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Edited by M. Yamamoto, RIKEN SPring-8 Ptychography is a rapidly developing scanning microscopy which is able to view

Center, Japan the internal structures of samples at a high resolution beyond the illumination

size. The achieved spatial resolution is theoretically dose-limited. A broadband

ptychography; partial coherence; high- source can provide much higher flux compared with a monochromatic source;

throughput. however, it conflicts with the necessary coherence requirements of this coherent
diffraction imaging technique. In this paper, a multi-wavelength reconstruction
algorithm has been developed to deal with the broad bandwidth in
ptychography. Compared with the latest development of mixed-state recon-
struction approach, this multi-wavelength approach is more accurate in the
physical model, and also considers the spot size variation as a function of energy
due to the chromatic focusing optics. Therefore, this method has been proved
in both simulation and experiment to significantly improve the reconstruction
when the source bandwidth, illumination size and scan step size increase. It is
worth mentioning that the accurate and detailed information of the energy
spectrum for the incident beam is not required in advance for the proposed
method. Further, we combine multi-wavelength and mixed-state approaches to
jointly solve temporal and spatial partial coherence in ptychography so that
it can handle various disadvantageous experimental effects. The significant
relaxation in coherence requirements by our approaches allows the use of high-
flux broadband X-ray sources for high-efficient and high-resolution ptycho-
graphic imaging.

Keywords: coherent diffraction imaging;

1. Introduction

Ptychography is a mixture of coherent diffraction imaging
(CDI) and scanning microscopy (Rodenburg et al., 2007;
Thibault et al, 2008; Pfeiffer, 2018). The achieved spatial
resolution of CDI is determined by the maximum scattered
angle of photons from samples, which can be much higher than
the numerical aperture of the illumination optics. Using a
scanning technique with partially overlapping scan spots
(Bunk e al., 2008), CDI is then extended to ptychography to
image extended samples. X-ray ptychography has been used
to obtain high-resolution quantitative insights of samples in
biology (Giewekemeyer et al., 2010; Deng et al., 2015a, 2018;
Diaz et al., 2015), materials science (Holler et al., 2014;
Hruszkewycz et al., 2012; Shapiro et al., 2014; Donnelly et al.,
2017) and electronics (Guizar-Sicairos et al., 2014; Deng et al.,
2017; Holler et al., 2017). The redundant information provided
by overlapping scan spots also enables the reconstruction
of illumination function for X-ray optics characterization
(Kewish et al., 2010; Schropp et al., 2010) and the correction of
scanning position errors (Maiden et al, 2012; Zhang et al.,
2013; Odstréil et al., 2018).
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As a coherent imaging technique, ptychography requires an
illumination with high spatial and temporal coherence so that
the probe can be described as a pure function in the
conventional formulation of ptychography reconstruction.
However, the available flux would greatly reduce when the
illumination source is spatially and spectrally filtered in order
to obtain high coherence degree, which in turn affects the
quality of ptychography as its resolution is dose-limited
(Schropp & Schroer, 2010; Thibault et al., 2014). To access
higher flux on existing X-ray sources, partially spatial coherent
illumination has been demonstrated in CDI (Whitehead et al.,
2009; Clark & Peele, 2011; Chen et al., 2012) using the Gaus-
sian—Shell model (Starikov & Wolf, 1982) in the phase
retrieval. A significant relaxation on spatial coherence
requirement for ptychography has been recently achieved
through a mixed-state (MS) decomposition approach
(Thibault & Menzel, 2013). The decomposed multiple modes
in this approach can model the transverse partial coherence in
the source as well as other decoherence effects in the sample
plane [such as vibration (Clark et al.,2014) and fly scan (Pelz et
al., 2014; Deng et al., 2015b; Huang et al., 2015)] and the
detector plane as well.

Increasing the bandwidth of the illumination is an alter-
native way to obtain ten times higher flux or more. To reliably
phase the whole diffraction pattern, it requires the maximum
path length difference (PLD) between waves from the oppo-
site edges of the illumination spot to be smaller than the
longitudinal coherence length (Van der Veen & Pfeiffer, 2004;
Enders et al., 2014; Jacobsen et al., 2017). Therefore, it imposes
a limit on the spectral bandwidth,
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where § is the spatial resolution corresponding to the
maximum solid angle that still carries signals, and D is the
lateral extension of the illumination on the sample. The
aforementioned mixed-state approach has been introduced
to reliably reconstruct objects with a broad bandwidth X-ray
beam (Enders et al., 2014). However, the bandwidth together
with the beam size used in this study still satisfied equation (1),
indicating that the data was mostly free from spectral blurring.
As the bandwidth and/or illumination size increase to the
extent that equation (1) is no longer valid, reconstruction
methods based on monochromatic models including the
mixed-state approach may fail, and high-resolution imaging
will become more challenging.

