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A B S T R A C T

We report an experimental realization of recently introduced Airy beams on incoherent background (ABIBs).
The ABIBs are structured random beams that defy diffraction in free space, making them attractive to free-
space optical communications, information transfer and imaging. We demonstrate here that the (truncated)
laboratory realizations of ABIBs are more resilient to diffraction and far more capable of self-healing after
having been obstructed by defects than are truncated coherent Airy beams of the same width of the main
lobe and truncation length. The combination of remarkable propagation invariance and self-healing potential
of ABIBs carries promise for their applications to optical communications in randomly inhomogeneous
environments and biological tissue imaging.
1. Introduction

Structuring random light has recently triggered a flurry of research
activity [1–7]. Not only do structured random light beams possess
tailored (average) intensity distributions and polarization states, just
as their coherent cousins [8], but they feature customized spatial
and/or temporal field correlations as well. The latter are at the heart
of remarkable resilience of structured random light to environmental
noise, whether it is caused by turbulence [9,10], or random obsta-
cles/impurities in the medium [11,12].

Although uniformly correlated light beams [13,14], or beam ar-
rays [15,16] have initially received much attention, the potential of
non-uniformly correlated light beams for a multitude of optical ap-
plications has been slowly recognized [17–28]. The original theo-
retical work [17] was followed by the experimental realization of
non-uniformly correlated beams composed of two [18] and multi-
ple uncorrelated modes [24], as well as by further theoretical [19–
21,26,28] and experimental [22,23,25,27] research into structuring
non-uniformly correlated light.
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In this context, the structured random beams withstanding free-
space diffraction have been conjectured to play a special role in optical
imaging and communications [29,30]. Instructively, it has been demon-
strated theoretically [19] and experimentally [25,31] that propagation-
invariant in free space random wave packets necessarily feature non-
uniform field correlations as they manifest themselves as bumps/dips
residing atop of a statistically uniform pedestal (background). One of
the most attractive features of such diffraction-free random beams is
their capacity to remain structurally stable on propagation through
a statistically homogeneous isotropic random medium, such as the
turbulent atmosphere [10].

Recently, it has been theoretically discovered [32] that Airy bumps
situated on top of a statistically uniform, Gaussian correlated back-
ground (ABIBs) are propagation-invariant in free space. Moreover, their
truncated, finite-power versions are robust against diffraction as well.
However, ABIBs have not yet been experimentally generated, to our
knowledge.

In this Letter, we report a laboratory realization of Airy beams
on incoherent background. Further, we demonstrate their resilience
030-3992/© 2023 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.optlastec.2023.110020
Received 27 May 2023; Received in revised form 17 August 2023; Accepted 1 Sept
ember 2023

https://www.elsevier.com/locate/optlastec
http://www.elsevier.com/locate/optlastec
mailto:cnliuxin1995@gmail.com
mailto:yangjiancai@sdnu.edu.cn
mailto:serpo@dal.ca
mailto:chunhaoliang@sdnu.edu.cn
https://doi.org/10.1016/j.optlastec.2023.110020
https://doi.org/10.1016/j.optlastec.2023.110020


Optics and Laser Technology 169 (2024) 110020Q. Chen et al.

𝐼

to diffraction and capacity to self-heal after they encounter opaque
obstacles. Notably, we show that the ABIB resilience to free-space
diffraction and, especially, self-healing capacity are superior to those of
truncated coherent Airy beams of the same width of the main lobe and
truncation length. The superb resistance to diffraction and scattering
by opaque obstacles makes the ABIBs attractive for optical imaging and
information transfer through random environments.

2. Theroy

We start by recalling that the average intensity distribution of an
ideal isotropic ABIB source reads [32]

(𝐫)∝1 + 𝑃2𝐷𝑒
𝜉3𝑐 ∕6
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Here 𝑃2𝐷 = 2𝜋𝜉𝑐 is a dimensionless power carried by an Airy bump
Ai(𝑥) residing atop a statistically uniform pedestal and 𝜉𝑐 = 𝜎2𝑐 ∕𝜎

2
𝐼

is a coherence parameter, with 𝜎𝑐 and 𝜎𝐼 standing for the transverse
coherence length of the pedestal (background) and the width of the
Airy bump, respectively. Further, 𝐫 = (𝑟𝑥, 𝑟𝑦) is a two-dimensional
radius vector in the source plane. We remark that both the amount of
power contained in the bump and the truncation width 𝑤𝑡 = 𝜎3𝐼∕𝜎

2
𝑐 of

the bump profile are completely determined by 𝜎𝑐 and 𝜎𝐼 .
Next, we can express the cross-spectral density of an isotropic ABIB

source as [32]

