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Висновки. З освітньої точки зору метод забезпечує доступну 
практичну платформу для вивчення фраунгоферової дифракції, 
оптики Фур’є, концепцій оберненого простору та 
статистичних кореляцій. Поєднуючи ідеалізовані теоретичні 
моделі, реальні обмеження виготовлення та чисельне 
моделювання, він особливо добре підходить для лабораторних 
курсів з оптики у вищій освіті. 
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simulation, it is particularly well suited for undergraduate 
laboratory courses in wave optics. 
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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 × 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 𝑝𝑥 =
1 𝑖𝑛𝑐ℎ

1200 𝑑𝑝𝑖
≈ 21.17 𝜇𝑚.   (1) 

The minimum practical feature size was chosen to be 80–84 µm, 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 µm-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  
(λ = 0.532 µm, output power < 5 mW, Class II) was employed. Basic laser-safety precautions appropriate for Class II 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 ≫ 𝑅2/4𝜋𝜆, (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 ≫ πR2/λ ≈ 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 µm – more than 150 times the wavelength of the radiation (λ = 0.532 µm). 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 ImageJ 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 × 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 (σ ≈ 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 ImageJ 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 λ = 0.532 µm, 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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 𝐼𝑏𝑒𝑎𝑚(𝑟) = 𝑒
−
2𝑟2

𝜔0
2
, (3) 

where r is the distance from the beam center, ω₀ = 1 mm is the beam waist radius (defined at the 1/e² 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 ImageJ 
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 µm (≈4 pixels), grating period  
d = 252 µm (≈12 pixels), and a calculated filling factor η ≈ 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 × 106 µm2, six opaque vertical 
stripes were identified. ImageJ analysis (see Appendix A, Figure A1a) shows that: 

• Average period 256.8 ± 6.8 µm (nominal 252 µm, relative deviation +1.9 %); 

• Stripe width 99.6 ± 17.0 µm (nominal 84 µm, relative deviation +18.6 %); 

• filling factor η ≈ 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 µm 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). 

 

 
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 µm, a = 84 µm). The simulation  
is shown using a linear intensity scale with normalization and a display-only intensity clipping threshold Isat = 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. 

 

 
Fig. 2. Numerical simulation of diffraction from the same grating using experimentally determined effective parameters  

(d ≈ 257 µm, a ≈ 100 µm). Linear normalization and display-only clipping (Isat = 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 (η≈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 µm (4 pixels at 1200 dpi), 
arranged on a square lattice with period dx = dy = d = 169 µm (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: 

 𝑥𝑚,𝑛 ≈ 𝑧
𝑚𝜆

𝑑𝑥
, ⁡𝑦𝑚,𝑛 ≈ 𝑧

𝑛𝜆

𝑑𝑦
. (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 (±1, 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: 

 𝛥𝑥1 = 𝑥1,0 ≈
𝑧𝜆

𝑑𝑥
; 𝛥𝑦1 = 𝑦0,1 ≈

𝑧𝜆

𝑑𝑦
.  (5) 

To improve experimental accuracy, the lattice period can be estimated by averaging values obtained from multiple 
diffraction orders: 

 𝑑𝑥 ≈ ⟨𝑧
𝑚𝜆

𝑥𝑚,0
⟩
𝑚=1,2

,  𝑑𝑦 ≈ ⟨𝑧
𝑛𝜆

𝑦0,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 A1b) was performed using ImageJ. The 

spatial calibration was based on a 250 µm reference scale. Within an analyzed area of approximately 2.9 × 106 µm2, 93 disks were 
identified. The measured parameters are: 

• vertical period: 177.4 ± 7.4 µm (nominal 169 µm, relative deviation +4.97 %);  
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• horizontal period: 176.8 ± 18.7 µm (nominal 169 µm, relative deviation +4.62 %);  

• equivalent disk diameter: D = 83.3 ± 36.3 µm (nominal 84 µm);  

• aspect ratio AR = 1.3 ± 0.3. 
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. 

 

 
Fig. 3. Comparison of diffraction patterns: A – experimental pattern on the screen; B – numerical simulation of Fraunhofer 

diffraction (D = 84 µm, d = 169 µm). Linear normalization and display-only clipping (Isat = 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 Δ = (d/2, d/2).  

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

The period of the primary sublattice A determines the spacing between adjacent maxima on the screen:  
Δx = Δy ≈ 1.15 cm (see equation (5)). Sublattice B produces a sparser grid of maxima, yielding Δx = Δy ≈ 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 b₁ and b₂. 

