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Quantum state transfer between microwave and optical frequencies is essential for connecting
superconducting quantum circuits to optical systems and extending microwave quantum networks
over long distances. However, establishing such a quantum interface is extremely challenging be-
cause the standard direct quantum transduction requires both high coupling efficiency and small
added noise. We propose an entanglement-based scheme—generating microwave—optical entangle-
ment and using it to transfer quantum states via quantum teleportation—which can bypass the
stringent requirements in direct quantum transduction and is robust against loss errors. In addi-
tion, we propose and analyze a counter-intuitive design—suppress the added noise by placing the
device at a higher temperature environment—which can improve both the device quality factor and
power handling capability. We systematically analyze the generation and verification of entangled
microwave—optical photon pairs. The parameter for entanglement verification favors the regime of
cooperativity mismatch and can tolerate certain thermal noises. Our scheme is feasible given the

latest advances on electro-optomechanics, and can be generalized to various physical systems.

The modular quantum architecture—moderate-sized
quantum registers connected by efficient communica-
tion channels—is a competitive approach toward a scal-
able quantum network [1-3]. Physically, it is comprised
of natural or artificial “atoms”—the nodes—and flying
photons—the interconnects. As engineerable mesoscopic
“atoms,” superconducting qubits [4, 5] can strongly inter-
act with microwave photons in cavities or waveguide res-
onators, known as the circuit quantum electrodynamics
(cQED) architecture [6, 7]. Microwave photons have
been employed to entangle remote transmon qubits [8—
10] and cavity memories [11, 12]. However, the high loss
in microwave cables at room temperature prevents the
transmission of quantum signals over long distances [13].
In contrast, optical photons stand out as quantum in-
formation carriers at large spatial scales—entanglement
and teleportation have been demonstrated over kilome-
ters through telecommunication fibers [14, 15] and free
space [16]. Therefore, high-fidelity quantum state trans-
fer between superconducting circuits and optical photons
will greatly expand the quantum computing network, as
well as bridging superconducting qubits with different
quantum modules [17-22].

However, superconducting circuits do not have an op-
tical transition. A quantum transducer is needed to
interface microwave and optical photons in a quantum
coherent manner. So far, most investigations of quan-
tum transducers are based on direct quantum transduc-
tion, which linearly converts photons between different
frequencies. Proposed direct transducers involve cold
alkali atoms [23-25], rare-earth-doped crystals [26, 27],

magnons [28], electro-optics [29-31] and nanomechan-
ics [32—44]. Recent experiments on cavity electro-
optomechanics are very encouraging [32, 34, 41-46], but
it is still challenging to achieve both high conversion ef-
ficiency and small added noise. In these setups, micro-
wave and mechanical resonators are coupled by either
electrostatic or piezoelectric forces. Nanomembranes for
electrostatic coupling usually vibrate at MHz frequencies
[32, 41, 45, 47], resulting in a narrow conversion band-
width and high added thermal noise. On the other hand,
piezoelectric oscillators at GHz frequencies [34, 46, 48—
51]—couple to much lower thermal noise—can be rou-
tinely fabricated with high cooperativity [39, 46]. How-
ever, there are still challenges from the coupling loss at
both microwave and optical interfaces that limit the con-
version efficiency [42, 51, 52], and the undesired optical
heating of the device [53, 54] which requires new design to
improve the power handling capability (PHC). In this let-
ter, we propose to boost the PHC by immersing the unit
in a 1 K environment, and the GHz oscillator can have
a favorably low intrinsic mechanical loss and be further
cooled close to its ground state by coupling to another
10 mK bath.