To address the effect of broadband illumination in diffrac-
tive imaging, a reconstruction method employing multiple
wavelengths was proposed in a conventional CDI experiment
where a tabletop high-harmonic-generation (HHG) source
was used (Chen et al., 2009). This multi-wavelength (MW)
approach assumes that the diffraction pattern with a broad-
band source is the superposition of diffracted intensities from
a series of wavelengths within the spectrum, therefore it is
more accurate to represent the physic model of the broadband
illumination compared with the mixed-state approach. This
polyCDI method was also successfully demonstrated by a

synchrotron X-ray source with a spherical-grating mono-
chromator (Abbey et al, 2011), showing a factor of 60
reduction in the exposure time over monochromatic CDI.
X-ray ptychography with broadband illumination has been
very attractive to improve the imaging throughput. The
extension of this multi-wavelength approach for X-ray
ptychography has recently been reported in simulation
(Pradier et al., 2016).

In this paper, we develop broadband X-ray ptychography
based on this multi-wavelength approach and systematically
demonstrate it in both simulation and experiment. Both
simulated and experimental results show that the developed
multi-wavelength method has better tolerance of source
bandwidth, illumination size and scan step size, producing
better reconstruction quality compared with conventional
single-mode and latest developed mixed-state methods.
Unlike the existing polychromatic reconstruction methods
(Chen et al.,2009; Abbey et al.,2011; Pradier et al., 2016) which
assume a known spectrum of the incident illumination, our
approach does not have such a requirement. Only rough
spectral information of the illumination probe, such as the
central wavelength and bandwidth, is needed to initialize the
spectral probe modes by considering that all probe functions
at discretized wavelengths propagate from the same focusing
optics and generate wavelength-dependent illumination
functions on the sample. The spectral probe modes are
updated during the iterative reconstruction, consequently
providing the spectral weight for each spectral mode by
calculating its power percentage. As the mixed-state approach
is able to deal well with various spatial decoherence effects
(Thibault & Menzel, 2013), we further develop a combined
approach, in which the mixed-state method is integrated into
our developed multi-wavelength reconstruction algorithm.
The proposed combined approach can jointly solve partial
spatial and temporal coherence in real experiments, such as fly
scan using a broadband source, thus significantly increasing
the imaging quality and throughput.

2. Method

In ptychography, the object O(r) is scanned by the illumina-
tion beam (which is usually referred to as the probe) P(r). At
the jth scan position ; (j=1,2,3,...,J, where J is the number
of total scan points), the complex-valued exit wave from the
object is ¢(r, r;) = O(r, r;) P(r). Assuming a monochromatic
coherent illumination, the expected diffraction intensities
collected by the detector situated in the far field can be
expressed as

I(k,r) oc |Fig(r, )}, ?)

where k is the reciprocal coordinate with respect to the real
space coordinate r in the specimen plane. F represents the
Fourier transform operator. Fully coherent illumination can
produce high-contrast speckles in the diffraction pattern,
which can be uniquely inverted to determine the structure of
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the object as long as the feature of the speckles are sampled
with a sufficient high frequency.

The diffraction pattern taken under broadband illumination
is different because of the imperfect temporal coherent
property resulting from the broad bandwidth. As the speckle
pattern is wavelength dependent, the acquired diffraction
pattern with a broadband illumination is the average of
patterns resulting from slightly different wavefronts at
different wavelengths, resulting in speckle blurring. Therefore,
the development of reconstruction algorithms is needed for
broadband ptychography.

