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Networking superconducting quantum computers is a longstanding challenge in quantum science.
The typical approach has been to cascade transducers: converting to optical frequencies at the
transmitter and to microwave frequencies at the receiver. However, the small microwave-optical
coupling and added noise have proven formidable obstacles. Instead, we propose optical networking
via heralding end-to-end entanglement with one detected photon and teleportation. In contrast to
cascaded direct transduction, our scheme absorbs the low optical-microwave coupling efficiency into
the heralding step, thus breaking the rate-fidelity trade-off. Moreover, this technique unifies and
simplifies entanglement generation between superconducting devices and other physical modalities
in quantum networks.

A central challenge in quantum information science
is to transfer quantum states between superconducting
systems over long distances. The most widely inves-
tigated approach is microwave-optical (M-O) quantum
state transduction [1–23]. However, despite concerted ef-
fort and tremendous progress in direct M-O transduction,
it remains extremely challenging to achieve a high trans-
duction efficiency without adding a significant noise [24].
Moreover, these problems are compounded because a full
state transfer between two quantum devices requires se-
quential M-O and O-M transduction steps [25]. Here, we
propose to replace these M-O-M steps with one round of
optically heralded M-M entanglement (requiring the de-
tection of a single optical photon), followed by state tele-
portation between the quantum devices. In contrast to
direct transduction, this photon-heralded entanglement
scheme favors low M-O coupling efficiency to eliminate
added noise, while assuring on-demand state teleporta-
tion by heralding and distilling M-M Bell pairs faster
than their decoherence rates. Specifically, for present-day
technology, we estimate entanglement rates exceeding
100kHz per channel, an entanglement fidelity exceeding
0.99, and the potential for entanglement purification to
reach a fidelity of 0.999 on present-day hardware. Lever-
aging standard telecom equipment, dense wavelength di-
vision multiplexing can boost entanglement rates by an
order of magnitude. Our approach also allows efficient
and high-fidelity heralded state transfer to other physi-
cal modalities including trapped ions, cold atoms, solid-
state spin systems, or another traveling photon (corre-
sponding to heralded M-O quantum state transduction).
Our approach unifies and simplifies entanglement genera-
tion between superconducting devices and other physical
modalities in quantum networks.

Quantum networks were proposed to transfer quan-

tum information between distant cold atoms memo-
ries via optical links [26], and they now underpin nu-
merous proposed applications [27]. To connect super-
conducting systems across such networks, a number of
different microwave-to-optical transduction technologies
are being investigated [28], including optomechanics [1–
9, 11, 22, 23], neutral atoms [10, 12] and rare-earth-doped
crystals [13–15], diamond color centers [29], and electro-
optic transducers [16–21, 30–33]. A critical requirement
in these approaches is to optimize conversion efficiency
and to minimize added noise, but achieving both simulta-
neously is extremely challenging. Recently proposed her-
alded transduction from a microwave to an optical photon
by heralding on a microwave Bell pairs may help [25, 34],
but two such transduction steps would still be necessary
for end-to-end state transfer, entailing high overhead.
Alternatively, microwave transduction to proximal dia-
mond color center spins has been proposed for high-speed
and high-fidelity quantum network teleportation, but ef-
ficient coupling between a single spin and microwave pho-
ton has not yet been shown. By contrast, we propose a
single-step, optically-heralded scheme for entanglement
of two distant superconducting qubits via electro-optic
parametric frequency conversion [32], based on the well-
known Duan, Lukin, Cirac, and Zoller proposal [35].

