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Stabilizing Remote Entanglement via Waveguide Dissipation
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Distributing entanglement between remote sites is integral to quantum networks. Here, we demonstrate
the autonomous stabilization of remote entanglement between a pair of noninteracting superconducting
qubits connected by an open waveguide on a chip. In this setting, the interplay between a classical con-
tinuous drive—supplied through the waveguide—and dissipation into the waveguide stabilizes the qubit
pair in a dark state, which, asymptotically, takes the form of a Bell state. We use field-quadrature mea-
surements of the photons emitted to the waveguide to perform quantum state tomography on the stabilized
states, where we find a concurrence of 0.504+0.007

−0.029 in the optimal setting with a stabilization time constant
of 56 ± 4 ns. We examine the imperfections within our system and discuss avenues for enhancing fideli-
ties and achieving scalability in future work. The decoherence-protected steady-state remote entanglement
offered via dissipative stabilization may find applications in distributed quantum computing, sensing, and
communication.
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I. INTRODUCTION

Entanglement between distant physical systems is a cru-
cial resource for quantum information processing. Over
long distances, entanglement can make communication
secure against eavesdropping and resilient to loss [1–3].
On shorter length scales, entanglement between distant
noninteracting modules can help realize nonlocal gates in
a quantum computer [4–7]. Remote entanglement can be
created by the deterministic exchange of photons between
remote sites (see, e.g., Refs. [8,9]). Alternatively, mea-
surements can be used to “herald” entanglement in a
probabilistic fashion (see, e.g., Refs. [10,11]). Once cre-
ated, entangled states have to be protected until they can
be used, a task that can be achieved via storage in quan-
tum memories [3]. Current research is pursuing efficient
means of generation, distribution, and storage of remote
entanglement.

An entirely different approach to entanglement genera-
tion is stabilization using quantum reservoir engineering.
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This method employs dissipation into a shared reser-
voir, in combination with continuous drives, to establish
entanglement between two or more parties. Intriguingly,
an engineered dissipation can not only create entangle-
ment but also protect it—indefinitely—from decoherence
[12–22]. Beyond entanglement generation, dissipative pro-
cesses have also been studied for a variety of other tasks
as an alternative to unitary gate operations [13,23–25].
Despite the wide interest in this area, however, stabiliz-
ing remote entanglement has remained elusive, primarily
due to the challenge of engineering shared dissipation for
remote sites.

Spontaneous emission into a photonic bath can provide
a shared dissipation channel for remote quantum emit-
ters. Such a system can be realized within the paradigm
of waveguide quantum electrodynamics (QED), where
two or multiple qubits—acting as quantum emitters—are
strongly coupled to a shared waveguide. In this set-
ting, the interference of photons emitted by the qubits
can give rise to the formation of collective states that
are protected from dissipation by their internal symme-
tries [26–30]. Theoretical work has proposed a variety
of methods for stabilizing these dark states [31–42].
However, experimental demonstrations of these propos-
als have remained out of reach, owing to the need for
components such as unidirectional or time-modulated
qubit-photon coupling and the injection of nonclassi-
cal states into the waveguide, which are challenging to
implement.
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Here, we stabilize remote entanglement by exploit-
ing the emission into a one-dimensional (1D) photonic
bath. In our experiment, a pair of superconducting qubits,
which are connected via an open microwave waveguide
on a chip, serve as remote quantum nodes. In following
a previous theoretical proposal [43], our approach offers
simplicity by relying on classical drives and conventional
bidirectional qubit-photon couplings. The dark state in
our experiment is formed via the precise tuning of the
qubit transition frequencies, which is done to match the
interqubit physical distance to the wavelength of the emit-
ted photons. Supplying a continuous drive through the
waveguide, we stabilize the dark state, which takes the
form of a Bell state under strong drives asymptotically.
We conduct quantum state tomography to quantify the
degree of entanglement in the steady state of the system.
Repeating the experiment with different settings, we find
a maximum concurrence of 0.504+0.007

−0.029 (95% confidence
interval) with a stabilization time constant of 56 ± 4 ns in
our system. We study the trade-off between the stabiliza-
tion time and the entanglement quality in the steady state
and compare it with a numerical model that considers the
noise sources in our experiment. Finally, we discuss future
improvements in the experimental parameters, showing the
feasibility of achieving fidelities exceeding 90% with rea-
sonable improvements in thermalization and qubit coher-
ence. Our experiment elucidates the practical challenges of
reservoir engineering with an open waveguide and marks
an important step toward realizing a modular network
architecture in which multinode remote entanglement is
created and accessed on demand via an open radiation
channel.

II. THEORETICAL CONCEPT

Our system includes two qubits coupled to a shared
waveguide with equal dissipation rates of �1D [see
Fig. 1(a)]. The qubit frequencies are offset symmetrically
with respect to a center frequency (ω1,2 = ω ± δ). Further,
we choose the center frequency ω such that � = mλ, where
� is the physical distance between the qubits, λ is the wave-
length of radiation at ω, and m is an integer. We assume
that the qubits are driven via a classical coherent field at the
frequency ω, supplied through the waveguide. In a frame
rotating at the driving frequency, and after applying the
rotating-wave approximation (RWA), the Hamiltonian for
this system can be written as

Ĥ/� =
∑

i=1,2

δi

2
σ̂z,i + 1

2

(
�σ̂

†
i +�∗σ̂i

)
. (1)

Here, � denotes the Rabi frequency of the drive and
δ1,2 = ±δ. While this Hamiltonian is separable, the inter-
ference of photons emitted by the two qubits in this setting
gives rise to suppression and enhancement of spontaneous
emission [44]. These effects can be taken into account by
rewriting the Hamiltonian in the basis of triplet and singlet
states |(T, S〉 = (|eg〉 ± |ge〉)/√2), finding

Ĥ/� = �√
2
(|T〉〈gg| + |ee〉〈T|)− δ (|S〉〈T|)+ H.c. (2)

In Fig. 1(b) (left), we show the corresponding energy-
level diagram, including the coupling and dissipation
terms (for the derivation, see Appendix B 1). As is evi-
dent, the singlet state is subradiant and is protected from
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FIG. 1. The experimental setup. (a) A pair of quantum emitters coupled to a shared waveguide. The qubit transition frequencies
are offset in opposite directions with respect to a central frequency and their separation is set equal to the wavelength at this center
frequency. A continuous Rabi drive is supplied through the channel. (b) Left: the energy-level diagram of the system. The triplet state
|T〉 superradiantly decays into the waveguide. The singlet state |S〉 is coherently coupled to the triplet but has no direct decay path into
the waveguide. Right: the energy diagram in a basis including the dark state |D〉. Here, the population is pumped from the triplet into
the dark state, which is protected from decay into the waveguide. (c) An optical image of the fabricated device, where three transmon
qubits are coupled to a shared coplanar waveguide on a chip.
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direct dissipation into the waveguide. However, the singlet
state exchanges population with the waveguide indirectly
through coherent interaction with the triplet state, which is
superradiant. In the steady state, the combination of this
interaction and continuous drive through the waveguide
creates a superposition of the singlet and the ground states
that is completely dark to the waveguide. This stationary
dark state is given by (see Appendix B 2 and [35,43])

|D〉 = |gg〉 + α|S〉√
1 + |α|2

. (3)

Here, α = �/
√

2δ is a drive-power-dependent parameter
that sets the singlet fraction (|α|2/(1 + |α|2)). As is evi-
dent, the stationary state is pure and for strong drives
(|α| � 1) approaches the maximally entangled singlet
state. As a result, by simply supplying the drive into the
waveguide, one can stabilize entanglement between the
qubits starting from an arbitrary initial state.

By redrawing the energy-level diagram to include the
dark state, |D〉, and a state orthogonal to it in the {|gg〉 , |S〉}
subspace, (|B〉 = (α|gg〉 − |S〉)/

√
1 + |α|2), one can find

the rate of pumping population into |D〉. As shown in
Fig. 1(b) (right), the population is dissipatively transferred
from |T〉 to |D〉, where it is trapped due to the decoupling
of the dark state from the remainder of the energy levels.
The effective rate of this process can be found as (for the
derivation, see Appendix B 2)

γeff,D = 2�1D

1 +�2/2δ2 . (4)

The reciprocal of this “pumping” rate tD = 1/γeff,D sets
the approximate time scale for stabilization of the dark
state and therefore sets the rate of entanglement gen-
eration. We highlight the competition between the sin-
glet fraction |α|2/(1 + |α|2) and the relaxation time
tD = (1 + |α|2)/(2�1D), where achieving larger singlet
fractions—corresponding to more entanglement—requires
higher drive powers and longer relaxation times. This
trade-off is illustrated by the δ = 0 case, which corre-
sponds to stabilizing a pure Bell state |D〉 = |S〉 but takes
infinitely long to stabilize γeff,D → 0 (for further discus-
sion, see Appendixes B 2 and G 2).

To successfully implement the stabilization protocol
under consideration, a physical platform must fulfill sev-
eral requirements. Most importantly, it is necessary to have
precise control over the qubit transition frequency and
to establish efficient interfaces between qubit and propa-
gating photons. Precise control over the qubit frequency
is needed to ensure that the interference of emitted pho-
tons leads to destructive interference at both the outputs
of the waveguide simultaneously, culminating in a dark
state. Formally, this condition can be articulated by defin-
ing the null spaces for the collective jump operators (see

Appendix B 2) [45]. As shown in Ref. [43], deviations of
the drive frequency from the center frequency ω result
in the dark state having an additional loss mechanism,
thereby limiting the achievable entanglement. Efficient
qubit-photon interfaces are vital to minimize photon loss
during the emission and reabsorption processes among the
qubits, which can result in a reduced fidelity for the sta-
bilized state. A key metric in evaluating this effect is the
Purcell factor, defined as the ratio of the decay rate of an
individual qubit to the waveguide to its intrinsic decoher-
ence rate, P1D = �1D/�

′, where �
′ = 2�2 − �1D = �int +

2�φ . (�2 is the total qubit decoherence, �int is the loss
to nonradiative channels, and �φ is the pure dephasing.)
In addition to the factors mentioned, another key ingre-
dient is the characterization of the stabilized joint qubit
state. This task is particularly challenging in the pres-
ence of dissipation from the waveguide. To overcome this
challenge, characterization measurements need to happen
either on very short time scales or, alternatively, temporary
elimination of waveguide dissipation is needed during the
characterization process. In Sec. III, we detail an exper-
imental realization based on transmon superconducting
qubits that satisfies these requirements.

