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Abstract

:

We reviewed the recent progress in coherent manipulation on light fields based on the electromagnetically-induced transparency (EIT) effect in   Pr  3 +   -doped    Y 2   SiO 5    crystal. The results show that, on one hand, the atomic coherence grating, formed when the light pulse is stored in   Pr  3 +   :   Y 2   SiO 5    crystal under the EIT condition has similar properties to the traditional holographic grating. On the other hand, the atomic coherence grating has its own unique characteristics that are different from those of traditional holographic grating. The EIT-induced nonlinearity and atomic coherence gratings can be used to manipulate the amplitude, the phase and the polarization state of light fields; therefore, they are of important applications for optical signal processing, quantum information processing and imaging processing.
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1. Introduction


Coherent manipulation of the optical fields and material properties via the quantum interference effect is an important issue in both fundamental physics and applied physics. The electromagnetically-induced transparency (EIT) effect [1,2,3] is the result of destructive quantum interference among different atomic transitions and is an effective way of modifying the material properties and manipulating the light fields. The absorption of EIT media, even when the light field is resonantly applied on the atomic transition, will be significantly reduced or even eliminated under the two-photon resonant condition. Yet, the EIT effect is different from the Autler–Townes splitting which originates from energy level splitting due to strong field-driven interactions [4,5,6,7]. The EIT effect is accompanied by a strong spectral dispersion of materials, which leads to slow light [8]. There are various ways to generate slow light, for instance, through the EIT effect [8,9,10,11], the atomic frequency comb [12,13,14], the photorefractive wave-mixing [15,16], coherent population oscillations [17,18], stimulated Raman scattering [19] and stimulated Brillouin scattering [20], and so on. Nevertheless, the EIT effect is also capable of storing light pluses or quantum states of photons by simply halting the light pulses; therefore, it has various potential applications in both classical optics and quantum optics [9,10]. Liu et al. [21] demonstrated the storage and retrieval of light pulses in a cold cloud of sodium atoms, and Turukhin et al. [22] reported the light pulse storage in Pr    3 +   -doped    Y 2   SiO 5    (Pr:YSO) crystal. The storage and retrieval of transverse multimode images was achieved in hot atomic rubidium vapor by Vudyasetu et al. [23], and the multiplexing storage of light pules was also demonstrated in Pr:YSO crystal by Tu et al. [24]. In addition, storage of the quantum state of light, such as a single photon and entangled photon pairs, was demonstrated [25,26,27,28]. More recently, highly efficient coherent optical memory with a storage efficiency of 92% and a time-bandwidth product of 1200 was reported by Hsiao et al. in Cs atomic vapor [29]. In addition, the influences from the environment of the atomic ensemble, such as the buffer gas in the atomic vapor, the substrates in EIT solids and the cavity confinement, on the EIT effect and EIT-based photon propagation and storage were studied intensively [30,31]. EIT analogies in artificial systems other than the atomic ensemble, such as superconducting quantum circuits and whispering-gallery microcavities, were explored in detail, which was motivated by potential applications in quantum information processing [5,32,33,34].



The EIT effect can also be used to manipulate the light fields and to generate new optical fields with novel spatial structures or properties. Kuzmich et al. [35] generated nonclassical photon pairs through collective emission from a cloud of cold Cs atoms. Eisaman et al. [25] generated a single photon with tunable frequency, timing and bandwidth in Rb atomic vapors based on the EIT effect. The intensity dependence of the EIT effect was used to suppress the light diffraction to achieve a super-resolved image [36,37,38], optical diffraction in the momentum space and atomic diffusion caused by the thermal atomic motion of atomic vapors [39,40]. In addition, special phase structures, such as optical vortexes, could be stored and manipulated in EIT media [41,42,43], even at the single photon level [28], which has great practical application in optical communications and quantum information processing.



It was realized, even in the early stages, that the EIT effect can enhance nonlinear optical effects. Harris et al. [1] showed theoretically that third-order susceptibility can be resonantly enhanced in EIT media, which was soon experimentally verified in both atomic vapors and solids, such as Pr:YSO crystal [44,45,46,47,48]. A rapidly varying refractive index in the spectral domain, therefore having a high spectral dispersion of EIT media, was predicted theoretically and confirmed experimentally, and could be used to control the group velocity of light [49,50]. In cases with slow light, the interaction between the light field and the EIT media was significantly enhanced, and giant Kerr nonlinearity was observed in the EIT media [21]. Due to the intensity dependence of the EIT effect, a spatially varying refractive index change could be induced and an EIT-induced spatial soliton was predicted theoretically and observed experimentally [51,52]. For more detail about the enhanced optical nonlinearity in the EIT media, one can refer to review articles, for instance, by Marangos [10], Fleischhauer et al. [9] and Min et al. [53].



Most of the early studies on the EIT effect were performed in atomic vapors due to their advantage of having a long atom decoherence time [2,23,39,40,42,54,55]. Compared to atomic vapors, solid state materials are robust, easy to fabricate and post-process, of high atomic density and have no atomic diffusion, although they need cryogenic temperature to suppress the dephasing effect caused by phonons. Fortunately, the decoherence time of rare earth ions is long enough for many applications, especially, the storage time of light pulses as long as minutes or even hours was achieved in Pr:YSO or Eu:YSO crystals [56,57]. In this paper, we review the recent progress on the manipulation of light fields and its application in optical signal processing based on the EIT effect in Pr:YSO crystal.




