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Diffraction-free partially coherent Pearcey beam
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Abstract: Partially coherent beams are renowned for their inherent resilience against envi-
ronmental perturbations. However, traditional versions are prone to distortion due to light
diffraction, which presents significant challenges for related applications such as information
transfer. In this paper, we theoretically and experimentally construct a non-diffraction, partially
coherent Pearcey beam. The results clearly demonstrate such a beam remains invariant during
propagation under different coherence conditions. The experimental results align closely with
the theoretical predictions. We believe that this beam has the potential to offer new insights as
an information carrier for optical communication and information transmission, particularly in
adverse environments.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Partially coherent beams (PCBs) have the stable statistical properties, even though they allow
for fluctuations in both phase and intensity across the beam and over time [1]. Their inherent
ability to suppress beam interference and then reduce optical noise ensures reliable performance
in speckle-free optical imaging, super-resolution optical holography, and high-performance
photonic computing applications [2-5]. Further, based on optical coherence theory, PCBs can be
considered an incoherent superposition of multiple modes [1]. These beams are renowned for
their inherent resilience to environmental perturbations, as the perturbative effects on individual
modes tend to cancel each other out [6]. This characteristic makes PCBs particularly well-suited
for crucial applications such as optical communications, far-field optical imaging, and optical
encryption and decryption in adverse environments [7-10]. In recent years, the degree of
coherence, as a unique degree of freedom of PCBs, has triggered extensive research activity
from the fundamental physics to valuable applications [11-24]. Notably, the degree of coherence
has been explored as an information carrier for image encryption [10,16], and by introducing
randomness, PCBs have achieved high-capacity information encryption [9]. However, PCBs with
low coherence are susceptible to optical diffraction, leading to the deterioration of all degrees
of freedom, including the degree of coherence, during propagation. As a result, the encrypted
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information is inevitably compromised. The basic idea to overcome this challenge lies in the
construction of partially coherent diffraction-free beams.

On the other hand, diffraction-free beams, as the exact solutions of the homogeneous Helmholtz
equation [25], remain their shape unchanged during propagation in free space. Since the pioneering
work of Durnin et al. [25,26], these beams have garnered significant interest. According to
Babinet’s Principle, all such beams are naturally immune to the distortions [7,27]. They have
found a variety of applications in volumetric imaging [28], ghost imaging [29], particle trapping
[30], photon correlation holography [31], and prime number factorization [14]. Partially coherent
diffraction-free beams receive growing attention due to the inborn advantages of both PCBs and
diffraction-free beams. To date, two main methods have been proposed to realize these beams.
First, Turunen et al. obtained partially coherent solutions by solving the coupled Helmholtz
equations, revealing that the key property of such beams lies in the "incoherence" of the angular
correlation function of their plane-wave components in the radial direction, while the correlation
in the azimuthal direction can be arbitrary [32]. It provides valuable insight into the effects of
varying the degree of coherence, and demonstrates a Bessel-correlated source is one example of
partially coherent diffraction-free beams. Second, partially coherent diffraction-free beams can be
customized via the incoherent superposition of fully coherent diffraction-free modes.Incoherent
superposition refers to the combination of fields that have no fixed phase relationship with each
other. Through adopting different coherent modes as well as their weight coefficient, various
types of beams have emerged, such as dark and anti-dark beam, Airy beams on incoherent
background, partially coherent diffraction-free vortex beams [27,33-35].

In this paper, we follow the incoherent superposition principle to construct partially coherent
diffraction-free Pearcey beam. The primary distinction between our work and the traditional
partially coherent self-accelerating beams lies in the mode selection [36—-38]. We chose the
eigenmode of an incoherent system - the cosine mode - while they utilized the eigenmode of a
coherent system. Consequently, after incoherent superposition, the partially coherent Pearcey
beams we constructed keep invariant during propagation in free space.