Such a heralded entanglement scheme can be per-
formed using many different MO transduction platforms,
but electro-optic transducers are particularly promising
for this application. Direct electro-optic transduction
provides a wide transduction bandwidth (limited only
by the microwave lifetime) that enables high-rate entan-
glement generation even in the low MO coupling regime.
Furthermore, recent work has shown that electro-optic
transducers can operate with low noise even under op-
tical pumps exceeding 1µW [18, 20, 36]. The noise in
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FIG. 1. (a) A depiction of a typical electro-optic transducer,

using a χ(2) process whereby a classical pump enables a beam-
splitter or two-mode squeezer Hamiltonian between an optical
mode and a microwave mode. (b) If the pump is red-detuned
from the optical mode it enables a beamsplitter interaction
which can transduce a microwave state into an optical state,
which is then transmitted over a fiber to a distant node where
the same process is used to transduce it back. This is a deter-
ministic, but low-fidelity operation. (c) If the pump is blue-
detuned it will create pairs of microwave/optical photons. By
detection of the optical photons after erasing the path infor-
mation we can herald entanglement between the microwave
oscillators. This is a high-fidelity, low-efficiency probabilistic
operation.

electro-optic transducers is reduced due to their physical
separation of optic and microwave modes, the low ther-
mal resistance provided by their relatively large size and
non-suspended structure, and their lack of low-frequency
intermediate states.

A typical electro-optic transducer uses a χ(2) nonlinear
interaction between a classical optical pump mode p̂, an

optical mode â, and a microwave mode b̂ [16, 17, 21,
33], as illustrated in Fig. 1.a. The classical mode is red-
detuned with respect to â leading to the Hamiltonian

Ĥ = ~g0p̂
†â†b̂+ H.c., (1)

where g0 is the single-photon nonlinear interaction rate.
The p̂ mode is in a coherent state with an amplitude
high enough that it can be replaced by a classical field
with the same amplitude p̂ →

√
〈np〉, where 〈np〉 is the

average number of photons in the mode. This leads to

a beamsplitter-type Hamiltonian â†b̂ + H.c. that can be
used for transduction. This transduction is deterministic
but its fidelity is low in practice due to the relatively low
value of g0 ∼ 1kHz compared to the optical loss rates in
the system.

If the pump mode p̂ is instead blue-detuned with re-
spect to the optical mode â the result is two-mode squeez-
ing. This interaction will generate pairs of optical and
microwave photons via spontaneous parametric down-
conversion (SPDC) [33, 37–39]:

Ĥ = ~gâb̂+ H.c., (2)

g = g0

√
〈np〉. (3)

In either case the pump power, P , is related to the num-
ber of photons in the pump mode as

〈np〉 =
4γe

(γe + γi)2

P

~ω
, (4)

where γe is the extrinsic loss rate of the optical mode and
γi is its intrinsic loss rates. Throughout the majority of
this letter we assume the γe and γi couplings are the same
for the â and p̂ modes.

If we couple the optical mode to a waveguide ending
with a photo detector, this SPDC process allows us to
herald the production of a single microwave photon by
detecting a single optical photon. First we will explore
the performance of this procedure, and then we will ex-
amine how it enables the heralding of entanglement be-
tween two remote microwave systems.

The collapse operator that describes the detection of
the optical photon is ĉ =

√
γeâ, which leads to a stochas-

tic master equation with non-Hermitian effective Hamil-
tonian given by [40–42]

Ĥ = ~gâb̂+ H.c.+ i~
γe

2
â†â. (5)

We will initially assume that the intrinsic loss rate γi is
negligible, so that all photons are output into the waveg-
uide at rate γe (non-zero γi will reduce the detection
efficiency but not the fidelity). The loss rate γ is typ-
ically much larger than g, which simplifies the dynamics.
While this hardware constraint leads to limited fidelity
even in state of the art transduction devices [17], in the
heralding protocol we describe it is essential to obtaining
high fidelity. This is because γ � g is required to en-
sure that the SPDC process does not populate the cavity
mode with more than one photon at any time. It does,
however, limit the rate of photon generation. The life-
time of the microwave oscillator is orders of magnitude
longer than the characteristic times of the dynamics stud-
ied here and so we take it to be infinite in our initial
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analysis [43]. Once the heralded state is prepared in the
microwave mode, we swap it out into one of the qubits
of the superconducting quantum processing unit (QPU)
- a nonlinear operation at which transmon-based devices
are becoming very capable.