2. Materials and Experimental Setup


Rare earth elements refer to 17 specific elements in the periodic table, including fifteen lanthanides with atomic numbers from 57 to 71, scandium and yttrium. Most rare earth elements can be in the trivalent state (i.e., Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb) or the divalent state (i.e., Sm, Dy and Tm), shelled by fully filled 5s, 5p or 6s when doped into crystals. The fully filled shell isolates the 4f–4f transitions from the environmental disturbances; therefore, the rare earth ions have a long decoherence time and energy-level lifetime, usually in the order of microseconds or milliseconds, indicating that rare earth ions are ideal candidates for quantum memories. To further minimize the influence from the nuclear magnetic moment of crystalline lattice ions, host crystals with small nuclear magnetic moments should be selected, for example, Y   2  SiO   5  , LaF   3  , LaCl   2  , YAlO   3   and LiYF   4   crystals [56,58]. Praseodymium and europium are the two most-used rare earth ions in coherent quantum processing.



We used Pr:YSO crystal as the material platform in the following EIT-related experiments. YSO is a monoclinic crystal and belongs to the   C  2 h  6   space group. The Pr    3 +    ions have two inequivalent crystallographic sites to substitute Y    3 +    ions, which can be marked as site 1 and site 2. In the EIT-related experiments, one usually uses the hyperfine energy levels of transition     3   H 4  ↔    1   D 2     of Pr    3 +    ions. Equall et al. [58] analyzed the hyperfine multiplets of the ground-state     3   H 4    and the excited-state     1   D 2    of   Pr  3 +    ions on these two different sites at 1.4 K, and those on site 1 are shown in Figure 1a. The population and dephasing lifetimes of the excited state,     1   D 2   , of   Pr  3 +    ions on site 1 are     T 1  = 164    μ  s and     T 2  = 152    μ  s, respectively, while those on site 2 are     T 1  = 222    μ  s and     T 2  = 377    μ  s, respectively. The population lifetime of the hyperfine multiplets of the ground-state,     3   H 4   , is in the order of 100 s [59,60], which sets an up-limit of the storage lifetime of light pulses in Pr:YSO crystal. Here, we used 3-mm Pr:YSO crystal with a doping concentration of 0.05% (  Pr  3 +    ions on site 1) in the following experiments, and the central wavelength of the transition     3   H 4  ↔    1   D 2     was 605.78 nm.



Figure 1b shows the schematic experimental setup for the EIT-related experiments. A laser beam (from a tunable dye laser 899-29, Coherent Inc., Santa Clara, USA) operating at 605.78 nm with a bandwidth of 0.5 MHz was split into three beams, serving as the probe or signal,   E S  , the coupling,   E C  , and the readout,   E R  , beams, respectively, and their intensity and frequency could be modulated by respective acousto-optic modulators (AOMs) independently. The AOMs worked in the double-pass configuration to eliminate the movement of light spots. The three beams were then focused into a 3-mm Pr:YSO crystal propagating along the b-axis of the crystal (also along the 3-mm side). The crystal was kept at 3.4 K in a cryostat (Optistat AC-V, Oxford Instruments) to reduce the decoherence effect caused by phonons. The output signals after the cryostat were recorded by an intensified charge-coupled device (iCCD). The EIT effect can be observed and light pulses can be stored in Pr:YSO crystals under appropriate conditions (the details can be found in the following sections).




3. EIT Effect and Light Pulse Storage via Atomic Coherence Gratings


To demonstrate the EIT effect in Pr:YSO crystal, one should first prepare a spectrally-isolated  Λ -type three-level ensemble, as shown in Figure 2a, in which all ions in the isolated ensemble are populated on the ground-state energy level   | b 〉  . This can be achieved by combining the optical pumping and spectral hole-burning techniques [24,61]. Then, by lauching a strong coupling beam,   E C  , and a weak probe beam,   E S  , into the crystal simultaneously, the absorption of the probe beam can be significantly reduced or even eliminated due to the destructive quantum interference between the two atomic transitions,   | a 〉 → | b 〉   and   | a 〉 → | c 〉  , under the two-photon resonant condition, as shown in Figure 2d. According to the Kramers–Kronig relationship, the EIT effect is accompanied with a dramatic normal dispersion near the resonant frequency of the probe beam, which significantly reduces the group velocity   v g   of the probe pulse


      v g  =   d  ω S    d  k S      |    δ S  = 0   =  c  n +  ω S   (   d n   d  ω S    )    ,     



(1)




where c is the speed of light in a vacuum; n is the refractive index of the Pr:YSO crystal at the operating wavelength,   λ = 605.78   nm;   ω S   and   k S   are the angular frequency and the wavenumber of the probe light, respectively; and    δ S  =  ω S  −  ω  a c     is the frequency detuning of the probe light with respect to the resonant frequency,   ω  a c   , of the atomic transition,   | a 〉 → | c 〉  , respectively. A time delay of ∼0.7  μ s was observed with a 5- μ s, 0.5-mW Gaussian probe pulse and a 5-mW coupling beam driving resonantly the  Λ -type three-level ensemble, corresponding to a group velocity of   4.3 ×  10 3    m/s in the 3-mm Pr:YSO crystal.