III. EXPERIMENT

The fabricated superconducting circuit used to realize
our experiment is shown in Fig. 1(c). The circuit consists of
three transmon qubits (1, 2, and 3), which are side coupled
to the same coplanar waveguide (CPW). Each qubit has a
weakly coupled charge control line (shown in orange) and
an external flux bias port (shown in green) for tuning its
transition frequency. Qubit 3 does not participate in any
of our experiments and is decoupled from the rest of the
system by tuning its frequency well away (>1 GHz) from
the other two qubits. The device fabrication is described in
Appendix A.

We first verify the required interference conditions by
looking for signatures of the subradiant and superradi-
ant states. In Fig. 2(a), we show the transmission through
the waveguide for weak microwave drives, measured as a
function of the flux bias of qubit 1. Meanwhile, qubit 2 has
its transition frequency fixed at ω such that the interqubit
separation along the waveguide equates to the correspond-
ing wavelength (� = λ). As the two qubits cross, we
note a broader resonant line shape, indicating the forma-
tion of a superradiant state [44]. In Fig. 2(b), we show
the waveguide transmission for two qubits that are pre-
cisely on resonance at ω (red) and for qubit 2 at ω while
qubit 1 is tuned out of the measurement window (blue).
By fitting Lorentzian line shapes to these spectra, we
find the radiative decay rate of the superradiant (triplet)
state, �1D,T/2π = 18.3 MHz, which is nearly twice the
single-qubit decay rate [(�1D,1,�1D,2)/2π = (10.3, 10.7)
MHz], pointing to the correct phase length between the
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FIG. 2. Characterizing the super- and subradiant collective states. (a) The transmission spectrum measured through the waveguide
as qubit 1 is frequency-tuned across qubit 2. The dashed line denotes the � ≈ λ point. (b) The transmission spectra for the single
qubit (qubit 2, blue) and two-qubit (red) settings, where a broader spectrum indicates the superradiant (triplet) state. (c) The inelastic
scattering spectrum. At higher drive powers (upper inset), the line shape includes contributions from both the triplet and singlet
states. Reducing the drive power results in a line shape predominantly set by the singlet state, which is fitted to a master-equation
simulation. (d) The measured relaxation lifetimes for an individual qubit (qubit 2) and the singlet state, yielding T1 = 16 ± 1.9 ns and
T1 = 910 ± 47 ns, respectively. The insets show the linear-scale plots of the same data.

qubits. We extract individual-qubit Purcell factors (at ω)
of [(P1D,1, P1D,2) = (11.4, 10.7)].

Although the singlet is (ideally) protected from emission
to the waveguide, emission can be caused by dephasing or
imbalanced waveguide decay rates between qubits, which
prevent ideal destructive interference. The elastic scatter-
ing in this case is dominated by the bright-state response
and does not provide a good measure of emission from the
singlet. To probe the singlet, we instead measure the inelas-
tic scattering from the qubits using a spectrum analyzer
(see Appendix A). While the resonance fluorescence spec-
trum at higher powers contains contributions from both the
super- and subradiant states, a measurement done at a suffi-
ciently low drive power is dominated by the response from
the subradiant (singlet) state, as shown in Fig. 2(c) [26].
A master-equation simulation fit to the inelastic scattering
profile confirms the presence of the subradiant state (for
a detailed discussion, see Appendix C). Furthermore, we
measure the population decay lifetimes of the singlet and
an individual qubit (described in Appendix D [28]), shown
in Fig. 2(d). We find a large contrast (a factor of over 50) in
the measured lifetimes, indicating that the qubit-frequency

configuration and the Purcell factors are suitable for the
realization of the stabilization protocol.

Having established the operation frequency, we proceed
with the stabilization and characterization of entangled
states. In this step, the qubits are detuned with respect
to the target frequency [see Fig. 3(a) and Appendix G 2].
Starting with a system at rest in |gg〉, we apply a narrow-
band drive at ω to initiate the stabilization process. While
the drive is being supplied, the population is coherently
driven from |gg〉 to |T〉, where it decays to the dark state
|D〉 (|B〉) with rate γeff,D (γeff,B). The population in |B〉 is
then continuously driven to |T〉, while |D〉 decouples from
the dynamics. After supplying the drive for a finite dura-
tion of time, we turn it off and allow the qubits to decay
freely into the waveguide. We note here that the short
radiative lifetime of the qubits (caused by waveguide dis-
sipation) precludes the use of dispersive readout. As an
alternative, we characterize the state of the qubits using
the photons emitted into the waveguide. The photons orig-
inating from each qubit in our experiment are spectrally
distinguishable because of the large detuning between the
qubits. Using quadrature amplitude detection and mode
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FIG. 3. The stabilization dynamics. (a) The transmission spectrum measured through the waveguide when the two qubits are detuned
symmetrically (δ1/2π = −δ2/2π = δ/2π = 17 MHz). The gray dashed line marks the target drive frequency (ω/2π = 6.392 GHz,
where � ≈ λ). (b) The time dynamics of the first- and second-order moments after supplying a continuous drive with a power of
−117 dBm (corresponding to �1/2π = 36 MHz and �2/2π = 37 MHz) and a frequency of ω to the waveguide. The inset shows the
pulse scheme, where we apply a constant pulse for τp ns and then immediately measure the state of the qubits. The plots display average
values derived from an experiment that has been repeated 150 × 106 times, with a delay between each measurement (200 ns, much
longer than the radiative lifetime of the individual qubits) ensuring that the system is at “rest” prior to the subsequent measurement.
Note that the time axis starts from a drive length of 16 ns. (c) The measured moments of the stabilized state, after a long drive (396 ns).
The plot includes all nonzero terms for an arbitrary state residing in a Hilbert space containing at most a single excitation in each
qubit. The plots display average values derived from an experiment that has been repeated 3 × 109 times and the horizontal bars
indicate standard deviations (see Appendix E 4). The values from a numerical simulation with experimental parameters are displayed
for comparison (boxed outlines). For further simulation details, see Appendix G.

matching to the photonic time bins (following previous
work, [46–49]) we successfully measure the self- and
cross-moments of the emitted photons. Through input-
output relations of multiple qubits coupled to an open
waveguide, we can relate these photonic moments to those
of the qubits themselves. Additionally, since each photon
is emitted by a qubit, it may at most have only one excita-
tion. Therefore, computing all the self- and cross-moments
of the form 〈(σ̂ †

1 )
n1 σ̂

m1
1 (σ̂

†
2 )

n2 σ̂
m2
2 〉 ∀ n1, n2, m1, m2 ∈ {0, 1}

suffices to perform a joint state tomography of the two-
qubit state (see Appendix E).

In Fig. 3(b), we show the measured self- and cross-
moments of the qubits as the state evolves in time for a
Rabi drive of �/2π = 37 MHz and a detuning of δ/2π =
17 MHz between the qubits and the drive. With the con-
tinuous drive turned on, we observe an initial increase in
the average population of each qubit with time, followed
by settling into a steady-state value. The stabilization of
an entangled dark state can be identified via the emer-
gence and stabilization of a nonzero cross-qubit moment
〈σ̂ †

1 σ̂2〉. We also note the nonzero expectation values of the
single-qubit first moments 〈σ̂i〉, which can be attributed

to the finite population of the ground state that still has
coherence with the excited-state populations. In Fig. 3(c),
we show the measurement results of the steady state and
include all relevant moments for any joint two-qubit state.
The small magnitudes of the third and fourth moments
indicate the low population of the doubly excited state
|ee〉. Using the computed moments, we reconstruct the
density matrix for the two-qubit system using maximum-
likelihood estimation (Appendix E 4). The fidelity of the
extracted density matrix to the singlet state at this drive
power and detuning is 56.5+2.2

−1.3% (95% confidence inter-
val), which is already above the 50% threshold that con-
firms entanglement.

Beyond the quality of entanglement, the stabilization
rate (γeff) is another important metric for practical applica-
tions. In the protocol being examined, the stabilization rate
is anticipated to decrease as the drive power increases, as
indicated by Eq. (4). At the same time, the level of entan-
glement, quantified by the singlet fraction [see Eq. (3)], is
expected to rise with increasing drive power. In Fig. 4(a),
we show the time evolution of the cross-moment 〈σ̂ †

1 σ̂2〉
across three different power levels. The stabilization rates,
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Appendix G).

derived from exponential fits to the cross-moments ver-
sus time, exhibit a consistent decline with increased power,
aligning with our expectations [see Fig. 4(b)]. Note that γeff
here does not strictly correspond to γeff,D given in Eq. (4),

which defines the decay rate from |T〉 to |D〉. We also plot
the fidelity relative to the singlet state for each power set-
ting [see Fig. 4(c)], revealing that the fidelities initially rise
with the power before saturating.

To more accurately assess entanglement, we calculate
the concurrence [50] for each power setting [see Fig. 4(c)].
The concurrence peaks at intermediate drive powers and
reduces at both lower and higher powers. The reduction
of entanglement at low powers aligns with expectations,
mirroring the calculated fidelity and analytical predictions.
Reduced entanglement at high power can be qualitatively
understood by considering the role of parasitic (i.e., non-
radiative) damping and dephasing, which our analytical
model does not capture. Intuitively, these effects drive
the qubits toward a mixed state, with the decoherence
rate �′ competing against the dark-state pumping rate
γeff,D [34]. This explanation is supported by the calculated
purity of the stabilized states, which drop from 90.4+0.8

−2 %
at �/2π = 30 MHz to 60.3+1.1

−5.2% at �/2π = 51 MHz
[Fig. 4(d)]. We use master-equation simulations to account
for parasitic damping and dephasing in our experiment. A
complicating factor here is power-dependent dephasing in
driven qubits [51,52], which results in a variable Purcell
factor at different drive powers (see Appendix F). To cap-
ture this phenomenon, we conduct simulations for a range
of Purcell factors, setting the lower limit based on our
qubit transmission measurements (P1D = 10) and selecting
an upper bound that qualitatively aligns with our exper-
imental data (P1D = 30). The simulations, depicted in
Figs. 4(b)–4(d), qualitatively mirror the observed power-
dependent variations in our experimental results. In our
system, we achieve a maximum concurrence of 0.504+0.007

−0.029
at an optimal drive power of �/2π = 30 MHz. The corre-
sponding time constant is 56 ± 4 ns, giving a stabilization
rate of 2.83 (±0.19) MHz, which is comparable to previous
demonstrations with superconducting qubits [9,53–55].

