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Abstract

:

In this work, we have applied polarization spectroscopy to study electromagnetically induced transparency involving hot   Rb     85   Rydberg state in a vapor cell using a Laguerre–Gaussian mode beam. Such spectroscopy technique generates a dispersive signal, which allows a direct measurement of the transition linewidth. Our results show that the measured transition linewidth for a Laguerre–Gaussian mode control beam is narrower than for a Gaussian mode. Besides, it can be well reproduced by a simplified Lindblad master equation model.
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1. Introduction


Electromagnetically induced transparency (EIT) is a nonlinear optical phenomenon, which occurs in three-level atomic systems [1,2]. The medium, which is opaque to a weak probe electromagnetic field, may become transparent due to a strong control electromagnetic field. It is characterized by the modification of the absorption profile as well by significant reduction of the light speed [3], thus increasing light–matter interaction time.



The excited electron in a Rydberg atom is very loosely bound to its ionic core, so Rydberg atoms exhibit exaggerated properties [4,5]. Among them, it is very high polarizability, which makes them very sensitive to electromagnetic fields and interactions with another Rydberg atom [6,7]. Such systems are perfect to be probed by EIT [8,9], and they are particularly attractive for quantum technologies [10,11,12,13,14]. EIT can also be used with Rydberg atoms to map interactions between those atoms to photon–photon interactions [15,16]. Another interesting application of the combination EIT–Rydberg atoms is the growing field of microwave and radio-frequency measurements [17,18,19,20,21,22]. All these Rydberg research areas require the ability to detect small changes in the EIT linewidth. Therefore, the development of experimental techniques which can produce narrower linewidths in Rydberg EIT is timely.



The combination of a spatially varying optical field and EIT is of considerable interest. The Laguerre–Gaussian (LG) mode [23], which presents a cylindrical symmetric intensity profile, is a perfect candidate for such a field. Its spatial dependence intensity, which reduces to zero at the center, and orbital angular momentum (OAM) of   l ℏ   per photon are of considerable interest for quantum computing [24], communication systems [25], forbidden transitions [26] and confinement of Rydberg atoms [27]. It was also shown that the LG mode can narrow the EIT full width at half maximum (FWHM) in a three-level lambda configuration when compared to a Gaussian mode in a hot Rb atomic vapor [28,29,30] and ultracold Rb [31,32].



Polarization spectroscopy (PS) is a very sensitive Doppler free technique, which produces a dispersive absorption profile with a good signal to noise ratio. It has been used to investigate excited states [33] and also to stabilize laser for Rydberg transitions [34]. Its main advantage over dichroic atomic vapor spectroscopy (DAVS) is that it does not require a magnetic field [35,36]. In this work, we have studied EIT on a three-level ladder Rydberg system in an Rb vapor cell using the PS technique for Gaussian and   L  G  0  1    mode control beams. Its main advantage is that it allows a direct measurement of the EIT linewidth without relying on the peak-height determination. We have measured it for both modes, at the same Rabi frequency, and compared the results obtained to a simplified Lindblad master equation model, which was able to reproduce well the experimental observations. To our knowledge, this is the first work to apply an   L  G  0  1    mode in a Rydberg EIT and observe narrowing of the transmission linewidth. This may allow better microwave and radio-frequency field measurements [17,18,19,20,21,22].




2. Materials and Methods


Figure 1a shows the three-level ladder Rydberg system using the   40 D   Rydberg state. The linearly polarized probe beam, with linewidth    γ p  = 1   MHz, scans across the   Rb     85     5  S  1 / 2    ( F = 3 )  → 5  P  3 / 2    (  F ′  = 4 )    transition at 780 nm with detuning   Δ p   and Rabi frequency   Ω p  . A strong circularly polarized control beam with linewidth    γ c  = 1   MHz drives the   5  P  3 / 2    (  F ′  = 4 )  → 40  D  5 / 2     transition at 480 nm, with detuning   Δ c   and Rabi frequency   Ω c  . The intermediate and the Rydberg states have natural linewidths    Γ 2  / 2 π = 6.06   MHz and    Γ 3  / 2 π = 0.2   kHz, respectively.



