Pis’ma v ZhETF, vol. 103, iss. 6, pp. 417 – 427 © 2016 March 25

Coherent control of Kerr nonlinearity via double dark resonances (DDRs)

A. Rahelia^{+1)}, M. Sahraib^∗, A. Namdarc^×, R. Sadighi-Bonabid^∘

+Aras International Campus, University of Tabriz, 51666 Tabriz, Iran

∗Research Institute for Applied Physics, University of Tabriz, 51666 Tabriz, Iran

×Faculty of Physics, University of Tabriz, 51666 Tabriz, Iran

∘Department of Physics, Sharif University of Technology Azadi Ave, Tehran, Iran

Submitted 11 January 2016 Resubmitted 10 February 2016

A theoretical scheme for enhanced Kerr nonlinearity is proposed in a four-level ladder-type atomic system based on double dark resonances (DDRs). We solve the relevant density matrix equations in steady state and utilize the perturbation theory to obtain the analytical expressions for the third order susceptibility of the atomic system. The influence of system parameters on behavior of the first and third order susceptibilities is then discussed. In particular, it is found that an enhanced Kerr nonlinearity with reduced linear and nonlinear absorption is obtained around zero probe detuning under the slow light condition through proper adjusting the laser field intensity and frequency detuning of driving fields. The dressed state analysis is employed to explain the physical origin of the obtained result. The obtained results may be important for all-optical signal processing and quantum information technology.

DOI: 10.7868/S0370274X16060023

1. Introduction. It is known that an external field modifies the linear [1–5] and nonlinear [6–12] optical response of an atomic medium. Electromagnetically induced transparency (EIT) [2], as a phenomenon in which a beam of electromagnetic radiation propagates through a medium with reduced absorption, can be used to generate and even enhance the nonlinear optical processes [12]. Based on atomic coherence which can lead to reduce absorption, EIT has opened up a completely new route to achieving large optical nonlinearity [13]. Kerr-nonlinearity, which is proportional to the refractive part of the third order susceptibility, has widely been investigated in recent years [13–18]. It is desirable to obtain an enhanced Kerr nonlinearity accompanied with reduced probe absorption due to its potential applications in quantum nondemolition measurements [19], quantum teleportation [20], cross-phase modulation [12], and self-phase modulation for generation an optical soliton [21]. A giant Kerr nonlinearity with vanishing linear susceptibility obtained by electromagnetically induced transparency was investigated by Schmidt and Imamoglu [13]. A theoretical investigation of the Kerr nonlinearity via the effect of spontaneously generated coherence (SGC) was carried out by Niu and Gong

1)e-mail: raheliali.b@gmail.com; raheliali@yahoo.com

[14]. The giant Kerr nonlinearity in a four-level inverted Y -type atomic system is also investigated by Bai et al. [15]. They showed that compared with that generated in a generic three-level system, the Kerr nonlinearity for such atomic scheme can be enhanced by several orders of magnitude with vanishing linear absorption. The third-order susceptibility is also investigated in a fivelevel atomic system in which the laser beams couple the ground state to a four-level closed-loop system [16]. In a multi-photon resonance condition, the Kerr nonlinearity of such a medium can be enhanced remarkably by the amplitudes and phase control of the applied fields.

It is well known that dark resonance is the basis for coherent population trapping (CPT) [1], EIT [2], adiabatic population transfer [22], and so on. Several works have been done in order to extend the study of EIT from the simple Λ-type three-level system to more complicated schemes including more than three levels. An additional field probing another excitation path can lead to an induced coherence to the system, leading to the phenomenon of double-dark resonances (DDRs). There are fundamentally three different schemes for the presence of DDRs in four-level atomic systems. First, a four-level lambda-configuration system where the final state has two-fold levels [23–26], second, a four-level tripod-configuration system [27–29], and third, a four-

