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Optical speckle fields with both non-Rayleigh statistics and nondiffracting characteristics in propagation
are an important light source for many applications. However, tailoring either non-Rayleigh statistical
speckles or nondiffracting speckles are only investigated independently in previous studies. Here, we report
the first observation of optical speckles that remain diffraction-free over a long axial distance while keeping
non-Rayleigh statistics simultaneously. We further show the enhancement of Anderson localization of light
with the non-Rayleigh nondiffracting speckles. The work presented here provides a versatile framework for
customizing optical fields with desired speckle patterns for applications in the fields of solid-state physics,
cold atoms, and optical imaging.
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Speckles appear when a coherent wave transmits through
a complex medium or is reflected from a rough surface. The
statistical property of a speckle pattern is generally uni-
versal and commonly referred to as Rayleigh statistics
featuring a negative-exponential intensity probability den-
sity function (PDF) [1]. The reason why speckles typically
exhibit Rayleigh statistics is that the field results from the
interference of a large number of independent partial waves
with random phases uniformly distributed over a range of
2π. However, non-Rayleigh statistical speckles are valuable
resources for many applications such as ghost imaging
[2–4], structured illumination microscopy [5–8], and
fundamental research [9]. Various schemes have been
proposed to generate non-Rayleigh statistical speckles
[10–18]. By tailoring the higher-order correlations of the
scattered partial waves, super-Rayleigh and sub-Rayleigh
speckles can be generated on a target plane [11]. Speckle
patterns with arbitrarily tailored intensity PDF can also be
generated by judiciously modulating the wavefront of a
monochromatic laser beam [17].
An optical field initially confined to a finite area in a

transverse plane will be subject to diffractive spreading as
propagating outward from that plane in a free space. So, the
intensity profile of speckles changes as the beam prop-
agates, and keeps stable only in the Rayleigh range
corresponding to the transverse length of a single speckle
[19,20]. Although the non-Rayleigh statistics can be
introduced on a certain plane [10–18], the intensity profile
of the speckles will change and generally lose the non-
Rayleigh statistics while propagating.
In 1987, Durnin et al. found the exact solutions of the

scalar wave equation for nondiffracting beams [21]. One of
the best-known examples is the zero-order Bessel beam,

which can be generated by illuminating a ring-shaped slit
located in the focal plane of a lens [22]. The work paved a
way toward the discovery of other interesting nondiffract-
ing optical fields [23–26] and sparked considerable studies
for volumetric imaging [27], nondiffracting pulsed beams
[28,29], and particle manipulation [30]. Turunen et al. first
introduced the field of random nondiffracting speckles [31].
They showed that nondiffracting speckles can be generated
by introducing random phases independently distributed
over 0 to 2π on the Durnin’s ring-shaped slit [22]. Since
then, several modified schemes are proposed to generate
nondiffracting speckles with computer-generated holo-
grams [32–35] and degenerate cavity laser [36]. Since an
optical field with nondiffracting speckles has an infinite
depth of field (DOF) in theory, it can be used to increase the
local DOF of a computational ghost imaging system [37].
However, these nondiffracting speckles obey Rayleigh
statistics, and simultaneously tailoring the speckles with
non-Rayleigh statistics and nondiffraction are still unavail-
able now.
In this Letter, we experimentally demonstrate a method

for customizing non-Rayleigh nondiffracting (NRND)
speckles by encoding the wavefront of a laser beam on a
spatial light modulator (SLM). Starting with the scheme of
generating nondiffracting speckles, we rearrange random
phases on a ring-shaped slit to generate NRND speckles,
which has the specific intensity contrast C ¼ ffiffiffi

2
p

in a large
longitudinal zone around the Fourier plane of the SLM.
Moreover, by applying the multiple self-convolution proc-
ess to the phase mask, NRND speckles with even higher
contrast are also achieved. Since speckles are a valuable
resource for many fundamental research and applications
[38–42], we numerically simulate the Anderson localization
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of light [43,44] in disordered lattices that are implemented
by the NRND speckles and the results show that the
localization of light can be obviously enhanced by
NRND speckles with the intensity contrast higher than 1.
The present work offers a method for simultaneously
customizing both statistics and diffracting property of
speckles, and a flexible platform to study Anderson
localization.
Figure 1 shows how to design a phase mask for the

