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Abstract:  The two modes of the Einstein-Podolsky-Rosen quadrature
entangled state generated by parametric down-conversion interfere on a
beam splitter of variable splitting ratio. Detection of a photon in one of the
beam splitter output channels heralds preparation of a signal state in the
other, which is characterized using homodyne tomography. By controlling
the beam splitting ratio, the signal state can be chosen anywhere between
the single-photon and squeezed state.
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1. Introduction

Nonclassical states of light present an important tool in testing fundamental quantum physics
and quantum information processing. Among the most basic quantum optical states are the
sgueezed-vacuum states that exhibit reduced quadrature noise at certain phases, and the pho-
ton number states (Fock states) with a well-defined energy. The former were among the first
nonclassical states of light to be generated experimentally and are the basis for a variety of
continuous-variable quantum information protocols [1]. Such states feature positive Gaussian
Wigner functions and their field quadrature noise is strongly phase dependent. Fock states, es-
pecially the single-photon state, are natural candidates for encoding quantum information in
the discrete-variable representation (qubits) [2]. Their Wigner functions show non-Gaussian
characterisitics such as oscillations and negativities and are phase-independent [3, 4, 5].

These “discrete-variable” and “continuous-variable” pillars of quantum-optical technology
developed separately for along time, each associated with its own set of production and detec-
tion methods as well as applications. Recently, these pillars have been bridged by a variety of
experiments extending the range of the Hilbert space accessible to quantum technol ogy beyond
the framework of either domain [6, 7, 8, 9, 10].

In this paper we report an experiment that demonstrates the connection between the discrete
and continuous domains of quantum optics very explicitly. We start with a two-mode squeezed
vacuum state produced through parametric down-conversion in aspectrally and spatially degen-
erate, but polarization-nondegenerate configuration. The two modes of this state are overlapped
on abeam splitter of variable splitting ratio, formed by a half-wave plate (HWP) and a polariz-
ing beam splitter (Fig. 1). One of the output channels of the beam splitter (trigger) is subjected
to a measurement by a single-photon detector. Conditioned on a photon-detection event, and
dependent on the reflectivity of the beam splitter, a particular quantum state of light in the other
channel (signal) is prepared.

We write the two-mode state produced by down-conversion in the photon number basis as

W) = /1—72[|0s,00) + 7|15, 1i) + O(1%)] , )

where the signal and idler modes are represented by s and i, respectively, and v is the down-
conversion amplitude, which is assumed small. If the beam splitter reflectivity R equals O or
1, the two-mode squeezed state remains unaltered. With asmall y (asis the case in our exper-
iment), a “click” of the single-photon detector heralds the preparation of the single photon in
the signal channel with a high probability. On the other hand, a beam splitter with a reflectiv-
ity of 1/2 converts the two-mode squeezed vacuum into a tensor product of two single-mode
sgueezed-vacuum states [11]. To elaborate in the photon number basis, the first order term in
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Fig. 1. Concept of the experimental setup. Thefigureisfor illustration purpose only; thein-
set shows the actual implementation of parametric down-conversion and the variable beam
splitter. HWR, half-wave plate; PBS, polarizing beam splitter; SPCM, single-photon count-
ing module. The down-conversion is spatially and spectrally-degenerate, but polarization-
nondegenerate.

Eqg. (1) undergoes a Hong-Ou-Mandel type transformation |1g, 1;) — %(|25, 0)—10s,2)), sO
the beam splitter output state can be approximated as

Flaw /0= 109+ L 120 lloy - T2 @

Independent of the measurement result in the trigger channel, the signal state is then squeezed
vacuum. In thisway, by simply rotating the waveplate that determines the beam splitter reflec-
tivity, we can choose the output to be the squeezed-vacuum or single-photon state, or anything
in between.

2. Experiment

The operation of the setup is explained in detail in Ref. [5]; a brief description relevant to
this article follows. A mode-locked Ti:Sapphire laser (Coherent MIRA 900) emits transform-
limited pulses of width around 1.7 ps and a repetition rate of about 76 MHz. The laser output,
centered at awavelength ~790 nm, isfrequency doubled and focussed into a periodically-poled
potassium titanyl phosphate (PPKTP) crystal, which is phase-matched for type Il collinear
down conversion. The two collinear output channels are mixed on the variable beam splitter
(Fig. 1, inset), producing the trigger and signal modes. The trigger mode is subjected to spectral
selection using a 0.3-nm bandwidth interference filter and spatial filtering with a single-mode
optical fiber followed by measurement with a single photon counting module (Perkin-Elmer
SPCM-AQR-14-FC).

The state in the signal mode, heralded by the detection event in the trigger channel, is charac-
terized using optical homodyne tomography [12]. The local oscillator for homodyne detection
isobtained from the master laser output. The spatio-temporal mode of the local oscillator pulses
were matched to the signal state as described by Aicheleet al. [13]. The difference photocurrent
signal from the homodyne detector is amplified and digitized by an acquisition card (Agilent
Acqiris DP211) that is triggered by the output of the SPCM. For each position of the HWP, a
set containing 10° quadrature samples of the signal state plus 8 x 10° samples from 8 neigh-
bouring pulses, is acquired. The signa channel is then blocked and a set containing 9 x 108
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Fig. 2. Quadrature noise of the experimentally observed vacuum and signa states at dif-
ferent reflectivities of the variable beam splitter, for varying local oscillator phase. The
angle 6 of the half-wave plate and the corresponding beam splitter reflectivity (given by
R = cos?26) areindicated for each curve. The observed quadrature noise is influenced by
preparation and detection inefficiencies.