We will denote a Fock state with na photons in optical

mode â and nb in microwave mode b̂ as |nanb〉. To obtain
a |11〉 pair on which we can herald the single microwave
photon we simply pump the system on the blue-detuned
optical mode and let the Hamiltonian evolve, while wait-
ing for a click at the detector. A click heralds the cre-
ation of single photon in the microwave mode (a correct
approximation as long as g � γe). Solving the dynam-
ics gives a rate of photon generation under a continuous
pump of

r0 =
4g2

γe
=

4g2
0〈np〉
γe

, (6)

which gives r0 = 4〈np〉10−2Hz at typical g0 = 1kHz and
γe = 100MHz. In the case of nonzero γi this would be-
come

r0 =
4g2

0〈np〉γe

(γe + γi)2
, (7)

due to the γe
γe+γi

drop in efficiency.

The easiest way to derive this form for r0 is to restrict
oneself to the space spanned by {|00〉, |11〉}. For a state
|ψ〉 = c0|00〉+ c1|11〉 we get the following ODE:(

ċ0
ċ1

)
=

(
0 −ig
−ig∗ −γe2

)(
c0
c1

)
(8)

which leads to(
c0
c1

)
= e−

γe
4 t

( γe
4g′ sinh(g′t) + cosh(g′t)

−i gg′ sinh(g′t)

)
, (9)

g′ =

√
γ2

e

4
− |g|2. (10)

The stochastic master equation tells us that the proba-
bility that the photon remains undetected at time t is

〈ψ(t)|ψ(t)〉 ∼ e(2g′− γe2 )t ∼ e−
4|g|2
γe

t, (11)

which indeed corresponds to a Poissonian detection pro-
cess with rate r0.

If we use the same coherent pump to drive two sepa-
rate copies of this system and erase the which-path in-
formation using a beam splitter (Fig. 1.c), we will her-
ald the generation of the distributed microwave Bell pair
|01〉 ± |10〉 [35].

The rate at which these Bell pairs would be generated
is

re = 2r0e
−r0∆t ∆t

∆t+ tr
, (12)

where ∆t is the duration of each pump pulse and tr is the
time necessary for reset of the microwave cavity after each

FIG. 2. In the top figure we see the infidelity of the ob-
tained microwave Bell pair in different regimes. The blue-
detuned “squeezing” implementation has higher infidelity due
to populating higher-than-one-photon states (blue line). The
red-detuned “beamsplitter” implementation requires prepar-
ing the microwave resonator in the |1〉 state, but does not
suffer from the aforementioned excitations. We further in-
vestigate the red-detuned approach followed by purification
and/or storage for on-demand use (red lines). Besides the
∼ g

γ
infidelity in the solid lines, we see that storage at low

generation-rates causes a infidelity floor, due to finite mi-
crowave lifetime. Similarly, purification can be detrimental
at low rates due to having to wait for a second pair to be gen-
erated. The middle figure takes all red-detuned regimes
from the top plot and presents their rates of entanglement
generation (orange lines) and rate of equivalent ebit gener-
ation, i.e., the hashing yield [44] (green lines). We see that
purification causes a drop in rate and that the ebit rate suffers
at high infidelities. At high rates the curves flatten out due
to the finite time for resetting the microwave resonator. The
bottom figure gives the in-fridge heating due to the intrinsic
loss of the optical resonator. Evaluated at coupling g0 = 1kH,
optical extrinsic and intrinsic loss γe = γi = 100MHz, mi-
crowave loss γMW = 1kHz, pump wavelength λp = 1500nm,
microwave gate fidelity 0.999, and microwave resonator reset
time of 1µs, which are state of the art values [17, 32, 43]. Mis-
matches in the coupling rates of the two nodes, detector dark
count rates, and microwave excitations caused by the optical
pump are assumed negligible. Errors in the |1〉 microwave
state preparation before heralding is also not included.
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FIG. 3. Future outlook for inter-fridge connectivity. Replac-
ing the single path-erasure detection with a reconfigurable op-
tical add-drop multiplexer (ROADM) will allow us to route
a frequency comb pump laser to qubits in several quantum
nodes. By connecting the ROADM to a bank of path-erasure
detectors for each frequency channel, this design will enable
multiplexed heralded entanglement generation between multi-
ple fridges of different quantum modalities. Necessary electro-
optic modulators and attenuators have been omitted from this
schematic.

