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Quantum mechanics imposes that any amplifier that works independently on the phase of the

input signal has to introduce some excess noise.

The impossibility of such a noiseless amplifier

is rooted into unitarity and linearity of quantum evolution. A possible way to circumvent this
limitation is to interrupt such evolution via a measurement, providing a random outcome able to
herald a successful - and noiseless - amplification event. Here we show a successful realisation of
such an approach; we perform a full characterization of an amplified eoherent state using quantum
homodyne tomography, and observe a strong heralded amplification, with about 6dB gain and a
noise level significantly smaller than the minimal allowed for any ordinary phase-independent device.

Quantum optical detection techniques are so advanced
that quantum fluctuations are the main source of noise.
Therefore, when amplifying optical signals, one has to
look at intrinsie limitations of the process: any amplifier
cannot work independently on the phase of the input, un-
less some additional noise is added [1]. The origin of this
limitation is that adding extra noise is needed for the
output field to obey Heisenberg’s uncertainty relation.
Also, it is connected to the impossibility of realizing ar-
bitrarily faithful copies of a quantum signal [2, 3], and it
is thus deeply rooted in the linear and unitary evolution
of quantum mechanical systems.

T T ~ 1 . 1 L] . L |

quantum communication lines [13].

The conceptual layout of the noiseless amplifier is pre-
sented in Fig. 1. The operating principle is closely
related to quantum teleportation[14, 15, 16, 17|, and
is actually a variation of the quantum scissors protocol
[18, 19]: the phase and amplitude information of the in-
put are transferred via a generalised teleportation onto a
superposition of the vacuum and a single photon. If the
input is not too large, such superposition is still adequate
to describe a coherent state with a good fidelity. The
amplification is allowed by the use of a non-maximally
entangled resource [11].
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We introduce the concept of non-deterministic noiseless linear amplification. We propose a linear
optical realization of this transformation that could be built with current technology. We discuss
two applications; ideal probabilistic cloning of coherent states and distillation of continuous variable
entanglement. For the latter example we demonstrate that highly pure entanglement can be distilled
from transmission over a lossy channel.

It is well known that a linear or phase insensitive ampli- cations and the limits to the fidelity of the device under

fier acting on a quantum optical field, or more generally practical conditions.
on any harmonic oscillator state, must introduce noise [1].
This noise enforces the no-cloning principle [2], the uncer-
tainty principle for simultaneous measurements [3] and

limits signal to noise in quantum limited communication |

and metrology protocols [4] as well as guaranteeing secu- |0}

rity in continuous variable quantum key distribution [5].

Never-the-less, we show here that a non-deterministic,

but heralded, noiseless linear amplifier is possible. |0}
The argument against a noiseless linear amplifier can

be made succinctlv as follows. Sunnose that we had a — o

[3;3 [r— [j:ﬂ [3:3

SR e e

S~ ——nowz

{0]

(0]

o]

Etizss




009

N

nt-ph| 10 Dec
it-ph] 1 Sep 2008

1| 21 Jul 2009

Implementation of a non-deterministic optical noiseless amplifier

Franck Ferreyrol, Marco Barbieri, Rémi Blandino, Simon Fossier, Rosa Tualle-Brouri, and Philippe Grangier.
Groupe d’Optigue Quantigue. Laboratoire Charles Fabry. Institut d’Opligue. CNRS,

Nondeterministic Noiseless Linear Amplification of Quantum Systems

T.C.Ralph! and A.P.Lund?,

Noiseless Linear Amplification and Distillation of Entanglement

G. Y. Xiang!, T. C. Ralph?, A. P. Lund!2?, N. Walk? and G. J. Prydel*
LCentre for Quantum Computer Technology, Centre for Quantum
Dynamics, Griffith University, Brisbane 4111, QLD, Australia.

2 Department of Physics, University of Queensland, Brisbane 4072, QLD, Australia.
*email: g.pryde@griffith.edu.au

The idea of signal amplification is ubiquitous
in the control of physical systems, and the ul-
timate performance limit of amplifiers is set by
quantum physics. Increasing the amplitude of
an unknown quantum optical field, or more gen-
erally any harmonic oscillator state, must intro-
duce noise!. This linear amplification noise pre-
vents the perfect copying of the quantum state?,
enforces quantum limits on communications and
metrology®. and is the physical mechanism that
prevents the increase of entanglement via local
operations. It is known that non-deterministic
versions of ideal cloning? and local entanglement
increase (distillation)® are allowed, suggesting the

plitude . We assume a heralding signal identifies which
term in the output density operator has been produced
by any particular run of the device. Thus, with proba-
bility P, noiseless amplification of the input is achieved.
Without loss of generality, we assume that when ampli-
fication fails the output state is the vacuum (this can
be achieved with a triggered shutter, for instance). The
linearity of quantum mechanics requires that the distin-
guishability of two quantum states cannot be increased
by any transformation.

Consider the input states |0) and |a). We require

[(Ole)[* < (0lp(@)(0) = P|(0lga)* +1-P (2)
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The idea of signal amplification is ubiquitous
in the control of physical systems, and the ul-
timate performance limit of amplifiers is set by
quantum physics. Increasing the amplitude of
an unknown quantum optical field, or more gen-

plitude . We assume a heralding signal identifies which
term in the output density operator has been produced
by any particular run of the device. Thus, with proba-
bility P, noiseless amplification of the input is achieved.
Without loss of generality, we assume that when ampli-

erallv. anv harmoni¢ oscillator state. must int
Pprocesses’

! %, SHAtG sty fication fails the Qutout state is the vacuum (this can

Ir'o- :
am}ﬁ)mers (stngie-mode mput an yie

a fundamental theorem for phase-insensitive linear amplifiers; it requires such an amplif- lce)- The
ier, in the limit of high gain, to add noise which, referred to the input, is at least as large he distin-
as the half-quantum of zero-point fluctuations. For phase-sensitive linear amplifiers, increased
which can respond differently to the two quadrature phases (“coset” and “sinw?™), the

single-mode analysis yields an amplifier uncertainty principle—a lower limit on the pro-

duct of the noises added to the two phases. A multimode treatment of linear amplifiers quire

generalizes the single-mode analysis to amplifiers with nonzero bandwidth. The results

for phase-insensitive amplifiers remain the same, but for phase-sensitive amplifiers there

emerge bandwidth-dependent corrections to the single-mode results. Specifically, there is -P
a bandwidth-dependent lower limit on the noise carried by one quadrature phase of a sig-

nal and a corresponding lower limit on the noise a high-gain linear amplifier must add to

one quadrature phase. Particular attention is focused on developing a multimode descrip-

tion of signals with unequal noise in the two quadrature phases.

(2)

I. INTRODUCTION AND SUMMARY performance of “linear amplifiers” is now dis-

cussed in standard textbooks on noise'' and quan-
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