2. Theoretical model and analysis

In space-frequency domain, the statistical properties of the PCBs are characterized by the
cross-spectrum density (CSD) function. It reads as follows:

W (r1rs) = / p A" (k1) A (K, r2)dk, (1)

where p (k) represents the power spectrum density function, and A (k, r) is any kernel function.
r = (x,y) and k = (ky, k) are the vector positions in the source plane and reciprocal plane,
respectively. Different from the traditional fully coherent Pearcey beam [39,40], to construct
non-diffracting partially coherent Pearcey beams, we adopt the following form

o2 1
p(k) = ——exp (—Ekzaf), @
Ak, r) = Lot v Lowa o Ly L 3
(k,r) = cos EO'IL+§0', ||+§LX+§||)’, 3

where o, and o7 stand for the coherence width and beam width, respectively. Here we introduce
the dimensionless sum and difference coordinates as

R, =(X,,Y,) =(r; +12)/207,R. = (X_,Y_) = (r; —1r2)/ 7. “4)

On substituting from Egs. (2)-(4) into Eq. (1), the CSD function of the desired beam can be
rewritten as follows:
W(R,R) =W, (Ry) + W (R), (%)
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where .
W, (Ry) = Z—;Re [Pe (X4, iq5 [ 2) Pe (Y., iq5 [ 2)] . (6)
W, (R0) = exp (—R? [ 845) (7

where Pe (-, ) is a Pearcey function, defined by Pe (a, b) = [ J;Zo exp [i (s* +as® + bs)] ds, and
q; = 0'3 / 0'12 determines the global coherence of the source beam. The CSD function depends
on only one parameter g . W}, (r.) is a bump function atop the background, with the latter being
characterized by W, (r_) . The propagation behavior of the PCBs can be studied with the help of
the Fresnel diffraction integral [1], as follows:

ik
W(p1,pp) = / W (ri,r2)exp [_2_2 (1‘% =2r; - py +P%)
®

exp d2r1d2r2.

ik
2z (r% —2ry-p, +P§)

By substituting from Eqgs. (5-7) into Eq. (8) and converting to dimensionless sum and difference
coordinates, after straightforward integration, we demonstrate that the CSD function of the
diffraction-free partially coherent Pearcey beam remains independent of the propagation distance
z,ie, WR, R, z) = W(R,,R_,z=0) . This clearly proves such a beam is immune to optical
diffraction.

However, this beam exhibits an infinite profile, symbolizing boundless energy, which is
not physically realizable. To address this, we introduce a Gaussian aperture as a truncation
function for the beam. The CSD function of the truncated version is then rewritten by
W, (R;,R_) = exp (—a’R2 — @’R? / 4) x W; (R4, R_), where a = o7/ 0y and oy denotes the
width of the truncation function. To further explore the beam properties of the truncated
diffraction-free partially coherent Pearcey beam, and facilitate its experimental construction, we
employ the pseudo-mode superposition principle [27] to represent such beam,

Wy (£1,12) = " p (k) Ap (K 11) Ap (K ¥2), ©)

m,n

where p (k) is a discretized power spectrum density function and here characterizes the mode
weight. A, (K, 12) is the truncated mode (or pseudo-mode), defined by

2
Ap Ky, T) = eXp (—r—z)A (K. ). (10)
20

Here k,;, = (mxd,nxd), m,n € [0,N] denotes the location of sampling point in the
reciprocal plane, where d is sampling space and N is total number of sampling points along
horizontal or vertical direction. Since free space is a linear system, the propagation behavior
of truncated diffraction-free partially coherent Pearcey beams can be evaluated through the
incoherent superposition of all pseudo-modes propagating to the receiver plane, with the help of
optical wave propagation theory [1].

3. Results and analysis

In this section, we investigate the beam properties using the aforementioned equations and
numerical simulations. The intensity and degree of coherence distributions of the beam at the
source are displayed in the left and right panels of Fig. 1, respectively. The coherent width
o, is set as o = Imm. As the value of the global coherencen g; decreases, the main central
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Fig. 1. The normalized intensity (top) and modulus of degree of coherence (bottom)
distributions of a diffraction-free partially coherent Pearcey beams without truncation in
the source plane. From left to right, the global coherence g; decreases from 4 to 0.25. The
coherent width o7 is set to o = Imm.

peak of the intensity becomes wider, and the fluctuations arises around it; for the degree of
coherence, the main central keeps almost invariant, but there will be slight oscillations around it.
As demonstrated above, this beam possesses the ability to resist the optical diffraction.

