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Abstract: A steady optical beam (SOB) propagating stably in a disorder medium is constructed
by using a specially designed aspherical lens. Our theoretical and experimental results show
that the generated SOB exhibits much better propagation features with small divergence and
long Rayleigh length, as well as weak deformation through turbulent environment as compared
with a conventional Gaussian beam. The beam parameter product of the SOB reaches 49.40%
of the Gaussian beam by multiple measurements within a certain distance range. The SOB
may find applications in optical communications and optical detection in turbulent transmission
conditions.

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

1. Introduction

Air turbulence is always a serious problem in applications that laser beam propagate through
air or water medium, such as laser communication, Lidar or laser illumination [1-3]. Typically,
turbulence could cause waveform distortion, drift and arrival angle fluctuation of laser beam,
and eventually restrict its practical applications [4—-6]. Besides that, even without turbulence,
diffraction as the natural property of light could also induce laser beam divergence, in other
words that waveform keep changing during propagation. [7-9].

For several decades, a variety of methods have been proposed to overcome the effect of
turbulence and natural diffraction to keep laser beam propagating stably, such as nonlinear soliton
[10,11], adaptive optics (AO) [12—14] and anti-diffraction beam shaping [15-19]. The soliton
method resists beam broadening by using the nonlinear self-trapping effect, which needs nonlinear
medium, thus not applicable for free-space propagation. AO system depends on the feedback and
compensation of wavefront corrections by using complex algorithm and deformable mirror, and
thus are usually associated with extraordinary high cost and complexity. Though anti-diffraction
beam shaping method like Bessel [20,21] or Airy beams [22-25] have led to optical beams
maintaining good shape during propagation, as have been applied in a variety of applications
such as image transmission, laser communication, and detection [17,26—28], their limitations
are well known and bothersome for some applications. For example, the truncation of these
beams’ tail by finite aperture of optical elements which is unavoidably in reality, could reduce the
propagation distance of these beams severely. Actually, the longest propagation distance reported
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so far is just a few meters realized by spatial light modulators (SLMs) in laboratory environment
[29-34]. To reduce the effect of turbulence and diffraction to laser beam, other kinds of methods
are expected to try.

In this work, we propose and demonstrate a kind of steady optical beam (SOB) by superimposing
multiple ring beams based on the mechanism of transverse wave vectors elimination. A quartz
aspheric lens is employed to form a series of concentric ring beams at different distance. By
interfering with each other, and eliminating transverse wave vectors, a kind of SOB that can
propagate stably in turbulent environment is realized. The propagation characteristics of the SOB
are studied through simulation and experiment. The measured beam parameter product (BPP) of
the newly constructed SOB is approximately 50% smaller than that of Gaussian beam under the
same propagation situation at certain propagation range. To verify its ability to resist turbulence
effect, a comparative experiment is carried on by letting both SOB and Gaussian beam propagate
through the same water turbulent environment.

2. Theoretical analysis

The wave function of the ring beam in the cylindrical coordinate system is expressed as
E(r,z) = E;exp {ik; - r + Ik, - 2}, 1)

where r and z denote vectors with radial and axial directions, respectively, E; is the transverse
light field amplitude distribution and it can be given as
} ; @

E; =+ {exp l—%l + ex
w; (2

where Iy represents initial light intensity, |r;| represents the radial distance between the position
of maximum radial intensity and the center of the beam, w; (z) represents beam width of the ring
beam, k; and k; represent the radial wave vector and the axial wave vector, respectively. Suppose
that these ring beams are arranged right next to each other at the initial plane, they will mix and
interfere with each other during propagation due to diffraction broadening. At each interfere
point, the combination light field of E,, and E, can be written:

(4 ;)
w? (2)

E(r,z) = Eexp(ik, - r+ ik, - z) + E, exp (ik', ‘r+ik, - z) . 3)
It can be easily calculated that:

E(r,z) =2cos(k, - r) E,, exp (ik, - z) + (E, — E,,) exp (ik; -r+ik, - z)
, )
+ Enexp(—-ik, - r + ik, - z) {exp [i (kr + kr) . r] - 1} .

