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AHOTALIA ABSTRACT
dopmynioeaHHa npobaemu. Y  8uknadaHHi  Ougpakyii Formulation of the Problem. In teaching Fraunhofer
®payHeopepa  ekcrniepumeHmaneHi  niOxoou,  AKi  4imKo diffraction, experimental approaches that clearly reveal the

deMOHCMpyroMb  38°A30K  MiXC CMPYKMypamu 8 peasbHOMy
npocmopi ma ixHim npedcmasneHHAm y npocmopi Dyp’e,
307UWAMbLCA 0OMeXeHUMU 3a 0oCMynHicmi© ma macwmabom
3acmocysaHHA. Y yili pobomi npedcmasneHo npocmudi, Hedopoauli
i Hao4Huli memod, wo 0038074€ cmydeHmam crocmepieamu
OupakuiliHi KapmuHu ma cucmemamuy4Ho 00CaiOXy8amu ernaue
8UPOBHUYUX 8iOXUsIeHb OPYKOBAHUX ONMUYHUX MACOK.
Mamepianu i memoou. Memood rnoedHy€e eKcriepumeHmasnbHy
si3yanizayito 3a 0onomozor b6IHAPHUX aMMAIMyOHUX MACOK,
HAOPYKOBAHUX HA npo3opili naieyi cmaHOapmHUM ogicHUM
7103epHUM MIPUHMEPOM, Ma 0C8imseHHA HamniernposioHUKOB8O
7103ePHOI0  YKA3KOIO, i3 4UCesnbHUM MOOENt08AHHAM HA OCHO8I
0808UMIpHO20 WBUOKO20 NepemsopeHHs Pyp’e, peanizosaHoezo &
Python.  Mikpocmpykmypu, Wo  OXONAwwme  0OHOMIPHI
ougpakyiliHi  rpamku, 0808UMIpHI nepioduyHi rpamku ma
cmpykmypu 3 6a3Ucom (4eHMpPoBaHA MA 2eKCA20HAbHA rPAMKU),
a Makox HesnopAOKosaHi aHcambai ma KeasizinepyHighopmHi
KOHei2ypauii, 6e3nocepedHbo rnopigHooMbcA MinC
eKcriepumeHmom i mMooentosaHHAM. Lle nopieHAHHA 00380nA€
0emasnbHO NPoaHaniaysamu, AK 8i0OXUneHHs, 3yMosneHi OpyKom —
BKMIOYHO 3 /IOKA/ILHUMU  CIOMBOPEHHAMU,  MOMUAKAMU
M03UYiOHYBAHHS, PO3MIKAHHAM MOHePA Ma YacMKo8UM 3UMMAM
enemeHmie — 8naueaome Ha OUPAKyiliHi xapakmepucmuku.
Pe3yabmamu. Pe3ysibmamu demoHCmpyoms, Wo 8 nepioduyHux

CMPYKmMypax  MosoMeHHAa  Makcumymie — ougpakyii  dobpe
gionosidatoms  3a0aHili  2eomempii, modi AK  MexHono2iYHi
HeGOCKOHanM0CMi  MepesamcHo  MoOyaKMb  iHMeHCU8HOCMI,

4aCMKOBO BiOHO8/10IOMb HOMIHAMALHO 3a60POHEeHi MopAOKU ma
cmeoprotoms caabki dodamkosi MaKcumymu. Y HeernopaoKo8aHUX
macusax OpyKkosaHux Ouckie 36inbweHull egekmusHul po3mip
CMPYKMypHUX esemeHmie ma nosniducrnepcHicmes y HaopyKosaHili

2eomempii  npu3eodams 00 3HAYHO20  32/100HYBAHHA Ma
fpugHiYeHHs OugpakyiliHux Kineub euuwjux nopsAokie, modi AK
HaknadeHi  6aAuXHI  Kopenayii  cmeoprorome  XapakmepHi

0cobnusocmi, maki AK yeHmpanasHe memHe Kinvue. Lli pesysemamu
intocmpyrome, K MOHKIi cucmemMamu4Hi ma eunadKosi 8i0XuneHHs
8i0 ideanizosaHux GiHAPHUX amnAiMyOHUX MACOK 8Mnausaroms Ha
KapmuHu ¢payHeogeposoi Ougpakuii, nepemeoprorodyu murnosi
apmegpaxkmu OpyKy Ha YiHHUl nedazoeiyHuli iHcmpymeHm.

relationship between real-space structures and their Fourier-
space representation remain limited in accessibility and scope.
This work presents a simple, low-cost, and visually effective
method that enables students to observe diffraction patterns
and systematically investigate the influence of fabrication-
induced imperfections in printed optical masks.

Materials and Methods. The approach combines
experimental visualization using binary amplitude masks printed
on transparent film with a standard office laser printer and
illumination by a low-power semiconductor laser pointer, with
numerical simulations based on two-dimensional fast Fourier
transforms implemented in Python. Microstructures ranging
from one-dimensional gratings to two-dimensional periodic
lattices and structures with a basis (centered and honeycomb),
as well as disordered ensembles and quasi-hyperuniform
configurations, are directly compared between experiment and
simulation. This comparison allows detailed analysis of how
printer-induced deviations including local distortions,
positioning errors, toner spreading, and partial merging of
elements — affect the resulting diffraction features.

Results. The results demonstrate that in periodic structures
the positions of diffraction maxima closely follow the designed
geometry, while fabrication-induced imperfections primarily
modulate intensities, partially restore nominally forbidden
orders, and generate weak additional maxima. In disordered
arrays of printed disks, the increased effective feature size and
polydispersity in the printed geometry lead to strong smoothing
and suppression of the higher-order diffraction rings, whereas
imposed short-range correlations produce characteristic
features such as a central dark ring. These findings illustrate how
subtle systematic and stochastic deviations from idealized binary
amplitude masks influence Fraunhofer diffraction patterns,
thereby transforming typical printing artefacts into a valuable
pedagogical tool.

Conclusion. From an educational perspective, the method
provides an affordable, hands-on platform for exploring
Fraunhofer diffraction, Fourier optics, reciprocal-space concepts,
and statistical correlations. By bridging idealized theoretical
models, realistic fabrication limitations, and numerical

© The Author(s) 2026
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BucHoeKu. 3 0c8imHb0i mo4Ku 30py memod 3abe3sneyye docmyrnHy
npaKkmMuy4Hy naameopmy 011 8UBYEHHA ppayHaodepo8soi dudpakryii,

simulation, it is particularly well suited for undergraduate
laboratory courses in wave optics.

onmuku  @yp’e, KoHyenyili obepHeHo20  npocmopy ma
cmamucmuyHux Kopenayili. [oedHyo4u ideanizosaHi meopemuyHi
mooeni, peanvHi OOMEIEHHA 8uU20mMoeneHHA ma  YucesbHe
MOoOento8aHHs, 8iH 0cobaugo 0obpe nidxooume 07 1a6OPAMOPHUX
Kypcie 3 onmuKu y suwyili oceimi.

KEYWORDS: Fraunhofer diffraction; experimental
visualization; numerical simulation; Fourier optics; ordered and
disordered systems; laser printing of microstructures.
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INTRODUCTION

Problem statement. Fraunhofer diffraction remains one of the most visually striking and pedagogically valuable
phenomena in wave optics. It provides a direct experimental visualization of how the size, shape, and spatial arrangement of
obstacles affect the resulting far-field pattern, making diffraction experiments powerful tools for instructional physics courses
and educational visualizations of ordered and disordered optical structures. At the same time, there remains a need for accessible
experimental approaches that facilitate students’ understanding of diffraction from a variety of ensembles and clearly
demonstrate the correspondence between real and reciprocal space.

This correspondence between object geometry and the far-field diffraction pattern is illustrated by well-known
atmospheric diffraction phenomena, such as coronae around the Sun and Moon, whose ring structure is governed by Fraunhofer
diffraction from nearly monodisperse cloud droplets (Cowley et al., 2005).

Literature review. Similar phenomena can be reproduced in the classroom using controlled scatterer ensembles. High-
resolution laser printers enable sufficiently regular microstructures that yield diffraction patterns comparable to optical gratings
(Brady & Boardman, 1995; Van Hook, 2007). The resulting patterns resemble Laue X-ray diffraction photographs, illustrating the
connection between crystallography and optical diffraction. Optical Laue diffraction has been demonstrated on two-dimensional
photonic structures with hexagonal packing (Naimi, 2013), while modern approaches employ computer-generated masks on
spatial light modulators, forming complex structures in real time and allowing instantaneous observation of their Fourier images
(Huang et al., 2012). Diffraction patterns for all five two-dimensional Bravais lattices have also been reproduced using pairs of
linear gratings (Tsutaoka et al., 2014).

