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Abstract. Flexible and fast control ofithe phase and amplitude of coherent light,
enabled by digital micromirror deviees (DMDs) and spatial light modulators (SLMs),
has been a driving force forrecentiadvances in optical tweezers, nonlinear microscopy,
and wavefront shaping. In contrast, engineering spatially partially coherent light
remains widely elasive due to the lack of tools enabling a joint analysis and control
sequence. Here, we report an approach to coherence engineering that combines a
quasi-monochromatic, thermal source and a DMD together with a ptychographic
scanning microscope. The reported method opens up new routes to low-cost coherence
control, with @applications<in micromanipulation, nanophotonics, and quantitative
phase contrast imaging

coherence, ptychography, inverse modeling, computational imaging,

wavefront sensing
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1. Introduction

Optical coherence measures the degree of correlation that electromagnetic radiation
exhibits in space and time [1]. Theoretical progress combined with experimental
control of partially coherent light continues to advance modern stechnology [2].
For instance, temporally partially coherent light is leveraged for_depth=gating and
three-dimensional imaging in optical coherence tomography, a major sgientific and
technological breakthrough of the last decades [3]. An example ofsthe utility of partial
spatial coherence is very long-baseline interferometry (VLBI), where'mieasuring spatial
correlations enables imaging far distant incoherent sources by, means of/the van Cittert-
Zernike theorem [4]. This has recently produced the first image of ablack hole at radio
frequencies [5]. These examples illustrate the importanee of experimental access to
both temporal and spatial coherence properties of ele¢tromagnetic radiation. However,
for visible light the state of the art of coherence manipulationis arguably unbalanced.
Measurement and control of temporally partiallymeoherent light are possible thanks
to the availability of high resolution spectroscopy, stiperedntinuum light sources, pulse
shaping devices, and a plethora of nonlinear optical phenomena allowing for frequency
conversion and broadening [6]. The manipulation of spatially partially coherent light
remains at a less advanced stage. While beamiand coherence manipulating devices
such as DMDs and SLMs are readilysavailable, there are two primary factors that
prevented efficient control of spatiallyspartially coherent light. First, in contrast to
VLBI, operating at radio frequencies andrallowing to directly record phase, visible
light coherence measurements require additional interferometric devices, which poses
challenges in terms of stability. Seeomd, a practical difficulty is the computational
complexity of spatially partiaLLX coherent light, as it requires the specification of all
two-point correlations within a beam cross-section, scaling with the fourth power of the
number of samples per diménsion upon discretization. This poses challenges both in
terms of data acquisition and numerical processing.

Among the experimental techniques to quantify spatial coherence, Young’s double
slit is most prominent [7; 8]. Several techniques based on this concept have been
brought forward-such as redundant [9] and non-redundant aperture arrays [10] as
well as non-parallel [11jhand programmable slits [12, 13]. However, despite significant
improvementsyin speed, these techniques are either limited in resolution by the spacing
of the apertures.or slow due to their sequential acquisition scheme. Other methods such
as lateral-shearing Sagnac interferometry (LSSI) [14, 15] and phase-space tomography
(PST) [16, 17, 18] require sophisticated optical elements, potentially introducing
aberrations in the coherence function to be measured. An additional complication
in LSSIyis the long measurement time [14]. PST is limited to paraxial optical fields
and. the experimental setup reported in [18] required three SLMs, driving up cost and
calibration effort. In addition, PST is computationally expensive as it seeks to recover
a four-dimensional representation of a partially coherent beam.

In this work, we use ptychography [19], a lensless imaging and wavefront sensing
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technique, for spatial coherence analysis. Ptychography has been demonstrated for
label-free, quantitative phase imaging (QPI) [20, 21], and beam characterization [22,
23, 24, 25, 26, 27, 28], with added benefits through various self-calibration methods:[22,
29, 30, 31]. An important extension is mixed-state ptychography, which uplifts the
problem of fully coherent wavefront sensing to the computationally»more complex
problem of characterizing multiple incoherent contributions in aspatially. partially
coherent beam [32]. This technique can be used to retrieve orthogonal modes in the
decomposition of the mutual intensity (MI) of a spatially partially eoherent beam [33]
and has become a standard tool in both x-ray and electron diffréction (34, 35, 36].
However, partial spatial coherence is considered a nuisancerfor highéresolution x-ray
and electron diffraction imaging [34, 37, 38, 36|, despite flux advantages as compared
to fully coherent radiation [39]. In contrast, some visible light applications benefit from
reduced spatial coherence. Examples include speckle neise reduction [40], enhanced
optical sectioning [41], partially coherent optical diffraction tomography [42] and the
lower cost of LED sources as compared to lasers43]:

A fast and low-cost experimental coherence conftrol and analysis system could drive
new insights in open research fields suclivas coherence transfer in nanophotonics [44],
optical tweezers with spatially partially coherent illumination [45, 46] and generation
of novel beam shapes [47, 48]. Other potential @pplications of coherence control are
reviewed in Ref. [2]. Here, we propése a'éombined spatial coherence analysis and control
technique. Control is enabled by a LED-based DMD source, while analysis is carried
out via mixed state ptychography. Compared to PST, mixed state ptychography is
computationally efficient, as it_seeks,to directly recover two-dimensional eigenfunctions
of the mutual intensity, not the four-dimensional mutual intensity itself. We report, to
our knowledge, both the firsti ptychography setup with controllable spatial coherence
and the first quantitative compatison of experimental mixed-state ptychography to
theoretical predictionss This enables us to fill an important gap in the literature, which is
the verification of the reeonstruction accuracy of mixed-state ptychography for spatially
partially coherent/fields:

2. Methods

2.1. Spatial coherence theory

Throughout this paper, we restrict the discussion to quasi-monochromatic light, which
allowsus to,omit the frequency dependence of all fields involved. Under this assumption,
spatial colierence is quantified using the mutual intensity J(ry,rp), which captures
correlations between pairs of points in two independent spatial variables r; and rs.
These spatial correlations can be decomposed into an orthonormal basis {¢,,} with
m=1,.., M,

J(r1,r2) = Y A, (r1) 6 (r2), (1)
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where the ‘modes’ ¢, are eigenfunctions with eigenvalues A, as reviewed in Refs. {49,
33]. The normalized MI

J(rq,r2)
Tl () N

is bounded in magnitude by 0 and 1 and will be used in the following as a,measure for

P)/(rla r2) =

spatial coherence. The distribution of the eigenvalues \,,, which expresses the oecupancy
of the different modes, can be used to calculate an alternative coherence metric given
by ~
ﬂQ o Zm )\%n
=_Smom_

This quantity 1 € [0, 1] is referred to as the overall coherence. The inverse square of

(3)

it provides an upper bound for the number of coherent modes required for an accurate
mode representation in Eq. (1) [50]. In the following, we refer to this quantity as the
effective number of modes Mg = 1/

- 4
2.2. Mixed-state ptychography

Ptychography is based on measurements of “diffraction patterns generated by the
interaction of a loosely focused probe.beam P\(r) and a scattering object O (7), which
is laterally scanned while a series of diffraction patterns is recorded [19]. The scan step
is chosen small enough to guarantee adjacent diffraction signatures are correlated. High
overlap promotes overdetermination in the inverse problem underlying ptychography,
allowing to solve the inverse scattering problem by iteratively recovering the complex
probe and object transmission, functions [23, 24]. The mixed-state formulation of
ptychography expands ou this conéept by recovering the orthogonal modes P, (r) =
VAm®m (1) in the expansion®f the MI of a spatially partially coherent illumination [32].
Partial spatial coherence manifests itself as reduced visibility in the diffraction intensities
observed in ptychography., However, the loss of contrast in diffraction patterns is not
exclusively caused by spatial decoherence but may for instance be caused by object
vibrations or temperal incoherence [34, 51]. Therefore, in order to single out spatial
incoherence One has to take some precautions by e.g., ensuring object stability and by
spectrally filtering the light source. The forward model of ptychography assumes the
exit waye downstream of the specimen (r) as product of the estimated probe and the
object functions

mg(T) = B () 0" (r — t3), (4)

m7j

where, n is the iteration index and %; is a translation vector. The exit waves for each
illumination mode are propagated into the detector plane (g) and incoherently added

1(@) =3 [dn(a)] (5)
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where v, (r) and . (g) are related through free-space propagation. The forward
model is inverted by iteratively applying gradient steps in the detector amnd object
planes [24, 32|, to wit

i+l \/[_]

m,] N 2%7;,]'» (6)
\/ Zm/ w:’ll’bl,j
n n ﬂ T n n n
Pptt = By 4+ ———— 0™ (it — PrO") o (7)
max |O"|
On+1 =" + ﬂ P n+l Pro" ’ 8
S TP "

where [ is a parameter that controls the step size of the probe and object updates.
We omitted the functional dependencies for notational simplicity. The reconstructed
probe state mixtures are iteratively orthogonalizedgfor instance using the Gram-Schmidt
procedure or singular value decomposition. [The recomstruction was implemented
in MATLAB and accelerated using NVIDIA CUDA. /A ptychographic measurement
consisting of 260 diffraction patterns, which was reconstructed using 36 modes, each with
364 x 364 pixels, took around 30 minutes for 5000viterations on a NVIDIA Geforce RTX
2080 Ti GPU. Further algorithmic deétails are provided in Appendix B and Refs. [32, 52].

