Pis’ma v ZhETF, vol. 100, iss. 5, pp. 336 – 342 © 2014 September 10

Optical bistability through cavity effect in a four-level open atomic medium

H. R. Hamedi^{1)}

Institute of Theoretical Physics and Astronomy, Vilnius University, LT-01108 Vilnius, Lithuania

Submitted 1 July 2014

The optical bistability and multistability behavior in a ring cavity for the four-level open atomic system, driven by two coupling fields has been analyzed. It is shown that the presence of exit rate from cavity is having a dominant effect on generating the optical bi(multi) stability on the system. We find that, the effects of the injection rates might be of use to control the threshold intensity. Also, it is found that optical bistability (OB) can convert to optical multistability (OM) or vice versa via the effect of intensity and detuning of the coupling fields.

DOI: 10.7868/S0370274X14170032

1. Introduction. During the last decade, there has been significant research on quantum optical phenomena with quantum coherence and interference [1, 2], such as coherent population trapping and electromagnetically induced transparency (EIT) [3], amplification and lasing without population inversion [4], enhancing Kerr nonlinearity [5], multiwave mixing [6–8], optical solitons [9–13], etc. Meanwhile, there has been a great deal of interest in optical bistability (OB) as an effect which can be used for optical computing. The controlling light by light is one of the most interesting fields of research in quantum nonlinear optics. There can be a large number of potential applications in optical and related sciences, such as all-optical switches in optical communication and signal processing. For instance, finding suitable materials to implement optical transistors in various frequency domains, optical atomic memories to store information and quantum information processing using such memory devices and so on.

Recently optical devices with feedback control are used in information technologies. Generating of laser pulses for transmitting through the optical waveguide and error correction during the information processing are remarkable examples. In-depth information about feedback applications in classical optical processing can be found. Quantum theory of feedback and its applications in designing of quantum memories and implementation of quantum processing with embedded control are under consideration recently. In nonlinear optical systems surrounded by loop of feedback (OB) may appear. Input–output relations are not unique in this case and determined by previous evolution of the system. Exis-

1)e-mail: Hamid.r.Hamedi@gmail.com

tence of several output signal levels corresponded to the same input allows implementation of optical triggers, transistors, and other basic elements of information processing. The main reasons of OB are the saturation of atomic transition and nonlinear relationship between refractive index and electromagnetic field.

Optical bistability behavior is very sensitive to absorption-dispersion and nonlinear properties of the interactivity medium. Therefore, studies of atomic OB in different nonlinear systems, especially those exhibiting EIT are very important from the point of view of implementing devices of practical uses. The concept of optical bistability is a powerful principle that could be explored to implement all-optical transistors, switches, logical gates, and memory. Arrays of bistable optical gates can form the basis of an all-optical digital parallel processor [14, 15]. The name optical bistability comes from the characteristic of such systems that for a single input intensity, two (or more) stable output intensities are often possible, one large and one small. The system is like an electronic flip-flop except that it is alloptical. The research for quantum coherence in atomic systems [16, 17] is an interesting topic in the field of laser physics and quantum optics, which can modify the linear susceptibility and enhance the nonlinear optical processes in multilevel atomic systems [18–20] and has potential applications, such as optical buffers and modulators based on the slow light phenomenon, [21, 9, 10] and all-optical switch based on optical bistability and multistability (OM) [22, 23]. Several atomic systems have been proposed in recent years for studying optical bistability in an optical resonator [24–29]. These studies have shown that the OB threshold intensity could be significantly decreased by the effects of quantum coherence

