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Abstract: Ptychography, a scanning coherent diffraction imaging method, can produce a high-
resolution reconstruction of a sample and, at the same time, of the illuminating beam. The
emergence of vacuum ultraviolet and X-ray free electron lasers (FELs) has brought sources with
unprecedented characteristics that enable X-ray ptychography with highly intense and ultra-fast
short-wavelength pulses. However, the shot-to-shot pulse fluctuations typical for FEL pulses
and particularly the partial spatial coherence of self-amplified spontaneous emission (SASE)
FELs lead to numerical complexities in the ptychographic algorithms and ultimately restrict
the application of ptychography at FELs. We present a general adaptive forward model for
ptychography based on automatic differentiation, which is able to perform reconstructions even
under these conditions. We applied this model to the first ptychography experiment at FLASH,
the Free electron LASer in Hamburg, and obtained a high-resolution reconstruction of the sample
as well as the complex wavefronts of individual FLASH pulses together with their coherence
properties. This is not possible with more common ptychography algorithms.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ptychography is a scanning coherent diffraction imaging (CDI) technique that allows the
simultaneous imaging of a sample and an unknown illuminating beam (hereafter called probe)
[1,2]. It is capable of simultaneously reconstructing probe and sample functions and can achieve
diffraction limited resolution. Generally, scanning of a sample with overlap between adjacent scan
positions builds the essence of a ptychography experiment by providing the required redundancy
in the measured data [3]. This redundancy prevents the ambiguities common to conventional CDI
methods and leads to robust and stable reconstructions. Over the past decade, significant advances
in ptychography have been achieved, such as use of partially coherent light [3], correction of
errors in scan positions [4—6] and slicing images of extended objects [7].

Despite of all of these advances, a shot-to-shot spatially stable and ideally fully spatially
coherent probe is still a prerequisite for successful ptychographic reconstruction. Both conditions
can be realized for synchrotron radiation at the cost of significant beam aperturing [8]. Successful
application of ptychography at synchrotron facilities has drawn the attention towards implemen-
tation of ptychography at free electron lasers (FELs). These sources possess higher levels of
spatial coherence and photon flux which, together with their ultra-short pulses, makes them ideal
facilities for imaging [9]. On the other hand, FELs themselves benefit from ptychography as a
beam characterization tool due to its ability to be applied to high-resolution reconstruction of
unknown probe beams.

However, FLASH and other SASE FELs are chaotic in nature and generate pulses with varying
shot-to-shot parameters [10—12]. The stochastic nature of the SASE process, where initially
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spontaneous undulator radiation is amplified and gives rise to the narrow-band FEL light pulses,
leads to shot-to-shot variations of the FEL radiation [13—15].

Despite that, several ptychographic experiments were successfully carried out at FELs. Schropp
et al. [16] has utilized compound refractive lenses (CRLs) for focusing the beam at the hard
X-ray FEL LCLS. The small input aperture of the focusing optics, which however leads to
clipping of the beam, can overcome the difficulties associated with partially coherent and spatially
fluctuating illumination. The reconstruction algorithm used in this work treats the reconstructed
sample and probe assuming an average and shot-to-shot constant illumination common for all
positions. In a second step, the algorithm refines the probe for each individual position without
varying the sample any further. This approach was able to produce meaningful high-resolution
reconstructions of the probe and the sample while ignoring the only partial spatial coherence
and non-perfect pointing stability of the FEL beam. However, this approximation cannot be
applied without significant aperturing of the soft X-ray FEL beam, since both assumptions would
otherwise be incorrect [17-19].

Another approach was demonstrated by Sala et al. [20]. Here, the problem of spatial
fluctuations was solved by applying an orthogonal probe relaxation (OPR) method [21]. OPR
assumes that for only slightly different probes a single-mode reconstruction is possible by linking
the probes through a lower dimension representation and thus regularizing the problem. This
representation can be found by applying a truncated singular value decomposition (TSVD) to
the matrices of all the probes reconstructed at the previous iteration of the reconstruction loop.
Consequently, individual probes for each scan position may be seen as a weighted coherent
sum of these basis vectors. In this representation, the assumption of full spatial coherence is
still necessary, which makes this method inapplicable for characterization of the coherence
properties of FEL radiation [17-19,22-25]. Recently, Daurer et al. [26] has applied mixed-state
ptychography to characterize wavefronts of FELs for single-particle imaging. Within that work,
the effect of partial coherence and pulse instabilities were studied.

At present, most phase retrieval ptychography algorithms rely on either iterative projections
[27] or gradient [28] methods such as the ptychographic iterative engine, PIE. The latter permit
more flexibility and allow incorporation of experimental conditions as a prerequisite in order
to improve the reconstruction quality, to obtain modal expression of the probe, or to refine
the scan coordinates. However, the need for an explicit closed-form expression of the error
gradients makes any modifications to the forward model undesirable since the gradients need to
be re-derived for every slight change in the experimental model. An elegant way to solve this
problem is to use various numerical methods that allow automatic differentiation (AD) [29,30]
of the error metric with respect to optimizable parameters. AD is able to calculate numerically
gradients of a function with respect to its parameters.

