PRL 113, 223602 (2014)

PHYSICAL REVIEW LETTERS

Noiseless Conditional Teleportation of a Single Photon
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We experimentally demonstrate the noiseless teleportation of a single photon by conditioning on
quadrature Bell measurement results near the origin in phase space and thereby circumventing the photon
loss that otherwise occurs even in optimal gain-tuned continuous-variable quantum teleportation. In
general, thanks to this loss suppression, the noiseless conditional teleportation can preserve the negativity
of the Wigner function for an arbitrary pure input state and an arbitrary pure entangled resource state.
In our experiment, the positive value of the Wigner function at the origin for the unconditional output
state, W(0,0) = 0.015 + 0.001, becomes clearly negative after conditioning, W(0,0) = —0.025 + 0.005,
illustrating the advantage of noiseless conditional teleportation.
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Quantum teleportation [1-3] is one of the key quantum
information protocols. It corresponds to the process of
transferring an unknown quantum state between two
spatially separated parties by means of an entangled state
and classical communication. The original quantum-state
teleportation has been generalized to scenarios where either
the entangled state (gate teleportation [4,5]) or the meas-
urement basis (one-way quantum information processing
[6,7]) is modified. As a consequence, teleportation plays an
important role in general quantum information schemes such
as quantum key distribution in complex networks [8] and
fault-tolerant quantum computation [9,10]. Teleportation is
also being considered as the main method of building
quantum interfaces between various physical realizations
of a harmonic oscillator [11-13].

Recently there have been attempts to reconcile the
two main approaches to quantum teleportation, discrete-
variable (DV) and continuous-variable (CV) teleportation,
in order to combine the strengths and mitigate the weak-
nesses of either approach. This culminated in an exper-
imental demonstration of deterministic high-fidelity CV
teleportation of DV quantum states [14]. In that experiment,
near-optimal gain tuning was employed in the feed-forward
loop, thus suppressing the addition of thermal photons and
resulting in an almost pure attenuation of the teleported
state—an effect typically less harmful to the nonclassical
features of a quantum state. For example, when teleporting
a single photon state, pure attenuation only leads to an extra
vacuum term. In a deterministic teleportation scheme,
however, this additional vacuum is unavoidable in order
to ensure preservation of the fundamental commutation
relations. If a measurement is performed in the photon
number basis, which is typically the case in DV optical
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quantum information processing, the occurrence of an extra
vacuum term usually only affects the success probability,
i.e., the efficiency, but not the fidelity of the quantum
protocol. On the other hand, in most CV and also in hybrid
CV-DV applications, the vacuum contribution is highly
undesirable. For instance, it may render the Wigner
function of a single photon state positive, even though
the negativity of the Wigner function is an important
quantum feature necessary in many applications [15-18].

In this Letter, we experimentally test a simple and useful
refinement of the teleportation protocol—noiseless condi-
tional teleportation. In this protocol, we turn the attenuation
in the gain-tuned teleportation into an almost noiseless
attenuation with no additional vacuum term. Noiseless
attenuation generally still alters a quantum state, but it can
preserve the purity and nonclassical properties of pure
states [19,20]. In teleportation, it can be gradually
approached by conditioning dependent on the outcome
of the CV Bell-state measurement (CV-BSM) on the
sender’s side. We demonstrate this conditioned noiseless
teleportation protocol for a single photon state [25], which
could be subject to other quantum operations in a larger DV
protocol before it enters and after it leaves the teleporter.
Our main figure of merit will be the value of the Wigner
function at the phase-space origin, W(0,0). This value,
when negative, is a very sensitive manifestation of non-
classical quantum features necessary for the most advanced
quantum protocols [15-18,25].

An overview of our scheme is given in Fig. 1. In the
prototypical CV teleportation, parties A and B first share a
CV entangled state, ideally the Einstein-Podolsky-Rosen
(EPR) state Y % ,tanh” r|n),|n);. This state, which has
perfect photon-number correlations for any amount of
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FIG. 1 (color online). Overview of gain-tuned continuous-
variable quantum teleportation conditioned by the sender.

entanglement, can be generated by combining two orthogo-
nally squeezed states on a balanced beam splitter [26]. The
amount of the CV entanglement is proportional to the
squeezing parameter r [27]. In the infinite energy limit of
r — oo, both quadratures (amplitude and phase or position
and momentum) of the state are also perfectly correlated.