336 Письма в ЖЭТФ том 100 вып. 5 – 6 2014 and interference. Gong et al. [28] investigate the OB behavior of a nearly equispaced ladder-type three-level atomic system contained in a unidirectional ring cavity. Considering the three-level atoms under conditions that the atomic dipole moments are nonorthogonal so that the effect of spontaneously generated coherence (SGC) is important, they found that the SGC effect significantly affects the OB behavior of such system. Within certain parameter range, OB can be realized due to the SGC effect. The bistable hysteresis cycle becomes wider with the enhancement of SGC effect. Furthermore, such system is much sensitive to the relative phase between the coupling and probe fields. This property makes it possible to switch between bistability and multistability via adjusting the relative phase. We [30] analyzed theoretically OB and OM in a medium consisting of fourlevel cascade-type cold atoms by means of a unidirectional ring cavity. Due to existence of a radio-frequency (RF) field, upper two-folded levels are coupled and double dark resonances (DDRs) can arise. We showed that by proper tuning of the RF field the threshold and the hysteresis cycle shape of OB and OM can be engineered. Also, the effect of intensity and frequency detuning of continuous-wave (cw) control laser field on bistable behavior of the medium was discussed. In addition, we explored the influence of different parameters on switching between OB and OM in this medium, which is applicable in all-optical switching. However, almost all of these studies are considered with a closed system. The effect of open system on transient and steady state behavior of tripod, V-type and four level atomic systems are investigated [31–34]. Recently, the effect of open system on OB of Ladder and Λ-type three-level atomic system is discussed [35, 36]. In this letter, bistable properties of a four-level open atomic system are investigated.

Based on the study of optical bistability in a closed four-level atomic system [24, 26, 30], in this work, we propose a new scheme in an open four-level atomic system to investigate OB. The present scheme is drastically different from the schemes for controlling the OB and OM behavior in a closed system. (i) For the given parameters optical bistability and multistability do not occur for closed system, while multistable behavior appears for open four-level atomic system. (ii) We demonstrate that the behavior of OB including threshold intensity and the hysteresis loop can be controlled by varying the ratio between atomic injection and exit rates. (iii) Compared with the corresponding closed system, intensity of coupling filed leads to different behavior in this open scheme.

2. Model and equations. Consider an open fourlevel atomic system coupled by a weak probe field, and two strong coupling fields (Fig. 1). A weak probe field with Rabi frequency of Ω_p = P_3E_p/2ℏ, amplitude E_p,

Fig. 1. The schematic of an open four-level atomic system. The system will be a closed system if r0 = J1 = J2 = 0

and frequency ω_p, couples levels |1⟩ and |3⟩. An strong driving field with Rabi frequency of Ω_c = P_{32}E_c/2ℏ (amplitude E_c and frequency ω_c) is applied to transition |2⟩ → |3⟩. Levels |1⟩ and |4⟩ are coupled via a coherent pump field of Rabi-frequency of Ω_s = P_{41} · E_s/2ℏ (amplitude E_s and frequency ω_s). The corresponding electric dipole moment are defined by P_{ij} . The spontaneous decay rates from upper level |4⟩ to levels |1⟩ and |2⟩ are defined as γ_{41}, γ_{42}, while γ_{31}, γ_{32} are the spontaneous decay rates from |3⟩ to levels |1⟩ and |2⟩, respectively. The atomic exit rate from the cavity is defined by r_0. In addition, J_1 and J_2 are the atomic injection rates for levels |1⟩ and |2⟩, respectively. The ratio of the atomic injection rates is X = J_2/J_1. We also assume that the number of interacting atoms is constant, which means that r_0 = J_1 + J_2. Using the rotating-wave and the electric dipole approximations and in the interaction picture, the density matrix equations of motion of this system can be written as:

ρ̇_{12} = i(Δ_p − Δ_c)ρ_{12} + iΩ_pρ_{32} + iΩ_sρ_{42} − iω_cρ_{13},

ρ̇_{13} = [ γ_{31} + γ_{32} 2 − iΔ_p ] ρ_{13} + iΩ_sρ_{43} −

− iΩ_cρ_{12} + iω_p(ρ_{33} − ρ_{11}),

ρ̇_{14} = [ γ_{41} + γ_{42} 2 − iΔ_s ] ρ_{14} + iΩ_pρ_{34} + iΩ_s(ρ_{44} − ρ_{11}),

ρ̇_{23} = [ γ_{31} + γ_{32} 2 − iΔ_c ] ρ_{23} − iΩ_pρ_{21} + iΩ_c(ρ_{33} − ρ_{22}),