The pedagogical value of such experiments is enhanced when integrated with numerical simulation. Direct comparison
of observed patterns with computed Fourier transforms allows students to trace the correspondence between real-space
geometry and reciprocal-space representation (Peinado et al., 2012) and explore the effects of periodicity, defects, statistical
fluctuations, and scatterer size on the far-field structure.

Particular interest arises when the scatterers consist of ensembles of opaque disks with disordered or correlated
placements. Each disk acts as a two-dimensional optical analog of a spherical microparticle, so that the far-field diffraction pattern
provides a vivid model for powder X-ray diffraction, light scattering from colloids, and two-dimensional particle arrays.

The progression from ordered structures (discrete Bragg peaks) through Poisson-distributed configurations to
hyperuniform ensembles (suppressing small-angle scattering) makes the evolution of the structure factor visually evident.
However, despite these advances, existing studies primarily focus on ordered periodic structures or isolated demonstrations,
whereas systematic and accessible experimental approaches for illustrating diffraction from disordered and correlated ensembles
— particularly in combination with quantitative analysis of fabricated masks produced by laser printing — remain insufficiently
developed for instructional use.

The purpose of the study. The purpose of this study is to develop and present an integrated method combining printed
binary masks with numerical simulation for instructional visualization of Fraunhofer diffraction, taking into account printer
resolution, pixelation effects, and fabrication-induced variations.

This framework enables systematic exploration of diffraction patterns across ordered gratings, random Poisson
distributions, Poisson Disk Sampling distributions, and hyperuniform ensembles (Torquato & Stillinger, 2003; Torquato, 2018).
Each ensemble produces a distinctive far-field “fingerprint,” and comparison between experiment and simulation is restricted to
geometry-based descriptors of the diffraction pattern. These include the radial positions of intensity extrema in ring-like
structures and the inter-spot distances in discrete patterns, without using absolute or relative intensity values.

By integrating numerical simulation with experimental visualizations using digital printing and accessible laser optics,
this approach provides students with an engaging and effective means to visualize and explore Fourier optics, concepts of
statistical physics, and the relationship between real and reciprocal space.

METHODS OF THE RESEARCH

Generation of microstructures. The microstructures were programmatically generated using Python. All masks were
designed for printing on OHP laser-printer transparency film (A4 format) at a resolution of 1200 x 1200 dpi using a Brother
HL-L2400DW printer. The physical dimensions of structural elements were specified in micrometers and converted to pixels
within the Python scripts according to the relation (1).
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1 inch
1px= 200 api 21.17 um. (2)

The minimum practical feature size was chosen to be 80—-84 um, corresponding to approximately 4 pixels according to
equation (1). This size ensures the formation of fully opaque regions with adequate and uniform toner thickness.

All masks were physically printed on premium 100 um-thick laser-printer transparency film using the HQ1200 / Graphics
mode.

Printing considerations. Microscopic inspection of the printed masks reveals several non-idealities inherent to laser-
printing-based fabrication, including edge roughness, limited lateral toner spreading, and local distortions in regions with closely
spaced elements. Similar fabrication-induced feature broadening and partial merging effects have been reported in studies of
laser-printed photomasks and toner-based pattern transfer (Easley et al., 2009; Ghosh et al., 2019).

From an educational perspective, such fabrication-induced variations illustrate the interplay between theoretical
design, numerical simulation, and experimental implementation, highlighting how practical constraints affect observed optical
diffraction patterns. In each visualization, these detected defects are considered, and their influence on the resulting diffraction
pattern is systematically analyzed to demonstrate how deviations from ideal geometry affect both periodic and disordered
ensembles.

Experimental setup and Fraunhofer conditions. In the experiment, a standard semiconductor laser pointer
(A =0.532 um, output power <5 mW, Class Il) was employed. Basic laser-safety precautions appropriate for Class Il devices were
observed throughout the setup.

The laser beam was directed perpendicular to the surface of the transparency film carrying the printed microstructure.
The distance from the laser pointer to the film was h = 0.20 m. The diffraction pattern was observed on a screen placed at a
distance z = 6.50 m from the mask, a separation that simultaneously satisfies two independent Fraunhofer-condition criteria.

The first condition governs the applicability of the Fraunhofer approximation and is determined by the effective lateral
extent of the illuminated region on the mask (Born & Wolf, 1999; Guenther, 2020; Hecht, 2017). The standard criterion is
expressed as

z > R?/4mA, (2)

where R is the radius of the illuminated region on the mask, defined as half the transverse dimension of the microstructured film
section within which the laser beam produces significant illumination.

For the present experimental visualization, the radius of the illuminated region was R = 1 mm, yielding the requirement
z » 0.15 m according to equation (2). A more rigorous estimate, based on the maximum quadratic phase shift, gives
z > nR%2/\ = 5.9 m (Rayleigh range). The chosen screen distance of z = 6.5 m comfortably exceeds this stricter threshold, fully
satisfying the Fraunhofer (far-field) condition and ensuring sharp, well-defined diffraction patterns.

The second condition pertains to the characteristic size of an individual opaque element (line, disk, or square). For the
diffraction pattern of a single obstacle to conform rigorously to the classical Fraunhofer expressions, the linear dimensions of the
element are typically chosen to substantially exceed the wavelength (Bertero et al., 1985). In the present structures, this
dimension ranges from 80 to 84 um — more than 150 times the wavelength of the radiation (A = 0.532 um). This substantial ratio
ensures excellent reproducibility of the single-element form factor and validates the quantitative interpretation of the observed
diffraction patterns.

Image acquisition and processing. Diffraction patterns were recorded using a Nikon D850 digital single-lens reflex
camera equipped with a Nikon AF-S VR Micro-NIKKOR 105 mm f/2.8G IF-ED lens. The camera was mounted on a tripod to
eliminate motion blur during long exposures under low-light conditions.

Experimental images were converted to grayscale and calibrated in spatial coordinates using a known pixel-to-length
ratio. For visualization and comparison with simulations, intensity values were globally normalized by their maximum value,
yielding dimensionless intensities in the range [0, 1].

Optical micrographs of the fabricated masks were acquired using a Leica M205 stereomicroscope. These micrographs
were further analyzed using Imagel) software (Schneider et al., 2012) to measure geometric parameters, including equivalent
element diameters (based on area), shape (aspect ratios), halo size, lattice periods in periodic arrays, and characteristic distances
such as the minimum center-to-center spacing in disordered (e.g., Poisson Disk Sampling) ensembles. These measurements
provided quantitative information on fabrication-induced variations, enabling comparison with the nominal designed values and
supporting interpretation of the corresponding diffraction patterns.

Numerical simulation. Diffraction patterns were numerically simulated using the two-dimensional fast Fourier
transform (2D FFT) method on a uniform grid of 4096 x 4096 pixels, which balances spatial resolution and computational
efficiency. The chosen discretization provides 45—69 grid points across each element diameter, ensuring accurate representation
of shapes and relative positions for all configurations, including one- and two-dimensional gratings, centered and primitive unit
cells, hexagonal and honeycomb lattices, as well as random (uncorrelated) and hyperuniform ensembles.

All masks were generated as binary images representing opaque elements on a transparent background. The physical
printed masks have coarser resolution (~4 pixels per element) with widened and irregular edges, which are not fully captured in
the numerical model. In the simulation, a slight Gaussian smoothing (o = 1.5 pixels of the computational grid) was applied to the
element boundaries solely to avoid unrealistically sharp edges introduced by the discrete numerical grid. This smoothing does
not alter the nominal element size or the overall lattice geometry, but facilitates a more stable and visually realistic representation
of diffraction features. Measured fabrication-induced variations, such as size fluctuations, edge roughness, and spacing deviations
identified via ImagelJ analysis, were generally taken into account qualitatively in interpreting the simulated diffraction patterns;
in cases where these variations noticeably affected the pattern, the experimentally measured geometries were used directly in
the numerical simulation.

The illumination was simulated by a Gaussian beam with a wavelength of A = 0.532 um, whose intensity distribution in
the aperture plane is described by equation (3), which is equivalent to the form presented in (Siegman, 1986).
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2r2

Ibeam(r) =e€ w%' (3)
where r is the distance from the beam center, wo = 1 mm is the beam waist radius (defined at the 1/e? intensity level),
corresponding to the experimentally used illuminated region.

The resulting complex field in the mask plane was propagated to the far field using a 2D FFT, yielding the Fraunhofer
diffraction pattern that can be directly compared with experimental observations.

