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Abstract:  We develop an experimental scheme based on a continuous-
wave (cw) laser for generating arbitrary superpositions of photon number
states. In this experiment, we successfully generate superposition states
of zero to three photons, namely advanced versions of superpositions of
two and three coherent states. They are fully compatible with developed
guantum teleportation and measurement-based quantum operations with
cw lasers. Due to achieved high detection efficiency, we observe, without
any loss correction, multiple areas of negativity of Wigner function, which
confirm strongly nonclassical nature of the generated states.

© 2013 Optical Society of America

OCI S codes: (270.0270) Quantum optics; (270.5585) Quantum information and processing.

References and links

1

2.

3.

4.

10.

11.

12.

. W. K. Wooters and W. H. Zurek, “A single quantum cannot be cloned,” Nature 299, 802-803 (1982).

T.D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C. Monroe, and J. L. O’ Brien, “ Quantum computers,” Nature
464, 45-53 (2010).

D. Gottesman and |. L. Chuang, “ Demonstrating the viability of universal quantum computation using teleporta-
tion and single-qubit operations,” Nature 402, 390-393 (1999).

S. D. Bartlett and W. J. Munro, “Quantum teleportation of optical quantum gates,” Phys. Rev. Lett. 90, 117901
(2003).

J. L. O'Brien, A. Furusawa, and J. Vugkovic, “Photonic quantum technologies,” Nature Photon. 3, 687-695
(2009).

C. Weedbrook, S. Pirandola, R. Garcia-Patron, N. J. Cerf, T. C. Ralph, J. H. Shapiro, and S. Lloyd, “Gaussian
quantum information,” Rev. Mod. Phys. 84, 621-669 (2012).

A. l. Lvovsky, H. Hansen, T. Aichele, O. Benson, J. Mlynek, and S. Schiller, “ Quantum State Reconstruction of
the Single-Photon Fock State,” Phys. Rev. Lett. 87, 050402 (2001).

A. Ourjoumtsev, R. Tualle-Brouri, and P. Grangier, “Quantum Homodyne Tomography of a Two-Photon Fock
State,” Phys. Rev. Lett. 96, 213601 (2006).

J. S. Neergaard-Nielsen, B. M. Nielsen, H. Takahashi, A. |. Vistnes, and E. S. Polzik, “High purity bright single
photon source,” Opt. Express 15(13), 7940-7949 (2007).

M. Dakna, J. Clausen, L. Kndll, and D.-G. Welsch, “Generation of arbitrary quantum states of traveling fields,”
Phys. Rev. A 59, 1658-1661 (1999).

J. Fiuraések, R. Garcia-Patron, and N. J. Cerf, “Conditional generation of arbitrary single-mode quantum states of
light by repeated photon subtractions,” Phys. Rev. A 72, 033822 (2005).

P. Marek, R. Filip, and A. Furusawa, “ Deterministic implementation of weak quantum cubic nonlinearity,” Phys.
Rev. A 84, 053802 (2011).

#184058 - $15.00 USD  Received 23 Jan 2013; revised 21 Feb 2013; accepted 21 Feb 2013; published 27 Feb 2013

©

2013 OSA 11 March 2013 / Vol. 21, No. 5/ OPTICS EXPRESS 5529



13. A.I. Lvovsky and J. Mlynek, “Quantum-Optical Catalysis: Generating Nonclassical States of Light by Means of
Linear Optics,” Phys. Rev. Lett. 88, 250401 (2002).

14. E. Bimbard, N. Jain, A. MacRae, and A. |. Lvovsky, “Quantum-optical state engineering up to the two-photon
level,” Nat. Photonics 4, 243-247 (2010).

15. R. Filip, P. Marek, and U.L. Andersen, “M easurement-induced continuous-variable quantum interactions,” Phys.
Rev. A 71, 042308 (2005).

16. J. Yoshikawa, T. Hayashi, T. Akiyama, N. Takel, A. Huck, U. L. Andersen, and A. Furusawa, “Demonstration of
deterministic and high fidelity squeezing of quantum information,” Phys. Rev. A 76, 060301(R) (2007).