The group velocity of light pulses in Pr:YSO crystal in the EIT condition is dependent on the coupling light intensity. One can halt and therefore store the light pulses in the EIT media by adiabatically switching off the coupling beam. This process can be explained theoretically by the concept of dark-state polaritons [62], and the signal light pulse can be mapped onto the dark-state in the form of atomic coherence grating, which is a coherent superposition of the two ground-state levels,   | b 〉   and   | c 〉  . The amplitude of the stored spin coherence is proportional to the density matrix element   ρ  c b  0   [63].


      ρ  c b  0  ∝  Ω S   Ω  C  ☆   e  i  k g  · r − i  ω  c b   t   ,     



(2)




where    Ω S  =  μ  a b    E S  / ℏ   and    Ω C  =  μ  a c    E C  / ℏ   are the Rabi frequencies of the signal and the coupling light pulses, respectively, and   μ  a b    and   μ  a c    are the dipole moments of the corresponding atomic transitions. The superscript ’☆’ denotes the complex conjugate,    k g  =  k S  −  k C    is the wave vector of the atomic coherence gratings,   k S   and   k C   are the wave vectors of the signal and the coupling light pulses;  r  is the spatial coordinate;   ω  c b    is the resonant frequency of transition   | c 〉 → | b 〉  ; and t is the time coordinate.



Due to various decoherence effects such as the dephasing effect and the interaction with phonons, the stored light pulses decay exponentially with a lifetime of  τ , which was measured to be ∼30  μ s in Pr:YSO crystal at 3.4 K. The storage lifetime,  τ , can be prolonged by using various techniques to decouple the hyperfine multiplets of the ground-state     3   H 4    from the environmental dephasing effects, and storage lifetimes in the order of minutes and hours were reported for Pr:YSO and Eu:YSO crystals [56,57], respectively. Within the storage lifetime,  τ , the halted light pulses can be re-accelerated and retrieved by launching a readout beam,   E R  , along the propagation direction of the coupling beam, as shown in Figure 2b. The time sequence of the light pulses, including the signal,   E S  , the coupling,   E C  , the readout,   E R  , and the retrieved pulse,   E  S ′   , are shown in Figure 2c.



Similar to the conventional holographic gratings, the retrieval of the stored light pulses is of high angular and spectral selectivity [24,63], as shown in Figure 3, where the full width at half maximum (FWHM) of the angular rocking curve and the spectral detuning rocking curve were measured to be   ∼ 1 °   and 2 MHz, respectively, in the 3-mm Pr:YSO crystal at 3.4 K. Angular and spectral selectivity are the requirements of the phase matching condition during the light pulse storage and retrieval process.


     Δ k =  k S  −  k C  +  k R  −  k  S ′   ,     



(3)




where   k R   and   k   S  ′    correspond to the wave vectors of the readout and the retrieved light pulses, respectively. The retrieved light pulse,   E   S  ′   , can be viewed as a result of constructive interference of the emission   | a 〉 → | c 〉   of all atoms in the   k   S  ′    direction and is written as


      E  S ′   ∝ L sinc  ( | Δ k | L / 2 )  ,     



(4)




where L is the field–atom interaction length. Note that the FWHM of the spectral detuning curve is much narrower than that of the volume holographic grating; this is the result of interplay between the narrow EIT spectral window and the linewidth of the laser beam. All of them are of a spectral bandwidth in the order of MHz.



The angular selectivity of atomic coherence gratings is the basis for the angular multiplexing technique, which has many potential applications such as increasing the storage capacity of light pulses and allowing angularly addressable delay lines and buffer memory. Tu et al. [24] demonstrated the angular multiplexing storage of light pulses and addressable multi-channel optical buffer memory in Pr:YSO crystal based on the EIT effect, as shown in Figure 4. No cross-talk among channels was observed as long as the angular distance between neighboring channels was larger than the FWHM of the angular rocking curve of atomic coherence gratings.




4. Coherent Manipulation on Light Fields via Atomic Coherence Gratings


We note that, similar to the traditional volume holographic gratings, the EIT-based atomic coherence gratings, which are proportional to the product of the signal and the coupling fields, as shown by Equation (2), also record both the amplitude and the phase of the signal light field. More interestingly, when the atomic coherence gratings were re-accelerated by a phase-matched readout beam, the retrieved output signal field was proportional to the product of the signal, the coupling and the readout fields, which provides an active and effective way to manipulate the interacting light fields through the light pulse storage and retrieval technique based on the EIT effect. In the following text, we show several examples of manipulation on the phase and the amplitude of the light fields and its applications in signal processing and imaging processing.



4.1. Nondegenerate Phase-Conjugate Wave


The phase aberration induced by spatial inhomogeneities during the propagation of light is a severe problem in coherent imaging systems [64,65], which causes the image to be blurred or distorted, therefore losing accurate information. Apart from all other correction algorithms, one of the phase aberration correction methods, which is simple in principle, is to use the phase-conjugate wave [66]. The phase aberration can be removed by letting the aberrated phase-conjugate wave pass in the reverse direction through the same phase aberration medium; therefore, the phase-conjugate wave is also called the time-reversal wave. An optical phase-conjugate wave can be generated through various nonlinear optical processes, for instance, three-wave mixing [67,68], four-wave mixing [69,70,71,72], photorefractive wave-mixing [73], backward stimulated scatterring and emission [74,75,76,77] and photon-echo process in a resonant medium [78,79]. In general, the key to generate phase-conjugate waves is to form a holographic grating, through which the reversal wave front with identical transverse distribution is restored.



