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Abstract: Optical flat-fielding systems, such as field-mapping or integration-based beam shapers,
are used to transform nonuniform illumination into uniform illumination. Thus, flat-fielding
paves the way for imaging that is independent of position within a field of view and enables
more quantitative analysis. Here, we characterize and compare three systems for homogenizing
both widefield and multifocal illumination. Our analysis includes two refractive field-mapping
beam shapers: PiShaper and TopShape, as well as one integration-based: Kohler integrator.
The comparison is based on figures of merit including ISO-standard values, such as the plateau
uniformity and edge steepness, transmission efficiency, stability of the beams along propagation
and multifocal intensity, pitch, and point width. By characterizing and comparing existing
beam shapers, we facilitate the choice of the appropriate flat-fielding solution and increase their
accessibility for different applications.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In widefield fluorescence microscopy, excitation light illuminates a sample labelled with
fluorophores, and whose emission light is collected onto a camera. Commonly used illumination
sources, such as lasers and light-emitting diodes (LEDs), have a spatially varying irradiance well-
approximated by a Gaussian profile. This leads to a position-dependent excitation and emission of
the sample, which causes the signal-to-noise ratio (SNR) of the resulting image to vary spatially.
The SNR will also vary with time due to photobleaching, an effect which is also dependent on the
local irradiance [1]. Furthermore, nonlinear effects such as photoactivation and photoswitching,
used for single-molecule localization microscopy (SMLM) [2,3,4], have transition rates that
depend on the local irradiance. All of these phenomena will lead to field-dependent image quality,
which is problematic for quantitative analysis and interferes with increasing the field of view
(FOV) through stitching together adjacent images.

Post-processing algorithms can correct for nonuniform illumination, however, they cannot
compensate for variable SNR or nonuniformity in nonlinear effects such as photoswitching [5,6].
An intuitive way to render the illumination more uniform is to expand and crop the beam, keeping
only the flatter central part of the beam. However, this approach wastes power, since it rejects,
rather than homogenizes, the illumination. Another hardware-based approach termed “beam
shaping” redistributes light to obtain a uniform beam profile, also known as a flat-top, through
two major power-efficient strategies: field-mapping or beam integration. Field-mapping spatially
reassigns light using either refractive or diffractive elements. Common refractive beam shapers
use a pair of aspheric lenses arranged in either a Galilean or a Keplerian telescope configuration
[7] and have been used in fluorescence microscopy to achieve higher uniformity imaging and to
reduce artefacts [8,9,10]. Diffractive beam shapers use diffractive optical elements (DOEs) to
transform the beam [11,12,13] with the same aim. In contrast, beam integration methods average
out the nonuniform beam to obtain a flat-top. Examples of this technique include a shaking
multi-mode fiber (MMF) [14,15] and the Kohler integrator, which uses a rotating diffuser and
a pair of microlens arrays (MLAS) to create a parallel array of Kohler illumination channels
that angularly split the input beam into subsections (beamlets) that are then superimposed by a
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Fourier lens to produce a uniform intensity [16,17,18,19,20]. These approaches, among others,
are summarized in Table 1.

Table 1. Overview and qualitative evaluation of hardware flat-fielding methods. €: <1k, €€: 1k-5k,

€€€: >10k.
Flat-fielding Transmission  Multifocal Cost  Complexity TIRF Comment
method efficiency applicability
Refractive High High €€ Low Yes Commonly circular
field-mapping shape, stringent input
[8,9,10,22] beam requirements
Diffractive Low Low € Low Not Wavelength-sensitive
field-mapping [13] shown
Kohler integrator Moderate High €€ Moderate Not Flexible input beam
[19,20] shown requirements
Shaking MMF Moderate High €€ Moderate Yes Coupling losses, motor
[14,15] functionality issues
ASTER [23] High Low €€ High Yes Scanning-based
Waveguide-TIRF N/A None € High Only Fabrication knowledge
[24] and laser coupling
optics required
Borealis [25] N/A High €€€ Low Not Proprietary
shown
Spatial light Low Low €€€ High Not Flexible flat-field
modulation [26] shown shape