17. J. Yoshikawa, Y. Miwa, A. Huck, U. L. Andersen, P. van Loock, and A. Furusawa, “ Demonstration of a Quantum
Nondemolition Sum Gate,” Phys. Rev. Lett. 101, 250501 (2008).

18. Y. Miwa, J. Yoshikawa, N. lwata, M. Endo, P. Marek, R. Filip, P. van Loock, and A. Furusawa, “Unconditional
conversion between quantum particles and waves,” arXiv: 1209.2804[quant-ph].

19. T.C.Ralph, A. Gilchrist, G.J. Milburn, W.J. Munro, and S. Glancy, “ Quantum computation with optical coherent
states,” Phys. Rev. A 68, 042319 (2003).

20. S. Deleglise, I. Dotsenko, C. Sayrin, J. Bernu, M. Brune, J-M. Raimond, and S. Haroche, “Reconstruction of
non-classical cavity field states with snapshots of their decoherence,” Nature 455, 510-514 (2008).

21. K. Wakui, H. Takahashi, A. Furusawa, and M. Sasaki, “Photon subtracted squeezed states generated with peri-
odically poled KTiOPO4,” Opt. Express 15, 3568-3574 (2007).

22. D.T.Smithey, M. Beck, M. G. Raymer, and A. Faridani, “Measurement of the Wigner distribution and the density
matrix of a light mode using optical homodyne tomography: Application to squeezed states and the vacuum,”
Phys. Rev. Lett. 70, 1244-1247 (1993).

23. A. . Lvovsky, “Iterative maximum-likelihood reconstruction in quantum homodyne tomography,” J. Opt. B 6,
S556-S559 (2004).

24. A. Ourjoumtsev, R. Tuale-Brouri, J. Laurat, and P. Grangier, “ Generating Optical Schrodinger Kittens for Quan-
tum Information Processing,” Science 312, 83-86 (2006).

25. J. S. Neergaard-Nielsen, B. M. Nielsen, C. Hettich, K. Mglmer, and E. S. Polzik, “ Generation of a Superposition
of Odd Photon Number States for Quantum Information Networks,” Phys. Rev. Lett. 97, 083604 (2006).

26. D.Menziesand R. Filip, “ Gaussian-optimized preparation of non-Gaussian pure states,” Phys. Rev. A 79, 012313
(2009).

27. A. Ourjoumtsev, H. Jeong, R. Tualle-Brouri, and P. Grangier, “Generation of optical ’Schrodinger cats' from
photon number states,” Nature 448, 784—786 (2007).

28. M. Hofheinz, H. Wang, M. Ansmann, R. C. Bialczak, E. Lucero, M. Neeley, A. D. OfConnell, D. Sank, J. Wenner,
J.M. Martinis, and A. N. Cleland, “ Synthesizing arbitrary quantum statesin a superconducting resonator,” Nature
459, 546-549 (2009).

29. J. M. Raimond, P. Facchi, B. Peaudecerf, S. Pascazio, C. Sayrin, |. Dotsenko, S. Gleyzes, M. Brune, and S.
Haroche, “ Quantum Zeno dynamics of afield in a cavity,” Phys. Rev. A 86, 032120 (2012).

1. Introduction

Quantum information processing (QIP) has dramatically changed the way we view information.
By tying it firmly with physical systems, the bits and pieces of information ceased to be theo-
retical constructs and became bound by their carriers’ physical properties. In some areasthisis
limiting [1], but in others it has shown new ways of tackling difficult computational tasks [2].
In order to utilize quantum states for QIP, one needs to be able to effectively manipulate them.
This is usually a daunting task, as any nontrivial manipulation tends to be accompanied by
decoherence which deteriorates the quantum information of the states. An effective method of
lessening the impact of decoherence employs the teleportation-based-QIP paradigm [3-5], in
which the on-line operation is carried out deterministically with a help of a specificaly pre-
pared ancillary resource state, simple operations, measurement, and feedforward. In this way,
the task of performing a universal quantum operation is translated to the task of generating a
specific quantum state. Thisis usually much less of an issue, especially since the state can be,
in principle, prepared by probabilistic means and then stored until it is needed.