attempt (typically on the order of 1µs [43]). Through-
out the figures in this manuscript we report the maximal
value of re after optimizing with respect to ∆t.

The performance of the above method for heralding
Bell-pairs is depicted in Fig. 2. As already discussed,
with an internal loss rate γi the rate of entanglement
generation will be reduced by a factor of γe

γe+γi
, while

the fidelity of the obtained Bell pair is unaffected. Ad-
ditionally, this heralded scheme ensures the fidelity is
unchanged by insertion loss in the optical network (for
example due to fiber-transducer coupling losses) [35], al-
though such losses may require higher in-cryostat optical
pump power. Outside of the regime g � γ this fidelity
would be degraded for two reasons: on one hand, the
SPDC process will excite states that contain more than
one photon; on the other hand, there will be a small am-

plitude,
c21

|c0|2+|c1|2 , that the SPDC will simultaneously

produce a photon in each of the two resonators. Both
of these infidelities scale as g

γ . While the second source

of infidelity is unavoidable, the first can be eliminated
in the following way: instead of a blue-detuned pump,
we can employ the traditional red-detuned pump used in
transduction; this time, however, when we reset the mi-
crowave cavity we will prepare it in the state |1〉. This
leads to the same ODE as seen in Eq. 9, however the basis
for the evolving state is now |ψ〉 = c0|01〉+ c1|10〉. Given
that this Hamiltonian preserves the total photon num-
ber, it cannot excite states outside of the {|01〉, |10〉} sub-
space. The same protection against multi-photon states

can be achieved by keeping the blue-detuned version of
the Hamiltonian and using a strongly anharmonic mi-
crowave resonator that suppresses the two-photon exci-
tation. As seen in Fig. 2, the elimination of unwanted
multi-photon states leads to a notable increase in fidelity.
Since the two resonators may still generate photons si-
multaneously, the residual infidelity scales as g

γ .

We estimate that typical hardware parameters of state-
of-the-art devices (γe = γi = 100MHz and g0 = 1kHz in
[17, 43]) will allow pair generation rates of 100kHz at
fidelities of 0.99, while suffering 0.1mW of in-fridge heat-
ing due to leakage from the pump. This estimate takes
into account the finite lifetimes of the optical and mi-
crowave cavities. Through simple single-stage purifica-
tion performed on the microwave superconducting quan-
tum computer the infidelity can be lowered by an or-
der of magnitude while incurring a decrease in the rate
of just over a factor of two [44]. The fidelity after pu-
rification would be chiefly limited by the gate-fidelity of
the superconducting quantum computer performing the
purification. With gate fidelities of 99% the benefit of
purification is limited as our raw entanglement already
reaches that level. In contrast, for gate fidelities of 99.9%
we show in Fig. 2 that purification provides a dramatic
increase in entanglement fidelity while reducing the en-
tanglement rate only by a factor of approximately two.
Lastly, at low entanglement rates the entanglement fi-
delity reaches a ceiling and starts to worsen because at
such low rates the entangled microwave state needs to
be stored for a time comparable to the lifetime of the
microwave cavity.

