecco-sorb filter
A @K
&> R \R ~
N Polarizing Beamsplitter D— Photodetector
||
\ NER \
o) o (o) Local Digitizer Digitizer
oscillator
o - (Agilent E8257D) | (AlazarTech (AlazarTech
2 ATS9462) ATS9462)
Jos}
(| = ) ¥ It
[] IS4 = = ( = (
(o} [} [}
L] - - -
3
O _ 5
I Q
Lock-in Amplifier
(Zurich Instruments
] HF2LI)
c —— 4K in
@ HEMT e oo
o — o o
N N N
- . 800 mK
® U
o
T @
T e
Transmon Faraday
_m_ qubit Sapphire rotator
° rod
o
(3ol
3 Optical
i oo Faraday pump
rotator
) i To optical cavity
Ecco @ N\ lock feedback
x4 Resonant
lock
Extended DataFig. 4 | Experimental schematic. (a) Microwave layout (d) Demodulationand detection scheme. The two digitisers allow for
demonstrating the exact configuration of the qubit readout/control pulsesand  simultaneous measurement of the microwave and optical signals emitted from
the pumps for the electro-optic transducer. (b) Legend for various different thetransducer. (e) Simplified schematic of optical beam layout and balanced

microwave and optical components. (c) Cryogenic portion of the experiment. heterodyne detector.
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Extended DataFig.5|cQED system. (a) The cQED systemisa
superconducting qubit coupled to a3D quarter-wave post resonator whichisin
turn evanescently coupled to the waveguide above. A sapphirerod canbe
translated towards the end of the post resonator via a piezo-electric stepping
module (Attocube ANPz101/LT/HV) in order to tune the resonator’s frequency.
Thesapphirerodis epoxiedtoaclamp with stycast 2850 and then bolted to the

g coaxial cable

(b)

coaxial coupling pin

qubit clamp

waveguide lid

sapphire rod clamp

piezo-electric stepping module. Alid with a narrow hole for the sapphire rod to
passthroughisattached to the top of the waveguide to prevent coupling of
modesinthe Attocube mount to modes within the waveguide and the
quarter-wave resonator. (b) Photo of the cQED system and Attocube mount.

A copperbraidis attached to the gold-plated copper qubit clamp to help
thermalize the superconducting qubit.



50 = +
40 + @ T, Transducer off
V¥ T2, Transducer off
— + @® Ty, Transducer off
1]
% @® Ti, Transducer on
'g 30 = T, Transducer on
§‘ @ Ty, Transducer on
3 ® @® 71 Laseron
VY T, Laseron
20 AW A 4 v @® T, Laseron
¢® o °
$ ()
\
10 =
L L L L L
40 50 60 70 80 90 100

temperature (mK)

Extended DataFig. 6 | Qubit coherence time data. Qubit coherence times
under three different electro-optic transducer operating conditions:
transducer off, transducer on with (/, I)/2nt = (1.1,5.0) kHz and just the laser on
with (I, I)/2n= (0, 5.0) kHz. Turning just the laser on isindistinguishable from

the transducer being turned off. Running the electro-optic transducer does
reduce the dephasing time of the qubit (see the cyan hexagon). Circles
represent T, times, triangles represent T, times and hexagons represent T,,.



Article

Extended Data Table 1| cQED system and electro-optic transducer parameters

Parameter Symbol [Value

Qubit frequency Uy wy/ 2m=5.632 GHz
Qubit-cavity coupling Oqc Oqc/ 211 = 66.4 MHz
Qubit anharmonicity v v/ 21 =228 MHz
Dispersive shift X X/ 2m=172 kHz
Critical photon number Nerit Ngrit = 302 photons
Cavity frequency NN W/ 21m=7.938 GHz
Cavity linewidth K¢ K¢/ 2= 380 kHz
Weak port coupling Kew Kew/ 21T < 5 kHz
Cavity internal loss Ke,int Ke,int/ 211 < 10 kHz
Qubit lifetime T4 T =17 ps

Ramsey time Ty T, =20 ps

Optical cavity frequency Y wy/ 21 =277 THz
Optical cavity external coupling Ko,ext Koext/ 2TT=2.12 MHz
Optical cavity linewidth Ko Ko/ 2TT=2.68 MHz
LC circuit frequency Uk we/ 21T =7.938 GHz
LC circuit external coupling Ke ext Keext/ 21T=1.42 MHz
LC circuit linewidth (low pump power) Ke Ke/ 2T= 1.6 MHz
LC circuit linewidth (high pump power) Ke Ke/ 2m= 2.7 MHz
Mechanical mode frequency Wh W/ 2m=1.45 MHz
Intrinsic mechanical dissipation rate Ym Ym/ 2m=0.11 Hz
Vacuum optomechanical coupling o Qo/ 211=60 Hz
Vacuum electromechanical coupling Oe e/ 2T=1.6 Hz
Optical cavity mode matching € €=0.80




Extended Data Table 2 | Contributions to the quantum efficiency

Parameter Symbol [Value

Finite bandwidth Now See Eq. (9)

Microwave transmission loss Nmic Nmic = 0.34

cQED system cavity loss Neav Ncav > 0.96

Optical detection efficiency Nopt Nopt = 0.28

Added noise Nnoise  |Mnoise = (1+ N¢)™ "= Nt
Transducer efficiency Nt See Eq. (10)

Transducer gain NG See Eq. (11)

Numerical values are not reported for contributions that depend on I, or I



	Superconducting-qubit readout via low-backaction electro-optic transduction

	Online content

	Fig. 1 Apparatus for readout of a superconducting qubit via electro-optic transduction.
	Fig. 2 Single-shot readout of a transmon qubit via the electro-optic transducer.
	Fig. 3 Transducer backaction on the qubit.
	Fig. 4 Quantum efficiency of electro-optic readout of a superconducting qubit.
	Extended Data Fig. 1 Quantum efficiency measurement.
	Extended Data Fig. 2 Characterisation of the quantum efficiency of the microwave readout apparatus.
	Extended Data Fig. 3 Excess backaction from pump photon leakage.
	Extended Data Fig. 4 Experimental schematic.
	Extended Data Fig. 5 cQED system.
	Extended Data Fig. 6 Qubit coherence time data.
	Extended Data Table 1 cQED system and electro-optic transducer parameters.
	Extended Data Table 2 Contributions to the quantum efficiency.