In continuous variables (CV) quantum information processing, the currently readily avail-
able Gaussian operations [5, 6] alow us to straightforwardly prepare any Gaussian state - a
state which can be described solely by Gaussian functions. However, in order to move out of
this subset, a non-Gaussian operation is required. While none is available, which is determinis-
tic, there is a probabilistic one, which has become a staple of CV quantum optics experiments.
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Single-photon detection, which can be physically implemented with help of single-photon on-
off detectors, conditionally induces the states with a strongly non-Gaussian behavior [7-9].
When a series of photon subtractions (or, aternatively, additions) is accompanied by suitable
displacements, it can be used to generate arbitrary superpositions of Fock states up to the num-
ber of subtractions used [10, 11]. Any finite energy quantum state can be, with any desired ac-
curacy, realized as afinite superposition of Fock statesif all the required features are obtained.
This approach has been suggested for deterministic implementation of highly nonlinear weak
cubic quantum gate [12], which is abasic element of CV quantum information processing.

In the past, photon subtractions accompanied by displacements have been used to generate
superpositions of zero and one photon [13] and superpositions of up-to two photons[14]. These
experiments, however, were carried out with pulsed lasers and are therefore not compatible
with the current teleportation-based quantum operations [15-18]. Thisis because it is difficult
to apply measurement and feedforward to those generated states which have a bandwidth of
more than a few GHz. In this paper, we develop an experimental scheme using a continuous-
wave (cw) laser as alight source to generate arbitrary superposition states with a bandwidth of
10 MHz. In particular, we generate superposition states of up-to three photons. The generated
states are applicable to the current teleportation-based quantum operations [15-18], and thus
can be readily used to implement non-Gaussian gates. The generated states remarkably exhibit
multiple negative areas of Wigner function, which can be not only exploited as better resource
for CV quantum information processing [19], but also to completely characterize fundamental
decoherence process of nonclassical states [20] from point of view of evolving system and
environment.

The way the single-photon detections generate arbitrary superpositions of Fock states can be
easily understood by considering an initial two-mode squeezed vacuum, which can be experi-
mentally prepared by non-degenerate parametric process. It is expressed in the basis of photon
number states |n) as

[W)si o< 0" Mg, )

where the characters sand i denote the signal and idler modes, respectively. The quantity q (0 <
g < 1) depends on the pump power and the nonlinear coefficient of the nonlinear crystal. Linear
optics is now used to split the idler mode into three, and to displace each of these modes iy,
i2, and i3 by coherent amplitudes f31, B2, and 3. The idler modes are then measured by single-
photon detectors and when the three-fold coincidence occurs, the signal mode is projected into
the desired superposition state. In the limit of small pump power and small displacements, we
can represent the projection process by

e (00 (S50 (S5 e) (S5 1w @

where aisan annihilation operator acting on the idler mode, which represents the single-photon
detection. The factor % arises from the splitting of the initia idler mode into the three sepa-

rately measured modes. The output state then looks as

V)s = BuioolO)s-+ (Bt Bobs-+ Bapu) s
(©)
V2 V2
+ ?qz(ﬁl + B2+ Bs)[2)s+ ?q3|3>5~
We can see that generating arbitrary superpositions of Fock states from zero to threeisonly a
matter of finding suitable values of the three displacement amplitudes. Similarly, with higher
number of single-photon detectors, a superposition of higher Fock states would be viable.
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Fig. 1. Schematic of the experiment. The output of HD isrecorded by adigital oscilloscope
when atrigger is obtained. Triggers are obtained from an AND circuit when al of three
APDs have clicks simultaneously. NOPO, non-degenerate optical parametric oscillator;
SC, split cavity; FC, filter cavity; HD, homodyne detector; APD, avalanche photo diode;
HBS, half beamsplitter; HWP, half-wave plate; PBS, polarization beamsplitter; PZT, piezo
electric transducer.