In Eq. (4), for the situation that k, = —k; and E, = E,, the phase term of the radial wave
vectors k, and Kk, is eliminated, indicating that the transverse intensity profile of the ring beam
remains unchanged. The resultant light filed is:

E (r,z) = 2E, cos (k, - r)exp (ik; - z). 5)

In Eq. (5), since that the phase factor doesn’t have radial component, its shape could maintain
during propagation, so called steady optical field.

To verify the effect of wavevector’s elimination, we simulate the procedure of two ring beams’
propagation, as shown in Fig. 1. In the simulation, we generate two concentric ring beams with
Gaussian intensity distribution. The inner and the outer ring beams are set 0.7 mm and 2.0 mm
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away from the center, respectively. Both beams have the same ring width of 0.3 mm, and the
same wavelength of 532 nm. A focused phase exp (—ikBr) and a defocused phase exp (ikfr) are
added to the outer ring beam and the inner ring beam at the initial plane, respectively, where 3 is
a constant, so the two beams will mix and interfere with each other fast. It can be seen that a
steady optical wave form is observed between the positions of z, and z3. In the range of z, and
z3, the waveform maintains almost the same during propagation, as shown in Fig. 1(c, d).

1
1

Fig. 1. Simulation result to illustrate the procedure of combining two ring beams. (a): The
side-view. (b), (c) and (d): Transverse beam patterns at z;=0 cm, zp= 11.84 cm, z3=20.88
cm.

3. Experimental setup and results

In experiment, we use an aspherical lens which contains multiple ring structure to split an input
Gaussian beam wavefront into multiple ring wavefront and focus each ring wavefront at different
position. The focal length in the center area of the aspherical lens is the smallest of all. The
further the ring structure from aspherical lens center, the longer focal length it is. The specific
focal length is set according to the rules: for two neighbor ring structure, the outer one focus the
laser beam at the position half Rayleigh length longer than the inner one. Based on this rule, the
inner beam that is supposed to diffract outward at its Rayleigh length, and meet the outer beam
that is supposed to focus itself at its focal length, so they mix and interfere with each other to
keep their beam form without much distortion.

The experimental setup to generate SOB and verify its propagation behavior in water turbulence
is shown in Fig. 2, in which the orange box part of the figure illustrates the generation setup
of SOB and the blue box part illustrates the turbulence-resistance setup. In the experiment a
collimated continuous wave (CW) 532 nm laser beam with the power of 88.9 mW is expanded
from Imm to 30 mm, and split by the designed aspheric lens. The aspheric lens that is made of
fused quartz contains 16 arcs with different curvature, corresponding to different focal lengths,
as shown in the inset snap of Fig. 2.

A beam analyzer (Jingyi Optoelectronics) was used to collect the spot of the SOB that passed
through BS2. The blue box part of Fig. 2 is the experimental setup to verify its propagation



Research Article Vol. 30, No. 6/14 Mar 2022/ Optics Express 10066 |

Optics EXPRESS N

l
l
' W g
|532nmlaser [
|

N3 receiving screen

f inset
WS |

M1 BES2 —12m

water tank

I camera
Fig. 2. Experimental setup to generate SOB and verify its propagation through water
turbulence. The inset is a schematic diagram of the designed aspheric lens. The upper part
in the orange box is the setup to generate SOB, and the lower part in the blue box is the setup
to verify its propagation behavior through water turbulence. M1, M2: mirror; BS1, BS2:
beam splitter; BES1,BES2,BES3: beam expanding system.

behavior through water turbulence. The Gaussian beam and the SOB are reflected respectively
by the BS1 and BS2 first and then expanded and collimated by the BES2 and BES3 to reach
almost the same size. During their propagation through water tank, hot water is poured in to
generate turbulence. A receiving screen is placed next to the water tank to observe and record
the beam spot together with a camera.