All intensity maps are presented in normalized form for visualization due to the high dynamic range of both
experimental and simulated data. Experimental images are normalized with respect to the maximum recorded intensity, while
simulated intensity distributions are given in normalized units.

All simulated diffraction patterns of periodic structures (e.g., gratings) are shown using a linear intensity scale with
optional saturation, unless otherwise stated. For ring-like diffraction patterns (e.g., Airy-like or disorder-induced circular
patterns), nonlinear tone mapping is applied only to simulated images for visualization purposes to enhance weak diffraction
features, such as higher-order rings. These processing steps preserve the spatial structure of the diffraction patterns and do not
affect the positions, symmetry, or locations of intensity maxima; all such cases are explicitly indicated in the corresponding figure
captions.

Comparison between experimental diffraction patterns and numerical simulations is performed primarily based on
spatial characteristics (positions and radii of maxima and rings), since the possible nonlinear response of the imaging system
(CMOS camera, Nikon D850), limited dynamic range, and variations in exposure conditions prevent reliable direct comparison of
absolute intensities. The main validation of the fabricated masks was performed using optical microscopy and quantitative Image)
analysis.

All data, including experimental diffraction photographs, optical microscopy images of fabricated masks, numerical
simulations, Python scripts for data processing and visualization, and PNG files of masks used for printing, are available in an
open-access repository (Voronkin & Lushchin, 2026).

RESULTS OF RESEARCH

1. Fraunhofer diffraction on a one-dimensional grating. Fraunhofer diffraction on a one-dimensional grating is
considered. As a first experimental visualization, diffraction from a one-dimensional amplitude grating consisting of vertical
opaque stripes is presented. The grating was first designed as a digital amplitude mask and subsequently fabricated by laser
printing on a transparent film. The structure is characterized by an opaque stripe width a = 84 um (=4 pixels), grating period
d =252 um (=12 pixels), and a calculated filling factor n = 0.33.

In practice, the printed grating exhibits slight imperfections: the effective stripe width varies due to the granular toner
structure, edge roughness, and local spreading. Within the analyzed area of approximately 2.9 x 10% um?, six opaque vertical
stripes were identified. ImageJ analysis (see Appendix A, Figure Ala) shows that:

e Average period 256.8 £ 6.8 um (nominal 252 um, relative deviation +1.9 %);

e Stripe width 99.6 + 17.0 um (nominal 84 um, relative deviation +18.6 %);

o filling factor n = 0.39.

The relatively large uncertainty in the stripe width arises from irregular and wavy boundaries, accompanied by a diffuse
halo, with the width varying between 5 and 11 um across different regions, caused by inhomogeneous toner deposition. As a
result, the stripe width should be understood as an effective value, since the exact position of the edge depends on the chosen
intensity threshold.

Under normal laser illumination, a classical diffraction pattern consisting of a central maximum and symmetrically
spaced higher-order maxima is observed. However, deviations in the visibility and relative prominence of diffraction orders are
observed qualitatively when compared with the idealized model, while no quantitative intensity comparison is performed.

Figure 1 compares the experimental diffraction pattern (A) with the numerical simulation for the nominal grating
geometry (B).

Diffraction int ity distributi
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Fig. 1. Diffraction pattern obtained for a one-dimensional amplitude vertical grating: A — experimental diffraction pattern
for the printed grating; B — numerical simulation for the nominal grating geometry (d = 252 um, a = 84 pm). The simulation

is shown using a linear intensity scale with normalization and a display-only intensity clipping threshold /,: = 0.002
Source: author's own work
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An additional simulation using experimentally determined effective parameters is presented in Figure 2. This allows
direct assessment of the influence of fabrication induced deviations.

Y (cm)
A3isuajui pazijewon

-8 -6 -4 =2 2 4 6 8

X (gm)
Fig. 2. Numerical simulation of diffraction from the same grating using experimentally determined effective parameters
(d = 257 um, a = 100 pm). Linear normalization and display-only clipping (/s.: = 0.002) were applied following
the same procedure as in Figure 1
Source: author's own work

For the nominal grating geometry, the ratio d/a = 3 satisfies the condition for missing diffraction orders, whereby the
maxima of the grating interference function coincide with the zeros of the single-slit diffraction envelope, resulting in the
suppression of every third diffraction order. In the experimental pattern, the third diffraction order is partially restored due to
effective stripe broadening and local edge variations, which reduce the ideal suppression predicted for a uniform grating.

In the experimental pattern, however, the ratio d/a=2.58 deviates from this condition. As a result, exact cancellation
no longer occurs, and the missing orders are replaced by strongly attenuated diffraction maxima. The third-order maximum is
partially restored due to effective stripe broadening and local edge variations.

The increased filling factor (n=0.39) leads to a narrowing of the diffraction envelope, causing enhanced suppression of
higher diffraction orders. In particular, the fifth-order maximum is expected to be strongly attenuated, as it lies close to the
second minimum of the envelope function.

The following subsections consider structures composed of isolated elements, represented as opaque disks. These
elements serve as simplified models of discrete scatterers or particle projections. Such a representation enables a direct
correspondence between the real-space arrangement of elements and the resulting diffraction pattern, providing a consistent
framework for both numerical simulations and experimental visualizations of spatial correlations.

2. Fraunhofer diffraction by a two-dimensional periodic grating formed by a regular array of opaque disks. In this
subsection, we consider Fraunhofer diffraction from a two-dimensional amplitude grating consisting of a square array of opaque
disks. The structure was first designed as a digital amplitude mask, comprising disks of diameter D = 84 um (4 pixels at 1200 dpi),
arranged on a square lattice with period dy = d, = d = 169 pum (8 pixels). The physical mask was then fabricated by laser printing
on a transparent film.

For a periodic array of identical objects, the disk shape defines the envelope of the diffraction pattern, while the lattice
periodicity determines the positions of the maxima. In the small-angle approximation, the coordinates of the maxima on the
screen located at a distance z from the mask with the diffraction grating are given by the expressions:

Xmn = ZTZ_j: Ymn = Z%- (4)

For a square grating (dx = dy = d), the diffraction pattern consists of a regular two-dimensional grid of bright spots,
corresponding to the index pairs (m, n). The central maximum corresponds to the (0, 0) order; the nearest maxima to (t1, 0) and
(0, £1); and the diagonal ones to (+1, £1). This structure is a direct representation of the reciprocal lattice.

From the above expressions, a simple relationship follows between the grating period and the distance between

adjacent diffraction maxima relative to the center:
zA zA

Axy = x19 = FK; Ay; =yo1 =~ 5" (5)
To improve experimental accuracy, the lattice period can be estimated by averaging values obtained from multiple

diffraction orders:
ma

-5 -5 ni
dx <Z xm,())m:l’z’ dy (Z J’o,n>n=1,2 ’ (6)

This approach allows for reducing the impact of experimental errors and enhances the robustness of the result.

A quantitative characterization of the fabricated mask (see Appendix A, Figure Alb) was performed using Imagel. The
spatial calibration was based on a 250 um reference scale. Within an analyzed area of approximately 2.9 x 106 um?, 93 disks were
identified. The measured parameters are:

e vertical period: 177.4 £ 7.4 um (nominal 169 um, relative deviation +4.97 %);
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e horizontal period: 176.8 £ 18.7 um (nominal 169 um, relative deviation +4.62 %);

e equivalent disk diameter: D = 83.3 + 36.3 um (nominal 84 um);

e aspectratio AR=1.310.3.

The disk diameter was defined via the equivalent-area method. The relatively large uncertainty is attributed to irregular
disk boundaries, including edge roughness and a diffuse halo caused by non-uniform toner deposition.

Figure 3 compares the experimentally observed diffraction pattern with a numerical simulation based on the measured
parameters. Despite minor deviations in disk shape and a ~5 % increase in the lattice period, the maxima positions agree well
with theoretical predictions, whereas intensity distributions are not compared quantitatively due to experimental and
visualization limitations.
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Fig. 3. Comparison of diffraction patterns: A — experimental pattern on the screen; B — numerical simulation of Fraunhofer
diffraction (D = 84 um, d = 169 pum). Linear normalization and display-only clipping (/s.: = 0.002) were applied only
to the simulated image, following the same procedure as in Figure 1
Source: author's own work

From a pedagogical perspective, this example highlights the separation between the roles of lattice periodicity and
single-element geometry in diffraction: the positions of the maxima are determined by the global periodic structure, whereas
their intensities are influenced by the shape of individual elements.