generation of NRND speckles. Rayleigh statistical speckles
can be generated by encoding wavefront phases that are
uniformly distributed over ½−π; π� on a plane as shown in
Fig. 1(a). The typical property of a partially coherent
nondiffracting field is that all the plane-wave components
are noncorrelated in the radial direction, while the corre-
lations may be arbitrary in the azimuthal direction [31].
Thus, nondiffracting speckles can be generated by illumi-
nating a ring-shaped slit which has a set of random phases,
as shown in Fig. 1(b). However, the resulting nondiffracting
speckles obey Rayleigh statistics with intensity contrast
C ¼ 1. For the generation of speckles with non-Rayleigh
statistics, one can tailor the correlation of the scattered
waves [11]. By carefully arranging random phases along
the ring-shaped slit, one can introduce additional azimuthal
correlations for non-Rayleigh statistics. As shown in
Fig. 1(c), random phases on a ring-shaped slit are arranged
with central antisymmetry ϕðξ; ηÞ ¼ −ϕð−ξ;−ηÞ, where
ðξ; ηÞ are the Cartesian coordinates on the phase screen and
ϕ ∈ ½−π; π�. If such a phase mask is displayed on the front
focus of a convex lens, one can obtain a speckle pattern
with both non-Rayleigh statistics of enhanced intensity
contrast

ffiffiffi
2

p
and nondiffraction on the rear focus.

The nondiffracting characteristic of the NRND speckles
originates from the ring-distributed phases, and the result-
ing non-Rayleigh statistics can be understood with the
following reason. The wavefront of the generated speckles
on the rear focus is gðx; yÞ ∝ ∬Sdξdηeiϕðξ;ηÞe−iðk=fÞðxξþyηÞ,
then, the intensity pattern Iðx; yÞ of the speckles on the rear
focus is given by

Iðx; yÞ ∝ jgðx; yÞj2 ∝
����
Z Z

S
dξdηeiϕðξ;ηÞe−i

k
fðxξþyηÞ

����
2

; ð1Þ

where S represents the ring-shaped area, k is the wave
number of the beam, and f is the focal length of the lens.
Since the intensity pattern Iðx; yÞ obeys the chi-square
distribution χ2ð1Þ, the intensity contrast [45] of Iðx; yÞ is

C ¼
ffiffiffiffiffiffiffiffiffiffi
DðIÞp
hIi ¼

ffiffiffi
2

p
; ð2Þ

where h·i denotes the mean value and Dð·Þ represents the
variance. In this way, the non-Rayleigh statistics and
nondiffracting characteristics are both introduced in the
speckle pattern Iðx; yÞ.
To tailor the demanded phase masks more precisely, we

use the setup in the Supplemental Material [45] to generate
NRND speckles. When a beam with random phases is
customized right after the plane of the transparent SLM,
one can obtain a standard Rayleigh statistical speckle
pattern with intensity contrast C ¼ 1. By applying a non-
linear transformation to the standard Rayleigh speckle and
using an iterative procedure [11], a well-designed phase
pattern [46] for the generation of non-Rayleigh speckle can
be obtained. Figure 2(a) shows the experimentally obtained
non-Rayleigh speckle with enhanced contrast of C ¼ 1.36.
Figure 2(b) is the experimentally recorded nondiffracting
speckle pattern (C ¼ 0.98) when a beam with ring-shaped
and random phases comes out right after the transparent
SLM. Here, the intensity profile of the nondiffracting
speckle can keep stable over a range of almost 20
Rayleigh ranges. By generating a beam with antisymmetri-
cally distributed random phases and adding a ring-shaped
filtering mask on the beam, we obtain the NRND speckle as
shown in Fig. 2(c). The contrast of the NRND speckle is
C ¼ 1.35 which is a little bit less than

ffiffiffi
2

p
due to the stray

light introduced in the experiments.
Figures 3(a)–3(e) illustrate the nondiffracting character-

istic when the NRND speckle propagates over a distance of
17 Rayleigh ranges, where the Rayleigh range in the
experiment is R ¼ 1.85 cm. It can be observed that the
intensity profiles of these NRND speckles keep almost
the same over a long distance. Figure 3(f) shows the PDFs
of the nondiffracting speckles and the NRND speckles,
respectively. It is clear that the nondiffracting speckles obey
a negative-exponential intensity distribution. However, the
PDF of the NRND speckle significantly deviates from the

(a) (b) (c)

FIG. 1. Phase masks for tailoring the statistical and diffractive
characteristics of speckles. (a) Random phases on a plane.
(b) Random phases on a ring-shaped slit. (c) Random phases
on a ring-shaped slit with central antisymmetry.
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FIG. 2. Experimentally recorded speckles. (a) Non-Rayleigh
speckle pattern with contrastC ¼ 1.36. (b) Nondiffracting speckle
pattern with C ¼ 0.98. (c) NRND-speckle pattern with C ¼ 1.35.
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negative-exponential function. Moreover, the axial propa-
gation property of the contrasts of the NRND speckles and
the non-Rayleigh speckles are shown in Fig. 3(g). Here,
only the data for the positive z axis are given in Fig. 3(g).
As known, the statistics of the non-Rayleigh speckles
changes as the beam propagates. The contrast of non-
diffracting speckles in Fig. 3(g) shows a sharp drop when
the observation plane is moved away from the Fourier plane
of the transparent SLM, while that of NRND speckles
decreases much more slowly. The full width of half
maximum (FWHM) of the contrast of the non-Rayleigh
speckles is about 1 Rayleigh range. When considering the
data on both the negative and positive z axis, the FWHM of
the contrast of the NRND speckles is about 26 Rayleigh
ranges which are significantly larger than that of the non-
Rayleigh speckles.
In order to generate NRND speckles with contrast higher

