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Heralding techniques are useful in quantum communication to circumvent losses without resorting to
error-correction schemes or quantum repeaters. Such techniques are realized, for example, by monitoring
for photon loss at the receiving end of the quantum channel while not disturbing the transmitted quantum
state. We describe and experimentally benchmark a scheme that incorporates error detection in a direct
quantum channel connecting two transmon qubits using traveling microwave photons. This is achieved
by encoding the quantum information as a time-bin superposition of a single photon, which simultane-
ously realizes high communication rates and high fidelities. The presented scheme is straightforward to
implement in circuit quantum electrodynamics and is fully microwave controlled, making it an interesting
candidate for future modular quantum-computing architectures.
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I. INTRODUCTION

Engineering of large-scale quantum systems will likely
require coherent exchange of quantum states between dis-
tant units. The concept of quantum networks has been
studied theoretically [1-4] and substantial experimental
efforts have been devoted to converting stationary qubits to
itinerant photons [5—10] and vice versa [11], and ultimately
to distributing entanglement over increasingly larger dis-
tances [12-22]. In practice, quantum channels inevitably
experience losses, which vary significantly between differ-
ent architectures and may range from 2 x 10~* dB/m in
optical fibers [23] to 5 x 1073 dB/m in superconducting
coaxial cables and waveguides at cryogenic temperatures
[24]. However, no matter which architecture is used, the
losses over a sufficiently long quantum channel will even-
tually destroy the coherence of the transmitted quantum
state unless some measures are taken to mitigate these
losses. Possible ways to protect the transmitted quantum
information rely, for example, on using quantum repeaters
[25,26], error-correcting schemes [27—29], or heralding
protocols [30—33], which enable the retransmission of the
information in the event that photon loss is detected.

Heralding protocols are particularly appealing for
near-term scaling of quantum systems, since they are
implementable without a significant resource overhead and
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can provide deterministic remote entanglement at prede-
termined times [34]. In essence, these protocols rely on
encoding the transmitted quantum information in a suit-
ably chosen subspace S such that any error, which may
be encountered during transmission, causes the system to
leave this subspace. On the receiving end, a measurement
that determines whether the system is in S but does not
distinguish between individual states within S can be used
to detect whether an error occurred. Crucially, when the
transfer is successful, this protocol does not disturb the
transmitted quantum information. As a counter example,
a simple encoding as a superposition of the vacuum state
|0) and the single-photon Fock state |1) is not suitable for
the detection of errors due to photon loss because the error
does not cause a transition out of the encoding subspace
{10), |1)}. For this reason, encodings using other degrees
of freedom, such as polarization [35,36], angular momen-
tum [37,38], frequency [39], time-bin [40-43] or path
[44,45], are more common at optical frequencies. Herald-
ing schemes have been used with superconducting circuits
in the context of measurement-based generation of remote
entanglement [16,46] and also using two-photon interfer-
ence [47]. The more recent deterministic state-transfer and
remote-entanglement protocols based on the exchange of
shaped photon wave packets [20-22,48] have not yet been
augmented using heralding protocols.

In this work, we propose and experimentally benchmark
a method to transfer qubit states over a distance of
approximately 0.9 m using a time-bin superposition of two
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propagating temporal microwave modes. Our experimen-
tal results show that the protocol leads to a significant per-
formance improvement, which is, in our case, a reduction
of the transfer process infidelity by a factor of approx-
imately 2, assuming ideal qubit readout. The stationary
quantum nodes are transmons [49] coupled to coplanar
waveguide resonators. The two lowest-energy eigenstates
of the transmon, |g) and |e), form the qubit subspace S,
while the second excited state, | /), is used to detect poten-
tial errors. The multilevel nature of the transmon is also
essential to the photon emission and reabsorption process,
as described below. This technique can also be adapted
to prepare entangled states of the qubit and the time-bin
degree of freedom, making it suitable for heralded distribu-
tion of entanglement. Remarkably, it does not require any
specialized components beyond the standard circuit QED
setup with a transmon or any other type of nonlinear mul-
tilevel system coupled to a resonator, such as capacitively
shunted flux qubits [50], and can be implemented without
frequency tunability.