IV. CONCLUSIONS AND OUTLOOK

Remote entanglement is a crucial resource for quantum
networks, with a wide range of applications in distributed
quantum computing, communication, and sensing. In plat-
forms equipped with low-loss communication channels,
such as superconducting qubits, remote entanglement has
been produced through deterministic processes involving
direct photon exchange [8,54,56,57] or virtual interactions
via cavity relays [9,55,58,59]. Although these methods
have achieved high fidelities, they typically require pulse
shaping or precise timing of qubit operations. Relying on
driven-dissipative stabilization, as showcased in our exper-
iment, offers a simple alternative that relaxes these require-
ments. Additionally, stabilizing the target state allows
for maintaining the entanglement indefinitely, until it is
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needed for quantum networking operations, thereby pro-
viding an on-demand resource without the latency caused
by the propagation delay between the nodes.

In terms of physical dimensions, the interqubit distance
in our experiment is not particularly long (all components
are confined within a 1-cm × 1-cm chip) and is com-
parable to previous work in cavity systems [18,20–22].
Distinctly, however, relying on an open waveguide makes
the concept insensitive to the distance between the qubits
(within integer multiples of λ/2), allowing for the sta-
bilization of long-distance entanglement. This increased
range of entanglement is not limitless, as the breakdown
of the Markov approximation (inherently assumed in our
analysis) sets an upper bound on the distance. Nonethe-
less, with the dissipation and drive rates attainable with
superconducting qubits, this limit is rather long (meters),
allowing for the method to be practically feasible for a
range of applications. Going beyond this limit remains
relatively unexplored, though proposals based on inject-
ing squeezed light into waveguides may provide a route
toward this [39,41]. Additionally, the broadband nature of
the waveguide enables frequency multiplexing, permitting
the simultaneous entanglement of multiple qubit pairs at
different frequencies through the same channel. Finally,
the use of chiral qubit-photon coupling [60–65] can relax
the requirement of precise phase tuning between the qubits
and also lead to the formation of multipartite entanglement
[35,43].

In terms of entanglement fidelity, we achieve only mod-
est results, which are limited by the qubit coherence
(see Appendix H) and noise introduced by the broadband
waveguide bath. While previous demonstrations have used
lossy cavities as engineered reservoirs, a genuine con-
tinuum of photonic states (i.e., a waveguide) is needed
to stabilize long-distance remote entanglement. However,
the nominally infinite bandwidth of a waveguide pro-
vides additional challenges as compared to a cavity; noise
sources arising from a finite temperature or from classical
sources [66] contribute to reduced fidelities. Propagation
losses in the waveguide add additional complexity [67] and
may potentially prevent the required interference. In our
protocol, with improvements to the qubit coherence and
waveguide temperature, we expect fidelities of over 90%
(concurrence of 0.88) to be within reach, with concomi-
tantly reduced stabilization rates of 250 kHz. Ultimately,
going beyond these limits requires further investigations
of protocols with better hardware efficiency and improved
bandwidths [68].

In conclusion, we have demonstrated the generation
and stabilization of entanglement between a pair of
distant qubits coupled to a shared waveguide via a
driven-dissipative protocol. The presented scheme offers
simplicity, steady-state operation, and decoherence
protection, making it an attractive avenue for remote-
entanglement generation. We have also identified the

limitations of our experiment, finding high-fidelity remote
entanglement to be achievable using qubits with improved
decoherence characteristics well within reach of existing
superconducting technologies. With future improvements
in fidelities, we envision that entanglement-stabilization
protocols may find applications in distributed quantum
computing and quantum communication.
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APPENDIX A: METHODS

1. Fabrication

Our device is fabricated on a 1-cm × 1-cm high-
resistivity (10-k�-cm) silicon substrate. Electron-beam
lithography is used to pattern the structures in separate
metal layers on the chip. Each lithography step is fol-
lowed by electron-beam evaporation of metal and lift-off
in N -methyl-2-pyrrolidone at 150 ◦C for 1.5 h. The device
layers are as follows:

(i) 150-nm-thick niobium markers, deposited at 3 Å/s.
(ii) 120-nm-thick aluminum ground plane, waveguide,

flux lines, and qubit capacitors, deposited at 5 Å/s.
(iii) Josephson junctions evaporated (at 5 Å/s) using

double-angle evaporation and consisting of 60-
and 120-nm layers of aluminum, with 15-min
static oxidation between layers. We use asymmetric
Josephson junctions in the superconducting quan-
tum interference device (SQUID) loop of each qubit
to mitigate the effects of dephasing [69] (for further
details, see the device parameters given in Table I).

(iv) 150-nm-thick aluminum band-aids and air bridges,
deposited at 5 Å/s. The band-aids ensure electri-
cal contact between Josephson junctions and qubit
capacitors. The air bridges are used to ensure the
suppression of the slot-line modes in the waveg-
uide [70]. The air bridges are patterned using gray-
scale electron-beam lithography and developed in a
mixture of isopropyl alcohol and deionized water,
followed by 10 min of reflow at 105 ◦C [71].
Electron-beam evaporation of the band-aid/air-
bridge layer is preceded by 7 min of Ar ion milling.
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TABLE I. A summary of the experimental parameters.

Description Symbol Value

Qubit 1
Minimum frequency ω1, min/2π 6.409 GHz
Maximum frequency ω1, max/2π 7.505 GHz
Total Josephson

energy
EJ (= EJ ,a + EJ ,b) 25.4 GHz

Junction asymmetry αJ (= EJ ,a/EJ ,b) 6.6
Anharmonicity Ec (= −α) 311 MHz
Qubit 2
Minimum frequency ω2, min/2π 6.343 GHz
Maximum frequency ω2, max/2π 7.457 GHz
Total Josephson

energy
EJ (= EJ ,a + EJ ,b) 25.1 GHz

Junction asymmetry αJ (= EJ ,a/EJ ,b) 6.5
Anharmonicity Ec (= −α) 315 MHz
Qubit 3
Minimum frequency ω3, min/2π 6.565 GHz
Maximum frequency ω3, max/2π 7.640 GHz
Total Josephson

energy
EJ (= EJ ,a + EJ ,b) 26.3 GHz

Junction asymmetry αJ (= EJ ,a/EJ ,b) 6.9
Anharmonicity Ec (= −α) . . .

Super- (sub-) radiant state (Fig. 2)
Waveguide distance � (= λ) 18.2 mm
Qubit-1 waveguide

decay
�1D,1/2π 10.3 ± 0.3 MHz

Qubit-1 intrinsic
decoherence

�′
1/2π 0.9 ± 0.4 MHz

Qubit-1 Purcell factor P1D,1 (= �1D,1/�
′
1) 11.4

Qubit-2 waveguide
decay

�1D,2/2π 10.7 ± 0.4 MHz

Qubit-2 intrinsic
decoherence

�′
2/2π 1.0 ± 0.5 MHz

Qubit-2 Purcell factor P1D,2 (= �1D,2/�
′
2) 10.7

Superradiant-state
waveguide decay

�1D,T/2π 18.3 ± 0.4 MHz

Superradiant-state
intrinsic
decoherence

�′
T/2π 1.3 ± 0.5 MHz

Qubit-1 lifetime T1,1 16.6 ± 0.6 ns
Qubit-2 lifetime T1,2 16.0 ± 1.9 ns
Subradiant-state

lifetime
T1,S 910 ± 47 ns

Stabilization experiment (Fig. 3)
Drive frequency ω/2π 6.392 GHz
Qubit-1 waveguide

decay
�1D,1/2π 8.7 ± 0.1 MHz

Qubit-1 intrinsic
decoherence

�′
1/2π 1.5 ± 0.2 MHz

Qubit-1 Purcell factor P1D,1 (= �1D,1/�
′
1) 5.8

Qubit-2 waveguide
decay

�1D,2/2π 10.5 ± 0.1 MHz

Qubit-2 intrinsic
decoherence

�′
2/2π 1.3 ± 0.2 MHz

Qubit-2 Purcell factor P1D,2 (= �1D,2/�
′
2) 8.1
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FIG. 5. The measurement setup. A schematic of the dilution
fridge wiring for measurement.

2. Measurement setup

The measurements are performed in a 3He-4He
dilution refrigerator. A schematic of our measurement
setup is shown in Fig. 5. The fabricated chip is wire bonded
to a printed circuit board (PCB) and placed in a copper
box. The box is then mounted to the mixing plate, which is
cooled to a base temperature of 10 mK.

The waveguide input line (“WGIN”) is used to drive
the qubits and is attenuated at each temperature stage to
minimize thermal noise; the total attenuation is 70 dB.
Attenuators (not shown) are added to the input line at room
temperature to control the input power. Four isolators are
used to reduce thermal noise in the waveguide output line
(“WGOUT”). The output is amplified by a high-electron-
mobility transistor (HEMT) amplifier at the 4-K stage and
a room-temperature amplifier (not shown) outside of the
fridge.

A low-noise multichannel dc source provides current
biases to flux tune the qubit frequencies. Low-pass rf fil-
ters (Aivon Therma-uD25-GL RC filter with 15-kHz cutoff
frequency, Mini-Circuits VLFG490+ with 490-MHz cut-
off frequency) suppress high-frequency thermal noise in
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the dc lines, which are not attenuated. The qubits are also
equipped with XY drive lines and the rf inputs to the drive
lines are attenuated (50-dB total) to reduce thermal noise.

a. Spectral measurements

The elastic scattering measurements [Figs. 2(a), 2(b),
and 3(a)] are performed using a vector network analyzer
(VNA, Agilent N5242A). The VNA drives are attenuated
to sub-single-photon power levels in order to prevent qubit
saturation. The nonlinear least-squares method or circle-fit
method is used to fit the transmission traces. The inelas-
tic scattering measurements [Fig. 2(c)] are performed with
an rf spectrum analyzer (Rohde & Schwarz FSV3013); the
VNA in zero-span mode provides the microwave excita-
tion tone. The spectrum-analyzer acquisition is performed
with a resolution bandwidth of 20 kHz. The measured
resonance fluorescence of the subradiant state is fitted to
master-equation simulations, as discussed in Appendix C.

b. State tomography

Qubit state tomography is performed using the Quantum
Machines OPX+ (QM) module, which is capable of arbi-
trary waveform generation and heterodyne detection. To
generate the drive, megahertz-frequency intermediate fre-
quency (IF) signals from the QM are combined with a local
oscillator (LO) supplied by an rf signal generator (Rohde
& Schwarz SMB100) using in-phase and quadrature (IQ)
mixers (Marki Microwave MMIQ-0520LS). For readout,
the signal from the output line is down-converted using an
IQ mixer and the resulting IF signal is digitally demod-
ulated. Details of the state tomography are discussed in
Appendix E 1. The data presented in Fig. 2(d); Figs. 3(b)
and 3(c); and Figs. 4(a) and 4(b) are recorded using state
tomography techniques.