Письма в ЖЭТФ том 103 вып. 5 – 6 2016 417

Fig. 1. (Color online) (a) – Schematic diagram of cascade-type four-level atoms with upper two-folded levels interacting with a weak probe laser, a strong cw control laser, and RF driving field. (b) – Dressed state diagram. (c) – Level structure and the laser-coupling scheme for a cascade four-level^{87}Rb atomic system

level cascade-configuration system where upper state has two-fold levels [30–33]. Note that, coherent control of EIT and electromagnetically induced absorption (EIA) in presence of optical-RF two-photon coupling configurations has been recently studied [24]. Unlike these works, the aim of the this proposal is to investigate the possible large Kerr index in pulsed regime for an RF-driven four-level cascade-type atom. Note that the giant Kerr nonlinearity for the four-level lambdaconfiguration [26] and tripod configuration [29] is already investigated. However, to the best of our knowledge, so far no related individual theoretical or experimental work has been carried out to explore the enhanced Kerr nonlinearity with vanished absorption through such an RF-driven four-level atomic system in cascade-configuration with interacting DDRs, which motivate us for the present study.

Recently, we investigated the behavior of the optical bistability for a medium consisting a four-level cold atom in ladder-configuration, in which a RF field couples upper two-folded levels [34]. We showed that based on DDRs, one can reduce the threshold of optical bistability and multistability through appropriate modulating the intensity and frequency detuning of the driving fields. We have attributed this reduction on threshold intensity of optical bistability/multistablity curves to the effect of Kerr nonlinearity enhancement. Inspired by this study, in this letter we intend to explore theoretically the behavior of Kerr nonlinearity through a cascadetype atomic medium with upper two-folded levels. Because of interaction with an additional RF field in this four-level cascade-type atomic system driven by a weak probe field and a strong control field, the phenomenon of interfering double-dark states, i.e., DDRs are present. Based on DDRs and as we expected from the previous proposal [34], it is demonstrated that it is indeed possible to obtain large Kerr nonlinearities accompanied with negligible absorption in such a four-level atomic medium by going beyond the steady-state approximation and under the weak probe field approximation. The proposed scheme may provide potential applications in design of logic-gate devices for optical computing and quantum information processing.

2. Model and equations of motion. Fig. 1a shows a four-level atomic system in cascade-configuration coupled by two laser fields and a RF driving field. A weak probe laser with Rabi-frequency (RF) 2Ω_p (amplitude E_p and angular frequency ω_p) is employed to couple |1⟩ ↔ |2⟩ transition. A strong continuous-wave (cw) control field of Rabi-frequency 2Ω_c with amplitude E_c and angular frequency ω_c is applied to transition |2⟩ → |3⟩. An assisting RF driving field with Larmor frequency 2Ω_{RF} (amplitude E_{RF} and angular frequency ω_{RF}) couples upper two-folded Zeeman sublevels |3⟩ and |4⟩ through an allowed magnetic dipole transition and produce DDRs [30, 34–37]. The correspond-

Письма в ЖЭТФ том 103 вып. 5 – 6 2016 ing one-half Rabi and Larmor frequencies of the optical fields (Ω_j (j = p, c, RF)) for the relevant driven transitions are defined as Ω_p = P_{21}E_p/2ℏ, Ω_c = P_{32}E_c/2ℏ, and Ω_{RF} = P_{43}E_{RF}/2ℏ, where P_{ij} = ⃗P_{ij}ê_L is induced atomic dipole moments (ê_L is the unit polarization vector of the corresponding laser field).

The corresponding spontaneous decay rates related to the transitions |2⟩ ↔ |1⟩, |3⟩ ↔ |2⟩, and |4⟩ ↔ |2⟩ are γ_{21}, γ_{32}, and γ_{42}, respectively. The transitions |3⟩ → |1⟩, |4⟩ → |1⟩ are considered to be non-dipole allowed, thus the corresponding decay rates γ_{31}, γ_{41} are set to be zero. The relaxation rate of coherence among states |3⟩ and |4⟩ is negligible and thus can be ignored.

The resulting 4 × 4 Hamiltonian in the interaction picture and under the rotating-wave approximation can be expressed as (ℏ = 1) [30]

H_{int} =

0 −Ω^∗_p 0 0 −Ω_p Δ_p −Ω^∗_c 0 0 −Ω_c Δ_p + Δ_c −Ω^∗_{RF} 0 0 −Ω_{RF} Δ_p + Δ_c + Δ_{RF} ,

(1) where related detuning of the probe, control and RF fields with respect to corresponding atomic levels are defined as Δ_p = ω_{21} −ω_p, Δ_c = ω_{32} −ω_c, Δ_{RF} = ω_{43} −ω_{RF}.