The CV teleportation is now started by combining the
input state [y) with one part of the EPR state on a balanced
beam splitter and subjecting the resulting modes to a pair
of homodyne measurements, which yields the values of
quadrature operators X and p (CV-BSM). The CV-BSM
results (x,, p,) are multiplied by feed-forward gain g and
used to perform a correction via displacement on the
remaining part of the EPR state in order to obtain a replica
of the input state. This imperfect replica generally contains
a certain amount of thermal noise—a consequence of the
finite entanglement—but when the gain is tuned to
g = tanh r, the CV teleportation becomes equivalent to a
purely attenuating channel described by [20]

(5]

1 N ~
ly) = » ———aF[(tanh r)"|y) (w|(tanh r)"]a’*, (1)
kz:; k!sinh%r

where a and 71 are the annihilation and photon number
operators, respectively. The attenuating process in Eq. (1)
consists of two different sequential contributions. The first
one is a noiseless attenuation, represented by operator
(tanh )", and it is accompanied by random energy anni-
hilation, represented by a mixture of operators a*. The latter
is responsible for the reduction of the state’s purity and the
disappearance of any negative values of the Wigner
function. In the case of a perfect single photon state |1)
at the input, the output state becomes tanh? r|1)(1|+
(1 —tanh? r)|0)(0|, where the vacuum term originates
solely from the random annihilation process. For this state,
the negativity of the Wigner function vanishes when the
entanglement of the shared state is below a certain
bound, r < arctanh(1/ \/5)

The quality of the teleported state can be substantially
improved by conditioning on the data obtained from the
CV-BSM prior to the feed-forward. By accepting only
those events, for which the measured results x, and p,
satisfy x2 + p2 < L?, we can suppress the noise that is
caused by the random measurement outcomes and feed-
forward. The conditioning can be understood as insertion
of a filter in a classical channel that transmits heralding
signals, as illustrated in Fig. 1. In the limit of L — 0, we can
achieve perfect noiseless teleportation,

lw) — (tanh r)" ), (2)

only resulting in noiseless attenuation without the detri-
mental effect of the random annihilation described by
Eq. (1). Clearly, a single photon state is faithfully tele-
ported, and likewise any Fock state is transferred with unit
fidelity for any nonzero entanglement. Importantly, unit
fidelity is also obtained for dual-rail qubits a|1, 0) + f3|0, 1)
[14] by utilizing two identical conditional teleporters [20].
The improvement through conditioning is very well
observable by looking at the achievable Wigner-function
negativity of the teleported single photon state [20,25].
Note that the technique of conditioning on CV homodyne
measurements to manipulate DV photon statistics itself has
been demonstrated in Ref. [28]

For more general input states, in particular states with an
unfixed photon number [29], the remaining noiseless
attenuation could be locally compensated after the
teleportation by a noiseless conditional amplification
approximately applying the operator y”, where the gain
y = 1/tanh r is inversely proportional to the amount of
entanglement used in the teleportation. The noiseless
amplification can be based on various concepts [21,30],
which were already experimentally tested [31-36]. The
compensation of the noiseless attenuation has been exper-
imentally verified for coherent states [37] and qubits [19].
Importantly, the noiseless amplification cannot compensate
the attenuation (1), but only the noiseless attenuation (2).
In the presence of impure resources, the teleportation is no
longer completely noiseless, but it still outperforms all
other forms of CV teleportation [20].

