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Abstract

:

Electromagnetically induced grating (EIG) is extensively investigated as an artificial periodic structure in recent years owed to its simple reconfiguration and flexible adjustability. We report the experimental observation of EIG in cold rubidium atoms. The coupling and probe lasers are corresponding to the   5  S  1 / 2   − 5  P  1 / 2     and   5  S  1 / 2   − 5  P  3 / 2     transitions of a V-type electromagnetically induced transparency (EIT) configuration, respectively. A clear spatial intensity distribution of the probe laser with distinguished third-order diffraction pattern is recorded to character the EIG. The influence of the pertinent experimental parameters, such as coupling laser intensity and two-photon detuning on the diffraction pattern is investigated in detail. This is the first observation in visual form of the EIG in cold rubidium atoms. These results may potentially provide a nondestructive method to image cold atoms and pave the way for investigating non-Hermitian physics and the control of light dynamics.
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1. Introduction


The success in the production of cold atoms opens up many interesting research fields, among which the electromagnetically induced transparency (EIT) [1,2,3] implemented in cold atomic systems has been extensively investigated in recent years [4,5]. EIT is a kind of quantum coherence effect that makes the absorbing medium transparent to the weak probe field. While studying EIT generally focuses on the traveling wave of the laser field, more recently there has been considerable interest in electromagnetically induced grating (EIG), which replaces traveling wave fields of EIT with strong coupling standing-wave fields [6,7,8]. By adopting this method, the dispersion and absorption of the probe laser beam will be modulated spatially in an atomic medium. The EIG configuration is easier to tune and construct than the traditional grating, so it can directly control the properties of light propagation. EIG has lots of potential applications in the area of all-optical communications, such as optical switching [9], optical diodes [10], optical bistability [11], beam splitter [12], and coherently induced photonic band gaps [13].



Up to now, atoms are still the most appropriate medium to achieve EIG, and several experimental realizations of EIG have been done in thermal atom medium. In particular, the diffraction pattern of the probe laser propagated through the EIG was attracted more attention [14,15]. The research on the grating controllability, such as structural parameters and the diffraction characteristics, was studied in a rubidium vapor cell [16,17]. Moreover, the EIG was applied to illustrate the electromagnetically induced Talbot effect in a thermal vapor [18,19]. Recently, the EIG has been developed in multi-dimensional in thermal atomic system and shows more possibilities in simulation of non-Hermitian physics [20,21,22], and the research of the reconfigurable photonic graphene based on EIG will open the way for future experimental exploration of topological photonics [23,24].



Compared with the atoms in thermal vapor, the EIG in cold atoms gives more potential for in where the Doppler effect is reduced to negligible. The EIG spectra were first realized experimentally in the cold sodium atoms with a three-level  Λ  system, which exhibits background-free Lorentzian signal profiles [7]. In addition, by an optical-pumping-transferred ground-state, the transient Bragg diffraction was also observed in cold cesium atoms at the same year [25]. To our best knowledge, there are no more experimental reports on the EIG in cold ensembles. In addition, the two experiments above are focusing on studying the spectrum of the EIG, the research in the visual form of the EIG in cold atoms receives no report. Compared with the spectrum, the visual research can not only observe the diffraction grating of EIG more vividly, but also can intuitively obtain more information about the characteristic parameters under different experimental conditions. In such visual systems, we can get an optimal configuration for desired applications by controlling different experimental parameters [15].



In this paper, a tunable EIG is realized in a three-level V-type system of    85  Rb cold atoms. In cold atomic medium, the two coupling lasers interfere with each other and generate a strong standing-wave field. Then, a weak probe laser counter-propagated through the cold atoms, and the diffraction pattern of the weak probe field was recorded in a visual form to real-time monitor the EIG. We find that the diffraction characters can be flexibility controlled through the two-photon detuning and the coupling laser power. These results will further motivate the non-Hermitian physics simulation and provide a nondestructive method to image cold atoms.




2. Experiment Setup


The cold    85  Rb atoms are obtained by a traditional magneto-optical trap (MOT) method. The cooling and repumping lasers are corresponding to the hyperfine transitions of   5  S  1 / 2    ( F = 3 )  − 5  P  3 / 2    (  F ′  = 4 )    and   5  S  1 / 2    ( F = 2 )  − 5  P  3 / 2    (  F ′  = 3 )   , respectively. The atoms with a Gaussian distribution, temperature of T ∼ 100  μ K, radius of   ω z  ∼ 0.6 mm and peak atomic density of N ∼ 10   10   cm    − 3   , are populated in   5  S  1 / 2    ( F = 3 )    state. A V-type energy level configuration is employed to achieve the EIG as shown in Figure 1a. The probe laser operating around the D2 line of rubidium (780 nm) excites the atoms from   5  S  1 / 2    ( F = 3 )   | 1 〉    ground state to   5  P  3 / 2    (  F ′  = 4 )   | 2 〉    excited state. While the coupling laser operating around the D1 line of rubidium (795 nm) pumps the atoms to a   5  P  1 / 2    (  F ′  = 3 )   | 3 〉    excited state.