𝑊 (𝐫1, 𝐫2) = ∫ 𝑝(𝐤)𝒜 ∗(𝐤, 𝐫1)𝒜 (𝐤, 𝐫2)𝑑2𝐤, (2)

where a (nonnegative) spectral power density 𝑝 (𝐤) has a Gaussian
profile as
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and a chirped plane wave profile 𝒜 (𝐤, 𝐫) is given by the expression

𝒜 (𝐤, 𝐫) ∝ cos
[ 1
6
𝜎3𝐼 (𝑘

3
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1
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. (4)

Here a is a dimensionless constant controlling the stripe spacing of
a cosine function in our experiment and 𝐤 = (𝑘𝑥, 𝑘𝑦) is a 2D radius
vector in the reciprocal space. We notice that introducing the stripe
spacing into our experimental protocol implies rescaling all transverse
coordinates in Eq. (1) as 𝐫 → 𝐫∕𝑎, and hence rescaling the Airy bump
width to 𝑎𝜎𝐼 .

Considering statistical inhomogeneity of ABIBs, we cannot gener-
ate them in the laboratory with the aid of a rotating ground-glass
diffuser [5,14,33] We then employ a pseudo-mode superposition princi-
ple [2,5,34–37] to construct the ABIBs by discretizing Eqs. (2) through
(4) to yield
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Here 𝐤𝑚𝑛 is evaluated at discrete locations labeled by the indices m
and n across the entire reciprocal plane. Next, 𝑝

(

𝐤𝑚𝑛
)

and 𝒜
(

𝐤𝑚𝑛, 𝐫
)

are the mode weight and discrete pseudo-mode profile, respectively. In
agreement with the previous work [14], the smaller the area under the
distribution 𝑝 (𝐤), the smaller the required number of pseudo-modes,
which, in turn, implies higher coherence of the source.

To realize the ABIBs in the laboratory, we must first generate
each pseudo-mode, followed by superposing appropriately normalized
pseudo-modes. To this end, we can write the electric field of an in-
dividual mode as 𝑈𝑚𝑛(𝐫) =

√

𝑝(𝐤𝑚𝑛)𝒜 (𝐤𝑚𝑛, 𝐫). In the experiment, the
pseudo-modes are produced by illuminating a phase-only spatial light
modulator (SLM), preloaded with customized phase gratings, with a
plane wave. We follow the complex amplitude modulation encoding
algorithm [38] to customize the gratings. The SLM phase is then given
by

𝜙 𝐫 = 𝐴 sin
{

Arg
[

𝑈 𝐫
]

+ 2𝜋𝑓 𝑥
}

. (6)
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Fig. 1. (a) Experimental setup for ABIB generation; (b) discretized modal weight
distribution 𝑝

(

𝐤𝑚𝑛
)

; (c) random ensemble of phase gratings loaded onto the SLM. HP:
half-wave plate; BE: beam expander; BS: beam splitter; L1, L2: identical lenses of focal
length 𝑓 = 250mm; Filter: a circular aperture.

Here ‘‘Arg’’ stands for the principal value of the (random) phase of the
field; 𝐴 is obtained via numerical inversion: 𝐽1(𝐴) = |𝑈𝑚𝑛|, where 𝐽1
denotes a Bessel function of the first kind and first order. Further, the
phase shift 2𝜋𝑓𝑥𝑥 is imposed by a blazed grating, where 𝑓𝑥 denotes an
inverse spatial period of the grating.

We sketch our experimental setup in Fig. 1. A fully coherent,
linearly polarized beam with the wavelength 𝜆 = 632.8 nm, emitted
by a He–Ne laser, is transmitted through a half wave plate (HP)
and expanded by a beam expander (BE). Here, the HP rotates the
polarization direction of the incident beam to obtain a horizontally
polarized output since the SLM only responds to the latter. The resulting
beam passes through a beam splitter (BS) and illuminates the SLM. We
load the phase gratings generated by Eq. (6) onto the SLM. The beam,
reflected by the SLM and BS, is then transmitted through a 4f-optical
imaging system composed of the lenses L1, L2 and a filter. We place a
circular aperture as a filter in the Fourier spectrum plane of L2 to filter
out a positive or negative first-order diffraction output of the grating,
which is our desired output. We refresh the gratings, loaded onto the
SLM [see Fig. 1(c)], to generate a statistical ensemble of individual
modes. We then synthesize the cross-spectral density of the ABIB with
the help of Eq. (5). The average ABIB intensity is 𝐼 (𝐫) = 𝑊 (𝐫, 𝐫) ≃
∑

𝑚,𝑛
|

|

𝑈𝑚𝑛 (𝐫)||
2. We note that the pseudo-modes, comprising the ABIB

source, are truncated by the SLM screen in our experiment.
First of all, we present our experimental reconstruction of an ABIB

source and compare our results with the theory. The numerical and
experimental ABIB source realizations are exhibited in the top and
middle rows of Fig. 2, respectively, for different values of 𝜎𝑐 . Further,
we display the numerically simulated (solid) and experimental (dotted)
average intensity profiles 𝐼