We note that prior work with superconducting circuits
only allows for heralded entanglement generation, while
our work shows the possibility of performing heralded
quantum-state transfer and entanglement generation using
a direct quantum channel. In addition, measurement-based
techniques using linear detection [16,46] permit the com-
pensation of signal loss between two quantum systems by
increasing the measurement probe power. However, the
dispersive regime, in which the qubit-resonator systems
are operated, limits the permissible probe power and thus
puts a bound on the amount of loss that can be corrected.
The scheme we present here is not subject to such limita-
tions. An increased number of trials needed for heralded
transmission can compensate for a reduced probability of
success. The technique utilizing two-photon interference
and detection to distribute entangled states between two
qubits [47] similarly enable the detection of signal loss, but
requires the successful exchange of two photons for each
round of the protocol. Due to the employed two-photon
exchange, the probability of success scales quadratically
with loss, while the direct quantum channel realized in our
experiments scales linearly.

II. TIME-BIN ENCODING PROTOCOL

Our time-bin encoding scheme is based on a technique
for generating traveling microwave photons [10] via a
Raman-type transition in the transmon-resonator system
[51]. When the transmon is in its second excited state |f*)
and the resonator is in the vacuum state |0), the applica-
tion of a strong microwave drive of appropriate frequency
induces a second-order transition from the initial state | 10)
into the state |g1), where the transmon is in the ground
state and the resonator contains a single photon. This pho-
ton is subsequently emitted into a waveguide coupled to

the resonator, leaving the transmon-resonator system in
its joint ground state. As the magnitude and phase of
the coupling between |f0) and |g1) is determined by the
amplitude and phase of the applied drive [10], the wave-
form of the emitted photon can be controlled by shaping
the drive pulse. The same process applied in reverse can
then be used to reabsorb the traveling photon by another
transmon-resonator system [1,21].

The process for transferring quantum information stored
in the transmon into a time-bin superposition state con-
sists of the steps illustrated in Fig. 1(a). The transmon
qubit at node A is initially prepared in a superposition
of its ground and first excited state, «|g) + Ble), and the
resonator in its vacuum state |0). Next, two pulses are
applied to transform this superposition into «|e) + B|f').
Then, another pulse induces the transition from |f0) to
|g1) as described above, which is followed by spontaneous
emission of a photon from the resonator. The shape of
the | f0)-|g1) drive pulse is chosen such that the photon
is emitted into a time-symmetric mode centered around
time 7,. After this first step, the system is in the state
ale0) ® |0) + B|g0) ® |1,), where |0) and |1,) denote the
vacuum state of the waveguide and the single-photon state
in the time-bin mode a. Next, the population from state
le) is swapped into |[f') and the photon emission process is
repeated, this time to create a single photon in a time-bin
mode b centered around time #;. The resulting state of the
system is |g0) ® («|15) + Bl1a)).

Because of time-reversal symmetry, a single photon,
which is emitted by a transmon-resonator system into a
propagating mode with a time-symmetric wave function,
can be reabsorbed with high efficiency by another identi-
cal transmon-resonator system [1]. This absorption process
is induced by a drive pulse obtained by time-reversing the
pulse that led to the emission of the photon. By revers-
ing both drive pulses in the time-bin encoding scheme, as
illustrated in Fig. 1(b), an incoming single photon in the
time-bin superposition state «|1;) + B|1,) will cause the
receiving transmon-resonator system, initialized in |g0),
to be driven to the state «|e0) + B|g0) as the photon
is absorbed. Thus, this protocol transfers the qubit state
encoded as a superposition of |g) and |e) from transmon
A to transmon B. In short, the sequence is as follows:

(alghs + Blels) @ le)s
— 1814 ® (1) + BI1a)) @ Ig)s
— 184 ® (lg)s + Blels),
where we have omitted the states of the resonators and

the propagating field whenever they are in their respective
vacuum states.
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FIG. 1. A schematic representation of the pulse sequence implementing the time-bin encoding process at (a) the sender and (b) the

receiver. In the level diagrams, the gray vertical lines represent Hamiltonian matrix elements due to microwave drive between transmon
levels, while the diagonal ones show the transmon-resonator coupling. (a) The qubit state is initially stored as a superposition of |g0)
(blue dot) and |e0) (red dot). The first two pulses map this state to a superposition of |e0) and | /0) and the third pulse transfers | f0) into
|g0) while emitting a photon in time bin a (see the red symbol for the photon in mode ). Then, after |e0) is swapped to | f0), the last
pulse again transfers | f0) into |g0) and emits a photon in time bin . (b) Reversing the protocol, we reabsorb the photon, mapping the
time-bin superposition back onto a superposition of transmon states. (c) A simplified schematic of the circuit quantum-electrodynamics
(QED) setup. At each of the nodes, a transmon (orange) is capacitively coupled to two Purcell-filtered resonators, which are used for
readout (gray) and remote quantum communication (yellow). The directional quantum channel consists of a semirigid coaxial cable

intersected by an isolator, modified from Ref. [21].

An important property of this transfer protocol is its
ability to detect photon loss in the communication chan-
nel. Indeed, if a photon is lost or not absorbed by the
receiver, system B receives a vacuum state at its input
instead of the desired single-photon state. This means
that both absorption pulse sequences will leave transmon
B in its ground state |g), which will subsequently be
mapped into |[f') by the final three pulses. By performing
a quantum-nondemolition measurement on the transmon,
which distinguishes between |f') and the subspace spanned
by |g) and |e), but does not measure within this subspace,
we can detect the photon-loss event without affecting the
transmitted quantum information. Such a binary measure-
ment of a qutrit state can, for example, be realized by
suppressing the measurement-induced dephasing in the ge
subspace using parametric amplification and feedback [52]
or by engineering the dispersive shifts of two transmon
states on the readout resonator to be equal [53]. The proto-
col also detects failures of the state transfer due to energy

relaxation at certain times during the time-bin encoding
protocol, e.g., if no photon is emitted from A due to decay
to |g) before the first time bin. We discuss the detection of
qutrit energy relaxation based on quantum trajectories in
Appendix A.

III. EXPERIMENTAL BENCHMARKING

A. Quantum-state transfer

We implement the described time-bin encoding protocol
using the setup depicted in Fig. 1(c) (see Appendix B and
Ref. [21] for details). The shapes of the drive pulses induc-
ing the photon emission and absorption, shown in Fig. 2(a),
are chosen to realize a photon with a time-symmetric wave
function of the form 1/ cosh(¢z/7). In principle, it is desir-
able to make the time scale t as short as possible to
mitigate decoherence. In practice, however, this time scale
is limited by the bandwidths of the transfer resonators and
the maximum of the second-order transition rate between
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FIG. 2. (a) The pulse scheme used to characterize the time-
bin encoding protocol for transferring qubit states between two
distant nodes using quantum-process tomography (QPT). ¢ R?;
labels a Gaussian derivative-removal-by-adiabatic-gate (DRAG)
microwave pulse [54,55] for the transition between states i and
J (specifically, the transmon transitions |g) <> |e) and |e) < |f')
and the transmon-resonator transition |/ 0) <> |g1)) of angle ¢ =
{m/2, 7} around the rotation axis { = {x,y}. If no axis is spec-
ified, the pulses induce rotations around the x axis. (b) The real
part of the qutrit density matrix pq, for the input state |—) =
(lg) — le)) /ﬁ after the state-transfer protocol, reconstructed
correcting for measurement errors. The magnitude of each imag-
inary element of the density matrix is < 0.017. (c) The projection
of peor (b) onto the ge subspace pl; performed numerically,
which we use to reconstruct the process matrix X [absolute
value shown in (d)]. The colored bars show the measurement
results and the gray wire frames the ideal density or process
matrix, respectively. The results of numerical master-equation
simulations are depicted as red wire frames.

the states |f0) and |g1) that can be reliably achieved with
this protocol before off-resonant transitions degrade its per-
formance. In our experiments, t is limited by the transfer
resonator line width of node A. Accordingly, we adjust the
drive-pulse shape at node B to match the effective photon
bandwidth [21] [Fig. 2(a)].

