acta physica slovaca vol. 49 No. 4, 501 Ű 512 August 1999

RESONANCE FLUORESCENCE OF A TRAPPED FOURŰLEVEL ATOM WITH BICHROMATIC DRIVING^∗

J. Bergou^{a,b,1}, M. Jakob^{a,c}, Y. Abranyos^a (a)Department of Physics, Hunter College of the City University of New York, 695 Park Avenue, New York, NY 10021 (b)Institute of Physics, Janus Pannonius University, Ifjťusťag u. 6, H-7624 Pťecs, Hungary (c)Universitĺat Ulm, Abteilung fĺur Quantenphysik, AlbertŰEinsteinŰAllee 11, DŰ89069 Ulm, Germany

Received 19 May 1999, accepted 20 May 1999

The RF spectrum of a bichromatically driven fourŰlevel atom is polarization dependent. Very narrow lines occur in the incoherent parts of the spectrum for polarization directions which are different from that of the driving ^elds. The degree of squeezing has a maximum of 56% which should make it easily observable. The secondŰorder correlation function exhibits antibunching for zero time delay and strong superbunching for certain values of the interaction parameter and time delay. For these parameters resonant twoŰphoton emission takes place in the form of polarization entangled photon pairs. The system can be a novel source of photons in the EPR and/or Bell states. Some experiments will be proposed which make use of this unique source.

PACS: 42.50.Dv, 42.50.Ar, 32.30.-r

1 Introduction

Strongly correlated photons are the basic requirement for the generation of squeezing. For the production of EPRŰpairs one needs, in addition, the presence of different polarization directions in the photon ^eld in most cases. Both conditions can be met in the RF of a bichromatically driven fourŰlevel atom. The fourŰlevel atom has two twofold degenerate states where the degeneracy is with respect to the magnetic quantum number m_j = ±1/2 [1]. As a consequence of the internal structure of the fourŰlevel atom, different polarization directions are now possible in the RF and photons with different polarization directions are entangled.

A recent paper by Eichmann et al. [2] reported on interference experiments using the light scattered from two single^{189}Hg^+ ions in a linear trap. These ions have an internal structure identical to the 4Űlevel atom we are considering in this paper. We showed that the system is

�_{Presented at the 6th Central-European Workshop on Quantum Optics, ChĹateau Chudobť”n, Czech Republic,}

April 30 - May 3, 1999.

1_{E-mail address: jbergou@shiva.hunter.cuny.edu and bergou@^zika.jpte.hu}

0323-0465/99 cfl Institute of Physics, SAS, Bratislava, Slovakia 501 appropriate for the realization of the quantum eraser [3]. A similar experimental setup would make the veri^cation of squeezing [4] and entanglement [5] feasible. Many applications require appropriate superpositions of EPRŰ and/or BellŰstates which, in the case of two trapped Hg ions, can be ralized if we drive one of them with an xŰpolarized ^eld and the other with a zŰpolarized ^eld. Another important feature of this system is that we are in the steadyŰstate regime of the atoms and, therefore, the generated twoŰphoton states are free of decoherence as long as there are no other absorption or scattering processes.

The paper is organized as follows. In Sec. 2 we present the Floquet-states for the interaction of the four-level atom with the z-polarized bichromatic driving ^eld. The symmetric level con^guration of the four-level atom, as a consequence of the degeneracy of the atomic levels, leads to similar Floquet-states to those of a bichromatically driven two-level atom. Then the master equations in Floquet-state representation are obtained, taking into account the secular approximation. In Sec. 3 we calculate the polarization dependent RF spectra and squeezing properties. In Sec. 4 we study pair correlations in the RF ^eld with emphasis on the different polarization directions. Sec. 5 summarizes our conclusions.