While these solutions come with intrinsic advantages and disadvantages (Table 1), their
performance has not been directly compared. Furthermore, flat-fielding systems are commonly
used for widefield illumination, but their applicability and performance for multifocal illumination
have not been characterized. Here we characterize and compare three flat-fielding systems: the
Kohler integrator and two commercial refractive beam shapers — PiShaper and TopShape, under
both widefield and multifocal illumination conditions. These flat-fielding solutions offer several
advantages (Table 1), including high uniformity, efficiency, and ease of use, as well as their
applicability to multifocal illumination. MMFs could also be used for this purpose and operate in
a similar fashion to the Kohler integrator, albeit lacking its design flexibility, and suffering from
coupling losses and autofluorescence [21]. We expect that knowing the strengths and weaknesses
of each of the three systems will allow non-expert users to identify the best suited solution for
their experiment, enabling more users to take advantage of flat-fielding for quantitative imaging.

2. Results
2.1. Widefield illumination

We first evaluated the Kohler integrator, PiShaper and TopShape flat-fielding systems for their
relative ease of use, which considers the number of elements, alignment and input beam
requirements. PiShaper and TopShape consist of a single element (encompassing two aspheric
lenses), which should be aligned to the optical axis, while the Kohler integrator is assembled from
several elements (lenses, MLAs and a rotating diffuser), which should be co-aligned sequentially.
Although aligning one element may appear simpler than multiple elements, refractive beam
shapers are more sensitive to misalignment than typical optical elements such as lenses. This is
because the field-mapping employed by refractive beam shapers requires a specific input beam —
in this case, a Gaussian beam of a size specified by the manufacturer’s design — to produce a high
quality flat-top (Table 2). In contrast, we expect the Kohler integrator to be largely independent
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of the input beam, since heterogeneities should be averaged out as long as sufficiently many
microlens channels are used.

Table 2. Specifications of the flat-fielding systems.

Specification Kohler integrator PiShaper [27] TopShape [28]
Collimated input/output Yes/No Yes/Yes Yes/Yes

Input beam diameter (1/6?), mm Variable 5.9-6.0 10

Flat-field Size (FWHM), mm Variable 6.0 14.6-14.8

How does the quality of the input beam affect the homogenization? Typically, the Kohler
integrator produces a square output illumination (reflecting the shape of the MLA), while the
PiShaper and TopShape produce round output illumination. We used a 647 nm laser (with
M? < 1.2) of appropriate diameter as an input beam to each module and imaged their output
profiles onto a CMOS chip camera (Methods). Using the unfiltered beam (Fig. 1(A)) produced
low-uniformity profiles for PiShaper and TopShape, while the Kohler integrator was largely
unaffected by the reduced input beam quality (Fig. 1(B)-(D), as reflected in their plateau uniformity
and flatness factor values (Table 3). In this case, we do not report the edge steepness values
because the PiShaper and TopShape beams were highly nonuniform, so the edge steepness value
would vary with position. We then spatially filtered the input beam using a pinhole to produce a
smooth Gaussian profile (Fig. 1(E)), which in turn improved the flat-top outputs, particularly for
PiShaper and TopShape (Fig. 1(F)-(H), Table 3).

Table 3. Summary of results. Results in bold indicate the best quantitative performance, where
applicable. NSF: non-spatially-filtered, SF: spatially-filtered, MF: multifocal.

Figure of merit Kohler integrator PiShaper TopShape
Transmission efficiency 85.2% 94.4% 89.3%
Input beam deformation (Fig. 1) Robust flat-fielding Sensitive to shape and size
Plateau uniformity (NSF, Fig. 1) 0.0727 0.2649 0.1815
Plateau uniformity (SF, Fig. 2) 0.0621 0.0899 0.0996
Flatness factor (NSF, Fig. 1) 0.8442 0.6053 0.5633
Flatness factor (SF, Fig. 2) 0.8279 0.7348 0.6725
Edge steepness (SF, Fig. 2) 0.2810 0.2138 0.3256
Stability with propagation (Fig. 3) stable near focal plane Flatness factor and quality decrease
MF uniformity (Fig. 4) 0.1294 0.1653 0.2076
MF pitch deviation, pm (Fig. 4) 0.09 1.94 3.54

