™ |

Check for
updates

Research Article Vol. 30, No. 10/9 May 2022/ Optics Express 15978 |

Optics EXPRESS i N

Tunable high-order Bessel-like beam generation
based on cross-phase modulation

JINPENG YUAN,12® XUEWEN WANG,"2 LIRONG WANG,1:2"
LIANTUAN X1A0,"2 AND SUOTANG JIA':2

! State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Laser Spectroscopy,
Shanxi University, 92 Wucheng Road, Taiyuan 030006, China

2Collaborative Innovation Center of Extreme Optics, Shanxi University, 92 Wucheng Road, Taiyuan
030006, China

“Wilr@ sxu.edu.cn

Abstract: Nonlinear atomic media are promising substitutes for spatial light modulators (SLMs)
owing to the high tunability and fast response. We demonstrate the generation of high-order
Bessel-like beam based on cross-phase modulation in 85Rb atoms. The atomic medium, whose
refractive index is spatially modulated by the focused Gaussian pump beam, acts as a nonlinear
focusing lens for the Laguerre-Gaussian probe beam. As a result, the probe beam carries the
nonlinear phase shift and is converted into a Bessel-like mode in far-field diffraction. The
superior self-healing ability of the generated high-order Bessel-like beam is verified by inserting
an obstruction in the beam path, and its high tunability is investigated in terms of the pump beam
power and vapor temperature. Furthermore, this novel beam is used in an obstruction-immune
rotation sensor to measure the angular velocity. Nonlinear atomic medium as a novel SLM
promises considerable application prospects in modulating the light field structure.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Manipulating the multiple physical dimensions of photons enables a diversity of light-related
applications. The spatial structure, beyond the traditional physical dimensions of frequency,
time, amplitude, phase, and polarization, has attracted increasing interest. Tailoring the spatial
structure of light fields enables the various special light beams, namely structured light in a
broad sense [1,2], which have fueled many applications in the fields of optical communications
[3], optical sensing [4,5], micromanipulation [6], quantum information processing [7], and
super-resolution imaging [8].

Bessel beams [9], containing a central lobe surrounded by a series of concentric rings, have
motivated considerable attention for their fascinating non-diffraction and self-healing properties.
In particular, high-order Bessel beams carrying orbital angular momentum (OAM) have been
widely utilized in material characterization [10], remote sensing [11], optical vortex braiding [12]
and particle trapping [13]. The generation of high-order Bessel beam always involves the use of
axicon lenses [14,15] and spatial light modulators (SLMs) [11]. However, the output beam of an
axicon lens is difficult to adjust due to the fixed cone angle. SLMs have the advantage of high
adjustability, but the relatively low damage threshold and slow response limit their application
scenarios. Thus, a high-order Bessel beam generation method with high tunability and fast
response is required in the optics community.

Recently, various nonlinear media, offering the possibility of manipulating the light field
structure through nonlinear effects [ 16—19], have been proposed as promising substitutes for SLMs.
Among the numerous existing nonlinear media, alkali atoms exhibit the novel characteristics
of flexible tunability, easy reconfiguration and fast response, which make them powerful tools
for generating the structure lights [20-23]. A typical conical emission is generated when a
strong beam passes through a nonlinear medium, which is the so-called self-phase modulation
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(SPM) [24,25]. However, as a self-action effect, SPM requires a high input power to generate
the nonlinear effect, and introduces stray light due to the serious scattering, which reduces the
beam quality. By contrast, cross-action effects [25,26] can achieve the same effect at pump beam
powers two orders of magnitude lower, which simultaneously meet the needs of low power and
adjustable parameter light sources. To the best of our knowledge, the generation of high-order
Bessel beam through the cross-action effect in alkali atoms has not been reported.

In this work, we demonstrate the generation of high-order Bessel-like beam based on the cross-
phase modulation (XPM) in 83Rb atoms. The refractive index of the atomic medium is spatially
modulated by the Gaussian pump beam. Additionally, the wavefront of the Laguerre-Gaussian
(LG) probe beam is reshaped and behaves as a Bessel-like mode in far-field diffraction after it
passes through the atomic medium. The intensity distribution and helical phase of the generated
beam can be reconstructed when the beam encounters an obstruction in its path. Then, the high
tunability of the generated beam is investigated in terms of the pump beam power and vapor
temperature. Finally, this novel beam is used in an obstruction-immune rotation sensor to achieve
the angular velocity measurement. This work provides an all-optical method for the generation of
high-order Bessel beam, which holds substantial potential for manipulating the spatial structure
of light fields through nonlinear effects.

