Optical and Quantum Electronics (2026) 58:42
https://doi.org/10.1007/511082-025-08635-w

®)

Check for
updates

Quantitative assessment of the self-healing phenomenon in
Hermite—Gauss beams using intensity- and amplitude-based
similarity metrics

Rafie Rafie Zadeh' - Abdollah Borhanifar’ - Pari Amiri? -
Yashar Azizian-Kalandaragh3*®

Received: 26 October 2025 / Accepted: 11 December 2025
©The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2025

Abstract

The ability of structured light to reconstruct after partial obstruction, known as the self-
healing phenomenon, has attracted considerable attention for applications in imaging, opti-
cal communication, and quantum technologies. While Bessel and Airy beams have been
extensively studied, the self-healing behavior of Hermite—Gauss (HG) beams remains less
well quantified. In this work, we systematically investigate the self-healing properties of
six HG modes (HG,,;, HG,,, HG,,, HG,, HG,,, HG,,) under three classes of obstructions:
circular disks, vertical strips, and rectangular fringes. Both intensity- and amplitude-based
similarity measures are employed within the normalized self-healing degree (SHD) frame-
work, providing a rigorous and comparable metric of recovery efficiency. Numerical simu-
lations reveal that higher-order modes, particularly HG,,, demonstrate superior resilience,
achieving SHD values above 1.1 even for moderate obstructions, whereas lower-order
modes exhibit incomplete recovery. Geometry—mode alignment effects are also observed,
with HG,; showing enhanced robustness under strip obstructions. Importantly, amplitude-
based SHD is consistently lower than intensity-based SHD, confirming that apparent in-
tensity recovery can overestimate robustness when phase fidelity is critical. These find-
ings establish a comprehensive quantitative picture of HG self-healing and offer practical
insights for designing resilient, structured beams in realistic optical environments.
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1 Introduction

Structured light, which is an optical field whose spatial amplitude, phase, or polarization is
engineered, has become a key tool in imaging, optical communication, and manipulation
(Forbes 2019; Forbes et al. 2021; Angelsky et al. 2020). Among its fascinating properties
is self-healing, in which a beam recovers its profile (shape and/or intensity) after passing
an obstacle, even though part of the field was blocked. Early foundational work on nondif-
fracting beams, especially Bessel and Bessel-Gaussian beams, established that beams with
large angular spectrum support can reconstruct behind obstructions (Wen and Chu 2015;
Arrizon et al. 2015). Accelerating beams, such as Airy beams, also exhibit this behavior in
both theory and experiment, including the recovery of main lobes after severe obstruction
(Broky et al. 2008).

Quantification has increasingly become central. Similarity metrics, including normal-
ized overlap, root-mean-square error, and correlation, have been used to define recovery
as a function of distance along the propagation path (Chu and Wen 2014). More recently,
amplitude-based measures have been proposed because intensity-only measures can under-
state or misrepresent the extent to which the wavefront (phase and structure) is recovered
(Aiello et al. 2017). Zhao et al. studied the self-healing and structural transformation of
obstructed Hermite-Gaussian modes, showing when and how HG modes can reconstruct or
degrade into lower-order modes, depending on the obstruction and retained features (Zhao
et al. 2023). Saadati-Sharafeh et al. (2023) introduce an improved similarity-based SHD
metric that normalizes by the initial distortion, enabling comparisons across beam types and
obstruction strengths (Saadati-Sharafeh et al. 2023).

Hermite-Gauss modes (HG,,,,)) are of special interest because their nodal structure intro-
duces symmetry axes and interference in a Cartesian framework; mode order influences how
much energy is in sidelobes and how quickly the angular spectrum can reconstruct blocked
parts (Xu et al. 2020). Existing studies have begun to uncover some mode-dependent behav-
ior, but these often lack systematic size/geometric obstacle sweeps, or amplitude-vs-inten-
sity metric comparisons, or normalization relative to initial distortion (Zhao et al. 2023; Xu
et al. 2020). In addition, although Elegant Gaussian beams (HG-type and LG-type) have
been compared to pseudo-nondiffracting beams for obstruction recovery, the studies often
focus on lower-order or symmetric modes (Chabou and Bencheikh 2020).