2.8. Experimental setup

The setup used for joint spatial’coherence control and analysis is depicted in figure 1(a).
A light control module (Texas Instruments DLP3010EVM-LC) combining an RGB LED
source and a DMD is used to generate a beam with static, binary amplitude pattern
encoded into it. The DMD censists of an array of 1280 x 720 micromirrors with a pitch
of 5.4pm. The micromirror pixels of the DMD are in the following denoted as dpx. We
switch on only the red TED and further spectrally filter the light using a bandpass (BP)
filter centered at A= 632.8 nm (FWHM of 1 nm) further downstream. An iris is used to
limit the beam $ize to approximately half the angular range of the detector. After this
a lens (100 mun foeal length) is focusing the probe beam, forming an image of the DMD
6.2 mm upstream of the object plane. This image is demagnified by approximately a
factor 2 as‘eompared to the original pattern displayed on the DMD.

The objecty a USAF resolution test target (Thorlabs R3L1S4P), is mounted on
an xys=tramslation stage (Smaract SLC-1770-D-S, 70nm repeatability). Finally, the
scattered signal at each scan position is recorded by a CCD camera (AVT prosilica
GX1920, 14 bit, 4.54 pm pixel size). The ptychography scans were performed on a
concentric grid (shown as an inset in figure 1(a)). The object scan grid consists of 260
stepswith a step size of 70 pm and a FOV of 1.3x 1.3 mm?. Since in all our measurements
the minimally observed beam size in the object plane had an FWHM of 262 pm, this
resulted in a linear probe overlap of at least 73 %. Further setup implementation details
are given in Appendix A.
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Figure 1., (a) Sketch of the micromirror-based mixed-state ptychography setup. The
light centrol'module consisting of an LED source and a DMD generates a beam with
a binary amplitude pattern. This beam is spectrally filtered using a bandpass (BP)
cefitered at A = 632.8nm (1nm FWHM) and defined by an iris. A lens (L) images
the:DMD_upstream of an object, which is mounted on a translation stage. The inset
indicates the,concentric object scan grid, which consists of 260 points. A sequence of
diffraction intensities is recorded on a CCD. (b) The reconstructed probe intensity in
thexzplane. The planes of the DMD image, object and CCD are indicated as dashed
lies. The intensity is shown on a logarithmic color scale. (c)-(d) The probe intensities
in' the xy planes of the DMD, object and CCD, respectively. (f)-(h) The first four out
of a total of 36 reconstructed coherent modes in the planes of (c)-(d). The amplitude
is encoded as brightness and phase as hue. The phase curvature of the probe modes
in panels (g) and (h) was removed. In panel (a) for simplicity the reflective DMD is
shown operating in transmission.
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3. Results

3.1. Setup characterization

The coherent mode representation offers flexibility in the characterization of partially:
coherent optical systems, as it allows to numerically propagate the beam to any desired
propagation distance once a ptychography reconstruction has been completed. For
propagation we use the band-limited angular spectrum method described ‘in Ref. [53].
The observable intensity at a particular plane is calculated by individually propagating
the coherent modes before summing them incoherently, as described by Eq. (5). In
figure 1(b) we show such a propagation result by plottingnan xz-€ross-section the
intensity on a logarithmic scale. The plot displays a z range ofy,—10mm to 40 mm
with a step size of 0.1 mm, whereby z = 0 is defined as the object plane. In this
example, we use a ptychographic reconstruction of a/measurement using a DMD image
of a ring as its partially coherent source. The éxact DMD image displayed a ring
with an outer diameter of 15dpx and width of¢2 dpx; ngere dpx denotes DMD pixel
size. Figures 1(c)-1(e) show the reconstructed probe intensities at three z positions
of particular interest. The correspondingfirst four coherent modes are presented in
figures 1(f)-1(h). In figure B2(a-c) we show,alli86 reconstructed coherent modes of this
example, where one can see that higher order modes contain the noisy part of the signal.
Figure 1(c) displays the reconstructed intemsity at = = —6.2mm, which is an image
plane of the DMD. The z position is indieated in figure 1(b) by a vertical dashed line.
In addition to the mostly focused,beam, the logarithmic color plot in figure 1(b) reveals
the presence of background light, which is caused by the imperfect amplitude contrast
of the DMD. This effect, which becomes more prominent when fewer DMD pixels are
activated, did not hinder suécessfulreconstructions since the background signal is usually
captured by higher order coherent modes. The z coordinate of the DMD image plane
was found manually'by comparing the sharpness of the DMD pattern reconstruction in
steps of 0.1 mm. The demagnification factor of around 0.5 was obtained by comparing
the size of the re¢onstruected DMD image to the size of the programmed DMD image
(ring diameter multiplied by the DMD pixel size of 5.4pm). Figure 1(d) shows the
probe intensity at theobject plane (z = 0), which for instance can be used to estimate
the average probe overlaps The probe intensity in the CCD plane (z = 37.6mm) is
shown indfiguresl(e). The probe was slightly cropped by an iris, which possesses an
image plane further downstream at around z ~ 50 mm. The sample-detector distance
was_calibrated wising the method described in Ref. [31]. To aid visual inspection of the
coherent miodes in figures 1(g) and 1(h), the quadratic phase curvature was removed
threugh maltiplication with the conjugate phase of the primary coherent mode.

