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We study the modifications of Rydberg EIT resonances in non-collinear geometry, in which the two required optical 

fields cross at a small non-zero angle. We observe a strong broadening and amplitude reduction even for small 

angles, when compared to exact counter-propagating and co-propagating collinear geometries. We confirm that 

such EIT peak deterioration results from the additional Doppler broadening due the transverse velocity distribution 

atoms. The numerical simulation closely matches the experimental measurements. While a non-collinear geometry 

provides improved spatial resolution for Rydberg EIT electrometry, we conclude that the crossing angle must be 

small to maintain field sensitivity. 
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Rydberg states – electron orbitals with high principle quantum 

number n ≥ 20 – have many attractive properties, most notably a 

long lifetime and large electric dipole moment and polarizability [1]. 

The resulting sensitivity to external electromagnetic fields makes 

them excellent candidates for atom-based electrometry 

applications. The ability to measure spectroscopic shifts, caused by 

the interaction with an electric field, via odptical means and in 

thermal atomic vapor further improves their attractiveness for 

practical applications. Indeed, many research groups have already 

demonstrated Rydberg state-based tools such as an SI-traceable 

electric field standard [2], in-situ detectors for dc and rf-electric 

fields [3–5], THz imaging [6–8], etc. 

A majority of these applications rely on a non-linear twophoton 

process known as electromagnetically induced transparency (EIT) 

[9–11], in which atoms are prepared in a superposition of the ground 

and Rydberg states that leads to reduced absorption for the probe 

optical field. The spectral width of the Rydberg EIT resonance is 

relatively narrow, so keeping track of its spectral shift or splitting 

allows for monitoring the electromagnetic environment in real time. 

In a thermal vapor with Doppler broadening, the Rydberg EIT 

resonance is narrowest when the two laser beams are collinear. In 

this geometry, the spectral shifts are integrated over the length of 

the laser beams, which enhances the signal but limits its spatial 

resolution to the volume of the cell. However, this parameter often 

cannot be substantially reduced either because of experimental 

constraints [12] or to avoid EIT resonance broadening and distortion 

caused by a non-uniform ambient electric field produced by 

uncontrolled electrical charging of the cell walls due to, e.g., 

photoillumination or metallic Rb residues [13]. 

In this paper, we investigate experimentally two noncollinear 

Rydberg EIT geometries, nearly counter-propagating and nearly co-

propagating, to determine the extent of the tradeoff between spatial 

and spectral resolution. Our motivation for this work is to use 

Rydberg EIT to map out spatial variations of electric and magnetic 

fields in larger volumes, for example, around a beam of charged 

particles [14] or inside a low-density plasma [15]. The main result of 

this paper is that the loss in spectral resolution and signal strength 

happens relatively quickly as the angle between the lasers is 

increased, and thus a small-angle non-collinear geometry is 

preferred. 

In our experiments we implemented Rydberg EIT in a 85Rb vapor 

cell, using two laser fields in a ladder configuration, shown in Fig.1(a). 

The infrared probe laser (λP ≃ 780 nm, beam diameter d = 0.6 mm) is 

tuned to the 5S1/2 F = 3 → 5P3/2 F′ optical transition, and its 

transmission through a Rb cell is monitored to detect the EIT 

resonances. For this experiments we used a cylindrical glass cell 

(diameter D = 2 cm, length Lcell = 2.5 cm), heated to 37◦C. The coupling 

laser (λC ≃ 480 nm, beam diameter d = 0.6 mm) connects the state 

5P3/2 with the Rydberg states 45D3/2 or 45D5/2. 

To satisfy the two-photon resonance conditions, the sum of these 

two laser frequencies ωP and ωC must match the energy splitting 

between the ground and the Rydberg state ωgr. The absorption 

reduction, associated with EIT, is observable only in a narrow spectral 

range of two-photon detuning values δ0 = ωP +ωC − ωgr ≤ γEIT. For 

stationary atoms the EIT linewidth γEIT is limited by the relaxation rate 

of the Rydberg state and the power broadening, and can be quite 

narrow (a few hundred kHz). However, in a thermal ensemble one 

must account for the Doppler shift, yieldings to the velocity 

dependence of the 
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Fig. 1. (a) Energy level diagram of 85Rb. Probe beam couples to the D2 

line of 85Rb, and the coupling beam excites atoms to the 45D Rydberg 
state. (b) Experimental setup diagram. (c) Traces of EIT resonances 
recorded with nearly counterpropagating probe and coupling fields, 

crossing at a small angle ϕ ≈ 0. Probe laser frequency is locked to the 

bottom of the 85Rb F = 3 → F’ optical transition, and the coupling 
frequency is scanned across transitions to the 45D5/2 state (taller 
peak) and 45D3/2 (smaller peak). For all transmission spectra the zero 
coupling laser detuning is set to zero at the top of the 45D5/2 EIT 
resonance. (d) Same as (c) but for nearly co-propagating laser beams 