Our CV teleporter relies on the deterministic one
described in Refs. [14,38], while our probabilistic but
heralded preparation of the input single photon state is
described in more detail in Ref. [39]. The source laser is a
continuous-wave Ti:sapphire laser with a wavelength of
860 nm (the frequency is denoted by w,). As for the
preparation of the input state, a nondegenerate optical
parametric oscillator (NOPO) containing a PPKTP crystal
(type-0 quasi-phase-matched) is weakly pumped by a
frequency-shifted second harmonic (2w, + Aw), probabil-
istically creating signal and idler photon pairs (@, and
o + Aw, respectively), where the frequency separation
(Aw) of 590 MHz is the free spectrum range (FSR) of the
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FIG. 2 (color online). Probability P(L) of CV-BSM falling
inside conditioning radius L > 0 (A = 1). (i) Experimental re-
sults. (ii) Theoretical prediction based on the experimental input
photon number distribution together with the single-mode
squeezing parameter » = 1.62 for the EPR state and optical loss
[ =0.20. (iii) Theoretical curve for CV-BSM on two-mode
vacuum states. (iv),(v) L =0.5 and L = 2.0 used in Fig. 3.
Inset: experimentally obtained CV-BSM distribution.

NOPO. Then, detection of an idler photon by a silicon
avalanche photodiode heralds a signal photon, whose wave
packet corresponds to the linewidth of the NOPO modes,
6.2 MHz of half-width at half maximum (HWHM). The
average creation rate is 7800/s with a pump power of
3 mW. As for the teleportation, the EPR state is created by
combining two squeezed vacuum states at a balanced beam
splitter. Each squeezed vacuum state is created from a
degenerate optical parametric oscillator (OPO) containing
a PPKTP crystal, pumped by 125 mW of the second
harmonic (2w;). The non-ideal squeezing resource has

(a) Input state (b)

Unconditional output state

—6.4 dB of squeezing and +13.0 dB of antisqueezing: this
can be modeled as an effective loss of / = 0.20 £ 0.02
applied to a pure squeezed state with squeezing parameter
r =1.62 £0.03 [40]. The OPOs (FSR 1 GHz) are made
smaller than the NOPO, in order to make the bandwidth of
the squeezed vacuum states (HWHM 12.9 MHz) wider
than that of the single photon wave packet. Homodyne
detectors and electric amplifiers in the feed-forward loop
have bandwidths over 10 MHz, which is sufficiently wide
to teleport the input single photon wave packets.

To confirm our strategy, quadratures of the output states
are measured by a homodyne detector with a local
oscillator (LO) phase scanned, and the outcomes are stored
for 640 000 events together with the LO phase information
and the outcomes of the CV-BSM. Then, the conditional
output states are reconstructed by quantum tomography
[41] collecting only those events satisfying x2 + p2 < L2
The success probability P(L) of the conditioning for
various L > 0 is shown in Fig. 2. The deviation of the
experimental probability from the theoretical prediction
may be attributed to our simplified model including the
assumption of a symmetric EPR state or the drift of
parameters during the experiment. On the other hand,
the input state is reconstructed by eight-port homodyne
tomography [39] with 100 000 events. Error bars for the
reconstruction are estimated by using the bootstrap
method [42].

The experimental results are shown in Fig. 3, where
we can see the photon number distributions and Wigner
functions for the input state and for three output states
differing by the level of conditioning. The initial input state
in Fig. 3(a) is a statistical mixture of single photons
(p1 = 0.772 £ 0.007), vacuum (p, = 0.195 £ 0.004) and

(c) conditional output state L = 2.0 (d) Conditional output state L = 0.5
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FIG. 3 (color online).

Experimental quantum states reconstructed by the maximum likelihood method [41]. (a) Input single-photon

state. (b) Output state without conditioning. (c),(d) Output states conditioned by L = 2.0 and L = 0.5, respectively. Top: photon number
distribution. The sum of odd photon number components exceeding the horizontal line at 0.5 means a Wigner function negative at the

origin. Bottom: side view of the Wigner function.
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higher photon numbers (p,>, = 0.033 £0.003), where
P, 1s the photon number probability. The origin of the
Wigner function of the input state has a value of W(0,0) =
(1/m) > % o(Pan — Pans1) = —0.174 £0.005, which is
roughly one half of the maximum possible value
(—1/7 ~ —0.318) and a clear indication of nonclassicality.

