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Abstract: Optical vortex orbital angular momentum modes, namely the twists number of the
light does in one wavelength, play a critical role in quantum-information coding, super-resolution
imaging, and high-precision optical measurement. Here, we present the identification of the
orbital angular momentum modes based on spatial self-phase modulation in rubidium atomic
vapor. The refractive index of atomic medium is spatially modulated by the focused vortex
laser beam, and the resulted nonlinear phase shift of beam directly related to the orbital angular
momentum modes. The output diffraction pattern carries clearly distinguishable tails, whose
number and rotation direction correspond to the magnitude and sign of the input beam orbital
angular momentum, respectively. Furthermore, the visualization degree of orbital angular
momentums identification is adjusted on-demand in the terms of incident power and frequency
detuning. These results show that the spatial self-phase modulation of atomic vapor can provide
a feasible and effective way to rapidly readout the orbital angular momentum modes of vortex
beam.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photons carries orbital angular momentum (OAM) and spin angular momentum (SAM) with
quantum state information from a microscopic perspective [1-3]. The OAM is generated from
twisted phase fronts arising due to spatially varying phase distribution across the beam [4].
Vortex beams with OAM exhibit helical phase structures exp(i€¢) and central singularities, where
¢ is the azimuthal angle, and ¢ is the topological charge representing the OAM mode. As an
unlimited integer value, the £ provides an infinite quantity of the achievable OAM state, promising
considerable application prospects in the fields of optical manipulation, quantum information
processing, and free-space optical communications [5-10].

The identification of the OAM modes is always accompanied by optical interference and
diffraction effects [11-14]. The interference effect-based methods measure the OAM modes
through the special fringe generated by the interaction between the vortex beam and the reference
beam with a complicated experimental setup. The optical diffraction-based methods identify the
OAM modes via the diffraction pattern of the vortex beam with propagation direction deviation
after passing through diffraction elements with lower diffractive efficiency and complex aperture
structure. As an alternative, the beam spatial distribution evolution caused by spatial self-phase
modulation effect in nonlinear media also provides another way for the identification of the OAM
modes intuitively [15]. The spatial self-phase modulation is usually employed to produce phase
shift by varying refractive index when the vortex beams interact with the media, which will lead
to various nonlinear diffraction patterns carrying OAM modes information.
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The spatial self-phase modulation of exotic nonlinear two-dimensional materials, such as
graphene, TaSe, nanosheets, NbSe, nanosheets, and GeSe nanoflakes, have been applied for
performing all-optical devices [16-22]. And the spatial self-phase modulation in layered WS,
nanosheets is employed for vortex beam OAM modes recognition recently [23]. Compared with
two-dimensional materials, atomic vapor exhibits the novel characteristics as a nonlinear medium.
Firstly, the easily saturated characteristic of atomic medium makes it favorable to observe
nonlinear effects at low power. Secondly, the flexible tunability of atomic medium is enabled
by the rich hyperfine energy level structure. Finally, the wonderful nonlinear atomic system
with typical nonlinear effects of electromagnetically induced transparency, self-focusing, and
self-trapping is promoting the realization and application of atom-based optical communications
and all-optical devices [24—33]. These advantages make the spatial self-phase modulation
effect in atomic medium provide a convenient and highly effective approach for simultaneously
detecting OAM modes with arbitrary magnitude and sign. To our best knowledge, the readout of
OAM modes based on spatial self-phase modulation in atomic medium has not been investigated
experimentally yet.

In this work, we present the identification of OAM modes using Rb vapor-based spatial
self-phase modulation. When the vortex beam interacts with the atomic medium, the nonlinear
phase shift of beam directly related to the OAM modes is induced by taking advantage of the
spatial self-phase modulation. As a result, the identification of OAM modes is realized by
the diffraction patterns with clearly distinguishable tails. The magnitude and sign of vortex
beam OAM modes with |[£| from 1 to 5 are determined by the number and direction of the
obtained tails, respectively. Furthermore, the visualization degree of OAM modes identification
is investigated via the adjusted profile area of the diffraction patterns in real-time. This OAM
modes identification method based on spatial self-phase modulation in atomic vapor is capable of
measuring high-order modes, indicating its application in large-capacity optical communication.