This work addresses these gaps. We perform full numerical simulations of multiple
Hermite-Gauss modes, specifically HG,,, HG,;, HG,,, HG,,, HG,,, and HG,,, subject
to several canonical obstruction shapes and sizes. We compute normalized SHD metrics
both intensity-based and amplitude-based, plot SHD vs. z, show intensity profile recovery,
and build comparative tables to reveal how mode order, obstacle type, and size affect the
maximum recovery and distance at which recovery occurs. The results are intended not
just to characterize, but to guide the design of structured light in applications where occlu-
sion or partial obstruction is common, such as imaging through scattering media or optical
communication.
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2 Methods
2.1 Beam model: Hermite-Gauss modes

Hermite—Gauss (HG) modes form a complete set of solutions to the paraxial wave equation
in Cartesian coordinates and are widely used in laser resonator theory, free-space optics,
and mode-division multiplexing (Siegman and Lasers 1986; Bandres and Gutiérrez-Vega
2004). The transverse field distribution of the HG, , mode at the beam waist plane is given
by (Gutiérrez-Vega and Bandres 2005):

U"”"’L (fL’,y,O) =Hp (ﬂz‘) H, (\{l?y) exp (—M> (])
0

wo Wo

Where H,, and H,, are Hermite polynomials of order m and n, and w,, is the waist radius.
In this study, w, was fixed at 0.30 mm to match typical laboratory-scale Gaussian beams
(Kogelnik and Li 1966). Six modes were selected, i.e., HG,,, HG;, HG,,, HG,,, HG,,, and
HG,,, to cover asymmetric, symmetric, and higher-order distributions. It is worth noting
that, in addition to their theoretical role, first-order modes such as HG,, and HG,,; are used
in practice to generate vortex beams (Laguerre—Gaussian) using astigmatic converters; this
conversion allows the generation of beams carrying angular momentum (OAM) and is use-
ful in spaceborne communications, particle manipulation, and some materials processing
applications (Beijersbergen et al. 1993; Uren et al. 2019).

2.2 Propagation model: angular spectrum method
To model free-space propagation, the angular spectrum method was employed, which
provides a numerically exact solution of the scalar Helmholtz equation without paraxial
approximations (Goodman 2005; Voelz 2011). The propagated field is given by (Goodman
2005):

Ulx,y,z) = F H{FU (2,y,0)] exp [ik: (fx, fy) I} @

where F denotes the Fourier transform, (f;, f;) are spatial frequencies, and

ko= O o) - 2 ) ©)

Here, k = 27 /X is the free-space wavenumber at the He-Ne wavelength of A = 633 nm.
A computational grid of 128 x 128 points spanning a 4 mm aperture was used, correspond-
ing to a sampling interval of 31.25 um, which satisfies the Nyquist criterion for the chosen
beam waist and obstruction sizes. Propagation distances up to 200 mm were considered,
discretized into 41 steps to provide adequate longitudinal resolution.
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2.3 Obstruction models

Beam self-healing is inherently linked to how spatial frequencies bypass and reconstruct
after an obstacle (Broky et al. 2008; Shen et al. 2022). To probe robustness under differ-
ent scenarios, three canonical obstruction geometries were imposed on the waist plane: (I)
Circular disk: a centered opaque disk of radius r, modeling symmetric localized blockage.
(IT) Vertical strip: an opaque band of half-width r centered on the beam axis, simulating
partial aperture or slit obstruction. (III) Rectangular fringe: a vertical rectangular obstacle of
half-width r and fixed half-height 180 um, representing elongated occlusions such as wires
or edges.

For each geometry, radii of 0.05 mm, 0.15 mm, and 0.25 mm were tested, corresponding
to weak, moderate, and strong perturbations relative to the beam waist.