We perform qutrit single-shot readout instead of the
binary measurement at transmon B to characterize the
quantum-state transfer with process tomography. For that
purpose, we initialize both transmon qubits in their ground
states [56,57] and subsequently prepare the qubit at

node A in one of the six mutually unbiased qubit basis
states |in) = {Ig), le), |+) = () £ le))/v/2, and |+i) =
(Ig) % ile))/~/2} [58] [Fig. 2(a)]. We then run the time-bin
encoding and reabsorption protocol, as described above
[Fig. 1] and implement quantum-state tomography at node
B for all six input states. Directly after the tomography
pulses, we read out the |g), |e), and |f) states of trans-
mon B with single-shot readout, making use of a Josephson
parametric amplifier (JPA) [59] installed in the output line.
For readout characterization, we extract the probabilities
of correct assignment of states |g), |e), and | ) for trans-
mon B of Py, = P(gllg)) = 98.5%, Pejey = 92.3%, and
Pripy = 86.4% (see Appendix C). Based on these single-
shot measurements, we postselect experimental runs in
which transmon B is not measured in the |f) state, keep-
ing on average PS' = 64.6% of the data, and transferring

suc

qubit states at a rate I'/27m = P Texp /27 ~ 32.3kHz at
a repetition rate of I'ex, = 50 kHz of the experiment. Using
the postselected data, we reconstruct the density matrices
Pps Of the qubit output state at node B based solely on the
single-shot readout results and obtain the process matrix
Xps Of the quantum-state transfer. We compute an averaged
state fidelity of FY° = avg((Vinl pps|¥in)) = 88.2 £0.2%
and a process fidelity of F)° = tr()ps Xideal) = 82.3 & 0.2%
relative to the ideal input states |v,) and the ideal identity
process, respectively.

To illustrate the detection of photon loss using the time-
bin encoding protocol, we reconstruct all six qutrit density
matrices pcor 0of the output state at node B using the same
data set and correcting for measurement errors in the qutrit
subspace [21,60] (see Appendix C for details). These qutrit
density matrices have a significant average population of
level |f) of 39.1% [Fig. 2(b)], indicating the detection
of errors that occur by the end of the time-bin encoding
protocol, which is compatible with 1 — P of the post-
selected analysis. Next, we project these density matrices
numerically onto the qubit ge subspace pl; [Fig. 2(c)], cor-
responding to unit-fidelity state measurement and recon-
struct the process matrix x&; of the quantum-state transfer
[Fig. 2(d)]. In this way, we find an average state fidelity
of FE = avg({Yinl ol |¥in)) = 93.5+0.1% and a pro-
cess fidelity of F;"r = tr(x 2o Xideal) = 90.3 & 0.2% as an
upper bound considering unit-fidelity readout. This anal-
ysis allows us to compare the time-bin encoding pro-
tocol directly to the fully deterministic scheme without
error mitigation, implemented in a similar setup [21], in
which we obtain Fget ~ 80%. This comparison clearly
shows the advantage of time-bin encoding to reduce the
effect of photon loss, when assuming perfect readout. In
addition, we demonstrate with the postselected experi-
ments that F,° > F9 with our current readout fidelities.
Such direct comparison of fidelities, however, should be
done with caution, because it depends on the loss of the
quantum channel. We expect the fidelity of the determinis-
tic protocol to decrease linearly with loss, while the fidelity
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of the time-bin encoding protocol remains constant, with a
linear decrease of its probability of success. The time-bin
encoding protocol thus complements deterministic proto-
cols to perform heralded quantum communication in direct
quantum channels.