2.1. Multi-wavelength approach

The polychromatic diffraction from a broadband illumina-
tion is given by the diffraction intensity contributed from each
wavelength (Abbey et al., 2011),

I(k,r) = / |®, (k, r)[* da, 3)
A

where I(k, r;) is the diffraction intensity of the jth scan position
and @, is the diffracted wave at wavelength A. After discre-
tizing the bandwidth in a small step, equation (3) can be re-
written as

k) =Y @k, ). @)

As the incident X-ray energy is away from the elemental
absorption edge of the sample, the object transmission func-
tion can be assumed to be constant under this broadband
illumination, while the probe can be decomposed into a set of
incoherent spectral probe modes P, (r) that are corresponding
to a series of wavelengths within the illumination bandwidth,

Ik, r) = Y |F (O, 1) P,OY. )

These spectral probe modes are spatially created by the
propagation from the focusing optics. In this study, we use a
Fresnel zone plate (FZP) which is a chromatic optics (Wang
et al., 2003) that produces variant focal lengths for different
wavelengths,

2RAR
A= 2 B (6)

where 2R is the diameter of the zone plate and AR is the
outermost zone width. Therefore, the probe profile and size on
the sample plane are wavelength-dependent. At the beginning
of the reconstruction process, the probe modes are initialized
with the numerical propagation from the FZP with the
wavelength-dependent focusing property expressed as equa-
tion (6). The diffraction propagation from the sample plane to
the detector plane is also wavelength-dependent. For this, we
need to carefully consider pixel scaling resulting from the
wavelength-dependent far-field propagator (F,) which is
implemented via a discrete Fourier transform,

AZ
As Ad = —, 7
sAd =" )

where As and Ad are pixel sizes on sample plane and detector
plane, respectively, z is the distance between these two planes,
and N is the pixel number used for numerical propagation. In
the real space, the array pixel size for a specific A’ is scaled by
MIxy (Where L is the central wavelength of the spectrum). To
keep the real-space pixel size the same for all discretized
wavelengths, the rescaling processing is needed, and is
achieved by changing the pixel number N for different
wavelengths in the Fourier transform.

2.2. Combined approach of multi-wavelengths and
mixed states

In the real experiments, there are various disadvantageous
experimental effects reducing the coherence degree, such as
illumination with partially spatial coherence, beam and/or
sample fluctuation and drift (Thibault & Menzel, 2013; Clark
et al., 2014), and detector point spread function. It is worth
mentioning that the fly scan technique has been recently
implemented in ptychography to reduce the stage overhead
between scan points (Pelz et al., 2014; Deng et al., 2015b;
Huang et al., 2015); however, it brings a similar signature of
decoherence in far-field diffraction. To deal with those spatial
decoherence effects with a broadband illumination, extra
orthogonal states P, , are introduced into each chromatic
probe mode in the phase-retrieval procedure. Therefore, the
far-field diffraction can be described as the superposition
of the diffraction intensity from those orthogonal modes at
different wavelengths,

1) =D 3 [@, 0
A n
=YY |70 )P, (). ®)
A n

In the reconstruction, the calculated wavefront on the detector
plane is updated by a modulus constraint with the measured
intensity I(k, r;),

Iy (k, r)]"?
( )] . ©

@]tk 1) = @, k)| S0

The updated wavefront ®;, is back-propagated from the
detector plane to the object plane, giving the updated exit
wave ¢; ,(r,r;). Then the real space updates for both object
and probe are applied simultaneously using the following
update functions,

(07

O'(r,r) =0, &
( ) ( J) + [Zk,n |Pk,n(r)|2]max
x Y PO [0 ) = 0,0 7)] (10)
O*(r,r) ,

P)/L,n(r) = P)L,n(r) + Olp 2 [@A‘n(ra rj) - %‘n(”» rj)]a

max

|O(r, rj)|

where o, and o, are the update step sizes and * denotes the
complex conjugate. The weighting factor ¢, for wavelength A
can be created from the intensity percentage of each spectral
probe mode,
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3. Numerical simulations