(ϕ ≈ 180◦). In both cases (c) and (d), the transmission is normalized 

to the highest transmission observed at zero detuning and ϕ = 0. 

two-photon detuning: 

 ⃗v, (1) 

where the detunings ∆P = ωP − ωge and ∆C = ωC − ωer are determined 

as the frequency difference of the probe and coupling optical field and 

the corresponding optical transitions,⃗kP and⃗kC are the wave vectors 

of the correspondingly probe and coupling laser fields, and ⃗v is the 

velocity of a Rb atom. Because of the significant difference in the 

wavelength values for the two lasers, it is impossible to completely 

suppress the Doppler effect by optimizing the relative orientation of 

the two laser beams (although it is possible for three-photon EIT 

configurations [16–18]). Obviously, the maximum suppression 

happens for counter-propagating laser beams. This is a common 

arrangement in most experiments, involving Rydberg EIT in hot atoms, 

resulting in minimum achievable EIT linewidth to be around a few MHz 

[19, 20]. However, such geometry requires perfect spatial overlap of 

the laser beams, so any response to the measured electric field is 

integrated along the beam path. 

On the other hand, crossing the laser beams at a specific location 

can be used to measure a local value of the spatially varying electric 

field. The motivation for this study is to experimentally study the 

modification of EIT peak as we deviate from the counter-propagating 

beam arrangement and send beams crossing at some angle ϕ. In this 

case the velocity dependence of the two-photon detuning becomes 

even more complicated, as it depends on not only longitudinal v∥ but 

also on the transverse component v⊥ of the atomic velocity relative to 

the probe beam propagation direction: 

 δ(⃗v) = δ0 − (kP − kCcosϕ)v∥ + kCsinϕv⊥, (2) 

where δ0 = ∆P +∆C is the two-photon detuning. In the following 

discussion we use the direction of the probe vector as the reference, 

and define the angle ϕ as the angle between the two beams. Note 

that we set ϕ = 0◦ to correspond to the more standard counter-

propagating beam orientation, while ϕ = 180◦ refers to co-

propagating probe and coupling beams. When changing the angle 

between the beams, we observe significant broadening of EIT 

resonance, as well as rapid reduction of its amplitude for even a few 

degree angle. 

The schematic of the experimental arrangement is shown in 

Fig.1(b). We use external cavity diode lasers for both optical fields. 

The fiber-coupled output of the probe laser (power PP = 70 µW), the 

Rb vapor cell, and the amplified photodetector used to measure the 

output probe field power are mounted on the rotational platform, so 

that their relative positions are unchanged during the 

measurements. Co- or counter-propagating coupling laser (power PC 

= 35 mW) is aligned through the cell such as the rotating of the 

platform keeps the laser beams intercept in the middle of the Rb cell. 

Such arrangement allows us to precisely control the angle between 

the two laser beams, and to reduce any non-EIT related changes in 

the probe laser transmission. In both geometries we use circularly 

polarized laser beams [21]. The total variation of the transmitted 

coupling laser power for ϕ = 0 − 8◦ is less than 3%, and has negligible 

effect on the observed resonance modifications. 

Strong angular dependence of EIT resonances is illustrated in 

Fig.1(c,d). When plotting transmission spectra, we subtract the 

background and use the hyperfine splitting of the 45D5/2 and 45D3/2 

hyperfine splitting as a frequency reference, and for each trace set 

the zero detuning at the top of the 45D5/2 EIT resonance. As 

expected, the counter-propagating laser beams produce highest and 

narrowest transmission peak. The co-propagating geometry leads to 

approximately 30% reduction in the resonance amplitude, and 

approximately doubles the resonance linewidth. However, in both 

geometries even a small deviation from the collinear geometry has 

strong effect, broadening and weakening the EIT resonance. For 

example, a smaller EIT peak due to coupling to the 45D3/2 state 

almost completely disappears for angles above 5◦. 

