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Measurement of a negative value for the Wigner function of radiation
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Following a proposal by two of ud.. G. Lutterbach and L. Davidovich, Phys. Rev. L&t8, 2547(1997)],
we have measured the Wigner function at the origin of phase space for a single photon field. Its value is
negative, exhibiting the nonclassical nature of this state. The experiment is based on the absorption-free
detection of the microwave field stored in a superconducting cd@tyNogueset al, Nature(London 400,
239(1999]. Extension to a measurement of the Wigner function over the complete phase space is discussed.

PACS numbse(s): 03.65-w, 42.50.Dv, 42.50.Ar

Since the invention of the laser, it became clear that the
statistical properties of light may be quite different from the
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ones of the “classical” sourcdd]. Considerable theoretical / ,'lib.“s\:\\\

and experimental efforts have been devoted since then to the ﬂ:’,’,’,’,’,l";m
: . : “ : " AR

production and characterization of “nonclassical” states of """':"."f'."':"".f#":é}%i&‘\

light, such as antibunched, sub-Poissoriahor squeezed
[3] states.

For a single-mode field, the statistical properties of light
are vividly displayed by quasi-probability distributions in the
two-dimensional phase space. Its axes correspond to the real
and imaginary parts of the dimensionless complex field am-
plitude . Among these distributions, the Wigner function
W(«) [4] has been particularly studied. It is well-suited for
the calculation of the expectation values of field operators
expressed in the symmetrical orderif&]. The noncommu-

tation of the photon annihilation and creation operatoesd

a', which reveals the quantum nature of the light field, im-
plies thatW, which is real and bounded, may be negative, in
. e . . . . THHIY

contrast to a classical probability distribution. Proper choice ,’;’:,’:::j::{.:,', £
of normalization[6] leads to—2<W<2. L

For coherent states, thermal fields and even squeezed
statesW is positive. It thus behaves as a classical probability
distribution. For coherent field¥Y is a Gaussian of width 1,
with a maximum value of 2. In particular, Fig(a) shows
the Wigner functionW, for the vacuum0). For a thermal
field, Wis also a Gaussian with a larger width and a reduced
peak value. Finally, for a squeezed stafé,is a Gaussian ®)
with different widths along two orthogonal directions.

_ The observation of negative values\&fcan thus be con- FIG. 1. Representations of Wigner distributions in phase space.
sidered as a severe test of the nonclassical nature of a smgl@o Vacuum field.(b) Single photon field, exhibiting clearly a nega-
mode light field. Such negative values are expected for intve value at origin.
stance, for the Fock statgs) (with n>0). Figure 1b)
presents the Wigner functiow, for the single-photon Fock ‘“Schrodinger cat states’[7,8]. An experimental measure-
state|1). It exhibits a dip at the origin, with a minimum ment of negativeW values for these highly nonclassical
value of —2. Negative values foW are also expected for states and of their evolution under field relaxation would
quantum superpositions of two coherent fields, the so-calledive an extremely useful insight into the phenomenon of

decoherence.
Optical quantum tomographj@] makes it possible to

*Unite mixte de recherche, Ecole Normale Stipare, Universite ~ measuré/V. The field to be measured beats with a local os-
Pierre et Marie Curie et CNR&MR8552). cillator in a homodyne arrangement. Measurements with
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many different phases of the local oscillator and an inversion
algorithm allow one to reconstruV. This has been per-
formed up to now only for positive Wigner functions of co-

herent or squeezed stafd€)]. Other schemes have been pro- _Ee
posed to determing/. For a state with density matri&, W ——g
may be written a$6] R

1,2

—i

W(a)=2T{D *(a)pD(a)P]. 1)

