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Abstract: Optical photons play unique role in transmitting
information over long distances. Photonic links by the opti-
cal fiber networks compose the backbone of today’s global
internet. Such fiber optics can also provide the most cost-
effective quantum channels to distribute quantum infor-
mation across distant stationary nodes in future large-
scale quantum networks. This prospect motivates the recent
emerging efforts in developing microwave-optical quantum
transduction technology to interconnect microwave quan-
tum processors. Various frequency conversion approaches
are investigated to efficiently bridge the enormous electro-
magnetic frequency gap while preserving quantum coher-
ence. Nonetheless, high-fidelity entanglement generation
between remote quantum processing units has remained
out of reach to date. Here, we summarize the state-of-the-art
progresses in quantum transducer engineering and provide
the perspectives on the key challenges and opportunities
toward optically heralded quantum entanglement distribu-
tions.
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quantum transduction; frequency conversion; optically her-
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1. Introduction

The prospect of “quantum internet” has inspired global
interests in building distributed quantum networks where
a plethora of remote stationary quantum processor nodes
can work synergistically for complex quantum information
processing [1], [2]. At the physical layer, the key enabling
component of such quantum networks is the interconnects
that bridge different quantum systems. To this end, optical
photons, particularly in the telecommunication band, play
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unique roles as the media for transmitting quantum infor-
mation over long distances owing to the low propagation
loss via the global fiber infrastructure and the excellent iso-
lation of thermal decoherence at room-temperature ambi-
ent [3]. To date, a few demonstrations have reported suc-
cess in entangling remote quantum systems with intrinsic
optical transitions, proving the viability of optical quantum
networking [4]-[8].

On the other side of the electromagnetic spectrum,
microwave photons are frequently employed as the car-
riers for quantum processors. Critically, superconducting
qubits, known as the synthetic quantum two-level systems
in superconducting microwave circuits, have become one
of the leading technologies for quantum computing [8], [9],
[10]. Quantum networking of superconducting qubits will
allow for unprecedented scalability to overcome the hard-
ware overhead for quantum error corrections [11]-[15].
However, these qubits typically work with transition fre-
quencies in the 3—-10 GHz range, which require low temper-
ature environment at ~10 mK to avoid thermal decoher-
ence. While microwave photon-mediated quantum entan-
glements at meter-long separation have been demonstrated
with extensive cryogenic engineering [16], [17], the practical
solution for the quantum counterpart of large-scale cloud
computing requires efficient quantum microwave-optical
interfaces [18].

Transducing quantum information from microwave to
optical frequencies and vice versa, therefore, has become an
important active research area in quantum photonic engi-
neering [19]-[21]. The five-order-of-magnitude frequency
gap along with the absence of strong interactions at the
single-photon level calls for surging efforts to address many
open questions. This Perspective aims to provide a compre-
hensive introduction to the field of quantum transduction
and its broader importance in building quantum processor
networks. We begin with the most relevant metrics for gaug-
ing the performance of a quantum transducer within the
context of remote superconducting qubit entanglement gen-
erations. After reviewing the state-of-the-art implementa-
tions, we highlight the key challenges and possible tackling
solutions that can push the boundaries of the transduction
performance. Finally, we provide an outlook on the future
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steps toward the experimental realizations of optically
heralded entanglement and hybrid quantum repeaters
— the two fundamental building blocks for quantum proces-
sor networks.

2 Metrics for microwave-optical
quantum transduction

Fast and high-fidelity entanglement generation between
remote superconducting qubits usually translates to the
achievement of quantum transducers with high conversion
efficiency, low added noise, and large operation bandwidth
[22]. For distributed quantum computing applications, high
connectivity between multiqubit quantum processors also
requires scalability of the implementations [23], [24]. These
factors make the design of quantum transducers a mul-
tiobjective optimization problem. We will see in the fol-
lowing sections that a deep understanding of the interplay
among these metrics is crucial for engineering of a quantum
transducer.

2.1 Conversion efficiency

The ratio of the converted output optical/microwave pho-
tons over the input microwave/optical photons in the
transducer’s bandwidth defines the efficiency of a quan-
tum transducer (7 = Ny o(e)/Nin, e))- A Subunitary effi-
ciency represents loss of the quantum information decay-
ing through unwanted channels. Although high efficiency
is generally favored, the hierarchy of the role is depen-
dent on the exact entanglement protocol. For example,
remote deterministic entanglement can be created by con-
trolled swapping of a single quantum excitation between
two qubits connected via a quantum channel [25], [26]. If the
channel is to be implemented via microwave-optical trans-
ducers, near-unitary conversion efficiency is highly desir-
able because any loss of the quantum excitation translates
to the infidelity of the entanglement process. A threshold
of the efficiency can be found by considering the quantum
capacity, that is, the maximal rate at which the quantum
information can be transmitted coherently: since the quan-
tum capacity is bounded by Q = max{ 0, logzﬁ }, the pre-
requisite for nonzero quantum capacity is # > 1/2 [27]. In
contrast, in heralded entanglement schemes where the gen-
eration of entanglement is created on the success of single-
photon detections, a reduction of conversion efficiency does
not compromise the fidelity of entanglement, as we will
discuss in the last section. Instead, the conversion efficiency
becomes a determining factor on how fast the entanglement
can be successfully heralded [22], [28]-[30].
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2.2 Added noise

Microwave-optical frequency conversion is typically
accompanied by excessive noise from the simultaneous
conversion of the thermal occupations. The origin of such
noise can generally be traced to the finite bath temperature
and the absorption of optical/microwave pumps required
in various conversion approaches [31]-[35]. To model the
transducer’s noise performance as an added noise source,
the output optical/microwave noise photons (n,,) are
usually referenced to the input microwave/optical port,
defining the input-referred added noise (n,qq = Ryy/n)-
Intuitively, this quantity represents the equivalent noise
photon number added to the input port that generates
the same output noise quanta. The added noise is a major
source of quantum decoherence, which undermines the
fidelity in all kinds of entanglement schemes, therefore,
warrants design strategies for mitigation. To date, the
noise level of the state-of-the-art transduction techniques
remains far from allowing quantum error-correction below
error rate threshold (~1073 for surface code). Nonetheless,
much recent effort in transducer engineering has been
devoted to achieving subphoton input-referred added noise
(Nyqq < 1), referred to as the “quantum-enabled” regime
for that the transduced single-photon excitation dominates
over the added thermal noise quanta [36], [37].

2.3 Bandwidth

The upper limit of the speed at which the transducer can
be operated becomes an important consideration when cou-
pling a superconducting qubit to the quantum transducer.
Because of the finite lifetime of superconducting qubits,
the frequency conversion should happen before the decay
and decoherence of the quantum excitation. This sets the
requirement for the bandwidth of the quantum transducer
at the reciprocal of the decay and dephasing time con-
stants of the qubits. A quantum transducer operated at
a higher bandwidth can also speed up the single-photon
flux output and thereby hoost the success rate of remote
entanglement.