2. Experimental setup

A schematic of the experiment is shown in Fig. 1. The light source is a cw Ti:Sapphire laser
of 860 nm. In order to generate a two-mode squeezed vacuum, around 20 mW of pump beam
of 430 nm isinjected into a non-degenerate optical parametric oscillator (NOPO), which con-
tains a periodically-poled KTiOPO, crystal as an optical nonlinear crystal. The pump beam
is generated by second harmonic generation of the fundamental beam, and frequency-shifted
with an acousto-optic modulator by around 600 MHz (equal to free spectral range of NOPO,
Aw). As aresult, photon pairs of frequency o (signal) and @ + Aw (idler) are obtained. The
output photons are spatially separated by a split cavity whose free spectral range is 2A®. The
photons of frequency o + Aw passing through the split cavity are sent to two frequency fil-
tering cavities [21], and are split into three beams with beamsplitters. Each beam is interfered
with displacement beams at mirrors of 99% reflectivity. Phase of displacement is controlled by
piezo electric transducers, and amplitude of displacement is controlled by rotating half-wave
plates followed by polarization beamsplitters. The idler beams are coupled to optical fibersto
be sent to avalanche photo diodes (APDs, Perkin-Elmer, SPCM-AQRH-14 and SPCM-AQRH-
16). The APDs output electronic pulses when they detect photons. The outputs are combined
into an AND circuit to get three-fold coincidence clicks.

The signal beam is measured by homodyne detection with local oscillator beam of 10 mW.
The homodyne current is sent to an oscilloscope and stored on every coincidence click. The
density matrix and Wigner function of the output state are numerically reconstructed from a set
of measured quadratures and phases of the local oscillator beam [22, 23].

The presented experimental setup is capable of generating arbitrary superpositions of up-to
three photons, simply by choosing a proper array of displacement parameters. To showcase this
ability, we have generated atrio of quantum states, each of them strongly dependent onitsthree
photon component.
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3. Resultsand discussions

‘pmn|

Fig. 2. The experimentally reconstructed density matrices and Wigner functions (h'=1). (a)
Three photon state, (b) coherent state superposition, (c) superposition of zero- and three-
photon state with s = 0.86g. The small insets of Wigner functions of the idea states are
shown for comparison.

At first, we generate the key resource, the three photon Fock state |3), which can be obtained
without using any displacements. The defining features of this state are the distinctive presence
of the three photon component, and the distinctive lack of presence of higher photon numbers.
The density matrix reconstructed from 5000 data pointsisshown in Fig. 2(a) and it exhibits both
the features mentioned. The three photon element ps3z = 0.33 plays a significant role and the
whole state is fairly well contained in the three photon subspace, with higher photon numbers
populated only in 10 percent of the cases. Note that p33 isequal to the fidelity of the state, which
is defined as the overlap F = (y/|pexp|y) Of the experimentally generated state peqp with the
ideal state |y). The two photon and one photon contributions are caused by the experimental
imperfections, such as optical lossesand dark counts of the photon detectors, whilethe presence
of higher photon numbersis caused by the strong pump power, which needed to be large enough
to allow for asufficient count rate (20 counts per minute). Despite theimperfections, the Wigner
function of the three photon state, also shown in Fig. 2(a), displays al the features one would
expect from the three photon Fock state: it is spherically symmetrical and along any cut in the
phase space it exhibits three distinctive regions of negativity.

The second generated state is the superposition of Fock states |1) and |3), which is achieved
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by using displacements 1 = —B> = v/2q and Bz = 0. For suitably selected parameters, this
state is a good approximation of the coherent state superposition |CSS) o< |a) — | — o), which
can play avery important role in quantum information processing [19]. To be of use, the coher-
ent state superposition needs to have alarge enough amplitude. This comes with avery distinct
feature: the wave function of a coherent state superposition has an infinite number of intersec-
tions with the horizontal axis. This has a consequence for the state’s Wigner function - as the
amplitudes of the coherent states grow, the number of regions of negativity should increase as
well. In the past, approximations of odd superpositions of coherent states for travelling field of
light were generated by squeezing a single photon (or by subtracting a photon from a squeezed
state) [18, 21, 24, 25]. However, the states generated by this approach always have only asingle
region of negativity, no matter their apparent amplitude, which severely limits their potential
applications. In order to obtain more regions of negativity and, consequently, more faithful
approximations of coherent states superposition with higher amplitudes, one should employ
higher photon numbers during the generation.