Here, P=exp(ma'a) is the parity operator B|n)=
_1\n > — AT %2y i i
(=1 |n)), andD(e) =explea’ —a™a) is the displacement FIG. 2. Experimental setup for measuring the Wigner function

operator. When applied E@) D(a) produces a coherent qf 4 zero or one-photon Fock state at the origin of phase space.
state| ) (an eigenstate ad with the eigenvaluex). W ap-

pears thus as twice the expectation valuePofn the dis-  three-atom experiment is quite comparable to our recent
. SN A- ~ A ; tion of a two-atom plus cavity entangled si@e

placed field statg(e) =D~ *(a)pD(«). In particular, at the ~Prepara . :

origin, W(0) is twice the average d# in the original state. cavity state being later read out by a third alqib7]. The

W can also be exoressed in terms of the photon-n mbeoperating conditions of the present experiment are, however,
T xpressed | ) P u different being optimized to improve the fidelity of the
probabilities p(a) nn=(n|p|a|[n) corresponding to the dis- \igner function determination.

placed density operator. From E4), one obtains, tracingin | gt ys recall the principle of the single-photon detection.

the Fock-state basis: Figure 2 presents the scheme of the experiment, with the
relevant atomic states in the inset. The meter atom is initially

W(a)=2 — (@) 2 prepar_ed in Ieve_g. A fI.I’.St /2 microwave pulseR;, reso--
(@) En: (=1 p(@)nn @ nant with theg=i transition, then prepares the superposition

(lg)+[i))/V2 and the meter interacts with the cavi
In particular, W,(0)=2(—1)", where W, is the Wigner resonant with thg=e transition. WherC contains no pho-
function for the|n) Fock state. It is negative for all odd ton, or when the meter is in staiethe meter’s state is un-
n-values. affected. WherC contains one photon, the meter in legl
Equation(2) has led to several proposals to meadtffby ~ undergoes a quantum Rabi nutation betwegeand e. The
photon counting11]. Another recent proposal for measuring atom-cavity interaction time is adjusted for ar Zotation.
W for a cavity mode was based on Ed). It uses as probes The|g,1) state is thus transformed inte|g,1). The photon
two-level atoms interacting dispersively with the fi¢ltR].  is left in C and the atomic superposition becomes|g)
The dispersive interaction leads to a phase shift of the atomig- |i))/ /2. The meter statdg) and|i) are then mixed again
wave function proportional to the photon number. This shiftby anotherr/2 pulseR,, which realizes, together witR;, a
can be revealed by a Ramsey atomic interferomgt@f.  Ramsey interferometéf3]. The phase oR, is set so that it
Under proper conditions, the final state of the atom therperforms the transformationgg) —|i))/v2—|g) and (g)

measures the field parity while the injection of a coherent+|i>)/\/§H|i>_ The final meter state is this(g) when the
field with complex amplituder, before the atom-cavity in- photon number is 01).

teraction, performs the required displacement. This scheme pqvided the cavity field state is in thg0),|1)} sub-

should thus lead to the direct measuremeniVgk). It does  gpace, the difference; — P, of the probabilities for detect-
not involve an inversion algorithm and should be much less . . .
i : . ing the atom ini or g is equal to the mean value &, i.e.,
sensitive to experimental errors than the tomographic tec Salf the Wianer function at origin:
niques. 9 gn.
The Wigner function corresponding to the=1 Fock

state for the center-of-mass motion of a trapped ion was mea-

sured at NIST[14], displaying clearly the negative region . o

around the origin. Up tg n)(;w? howev)(/er, no sirgnilar mea(‘tgsure—l‘et us stress that this _method only applles n ﬂ@’.'l)}.
ment has ever been performed for electromagnetic fields. W%ubspace. For larger fields, therRabi pulse condl_tlon IS
report here a direct measurementWif(0) andW,(0), the not ehforced for all prAloton numbers and the atomic state is
Wigner functions for the vacuum and for a single-photonnot simply related toP. Thus, W cannot be measured at
field at the origin of phase space. The heart of our method i80ints different from the origin, since the required field dis-
the absorption-free detection of a single-photon stored in ®lacement would take it outside this subspace. Note, how-
microwave cavity[15]. We first use a ‘“‘source” atom to ever, that a proposed tomographic method to reconsgruct
prepare a one-photon field6]. A “meter” atom then mea- [18] uses a displacement of the cavity field followed by a
sures the field parity and hence the Wigner function at theesonant atom-field interaction.