When the input state is teleported with unity gain,
g=10, a negative Wigner function with W(0,0) =
—0.023 + 0.004 is obtained, but this only happens at the
expense of increasing the higher photon number contribu-
tions, which are typically unwanted in DV qubit-type
experiments. These can then be suppressed by gain tuning,
but only with an extra vacuum contamination [14,43]. As a
result, the Wigner-function negativity will be reduced.
Figure 3(b) shows the unconditional output state with a
tuned feed-forward gain g =0.89, a value close to
tanh r = 0.93. Although there is still a certain level of
discrepancy from the attenuation channel in (1) due to the
impure EPR state, multiphoton components are decreased
compared to the unity-gain case. However, excess vacuum
contamination renders the Wigner function positive with
W(0,0) = 0.015 £+ 0.001. To improve the negativity again,
the method of conditioning is an effective means, as will be
demonstrated in the following.

Figure 3(c) shows the results of moderate conditioning
with L =2.0, P(L) = 0.53. Now the output state has a
negative Wigner function in the origin, W(0,0) =—0.006+
0.002, ascertaining strong nonclassicality. This enhance-
ment comes from the elimination of the vacuum contribu-
tion and, at the same time, an increase of the single photon
contribution from p;=0.4494+0.001 to p;=0.480+
0.002. Thus, by dropping the teleportation rate from
100% to 53%, the quality of the output state can be enhanced
to a strongly nonclassical state with a negative Wigner
function; this teleportation rate of 53% is nevertheless
greater than the maximum teleportation rate of 50% allowed
in DV quantum teleportations of a single photon using only
linear optics [44].

When the conditioning radius is further narrowed to
L =0.5, P(L) =0.05, the vacuum elimination is further
enhanced, as shown in Fig. 3(d). The single-photon con-
tribution rises to p; = 0.511 % 0.007, resulting in a further
growth of the dip in the Wigner function to have a negative
value of W(0,0) = —0.025 £ 0.005. This value is compa-
rable to that of g = 1.0, thereby demonstrating that the
combination of gain-tuning and conditioning yields better
results than unity-gain teleportation. Note that this is a
universal feature not limited to the single photon states [20].

All the results above show the strength of our condition-
ing method. The degree of conditioning can be tuned to
meet various requirements: a negative Wigner function was
obtained with success rate of 53% and the negativity
matches that in the unity-gain teleportation, while signifi-
cantly suppressing the higher photon numbers, with
success rate of 5%. In order to approach ideal noiseless

attenuation, the purity of the EPR state must be improved,
for which the effective loss /, arising mainly from propa-
gation loss, mode mismatch in homodyne measurements,
and phase fluctuations in interferometers, need to be
reduced. Note that the multi-photon components in the
output state arise from experimental imperfections, mainly
the effective loss / on the EPR state, and are not affected by
the conditioning.

Conditional quantum teleportation is a very versatile
tool. Apart from its suitability for the transfer of both CV
and DV [14,20,43] states of light, it is capable of condi-
tionally implementing a broad class of Gaussian and non-
Gaussian quantum nonlinear filters on arbitrary unknown
states of traveling light beam [20].

The probabilistic teleportation can be also used as a
light-matter interface for atoms and mechanical oscillators
[11,12]. The purity-preserving aspect of the operation with
a conditional Bell measurement allows us to perfectly
transfer individual Fock states, produced by efficient single
photon guns [45,46], from optical modes to modes of
atomic ensembles or mechanical oscillators. This interface
requires only weak Gaussian entanglement, which can be
produced by a weak light-matter interaction of the down-
conversion kind, simply accessible for both the atomic
ensembles and mechanical oscillators [11,12].

In conclusion, we have experimentally demonstrated
noiseless conditional teleportation of a single photon state.
By conditioning on the results of the Bell-type measure-
ment before applying the feed-forward loop, we were able
to reduce the value of the Wigner function at the phase-
space origin from positive values without conditioning to
negative values after conditioning. This clearly confirms
the feasibility of the noiseless teleportation, which can be
used to qualitatively enhance the transmission of quantum
states. Our results represent an important step for the
noiseless realization of quantum relays, quantum repeaters,
quantum memories and interfaces, as well as possibly even
linear-optics quantum computing.
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