In addition, we analyze the sources of infidelity by
performing numerical master-equation simulations (MES)
of the time-bin encoding protocol, which we compare
to the measurement-error-corrected density and process
matrices. We find excellent agreement with the experimen-
tal results, indicated by a small trace distance tr| xoor —
Xsim|/2 = 0.03, which is ideally 0 for identical matrices
and 1 for orthogonal ones. The MES results indicate that
approximately 5.5% of the infidelity can be attributed
to |f) — |e) and |e) — |g) relaxation at both transmons
during the protocol. Pure qutrit dephasing causes the
remaining infidelity.

B. Remote entanglement

In addition to a direct quantum-state transfer, the gener-
ation of entanglement between distant nodes is a key task
of quantum communication. Here, we use a simple mod-
ification of the state-transfer protocol to perform this task
[Fig. 3(a)]. Both transmon-resonator systems are first ini-
tialized in their ground states. The first two pulses of the
remote-entanglement protocol prepare transmon A in an
equal-superposition state 1/+/2(le) + |f)), followed by a
pulse sequence that entangles the transmon state |g) and
|e) with the time-bin qubit and maps the state of the time-
bin qubit to transmon B. We summarize this process as
follows:

1
V2

1
> (g @1+l @ 11) @ 2)s

1
> (I8l @ €)s + 1) @ lg)s)

In the event of an error, transmon B ends up in state |f ) 5.

We perform postselected experiments of the entangle-
ment-generation protocol by selecting only experimen-
tal runs in which neither qutrit is measured in the |f)
state using individual single-shot readout on both trans-
mons. Under this condition, we retain P& ~ 61.5%

of the data and obtain a Bell-state fidelity of F}" =
(W ppsly™) = 82.3 £ 0.4% compared to an ideal Bell

state |¥ 1) = (lg4, e5) + les, g5))/+v/2. In these postse-
lected experiments, we generate entangled states at a rate
of Tene /27 = PETexp/2m 2 30.8 kHz. To benchmark this
entanglement protocol, we use full two-qutrit quantum
state tomography (QST) of the transmons, in which we
correct for measurement errors with the same data set.

The reconstructed density matrix, shown in Fig. 3(b),

(lera+1714) @ 1)

(a)
node A _Jpet e
QST
roces L e I )
0 100 200 300 400 500
Time (ns)
///’// ] - Jos
(b) w |
(c)
FIG. 3. (a) The pulse scheme for generating remote entangle-

ment between nodes A and B (see text for details). (b) The
real part of the two-qutrit density matrix p.o, reconstructed
after execution of the time-bin remote-entanglement protocol
using measurement-error correction. The colored bars indicate
the measurement results, the ideal expectation values for the Bell
state | 1) = (|gu,ep) + |eA,gB))/\f2 are shown as gray wire
frames, and the results of a master-equation simulation are shown
as red wire frames. The magnitude of the imaginary part of each
element of the density matrix is < 0.024. (¢) The numerical pro-
jection of the p.or Onto the ge subspace to obtain the two-qubit
density matrix poor, Which is in excellent agreement with our
MES (trace distance of 0.028).

displays high populations of the |g4,/z) and |ey, f3) states,
Py =16.0% and P,y = 21.4%, and a small population of
\f1>g8), |f1es), and |fy,/3) ,Zi:{g’ef}Pﬁ = 2.7%, which
indicates that photon loss is a significant source of error.
We project onto the ge qubit subspace numerically and
obtain a two-qubit density matrix [Fig. 3(c)], showing a
fidelity of F<T = (¢ | plor| ) = 92.4 & 0.4%. F°" is the
fidelity that we obtain with an ideal unit-fidelity qubit read-
out. For finite fidelity in distinguishing between the pair of
states |g) and |e) and the state | /) (Appendix C), we expect
a false positive heralding of the entanglement protocol to
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occur with a probability of approximately 5% and, thus, an
overall state fidelity of approximately 87%. A comparison
of these results to the fully deterministic case, F& ~ 79%
[21], shows the potential of the proposed time-bin encod-
ing protocol to generate remote entanglement independent
of photon loss.