Fig. 3. Experimentally reconstructed Wigner functions (top row) and density matrices (ab-
solute val ues, bottom row). The insets show contour diagrams associated to specific Wigner
functions.
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uniform vacuum state samples is acquired in order to calibrate the quadrature scale, assuming
convention AQ? = 1/2 for the vacuum state.

Figure 2 shows the experimentally measured quadrature variance AQ% for the vacuum and
signal states, acquired at four different HWP angles 6 varying from 0 to 22.5°, corresponding
to the beam splitter reflectivity R = cos? 26 varying from 1 to 1/2. Each point of the curves
displayed is calculated from a set of 1000 quadrature samples, acquired within a time interval
of ~ 0.02 s, during which the local oscillator phase does not change significantly.

The quadrature variance as a function of the local oscillator phase ¢ behaves as AQ% =
A+ Bcos2¢ (in the extreme case of 6 = 0° one has B = 0). We utilize this dependence to
determine the local oscillator phase for each set of 1000 quadrature samples: we first find the
guantities A and B as, respectively, the median and amplitude of the quadrature variance, and
then use inverse cosine to determine ¢ for each set. In this way, for each position of the wave
plate except 6 = 0, we obtain 10° quadrature-phase pairs associated with the signal state. We
then reconstruct the state using a quantum likelihood-maximization algorithm [ 14, 15], without
correcting for any detection inefficiency. For 6 = 0, we assume random phase and determine
only the diagonal elements of the density matrix in the Fock basis.

Figure 3 presents the density matrices and corresponding Wigner functions reconstructed
from the experimentally retrieved data. One can observe a gradual transition from the single-
photon to the squeezed-vacuum state. For the 6 = 22.5° (R = 0.5) case, the observed density
matrix approximates that of a superposition of the vacuum and two-photon states, and the corre-
sponding Wigner function exhibits squeezing of the momentum quadrature. On the other hand,
for 6 = 0° (R= 1) the only significant density matrix elements are the diagonal elements cor-
responding to the single-photon and vacuum states, with a small admixture of the two-photon
state. The vacuum component emerges due to linear losses, dark counts of the single-photon
detector, mode mismatch between the signal and the local oscillator [13] and electronic noise
of the homodyne detector [16], whose combined effect can be modeled by a non-unitary detec-
tion efficiency n [3]. From the density matrix, we obtain 1 = 0.55. The two-photon component
appears because the SPCM is not a number-resolving detector, and can also “click” in response
to the multiphoton terms in the down-conversion output. The fraction of such events scales as
2, which explains why the two-photon component has not been significant in similar measure-
ments made in Refs. [3, 4] (where y was very small), but is seen in the present experiment.

The extreme cases of R= 0.5 and R = 1 are further elaborated in Fig. 4. Part (a) of the fig-
ure shows a cross-section of the Wigner function of the single-photon state featuring negative
values around the phase-space origin that are characteristic of this state. In Fig. 4(b), the vari-
ance of the quadrature noise as a function of the phase is displayed for the squeezed vacuum,
showing a reduction of 0.62 dB below the standard quantum limit.

Gradual transition between the single-photon and squeezed-vacuum states is illustrated in
Fig. 5. The maximum AQ2 ., and minimum AQ2, . quadrature variances are shown in (a) as a
function of the HWP angle. The behavior of the ratio AQZ,,/AQ2, , is largely determined by
the value of y, and the best fit is obtained with y? = 0.02540.002, which is similar to the result
y? = 0.016 measured in Ref. [5] with the same setup, but in a different experimental run. In
calculating the fit, we assumed a constant detection efficiency 11 = 0.55. The observed variances
aregenerally consistent with the theoretical prediction. The discrepancies at intermediate angles
can be attributed to errors in estimating the local oscillator phase as well as the complicated
character of the spatiotemporal mode of the biphoton generated in a practical down-conversion
setting [17, 18].

The behavior of the Mandel parameter Q = (An?)/(n) — 1 (where n is the photon number
and (An?) the variance therof) of the signal state is displayed in Fig. 5(b). For R= 1 (the
single-photon limit), the Mandel parameter is negative, manifesting the antibunched character
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Fig. 4. Cross-section of the Wigner Function of the single-photon state (a) and the quadra-
ture noise of the squeezed state as a function of the optical phase (b), obtained from their
respective density matrices, experimentally reconstructed without correcting for detec-
tion inefficiency. The squeezing variance features a solid curve obtained from maximum-
likelihood reconstruction, while the points with error-bars from 0 to n/2 are representative
of the binned raw quadrature data. The error bars correspond to oj1/2/N;, o; being the
width of a Gaussian distribution from N; samplesin each bin [19].
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Fig. 5. Maximum and minimum variances of the measured quadratures (a) and the Mandel
parameter of the reconstructed states (b) as functions of the HWP angle. The theoretical
predictions are calculated for = 0.55, ¥ = 0.025 in the limit of low single-photon de-
tection efficiency. The states with the minimum quadrature variance below 1/2 or with a
negative Mandel parameter are nonclassical.

of the signal state. The squeezed-vacuum limit, on the contrary, exhibits photon bunching. The
discrepancy between the theory and experiment in thislimit is explained by alow value of the
denominator (n) that makes the experimental Mandel parameter susceptible to errors. Figs. 5(a)
and (b) show complementarity of the two criteria of a quantum optical state’s nonclassical
character [20]: quadrature squeezing appears and photon antibunching disappears at about the
same 6.

3. Summary

By mixing the output modes of a parametric down-converter on a variable beam splitter and
detecting single photons in one of the beam splitter output channels, we prepared a variety
of quantum states ranging from the single-photon Fock state to the squeezed-vacuum state in
the other output channel. This experiment explicitly demonstrates that the discrete-variable and
continuous-variable domains of quantum optics can be connected through a continuous set of
states.
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