MF mean FWHM spot size, pm (Fig. 4) 36.1 21.90 20.3

Finally, we drastically degraded the input beam by cropping it in half (Fig. 1(I)) to imitate
hard apertures within an optical path, and measured the output beam profiles. PiShaper and
TopShape reproduced the deformations introduced in the input beam, generating cropped flat-top
profiles with degraded uniformity (Fig. 1(J,K)). However, the cropping had a negligible effect on
the uniformity of the flat-top produced by the Kohler integrator (Fig. 1(L)). These results are
consistent with the different modus operandi implemented in these beam shapers. The refractive
beam shapers have a one-to-one mapping from the input to the output, so when input sources are
cropped, they will be missing in the output as well. Conversely, the Kohler integrator is based on
field integration, a many-to-many mapping, such that when input sources are cropped, the output
will integrate over fewer inputs to produce a flat-top profile of similar uniformity, albeit with a
reduction in irradiance.
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Fig. 1. Greyscale images of different conditions for the input illumination and the
corresponding outputs produced by each of the three beam shapers. (A) Low quality
input beam deviates from a Gaussian profile. (B-D) Flat-field outputs produced by the (B)
Kohler integrator, (C) PiShaper and (D) Top shape, using a low quality input beam (A). (E)
Spatial filtering produces a smoother Gaussian profile. (F-H) Flat-field outputs produced by
the (F) Kohler integrator, (G) PiShaper and (H) TopShape, using the filtered Gaussian input
beam (E). (I) The input beam is cropped in half. (J-L) Flat-field outputs for the (J) Kohler
integrator, (K) PiShaper and (L) TopShape, using the cropped beam as input (I). Images
(B,C) were taken before the introduction of a beam de-expander to the system. Scale bar, 1.5
mm.

To analyze the performance of the three beam shapers for widefield flat illumination, we used
as figures of merit the edge steepness, plateau uniformity, and flatness factor, as defined in the
ISO 13694:2000 standard [29]. The edge steepness signifies how sharply the intensity vanishes,
while the plateau uniformity quantifies the extent of uniformity for a nearly flat-top profile. We
also computed the flatness factor, which reflects heterogeneity in the intensity. These figures of
merit are independent of flat-top beam size, intensity and shape.

To compare beam shapers, we considered the output produced by each using a spatially filtered
input beam (Fig. 2(A-C)). We measured the intensity profiles along the horizontal and vertical
midline, then extracted the 10% and 90% profile widths to compute the edge steepness as their
difference normalized by the 10% width. The plateau uniformity was calculated by measuring
the full-width at half-maximum (FWHM) of the image pixel intensity histogram (Fig. 2(E)) and
normalizing by the maximum pixel intensity value. These standardized values range from 0O to
1, where O represents the ideal profile, and 1 the worst. The flatness factor was calculated as
the ratio of the mean intensity value to the maximum value — such that a perfect flat-top profile
would have a flatness factor of 1.

For edge steepness, we found that PiShaper had the best value (0.2138), followed by the Kohler
integrator (0.2810) and TopShape (0.3256) (Table 3). The Kohler integrator achieved the best
plateau uniformity and flatness factor (0.0621 uniformity, 0.8279 flatness factor), followed by
PiShaper (0.0899 uniformity, 0.7348 flatness factor) and TopShape (0.0966 uniformity, 0.6725
flatness factor) (Table 3). These results support what one may conclude by visual inspection of
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Fig. 2. Uniform greyscale images obtained from the three flat-topping systems under
widefield illumination and their corresponding intensity profiles and histograms. (A) Koéhler
integrator. (B) PiShaper. (C) TopShape. The colored lines show the two locations where the
intensity profiles are taken and then averaged. (D) Superimposed intensity profiles (here
shown for the vertical line profile from A-C) of the three beam shapers. (E) Superimposed
image (A-C) pixel grey-value histograms of the three beam shapers. The black bars represent
the full-widths at half-maximum which are used to calculate the plateau uniformity. Scale
bar, 1.5 mm.

the images, beam profiles and the histograms (Fig. 2). The images and beam profiles show that
PiShaper has the sharpest edge, whereas the TopShape and Kohler integrator appear to roll-off
more gradually.

We also measured the transmission efficiency (Table 3) of each beam shaper. PiShaper (94.4%)
and TopShape (89.3%) had higher efficiency values than the K&hler integrator (85.2%), which is
likely due to having fewer optical surfaces.