2.4 Scalability

Many foreseeable applications of distributed quantum
computing require high connectivity among multiqubit
quantum processors. To this end, integrated quantum
transducers with compatibility to planar superconducting
qubit architectures will enable multiple optical
quantum links due to the low device profile and heat
load [38]-[41].
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3 Approaches for
microwave-to-optical quantum
frequency conversion

3.1 Direct cavity electro-optic transduction

The interconversion between microwave and optical pho-
tons can be realized by the electro-optic y® nonlinearity
[42]. To bridge the frequency gap, a pump at optical fre-
quency is necessary, composing the picture of three-wave
mixing (Figure 1(a)). To benefit from the cavity enhance-
ment, the process is usually accomplished under the triple-
resonance condition where all microwave/optical photons
are onresonance and the frequency difference of the optical
pump and signal matches exactly with the frequency of
microwave resonance (Figure 1(b)). The optical resonances
can be supported by either different modes in a single
cavity (Figure 1(c)) [43], [44] or the hybridized modes in a
dual-cavity photonic molecule (Figure 1(d)) [45], [46]. The
conversion mechanism can be understood by the Pockel
effect: the time-varying electric field modulates the optical
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refractive index, which leads to fast oscillation of the optical
resonances. The photon conversion efficiency is given by
[20]:

4C

eo

(14 Ceo)”

where #,) = Key e0)/Keo 1S the extraction efficiency of
the microwave (optical) cavity, and C,, = 4n.gep2/K oK, 1S
the electro-optic cooperativity, with n, being the intracavity
photon number of the pump and x ., being the decay rate
of the microwave (optical) cavity. The single-photon electro-
optic coupling coefficient (g,,) is a function of the x@
nonlinearity as well as the spatial mode overlap between
microwave and optical fields in the Pockel material, which
can be expressed as
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Here, i, j, k are the indices for the spatial coordi-
nates, a and b represent the two optical modes, ¢ repre-
sents the microwave mode, )(;i’ is the second-order sus-

ceptibility tensor, and e, , is the normalized zero-point
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Figure 1: Electro-optic quantum transduction. (a) Schematic illustration of three-wave mixing (y?) processes for electro-optic up-conversion (upper
panel) and down-conversion (lower panel). MW, microwave. (b) Scattering picture of the triple-resonance condition. For an efficient electro-optic
frequency conversion, the microwave and the two optical frequencies coincide with resonances, respectively. The difference of the two optical
frequencies should match the microwave frequency. (c) A cavity electro-optic frequency converter using single-crystal aluminum nitride [43]. The two
optical resonances are the spectrally adjacent transverse-electric (TE) mode and transverse-magnetic (TM) mode of a single optical ring resonator.
(d) A thin-film lithium niobate (LN) electro-optic frequency converter [46]. Two evanescently coupled optical ring resonators lead to two hybridized
optical modes separated by the microwave frequency. (e) A bulky electro-optic transducer with a bulk LN optical resonator and a three-dimensional
microwave cavity [47]. The optical resonances are provided by two cavity modes separated by a free spectral range.
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complex field amplitude. The resulting input-referred

added noise for microwave-to-optical upconversion and

optical-to-microwave donwconversion are, respectively,

related to the microwave thermal bath occupation ng, by:
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Here, the microwave thermal bath occupation is a

result of the thermalization to the ambient cryogenic envi-

ronment and the pump-induced heating dynamics.

The performance of an electro-optical quantum trans-
ducer is critically dependent on the cooperativity C,,, which
has been limited by the lack of strong electro-optical nonlin-
earity, the large discrepancy of microwave and optical mode
volumes preventing significant mode overlap and the vari-
ousloss mechanisms in the optical cavities/superconducting
microwave resonators. Considerable research effort has
been focused on pushing the electro-optic cooperativity to
unity (i.e., C,, — 1). To improve the single-photon electro-
optic coupling, various material platforms with large intrin-
sic ¥® nonlinear coefficients have been explored, with
thin-film lithium niobate (LN) standing out as a preferred
candidate [39], [44]-[46]. Careful microwave/optical mode
engineering has also been attempted to obtain the max-
imal modal overlap while avoiding significant electrode-
induced optical loss and light-induced quasi-particle gener-
ation in the superconductors. To date, g,,/2t ~ 1kHz has
been achieved with on-chip optical ring resonators [39]. The
recent progress in LN nanofabrication techniques allows
routine realizations of high-quality optical resonators with
Q ~ 107 [48], [49] corresponding to ko/21t = f,/Q ~ 20 MHz
(f, is the optical frequency). Despite these improvements,
reaching the low-noise (n,44 < 1) quantum regime has
been challenging for integrated electro-optic approaches.
A recent demonstration using a millimeter-scale bulk LN
resonator has achieved low input-referred added noise of
0.16—0.4 with efficiency of 8.7 %-15 %, benefiting from the
high intracavity pump photon number and the power han-
dling capacity [36], [50] (Figure 1(e)). However, the low-noise
operation relies on lowing the repetition rate of the pump
pulses (<10 Hz), limiting the effective bandwidth of the
transducer.

3.2 Mediated quantum transduction

Microwave-optical frequency conversion can also be
achieved via a third entity in between. Coupling photons
to other degrees of freedom can leverage the unique
advantages of the mediators, including larger cooperativity
at the single-photon level, higher tunability and spectral
uniformity.
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One of the most promising mediators is mechanical
oscillators [51]-[64]. In this scenario, the frequency conver-
sion is a two-step process where the microwave photons are
converted to mechanical oscillation via electromechanical
coupling and subsequently to optical photons via optome-
chanical coupling and vice versa (Figure 2(a)). Assuming the
microwave cavity is on-resonance with the mechanical res-
onator and the optical pump is at the red/blue sideband of a
sideband-resolved optical cavity, the transduction efficiency
is given by

4CemC0m
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where Cqp, = 482Kk 18 defined as the electromechani-
cal cooperativity with the electromechanical coupling g,
and the mechanical decay rate xp,, Com = 4NMeom*/KoKm
is the optomechanical cooperativity with the single-photon
optomechanical coupling g,,,. In addition to the microwave
thermal bath (n,), the added noise for mechanics-mediated
transduction can also be sourced from the mechanical ther-
mal bath (n,,) as:
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Strong electromechanical coupling can be conveniently
implemented with piezoelectric materials such as alu-
minum nitride [52], [58], [59], lithium niobate [60]-[62], gal-
lium arsenide [53], and gallium phosphide [63], [64], allow-
ing near-unity conversion between microwave photons and
gigahertz mechanical oscillation. On the other side, the
optomechanical coupling can be realized by the radiation
pressure exerted on the mechanical resonator by the intra-
cavity optical photons [67]. Owing to the similar wavelength
scale of the gigahertz mechanical displacement field and the
optical field, g,,,/2x as high as ~1 MHz has been achieved
in suspended photonic crystal cavities using single-crystal
silicon [68], which is three orders of magnitude compared
to the electro-optic counterpart. The piezo-optomechanical
approach has been experimentally explored extensively on
piezo-silicon heterogeneously integrated platforms, realiz-
ing n,qq ~ 0.14 at 7 ~ 107* [59] and n,qq ~ 1.6 at y ~ 4 % [62]
in two instances (Figure 2(b)). Due to the large piezoelectric
coupling, bandwidth >1 MHz can be routinely attained in
piezo-optomechanical transducers, although the actual con-
verted photon flux is usually limited by the repetition of the
pulsed operation.

