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3Canadian Institute for Advanced Research, Toronto, Ontario M5G 1Z8, Canada

4Quantum Center, ETH Zürich, 8093 Zürich, Switzerland

(Received 7 August 2020; accepted 16 November 2020; published 21 December 2020)

Superconducting circuits are a strong contender for realizing quantum computing systems and are
also successfully used to study quantum optics and hybrid quantum systems. However, their cryogenic
operation temperatures and the current lack of coherence-preserving microwave-to-optical conversion
solutions have hindered the realization of superconducting quantum networks spanning different cryogenic
systems or larger distances. Here, we report the successful operation of a cryogenic waveguide coherently
linking transmon qubits located in two dilution refrigerators separated by a physical distance of five meters.
We transfer qubit states and generate entanglement on demand with average transfer and target state
fidelities of 85.8% and 79.5%, respectively, between the two nodes of this elementary network. Cryogenic
microwave links provide an opportunity to scale up systems for quantum computing and create local area
superconducting quantum communication networks over length scales of at least tens of meters.
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Superconducting circuits are an appealing platform to
execute quantum information processing algorithms on
noisy-intermediate-scale or error-correctable quantum hard-
ware [1–5] and to study fundamental quantum phenomena
[6–9]. Today’s state-of-the-art superconducting quantum
processors contain a few dozen qubits on a single chip,
held at cryogenic temperatures in individual dilution refrig-
erators. Efforts in qubit integration and packaging [10–13]
will likely extend the scale of these processors to thousands
of qubits in the foreseeable future. However, limitations such
as available wafer size, refrigerated space, and cooling power
may arise beyond that scale [14]. Therefore, major innova-
tions in both device integration and cryogenics are required
to realize error-corrected quantum computers able to tackle
interesting problems intractable on high-performance com-
puting systems, likely requiring millions of qubits [15,16].
Networking quantum processors housed in different cryo-
genic nodes may provide a modular solution to scale up
quantum computers beyond these limitations [17,18]. The
capabilities of quantum computers may be extended by
forming clusters of networked processors housed in indi-
vidual cryogenic modules similar to the clusters of process-
ing units used in the high-performance systems.
One approach to realize such networks is to use micro-

wave-to-optical quantum transducers [19–22] with which
superconducting circuits may be entangled with optical
photons to communicate over long distances in a fashion
similar to single atoms [23], trapped ions [24], or defects in
diamond [25]. However, despite the constant improvement

of microwave-to-optical transducers, bringing their con-
version efficiency, bandwidth, added noise, laser-induced
quasiparticle poisoning, and heat loads to practical levels
on a single device remains a challenge.
A complementary approach is to connect dilution-refrig-

erator-based cryogenic systems with cold, superconducting
waveguides [26]. This approach could prove advantageous
for distributing quantum computing tasks in local cryo-
genic quantum networks, as it would benefit from readily
available, fast, deterministic, error-correctable, and high-
fidelity chip-to-chip quantum communication schemes
with microwave photons [26–34]. In this Letter, we report
the realization of such a cryogenic quantum microwave
channel between superconducting qubits located in two
distinct dilution refrigerator units. Using a photon shaping
technique to transfer excitations deterministically [28,35],
we transfer qubit states and generate entanglement on
demand between the distant qubits.
Our experimental setup consists of two cryogen-free

dilution refrigerators, each of which houses a supercon-
ducting circuit with a single qubit cooled to below 20 mK
and separated by 5 m (Fig. 1). The two identically designed
circuits have a frequency-tunable transmon qubit, each
with relaxation and coherence times T1 ≃ 12 μs and
Te
2 ≃ 6 μs, coupled dispersively to two Purcell filtered

resonators: one for readout and one for excitation transfer,
as shown in green and yellow, respectively, in Fig. 1(b).
The jgi to jei transition frequencies of transmon qubits
labeled A and B are tuned to ωq;A=2π ¼ 6.457 GHz and
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ωq;B=2π ¼ 6.074 GHz, respectively, by applying a mag-
netic field to their superconducting quantum interference
device loops. This adjusts the dispersive shift on each
transfer resonator such that their frequencies ωt=2π ¼
8.406 GHz are matched [28]. Here, jgi, jei, and jfi denote
the three lowest energy levels of the transmon qubit.
We connect the transfer resonators to each other through