The experimental setup is shown in Figure 1b. The probe and control laser beams are counterpropagating in a 7.5 cm long Rb vapor cell, which is kept at room temperature. A dichroic mirror is used to separate them and analyze the probe beam. Both beams are spatially filtered using single mode optical fibers in order to obtain a Gaussian beam, and they are focused at the center of the cell, which is not magnetically shielded. The probe laser has a total power of 3.5 μW with a   1 /  e 2    waist of 170 ± 5 μm (Rayleigh length    z R  ≈ 116   mm), which corresponds to a calculated    Ω p  / 2 π = 2.0   MHz. The control laser is locked to a WS7 wavemeter, from High Finesse. Its maximum power is 60 mW with a   1 /  e 2    waist of   190 ± 5    μ m (Rayleigh length    z R  ≈ 236   mm), for both Gaussian and   L  G  0  1    modes. A zero-order vortex half wave retarder (VWR), Thorlabs model WPV10L-405, is used to generate the   L  G  0  1    mode with an efficiency of 97%. The control beam power is varied by a half-wave plate and a polarizing beam splitter (PBS1). After the dichroic mirror, the probe beam passes through a half-wave liquid crystal retarder (LCR), Thorlabs model LCC1111-B, and a PBS2, which decomposes it into two orthogonal linearly polarized beams. Each beam is detected by a photodiode (DET1 and DET2), and their signals are subtracted, resulting in a dispersive signal that is due to the anisotropy generated in the atomic medium by the control beam [33]. This dispersive signal is the PS signal. The LCR is ideal for this task because it allows a precise balance of the final signal, since it does not have moving parts. To increase the signal-to-noise ratio, the control beam is modulated at 1 kHz and the detected signal is processed by a lock-in amplifier.




3. Theoretical Model


The atomic system is a three-level ladder, which is composed of levels   | 1 〉  ,   | 2 〉   and   | 3 〉  , as shown in Figure 1a. The   | 1 〉   and   | 2 〉   levels are coupled by a weak probe laser, characterized by   ω p   and   Δ p  . A strong control laser, characterized by   ω c   and   Δ c  , couples the levels   | 2 〉   and   | 3 〉  . We use a density matrix approach to model the atomic system [1] with a Lindblad master equation for the density matrix  ρ  given by:


   ρ ˙  =  i ℏ   ρ , H  +  L Γ   ( ρ )  +  L  d e p h    ( ρ )  ,  



(1)




where


  H =  ℏ 2      0    Ω p    0      Ω p     − 2  Δ p      Ω c      0    Ω c     − 2 (  Δ p  +  Δ c  )       



(2)




is the perturbed Hamiltonian of the atom–light system in the rotating wave approximation. The   L Γ   and   L  d e p h    terms account for spontaneous emission and atomic coherence dephasing due to the finite laser linewidths, respectively. The   L Γ   term is given by:


   L Γ  =       Γ 2   ρ 22      −  γ 12   ρ 12      −  γ 13   ρ 13        −  γ 21   ρ 21       Γ 3   ρ 33  −  Γ 2   ρ 22      −  γ 23   ρ 23        −  γ 31   ρ 31      −  γ 32   ρ 32      −  Γ 3   ρ 33       ,  



(3)




where    γ  i j   =  (  Γ i  +  Γ j  )  / 2   and   Γ  i , j    are the decay rate due to spontaneous emission, which in our model are    Γ 1  = 0  ,    Γ 2  / 2 π = 6.06   MHz and    Γ 3  / 2 π = 0.2   kHz. The   L  d e p h    term can be written as:


   L  d e p h   =     0    −  γ p   ρ 12      −  γ  r e l    ρ 13        −  γ p   ρ 21     0    −  γ c   ρ 23        −  γ  r e l    ρ 31      −  γ c   ρ 32     0     ,  



(4)




where    γ  r e l   =  γ p  +  γ c    is the linewidth of the two-photon resonance [37].



According to refs. [28,31], z is considered smaller than the Rayleigh length (  z <  z R   ), so that a plane-wave approximation can be done. Therefore, the probe and control Gaussian field amplitude are, respectively,


   E  p , G   =  E  0 , p   ,  



(5a)






   E  c , G   =  E  0 , c   ,  



(5b)




and for the control   L  G  0  1    field,


   E  c , L G   =  E  0 , c     r  2    w 0   exp    −  r 2    w  c  2    ,  



(6)




where r is the radial distance from the center axis of the beam and   w c   is the   1 /  e 2    waist of the control beam. Considering the Gaussian field amplitude as constant does not affect the results to the precision of the experiment and, as demonstrated by Anupryia and co-workers [28], the LG mode dependency on the phase factor does not affect the profile of EIT spectrum. The probe laser Rabi frequency is then given by:


   Ω p  =    μ 12   E  0 , p    ℏ  ,  



(7)




where   μ 12   is the dipole moment of the   | 1 〉 → | 2 〉   transition. The control laser Rabi frequency, for the Gaussian mode, is:


   Ω  c , G   =    μ 23   E  0 , c    ℏ  =  Ω  0 , c   ,  



(8)




where   μ 23   is the dipole moment of the   | 2 〉 → | 3 〉   transition. For the   L  G  0  1    mode, the control Rabi frequency reads:


   Ω  c , L G   =    μ 23   E  c , L G    ℏ  =  Ω  0 , c      2  r   w c    e  −  r 2  /  w  c  2    ,  



(9)




where   E  c , L G    is given by Equation (6).