Despite the demonstrations of low-noise operations, the
mechanical resonators in piezo-optomechanical transduc-
ers suffer high mechanical loss, which greatly compromises
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Figure 2: Microwave-optic quantum frequency conversion via a mediator. (a) Schematic of mediated frequency conversion between microwave
and optical photons. The mediator couples to both microwave and optical photons at the single-photon coupling rate of g, and g,,,, respectively.
(b) A piezo-optomechanical transducer [59]. The electromechanical coupling is realized by an interdigital transducer on a heterogeneous stack of
piezoelectric aluminum nitride and single-crystal silicon. The optomechanical coupling is realized in the optomechanical crystal cavity (OMC).

(c) An integrated electro-optomechanical transducer in single-crystal silicon [65]. Instead of using piezoelectric materials, the electromechanical
coupling is realized by electrostatic actuation at a parallel-plate capacitor (pseudo-colored in yellow). (d) An electro-optomechanical transducer
implemented with a high-Q silicon nitride mechanical membrane resonator in the middle of an optical Fabry-Perot cavity [66]. () An integrated
optomagnonic frequency converter with yttrium iron garnet (YIG) optical waveguide [38]. (f) A millimeter-wave-to-optical frequency converter

assisted by Rydberg atoms [37].

the prospect of the approach. An alternative electrostatic
actuation mechanism for gigahertz mechanical oscillation
is, therefore, pursued on piezo-free single-crystal silicon
platform, enabling an electro-optomechanical transducer
with n,qq <1atn = 3% [65], [69], [70] (Figure 2(c)). Owing
to the reduced heating and the low intrinsic mechanical
loss in single crystal (Q,, ~ 107) [71], this transducer oper-
ates with continuous-wave optical pump, utilizing the full
bandwidth of 90 kHz. Another genre of piezo-free electro-
optomechanical transducers features the electromechani-
cal actuation of megahertz-frequency mechanical modes in
silicon nitride membranes embedded in bulk Fabry—Perot
optical cavities [33], [66], [72] (Figure 2(d)). The bulky struc-
ture allows large optical pump photon numbers that can
be leveraged to engineer balanced electromechanical and
optomechanical cooperativities for high transduction effi-
ciency. Though essentially free from optical pump induced
heating, the actuation of the MHz mechanical mode requires
microwave pump leading to a hot microwave bath. A
demonstration along this direction has shown continuous
transduction with n,qq ~ 3 at # ~ 47 %. However, the low
optomechanical and electromechanical coupling rates have
limited the transduction bandwidth to ~200 Hz [33].

Similar to phonons in mechanical oscillators, magnons,
ie, the collective excitations of spins in magnetic
materials, represent another candidate for mediating
quantum transduction [38], [73]-[76]. This approach can
benefit from the vast tunability of the magnon resonances
and the ultra-strong coupling with microwave photons [77],
[78]. However, due to the mismatch of the magnon and
optical mode volumes and the challenging nanofabrication
of the magnetic materials, the single-photon magneto-optic
coupling, in analogy to the single-photon optomechanical
coupling g,.,, has been limited to ~20 Hz [38] (Figure 2(e)).
Efficient magnon-assisted transduction thus requires
large pump power, which can result in excessive heating
and added noise. The low-noise operation and possible
noise mitigations of such transduction approach still
warrant future investigations. Atom-assisted transduction
exploits the intrinsic microwave and optical transitions
to enable enhanced effective y® nonlinearity [79]. Along
this direction, many candidates including color centers in
diamond [80], trapped ions [81], rare-earth-ion (REI) doped
crystals [33], [82], [83], and Rydberg atoms [37], [84] have
been developed. This approach can benefit from improved
added noise performance due to reduced pump-induced
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heating. High internal transduction efficiency of # = 58 %
with n,qq = 0.6 and a bandwidth of 360 kHz has been
demonstrated for the conversion between millimeter-wave
photons and visible-range optical photons using ensemble
of cold ®¥Rb atoms [37] (Figure 2(f)). Another attractive
feature of atom-mediated transduction is the spectral
uniformity of the transduced optical emission across
different sample devices. This is particularly beneficial in
ensuring nondistinguishability of the transduced single
photons. A recent work on REI-based transducers has
demonstrated coherent interference of the emitted optical
photons from two simultaneously operated transducers
[83].

4 Challenges toward the ideal
quantum transducer

Despite the extensive efforts on all fronts of transduc-
tion approaches, an ideal quantum transducer satisfying
all desirable metrics for remote superconducting qubit
entanglement remains elusive. The state-of-the-art per-
formance in terms of conversion efficiency and added
noise has been far from the threshold of positive quan-
tum capacity for deterministic entanglement generation
[27], [85]. The heralding entanglement protocol, while with
relaxed requirements on the transducer performance, calls
for orders-of-magnitude enhancement in low-noise single-
photon flux rate for practically useful remote quantum con-
nectivity. To allow future improvements, it is important
to first identify the challenges in the designs of quantum
transducers.

An outstanding challenge faced by most quantum
transducers is the absorption of the pump power neces-
sary for parametric enhancement of the transduction effi-
ciency. For the direct electro-optic transduction on inte-
grated platforms, the requirement for large microwave
and optical mode overlap necessitates proximity of the
optical cavity and the capacitor electrodes of the super-
conducting microwave circuits. However, superconductors
are well-known as being exceptionally susceptible to opti-
cal illumination, and slight absorption of optical photons
can generate severe quasi-particles and elevated thermal
population in the microwave resonator [34], [86]. This
absorption not only induces added noise as the thermal
microwave photons convert to optical photons but also
causes microwave frequency shift and cavity linewidth
broadening, which deteriorate the electro-optic cooperativ-
ity [87]. Photo-refractive effect is another challenge widely
seen in thin-film LN transducers, where the optical pho-
tons traveling in LN waveguides create unwanted charge
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carriers that shift the optical field out of the resonance
condition [45]. Mechanics-mediated transducers allow spa-
tial separation of the microwave and optical fields by engi-
neering distributed acoustic cavity modes, which can be
used to avoid the direct optical illumination on supercon-
ductors. Nonetheless, substantial optical-absorption heat-
ing of the mediating mechanical resonator has been
observed in piezo-optomechanical transducers, leading to
both high mechanical thermal occupation and mechanical
linewidth broadening [41], [59], [62]. This has limited low-
noise operations to be only possible with low efficiency
at ~10~* at weak optical pump power. The membrane-
in-the-middle (MIM) electro-optomechanical approach, on
the other hand, is essentially free from optical pump
induced heating. However, the strong microwave pump
required for the actuation of the MHz mechanical modes
instead becomes the major source of heating in such
systems [34].

Radiative cooling is one of the strategies to mitigate
the heating problem. By engineering a decay channel to
cold environmental baths, the excessive thermal occupation
can dissipate via other nontransduction ports and thus be
suppressed. For cavity electro-optic transducers thermal-
ized to ~10 mK temperature, radiative cooling can be real-
ized by significantly overcoupling the microwave resonator
to the waveguide (4, = Kkoyn/k. ~ 1) [88]. The mechani-
cal thermal occupation in mechanics-mediated transducers
can be radiatively cooled using either the electromechan-
ical or optomechanical decay channels. For transducers
with GHz mechanical modes, the microwave bath typically
remains cold even with continuous optical pump, enabling
radiative cooling via the electromechanical decay chan-
nel [89]. This motivates a recent work realizing electrome-
chanical quantum ground-state cooling by exploiting an
asymmetry in electromechanical and optomechanical decay
rates combined with the narrow mechanical linewidth [65].
In contrast, optomechanical quantum ground-state cooling
has been demonstrated for an MIM electro-optomechanical
transducer [34].