3. Fraunhofer diffraction on a periodic square grating with additional central disks. In this visualization, a modified
two-dimensional amplitude structure is presented, corresponding to a square periodic grating with additional elements located
at the centers of the unit cells. Such a structure corresponds to a centered square lattice (c-centered square lattice). It can be
represented as the superposition of two interpenetrating square sublattices: sublattice A, consisting of disks positioned at the
nodes of a square grid, and sublattice B, comprising identical disks but shifted by the vector A = (d/2, d/2).

In the digital design, the base structure consists of opaque disks with a diameter of D = 80 um (=4 pixels), positioned at
the nodes of a square grid with a period of d = 300 um (=14 pixels). An additional disk of the same diameter is placed at the center
of each unit cell, shifted by the vector A.

The period of the primary sublattice A determines the spacing between adjacent maxima on the screen:
Ax = Ay = 1.15 cm (see equation (5)). Sublattice B produces a sparser grid of maxima, yielding Ax = Ay = 2.31 cm. The offset of
sublattice B relative to A gives rise to a structure factor — a phase factor that modulates the intensity of the diffraction orders.

Although the diffraction pattern is convenient for visual comparison in (x, y) coordinates, a rigorous analysis of all
diffraction orders requires the use of reciprocal lattice vectors by and b,.

Each maximum on the screen corresponds to a reciprocal lattice vector Gmn:

G = mby +nby,, m,n €Z (7)
where b; is the first basis vector of the reciprocal lattice along the x-axis, b, is the second basis vector of the reciprocal lattice
along the y-axis.

These indices (m, n) determine whether a given diffraction order will be bright or suppressed in accordance with the
structure factor of the centered lattice. The introduction of the reciprocal lattice provides a natural framework for describing the
alternation of allowed and forbidden maxima (the condition requiring even m + n) and for correctly interpreting the observed
pattern, including the weak intermediate orders and their phase relationships.

The phase factor induced by the shift vector A is given by

eiGmn-A — ein(m+n). (8)
Consequently, the structure factor of the centered lattice is then:
S(m,n) =1 + eiF(m+n), (9)
which yields bright maxima (S = 2) when m + n is even and suppressed diffraction orders (S = 0) when m + n is odd.

Itis precisely the alternation of allowed and forbidden diffraction orders that gives rise to the characteristic appearance

of the diffraction pattern. In practice, perfect suppression of odd orders is not observed experimentally, which is attributable to

residual intensity from nearly suppressed orders, side lobes, the finite number of elements in the mask, as well as fabrication-
specific factors.
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Direct inspection of the printed mask (see Appendix A, Figure Alc) reveals deviations from the nominal geometry.
Imagel-based analysis identified 48 disks within an area of 2.9 x 106 um2. The measured parameters are:

e horizontal period 315.6 + 3.5 um (nominal 300 um, relative deviation +5.2 %);

e vertical period 330.0 + 21.3 um (nominal 300 um, relative deviation +10.0 %);

e aspectratio AR=1.1%0.1;

e disk diameter D =151.0 £ 7.0 um (nominal 80 um, relative deviation +88.8 %).

Unlike the smaller-period structures, this configuration exhibits well-defined disk edges without pronounced halo
formation; however, the effective disk diameter is significantly increased. This unusually large deviation is observed only for this
mask and is likely related to printer-specific rasterization or exposure algorithms at larger feature spacing (>300 um), in addition
to toner spreading and edge broadening effects.

Figure 4 compares the experimental diffraction pattern with the numerical simulation based on nominal parameters.
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Fig. 4. Comparison of diffraction patterns: A — experimental pattern on the screen; B — numerical simulation
(D = 80 um, d = 300 um). Linear normalization and display-only clipping (/s.: = 0.002) were applied only to the simulated
image, following the same procedure as in Figure 1
Source: author's own work
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The experimental pattern exhibits weak, barely visible residual odd-order maxima near the central region, which are
absent in the ideal case. These arise from incomplete destructive interference due to deviations from perfect lattice symmetry.

Several factors contribute to this effect. First, anisotropy in the lattice periods (315.6 um vs 330.0 um) distorts the
reciprocal lattice, leading to imperfect phase matching for destructive interference. Second, measured positional deviations of
disk centers (on the order of £3.5 pum in x and £21.3 um in y) further reduce the efficiency of suppression of these orders.

Students can directly observe how deviations from ideal symmetry, including size variations and lattice anisotropy,
affect interference conditions and lead to incomplete extinction of nominally forbidden orders. These disk position deviations
can arise from mechanical noise in film feeding, laser positioning accuracy, local toner deposition variations, or microscopic
vibrations of the film. This provides another clear and accessible illustration of how real structural imperfections modify
diffraction patterns, bridging the gap between idealized theoretical models and experimentally realizable structures.

4. Diffraction by a two-dimensional hexagonal grating of opaque disks. In this visualization, a two-dimensional
structure composed of identical opaque circular disks arranged at the nodes of a hexagonal lattice is employed. Each disk in this
lattice has six equivalent nearest neighbors, forming the classic triangular packing arrangement.

The structure was designed as a digital amplitude mask using the Python Imaging Library (PIL) and subsequently
fabricated by laser printing on a transparent film. The disks in the design had a nominal diameter D = 84 um (=4 pixels at 1200 dpi).

The grating parameters were selected by minimizing structural anisotropy. The algorithm scanned possible values of
the horizontal period dx (restricted to even pixel values to ensure integer row offsets) and computed the corresponding vertical
period from the hexagonal relation d,, = d,/3/2, rounded to the nearest integer number of pixels. Anisotropy was quantified
as the difference between distances to horizontal and diagonal nearest neighbors.

The optimal configuration was found to be: horizontal period dy = 8 pixel (169 um), vertical period d, = 7 pixel (148 um),
and an offset of 4 pixel (84.5 um) for odd-numbered rows. This yields a quasi-hexagonal grating with a nearest-neighbor distance
of approximately 169 um.

At the design stage, rounding of d, introduces a residual anisotropy of = 0.78 %, with nearest-neighbor distances ranging
from 3.9 to 4.7 pixels and a lattice angle of 60.26° instead of the ideal 60°. However, the experimentally fabricated mask exhibits
additional and more pronounced deviations arising from the printing process, which further distort the lattice geometry beyond
this intrinsic discretization limit.

Figure 5 presents a comparison between the experimental diffraction pattern and the result of numerical simulation
performed in Python.

For the numerical simulation, an ideal hexagonal lattice was used, with disk centers defined with floating-point precision
(64-bit), avoiding pixel-grid rounding. The disk diameter was D = 84 um, and the nearest-neighbor distance was 169 um. The
vertical period was computed with machine precision, ensuring exact hexagonal symmetry.
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Fig. 5. Comparison of diffraction patterns: A — experimental pattern; B — numerical simulation of Fraunhofer diffraction
for ideal grating geometry (D = 84 um, nearest-neighbor spacing a = 169 um). Linear normalization and display-only clipping
(/sat = 0.002) were applied only to the simulated image, following the same procedure as in Figure 1
Source: author's own work
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In the experimental diffraction pattern, the central vertical axis exhibits primary maxima with spacing Ay = 2.5 cm
(Figure 5A). In addition, weaker secondary maxima appear at half-spacing Ay/2 = 1.2 cm. These peaks are absent in the ideal
simulation (Figure 5B), indicating a deviation from perfect hexagonal periodicity.

Quantitative analysis of the printed mask (see Appendix A, Figure Ald) using Image) on a representative region
(= 2.9 x 10° um?, 95 disks) reveals:

e D=91.0%9.3 um (nominal 84 um, relative deviation +8.3 %), halo width = 8-10 um;

e AR=1.1+0.1;

e dy=177.4115.1 um (nominal 169 um, relative deviation +5.0 %);

e dy,=167.8£18.4 um (nominal 148 um, relative deviation +13.4 %);

e nearest-neighbor distance a = 179.0 £ 13.5 um (nominal 169 um, relative deviation +5.9 %).

The ratio dy/d, = 1.06 deviates from the ideal geometric relation for a hexagonal lattice 2/\/§ ~ 1.155, indicating a
distortion of lattice symmetry.

However, a more detailed analysis reveals that this is not a simple uniform distortion. The inter-row spacings exhibit
locally alternating shorter (=154 um) and longer (=195 um) values, forming a periodic short—long modulation. The average spacing
(dy,eff = 174.5 pm) is close to the measured dy, but the alternation breaks translational symmetry along the vertical direction and
introduces an additional spatial frequency corresponding to a doubled period.

In reciprocal space, this modulation produces additional diffraction maxima at half the primary spacing
(BDy/2 =N~z /[ (2:dyer) = 0.99 cm).

