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Quantum tomography of mesoscopic superpositions of radiation states
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We show the feasibility of a tomographic reconstruction of “Sclinger-cat states” generated according to
the scheme proposed by S. Song, C.M. Caves, and B. Yikgs. Rev. A41, 5261(1990]. We present a
technique that tolerates realistic values for quantum efficiency at photodetectors. The measurement can be
achieved by a standard experimental sef®1.050-29479)05603-9

PACS numbep): 03.65.Bz, 42.50:p

Optical homodyne tomographil] is a powerful tool to  parametric amplifier, T(6) =exd faxak—alag)] describes

measure the density operator of a quantum system, with th@e polarization rotator, and the coefficierBs,,, are given
possibility of detecting purely quantum features of the radiay,

tion field. Such a technique was suggested in the past to

reconstruct the density matrix of superpositions of classically (—tang)™(—tanhr)l  [(j+m)!
distinguishable quantum statf, 3], traditionally known as Bjm= . |

Schralinger cats, which represent one of the most celebrated cosfr (J=m!

examples of highly nonclassical states. Some experiments i (j+Kk)!

have been performed to detect Salinger-cat states in X > . ' (—sir ). (2
atomic systemg4]. For radiation, a scheme to detect cat k=maxo-m) K!(j —K)! (m-+k)!

states has been proposed by Song, Caves, and Y6itke ) ]

however, with no feasibility study for a real experiment, con- 1 e rotation angle) and the gain parameterare related by

cerning in particular the main problem of quantum efficiencythe backaction-evading conditi¢8,5] as sin Z=tanhr. The

of detectors, which washes out the fringes visibility. following step of the scheme consists in detecting the num-
In this paper we analyze a concrete experimental setup fdyer of photons at. the readout mode. As a consequence of this

the scheme given in Reff5], and propose to detect the out- Measurement, given, photons detected at the readout, the

put field by means of homodyne tomography. We will exam-Signal mode is reduced to the state

ine the effects of quantum efficiency and present a method to

compensate them allowing a good reconstruction of the )

Wigner function of the Schdinger cat, and recovering the |¢s,n,>=mjzo Bj+in,+1/21i-Ins2 2] + (D), (3)

visibility of the experiment, even with quantum efficiency

74=0.3 at the readout photodetector, ang=0.8 at the ho- a6 x| denotes the integer part af (n,) is the parity

modyne detector. Our proposal to reconstruct the Wignep n., and P(k) is the probability of detecting readout

function allows us to appreciate the detailed structure of th?hotons with a perfect photodetector, namely
state rather than just seeing the oscillations in a singl ' '

oo

guadrature probability distribution. To our knowledge, this is (2k— 1)1 (sinhr)2¢
the first method for detecting the density operator of P(k)=2% = ) (4
Schralinger-cat states for free radiation, feasible with current (2K (2 sinifr+1)k+172
technology.

Let us first briefly review the experimental scheme forin the scheme of Ref[5], after detection of the readout
generating Schdinger-cat states proposed in R&] (simi-  mode, the signal mode enters a degenerate parametric ampli-

lar setups were later proposed in R¢&.7]). The main idea fier with gain parameter,, described by the evolution op-
consists of feeding two orthogonally polarized modes of raeratorS(r ;) = exyf ir(a2—al?)], which increases the distance
diation, called “signal” and “readout,” both initially in the ¢ the two components of the superposition in the complex
vacuum state, into a parametric amplifier followed by a halfyiane without changing the oscillating behavior of the num-
wave plate. The parametric amplifier generates a correlatege, propapility distribution. The final state of the signal is
state of the two modes and the half wave plate rotates thgen described by the following quadrature probability dis-

polarization directions by an angle The global state of the _ . . . i A
two modes at the output of this setup is given by E”El(]g?g ¢Ertf;iii9/);1]a.\drature operator is defined as;
=3 .

. o P(Xs()|n
H=TOVOOI0 -5 3 8 ali-mli+m), etdlnd
- )
@ =%eZR“X§<¢>|Hnr<JXxs<¢>)|2,
whereV(r) =exdr(asaz—alal)] describes the action of the (5)
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FIG. 1. Monte Carlo tomographic reconstruction of the Wigner 0 2 4
function of the state in Eq(7), with 74=0.3, »,=0.8, r=rg
=0.4, andn,=2. Data are collected for 70 different homodyne
phases and % 10° simulated data are used for each phase. FIG. 2. Monte Carlo tomographic reconstruction of the prob-
ability distribution for the same state and same simulated data of
where the eigenvaluXg(¢) of §(¢ is the field quadrature Fig. 1. The simulated values with the corresponding statistical error
component at phas¢, H,, denotes the Hermite polynomial, bars are superimposed to the theoretical valse$d line).