Passive mechanical cooling through better thermal
contact is proposed as another measure to suppress
optical-absorption heating in transducers involving
optomechanical crystal cavities. Instead of the suspended
one-dimensional nanobeam clamped only at the two
ends, two-dimensional optomechanical cavities allow heat
dissipation via the 2D connections to the surrounding
membrane, therefore, achieve lower thermal occupation
at similar intracavity photon numbers [90]-[92]. Similarly,
the concept of unreleased optomechanical cavity has also
been proposed to accelerate the heat dissipation [93].
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A more common mitigation to combat the heating
problem is by pulsing the pump power. The heating dynam-
ics usually contains a slow buildup process with finite char-
acteristic rising time when the pump incidents on the oth-
erwise cold transducer [34], [94]. If the pump duration is
shorter than the “turn-on” time constant of the heating
dynamics and the pause between adjacent pulses allows suf-
ficient cooling to the cold environment, the thermal occupa-
tion can be suppressed below the equilibrium. Thereby, the
transducer can benefit from a reduction of the added noise
while maintaining the conversion efficiency. However, this
improvement comes with an expense of significantly slower
operation speed and lower output photon flux because of
the low duty cycles necessary for the cooling.

Aside from the challenges intrinsic to the transducers,
other technical barriers are also noteworthy for remote
entanglement generation. For example, the optical on-chip
coupling efficiency (from the optical output waveguide to
the fiber) needs to be included in the overall transduc-
tion efficiency when considering the remote entanglement
experiments. However, the fiber-chip alignment in a dilu-
tion refrigerator has been difficult due to thermal contrac-
tion and inaccessibility to optical imaging. On-chip grating
couplers with vertical fiber array reach ~10 % coupling
efficiency at maximum [95]. End-fire coupling though a
lensed fiber can reach fiber-waveguide coupling efficiency
at 30 %-70 % but requires intensive efforts of alignment
after cooling down the sample to the fridge base temper-
ature [58], [59], [62], [65]. Several recent developments of
chip-glued tapered fiber couplers show robustness despite
the thermal contraction while reach 50 %—-80 % coupling
efficiency, lifting the necessity of the challenging fine align-
ment inside a dilution refrigerator [96], [97].

Additionally, single-photon detection of the trans-
duced optical photons requires the filtering of the opti-
cal pump. Except the scenario of magnon-mediated trans-
ducers where the transduced photons are accompanied
by a polarization rotation due to Faraday effect, high-
fineness, high-extinction spectral bandpass filters are nec-
essary for most microwave-optical quantum transducers.
Suppressing the filter insertion loss is, therefore, impor-
tant to preserve the precious output photon flux from the
transducers.

The spectral uniformity of the transduced optical pho-
tons is a necessary condition for most remote entangle-
ment protocols requiring indistinguishable photons. Due
to limited nanofabrication precision, however, the intrinsic
resonance frequencies of two “identical” optical cavities
in design typically have frequency variations at ~100 GHz
level, which implies frequency mismatch of the transduced
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optical photons. On-demand tuning of optical resonance is,
therefore, an important technology to overcome this limita-
tion. A direct in situ tuning of silicon nanophotonic cavity
resonance has been demonstrated at low temperature via
electrical field-induced nano-oxidization [98]. Additionally,
recent advance of LN electro-optic modulators can readily
cover the 100-GHz bandwidth requirement to compensate
for the frequency variation, although the insertion loss of
such modules would be lumped into the overall transduc-
tion efficiency [99]-[101]. Optical photon emission from
atom-mediated transducers can be highly uniform because
of the identical intrinsic transition energy across differ-
ent samples. However, since the emission are typically in
the visible range, the subsequent optical frequency down-
conversion required for the telecom-band optical fiber net-
work poses similar challenge of compromised transduction
efficiency. This challenge further motivates the search for
atomic systems readily operating at telecom-band optical
transitions such as Er3*-doped crystals and color centers in
silicon [102]-[106].

Beyond improving the performance of the transduc-
ers, another necessary engineering task is the seamless
integration with superconducting qubits. To this end, ini-
tial attempt has been made to integrate a transmon qubit
with a piezo-optomechanical transducer on the AlN-silicon
heterostructure platform [58]. However, the optical pump
illumination, predominantly the intracavity photons, cre-
ated excessive quasi-particles that pollute the superconduct-
ing qubit. To overcome the limitation, modular packaging
design thatisolates the qubit module from the optical illumi-
nation isimportant in preserving the quantum coherence of
the superconducting qubits.

5 Entangling remote
superconducting qubits using
quantum transducers

The main functionality of quantum transducers is to serve
as a microwave-optical interface to entangle remote sta-
tionary superconducting qubits via flying optical photons.
Due to the low conversion efficiency of the available trans-
ducers in the low-noise limit, short-term implementations
for remote entanglement generation will rely on herald-
ing schemes from fidelity considerations. As the first step
toward the goal, several recent low-noise transducers have
been exploited to probabilistically entangle microwave and
optical fields [107], [108].

Among various remote entanglement schemes, a
particularly suitable approach with current low-noise,
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low-efficiency transducers is the well-known Duan-
Lukin-Cirac-Zoller protocol [28], [29]. In this picture,
two identical copies of superconducting qubit-transducer
nodes at a distance are connected to a beam splitter. The
output ends of the beam splitter are both attached to
single-photon detectors. The event of transduction at either
node creates a single flying optical photon and a transition
between the ground and the excited states of the stationary
qubit. Here, because of the low transduction efficiency, we
assume the probability of simultaneous transduction at
both nodes is negligible and only one single photon can be
transduced at one time tag. Thus, one click registered at
either of the single-photon detectors heralds a transduction
event at one of the two qubit-transducer systems. If
the single-photon emission from the two transducers is
indistinguishable, the path information of the detected
photon is erased, that is, the transduction event can happen
at either side with equal probability. Thereby, for the two
remote qubits initiated at the same state, the single-photon
detection projects the two-qubit state to the Bell-like state
(le,g)+e7|g,e))/ /2, where |e(g)) represents either
of the superconducting qubits is at the excited (ground)
state.

The exact scheme of the above protocol can be imple-
mented in two configurations, depending on the operation
of the transducers. One of them is to operate the transducer
with a red-sideband pump (optical pump frequency lower
than the optical resonance), which allows the transfer of
the qubit excitation to an optical photon, thus termed the
microwave-to-optical state transfer mode. The transducers
can also be operated with a blue-sideband pump (opti-
cal pump frequency higher than the optical resonance),
where the transduction generates a pair of microwave and
optical photons via spontaneous down-conversion, which
is the photon-pair generation mode. With the transducers
operating at the microwave-to-optical state transfer mode,

(a)

\

>~

Red sideband
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Qubit

le> 1
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both superconducting qubits are initiated at the excited
state (Figure 3(a)). A transduction event up-converts the
microwave qubit excitation to a single optical photon, leav-
ing the qubit at the ground state. Since the generation of a
single transduced photon is always associated with a |e) —
|g) transition at one of the qubits, a single-photon detection
heralds the entanglement of the two superconducting qubits
(le,e) — (le, gy +e7'?|g,e))/ v/2) as the path information
is erased by the beam splitter. Conversely, in the photon-pair
generation mode, both superconducting qubits are initiated
at the ground state (Figure 3(b)). In this case, the detection
of a down-converted optical photon heralds the generation
of a microwave excitation, which induces a |g) — |e) tran-
sition at one of the qubits. Thereby, the detection of a single
transduced photon conditions the two-qubit state change
18.8) = (le.g) +e7¢|g.e))/ V2.