ρ̇_{24} = [ γ_{41} + γ_{42} 2 + i(Δ_p − Δ_c − Δ_s) ] ρ_{44} +

2 Письма в ЖЭТФ том 100 вып. 5 – 6 2014

+ iΩ_cρ_{34} − iΩ_sρ_{21},

ρ̇_{34} = [ γ_{31} + γ_{32} + γ_{41} + γ_{42} 2 + i(Δ_p − Δ_s) ] ρ_{34} +

+ iΩ_pρ_{14} + iΩ_cρ_{24} − iΩ_sρ_{31},

ρ̇_{11} = γ_{31}ρ_{33} + γ_{41}ρ_{44} + iΩ_p(ρ_{31} − ρ_{13}) +

+ iΩ_s(ρ_{41} − ρ_{14}) + J_1 − r_0ρ_{11},

ρ̇_{22} = γ_{32}ρ_{33} + γ_{42}ρ_{44} + iΩ_c(ρ_{32} − ρ_{23}) + J_2 − rρ_{22},

ρ̇_{33} = −(γ_{31}+γ_{32})+iΩ_p(ρ_{13}−ρ_{31})+iΩ_c(ρ_{23}−ρ_{32})−r_0ρ_{33},

ρ_{11} + ρ_{22} + ρ_{33} + ρ_{44} = 1. (1)

Where Δ_p = ω_{31} −ω_p, Δ_c = ω_{32} −ω_c, Δ_s = ω_{41} −ω_s are the frequency detuning parameters. In this set of equations, Eq. (1) changes to those for a closed four-level atomic system, if J_1 = J_2 = r_0 = 0 [37].

In this paper a standard model is used for studying the OB behavior, i.e., we consider a medium of length L composed of four level open system immersed in the unidirectional ring cavity as shown in Fig. 2. The light

Fig. 2. Unidirectional ring cavity with atomic sample of length L

passes through the nonlinear medium and is redirected back to the entry point by a system of mirrors. The mirrors 3 and 4 are perfect reflectors, while the intensity reflection and transmission coefficients of mirrors 1 and 2 are R and T respectively (R + T = 1). By using this geometry, the state of the system can be analyzed by measuring the light transmitted through mirror 2. Therefore, these two partially transmitting mirrors generate input and output. Here, one partially transmitting mirror is used for input port and another one is used for output port. The total electromagnetic field can be written as:

E = E_pe^{iω31 t} + E_ce^{iω32t} + E_se^{iω41t} + c.c. (2)

As we know, the probe field circulates in the ring cavity while the other fields do not. So, the dynamics of the probe field in the optical cavity is governed by Maxwell’s equation, which, under slowly varying envelope approximation, is given by

∂E_p ∂t + c ∂E_p ∂z = iω_p 2ε_0

P (ω_p), (3)

where c and ε_0 are the speed of light and permittivity of free space, respectively, P (ω_p) is induced polarization in the transitions |1⟩ → |2⟩ and is given by

P (ω_p) = NP_{31}ρ_{31}. (4)

Substituting Eq. (4) into Eq. (3), one can obtain the field amplitude relation for the steady state such as

∂E_p ∂z = i Nω_pP_{31} 2cε_0 ρ_{31}. (5)

For a perfectly tuned ring cavity, in the steady state limit, the boundary conditions impose the following conditions between the incident field E^l_P and the transmitted field E^T_P [38]:

E_p(L) =

E^T_p √ T , (6a)

E_p(0) = √ T E^I_p + RE_p(L), (6b)

where L is the length of the quantum well sample, and the second term on the right-hand side of Eq. (6b) describes a feedback mechanism due to the mirror, which is essential to give rise to OB or OM, that is to say, there is no OB or OM when R = 0.

According to the mean-field limit [39, 40], using the boundary condition the steady state behavior of transmitted field is given by

Y = 2x − iCρ_{31}, (7)

where the normalized input and output fields are y = =^{P31 EIp}_ℏ^√_T and X =^{P31 ETp}_ℏ^√_T respectively. The parameter

C =^{NωpLP231}

2ℏε_0 cT is the cooperatively parameter for atoms

in a ring cavity. Transmitted field depends on the incident probe field and the coherence term ρ_{31} via Eq. (7). So, the bistable behavior of medium can be determined by atomic variables through ρ_{31}.