than C ¼ ffiffiffi
2

p
, it is worth studying the speckles with the

wavefront of powered g0ðx; yÞ, where g0ðx; yÞ denotes the
complex amplitude of NRND speckle with contrast
C ¼ ffiffiffi

2
p

, because such nonlinear transformation may
change the statistical property of speckles [11]. Here, we
will discuss the speckle patterns with wavefront of
g20ðx; yÞ; g30ðx; yÞ;…; gn0ðx; yÞ; � � �. First, it is concerned to
explore the inverse Fourier transform (IFT, F−1½·�) of
above powered wavefront, F−1½gn0ðx; yÞ�, since the phase
profile of F−1½gn0ðx; yÞ� is important to the statistical and

diffracting characteristics of the resulting speckles.
Figures 4(a)–4(i) show the numerically simulated IFT
intensity jF−1½gn0ðx; yÞ�j2 of powered patterns of g0ðx; yÞ,
g20ðx; yÞ, � � �, and g90ðx; yÞ, respectively. The inset yellow
line in each of the figures shows the one-line data which
crosses the center of the figures. It is obvious that the
intensity of jF−1½gn0ðx; yÞ�j2 concentrates on a ring for the
odd power, and on the center for the even power. Since
the ring structure of a phase profile is the key factor for
generating nondiffracting speckles, one may generate
NRND speckles with higher contrast by using the phase
profile of F−1½gn0ðx; yÞ� with an odd number n.
It is reasonable to assume that the information of the odd

powered pattern is largely concentrated on a ring, and
the information out of the ring contributes little to the
demanded NRND speckles. Therefore, we can use a ring-
shaped filter on the field with odd power to extract the
demanded phase profiles, and this process can be used
to generate NRND speckles with higher contrast than
C ¼ ffiffiffi

2
p

. The width of the ring will influence both the
contrast and the DOF of the generated speckles. Because
the wider the ring width is, the shorter the nondiffracting
range is, the more information is collected from
F−1½gn0ðx; yÞ�, which leads to a larger contrast, and vice
versa. As a result, by carefully setting the width of the ring
filter to make a trade-off between the contrast and the
nondiffracting range, we can generate speckles with
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FIG. 3. Diffracting and statistical properties of NRND speckles.
(a)–(e) The recorded NRND speckles at 5 axis positions: d ¼ 0,
4.34, 8.68, 13.02, 17.36 Rayleigh ranges. (f) The PDFs of
nondiffracting speckles and NRND speckles. Solid purple and
green lines denote the computational simulated PDFs of NRND
speckles and nondiffracting (ND) speckles. Dashed red and blue
lines denote the experimental PDFs of NRND speckles and ND
speckles. (g) The axial propagation property of contrast of non-
Rayleigh speckles and NRND speckles. The triangles and squares
are experimental data and solid lines are simulation results.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 4. The inverse Fourier transform (IFT) intensity
jF−1½gn0ðx; yÞ�j2 of powered NRND-speckle pattern with complex
field g0ðx; yÞ and whose intensity contrast is C ¼ ffiffiffi

2
p

. (a)–(i) are
the IFT intensity patterns of complex fields g0ðx; yÞ, g20ðx; yÞ, � � �,
and g90ðx; yÞ. The solid yellow line in each figure represents the
detailed data of one extracted line of the IFT intensity pattern. All
the extracted lines locate the same position as the white dashed
line shown in (c).
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contrast higher than C ¼ ffiffiffi
2

p
and make sure that the

intensity profile of the generated speckles still keeps stable
over a propagation distance longer than the Rayleigh range.
In the experiments of generating NRND speckles with

higher contrast, we start with one realization of NRND-
speckle g0ðx; yÞ with contrast C ¼ ffiffiffi