As discussed earlier, the success rate and fidelity of such
entanglement generation protocols are critically dependent
on the performance of the transducers [22]. The rate at
which one single-photon detector sees a transduced photon
is proportional to output photon flux determined by the
product of the conversion efficiency, bandwidth, and repe-
tition rate (for pulsed mode). It is worth noting that the pho-
ton loss due to nonunitary conversion efficiency does not
lead to the infidelity of entanglement generation because
the photon detection heralding is unidirectional. However,
the added noise at the transducer output is usually a dom-
inant contributor to the infidelity of the entanglement.
The exact roles of the added noise in the aforementioned
two entangling schemes are different: in the microwave-to-
optical state conversion mode, the optical added noise arriv-
ing at the single-photon detectors registers “false” clicks
at which the heralding mechanism does not apply; in the
photon-pair generation mode, the microwave added noise,
which is not correlated at the two qubit-transducer nodes,
can lead to decoherence of the qubits. Additionally, we note

(b)

Blue sideband
pump

«
lg> 1+

Blue sideband
pump

Figure 3: Optically heralded entanglement between two superconducting qubits at kilometer-long distances. (a) Heralding scheme based on
microwave-to-optical state transfer. (b) Heralding scheme based on microwave-optical photon pair generation.



DE GRUYTER

that, in both scenarios, if the photon detector cannot dis-
tinguish the photon number, infidelity can also be resulted
from the false clicks when the transduction happens at
the two qubit-transducer nodes simultaneously and one
of the photon detectors picks up two-photon states. While
the probability of simultaneous transduction is negligibly
low for two transducers with low conversion efficiency (as
we have assumed in the previous discussion), such false
clicks become considerable as the transduced photon flux
improves, leading to a trade-off between fidelity and speed
in the longer-term developments.

Looking a further step ahead, although remote entan-
glement mediated by telecom-band optical fibers can be
reliably sustained for as long as ~10 km, quantum links
over longer distances would require the presence of quan-
tum repeaters to relay the long-haul transmission of quan-
tum information. Such a quantum repeater should have
an efficient optical-spin interface to allow optically her-
alded spin-qubit entanglement and long quantum mem-
ory to store the entangled states. To this end, atomic sys-
tems featuring long spin coherence time, such as silicon-
vacancies in diamond [106], rare-earth-doped crystals [109],
cold atoms [110], and color centers in silicon [104], [105],
are, therefore, ideal candidates. Remarkably, a recent
demonstration has achieved a spin-photon interface in the
strong coupling regime by engineering high quality-factor
nanophotonic cavities in diamond [111]. Combining an addi-
tional optical frequency conversion process [7], a quantum
repeater protocol for long-range quantum networks can be
envisioned.

6 Conclusions

Microwave-optical quantum transduction is the indis-
pensable technology for distributing entanglement among
remote microwave quantum processors. The pushing of
quantum transducer performance on all fronts of metrics,
i.e, high efficiency, low added noise, large bandwidth, and
high scalability, have direct impact on the prospect of scal-
ing superconducting qubits through quantum networks.
Despite the increasing endeavor on all kinds of quantum
transducer platforms, several expectations, such as higher
cooperativity at single-photon pump, better heat dissipa-
tion, as well as high-efficiency packaging and light-robust
integration with superconducting qubits, pose rewarding
opportunities to quantum transducer engineering. Moving
forward, near-term improvements of many state-of-the-art
quantum transducer modalities can be readily sufficient to
enable several optically heralded schemes for entangling
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remote superconducting qubits, which will mark an impor-
tant milestone toward quantum processor networks and
distributed quantum computing. Another possible appli-
cation of quantum transducers is using superconducting
qubits to generate and control flying photonic qubits and
nonclassical optical states that are otherwise difficult to
obtain for optical quantum computing [112]. Lastly, in addi-
tion to interfacing remote quantum systems, we note sev-
eral recent works explore the benefits of using efficient
microwave-optical frequency converters for microwave
control and readout of superconducting qubits [113]-[116].
The exceptionally low heat load and low cost of fiber
optics may provide an attractive approach to scale up the
microwave control hardware for large-scale superconduct-
ing quantum processors.

Research funding: The author gratefully acknowledges the
support of startup funds from the Department of Physics,
University of Central Florida.

Author contributions: The author confirms the sole respon-
sibility for the conception of the study, presented results and
manuscript preparation.

Conflict of interest: Author states no conflict of interest.
Data availability: Data sharing is not applicable to this arti-
cle as no datasets were generated or analyzed during the
current study.

References

[1] H.J. Kimble, “The quantum internet,” Nature, vol. 453, no. 7198,
pp. 1023—1030, 2008.

[2] C.Monroe, et al., “Large-scale modular quantum-computer
architecture with atomic memory and photonic interconnects,”
Phys. Rev. A, vol. 89, no. 2, 2014, Art. no. 022317.

[3] E.Bersin, etal., “Development of a Boston-area 50-km fiber
quantum network testbed,” Phys. Rev. Appl., vol. 21, no. 1, 2024,
Art. no. 014024.

[4] S.Ritter, et al., “An elementary quantum network of single atoms
in optical cavities,” Nature, vol. 484, no. 7393, pp. 195—200,
2012.

[5] H.Bernien, et al., “Heralded entanglement between solid-state
qubits separated by three metres,” Nature, vol. 497, no. 7447,
pp. 86—90, 2013.

[6] V. Krutyanskiy, et al., “Entanglement of trapped-ion qubits
separated by 230 Meters,” Phys. Rev. Lett., vol. 130, no. 5, 2023,
Art. no. 050803.

[71 C. M. Knaut, et al., “Entanglement of nanophotonic quantum
memory nodes in a telecom network,” Nature, vol. 629, no. 8012,
pp. 573—578, 2024.

[8] A.N.Craddock, A. Lazenby, G. B. Portmann, R. Sekelsky,

M. Flament, and M. Namazi, “Automated distribution of
polarization-entangled photons using deployed New York City
fibers,” PRX Quantum, vol. 5, no. 3, 2024, Art. no. 030330.



1904 = H.Zhao: Building photonic links for microwave quantum processors

[9

(0]

(]

2]

[13]

4]

[5]

(6]

7]

(8]

(9]

[20]

[21]

[22]

[23]

[24]

[23]

[26]

[27]

[28]

F. Arute, et al., “Quantum supremacy using a programmable
superconducting processor,” Nature, vol. 574, no. 7779,

pp. 505—510, 2019.

P. Krantz, M. Kjaergaard, F. Yan, T. P. Orlando, S. Gustavsson, and
W. D. Oliver, “A quantum engineer’s guide to superconducting
qubits,” Appl. Phys. Rev., vol. 6, no. 2, 2019, Art. no. 021318.

S. J. Devitt, W. J. Munro, and K. Nemoto, “Quantum error
correction for beginners,” Rep. Prog. Phys., vol. 76, no. 7, 2013,
Art. no. 076001.

S. Krinner, et al., “Engineering cryogenic setups for 100-qubit
scale superconducting circuit systems,” EPf Quantum Technol.,
vol. 6, no. 1, p. 2,2019.