The transverse distributions of the generated SOB at different propagation distance are shown
in Fig. 3(al-a4). Taking the position of the aspheric lens as z=0 mm, the transverse intensity
profiles at the distance of 950 mm, 960 mm, 970 mm and 980 mm are drawn respectively, as
shown in Fig. 3(b1-b4). It can be seen that the intensity distribution of the SOB is a cosine-like
form at z=950 mm where the intensity at the center is a minimal extremum. As the beam
propagate further, the central light intensity increases higher and higher, while the beam radius
becomes smaller and smaller, as shown in Fig. 3(a2, a3). At the position of z=950 mm, the
intensity of the center of the SOB reaches to the maximum value. After that, the intensity at the
center begins to decrease, as shown in Fig. 3(a4). The corresponding intensity distributions of
Fig. 3(al-a4) are shown in Fig. 3(b1-b4) . It is worth to mention that the peak intensity of the
beam after focusing is several times higher than other positions, which shows a self-focusing
effect of such kind of beam.

To verify the anti-diffraction effect of SOB, we carried on a comparative experiment of SOB
and Gaussian beam. In the experiment, we use the method of beam parameter product (BPP)
to analyze the beam propagation quality. For fair comparison, the generated Gaussian beam is
set to have approximately the same beam width with SOB. We set the position of the minimum
beam width as the coordinate origin and captured 6 images right before and after this position, as
shown in Fig. 4(a). In Fig. 4(a), we define the beam width as the length between the positions
where the intensity reaches 1/e%. For the convenience of observation, the fitted curve of the
beam size of both SOB and Gaussian beam is drawn, as shown of the white dashed line in
Fig. 4(a). It can be seen clearly that the beam size of SOB is significantly smaller than that
of the Gaussian beam at the same position, which means smaller BPP of SOB than Gaussian
beam at this specific range. The detailed data of beam radii of both SOB and Gaussian beam at
different distances are drawn in Fig. 4(b). It can be seen that as the distance increase, the beam
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Fig. 3. Experimental transverse beam intensity patterns and beam profiles of the SOB at
different propagation distances. (al-a4): Beam patterns at different propagation distances.
(b1-b4): Intensity profiles along x-direction at corresponding positions.

radius of the Gaussian beam increases much faster than that of the SOB. It is measured that the
fitted divergence angle 6 of the SOB is 20.54 mrad while the beam waist radius wy is 0.036 mm,
corresponding to the BPP of 0.74 mm-mrad. The fitted divergence angle 8 of the Gaussian beam
is 47.53 mrad while the beam waist radius wq is 0.026 mm, corresponding to the BPP of 1.50
mm-mrad. The comparison results of the data are shown in Table 1. The BPP of the SOB is
49.40% of the Gaussian beam within a distance range of 20 mm. It proves that the SOB has much
better propagation characteristics than Gaussian beam at this range.

(b) —GS

-12 0 12
z(cm)

Fig. 4. Direct comparison of beam propagation behavior between SOB and Gaussian beam.
(a): Beam patterns of SOB (upper) and Gaussian beam (lower). (b): Beam radii of SOB and
Gaussian beam as a function of propagation distance.

Table 1. Beam radii of SOB and Gaussian beam at different positions. w1: beam radius at 3 mm;
way: beam radius at 6 mm; w3: beam radius at 9 mm:; 9: fitted divergence angle; BPP: beam
parameter product(the product of wqy and 9).

wo/mm wi/mm wy/mm w3/mm 0 /mrad BPP/mm-mrad
GS 0.026 0.146 0.333 0.567 57.53 1.50
SOB 0.036 0.047 0.088 0.213 20.54 0.74