a 4.9 m long, superconducting, rectangular aluminum
WR90 waveguide in series with two flexible, coaxial
copper cables of 0.4 m length each and a circulator.
At mK temperatures, the waveguide exhibits attenuation
below 1 dB=km over the X band (8–12 GHz), which
amounts to a total loss below 10−3 over 4.9 m of the
waveguide [36]. With attenuation levels comparable to that
of optical photons in telecom fibers [44], the waveguide is
in principle suited for high-fidelity transmission of micro-
wave photons over intracity scale distances [26].
To perform single-qubit gates, we apply microwave

pulses created by arbitrary waveform generators to each
qubit through dedicated drive lines. To perform readout,
we apply a gated microwave tone to the readout resonator.
The transmitted signal is then amplified, down-converted,
digitized, and processed by a field-programmable gate
array (FPGA). Using quantum-limited Josephson para-
metric amplifiers (JPA) in the detection chain, we achieve
single-shot three-level discrimination of the transmon states
with ∼5% average error (10% for joint two-qubit readout).
Devices, microwave setup, pulse calibration, and qubit
readout are discussed in more detail in the Supplemental
Material [36].

We cool the waveguide to temperatures below 20 mK by
mounting it in a custom-made cryogenic system consisting
of concentric, octagonal radiation shields held at temper-
atures of approximately 50 K, 4 K, 850 mK (still), and
15 mK (base temperature) and installed in an o-ring sealed
vacuum can [Fig. 2(a)]. See the Supplemental Material for a
photograph of the full system [36]. The waveguide is
thermalized to the base temperature shield every 0.25 m
using flexible copper braids, and the radiation shields are
cooled to their equilibrium temperatures using the dilution
refrigerators at each end of the system.
The largest heat load on the system is due to room

temperature black body radiation, which we mitigate by a
set of low-emissivity radiation shields manufactured from
high thermal conductivity copper and mechanically sup-
ported by thin-walled low thermal conductivity posts. In
addition, the heat load on the 50 K stage is reduced by using
multilayer insulation [45]. Generally, minimizing the heat
flow between shields at different temperature stages and
maximizing the thermal conductivity along each stage
reduces thermal gradients and thus allows for lower final
temperatures. By making the arrangement of shields light-
proof, the base temperature shields cool to below 20 mK.
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FIG. 1. (a) Schematic representation and (b) simplified circuit
diagram of the experimental setup. Each transmon qubit at nodes
A (red) and B (blue) is connected to two Purcell filtered λ=4
resonators: one for readout (green) and one for excitation transfer
by emission of a shaped photon (yellow). The light blue back-
ground illustrates the refrigerated space.
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FIG. 2. (a) Longitudinal cross section of a schematic repre-
sentation (left half) and a 3D model (right half) of the cryogenic
system. The inset on the top right shows a transverse cross section
of the link. (b) Measured temperature in steady-state vs sensor
position x on the axis along the link for all four temperature
stages. Nodes A and B: NA and NB; adapter module: AM; link
module: LM.
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We designed the link to be modular, with 1.25 m long
adapter modules to connect the link to each dilution
refrigerator and 2.5 m long link modules, which also allow
for an extension of the link [Fig. 2(a)]. To compensate for
thermal contraction during cooldown, we use flexible
copper braids for thermal anchoring between modules.
For the same reason, flexible coaxial cables are used to
connect the samples to the waveguide.
To monitor the temperature profile of the link, we

installed temperature sensors at the positions indicated in
Fig. 2(a). Three days after commencing cooldown, the
system reaches the steady-state temperature distribution
shown in Fig. 2(b), demonstrating the excellent perfor-
mance of the system. As expected, on each stage, the
temperature is lowest at the nodes and the highest in the
middle of the link, with an exception for the still stage
where we heated node B to 900 mK to optimize cooling
power by increasing the flow of 3He.
To characterize the excitation transfer through the link,