3. Results and discussion. Setting γ_{31} = γ_{32} = = γ_{41} = γ_{42} = 1γ, C = 500γ, Δ_c = Δ_s = Δ_p = 0, we plot the input-output curves for different values of atomic exit rates r_0, as shown in Fig. 3. It can be found that for r_0 = 0 (closed system), no OB and OM occur. When r_0 is increased, the hysteresis cycle appears; OM appears and the threshold of OM will be increased by growth of r_0. Therefore, one can manipulate OM behavior via adjusting the atomic exit rates. In order to

Письма в ЖЭТФ том 100 вып. 5 – 6 2014

Fig. 3. Plots of the input-output field curves for different values of r0. The selected parameters are γ31 = γ32 = = γ41 = γ42 = 1γ, C = 500γ, Δc = Δs = Δp = 0, Ωc = Ωs = 0.5γ, X = J2/J1 = 2

Fig. 4. Plots of absorption versus probe field detuning for different values of r0. Here, Ωp = 0.001γ and the other parameters are same as Fig. 3

get the physical origin of such an effect, we plot the absorption spectra versus Δ_p for different values of r_0 in Fig. 4. It is obvious that the atomic sample exhibits EIT when r_0 = 0. In addition, for open system (r_0 ≠ 0), the probe gain enhances with increasing r_0. This makes it harder for the cavity field to reach saturation and thus the multi-stable threshold intensity increases. Thus, the OM threshold increases and the hysteresis cycle changes dramatically. Fig. 5 shows the dependence of the ratio between atomic injections rates (X = J_2/J_1) on optical bistability when r_0 = γ. It is found that for X ≤ 1,

Fig. 5. Plots of the input-output field curves for different values of X. (a) – X from X = 1/9 to 1. (b) – X from X = 3 to 9. Here, r0 = γ and the other parameters are same as Fig. 3

OB appears (Fig. 5a). In this case, the larger X, the lower the OB threshold intensity and the lower the intensity at which the open system transits from the low branch to the high branch. Furthermore, for X becomes more than one, the procedure is different. In this case, OM emerges and the OM threshold will be increased by increasing parameter X. For physical interpretation, the absorption spectrum of the weak probe field versus probe detuning is plotted in Figs. 5a and b. From Fig. 5a we find out that when X ≤ 1, increasing X leads to reduction on absorption spectrum at Δ_p = 0. Thus, the cavity field more easily reaches saturation and this enables reduction of the bistable threshold intensity. The absorption spectrum for X values larger than one is displayed in Fig. 6b. It can be seen that by increasing parameter X, the probe gain is increased. This makes it harder for the cavity field to reach saturation and thus the multi-stable threshold intensity increases. In the fol-

Письма в ЖЭТФ том 100 вып. 5 – 6 2014 2^∗

Fig. 6. Plots of absorption versus probe field detuning for different values of X. (a) – X from X = 1/9 to 1. (b) – X from X = 3 to 9. Here, r0 = γ, Ωp = 0.001γ and the other parameters are same as Fig. 3

lowing, we consider the effect of the Ω_c on OB and OM behavior of the open medium in Fig. 7a. It can easily realized that the OM threshold is reduced with the increase in Ω_c. The impact of Ω_s on optical bistability of the medium is displayed in Fig. 7b. We observe that for Ω_s = 0.5γ, OM appears. The more enhancement of Ω_s, OM switches to OB (Ω_s = 1.5γ). Finally, OB tends to be disappeared for Ω_s = 3γ. Physically, applying an increasingly strong coupling field Ω_c (Ω_s) between states |2⟩ and |3⟩ (|1⟩ and |4⟩), one can modify the absorption and dispersion for the probe field on the |3⟩ → |2⟩ (|4⟩ → |1⟩) transition and manipulate the Kerr nonlinearity of the medium, thus obviously changing the threshold and the hysteresis cycle. For better realization, we plot the three-dimensional plot of the steadystate absorption spectra versus Δ_p and Ω_c (Fig. 8a) and

Fig. 7. Plots of the input-output field curves for different values of Ωc. Here, r0 = γ, X = 2, Ωs = 0.5γ and the other parameters are same as Fig. 3

versus Δ_p and Ω_s (Fig. 8b). Investigation on Figs. 8a and b we can discover that the medium experiences a large amplification at Δ_p = 0 , but increasing Ω_c(Ω_s) leads to significant reduction of the probe gain in such a way that the open system will experience its minimum gain value for Ω_c = 3γ (Ω_s = 3γ) around zero probe detuning.