The atomic motion in the thermal vapor, at the direction of the laser beams (x axis in Figure 1b), must be taken into account. Let us consider   v x   as the atomic velocity,   k p   and   k c   as the magnitude of the probe and control laser wave vectors, respectively. The Doppler effect modifies the laser detunings such that    Δ p  →  Δ p  +  k p   v x    and    Δ c  →  Δ c  −  k c   v x   . Equation (1) leads to the Optical Bloch Equations (OBE) for the populations (  ρ  i i   ) and coherence terms (  ρ  j i   ) of the density matrix. The OBEs can be solved analytically in the steady-state by first order perturbation theory for    Ω p  ≪  Ω c   . This condition is equivalent to assume    ρ 11  ∼ 1  ,    ρ 22  =  ρ 33  = 0   and    ρ 23  = 0  , which allow us to calculate the matrix element   ρ 12  . This term is related to the susceptibility,


   ρ 12  =   i  Ω p  / 2      Ω  c  2  / 4    Γ 3  / 2 +  γ  r e l   − i  (  Δ p  +  k p   v x  +  Δ c  −  k c   v x  )    +  Γ 2  / 2 +  γ p  − i  (  Δ p  +  k p   v x  )    ,  



(10)




where   Ω c   is given by either Equation (8) or (9), depending on the control beam mode. The Doppler averaged susceptibility allows us to calculate the probe beam transmission (  T  r p   ):


  χ =    2 N |   μ 12    |  2    ℏ  ϵ 0   Ω p   π  u    ∫  − ∞   + ∞    ρ 12   e  −  v 2  /  u 2    d v ,  



(11)




where N is the atomic vapor density, and   u =   2  k B  T / m     is the root-mean square velocity at a given temperature T and m is the atomic mass. Therefore, the probe beam transmission for a Gaussian mode through the vapor cell, with length l, can be written as:


  T  r p  =  e  − I m  [ χ ]   k p  l   .  



(12)




For the   L  G  0  1    mode, the transmission must be integrated over the EIT region. Akin and co-workers have proposed that such integral should be performed over a circle with a radius equals to the probe waist   w p   [31]. Therefore, the transmission becomes:


  T  r p  =  2  w  p  2    ∫  0   w p   exp  ( − I m  [ χ ]   k p  l )  r d r .  



(13)




Carr and co-workers have proposed that the PS signal (S) is proportional to the real part of the susceptibility ( χ ) [33]. For the Gaussian mode control beam, the signal is given by:


   S G  =   k p  2  R e  [ χ ]  ,  



(14)




where   Ω c   is given by Equation (8). For the   L  G  0  1    mode, the susceptibility must again be integrated over the EIT region, and the PS signal can be written as:


   S  L G   =  2  w  p  2    ∫  0   w p     k p  2  R e  [ χ ]  r d r .  



(15)








4. Results and Discussions


Figure 2 shows EIT transmission spectra for a Gaussian control beam as a function of   Δ p  , for    Δ c  = 0   and    Ω  0 , c   / 2 π = 4.6   MHz. The full red line was obtained using a single photodiode corresponding to the probe beam transmission, while the black line is the PS signal. We have defined the frequency difference between the valley and the peak, in the PS signal, as   Δ  ω G    for the Gaussian mode control beam. We find the valley and the peak using the scipy.signal function argrelextrema [38], which calculates the relative extrema of the data, returning their position the x-axis. We have verified theoretically and experimentally that parameter   Δ ω   is equal to the FWHM of the single photodiode signal.



Figure 3 shows the experimental PS spectra (colored lines) as a function of   Δ p   for a Gaussian (Figure 3a—green line) and   L  G  0  1    (Figure 3b—blue line) mode control beams. The black lines are the theoretical model, considering    Ω  0 , c   / 2 π = 4.6   MHz,    Δ c  = 0   and   N ∼ 1 ×  10  − 10       cm 3  . In this case, we have measured   Δ  ω G  / 2 π = 4.3 ± 0.2   MHz and   Δ  ω  L G   / 2 π = 3.5 ± 0.2   MHz for the Gaussian and   L  G  0  1    mode, respectively.



Figure 4a shows the experimental   Δ ω   as a function of   Ω  0 , c    for Gaussian (green squares) and   L  G  0  1    (open blue circles) control beams. Figure 4b shows the   Δ  ω  L G   / Δ  ω G    as a function of   Ω  0 , c    for experimental data (gray triangles) and theoretical models (purple stars).