3. Device parameters

The relevant device parameters are given in Table I.

APPENDIX B: THEORETICAL MODELING

Here, we present the theoretical framework used to
model two driven qubits coupled to a waveguide and the
stabilization of the entangled dark state.

1. Master equation

The most general master equation for this system is
given by [43,44,72].

ρ̇ = − i
�

[Ĥ + Ĥint, ρ] + Lρ, (B1)

where

Ĥ/� =
∑

i=1,2

δi

2
σ̂z,i + 1

2

(
�iσ̂

†
i +�∗

i σ̂i

)
(B2)

is the system Hamiltonian written in the drive frame after
applying the RWA. Both qubits are driven at the same fre-
quencyω, such that δi = ωi − ω is the qubit-drive detuning
(ωi is the frequency of qubit i). �i denotes the Rabi fre-
quency on each qubit. In the case of a drive applied via
the waveguide (corresponding to our experiment), �i =
|�i|eikxi includes the propagation phase accumulated by
the drive. Here, xi is the position of qubit i and k = nω/c
is the wave vector of the drive (n denotes the refractive
index and c denotes the speed of light). Ĥint denotes the
photon-mediated interaction:

Ĥint/� = J σ̂ †
1 σ̂2 + J ∗σ̂ †

2 σ̂1. (B3)

Here, J = √
�1D,1�1D,2(e+ik2d − e−ik1d)/4i. For the case of

two qubits at the same frequency, this expression simpli-
fies to the more familiar J = (

√
�1D,1�1D,2/2) sin(kd) [44].

Here, �1D,i is the dissipation rate of qubit i into the waveg-
uide, ki is the wave vector at ωi, and d = |x2 − x1| is the
qubit separation. The Liouvillian is given by

Lρ = �1D,1D[σ̂1]ρ + �1D,2D[σ̂2]ρ + �12D[σ̂1, σ̂2]ρ

+ �21D[σ̂2, σ̂1]ρ. (B4)

Here, �12 = �∗
21 = √

�1D,1�1D,2(e+ik2d + e−ik1d)/2, which
simplifies to �12 = √

�1D,1�1D,2 cos(kd) for resonant
qubits. This term denotes the correlated decay between
qubits. The dissipator terms in the above equation are
given by

D[A]ρ = AρA†−1
2

A†Aρ − 1
2
ρA†A, (B5)

D[A, B]ρ = BρA†−1
2

A†Bρ − 1
2
ρA†B. (B6)

In our experiment, we drive both qubits through the
waveguide at a frequency ω corresponding to qubit separa-
tion of λ. We then have �1 = �2. Additionally, each qubit
is equally detuned from the drive frequency so that ω1,2 =
ω ± δ. At this detuning setting, the photon-mediated inter-
action (J ) disappears exactly and the Hamiltonian is fully
described by Eq. (1), reproduced as

Ĥ/� =
∑

i=1,2

δi

2
σ̂z,i + 1

2

(
�σ̂

†
i +�∗σ̂i

)
. (B7)

Using the triplet and singlet states |T, S〉 = (|eg〉 ±
|ge〉)/√2, we can then rewrite the Hamiltonian as in
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Eq. (2), repeated as

Ĥ/� = �√
2
(|T〉〈gg| + |ee〉〈T|)− δ (|S〉〈T|)+ H.c.

(B8)

For this detuning setting, the correlated decay becomes
�12 = √

�1D,1�1D,2 exp (−i�kd), where �k = √
εeffδ/c.

The first-order correction to the correlated decay (�kd)
is approximately 0.02 in our experiment and may be
safely ignored, so that �12 ≈ √

�1D,1�1D,2. (For our exper-
iment,

√
εeff = 2.6, δ = 2π × 17 MHz, c = 3 × 108 m/s,

d = 18.2 mm. Here,
√
εeff is the refractive index and εeff

is the effective permittivity.) If we additionally take the
assumption that �1D,1 = �1D,2, the Liouvillian in Eq. (B4)
simplifies to

Lρ = �1DD[σ̂1 + σ̂2]ρ, (B9)

which may be rewritten straightforwardly as

Lρ = 2�1DD[|gg〉〈T| + |T〉〈ee|]ρ. (B10)

The simplified Hamiltonian [Eq. (B8)] and Liouvillian
[Eq. (B10)] are illustrated in the left subpanel of Fig. 1(b).
The triplet state |T〉 is superradiant and decays at rate
2�1D to the ground state |gg〉. The singlet |S〉 has no
decay but exchanges population with the triplet at rate
−δ. We note that here we have considered the case in
which the qubit separation d = mλ. For qubit separations
of d = λ/2 ± mλ, the singlet and triplet are exchanged (|S〉
decays directly to |gg〉).

2. Dark-state formation

In our experiment, the interplay between drive, detun-
ing, and decay results in the stabilization of a pure entan-
gled state that is dark to the waveguide. In this appendix,
we detail sufficient conditions for the formation of the dark
state and discuss their physical meaning, closely following
Refs. [34,35,43]. The conditions for the existence of a pure
dark stationary state |�〉 are as follows:

(1) |�〉 is annihilated by the collective jump opera-
tors (or, equivalently,|�〉 exists in the null space
of the collective jump operators). cR,L|�〉 = 0. This
condition ensures that |�〉 does not decay to the
waveguide output ports and is therefore “dark.”

(2) |�〉 is an eigenstate of the Hamiltonian. Ĥ |�〉 =
E|�〉. This condition ensures stationarity.

The collective jump operators for qubits coupled to
a waveguide are given by cR = ∑

i eikxi σ̂i and cL =∑
i e−ikxi σ̂i, corresponding to collective decay to the right

and left output ports. Here, k is the wave vector at the
drive frequency (k = nω/c) and xi is the position of qubit

i. We note that these jump operators are valid in the regime
in which ω ≈ ω1 ≈ ω2. If the waveguide dissipation rates
�1D are small compared to the qubit frequencies (ω1 and
ω2) and the interqubit separation d does not greatly exceed
a wavelength, variations in phase shift due to different fre-
quencies are negligible [73]. Hence, the interference effects
discussed in Appendix C remain valid.

We first consider condition (1), that cL|�〉 = cR|�〉 = 0.
For the case of two qubits coupled to a waveguide, the
jump operators may be written as cR = σ̂1 + eikdσ̂2 and
cL = σ̂1 + e−ikdσ̂2, where d = |x2 − x1| is the qubit sep-
aration. The dissipators corresponding to these operators
are (�1D/2)D[cR,L]ρ. We note that for a qubit separa-
tion of d = λ, these dissipators sum to the Liouvillian of
Eq. (B9). In general, the null space of cR,L consists of
|gg〉 and |�R,L〉 = (|ge〉 − e±ikd|eg〉)/√2. The state |�R,L〉
may be interpreted as the collective qubit state that results
in the destructive interference of waveguide emission in
the right (left) direction. For arbitrary qubit separation d,
no state other than |gg〉 satisfies the destructive interfer-
ence condition in both waveguide directions. However,
when d = mλ (or d = λ/2 + mλ) for integer m, the sin-
glet (triplet) |S, T〉 = (|ge〉 ∓ |eg〉)/√2 will be annihilated
by both jump operators simultaneously, satisfying (1). We
emphasize here the importance of precise control of the
phase delay between qubits to achieve destructive inter-
ference to both waveguide ports. For our experiment, flux
tuning the qubit frequencies allows us to tailor the phase
delay in situ.

While |gg〉 and |S〉 annihilate both jump operators for
d = mλ, neither are eigenstates of the Hamiltonian [Eqs.
(2) and (B8)]. We note here that for arbitrary qubit detun-
ings (δi) and Rabi drive frequencies (�i), it is not possible
to find an eigenstate of the Hamiltonian within the consid-
ered subspace. However, letting �1 = �2 and δ1 = −δ2 is
sufficient to obtain a “dark” eigenstate by combining |gg〉
and |S〉. This state is given here [and in Eq. (3)] by

|D〉 = |gg〉 + α|S〉√
1 + α2

. (B11)

Here, the coherent drive, waveguide dissipation, and
detunings all destructively interfere to remove coherent
interactions between |D〉 and the rest of the state space. The
parameter α = �/

√
2δ sets the singlet fraction (defined

here as α2/(1 + α2)). For large Rabi drives, |D〉 asymp-
totically approaches the Bell state |S〉. By expressing the
orthogonal state to |D〉 in the dark subspace, we may obtain
intuition for the population dynamics. This orthogonal
state is denoted as |B〉 and is given by

|B〉 = α|gg〉 − |S〉√
1 + α2

. (B12)

We observe that the ground state |gg〉 may be reexpressed
as |gg〉 = (|D〉 + α|B〉)/√1 + α2, allowing us to reexpress
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the Liouvillian in Eq. (B10) as

Lρ = 2�1DD
[

1√
1 + α2

|D〉〈T| + α√
1 + α2

|B〉〈T|

+ |T〉〈ee|] ρ. (B13)

This yields the effective decay (pumping) rates into |D〉 and
|B〉 from |T〉:

γeff,D = 1
1 + α2 × 2�1D = 2�1D

1 +�2/2δ2 , (B14)

γeff,B = α

1 + α2 × 2�1D = 2�1D�

(1 +�2/2δ2)δ
√

2
. (B15)

Equation (B14) is given as Eq. (4) of the main text. Sim-
ilarly reexpressing the Hamiltonian in Eq. (B8) yields an
effective Rabi drive between |B〉 and |gg〉, given by

�eff,B = 1√
1 + �2

2δ2

(
�2 + 2δ2

2δ

)
. (B16)

These decay and Rabi rates are illustrated in the right sub-
panel of Fig. 1(b). Here, we note the trade-off between
fidelity of the stationary state to |S〉 (which increases with
α/(1 + α2)) and the decay rate into the dark state (which
increases with 1/(1 + α2)). This trade-off is typical of
driven-dissipative stabilization schemes [22].