2. Method

The schematic of the high-order Bessel-like beam generation is shown in Fig. 1(a). The
780 nm pump and probe beams are provided by a tapered amplifier diode laser (DL TA pro,
Toptica). The beam waist is approximately 0.5 mm. The frequency is blue-detuned to the
581/2(F = 3) = 5P35(F’ = 4) transition of %°Rb, which is monitored using a wavelength
meter (WS-7, High Finesse). The LG probe beam with OAM is generated by a Q-plate, while
the Gaussian pump beam is focused through a lens (focal length f = 300 mm) to excite the
nonlinear effect of atomic medium. The two beams with counter-propagating configuration enter
a 10 x 10 x 10 mm? vapor cell. The center of the vapor cell is located at the focus of the pump
beam, and its temperature is accurately controlled through a self-feedback system. The right side
of the vapor cell is taken as the z-axis origin , which is defined as z = 0 cm. The intensity profiles

Fig. 1. (a) Schematic and (b) principle of the high-order Bessel-like beam generation.
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of the output probe beam are recorded utilizing a charge-coupled device (CCD). Figure 1(b)
depicts the principle of the high-order Bessel-like beam generation. The refractive index of the
atomic medium is spatially modulated by the focused Gaussian beam and serves as a nonlinear
focused lens, which is equivalent to an axicon lens for the probe beam. The LG beam undergoes a
nonlinear phase shift after it passes through the atomic medium, thus converting from a diverging
vortex beam into a tightly focused and self-healing high-order Bessel-like beam.

3. Experimental results and discussions

The LG beam, as the input probe beam, introduces a new degree of freedom in the light-related
applications owing to the theoretically infinite topological charge, which can be expressed as:
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where k is the wave vector, > = x> + y?, ¢ is the angular coordinate, (&) = arctan(£) is the
Gouy phase, LII7 is the Laguerre polynomial, p is the radial topological charge (p = 0 is assumed),
1 is the topological charge, and A is a constant. The beam waist is w, and w(&) = wo(1 + £2)!/2
defines the radius at which the electric field intensity decreases to &2 /2 of its maximum value,
where & = z/zg, in which zg = ﬂw(z)//l is the Rayleigh length. When a strong Gaussian pump
beam interacts with the atomic medium, the nonlinear refractive index modulation is induced by
the optical Kerr effect, which makes the probe beam carry nonuniform phase shifts in the radial
direction on the exit of the vapor cell [27]. Considering that the pump beam is much stronger
than the probe beam, we neglect the probe intensity /;. Then, the phase shift is obtained as [25]:
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where L is the length of the sample cell, and 15(0, 0) is the central intensity of the pump beam.
Considering that the pump beam at the focus position plays the key role in modulating the phase
of the probe beam, Eq. (2) can be approximated as @y = 2kny LI>(0, 0)exp(—2r?/ a)(z)). Thus, the
far-field distribution pattern of the probe beam can be simulated based on the integral formula of

Fresnel-Kirchhoff diffraction:
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where D is the distance between the exit of the sample cell and the CCD, R(z) = z + z,ze /z is the
radius of curvature of the wave face of the Gaussian pump beam, 6 is the far-field diffraction
angle. Clearly, the Eq. (3) contains the /-order Bessel function, which is written as:

I
Ji(kr6) = i 71) / exp[—i(kr6 cos ¢ + lp)|de ()
0

Figure 2(a) shows the theoretical simulations with different topological charges, the probe
beam carrying the nonlinear phase shift exhibits the typical intensity distributions of the Bessel
beam. The experimental results are shown in Fig. 2(b), the intensity distributions of the generated
beams are similar to the Bessel-Gaussian beams described by the Bessel function, which are in
excellent agreement with the theoretical simulations. Here, the laser frequency is blue-detuned
approximately 1 GHz relative to the 5S> (F = 3) - 5P3, (F = 4) transition of 35Rb. The pump
and probe beam powers are fixed at 40 and 0.1 mW respectively, and the vapor temperature is set
to 140 °C. The atomic vapor with a spatially-varying refractive index due to the modulation of
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the pump beam acts as a nonlinear focusing lens for the probe beam. Thus, the spatial phase
distribution of the probe beam is reshaped and the far-field diffraction pattern carrying the
nonlinear phase shift is converted into a non-Gaussian mode, which behaves as a Bessel-like
beam. The cylindrical lens is used to measure the topological charge of the generated beam by
transforming incident photon momentum to position at the focal plane [28], and the corresponding
profiles are shown in Fig. 2(c). The cylindrical lens profiles clearly demonstrate the exact order
of the generated high-order Bessel-like beam, whose topological charge is the same as that of the

input beam.

Theory Experiment

400 pm

]1-
lzn.

(a) (b)

Fig. 2. (a) Simulated and (b) experimental intensity profiles of the high-order Bessel-like
beam. (c) Corresponding cylindrical lens profiles of the generated high-order Bessel-like
beam.

We further examine the propagation property of the generated high-order Bessel-like beam
in the presence of an obstruction. When the obstruction is located in the Bessel region, the
generated Bessel-like beam can be reconstructed. Figure 3(a) shows the intensity profiles of the
high-order Bessel-like beam at different propagation positions with an obstruction. Here the
related experimental parameters are the same as in Fig. 2. The obstruction is a thin quartz plate
with a black spot made of printing ink of about 300 um diameter, which is inserted at z = 30.5
cm. The main lobe of the high-order Bessel-like beam is totally blocked by the obstruction at z =
31 cm and gradually recovers with increasing propagation distance. Finally, the unscreened light
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bypasses the obstruction and reconstructs the intensity profile of the high-order Bessel-like beam
at z=40.9 cm. A cylindrical lens is also used to verify the topological charge in this process, and
the corresponding profiles are shown in Fig. 3(b). As expected, both the intensity distribution
and helical phase of the output beams are reconstructed when encountering an obstruction in the
beam path.

z=30cm z=31cm z=40.9 cm

Fig. 3. (a) Intensity profiles of the generated high-order Bessel-like beam at different
propagation positions with an obstruction inserted at z = 30.5 cm. (b) Corresponding
cylindrical lens profile after the obstruction.

Figures 4(a) and 4(b) show the intensity profile and extracted radius of the main lobe of the
generated high-order Bessel-like beam at different pump beam powers with the probe beam
power of 0.1 mW and vapor temperature of 140 °C. The radius of the main lobe of generated
high-order Bessel-like beam decreases with increasing pump beam power. According to Eq. (2),
the nonlinear phase shift ¢y increases as the pump beam power increases, which indicates
that the focusing strength is enhanced. The intensity profile and radius of the main lobe of the
generated high-order Bessel-like beam as increasing vapor temperature are shown in Figs. 4(c)
and (d) respectively, when the pump beam power is fixed at 120 mW. The refractive index n;
is in proportional to the real part of the third-order nonlinear susceptibility, which is positively
correlated with the atomic number density. As the vapor temperature increases, the atomic density
increases, and ny accordingly becomes larger. The focusing strength is enhanced, and the radius
of the main lobe decreases with increasing vapor temperature. Therefore, the beam parameter
can be adjusted by varying the pump beam power and vapor temperature. The high tunability of
the generated high-order Bessel-like beam is beneficial to its practical application. Furthermore,
the output probe beam retains a transmittance higher than 90% owing to the cross-induced
transparency.