We note that atomic coherence grating is induced during the light pulse storage based on the EIT effect; therefore, it is possible, in principle, to generate phase-conjugate waves based on the EIT-induced atomic coherence grating. Ham et al. [80] reported the generation of phase-conjugate waves in Pr:YSO crystal based on the EIT effect in a four-wave mixing configuration, in which the EIT effect was proved to significantly enhance the conversion efficiency of the phase-conjugate wave. In addition, in a coherently prepared atomic vapor, Zibrov et al. [81] proposed and realized the transportation and time reversal of light pulses between different spatial and temporal points via atomic coherence.



We demonstrated a nondegenerate phase-conjugate wave in Pr:YSO crystal through the EIT-based light pulse storage and retrieval technique. Figure 5a shows the experimental configuration used to generate the phase-conjugate wave. Here, we first stored a phase-distorted signal pulse,   E S  , in Pr:YSO crystal based on the EIT effect by adiabatically switching off the coupling beam,   E C  . Then, we launched a readout beam,   E R  , propagating in the opposite direction with respect to the coupling beam to re-accelerate the atomic coherence grating, and a new field,   E  S ′   , which was the phase-conjugate wave of the stored signal pulse with distorted phase distribution, was generated. Note that, in the presence of the readout beam, the atomic coherence grating re-accelerates and moves together with the new field,   E  S ′   , and under the constraint of the phase-matching condition, the frequency of the readout beam,   E R  , is required to be different from that of the coupling beam,   E C  , but the same as that of the signal pulse,   E S  , while the frequency of the   E  S ′    field is the same as that of   E C   but different from that of the signal pulse,   E S  ; that is, the   E  S ′    field is a nondegenerate phase-conjugate wave of the signal pulse. The frequency relationship between the interacting light fields was verified by using the frequency beating technique [63]. Figure 5b depicts the recovered beam spot after the   E  S ′    field repassed through the phase-distorted glass slit reversely, showing the capability of the nondegenerate phase-conjugate wave to remove the phase distortion of the signal pulse. For comparison, Figure 5c shows the speckled beam spot when the readout beam is slightly deviated from the phase-matching condition with an angular detuning of 1.7 mrad. It can be seen that, in this case, the beam spot is messy speckled.




4.2. Manipulation on Optical Vortexes


An optical vortex carrying an optical topological charge (OTC), m, with m being an integer, is of an azimuthal phase structure in the form   e  i m ϕ   , which forms a phase singularity [82,83,84]. Allen et al. [85] pointed out that each photon in such an optical vortex beam with an OTC m carries an orbital angular momentum of   m ℏ  . The transfer of the orbital angular momentum of photons to the micro/nanoparticles during the light–matter interaction can be used to trap and manipulate the micro/nanoparticles. The eigenmodes of the orbital angualr momentum, i.e., the Laguerre–Gaussian modes, are mutually orthogonal and can be used for mode-multiplexing to increase the signal transmission capacity in fiber optical communications, and these eigenmodes also span an infinite dimensional discrete Hilbert space for quantum information processing and quantum computation. Optical vortex beams have many potential applications, such as optical signal processing, optical trapping, optical communications and quantum information processing, and the generation of and manipulation on an optical vortex beam has become one of the hot topics recently [86]. Several methods have been developed to generate and manipulate the optical vortex beam, for example, through linear optical elements, such as q plates, Dove prisms, mode converters by cylindrical lens, and computer-generated holograms with a forklike dislocation, or through nonlinear optical processes, such as four-wave mixing and spontaneous parametric down-conversion [82,83,84,86].



Similar to the conventional holographic gratings, the EIT-based atomic coherence gratings can also record both the amplitude and the phase information of a light field, therefore, it is possible to record and recover special phase structures carried by the light field. Pugatch et al. [41] reported the storage of an optical vortex based on the EIT effect in a vapor of Rb atoms, which proved to be topologically stable to atomic diffusion. More recently, the storage and retrieval of optical vortexes in the single-photon level was also demonstrated in atomic vapor [27,28,87].



We demonstrated the transfer of OTC and mode conversion of optical vortexes through EIT-based light pulse buffer memory in Pr:YSO crystal [43]. The experimental setup was similar to that in Figure 1 except that the two lenses,   L 1   and   L 2  , were of the same focal length f, and the Pr:YSO crystal was placed on the confocal plane of two lenses. The signal,   E S  , the coupling,   E C  , and the readout,   E R  , were able to carry OTC and were focused into the Pr:YSO crystal by lens   L 1  , and then the retrieved output signal pulses,   E  S ′   , were mapped onto the iCCD to record the intensity profile. An additional plane wave was introduced to interfer with the retrieved output signal pulses to show the phase structure of the retrieved output signal pulses. The optical vortex carried by the signal pulse,   E S  , could be stored in Pr:YSO crystal based on the EIT effect and then retrieved with the help of a Gaussian coupling beam,   E C  , and a Gaussian readout beam,   E R  . Although the EIT-based storage and retrieval of the optical vortexes are temporally separated, the phase-matching condition should be satisfied, and the retrieved output signal pulses,   E  S ′   , can be expressed as [43]


      |   E  S ′    |   e  i  ϕ  S ′     ∝ ∫  |  E S   E C *   E R  |   e  i (  ϕ S  −  ϕ C  +  ϕ R  )    e  i Δ k · r   d   r  3  ,     



(5)




where    ϕ j   ( j = S , C , R ,  S ′  )    is the transverse profile of the phase of the corresponding beam. Supposing that the OTC carried by each interacting beam is    m j   ( j = S , C , R ,  S ′  )   , under the phase-matching conditions and according to Equation (5), the conservation law of OTCs is carried by the interacting beams:


      m  S ′   =  m S  −  m C  +  m R  .     



