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The transfer of quantum information between physical systems of a different nature is a central matter in
quantum technologies. Particularly challenging is the transfer between discrete and continuous degrees of
freedom of various harmonic oscillator systems. Here we implement a protocol for teleporting a continuous-
variable optical qubit, encoded by means of low-amplitude coherent states, onto a discrete-variable, single-
rail qubit—a superposition of the vacuum and single-photon optical states—via a hybrid entangled resource.
We test our protocol on a one-dimensional manifold of the input qubit space and demonstrate the mapping
onto the equator of the teleported qubit’s Bloch sphere with an average fidelity of 0.83 £ 0.04. Our work
opens up the way to the wide application of quantum information processing techniques where discrete- and
continuous-variable encodings are combined within the same optical circuit.
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Introduction.—The real-world application of quantum
technologies in many cases requires the simultaneous use
of physical systems of a different nature [1] in a hybrid
fashion. For example, one of the most promising platforms
for quantum information processing is superconducting
circuitry, and the best storage performance is achieved in
atomic systems, whereas the transmission of that informa-
tion in space is better realized with photons.

Within quantum optics, the hybrid paradigm consists in a
symbiotic involvement of states and methods from discrete-
(DV) and continuous- (CV) variable domains. Fortés of
both can thereby be employed at once; for example, the
continuous part takes advantage of the deterministic state
preparation and relatively simple integration with existing
information technologies [2], while the discrete side
benefits from a natural photodetection basis and “built-
in” entanglement distillation after losses [3]. This flexibility
allows hybrid quantum technologies to offer protocols
which are superior to both pure CV and DV solutions
[4]. For example, using hybrid methods in quantum
computing [5] and error correction [6] is favorable,
compared to the mainstream CV and DV protocols, in
terms of the number of resources required. The long-
distance distribution of CV entanglement requires hybrid
processing to mitigate the effect of propagation losses [7,8].

Taking advantage of these protocols, though, requires a
procedure for transferring quantum data between continu-
ous and discrete qubit systems [4,9]; hybrid teleportation
is therefore identified as one of the three key priorities
for quantum teleportation science [10]. In this work, we
make a step towards this goal, demonstrating quantum
teleportation [11] by means of a hybrid entangled channel.
Specifically, we develop a technique to teleport a CV qubit,
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encoded as a superposition of coherent states, onto a DV
qubit—a superposition of the vacuum and single-photon
Fock states. The protocol is conceptually different from the
teleportation of photonic bits by a hybrid technique [12], in
which both the input and output states are discrete-variable
single-rail qubits.

Concept.—The protocol is carried out via an entangled
resource state [6,13]

[R)ep = K-[cat_)c|0)p + K Jeaty)c|l)p, (1)
where |cat,) denote positive and negative cat states
Ni(la) £|—a)) [14-16] in the CV mode C and

{10)p.|1)p} is the Fock basis for DV mode D, with N, =

1/V2+ 22 being the normalization factors and K.
adjustable weight parameters with |K_ |> + |[K_|*> = 1.

The CV part of the resource (1) is distributed to Alice,
while the DV part goes to Bob. The source state to be
teleported is an amplitude-matched CV qubit

lin), = X]caty ), + Ylcat_),. (2)

To implement the teleportation, Alice performs a joint
measurement on this state and the CV part of the resource
in the continuous-variable Bell basis defined by

_lmala)c |- a)al —a)c,
|(Dj:>AC - \;Z—ZE—Z;Z&E < ’ (33)
Py, = )l —a)c £ | - 0‘>A|a>c' (3b)
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The Bell measurement implemented in our work, discussed
below, approximates a projection onto state |®~), which
can be rewritten as

_ |cat_),|cat, )¢ + [caty ) 4 |cat_) ¢

|q) >AC = .
V2

In the event this state is detected in modes A and C, the state

of Bob’s mode picks up the coefficients of the source CV
qubit:

4)

lout) p =ac (@7[([in)4|R)cp)

1
:7-2-(XK—|O>D+YK+|1>D)’ (5)
completing teleportation of the quantum information
between continuous and discrete bases.