Fig.2 shows a more quantitative way to analyze the variation of 

the EIT resonance amplitude and width as functions of the small 

beam deviation for the co- or counter-propagating geometries. In 

this results we normalized all the resonance amplitude to its value in 

a counter-propagating geometry, for easier comparison. It is also 

important to note that there may be some unintentional systematic 

variation between the two geometries, even though we tried to 

maintain all the experimental parameters identical, as the change of 

the geometry required setup realignment. However, in both cases 

the amplitude values drop below 20% of the collinear configurations 

with the crossing angle as small as 5◦. Simultaneously, the width of 

the resonance triples. Such behavior can be qualitatively explained 
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by analyzing the contributions of different velocity groups of atoms 

into the overall optical response. 

To gain some intuition, we can consider a simple ladder interaction 

scheme, shown in Fig.1(a), the probe linear susceptibility 

 

Fig. 2. Comparison of amplitude (a) and full width at half maximum 
(b) of the main EIT resonance (coupling to the 45D5/2 Rydberg state) 
between experiment and Rydiqule simulation. The simulation 
parameters are: Rabi frequencies ΩP = 

7.9 MHz and ΩC = 1.2 MHz, intermediate state lifetimes (from ARC) γ 

= 6 MHz and Rydberg state lifetime γr = 1 kHz, and atomic density N 

= 8.5 × 1016 m−3. 

χp of an ensemble of N atoms per unit volume (see, e.g., [10, 22]): 

χp  , 

(3) 
Nµ2 

where α0 =  is the unsaturated resonant absorption for a two-

level system (here µP is the dipole moment of the g − e optical 

transition), γ and γr are the decay rates of correspondingly excited 

and Rydberg states, ΩC is the Rabi frequency of the coupling optical 

field, and we assume that the probe field Rabi frequency is small. 

From this equation it is easy to see that the probe field absorption 

signal consists of a one-photon absorption with the width set by the 

lifetime of the intermediate state γ, superposed with an additional 

narrow reduction of absorption, proportional to the control field, 

manifesting electromagnetically induced transparency, with the 

width determined by the Rydberg state lifetime and the control field 

intensity γEIT . As discussed above, for moving atoms 

we need to account for the Doppler effect: , 

∆C → ∆C −⃗kC⃗v. In the collinear geometry, only the velocity 

component along the laser beam propagation direction affects the 

two-photon detuning δ: 

 δcoll = δ0 − (kP ± kC)v∥, (4) 

where ± indicates counter- or co-propagating geometry. 
Consequently, each atomic velocity class contributes differently to 

the 

 

Fig. 3. Illustration of the transverse velocity distribution on EIT 
resonances in various geometries. (a) and (b) show the relative 
optical transmission (normalized to its maximum) for different 
transverse velocity groups as a function of the coupling laser 

detuning. In a collinear geometry ϕ = 0 (a) the frequency of the EIT 

resonances does not depend on v⊥, so all transverse velocity groups 

contribute identically. For non-collinear geometry ϕ = 10◦ (b) the EIT 

peak for each velocity group is shifted by the amount proportional to 

its transverse velocity δEIT(v⊥) = −kCv⊥ sin ϕ. (c) Resulting EIT peak 

averaged over the Maxwell distribution of v⊥ for ϕ = 0 and ϕ = 10◦. 

overall absorption profile (see [10] for the detailed discussion). 

Assuming for simplicity a resonant coupling field ∆C = 0, it is easy to 

see that only a relatively small fraction of atoms with |v∥| ≤ γ/kP 

absorbs the probe optical field. Among those, even smaller group of 

relatively slow atoms |v∥| ≤ γEIT/(kP ± kC) contribute to the resulting EIT 

resonance around ∆P = 0. Differences in the exact EIT peak positions 

for each velocity group results in a broader and lower contrast peak 

than that that for cold atoms. However, in the collinear geometry 

atomic transverse velocity does not affect their optical response, so all 

the atoms with same v∥ but different v⊥ contribute the same way, as 

illustrated kn Fig.3(a). 