The scheme to construct EIG depends on the periodic modulation of the refractive index in the cold atom ensemble. The beams spatial configuration of this experiment is shown in Figure 1b. The cooling and repumping lasers for the MOT are omitted for a more intuitive illustration. Three laser beams are incident into the MOT with    85  Rb cold atoms. The coupling and probe laser beams corresponding to 795 nm and 780 nm are provided by two external cavity diode lasers (DL pro, Toptica, Munich, Germany). The saturation absorption spectroscopy (SAS) method is used to lock the frequency of these two lasers. In addition, the laser frequencies are monitored by a wavelength meter (WS-7, HighFinesse, Tubingen, Germany). We firstly use an anamorphic prism pair for shaping the coupling laser into an elliptical profile to expand the effective area of the standing-wave field. This shaped laser is then split by a beam splitter into two lasers. Then, the two lasers with a small angle  θ  about 0.13 degree are recombined together in the center of the cold atoms ensemble. Figure 1c is a standing-wave field perpendicular to the direction of laser beams, generated by the two interference crossed coupling lasers. The spatial period of the stanging-wave along the x-direction perpendicular to the propagation direction z is   d =  λ c  /  ( 2 s i n θ )  ≈ 175  μ  m, where   λ c   is the wavelength of coupling laser. The probe laser, whose frequency can be precisely detuned by a double-pass configuration based on an acousto-optics modulator (AOM), is counter-propagating with the standing-wave coupling lasers in the medium and will be diffracted into high-order patterns. By using a charge-coupled device (CCD), the intensity and spatial distributions of the probe laser propagated through the EIG will be observed in real time.




3. Results and Discussion


We consider a cold    85  Rb atomic medium with a length of L in the V-type system shown in Figure 1a, where   Ω p   and   Ω c   are the Rabi frequencies of the weak probe field and strong coupling field, respectively. By using the density matrix and perturbation theory [26], the susceptibility of probe field is given by [1]


  χ = −    N |   μ 12    |  2     ε 0  ℏ   ·    (  Δ c  −  Δ p  −  i  γ 23  )  +   |   Ω ˜  c  |  2  /  (  Δ c  −  i  γ 13  )     (  Δ p  +  i  γ 21  )   (  Δ c  −  Δ p  −  i  γ 23  )  +   |   Ω ˜  c  |  2     



(1)




where N is the atomic density,   μ 12   denotes the transition dipole momentum between the stats   | 1 〉   and   | 2 〉  ,   ε 0   is the permittivity of free space,    γ  i j   =  1 2   (  Γ   i   +  Γ   j   )      ( i , j = 1 , 2 , 3 )   and   Γ i   is the decay rate from the corresponding level. Here,    Δ p  =  ω p  −  ω 12    and    Δ c  =  ω c  −  ω 13    are the probe and coupling frequency detunings, respectively. In addition,   ω  i j    are the frequency differences between the states   | i 〉   and   | j 〉  . We assume the standing-wave field has a sinusoidal profile as     Ω ˜  c  =  Ω c  s i n  ( π x / d )   . Considering   χ =  χ ′  + i  χ  ″    , we simulate the dispersion (  χ ′  ) and absorption (  χ  ″   ) of the probe field with the probe laser frequency detuning and coupling laser Rabi frequency, which are shown in Figure 2a,b. From the simulation, we find that not only the probe laser detuning, but also the coupling laser Rabi frequency can influence the dispersion and absorption of the probe field. It is observed that the width of EIT windows is proportional to the Rabi frequency of the coupling field.



By using the Maxwell equation, the propagation dynamics of the probe field in the ensemble can be calculated analytically and the transmission at the output probe surface at   z = L   can be written as


   E p   ( x , L )  =  E p   ( x , 0 )  exp  [  −    k p   χ  ″    2  L +  i    k p   χ ′   2  L  ]   



(2)




where    E p   ( x , 0 )    is the input probe profile and    k   p   = 2 π /  λ p   . When    Δ p  =  Δ c  = 0  , there only has the amplitude modulation (   χ ′  = 0  ,    χ  ″   ≠ 0  ), which results in a periodic amplitude modulation on the probe profile. A phase modulation (  χ ′  ,    χ  ″   ≠ 0  ) will appear in the output profile if we detune the probe field frequency away from the resonance transition. Figure 2c shows a typical hybrid grating when    Δ p  = 1.5  Γ 2    and    Δ c  = 0  , the blue and the red curves are the transmission function    E p   ( x , L )    and the corresponding phase  Φ , respectively. It can be found that there exists a rapid phase change of the probe field at nodes, which will not appear in an amplitude grating [27].