— —2r P o -1 —
)\—[r(éos¢2(re scr?sh2cos¢+|sm¢)] ' and o=1 tum efficiency »q4, i.e., the Bernoulli convolution of the
+ar ge #/cosh 2. - probability (4). In Fig. 1 we plot a Monte Carlo tomographic
In this paper we propose to detect the Sdimger cat at  reconstruction of the Wigner function of the statistical mix-

the signal mode using optical homodyne tomography e (7) corresponding to an experiment withy=0.3, 7,
This technique consists of measuring the quadratures of ra-= g r=r=0.4, andn,=2. As expected, the effect of
diation at several phases by means of a homodyne detectqfonynit quantum efficiency is to smooth the oscillations in
The matrix elements of the density operator of the state arg,q complex plane, which are the typical signature of quan-

NN,

Photon number

then measured as follows: tum interferencenotice that the theoretical Wigner function
~ _ is practically indistinguishable from the one plotted in Fig.
(Wlold" Ymeas= (W, (X=Xp)[¢"), (6)  4). Therefore, the resulting state is more similar to a classical

mixture of coherent states rather than a Sdinger cat. The
wherelC,,h represents the kernel function given in R¢&9]  degradation effects on the cat due to nonupitcan be seen

that depends on the value of the quantum efficiency of thélSo in Fig. 2, where the number probability for the same
homodyne detecto,, while the overbar denotes the aver- Simulation is plotted: the probability still exhibits a non-
age over the experimental data at different phases. The bgonotonic behavior, but the even terms no longer vanish. In
havior of the kernel function sets the validity limits of the Fig- 3 we report a simulation of the quadrature probability
tomographic reconstruction. These depend on the particul&fistribution at¢=0, which would be seen following the
representation chosen to specify the density operator. In thidfiginal proposal[5], with the corresponding theoretical

i

paper we always reconstruct the density matrix in the photogUIve.
number representation: this is possible for any value of the We will now present a method to compensate these dra-
quantum efficiencyy,>1/2 [3,10]. The 7,=1/2 bound for math effects of'realls'glc guantum eff|C|en'C|es.'The main idea
the overall homodyne quantum efficiency is not a sever&onsists in the inversion of formuld), which gives
limitation in a real experiment, since good homodyne detec- = (Kk+j 1
tors can achieve values of, between 0.85 and 0.941]. Vs, (bsid =P(K) " Lng > )(1_ —-
Let us now consider the effect of nonunit quantum effi- j=ol k 7d
ciency ny at the readout photodetector. According to the - ]
Mandel-Kelley-Kleiner formula[12], a detector with non- Xpsi+iPy (Kt]), (©)
unit quantum efficiency is equivalent to a perfect photode-
tector preceded by a beamsplitter with transmissivjty.
Then, one can see that whap photons are detected at the
readout, the signal mode is left in the following statistical —
mixture of Schrdinger-cat states:

>
- 1 & k), ) -~ o
Ps,n,ZWk:Enr o 7y (1= 7)< " P(K) [P0 (Psl S
(7)
o I
where
|h‘/’/s,k> =S(ro)| sk €) X

. . - . FIG. 3. Monte Carlo tomographic simulation of the quadrature
is the conditional Schriinger-cat state at the signal mo® probability at $=0 for the same state of Fig. 1. The histogram

evolved by the degenerate parametric amplifier, Bydlk)  contains 20 000 simulated data, while the solid curve is the theoret-
is the probability of detecting readout photons with quan- ical distribution.
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FIG. 5. Photon-number probability of the c|a~ﬁsyz) using the
reconstruction algorithn®), with the same parameters as in Fig. 4.
The simulated values with the corresponding statistical error bars
are superimposed on the theoretical val(ssid line).

FIG. 4. Monte Carlo tomographic reconstruction of the Wigner

function of the state|§]/32> with 74=0.3, 7,=0.8, andr=rg

=0.4, using the reconstruction algorith(®. The same number of

simulated data as in Fig. 1 are used. to the original proposal of Ref5]. _ _
Let us now discuss in more detail the experimental feasi-

bility of the scheme. All the devices needed in the experi-
Hence, a generikth Schralinger-cat component of the sig- me”t are .a"a!"ab'e with the gurrent technology. The pargmet-
dic amplification can be realized for example by an ordinary

nal mode can be reconstructed by measuring all the sign tassium titanvl bhosohat&TP al d with th
states corresponding to different readout numbers of photor{%O assium fitanyl phospha ) crystal pumped wi N

(larger or equal t&), weighting each event according to Eq. second harmonic of a mode-locked Nd:YAG pulsed laser

(9). In this way we have the additional advantage of using al‘/vorklng at 8t0 Mg’? W('jtht7 FSSPE.ISG[SM]' '[hg majord_rt).rob-l
data withn,=k than just those wit, =k of the plain de- em encountered to detect Sc ntn'ger cats in conditiona
measurement schemes is the cat’s notorious fragility to any

tection in Fig. 1. Moreover, by processing the homodyne . Lo T
data according to E9), we can reconstruct the whole fam_eklnd of I0§ses and |_neff|C|enC|es. The r_lovelty of the present
proposal is that using the reconstruction method based on

ily of Schredinger cats s for differentk’s at the same Eq. (9), low values ofp,4 can be tolerated, and hence ordi-

time. Notice that this method can be used for the reconstruq,—lary linear avalanche photodiodes wifg~ 0.3 can be used.