(

𝑥, 𝑦 = 𝑦𝑝
)

of the ABIB, where 𝑦𝑝 denotes the
𝑦-coordinate of the peak ABIB intensity, in the bottom row of Fig. 2. In
our numerical simulations, we utilize truncated modes with the trunca-
tion aperture equal to the SLM screen area to ensure a fair comparison
of the experiment with simulations. We observe excellent agreement
between our simulations and our experimental source reconstruction
to the point that numerical (solid blue) and experimental (dotted red)
curves nearly coincide. Instructively, our experimental results indicate
that the ABIB tail elongates as the pedestal coherence length decreases.
This is consistent with the ABIB theory as the characteristic truncation
width of the Airy bump is inversely proportional to the square of said
coherence length, 𝑤𝑡 ∝ 𝜎−2𝑐 , cf., Eq. (1).

Next, we explore free-space propagation properties of the beams
generated by experimentally realized ABIB sources and compare the
results with numerical simulations. In our numerical work, we prop-
agate individual modes from the source to a receiver plane one by
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Fig. 2. (a1)–(d1) Theoretical and (a2)–(d2) experimental 2D average intensity profiles
of an ABIB with 𝜎𝐼 = 1.2 mm at the source; the magnitude of 𝜎𝑐 is indicated in each
panel. (a3)–(d3) Theoretical (solid blue) and experimental (dotted red) 1D average
intensity distribution 𝐼

(

𝑥, 𝑦 = 𝑦𝑝
)

curves, where 𝑦𝑝 denotes the 𝑦-coordinate of the peak
intensity of the ABIB source. The number of the adopted modes from the left column
to the right column are 3600, 10,000, 10,000 and 40,000 respectively.

one, which can be achieved via the convolution between the source
mode with the impulse response function of free-space [2]. The ABIB
intensity then follows from the mode superposition, Eq. (5), by letting
𝐫1 = 𝐫2 = 𝐫. We show our numerical and experimental results in the top
and middle rows of Fig. 3. The theoretical (blue solid) and experimental
(red dotted) curves, displayed in the bottom row of the figure, yield
the average intensity distributions 𝐼

(

𝑥, 𝑦 = 𝑦𝑝
)

evaluated at the 𝑦-
coordinate 𝑦𝑝 of the peak intensity of the ABIB. The experiment and
numerics are in excellent agreement. The overall color difference of the
panels in the top and middle rows is mainly due to noise, whereas small
intensity fluctuations stem from a finite number of modes employed
to synthesize the ABIB source. It is instructive to compare the ABIB
resilience to diffraction to that of a coherent Airy beam. To this end,
we consider the electric field envelope profile 𝛹 of a truncated Airy
beam [39] with the same main lobe width and truncation length as
those of our experimentally generated ABIB at the source, i.e.,

𝛹 (𝑥) ∝ Ai
(

𝑥
𝑎𝜎𝐼

)

exp
(

𝜉𝑐
4

𝑥
𝑎𝜎𝐼

)

, (7)

with 𝜎𝐼 = 1.2 mm, 𝑎 = 0.15 and 𝜉𝑐 = 4∕9. We display free-space
evolution of |𝛹 |

2 in Fig. 4. We can infer from the figure that not only
does the Airy beam spread quite a bit, but its structure is also altered
on propagation. Specifically, the Airy profile acquires a rather long tail,
and the contrast of its side lobes gradually decreases away from the
main lobe [see Fig. 4(c)]. At the same time, the Airy structure of the
ABIB of the same width of the main lobe and truncation length remains
nearly intact at this distance, as is evidenced by Fig. 3 (c1) and (c2).

Last, we explore the ABIB self-healing capacity. We take an inverted
Gaussian filter as a model of an obstacle and place it in the source
plane for simplicity. The obstacle transmittance function is 𝑇 (𝐫) = 1 −
exp(−𝐫2∕𝑅2), where 𝑅 denotes the transverse width of the obstacle. We
exhibit our numerical and experimental results in the top and bottom
rows of Fig. 5. We mark the obstacle position with a white dotted
circle. It follows from the figure that although the main lobe of the Airy
bump is initially blocked by the obstacle [see Fig. 5. (a1)], the energy
gradually flows from the side lobes back to the main lobe [see Fig. 5.
(b1) and (c1)], prompting the latter to reconstruct [see Fig. 5. (d1)].
The structure of the recovered ABIB [see Fig. 5. (d1)] is consistent with
that of the ABIB source [see Fig. 3. (a1)]. Once again, we find excellent
agreement between our experimental results and our simulations, cf.,
top and bottom rows of Fig. 5.