The experimental EIT configuration was observed and confirmed by a photodiode detector to detect the absorption of the probe laser. Figure 3a shows the saturation absorption spectroscopy of probe laser (above) and the absorption spectrum of probe laser in the presence of a coupling laser of the V-type system (below) in    85  Rb cold atoms. The SAS without Doppler background is obtained by scanning the probe laser frequency near the hyperfine transition. We can get all three hyperfine transitions   5  S  1 / 2    ( F = 3 )  − 5  P  3 / 2    (  F ′  = 2 , 3 , 4 )   . Since the   5  S  1 / 2    ( F = 3 )  − 5  P  3 / 2    (  F ′  = 4 )    absorption is much more prominent, we choose this transition for the following experiment—while by locking the probe laser frequency on the transition of   5  S  1 / 2    ( F = 3 )  − 5  P  3 / 2    (  F ′  = 4 )    and scanning the frequency of coupling laser, we obtained the absorption spectrum of probe laser in the presence of coupling laser. With the probe laser (with its frequency far from the resonance) launched into the MOT and the coupling fields blocked, we observed the corresponding Gaussian profile in the CCD, which is illustrated in Figure 3b. When we lock the coupling laser frequency on the   5  S  1 / 2    ( F = 3 )  − 5  P  1 / 2    (  F ′  = 3 )    transition and fix the probe laser frequency near the transition of   5  S  1 / 2    ( F = 3 )  − 5  P  3 / 2    (  F ′  = 4 )   , a distinct diffraction pattern is obtained as shown in Figure 3c. Here, the powers of the coupling and probe lasers are about 16  μ W and 1  μ W, and the frequency detunings are   Δ c   = 0 and   Δ p   = 10 MHz, respectively. The density of the cold atoms in MOT is the Gaussian distribution, which is different from the randomly distribution of atomic density in a thermal vapor cell, and the cold atoms are more concentrated in the center of the MOT. In addition to being diffracted, the probe laser also has a strong absorption at the center of the cold atom ensemble. Therefore, the diffraction intensity at the corresponding position will appear relatively weak affected by the distribution of atomic density. This is significantly different from the diffraction patterns in thermal atoms. However, the observation of the diffraction pattern is more stable compared with the thermal atomic vapor case owing to the low-fluctuation of cold atom density.



According to Equation (1), some system parameters can influence the susceptibility of this system, such as the density of cold atoms, the coupling laser power, and the two-photon detuning. This means that the diffraction pattern can be controlled by these tunable parameters. In some experiments related to cold atoms, the atomic density mainly depends on the power of the lasers used in MOT configuration. We keep the initial density of cold atoms for about   10 10   cm    − 3    throughout the experiment. The grating constant is determined by the angle of the two coupling lasers. When the angle is too small, the diffraction phenomenon is hard to be detected due to the less diffraction orders, while, when the angle is too large, the diffraction patterns become dense and less distinguishable. The crossing angel  θ  of two coupling lasers is about 0.13 degree in this work, which resulted in a grating constant of 175  μ m and a better diffraction pattern. Figure 4a–f are a series of diffraction patterns obtained by changing the coupling laser power, and the yellow curves are the corresponding spatial intensity distributions. With a coupling laser power of 7  μ W, the diffraction of probe laser begins to appear. Then, the diffraction patterns gradually become distinct with the increasing power, which are shown from Figure 4b,c. The most recognizable pattern is observed when the power attains to 16.2  μ W as illustrated in Figure 4d. With the increase of the coupling intensity, the nonlinear enhancement of the EIT effect greatly promotes the formation of the distinct diffraction patterns [6]. Further increasing the power, the diffraction intensities of each order have a corresponding growth, but the resolution becomes worse. With a large coupling laser power of 24  μ W, the Gaussian profile of the probe laser reappears on the CCD. The reason for this case is that, with such a strong coupling laser field, the balance of the MOT configuration was broken, partial atoms escaped from the MOT. The cold atom medium is disturbed and its Gaussian distribution is destroyed when the power exceeds this limit value. The above phenomenon of Figure 4d–f is different from the experiment of EIG in thermal atoms. In thermal atoms related experiments, the diffraction intensity increases with the increasing of coupling laser power like in cold atoms. However, continuing to increase the coupling laser power, the diffraction intensity will reach a maximum value and then decrease. The absorption of the probe field is suppressed by a strong coupling field and the grating transparent will be rendered [16]. In order to illustrate the diffraction intensity variation trend specifically, we have measured the second-order diffraction intensity with different coupling laser powers, as shown in Figure 4g. The red dots and error bars are the average results and standard deviation of three experiments, respectively. As a result, the diffraction intensity is found to increase with the increasing power, and it comes into saturation at about 16  μ W. That is to say, a strong intensity of the coupling laser makes more photons pumping the atoms from the lower energy level, which induces a nonlinear effect. However, as mentioned above, when the power of the coupling laser continue increases, more trapped atoms will escape from the MOT, thus the EIG starts to weaken and then disappears.