To validate the multi-wavelength method, we first performed
the numerical simulations of broadband X-ray ptychography
with source energy centered at 8.8 keV. A synthetic sample as
shown in Fig. 1(a) was generated from the design file of an
integrated circuit with a total thickness of 4.4 um. The simu-
lated chip contains multiple layered structures made from
copper, aluminium, tungsten and silicon, in which the smallest
feature (marked by a red arrow) has 10 nm feature size in
the vertical direction. All simulations were performed by
modeling the spectrum of the broadband illumination as a
discrete set of frequency signals with a Gaussian distribution.
In order for the illumination function to be closer to the
experiment case, a previous reconstructed probe [see Fig. 1(b)]
produced by a FZP with 180 pm diameter and 50 nm outer-
most zone width was used as the probe at the center energy
(8.8 keV). The probe functions at different wavelengths were
calculated by numerical propagation from this FZP when the
sample was placed at a specific position. Variable beam sizes
can be obtained by changing the defocus distance. The simu-
lated diffraction patterns were obtained via equation (5) with
101 discretized wavelengths uniformly sampling the spectrum.
At each scan position, 5 x 10° photons were incident on the
sample assuming an X-ray flux of 5 x 10® photons s~ and an
exposure time of 10 ms. The Poisson noise was added to the
diffraction pattern. Simulations based on different band-
widths, beam sizes and step sizes were performed.

The simulated datasets were analyzed with the mixed-state
and multi-wavelength methods. For the mixed-state method,
the probe initialization was performed by creating several
shifted copies of the single probe mode (generated by the
numerical propagation from the FZP), orthogonalizing them,
and taking only the five most powerful modes. For the multi-
wavelength method, as introduced in Section 2.1, the spectral
probe modes were initialized by performing the wavelength-
dependent propagation from the focusing optics to the sample
plane. All the probe modes were updated simultaneously with
the object using the ePIE algorithm with 100 iterations. Since
the ground truth object, denoted O(r), is known in the simu-
lated case, the image quality of the reconstructed object Og(r)
can be evaluated using the normalized error (Maiden &
Rodenburg, 2009),

£ 2 [00) = yOr()

=]
(3)
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Figure 1

Comparison of two reconstruction strategies with different illumination
bandwidths. (a) Ground truth phase image of a synthetic sample
generated from a chip design file; (b) an example probe at the central
wavelength (8.8 keV) in the simulation; (c) source spectrum with a
Gaussian distribution of 1% bandwidth, the red dots indicate the five
wavelengthes used in multi-wavelength reconstruction; (d)-(g) recon-
structed phase images for bandwidth of 1%, 2%, 5%, 10%, respectively;
images on the top show the results using the mixed-state approach while
those at the bottom show the corresponding results using the multi-
wavelength method. The normalized reconstruction error E is shown on
each reconstructed image.

3.1. Bandwidth

Firstly, ptychography with different illumination band-
widths were simulated to investigate the effect of the band-
width. The sample was placed about 300 pm downstream of
the focus position of 8.8 keV X-rays. The probe profile at the
central wavelength is shown in Fig. 1(b). The sample was
raster-scanned with 100 nm step size, covering a 2 pm X 2 pm
field-of-view. 1%, 2%, 5% and 10% bandwidth were used to
generate the diffraction patterns in ptychography scans. Both
mixed-state and multi-wavelength approaches were used in
reconstructions to compare the tolerance of the bandwidth.
For 1% bandwidth, the mixed-state method was performed
using five orthogonal probe modes, while the multi-wave-
length method used five wavelengths centering at 8.8 keV with
25 eV interval, as marked in Fig. 1(c). The reconstructed phase
images using 1% bandwidth illumination are shown in
Fig. 1(d). Both approaches give similar reconstruction quality
that is very close to the ground truth image [Fig. 1(a)]. As the
bandwidth of the illumination increases, 5, 10 and 15 ortho-
gonal probe modes were used in the mixed-state method to
process the 2%, 5% and 10% bandwidth datasets, and the
same numbers of spectral modes were implemented when
using the multi-wavelength approach. The normalized recon-
struction error of the retrieved object was calculated by
equation (12) and displayed on each reconstructed image.
As shown in Figs. 1(e)-1(g), the mixed-state method fails
to obtain a high-quality reconstruction as the bandwidth

7 (12)
Y, oG]
with
O(r) Og
— Zr (}’) R(zr). (13)
Zr OR(r)|
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increases. In comparison, the multi-wavelength approach
yields better reconstruction, showing that this approach has
better tolerance of the bandwidth.