A. L Google Quantum, et al., “Suppressing quantum errors by
scaling a surface code logical qubit,” Nature, vol. 614, no. 7949,
pp. 676 —681, 2023.

V. V. Sivak, et al., “Real-time quantum error correction beyond
break-even,” Nature, vol. 616, no. 7955, pp. 50— 55, 2023.

Z.Ni, et al., “Beating the break-even point with a
discrete-variable-encoded logical qubit,” Nature, vol. 616,

no. 7955, pp. 56—60, 2023.

P. Magnard, et al., “Microwave quantum link between
superconducting circuits housed in spatially separated cryogenic
systems,” Phys. Rev. Lett., vol. 125, no. 26, 2020, Art. no. 260502.
S. Storz, et al., “Loophole-free Bell inequality violation with
superconducting circuits,” Nature, vol. 617, no. 7960, pp. 265—270,
2023.

D. Main, et al., “Distributed quantum computing across an optical
network link,” 2024, arXiv:2407.00835.

G. Kurizki, et al., “Quantum technologies with hybrid systems,”
Proc. Natl. Acad. Sci. U. S. A., vol. 112, no. 13, pp. 3866 —3873,
2015.

N. Lauk, et al., “Perspectives on quantum transduction,” Quantum
Sci. Technol., vol. 5, no. 2, 2020, Art. no. 020501.

X. Han, W. Fu, C.-L. Zou, L. Jiang, and H. X. Tang,
“Microwave-optical quantum frequency conversion,” Optica,

vol. 8, no. 8, pp. 1050—1064, 2021.

E. Zeuthen, A. Schliesser, A. S. Srensen, and J. M. Taylor, “Figures
of merit for quantum transducers,” Quantum Sci. Technol., vol. 5,
no. 3, 2020, Art. no. 034009.

N. P. Breuckmann and J. N. Eberhardt, “Quantum low density
parity-check codes,” PRX Quantum, vol. 2, no. 4, 2021,

Art. no. 040101.

H. Bombin, C. Dawson, R. V. Mishmash, N. Nickerson,

F. Pastawski, and S. Roberts, “Logical blocks for fault tolerant
topological quantum computation,” PRX Quantum, vol. 4, no. 2,
2023, Art. no. 020303. .

A. Bienfait, et al., “Phonon-mediated quantum state transfer and
remote qubit entanglement,” Science, vol. 364, no. 6438,

pp. 368—371, 2019.

Y. Zhonag, et al., “Deterministic multi-qubit entanglement in a
quantum network,” Nature, vol. 590, no. 7847, pp. 571—575,
2021.

C. Zhong, M. Xu, A. Clerk, H. X. Tang, and L. Jiang, “Quantum
transduction is enhanced by single mode squeezing operators,”
Phys. Rev. Res., vol. 4, no. 4, 2022, Art. no. L042013.

L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, “Long-distance
quantum communication with atomic ensembles and linear
optics,” Nature, vol. 414, no. 6862, pp. 413—418, 2001.

[29]

[30]

31

32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

DE GRUYTER

S. Krastanov, et al., “Optically heralded entanglement of
superconducting systems in quantum networks,” Phys. Rev. Lett.,
vol. 127, no. 4, 2021, Art. no. 040503.

H. K. C. Beukers, M. Pasini, H. Choi, D. Englund, R. Hanson, and

J. Borregaard, “Remote-entanglement protocols for stationary
qubits with photonic interfaces,” PRX Quantum, vol. 5, no. 1, 2024,
Art. no. 010202.

S. M. Meenehan, et al., “Silicon optomechanical crystal resonator
at millikelvin temperatures,” Phys. Rev. A, vol. 90, no. 1, 2014,

Art. no. 011803.

G. Arnold, et al., “Converting microwave and telecom photons
with a silicon photonic nanomechanical interface,” Nat. Commun.,
vol. 11, no. 1, p. 4460, 2020.

J. G. Bartholomew, et al., “On-chip coherent microwave-to-optical
transduction mediated by ytterbium in YVO4,” Nat. Commun.,

vol. 11, no. 1, p. 3266, 2020.

B. M. Brubaker, et al., “Optomechanical ground-state cooling in a
continuous and efficient electro-optic transducer,” Phys. Rev. X,
vol. 12, no. 1, 2022, Art. no. 021062.

M. Xu, C. Li, Y. Xu, and H. X. Tang, “Light-induced microwave noise
in superconducting microwave-optical transducers,” Phys. Rev.
Appl.,vol. 21, no. 1, 2024, Art. no. 014022.

R. Sahu, W. Hease, A. Rueda, G. Arnold, L. Qiu, and J. M. Fink,
“Quantum-enabled operation of a microwave-optical interface,”
Nat. Commun., vol. 13, no. 1, p. 1276, 2022.

A. Kumar, et al., “Quantum-enabled millimetre wave to optical
transduction using neutral atoms,” Nature, vol. 615, no. 7953,

p. 614,2024.

N. Zhu, et al., “Waveguide cavity optomagnonics for
microwave-to-optics conversion,” Optica, vol. 7, no. 10, pp.
1291-1297, 2020.

Y. Xu, et al., “Bidirectional interconversion of microwave and light
with thin-film lithium niobate,” Nat. Commun., vol. 12, no. 1, p. 1,
2021.

J. Rochman, T. Xie, ). G. Bartholomew, K. C. Schwab, and A. Faraon,
“Microwave-to-optical transduction with erbium ions coupled to
planar photonic and superconducting resonators,” Nat. Commun.,
vol. 14, no. 1, p. 1,2023.

M. J. Weaver, et al., “An integrated microwave-to-optics interface
for scalable quantum computing,” Nat. Nanotechnol., vol. 19, no. 2,
p. 166, 2024.

R. W. Boyd, Nonlinear Optics, 3rd ed. Burlington, Academic Press,
2008.

L. Fan, et al., “Superconducting cavity electro-optics: a platform
for coherent photon conversion between superconducting and
photonic circuits,” Sci. Adv., vol. 4, no. 8, 2018, Art. no. eaar4994.
A. Rueda, et al., “Efficient microwave to optical photon conversion:
an electro-optical realization,” Optica, vol. 7, no. 6, pp. 1737—1745,
2016.

J. Holzgrafe, et al., “Cavity electro-optics in thin-film lithium
niobate for efficient microwave-to-optical transduction,” Optica,
vol. 3, no. 12, pp. 597—604, 2016.

T. P. McKenna, et al., “Cryogenic microwave-to-optical conversion
using a triply resonant lithium-niobate-on-sapphire transducer,”
Optica, vol. 7, no. 12, pp. 1737—1745, 2020.

W. Hease, et al., “Bidirectional electro-optic wavelength
conversion in the quantum ground state,” PRX Quantum, vol. 1,
no. 2, 2020, Art. no. 020315.



DE GRUYTER

[48]

[49]

(50]

[51]

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[63]

[66]

[67]

M. Zhang, C. Wang, R. Cheng, A. Shams-Ansari, and M. Lon¢ar,
“Monolithic ultra-high-Q lithium niobate microring resonator,”
Optica, vol. 4, no. 12, pp. 1536 —1537, 2017.

X. Zhu, et al., “Twenty-nine million intrinsic Q-factor monolithic
microresonators on thin-film lithium niobate,” Photonics Res.,
vol. 12, no. 8, pp. A63—A68, 2024.