APPENDIX C: INELASTIC SCATTERING OF
SUBRADIANT STATE

Resonance fluorescence measurements of the subradi-
ant state (|S〉) are fitted to master-equation simulations,
following Eq. (B1) with slight modifications. First, the
qubit-drive detuning is set to zero (δi = 0) in Eq. (B2).
Next, internal loss and dephasing terms are added to the
Liouvillian, given by

Lintρ =
∑

i=1,2

�int,iD[σ̂i]ρ (C1)

Lφρ =
∑

i,j =1,2

�φ,ij

2
D[σ̂z,i, σ̂z,j ]ρ. (C2)

Here, �φ,ii is the dephasing of qubit i and �φ,ij = �φ,ji =
�φ,corr is the correlated dephasing. Correlations between
qubit dephasing can arise when multiple qubits are cou-
pled to a single noise source, such as a global magnetic
field [27]. The total simulated Liouvillian accounts for
waveguide decay [Eq. (B4)], internal losses, and dephas-
ing (Ltotρ = Lρ + Lintρ + Lφρ). The two-time correla-
tion function then gives the power spectrum of the output

radiation field,

S(ω) = Re
∫ ∞

0

dτ
π

eiωt〈c†
R(t)cR(t + τ)〉, (C3)

where cR is the collapse operator (cR = σ̂1 + eikdσ̂2), as
defined in Appendix B. To reduce the number of free
parameters in the fitted simulations, we set �int,1 = �int,2
and �φ,11 = �φ,22. The fitted parameters are �int = 0,�φ =
174 ± 24 kHz and �φ,corr = 127 ± 85 kHz, as shown in
the lower subpanel of Fig. 2(c). We note that follow-
ing the treatment given in Ref. [27], the decay lifetime
(T1) of the subradiant state may be approximated as T1 =
1/(�int + �φ − �φ,corr) in the case of a large Purcell fac-
tor. This relation yields an estimate for T1 = 3.4 µs, which
greatly exceeds the single-qubit lifetimes of ≈16 ns (see
Appendix D).

APPENDIX D: LIFETIME MEASUREMENT OF AN
INDIVIDUAL QUBIT AND THE SUBRADIANT

STATE

The individual-qubit and resonant-subradiant-state life-
times are presented in Fig. 2(d). To measure the
single-qubit lifetimes, individual qubits are excited via the
waveguide with a constant π pulse. The qubit emission is
demodulated (see Appendix E 1) using an 80-ns time win-
dow after a variable wait time τ and 〈σ̂ †σ̂ 〉 is calculated.
The individual-qubit T1 lifetimes are T1 = 16.6 ± 0.6 ns
for qubit 1 and T1 = 16.0 ± 1.9 ns for qubit 2.

The subradiant-state lifetimes are measured by excit-
ing the singlet state (|S〉 = |eg〉 − |ge〉) with a constant π
pulse. For an interqubit separation of λ (� = λ), driving
through the waveguide can only excite the superradiant
triplet state (|T〉 = |eg〉 + |ge〉). To excite the singlet state,
XY lines are used to drive qubits out of phase simultane-
ously. After a variable wait time τ , the ground-state (|gg〉)
population is then measured by state-dependent scatter-
ing [28]. In this scheme, if the ground state is populated,
photons are scattered between |gg〉 and |T〉, reducing the
transmission amplitude. Scattering results in unit transmis-
sion if the system is fully excited to |S〉. Fits to exponential
decay profiles are used to extract lifetimes. The extracted
T1 lifetime for the singlet state is T1 = 910 ± 47 ns. We
note here the discrepancy between this measurement result
and the estimated T1 lifetime from the inelastic scattering
measurements (T1 = 3.4 µs). We attribute this discrepancy
to frequency shifts of the individual qubits over multi-
ple days. The measured lifetimes of the subradiant state
are crucially dependent on the individual-qubit frequen-
cies due to the interference required to protect the state
from decay; frequency jitter can, therefore, strongly affect
lifetimes. Despite these discrepancies, the measured and
estimated lifetimes of the subradiant state greatly exceed
those of individual qubits, which are limited to ≈16 ns.
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APPENDIX E: STATE TOMOGRAPHY

1. Measurement of qubit moments

Most superconducting qubits use a dedicated resonator
for readout using single-shot dispersive readout [74]. Due
to the nature of our experiment, however, the qubits are
strongly coupled to a separate waveguide. Hence, with-
out the use of a tunable coupler between the qubits and
the waveguide, the qubit would mostly be decaying into
this common waveguide, limiting the fidelities of the read-
out that we can achieve. Additionally, unless carefully
designed, a readout resonator can act as another source of
dissipation for the qubits, thus inhibiting the formation of a
truly dark state. We instead use the strong coupling of the
qubits to the common waveguide to perform our readout
by means of field emission tomography, using techniques
similar to those presented in Ref. [75]. As shown there, a
direct mapping exists between the field emitted by a qubit
and its state. This mapping is used to perform quantum
state tomography on the two qubits. Following Ref. [75],
the input-output relation for two qubits coupled to the same
waveguide is given by

âout(t) = âin(t)+ e−iω1t1

√
�1D,1

2
σ̂1(t)

+ e−iω2t2

√
�1D,2

2
σ̂2(t), (E1)

where σ̂1,2 are the qubit annihilation operators, �1D,1,2 are
the decay rates of the respective qubits to the waveguide,
and t1,2 represent the time of flight to the qubits. âout and
âin represent the output and input propagating modes in the
waveguide (this is for only one propagation direction; a
similar equation exists for the opposite direction). Clearly,
measuring the output field of the waveguide can also be
used to gain information of the state of the qubits. In fact,
it can be used to determine the exact state of the qubits just
before they begin emitting into the waveguide.

To see this, consider the case of a single qubit at
a frequency ωq the time-dependent annihilation opera-
tor of which is given by σ̂ (t). The output field in this
case, in the absence of any drive, is given by âout(t) =√
�1D/2σ̂ (t)+ âin(t), where âin(t) is the vacuum. For a

qubit naturally decaying into a waveguide, σ̂ (t) evolves
as e−�1Dt/2σ̂ (0)e−iωqt, where �1D is the coupling to the
waveguide. Now consider the integral

σ̂ =
∫

dtf (t)âout(t)eiωqt, (E2)

where f (t) represents a weighting function to give a higher
weight to times at which âout(t) is larger. This is known
as temporal mode matching and Eq. (E2) is a continuous
version of what actually happens during demodulation of
the output field during the experiment (see Appendix E 2).

By choosing f (t) = √
2�1De−�1Dt/2�(t), where�(t) is the

Heaviside step function, one can show that the integral σ̂
reduces to simply σ̂ (0), thus recovering the state of the
qubit just before the emission began (our choice of f (t)
contains an additional

√
2 factor as compared to previ-

ous work, because qubits are side coupled rather than end
coupled to the waveguide) [76]. Mode matching is done
to maximize the detection efficiency. Thus, any choice of
f (t) still retains all the statistical properties of σ̂ and can
be used for the measurement at the cost of a possibly
decreased signal-to-noise ratio (SNR). We henceforth use
σ̂ to denote the incoming mode but it is equivalent to the
state of the qubit at the start of the emission.

Prior to being detected, the field âout(t) passes through
a linear amplification chain with a net gain of G, usually
on the order of many tens of decibels. This is because the
actual detection is done using analog-to-digital converters
that have a minimum voltage threshold, which is gener-
ally much higher than that of a single microwave photon.
Because of the amplification, there is some inevitable noise
added as well [46,77] and hence what is actually detected
is given by (in the limit of G � 1), Ŝ = √

G(σ̂ + ĥ†), with
ĥ representing the added noise. We discuss how we cal-
culate G in Sec. E 3. For now, consider the measurement
of Ŝ = σ̂ + ĥ†. We are primarily interested in finding the
moments of σ̂ and hence we need to properly account for
the noise ĥ. This can be done by considering the binomial
expansion of any moment of Ŝ:

〈Ŝ†nŜm〉 =
n∑

i=0

m∑

j =0

(ni )(
m
j )〈σ̂ †iσ̂ j 〉〈ĥn−iĥ†m−j 〉. (E3)

Here, the underlying assumption is that the noise is uncor-
related with the signal. This equation can then be used
to generate a system of equations that can be used to
recover the moments of σ̂ instead, given that we know the
moments of ĥ. To calculate the latter, we need to perform
a measurement Ŝ0 with the signal mode σ̂ in vacuum, such
that all the moments of σ̂ are 0, except for the zeroth order.
This gives

〈ĥnĥ†m〉 = 〈Ŝ†n
0 Ŝm

0 〉, (E4)

which can then be used to calculate the required moments
of σ̂ .

Our detection protocol involves driving the two qubits
for a certain duration through the waveguide, turning off
the drive, and measuring the fields emitted by the two
qubits. Since the two qubits are not very distant, the
emitted fields are completely overlapped in the temporal
domain. Instead, we note that the qubits are spectrally sep-
arated for our experimental settings and hence σ̂1(t) and
σ̂2(t) rotate at different frequencies in Eq. (E1). This allows
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us to use a frequency-multiplexed version of the above
protocol.

Experimentally, a heterodyne detection in the microwave
domain involves using an IQ mixer to down-convert from
rf to a frequency range that can be digitized by an analog-
to-digital converter (ADC). This sampled version of the
field can then be demodulated (along with weights for
the temporal mode matching) at the appropriate frequency
to obtain an I , Q pair. This I , Q pair represents the two
orthogonal quadratures of the detected field S, such that
S = I + iQ, at the demodulated frequency. But once the
signal has been down-converted and digitized, we can
demodulate the signal at two different frequencies simul-
taneously to obtain two I , Q pairs representing Ŝ1 and Ŝ2.
These are then related to the two qubits σ̂1 and σ̂2 and two
noise modes ĥ1 and ĥ2 in the same way that S is related to
σ̂ and ĥ, i.e.,

Ŝ1 = σ̂1 + ĥ†
1,

Ŝ2 = σ̂2 + ĥ†
2.

(E5)

The moments of the individual modes σ̂1 and σ̂2 can then
be found in the same way as for σ̂ . The measurements for
ĥ1 and ĥ2 are done by measuring Ŝ01 and Ŝ02, where there is
no signal mode. The cross-moments such as σ̂ †

1 σ̂2 can also
be found by calculating the cross-correlations between Ŝ1

and Ŝ2. For example,

〈Ŝ†
1 Ŝ2〉 = 〈(σ̂ †

1 + ĥ1)(σ̂2 + ĥ†
2)〉

= 〈σ̂ †
1 σ̂2〉 + 〈ĥ1ĥ†

2〉 + 〈σ̂ †
1 ĥ†

2〉 + 〈ĥ1σ̂2〉
=⇒ 〈σ̂ †

1 σ̂2〉 = 〈Ŝ†
1 Ŝ2〉 − 〈ĥ1ĥ†

2〉 − 〈σ̂ †
1 〉〈ĥ†

2〉 − 〈ĥ1〉〈σ̂2〉,

again under the assumption that the noise modes ĥ1,2 are
uncorrelated with the signal modes σ̂1,2.