3.2. Beam size

As indicated in equation (1), the probe size also affects
ptychography with a broadband source. By placing the sample
at two longitudinal positions (300 pm and 800 pm downstream
of the focal spot of 8.8 keV X-rays), 500 nm and 1.5 pm beam
sizes were obtained with 1% bandwidth illumination. The
beam size is determined by the full width at half-maximum
(FWHM) of the superposition of the probes at different
wavelengths. For these two cases, the sample was scanned with
100 nm and 300 nm step size, respectively, to keep a similar
linear overlapping ratio (Bunk et al., 2008). Three recon-
struction methods (the conventional single-mode approach,
mixed-state approach and multi-wavelength approach) were
performed. Figs. 2(a)-2(c) show the corresponding recon-
structions of the dataset acquired with 500 nm probe size. As
expected, conventional ptychography using the single mode is
unable to reconstruct a faithful image [Fig. 2(a)]. The intro-
duction of five orthogonal modes in the mixed-state method
greatly improves the reconstruction quality, with smallest

: i
i E &
1 . 1
Defocus: 30 ‘E=0. ]

8.775 keV

) 8.750 keV 8.800 keV 8.825 keV 8.850 keV

Figure 2

Reconstruction comparison with different beam sizes. A ptychographic
dataset acquired with 500 nm beam size is reconstructed by single-mode
ptychography (a), mixed-state (MS) method (b) and multi-wavelength
(MW) method (c). Panel (d) shows the simultaneously reconstructed five
spectral probe modes during the reconstruction of (c). Panels (e)—(g) are
reconstructions for 1.5 pm illumination beam size using single-mode
ptychography, MS method and MW method, respectively. Panel (k)
shows the five spectral probe modes obtained simultaneously in the
reconstruction of (g).

features (~10 nm) clearly resolved [Fig. 2(b)]. Multi-wave-
length reconstruction with five wavelengths also gives high-
quality results [Fig. 2(c)]. Fig. 2(d) shows the reconstructed
probes of these five wavelengths, from which we can find that
the probe size is wavelength-dependent, and the intensity of
the probe is consistent with the spectrum shown in Fig. 1(c).
As the probe size increases to 1.5 um, equation (1) is no longer
satisfied in order to achieve 10 nm spatial resolution. There-
fore, the reconstruction quality of both single-mode [Fig. 2(e)]
and multi-mode [Fig. 2(f)] methods obviously degrades.
Compared with these two reconstruction approaches, the
multi-wavelength method notably improves the image quality
as shown in Fig. 2(g), with the reconstructed probes at five
wavelengths shown in Fig. 2(4). This result indicates that the
multi-wavelength approach can better deal with the speckle
blurring effect when a larger beam size is used in broadband
ptychography.

However, minor quality degradation can be found in
Fig. 2(g) when compared with the small beam’s result
[Fig. 2(c)] which was reconstructed by the same multi-wave-
length approach. This can be attributed to the decrease of the
oversampling ratio (Spence et al., 2004) for large beams as
shown in Fig. 2(h). In the simulation, a detector with a pixel
size of 75 pm and a sample-to-detector distance of 1.92 m was
assumed in order to be close to actual experiments, resulting in
about 7.2 and 2.4 sampling ratio in one dimension for 500 nm
and 1.5 pm beam, respectively. To improve the oversampling
ratio for a large beam, a detector with smaller pixel size or a
bigger detector placed further from the sample is suggested. In
addition, the large-beam ptychography used a bigger scan step
size in order to keep the same linear overlapping ratio as
the small-beam ptychography; the reduced dose (about nine
times) on the sample also affects the reconstruction quality.

3.3. Step size

Scan step size affects the overlapping ratio in ptychography
(Bunk et al., 2008). The increase of overlap through reducing
step size generally results in better information redundancy in
the recorded diffraction patterns, which helps the convergence
of iterative phase retrieval. However, a small step size needs
more scan points to cover the same area, which would slow
down the data acquisition especially when the stage overhead
plays an important role in the step scan ptychography. In
addition, more data points requires more computation
resource. All of these conflict the goal of high-throughput
ptychography. In this section, broadband ptychography with
different step sizes were simulated. The bandwidth used is 1%.
The same area on the synthetic sample was scanned using a
defocused probe with 1.5 um diameter as shown in Fig. 2(h).
Three ptychography scans were acquired with 100 nm, 300 nm
and 700 nm step size, respectively. Figs. 3(a)-3(c) show the
reconstruction results using the mixed-state approach: the
reconstruction quality clearly improves with a small step size
(100 nm) and then degrades quickly as the step size increases,
indicating that the mixed-state method relies on a high over-
lapping ratio to deal with the broadband illumination. The
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Figure 3