W. Fu, et al., “Cavity electro-optic circuit for microwave-to-optical
conversion in the quantum ground state,” Phys. Rev. A, vol. 103,
no. 5, 2021, Art. no. 053504.

A. Safavi-Naeini and O. Painter, “Proposal for an optomechanical
traveling wave phonon-photon translator,” New J. Phys., vol. 13,
no. 1, 2011, Art. no. 013017.

J. Bochmann, A. Vainsencher, D. D. Awschalom, and A. N. Cleland,
“Nanomechanical coupling between microwave and optical
photons,” Nat. Phys., vol. 9, no. 11, pp. 712—716, 2013.

K. C. Balram, M. I. Davanco, J. D. Song, and K. Srinivasan,
“Coherent coupling between radiofrequency, optical and acoustic
waves in piezo-optomechanical circuits,” Nat. Photonics, vol. 10,
no. 5, pp. 346—352, 2016.

W. Jiang, et al., “Lithium niobate piezo-optomechanical crystals,”
Optica, vol. 6, no. 7, pp. 845—853, 2019.

X. Han, et al., “Cavity piezo-mechanics for
superconducting-nanophotonic quantum interface,” Nat.
Commun., vol. 11, no. 1, p. 3237, 2020.

M. Forsch, et al., “Microwave-to-optics conversion using a
mechanical oscillator in its quantum ground state,” Nat. Phys., vol.
16, no. 1, pp. 69—74, 2020.

Y. Chu and S. Gréblacher, “A perspective on hybrid quantum
opto- and electromechanical systems,” Appl. Phys. Lett., vol. 117,
no. 15, 2020, Art. no. 150503.

M. Mirhosseini, A. Sipahigil, M. Kalaee, and O. Painter,
“Superconducting qubit to optical photon transduction,” Nature,
vol. 588, no. 7839, pp. 599—603, 2020.

S. Meesala, et al., “Non-classical microwave —optical photon pair
generation with a chip-scale transducer,” Nat. Phys., vol. 20, no. 5,
pp. 871—877, 2024.

L. Shao, et al., “Microwave-to-optical conversion using lithium
niobate thin-film acoustic resonators,” Optica, vol. 6, no. 12,

pp. 1498 —1505, 2019.

W. Jiang, et al., “Efficient bidirectional piezo-optomechanical
transduction between microwave and optical frequency,” Nat.
Commun., vol. 11, no. 1, p. 1166, 2020.

W. Jiang, et al., “Optically heralded microwave photon addition,”
Nat. Phys., vol. 19, no. 10, pp. 1423—-1428, 2023.

S. Honl, Y. Popoff, D. Caimi, A. Beccari, T. J. Kippenberg, and P.
Seidler, “Microwave-to-optical conversion with a gallium
phosphide photonic crystal cavity,” Nat. Commun., vol. 13, no. 1,
p. 2065, 2022.

R. Stockill, et al., “Ultra-low-noise microwave to optics conversion
in gallium phosphide,” Nat. Commun., vol. 13, no. 1, p. 6583, 2022.
H. Zhao, W. D. Chen, A. Kejriwal, and M. Mirhosseini,
“Quantum-enabled continuous microwave-to-optics frequency
conversion,” 2024, arXiv:2406.02704.

R. W. Andrews, et al., “Bidirectional and efficient conversion
between microwave and optical light,” Nat. Phys., vol. 10, no. 4,
pp. 321—-326, 2014.

M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, “Cavity
optomechanics,” Rev. Mod. Phys., vol. 86, no. 4, p. 1391, 2014.

H. Zhao: Building photonic links for microwave quantum processors

[68]

[69]

[70]

71

[72]

[731

[74]

[75]

[76]
[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(87]

- 1905

J. Chan, A. H. Safavi-Naeini, J. T. Hill, S. Meenehan, and O. Painter,
“Optimized optomechanical crystal cavity with acoustic radiation
shield,” Appl. Phys. Lett., vol. 101, no. 8, 2012, Art. no. 081115.

A. Bozkurt, H. Zhao, C. Joshi, H. G. LeDuc, P. K. Day, and M.
Mirhosseini, “A quantum electromechanical interface for long-
lived phonons,” Nat. Phys., vol. 19, no. 9, pp. 1326 —1332, 2023.

H. Zhao, A. Bozkurt, and M. Mirhosseini, “Electro-optic
transduction in silicon via gigahertz-frequency nanomechanics,”
Optica, vol. 10, no. 6, pp. 790—796, 2023.

G. S. MacCabe, et al., “Nano-acoustic resonator with ultralong
phonon lifetime,” Science, vol. 370, no. 6518, pp. 840—843, 2020.
A. P. Higginbotham, et al., “Harnessing electro-optic correlations
in an efficient mechanical converter,” Nat. Phys., vol. 14, no. 10,
pp. 1038—1042, 2018.

J. A. Haigh, A. Nunnenkamp, A. J. Ramsay, and A. J. Ferguson,
“Triple-resonant Brillouin light scattering in magneto-optical
cavities,” Phys. Rev. Lett., vol. 117, no. 13, 2016, Art. no. 133602.

R. Hisatomi, et al., “Bidirectional conversion between microwave
and light via ferromagnetic magnons,” Phys. Rev. B, vol. 93, no. 17,
2016, Art. no. 174427.

X. Zhang, N. Zhu, C.-L. Zou, and H. X. Tang, “Optomagnonic
whispering gallery microresonators,” Phys. Rev. Lett., vol. 117,

no. 12, 2016, Art. no. 123605.

S. V. Kusminskiy, “Cavity optomagnonics,” 2019, arXiv:1911.11104.
Y. Tabuchi, et al., “Coherent coupling between a
ferromagneticmagnon and a superconducting qubit,” Science,
vol. 349, no. 6246, pp. 405—408, 2015.

J. Xu, C. Zhong, X. Han, D. Jin, L. Jiang, and X. Zhang, “Coherent
gate operations in hybrid magnonics,” Phys. Rev. Lett., vol. 126,
no. 20, 2021, Art. no. 207202.

D. D. Awschalom, R. Hanson, J. Wrachtrup, and B. B. Zhou,
“Quantum technologies with optically interfaced solid-state
spins,” Nat. Photonics, vol. 12, no. 9, pp. 516 —527, 2018.

L. Lekavicius, D. A. Golter, T. Oo, and H. Wang, “Transfer of phase
information between microwave and optical fields via an electron
spin,” Phys. Rev. Lett., vol. 119, no. 6, 2017, Art. no. 063601.

M. Bock, et al., “High-fidelity entanglement between a trapped ion
and a telecom photon via quantum frequency conversion,” Nat.
Commun., vol. 9, no. 1, p. 1998, 2018.

X. Fernandez-Gonzalvo, S. P. Horvath, Y.-H. Chen, and

J.J. Longdell, “Cavity-enhanced Raman heterodyne spectroscopy
in Er3+:Y2SiO5 for microwave to optical signal conversion,” Phys.
Rev. A, vol. 100, no. 3, 2019, Art. no. 033807.

T. Xie, R. Fukumori, J. Li, and A. Faraon, “Scalable
microwave-to-optical transducers at single photon level with
spins,” 2024, arXiv:2407.08879.