(6)







This indicates that the OTCs carried by the signal,   E S  , the coupling,   E C   and the readout,   E R   can be transfered to the retrieved output signal field,   E  S ′   . Note that the sign of OTC will be flipped when it is transfered from the coupling beam,   E C  , as shown in Figure 6. More interestingly, by transfering OTCs from several beams simultaneously to the retrieved output signal pulse,   E  S ′   , one can achieve mode conversion of the optical vortex based on this two-step light pulse storage and retrieval process and therefore construct high-order optical vortexes from low-order optical vortexes. Figure 7 shows a case where    m S  = 1  ,    m C  = 0   and    m R  = 1  , respectively. It can be seen that the OTC of the retrieved output signal field,   E  S ′   , is    m  S ′   = 2  , in accordance with Equation (6). This mode conversion operation may have potential applications in optical communications and quantum information processing.




4.3. First-Order Subwavelength Interference


Subwavelength interference is capable of breaking through the classical Rayleigh spatial resolution limitation of a light field [88]; therefore, it has many potential applications, such as super-resolved optical lithography and precision measurement [89,90,91,92]. There are various ways to achieve subwavelength interference, for example, by using the higher-order optical coherence of an entangled quantum NOON state [93,94,95] or phase-correlated classical light sources [96,97,98,99,100,101]. For the quantum light sources, interfering fringes with a visibility up to 100% can be reached theoretically, whereas for practical applications, such as quantum lithography, the main challenge is the conflicting requirements on the light field strength—it should be strong enough for efficient multi-photon nonlinearity but weak enough to maintain the quantum features [92]. For classical light sources, the fringe visibility of subwavelength interference is usually relatively low in comparison with that of quantum light sources. In general, efficient n-photon nonlinear optical processes and recording materials are required to achieve a subwavelength spatial resolution with an effective wavelength of   λ / n  , which is extremely challenging in practice. Therefore, in view of practical applications, high visibility first-order subwavelength interference that corresponds to the one-photon absorption process and is linear in light intensity is extremely in demand [102].



We demonstrated that first-order subwavelength interference with high visibility through a spatial frequency doubling process can be achieved using the light pulse storage and retrieval technique based on the EIT effect in Pr:YSO crystal [103]. As shown in Figure 1, following an EIT-based light pulse storage and retrieval process, the retrieved signal pulse field,    E  S ′    ( x , y )   , can be written as


      E  S ′    ( x , y )  ∝  E S   ( x , y )   E  C  ☆   ( x , y )   E R   ( x , y )  ,     



(7)




under the paraxial approximation. By inserting a double-slit mask, O, with a slit separation distance, d, and a slit width, a (see Figure 8a), on the front focal plane of lens L1, the interference fringes or the spatial frequency spectrum of the double-slit O,    E S   ( x )  ∝ cos  ( π d x / λ  f 1  )  sinc  ( π a x / λ  f 1  )   , are stored in Pr:YSO crystal placed on the rear focal plane of lens L1 based on the EIT effect by adiabatically switching off the coupling beam. The same interfering fringes can be retrieved when one launches a plane wave or a Gaussian readout beam under the phase-matching condition. Interestingly, by designing the spatial frequency spectrum of the readout beam, for example, letting the readout beam transmit through a  π -phase-shifted n-slit mask M with the same slit separation distance, d, and slit width, a, but with its neighboring slits being out of phase (see Figure 8b) also placed on the front focal plane of lens L1, the retrieved signal pulse field,    E  S ′    ( x , y )   , can be written as


      E  S ′    ( x )  ∝ sin    π d x    ( λ / n )   f 1       sinc  2     π a x   λ  f 1     ,     



(8)




when n is an even integer, or


      E  S ′    ( x )  ∝ cos    π d x    ( λ / n )   f 1       sinc  2     π a x   λ  f 1     ,     



(9)




if n is an odd integer. Note that the fringe period expressed by Equations (8) and (9) is only one nth of that of the normal interfering fringes of the double-slit O, indicating the appearance of subwavelength interference with an effective wavelength of   λ / n  .



Figure 8c,d show the measured intensity profiles of the normal interference fringes of the double-slit O and the subwavelength interference fringes with a  π -phase-shifted double-slit M modulating the readout beam, respectively. It was confirmed experimentally that the fringe period in Figure 8d is exactly one half of that in Figure 8c. Theoretically, the fringe visibility can reach 100%, as indicated by Equations (8) and (9), while the measured fringe visibility is about 78%. This may be due to the fabrication imperfections of a real  π -phase-shifted double-slit mask, M, for instance, deviation of the phase-shift between the neighboring slits from the ideal  π -phase-shift, which could result in field profile mismatching between the readout field,    E R   ( x , y )   , and the signal field,    E S   ( x , y )   . Vibration of the cryostat is another important factor that reduces the visibility of the subwavelength fringes. A finer fringe structure can be obtained by inserting a  π -phase-shifted n-slit mask (  n > 2  ) to modulate the input field profile of the readout beam.