Reconstruction comparison with different step sizes. (a)-(c) Recon-
structed phase images using the mixed-state approach for three
ptychography scans with 100 nm (@), 300 nm (b), 700 nm (c) step size.
(d)—-(f) Reconstructed phase images using the multi-wavelength
approach for the same three datasets with 100 nm (d), 300 nm (e),
700 nm (f) step size.

reconstructed images using the multi-wavelength method are
displayed in Figs. 3(d)-3(f) with clear improvement in larger-
step-size datasets when compared with Figs. 3(b) and 3(¢) that
used the mixed-state approach. This indicates that our multi-
wavelength approach has less requirement on the overlapping
ratio to solve the imperfect coherence caused by the broad-
band illumination, which helps to further improve the
ptychographic throughput.

4. Experimental results

To evaluate the effectiveness of the proposed method, a
broadband ptychography experiment was performed on the
Velociprobe (Deng et al., 2019) at the Advanced Photon
Source (APS), Argonne National Laboratory. A double-
multilayer monochromator (DMM) was used to produce
X-rays with a spectrum bandwidth of about 1% at the peak
energy of 8.8 keV [see Fig. 4(f)]. Then this broadband illu-
mination was focused by a zone plate having the same para-
meters as that used in the simulation (180 pm diameter and
50 nm outer-most zone width). A gold Siemens star test
pattern was placed downstream of the FZP focus plane,
resulting in a FWHM beam size of about 1 pm. A step raster
scan was conducted with 300 nm step size. The far-field
diffraction patterns were acquired with a Dectris Eiger 500K
detector (75 pm pixel size) which was placed 1.92 m down-
stream of the sample. To avoid the counting rate saturation of
the detector, an aluminium filter with a thickness of 250 um
was inserted upstream of the zone plate, which cut off about
91% of the X-ray flux, yielding ~9 x 10° photons™' on
the sample. The exposure time for each diffraction pattern
was 10 ms.

©

i'l 870 875 8.80 8.85

Energy (keV)

Figure 4

Experimental broadband ptychography using a DMM source with 1%
bandwidth. The phase image of a Siemens star sample reconstructed by
(a) single-mode ptychography reconstruction, (b) mixed-state approach,
and (c¢) multi-wavelength approach. (d) Five orthogonal probe modes
reconstructed together with (b), the inset values show the power
percentage of each mode. (e) Five spectral probe modes from the
reconstruction of (c), with its relative power percentage marked by the
red dots in (f). The blue curve in (f) shows the measured spectrum of this
DMM source in the experiment.

Fig. 4 shows reconstructions of this ptychography scan using
three reconstruction approaches. The probe initialization
process is the same as that described in simulation, and all the
probe modes and object were updated simultaneously at every
iteration in the reconstruction with 200 iterations. The phase
image reconstructed by conventional single-mode ptycho-
graphy has lots of artifacts, as shown in Fig. 4(a). The image
quality is slightly improved by the mixed-state reconstruction
method with five orthogonal probe modes [Fig. 4(d)], but still
contains obvious grid artifacts in Fig. 4(b). A reconstruction
using ten orthogonal modes was also performed, but no
improvement was observed with the increasing number of
probe modes. Then the multi-wavelength approach was
implemented using five wavelengths 25 eV apart as marked in
Fig. 4(f). The reconstructed phase image in Fig. 4(c) has a
much improved quality with the central spokes of 30 nm
clearly resolved, and free of artifacts. Fig. 4(e) displays the
reconstructed probe functions at these five wavelengths,
clearly showing that the probe size is wavelength dependent.
The size difference between those spectral probe modes is
proportional to the bandwidth divided by the number of the
probe modes, which is about 360 nm with a 180 um-diameter
zone plate. This wavelength-dependent variation helps the
reconstruction algorithm to seperate the longitudinal modes.
The power intensity of the five spectral probe modes is
normalized to the spectrum [see Fig. 4(f)], and is consistent
with the measured bandwidth distribution.