To illustrate superb ABIB self-healing capacity, we compare the
self-healing dynamics of an ABIB with that of the truncated coherent
3

Fig. 3. (a1)–(c1) Theoretical and (a2)–(c2) experimental 2D average intensity plots of
an ABIB with 𝜎𝐼 = 1.2 mm and 𝜎𝑐 = 0.8 mm propagating in free space from the source
to a receiver plane; the propagation distance z is indicated in each panel. (a3)–(c3) The
theoretical (solid blue) and experimental (dotted red) 1D average intensity distribution
𝐼
(

𝑥, 𝑦 = 𝑦𝑝
)

curves, where 𝑦𝑝 denotes the 𝑦-coordinate of the peak intensity of the ABIB
source.

Fig. 4. Evolution of the intensity of a truncated fully coherent Airy beam in free space.
The main lobe width of the beam is 𝑎𝜎𝐼 with 𝜎𝐼 = 1.2 mm and 𝑎 = 0.15. The transverse
truncation length of the beam equals to that of the ABIB with the same main lobe
width and coherence parameter 𝜉𝑐 = 4∕9.

Fig. 5. (a1)–(d1) Numerical and (a2)–(d2) experimental results for the evolution of
a partially obstructed ABIB with 𝜎𝐼 = 1.2 mm and 𝜎𝑐 = 0.8 mm in free space. The
transverse width of the obstacle is R = 0.2 mm.

Airy beam with the same main lobe width and truncation length. The
spatial profile of the latter is given by Eq. (7) with 𝜎𝐼 = 1.2 mm and
𝜎𝑐 = 0.8 mm. We assume an obstacle blocks half of the main lobe cross-
section of either beam at the source. To quantify self-healing capacity,
we employ a self-healing similarity degree index (SDI) defined as [12]

SDI (𝑧) =
[

∬ 𝐼𝑜𝑏 (𝐫, 𝑧) 𝐼𝑛𝑜𝑏 (𝐫, 𝑧) 𝑑2𝐫
]2

2 2 2 2
, (8)
∬ 𝐼𝑜𝑏 (𝐫, 𝑧) 𝑑 𝐫 ∬ 𝐼𝑛𝑜𝑏 (𝐫, 𝑧) 𝑑 𝐫
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Fig. 6. Free-space SDI evolution of a truncated coherent Airy beam (FCAB) and the
ABIB with 𝜎𝐼 = 1.2 mm and 𝜎𝑐 = 0.8mm, blocked by an obstacle at the source. The
obstacle is the same as that in Fig. 5 and the coherent Airy beam has the same main
lobe and truncation widths as the ABIB.

where 𝐼𝑜𝑏 and 𝐼𝑛𝑜𝑏 denote the average intensities of ABIB with and
without obstruction, respectively. The SDI falls within the range [0, 1];
the greater the SDI, the better the self-healing capacity. We plot the
evaluated SDIs in Fig. 6. The orange and violet bars correspond to the
coherent Airy beam and the ABIB, respectively. The SDI attains the
value of 0.5 at the source in both cases, as half of either beam cross-
section is blocked at the outset. As the propagation distance increases,
the SDI of the fully coherent Airy beam barely grows, quickly saturating
at around 0.54. It follows that the Airy beam capacity to self-heal is
rather limited. At the same time, the ABIB SDI attains the value of 0.76
at 𝑧 = 6m. We can then conclude that an ABIB has far superior self-
healing capacity to a coherent Airy beam of the same main lobe width
and truncation length.

3. Conclusion

In conclusion, we have advanced a protocol to experimentally real-
ize recently introduced Airy beams on incoherent background. To this
end, we have structured phase gratings to generate pseudo-modes with
the aid of the complex amplitude encoding algorithm; an ensemble
of modes is generated by refreshing the gratings on the SLM screen.
Hence, the synthesis time is mainly limited by the refresh rate of the
SLM. The time could be much saved by adopting other optical device
with higher refresh rate, such as digital micromirrors device (typical
up to 17 KHz). We have then superposed the appropriately normal-
ized uncorrelated modes to realize an ABIB source. Our experimental
results are in excellent agreement with the theory of ABIBs and our
numerical simulations. In this manuscript, the prominent advantage of
the adopted pseudo mode method is that the arbitrary genuine partially
coherent beams can be faithfully constructed. On a different note, the
beams generated by this method do not obey Gaussian statistics, so the
optical coherence of the beams cannot be measured through classical
Hanbury Brown–Twiss method [5]. We have demonstrated that the
ABIBs have superior resilience to diffraction and self-healing capacity
to conventional coherent Airy beams of the same main lobe width and
truncation length. Our work opens up new avenues for exploring the
potential of structured random Airy beams. Specifically, the combina-
tion of remarkable propagation invariance and self-healing potential of
ABIBs carries promise for their applications to optical communications
and imaging in randomly inhomogeneous environments.
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