Using a MES, we attribute approximately 6.5% of the
infidelity to qutrit energy relaxation and the rest to qutrit
dephasing. As detailed in Appendix A, we perform a MES
based on quantum trajectories and find that 64% of all
decay events during the time-bin encoding protocol are
detected. However, due to the additional time needed for
performing the time-bin encoding protocol relative to the
direct Fock-state encoding, this protocol is affected more
by pure qutrit dephasing.

IV. CONCLUSION

In conclusion, we experimentally demonstrate a method
for transferring a qubit state between a three-level super-
conducting quantum circuit and a time-bin superposition
of a single propagating microwave photon. This type of
encoding lends itself naturally to quantum-communication
protocols that allow detection of photon loss in a direct
channel while maintaining a high communication rate. In
our experiment, we observe that the described protocol
significantly improves the fidelity of transmitted quan-
tum states and distributed Bell states between two distant
transmon qubits when the outcomes are postselected on
successful transmission of a photon. We also observe and
analyze the potential of the time-bin encoding protocol to
detect errors due to energy relaxation of the qutrits dur-
ing the protocol. The demonstrated quantum-state transfer
rate 'y, and entanglement generation rate "¢y are limited
by the experimental repetition rate I'ex,. In future exper-
iments, "¢y, can be increased toward the inverse of the
protocol duration and the loss of the quantum channel can
be decreased by using lower-loss cables [24] and isolators,
to increase I'g; and [epy.
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APPENDIX A: STOCHASTIC
MASTER-EQUATION SIMULATIONS

In order to investigate the robustness of the time-bin
encoding protocol with respect to qutrit energy relaxation,
we numerically study a fictitious experiment with the same
device parameters, in which we monitor quantum jumps
from |f) — |e) and from |e) — |g) on qutrits A and B,
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FIG. 4. (a) The pulse scheme for generating remote entangle-
ment between nodes A and B. The probability that a quantum
jump from | f) — |e) or |e) — |g) of the qutrit at node A (b) or
node B (c) is detected during the time-bin remote-entanglement
protocol. The data are based on 2000 stochastic trajectories of
a numerical master-equation simulation (see Appendix A for
details).
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conditioning the system state on the measurement record.
We perform Ng,; = 2000 trajectories [61] and, for each
realization for which a jump occurs, compute the proba-
bility that the error is detected at the end of the time-bin
protocol. Figures 4(b) and 4(c) show this heralding prob-
ability as a function of the time at which the jump occurs
for the four energy-relaxation processes, |f), — |e), and
leyn — |1g)n, n = {A,B}. For some decay events, qutrit B
ends in the | ) state and, consequently, the time-bin encod-
ing protocol partially allows to address qutrit relaxation
using heralding.

For simplicity, Figs. 4(b) and 4(c) only show the cases
in which a single decay event occurs. Summing over all
trajectories where one or more jumps are present, we can
estimate the probability of an undetected decay event:

Z (1 —Tr [|f>(f |Bpjump(tf)]) P

where pjump (7)) is the state at the end of the protocol for a
trajectory in which a jump occurs. For the entanglement-
generation protocol and the parameters of this experiment,
we find that the probability of an undetected decay event
i Punget = 5.5%, which corresponds to Pyndet/Pijump =
35.7% of the trajectories where a jump occurs. Three types
of decay events contribute the most to Pypget, @8 shown in
Figs. 4(b) and 4(c). At node A, |f)4 — |e)4 jumps (light
blue points) in the first time bin are generally not detected,
since this results in a photon being emitted in the second
time bin, with qutrit B ending in |e). However, if there is
also a photon-loss event in the communication channel in
the second time bin, then qutrit B ends in | /) and the com-
bination of the two errors is detected. When the commu-
nication channel is perfect, this type of decay event is not
detected. Second, |e)4 — |g)4 jumps (dark blue points) in
the second time bin are generally not detected. There are