A direct photon converter is capable of transferring
quantum states only if the conversion efficiency n > 1/2
[56]. In principle, we can bypass this stringent re-
quirement by introducing two-way classical communica-
tion that first heralds successful entanglement generation
[8, 57—63] then completes the quantum state transfer by
quantum teleportation [64-66]. Thus, we present such
a heralded microwave—optical (M—-O) entangled photon



pair generation and detection scheme, which is the first
step of realizing this entanglement-based quantum trans-
duction. We analyze its implementation in a generic
cavity electro-optomechanical system, and identify the
preferable parameter ranges for manifesting M—O entan-
glement. The entanglement analysis can be generalized
to transducers based on various physical platforms which
potentially inspires new M—-O entanglement related ap-
plications [67].

Entanglement generation.—Without loss of generality,
our discussions are based on the model depicted in Fig. 1.
The thickness mode of a mechanical oscillator is on one
side linearly coupled to a microwave resonator by piezo-
electric force [39, 49, 51], and on the other side paramet-
rically coupled to an optical cavity by radiation pressure
[68]. The frequencies of the optical, the mechanical, and
the microwave resonators are wo, wp, and we, respec-
tively. A laser at frequency w, = w, + A, pumps the
optical cavity and populates it by 7, photons on aver-
age. In the rotating frame of the pump, we write the
linearized Hamiltonian of the system

H/h = —Apata + wnb'b + wee'é — gem (bTé + béh)
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where a, 13, and ¢ represent the optical, mechanical, and
microwave modes; gem and gom,o are the piezoelectric and
the single-photon optomechanical coupling rates.

To entangle microwave and optical photons, as shown
in the inset (a) of Fig. 1, we generate entangled phonon—
photon modes by driving an optomechanical parametric
down-conversion (PDC) process using a blue-sideband
pump with A, = wy [60, 63, 69]. Meanwhile, me-
chanical excitations are swapped into the microwave res-
onator through the piezoelectric interaction. The M—-O
mode is approximated in a two-mode squeezed vacuum
sV e = Lz X1(@)¥ ()N [0), 10),, where sub-
scripts “o” and “e” represent the optical and microwave
modes. A is the effective squeezing factor [70]. For a weak
pump (A < 1), a M—O photon pair can be obtained with
probability |A[%.

To use flying photons as information carriers and
demonstrate non-classical correlations, we can encode
qubits into polarizations of multiple modes [71, 72], mo-
menta [73], time or frequency bins [74, 75]. As an ex-
ample, we present the scheme of generating time-bin en-
tanglement in our proposed setup'. As shown in Fig. 1,
the optical cavity is pumped by two blue-sideband pulses
separated by time At, which is within the coherence time

1 The time-bin encoding is immune to overall phase drift in op-
tical or microwave frequencies. The relative phase stability be-
tween different time-bins is realized by precisely timing the pump
pulses, actively stabilizing the interferometer and controlling the
separation of the Raman catching pulses.

of the pump laser and superconducting qubits. Denot-
ing d(()}lf )C and ég}lf )C as the optical and microwave output
mode operators in time-bin 1 and 2, respectively, the M—

O output modes is
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where for either mode, |0,0) denotes the state with
zero photon in the first and second time bin. Neglect-
ing the O(A?) terms and discarding the zero-photon
events by postselection, we obtain a time-bin Bell state
Y2(|1,0), [1,0), + [0,1),]0,1),) with probability |X[?,
which is to be verified in the rest of the discussion.

Flying photon measurement.—Optical time-bin qubits
can be detected with an unbalanced Mach—Zehnder in-
terferometer [76]. As depicted on the left of Fig. 1, given
the relative time delay between the long and short arms
precisely matching At, the photons in the first (second)
time-bin passing through the long (short) arm will inter-
fere at the second beam splitter. A click at Dy > projects
the optical qubit on |pF), = %(H,O)O + e 0,1),),
where ¢, is an adjustable phase. Note the unconditional
maximum efficiency of this projective readout is 0.5, be-
cause half of the clicks correspond to the photons in the
first (second) time-bin passing through the short (long)
arm produce no interference [77]. Maximum visibility of
unity can be recovered by discarding these early and late
counts through postselection.