The PS technique produces a dispersive absorption profile and allows the direct width measurement without relying on the peak height determination. All the experimental linewidths are narrower than the natural linewidth of   5  P  3 / 2     state, especially when the   L  G  0  1    mode control beam is used.



The results show that the PS signal width, for the Gaussian mode, is always larger than the   L  G  0  1    mode. In the studied Rabi frequency range, this difference is about 20%. Although the linewidth varies as a function of   Ω  0 , c   , the   Δ  ω  L G   / Δ  ω G    seems to be constant, indicating that both linewidths present the same   Ω  0 , c    dependence. The narrowing occurs due to the spatial dependence of the   L  G  0  1    mode, which causes its overall Rabi frequency to be lower at the center of the probe beam.



Experimental data and the theoretical model agree, with theory predicting widths on average 13% smaller and the ratios   Δ  ω  L G   / Δ  ω G    to be on average 9.6% smaller than the ratios measured. A better quantitative agreement would require the model to incorporate effects that broaden the widths, such as a Doppler mismatch between the two wavelengths, collisions, transit time, external fields and magnetic sublevels [39,40].




5. Conclusions


In this paper, we have implemented a polarization spectroscopy technique to study EIT on Rydberg atoms in a vapor cell, using Gaussian and   L  G  0  1    mode control beams. Both modes present sub-natural linewidths, but the   L  G  0  1    mode produces narrower widths when compared to the Gaussian mode with the same peak intensity. The PS technique is very convenient because it allows a direct measurement of such widths. A simplified three-level ladder system density matrix approach presents good agreement with the experimental results and it gives an insight into the role of the   L  G  0  1    mode. The developed technique has the potential to improve the observation of several effects involving hot and cold Rydberg atoms [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22], which require a narrower linewidth. The results presented here may be improved by optimization of magnetic field, probe laser intensity and optical density [41].
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The following abbreviations are used in this manuscript:



	EIT
	Electromagnetically induced transparency



	LG
	Laguerre–Gaussian



	OAM
	Orbital Angular Momentum



	PS
	Polarization Spectroscopy



	FWHM
	Full width at half maximum



	DAVS
	Dichroic Atomic Vapor Spectroscopy



	PSB
	Polarizing beam splitter



	LCR
	Liquid crystal retarder



	OBE
	Optical Bloch Equations



	DM
	dichroic mirror



	VWR
	Zero-order vortex half wave retarder
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Figure 1. (a) Rubidium energy-level scheme for the three-level ladder Rydberg system using the   40  D  5 / 2     Rydberg state. Relevant experimental parameters: (i) Laser linewidths (  γ p  ,   γ c  ), detunings (  Δ p  ,   Δ c  ) and Rabi frequencies (  Ω p   and   Ω c  ) for probe and control beam, respectively; (ii) Intermediate state natural linewidth   Γ / 2 π = 6.06   MHz. (b) Experimental setup: Waveplates (  λ / 2   and   λ / 4  ); Polarizing beam splitter (PBS1 and PBS2); Dichroic mirror (DM); Zero-order vortex half wave retarder (VWR); Liquid crystal retarder (LCR); vapor cell and photodiodes (DET1 and DET2). Probe laser (red) enters the vapor cell from the right. Control beam (blue) enters the cell from the left and overlaps with the probe beam. The probe beam transmission is detected by photodiodes. 
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Figure 2. Probe laser transmission, with Gaussian mode control beam. The red line is the signal obtained with a single photodiode, which shows the EIT Lorentzian transmission profile. The black line was obtained with the PS technique. The   Rb     85     5  S  1 / 2    ( F = 3 )  → 5  P  3 / 2    (  F ′  = 4 )    transition is set to   Δ p   = 0 MHz. For both curves,    Ω c  / 2 π = 4.87   MHz and   Δ c   = 0 MHz. The frequency difference between the valley and the peak of the PS signal is   Δ  ω G    for the Gaussian mode. 
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Figure 3. Experimental PS signal as a function of   Δ p   for: (a) Gaussian (green line) and (b)   L  G  0  1    (blue line) control beams. The black lines are the theoretical prediction considering    Ω  0 , c   / 2 π = 4.6   MHz and    Δ c  = 0  . For these parameters, the observed widths are   Δ  ω G  / 2 π = 4.3 ± 0.2   MHz and   Δ  ω  L G   / 2 π = 3.5 ± 0.2   MHz, showing the decrease of the width when the probe is in the   L  G  0  1    mode. 
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Figure 4. (a) Experimental   Δ ω   as a function of   Ω  0 , c    for Gaussian (green squares) and   L  G  0  1    (open blue circles) control beams. (b)   Δ  ω  L G   / Δ  ω G    as a function of   Ω  0 , c    for experimental data (gray triangles) and theoretical model (purple stars). The dashed lines here are for guidance. 
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