we first reset the transmon qubits with microwave drives
[46] and apply two consecutive Gaussian π pulses to
prepare the qubit and resonator system at node A in the
state jf0i [Fig. 3(a)], where jqi and jni in jqni denote the
transmon state and the transfer resonator Fock state, respec-
tively. We then drive transmon A on the jf0i↔ jg1i
sideband transition [47,48] to populate the transfer resonator
with one photon. This photon couples into the waveguide at
rate κA=2π ¼ 8.9 MHz and propagates to node B in 28 ns,
as estimated from the waveguide length and the relevant
group velocities [36]. We shape the jf0i ↔ jg1i pulse
appropriately to emit the photon with a time-symmetric
envelope ϕðtÞ ∝ sechðΓt=2Þ [28,48,49], where the photon
bandwidth Γ can be adjusted up to a maximum value of
min½κA; κB�. Here we choose Γ=2π ¼ κB=2π ≃ 6.2 MHz to
minimize the duration of the protocol. To absorb the photon
at node B, we then drive transmon B with an jf0i ↔ jg1i
pulse whose time reverse would emit a photon indistinguish-
able from the incoming one [35]. Finally, we apply an e-f π
pulse on transmon B to map the excitation back to the g-e
manifold and then perform a single-shot readout on both
qutrits. Here and in following experiments, we present data
that is corrected for readout errors using reference measure-
ments [36]. For these parameters, the excitation transfer
sequence, consisting of the jf0i ↔ jg1i pulses and the final
e-f π pulse, completes in 311 ns.
Truncating the jf0i ↔ jg1i pulses prematurely at time

τ, we characterize the time dependence of the state
population of the two transmon qubits throughout the
transfer pulse (Fig. 3). As the excitation transfers from
node A to node B via the photonic modes (the waveguide
and both transfer resonators), the population swaps from
the state jfgi of the two spatially separated qubits jABi
to jgei via the intermediate state jggi. The final two-
transmon state populations highlight the different sources
of errors in the excitation transfer. The ∼3% residual

population measured in both jgfi and jegi (not shown) is
due to e-f decay. In case of photon loss or failed
absorption during the transfer process, the system ends
up in the state jggi. Comparing the measured amplitudes
of the fields emitted by A or B using the measurement
chain behind the circulator [Fig. 1(b)], we determine a
22.3% photon loss, dominated by the insertion loss of
the circulator, and a 4.2% absorption inefficiency [36],
which is in reasonable agreement with the 25.3% residual
population measured in the state jggi. Finally, the transfer
efficiency is characterized by the 67.5% final population
in jgei. The time between the applications of the emission
and absorption pulses is set to experimentally maximize
the transfer efficiency. By comparing the time of arrival of
photons emitted from A or B in the photon measurement
chain, we determine this optimal time difference to be
38 ns, which decomposes into the photon propagation
time and an extra 10 ns lag [36]. Simulations of the
transfer dynamics, using the master equation model from
Ref. [28] and independently measured parameters, are in
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FIG. 3. (a) Pulse scheme used to characterize the excitation
transfer dynamics. The jf0i → jg1i drives and the g-e and e-f π
pulses are represented in blue, gray, and purple, respectively. We
use solid and dashed lines for the time-truncated (τ ¼ 140 ns) and
full excitation transfer sequences, respectively. The straight
yellow lines illustrate the propagation path of the rising and
falling edges of the photon in space-time. The subsequence
defining the excitation transfer is enclosed in a gray box.
(b) Population P in selected two-transmon states jABi vs jf0i ↔
jg1i pulse truncation time τ. Solid lines show the results of master
equation simulations.
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good agreement with the data [solid lines in Fig. 3(b)] and
the measured pulse timing [36].
To probe the quantum nature of the excitation transfer,

we characterize the qubit state transfer protocol with
quantum process tomography. To do so, we reset the qubits
to their ground states, prepare A in one of the six mutually
unbiased qubit states [50], apply an e-f π pulse on A, and
then apply an excitation transfer sequence [Fig. 4(a)]. For
each input state ρi;s we reconstruct the final state ρf;s of
transmon B with three-level quantum state tomography,
from which we infer the transfer process matrix χ [36]. We
determine an average state fidelity F s¼ 1

6

P
sF ðρi;s;ρf;sÞ¼

82.4�0.06% and a process fidelity of Fp ¼ TrðχidealχÞ ¼
75.3� 0.1% relative to the ideal qubit state transfer
process. When correcting for readout errors, these
fidelities reach 85.8� 0.06% and 79.5� 0.1%, respec-
tively [Fig. 4(b)]. On average, the input states have equal
populations in jgi and jei, which are transferred in vacuum
states, insensitive to loss, with close-to-unit fidelity, and
single-photon Fock states, suffering from loss, with a
fidelity of 67.5% corresponding to the transfer efficiency.
Therefore, the state transfer fidelities F s and Fp can be
larger than the photon transfer efficiency if the phase
coherence of the process is sufficiently large.