The situation is different if there is an angle ϕ between the laser 

beams. Only the atoms with the zero two-photon detuning Eq.2 

contribute to the EIT peak. While the small angle between the laser 

beams ϕ hardly affects the dependence on the longitudinal atomic 

velocity (since cos ϕ ≈ 1 for ϕ ≪ 1), the non-zero transverse velocity 

effectively changes the resonance position. Specifically, when 

averaged over the longitudinal velocity distribution, for each 

transverse velocity group the EIT peak occurs at the two-photon 

detuning δEIT(v⊥) = −kCv⊥ sin ϕ, as illustrated in Fig.3(b). Averaging 

over the Doppler transverse velocity distribution results in a 
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substantial additional broadening of the EIT peak and corresponding 

reduction in the EIT resonance amplitude, as shown in Fig.3(c). One 

can roughly estimate the EIT peak linewidth increase at a small angle 

ϕ between the probe and 

q  

coupling beams as γEIT(ϕ) = γ2
EIT(0)+(kCvDsinϕ)2, where 2 (0) is the 

width of EIT resonance for a collinear geometry. γEIT 

Same is true for the nearly co-propagating beams by replacing γ2EIT(0) 

with γ2EIT(180◦). 

While this simplified and idealized picture provides some intuition 

about the EIT resonance properties in non-collinear geometry, more 

accurate model is required to achieve quantitative agreement with the 

experimental data. For this model we still rely on the simplified ladder 

interaction scheme shown in Fig. 1(a), but use the parameters close to 

the experimental value, and include interaction with both 45D5/2 and 

45D3/2 Rydberg hyperfine levels. In this case, the interaction 

Hamiltonian can be written as: 

  0 Ω∗P 0 0  

   

HP ΩC∗,5/2 0  . 

  0 ΩC,5/2 −2(∆P +∆C) ΩC∗,3/2  

   

 0 0 ΩC,3/2 −2(∆P +∆C +∆hfs) 

(5) 

Where ΩP, ΩC,5/2 and ΩC,3/2 are the Rabi frequencies associated with 

the 780 nm probe and 480 nm coupling 45D5/2 and 45D3/2 transitions 

respectively. In the calculations we assume that the probe (IR) laser is 

resonant ∆P = 0, the coupling (blue) laser frequency is varied in the 

range ∆C = ±300 MHz. All atomic parameters, such as the dipole 

moments of atomic transitions and the hyperfine splitting of the 

45D3/2 and 45D5/2 Rydberg state ∆hfs = 128 MHz are calculated using 

AlkaliRydberg Calculator (ARC) [23]. To determine the effective values 

of the probe and coupling fields Rabi frequencies, we optimize the 

values of ΩP and ΩC,5/2 such that the ratio of amplitudes for 45D5/2 peak 

and 45D3/2 peak, as well as the width of 45D5/2 peak match the 

experimental spectra for the counterpropagating geometry. Since the 

same physical coupling field couples both Rydberg state fine structure 

levels, the value of ΩC,3/2 is proportional to ΩC,5/2. The same values of 

Rabi frequency are then used for all remaining simulated spectra. To 

account for the angle between the two optical fields in the model, we 

fix the direction of the probe field wave vector, and decompose the 

coupling field wave vector into a parallel and perpendicular 

components, and use the built-in Doppler averaging tools within 

Rydiqule to calculate EIT spectra [24]. When calculating the atomic 

absorption in the non-collinear geometry, we accounted for the 

reduced interaction volume of the two laser beams, and scaled the 

atomic density in the model accordingly. For simplicity we 

approximated the beams by perfect cylinders with the diameters equal 

to the full width half maximum of the laser beams, and calculated the 

overlapping volume of the two cylinders crossed at angle ϕ using the 

built-in RegionIntersection function in Mathematica. 

The results of the numerical modeling are shown in Fig.2 and are in 

good agreement with the experimental data. When reporting the 

resonance amplitudes, we set the height of the EIT peak in the 

counter-propagation geometry (ϕ = 0) to 100% (the best case 

scenario), and scale all the other resonance amplitudes relative to its 

value. As expected, the amplitude drops rapidly as soon as even a 

small angle is introduced. Similar reduction happens if the laser beams 

are originally co-propagating: the EIT peak has a local maximum for ϕ 

= 180◦, that is approximately 30 % of the counter-propagating beam, 

and the falls quickly as the angle between the beams increases. 