Figure 6 shows a numerical simulation incorporating this vertical modulation (dx = 178 um, dyshorr = 154 um,
dyjong = 195 pm). Simulation also predicts a weaker secondary component at approximately 0.99 c¢cm, in addition to the
Ay/2 = 1.2 cm peak. However, this feature is not clearly resolved in the experimental diffraction pattern, where only the 1.2 cm
component is consistently observed. This suggests that the real fabrication-induced modulation deviates from an ideal periodic
perturbation, likely exhibiting a non-ideal modulation profile and local structural variations that selectively enhance specific
components while suppressing others.
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Fig. 6. Numerical simulation of Fraunhofer diffraction for a hexagonal disk array with a modulated vertical period:

A - digital amplitude mask with alternating inter-row spacing (D = 84 pm, dy = 178 um, dy short = 154 pm, dyjong = 195 um);
B - corresponding simulated diffraction pattern. Linear normalization and display-only clipping (/s.: = 0.002) were applied
only to the simulated image, following the same procedure as in Figure 1
Source: author's own work
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These results demonstrate that the observed anomalies originate primarily from a systematic vertical modulation of
the lattice (likely a printing-induced positioning artifact or the printer’s internal rasterization algorithm), rather than from random
size variations or uniform lattice distortion. From a pedagogical perspective, this example highlights how subtle real-space
periodic modulations give rise to additional features in reciprocal space, providing a clear link between fabrication imperfections
and diffraction patterns.

5. Diffraction by a two-dimensional honeycomb grating. The honeycomb lattice is a two-dimensional periodic
structure with a two-atom basis, composed of two mutually displaced sublattices A and B. Each sublattice individually forms a
triangular lattice; however, their relative offset results in each site having exactly three nearest neighbors. This geometry forms
a network of regular hexagons and is characteristic of important physical systems such as graphene.

The structure was first designed as a digital amplitude mask and subsequently fabricated by laser printing on a
transparent film. The disk positions were generated programmatically based on hexagonal geometry. The construction algorithm
included:

e Generation of a grid of hexagon centers with a horizontal period of dy = 3a/2 = 253.5 um (spacing between adjacent
columns of centers) and a vertical period of d,, = av3 =~ 292.7um (spacing between centers within the same column).

e Downward vertical offset of every odd-numbered column of centers by dy/2 = 146.4 pm to achieve hexagonal
packing of the hexagon centers.

e Placement of six opaque disks of diameter D = 84 pum at the vertices of each hexagon, located at a distance
a =169 um from the hexagon center and at angular positions 0°, 60°, 1200, 1809, 240°, and 300°.

The coordinates of the disk centers were computed with floating-point precision and subsequently rounded to the
nearest pixel at 1200 dpi resolution. At this resolution, the disk diameter corresponds to approximately 4 pixels, while the grating
parameter a = 8 pixels. The rounding error for the center coordinates is £10.6 um (half a pixel), resulting in a relative error of
approximately 6 % of the disk diameter and approximately 3 % of the grating parameter a.

Each disk belongs to three adjacent hexagons, establishing a honeycomb topology with three nearest neighbors per
site at a distance a. The centers of the hexagons remain empty (transparent).

Figure 7 presents a comparison between the experimental diffraction pattern and the result of numerical simulation
for ideal honeycomb grating geometry.
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Fig. 7. Diffraction pattern of a honeycomb grating: A — experimental picture on the screen; B — numerical simulation of
diffraction for ideal grating geometry (D = 84 um, a = 169 pm). Linear normalization and display-only clipping (/s.: = 0.002)
were applied only to the simulated image, following the same procedure as in Figure 1
Source: author's own work

-4 -2 0 2 4 6 8

The simulated diffraction pattern (see Figure 7B) is consistent with the experimental result (Figure 7A) in the positions
of the diffraction maxima. The pattern exhibits primary bright peaks arranged in a regular hexagonal lattice with inter-peak
spacings of Ax = 1.36 cm (horizontal) and Ay = 2.37 cm (vertical). The corresponding experimentally measured values are
Ax = 1.47 cm and Ay = 2.76 cm, indicating a systematic increase in the effective lattice spacing observed in the experimental
pattern. In addition to the principal diffraction peaks, the experimental image reveals speckle noise (Dainty, 1984) arising from
amplitude and phase fluctuations of the incident laser beam.

The real geometry of the fabricated mask was analyzed using optical microscopy (Appendix A, Figure Ale) and ImageJ.
Accurate determination of disk diameters is complicated by the presence of local bridging (“connective bridges”) between
adjacent disks due to toner spreading, leading to partial thickening and extended opaque regions. As a result, many areas form
interconnected structures spanning several disks (typically 2—4), while preserving the overall honeycomb topology.

The characteristic size of opaque regions associated with lattice sites is D = 120.0 £ 19.6 um (+43 % * 23 % relative to
the nominal value of 84 pum).

Thick interconnections between neighboring features prevented reliable automated detection; the nearest-neighbor
distance was therefore measured manually. The nearest-neighbor distance (lattice parameter a), measured over 18 pairs in three
hexagonal cells, is a = 182.1 + 21.8 um, corresponding to a deviation of +7.8 % from the nominal value and a relative uncertainty
of about 12 %.
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Despite these fabrication-induced distortions, the structure retains long-range order, albeit in a weakened form, as
evidenced by the clear hexagonal symmetry of the diffraction pattern. The primary diffraction maxima positions remain largely
unchanged, governed by the average lattice periodicity, while local geometric distortions primarily affect intensity and peak
sharpness.

6. Fraunhofer diffraction by a random array of disks (Poisson point process). In this subsection, we present an
experimental visualization of Fraunhofer diffraction produced by an amplitude mask consisting of identical opaque disks whose
centers were first digitally generated according to a Poisson point process (PPP) (Kingman, 1992). The designed mask contained disks
of nominal diameter D = 84 um, distributed over an active area of about 183 x 254 mm?, yielding a target filling factor of n = 33 %.

The experimental mask was then fabricated by laser printing on A4-format transparent film. Optical microscopy and
subsequent image analysis using ImageJ revealed that toner spreading and local merging produced deviations from the nominal
design. Two representative regions were examined: (i) areas with relatively well-defined disks and (ii) regions exhibiting
pronounced toner-related artefacts, typically occurring in zones of higher local disk density.

In the region with comparatively clean disk formation (Appendix A, Figure A1f), 22 individual disks were identified along
with several aggregated features formed by partial overlap of neighboring disks. The average equivalent diameter of disks was
D =109.5 % 13.6 um, corresponding to an increase of approximately 30.4 % relative to the nominal diameter. Elongated and oval-
shaped structures were also observed, originating from the merging of closely spaced elements.

In contrast, in regions with higher disk density (Appendix A, Figure Alg), printing artefacts become dominant. The disks
lose circular symmetry and exhibit irregular, jagged, and asymmetric shapes with blurred and partially discontinuous boundaries.
A diffuse halo is observed around many features due to toner spreading, accompanied by randomly distributed fine particles
(typically 5-10 um in size). In such regions, the toner forms complex aggregated structures rather than well-defined individual
disks. This behavior is attributed to non-uniform toner transfer and particle aggregation during the thermal fixation stage of laser
printing, and it significantly alters the effective amplitude mask structure.

To interpret the experimental results, two numerical simulations of Fraunhofer diffraction were performed using a
reduced computational domain. In both cases, 1390 disks were generated within an area of 5.0 x 5.0 mm2, with their centers
distributed according to a Poisson point process.

In Scenario A, all disks were assigned the effective diameter D = 109 um, corresponding to the experimentally measured
value.

In Scenario B, the disk diameter was likewise set to D = 109 um; however, additional fabrication-induced distortions
were introduced to account for deviations from ideal geometry. Specifically, disk edges were randomly perturbed with a
roughness of 15% of the radius and a phase distortion amplitude of 0.3 radians, applied in a random manner along the perimeter
of each disk. In both scenarios, a Gaussian edge smoothing with o = 1.5 pixels (on a 4096 x 4096 computational grid) was applied
to model the finite resolution of the printing process.

A comparison between the experimental diffraction pattern and the numerical simulations is presented in Figure 8.
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Fig. 8. Comparison of Fraunhofer diffraction patterns for a Poisson-distributed array of disks: A — experimental diffraction
pattern; B — numerical simulation for monodisperse disks (D = 109 pm) with nonlinear tone mapping (exposure = 1.5,y = 1.5)

applied to enhance weak diffraction rings (for visualization only)
Source: author's own work

The experimental diffraction pattern (Figure 8A) is characterized by a pronounced central maximum. The first minimum
of the diffraction envelope, expected at a radial distance of approximately r; = 3.9 cm (corresponding to an effective disk diameter
of about 109 um), is only weakly discernible, and higher-order rings are largely suppressed. In contrast, the numerical simulation
for monodisperse disks with D = 109 um (Figure 8B) exhibits a well-defined diffraction pattern, where not only the first minimum
but also higher-order diffraction rings are clearly visible, reflecting the single-particle diffraction envelope expected for an
ensemble of opaque disks with uncorrelated spatial positions, in accordance with the array theorem of statistical optics
(Goodman, 1996; Singh, 2023).