3.2 Quantitative coherence analysis

In this section, we first experimentally examine the coherence analysis capabilities of
mixed-state ptychography by comparison to simulation results. Following this, we
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Figure 2. Measured and simulated magnitudeyof the normalized MI |y(Ay)| of
two differently sized ring-shaped sources at z = 10mm. The ring diameters in the
DMD images are 15dpx (a) and 35dpx (b). The insets show the simulated (top) and
reconstructed (bottom) source intensity distributions together as well as their overall
coherence [i.

&

demonstrate how the two metrics described in Sec. 22.1, the MI v(Ay) and the overall
coherence [i, can be controlled by variation ofithe source shape using the DMD.

In figure 2 we compare experimentally ebtained curves for |y(Ay)| (blue dots) to
simulations (red line). The DMD imagesgpusediin these measurements are composed of
a ring with a thickness of 2 dpx and the outer diameters d = 15dpx and d = 35 dpx. We
model these two extended sotitees as a colléetion of point sources, that emit mutually
incoherent spherical waves fromsa ring-shaped area at z = —6.2 mm (conjugate plane of
the DMD). To model the intensity distribution in this source area, we first generate a
binary amplitude mask andsthen.blur its edges using a circular averaging filter with a
radius of 2 px, approximating the low-pass filtering operation of the iris upstream of the
lens in figure 1(a). Here px_ denotes the probe pixel size, which in both the simulated
and reconstructed source.images is 3.6 pm. The resulting simulated source intensities are
shown in the insets of figure 2 above the corresponding experimentally reconstructed
source intensitigs.. All non-zero pixels of the simulated DMD plane act as mutually
incoherent pointisourcess At the iris plane (z = 50 mm) a circular mask with a diameter
of 3.6 mm is appliedg Performing a singular value decomposition (SVD) on the set of
spherical waves, an_orthogonal mode representation of the spatially partially coherent
beam is found. Finally, we propagate both the simulated and measured probe modes to
z = 10 mm and ealculate the 2D normalized MI v(y1, y2) as given by Eq. (2) at x = 0. To
reduce the influence of noise on the 1D cross-sections y(Ay) shown in figure 2 we average
overthe first 18 pixels above and below the main diagonal of the 2D mutual coherence.
The simulated and measured magnitude of the normalized MI in figure 2 show an
excellent agreement, quantitatively verifying the coherence measurement abilities of
mixed-state ptychography.

We performed additional measurements to investigate the influence of the source
shape on the MI and its associated coherence measures. In addition to the ring shape,
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Figure 3. Reconstruction results for ring, €ostas and hexagonal array sources.
Intensity distribution (al)-(a6) and first 9 cgherent modes (b1)-(b6) at the DMD plane.
(c1)-(c6) Reconstructed object dntensity.

we chose two source shapes to which.we referias Costas [54] and hexagonal arrays. Both
the Costas and the hexagonal array consist of:7 square elements but in different spatial
arrangements. Costas arrays are latin squares in which every displacement vector is
unique. Hexagonal arrays on the other hand consist of square elements arranged at
the vertices and center of a regular-hexagon. To give an overview over the investigated
source shapes, 6 examples of reconstructed probe intensities in the DMD plane are shown
in figures 3(al)-3(a6), where cach sotirce shape is present in two varying choices of size
parameters (d,w,p). Note, ghat the successful reconstruction of the different source
shapes through backspropagatien of coherent modes further supports the validity of the
presented results. The corresponding first 9 coherent modes in the DMD plane are shown
in figures 3(b1)-3(b6). These modes can be used to gain insight into spatial correlations
in the partially coherent source. Our data shows such insight beyond the fully expected
localization of the recomstructed modes on the DMD mask, as an unexpected symmetry
breaking, whereby the first modes preferentially show zero crossings in the horizontal
directions™ We attribute this to ensemble decoherence effects as a result of switching
between on and off state of the micromirrors during the pattern streaming cycle, which
appears even in static mode for the DMD control module deployed in our setup.