origin. A “probe” atom finally checks the cavity state at the ~ The experimental setup is similar to the one used in pre-
end of the experiment. This third atom allows us to rejectvious studies[8,15—-17,19-2]L Levelse, g andi are the
most errors due to cavity relaxation. The principle of thisrubidium circular Rydberg states with principal quantum

W(0)=2(Pi—Py)=2—-4P,. 3
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numbers 51, 50, and 49, respectively. Three velocity-selected 0.5

atomic samples, corresponding to the source, meter and UZZZZNo meter
probe, are excited into the circular state in BBXrom an 0.4-{ I Meter in i2
atomic beam effusing from ove@. Each of them contains > [__IMetering
much less than one atom on the average, so that two-atom F 0.3 ?
events for a single sample are negligible. The ca@tys 8

made of two spherical niobium mirrors in a Fabry-Perot con- 09_ 0.2

figuration. It sustains a Gaussian mog@eaist w=6 mm)

resonant with thee=g transition (51.1 GH2. The single- 0.14

photon Rabi frequency at cavity center (§27=47 kHz /

[19]. The atomic velocity isV=503(+2.5) ms?!, corre- 0.0
sponding to an effective interaction time= \/ww/V such

that Otj=2m. The mirrors are surrounded by a cylindrical g1 3. Histograms giving the detection probabilitiéabout

ring with 3-mm holes for atom access. This ring reduces|gog coincidences deteciedatched bars: detection probabilities

photon losses and increases the photon decay time up t6r the four possible output channels for the source and probe atom

1 ms. A small electric field is applied across the mirrors. It iSwhen no meter atom is sent through Black and white bars: de-

used to Stark tune the atomic frequency in or out of resotection probabilities for the source and probe conditioned to the

nance withC. Hence, the atom-cavity interaction time can state of the meter atonifandg, respectively. The error bars are

thus be reduced to any fraction pf The 54.3-GHz Ramsey Statistical.

pulsesR; andR,, resonant with thg@=i transition, are ap-

plied to the atoms inside the cavity structure. The final state§ons also contributgthermal photon already present @

of the atoms are analyzed in the field-ionization detebtor ~Pefore the source, two-atom events in one sample, detectors
We have performed the experiment with @ and|1) mperfections, etg.. _

states. We first get rid of a 0.7 photon thermal field by a The results obtained when the meter is sent throDghe

cooling procedure described ifi5]. The residual photon displayed by the black and white histograms. About 1000

number is less than 0.1. The initial field state is then pro_three—atom coincidences have been recorded in two hours.

duced by the source atom, which is prepared.ift entersC These histograms give the probabilities for the eight possible

75 fter th d of th i dund outcomes. The two bars corresponding to a given configura-
ws afterthe end of (n€ cooling Sequence and UNAergoes,a,, ¢ the source and probe are stacked. Each white bar

