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Generation of optical ‘Schrodinger cats' from

photon number states

Alexei Ourjoumtsev', Hyunseok Jeong?, Rosa Tualle-Brouri' & Philippe Grangier'

Schrodinger’s cat' is a Gedankenexperiment in quantum physics,
in which an atomic decay triggers the death of the cat. Because
quantum physics allow atoms to remain in superpositions of
states, the classical cat would then be simultaneously dead and
alive. By analogy, a ‘cat’ state of freely propagating light can
be defined as a quantum superposition of well separated quasi-
classical states>—it is a classical light wave that simultaneously
possesses two opposite phases. Such states play an important role
in fundamental tests of quantum theory*”’ and in many quantum
information processing tasks, including quantum computation®,
quantum teleportation®'® and precision measurements''. Recently,
optical Schrodinger ‘kittens’ were prepared'>'*; however, they are
too small for most of the aforementioned applications and increas-
ing their size is experimentally challenging. Here we demonstrate,
theoretically and experimentally, a protocol that allows the genera-
tion of arbitrarily large squeezed Schrodinger cat states, using
homodyne detection and photon number states as resources. We
implemented this protocol with light pulses containing two
photons, producing a squeezed Schrodinger cat state with a nega-
tive Wigner function. This state clearly exhibits several quantum
phase-space interference fringes between the ‘dead’ and ‘alive’
components, and is large enough to become useful for quantum
information processing and experimental tests of quantum theory.

The predictions of quantum physics for microscopic objects cannot
be simply generalized to our ‘classical’ world. In fact, the reason why
Schrodinger’s cats are so hard to prepare is the same that makes large
quantum computers so hard to build: for macroscopic systems,
quantum state superpositions rapidly decohere into statistical mix-
tures because of strong interactions with the environment. To become
feasible, Schrodinger’s Gedankenexperiment should be transposed
from a cat to a more convenient physical system, with its own ‘clas-
sical’ or ‘quasi-classical’ states. In quantum optics, they correspond to
coherent states |o), where o is the coherent amplitude'>'®. Therefore,
a quantum superposition |y} = N (|} + *’|—«)) defines a optical

—1/2
cat state with a ‘size’ |«|*, where N’ = [2(1 + COS(G)e_z‘i‘z)] is

a normalization constant. As the phase origin is arbitrary, we will
assume in the following that o is real.

In addition to their numerous applications*™"', optical cat states
have another crucial advantage: quantum optics provide efficient
tools to tell the difference between a true quantum superposition
and a plain statistical mixture of two coherent states. Quantum states
oflight, often considered in terms of photons, can also be described as
waves, using their amplitudes and phases or, in cartesian coordinates,
their quadratures X and p (ref. 17). A state is then characterized by
the quasi-probability distribution of its quadratures W(x, p), called
the Wigner function'. It can be reconstructed by homodyne
tomography from several marginal quadrature distributions
P(xp=xcos 0+ psin 0) measured with a homodyne detection. As *

and p are not simultaneously defined in quantum physics, the Wigner
function may become negative for specific quantum states, including
optical ‘Schrodinger cats’. In this case, the Wigner function clearly
reveals the difference between a real quantum superposition and a
mere statistical mixture of the two states |*a;): for a true superposi-
tion state, it presents a phase-space interference between the ‘dead’
(|—o)) and ‘alive’ (|+o)) components and takes negative values.

Such superposition states could only be observed in bound sys-
tems'>* until, very recently, several groups succeeded in preparing
free-propagating light beams in small cat states (‘Schrodinger kit-
tens’)'* !, These experiments attracted much attention, as first steps
onanew promising way towards quantum communication. But the size
of the “kittens’ accessible so far is limited to |x|> < 1, and their amp-
lification®' remains a serious experimental challenge”>. On the other
hand, most quantum information processing applications require lar-
ger cats with a smaller overlap between the two coherent states: it should
be typically less than 1%, which corresponds to ||* = 2.3.

In this letter we demonstrate, theoretically and experimentally, a
method to produce quantum superpositions of squeezed coherent
states with arbitrarily large amplitudes (see Fig. 1). These cat states are
squeezed along the x quadrature and stretched along p, which makes
them more robust against decoherence®. If needed, they can be easily
‘un-squeezed’, either by injecting them into a degenerate optical
parametric amplifier, or by mixing them with squeezed vacuum®**.
The required squeezing, around 3 dB, is easily achievable.

The basis of our protocol is to split a photon number state (Fock
state) containing exactly n photons on a 50/50 beam splitter (BS), and
to measure the momentum quadrature p in one mode. The desired
state is prepared in the other mode, under the condition that
lp|=e<1.