To perform the Bell state projection, we overlap modes A
and C on a symmetric beam splitter, which transforms Bell
states (3) into tensor products of a positive or negative cat
state in one output mode and vacuum in the other:

(1v2a) £ | = v2a)),[0)¢

N — , 6a
|<I) >AC \/m ( )
ey L aVE) £ VA

These four states can be distinguished by means of a parity
measurement in modes A and C [13,17], which can be
implemented using photon number discriminating detectors.

Limited by the current experimental technology of the
resource state preparation [18], we work with moderate
amplitudes a ~ 1/2. In this regime, state |®~) can be
distinguished by simply projecting mode A onto the single-
photon state. Indeed, a photon detection event cannot
happen in response to states (6b). Furthermore, state
|®*) transforms into a positive cat state, whose Fock
decomposition for a small a contains primarily the vacuum
state. The negative cat state obtained from |®~), on the
other hand, has the single-photon state as the leading term
in its Fock decomposition and hence is much more likely to
bring about a click (Supplemental Material [19]).

We tested the teleportation protocol in a simplified
manner, emulating the input CV qubit by a coherent state
of a varied phase in accordance with the relation

lin), = |ae?), =~ |0) + a|l)e

1+e"/’| 1—ei¢| >

~ a -a
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which holds at @ = 0.5 with an average fidelity of 95%.
For the input (7), the expected output state (5) then is

outhy =25 L= 00+ #3519

S 2V2 [NV

In this way, the protocol maps the phase of the input CV
qubit onto a parallel of the DV qubit’s Bloch sphere, with
the latitude of that parallel being a function of K. We
choose to bring the output manifold to the equator by
setting Ky o No. This ensures that the weights of the
vacuum and single-photon states in the output are equal,
thereby allowing for a more precise characterization of the
teleportation process.

Experiment.—We produce the hybrid resource state (1)
following the method developed by Morin et al. [18]
(Fig. 1). We employ two parametric down-conversion
processes: one degenerate and the other nondegenerate,
which take place in nonlinear crystals I and II. The crystals
are periodically poled potassium titanyl phosphate and
are pumped with frequency-doubled pulses at 390 nm,
generated by a Ti:sapphire laser with a repetition rate of
76 MHz and a pulse width of 1.5 ps [22].

The CV part of the resource is generated in crystal I,
which initially produces a single-mode squeezed state with
the squeezing parameter { = 0.18 [23]. This state approx-
imates state |cat, ) with a, = /¢ [24,25]. The DV part of
the resource originates from crystal II, where a weak two-
mode squeezed state is created. The degree of squeezing in
this state is much lower than that in the CV mode.

In order to entangle the two parts of the resource, the CV
mode is “tapped” using a 5% reflectivity beam splitter. The
reflected mode is overlapped, on another beam splitter, with
one of the modes emitted by crystal II and directed to a
single-photon counting module SPCM;,. The resource is
obtained conditioned on a click of that detector.

If the photon that causes the click comes from crystal 1,
then it is subtracted from the single-mode squeezed state,
producing a negative cat state in the CV mode [14,15,26].

! Resource preparation

-

continuous mode C

§ -
3 5%

FIG. 1. Conceptual scheme of the experiment. The teleportation
occurs from a CV qubit (a coherent state in our case) in input
mode A onto the DV vacuum-photon superposition in mode D.
The preparation of the hybrid entangled resource (1) in modes C
and D is heralded by a count of SPCM;, while the Bell state
projection is conditioned on a click of SPCM,. The teleported
state is measured by Bob using a homodyne detector. Another
homodyne detector in mode C serves the auxiliary purpose of the
phase measurement.
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The DV mode is in the vacuum state in this case because of
the low degree of two-mode squeezing obtained from
crystal II. If, on the other hand, the photon comes from
crystal II, it heralds the preparation of the single-photon
state in the other output mode of that crystal [27]; the
positive cat state in the CV mode is then undisturbed.
Because the detector is fundamentally unable to distinguish
between these options, their coherent superposition, given
by Eq. (1), is produced.