2 Floquet-states of the four-level atom and the master equation

We consider a four-level atom with two twofold degenerated upper and lower levels with respect to the magnetic quantum number m_j = ±1/2, as indicated in Fig. 1. Consequently, the spontaneous emission event consists of π- (Δm_j = 0) and σ- (Δm_j = ±1) transitions. The dipole moment operators were obtained in Ref. [1]. We assumed the same magnitude for the different dipole moments, |d_x| = |d_y| = |d_z | ≡ d, to obtain d^↓_x = (|1⟩ ⟨4| + |2⟩ ⟨3|)d, (1a) d^↓_y = −i (|1⟩ ⟨4| − |2⟩ ⟨3|) d, (1b) d^↓_z = (|2⟩ ⟨4| − |1⟩ ⟨3|)d, (1c) d^↑_{x,y,z} = (d^↓_{x,y,z})^†. (1d) The four-level atom is driven with a z-polarized (π-transitions) bichromatic ^eld with equal amplitudes symmetrically detuned around the atomic transition ω_0 (Fig. 2),

⃗E(t) = E_0Re(e^{iω}1L^t + e^{iω}2L^{t−2iϕ})⃗e_z, (2)

where, the frequencies are given as ω_{1L} = ω_0 − δ and ω_{2L} = ω_0 + δ and ϕ is a relative phase between the two ^eld components. The interaction between the four-level atom and the bichromatic ^eld can be solved analytically with a Floquet-ansatz, since the atomic state |1⟩ is only coupled to the atomic state |3⟩ and the atomic state |2⟩ is only coupled to the atomic level |4⟩. There is no coupling between these two subsystems and, consequently, they can be treated separately. This leads to the same equations as the ones for a bichromatically driven two-level atom. For details see Ref. [6]. The Floquet-states can be described in rotating wave approximation by

|Φ_1(t)⟩ = A_1(t) |1⟩ + iA_2(t)e^{−i(ω0t+ϕ)} |3⟩ (3a) |Φ_2(t)⟩ = A_1(t) |2⟩ − iA_2(t)e^{−i(ω0t+ϕ)} |4⟩ (3b)

Fig. 1. Level structure of the four-level atom with the different polarization dependent decay channels. The σ channels are connected with x- and y-polarized light while the π transition is connected with z-polarized light.

Fig. 2. Interaction of the z-polarized bichromatic ^eld and the four-level atom. The bichromatic ^eld consists of two components of equal amplitudes symmetrically detuned around the atomic transition frequency.

|Φ_3(t)⟩ = +iA_2(t)e^{iϕ} |1⟩ + A_1(t)e^{−iω0t} |3⟩ (3c) |Φ_4(t)⟩ = −iA_2(t)e^{iϕ} |2⟩ + A_1(t)e^{−iω0t} |4⟩ (3d) A_1(t) = cos [(ξ/2) sin (δt + ϕ)] (3e) A_2(t) = sin [(ξ/2) sin (δt + ϕ)] , (3f)

where the interaction parameter ξ is de^ned as ξ = 2V_0/(h̄δ), and V_0 = |⃗d · ⃗E_0|. The difference between the signs in |Φ_1(t)⟩ and |Φ_2(t)⟩ and |Φ_3(t)⟩ and |Φ_4(t)⟩ is a consequence of the dipole moment operator (1c) which has different signs for the atomic transitions |1⟩ ↔ |3⟩ and |2⟩ ↔ |4⟩ for the dipole moment in z-direction.

Using Eqs. (3a)-(3f), we can express the dipole moment operators in Floquet-state representation. In general the matrix elements of the dipole transitions are given as

⃗d_{αβ} (t) = ⟨Φ_α(t)| ⃗d |Φ_β(t)⟩ = ⃗d^{(−)}_{αβ} (t) + ⃗d^{(+)}_{αβ} (t), (4) where ⃗d^{(±)}_{αβ} (t) are the positive- and negative-frequency parts of the dipole matrix element, leading to

d^{x(−)}_{12} (t) = −iA_1(t)A_2(t)e^{−iω0t−iϕ}d = d^{x(−)}_{34} (t), (5a) d^{x(−)}_{21} (t) = +iA_1(t)A_2(t)e^{−iω0t−iϕ}d = d^{x(−)}_{43} (t), (5b) d^{x(−)}_{23} (t) = +[A_1(t)]^2e^{−iω0t}d = d^{x(−)}_{14} (t), (5c) d^{x(−)}_{32} (t) = −[A_2(t)]^2e^{−iω0t−2iϕ}d = d^{x(−)}_{41} (t), (5d)

for x-polarization (and, except for some unimportant phase factors, an identical set for the y-polarization), and

d^{z(−)}_{11} (t) = −iA_1(t)A_2(t)e^{−iω0t−iϕ}d = d^{z(−)}_{22} (t), (6a) d^{z(−)}_{33} (t) = +iA_1(t)A_2(t)e^{−iω0t−iϕ}d = d^{z(−)}_{44} (t), (6b) d^{z(−)}_{13} (t) = −[A_1(t)]^2e^{−iω0t}d = −d^{z(−)}_{24} (t), (6c) d^{z(−)}_{31} (t) = −[A_2(t)]^2e^{−iω0t−2iϕ}d = −d^{z(−)}_{42} (t), (6d)

for z-polarization. For the positive frequency parts of the dipole matrix elements d^{(+)}_{αβ} (t) = [d^{(−)}_{βα} (t)]^∗ holds.