The dynamical evolution of the atomic system can be evaluated by using the density matrix equations of motion as

ρ̇_{22} = −γ_{21}ρ_{22} + γ_{32}ρ_{33} + γ_{42}ρ_{44} +

+ iΩ_p(ρ_{12} − ρ_{21}) + iΩ_c(ρ_{32} − ρ_{23}),

ρ̇_{33} = −γ_{32}ρ_{33} + iΩ_c(ρ_{23} − ρ_{32}) + iΩ_{RF}(ρ_{43} − ρ_{34}),

ρ̇_{44} = −γ_{42}ρ_{44} + iΩ_{RF}(ρ_{34} − ρ_{43}),

ρ̇_{21} = −

(γ_{21} 2 + iΔ_p ) ρ_{21} + iΩ_p(ρ_{11} − ρ_{22}) + iΩ_cρ_{31},

ρ̇_{31} = −

[ γ_{32} 2 + i(Δ_p + Δ_c) ] ρ_{31} +

+ iΩ_cρ_{21} + iΩ_{RF}ρ_{41} − iΩ_pρ_{32},

ρ̇_{41} = −

[ γ_{42} 2 + i(Δ_p + Δ_c + Δ_{RF}) ] ρ_{41} +

+ iΩ_{RF}ρ_{31} − iΩ_pρ_{42},

ρ̇_{32} = − ( γ_{21} + γ_{32} 2 + iΔ_c ) ρ_{32} +

+ iΩ_c(ρ_{22} − ρ_{33}) + iΩ_{RF}ρ_{42} − iΩ_pρ_{31},

ρ̇_{42} = − [ γ_{21} + γ_{42} 2 + I(Δ_c + Δ_{RF}) ] ρ_{42} +

+ iΩ_{RF}ρ_{32} − iΩ_pρ_{41} − iΩ_cρ_{43}, ρ̇_{43} = − ( γ32 + γ_{42} 2 + iΔ_{RF} ) ρ_{43} +

+ iΩ_{RF}(ρ_{33} − ρ_{44}) − iΩ_cρ_{42}, (2)

where ρ_{11} + ρ_{22} + ρ_{33} + ρ_{44} = 1. Note that the set of Eq. (2) can be solved to obtain the steady-state linear and nonlinear response of the medium. As known, the linear and nonlinear response of the medium to the applied fields are determined by the first and third order susceptibilities. We will present an analytical solution of the first and third order susceptibilities in the next section.

3. Results and discussion. In the following, the Kerr nonlinearity behavior of the presented medium is numerically investigated. First we derive an analytical solution for the first- and third-order susceptibilities. Then, through some numerical simulations we show that this atomic configuration can be employed as an optical medium to obtain giant Kerr nonlinearities with vanishing probe absorption. We shall consider the probe field to be weak compared to the driving fields. Then, we solve the density matrix equations of the motion given by Eq. (2) in the steady state regime and expand the density matrix elements as

ρ_{ij} = ρ^{(0)}_{ij} + ρ^{(1)}_{ij} + ρ^{(2)}_{ij} + ρ^{(3)}_{ij} + . . . (3)

The zeroth order solution of ρ^{(0)}_{11} will be identical, i.e., ρ^{(0)}_{11} = 1, while the other elements are set to be zero.

Using this condition and substituting Eq. (3) into Eq. (2), the off-diagonal first and third order density matrix elements ρ^{(1)}_{21} and ρ^{(3)}_{21} for the probe field can be obtained as

ρ^{(1)}_{21} = iΩ_p(Ω^2_{RF} − BC)/Z, (4a)

ρ^{(3)}_{21} = iΩ_p[(ρ^{(2)}_{11} − ρ^{(2)}_{22} )(Ω^2_{RF} − BC) +

+ iCΩ_cρ^{(2)}_{32} − Ω_cΩ_{RF}ρ^{(2}_{42}]/Z, (4b)

with Z = −Ω^2_c C − Ω^2_{RF}A − ABC, A = γ_{21} 2 + iΔ_p, B = γ_{32} 2 + i(Δ_p + Δ_c), and C = γ_{42} 2 + i(Δ_p + Δ_c + Δ_{RF}).