2
p

, and calculate the
IFT F−1½gn0ðx; yÞ�, where n is an odd number. Then
the complex amplitude of F−1½gn0ðx; yÞ� is encoded on
the reflective phase SLM [45]. Next, we carefully set the
transparent SLM as a ring filter to extract the demanded
light pattern. Finally, the generated speckles are recorded
by a charge coupled devices camera. The obtained speckles
and the axial propagation property of the contrast are
shown in Fig. 5. Figures 5(a)–5(d) show the observed
NRND speckles with intensity contrasts C ¼ 1.45, 1.67,
2.01, and 2.25, respectively, when the odd powers n ¼ 3, 5,
7, 9 are chosen. The axial propagation property of the
contrast of these NRND speckles is shown in Fig. 5(e). It
can be observed that all the FWHMs of these contrast
curves are much larger than one Rayleigh range. We also
demonstrate that the intensity contrast (C > 1) of NRND
speckles can be continuously manipulated by introducing
random phase noise αðξ; ηÞ on the input phase mask to
break the antisymmetrical phase arrangement [45].
In the studies of solid-state physics, cold atoms and

optical imaging, light has played a unique role for many
implementations. For example, periodic and disordered
photonic lattices are commonly used for the studies of
localization of waves and the manipulation of atoms.
Usually, the disordered photonic lattices are implemented
by the superimposition of a multi-plane-waves interferom-
eter and a speckle beam [44,47]. However, the DOF of the
photonic lattices is limited by diffraction, and it is difficult
to engineer the statistical property of the photonic lattices.
The NRND speckle implemented in this Letter maintains

its random intensity profile stable over several Rayleigh
ranges, behaving like a two-dimensional disordered pho-
tonic lattice and disordered waveguide array. Meanwhile,
one can flexibly tailor the statistics of the photonic lattice
by controlling the intensity contrast of NRND speckles.
Anderson localization of light has been investigated in

various systems [44,48,49] and is important for many
applications [50,51]. To illustrate the applications of the
NRND speckles more clearly, we numerically simulate the
Anderson localization [41,43] of light in disordered lattices
which are implemented by the NRND speckles [45]. In
simulations, a Gaussian beam propagates in a medium with
nonuniform refractive index generated by NRND speckles
with various contrast C > 1 and nondiffracting Rayleigh
speckles with contrast C ¼ 1. The probe light is always
launched at the same place of the medium and over 100
realizations of NRND speckles are adopted for each kind
of intensity contrast. To quantitatively demonstrate the
enhancement of Anderson localization by NRND speckles,
we calculated the average effective width ωeff of the beam
[44] while propagating through the disordered lattice
generated by different nondiffracting speckles with various
contrasts of C ¼ 1;

ffiffiffi
2

p
, 1.7, and 2.2. Figure 6 presents the

numerical simulated results and it shows an obvious
suppression of the beam width in the disordered lattice
generated by NRND speckles with intensity contrast higher
than 1.
Our simulating results show that the NRND speckles

with higher contrast can enhance the localization of light
[45]. Thus, the NRND speckles reveal a new degree of
freedom affecting the Anderson localization and offer a
new platform for the exploration of the disorder statistics.
Moreover, the NRND speckles may offer a flexible way for
the exploration of the mobility of solitons [52,53], the
dimensional crossover of cold atoms [54], and the tran-
sition from Tonks-Girardeau gas to Bosonic gas [55,56].
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FIG. 5. Experimental generation of NRND speckles with
higher intensity contrast. (a),(b),(c) and (d) Camera recorded
NRND speckles with odd power n ¼ 3, 5, 7, 9. (e) The axial
propagation property of contrast for different odd powered
NRND speckles. The dot data and solid line data represent the
experimental and simulated results, respectively.

FIG. 6. The effective width ωeff of the intensity profile while
probe light propagating in the disordered lattice generated by
speckles with various intensity contrasts. Average of over 100
realizations of NRND speckles for each kind of intensity contrast.
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Based on the recent investigation of image resolution with
super-Rayleigh speckle [57], the NRND speckle may also
offer a possibility to achieve the enhancement of resolution
and DOF of photoacoustic imaging simultaneously (see
Supplemental Material for details [45]).
In summary, we propose and experimentally demon-

strate a method to generate speckles which have both
non-Rayleigh statistics and nondiffracting propagation
simultaneously. By antisymmetrically distributing random
phases on a ring-shaped slit, we can generate the NRND-
speckle fields with intensity contrast C ¼ ffiffiffi

2
p

. Moreover,
by applying the odd-powered transformation on the NRND
speckles with contrast C ¼ ffiffiffi

2
p

and introducing additional
phase noises to break the central antisymmetry of the
random phases, we can continuously tailor the intensity
contrast of the NRND speckles. We further demonstrate the
enhancement of Anderson localization of light in disor-
dered lattices which are implemented by the NRND
speckles. The resulting NRND speckles with tunable
intensity statistics and nondiffracting propagation may
have wide and interesting applications in the fields of
the Anderson localization, optical solitons, manipulation of
cold atoms, and optical imaging.
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