Transition between the Floquet-states (3a)-(3f) can be induced by the interaction of the combined Şatom plus bichromatic ^eldŤ system with a reservoir. The master equations in the Floquet-representation in general form were investigated in Ref. [7] in the secular or separated spectral lines approximation which holds if the detuning δ of the driving ^eld components is much bigger than the decay rate γ of the atomic transitions. We get for our case, under these conditions, the following set of master equations for the reduced density operator elements, ∂ ∂t σ_{11,22}(t) = − γ 6 { a_1(ξ)σ_{11,22}(t) − 1 2 b(ξ)σ_{22,11}(t) − 1 2 c_1(ξ)[σ_{44,33}(t) + 1 2 σ_{33,44}(t)] } , (7a) ∂ ∂t σ_{33,44}(t) = − γ 6 { a_2(ξ)σ_{33,44}(t) − 1 2 b(ξ)σ_{44,33}(t) − 1 2 c_2(ξ)[σ_{22,11}(t) + 1 2 σ_{11,22}(t)] } , (7b)

for the populations, and, ∂ ∂t σ_{12}(t) = − γ 6 { a_1(ξ)σ_{12}(t) + 1 4 c_1(ξ)σ_{34}(t) } , (8a) ∂ ∂t σ_{34}(t) = − γ 6 { a_2(ξ)σ_{34}(t) + 1 4 c_2(ξ)σ_{12}(t) } , (8b) ∂ ∂t σ_{13}(t) = − γ 6 { d(ξ)σ_{13}(t) − 1 2 b(ξ)σ_{24}(t) } , (8c) ∂ ∂t σ_{24}(t) = − γ 6 { d(ξ)σ_{24}(t) − 1 2 b(ξ)σ_{13}(t) } , (8d)

∂ ∂t σ_{23}(t) = − γ 6 { d(ξ)σ_{23}(t) } , (8e) ∂ ∂t σ_{14}(t) = − γ 6 { d(ξ)σ_{14}(t) } , (8f) ∂ ∂t σ^∗_{αβ} (t) = ∂ ∂t σ_{βα}(t) where α ≠ β, (8g)

for the correlations. The coef^cients, which depend on the atom-^eld interaction strength ξ, are of the following form,

a_{1,2}(ξ) = [11/4 ∓ 3J_0(ξ) + (1/4)J_0(2ξ)], (9a) b(ξ) = [1 − J_0(2ξ)], (9b) c_{1,2}(ξ) = [3 ± 4J_0(ξ) + J_0(2ξ)], (9c) d(ξ) = [13/4 − (1/4)J_0(2ξ)]. (9d) Here, J_0 is the Bessel function of zeroth order.

3 Spectral and squeezing properties

The polarization dependent RF spectra can be obtained by taking the Fourier transform of the ^rst order autocorrelation function. As usual, we express the ^elds in the correlation function by their sources, the dipole moment operators. With the help of Eqs. (5a)-(6d), for the dipole moments in Floquet-representation, and Eqs. (7a)-(7b) and (8a)-(8g), for the time evolution of the populations and correlations of the density operator, a lengthy but straightforward calculation yields

S_z(ω_k) = S_{z1}(ω_k) + S_{z2}(ω_k), S_{z1}(ω_k) ∝ ∑ q J^2_{2q+1}(ξ)Δ^2δ(ω_k − ω_{2q+1}),

S_{z2}(ω_k) ∝ ∑ q { [δ_{q0}(1 − 2J_0(ξ)Δ) + J^2_{2q}(ξ)]

Γ^{(z)}_{12} (ω_k − ω_{2q} )^2 + (Γ^{(z)}_{12} )^2

+J^2_{2q+1}(ξ)