The entanglement rate scales as
γ2
e

(γe+γi)4
, which is max-

imal at γe = γi. Therefore, for a fixed pump power
and in-fridge heating, the entanglement generation rate is
proportional to γ−2

e . Modest improvements expected in
the next generation of devices can lower the pump power
requirements by a factor of 10. Here we have assumed the
loss rates are the same for the â and p̂ modes. At this
point the fraction of generated photons that reach the
photodetector is only γe

γe+γi
= 50%. Due to missing half

of the heralding events we have to reset the microwave
cavity after each attempt, a delay of ∼ 1µs that limits
the maximal rate as seen in the rate plot in Fig. 2. Alter-
natively, we can couple the heralding mode â strongly to
the waive guide, leading to γe � γi for â, while γe = γi

for the pump mode p̂. This would remove the need to
reset the microwave resonator, but it would also signifi-
cantly lower the entangling rate, and is only applicable
in the blue-detuned version of our protocol.

In summary, at high entanglement rates (high pump
powers) the fidelity of entanglement suffers due to unde-
sired excitations in the non-heralded cavity, while at low
rates the fidelity suffers due to the need to store the en-
tangled pair for a long time in the microwave resonator.
If we want higher rates of entanglement generation we
can counteract the drop in fidelity by performing purifi-
cation. Longer term, orders of magnitude improvement
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in entanglement rate or power requirements are possible
through improvements in the resonator quality factor,
thanks to the quadratic dependence on γe.

Several other practical effects can reduce the fidelity of
the resulting microwave Bell pairs. These effects include
pump-induced heating of the microwave mode, transmis-
sion losses between the transducer and the QPU, and
false heralding events.

Optical pump light can produce microwave noise by
direct absorption in the microwave resonator or heat-
ing the transducer node – a key challenge for all MO
transducer platforms. Several techniques can be used
to reduce the effects thermal noise in our proposed sys-
tem, including light shielding [45] and immersion in a
liquid helium coolant [16]. Additionally, the microwave-
optical transducer can be physically connected to a 1K
stage, while radiatively overcoupling the microwave cav-
ity mode to a thermal bath at 10mK, as proposed in pre-
vious works [25, 34, 46]. This allows the transducer to use
the greater cooling power of a 1K stage while the noise
is dominated by that of the colder stage. Alternatively,
larger-scale custom cryostats for low-background experi-
ments [47, 48] have shown the requisite cooling power at
100mK.

System-integration constraints – such as the desire to
operate the QPU with minimal pump-light interference
– could require physical separation within the cryostat
between the transducer node we describe here and the
main QPU. In this case, an additional pitch-and-catch
transfer [49–52] of of the microwave Bell state would
be required. Losses during this transfer would reduce fi-
delity, but recent work on high-efficiency pitch-and-catch
schemes [49–52] suggests this loss can be made small.

False heralding events can occur due to detector dark
counts or pump light that leaks to the detectors. In-
fidelity due to dark counts is likely to be orders of
magnitude lower than other errors, with dark count
rates on modern photon detectors much smaller than
1kHz [53, 54]. Pump leakage can be minimized through
filtering [55], which can be done with minimal optical loss
by integrating electro-optic filter banks onto the trans-
ducer chip [56]. Appendix B describes one possible on-
chip filter design with just 0.5dB insertion loss.

Mismatches in the coupling rates between the two
nodes would lead to a coherent error in which the her-
alded Bell pair is not a perfectly equal superposition of
|01〉 and |10〉, thus a high fidelity hardware implemen-
tation will require the capability of in-situ calibration of
the coupling rates.

The scheme described here extends naturally to herald-
ing entanglement between a diverse set of quantum de-

vices. On one hand, we can multiplex the entanglement
heralding over multiple frequency channels, thus improv-
ing the entanglement generation rate. We can also use
the method to entangle different quantum modalities (see
Fig. 3). For example, entangling a superconducting de-
vice (where the pump, under a χ(2) interaction, creates
a state |00〉 + ε|11〉) and a trapped ion device (where
a conditional reflection of an attenuated pump from a
|+〉 ion state creates a state |0+〉 + ε|1−〉) in which af-
ter path erasure we obtain the entangled microwave-ion
pair |0+〉 ± |1−〉. We can also herald the entanglement
of the microwave cavity with a flying photon: one of the
nodes is of the architecture discussed up to here, while
the other node uses the pump in a SPDC photon pair
generation experiment calibrated to have the same gen-
eration rate. In other words one of the nodes can employ
a microwave-optical χ(2) process while the other node
employs a purely optical χ(2) process, leading to herald-
ing the entanglement of a microwave qubit and a flying
optical qubit (in the single-rail basis).