2. Mode-matched filtering

Our field-tomography protocol recovers the qubit state
by heterodyne detection of the field emitted into the
waveguide. A finite time window (80 ns) is sufficient to
capture the qubit emission (T1 ≈ 16 ns) and the emitted
signal is subsequently down-converted with an IQ mixer
to an intermediate frequency (IF) and digitized. The dig-
itized signal (Ĩ + iQ̃) is then demodulated to obtain the
field; the digital demodulation is detailed in the following
expression:

S = I + iQ =
∑

n

f [n](Ĩ [n] + iQ̃[n])e−iωIFnτ . (E6)

Here, S corresponds to the measured field, n is the index,
τ is the time resolution of our acquisition unit, and ωIF is

the IF. f [n] is the mode-matched filter function [discussed
previously as f (t) in Appendix E 1 and Eq. (E2)] and is the
focus of the following discussion.

In our experiments, qubits are driven via the waveguide;
drives are turned off just prior to the start of the measure-
ment window. We note that in this discussion, the qubit
and drive tone are detuned at the same settings as the dark-
state experiment [for details, see Fig. 3(a) and Table I].
However, we find that artifacts of the drive are present in
the measurement window—mainly due to drive-pulse dis-
persion and drive reflections. First, the dispersion of the
drive pulse leaks into the measurement window. Second,
repeated reflections of the drive at microwave connections
in the measurement chain create delayed copies of drive
pulses. In our experiment, we measure pulse dispersion
and reflections in the qubit-emission window that is ≈20
dB lower than applied waveguide drives. Parasitic artifacts
from the drive are within ≈5 dB of the power emitted from
qubits and overlap temporally with the emission of interest.
This effect is further exacerbated by the large qubit dissi-
pation rate into the waveguide and the concomitant short
emission duration (�1D/2π ≈ 10 MHz, T1 ≈ 16 ns). The
majority of qubit emission is contained in the first 16 ns
of the measurement window, which is most susceptible to
the discussed parasitic effects. Capturing this drive signal
in addition to qubit emission can potentially cause unde-
sired correlations between the measured and background
signals, S and S0, compromising the measurement fidelity
[see Eqs. (E3) and (E5)].

To overcome this problem, we optimize the mode-
matching function f [n] to maximize the measured qubit
emission while rejecting the parasitic drive signal in the
measurement window. In other words, f [n] is optimized
to be orthogonal to parasitic artifacts of the drive. For this
purpose, we measure ten averaged samples of single-qubit
emission following a 100-ns drive pulse, denoted as S1.
The state corresponding to S1 is the steady state of the qubit
of interest under a detuned coherent drive, as is evident in
Figs. 6(b) and 6(c). We use the same qubit-drive detuning
as in the stabilization experiment and the adjacent qubit
is flux tuned away (≈1 GHz). Each sample contains 105

shots. Multiple averaged samples are used to mitigate the
effects of fluctuations in gain or qubit emission over time.
We repeat this measurement with the qubit detuned away,
such that the measurement window only captures the para-
sitic drive (denoted as S0) and no qubit signal. We then use
nonlinear least-squares optimization to minimize the fol-
lowing loss function over the ten samples and remove the
parasitic drive from the qubit signal:

Lbkg(f [n]) = |S0|
|S1 − S0| . (E7)

Here, minimizing |S0| in the numerator orthogonal-
izes the filter function f [n] with respect to the parasitic
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FIG. 6. The state tomography of an individual qubit. (a) The
measured field quadrature of qubit 1 at the same detuned setting
as Fig. 2(a), with qubit 2 flux tuned away (purple, S1). The mea-
sured background field with both qubits flux tuned away (green,
background, S0). The measured field at the same detuned set-
ting as Fig. 2(a), with qubit 1 flux tuned away (orange, crosstalk,
S2). The background and crosstalk are minimal compared to the
signal. The inset shows the mode-matched envelope of qubit 1
(blue) and the ideal exponential decay envelope (red). The enve-
lope maximizes the signal from the qubit while rejecting noise
and crosstalk sources. (b) The background-subtracted field and
(c) photon number of qubit 1 measured using mode-matched fil-
tering, under a detuned drive [same setting as Fig. 2(a)]. Fits to
master-equation simulations yield Gain = 6.3 ± 0.1 × 105.

drive. However, because of the substantial temporal over-
lap between the parasitic drive and the qubit signal, sim-
ply minimizing |S0| significantly reduces the qubit signal.
Therefore, |S1 − S0| is included in the denominator to max-
imize the output qubit signal. In Fig. 6(a), we show the
result of this optimization for qubit 1. The purple plot
denotes S1 and the green plot denotes S0. When mode
matching is applied, we see that S0 is nearly zero over
a range of drive-pulse durations. The optimized mode-
matched temporal envelope for qubit 1 is shown in the
inset to Fig. 6(a). We note that the filter function resembles
an exponential decay with reduced weights in the first 8 ns

of the measurement window. This occurs because parasitic
drive artifacts are localized in this short time window.

The steps detailed are sufficient to remove parasitic
drive artifacts from the measurement window. Another
source of noise in the qubit measurement arises when
both qubits are measured simultaneously, as in our two-
qubit dark-state tomography. In Fig. 3(a), we show the
detuning profile of qubits 1 and 2 in the stabilization exper-
iment. While the two qubits are separated by ≈3�1D in
frequency (|ωIF,1 − ωIF,2| > 3�1D), there is still the pos-
sibility for qubit demodulation to capture a “crosstalk”
signal from the adjacent qubit. To remove this crosstalk,
we simultaneously optimize for a second loss function
(Ltotal = Lbkg + Lcross):

Lcross(f [n]) = |S2 − S0|
|S1 − S0| . (E8)

Here, the S2 signal denotes the steady state of the adjacent
qubit under a detuned drive, demodulated at the frequency
of the qubit of interest. To obtain S2, ten qubit-emission
samples are taken with the desired qubit detuned away and
the adjacent qubit at the experimental setting. S1 and S0
are unchanged. Similar to the previous case, minimizing
|S2 − S0| (the adjacent qubit) rejects the parasitic crosstalk
from the adjacent qubit. Maximizing |S1 − S0| prevents the
reduction of the signal of the desired qubit. In Fig. 6(a),
we show the minimized crosstalk signal from qubit 2 (in
orange), where qubit 1 is the qubit of interest.

In the case of perfect mode matching, the mode-
matching efficiency is ηF = 1. For imperfect mode
matching, ηF < 1; this has the effect of reducing the total
detection efficiency and can be interpreted in a similar
way to attenuation between the device and the first ampli-
fier [76]. Ideally, qubit emission follows an exponentially
decaying envelope and a corresponding exponential filter
function provides perfect mode matching. In our experi-
ment, the optimized filter functions are nonexponential in
order to reject the parasitic noise sources discussed above.
Our experimental mode-matching efficiency to qubit emis-
sion is therefore imperfect; we find ηF = 0.59 (0.50) for
qubit 1 (2). The inset to Fig. 6(a) shows both the opti-
mized (qubit-1) filter function (blue) and the corresponding
ideal filter function (red). The mode-matching efficiency
is calculated by taking the squared inner product between
the normalized ideal and optimized filter functions. We
note that using an ideal exponential filter function (where
ηF = 1), we obtain ratios between the qubit and noise
signal of |S1 − S0|/|S0| ≈ 1. This indicates the nontrivial
effect of parasitic drive features in the absence of mode-
matching optimization. On the other hand, the optimized
filter function yields |S1 − S0|/|S0| ≈ 20 [see Fig. 6(a)].

Lastly, we verify that our mode-matching scheme does
not affect the statistics of the measured moments by
calibrating against master-equation simulations of single
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qubits, which is discussed in Appendix E 3. We also
note that when the parasitic drive and qubit emission are
separable (i.e., nonentangled), tomography may alterna-
tively be performed by directly subtracting the coherent
displacement (caused by the drive) from the qubit signal.

3. Gain calibration and noise photon number

Qubit emission from the device passes through an
amplifier chain and is then down-converted to an interme-
diate frequency, digitized, and digitally demodulated. The
measured demodulated signal must be scaled properly to
accurately recover the qubit state. We calibrate the gain
of the measurement chain G by fitting master-equation
simulations of a single qubit to demodulated emission, as
shown in Figs. 6(b) and 6(c) for qubit 1. For this measure-
ment, qubit 1 is flux tuned to the dark-state experiment
setting (6.409 GHz) and a detuned drive (6.392 GHz) is
applied. Digital demodulation is applied, with ωIF corre-
sponding to the qubit frequency. The obtained |〈σ̂1〉|meas

and |〈σ̂ †
1 σ̂1〉|meas are then fitted simultaneously to a master-

equation simulation to obtain |〈σ̂1〉| = √
G|〈σ̂1〉|meas and

|〈σ̂ †
1 σ̂1〉| = G|〈σ̂ †

1 σ̂1〉|meas. Gain calibration for qubits 1 and
2 yields G = 6.3 ± 0.1 × 105 and G = 4.2 ± 0.1 × 105,
respectively. Note that the gain values include the con-
tribution from mode matching. Asymmetry between the
calibrated gain values is attributed to asymmetric crosstalk
caused by the Fano line shape of each qubit. A qubit
experiencing a crosstalk signal from the neighboring qubit
will have a reduced gain G because mode-matched filter-
ing will less efficiently capture the signal of the desired
qubit.

The SNR of heterodyne field tomography depends on
the number of noise photons injected at the first ampli-
fier in the output chain, the losses between the output
of the chip and the first amplifier, and also the mode-
matching efficiency. All of this can be encapsulated by a
single number, which is the effective noise photon num-
ber neff. The SNR scales with the order of the moment
being measured as (1 + neff)

M , where M is the order of the
moment.

Our measured effective noise photon number is neff =
122.4 (±0.7) for qubit 1 and neff = 76.2 (±0.4) for qubit
2 (95% confidence intervals) [78]. The contributing fac-
tors to these values are noise injected by the first amplifier
(13 photons), loss between the device and first amplifier
(0.5 or ≈3 dB), the mode-matching efficiency (≈0.5), and
photon loss due to bidirectional waveguide coupling (0.5).
We extract the noise injected by the first amplifier (HEMT
located at the 4-K stage) by referencing to a resonance fluo-
rescence measurement of a single qubit. This measurement
yields a noise photon number of nHEMT = 13 photons and
a temperature of THEMT = 4.1 K. We note that neff can be
reduced using a near-quantum-limited amplifier [79].