The ratio of count rates Ry of SPCM; from the two
crystals determines the weight parameters K, of the
resource (1). In order to comply with the condition
K. o N, the rates should be related as

R (N.\* 1-e? 1
Ry \N_) 14273

Experimentally, this ratio is controlled by varying the
reflectivity of the beam splitter in front of SPCM;. The
total resource preparation rate is Ry + Ry =~ 20 kHz.

We characterize the resource state by means of two-mode
homodyne tomography. To that end, we temporarily remove
the beam splitter associated with the Bell measurement and
conduct a series of field quadrature measurements in modes C
and D. The optical phases 0 p, of the state in the two modes,
required for the state reconstruction, are obtained from the
quadrature data statistics. The data in the continuous channel,
acquired without conditioning on an event in SPCM;,
correspond to a squeezed vacuum state, so the quadrature
variance is related to the phase according to (XZ) ~ cos 20,
allowing us to extract 6. Phase 6, is determined using
correlation (XX p) o cos(6p — 0¢), which is characteristic
of state (1) as demonstrated in Supplemental Material [19].

The resource state is reconstructed using the maximum-
likelihood algorithm [28,29], correcting for a 54% detec-
tion efficiency (see the efficiency budget in Supplemental
Material [19]). The projection of the reconstructed state
onto |1), in the discrete mode is a positive cat state of
amplitude a, = 0.44 [Fig. 2(a)]. Projection onto |0),
[Fig. 2(b)] corresponds to the photon-subtracted positive
cat state, which is a negative cat state of amplitude
a_ =0.74, in approximate agreement with theoretical
expectation a_ = /3a . (Supplemental Material [19]).
The overall reconstructed resource state has 96% fidelity
to state (1) with a = 0.56.

The mismatch between a, and a_ is an inherent
shortcoming of the resource preparation protocol of
Ref. [18]. An alternative method [30] does not have this
drawback but imposes much stronger limitations on the
amplitude of the CV resource mode.

We perform the Bell projection on behalf of Alice by
overlapping the input coherent state with the CV mode of
the resource on a symmetric beam splitter and subjecting
one of the resulting modes to the nondiscriminating single-
photon detection via SPCM,. A narrow band spectral filter
in front of the detector, combined with the spatial filtering
by means of a single-mode optical fiber, ensures nearly
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FIG. 2. Wigner functions of the CV mode of the entangled
resource state, reconstructed with a 54% efficiency correction,
projected in the DV mode onto various qubit states: (a) |1)p;

® [0)p: ©) [+)=(10)p+[1))/v2: (@) [=) = (|0)p = 1))/ V2.

perfect indistinguishability of modes A and C when they
reach the detector. For the CV amplitude used in our work,
state |®~) brings about a count event with the probability
that is about 9 times higher than the three other Bell states
taken together (Supplemental Material [19]). Therefore,
such a count, in coincidence with a click from SPCM,,
heralds a successful event of the teleportation protocol.
Such events occur in our experiment at a rate of 350 s,
which corresponds to the probability of successful tele-
portation of 1/57. The data collected in our experiment
correspond to a total of 524 288 events.

To verify the teleportation and measure its fidelity, we
subject the teleported state in mode D to optical homodyne
tomography. The output state reconstruction and its com-
parison with the input state requires the phase ¢, 0, ), to be
known at each moment in time. The values of . and 6, are
evaluated from the resource state as discussed above, while
the input CV qubit phase ¢ is obtained from the average
reading of Alice’s homodyne detector: (X ) o cos ¢p. This
phase, as well as the phase 8, of the discrete resource mode,
is varied by means of the piezoelectric transducer. In this
way, for each value of ¢, a tomographically complete set of
quadrature measurements is acquired.

Results.—Figure 3(a) shows the density matrices of the
teleported DV qubit states for a set of the input CV qubit
phases ¢. The data are corrected for the 54% detection
efficiency on Bob’s side.