2.4 Similarity metrics and self-healing degree

Quantifying self-healing requires robust similarity measures between obstructed and unob-
structed fields. Based on refs (Wen and Chu 2015; Aiello et al. 2017), we adopted the nor-
malized similarity function:

_(,_ [lA=BI?
S(A,B)_<1 1/|A+B”2> % 100% @)

where A and B denote either the intensity distributions (\U|2) or the complex amplitudes
(U), and the norm is taken over a circular region of interest (ROI) of radius 1.5w,. Two
variants were implemented:

(I) Intensity similarity: sensitive to envelope recovery,
(II) Amplitude similarity: accounts for both amplitude and phase recovery (Aiello et al.
2017).

The self-healing degree (SHD) was defined as (Saadati-Sharafeh et al. 2023):

S(A(2), B(2))

SHD () = 530y, B(0))

®)

so that SHD>1 indicates improved recovery relative to the initial obstructed plane. This
normalization corrects for trivial similarity at z=0 and enables reproducible comparisons
across obstruction sizes and beam families.

2.5 Simulation outputs and analysis
For each HG mode and obstruction condition, the beam evolution was qualitatively and

quantitatively determined. To provide an intuitive picture of the reconstruction process, two-
dimensional intensity distributions of the reference and obstructed beams were recorded at
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selected propagation distances (0, 100, 200 mm). These snapshots allow direct visual com-
parison of how different modes respond to increasing propagation after obstruction.

Moreover, the normalized SHD for both intensity-based and amplitude-based similarity
metrics as functions of propagation distance was plotted. From these curves, the maximum
SHD values and the corresponding optimal propagation distances were extracted. To facili-
tate systematic comparison, all results were compiled into summary tables that report recov-
ery performance across mode orders, obstruction types, and obstacle sizes. The combination
of intensity maps, SHD curves, and comparative tables provides a comprehensive picture of
the self-healing behavior of HG beams.

3 Results and discussion
3.1 Intensity evolution of HG modes

Figure 1 illustrates the transverse intensity distributions of selected Hermite-Gauss modes
with and without obstruction at representative propagation distances (0, 100 mm, and
200 mm). The visual comparison immediately confirms the expected dependence of self-
healing on both mode order and obstruction geometry. Lower-order modes such as HG,, are
most vulnerable to central obstruction by a circular disk, as their intensity is concentrated
around the axis. Even after 200 mm of propagation, their core remains severely depleted,
and the original nodal structure is only weakly recovered.

It is worth noting that third-order modes, such as HG,, and HG,,, are particularly useful
for applications including multi-particle optical trapping, structured illumination in imag-
ing, and optical lithography due to their intensity multi-lobe structure, due to the energy dis-
tribution between the lobes, which is crucial for controlling the absorption/radiation force
mechanism (Otte and Denz 2020; Sundin et al. 2024; Zhou et al. 2018). Moreover, the
fourth-order mode, i.e., HG,,, retains more peripheral lobes after obstruction, which later
diffract inward and contribute to the reconstruction of the central region. This qualitative
behavior echoes earlier reports that self-healing is strongly correlated with redundancy in
the beam’s angular spectrum (Wen and Chu 2015; Aiello et al. 2017).

The asymmetry of strip and rectangular obstructions generates distinct recovery path-
ways. For strip-shaped masks, HG,; exhibits relatively better resilience than HG, since
its natural diagonal nodal line partially overlaps with the blocked region, reducing effective
energy loss. This strip obstruction resistance property of HG,, suggests that this mode could
be a suitable choice for communication channels or systems in which strip masks (e.g.,
wires or edges) appear periodically; also, due to its nodal structure, HG, is used in mode
sorting/detection methods and in MDM systems (Sundin et al. 2024; Zhou et al. 2018; Hofer
et al. 2019).

Rectangular masks, on the other hand, introduce diffraction sidelobes that mimic higher-
order lobes but lack coherence with the original beam. As a result, apparent structural recov-
ery in intensity maps is deceptive; quantitative analysis below reveals that SHD values for
fringe obstructions remain close to unity, indicating negligible true self-healing.
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Mode Reference Beam Obstacle z=0mm z=100 mm z=200 mm
B . o .

