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We present an experimental realisation of the direct scHemmaeasuring the Wigner func-
tion of a single quantized light mode. In this method, the Weigfunction is determined
as the expectation value of the photon number parity opefatthe phase space displaced
quantum state.

PACS: 42.50.Ar, 03.65.Bz

The Wigner function provides a complete representation of the quarttimis the form
that is analogous to a classical phase space probability distribufjonAil interesting and
nontrivial problem is how to relate the Wigner function to directly meable quantities so that
it can be determined from data collected in a feasible experimental scheme. sEtan§iwer
was given by Vogel and Risken [2] who noted that marginal distributiditise Wigner function
can be measured with a balanced homodyne detector, and that the inverserratisfois
possible by tomographic back-projection. This idea has been realizecegitnl experiment
by Smithey and co-workers [3], and it has quickly become a useful tosiudying quantum
statistical properties of optical radiation [4].

In this contribution we briefly review our recent experimental realizafls] of the direct
scheme for measuring the Wigner function of a light mode [6, 7]. Tethod, based on photon
counting, provides the complete Wigner representation of the quan&iengithout using any
numerical reconstruction algorithms.

The basic idea underlying our experimental scheme is that the Wignetidoi?’ («) at a
given phase space pointis itself a well defined quantum observable. This observable can be
represented as the expectation value of the displaced photon number pargyow:
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Fig. 1. The experimental setup for measuring the Wigner tfancof a single light mode. BS1 and
BS2 are quartz plates serving as high-transmission beaittespl The quantum state to be measured is
prepared using the neutral density filter ND and the mirrolunted on a piezoelectric translator PZT.
The electrooptics modulators EOM1 and EOM2 define the aog@itand the phase of the displacement
b(a). The quantum state, after applying the displacement wamsition, is detected with the single
photon counting module SPCM.

HereD(a) = exp(aa' — a*a) denotes the displacement operator, &rdn| are projections
on Fock states. The two elements of the above expression: the displadesnsfdrmation
and the projections on Fock states have a straightforward optical realis&he displacement
transformation can be implemented by interfering the signal field at a niedigiytransmitting
beam splitter with a probe coherent field, and projections on Fock statelvanedy the photon
statistics.

Our experimental scheme, presented in Fig. 1, is constructed as an unbalanceddvideh-
interferometer with the beams in the two arms serving as the signal aquidbe fields. The
source of light is an attenuated beam from a frequency-stabilized single-ide:Ne laser.
The quantum state is prepared as a weak coherent state using the neutrgl filesrsND.
Additionally, the mirror mounted on a piezoelectric translator PZT candst to generate a
statistical mixture of coherent states with fluctuating phase.

The displacement transformatinf){a) is realized using the phase modulator EOM2 and the
high-transmission beam splitter BS2 whose second input port isifacdweoherent probe beam.
The modulator EOM2 performs rotation in the phase space, while titleedream effectively
shifts the phase space in a fixed direction. The value of the shifbisoptional to the probe
beam amplitude, which is controlled in the setup using the Pockels cell Eidd&d between
the half-wave plate and a polarizer. Thus, the point of the phase spadedit the Wigner
function is measured, is defined in our experiment by voltages applied taddulators EOM1
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Fig. 2. The measured Wigner functions for (a) the vacuumasak coherent state with approximately
one photon, and (c) a phase diffused coherent state. Themphktitistics was collected on a polar grid
spanned by 20 amplitudes, and 50 phases for the plots (a)bdndr(40 phases for the plot (c). The
duration of a single counting interval was 46 for (a) and (b) and 3s for (c). The measurements were
performed for slightly different laser intensity, and tlaglial coordinate for each of the graphs was scaled

separately.

and EOM2.
The photon statistics of the displaced signal field is measured usingamatie photodiode

operated in the single photon counting module. The count rate istadjtssthe level such that
a negligible fraction of photons is missed due to the detector deaal tifhe experiment is
controlled by a computer, which collects photon statistics on a poldiiigthe phase space.
In Fig. 2 we present experimental results obtained for the vacuum statbeaeot state,
and a phase diffused coherent state. The scan for the vacuum state has beemeglenibin
the blocked signal path, and the phase diffused coherent state has been gdnyeapielgting
a 400 Hz sine waveform to the piezoelectric translator. At each pointeofjtid, the photon
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statistics has been collected from 8000 counting intervals. The grapharamgterized with
the complex variablg = n\l,éfei"’, wherenyyc is the average number of photons registered for
the blocked signal path, anftis the phase shift generated by the modulator EOM2. The photon

statisticsp,, (3) collected at a poing is processed to yield

PB) = 25 (=1)"pa(B). @

s
n

In the ideal, loss-free limit this quantity is equal to the Wignerdtion of the signal field.
In a realistic caseP () can be related to a generalizesbrdered quasidistribution function
Wi(a; s):

_tw( B  _1-nT
P(ﬂ)nTW<\/n_T’ nT ) ®)

wherer is the quantum efficiency of the photodetector dhi$ the power transmission of the
beam splitter performing the phase space displacement. The right-ldmofsiEq. (3) can
be interpreted as the Wigner function of the signal field that has passaaytha dissipation
process with the losses characterized by the overall efficigiicyor our setup, the efficiency
of the photon counting module specified by the manufacturer is 70%, and the power
transmission of the beam splitter BS275= 98.6%. This gives the value of the ordering
parameter equalto=1 - 1/nT = —0.45.

Further details and discussion of various aspects of the experiment caarizkif Ref. [5].
An important factor that should be taken into account in the analysisparerental data is the
mode-mismatch between the fields interfering at the beam splitter BS2. fEeeadfthe mode-
mismatch is quite different from balanced homodyne detection, where it €eanchuded in
the overall efficiency parameter. In the photon counting scheme, the mauheatch generates
a slowly decaying gaussian envelope centered at the phase space origin, whiphes the
Wigner function of the signal field.
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