An interesting insight into the structure of the prepared state is
obtained by looking at its wavefunction ¢,, in the limit &0 (as we
show below, a finite ¢ is a second-order effect that does not perturb
our experiments). Omitting the normalization factors, the wave
function of a n-photon number state in the momentum quadrature
basis is H,(p)e 7"/, where H,, is the nth Hermite polynomial. Mixed
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Figure 1| Preparing squeezed ‘Schrédinger cat' states from Fock states
using a single homodyne detection. A photon number state containing n
photons is divided into two modes on a beam splitter with 50% reflectivity. A
homodyne detection measures the momentum quadrature p in one mode. If
the measurement outcome p is close to 0 within an acceptance width

¢ (|p| =e<1), the other mode is successfully prepared in a ‘squeezed cat’
state, otherwise it is discarded. See text for details.
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Figure 2 | Theoretical performance. a, Fidelity F between the state produced
with n photons and an ideal Schrodinger cat with a ‘size’ ||* = n, squeezed by
3 dB. b, Example of ideal state preparation. The Wigner function of the pure
state prepared from 10 photons (left) compared with an ideal Schrodinger cat
state with o= /10 squeezed by 3 dB (right). Their fidelity is F;o = 99.7%.

with vacuum on a 50/50 BS, the two-mode wavefunction becomes

d(p, po)=H, [(p*po)/\/ﬂef("upg)/z. If the measurement out-
come is py =0, by taking the Fourier transform we see that the
un-normalized wavefunction in the position basis is simply
¢, (x) =x"e"¥12,

For n = 3, this state has a fidelity F,, > 99% with a ‘Schrodinger cat’
state with a size |«|* = nand a superposition phase = nz, which has
been squeezed by 3 dB along the x axis. Remarkably enough, the
quality of the prepared ‘cats’ increases with their size, as shown in
Fig. 2a. We see numerically that F,,~ 1 — 0.03/n, and we rigorously
prove in the Supplementary Information that the fidelity tends to 1
when n—. For small n we observe a slight deviation from this
scaling law: when n=2, a cat state with |a|>=2.6 squeezed by
3.5dB is obtained with a 99% fidelity. As an illustration, we present
in Fig. 2b the Wigner function of the pure state prepared with 10
photons, compared to an ideal cat state N(|\/E> + | — \/E>)
squeezed by 3 dB. In this case the fidelity is Fjo = 99.7%.

We implemented this protocol experimentally using ultrashort
light pulses (180fs) prepared in #n =2 number states (see Fig. 3).
Their preparation is detailed elsewhere®®. In brief, two beams contain-
ing the same number of photons (two-mode squeezed state) are pro-
duced in a spatially non-degenerate optical parametric amplifier
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Figure 3 | Experimental set-up. Femtosecond pulses, frequency-doubled by
second harmonic generation (SHG), pump a spatially degenerate optical
parametric amplifier (OPA). A two-photon state is prepared in one mode by
a coincidence detection in the other, using two avalanche photodiodes
(APD). It is split between two homodyne detectors: one is used for the
preparation of the cat state, the other for the analysis (see text for details).
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(OPA) by down-conversion of frequency-doubled femtosecond laser
pulses. One of them is split between two avalanche photodiodes
(APDs) after spatial and spectral filtering. A coincidence APD detec-
tion heralds the presence of at least two photons, and as the parametric
gain is not too large (g = 1.17), this projects the other mode in a two-
photon number state.

These n=2 states are split on a 50/50 BS. The reflected mode is
measured by a time-resolved homodyne detection. We accept the
outcome p if |p| < 0.1, which leads to a success probability of
~7.5%. This prepares the desired ‘squeezed cat’ states in the other
mode, with a rate of ~7s~'. To analyse these states, we perform a
homodyne tomography with a second detection, measuring six differ-
ent quadrature distributions with 15,000 data points each. From these
distributions, using a maximal-likelihood algorithm, we reconstruct
the Wigner function of the prepared state corrected for the losses of the
final homodyne detection. We note that the defects of the first detec-
tion, involved in the preparation of the state, cannot be compensated.

The reconstructed Wigner function, presented in Fig. 4, is clearly
negative. We observe the expected phase-space interference between
two coherent states with amplitudes o= + /2.6 squeezed by 3.5 dB.
As shown below, the difference from the ideal ‘squeezed cat’ is essen-
tially due to technical issues.