B . ) .

B - B .
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B . - .
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Fig. 1 Transverse intensity profiles of selected HG modes (HG,;, HG,,, HG,;, HG,,, HG,,, and HG,,) at
three propagation distances (0, 100 mm, and 200 mm). Obstructions: disk of radius 0.15 mm, vertical strip
of half-width 0.15 mm, rectangular fringe of half-width 0.15 mm

3.2 Normalized SHD curves

To quantify the degree of reconstruction, the normalized SHD was calculated using both
intensity-based and amplitude-based similarity metrics, as defined in Sect. 2.4. Figures 2, 3
and 4 present SHD as a function of propagation distance for HG,,, HG,;, and HG,, modes
across three obstruction types, respectively. At the waist plane (z=0), all curves are normal-
ized to unity by definition. With propagation, amplitude-based SHD increases as unblocked
angular spectrum components diffract around the obstacle and interfere to restore the field.

Several clear patterns emerge. First, higher-order modes consistently achieve greater
recovery than lower-order ones. For example, HG,, mode reaches SHD values above 1.1
under disk obstruction (see Fig. 4), while HG,, mode saturates close to unity at the intensity-
based metric. This confirms that the redundancy of multiple lobes provides more spectral
information for reconstruction, in line with theoretical predictions (Aiello et al. 2017; Saa-
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dati-Sharafeh et al. 2023). The higher recovery observed for HG,, suggests that this mode
could be a desirable choice in mode-division and free-space optical communication systems
requiring stability in the presence of partial obstruction. Additionally, higher-order modes
have attracted attention in certain precision optical systems, such as those proposed for
noise reduction in high-sensitivity detection systems (Nimavat et al. 2023; Ast et al. 2021).

Second, obstruction size strongly influences the achievable SHD. With small disks
(0.05 mm), recovery is strong, and normalized SHD exceeds 1.0 in some cases, demon-
strating nearly complete reconstruction. With larger obstructions (0.25 mm), recovery is
weak or absent, and SHD plateaus near 1.0. This behavior highlights the physical limits
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Fig.3 The SHD curves for HG; modes
obstructed by a a disk, b vertical strip,
and c rectangle with different sizes. Red
dashed lines correspond to intensity-based 105
similarity; blue solid lines correspond to
amplitude-based similarity
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of self-healing: once too much of the beam’s angular spectrum is removed, no meaningful

reconstruction is possible.

A consistent feature across all cases is the discrepancy between intensity- and amplitude-
based SHD. As shown in Figs. 2, 3 and 4, amplitude recovery lags behind intensity recovery
by 20-40%, a finding quantitatively confirmed in Tables 1 and 2. This discrepancy is rooted
in phase distortions: although the overall intensity distribution may resemble the reference
beam, residual phase errors prevent full amplitude overlap. As noted by Aiello et al. (2017),
this makes amplitude-based SHD the stricter and more realistic measure of robustness,
especially for coherent applications (Aiello et al. 2017).
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It should be noted that the difference between intensity- and amplitude-based similarity
originates entirely from the phase distribution of the complex field. Since intensity similar-
ity incorporates only the magnitude of the field, it may indicate apparent recovery even
when significant phase distortions persist. In contrast, amplitude-based similarity accounts
for both amplitude and phase, making it a more physically meaningful indicator of self-
healing, particularly in coherent optical systems. Therefore, in many practical applications,
such as holography, interferometry, and coherent communication, phase similarity is more
critical than intensity or amplitude similarity, and the lower amplitude-based SHD reported
here reflects the incomplete restoration of phase.
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Table 1 Maximum SHD values and recovery distances (in mm) for first- and second-order HG modes under
three obstruction types and three obstruction sizes