To verify the steady property of SOB, we carried on a further experiment to study the
propagation behavior through water turbulence. The experiment setup is shown in the blue
dotted-lined box of Fig. 2. In the experiment, we also make a comparison between Gaussian beam
and SOB under the same turbulent conditions. The silica water tank we used in the experiment is
1.2m long and placed in the light propagation path. When SOB and Gaussian beam propagate
through the water tank, 90°C hot water was poured into it. Meantime, we stir the water quickly
to simulate the temperature gradient and fast movement of the turbulent environment. The
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turbulence magnitude can be controlled well by adjusting the speed of stirring and pouring. For
the convenience of observation, we added polystyrene particles in to the water, so the beam profile
can be seen clearly due to scatter, as shown in Fig. 5(a). Figure 5(b) and 5(c) show the transverse
beam spot of the SOB and Gaussian beam at the receiving screen. From these results, we can
qualitatively conclude that the beam propagation behavior of SOB is really better than that of
Gaussian beam, even they have almost the same size and propagate under the same environment.
The reason of SOB to have such ability to resist turbulence effect can be easily understood. The
light field depicted in Eq. (5) is a stable wave field, which means that each interference process
generates this same wave field. In other words, the same wave field kept being generated at
different position to maintain this same beam spot during propagation.

s
Gaussian beam

Gaussian beam

300 ' ' SOB-i Sl

250.(d) TR SOB-::’S;:;gte. e\_,20 (e)
e I GS-instant g
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Fig. 5. Comparative experimental results of SOB and Gaussian beam when they propagate
in stationary water (a) and turbulent water (b, c). (a): Side-view of beam profiles of SOB
and Gaussian beam passing through water tank without turbulence. (b, ¢): Beam spot of the
SOB (b) and the Gaussian beam (c) after passing through turbulent water(see Visualization
1 for the complete video). (d): Comparison of intensity distribution of SOB and Gaussian
beam, in which time-averaged mean intensity profile of the SOB is marked with blue dashed
line, and that of the Gaussian beam is marked with green dashed line; the instantaneous
intensity of the SOB is marked with red solid curve, and that of Gaussian beam is marked
with orange solid line. (e): Percentage of relative intensity fluctuation as a function of time
of the SOB (red line) and Gaussian beam (orange line), as defined by Eq. (6).

To quantificationally compare the propagation behavior, we recorded 300 frames of the beam
spots of both SOB and Gaussian beam when they propagate the same turbulent environment
during a time interval about 20 s. With these beam spots, we use Eq. (6) to calculate both time
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and space intensity fluctuation of SOB and Gaussian beam.

_ / f |I (x7ya t) - Imean (x’y)| dxdy
[ [ Inean (x, y) dxdy

where I (x, y, t) is the instantaneous intensity at a certain moment, /¢4, (X, y) is the time-averaged
intensity. The calculated I (x, y, f) and I;;cq, (x, y) of both SOB Gaussian beams are shown with
the blue dashed line, red solid line, orange solid line, green dashed line respectively in Fig. 5(d).
It can be seen that the I (x,y, ) and .4y, (x, y) of Gaussian beam are very different, while the
ones of SOB are almost the same. This evidently indicates that SOB is more stable than Gaussian
beam. For further calculations, we substitute the intensity distribution of SOB and Gaussian into
Eq. (6) to analyze the intensity fluctuation of these two beams according to time. The calculated
results are shown in Fig. 5(e). The results also show that SOB has better performance than
Gaussian beam in turbulent environment.

Al (6)

4. Conclusion

In summary, we have theoretically proposed and experimentally demonstrated a method to
generate the SOB by superposition of ring beams with different focal length. The propagation
property of the SOB is verified in both free space and turbulent environment by making
comparison with Gaussian beam. It is found that this SOB has weak divergence at certain range,
and good ability to resist turbulence effect. The method to construct SOB is believed to have
great prospects for applications that require laser beam to propagate into long distance, especially
in turbulent environment, such as laser communication, laser detection, and remote sensing.
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