4.4. Direct Optical Convolution Operation


Optical convolution operation is one of the most important techniques in optical imaging and information processing [104]. The convolution theorem states that the Fourier transform of a convolution of two input signals is the product of the individual Fourier transforms of these two input signals. Traditionally, optical convolution can be realized in a   4 f  -imaging system, in which, one of the input signal is Fourier transformed by the first lens, L1, and transmits through a filter on the confocal plane of the   4 f  -imaging system with its transmission efficient proportional to the Fourier transform of the other input signal. Then, the product of the Fourier transforms of these two input signals is inversely Fourier transformed to get the optical convolution of the two input signals on the imaging plane of the   4 f  -imaging system. Note that one has to prepare a filter in advance with its transmission efficient proportional to the Fourier transform of one of the input signals.



We proposed a method to achieve direct optical convolution between two input signals based on the light pulse storage and retrieval technique in EIT media [105]. Figure 9 shows the   4 f  -imaging system used to achieve the direct optical convolution of two input signals, in which the EIT media Pr:YSO is placed on the confocal plane (  x , y  ) of the   4 f  -imaging system, and the signal and readout pulses, modulated by masks M1 and M2, respectively, serve as the two input signals. The Fourier transform of the signal pulse,    E S   ( x , y )   , is first stored in the Pr:YSO crystal by adiabatically switching off the Gaussian coupling beam,   E C  , and then the stored atomic coherence gratings are read out by the Fourier transform of the readout beam,    E R   ( x , y )   , carrying the image mapped by mask M2. The field amplitude of the retrieved output signal pulse,    E  S ′    ( x , y )   , can be expressed by Equation (7), which is the product of the Fourier transforms of two input signals,    E S   ( x , y )    and    E R   ( x , y )   . Here, the coupling field,   E C  , on the confocal plane can be considered to be constant. The retrieved output signal pulse,    E  S ′    ( x , y )   , is then inversely Fourier-transformed by lens L2, and the convolution of the two input signals can be obtained on the image plane and recorded by iCCD.



For simplicity but without a loss of generality, we put two double-slit masks on the front focal plane of lens L1 to modulate the input signal and readout pulses, in which both M1 and M2 were of the same slit width,   a = 200    μ m, and the same slit separation distance,   d = 1000    μ m, but one slit of mask M2 was encoded with a variable phase-shift,  ϕ , with respect to the other slit so that when the readout beam transmitted through the mask, M2, there was a phase difference,  ϕ , between the transmitting beams through the two slits of M2, as shown in Figure 10. In general, the output convolution of these two input double-slit images was a fringe pattern with three intensity peaks, and it was possible to adjust the relative intensity ratio among the three peaks by varying the phase-shift,  ϕ , as shown in Figure 10. In particular, when the phase-shift,  ϕ , was set to be  π , the central peak disappeared and the fringe pattern had two intensity peaks with a separation distance of   2 d  . Such a dynamically controllable optical convolution operation has potential applications in coherent optical information processing and optical imaging processing.





5. Controllable Polarization Rotator


In quantum cryptography, or more exactly, quantum key distribution, information can be encoded onto different freedoms of photons, for instance, polarization [106,107], frequency [108] and orbital angular momentum [27,28,87,109,110], in which polarization is one of the mostly used freedoms of photons due to its robustness and ease of operation. In the BB84 quantum key distribution protocol, the qubit in the quantum channel is encoded on different polarization bases. Therefore, controlling the polarization state of light or photons is very important for both classical optics and quantum communications.



Coherent quantum interactions between light fields and matters, such as the EIT effect, are usually accompanied by light-induced refractive index changes and absorption changes [9,111], which can be employed to actively adjust the polarization state of light under appropriate conditions. For example, through the use of quantum coherence in the Rb atomic vapor, Wielandy et al. [112] showed that an initially isotropic atomic vapor could be modified to behave as a linearly or circularly birefringent material, which could be employed to control the polarization state of light through another controlling beam, while, through the asymmetry of the EIT effect in a multilevel system in an Rb atomic ensemble, Wang et al. [113] demonstrated coherently controllable rotation of light polarization with a large tuning range. In addition, the polarization of light can also be coherently rotated based on the nonlinear magneto-optical effect under EIT conditions in Rb atomic vapor [114]. Note that all these quantum coherent controls on the light polarization were achieved in atomic vapors, which were initially isotropic. However, for solids, like Pr:YSO crystals, the situation is more complicated than atomic vapor because of the inherent birefringence and anisotropic absorptance of the crystals.