In figare 4(a)-4(c) we show reconstructed MI cross-sections for various sizes of
the ring, Costas and hexagonal array sources, evaluated at z = 10mm. Supporting
details on DMD control are given in Appendix A.2. The results in figures 4(a) to 4(c)
demonstrate our ability to control and measure the MI |y(Ay)|. From the insets we
observe that increasing the effective source size leads to a decreasing FWHM of |y(Ay)|
and therefore lower spatial coherence lengths. Since the sizes of the hexagonal arrays
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Figure 4. Quantitative characterization of reconstruction results for ring, Costas
and hexagonal array sources. (a)-(c) Magnitude of the normalized MI at z = 10 mm.
The insets show FWHM of,|v(Ay)| as a function of the respective scaling parameter.
(d)-(f) Normalized eigenvalue distribution plotted on a logarithmic scale. The inset
panels show the.overall coherence fi. (g)-(i) Object Fourier ring correlation (FRC) as a
function of nermalized spatial frequency. The half-period resolution at the intersection
of the FRC and the 1/2-bit curves is shown in inset plots.

were chosen such that the largest separations approximately matched the ones in the
Costas array, they possess FWHM values of a similar range. The 1D MI cross-section
of the hexagonal-array features side lobes, which are less pronounced in the other two
source shapes. Thisecan,. be understood as a consequence of the van-Cittert-Zernike
theorem, whieh implies a Fourier-transform relationship between an incoherent source
and itsfar-field.mutual intensity [4]. Thus, periodic sources exhibit more pronounced
correlation peaks than aperiodic sources, as seen here by comparing the MI of the
hexagonal array with the MI of the Costas array.

The semi-logarithmic plots in figures 4(d) to 4(f) show the distribution of the
eigenvalues ), (compare Eq. (1)) over the first m = 1, ..., 36 modes for the three source
shapes. The sum over the )\, values was normalized to unity. For the ring-shaped
source in figure 4(d), a higher diameter d continuously increases the number of occupied
modes, due to the larger number of source points contained in the source. For the
Costas and hexagon array sources in figures 4(e) and 4(f) the mode occupancy remains
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nearly unchanged during the size sweep, which is due to a fixed number of souree
points. In addition, we observe that the eigenvalues of the Costas and hexagénal array
undergo step-like changes between several plateaus of approximately ‘constant values
at integer-multiples of 7, indicating partial spatial coherence over each of the,7 active
sub-areas displayed on the DMD. The insets in figures 4(d) to 4(f) showithat the overall
coherence for the Costas and hexagonal arrays are approximately equal. For the ring-
shaped source the overall coherence decreases from i = 0.41 to it = 0.18 a8 a function
of d, which corresponds to an increase in effective modes from M5 =.6 t0 Mg = 32.
In case of the Costas array the overall coherence remains nearly constant and fluctuates
around f = 0.24, which corresponds to Mg = 17. For the hexagonal.array the overall
coherence fluctuates around i = 0.22, which corresponds to Mg = 20.

3.3. Influence of illumination on object reconstruction

Above we have focused on the characterization.of partially coherent illumination.
In this section, we examine several aspects regarding the influence of partial spatial
coherence on the object reconstruction quality. “Structured illumination has previously
been reported to offer advantages for ‘fully. coheremt ptychography, due to relaxed
detector dynamic range requirements [55, 56, 57339, 58]. First, we investigate whether
controlling the structure of partially,coherent illumination affects the reconstruction
quality. Second, by varying the souree size we effectively alter degrees of coherence
of the illumination. Previous,studies haveisuggested that decreased spatial coherence
generally leads to reduced reconstruction quality [37]. We test how the lateral spatial
resolution depends on the illumination, spatial coherence under variation of the source
shape. Third, we compare the xeproducibility of QPI via ptychography, by comparing
reconstruction obtained through fully coherent and mixed-state ptychography.

We use Fourier ring corrélation (FRC) as a function of spatial frequency to quantify
resolution [59]. In this methed] two object reconstructions, which are independently
acquired under thessame experimental conditions, are correlated on concentric rings in
Fourier space. Here, we obtain these two independent object reconstructions by splitting
the data into two half sets, each containing 130 diffraction patterns (see Appendix
B). Figures/@(g)-4(i) summarize the FRC results for the same three source shapes as
discussed in'the last section with various sizes. The horizontal axis shows the spatial
frequengy as a fraction of the Nyquist limit. The spatial frequency at the intersection
between the FRC and the 1/2-bit information threshold curve is converted into a half-
period Tesolution value and used as a measure for spatial resolution [59]. The insets
of figures 4(g)-4(i) show all half-period results as a function of each respective scaling
parameter; The results with a ring source in figure 4(g) show an improved FRC for
increasing ring diameters d, with the corresponding half-period resolution shrinking
from 6.7 pm to d = 3.7pm. The reason for this behavior is the increased photon flux
as a function of ring diameter, see figure Al(c). Two examples of reconstructed objects
with a small and large ring diameter are shown in figure 3(cl) and 3(c2), respectively.
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708nm)
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(S