S. Boréwka, U. Pylypenko, M. Mazelanik, and M. Parniak,
“Continuous wideband microwave-to-optical converter based on
room-temperature Rydberg atoms,” Nat. Photonics, vol. 18, no. 1,
pp. 32—38, 2024.

C.-H. Wang, F. Li, and L. Jiang, “Quantum capacities of
transducers,” Nat. Commun., vol. 13, no. 1, p. 6698, 2022.

R.P.S. M. Lobo, et al., “Photoinduced time-resolved
electrodynamics of superconducting metals and alloys,” Phys. Rev.
B, vol. 72, no.2, 2005, Art. no. 024510.

Y. Xu, et al., “Light-induced dynamic frequency shifting of
microwave photons in a superconducting electro-optic
converter,” Phys. Rev. Appl., vol. 18, no. 6, 2022, Art. no. 064045.



1906 = H.Zhao: Building photonic links for microwave quantum processors

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

(97

[98]

[99]

[100]

[101]

M. Xu, et al., “Radiative cooling of a superconducting resonator,”
Phys. Rev. Lett., vol. 124, no. 3, 2020, Art. no. 033602.

H. Ramp, B. D. Hauer, K. C. Balram, T. J. Clark, K. Srinivasan, and J.
P. Davis, “Elimination of thermomechanical noise in piezoelectric
optomechanical crystals,” Phys. Rev. Lett., vol. 123, no. 9, 2019,
Art. no. 093603. https://doi.org/10.1103/physrevlett.123.093603.
H. Ren, et al., “Two-dimensional optomechanical crystal cavity
with high quantum cooperativity,” Nat. Commun., vol. 11, no. 1,

p. 1, 2020.

S. Sonar, U. Hatipoglu, S. Meesala, D. Lake, H. Ren, and O. Painter,
“High-efficiency low-noise optomechanical crystal
photon-phonon transducers,” 2024, arXiv:2406.15701.

F. M. Mayor, et al., “A two-dimensional optomechanical crystal for
quantum transduction,” 2024, arXiv:2406.14484.

P. Burger, J. Frey, J. Kolvik, D. Hambraeus, and R. V. Laer, “Design
of a release-free piezo-optomechanical quantum transducer,”
2024, arXiv:2408.15134.

S. M. Meenehan, J. D. Cohen, G. S. MacCabe, F. Marsili,

M. D. Shaw, and O. Painter, “Pulsed excitation dynamics of an
optomechanical crystal resonator near its quantum Ground state
of motion,” Phys. Rev. X, vol. 5, no. 4, 2015, Art. no. 041002.

T. P. McKenna, R. N. Patel, J. D. Witmer, R. V. Laer, J. A. Valery, and
A. H. Safavi-Naeini, “Cryogenic packaging of an optomechanical
crystal,” Opt. Express, vol. 27, no. 20, pp. 28782 —28791, 2019.

B. Zhang, et al., “Cryogenic packaging of nanophotonic devices
with a low coupling loss <1 dB,” Appl. Phys. Lett., vol. 123, no. 16,
2023, Art. no. 161106.

M. Zhao and K. Fang, “Low-loss adiabatic fiber-optic coupler for
cryogenic photonics,” Appl. Opt., vol. 62, no. 34, pp. 9036 —9040,
2023.

U. Hatipoglu, S. Sonar, D. P. Lake, S. Meesala, and O. Painter, “In
situ tuning of optomechanical crystals with nano-oxidation,”
Optica, vol. 11, no. 3, pp. 371—375, 2024.

P. Kharel, C. Reimer, K. Luke, L. He, and M. Zhang, “Breaking
voltage —bandwidth limits in integrated lithium niobate
modulators using micro-structured electrodes,” Optica, vol. 8,

no. 3, pp. 357—363, 2021.

F.Valdez, V. Mere, and S. Mookherjea, “100 GHz bandwidth, 1 volt
integrated electro-optic Mach—Zehnder modulator at near-IR
wavelengths,” Optica, vol. 10, no. 5, pp. 578 —584, 2023.

F. A. Juneghani, et al., “Thin-film lithium niobate optical
modulators with an extrapolated bandwidth of 170 GHz,” Adv.
Photonics Res., vol. 4, no. 1, 2023, Art. no. 2200216.

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

DE GRUYTER

X. Zhang, et al., “Telecom-band-integrated multimode

photonic quantum memory,” Sci. Adv., vol. 9, no. 28,

2023, Art. no. eadf4587.

S. Ourari, et al., “Indistinguishable telecom band photons from a
single Er ion in the solid state,” Nature, vol. 620, no. 620,

pp. 977—981, 2023.

A. Johnston, U. Felix-Rendon, Y.-E. Wong, and S. Chen,
“Cavity-coupled telecom atomic source in silicon,” Nat. Commun.,
vol. 15, no. 1, p. 2350, 2024.

L. Komza, et al., “Indistinguishable photons from an artificial
atom in silicon photonics,” Nat. Commun., vol. 15, no. 1, p. 6920,
2024.

E. Bersin, et al., “Telecom networking with a diamond quantum
memory,” PRX Quantum, vol. 5, no. 1, 2024, Art. no. 010303.

R. Sahu, et al., “Entangling microwaves with light,” Science,

vol. 380, no. 6646, pp. 718 —721, 2023.

S. Meesala, et al., “Quantum entanglement between optical and
microwave photonic qubits,” Phys. Rev. X, vol. 14, no. 3, 2024,
Art. no. 031055.

T. Zhonag, et al., “Nanophotonic rare-earth quantum memory with
optically controlled retrieval,” Science, vol. 357, no. 6358,

pp. 1392—1395, 2017.

X.-H. Bao, et al., “Efficient and long-lived quantum memory with
cold atoms inside a ring cavity,” Nat. Phys., vol. 8, no. 7,

pp. 517521, 2012.

P.-J. Stas, et al., “Robust multi-qubit quantum network node with
integrated error detection,” Science, vol. 378, no. 6619,

pp. 557—560, 2022.

T. H. Haug, A. F. Kockum, and R. V. Laer, “Heralding entangled
optical photons from a microwave quantum processor,” Phys. Rev.
Appl., vol. 22, no. 3, 2024, Art. no. 034068.

R. D. Delaney, et al., “Superconducting-qubit readout via
low-backaction electro-optic transduction,” Nature, vol. 606,

no. 7914, pp. 489—493, 2022.

K. K. S. Multani, W. Jiang, E. A. Nanni, and A. H. Safavi-Naeini,
“Quantum limits of superconducting-photonic links and their
extension to mm-waves,” 2024, arXiv:2406.14501.

G. Arnold, T. Werner, R. Sahu, L. N. Kapoor, L. Qiu, and J. M. Fink,
“All-optical single-shot readout of a superconducting qubit,”
2023, arXiv:2310.16817.

T. C. van Thiel, et al., “Optical readout of a superconducting qubit
using a scalable piezo-optomechanical transducer,” 2023,
arXiv:2310.06026.


https://doi.org/10.1103/physrevlett.123.093603

	1. Introduction
	2 Metrics for microwave-optical quantum transduction
	2.1 Conversion efficiency
	2.2 Added noise
	2.3 Bandwidth
	2.4 Scalability

	3 Approaches for microwave-to-optical quantum frequency conversion
	3.1 Direct cavity electro-optic transduction
	3.2 Mediated quantum transduction

	4 Challenges toward the ideal quantum transducer
	5 Entangling remote superconducting qubits using quantum transducers
	6 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