To generate entanglement across the link, we prepare
qubit A in ðjei þ jfiÞ= ffiffiffi

2
p

, qubit B in jgi, and apply the
excitation transfer pulses [Fig. 4(c)]. Using quantum state
tomography, we reconstruct the two-qutrit density matrix
ρ3⊗3 of qubits A and B [36]. To quantify the entanglement
with standard metrics, we consider the density matrix ρ,
consisting of the two-qubit elements of ρ3⊗3 [Fig. 4(d),(e)].
We determine the fidelity hψþjρjψþi ¼ 79.5� 0.1%
(71.9� 0.1%) with respect to the ideal Bell state
jψþi ¼ ðjgei þ jegiÞ= ffiffiffi

2
p

, and evaluate a concurrence of
CðρÞ ¼ 0.746� 0.003 (0.588� 0.002), with (without) cor-
rection for readout errors.
Simulations of the qubit state transfer and entanglement

generation sequences are in good agreement with the
measurement results, as quantified by the small trace
distances

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Trðjχ−χsimj2Þ

p
¼0.09 and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Trðjρ − ρsimj2Þ

p
¼

0.023 between the reconstructed and simulated quantities.
These simulations suggest that photon loss and transmon
decay are the dominant sources of errors in these protocols,
contributing to 11.8% and ∼6% infidelity, respectively. In
future experiments, the photon loss may be reduced to 5%
by removing the circulator [31–34], by using a printed
circuit board metalized with a superconductor, and by
using low-loss coaxial cables between the device and
the waveguide. Simulations of the protocols with 5%
photon loss and reasonably improved coherence times
(T1 ≃ Te

2 ≃ 30 μs) and transfer resonator bandwidth
(κ=2π ¼ 12 MHz) indicate that Bell state fidelities and
state transfer process fidelities as high as 96% may be
achievable, which may enable distributed surface-code
computation [17] and communication [51] between distant
cryogenic nodes. Further improvement may be obtainable
using protocols requiring less time compared to the coher-
ence of the circuit elements [31] or ones that are resilient to
photon loss [33,34,52,53] and thermal excitation [26,27].
This realization of a meter-scale, mK temperature,

microwave-frequency coherent quantum link and its use
for quantum state transfer and entanglement generation
suggests a number of directions for future research. For
example, we plan to experimentally investigate the distri-
bution of quantum information processing tasks between
quantum nodes hosting multiple qubits using a coherent
cryogenic network, an essential part of a modular quantum
computer architecture [54]. In addition, the modularity of
the cryogenic link demonstrated here offers a straightfor-
ward path toward extending the physical distance between
nodes by adding modules to the link. Due to the small
photon loss in the superconducting rectangular waveguide,
cryogenic links covering distances of tens or even hundreds
of meters could be realized, primarily limited by financial
constraints imposed by the thermal requirements. On such
length scales, one may investigate nonlocal physics [55,56]
or non-Markovian waveguide QED [57,58] with super-
conducting quantum devices and set the grounds for
microwave quantum local area networks [26].

FIG. 4. (a) Quantum circuit used to perform and characterize
the qubit state transfer. (b) Absolute value of the qubit state
transfer matrix jχj in the Pauli basis f1;X¼ σ̂x;Ỹ¼ iσ̂y;Z¼ σ̂zg.
(c) Quantum circuit used to deterministically generate and
characterize the Bell state jψþi. (d) Expectation value hσiσji
of the two-qubit Pauli operators, and (e) real part of the density
matrix ρ of reconstructed Bell state. In (b),(d),(e), solid blue bars,
red wireframes, and gray wireframes are the measured, simulated,
and target quantities, respectively.
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Ficheux, J. Anders, A. Auffèves, R. Azouit, P. Rouchon, and
B. Huard, Observing a quantum maxwell demon at work,
Proc. Natl. Acad. Sci. U.S.A. 114, 7561 (2017).

[9] Z. K. Minev, S. O. Mundhada, S. Shankar, P. Reinhold, R.
Gutiérrez-Jáuregui, R. J. Schoelkopf, M. Mirrahimi, H. J.

Carmichael, and M. H. Devoret, To catch and reverse a
quantum jump mid-flight, Nature (London) 570, 200
(2019).
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