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VII. SUMMARY

We succeeded in phase-insensitive optical ampliÞcation in
a reversible manner. Our ampliÞer preserves the idler output.
The entanglement between the signal and idler is responsible
for the reversibility. The scheme is basically based on linear
optics, homodyne measurements, and feedforward. Ofßine-
prepared squeezed states, which are used as ancillas, provide
nonclassical properties for our PIA. We demonstrated for
the ampliÞcation gain ofG = 2.0. By splitting the ampliÞed
output in half, we also demonstrated 1� 2 approximate
cloning of coherent states, where the remaining idler output
was interpreted as the anticlone.

For both experiments, the full demonstration was given in
the following sequence. First, we characterized the individual
output modes. By treating the quadrature data directly, they
were visualized as phase space diagrams to help intuitive
understanding. In particular, the mirror image in the idler
output or the anticlone is shown. Then, the input-output
relation was examined more strictly by using several different
coherent states as inputs. Finally, the output correlations
were examined. They are important because the nonclassical
properties are only accessible via them. Not only were the
ordinary EPR correlations shown, but the possibility of the
reverse operation also was directly presented by appropriate
measurements of the correlations.

Our results are a good demonstration that shows the proper-
ties of an ampliÞcation process, which has been theoretically
known for decades but not fully demonstrated experimentally.
In particular, it is reversible when the idler is present. Such
reversible ampliÞcation is signiÞcant from practical respects,
as is shown in Refs. [14,29]. We did not demonstrate the reverse
operation, but showed its possibility from the correlations. The
recovery of the signal state only requires the Bell measurement
and feedforward [14,29], which would be much less lossy
and noisy than implementing the inverse transformation. Full
and partial recovery of the distributed information via such a
feedforward scheme is left for future experiments.
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APPENDIX : GENERAL NUMBER OF CLONES

In this appendix, the discussion in Sec.III is extended to
K � L CV cloning. The optimalK � L cloning satisÞes the
relation below [20]:
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The optimality of Eq. (A1) is proven with respect to the cost
function constructed from the variances [20]
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In particular, for the symmetric cloning, i.e.,n1 = . . . = nL �
n, Equation (A1) saturates the following inequality, which is
obtained in Ref. [38] from the consistency with the uncertainty
relation:
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The limit Þdelity for symmetric Gaussian cloning is calculated
as F = KL/ (KL Š K + L). On the other hand, taking the
limit that L goes to inÞnity, the classical limit of cloning (i.e.,
the limit of state estimation) is obtained asF = K/ (K + 1).

The optimal procedure ofK � L symmetric cloning can
be decomposed into three steps as follows [25,26]. First, all
the information of (xd,pd) is compressed into a single mode
by a beamsplitter network. A state with larger amplitude
öD(

�
Kxd,

�
Kp d)|� � is created from theK identical originals

öD(xd,pd)|� � in this step. Second, the combined signal is
ampliÞed with the gainG = L/K . Finally, the ampliÞed
signal is combined withL Š 1 ancillas by another beam-
splitter network, creatingL clones. For asymmetric cloning,
the procedure is essentially the same, but the ampliÞcation in
the second step is applied to a part of the combined signal,
and the gain is changed correspondingly asG = 1 +


 L
k= 1 nk

[20]. On the other hand,L Š K anticlones are obtained from
the idler output by combining it withL Š K Š 1 ancillas
by another beamsplitter network. Therefore, as a whole,L
clones andL Š K anticlones are obtained, the complex mean
amplitudes of which are� and � � , respectively, fromK
originals with the complex mean amplitude of� � xd + ip d.
With regard to cloning of coherent states, it is evident that there
is no entanglement among clones or anticlones, however, there
is entanglement between a clone and an anticlone.

The optimal asymmetric clones have the following form:
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whereöacln-k is the annihilation operator of thekth clone,öa	
org

is that of the combined original after the Þrst step,öaidl is that
of the idler input, andöaanc-� is that of the� th ancilla input
for the latter beamsplitter network. The coefÞcients

�
nk and

� k� are not independent in order to preserve the commutation
relations. By setting all the ancillas in vacuum states, the added
noises become rotationally symmetric and Gaussian, and their
variances correspond to the parametersnk [39]. As with 1 � 2
cloning, optimal 1� L cloning can be fully reversed byL Š 1
Bell measurements performed on each set of a clone and
an anticlone and subsequent feedforward to the remaining
single clone [29]. Even with the smaller number of Bell
measurements, the original is partially recovered accordingly.
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