(1 − Δ^2)Γ^{(z)}_{11} (ω_k − ω_{2q+1})^2 + (Γ^{(z)}_{11} )^2 } , (10)

for the z-polarized part of the spectrum where S_{z1}(ω_k) stands for the elastic part andS_{z2}(ω_k) for the inelastic part. For the x- and y-polarized parts of the spectra, which consist only of incoherent terms, we obtain S_{x,y}(ω_k) ∝ ∑ q { [δ_{q0}(1 − 2J_0(ξ)Δ) + J^2_{2q} (ξ)]

Γ^{(x,y)}_{12} (ω_k − ω_{2q})^2 + (Γ^{(x,y)}_{12} )^2 + J^2_{2q+1} 2 (ξ) [ ( 1 + 1 √ 1 + 8Δ^2 − 4Δ^2 √ 1 + 8Δ^2

) Γ^{(1)(x,y)}_{11} (ω_k − ω_{2q+1})^2 + (Γ^{(1)(x,y)}_{11} )^2 + ( 1 − 1 √ 1 + 8Δ^2 + 4Δ^2 √ 1 + 8Δ^2

) Γ^{(2)(x,y)}_{11} (ω_k − ω_{2q+1})^2 + (Γ^{(2)(x,y)}_{11} )^2 ]} . (11)

Here again J_q (ξ) is the Bessel function of order q. We have introduced in the above equations the steady state population difference Δ = σ_{11}(∞) + σ_{22}(∞) − [σ_{33}(∞) + σ_{44}(∞)] as well as different decay rates, given by Δ = 4J_0(ξ) 3 + J_0(2ξ) , Γ^{(z)}_{11} = γ 4 [3 + J_0(2ξ)],

Γ^{(z)}_{12} = γ 8 [5 − J_0(2ξ)],

Γ^{(1)(x,y)}

11 = γ 6 { [ 11 4 + 1 4 J_0(2ξ)] + √ 1 + 8Δ^2

J_0(ξ) Δ } , Γ^{(2)(x,y)}

11 = γ 6 { [ 11 4 + 1 4 J_0(2ξ)] − √ 1 + 8Δ^2

J_0(ξ) Δ } , Γ^{(x,y)}_{12} = γ 6 [ 13 4 − 1 4 J_0(2ξ)]. (12)

The frequencies ω_k, ω_{2q}, and ω_{2q+1} obey the relations

ω_k = ω − ω_0, (13a) ω_{2q} = ω_0 − 2qδ, (13b) ω_{2q+1} = ω_0 − (2q + 1)δ, (13c)

so that the spectra are displayed around the atomic transition frequency ω_0.

Here we give only a qualitative description of the power spectrum. For a more quantitive treatment see Ref. [4]. The spectrum in the polarization direction of the z-polarized driving ^eld contains a coherent part and is exactly the same as the spectrum for a bichromatically driven two-level atom, due to the degeneracy of the four-level atom. However, the σ-polarized part of the spectrum displays some novel features when compared to the z-polarized part. First, the coherent part is missing. For small interaction parameters, ξ ≪ 1, the sidebands of the spectra at frequencies ω_{2q+1} become very narrow. This behavior is a consequence of the fact that the spectral linewidths for the sidebands contain the absorption linewidth for small ξ which is of the order of (ξ/δ)^2γ. On the other hand, the absorption linewidth plays no role in the central peak component of the spectrum. Furthermore, the light emitted into the sidebands of the spectra is classical for small interaction parameters. In the range of larger interaction parameters the differences between the z- and x- or y-polarized parts of the spectrum tend to diminish.

A note on our choice of the coordinate system: The z-axis is de^ned by the polarization direction of the driving ^eld. The x-axis is de^ned as the direction of propagation of the driving ^eld. The RF consists of three different, orthogonal polarizations, the z- (or π-) polarized component which contains the coherent part and the incoherent x- and y- (or σ-) polarized components. The results for the spectral and squeezing properties of the x- and y-polarized components of the RF are identical.

Next, we consider the squeezing properties of the bichromatically driven four-level atom. Usually squeezing is detected with a homodyne detection scheme [8] where the signal ^eld is combined with a strong local oscillator (LO, a classical ^eld) by a beam splitter and we assume that the phase Θ of the LO can be varied arbitrarily relative to the signal beam. To simplify the calculations we assume that we ^lter out certain linear polarization directions of the signal, i.e. the RF, with the help of a linear polarizer and use a strong local ^eld of the same linear polarization, in addition.