Another important aspect of creating flat-top illumination is ensuring it is maintained in the
desired plane, usually the sample plane, displaced from the beam homogenizer. The PiShaper
and TopShape produce collimated flat-top beams of a fixed size specified by the manufacturer
(Table 2), whereas the Kohler integrator produces a flat-top illumination in a single plane, with a
size that can be varied [17,18,30]. We studied the beam quality at varying distances for each
system. In the case of the Kohler integrator, we measured the output beam at the focal plane
of the Fourier lens where the flat-top beam is produced, as well as at positive and negative
displacements from that plane (Fig. 3(A)). For this particular design, the focal plane was 10 cm
from the output aperture, determined by the focal length of the Fourier lens. For PiShaper and
TopShape, the measurements were done at increasing distances away from their output apertures
(Fig. 3(B)).

To quantify the changes for each beam shaper, we measured the plateau uniformity, edge
steepness and flatness factor as a function of distance. The Kohler integrator has a uniformity
and flatness which are maintained even a few centimeters away from the focal plane. The edge
steepness degrades more quickly at negative than positive displacements from the focal plane.
For PiShaper and TopShape, the flat-top profile degrades as the distance increases, with the
highest quality beam nearest to the output aperture. We noticed the emergence of concentric
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Fig. 3. Variation of the ISO standard values at varying propagation distance from the
intended sample plane of each beam shaper. (A) Kohler integrator images are taken at
positive and negative displacements from the focal plane where the flat-top is produced. (B)
PiShaper and TopShape images are taken at increasing distances from their output apertures.
(C-E) Plateau uniformity, edge steepness and flatness factor as a function of the displacement
from the defined flat-field plane for the (C) Kohler integrator, (D) PiShaper and (E) TopShape.
Scale bar, 1.5 mm.

rings for these refractive beam shapers, and a bright outer edge of increasing intensity. Thus,
the edge steepness metric loses its relevance. Additionally, the plateau uniformity is negligibly
affected by the small number of pixels in the higher-intensity edges. Therefore, it becomes more
informative to consider the flatness factor, which is sensitive to higher intensity points, regardless
of their location in the image or their density. PiShaper (Fig. 3(B)) and TopShape (Fig. 3(C))
both showed a trend of decreasing flatness, as expected.

2.2. Multifocal illumination

Techniques based on multifocal illumination emerged primarily as means of parallelizing point-
scanning microscopy techniques — with optical sectioning and resolution increasing capabilities
— to increase the throughput of scanning-based imaging. Examples of these techniques are
spinning disk microscopy [31], multifocal structured illumination microscopy (MSIM) [32],
and instant structured illumination microscopy (iSIM) [33]. When these techniques use a
spatially nonuniform illumination source, the resulting multifocal excitation will follow a similar
nonuniform envelope, leading to variations in the emission irradiance across the sample. Thus, the
recorded image will have a spatially varying SNR, hindering quantitative analysis and producing
artefacts and seams when stitching neighboring images. It is therefore important to correct for
nonuniformities, not only in widefield, but also in multifocal illumination.

The output of each beam shaper was used to illuminate an MLA, generating multifocal
excitation (Methods). We studied the spatial variations (Fig. 4) in the intensity (uniformity),
spacing between each point and its neighbors (pitch) and spot size (Table 3). To assess the
uniformity of the multifocal illumination, we computed the quartile coefficient of dispersion
on the amplitudes of the multifocal points such that lower coefficients mean lower variation
and therefore higher uniformity. The Kohler integrator, adapted for multifocal excitation by
ensuring telecentricity and optimized spot size [20,30], had the best uniformity (0.1294), followed
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by PiShaper (0.1653) and TopShape (0.2076), in agreement with the results for widefield
illumination.

Kohler Integrator PiShaper TopShape

Intensity
(Grey Level)

1.02*GT
(369)

Pitch
(um)

0.98*GT
(355)

Point Width
(um)

Fig. 4. Images of the multifocal illumination output of the three beam shapers, colored
to represent quantitative variation. The three rows display the variation in intensity, pitch
(spacing between points), and point width, respectively, with each column a different beam
shaper. Scale bar, 1 mm.