To illustrate the advantage of open four-level system to the corresponding closed four-level system, we plot the input-output curves for the case of r_0 = 0 (closed system) and for the same parameters with Fig. 8. It is observed that for Ω_c = 0 no OB and OM occur, which we have seen in Fig. 3. However, increasing Ω_c to the larger values, OB appears. Here we find one of the advantages of our open system to corresponding closed one which is appearance of OM, when more than two output intensity is required. More enhancement of Ω_c to Ω_c = 3γ, it can be seen that the OB threshold is increased. In this case the absorption spectrum at Δ_p = 0

Письма в ЖЭТФ том 100 вып. 5 – 6 2014

Fig. 8. Plots of the input-output field curves for different values of Ωs. Here, r0 = γ, X = 2, Ωc = 0.5γ and the other parameters are same as Fig. 3

enhances (Fig. 9b), which makes the cavity field harder to reach saturation. This is another advantage of open four-level system rather than the closed one. In other words, in open system the threshold intensity of OM decreases by increasing the intensity of Ω_c (Fig. 7a), while OB threshold is obviously increased in closed system (Fig. 9a). Achieving to smaller threshold intensities is obviously favorable from the viewpoint of practical applications.

At the end, we discuss the influence of coupling field detunings on optical bistability and multi-stability of the four level open atomic system in Fig. 10. It is clear that for Δ_c = Δ_s = 0.2γ optical multistability appears. However, OM converts to OM for Δ_c = Δ_s = γ, and again OB changes to OM for Δ_c = Δ_s = 2γ. Thus, another way of transition from OB to OM or vice versa is presented. It is important to be pointed out that switching between OB and OM is an interesting result which

Fig. 9. (a) – Plots of the input-output field curves for different values of Ωc for the corresponding closed system. (b) – Plot of absorption versus probe field detuning for different values of Ωc for the corresponding closed system. Here, r0 = 0 and the other parameters are same as Fig. 3

is very practical in all-optical applications, when two or more output intensity is required.

4. Conclusion. In summary, by using the model of four-level open atomic system inside the unidirectional ring cavity, we have demonstrated that the atomic injection rates and atomic exit rate from the cavity can significantly affect the OB and OM behavior of such system. We found that in closed system OB and OM does not occur. In contrast, in open system, optical bistability and multistability will appear. Increasing the exit rate, the multistable threshold increases which is due to enhancement of probe gain at zero probe detuning. The effect of intensity and frequency detunings of Rabifrequencies on bistable behavior of the medium is then discussed.

Письма в ЖЭТФ том 100 вып. 5 – 6 2014

342 H. R. Hamedi

Fig. 10. Plots of the input-output field curves for different values of Δc, Δs. Here, r0 = γ, X = 2 and the other parameters are same as Fig. 3

The presented work has been supported by the Lithuanian Research Council (# VP1-3.1-ŠMM-01-V- 03-001).

1. Zh. Duo, L. Jia-Hua, D. Chun-Ling, and Y. Xiao-Xue, Commun. Theor. Phys. 59, 594 (2013); D. Zhang, J. Li, Ch. Ding, and X. Yang, Phys. Scr. 85, 035401 (2012).

2. H. R. Hamedi, JETP Lett. 100(1), 47 (2014). 3. S. E. Harris, Phys. Today 50(7), 36 (1997). 4. Y. F. Zhu, A. I. Rubiera, and M. Xiao, Phys. Rev. A 53, 1065 (1996).

5. Y. P. Niu and S. Q. Gong, Phys. Rev. A 73, 053811 (2006).

6. Y. Wu and L. Deng, Opt. Lett. 29, 1144 (2004). 7. Y. Wu and X. Yang, Phys. Rev. A 70, 053818 (2004). 8. Y. Zhang, U. Khadka, B. Anderson, and M. Xiao, Phys.