On the microwave side (right panel of Fig. 1), fly-
ing photons in two time-bins are first converted to ex-
citations of two transmon qubits in a cQED system
through stimulated two-photon Raman absorption [9], af-
ter which the transmons and the optical modes are entan-
gled as %(\1,0)0 leg) +10,1), |ge)), where g(e) denotes
the ground (first excited) state of a transmon. After a
joint parity measurement (to be explained in the next
paragraph), a CNOT gate [78] followed by a high-fidelity
single-shot qubit readout [79] projects the two transmons
on %ﬂeg) + e7%e |ge)), where ¢, is a tunable phase.
We thus effectively project the microwave photons on
6E), = (11,0}, £ % [0,1),).

During the experiment, heralded signals indicating
successful entanglement generation are produced by mea-
suring the output photons in both microwave and opti-
cal domains—a M-O Bell state contains only one pho-
ton pair. Specifically, on the microwave side, instead
of counting photons, we can measure the parity of the
two-qubit state immediately after the stimulated Raman
absorption and postselect on the condition that only one
transmon is excited [80, 81]. Excluded by heralding are
null events |0,0), (0, 0)_, undecayed higher-order genera-
tion events, and the cases where the flying photons are
lost. Although not increasing the generation rate, this



TABLE I. Feasible parameters. Unless specified otherwise, these parameters apply to all evaluations in the text.
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FIG. 1. Schematic setup. The thickness mode of a piezoelectric resonator (yellow) is simultaneously coupled to a microwave
LC resonator (green) and an optical cavity. In each round, two blue-detuned pulses (purple) separated by At¢ pump the
optical cavity. Inset (a) gives the frequency landscape. Optical photons (red) are analyzed by an unbalanced Mach—Zehnder
interferometer: on the long arm, photons are delayed by time At; on the short arm, photon phase is shifted by ¢,. The outputs
of the second beam splitter are sent into two single-photon detectors. On the microwave side, through stimulated Raman
absorption, photons (green) are converted into qubit excitations in a ¢cQED system consisting of two transmon qubits (blue
and brown) with matched dispersive shifts to a cavity mode (black). Qubit readout is performed with the aid of a quantum-
limited amplifier (QLA). Inset (b) shows a joint parity measurement, a CNOT gate, and a single-qubit readout. The black line
represents the readout cavity initialized in a coherent state |a). A controlled-phase gate (Cy) followed by a meter represents
the cQED dispersive readout. R, (7/2) represents a /2 rotation about the (sin e, cos ge, 0) axis on the Bloch sphere. The
mechanical/microwave mode, with environment 7 = 1 K, can be cooled to the quantum regime by radiatively coupled to a 10
mK cold bath. At every stage of generation, manipulation, and detection of microwave photons, the average noise occupation
is sufficiently small with an effective temperature lower than Awe.

heralded scheme significantly improves the fidelities of
Bell pairs and enables the entanglement verification given
non-negligible transmission loss and limited detection ef-
ficiencies.

Gaussian output with dissipation and noise.—
Coupling to the thermal environment will degrade the
output to a two-mode squeezed Gaussian state. Besides
thermal noise from finite fridge temperature, an extra
heating to the device is unavoidable from the optical
pump [53]. To ensure that the device is not overheated,
we propose a counter-intuitive design—operating the
device in a (higher temperature) 1 K environment
(Fig. 1), on one hand to increase the PHC, on the
other hand to achieve an optimal mechanical quality
factor?. 1 K is the environment temperature of the
mechanical/microwave mode, while the thermal mode
occupations can be further reduced to the quantum
regime by over-coupling to a 10 mK bath [55]. This
is a crucial part of the design, which is distinct from
previous proposals. Also, one can further enhance the
PHC by immersing the unit in liquid with high thermal

2 The mechanical Q suffers from thermal enhanced decay at higher
temperature, and two-level defect at lower temperature [82].

conductivity and low fluid damping, e.g., super fluid He
IT is a possibility [83].