It is well known that the linear and nonlinear response of the medium to the applied fields are determined by linear and nonlinear susceptibility χ^{(1)} and χ^{(3)} as

χ^{(1)} =

2Nγ^2_{21} ε_0ℏΩ_p ρ^{(1)}_{21} , (5a)

Письма в ЖЭТФ том 103 вып. 5 – 6 2016

Fig. 2. (Color online) Linear and nonlinear susceptibility versus probe field detuning. (a) – Linear absorption (dashed line) and dispersion (solid line). (b) – Nonlinear absorption (dashed line) and Kerr nonlinearity (solid line). The Selected parameters are γ32 = γ42 = γ21, Δc = ΔRF = 0, Ωc = 1.5γ21 , ΩRF = 1.5γ21

χ^{(3)} =

2Nγ^4_{21} 3ε_0ℏ^3Ω^3_p ρ^{(3)}_{21} , (5b)

where N is the atom density matrix in the medium. The real and imaginary parts of χ^{(1)} are the linear dispersion and absorption respectively. While the real and imaginary parts of χ^{(3)} correspond to the nonlinear dispersion (Kerr nonlinearity) and nonlinear absorption. Note that here, χ^{(2)} does not exist in nonlinear response of the medium because of the symmetry of the atomic system.

Eqs. (4b) and (5b) clearly indicate that the system parameters (i.e., intensity and frequency detuning of coupling fields) affects the third-order nonlinear susceptibility χ^{(3)}, indirectly through atomic coherence between atomic levels. In addition, Eq. (4b) represents that the induced third order optical nonlinearity is related to four terms, which are the second-order coherence terms ρ^{(2)}_{11} , ρ^{(2)}_{22} , ρ^{(2)}_{32} , and ρ^{(2)}_{42} .

Based on Ref. [34], we assume γ_{32} = γ_{42} = γ_{21}, and all involving parameters are scaled by γ_{21}, which should be in the order of MHz for rubidium atoms. In addition, all the results for the first and third order susceptibilities are plotted in units of^{2Nγ221}_{ε0 ℏΩp} and^{2Nγ421}_{3ε0 ℏ3Ω2p} , respectively. First, we investigate the effect of RF driving field intensity Ω_{RF} on the Kerr nonlinearity behavior for the resonance condition Δ_c = Δ_{RF} = 0. Typical linear and nonlinear susceptibilities as a function of probe field detuning are displayed in Fig. 2. We find that for Ω_c = Ω_{RF} = 1.5γ_{21}, three absorption peaks appear in linear and nonlinear susceptibility profiles and the medium experiences a strong linear absorption. In this condition, the slope of linear dispersion is negative around Δ_p = 0, which corresponds to superluminal light propagation. The corresponding nonlinear susceptibility is displayed in Fig. 2b. Obviously, a weak Kerr nonlinearity is accompanied with a large linear and nonlinear absorption. Therefore, in this case, the medium is not suitable for application of low-intensity nonlinear optics due to thermal effect of devices. In order to eliminate the thermal effects, we need to propose conditions for Kerr nonlinearity enhancement with reduced absorption in the atomic medium. Fig. 3 shows that how the Rabifrequency Ω_{RF} affects the linear and nonlinear susceptibilities. It can be seen From Figs. 3a and b that when increasing the Rabi-frequency Ω_{RF} from 1.5γ_{21} to 3γ_{21}, the peak of two sideband linear and nonlinear absorption reduces, while the central peaks becomes higher. Moreover, the distance between each two adjacent peaks increases by increasing Ω_{RF}. In other words, an increase of Ω_{RF} to the larger values increases the height of central linear and nonlinear absorption peaks whereas two lateral peaks decreases. In addition, the slope of nonlinear dispersion remains yet negative around line center while maintaining large linear and nonlinear absorption. Therefore, one can conclude that increasing Ω_{RF} is even more destructive to obtain large Kerr indices accompanied with negligible linear and nonlinear absorption. Next we explore the effect of decreasing Ω_{RF} on our results. Figs. 3c and d demonstrate that by proper tuning of Ω_{RF} from 1.5γ_{21} to 0.1γ_{21}, the lateral peaks becomes higher while the central linear and nonlinear absorption peaks disappear at Δ_p = 0. Moreover, the slope of lin-