tion of any set of statefs) conditioned by an inefficient 5 %the other hand, the tomographic apparatus needed to de-

photodgtecnon. , , tect the Schrdinger cat at the signal mode is based on ho-
In Fig. 4 we show a tomographic reconstruction of themodyne detection, with the possibility of using high-

same Schrdinger-cat component of Fig. 1, with the same gicjency photodetectors, because single-photon resolution
values of the experimental parameters, but using the recorg

; he | S no longer needed due to the amplification from the local
struction procedure based on the inversi®n As we can qijiator (LO). Moreover, the LO comes from the same la-

see, all the oscillations in th_e Wigner function are properlyser source of the classical pump of the parametric amplifier,
recovered, and the destructive effects of low quantum effi; order to achieve time matching of modes. In addition
Ofince there is no fluctuating phase in the whole optical setup,
neither in the second harmonic generation stage nor in the
homodyne detection, the LO is also perfectly phase matched

with the pump. The resulting setup is very stable and can

as one can check by substituting expresg@ninto Eq. (7).

ciencies are defeated. Notice that unlike other compensati
methods based on the inverse Bernoulli transformdtic,
where the convergence radius of the procedungidl/2, the
present method works also for very low values of the quan
tum efficiency. In our case convergence of the seff®s
below the thresholdyy=1/2 is due to the additional decay-
ing factorP,,d(kJrj). An analysis of convergence of the se-

ries of errors as in Ref.10] shows that there is no lower
bound for 74 if r<2%In(2+.3)=0.658. Notice that the L
series convergence is slower for increasingvhich corre- r
sponds to more excite@acroscopig Schralinger cats. This o
implies that the more macroscopic the cat is, the higher o[
must be in order to have a good reconstruction.

In Fig. 5 we plot the number probability for the same i
parameters of Fig. 4: the simulated experimental results with O b
corresponding error bars are superimposed to the theoretical
value. As we can see, the tomographic reconstruction is very
precise and the oscillations of the probability are perfectly
resolved. In Fig. 6 we finally report the quadrature probabil- FIG. 6. Quadrature probability distribution at zero phase of the
ity distribution for ¢=0 superimposed to the theoretical cat state|y/s,), with the same parameters as in Fig. 4. The simu-
curve. The visibility is totally recovered, in contrast to the lated values with the corresponding statistical error bars are super-
result in Fig. 3, which would have been obtained accordingmposed on the theoretical curysolid line).

P(x)
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take measurements for tens of minutes at a rate ofhe gainr some(nontomographichomodyne visibility could

10® data/sec at the readout photodetector. The tomographise detected for highy, (>0.9) and forz, as low as 0.3,
reconstructions presented in this paper were obtained witbven without our reconstruction algorithm. However, by
2.8x 10’ experimental data. In these examples the probabiltowering the gain, the data acquisition rate is greatly re-
ity of detecting less than two photons at the readout photoduced, whereas our method works also with high gains.
detector is~0.9967. Therefore, taklng into account that Only In conclusion, we have shown the feas|b|||ty of a tomog-
the fl’aCti_Ol‘] 3.X 1073 of eXp.er.imental data CO”eCte.d at the raphic reconstruction of a Schj'm]ger cat in an experimenta|
readout is useful for the Schitimger-cat reconstruction, we scheme, which is practical in a laboratory using standard
can easily see that the whole set of data can be collected int@chnology devices. The problem of low efficiencies at the
few minutes. Notice that increasirig which corresponds 10 gjngie_photon resolving detector, which was regarded as the
a more excited _cat, the number of useful data decreases, a jor obstacle for experiments of this kifié], has been
the reconitructlon becomes slower. quhe>l<<a_mple, to Irecorg-olved by the implementation of a suitable tomographic data
StrUCt,E, the —cat . component.  wit __4 only processing. The whole density matrix of the cat, and hence
2X107* of the experimental data are useful; for-5 we all its characteristicgésuch as the photon number probability,

- -6
('\:/lan use ontly the fra::uo? 110 Oft ddata, tand SO on. N the quadrature distribution, and the Wigner functioan be

joreover, 0 reconstruct more excited cal ComponentSy, . ¢ req in this way, whereas the plain homodyne detection
higher index density-matrix elements are needed for th

- . = roposed in the original scheme of RES] would not have
Wigner function, and the effect of statistical errors from to—% P 9 5

mography becomes more dramafi€s], with the conse- provided visible probability oscillations with the available

; low-efficiency single-photon-resolving detectors.
guence that more data are needed to reach a prescribed ac- y single-p g

curacy. For these reasons, the more excited the cat is, the We thank T.F. Arecchi for illuminating discussions on
longer the experiment and the more difficult the state is tdhe experimental setup. This work has been supported by the
detect. Finally, it has been suggestd®] that by lowering PRA-CAT97 of the INFM.
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