Figure 5. Amplitude and phase contrast of.a histological section of a human muscle
imaged with mixed-state ptychography (a),and.(b) as well as using fully coherent
ptychography (c) and (d). IS

Next, in figures 4(h) and 4(i) we show FRCuxesults for the Costas and the hexagonal
source arrays. Here the source size variation changes the angles of illumination, but
keeps the total source area constant®wThe inset of figure 4(h) shows the half-period
resolution extracted from the FRC results with Costas array illumination. The values
do not show a clear trend butirather fluctuate around a resolution of 4.8 ym. For the
hexagonal array the half-period-résolution shown in the inset of figure 4(h) seems to
increase from 3.8 pm to 5.2 pm as a funetion of p. This is due to a decrease of incoming
flux with larger p values assshown in figure A1(i), caused by apodization of the source
by the iris upstream of the lens infigure 1(a).

Finally, we replaced the USAF target with a biological sample containing a
histological section of athuman muscle. Since this sample features richer phase variations
compared to the USAF target (binary amplitude object), it is better suited to assess the
QPI capabilities,of mixed-state ptychography. In figure 5 we compare the reconstructed
object amplitude and phase under coherent and partially coherent illumination. The
coherent source i8 a supercontinuum laser (NKT Photonics WhiteLase Micro), which
was spectrallyfiltered to a wavelength of 708 nm (bandwidth 0.6nm) to achieve high
temporal coherence. For the DMD-defined LED source we used a Costas array with
w = 10dpx. The DMD reconstruction used 25 modes and the laser reconstruction a
single mode. For further details see Appendix B. The reconstructed single mode object
image was scaled to the same pixel size as the DMD reconstruction and a constant phase
offset between the two images was removed. As can be seen from figures 5(a) and 5(c)
the.two reconstructions show differences in the transmissivity of the object, which is
caused by the stain (hematoxylin and eosin) of the sample. However, the quantitative
phase profiles shown in figures 5(b) and 5(d) show an excellent agreement. This result
affirms the reproducibility of mixed-state as compared to fully coherent ptychography.

Page 12 of 21
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4. Conclusion and discussion

In this article, we presented a technique for jointly analyzing and conttolling spatially
partially coherent beams, relying on mixed-state ptychography and a DMD-based light
source. The suitability of this measurement method for quantitative retrieval of the MI
was confirmed by comparing experimental and simulation results. Using three different
types of DMD-defined source shapes in a variety of sizes, an extensive coherence study
was performed by means of the MI and its associated spatial coherence length, as well as
the distribution of mixed-state eigenvalues and the resulting ovérall eohérence. Through
back-propagation to the source plane, the different source shapes could be recovered
successfully, offering an additional consistency check of the method. Furthermore,
we systematically studied the relationship between the“source size and the recovered
object spatial resolution. The results suggest that for smallvillumination angles the
retrieved object resolution is mainly influenced by the light flux and not by the degree
of coherence. However, despite requiring a longerreconstruction time, lower coherence
was found not to be detrimental for spatial resglution, as Suggested elsewhere [37]. For
imaging applications, this means that incases where the flux and coherence quantities
are linked, one has the choice between reconstruction speed (low flux, high coherence)
and high spatial resolution (high flux, low, coherence). In a final measurement the
quantitative phase imaging ability ofsmixed=state ptychography was demonstrated,
showing an excellent agreement with alaser-based, single-mode reconstruction.

The presented method igirobust and allows the measurement of a broad class of
spatially partially coherent beams, with an arbitrary spatial structure. Contrary to
other newly proposed coherence measurement approaches mixed-state ptychography is
faster since it samples the full ];@am at once [11, 12, 13, 15]. Moreover, being a lensless
technique, it requires less'sophisticated optical elements as compared to LSSI and PST
and the operation wavelength is not limited to the visible range [17, 18, 15].

Possible limitations, which the presented technique shares with many other
coherence measurement, techniques, appear when measuring nearly incoherent light. In
that case the mode number needs to be increased and the underlying inverse problem
requires more_ unknewns/to be recovered (i.e. complex-valued pixels for each mode),
which can only be aghieved by feeding more data into the algorithm. It is possible to
collect a larger@mount of data by increasing the probe overlap n during the scan. At the
same time, the larger data collection leads to a longer acquisition and reconstruction
time, a'larger amount of required memory (in our case GPU memory), and stricter
long-term stability requirements of the experimental setup.