4.1. Beam size

To validate the simulation results of broadband ptycho-
graphy with different probe sizes, the test sample was placed at
two defocus positions (300 pm and 800 pm downstream of the
focus position of 8.8 keV X-rays), generating an illumination
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on the sample with a FWHM size of about 500 nm and 1.5 pm,
respectively. For the 500 nm illumination, 100 nm step size was
used for the ptychography scan, while 300 nm step size was
used for 1.5 um illumination to keep the same oversampling
ratio. The exposure time of both scans was 10 ms. Figs. 5(a)
and 5(e) show the reconstruction using the conventional
single-mode ptychographic algorithm, which assumes full
coherence of the illumination beam. The quality of the
reconstruction is clearly degraded due to the partial coherence
effect caused by the broadband illumination. As shown in the
images, there is a transverse shift between the scan area in
these two datasets — this is because the translation stage to
place the sample at defocus positions is not exactly parallel
to the X-ray beam direction. The reconstructions using the
mixed-state method on these two scans are shown in Figs. 5(b)
and 5(f). Compared with Figs. 5(a) and 5(e), the image quality
is notably improved. However, the mixed-state approach still
does not give a converged result when using 1.5 pum beam size,
which can be seen in Fig. 5(f) with some evident artifacts. As
explained in the simulation, the requirement imposed by
equation (1) becomes more challenging as the probe size
increases, and the mixed-state approach based on spatial
decomposition starts to fail. Figs. 5(c) and 5(g) are recon-
structions using the multi-wavelength approach. For the small
illumination of 500 nm, the multi-wavelength approach gives
similar reconstruction quality as the mixed-state approach,

8.825 keV 8.850 keV

8.850 keV

Figure 5

Broadband ptychography using different beam sizes. The probe size was
changed by placing the sample at different defocus positions. Panels (a)—
(d) show ptychography reconstructions of a dataset acquired with a
~500 nm illumination of 1% bandwidth, using single-mode (a), mixed-
state approach (b), multi-wavelength approach (c). The reconstructed
five spectral probe modes are shown in (d). Panels (e)—(h) are
corresponding reconstructions using a 1.5 pm illumination size.

while it gives much higher reconstruction quality for the
1.5 pm illumination case when compared with the mixed-state
reconstruction. This shows that the multi-wavelength
approach based on spectral decomposition can better handle
the broadband illumination with a large beam size.

4.2. Step size

The simulation shows that the proposed multi-wavelength
method helps increase the allowable scan step size compared
with the mixed-state method when using a broadband illu-
mination. The verification experiment was carried out with
three ptychography scans using 200 nm, 300 nm, 400 nm step
size and 1.5 pm beam size. Figs. 6(a)-6(c) are the reconstruc-
tion results using the mixed-state method with five probe
modes, showing that the image quality degrades as the step
size increases. The corresponding reconstructions by the
multi-wavelength method in Figs. 6(d)-6(f) show that the
multi-wavelength approach has better performance in broad-
band ptychography as the scan step size increases.

4.3. Combine approach for broadband fly scan ptychography

In the practical experiment, there are various imperfect
conditions affecting the spatial coherence. The mixed-state
approach is a good tool to handle these decoherence effects.
For example, this approach has been used in fly scan ptycho-
graphy with a monochromatic beam to deal with the speckle
blurring due to the continuous motion of the sample in the
scan (Deng et al., 2015b). To demonstrate the proposed
combination approach of the multi-wavelength and mixed-
state method, a fly scan ptychography using 1% bandwidth
was conducted in a snake-scan trajectory (Deng et al., 2019)
with a step size of 100 nm and 600 nm in the horizontal (fast)
and vertical (slow) axis, respectively. The Eiger S00K detector

AMS 200 nm 300 nm
MW Step size
L@/

%

N

Figure 6

Broadband ptychography with different step size. Three ptychography
scans with 1.5 pm illumination were conducted using 200 nm, 300 nm,
400 nm step size. Panels (a)—(c) show reconstructions using the mixed-
state approach. Panels (d)—(f) are the corresponding reconstructions
using the multi-wavelength approach.
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Figure 7

Broadband ptychography implemented in fly scan. (a) Mixed-state
reconstruction using five orthogonal probe modes; (b) multi-wavelength
reconstruction using five wavelengths; (¢) combined approach with five
wavelengths and two orthogonal modes at each wavelength [insets show a
zoomed region denoted by the red box in (a)]; (d) reconstructed probes
by the combined method, the five columns are corresponding to five
wavelengths in the reconstruction, each column contains two orthogonal
probe modes (n = 1,2) at each wavelength; (e) line profiles for the
selected positions marked by the yellow (L1) and orange (L2) lines in (c),
respectively.