From Equation (2), we find that the formed hybrid grating will influence the transmission function and the corresponding phase of the output probe surface, in addition to the output diffraction patterns. For more detailed research of this effect, we have studied the influence of the two-photon detuning on the diffraction patterns. The diffraction pattern of probe laser will be changed with different two-photon detunings   Δ =  Δ p  −  Δ c   , and the observed three-dimensional diffraction patterns are shown in Figure 5; here, we keep    Δ c  = 0  . The powers of the probe and coupling lasers are 1  μ W and 16  μ W, respectively. Figure 5a shows a pure amplitude grating when the two-photon detuning is zero. When the coupling laser frequency resonances on   5  S  1 / 2    ( F = 3 )  − 5  P  1 / 2    (  F ′  = 3 )    hyperfine transition, while the probe laser frequency is gradually tuned away from   5  S  1 / 2    ( F = 3 )  − 5  P  3 / 2    (  F ′  = 4 )    hyperfine transition, a phase modulation is introduced in this system and the pure amplitude grating becomes a hybrid grating. The diffraction intensity will be enhanced in a small two-photon detuning window, as shown from Figure 5b–f. The most distinguishing diffraction pattern that appears in our experiment is just near 10 MHz two-photon detuning, which is shown in Figure 5c. The experimental result and theory are in qualitative agreement, and a narrow frequency window of about 20 MHz exists for a better diffraction effect. This indicates that both amplitude and phase modulations are introduced to guide the probe laser in the non-resonant case, and the diffraction pattern will have a high resolution in hybrid grating compared with the pure amplitude grating. When the two-photon detuning exceeds this frequency range, the diffraction patterns will gradually fade, seen from Figure 5f.




4. Conclusions


In conclusion, we have experimentally realized an EIG in a V-type coherent    85  Rb cold ensemble. Here, the cold atomic medium is regarded as a periodic structure with periodically modulated refractive index. The diffraction patterns with different coupling laser powers and two-photon detunings are investigated in detail. Affected by the unique characteristic of the cold atom trapped in MOT, our experimental phenomenon has some different with the previous experiments in thermal vapor. It is mainly reflected in the low diffraction intensity at the central position of the atoms ensemble, and the vanishing of the EIG effect caused by the escape of the atoms when the coupling laser intensity is too high. However, our result is much more stable than in thermal vapor and has great potential for weak light field detection. We firmly believe that our visual work will promote the research in the field of artificial and periodically modulated photonic devices.
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Figure 1. (a) the energy-level diagram of the V-type system of    85  Rb cold atoms; (b) the geometry of the beam configuration in a cold atom medium, where the cooling and repumping lasers are omitted. The beam profile of probe laser is detected by a CCD; (c) schematic diagram of the standing-wave field formed in a cold atoms ensemble. 
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Figure 2. (a) dispersion (  χ ′  ) and (b) absorption (  χ  ″   ) as a function of the probe laser frequency detuning and coupling laser Rabi frequency. Here,    Δ c  = 0  ; (c) a hybrid grating with    Ω c  = 1  Γ 2   ,    Δ p  = 1.5  Γ 2    and    Δ c  = 0  . The blue curve is the transmission function    |   E p    ( x , L )  |    and the red curve is corresponding phase  Φ . In the simulation,    Γ 1  = 0   and    Γ 3  = 0.95  Γ 2   . 
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Figure 3. (a) the saturation absorption spectroscopy (above) and the absorption spectrum of probe laser in the presence of coupling laser of V-type system (below) in    85  Rb cold atoms; (b) the output Gaussian profile of the probe laser; (c) the diffraction pattern of the probe laser with the coupling laser. 
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Figure 4. (a–f) the output diffraction patterns with different powers of the coupling laser; (g) the corresponding second-order diffraction intensity with different coupling laser powers. 
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Figure 5. The three-dimensional output diffraction patterns with the variable two-photon detunings. (a) 0 MHz; (b) 5 MHz; (c) 10 MHz; (d) 15 MHz; (e) 20 MHz; (f) 25 MHz. 
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