Squeezing in the signal beam is conveniently expressed in terms of the normalized intensity correlation function λ(τ, Θ) [9, 10]

λ(τ, Θ) = ⟨ ΔE^{(−)}(t)ΔE^{(+)}(t + τ) ⟩e^{(iω0τ )}

+ ⟨ ΔE^{(−)}(t)ΔE^{(−)}(t + τ) ⟩e^{(−i[ω0(2t+τ )−2Θ])} + c.c., (14)

where ΔE = E − ⟨E⟩ and E^{(±)}(t) is the said x-, y- or z-polarized plane wave expansion of the signal ^eld. Squeezing occurs when λ(τ = 0, Θ) < 0 for some values of the angle Θ [11]. The time evolution of λ(τ, Θ) describes the progressive loss of negative correlation with increasing delay-time. The Fourier transformation of λ(τ, Θ) is connected with spectral component squeezing as a function of Θ,

Ψ(ω, Θ) = ∫_∞ −∞ λ(τ, Θ)e^{iωτ} dτ. (15) Spectral component squeezing is obtained if Ψ(ω, Θ) < 0 for some values of ω and the phase Θ of the local oscillator.

Squeezing occurs if Q_{x,y,z}(Θ) = λ_{x,y,z}(τ = 0, Θ) < 0. We assume that the relative phase between the two driving ^eld components is equal to zero. Usually, one considers the two quadrature components of the signal ^eld which are in phase (Θ = 0) and out-of-phase (Θ = π/2) with the strong local oscillator, respectively. If we assume an ideal detector with 100% quantum ef^ciency that collects all of the RF over the total surface angle of 4π, we get for Q_{x,y,z}(Θ = π/2) the expressions,

Q_z(Θ = π 2 ) = γ 2 {2 − 2ΔJ_0(ξ) − Δ^2[1 − J_0(2ξ)]}, (16)

for the z-polarized part, and Q_{x,y}(Θ = π 2 ) = γ 2 {1 + J_0(2ξ) − 2ΔJ_0(ξ)}, (17)

for the x- and y-polarized parts of the RF. The correlation functions Q_{x,y,z}(Θ) are normalized with respect to the total outgoing ~ux γ. Similarly, we obtain the following expression for the in-phase quadrature of the signal, again assuming an ideal detector,

Q_z(Θ = 0) = γ[1 − ΔJ_0(ξ)], (18)

for the z-polarized part, and

Q_{x,y}(Θ = 0) = γ 2 [2 − 2ΔJ_0(ξ) + 1 − ΔJ_0(2ξ)], (19)

for the x-and y-polarized parts of the RF. The in-phase quadrature of the signal can not be squeezed regardless of the polarization direction. However, the out-of-phase components (16), (17) display squeezing. It is interesting to note that the z-polarized part of the RF of the fourlevel atom displays the same squeezing properties as those of a bichromatically driven two-level atom [6]. However, the x- and y- polarized parts of the RF or the part of the RF with polarization directions different from that of the driving ^eld, in general, show different squeezing properties. The x- and y-polarized parts are stronger squeezed and, in addition, display squeezing over a larger range of the interaction parameter.

We mention also that the squeezed quadrature component depends on the relative phase ϕ of the driving ^elds. When ϕ ≠ 0 the quadrature component π/2 − ϕ is squeezed. Therefore we can determine the squeezed quadrature component with the help of the relative phase of the driving ^elds.

As mentioned already, the spectrum of squeezing or the degree of squeezing is connected to the Fourier transform of the correlation function. The polarization dependent squeezing spectrum for the out-of-phase component (Θ = π/2), which we denote as Φ_{22,x,y,z}(ω), is given in the case of the relative phase ϕ = 0 of the driving ^elds by

Φ_{22,z}(ω) = +∞∑ q=−∞ [J^2_{2q} (ξ) − δ_{q,0}ΔJ_0(ξ)]

2Γ^{(z)}_{12} γ (ω − 2qδ)^2 + (Γ^{(z)}_{12} )^2 + +∞∑ q=−∞ J^2_{2q+1}(ξ)(1 − Δ^2)

2Γ^{(z)}_{11} γ [ω − (2q + 1)δ]^2 + (Γ^{(z)}_{11} )^2

, (20)

for the z-polarized part, and

Φ_{22,x,y}(ω) = +∞∑ q=−∞ [J^2_{2q} (ξ) − δ_{q,0}ΔJ_0(ξ)]

2Γ^{(x,y)}_{12} γ (ω − 2qδ)^2 + (Γ^{(x,y)}_{12} )^2

, (21)

for the x- and y-polarized parts of the RF. Spectral component squeezing occurs only in the central peak component of the RF spectra, independently of the polarization directions.