Mode Obstacle Size (mm) Intensity Amplitude
SHD, .« z (mm) SHD .. z (mm)
HG, Disk 0.05 1.020 200 1.102 200
0.15 1 0 1.073 200
0.25 1.012 5 1.046 200
Strip 0.05 1.086 200 1.165 200
0.15 1.033 25 1.029 200
0.25 1.554 200 1.030 200
Rectangle 0.05 1.078 200 1.113 200
0.15 1.009 5 1.052 200
0.25 1.007 5 1.048 200
HG,, Disk 0.05 1.020 200 1.102 200
0.15 1 0 1.073 200
0.25 1.012 5 1.046 200
Strip 0.05 1 0 1.133 200
0.15 1.002 5 1.068 200
0.25 1.011 5 1.041 200
Rectangle 0.05 1 0 1.123 200
0.15 1.004 5 1.066 200
0.25 1.015 5 1.052 200
HG, Disk 0.05 1.002 200 1.053 200
0.15 1 0 1.103 200
0.25 1.002 5 1.047 165
Strip 0.05 1 0 1.149 200
0.15 1.002 5 1.108 200
0.25 1.013 5 1.069 200
Rectangle 0.05 1 0 1.105 200
0.15 1.004 5 1.086 200
0.25 1.011 5 1.065 200

3.3 Comparative analysis across obstruction types

Tables 1 and 2 summarize the maximum SHD values and the corresponding recovery dis-
tances for all modes, obstruction types, and obstruction sizes. These results underscore the
interplay between beam structure and obstruction geometry. Circular disks, being symmet-
ric, produce predictable trends: higher-order modes recover more effectively, with HG,,
showing the strongest resilience. Strip obstructions interact more selectively with mode
symmetry. Here, HG,; outperforms both HG,, and HG,,;, as its diagonal nodal line coin-
cides with the blocked region, effectively “absorbing” the obstruction with less net energy
loss. This highlights a geometry-mode alignment principle: obstructions overlapping with
nodal regions reduce damage to the beam’s coherent structure.

Rectangular fringes consistently yield the weakest SHD. Although intensity snapshots
suggest partial recovery, the tabulated SHD values confirm that this is largely illusory. The
incoherent diffraction sidelobes created by the fringe resemble lobes of higher-order modes
but do not restore the original field. Consequently, SHD values for fringe obstructions often
remain close to unity even after long propagation distances, and they show weaker true
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Table 2 Maximum SHD values and recovery distances (in mm) for third- and fourth-order HG modes under
three obstruction types and three obstruction sizes

Mode Obstacle Size (mm) Intensity Amplitude
SHD, .« z (mm) SHD .. z (mm)
HG,, Disk 0.05 1.014 200 1.089 200
0.15 1.003 5 1.042 200
0.25 1.004 5 1.008 200
Strip 0.05 1.004 200 1.163 200
0.15 1.002 5 1.162 200
0.25 1.027 10 1.162 200
Rectangle 0.05 1 0 1.091 200
0.15 1.001 5 1.033 200
0.25 1.005 5 1.002 55
HG,, Disk 0.05 1.014 200 1.089 200
0.15 1.003 5 1.042 200
0.25 1.004 5 1.008 200
Strip 0.05 1.026 50 1.101 200
0.15 1 0 1 0
0.25 1 0 1.014 200
Rectangle 0.05 1.029 55 1.080 200
0.15 1.004 5 1.013 200
0.25 1.001 5 1.040 200
HG,, Disk 0.05 1.099 200 1.085 200
0.15 1 15 1 0
0.25 1 0 1.012 200
Strip 0.05 1.099 200 1.155 200
0.15 1 0 1.024 200
0.25 1 0 1.113 200
Rectangle 0.05 1.043 195 1.042 200
0.15 1 0 1 0
0.25 1 0 1 40

recovery compared with disks. This finding underscores the necessity of quantitative met-
rics: visual inspection alone may overestimate the degree of self-healing.

It is worth noting that higher-order HG modes naturally expand over a larger transverse
area. As a result, when a fixed-size obstruction is applied, it blocks a smaller fraction of
their total intensity compared with lower-order modes. Part of the apparently stronger self-
healing observed for modes such as HG,, and HG,, can therefore be attributed to this dif-
ference in effective beam size.