Письма в ЖЭТФ том 103 вып. 5 – 6 2016

Fig. 3. Color online) Linear and nonlinear susceptibility versus probe field detuning. (a, c) – Linear absorption (dashed line) and dispersion (solid line). (b, d) – Nonlinear absorption (dashed line) and Kerr nonlinearity (solid line). Selected parameters are ΩRF = 3γ21 (a, b) and 0.1γ21 (c, d) Other parameters are the same as Fig. 2

ear dispersion at line center changes from negative to positive that is corresponding to subluminal light propagation. Within this narrow reduced absorption, Kerr nonlinearity is very steep which suggests a giant Kerr nonlinearity with reduced absorption. Thus, simplicity an undesirable case with large absorption can be converted to a convenient case for nonlinear applications just by proper tuning of Rabi-frequency Ω_{RF}.

To understand the physical mechanisms of the above results, we present the dressed state analysis in Fig. 1b. The dressed eigenstates resulted by two control fields Ω_c and Ω_{RF} are, in the general form [38],

|l_±⟩ = 1 √ 2 [Ω_c|2⟩ + Ω_{RF}|4⟩]/ √ Ω^2_c + Ω^2_{RF} ∓ 1 √ 2 |3⟩, (6a)

|l_0⟩ = [Ω_{RF}|2⟩ − Ω_c|4⟩]/ √ Ω^2_c + Ω^2_{RF}, (6b) with the corresponding eigenenergies ε_± = = ±ℏ √ Ω^2_c + Ω^2_{RF} and ε_0 = 0. For the recondition Ω_c = Ω_{RF} = Ω as shown in Figs. 2a and b, one can rewrite the dressed states as

|l_±⟩ = 1 √ 2 [ 1 √ 2 (|4⟩ + |2⟩) ∓ |3⟩ ] , (7a)

|l_0⟩ = 1 √ 2 [|2⟩ − |4⟩], (7b)

with the eigenenergies being as ε_± = ± √ 2ℏΩ and ε_0 = 0. Eqs. (7) and the corresponding eigenvalues show the origin of the phenomenon of interacting doubledark states resulted in three absorption peaks in linear and nonlinear susceptibility profiles (Figs. 2a and b). In other words, when the frequency detuning of probe field is tuned at Δ_pε_+, and ε_−, three resonant excitations occur in the dressed-state picture through the pathways:

Письма в ЖЭТФ том 103 вып. 5 – 6 2016

Fig. 4. (Color online) Linear absorption (a), linear dispersion (b), nonlinear absorption (c), nonlinear dispersion (d) versus probe field detuning. Selected parameters are Ωc = ΩRF = 1.5γ21 . Other parameters are the same as Fig. 2

|1⟩^{Ωp}−→ |l_+⟩, |1⟩^{Ωp}−→ |l_0⟩, and |1⟩^{Ωp}−→ |l_−⟩ corresponding to left, central, and right side peaks in Figs. 2a and b. The distance between two lateral peaks is determined by ε_+ − ε_{−±} = 2ℏ √ Ω^2_c + Ω^2_{RF}. This explains why the distance between each two adjacent peaks increases by increasing Ω_{RF} which is shown in Figs. 3a and b.

Note that two double reduced absorption regions at both sides of zero probe detuning are induced due to the quantum interference among the three coherent excitation channels as shown in Fig. 1b.

When Ω_{RF} is very weak compared to Ω_c (Ω_{RF} ≪ ≪ Ω_c), one can rewrite the eigenestates as

|l_±⟩ = 1 √ 2 (|2⟩ ∓ |3⟩), (8a)

|l_0⟩ = |4⟩. (8b)

Eqs. (8) imply that for very weak Ω_{RF}, the dressed state |l_0⟩ coincides with the bare state |4⟩ and thus will be decoupled from the fields. Accordingly, two peaks separated by splitting energy 2ℏΩ_c in absorption profile can be obtained because of two dressed states |l_±⟩ which are attributed to the usual Autler–Townes dressed components (Figs. 2c and d). As a result, the linear and nonlinear probe absorption can be reduced, and the atomic system will be nearly transparent to the probe field at line center Δ_p = 0. This can affect the nonlinear response of the medium, and produce strong nonlinear coupling between the electromagnetic fields interacting with atomic medium resulting in large Kerr nonlinearity at line center (see Figs. 2c and d) [16].