When fabrication-induced distortions are incorporated (Figure 9), including irregular disk contours and random phase
variations, the first minimum becomes barely discernible, and higher-order rings effectively disappear, bringing the simulated
pattern into close agreement with the experimental observation. This comparison is qualitative and based on the visibility of
structural features only.
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Fig. 9. Numerical simulation of Fraunhofer diffraction for a Poisson-distributed array of disks including fabrication-induced
effects such as edge roughness, contour modulation, and random phase distortions (D = 109 um). Nonlinear tone mapping

was applied as described in Figure 8 for visualization purposes
Source: author's own work

Additional printing defects occurring in regions of overlapping disks, such as microbubbles and toner microparticles,
further increase the heterogeneity of the effective transmission function, enhancing the superposition of non-identical
contributions from individual mask elements. This leads to a strong suppression of the visibility of diffraction rings. Consequently,
the experimental pattern is dominated by a central maximum surrounded by a diffuse, speckle-like halo.

In a teaching context, this example clearly illustrates how deviations from an idealized ensemble of uncorrelated disk
positions — in particular overlap, irregular disk shapes, and local inhomogeneities — lead to a progressive loss of contrast in
diffraction patterns, ultimately obscuring the features predicted by the idealized model.

7. Diffraction by disordered disk distributions with a minimal inter-disk distance (Poisson Disk Sampling). In this
subsection, we present an experimental realization of a two-dimensional amplitude mask in which identical disks are distributed
according to a Poisson disk sampling (PDS) scheme (Bridson, 2007). In contrast to a purely random (PPP) distribution, this
configuration imposes a minimum center-to-center distance between disks, preventing clustering and large voids. As a result, the
diffraction pattern becomes more regular.

The digital mask was designed with disks of nominal diameter D = 84 um and a minimum center-to-center distance
dmin = 169 um, corresponding to a calculated filling factor of n = 12.5 %. The corresponding physical mask was fabricated by laser
printing on a transparent A4 sheet with a resolution of 1200 dpi, including unprinted margin regions.

Microscopic analysis of the printed mask (Appendix A, Figure Alh) revealed significant deviations from the nominal
design geometry. Within the analyzed area (~2.9 x 10 um?2), 33 disks were identified, including two instances of merged
neighboring disks, which were excluded from the statistical analysis. Around each disk, local inhomogeneities in toner density are
observed, forming a diffuse halo of approximately 5-9 um in width.

Using Imagel, the average equivalent disk diameter was determined as D = 117.6 + 12.1 um, which corresponds to an
increase of approximately 40 % + 14 % relative to the nominal value of 84 um. A significant size dispersion is observed, indicating
pronounced polydispersity of the disks. Deviations from circularity (aspect ratio AR = 1.1 + 0.1) have a comparatively minor effect.

In addition, the nearest-neighbor distances between disk centers were analyzed. The minimum measured value was
170.0 pm, which differs from the nominal value dmin= 169 um by less than 1 %, confirming that the imposed spacing constraint
is well preserved in the printed structure. The average nearest-neighbor distance was found to be 206.7 + 30.0 um.

The experimental Fraunhofer diffraction pattern, recorded on a screen, is shown in Figure 10A. The pattern is
characterized by a pronounced central maximum with high circular symmetry and a clearly visible first diffraction ring. The radial
position of the first minimum is consistent with the average effective disk diameter, as expected from Babinet’s principle for
complementary apertures. This behavior can be understood as follows: the observed intensity is interpreted as an effective
(ensemble-averaged) superposition of diffraction patterns produced by disks of different diameters. Since the angular position
of the first minimum scales approximately as 8 « 1/D, the experimentally observed size dispersion results primarily in a slight
radial broadening of the minimum rather than a systematic shift of its mean position. In contrast, higher-order rings, which are
more sensitive to diameter variations and phase differences, are strongly suppressed due to averaging over the size distribution.
The fine-scale granular intensity background (speckle-like intensity fluctuations) observed in the diffraction pattern arises from
the disordered PDS distribution, combined with structural imperfections and local printing inhomogeneities. Nevertheless, the
overall shape of the central maximum is primarily governed by the average effective disk diameter across the ensemble.

It should be noted that the additional distortions introduced in subsection 3.6 — namely enhanced edge roughness and
random phase modulation — were deliberately not applied in the simulations presented in this and subsequent subsections. In
the case of a purely Poisson distribution with significant disk overlap, these effects are essential to reproduce the pronounced
weakening of the diffraction ring structure observed experimentally. In contrast, when a minimum inter-disk distance is imposed,
spatial correlations alone are sufficient to stabilize the diffraction pattern and preserve well-defined ring features. Moreover, as
demonstrated in previous studies (Kathavate, 1945; Li et al., 2009), increasing the local disk density in such correlated
arrangements can further enhance the contrast of diffraction rings.
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Fig. 10. Comparison of diffraction patterns: A — experimental pattern recorded on the screen; B — simulation of Fraunhofer

diffraction for monodisperse disks (D = 117 um, dmin = 169 um). Nonlinear tone mapping was applied only to the simulation
results using the same parameters as in Figure 8, for visualization purposes
Source: author's own work

A numerical simulation was performed using a PDS distribution with parameters corresponding to the experimentally
measured average geometry (Figure 10B), while assuming a monodisperse disk ensemble (D =117 pum, dmin=169 um, PDS,
n = 24 %). Compared to the nominal disk diameter of 84 um, the increased effective size leads to a smaller radius of the first
diffraction minimum (r1 = 3.6 cm), in agreement with the experimental observation (r; = 3.5 cm).

An additional numerical simulation was performed incorporating disk size polydispersity consistent with the
experimentally measured distribution. In this model, disk diameters were randomly sampled from a normal distribution with
mean D = 117 um and standard deviation o = 12 um, while preserving the same PDS spatial arrangement.

The resulting diffraction pattern is shown in Figure 11. In contrast to the monodisperse case, where multiple diffraction
rings are clearly visible, the inclusion of size polydispersity leads to a substantial suppression of higher-order rings. The diffraction
pattern becomes dominated by a pronounced central maximum and a single broad first ring, in close agreement with the
experimental observation.
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Fig. 11. Poisson Disk Sampling distribution with disk size polydispersity (D = 117 £ 12 um, dmin = 169 pum):
A — amplitude mask; B — simulated Fraunhofer diffraction pattern. Nonlinear tone mapping was applied only
to the simulation results using the same parameters as in Figure 8, for visualization purposes
Source: author's own work

The comparison demonstrates that disk size polydispersity is the dominant factor governing the reduction of ring
visibility in the experimental diffraction pattern, whereas other imperfections (such as shape distortions and local toner
inhomogeneities) play a secondary role.

From an educational perspective, this example clearly demonstrates how the interplay of minimal spacing, disk
polydispersity, and local printing inhomogeneities affects the formation and visibility of diffraction features. It provides a concrete
illustration of how ideal theoretical predictions are progressively modified under realistic experimental conditions. Students can
explore these effects directly by varying disk spacing or simulating different levels of polydispersity and edge roughness, observing
the resulting changes in the diffraction pattern. This hands-on approach reinforces the link between object geometry and
Fraunhofer diffraction, highlighting the sensitivity of patterns to structural imperfections and making PDS masks a valuable tool
for teaching fundamental wave optics concepts.

8. Diffraction by a disordered array of randomly oriented square elements (Poisson Disk Sampling). In this subsection,

we present numerical simulation of Fraunhofer diffraction from a two-dimensional disordered structure composed of square
opaque elements of fixed size. The centers of the squares are distributed using the Poisson Disk Sampling (PDS) method, which

39



ISSN 2413-158X (online), 2413-1571 (print)

enforces a minimum center-to-center distance and produces a spatially uniform pseudorandom arrangement without clustering
or large voids. Each square is independently rotated by a random angle in the range 0°-3609, resulting in an ensemble with
completely uncorrelated orientations.

Due to practical limitations of laser printing — such as anisotropic toner spreading and orientation-dependent edge
distortions — this configuration is considered here exclusively within numerical simulation.