2. Experimental setup

The experimental setup for OAM modes identification based on spatial self-phase modulation in
Rb vapor is demonstrated in Fig. 1(a). The laser source is provided by an external cavity diode
laser (DL pro, Toptica) with a 780 nm Gaussian beam, which is utilized to excite the Rb atoms
from 5S> ground state to 5P3, excited state. The laser beam is split into two components with
the combination of half-wave plate (HWP) and polarization beam splitter (PBS). One beam is
employed to monitor the laser frequency using a wavelength meter (WS-7, HighFinesse). The
other beam is firstly converted into circularly polarized light through a quarter-wave plate (QWP),
then the vortex beams with different OAM modes are generated through the well-known optical
converting g-plates with polarization-dependent optical properties [34]. The generated vortex
beam with about 0.7 mm waist is focused through a lens with focal length of 150 mm, which
makes the beam waist wq of 53 um and the Rayleigh length zz of 12 mm. The Rb vapor cube cell
with 20 x 20 x 20 mm? is placed at the focusing position of the vortex beam as a thick nonlinear
medium. The temperature of the vapor is accurately controlled at 130 °C to ensure uniform
atomic density with about 3.47 x 10'* m=3. Finally, the diffraction patterns of the output vortex
beam is detected by a charge-coupled device (CCD) for identifying the OAM modes in real-time.

Figure 1(b) shows the schematic diagram of OAM modes identification based on spatial
self-phase modulation. The focused vortex beam passes through the atomic medium resulting in
the atomic nonlinear refractive index is induced. Meanwhile, the vortex beam undergoes the
nonlinear phase shift, which is directly related to the OAM mode. Thus, the diffraction rings
with clearly distinguishable tails is generated for simultaneously identifying the magnitude and
sign of OAM mode of the vortex beam.



Research Article Vol. 31, No. 9/24 Apr 2023/ Optics Express 13530 |

Optics EXPRESS

Fig. 1. (a) Sketch of experimental setup. HWP, half-wave plate; PBS, polarization beam
splitter; QWP, quarter-wave plate; M, high-reflection mirror; L, lens; CCD, charge coupled
device; WM, wavelength meter. (b) Schematic diagram for realizing the OAM modes
identification.

3. Experimental results and discussions

The vortex beam, introducing a new degree of freedom ¢ in the light-related applications owing
to the arbitrary topological charge, is expressed as [35]:

2
En(r,¢,2) = Ao(wio>""exp<—w’—02>exp(—iw) (1)

where Ay is a constant, wy is the beam waist, ¢ is the topological charge representing OAM
modes. When the vortex beam transmits distance z in free space and is focused by a thin lens
with the focal length of f, the electric field distribution of the vortex beam at the focus can be
simulated based on the Collins integral [36]:
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where Ll‘fl denotes the Laguerre polynomial of order |£| and p, and k = 27/ is the wave vector.

When the focused vortex beam passes through a thick nonlinear medium with the thickness of
L, it can be regarded as a stack of some thin medium, and the waist radius interacting with the
atoms is approximated to the fixed waist radius of the focus position. Therefore, the nonlinear
phase shift is written as [37]:

A¢(r7 ‘10) = (590 + A¢0) X |Efocus(ra @, Z)lz 3)
where |Efpcus(7, @, D = ”—22 is the laser intensity at focus position, P is the incident laser
0

power, the Agg = nakL X |Efpeys(r, %Z)|2mux is the peak nonlinear phase shift corresponding
to the maximum light intensity position, and the 7, = 8.49 x 107! cm?/W is the nonlinear
refractive index. Meanwhile, ny = %Re v® is determined by the third-order susceptibility
0
2 .
XD = ~EN(pup — paa) bl %
population difference between the excited and the ground states in thermal equilibrium, N = 3.47
x 10'* m™3 is the atomic density, A is the frequency detuning, T; = 26 ns is the excited state
lifetime, 7> is the dipole dephasing time, and i, = 2.53 x 1072° C - m is the electric dipole
moment for the circularly polarized incident beam. Different polarized beams will excite the

[38], where c is the light speed, (ppp — Paa)?? is the
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atoms through different transition paths, leading to the different transition dipole moments and
third-order nonlinear susceptibility. Clearly, the nonlinear phase shift of the atomic medium is
reflected by the third-order nonlinear susceptibility y®, which is significantly adjusted by the
experimental parameters of the atomic number density, frequency detuning, and laser intensity.
Note that, the topological charge ¢, representing the OAM modes, is directly related to the
nonlinear phase shift.