In conclusion, we have proposed a method of heralded
entanglement generation between remote microwave pho-
tons. Our scheme relies on SPDC using previously
demonstrated electro-optic transducers tuned to the low-
coupling regime, such that low-efficiency generation of a
microwave- and optical-photon pair is the primary trans-
duction process. We have shown that, by heralding the
optical photons from two QPUs, we can entangle the ac-
companying microwave photons remaining in each mi-
crowave cavity. Hence, our scheme allows for high-fidelity
entanglement in the same hardware used today for low-
fidelity transduction. We further demonstrate how to
scale our proposed architecture to connect multiple QPUs
across several quantum modalities. We believe this en-
tanglement procedure will be valuable for the on-demand,
multiplexed entanglement necessary for a quantum net-
work.
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Appendix A: Purification and Ebits

The state generated by our heralding process would not be a pure entangled state. Rather, it would be of the form

ρ = (1− ε)|A〉〈A|+ ε|B〉〈B|+ ε|C〉〈C| (A1)

|A〉 = |01〉 ± |10〉 (A2)

|B〉 = |00〉+ |11〉 (A3)

|C〉 = |00〉 − |11〉, (A4)

where |A〉 is one of the two possible desired entangled states and ε is a measure of the infidelity. In the main text
we suggest the possibility of performing a purification procedure in order to lower the ε. Notice that the error is not
pure depolarization, rather it is biased, leading to the better performance of specific purification protocols. Taking
into account the back-action errors introduced by imperfect gates in the purification circuit further complicates the
design [57]. However, if the initial fidelity is already high (∼ 99%) a simple circuit suffices: quadratic suppression
is possible with the prototypical minimal purification circuit, a bilateral CNOT operation between the pair to be
purified and a sacrificial pair followed by a Bell measurement on the sacrificial pair. Due to the sacrifice, the effective
rate is halved.

We also provide a more abstract effective entangled bits measure, representing the highest amount of perfect Bell
pairs distillable from the available imperfect pairs. This distillation procedure assumes access to perfect multi-qubit
gates and measurements. Its yield is obtained through the entanglement entropy of the available states, namely

yield = 1− S(ε) = 1− (1− ε) log(1− ε)− 2ε log(ε). (A5)

Appendix B: Pump Filtering

The dark counts due to crosstalk from the pump can be minimized by integrating low-loss on-chip pump filters
with the transducer [55, 56]. Filters sufficient for our application have not yet been demonstrated in thin-film lithium
niobate, but the low loss rates of ring resonators in this platform makes high-extinction low-loss filtering relatively
straightforward. Figure 4 shows one possible filter design with Nfilter = 5 tunable ring add/drop filters. The required
−95 dB extinction can be achieved over a stop bandwidth of SBW = 200 MHz, with just −0.5 dB of insertion loss
at a signal frequency 7 GHz from the pump frequency. The independent electro-optic tunability of the individual
resonators ensures that small fabrication-induced variations in the resonant frequencies can be tuned away without
additional heat load to cryostat.

FIG. 4. On-chip integrated filter array based on tunable add/drop ring resonators. Simulated transmission assumes intrinsic

loss rates of each resonators of κi/2π = 70 Hz, and extrinsic coupling to both waveguides of κe/2π = 1 GHz with a standard
deviation ∆κe/2π = 0.1 GHz to include typical fabrication uncertainties. Resonance frequencies are also assumed to have
standard deviation ∆f0 = 50 MHz to include the effects of imperfect voltage tuning. Inset: schematic of the filter array,
showing the tuning capacitors (red) and optical waveguides (black)
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