The x- and y-polarized part of the RF shows a stronger degree of squeezing of the central peak component of the spectrum than the z-polarized part. This is the result of the different decay rates Γ^{(x,y)}_{12} and Γ^{(z)}_{12} . We can approximate the degree of squeezing of the central peak component due to the separated lines approximation as

Φ_{22,z}(0) ≈ 2[J^2_0 (ξ) − ΔJ_0(ξ)](γ/Γ^{(z)}_{12} ). (22)

for the z-polarized part and

Φ_{22,x,y}(0) ≈ 2[J^2_0 (ξ) − ΔJ_0(ξ)](γ/Γ^{(x,y)}_{12} ). (23)

for the x- and y-polarized part of the spectrum. The ratio of the degree of squeezing between z- and x- or y-polarized RF light is given as Γ^{(z)}_{12} /Γ^{(x,y)}_{12} . This ratio is approximately 1/1.15 for the interaction strength ξ where the maximum degree of squeezing occurs. When we take into account the already very high degree of squeezing of the z-polarized part (which is the same as that of a bichromatically driven two-level atom) of approximately 48% we get a maximum degree of squeezing of around 56% in the x- and y-polarized part of the RF.

In Figs. 3, we have plotted the degree of squeezing for the different polarization directions as function of ω and the interaction strength ξ. Squeezing only occurs in the central peak component of the spectrum. No squeezing occurs in the in phase component regardless of

Fig. 3. Spectral component squeezing vs. ξ and ω for the out-of-phase components (Θ = π/2) for (a) the z-polarized, and (b) the x- or y-polarized part of the RF light, with detuning δ/γ = 10.

the polarization directions and frequencies. We stress once again that the squeezed quadrature component can be determined with the relative phase ϕ of the driving ^elds.

The main advantage of the bichromatically driven four-level atom for the study of the squeezing properties as compared to the bichromatically driven two-level atom is the fact that strongest squeezing occurs in the polarization component which is perpendicular to that of the driving ^eld. This allows us, in an unambiguous manner, to separate the contribution to the RF which displays strongest squeezing effects. In this context, it should be noted that the ^rst observation of squeezing, in the RF of monochromatically driven two-level atoms, has been reported very recently [12].

Fig. 4. Second order correlation function of σ+ and σ� photons in the case of zŰpolarized driving ^elds for interaction strength ξ = 0.1.

4 Pair production

In this section we demonstrate the generation of strongly correlated photon pairs in the RF of a bichromatically driven fourŰlevel atom and show that photons of different polarization directions are entangled. We are interested in the polarization dependent photon correlations since we want to realize EPRŰpairs or, more generally, to generate BellŰstates in the resonance ~uorescence of the bichromatically driven fourŰlevel atom. We expect that, for certain values of the interaction parameter, a favorable situation arises and the relative weight of the twoŰphoton emission processes, which are already present in the bichromatically driven twoŰlevel atom, can be enhanced.

The normalized secondŰorder correlation function can be expressed analytically by making use of the quantumŰregression theorem and the secular approximation. The analytical expressions are, however, much too complicated in order to get any useful insight from them. Therefore we con^ne the present treatment to numerical results only.

We consider, for example, the correlations in twoŰphoton emissions for a pair of σ^+ and σ^− circularly polarized photons in the case of a zŰpolarized bichromatic driving ^eld. Fig. 4 shows very strong superŰbunching for small ξ. Such a strong superŰbunching behavior is the result of a twoŰphoton resonant emission process of a σ^+Űσ^− or σ^−Űσ^+ circularly polarized photon pair. This twoŰphoton emission process strongly depends on the steadyŰstate populations of the atomic groundŰstates |1⟩ and |2⟩ and is most probable for those values of ξ for which the atomic ground level population and, hence, the steadyŰstate population difference is a maximum. In contrast, we expect no strong superŰbunching behavior for those values of ξ where Δ = 0 or, in other words, when suppression of the twoŰphoton emission processes occurs. In comparison, there are no superŰbunching effects for a σ^+Űσ^+ or a σ^−Űσ^− photon emission process for the entire range of the interaction parameter.