4. Maximum-likelihood estimation

Once we have all the moments of the photonic modes
emitted by the qubit (see Appendix E 1), we use the stan-
dard method of maximum-likelihood estimation (MLE)
to obtain the density matrices for the two-qubit state
[76,77]. Since we only have emission from the first
excited state of the transmon (the second excited level
is approximately 300 MHz away), we can work in the
single-excitation sector for each mode. We can thus
restrict our attention to the 16 moments of the form Aj =
(σ̂

†
1 )

n1 σ̂
m1
1 (σ̂

†
2 )

n2 σ̂
m2
2 ∀n1, n2, m1, m2 ∈ {0, 1}.

Following Ref. [77], given a state ρ, the probability
of measuring 〈Āj 〉 as the mean of N measurements of a
particular moment Aj is given by

p(〈Āj 〉|ρ) ∝ e−|〈Āj 〉−Tr(Aj ρ)|2/(vj /N ), (E9)

where vj is the variance of the moment. For large enough
N , the law of large numbers tells us that we can approxi-
mate vj by the measured variance. One can then define the
log of a likelihood function,

− logL(D|ρ) =
16∑

j =1

|〈Āj 〉 − Tr(Aj ρ)|2/(vj /N ), (E10)

where j enumerates all the different moments. This, along
with the constraints that Tr(ρ) = 1 and ρ > 0, defines an
objective function to be used for the minimization problem
that finds the most likely density matrix for the given set
of measured moments.

We calculate the fidelity of the extracted stabilized state
to a Bell state |ψ〉 = (|eg〉 + ejφ|ge〉)/√2, without post-
processing of the measured relative phase delay. Instead,
φ is swept over a 2π range and the φ yielding maximum
fidelity is used. This relative phase rotation corresponds
to a virtual single-qubit Z rotation and does not affect the
generated entanglement (concurrence).

To find the bounds on fidelity and concurrence, we per-
form MLE on resampled copies of the moments. We record
the average of all the moments over 1 × 106 shots and
perform this entire measurement 3000 times (a total of
3 × 109 averages). This gives us an approximately Gaus-
sian histogram of 3000 values, from which we extract the
variance and mean. We then resample each moment from a
Gaussian with the corresponding parameters to reconstruct
1000 resampled copies. For each resampled copy, we per-
form MLE and calculate the fidelity and concurrence. The
standard deviation can be calculated from this list of fideli-
ties and concurrences and the 95% confidence interval is
then bounded by the 25th and 975th elements of the sorted
lists.
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APPENDIX F: ANALYSIS OF THE
DECOHERENCE SOURCES

We observe in Fig. 4(b) that the concurrences of the
stabilized entangled state exceed the values predicted by
qubit Purcell factors (approximately ten, extracted from fits
to transmission traces). To investigate potential sources of
this discrepancy, we perform measurements of qubit deco-
herence caused by interaction with the waveguide bath. In
particular, we study the effects of the drive power.

Our dark-state stabilization protocol involves applying
strong drives (�/�1D > 1) to the qubits via the waveg-
uide. Previous studies have found that decoherence during
the driven evolution of a qubit depends on the noise power
spectral density (PSD) at the Rabi frequency, which has
been shown to exhibit a 1/f α dependence [51,52,80–82].
We investigate the noise PSD by measuring the driven evo-
lution of single qubits using Rabi noise spectroscopy [80]
and a spin-locking (SL) protocol [51].

1. Driven evolution of a qubit

The decoherence of a qubit under driven evolution has
noise contributions from the qubit frequency ωq, the Rabi
drive frequency �R, and quasistatic noise [80]. We con-
sider the evolution of a single qubit under a resonant drive,
which is described by the following Hamiltonian in the
laser frame, with δ = ωq − ωd = 0:

Ĥ = δ

2
σ̂z + �R

2
σ̂y . (F1)

To understand our noise-spectroscopy measurement proto-
cols, We invoke an analogy between the free and driven
evolution of a qubit [51]. A freely evolving qubit revolves
around the z axis of the Bloch sphere at a frequency δ
(in the laser frame). The qubit will experience a longitudi-
nal (�1 = 1/T1) and transverse decay (�2 = �1/2 + �φ =
1/T2, where �φ is pure dephasing) when subjected to the
environment. When the qubit is driven on resonance in the
y direction, the qubit state revolves about the y axis with
the Rabi frequency �R. In this case, the driven dynamics
can be interpreted as a freely evolving spin quantized in
the y-axis direction. In analogy with the case of the non-
driven qubit, longitudinal (�̃1) and transverse (�̃2) decay
rates may be defined (given below for a resonant drive):
[52].

�̃1 = 1
2
�1 + �ν , (F2)

�̃2 = 3
4
�1 + 1

2
�ν . (F3)

Here, �ν = πSz(�R) is the pure dephasing under driven
evolution, where Sz(�R) is the noise PSD at the Rabi fre-
quency �R. (�φ = πSz(0) is the pure dephasing under

free evolution). By varying the qubit drive strength and
measuring decoherence rates, the noise PSD Sz(�R) may
be extracted. We measure �̃2 and �̃1 in two independent
experiments: driven Rabi spectroscopy and a modified SL
protocol (respectively). We describe these experiments in
the following sections.

2. Driven Rabi spectroscopy

To measure the Rabi oscillations, we directly drive the
qubit via the waveguide with variable pulse durations (τ )
and measure the emitted field to obtain the qubit state.
The measurement-pulse protocol is shown in the inset
of Fig. 7(a). For a qubit initially in the ground state
〈σz〉(t = 0) = −1 and given�R ≥ |�1 − �2|/2, the driven
evolution may be solved analytically, yielding

〈σx〉(τ ) = x∞ −
(
�̃2x∞ −�R

νR
sin (νRτ)+ x∞ cos (νRτ)

)

× exp(−�̃2τ), (F4)

with 〈σy〉(τ ) = 0. Here, νR =
√
�2

R − (�1 − �2)2/4 is
the effective Rabi-oscillation frequency. The steady-state
value of 〈σx〉 is x∞ = �1�/(�1�2 +�2) and the envelope
decays at �̃2. An example of the measured Rabi oscilla-
tions of qubit 2 is shown in Fig. 7(a), with a fit to Eq. (F4).
In these fits, �1 is set constant at 10.5 MHz (estimated from
transmission traces; see Table I), while all other param-
eters are allowed to vary. We note here that we exclude
quasistatic noise in our analysis [80], which manifests in
nonexponential decay (a feature not observed in our exper-
iment). Sweeping the drive power �R from 10 to 37 MHz
gives an approximate 1/f dependence for �φ [and there-
fore Sz(�R)], shown in Fig. 7(c). The extracted �ν values
range from 0.1 to 1.1 MHz. We note that at drive powers
above 37 MHz, the fitted �ν values approach zero. This
indicates that the driven Rabi measurement is not sensitive
enough to detect �φ < 0.1 MHz, because a large �1 domi-
nates the decay. This motivates the use of the spin-locking
protocol discussed next.

3. Modified spin-locking protocol

We independently extract �ν using a modified SL pro-
tocol discussed in Ref. [51], which measures longitudinal
decay in the driven qubit frame (�̃1). Previous studies
have demonstrated more sensitive noise spectroscopy with
the SL protocol, citing robustness against low-frequency
fluctuations in the Rabi frequency (�R) due to instrumenta-
tion and low-frequency qubit dephasing [51]. The protocol
involves first using a resonant π/2 pulse in the x direction
(on the Bloch sphere) to initialize a qubit state collinear
with the y axis. This is immediately followed by a contin-
uous π/2 phase-shifted drive in the y direction to begin
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FIG. 7. The individual-qubit decoherence when driven via the waveguide. (a) The driven Rabi oscillations of qubit 2 with a drive
of �R/2π = 30 MHz. The extracted �φ = 133 kHz. The inset shows the Rabi-spectroscopy pulse sequence. (b) The spin-locking-
protocol decay signal for qubit 2, with a drive of �R/2π = 30 MHz. The extracted �φ = 93 kHz. The inset shows the spin-locking-
protocol pulse sequence (c) The extracted dephasing �ν over a range of drive powers for the Rabi (blue) and spin-locking (SL, red)
protocols, with 95% confidence intervals indicated by error bars. The dotted line indicates the fit of the spin-locking measurement
dephasing versus the drive power to 1/f α , yielding α = 1.85. Data corresponding to (a) and (b) are shaded in gray.

the driven evolution. Ideally, the drive and qubit state
are parallel, so that the qubit state relaxes to the center
of the Bloch sphere at rate �̃1. This pulse sequence is
shown in the inset to Fig. 7(b). The qubit state is mea-
sured via waveguide emission as it decays. We note here
that our measurement protocol does not include a second
π/2 pulse used in Ref. [51] because we do not use a read-
out resonator. An example of the exponential decay profile
measured for qubit 2 is shown in Fig. 7(b). Fits to the relax-
ation include �1 = 10.5 MHz as a fixed parameter and �ν
as a free parameter. The extracted �ν ranges from 60 to
800 kHz over a range of Rabi frequencies from 15 to 48
MHz. A fit to the extracted �ν reveals a 1/f α dependence
with α = 1.85.

4. Purcell factor under driven evolution

The observed reduction in �ν at higher drive powers
indicates that the true Purcell factor of our qubits is larger
than approximately ten (extracted from VNA traces),
which qualitatively explains the increase in concurrence
observed in Fig. 4(b). However, extracted concurrences do
not indicate monotonically increasing Purcell factors with
the drive power [Fig. 4(b)], which would be expected for
a purely 1/f α trend in dephasing. Instead, at low powers,
concurrences indicate Purcell factors exceeding 30, while
at high powers, Purcell factors range from 10 to 30. Pre-
vious studies [51] have reported Lorentzian “bumplike”
features in the noise PSD attributed to coherent two-level
system (TLS) fluctuators. While this could explain the
above discrepancies, the large confidence bounds of the
extracted �ν values [Fig. 7(c)] preclude a quantitative
conclusion. We also note that the driven evolution and

spin-locking measurements described in this appendix
only probe the dephasing of single qubits. Correlated
dephasing, which could potentially contribute to deviations
in concurrence and fidelity, is not captured. We do not con-
sider correlated dephasing in Fig. 4(c) because it is difficult
to reliably extract this parameter at the large interqubit
detuning used in the stabilization experiment.