Microscopes using multifocal excitation typically include other array components placed in
conjugate planes, and all elements must be matched in pitch. Deviations in pitch introduce a
cumulative error, which increases with distance away from the optical axis, gradually rejecting
light and hence reducing homogeneity and transmission efficiency. To calculate the pitch, we
measured the distance of each point to its orthogonal and diagonal neighbors, and compared
them to the theoretical value set by the pitch of the MLA used to create the multifocal excitation.
The Kohler integrator has the smallest difference between its mean pitch and the mean theoretical
value (0.09 pm), followed by PiShaper (1.94 um) and TopShape (3.54 um).

The desired size of the multifocal spots will depend on the application, but too-large spots may
compromise resolution. Thus, we compared the multifocal spot sizes for each flat-fielding system
and compared them to a baseline with no beam shaping. We calculated the diffraction-limited
spot size, w, of the input laser beam as (4M2/lf)/(nD), where M? is the beam quality factor,
A is the wavelength, f is the focal length of a microlens and D is the diameter of a microlens.
This gives the 1/e? spot diameter equal to 15.8 um and equivalent to a FWHM of 9.3 um. We
also recorded an image of the multifocal pattern generated without any beam shaping elements,
to measure experimentally the baseline spot size. The FWHM spot size from this image is
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w=16 um. The measured FWHM spot sizes of the beam shapers are w =36.1 pm (Kohler
integrator), 21.9 um (PiShaper) and 20.3 um (TopShape). Both the theoretical and experimental
diffraction-limited spot sizes are smaller than their flat-fielded counterparts.

Compared to the Kohler integrator, the refractive beam shapers’ smaller spot sizes indicate a
higher spatial coherence. This can be expected because the Kohler integrator’s rotating diffuser
used to scramble the incident coherent beam and average out interference patterns produces a
partially coherent extended source, in contrast with PiShaper and TopShape. To estimate the
spatial coherence of the beam shapers, we approximate the transverse coherence length, /.., as
Aflw for beams with limited spatial coherence [34]. Substituting the measured beam sizes into
the equation yields coherence lengths of 53.6 pm (Kohler integrator), 88.3 um (PiShaper) and
95.3 um (TopShape). Nevertheless, contracting the beam diameter at the flat-fielding MLAs of
the Kohler integrator has been used to control the resulting spot sizes [20], maintaining its utility
for multi-focal microscopy.

3. Discussion

We characterized three flat-fielding systems, which transform Gaussian beams into flat-top beams:
two commercial refractive field-mapping beam shapers — PiShaper and TopShape — and a K&hler
integrator. For widefield illumination, the refractive beam shapers had 5-10% better transmission
efficiency than the Kohler integrator, making them slightly more attractive for setups with weak
light sources or applications requiring higher irradiance. However, the Kohler integrator had the
best plateau uniformity and flatness factor, which are important properties for flat-top illumination.
PiShaper had the best edge steepness, followed by the Kohler integrator and TopShape.

When flat-fielding systems are used to shape the input light of an imaging setup, the plateau
uniformity and flatness factor reflect variations in the irradiance at the sample. Fluorescence
microscopy is typically performed in a linear regime, where these variations will be replicated in
the emission measured from the sample. For quantitative fluorescence microscopy applications —
where collected emission intensities are used as readout of specific biological, chemical or physical
properties — deviations from homogeneous illumination will introduce additional uncertainty to
such measurements. Therefore, the reported plateau uniformities and flatness factors (Table 3),
should be compared with other biological and measurement noise to determine whether they
will be limiting. These differences could be a determining factor in some experiments, such
as applications using emission irradiance for counting the numbers of proteins [35]. For
nonlinear effects, such as the photoswitching processes in SMLM; higher variations in the sample
irradiance could result in cycling between fluorescent and dark states on average across the FOV,
but some fluorescent emitters not receiving the minimum irradiance locally. To maintain the
single-molecule regime globally would require increasing the input power by the same amount as
the variations. Therefore, the reported differences in the plateau uniformity represent the excess
irradiance that would be necessary to ensure the necessary illumination conditions for SMLM.
Finally, differences in edge steepness between flat-fielding solutions would affect the overlap that
can be used between adjacent images that are stitched together to increase the FOV. Alternatively,
when sharp edges are absolutely necessary, the lower-intensity edges would be cropped, so a
difference in edge steepness would reflect the loss of power and size of the final beam.