MBO RISF IS | i
1000 l: ” e

FIG. 5. A false-color micrograph of a sample of the same
design as used for node A. The circuit elements are color coded
as in Fig. 1(c). The inset shows a scanning electron micrograph
of the asymmetric superconducting quantum-interference device
(SQUID) with a ratio of 5:1 between the areas of the Josephson
junctions used in the transmon (modified from Ref. [21]).

two ways in which they can occur. If there are no other
errors in the protocol, then qutrit B ends in |g) and the error
is not detected. However, a |e)4 — |g)4 jump can also
occur if there is a photon-loss event in the first time bin.
In that situation, qutrit B ends | /) and the error is detected.
Atnode B, | /)5 — |e)p jumps (beige points) in the second
time bin are not detected, since qutrit B ends in |g).

In contrast to energy relaxation, pure dephasing does not
lead to direct changes in qutrit populations. Consequently,
the time-bin encoding does not allow us to mitigate phase
errors by heralding.

APPENDIX B: SAMPLE AND SETUP

The samples and setup are identical to those used in
Ref. [21]. A micrograph of one of the two used samples
is shown in Fig. 5. The only difference stems from

TABLE I. The device parameters for nodes A and B.
Quantity, symbol (unit) Node A Node B
Readout resonator frequency, vg (GHz) 4.788 4.780
Readout Purcell-filter frequency, vgpr (GHz) 4.778 4.780
Readout resonator bandwidth, xz /27 (MHz) 12.6 27.1
Readout circuit dispersive shift, yz /27 (MHz) 5.8 11.6
Transfer resonator frequency, vy (GHz) 8.400 8.400
Transfer Purcell-filter frequency, vrpr (GHz) 8.426 8.415
Transfer resonator bandwidth, k7/27 (MHz) 7.4 12.6
Transfer circuit dispersive shift, xr/2x (MHz) 6.3 4.7
Qubit transition frequency, vg, (GHz) 6.343 6.098
Transmon anharmonicity, « (MHz) —265 —306
|/ 0) <> |g1) transition frequency, v/ og1 (GHz) 4.021 3.490
|f0) < |g1) maximum effective coupling, g,,/27w (MHz) 54 5.6
Energy-relaxation time on ge, T4, (4S) 504+04 45402
Energy-relaxation time on ef , T1o (1s) 23+04 1.6 £ 0.1
Coherence time on ge, T§ge (us) 7.7+0.5 57402
Coherence time on ef’, Tfef (us) 32413 2.34+0.7
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an exchange of a cryogenic coaxial circulator (Raditek
RADC-8-12-Cryo) in the connection between the two
samples with a rectangular waveguide isolator (RADI-
8.3-8.4-Cryo-WR90), which affects the bandwidth of the
transfer resonators due to its different impedance. The
device parameters are summarized in Table I. Compar-
ing the experimental data to the results of numerical
master-equation simulations, we estimate a total loss of
approximately 28% between the two nodes. We attribute
approximately 5% of the total loss to the two printed
circuit boards including connectors, 4% to the two coax-
ial cables, each of length 0.4 m [24], and the remaining
19% to the insertion loss of the isolator. Note that the
insertion loss of the isolator is significantly higher than
specified by the manufacturer (4.5%), which we assume
to be related to the fact that our transfer resonator fre-
quencies are at the edge of the recommended frequency
band.