We studied the EIT-induced birefringence and achieved a controllable polarization rotator at the EIT point in Pr:YSO crystal [111]. Two parameters, the orientation angle  φ  and the ellipticity  ε , were employed to describe the polarization state of light. Here, the orientation angle,  φ , was the crossing angle between the crystalline x-axis and the major principal axis of an elliptically polarized light, and the ellipticity  ε  satisfied the formula   tan ε = ± b / a  , where a is half of the major axis length and b is half of the minor axis length, respectively, of the polarization ellipse, as shown in Figure 11a. In general, when a linearly polarized beam transmits through Pr:YSO crystal, the light becomes elliptically polarized due to the inherent birefringence of the crystal. When Pr:YSO crystal is in the EIT state in the simultaneous presence of the coupling and the probe beams, the polarization state of the probe light will change furthermore because of the EIT-induced birefringence. Interestingly, we found, both theoretically and experimentally, that under the exact two-photon resonant condition, the EIT-induced birefringence disappeared. This means it is possible to keep the linear polarization state of the probe light even in the presence of a strong coupling beam under the EIT condition if the inherent birefringence of the Pr:YSO crystal is compensated for in advance. Figure 11b,c show the measured frequency-detuning spectra of  ε  and  φ  of the transmitted probe light after the Pr:YSO crystal around the two-photon resonant point. Note that here the inherent birefringence of the Pr:YSO crystal was already compensated for in advance. It can be seen that, under the exact two-photon resonant condition, the ellipticity  ε  was equal to zero, while the orientation angle  φ  changed due to the resident anisotropy of absorptance. The orientation angle,  φ , can be controlled through other experimental parameters, such as the coupling beam intensity. Figure 11d,e show the EIT-induced ellipticity changes,   Δ ε  , and the EIT-induced orientation angle changes,   Δ φ  , respectively, of the transmitted probe light at different coupling intensities at the exact two-photon resonant point. It can be seen that, for a linearly polarized input probe light, the transmitted probe light after the Pr:YSO crystal stays linearly polarized, but the orientation angle,  φ , of the transmitted probe light rotates with respect to the input probe light, demonstrating a controllable polarization rotator under the exact two-photon resonant condition. What is more, if a coupling beam with a structured transverse intensity distribution is used, a light field with different polarization states across the transverse section can be obtained, that is, a vector beam, which can be useful in optical tweezers and microfabrication techniques.