Potential improvements in operation speed could be made by incorporating a priori
knowledge into the reconstruction process. As an example, Schell model sources can
be.represented as Toeplitz matrices, which could be used as a constraint during the
reconstruction process [60]. In addition, when one is only interested in characterizing
the probe, the object can be precharacterized and provided as an initial guess, which
significantly speeds up the convergence of the reconstruction. Together with further
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advancements in GPU hardware and software performance [61], we envision fast
operation of the proposed technique, which would enable closed-loop coherenée control.
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7 Appendix A. Setup details

8

?O Appendix A.1. Measurement procedure

:; In ptychography a sample is laterally scanned through a stationary beam. The step size
13 of the scan determines the overlap between successively illuminated areas on'the sample
14 and therefore the redundancy in the ptychographic data set. Thelinear probe overlap
12 n is calculated using the FWHM of the probe o, and the scan/step size s

o n=20"1% (A1)
19 r

20 For the spatially partially coherent illumination condition studied here the overlap was
;; approximately n = 70 % [62, 63]. For the DMD-based illumination shown in figure 4
23 of the main article, a concentric scan grid with.260 points and a step size of 70 pm
24 was used. The size variation in the three investigated souree geometries caused variable
;2 overlap in the object plane. Table A1 gives an overview over the encountered probe size
27 and overlap values for the smallest and largest souree'size of each shape.

28 Figure Al(a-b), Al(d-e) and Al(g-h) shew averages over the 260 recorded
;g diffraction patterns, each for twossizes of the ring, Costas and hexagonal sources,
31 respectively. The exposure time was 18 ms for the ring-shaped sources and to 19ms
32 for the Costas and hexagonalarray sources. To estimate the available photon flux in
2431 the different data sets we plot the,average integrated photon flux as a function of the
35 three scaling parameters in figures Al(e),A1(f) and A1(i). These values were calculated
36 by integrating over all pixels of each data set and dividing by the number of scan points.
2573 For the measurement§ of the histological section of a human muscle shown in figure 5
39 of the article the scan gridéwas changed to encompass a larger field of view (FOV).
40 Both the SC laser and .the DMD measurement used a concentric grid with an FOV of
2; 3.6 x 1.5 mm?, 496-sean points and a step size of 95 pm, as shown in figure A1(l). For
43 the DMD illumination we used a Costas array source with w = 10dpx. The probe
44 had a FWHM of 440 ym in the object plane, which resulted in a beam overlap of 78 %.
22 This higher jprobe beam. size was achieved by moving the focusing lens further away
47 from the object. For the laser-based illumination the probe had a FWHM of 160 pm,
48 which resulted in‘a’beam overlap of 41 %. In addition, for this measurement polarization
49

50

51

52 Table A1l. Smallest and Largest probe size o, , and probe overlap n during the size
53 sweep of the three different source shapes. o, , denotes the minimum of the FWHM
54 in z and y direction.

55 Source shape o, (smallest size) o,, (largest size) 7 (smallest size) n (largest size)
g? Ring 421 pm 262 pm 83 % 73%
58 Costas 394 pm 394 pm 82 % 82 %
59 Hexagonal 277 pm 270 pm 75 % 74 %
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Figure A1. Average diffraction pattern for two differently sized ring (a-b), Costas (d-
e)‘and hexagonal (g-h) array sources. (c),(f) and (i) Average integrated photon flux as
a functionrof the three scaling parameters d,w and p. (j-k) Average diffraction pattern
with the filtered supercontinuum laser (j) and DMD-defined LED (k) illumination
that were used for the muscle section measurement. (1) Concentric scan grid with a
rectangular FOV that was used for the muscle section measurement.

filters were introduced before and after the object to rule out birefringence as a source for
mixed states [64]. In previous measurements this was not done since the object (USAF
target) Was assumed not to be birefringent. The exposure time was set to 9ms for the
laser.and 180 ms for the DMD measurement, which resulted in average photoelectron
¢ounts of 3.5 - 107 for the laser and 5.6 - 107 for the DMD measurement. An average of
the recorded 496 diffraction patterns for laser and DMD-based illumination are shown
in figures A1(j) and Al(k).
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Figure A2. Examples of DMD images used to create the ring; Costas and hexagonal
array sources. Shown in false color. The indicated parameters, (d, w,p) were used to

scale the three source shapes. o

The CCD image acquisition and stage scan procedure is autemagically controlled by
an in-house developed .NET software. Background signals,were removed by subtracting
a CCD image, which was acquired with a blocked DMbybeam.

Appendixz A.2. DMD control

The Digital Micromirror Device (DMD) consists! of an’ array of almost a million
micromirrors, which each can be set to am on or off state. The DMD is connected via
HDMI to a computer as a second screen. Thepattern is controlled using a Python GUI
we implemented using wxPython and code from Ref. [65]. To avoid pixel interpolation
the Python script creates a window: withathe same resolution as the DMD (1280 x 720).
Further DMD and LED settings were controlled with the DLP Display and Light Control
EVM GUI tool by Texas Instruments. At low exposure times flickering can occur due to
a finite dark time of the DMD mieromirrors, unless the DMD and CCD are synchronized.
We attribute the ensemble coherence effects mentioned in the main text to be due to
switching between the darkrand.bright states of the DMD.