Rev. Lett. 102, 013601 (2009).

9. Y. Wu and L. Deng, Phys. Rev. Lett. 93, 143904 (2004). 10. Y. Wu and L. Deng, Opt. Lett. 29, 2064 (2004). 11. Y. Wu, Phys. Rev. A 71, 053820 (2005). 12. W. X. Yang, A. X. Chen, L. Si, K. Jiang, X. Yang, and R. K. Lee, Phys. Rev. A 81, 023814 (2010).

13. L. Si, W. X. Yang, J. B. Liu, J. Li, and X. Yang, Opt.

Express 17, 7771 (2009).

14. A. C. Walker, Appl. Optics 25(10), 1578(1986); 15. S. Roy, P. Sethi, J. Topolancik, and F. Vollmer, Adv.

Opt. Technol. 2012, 727206 (2012).

16. H. Tajalli and M. Sahrai, J. Opt. B: Quantum Semiclass.

Opt. 7, 168 (2005).

17. W. Harshawardhan and G. S. Agarwal, Phys. Rev. A 53, 1812 (1996).

18. Y. Wu and X. Yang, Phys. Rev. A 71, 053806 (2005). 19. Y. Wu and X. Yang, Appl. Phys. Lett. 91, 094104 (2007).

20. S. H. Asadpour, H. R. Hamedi, and M. Sahrai, J. Luminescence 132, 2188 (2012).

21. L. V. Hau and S. E. Harris, Phys. Rev. Lett. 82(23), 4611 (1999).

22. Zh. Wang, B. Yu, Sh. Zhen, X. Wu, J. Zhu, and Zh. Cao, Superlattices and Microstructures 51, 324 (2012).

23. J. Li, X. Hao, J. Liu, and X. Yang, Phys. Lett. A 372, 716 (2008).

24. J. Wu, X. Y. Lu, and L. L. Zheng, J. Phys. B: At., Mol.

Opt. Phys. 43, 161003 (2010).

25. Zh. Wang and B. Yu, J. Luminescence 132, 2452 (2012). 26. A. Brown, A. Joshi, and M. Xiao, Appl. Phys. Lett. 83, 1301 (2003).

27. J.-H. Li, X.-Y. Lü, J.-M. Luo, and Q.-J. Huang, Phys.

Rev. A 74, 035801 (2006).

28. D. C. Cheng, C. P. Liu, and S. Q. Gong, Phys. Lett. A 332, 244 (2004).

29. J. Li, Physica D. 228, 148 (2007).

30. H. R. Hamedi, A. Khaledi-Nasab, A. Raheli, and M. Sahrai, Opt. Comm. 312, 117 (2014).

31. H. Z. Feng, L. J. Da, D. J. Liao, H. H. Juan, W. Y. Zhu, Chin. Phys. Lett. 29, 054207 (2012).

32. X. J. Fan, J. J. Li, S. F. Tian, N. Cui, H. Li, A. Y. Li, and Z. Z. Xu, J. Mod. Opt. 52, 1757 (2006) 33. S. Ghosh and S. Mandal, Opt. Commun. 283, 1832 (2010).

34. H. R. Hamedi, Opt. Comm. 311, 261 (2013). 35. Zh. Wang, A.-X. Chen, Y. Bai, W.-X. Yang, and R.- K. Lee, J. Opt. Soc. Am. 29(10), B-2891 (2012).

36. S. H. Asadpour, H. R. Hamedi, and H. R. Soleimani, J.

Mod. Opt. 60(8), 659 (2013).

37. J.-H. Li, W.-X. Yang, and J.-C. Peng, Comm. Theor.

Phys. (Beijing China) 42, 425 (2004).

38. L. A. Lugiato, in: Progress in Optics, ed. by E. Wolf, North-Holland, Amsterdam (1984).

39. R. Bonifacio and L. A. Lugiato, Lett. Nuovo Cimento 21, 505 (1978).

40. R. Bonifacio and L. A. Lugiato, Phys. Rev. A 18, 1129 (1978).

Письма в ЖЭТФ том 100 вып. 5 – 6 2014