To provide further insights, we consider the truncated version, and its evolution behaviors are
shown in Fig. 2. The width of the truncated Gaussian profile is set to oy = 10mm. The total
propagation distance is 100m, spanning from the left plane to the right plane. The results vividly
demonstrate both the intensity (left panel) and modulus of degree of coherence (right panel) hold
almost invariant throughout the propagation.

Max  (b) Max

(@)

Intensity

Degree of Coherence

Fig. 2. The normalized intensity (left panel) and modulus of degree of coherence (right
panel) of a truncated diffraction-free partially coherent Pearcey beams during propagation in
free space. Each plot shows three planes corresponding to propagation distances at z=0,
50m and 100m. Other parameters are set as q;' =1 and o, = Imm.

To quantitatively describe the beam’s ability to resist optical diffraction, we introduce the
degree of similarity to evaluate the similarity between the intensity (or degree of coherence)
distribution in the receiver plane and that in the source plane. The degree of similarity is defined
as follows: [41]

[[] Q(r,2) x Q) (r)d*r|?
[ Q2 (r.2) a2 [[ Q2 (r)d?x’
where Q (r, z) stands for the intensity or modulus of degree of coherence profile at the propagation
distance z, and Qg (r) represents for the one in the source plane. Its value falls within the interval
[0, 1], and the bigger value demonstrates more power to be immune to the optical diffraction.

In Fig. 3, we plot the degree of similarity curves for intensity (blue curves) and modulus of

degree of coherence (red curves). It can be observed that while the curves slightly decrease with
propagation distance, the degree of similarity remains around 0.98 at a propagation distance of z =

DS (z) = QY
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100m, confirming the beam’s strong ability to resist optical diffraction. Furthermore, we examine
the effect of the global coherence g7, the only varying parameter, on the degree of similarity of
both intensity and degree of coherence. The results illustrate both remain largely unaffected
by this parameter, except for minor variations in the degree of coherence (mainly due to the
susceptibility of its fine structure to disruption). This suggests that the constructed beam, even
with low coherence, still retains a remarkable anti-diffraction capability. This effectively resolves
the traditional dilemma, where lower beam coherence typically results in greater diffraction and
more pronounced light field distortion.
Intensity

z (m)
100
l4

0.9 10.99

DS(z)
DS(2)

0.98 *10.98

0.97 - ’ : 0.97
0 20 40 60 80 100

z (m)
Degree of Coherence
Fig. 3. The degree of similarity of intensity (blue curves) and degree of coherence (red
curves) of a truncated diffraction-free partially coherent Pearcey beam during propagation in
free space. Other parameters are set as 0 = Ilmm and oy = 10mm.

4. Experimental verification

In this section, we experimentally realize the diffraction-free partially coherent Pearcey beams,
with the help of the incoherent superposition of pseudo-modes approach. The optical setup is
depicted by Fig. 4. The beam, emitted from He-Ne laser with the wavelength 4 = 632.8nm,
passes through a half-wave plate and is expanded by a beam expander. We adjust the orientation
of the half-wave plate to align the polarization of the outgoing beam horizontally, as required for
optimal response from the SLM. After passing through a beam splitter, the beam illuminates
the phase-only spatial light modulator (SLM). We utilize the complex amplitude modulation
encoding algorithm [42] to design the gratings loaded onto the SLM, enabling customization of
the specified pseudo-mode as described by Eq. (3). The SLM phase corresponding to the electric
field to be encoded is represented