The prepared states are very sensitive to experimental imperfec-
tions. Dark counts and stray light decrease the probability & for an
APD detection to correspond to the desired photon number state
preparation. Mode distortion in the nonlinear crystals and imperfect
laser beams lead to an impure initial two-mode squeezed state. We
can consider that the associated excess noise is added by phase-
independent parametric amplification with a gain h = cosh(yr)* on

a
0.12

0.10
0.08
0.06
0.04

0.02 -|

-2

4
-4 -2 0 2 4

X

Figure 4 | Experimental results. a, b, Experimental Wigner function W(x,
p) produced with n = 2 photons, corrected for the losses of the final
homodyne detection (a, side view; b, top view). An interference between the
‘dead’ and ‘alive’ states with two negative regions is clearly visible.
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a pure two-mode state squeezed by s=exp(—2r), where v is the
relative efficiency of the amplification process responsible for the
excess noise. The limited efficiency 7 and the noise e of the homodyne
detection involved in the state preparation decrease the purity of the
final state. The defects of the second detection are not involved in the
preparation but only in the analysis of the generated states, and must
be corrected for to determine the actual Wigner function.

Taking all these parameters into account, we derived an analytical
model for the generated states (see Supplementary Information).
Figure 5a presents the Wigner function obtained from our model
with the actual values of the experimental parameters, and we see it is
extremely similar to the one reconstructed from the data with the
maximal-likelihood algorithm. Figure 5b shows the Wigner function
we would obtain with pure photon number states and a lossless
detection for the same acceptance width ¢ = 0.1, compared to the
pure case (& = 0). Their fidelity is 99%, which shows that our experi-
ment is limited by technical issues and not by the finite ¢. In a general
case, the effect of ¢ is discussed in Supplementary Information.

Obviously, the states produced with this protocol contain at most
n photons. For example, for n=2, |¢,) =1/2/3]2) —+/1/3|0). It is
quite easy to see that we can prepare ‘even’ or ‘odd’ cat states, con-
taining only even or only odd photon numbers, depending on the
parity of n. Indeed, in this case the homodyne detection performs a
parity measurement: an outcome p = 0 tells us that the number of
photons in the measured mode was even, as the overlap between the
(non-physical) state [p = 0) and an odd photon number state is null.
Therefore, the prepared state has the same parity as #n. The homodyne
measurement also induces a phase dependence on the originally
phase-invariant state. The 3 dB of squeezing required to ‘unsqueeze’
a cat with |a|> = n compensate for the loss of half of the photons
on the 50/50 BS without changing the parity. Another way to intui-
tively deduce the scaling law |a|> = # is to notice that ¢,(x) presents
two peaks centred at x= + /%, whereas for an ideal cat squeezed by

s¢ = 1/2 (3 dB) the same two peaks are at x= + 256\a|2. In fact, we

can also prepare a cat with a slightly different size by changing s. if we
preserve the relationship 1= 2s.|o|*. For example, a odd cat with
|o|* = 9.5 can be prepared with a 99.7% fidelity using 9 photons with
s. = 9/19. For an even cat we would use 10 photons and ‘unsqueeze’
by s. = 10/19. Therefore, all parities and cat sizes are accessible.

We have thus proposed and experimentally demonstrated a pro-
tocol that allows the preparation of quantum superpositions of
squeezed coherent states. Considering the fast technical progress and
the increasing number of groups working in this field, we expect that

a
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Figure 5 | Influence of experimental imperfections. a, Experimental
Wigner function (left) produced from two-photon Fock states, compared to
that obtained with our model (right). b, Wigner function produced from
pure two-photon Fock states with ¢ = 0.1 and no technical imperfections
(left) compared to the ideal case with ¢ = 0 (right).
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the purity of these superpositions will rapidly improve. The use of
higher parametric gains combined with number-resolving photon
counters allows the preparation of higher photon number states”,
and should give access to even larger ‘Schrodinger cats’. This simple
and flexible procedure is particularly suitable for producing these states
as ‘ancillas’ for numerous quantum information processing tasks.

Received 11 April; accepted 26 June 2007.

1. Schrodinger, E. Die gegenwartige Situation in der Quantenmechanik.
Naturwissenschaften 23, 807-812 (1935).

2. Yurke, B. & Stoler, D. Generating quantum mechanical superpositions of
macroscopically distinguishable states via amplitude dispersion. Phys. Rev. Lett.
57,13-16 (1986).

3. Schleich, W., Pernigo, M. &Kien, F. L. Nonclassical state from two pseudoclassical

states. Phys. Rev. A 44, 2172-2187 (1991).

Sanders, B. C. Entangled coherent states. Phys. Rev. A 45, 6811-6815 (1992).

Wenger, J., Hafezi, M., Grosshans, F., Tualle-Brouri, R. & Grangier, P. Maximal

violation of Bellinequalities using continuous-variable measurements. Phys. Rev. A

67, 012105 (2003).

6. Jeong, H. Son, W., Kim, M. S., Ahn, D. & Brukner, C. Quantum nonlocality test for
continuous-variable states with dichotomic observables. Phys. Rev. A 67, 012106
(2003).