We label the optical, microwave, and mechanical dis-
sipation rates by Ko = Ko,i + Ko,cy Ke = Ke,i + Ke,c, and
Km (the subscript ‘i’ for internal loss, ‘¢’ for external cou-
pling), and assume the thermal phonon (photon) popu-
lation of the mechanical (microwave) dissipation bath is
Tpa = (eMm@/ksT _ 1)=1 on average, while the optical
resonator and the optical and microwave coupling ports
are purely subject to vacuum fluctuations. Combin-
ing the Heisenberg-Langevin equations with the input-
output theory, we derive the output two-mode Gaussian
state described by a covariance matrix [84]. Denoting
the M-O state quadratures as x5 = {do, Do, G, Do}, We
characterize the output M—O state by showing its power
spectrum densities u(w) = (|Go(w)|?) (optical mode) and
v(w) = {|ge(w)|?) (microwave mode) in Fig. 2(d). The
microwave mode has higher spectrum density due to its
intrinsic coupling to the thermal bath. Also, we numeri-
cally calculate the entanglement of formation Er [84] as
a function of the optomechanical cooperativity Copn =
492, /Kokim and the microwave readout ratio kec/ke,i,
which is tunable in experiments via the pump power and
the position of the microwave readout probe, respectively.
Using feasible parameters in Tab. I, Fr with resonant
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FIG. 2. (a) Entanglement of formation Er and (b) state pu-
rity pup versus Com and ke,c/Kei. The cyan lines are given
by Com = Cem + 1, separating the stable from the unstable
regimes. (c) Er and pp plotted with varied thermal noises
and fixed Com = 1—the black dashed lines in (a) and (b). (d)
The optical (red) and microwave (blue) output power spec-
trum densities where Com = 1, Ke,c/Ke,i = 150. Parameters in
Tab.I apply to all figures.

frequency is plotted in Fig. 2(a). Er > 0 indicates
the continuous-variable entanglement under any finite
squeezing and Er reaches its maximum when the electro-
mechanical cooperativity Cem = 492, /Fefim =~ Com — 1,
where strong PDC dominates and highly entangled state
with extremely low purity pp is generated, as shown in
Fig. 2(b) (see [85] for purity definition). In fact, by
checking the Routh-Hurwitz stability criterion [86-88],
the system becomes unstable when the optical pump is
too strong Copm > Cem + 1, as indicated in Fig. 2(a,b).
In Fig. 2(c), the Er and pp are shown with C,,,, = 1 and
different thermal nosies. As expected, higher thermal
noise degrades the entanglement and purity. It is worth
pointing out that in these plots, the parameter regime
Jem < Ke 18 chosen in order to avoid electromechanical
strong coupling where the mode splitting can potentially
complicate the photon detection. Nevertheless, entangle-
ment in the strong coupling regime would be interesting
for further investigations.

Entanglement verification.—A lower bound of the M—
O output state fidelity with respect to an ideal Bell state
is given by [18, 62]

pl/V p ; p; —
Fp = Z%_TQ_QT_\/Z’(J{OPOOJF, (3)

in which pf”, is the normalized probability of detect-
ing |ph), and |<pe> on the optical and microwave sides.
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FIG. 3. (a) “Phase diagram” of Bell state fidelity, Bell in-

equality violation for mib, = 1.6, and intrinsic direct con-
version efficiency. The regions with |S|max > 2, Fib > 0.5
(sufficient condition for entanglement) are shaded with or-
ange, light yellow and 7w > 0.5 (necessary condition for
direct quantum transduction) with light blue, respectively.
(b) S(0,pe;m/2,pe + m/2) for varied thermal noises, given
Com = 1 and Ke,c/Ke,i = 150. In these calculations, the mea-
surement efficiencies are assumed to be 1/2 on both the micro-
wave and optical sides.