Figures A2(a) to A2(e) show eropped false color versions of 3 different DMD images
used to create the ringy Costas and hexagonal array sources. The indicated parameters
(d,w,p) were used to seale the three source shapes. The ring-shaped DMD images had
a width, which remained 2dpx and an outer diameter d, which was varied between
7dpx and 39 dpx'in steps of 4 dpx. For the Costas array, the source size was varied by
increasing thesdistanee.w from 4 dpx to 10 dpx in steps of 1dpx, while the edge length
of each of the 78quare elements stayed 5dpx. The size parameter p of the hexagonal
array was-chosen such that the largest distances in the Costas and hexagonal arrays
approximately matched each other. For visual clarity, figures 4(a) to 4(i) in the main
article show regonstruction results of every second measured and reconstructed source
sizeé, while the respective inset plots show extracted metrics for the complete size sweep.

Appendix B. Reconstruction details

The mixed-state ptychography algorithm was implemented in MATLAB. The feedback
parameter 5 in Egs. (7) and (8) in the main text is set to 0.25. As an initial guess of
the probe reconstruction a binary circle of 300 pm diameter is used.
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Figure B1. Convergence of the normalized error during thé reconstruction of data
sets using ring, Costas and hexagonal array sources ©fidifferent sizes. The x-axis is
shown on a logarithmic scale.

Real-space sampling in the object plane is given/by
A2,

Ar = NAG ) (B.1)
where A is the wavelength, z, the object-detector distance, N the number of detector
pixels, and Agq the detector pixel size. In addition te.that, Aqg also influences the probe
field of view (pFOV), which is given by
A%

Aq

We binned the detector images by a factoref 4, which leads to an effective detector pixel

pFOV = (B.2)

size of Aq = 4.54pmx4 = 1816 um, while significantly reducing the reconstruction
time. In case of our DMD-based measurements the binning resulted in a object plane
sampling size of Ar = 3.6 pm and a probe FOV of pFOV = 1.31 mm, which was still
large enough to fully capture the probe beam in the object plane.

Each reconstruction for the DMD based source variations was run for 5000
iterations. In order to monitorsthe convergence during reconstruction, an error metric
is calculated at every iteration as the difference between the measured and estimated
diffraction patterns

D2
j

Figure Bi“shows,thie evolution of the error curves normalized to their maximum for

‘2 (B.3)

Imeas,j (q> - Z

m

J’Zz,j (Q)

reconstruction f the three source shape size sweeps. One can see that for more
incoherenticases the reconstructions tend to converge slower.

During, the reconstruction in intervals of 10 iterations the SVD-based orthogonal-
ization of the probe is carried out [52]. The number of modes L was kept at 36 for most
of the reconstructions. In Figures B2(a) to B2(c) we show all 36 reconstructed modes in
the DMD, object and CCD plane, respectively for the data set with a ring-shaped source
with d = 15dpx . The quadratic phase curvature of the modes shown in figures B2(b)
and B2(c) was removed through multiplication with the conjugate phase of the primary
coherent mode. For the reconstructions with ring-shaped illumination with a diameter
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(@) DMD plane (b) Object plane

&9

Figure B2. (a-c) Reconstructed 36 coherent modes for a ring-shaped source with
d = 15dpx in the DMD, object and,CCD plane, respectively. The phase curvature of
the probe modes in panels (b) and (c) was removed. (d) A circular representation of
the color map used(to jointly represent amplitude and phase of the mixed-modes.

d = [27,31,35,39] dpx the mod?number was increased to 49 in order to take the lower
overall coherence of those data sets into account.

For a quantitative resolution assessment of the reconstructed complex object
function we use the'Fourier.zing correlation (FRC) approach. The FRC results shown
in figures 4(g)-4(i) of the article were calculated using

> 0i(d) - Os(¢)

q'€Ry

FRC(q) = - = (B.4)
S [0u)| - % [0ue)

q'€Ry q'€Ry

whererg denotes a spatial frequency magnitude, R, defines a set of Fourier space pixels
in & ring with radius ¢, O; and O, are the Fourier transformed object functions from two
independent data sets. These two independent object reconstructions were obtained by
performing 2000 mPIE iterations on two halves of each data set (130 images). Before
the FRC is calculated the two images are spatially aligned using subpixel registration,
the phase offsets are synchronized and a Hann window is applied, which removes
reconstruction artifacts outside of the FOV.
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