Similarly, the EIT resonances are the narrowest in either 

counterpropagating (γEIT(ϕ = 0) ≈ 10 MHz) or co-propagating (γEIT(ϕ = 

180◦) ≈ 30 MHz) geometries, and grows almost linearly with the 

angle. Larger uncertainties in the resonance width at larger deviations 

are due to low EIT peak contrast in these points. One can see that the 

numerical results match the experimental results quite well, 

particularly for the resonance width. Some deviations in the resonance 

amplitude is expected, as in the model we did not take into account 

the Gaussian intensity profiles of the laser beams and their effect on 

the effective overlap volume calculations. 

 

Fig. 4. Trade-off between the spectroscopic and spatial resolution of 
the crossed-beam EIT resonances. Here we use the experimentally 
measured ratios between the resonance relative amplitude and 
width, shown in Fig. 2 as a figure of merit for spectroscopic 
resolution. To characterize the spatial resolution, we use the 
calculated values of the overlap volume of the two laser beams 

relative to that in the collinear geometry πd2Lcell/4 ≈ 7 mm3. 

One of the advantages of using the crossed laser beams is the 

ability to carry out more localized measurements, as the overall EIT 

resonance is affected only by the electric fields in the volume where 

both probe and coupling fields are present. Clearly, there is a trade-

off between the spatial and spectral resolution: larger angle between 

the two beams decreases the sensing volume, but at the same time 

makes the resonances broader and weaker. To characterize both 

performances we need to choose relevant figures of merit. The ratio 

between the EIT peak width and amplitude, sometimes referred as a 

resonance quality factor, is often used to characterize the spectral 

sensitivity, as in the case of a Lorentzian peak it is proportional to the 

slope of the discrimination curve for a standard phasesensitive 

detection. For the spatial resolution it is logical to use the 

intersecting volume of the two beams. The relations between these 

two factors for both geometries are shown in Fig.4. As expected, the 

spectral resolution falls quite rapidly compare to the reduction of the 

sensing volume. However, thanks to the Gaussian intensity 

distribution of the laser beams and non-linear nature of EIT 
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resonance, the actual spatial resolution may be better, and its more 

accurate characterization will be a subject of further studies. 

During the experiment we found an interesting possibility to 

simultaneously observe EIT resonances in both co- and 

counterpropagating geometries by retroreflecting the coupling beam 

through the cell. This effect is more notable in the co-propagating 

geometry with the natural reflection from the output cell window, 

since even a relatively weak reflected counter-propagating blue laser 

beam creates a visible EIT resonance, shown in Fig.5. This additional 

resonance becomes more pronounced if the blue laser is 

intentionally retroreflected with a dichroic mirror. To ensure spectral 

separation of the resonances in different geometries, it is necessary 

to introduce some non-zero detuning of the probe field from the 

optical resonance ∆P. In this case, the optical response comes 

primarily from the atoms with the longi- 

 

Fig. 5. Traces of EIT resonances recorded in co-propagating 
geometry with a coupling laser beam reflected back by exit glass 
window of the Rb vapor cell and by a dichroic mirror after the cell. 

tudinal velocities v∥ ≈ ∆P/kP. For such atoms the coupling field 

detuning required to fulfill EIT conditions depends on the field’s 

propagation direction:     P. Such ability 

of creating multiple Rydberg EIT resonances may be useful as a tool 

of probing interactions in different spectral channels [25]. 

In conclusion, we experimentally and theoretically analyzed how 

the two-photon Rydberg EIT resonance lineshape changes 

depending on the angle between the probe and coupling laser field. 

We observed rapid deterioration in both resonance linewidth and 

amplitude even for a small relative angle for both nearly counter-

propagating and co-propagating arrangements, and we explained 

this observation by the introduction of the transverse velocity-

selective shift of the EIT resonances. The results of the numerical 

model are in good agreement with the experimental observation. 

Our findings may be useful for development for optimization of the 

non-collinear Rydberg EIT applications for localized rf or electric field 

measurements, as they allow to estimate the necessary compromise 

between the need of larger crossing angle to improve the spatial 

resolution and the accompanying deterioration of spectral EIT 

characteristics. This approach may be particularly beneficial for 

mapping fields in a larger volume, but may also help reduce 

detrimental wall effects in a thin cell due to surface charging. We 

close by noting that the trade-off between spatial and spectral 

resolution of the non-collinear geometry can be eliminated, in 

principle, by using a three-photon Rydberg EIT transition with a 

Dopplersuppressing three-laser “star” configuration [3, 26]. 
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