/2 spontaneous emissi(_)n pulse in it. Eit_her itis de_tected "&orresponds to a meter detectedgin while the black ones
e (50% of the case)§leaV|ngC em.pty, or ing, preparing a correspond to a detection ig.
single photon. In this way, the Wigner functions for tis We observe that, within statistical erraidepicted by the
and|1) states are recorded simultaneously. The meter, pekror bars in Fig. § the stacked black and white boxes have
forming the single-photon detection, and probe are senfhe same height as the corresponding hatched one. Hence,
100 us and 175us after the source. Note that, with this the meter does not alter the detection probabilities for the
timing, chosen to optimize the parity operator determinationsource and the probe and thus leaves the photon number
fidelity, the source is detected D even before the probe unchanged15]. For the g;e; case(1 photon inC), the
entersC. The probe is prepared i It undergoes ar Rabi  meter is detected mainly ig,, in agreement with the set-
rotation in the field of one photon. Hence, ideally, it is de-tings of the Ramsey pulsésee above Alternatively, it is
tected ing if Cis empty and ire if C contains one photon. detected most often in, in the e;g; case(empty cavity.
When the detected states of the source and probe #égree The spurious channels mainly correspond to the absorption
ther (e,93) or (g,€3), where the indices refer to the order of (9193) or to the creation &,e;) of a photon. This occurs
the atoms in the experimentthe field state has not been With equal probabilities before or after the meter has crossed
affected by cavity relaxation during the experimental se-C- In these cases, the meter is detected with almost equal
quence. In other words, the detection of the probe performs Brobabilities ing, ori,. - _
“post-selection” of the field state experienced by the meter. 1h€ relevant conditional probabilities are easily com-
Figure 3 presents the observed atomic correlations. ThBUted. The probability for detecting the meterginprovided
hatched histograms give the probabilities for detecting thd€ Cavity contains one photory{e; casg is P(g;|g;es)
source and probe in the four possible channefen no =0.8:1_4). In asimilar way, t_he probability for (_jetectlng the
meter atom is sentOne thousand two-atom coincidences Meter ingy in the empty cavity cases{gs cas¢ is found to
have been recorded in about twenty minutes. Ideally, charR€ P(J2|€195)=0.223). These figures are consistent with
nels g,e; and e;g; should have identical 0.5 probabilities. e 20% error rate of the single-photon absorption-free de-
The populations of the other channelg;§; and e;es) tectloq reported ifl15]. From Eq.(3), we infer the values of
mainly originate from cavity relaxation. Photon decay popu-"(0) in the zero and one photon cases:
latesg,05 from g, e; (the probability of a decay between the

9.9, 9:%

source and the probe is 1% he appearance of a thermal Wp(0)=1.1212), 4
photon accounts in part for the population of the channel
e, €5 (the corresponding probability is 13%0ther imperfec- W,(0)=-1.3216). (5)
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Even though thet 2 theoretical values are not reached duetween the meter an@. The = atomic wave function phase

to the finite(60%) contrast of our Ramsey interferometer, the shift for a single photon in the dispersive regime could be

negativity of the Wigner function of a single-photon field at reached in the present setup. In this case, the parity operator

the origin of phase space is clearly demonstrated. could be measured for fields containing up to a few photons,
The efficiency of the error rejection provided by the probeallowing for the complete determination of the Wigner func-

atom can be estimated. If we discard the probe informationon. Of particular interest would be the measurement of the

we get for the relevant conditional probabiliti€{(g,/9:)  wigner function for a relaxing “Schidinger cat” statq8].

=0.71(4) for the one-photon case aRdg,|e;)=0.27(3)  The corresponding experiments are in progress.
for the vacuum case, leading to the valu&¥,(0)

=0.88(16) andw,(0)=-0.87(12). A very similar figure Two of the authorgL.D. and L.G.L) acknowledge the
can be deduced from the data presentefl§]. The quality — support of Conselho Nacional de Desenvolvimento Cienti
of the Wigner function determination is thus considerablyfico e Tecnolgico (CNPQ, Coordengao de Aperfejoa-
improved by the probe atom detection. mento de Pessoal de Ensino Supe(@APES, Fundaeo de

In conclusion, we have shown that the absorption-freeAmparo aPesquisa do Estado do Rio de JanéfaPERJ),
detection of a single photon in a cavity leads to the firstFunda@o Universitaia Jose Bonifacio (FUJB), and Pro-
measurement of a negative value for the Wigner function ofjrama de Apoio a Ntleos de Excélacia (PRONEX. We
an electromagnetic field. Further efforts are now being madacknowledge support of the European Community and of
in order to measure the Wigner function over the completelapan Science and Technology Corporatigmernational
phase space. This requires a dispersive intera¢i@hbe-  Cooperative Research Project “Quantum Entanglempent”
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