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We show that when a squeezed vacuum and an ordinary vacuum are combined by a
beam splitter and in ane of the output channels the number of photons is measured,
then conditional mu:mbe:z_ states in the other output channel can be obtained which
reveal all the properties of superpositions of macroscopically distinguishable states.
The component states are very close to squeezed coherent states and approach
coherent states for sufficiently large numbers of detected photons. We also consider
the problem of producing the superposition states under the conditions of realistic
photocounting, assuming multichannel detection with highly efficient avalanche
photodiodes. We show that for properly chosen parameters quantum interferences
can still be found even for a realistic arrangement of detectors.

1. Introduction

A fundamental difference between classical and quantum mechanics is that the latter
allows — according to the superposition principle - for the phenomenon of interference of
macroscopically distinguishable states as it is the case for Schrodinger cat-like states [1.
The experimental test has been a challenge since the early days of quantum mechanics.
Recent progress in quantum optics has provided new possibilities for observing such
superposition states of the translational motion of a trapped ion {2]. A number of
proposals have been made to prepare a single-mode radiation field in a Schrodinger cat-
like state (see, e.g., [3] and references therein). "A promising way may be state reduction
via conditional quantum measurements. According to the basic-theoretical concepts of
the quantum-mechanical measurement process we know that when a quantity of one
part of a correlated two-part system is measured, then the state of the other subsystem
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collapses to a particular state. Inspired by this fact various ingenious schemes for
producing conditional states of the type of Schrédinger cats have been proposed [4] and
the experimental feasibilities with current technologies have recently been discussed [5].
In this paper we propose a scheme for generating Schrodinger cat-like states which is
based on conditional measurement on a beam splitter with nonclassical input [6]. 1t
is shown that when a squeezed vacuum enters one of the input channels (the second
input channel being unused) and-the photon number of the mode in one of the output
channels is measured, then the conditional state of the mode in the other output channe]
exhibits all the typical features of a Schrédinger cat-like state.

The paper is organized as follows. In Section 2 we calculate the conditional output
states and study their properties. The effect of realistic detection is discussed in Section
3. A summary and some concluding remarks are given in Section 4. .

2. Conditional output states

It is well known that the input-output relations of radiation at a lossless beam
splitter can be treated within the SU(2) algebra. In the Schrodinger picture, the outpui-
density operator gou can be obtained from the input—density operator Oin 38 fout =
vt @:&V. Ignoring irrelevant phase shifts, the operator V ‘can be given by V = mlm%mu‘
with L, = W?&@u —a}a,) [7]. Let us assume that the input-state density operator is

Bin = fin1 ® |vaca){vaca|. (1)
Then the output-state density operator can be given by [8]
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where |T'| = cos# and |R| =sin#, and [nk) are the eigenstates of the photon-number
operators m:mm:q of the two input modes (k =1, 2). From Eq. (2) we see that the output
modes are, in general, highly correlated. When the photon number of the mode in the
second output channel s measured and my photons are detected, then the mode in the
first output channel is prepared in a quantum state whose density operator gou¢; reads:
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The probability of such an event is given by

Bout1 Aswv =

Eévu?zsm_@e_,_ézuM @“ve: 7)™ TP s g ). ()

In particular, if the first input mode is prepared in a squeezed vacuum state, we may

write giny = wAm:/&ouv?maL.w:mY where 5(£) = mﬁilw:mmtm —h.c]}. In this case,
combining Eqs. (2) and (3) and using Eq. (1), we obtain

out1(m2) = _G:SXGS” I (5)
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where

(s} = [T} = e 3 g () 1) ®)
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with | =|T|%, k =tanh [}, and N, =) o —¢ [¢ma.n, (@)[*. The probability P(m;) is
derived to be

_ (7)

s;wam_
Qm:. | _Na_wv - SM_ m
THJ_NAH - QNVH— »MHW (mg — M&vmﬁn_vwﬁwh&mw ) A v

([z], integral part of ). From Egs. (6) and Ad we easily see that when ﬁvm mwﬁmn._..m&
number of photons in one output channel, my, is even (odd)}, nron.gm mode in ﬁ_m o% her
output channel is prepared in a quantum state _@S,uv that contains only o.anUcSonm
from photon-number states with even {odd) numbers of photons. H.s vmnm:\.imm. when
the number of detected photons, ms, is zero, then the output state is again a squeezed
vacuum, but with the parameter « in place of .