6. Conclusions


It has been demonstrated, even in the early 1990s, that material properties, such as absorptance, spectral dispersion and optical nonlinearity can be coherently modified through the EIT effect, resulting in novel phenomena, such as giant optical nonlinearity and extremely strong spectral dispersion. In particular, the optical information carried by the light fields can be mapped onto the spin coherence through the EIT effect by adiabatically switching off the coupling beam, forming an atomic coherence grating. The atomic coherence grating is similar to the traditional holographic grating, but also has its own unique properties that are different from those of the traditional holographic grating due to different recording mechanisms. In this paper, we reviewed several techniques to coherently manipulate the interacting light fields through the EIT-based atomic coherence grating and the EIT-induced optical nonlinearity, such as the generation of a nondegenerate phase-conjugate wave, transfer and mode conversion of optical vortexes, achievement of first-order subwavelength interference, direct optical convolution of two input signals and polarization rotation of light fields in Pr:YSO crystal. It would be more interesting but also more challenging to coherently manipulate the optical fields at the single photon level or quantum state of light in solids based on the EIT effect. These techniques may have potential applications in optical signal processing, imaging processing, optical communications and quantum information processing.
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Figure 1. (a) Schematic diagram of the hyperfine multiplets of the transition     3   H 4  ↔    1   D 2     of   Pr  3 +    ions on site 1 in YSO crystals, in which   | a 〉  ,   | b 〉   and   | c 〉   are three hyperfine energy levels to form the  Λ -type energy level configuration for EIT-related experiments. (b) Schematic diagram of the experimental setup for EIT-related experiments in Pr:YSO crystals. BS: beam spliter, PBS: polarization beamsplitter, AOM: acousto-optic modulator, M1, M2, M3, M4 and M5: plane mirrors, L1: lens with a focal length    f 1  = 30   cm, L2: lens with a focal length   f 2   to image the output signal pulses onto the intensified charge-coupled device (iCCD). HWP: half-wave plate. The AOMs work in the double-pass configuration to eliminate the movement of the light spots, and the frequency tuning range is   110 ± 25   MHz. The HWP was used to change the polarization state of the three light beams. 
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Figure 2. The schematic diagram of the light pulse storage and retrieval based on the EIT effect. (a) shows the storage process of light pulses in the form of atomic coherence grating at the two ground levels,   | b 〉   and   | c 〉  , and (b) shows the retrieval process of the light pulse,   E  S ′   , by launching a readout beam,   E R  . The solid circles indicate the populations of   | b 〉   and   | c 〉  . The schematic temporal traces of the involved optical fields are shown in (c), where the upper lines indicate the on and off states of the coupling light pulse,   E C  , and the readout light pulse,   E R  , and the pulses in the bottom row represent the signal light pulse,   E S  , and the retrieved light pulse,   E  S ′   , respectively.   Δ T   is the storage time of the signal pulse in Pr:YSO crystal. The absorption spectrum of Pr:YSO crystal near the two-photon resonant condition is shown in (d). Figure 2d was adapted from reference [24]. 
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Figure 3. The angular and spectral selectivity of the atomic coherence grating in a 3-mm Pr:YSO crystal. The open circles are the experimental results, and the red solid curves are the theoretical fits using Equation (4), where the reflectivity is defined as the energy ratio of the retrieved signal pulse to the incident signal pulse. (a) shows the angular rocking curve of the atomic coherence grating, while (b) depicts the spectral rocking curve of the atomic coherence grating. The reflectivity was measured by launching the readout beam in the opposite direction with respect to the coupling beam (see the inset in (a)), and its frequency was matched to that of the signal pulse to satisfy the phase matching condition.   Δ θ   is the angular detuning deviated from the phase matching condition,   δ R   is the frequency detuning with respect to the central frequency of the signal pulse. Figure adapted from reference [63]. 
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Figure 4. (a) is the schematic diagram of the angular multiplexing storage of light pulses in Pr:YSO crystal based on the EIT effect. Here,  θ  is the angular distance between two neighboring channels;   E  C 1   ,   E  S 1    and   E  C 2   ,   E  S 2    represent the coupling and the signal pulses for channel 1 and channel 2, respectively. (b) demonstrates the angularly addressable two-channel optical buffer memory based on the angular multiplexing light pulse storage technique in Pr:YSO crystal under the EIT condition. The angular distance between two channels was set to be   θ = 3.9 °  , which is much larger than the angular resolution of the atomic coherence gratings recorded in a 3-mm Pr:YSO crystal. Note that the strength of the retrieved signal pulses in both channels has been multiplied by a factor of 3 for clarity. Figure 4b was adapted from reference [24]. 
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Figure 5. (a) Schematic diagram of the experimental configuration used to generate the nondegenerate phase-conjugate wave based on the light pulse storage and retrieval technique in Pr:YSO crystal. BS: beam splitter, CCD: charge coupled device, G: a phase-distorted glass slit. The signal pulse passed through the phase-distorted glass slit before interacting with the coupling beam in Pr:YSO crystal. (b) The perfect beam spot was recovered after the phase-distorted nondegenerate phase-conjugate wave repassed through the phase-distorted glass slit reversely. (c) The output was a messy speckled beam spot when the readout beam angularly deviated from the phase-matching condition by 1.7 mrad. Figure adapted from reference [63]. 
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Figure 6. Transfer of OTCs from the coupling beam,   E C  , to the retrieved output signal pulse,   E  S ′   . Here,    m S  =  m C  = 0   and    m R  = 1  , and the OTC of the retrieved output signal pulse is    m  S ′   = − 1  . The first row shows the intensity distribution of each beam, while the second row shows the interference fringe of each beam with a plane wave (not shown in Figure 1). The forklike interference fringe indicates the phase singularity of the respective beam. Note that the forklike fringe of the retrieved output signal pulse points in opposite direction with respect to that of the coupling vortex, indicating that the sign of OTC is flipped. Figure partially adapted from reference [43]. 
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Figure 7. Mode conversion of the optical vortexes achieved through the EIT-based light pulse storage and retrieval process. Here,    m S  =  m R  = 1   and    m C  = 0  , and the OTC of the retrieved output signal pulse is    m  S ′   = 2  , in good accordance with Equation (6). The first row shows the intensity distributions of the respective interacting beams, and the second row depicts the interference fringes of the corresponding beams with the plane wave. The forklike interference fringes indicate the OTCs carried by each optical vortex beam. Figure partially adapted from reference [43]. 
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Figure 8. Schematic diagram of a double-slit mask O (a) and a  π -phase-shifted n-slit mask M (b) with the same slit separation distance, d, and slit width, a. (c) is the normalized intensity profile of the interfering fringes of a double slit on the rear focal plane of lens L1, and (d) shows the normalized intensity profile of the corresponding subwavelength interference fringes by modulating the readout beam with a  π -phase-shifted double-slit M. The slit separation distance and the slit width are   d = 1000    μ m and   a = 200    μ m, respectively, and the focal length of lens L1 is    f 1  = 30   cm. (c,d) reproduced from reference [103]. CC by 4.0. 
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Figure 9. The   4 f  -imaging system for direct optical convolution operation of two input signals through the light pulse storage and retrieval technique based on the EIT effect in Pr:YSO crystal. M1 and M2 are two masks placed on the front focal plane of lens L1 to modulate the input signal and readout fields. The Pr:YSO crystal is placed on the confocal Fourier plane of the   4 f  -imaging system. The iCCD is placed on the rear focal imaging plane of lens L2 to record the convolution results. The focal length of both L1 and L2 is 30 cm. 
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Figure 10. A schematic diagram of the direct optical convolution results of two input double-slit images with a variable phase-shift,  ϕ , between the transmitting beams through the two slits of M2. 
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Figure 11. (a) Schematic definition of the ellipticity,  ε , and the orientation angle,  φ , of an elliptically polarized light in the crystalline   O x y   coordinate system. (b) The measured EIT-induced frequency-detuning spectrum of the ellipticity,  ε , and (c) the measured EIT-induced frequency-detuning spectrum of the orientation angle,  φ , respectively, around the two-photon resonant condition. (d) The dependence of the EIT-induced ellipticity change,   Δ ε = ε −  ε 0   , and (e) the dependence of the EIT-induced orientation angle change,   Δ φ = φ −  φ 0   , respectively, on the coupling intensity at the exact two-photon resonant point. The dashed curves are guided for the eyes. Here, the polarization state of the probe light and the coupling light are initially the same and are set to be (  φ 0  ,   ε 0  ) = (20, 0). The coupling light is 3.7 mW for (b,c), and the probe light is 150  μ W for (b–e), respectively. Reprinted with permission from Springer: Applied Physics B [111], Copyright 2016. 
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