APPENDIX C: QUTRIT SINGLE-SHOT READOUT
AND POPULATION EXTRACTION

We estimate the measurement assignment probabilities
Py)y = P(s'||s)) by first assigning each trace prepared in
state |s) to state s’ obtained from a single-shot measure-
ment and then normalize the recorded counts. We sum-
marize those normalized counts in a vector N} for each
measured trace i. To obtain the assignment probabilities
matrices Ry = P4(s/,||s4)) = (NS N9 Ny and Rg =
Pp(spl|sp) for transmons A and B, respectively, we reset
both transmons to their ground state, prepare them in either
|g) and |e) or |f) individually using DRAG microwave
pulses, and perform single-shot readout, for which we opti-
mize the readout power and integration time [62] to min-
imize the sum of all measurement misidentifications (the
off-diagonal elements of R) [21]. For the single-shot read-
out, we use Josephson parametric amplifiers (JPAs) with
gains of 21 dB and 24 dB and bandwidths of 20 MHz and

28 MHz. We obtain the assignment probabilities matrix

L lg) ey 1)

R,— £|978 27 29
e| 07 938 3.7

£l 15 35 934

for transmon A, for a readout time of #! = 96 ns and
a state-dependent number of photons in the readout
resonator 7 of 0.5 to 2. For transmon B, we compute

ey e 1)

R, & 985 38 LI
e| 09 923 125
f106 39 864

for /£ =216 ns and n® between 0.2 and 0.5, used for
characterizing the quantum-state transfer protocol.

For two-qutrit states, the assignment probability
matrix Rag = Pag(s),5%l|s4,58)) = R4Rp can be calcu-
lated using the outer product of the installed single-qutrit
assignment probabilities matrices.

In the postselected measurement analysis, we discard
traces that are assigned to s’ = f in the single-shot mea-
surement, keeping only the ge qubit subspace. We nor-
malize the g, e counts and set the normalized counts
equal to the populations of transmons in the qubit sub-
space. Based on these populations, we reconstruct the
density matrices of the output states after the state-transfer
or entanglement-generation protocol, using a maximum-
likelihood approach [63].

To reconstruct the full single-qutrit (two-qutrit) den-
sity matrices, we invert the assignment probability matrix
REI (R;llg) and obtain the qutrit population for each mea-
sured trace M, = R;' N}, (two-qutrit correlations Cap =
Rgé Nag). The application of Rg‘ (R;llg) is an advantage,
since we can prepare qutrit states with a higher fidelity than
for performing qutrit readout [21] because of an efficient
reset [56] and high-fidelity single-qutrit pulses.

TABLE II. The numerical values of the experimentally obtained density matrix elements of the two-transmon remote entan-
gled state in a two-qutrit basis using the time-bin encoding. The real part of this density matrix is depicted as colored bars in
Fig. 3(b).

1073 gg ge g eg ee of 1z fe r

gg 27 —4i 7—"7Ti —1—-11 0 —i 0 -3 242i
ge 4i 301 —5—-24i 269 4i —347i —2—6i -1 -1

of T+7Ti —5+424i 160 44-13i —5+3i —2—i 1—2i 14 16i 14 —4i
eg —1+11i 269 4—13i 268 —1—i —3+38i —7—10i —i —6—4i
ee 0 —4i —5-3i —1+i 3 —8+11i —3i 0 1

ef i —3-7i -2+ —3-8i —8—11i 214 —11417i 1—i —16-7i
/g 0 —2+6i 1+2i -7+ 10i 3i —11-17i 6 —14i 1+i
fe -3 -1 1—16i i 0 14 —1—i 3 0

Vi 2-2i -1 14+ 4i —6+4i 1 —164+7i 1—i 0 18
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TABLE III.

The numerical values of the experimentally obtained process-matrix elements of the

qubit state transfer using the time-bin encoding protocol. The absolute value of this process matrix

is depicted in Fig. 2(d) as colored bars.

I X Y Z
1 0.903 —0.003 — 0.002i —0.004 0.007 + 0.005{
X —0.003 4 0.002i 0.033 —0.007 0.001
Y —0.004 —0.007 0.027 —0.003 + 0.002i
Zz 0.007 — 0.0057 0.001 —0.003 — 0.002i 0.037

APPENDIX D: MEASUREMENT DATA

The measurement results of the quantum-process
tomography used to characterize the state-transfer protocol
and of the two-qutrit density matrix after the remote-
entanglement protocol are shown in Tables II and III.
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