It is known that the linear and nonlinear susceptibility of the medium can be modified with changing

Письма в ЖЭТФ том 103 вып. 5 – 6 2016 the frequency detuning of driving fields. In order to examine the dependence of nonlinear dispersion to the frequency detuning Δ_{RF}, the curves of linear and nonlinear susceptibility are illustrated in Fig. 4. As can be seen, by increasing Δ_{RF} to the further values, the left-side absorption peaks in linear and nonlinear susceptibility profiles are suppressed, while the central and right-side peaks shift to the left. Thus for the case Δ_{RF} = 7γ_{21}, the linear and nonlinear probe field absorption substantially decreases (Figs. 4a and c). In this case, the slope of linear dispersion converts from negative to positive which represents switching light propagation from superluminal to subluminal (Fig. 3b). Simultaneously, an enhanced Kerr nonlinearity with positive dispersion slope can be achieved for Δ_{RF} = 7γ_{21} around Δ_p = 0 (Fig. 4d). Thus, we find that increasing the RF driving field detuning leads to enhancement of Kerr nonlinearity accompanied with zero-absorption.

Note that, in order to obtain a large third Kerr nonlinearly, the group velocity must be small because only in this way the optical pulse can interact for a long time in a transparent nonlinear medium [39]. It is known that the slope of dispersion with respect to the probe field detuning plays a major role in the group velocity of probe field. Here we consider the relevant quantity of group index n_g = c/v where c is the speed of light in the vacuum, and the group velocity v_g is given by [40, 41]:

v_g = c 1 + 2π Re [χ(ν_p)] + 2πν_p^∂_{∂νp} Re [χ(ν_p)]

. (9)

The group velocity of the probe field strongly depends on the slop of dispersion. It should be pointed that a positive peak in the curves corresponds to subluminal pulse propagation, while a negative dip corresponds to superluminal pulse propagation. The group index behavior of weak probe field is shown in Fig. 5.

It is found from Fig. 5a that for Ω_c = Ω_{RF} = 1.5γ_{21}, the group velocity corresponds to superluminal light propagation at zero probe detuning. When we increase Ω_{RF} to 3γ_{21}, it can be seen that the condition of superluminal light propagation (negative group velocity) is still existed (Fig. 5b). Setting Ω_{RF} = 0.1γ_{21}, it is clear from Fig. 4c that a subluminal light propagation with positive group velocity is obtained.

Fig. 6 shows the transmission properties of the probe field propagating through the atomic medium. An investigation on Figs. 6a and b show that for both cases Ω_c = Ω_{RF} = 1.5γ_{21} and Ω_c = 1.5γ_{21}, Ω_{RF} = 3γ_{21} a low transmission appears at Δ_p = 0, accompanied with two sideband dips (Fig. 6a). By decreasing Ω_{RF} to 0.1γ_{21}, it can be seen from Fig. 6c that the number of transmission dips becomes two. Moreover, a higher transmission

Fig. 5. (Color online) Group index versus probe field detuning. The selected parameters are Ωc = 1.5γ21, ΩRF = = 1.5γ21 (a), 3γ21 (b), and 0.1γ21 (c). The other parameters are the same as Fig. 2

coefficient takes place at Δ_p = 0 with respect to Figs. 6a and b.

The impact of the frequency detuning Δ_{RF} on group index as well as transmission coefficient is also plotted in Fig. 7. Obviously, increasing leads Ω_{RF} to a switch from

Письма в ЖЭТФ том 103 вып. 5 – 6 2016

Fig. 6. (Color online) Transmission coefficient versus probe field detuning. The selected parameters are Ωc = 1.5γ21 , ΩRF = 1.5γ21 (a), 3γ21 (b), and 0.1γ21 (c). The other parameters are the same as Fig. 2

a negative group velocity with superluminal light propagation to a positive group velocity with subluminal propagation of light (Fig. 7a). In addition, a high transmission coefficient takes place instead of a low transmission coefficient at Δ_p = 0 (Fig. 7b).