At the same time, the broader angular spectrum of higher-order modes provides additional
spatial-frequency components that actively contribute to reconstruction after obstruction,
indicating that their enhanced recovery is not solely a geometric effect. A fully normalized
comparison, where the obstruction size is scaled relative to the beam area, would help iso-
late these two contributions more clearly.

Our results extend and refine the understanding of self-healing in structured beams. Early
work on Bessel and Airy beams highlighted dramatic self-healing effects (Broky et al. 2008;
Durnin 1987), but quantitative comparison across conditions was lacking. Wen and Chu
proposed similarity measures for Gaussian-derived beams, yet without normalization, their
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results could not account for varying obstruction strengths (Wen and Chu 2015). The intro-
duction of normalized SHD by Saadati-Sharafeh et al. provided a rigorous, transferable
framework (Saadati-Sharafeh et al. 2023), which we have applied here for the first time to
a systematic study of HG beams.

Zhao et al. studied obstructed HG modes and reported self-healing and transformation
effects, but without quantitative normalization (Zhao et al. 2023). Our analysis provides a
comprehensive, mode-resolved dataset showing how obstruction size, geometry, and mode
order combine to influence recovery. Furthermore, the explicit contrast between amplitude-
and intensity-based metrics confirms Aiello et al.’s prediction that amplitude recovery lags
behind intensity reconstruction (Aiello et al. 2017), thereby offering a stricter and more
realistic measure of robustness.

The simulations demonstrate that higher-order HG beams, particularly HG,,, are sig-
nificantly more resilient to partial obstruction than first-order modes. Their broader angu-
lar spectrum ensures that missing content can be replenished more effectively, resulting in
higher maximum SHD values and longer ranges of useful reconstruction. This suggests that
high-order HG beams could be strategically chosen in free-space optical systems where
beam clipping or shadowing is unavoidable.

At the same time, the persistent discrepancy between intensity and amplitude SHD
underscores a cautionary point. For applications such as imaging, where intensity fidelity
suffices, HG modes can indeed be considered robust. However, for tasks requiring phase
integrity, such as holography, interferometry, or coherent optical communication, intensity
recovery is an inadequate measure. In these contexts, amplitude-based SHD should be used
to evaluate performance, as it more accurately reflects the residual distortions that affect
information-carrying capacity.

Finally, the dependence of recovery efficiency on the relative alignment between obstacle
geometry and mode structure suggests a new design principle: matching the nodal lines of
the beam to predictable obstructions can improve resilience. For example, in environments
where vertical wires or slits are common, modes like HG,; may outperform others due to
their natural diagonal nodal line. Such insights provide a practical pathway to engineering
structured light that is not only tailored for information capacity but also optimized for
robustness in realistic optical channels.

4 Conclusions

In this study, we have presented a systematic and quantitative analysis of the self-healing
phenomenon in HG beams. By examining six representative modes under three classes of
obstructions and evaluating their recovery using both intensity- and amplitude-based nor-
malized similarity measures, we have established a comprehensive picture of how beam
order, obstruction size, and geometry jointly determine resilience. The results show that
higher-order modes such as HG,, consistently outperform their lower-order counterparts,
while geometry-mode alignment can enhance recovery in specific cases, as demonstrated
by the robustness of HG,; under strip-shaped obstructions. At the same time, rectangular
fringes yield minimal recovery, reminding us that visual impressions of beam restoration
must be treated with caution and supported by rigorous metrics.
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A critical outcome of this work is the recognition that amplitude-based self-healing is
systematically weaker than intensity-based recovery, often by as much as 20—-40%. This
finding confirms that while beams may appear to heal in terms of intensity, their phase
coherence, and thus their usefulness in coherent optical applications, remains compromised.
These insights not only advance our fundamental understanding of beam self-healing but
also provide practical guidelines for designing resilient structured beams for optical com-
munication, imaging, and quantum information systems.
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