The generated high-order Bessel-like beam, combining the advantages of the spiral phase and
self-healing ability, can be served as a powerful tool in obstruction-immune rotation sensors,
which cannot be achieved by the traditional Gaussian and LG beams. The generated high-order
Bessel-like beam is coaxially incident into the center of the rotating object, resulting in the



Research Article Vol. 30, No. 10/9 May 2022/ Optics Express 15983 |

Optics EXPRESS i N

3mW 20 mW 40 mW 80 mW .
1 400
| ]
Iu 5 A o /=0
50k -
o, o /=1
) A =2
Z300F o A
= o
~ r 2 250 e -
=1 (@ g ? uu o o o
& By ° o
200
o
o
a o
150 F =

Power (mW)

(b)

(@)

110°C 120 °C 130 °C 140 °C
400
o o /=0
350t _
= o I=1
A =2
o
= 3001
g ° .
2 o
£20f o o
4 a A
o
o - % o
200 o o
o N °
o
o
110 120 130 140 150

Temperature (°C)

(d)

Fig. 4. (a) Intensity profile and (b) radius of the main lobe of the generated high-order
Bessel-like beam at different pump beam powers. (c) Intensity profile and (d) radius of the
main lobe of the generated high-order Bessel-like beam at different vapor temperatures.

rotational Doppler shift due to the existence of a small angle a = [1/(2nr) between the Poyting
vector and the axis of rotation, in which r is the radius from the beam axis. The rotational Doppler
shift [4,11] is Af = fyvsina/c, where fj is the unshifted frequency, and v is the line speed of an
arbitrary point in the incident plane. For a small «, the shift can be written as:

fovsina rQ A Q
Af =12 =

c W 2r 2

&)

here Q is the angular velocity. The frequency shift is obtained through the beat frequency
detection between the beam reflected from the rotating surface and the original Gaussian beam.
In the experiment, the rotating object located at z = 40.9 cm is a chopper (SR540, Stanford
Research Systems) with a precisely modulated frequency f;,,0 = Q/(27).

Figure 5(a) shows the rotational Doppler shift with different modulation frequencies and
topological charges I. For the same [, the frequency shift increases linearly with the modulation
frequency according to the Eq. (5). The inset shows the normalized frequency domain signal with
a high signal-to-noise ratio (SNR) when the modulation frequency is 26.66 Hz, and the measured
rotational doppler shifts are 26.55 + 0.21 and 53.34 + 0.19 Hz for the [ = 1 and 2, respectively.
The measurement error [29] of the frequency domain signal is given by 6f = V3/(V2xtVSNR),
where the cumulative detection time 7 is 1 s. In addition, the generated high-order Bessel-like
beam can effectively be used to measure the angular velocity in the presence of an obstruction.
Figures 5(b) and (c) show the normalized frequency domain signals with the generated Bessel-like
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beam and LG beam for / = 2 when the modulation frequency is 26.66 Hz. When there is no
obstruction, a clearly distinguishable peak emerges with the same frequency shift of 53.34 Hz
using both the two beams. Once the obstruction is placed, the peak intensity for the generated
Bessel-like beam decreases a bit but can still be observed obviously. However, for the LG beam,
the frequency domain signal is totally mess.

without obstacle
= with obstacle

without obstacle
e with obstacle

Frequency shift (Hz)
8

Normalized intensity (a. u.)
s
=

Normalized intensity (a. u.)

£ oMo LD

25 50 75 25 50 7
Modulation frequency (Hz) Frequency (Hz) Frequency (Hz)

() (b (©)

Fig. 5. (a) Rotational Doppler shift for different modulation frequencies and topological
charges. The inset shows the normalized frequency domain signal. Normalized frequency
domain signal with the (b) high-order Bessel-like beam and (c) LG beam.

4. Conclusions

In summary, we present an all-optical method to generate the high-order Bessel-like beam
based on the XPM in ®Rb atoms. The atomic medium modulated by the focused Gaussian
beam serves as a nonlinear focused lens, which is equivalent to an axicon lens for the probe
beam. The LG probe beam undergoes a nonlinear phase shift after it passes through an atomic
medium, thereby converting from a diverging vortex beam into a tightly focused and self-healing
high-order Bessel-like beam. Furthermore, the intensity distribution and helical phase of the
generated high-order Bessel-like beam can be reconstructed when encountering an obstruction
on the beam path. The beam parameter can be flexibly adjusted by varying the pump beam
power and vapor temperature. Furthermore, this novel beam can be serves as a powerful tool in
obstruction-immune rotation sensors to measure the angular velocity. This work holds tremendous
promises for manipulating the spatial structure of light field through the nonlinear effect.
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