The complex amplitude of electric field at the exit surface of the medium will be expressed as:

Eou(r, ¢,2) = Efocus(r’ ®,2) X exp(Ag(r, ¢)). (€]

The electric field distribution of output vortex beam after Fresnel-Kirchhoff diffraction is
expressed as [39]:

1 (o] 271'
B g.d) = - /0 /0 Epes(r. 9.2) X exp(A(r, @))exp(—ikrf cos ¢)rdrdyp

= FFT ' {H(u,v) - FFT[Efpeus(r, ¢, 7) X exp(Ad(r, )]}

&)

where H(u,v) = exp{jkd[1- ’172 (u?+v?)]} is the transfer function of Fresnel-Kirchhoff propagation,
d is the distance from the medium exit plane to the far-field observation plane, 6 is the far-field
diffraction angle, and ¢ is the angular coordinate on the exit plane of the medium.

Finally, the corresponding far-field intensity distribution of vortex beams can be expressed by
means of the Fresnel-Kirchhoff diffraction formula:

1 (o] 2 .
Irr,p,d) = lezl /0 /O Ejocus (1, ¢, 2) X exp(AQ(r, ))exp(=ikrf cos g)rdrdp|*.  (6)

It can be found that the output diffraction intensity distribution is affected by the nonlinear
phase shift Ag(r, ¢). The tail number of output diffraction intensity patterns is proportional to
the number of OAM modes.

Figure 2(a) is the intensity profiles of the vortex beams with OAM modes of |¢| = 1, 2, 3, 4, and
5, which are theoretically simulated by Eq. (1). The corresponding diffraction intensity patterns
with OAM modes from +1 to +5 are shown in Fig. 2(b). It can be seen that the diffraction rings of
the vortex beams show clearly distinguishable tails after passing through the nonlinear medium,
and the number of tails is equal to the magnitude of OAM modes. When the peak nonlinear phase
shift is kept constant, the nonlinear diffraction ring shrinks with the increasing ¢ because the
larger nonlinear phase shift is required for detecting high-order OAM modes. Additionally, the
nonlinear diffraction intensity distributions of the vortex beams with £ = —1 to —5 are described
by Fig. 2(c). Similar to the Fig. 2(b), the number of tails agrees with the magnitude of OAM
modes but with the opposite rotation direction. It is found that vortex beams have a clockwise
tail direction when the modes are positive, while the negative modes is the opposite. Thus,
the magnitude and sign of OAM modes are identified by the number and rotation direction of
diffraction rings tails, respectively.

The experimentally observed diffraction patterns of vortex beams with £ = 1, 2, 3, 4, and 5 are
shown in Fig. 3(a). The vapor temperature is fixed at 130 °C, the laser power is kept at 20 mW,
and the frequency is blue detuning 0.7 GHz from ®Rb 58, »(F = 3) - 5P32(F’ = 4) hyperfine
transition so as to make absorption negligible [40]. The high atomic density corresponding to
high vapor temperature induces large nonlinear phase shift, thus improving the visualization
degree of diffraction pattern. The impact of thermal effects on diffraction pattern is not considered
because of the same thermal motion and Doppler broadening at constant temperature. The spiral
rings with clearly distinguishable tails are observed in the generated diffraction patterns with
clockwise rotation direction. Meanwhile, the number of the tails agrees with the magnitude of
{. Furthermore, the diffraction patterns of vortex beams with £ = —1, -2, =3, —4, and -5 are
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Fig. 2. (a) Theoretical simulated intensity profiles of vortex beams with |£| = 1, 2, 3, 4, and
5. The diffraction patterns of vortex beams with (b) €+ and (c) ¢-.

shown in Fig. 3(b). The experimental conditions are the same as in Fig. 3(a) except for the sign
of £. It is found that the similar spiral rings with counterclockwise rotation tails are obtained.
Note that, the visualization degree of the OAM modes identification, determined by the nonlinear
phase shift, is reflected by shrinkage of diffraction ring with the increasing topological charge €.
Obviously, the diffraction patterns of high-order OAM mode gradually becomes unclear, which
can be seen from ¢ = +4 and € = +5 in Fig. 3. The larger nonlinear phase shift is required to
induce the diffraction ring generation as the OAM modes to be identified increasing, indicating
that it is necessary to regulate nonlinear phase shift for identifying OAM modes by adjusting
experimental parameters.