By doing exactly that, we have generated a state which is a good superposition of coher-
ent state superposition with @ = 1.3. The fidelity with the ideal coherent state superposition
was found to be F = 0.6. However, the state is actually a squeezed coherent state superposi-
tion - subsequent antisqueezing could increase the amplitude to oo = 1.6 while simultaneously
increasing the state fidelity to F = 0.61. In this sense, what was actually generated was the
non-Gaussian keystone for alarger coherent state superposition [26, 27]. Its density matrix and
Wigner function, reconstructed from 10000 data points, can be seen in Fig. 2(b). The count rate
isaround 100 counts per minute. The three photon nature of the generated state is manifest in
presence of three regions of negativity, which is exactly the number one would expect from a
coherent state superposition with amplitude o« = 1.6. The presence of elements corresponding
to Fock states 0 and 2 is again caused by losses at various stages of the experiment. By obtain-
ing the multiple areas of negativity resulting from higher interference effects of the coherent
states, we have reached a quality of state preparation previously obtained only for field in a
cavity [20,28].

The third generated state is the superposition of Fock states |0) and |3), which needs three
different displacements during the state preparation stage, B, = s&6, B, = s8¢ and s =6 7,
where sisthe displacement amplitude. Such the stateisagood approximation of adifferent kind
of coherent state superposition - |e) + o€ %) + [oce™ %), which can be seen as asample qutrit
state encoded in the coherent state basis. This coherent state basis is orthogonal in the limit of
large o, but similarly to the coherent state qubit basis, there is also a completely orthogonal
basis formed of superpositions of Fock states invariant to 27r/3 phase space rotation: |0) +
%|3> +-, D)+ 20‘736\4> +---,and |2) + ZL\/E|5> + - --. We have succeeded in generating the
first of these basis states and the density matrix, reconstructed from 4000 data points, together
with the Wigner function are shown in Fig. 2(c). The count rate is 50 counts per minute. We can
see that the state is strongly nonclassical, with three areas of negativity, and that it possesses
distinctive rotational 27r/3 symmetry, which is exactly as predicted by the theory. The fidelity
with the ideal stateis F = 0.61. Recently, an aternative procedure of similar state preparation
for afield stored in a cavity has been suggested [29].

In al the presented results, there are minor contributions of photon number elements not
agreeing with the idealistic expectations. Contributions of Fock states4 and higher are generally
caused by strong pumping, which was necessary in order to achieve a sufficient count rate.
Undesirable photon number elements of |ess than three photons are caused by optical losses
and dark counts of photon detectors. It should be pointed out, though, that all the states were
reconstructed on a six dimensional Hilbert space without any loss correction. Thisisin stark
contrast to previous work focused at generating superpositions of photon number states up to
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two [14], where correction of 45% loss was required to counteract low quantum efficiency of
the detection. In our case, the high interference visibility of homodyne detection (97%) and
high quantum efficiency of photo diodes (99%) add to the overall quantum efficiency for the
whole experimental setup of 78%. Consequently, the states could be reconstructed without |oss
correction and they are therefore suitable for use as ancillae in teleportation-based quantum
operations in advanced CV quantum information processing.

4. Conclusion

We have constructed an experimental setup based on a cw laser, which is capable of gener-
ating superpositions of Fock states up to three. Since we used a cw laser as a light source,
the generated states are compatible with teleportation-based CV quantum information process-
ing [15-18]. We have tested the experimental setup by generating three characteristic states- the
three photon Fock state to demonstrate the three-photon capability, and two superpositions to
show that the nonclassical behavior can be also realized in a superposition. We have observed
strong nonclassical features, manifesting in multiple areas of negativity, which were in good
agreement with theoretical expectations, even without using any form of loss correction. This
was made possible by high quantum efficiency of the experimental setup, which is indispens-
able for use in teleportation-based QIP. The scheme can also allow us to observe fundamental
aspects of quantum decoherence of highly nonclassical states[20], giving us access to both the
evolving system and the environment. The experimental setup is not limited just to the prepara-
tion of the three states - arbitrary superpositions of Fock states of up-to three can be generated
by using suitable array of displacements. This, in combination with high quantum efficiency
of the setup and the cw platform ready for integration with an array of CV gates, makes this
scheme a strong tool in the future CV non-Gaussian quantum information processing.
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