¢sim = Bsin {Arg [A (K, 1)] + 271fix}, (12)

where the amplitude B is achieved through numerical inversion: J; (B) = |A (K, r)|, where J|
indicates a Bessel function of the first kind and first order; "Arg" represents taking the phase of a
function. f, stands for the grating frequency. The beam, after being reflected by the SLM and the
beam splitter, passes through a modified 4f optical imaging system composing of two identical
lenses and an iris (as shown in Fig. 4(a)). The iris, positioned in the frequency plane, is used to
elect the positive or negative first-order diffraction beam. The desired pseudo-mode is captured
by a CCD camera. We refresh the gratings on the SLM to achieve a large number of different
modes (as depicted in Fig. 4(b)). These modes are then incoherently superposed to reconstruct
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the diffraction-free partially coherent Pearcey beam. In our experiment, the relevant parameters
are set as f=250mm, oy = Ilmm, o, = Imm and the total number of modes is 3600. In our
experiment, the truncation function arises primarily from the limited size of the SLM (15.36
% 9.60 mm). Further, it can be inferred from Eqgs. (2), (3), (9), and (10), all beam parameters,
including beam width and coherence width, are determined by the pseudo-modes themselves.
The partially coherent Pearcey beams we constructed in the experiment are very stable, because
we employed the well-developed complex amplitude modulation encoding technique and our
experimental setup is very simple. Additionally, all beam parameters can be preset during the
hologram preparation process.
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Fig. 4. The optical setup for construction of the diffraction-free partially coherent Pearcey
beam. (a) The modified 4f imaging system composing of two identical lenses and an iris is
used to select the desired pseudo-mode, lying the positive or negative first-order diftfraction
beam. (b) The gratings loading on the SLM are refreshed to generate a large number of
different pseudo-modes. HP: half-wave plate; BE: beam expander; BS: beam splitter; SLM:
phase-only spatial light modulator; L1, L2: lenses; CA: circular aperture.

First, we experimentally construct diffraction-free partially coherent Pearcey beams with
the different value of the parameter ¢ in the source plane, and the corresponding results are
presented in Fig. 5. The theoretical results, experimental results, and the data fitting of both are
shown in the first, second, and third rows of Fig. 5, respectively. The experimental results are in
good agreement with the theoretical ones, demonstrating the feasibility of our proposal. The
slight difference arises from the limited pixel size of the SLM (8 um in our laboratory), which
results in imperfect reconstruction of certain pseudo modes with fine structures. In addition,
we further investigate the propagation behavior of the beam in free space experimentally. The
relevant results are displayed in Fig. 6. One finds that the intensity does not change as the beam
propagates. The experimental outcomes align well with the theoretical predictions, confirming
our constructed partially coherent beams have a strong ability to resist optical diffraction.
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Fig. 5. The theoretical and experimental results of the intensity profiles of diffraction-free
partially coherent Pearcey beams in the source plane with different value of the global
coherence g;. From left to right, g} is respectively set to 4, 1, and 0.25. Other parameter is
set as o, = Imm.
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Fig. 6. The theoretical and experimental results of the intensity profiles of the diffraction-free
partially coherent Pearcey beams during propagation in free space. From left to right, the
propagation distances z are respectively set as 0.5m, 1m, and 1.5m. Other parameters are set
to ¢; =1 and o = Imm.
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5. Conclusion

In this paper, we theoretically propose and experimentally advance the customization of diffraction-
free partially coherent Pearcey beams, through the incoherent superposition of pseudo-modes.
Although it takes a longer time to achieve beam synthesis, we can accelerate the process by
using an SLM or digital micromirror device with a high refresh rate. The intensity and degree
of coherence of such beams hold invariant during propagation. Even in practical scenarios, the
truncated version still retains the prominent ability to resist optical diffraction. These beams
naturally possess two significant advantages: low coherence and diffraction-free propagation. The
low coherence ensures the beam’s robustness in adverse environment, while the diffraction-free
nature allows the use of certain degree of freedom, such as the intensity and degree of coherence,
as the information carrier for long-distance information transfer. Consequently, diffraction-free
partially coherent Pearcey beams hold great potential for applications in optical communication,
information transfer, optical imaging particularly in the adverse environment.
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