A square aperture produces a diffraction pattern described by a separable sinc? function, which is inherently
anisotropic. However, when a large number of such elements with random orientations are superimposed, the resulting intensity
distribution becomes statistically isotropic. As a result, the far-field diffraction pattern exhibits concentric ring-like structures
despite the absence of any long-range positional order (Khachatrian et al., 2025).

In the simulation, a 5.0 x 5.0 mm?2 area contains 495 square elements with side length a = 104 um and a minimum
center-to-center distance dmin =180 um, corresponding to a filling factor of n = 21.0 %. The ratio dmin/a = 1.73 ensures moderate
packing density while preserving spatial uniformity.

Figure 12 shows generated mask and the corresponding diffraction pattern.
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Fig. 12. Poisson Disk Sampling distribution of square elements (a = 104 pm, dmin = 180 um, n = 21.0 %):
A — amplitude mask; B — simulated Fraunhofer diffraction pattern. Nonlinear tone mapping was applied as described
in Figure 8 for visualization purposes
Source: author's own work
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The characteristic radial scale of the diffraction pattern is governed by the size of individual elements. For a square
aperture, the first zeros of the diffraction pattern occur at angles 6= 6,= A/a along the principal axes. In the case of randomly
oriented squares, these anisotropic features average out, giving rise to an effective circular minimum at a radial distance of
approximately r = 3.3 cm for a = 104 pm, A = 0.532 um, and z = 6.5 m.

This example demonstrates that even strongly anisotropic individual scatterers can produce an isotropic diffraction
pattern when their orientations are randomized. It highlights the distinction between the form factor of individual elements and
the statistical properties of their spatial distribution, providing a useful conceptual illustration for understanding diffraction in
disordered systems. Students can extend this approach by simulating various element shapes — triangles, stars, rectangles —
within similar pseudorandom distributions to explore how object geometry influences the resulting diffraction patterns.

9. Diffraction by a Poisson-Voronoi disk structure with suppressed long-wavelength fluctuations. In contrast to the
classical PDS, which enforces a minimum distance between centers and thereby suppresses only short-wavelength density
fluctuations, hyperuniform structures additionally suppress long-wavelength (low-frequency) fluctuations, enhancing statistical
uniformity on large scales. To approximate such a state, a two-stage method is employed, combining initial PDS placement with
modified Voronoi relaxation.

The initial configuration of disk centers was generated using the standard PDS (D=84 um, dmin=169 pm) and used as
input for three iterations of Lloyd’s relaxation (Lloyd, 1982). During relaxation, Voronoi cells (Du et al., 1999) intersecting the
domain boundary (unbounded cells) were excluded from centroid recalculation, and any centroids falling outside the working
area were discarded. We denote this combined procedure as Poisson—Voronoi Relaxation with Boundary Suppression (PV-RBS),
ensuring that only interior points contribute to the redistribution, thereby enhancing local uniformity while suppressing
boundary-induced artifacts. The digital mask was generated for an A4 transparent film with margins.

Direct inspection of the printed mask (Appendix A, Figure Ali, showing a representative fragment of the analyzed
region) using Imagel) shows that within the analyzed area (~2.9 x 106 um2), 45 disks were identified. As in previous cases, a diffuse
halo is observed along the disk boundaries. The measured aspect ratio AR = 1.1 + 0.1 indicates slight deviations from circularity,
while the disk diameters are D =127.9 £ 10.6 um (= 52 % * 13 % relative to the nominal 84 um), significantly exceeding the nominal
value due to toner spreading. The minimum nearest-neighbor center-to-center distance was estimated as a = 183.4 + 6.6 um in the
analyzed image.

Small variations in disk sizes introduced by the printing process cause the observed diffraction pattern to represent a
superposition of slightly different diffraction patterns, reducing the sharpness and contrast of higher-order rings. However, a
notable feature of this configuration is the presence of a narrow dark correlation-induced ring within the central maximum.
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For diffraction simulation, a 5.0 x 5.0 mm2 mask was generated using the experimentally measured PV-RBS parameters
(D =128 um, dmin = 183 um).

Figure 13 shows a comparison of the experimental pattern on the screen and the numerical simulation of Fraunhofer
diffraction. In the simulation, a monodisperse disk ensemble was assumed (i.e., without size polydispersity), using a uniform disk
diameter D = 128 um. As shown in Figure 13B, the central diffraction maximum retains nearly ideal circular symmetry and, in
terms of its characteristic size, is consistent with the diffraction envelope corresponding to an effective diameter close to the
measured value. Modeling the disks as a monodisperse ensemble results in well-defined diffraction rings in the simulated pattern,
together with a narrow dark ring within the central maximum.
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Fig. 13. Comparison of diffraction patterns: A — experimental pattern on the screen; B — numerical simulation of Fraunhofer
diffraction using the experimentally measured parameters. Nonlinear tone mapping was applied only to the simulated image
for visualization purposes, following the same procedure as in Figure 8 but with a different percentile threshold to enhance
the visual contrast in the central region of the pattern
Source: author's own work

The narrow dark ring, extending from approximately 4 mm to 14 mm from the central maximum (see Figure 13A),
provides a clear visual indication of suppressed long-wavelength density fluctuations (approximate hyperuniformity). The first
diffraction minimum is located at approximately 3.3 cm, consistent with an effective disk diameter of D = 128 um.

This configuration provides a clear demonstration of correlation-induced features in a format suitable for laser printing.
The resulting diffraction patterns are easily accessible for classroom or laboratory observation, enabling students to explore the
influence of suppressed long-wavelength fluctuations on diffraction. Such visualizations offer a practical and intuitive way to
connect theoretical concepts with observable optical phenomena.

10. Analogy with laser diffraction on spherical microparticles. The opaque microstructures considered in this work, in
particular ensembles of disks, provide a clear optical analogue of diffraction and scattering by three-dimensional spherical
microparticles. In the Fraunhofer regime, the scattering amplitude of an individual object is governed primarily by its projection
onto the plane perpendicular to the incident beam. For particles whose characteristic dimensions are much larger than the
wavelength, the diffraction pattern is therefore determined mainly by the geometric shadow of the object.

In this limit, the projection of an opaque or absorbing sphere of radius (Rsp) is equivalent to a circular disk of the same
radius, which — according to Babinet’s principle — is in turn equivalent to a circular aperture. Its diffraction pattern consists of a
series of concentric rings, whose far-field intensities are described by (Fischbach & Bond, 1984):
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where J; is Bessel function of the first kind and 0 is the scattering angle. This expression coincides with the Fraunhofer diffraction
result for an opaque circular disk of radius Rsp, obtained as the Fourier transform of a circular aperture. Within this approximation,
the printed opaque disks used in the present work act as two-dimensional optical analogues of spherical scatterers.

However, for ensembles of identical particles, the observed diffraction pattern is not determined solely by the form
factor of an individual element. Within the kinematic approximation commonly employed in wave-scattering theory, the total
far-field intensity can be expressed as the product of the single-particle form factor and the ensemble structure factor (Feigin &
Svergun, 1987; Guinier & Fournet, 1955). The form factor defines the overall envelope of the diffraction intensity, whereas the
structure factor reflects spatial correlations between particle positions and governs the redistribution of intensity within this
envelope.

This distinction becomes particularly evident when comparing ordered and disordered arrangements of identical disks
(or, by analogy, spherical microparticles). Long-range order selects discrete diffraction directions associated with reciprocal-
lattice vectors, whereas the absence of long-range order leads to an isotropic redistribution of scattered intensity. For disordered
ensembles, such as Poisson point processes or configurations generated by Poisson disk sampling, the diffraction pattern is
radially symmetric, and the contribution of the single-disk form factor manifests itself as concentric rings analogous to Airy rings.

In contrast, for periodic ensembles of disks arranged in square, centered square, or hexagonal lattices, continuous rings
are not observed. Instead, diffraction intensity appears at discrete points in reciprocal space, whose positions are fixed by the
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lattice geometry. The resulting diffraction pattern consists of a regular array of narrow maxima modulated by an envelope
determined by the single-disk form factor, with only those reciprocal-lattice nodes lying within the region of significant form-
factor amplitude being observable.

For particles of noncircular shape, such as opaque squares or rectangles, the single-element form factor becomes
intrinsically anisotropic and is described by direction-dependent sinc-type functions. In periodic lattices of such elements, this
anisotropy gives rise to direction-dependent diffraction intensities and selection rules. At the same time, for randomly oriented
or statistically isotropic ensembles of noncircular elements, the anisotropic contributions of individual elements are effectively
averaged out, and the resulting diffraction pattern again approaches radial symmetry despite the noncircular shape of the
particles.