We consider, next, the arising ^eld states more precisely and discuss the case of a zŰ polarized driving ^eld. In the previously discussed con^guration, we observe the correlated photons in opposite zŰdirections to get rid of possible zŰpolarized photons. In general, there are two possible polarizations for each photon individually. The ^rst possibility is that each photon by itself is linearly polarized, the second possibility is that each photon by itself is unpolarized. In the ^rst case, the probability for an EPRŰphoton pair in the longŰtime regime is 1/2.

In the case when the individual photons are unpolarized, only the twoŰphoton emission terms of the σ^+ and σ^− polarized photons survive and contribute to the secondŰorder correlation function. We must average over all possible arbitrary phase factors of the oneŰphoton transitions. As a consequence the arising photon state is given as ( |Ψ⟩_{unpol} ) z−driv = 1 √ 2 [|1_{+,+z}, 0_{−,+z}, 0_{+,−z}, 1_{−,}z⟩ + |0_{+,+z}, 1_{−,+z}, 1_{+,−z}, 0_{−,}z⟩] . (24)

In other words, we have a perfect EPRŰcorrelated photon pair of circularly polarized photons. It is easy to show that each photon is unpolarized by calculating the polarization matrix for one photon and tracing over the other [10].

The experimental setup of Ref. [2] would make the veri^cation of the above results feasible and would even offer further opportunities for quantum computing and quantum information processing since these applications require appropriate superpositions of the above EPRŰ and BellŰstates. Perhaps the most important feature of this system is that we are in the steadyŰ state regime of the atoms and, therefore, the generated twoŰphoton states are completely free of decoherence as long as there are no other absorption or scattering processes.

5 Conclusions

We have considered the resonance ~uorescence spectra and squeezing properties of a bichromatically driven four-level atom. Most interesting is the remarkably high degree of squeezing of approximately 56% in the polarization component of the RF which is different from that of the driving ^eld and the generation of entangled photon pairs.

Acknowledgments Discussions with G. Kryuchkyan are gratefully acknowledged. This research was supported by the Of^ce of Naval Research, by the Hungarian Science Research Fund (OTKA, Grant Number: T 030671) and by a grant from PSC-CUNY.

References

[1] D. Polder, M. F. H. Schuurmans: Phys. Rev. A 14 (1976) 1468 [2] U. Eichmann, J. C. Bergquist, J.J. Bollinger, J.M Gillgan, W.M. Itano, D. J. Wineland, M. G. Raizen:

Phys. Rev. Lett. 70 (1993) 2359 [3] Y. Abranyos, M. Jakob, J. Bergou: acta physica slovaca 48 (1998) 255; Phys. Rev. A (1999) to appear [4] M. Jakob, J. Bergou: Phys. Rev. A (1999) to appear [5] M. Jakob, J. Bergou: unpublished [6] M. Jakob, G. Yu. Kryuchkyan: Phys. Rev. A 58 (1998) 767

512 J Bergou, M Jakob, Y Abranyos

[7] G. Yu. Kryuchkyan: Zh. Eksp. Teor. Fiz. 109 (1996) 116 [Sov. Phys. JETP 82 (1996) 60] [8] For an overview of squeezing see for example the special issues on squeezed light: J. Mod. Optics 34 (1987) No.6/7; J. Opt. Soc. Am. B4 (1987) No.10, edited by H. J. Kimble and D. F. Walls.

[9] Z. Y. Ou, C. K. Hang, L. Mandel: J. Opt. Soc. Am. B 4 (1987) 1574 [10] L. Mandel, E. Wolf: Optical Coherence and Quantum Optics (Cambridge University Press, Cambridge, MA, 1995) [11] R. Loudon: Opt. Commun. 49 (1984) 24 [12] Z. H. Lu, S. Bali, J. E. Thomas: Phys. Rev. Lett. 81 (1998) 3635