We found that the flat-tops produced by PiShaper and TopShape were limited in stability with
propagation distance, which could be problematic in cases where other optical elements prevent
the sample from being placed near the output aperture — such as a tube lens and the objective.
In contrast, the Kohler integrator maintains a satisfactory quality around the focal plane of the
Fourier lens. The focal plane, where the flat-field is optimal, can be designed based on the overall
setup to coincide with the sample plane by using the objective lens as the Fourier lens.

We studied the performance of these beam shapers for multifocal illumination, analyzing the
variations in intensity, pitch and spot size for each. Having a uniform intensity minimizes the
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appearance of artefacts in images, such as a checkerboard pattern due to variable intensities of the
multifocal illumination. The Kohler integrator was once again the most uniform out of the three,
and its pitch was closest to that of the MLA. A deviation of even a few micrometers is significant,
as the cumulative error could lead to substantial separation from the desired pitch, such as
the points being completely missed by a pinhole array further downstream in the microscope.
We suspected that the refractive beam shapers might have a more erroneous pitch due to their
propagation instability. PiShaper and TopShape had similar spot sizes. Both were smaller than
the spots of the Kohler integrator, which might need to be masked to achieve better resolution, at
the cost of reduced transmission efficiency. Nevertheless, we could generate usable multifocal
excitation with each of the studied beam shapers, albeit with varying performance.

We analyzed the beam shapers on their own to characterize them without the effects of any
external elements. They have already been used in microscopy setups [9,19,20,36], and we do
not expect drastic changes in their performance when they are placed in that environment. It
would be interesting to study the beam shapers’ suitability for other modalities, such as total
internal reflection fluorescence (TIRF) microscopy. The refractive beam shapers’ smaller spot
sizes verified their higher spatial coherence, which makes them more compatible for TIRF, where
the light focused at the back focal plane (BFP) must be highly spatially coherent. There are other
methods for flat-fielding that we have not characterized here, such as using diffractive beam
shapers or multimode fibers. However, they either fall under the two families of flat-fielding
systems that we characterized here: field-mapping and beam-integrations methods, or they are
incompatible with multifocal illumination.

In addition to microscopy, flat-fielding is also important in holography to provide uniform
illumination of spatial light modulators (SLMs) in computer-generated holography and to
implement holographic data storage systems [37]. It is also widely used in the fields of
photometry and radiometry [38]. A uniform illumination is crucial for creating well-controlled
edges or patterns, in fields like photolithography, micromachining, laser ablation and welding
[39,40,41,42,43,44]. The results of our analysis should help users make better-informed decisions
on which beam shaper is most suited to a particular application. Furthermore, shedding light
on the limitations of these flat-fielding systems, such as the instability of the refractive beam
shapers along propagation or their deviating multifocal pitch, could stimulate solutions for these
shortcomings or the development of new flat-fielding techniques that improve upon these systems.

4. Methods
4.1. Experimental setup

The laser source used (CUBE 640-100C, Coherent) has a wavelength of 647 nm, a maximum
power of 100 mW and an M? value < 1.2. To magnify the laser beam size to the sizes required
by PiShaper and TopShape, a 1.5x beam expander (f = 50 mm, f =75 mm, Thorlabs), followed by
a variable beam expander (2x — 5x, BE02-05-A, Thorlabs) are used. A pinhole (P5S0D, Thorlabs)
is placed at the joint focal plane of the 1.5x beam expander lenses to spatially filter the beam.
The Kohler integrator does not require a particular beam size, so the variable beam expander
is not needed. Thus, one 6x beam expander (f = 50 mm, f =300 mm, Thorlabs) is used (with a
pinhole used for spatial filtering) so that the beam size is 6 mm, similar to the flat-top beam size
produced by PiShaper.