was triggered with a frequency of 100 framess™'. Three
reconstruction strategies were used to process the data: the
mixed-state method with five orthogonal probe modes
[Fig. 7(a)], the multi-wavelength method with five wavelengths
[Fig. 7(b)], and the combined method with five wavelengths
and two orthogonal modes per wavelength [Fig. 7(c)].
Compared with Figs. 7(a) and 7(b), the phase image in Fig. 7(¢)
reconstructed by the proposed combined approach gives
better quality with sharper features, revealing that this
combined approach is able to simultaneously solve the
imperfect partial coherence caused by both fly scan and
broadband illumination. The reconstructed probes using the
combined method are shown in Fig. 7(d). One can observe the
increase of the beam size for the five sampled energies from
left to right, which is consistent with the focusing behavior by
chromatic optics and above reconstruction results. At each
column, the top shows the first orthogonal mode (n = 1) which
contains most of the power intensity while the bottom shows
the second orthogonal mode (n = 2). As the wavelength is
away from the central wavelength, the contribution of the
second probe mode becomes less. The line-cut profiles for
Figs. 7(a)-7(c) from the selected positions marked in Fig. 7(c)
are given in Fig. 7(e), showing that the combined method
provided better image contrast and sharper edge compared
with the mixed-state method and the multi-wavelength
method.

5. Conclusion

A multi-wavelength approach was incorporated into the
reconstruction of broadband ptychography by decomposing
the probe into a set of chromatic probe modes which are

generated using the numerical propagation from the focusing
optics. The object and probe functions at multiple wavelengths
can be reconstructed simultaneously during the iterative
algorithm. An accurately known spectrum of the broadband
illumination is not necessary for this developed reconstruction
method while more accurate initial input of the weighting
factor of each wavelength can help the reconstruction
convergence. Although currently the multi-wavelength
method can only recover the weighting factor of a few
discretized wavelengths in the spectrum, its accuracy and the
energy resolution may be both improved for the recovery of
the full illumination spectrum by further algorithm develop-
ment, for example implementing the constraint during the
probe update that all spectral probe modes have the same
distribution before the focusing optics.

We have systematically shown in both simulation and
experiments that our multi-wavelength method can improve
the tolerance of bandwidth, beam size and step size, compared
with the conventional single-mode ptychography method and
the mixed-state method. One of the main advantages of the
proposed method is that it can take more incident flux from a
broadband illumination to speed up data acquisition speed.
The DMM source used in the experimental demonstration
can provide more than 20 times higher flux compared with a
double-crystal monochromator (DCM) source in our beam-
line. However, only a factor of about five reduction in the
exposure time was achieved on the low-absorption test sample
due to the use of a filter to protect the detector. The filter can
be moved away if the detector does not saturate with a thicker
sample. For example, a recent study on a thick integrated
circuit without the filter was demonstrated to make full use of
the high flux of this DMM source (Deng et al., 2019). For more
general samples, a semi-transparent central stop in front of the
detector is currently being tested to attenuate the primary
beam and thus to solve the counting-rate saturation issue. In
future, the development of a photon-counting detector with a
higher count rate or photon-integrating detector with high
performance will also help to make full use of the high flux
provided by broadband sources.

In this study, we also further integrated the mixed-state
method into the multi-wavelength reconstruction procedure
to jointly solve the partial temporal and spatial coherent
problem simultaneously. A fly scan ptychography experiment
was performed to demonstrate this combined model. With this
combined approach, the throughput of high spatial resolution
ptychographic imaging can be increased by one to two orders
of magnitude by combining, for example, fly scan with
broadband illumination, or relaxing the requirements of
spectral and spatial filtering for coherent X-ray sources. The
upcoming APS upgrade will provide at least 100 times
coherent flux with the source spot size and emittance in the
horizontal direction squeezed down to values similar to those
of the vertical. With the improvement of horizontal coherence
degree, the proposed combined approach is potentially able to
directly use the broadband source from the undulator without
any spectral and spatial filtering between the source and
the endstation. Therefore, a combination of a thousand-fold
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improvement in X-ray flux can be expected when using the
broadband illumination approach after the APS upgrade,
which will significantly improve the throughput of X-ray
ptychography in terms of speed and resolution.
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