7. Stobinska, M., Jeong, H. & Ralph, T. C. Violation of Bell's inequality using classical
measurements and nonlinear local operations. Phys. Rev. A 75, 052105 (2007).

8. Ralph, T. C. et al. Quantum computation with optical coherent states. Phys. Rev. A
68, 042319 (2003).

9. Van Enk, S. J. & Hirota, O. Entangled coherent states: Teleportation and
decoherence. Phys. Rev. A 64, 022313 (2001).

10. Jeong, H., Kim, M. S. & Lee, J. Quantum-information processing for a coherent
superposition state via a mixed entangled coherent channel. Phys. Rev. A 64,
052308 (2001).

1. Munro, W. J., Nemoto, K., Milburn, G. J. & Braunstein, S. L. Weak-force detection
with superposed coherent states. Phys. Rev. A 66, 023819 (2002).

12. Ourjoumtsev, A, Tualle-Brouri, R, Laurat, J. & Grangier, P. Generating optical
Schrédinger kittens for quantum information processing. Science 312, 83-86 (2006).

13. Neergaard-Nielsen, J. S., Nielsen, B. M., Hettich, C., Malmer, K. & Polzik, E. S.
Generation of a superposition of odd photon number states for quantum
information networks. Phys. Rev. Lett. 97, 083604 (2006).

14. Wakui, K., Takahashi, H., Furusawa, A. & Sasaki, M. Controllable generation of
highly nonclassical states from nearly pure squeezed vacua. Opt. Express 15,
3568-3574 (2007).

15. Schrédinger, E. Der stetige Uebergang von der Mikro- zur Makromechanik.
Naturwissenschaften 14, 664-666 (1926).

16. Zurek, W.H., Habib, S. & Paz, J. P. Coherent states via decoherence. Phys. Rev. Lett.
70, 1187-1190 (1993).

17. Walls, D. F. & Milburn, G. J. Quantum Optics (Springer, Berlin, 1994).

18. Wigner, E. P. On the quantum correction for thermodynamic equilibrium. Phys.
Rev. 40, 749-759 (1932).

19. Brune, M. et al. Observing the progressive decoherence of the “meter” in a
quantum measurement. Phys. Rev. Lett. 77, 4887-4890 (1996).

20. Monroe, C., Meekhof, D. M., King, B. E. & Wineland, D. J. A. “Schrédinger cat”
superposition state of an atom. Science 272, 1131-1135 (1996).

21. Lund, A. P, Jeong, H., Ralph, T. C. & Kim, M. S. Conditional production of
superpositions of coherent states with inefficient photon detection. Phys. Rev. A
70, 020101(R) (2004).

22. Suzuki, S., Takeoka, M., Sasaki, M., Andersen, U. & Kannari, F. Practical
purification scheme for decohered coherent-state superpositions via partial
homodyne detection. Phys. Rev. A 73, 042304 (2006).

23. Serafini, A., De Siena, S., llluminati, F. & Paris, M. G. A. Minimum decoherence cat-
like states in Gaussian noisy channels. J. Opt. B 6, S591-5596 (2004).

24. Jeong, H. et al. Quantum-state engineering with continuous-variable
postselection. Phys. Rev. A 74, 033813 (2006).

25. Yoshikawa, J. et al. Demonstration of a high-fidelity, deterministic and universal
squeezing transformation. Preprint at (http://arxiv.org/quant-ph/0702049) (2007).

26. Ourjoumtsev, A., Tualle-Brouri, R. & Grangier, P. Quantum homodyne
tomography of a two-photon number state. Phys. Rev. Lett. 96, 213601 (2006).

27. Waks, E., Diamanti, E. & Yamamoto, Y. Generation of photon number states. N. J.
Phys. 8, 4 (2006).

EFS

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements This work was supported (in France) by the EU IST/FET
project COVAQIAL and the ANR/PNANO project IRCOQ, and (in Australia) by the
US Army Research Office and the DTO, the Australian Research Council and
Queensland State Government. H.J. thanks T. C. Ralph and M. S. Kim for
discussions.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Correspondence and requests for materials should be addressed to A.O.
(alexei.ourjoumtsev@institutoptique.fr).

©2007 Nature Publishing Group


http://arxiv.org/quant-/0702049
www.nature.com/nature
www.nature.com/reprints
mailto:alexei.ourjoumtsev@institutoptique.fr

	Title
	Authors
	Abstract
	References
	Figure 1 Preparing squeezed ’Schrodinger cat’ states from Fock states using a single homodyne detection.
	Figure 2 Theoretical performance.
	Figure 3 Experimental set-up.
	Figure 4 Experimental results.
	Figure 5 Influence of experimental imperfections.