APPENDIX G: NUMERICAL MODELING

We use a master-equation solver in QuTip [83,84] to
simulate our system. We use the same Hamiltonian as in
Appendix B but also include the third level (f ) of trans-
mons (see Appendix G 1). The simulation also includes
dissipators for dephasing and intrinsic loss of the individ-
ual qubits (for the second level), as well as for correlated
decay into the waveguide between the two transmons. Note
that we do not include any waveguide-mediated interac-
tion in the Hamiltonian, as discussed in Appendix B. The
shaded regions in Figs. 3 and 4 have been found via these
simulations, using different Purcell factors. The Purcell
factor is varied by changing the intrinsic loss and dephas-
ing rates of the individual transmons. Parameters such as
the individual coupling rates of the qubits to the waveg-
uide are set to match the fits of the experimental data at the
operation frequencies, i.e., coupling rates of 8.7 MHz for
qubit 1 and 10.5 MHz for qubit 2.

1. Effects of the e-f transition

An important aspect of the simulations has been the
inclusion of the third level of the transmons. We have
observed that while the third level does not significantly
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impact the maximum achievable fidelities, it does affect the
operation ranges for a given fidelity. As can be seen from
Appendix B, for no dephasing and no intrinsic loss, the sin-
glet fraction, which is directly related to the fidelity for a
pure state, is only a function of the ratio of the detuning and
the drive power. This would mean that increasing the drive
strength for any detuning would help increase the fidelity
of the steady state. In practice, this would also increase
the settling time, which competes with any intrinsic loss or
dephasing of the qubits. Hence there are optimal drive-to-
detuning ratios for a true two-level system model. This can
be seen in Fig. 8(a), which shows results from a simulation
with a Purcell factor of 200 for the qubits and equal cou-
plings of 10 MHz to the waveguide. We perform a sweep
for various drives and detunings but do not include the e-
f transition for Fig. 8(a). Here, we can clearly see regions
of high fidelity, even for high drive powers. In contrast,
once we include the e-f transition [Fig. 8(b)], the param-
eter space with high fidelities is restricted. Increasing the
drive power for a given drive-to-detuning ratio does not
necessarily help in this case. We expect that this has to
do with the e-f transition allowing the system to escape
out of the relevant Hilbert space. Since the third level is
populated more for higher drive powers, we see a clear
deviation from the two-level system model at these drives.

2. Choice of detunings

As discussed in the main text, qubit-drive detunings (δ1
and δ2) must be selected to maximize the fidelities; we
must properly balance a large singlet fraction (|α|2/(1 +
|α|2)) and a stabilization rate (γeff,D). In the absence of
intrinsic qubit decoherence (�′), smaller qubit-drive detun-
ings δ correspond to an increased singlet fraction and
dark-state fidelities at the cost of reduced stabilization
rates. For finite Purcell factors (�′ > 0), the maximum
fidelities instead correspond to nonzero detunings, because
the stabilization rate must be increased to compete with
qubit decoherence, causing leakage out of |D〉. This is cap-
tured in the master-equation simulations shown in Fig. 9.
Simulations with experimental values of �1D for both
qubits show fidelities exceeding 60% over certain param-
eter regimes. Based on these simulations, we choose an
initial point of 15 MHz for the detuning and then we exper-
imentally sweep the detuning around this point to choose
the point of highest fidelity. We finally choose a detuning
of 17 MHz. Higher detunings require flux-tuning qubit 1
away from its flux sweet spot and could potentially reduce
the Purcell factors, and hence our fidelities (Fig. 9 uses a
constant Purcell factor of 20). Additionally, higher detun-
ing would also require higher drive powers, resulting in
more artifacts of the drive creeping into our readout and
lowering the SNR (Appendix E 2). This is not an inherent
limitation of the protocol, and it can even be avoided with
the use of fast-flux lines, as also suggested in Appendix H.
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FIG. 8. Achievable fidelities for different parameter regimes of
the drive strength (�) and the detunings (δ), (a) without the e-f
transition and (b) with the e-f transition included in the master
equation. Clearly, the inclusion of the third level makes a sig-
nificant difference in the operational region, while the maximum
fidelity is roughly the same (for more details of the simulation,
see Appendix G 1).

APPENDIX H: ACHIEVABLE FIDELITIES IN
FUTURE EXPERIMENTS

In this appendix, we discuss the challenges that we have
faced in our experiment that have limited our fidelities. We
will then discuss avenues to overcome these bottlenecks
and use simulations to show that it is possible to even reach
fidelities of over 90% with this driven-dissipative stabiliza-
tion protocol and experimentally viable parameters for the
transmons.

The first limitation of our experiment has, in fact,
been the effect of the e-f transition. As mentioned in
Appendix G 1, the highest achievable fidelity is not very
different between a true two-level system model and that of
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FIG. 9. The fidelities as a function of the drive and detun-
ings for �1D that we measure experimentally. We operate at
δ = 17 MHz, with varying powers. The simulation has been done
with a Purcell factor of 20 on both qubits, with the extracted �1D
for the two qubits from the experiment.

a transmon but the operation point does change and tends
to move toward lower detunings. While we could, in prin-
ciple, use such an operation point, the effects of crosstalk
and drive-pulse dispersion (described in Appendix E 2)
have been more pronounced at lower detuning and would
have affected our measurements.

This effect could be avoided by using fast flux lines
to tune the qubits far enough after state preparation to
conduct the measurement. Alternatively, dedicated readout
resonators with other architectural changes to the design
could be used as well. In particular, the coupling of the
qubits to the waveguide would have to be tunable. With-
out a tunable coupling, the qubits would emit into the
waveguide during readout, which would reduce the fideli-
ties of the measurement. The fact that the qubits are
strongly coupled to the waveguide (order of tens of mega-
hertz to increase the Purcell factors) would reduce the
fidelities further, since they impose stringent limitations on
the duration of the dispersive readout pulse.

Another limitation to our experiment has been the
imbalance in �1D of the two qubits at their operation points
due to impedance mismatches in measurement cabling
causing Fano in the waveguide response. While this in
itself is not very detrimental to the fidelities, having a
common drive and different �1D causes a difference in
the Rabi drives that each qubit sees. This imbalance in
drive strength can be shown to prevent the singlet state
from being truly dark [43], thus reducing the fidelities. Our
experiment has had an imbalance of around 4%, which,
along with the limitation on detunings mentioned earlier,
has reduced our maximum achievable fidelities by around
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FIG. 10. The maximum achievable fidelities. (a) The achiev-
able fidelities for different Purcell factors of the individual qubits.
The dashed line marks the 50% threshold for entanglement.
(b) Estimates of the maximum achievable Purcell factors under
strong driving. The upper limit on the Purcell factor set by the
waveguide temperature when dephasing is ignored, assuming
internal losses of �′ = 6 kHz. At 39 mK, �1D/�

′ = 730.

6% [see the blue shaded region of Fig. 4(c)]. The pre-
viously mentioned design of having tunable couplers can
help mitigate this effect, as the coupling rates would then
be in situ tunable.

While these two challenges have affected our fideli-
ties, the primary bottleneck in our experiment has, in fact,
been the Purcell factor of our qubits (P1D = �1D/�

′,�′ =
2�2 − �1D = �int + 2�φ). This sets an upper bound on the
fidelities in our stabilization protocol. In Fig. 10(a), we
show the maximum achievable fidelities as the Purcell fac-
tor is increased. From the measured transmission of our
qubits, we estimate that our (undriven) Purcell factors are
10, which clearly limits our fidelities. Of course, in our pro-
tocol, the continuous driving of the qubits reduces the pure
dephasing of the qubits (Appendix F 4) and, hence, we see
higher concurrences and fidelities than that estimated by a
Purcell factor of only 10.

We estimate that this scheme of generating entangle-
ment can reach fidelities exceeding 90% (concurrence
exceeding 0.86) for driven Purcell factors of 600 and
above. To our knowledge, the highest reported Purcell fac-
tor for a qubit directly coupled to a waveguide is approx-
imately 200 [27]. Meanwhile, state-of-the-art aluminum

030346-19



SHAH, YANG, JOSHI, and MIRHOSSEINI PRX QUANTUM 5, 030346 (2024)

transmons exhibit lifetimes of several hundred microsec-
onds [85], which correspond to Purcell factors exceeding
1000. One of the causes of this apparent gap in perfor-
mance is the thermal occupation of the waveguide in the
former case. Qubits directly coupled to waveguides expe-
rience additional decoherence due to interaction with ther-
mal photons residing in the photonic bath. This nonzero
waveguide temperature degrades the Purcell factor. Again,
for our stabilization protocol, strong drives mitigate this
effect slightly due to a reduction in pure dephasing (dis-
cussed in Appendix F 4). Nevertheless, the finite waveg-
uide temperature ultimately imposes an upper bound on the
achievable Purcell factors. Following the master-equation
treatment of Ref. [27], the Purcell factor in the presence of
a finite waveguide temperature is P1D = �1D/�

′
th, where

�′
th is the intrinsic qubit decoherence and is defined as
�′

th = 2�2,th − �1D (�2,th = �1,th/2 + �φ , �1,th = (2n̄th +
1)�1, n̄th denotes bath occupancy).

As a side remark, at such high Purcell factors, it is also
important to consider the precision with which we can con-
trol the qubit frequencies. For example, as mentioned in
the main text, operating away from the center frequency
ω (where the interqubit separation along the waveguide is
equal to the wavelength) results in additional loss from the
ideal dark state. For parameters close to our experiment,
one can estimate a loss of around 100 kHz for a mismatch
of 145 MHz between the drive frequency and the ideal
center frequency. While this does not require extremely
precise qubit-frequency control, it still does require in situ
frequency control to overcome junction-fabrication disor-
der in fixed-frequency qubits. More importantly, as can be
seen from Fig. 8, at sufficiently high Purcell factors, preci-
sion on the order of a few megahertz is definitely required
for navigating the parameter space to attain the highest
fidelities.

Using a reference measurement of �1 for a separate
qubit chip (without any coupling to a waveguide), we may
estimate �′ for the main device. This separate chip contains
a qubit coupled to a readout resonator and undergoes a fab-
rication procedure identical to that for the main device. We
measure T1 = 25.5 ± 1 µs for the separate qubit device,
corresponding to �′/2π of 6 kHz. Previously reported
waveguide temperatures have been as low as 39 mK [75].
At 39 mK, the Purcell factor is limited to 730 by the
bath (for an estimate of �′/2π = 6 kHz), as shown in
Fig. 10(b). This would enable us to reach a fidelity of
91% and a concurrence of 0.88 with a stabilization rate
of 250 kHz.
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