Fi, > 1/2 indicates the M—O entanglement. Such re-
gions are delineated in Fig. 3(a) showing that a better
fidelity should avoid the strong PDC parameter regime.
Although FEr is large at these regimes, the highly-mixed-
entangled state (shown in Fig. 2(b)) is not suitable for
current entanglement verification. This is consistent with
the previous discussions that weakly squeezed M—O out-
put states better approximate the two-mode squeezed
vacuum and thus the time-bin Bell state.

A stronger entanglement manifestation that excludes
local hidden-variables is the violation of CHSH inequal-
ity [89], which can be tested in our proposed setup by
measuring

S(0, Pe; Py Pe) =

(4)
E(‘Pm 906) + E((plo, ‘P;) + E(gpg, QOe)

— E(po, ©},)-

E(@o, 9e) = Plo. T Pogp. = Piope = Pojp. 18 acquired
by detecting photonic and superconducting qubits on the
{l5)+ 1902 )q} basis. Choosing ¢, —po = @i —pe = 7/2,
we simulate the typical curves of S in Fig. 3(b) for varied
Npa. We obtain familiar sinusoidal curves which reach
the maximum when ¢, — ¢, = 7/4+ k7 (k € N). For low
thermal noises, clear violation (|S|max > 2) is observed.
The |S|max > 2 regions are delineated in Fig. 3(a), in-
dicating that the threshold for CHSH violation is more
stringent than Fyp, > 0.5.

The entanglement generation, thus the entanglement-
based transduction, is feasible giving the latest experi-
mental developments. In comparison, the direct quantum
transduction favors the cooperativity-matched regime,
shown by the blue shaded area in Fig. 3(a), which
encloses the regime with intrinsic conversion efficiency
Min > 0.5—a necessary condition for direct quantum con-



vesion®. First, this regime is generally hard to reach.

Second, to demonstrate quantum transduction, it is nec-
essary to maintain big coupling ratios (Kec/Ke, Ko,c/Ko)
and low thermal noises, which are extremely challenging
to realize simultaneously, e.g., no quantum information
can be directly transferred with the same coupling ratios
and thermal bath as in Tab. I since the overall conversion
efficiency n < 0.5.

Discussion.—Experimentally, entanglement is re-
vealed by coincidentally counting M—O photons. The co-
incidence counting rate R, is an essential quantity, which
contains two parts: 1) the accidental coincidence rate
R,.—random M-O photons detected simultaneously;
2) the correlated coincidence rate R..—parametrically-
down-converted M—O photons detected simultaneously.
Ideally, all output M—O photons will be detected. How-
ever, practical imperfections could degrade the detection
scheme, e.g., photon transmission losses, dark counts and
detector inefficiencies. To estimate the practical coinci-
dence rate, we use Ty, Do, 1o (Te, De, 1e) to model the op-
tical (microwave) photon transmissivity, dark count rate
and detector efficiency, respectively (see [84] for details).
With feasible parameters, we show the coincidence count-
ing rate R. is on the order of 10 Hz.

To have a good entangled M—O source, we must require
the correlated coincidence rate to be larger than the acci-
dental coincidence rate R.. > R,.. This condition leads
to g > 24£, + &+ Eo&e, where g is the Glauber cor-
relation function [90] and &, (&) is the ratio of the optical
(microwave) dark count rate to the generated photon de-
tection rate. This inequality has a clear physical meaning
that the quantum correlation—indicated by g(® function
should outperform all noises induced by the dark count,
detector inefficiency and transmission loss.

Our proposal is compatible with recent experiments on
cavity electro-optomechanics. Given a relatively smaller
Com [39, 42, 46], the system can be well prepared in the
cooperativity mismatched regime, leading to efficient en-
tanglement generation and detection even with a few
thermal photons. Furthermore, although our analysis
is on electro-optomechanics, the scheme can be gener-
alized to other types of M—O converters based on para-
metric interactions—for instance, the electro-optic con-
verters [31, 91]—and thus shed light on M-O quantum
transduction in various physical systems.
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