() . (b)

(¥4 (Alg =)W

j 1 ¢
80

\\.m....:,
dil
Wil

i
il
&

a0

bz’ &)

Lo

<0

- e

a E s Kl - [ a=

Fig. 1. Quadrature distribution (a) [for the phase parameters ¢ = 0 A?: :.:mv and ¢ = :.\w
(broken line)] and the Wigner function (b) of the conditional state with realistic photodetection
(N'=10, n=0.8) for k=2 coincident events, and & = 0.75, |T]* = 0.8 (o = 0.6).

Let us briefly discuss the properties of the conditional states (for details, see [6]).
The photon-number distribution can easily be obtained from Egs. (6) and (7),

P(njm) = [{n]¥m)[? = N7* lemn(a)® (9)

(for notational convenience, here and in the following we omit the mc_umnlﬁw.m 1 and 2
introduced above to distinguish between the two output channels). In particular, the
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mean photon number is given by

-1
. a Nm ao? l+a?: [3m] [3m] “
A:VHQMM._Om*HQ:; 1— o2 +3H!Qm I.wMU\aa».S MUEPS , (10)
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where axm = (20)7%/[(m — 2k)! (k")?]. Note that when no photons are detected,
m=0, then (A} reduces to the mean number of photons of a squeezed vacuum, (i) =
o?/(1 - a?). The quadrature-component distribution reads as

= o™ 1-ao? , -
Ra_s_svl\,\a%ma e _ -

where the abbreviation A=1+a?~2a cos(2¢) is used. For ¢ near 7/2 the distribution
p(z,p|m) exhibits two separated peaks, whereas for i close to 0 or # an interference
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pattern is observed (cf. Fig. 1), which is a typical signature of a Schrodinger cat-like.

state. Finally, the Wigner function W(z, p|m) takes the form

2
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where
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and the Husimi function Q(z,p|m) is given by

|af™

Qe pim) = s Ham [3iva(z + ip)] [fexp{-1[(1- @)z? + (1 +a)p?]}. (14)

From Egs. (6) and (7) it is seen that |[¥m) can be regarded as a superposition of
states |¥5) and |U$)) as [¥,,) = A c&%v + _e.@vv“ where .

o0

) = <= e8] ), (15)
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and M) = 52 o 165 ()2, A more detailed analysis [6] shows that the states [¥())
are very close to squeezed coherent states.

o
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3. Realistic photon counting

In order to produce the conditional states 1¥m), EmEW mmmomo:n w:ma vnmnw_mmvmﬂmm
ing i i i todetectors that have been not availal
ting is needed which requires pho . . ¢
nooo“—ﬁ _ %rm difficulties may be overcome using photon orov.ﬁ:ﬁ E_.. m,wn such a B&
Mv.nmm.@ma‘m_ 9N port detection device the probability of recording k coincident events is
ic

given by
P (kim) =, Pr(kll) Mym(n) (17)
1

(n, detection efficiency), where Py (k|m) = Mjm(n) =0 for k,I>m and

Autkim) = () MT; (e-om sor k<m, (1)
Min() = ()=t for 1<m (19)

Since detection of k coincident events can result from various :E:vmnm m of croﬁozw,
the conditional state is in general a statistical mixture. Therefore in place of Eq. (5)

we now have

@ocﬂﬁkv = MU .TZ.:AS_N& _GSVA’H«B_“ AMOV
m
where the conditional probability Py, ,(m|k) can be obtained using the Bayes rule as

Pryy(mlk) = mlzwm?%_sié (21)

Here P(m) is the prior probability (8) of m photons being present, and

Pro(k) = ) Pg (klm) P(m) (22)
m
is the prior probability of recording & coincident events.

4. Conclusions

The feasibility of generating Schrodinger cat-like states via conditional Eommcmﬂ
ments on a beam splitter has been studied. We have mrwéu ».rm% Aérom pmmm%gsmn
. inar ixed by a beam splitter and in one of the out-
vacuum and an ordinary vacuum are mixe : n
put channels the number of photons is measured, then the conditional quantum state
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in the other output channel reveals all the properties of a Schrodinger cat-like state.
Analytical results for the photon-number and quadrature-component distributions and
the Wigner and Husimi functions of the conditional states have been given. We have
expressed the conditional states as a superposition of two quasiclassical component
states that are very close to squeezed coherent states and approach coherent states for
sufficiently large numbers of detected photons. Assuming multichannel detection using
highly efficient avalanche photodiodes, we have also discussed the problem of generating
the Schrodinger cat-like states under the conditions of realistic photocounting. As ex-
pected, the interference structure is somewhat smeared. Nevertheless, the interference
structure can still be found even for a realistic detection scheme (cf. Fig. 1).
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