The flat-topping systems which are characterized are PiShaper 6_6_VIS from AdlOptica,
TopShape TSM25-10-D-B-6 from asphericon and a self-assembled Kohler integrator made of
the following components: focusing lens (f = 80 mm, Thorlabs), rotating diffuser (2.5° + 0.25°
FWHM at 650 nm, 24-00066, Siiss MicroOptics SA), collimating lens (f =40 mm, Thorlabs), two
flat-topping MLAs (300 um pitch, 10mm x 10 mm, f =4.78 mm, square lenses, 18-00157, Siiss
MicroOptics SA) and a Fourier lens (f =300 mm, Thorlabs) [27,28]. PiShaper and TopShape
were aligned using a 4-axis mount according to a method recommended by AdlOptica [45]. These
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systems produce flat-top beams which are then imaged onto a camera (DCC1545M, Thorlabs)
after being reduced by a factor of 0.6x by a beam de-expander (f = 50 mm, f =30 mm, Thorlabs)
to be of appropriate size for the sensor of the camera. An excitation MLA (300 pm pitch, 10mm
x 10 mm, f=8.72 mm, square lenses, 18-00221, Siiss MicroOptics SA) is placed at the intended
sample plane of each beam shaper to produce multifocal points when multi-point scanning
illumination is being studied. A power meter is used to measure the input and output power of
each system to calculate the transmission efficiency. The MLAs used in our experimental setup
were chosen based on the design equations published in the literature [17,18].

4.2. Data analysis

MATLAB was used to process the images that were obtained using the beam shapers. The
beams were segmented using thresholding to exclude the dark background to ease the processing.
The pixel intensities are normalized to the maximum pixel intensity. To calculate the plateau
uniformity, we plotted the grey-value histogram and spline-fitted the data then measured the
FWHM of the peak. The flatness factor was computed as the mean of the thresholded intensities
divided by the maximum value. We plotted the profiles at the midlines of the beam and computed
the edge steepness for each case then took the average.

For the multifocal illumination images, we find the location of each focal point in the image
and fit it to a 2D Gaussian to find the points’ locations at subpixel precision and to calculate the
spot sizes. To compute the pitch, we use an 8-nearest-neighbor search function, which finds the 4
orthogonal and 4 diagonal nearest neighbors. The mean values of the distance between each
focal point to its nearest orthogonal and diagonal neighbors are calculated, respectively. We plot
the variation in intensity, pitch and spot size with a value-based color map.

4.3.  Alignment procedure

Standard alignment procedures were followed to align the mirrors and lenses in the system. A
shearing interferometer was used to ensure proper collimation. PiShaper and TopShape were
aligned using a procedure recommended by AdlOptica, the company making PiShaper, which
ensures that such elements are aligned to the center of the beam, as well as angularly, meaning
there is no tip or tilt relative to the beam [45]. This is accomplished by using a mount that can
move independently in at least the 4 needed axes (to control horizontal and vertical movements,
tip and tilt).

A tube with an input aperture of 2 mm and a variable-sized output aperture is put in place of
each beam shaper. The beam is shined onto the camera in order to view the profile. Starting with a
completely open output aperture, the mount screws are used to control the horizontal and vertical
positions, while monitoring the beam profile to make sure the input beam is centered. Gradually,
the output aperture is reduced (e.g. AdlOptica specify to go from 3 mm to 2 mm to 1 mm), and
strictly angular adjustments are made, while monitoring the profile on the camera. Finally, the
tube is removed and the beam shaper is placed instead. Some small potential alignments might
be needed to get the optimum flat-top profile.

The procedure for aligning the Kohler integrator can be done in different ways. Here it is done
first by aligning the Fourier lens to the optical axis, then aligning the two lenses that surround the
rotating diffuser to the optical axis in a cage system configuration. The position of the second
lens is marked; it is removed and the diffuser is inserted at the shared focal plane, then the lens
is placed back. The diffuser’s position can be moved later to find the position for an optimum
flat-top profile. Next, the MLAs should be aligned; they are mounted in a cage-system and each
MLA is mounted on a 2-axis kinematic mount which can control the transverse positions of the
MLAs relative to the optical axis. The MLAs are placed roughly one lenslet focal length away
from each other. The first MLA (closer to the input side) is adjusted transversally using the mount
screws; proper alignment is obtained when slightly moving this ML A axially doesn’t affect the
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center or flatness of the profile. Rotational alignment of the two MLAs relative to one another
should also be ensured; when the ML As are properly aligned rotationally, a square-shaped beam
should be observed.
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