The off-diagonal elements are complex numbers whose
argument is approximately equal to ¢ [Fig. 3(b)], as
expected from Eq. (8). The standard deviation between
the phases of the input and teleported states is 0.067 rad or
3.8°. This can be compared with the classical measure-and-
prepare strategy, which allows reproducing the phase of a
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Experimental results. (a) Density matrices of the teleported state, as measured by Bob’s homodyne detector, for different phases

of the input qubit, reconstructed with a correction for 54% of detection efficiency. Top row: Real part. Bottom row: Imaginary part. The
coloring scheme distinguishes the diagonal (gray) as well as positive (purple) and negative (green) off-diagonal matrix elements for
viewing convenience. (b) Off-diagonal elements of the teleported qubit’s density matrices, dots. Lines: Simulation results. Blue (green)
data: With (without) efficiency correction. The radial lines indicate the corresponding input state phases. (¢) Color map: Expected fidelity
of the protocol, obtained via a numeric simulation, over the full Bloch sphere. Dots show the states tested in the experiment. White: Target.
Black: Measured. (d) Fidelity between the states reconstructed from the experimental data with an efficiency correction and theoretical
target states. Error bars correspond to one standard deviation. The solid lines are theoretical predictions taking into account all
experimental imperfections including the phase estimation uncertainty. The red dashed line ignores the phase uncertainty.

coherent state with standard error 1/(v/2a) = 1.41, over 20
times larger than the phase error in our experiment.

The magnitude of the off-diagonal elements varies
periodically a function of ¢, directly affecting the telepor-
tation fidelity [Figs. 3(b) and 3(d)]. This effect is due to the
simplified realization of the Bell measurement and approxi-
mating the input CV qubit by a coherent state. For - ~ 0,
as is the case in our experiment, both these factors reduce
the fidelity most significantly at ¢ = +x/2 and are mini-
mized at ¢ =0, .

The teleportation fidelity is further influenced by phase
uncertainties. First, because we do not actively stabilize 0, it
fluctuates with a mean deviation of 0.53 rad. Second, there
exists an ~0.5 rad statistical uncertainty of evaluating the
resource phase difference 0, — 6.. This is because the
acquisition of the correlated quadrature data required for this
evaluation is conditioned on clicks in SPCM,, which occur at
a relatively low rate of 20 kHz. The combined effect of the
phase uncertainties is to smoothen the fidelity variation as a
function of ¢» and degrade the average fidelity by about 5%, as
can be seen by comparing the red and blue lines in Fig. 3(d).

Based on the result of our measurement, we have calculated
the expected fidelity of our protocol for an arbitrary input CV
qubit [Fig. 3(c)]. The model includes the same resource state
and simplified realization of the Bell measurement as in our
experiment but assumes no phase measurement uncertainties.
Averaging over the Bloch sphere gives the mean fidelity of
79.5%, which exceeds the classical teleportation benchmark
2/3 [31]. Surprisingly, nonidealities of the resource state,
discussed above, do not lead to a significant drop of the
fidelity: With our resource and ideal Bell projection, the
average fidelity would be 98%. The positions of the exper-
imental teleportation output states on the Bloch sphere are
shown by black dots. As intended, the obtained states are
close to the equator, marked by the white line.

Summary and outlook.—We believe our scheme to be the
first application of the discrete-continuous hybrid entan-
glement [18,30] in quantum information processing.
Intended as a conceptual proof-of-principle experiment,
our work involves a number of approximations or com-
promises. Some of these are of a technical nature and can be
rectified using existing technology. For example, while our
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Bell measurement can isolate only one of the CV Bell
states, efficient number-resolving detectors [32] would
enable distinguishing all four of them deterministically
through a photon number parity measurement. Also, we
tested our protocol only with qubits on the equator of the
Bloch sphere. In order to apply it to bona fide CV qubits
[6], such qubits can be prepared using the technique of
Ref. [33]. Its integration with our experiment is straightfor-
ward but requires the significant enhancement of all non-
linear optical processes involved in order to bring up the
photon count event rate.

Other limitations are associated with the entangled
CV-DV resource whose relatively low amplitude, which
is furthermore unequal for the positive and negative cat
components, is inherent to the preparation method [18].
Finding a technique for preparing a CV-DV resource that is
free from these shortcomings is an important subject for
future investigations [34].
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