Thus, the binary amplitude masks proposed in this work enable a clear separation between the effects of individual
particle shape (form factor) and spatial organization of the ensemble (structure factor). This separation represents a central
concept in diffraction and scattering theory and provides a transparent educational framework for relating real-space
microstructure to characteristic features of diffraction patterns in reciprocal space.

11. Educational analogies with X-ray Diffraction. The Fraunhofer laser diffraction patterns obtained from printed
amplitude microstructures provide clear optical analogies of X-ray diffraction and scattering in crystalline, polycrystalline,
amorphous, and correlated disordered materials.

Optical masks employed in the present work represent two-dimensional projections of the scattering density and
therefore correspond to two-dimensional sections of reciprocal space, rather than full three-dimensional powder diffraction
patterns. Consequently, the presented analogies are most directly related to Laue diffraction, two-dimensional scattering
experiments, and planar sections commonly encountered in X-ray diffraction and small-angle X-ray scattering (SAXS). Within this
well-defined limitation, the correspondence between optical and X-ray diffraction remains robust and instructive.

The transition from perfectly ordered lattices to disordered ensembles is particularly illustrative from a pedagogical
perspective. Periodic microstructures produce discrete Bragg-like maxima that reflect lattice symmetry and basis effects, whereas
disordered and partially ordered structures give rise to diffuse scattering, concentric rings, and correlation-induced features.
These optical diffraction patterns provide direct qualitative analogies to powder X-ray diffraction and SAXS from disordered
materials.

A qualitative summary of these optical diffraction analogies is provided in Appendix B (see table B1).

CONCLUSIONS AND PERSPECTIVES FOR A FURTHER RESEARCH

The integrated method developed in this work combines numerical simulations based on the two-dimensional fast
Fourier transform with simple experimental visualizations of Fraunhofer diffraction using binary amplitude masks printed on
transparent film and illuminated by a low-cost semiconductor laser pointer (A = 0.532 um). This approach provides a coherent
and visually intuitive framework for teaching a wide spectrum of spatial arrangements — from perfectly periodic lattices (discrete
Bragg peaks) through Poisson-distributed and Poisson-disk-sampled ensembles (isotropic speckle and diffraction rings) to
hyperuniform-like structures (characteristic dark correlation ring) — and establishes direct optical analogies with X-ray Laue
diffraction and small-angle scattering. Experimental diffraction patterns are complemented by numerical simulations, providing
a more complete representation of diffraction from opaque disks.

The comparison is restricted to the spatial distribution of diffraction features, while absolute intensity values are not
used as a metric of agreement.

From an educational perspective, the method is particularly powerful. Students can independently design masks of
arbitrary complexity, print them on a standard office laser printer, observe the resulting far-field patterns on a screen, and directly
compare them with numerical simulations. This hands-on workflow makes abstract concepts — Fourier optics, reciprocal space,
structure factor, systematic absences, and short- and long-range correlations — tangible and memorable, while demonstrating
the deep connection between optical diffraction and X-ray techniques.

At the same time, the laser printer itself embodies the pedagogical duality of the approach. On the one hand, it is an
extremely accessible and inexpensive device available in virtually any educational institution. On the other hand, it is not a
precision instrument at the microscale. Two main groups of fabrication-induced deviations appear systematically:

e Positioning inaccuracies and local distortions of the pixel grid, which are more pronounced for closely spaced
structural elements;

e Toner spreading and halo formation during the fusing process, leading to an increase in the effective size of printed
features relative to the nominal value, typically by 20-40%, which in turn is the main source of the observed size polydispersity.

Moreover, the effective size of opaque elements depends on the local pattern geometry: increased spacing tends to
enhance toner spreading, whereas dense packing may lead to partial merging of features. In periodic lattices, these effects have
only a minor influence on the positions of Bragg peaks in reciprocal space. However, in disordered ensembles, such as Poisson-
distributed disks without a minimum inter-disk distance, the diffraction ring structure is highly sensitive: variations in effective
disk diameter lead to radial scaling of diffraction rings, while size polydispersity reduces their contrast. At higher filling fractions,
feature merging can further disrupt the ring structure, gradually transforming it into a diffuse speckle field. Therefore, when
designing masks, it is advisable to deliberately reduce the nominal disk diameters by approximately 20-40% relative to the design
values, depending on the specific printer and toner, in order to ensure that the observed diffraction patterns reproduce the
predicted spatial features of the simulated patterns.

Importantly, these “imperfections” are not merely drawbacks. They provide a useful teaching opportunity: students
learn to distinguish between ideal theoretical predictions and real experimental outcomes, quantify fabrication tolerances, and
understand how the same physical limitations affect ordered versus disordered systems differently. This meta-level reflection
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reinforces the link between theory, simulation, and experimental realization, one of the central goals of the proposed laboratory
practicum.

Despite these practical limitations, the method remains robust, scalable, and highly adaptable. Future work may focus
on quantitative analysis of diffraction intensity statistics, providing a more direct link between fabrication imperfections and far-
field diffraction features, including speckle contrast, ring visibility, and correlation-induced effects. Higher-resolution printing
technologies (2400—-4800 dpi) would further enable exploration of finer structural regimes, including fractal, quasi-periodic, and
hyperuniform patterns.

Overall, the integrated experimental-numerical framework provides a low-cost and versatile platform for teaching
Fourier optics phenomena and bridging theoretical predictions with experimentally accessible realizations.
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Appendix A

Figure A1. Optical micrographs of fragments from laser-printed A4 masks used in the diffraction experiments (scale bar: 250 pm
in all panels). The listed parameters correspond to nominal design values; actual feature sizes vary due to fabrication effects such
as broadening, partial merging, or distortion of neighboring elements.

(a) One-dimensional amplitude grating

(b) Two-dimensional periodic grating formed by a regular array of opaque disks
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(c) Periodic square grating with additional central disks
(d) Two-dimensional hexagonal grating of opaque disks
(e) Two-dimensional honeycomb grating

(f) Random array of disks (Poisson point process). Sparse region; individual disks and some fused clusters visible.

(g) Random array of disks (Poisson point process). Dense region with irregular toner agglomerates.

Tom 41, Ne 2 / Vol. 41, No 2 (2026)

(h) Disordered disk distributions with a minimal inter-disk distance (Poisson Disk Sampling)
(i) Disk distribution generated using the PV-RBS algorithm

Appendix B

Table B1. Educational analogies between Fraunhofer laser diffraction patterns and X-ray diffraction
and scattering phenomena

Ne | Microstructure type Laser diffraction pattern X-ray diffraction / scattering Example material or system
analog
1 One-dimensional grating Series of discrete maxima Laue diffraction from layered Mica, NaCl viewed along
aligned along one direction or quasi-one-dimensional [100]
crystals; line-like reflections
2 Two-dimensional periodic Square grid of sharp diffraction | Laue diffraction from cubic or Si or NaCl in [001]
grating (square lattice of disks) spots indexed by (m, n) tetragonal crystals along a orientation
principal axis
3 Centered square lattice with a Square grid with systematic Laue diffraction from body- Fe, W
basis (additional disk at the absences for odd (m + n) centered cubic lattices;
unit-cell center) structure-factor extinctions
4 Two-dimensional hexagonal Hexagonal array of Bragg Laue diffraction from Graphite, ZnO (wurtzite
grating of disks maxima hexagonal crystals structure)
5 Honeycomb grating (two-site Hexagonal reciprocal lattice Diffraction from two- Graphene, hexagonal BN
basis on hexagonal grating) modulated by basis-dependent | dimensional crystals with a
intensity variations multi-atom basis
6 Random array of disks (Poisson Bright central maximum with X-ray scattering from Glasses, liquids
point process) diffuse speckle background, amorphous materials and
absence of sharp rings liquids, characterized by
diffuse scattering without
sharp Bragg peaks
7 Disordered disks with minimum | Central peak accompanied by Powder X-ray scattering from Nanocrystalline metals,
inter-disk distance (Poisson disk | concentric Airy-like rings due nanoparticle ensembles colloidal particles
sampling) to short-range order dominated by finite-size
effects and short-range
correlation
8 Disordered array of randomly Isotropic ring structure Powder X-ray scattering from Clay minerals, platelet-like
oriented square elements modulated by the square- randomly oriented anisotropic nanoparticles
(Poisson disk sampling) element sinc? form factor (plate-like) particles,
(azimuthal averaging of dominated by the particle
anisotropic contributions) form factor
9 Poisson—Voronoi disk structure Central maximum containing a SAXS signatures of Hyperuniform glasses,
with suppressed long- dark correlation ring indicating | hyperuniform disordered jammed packings,
wavelength fluctuations suppressed low-frequency materials with suppressed S(q disordered photonic solids
(hyperuniform) scattering - 0)
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