=22 (=3 (=4 (=5

Fig. 3. Diffraction patterns of vortex beams with (a) £ =1,2,3,4,5and (b) € = -1, -2, -3,
—4, -5 when the laser power is 20 mW and the frequency is 0.7 GHz blue detuning from
85Rb 581/2(F = 3) - 5P35(F’ = 4) hyperfine transition.

The flexible tunability of atomic medium makes it possible to improve the visualization
degree of OAM modes identification. Figure 4 shows the diffraction patterns of vortex beams
with different laser powers. The other experimental conditions are the same as in Fig. 3. The
merged tails are observed in the diffraction patterns of ¢ = +4 with low laser power, which is
shown in Fig. 4(a). The visualization degree of diffraction ring is limited at low power due to
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enhanced absorption, which is optimized by altering frequency detuning and laser power. As the
laser power further increasing, the four clearly distinguishable tails are observed in expanded
diffraction patterns with gradually improved visualization degree of OAM modes identification,
which attribute to the enhanced nonlinear effect [23]. Meanwhile, the cases of £ = +5 vortex
beam with five tails (Fig. 4(b)) demonstrate similar behaviors but with different profile. The
profile area of the diffraction patterns increases with the increasing laser power. Note that, the
diffraction patterns profile area of £ = +5 is smaller than that of £ = +4 with same laser power.
It means that high laser power induced larger nonlinear phase shifts is necessary to generate
diffraction rings as increasing topological charge ¢ [41].

3 mW 7 mW 10 mW 25 mW 40 mW

Fig. 4. The diffraction patterns of vortex beams with (a) £ = +4 and (b) £ = +5 when the
laser power is 3, 7, 10, 25, and 40 mW, respectively.

The diffraction patterns of vortex beam are further investigated by adapting frequency detunings,
which are presented in Fig. 5. The other experimental conditions are the same as in Fig. 3. When
the blue detuning from 3Rb 55, ;2(F = 3) - 5P3p(F' = 4) hyperfine transition is decreased
from 1.1 to 0.7 GHz, the profile area of diffraction patterns increases with a gradually clear
tail as illustrated in Fig. 5(a). As the frequency detuning decreases, the nonlinear effect of the
atomic vapor becomes significant with enhanced interaction between laser and atoms [42]. The
visualization degree of the OAM modes identification is improved with the decreasing laser
detuning. Meanwhile, the case of red detuning from 87Rb 55 »(F = 2) - 5P3,2(F’ = 1) hyperfine
transition has a similar behavior, which is shown in Fig. 5(b). In addition, it can be found that
the profile area of blue detuning diffraction pattern is larger than that the situation of same
red detuning. The isotope 83Rb atoms exhibits the stronger nonlinear effect with the 2.5 times

(2)

Blue N,
detuning ?g

800 pm

(b)

Red
detuning

Fig. 5. The diffraction patterns of £ = +1 vortex beam with (a) 1.1, 1.0, 0.9, 0.8, 0.7 GHz
blue detuning from 3Rb 581 /2(F = 3) - 5P35(F" = 4) hyperfine transition and (b) ~1.1,
-1.0,-0.9, —0.8, 0.7 GHz red detuning from 8"Rb 58 5(F = 2) - 5P32(F’ = 1) hyperfine
transition.
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abundance greater than that of 3’Rb in an Rb vapor [43]. To sum up, the atomic vapor with
flexible and tunable nonlinear effect, achieving by varying laser power and frequency detuning,
makes it an attractive candidate for identifying the OAM modes information of vortex beams.
Meanwhile, we believe that higher order OAM modes identification can be realized in atomic
medium with high damage thresholds compared with the use of two-dimensional material.

4. Conclusions

In summary, we experimentally demonstrate the OAM modes identification of the vortex beams
in Rb vapor based on spatial self-phase modulation. The refractive index of atomic medium is
spatially modulated by the focused vortex beam, resulting in the nonlinear phase shift related to
the OAM modes directly when the vortex beam passes through the atomic medium. The nonlinear
diffraction patterns are induced for identifying the magnitude and signs of OAM modes with
the £ = 1, 2, 3, 4 and 5 by the number and direction of clearly distinguishable tails, respectively.
Moreover, the diffraction patterns of vortex beams are dynamically manipulated by regulating the
laser power or frequency detuning for further improving the visualization degree of high-order
OAM modes identification. This work holds tremendous promises for identifying the high-order
OAM modes of vortex beams through the nonlinear effect of atomic medium.
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