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

 𝑮𝑚𝑛 = 𝑚𝒃1 + 𝑛𝒃2, 𝑚, 𝑛 ∈ ℤ (7) 

where b1 is the first basis vector of the reciprocal lattice along the x-axis, b2 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 Δ is given by 

 𝑒𝑖𝑮𝑚𝑛⋅𝚫 = 𝑒𝑖𝜋(𝑚+𝑛). (8) 

Consequently, the structure factor of the centered lattice is then: 

 𝑆(𝑚, 𝑛) = 1 + 𝑒𝑖𝜋(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. 
It is 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 A1c) reveals deviations from the nominal geometry. 
ImageJ-based analysis identified 48 disks within an area of 2.9 × 106 µm2. The measured parameters are: 

• horizontal period 315.6 ± 3.5 µm (nominal 300 µm, relative deviation +5.2 %);  

• vertical period 330.0 ± 21.3 µm (nominal 300 µm, relative deviation +10.0 %);  

• aspect ratio AR = 1.1 ± 0.1; 

• disk diameter D = 151.0 ± 7.0 µm (nominal 80 µm, 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 µm), in addition 
to toner spreading and edge broadening effects. 

Figure 4 compares the experimental diffraction pattern with the numerical simulation based on nominal parameters. 
 

 
Fig. 4. Comparison of diffraction patterns: A – experimental pattern on the screen; B – numerical simulation  

(D = 80 µm, d = 300 µm). Linear normalization and display-only clipping (Isat = 0.002) were applied only to the simulated 
image, following the same procedure as in Figure 1 

Source: author's own work 

 
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 µm vs 330.0 µm) 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 µm in x and ±21.3 µm 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 µm (≈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 𝑑𝑦 = 𝑑𝑥√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 dx = 8 pixel (169 µm), vertical period dy = 7 pixel (148 µm), 

and an offset of 4 pixel (84.5 µm) for odd-numbered rows. This yields a quasi-hexagonal grating with a nearest-neighbor distance 
of approximately 169 µm. 

At the design stage, rounding of dy introduces a residual anisotropy of ≈ 0.78 %, with nearest-neighbor distances ranging 
from 3.9 to 4.7 pixels and a lattice angle of 60.260 instead of the ideal 600. 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 µm, and the nearest-neighbor distance was 169 µm. 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 µm, nearest-neighbor spacing a = 169 µm). Linear normalization and display-only clipping 
(Isat = 0.002) were applied only to the simulated image, following the same procedure as in Figure 1 

Source: author's own work 

 
In the experimental diffraction pattern, the central vertical axis exhibits primary maxima with spacing Δy ≈ 2.5 cm 

(Figure 5A). In addition, weaker secondary maxima appear at half-spacing Δy/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 A1d) using ImageJ on a representative region  
(≈ 2.9 × 106 µm2, 95 disks) reveals:  

• D = 91.0 ± 9.3 μm (nominal 84 µm, relative deviation +8.3 %), halo width ≈ 8–10 µm; 

• AR = 1.1 ± 0.1; 

• dx = 177.4 ± 15.1 μm (nominal 169 µm, relative deviation +5.0 %);  

• dy = 167.8 ± 18.4 μm (nominal 148 µm, relative deviation +13.4 %);  

• nearest-neighbor distance a = 179.0 ± 13.5 µm (nominal 169 µm, relative deviation +5.9 %). 

The ratio dx/dy ≈ 1.06 deviates from the ideal geometric relation for a hexagonal lattice 2/√3 ≈ 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 µm) and longer (≈195 µm) values, forming a periodic short–long modulation. The average spacing 
(dy,eff ≈ 174.5 µm) 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  
(Δy/2 ≈ λ · z / (2·dy,eff) ≈ 0.99 cm). 

Figure 6 shows a numerical simulation incorporating this vertical modulation (dx ≈ 178 µm, dy,short ≈ 154 µm,  
dy,long ≈ 195 µm). Simulation also predicts a weaker secondary component at approximately 0.99 cm, in addition to the  
Δy/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. 

 

 
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 µm, dx = 178 µm, dy,short = 154 µm, dy,long = 195 µm);  
B – corresponding simulated diffraction pattern. Linear normalization and display-only clipping (Isat = 0.002) were applied 

only to the simulated image, following the same procedure as in Figure 1 
Source: author's own work 