Fig. 7. Group index (a), and transmission coefficient (b) versus probe field detuning. Selected parameters are Ωc = = ΩRF = 1.5γ21 . Other parameters are the same as Fig. 2

The obtained results presented in Figs. 5–7 confirm our previous results for nonlinear susceptibility of the probe field in such a four-level atomic medium.

In what follows we explore how the intensity and detuning of the control field Ω_c affects the Kerr coefficient behavior of the medium. We plot in Fig. 8 the representative profiles of real and imaginary part of linear and nonlinear susceptibilities within the probe detuning interval 2γ_{21} ≤ Δ_p ≤ 3.5γ_{21}. This figure exhibits that when increasing the intensity of Ω_c to 4γ_{21}, a weak Kerr nonlinearity with large linear and nonlinear absorption can be converted to an enhanced Kerr nonlinearity accompanied with negligible absorption and within the condition of slow light propagation.

The influence of control field detuning Δ_c on Ker nonlinearity behavior is also investigated in Fig. 9. The figures are displayed in the probe field detuning interval −2.5γ_{21} ≤ Δ_p ≤ −1.5γ_{21}. As it can be clearly observed, in this detuning interval, the results are similar to that of illustrated in Fig. 5. In other words as shown in Figs. 9a and b, when the control field

Письма в ЖЭТФ том 103 вып. 5 – 6 2016

Fig. 8. (Color online) Linear and nonlinear susceptibility versus probe field detuning. (a) – Linear absorption (dashed line) and dispersion (solid line). (b) – Nonlinear absorption (dashed line) and Kerr nonlinearity (solid line). Selected parameters are ΩRF = 1.5γ21 , Ωc = 1.5γ21 (a, b) and 4γ21 (c, d). Other parameters are the same as Fig. 2

is in exact resonance with the corresponding transition |3⟩ ↔ |2⟩, i.e., Δ_c = 0, a weak Kerr nonlinearity is accompanied by strong linear and nonlinear absorption within probe detuning interval −2.5γ_{21} ≤ Δ_p ≤ −1.5γ_{21}. The strong absorption along with the Kerr dispersion can destroy the stable propagation of light, so it is not suitable in nonlinear optical applications. When the control field goes out of resonance (say Δ_c = 4γ_{21}), an enhanced Kerr nonlinearity can be achieved along with reduced linear and nonlinear probe absorption within −2.5γ_{21} ≤ Δ_p ≤ −1.5γ_{21}. Moreover, the light pulse maintains subluminal propagation condition during the whole probe interval −2.5γ_{21} ≤ Δ_p ≤ −1.5γ_{21} (see Figs. 8c and d). Thus, we could present another approach to convert a weak Kerr coefficient to an enhanced one while reducing absorption of probe field.

Before ending this paper, let us briefly discuss the possible experimental realization of our proposed scheme by means of alkali-metal atoms, appropriate diode lasers, and RF source. Specifically, we consider, for instance, the cold atoms^{87}Rb (nuclear spin I = 3/2) on the 5S−5P −5D transitions as a possible candidate [42]. The detailed coupling diagram is shown in Fig. 1c. The designated states can be chosen as follows: |1⟩ = |5S_{1/2}, F = 2⟩, |2⟩ = |5P_{1/2}, F = 2⟩, |3⟩ = |5D_{3/2}, F = 1⟩, and |4⟩ = |5D_{3/2}, F = 2⟩ (γ_{21} ≃ ≃ 5.3 MHz, γ_{32} ≃ 0.67 MHz, and γ_{42} ≃ 0.67 MHz) [43] respectively. In this case, the probe field and the control field, whose wavelengths are, respectively, 795 nm (|1⟩ =

7 Письма в ЖЭТФ том 103 вып. 5 – 6 2016

426 A. Rahelia, M. Sahraib, A. Namdarc, R. Sadighi-Bonabid