Using AD as a promising tool of phase retrieval was first proposed by Jurling and Fienup
[31]. The main advantage of this approach is that it divides the ptychographic reconstruction
into three separate components: forward model, error metrics, and optimization routine. The
forward model describes the experimental setup and approximates the measured intensity patterns
based on optimizable input parameters. The error metrics evaluates the similarity between
approximated and measured intensities. The optimization routine can be freely selected from a
variety of the gradient-based optimization techniques to ensure the best reconstruction results
in the particular experiment. Due to this separation, AD ensures additional flexibility in the
ptychographic routine. Each of its components can be changed independently. This allows
easy changes in the experimental setup and in the forward physical model. Also, additional
optimizable parameters can be included and optimization and regularization techniques switched
without the need for tedious re-deriving of gradients by hand.

Several recent publications [32-34] demonstrated successful use of AD as a basis for a
ptychography framework. However, for a successful ptychographic reconstruction at FELs the
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chaotic nature of the SASE process needs to be taken in account in the forward model. In fact,
the partial spatial coherence of pulses as well as position instabilities should be incorporated
into the model as additional optimizable parameters. None of the currently proposed AD-based
approaches addresses these issues. Also, to our knowledge, nobody has tried to incorporate a
scan position refinement into the AD-based ptychographic algorithm.

In this work we demonstrate an improved adaptive automatic differentiation (A-AD) based
model for FEL ptychography. The built-in AD-based position correction routine helps to
overcome the limited position stability and reproducibility of the sample scanning and limited
pointing stability of the probe. The flexibility of the AD-based phase retrieval permits a quick
adaptation of the forward propagation model to change the reconstruction algorithm. For instance,
an imprecise knowledge of the sample-to-detector distance may lead to a non-ideal convergence.
This problem can be refined by adding an angular spectrum propagation to the AD-based phase
retrieval with an optimizable distance. This addition, through the AD approach, demands no
further analytical recalculation of the entire reconstruction procedure. In addition, fluctuations
of the probe features, such as pointing instabilities, partial coherence and probe variations, are
encapsulated into the numerical differentiable forward model.

We have developed an improved adaptive automatic differentiation (A-AD) based model for
FEL ptychography. As an experimental proof of concept, we have demonstrated ptychographic
imaging at the FLASH2 variable micro-focus beamlime FL.24 [12]. Our model has allowed us to
perform high-resolution reconstruction of the sample as well as a detailed shot-to-shot FEL pulse
characterization.

The paper is structured as follows. In Section 2 we introduce the adaptive automatic
differentiation for ptychography and discuss its theoretical implementation. Section 3 describes
the experimental realization of a ptychography experiment at the FALSH2 facility, at the beamline
FL24, and presents the reconstruction results based on the AD and A-AD approaches. Finally,
the results are summarized and discussed in Sections 4 and 5.

2. Methods
2.1. Ptychography as an optimization problem

A ptychographic model considers a number P probe scans across the sample O with the scanning
positions described by a set of translation vectors, r; = (ry, 1y,) j € 1..N, where N is the number
of scanning points. Within the paraxial and projection approximations [35], the exit wave,
¥; = P - O, propagates to the detector and the corresponding intensity is given as:

L= L0 + e, ()

where £ indicates the propagators defined by the experimental geometry and the wavelength
through the Fresnel number [35], and € represents the additive noise.

As a heuristic approach, we consider a precise knowledge of the scan position and full spatial
coherence of the probe. The consequences of deviating from this ideal case will be discussed for
both aspects in the next sections. The optimization task behind basic ptychographic reconstruction
can thus be formulated as follows: finding a set of P, O which minimizes a loss function &(I, 1}),
where /; is the measured and I; is the reconstructed intensity at the j-th scan position (rj,j € 1..N).
Since Poisson noise is not significant in the measurements, we use a loss function for a Gaussian
noise approximation as a likelihood error metrics [36] given by the following:

N
LT = Wi - \ﬁ
j=1

A representation of the Eq. (2) for the low-count measurements, where the Poisson noise is
predominant, has been derived in [36].

2

2
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Classical ptychography algorithms implemented in [3,28,37,38] require deriving the gradients
of the loss function with respect to all optimizable parameters. This is a time-consuming task
which has to be repeated after each modification of the forward model of Eq. (1). Therefore, any
changes of the forward model are undesirable and this hinders ptychographic reconstruction under
conditions typical for SASE FELs. Utilizing AD for phase retrieval [31-34] allows deriving
the gradients automatically and significantly mitigates the problem. It should be noted that by
analytical gradient calculations combined with relaxation methods, the classical ptychography
algorithms can aim at performing ptychography at FELs.

2.2. Brief description of automatic differentiation

To illustrate the idea of automatic differentiation (AD) and its use for phase retrieval reconstruction,
consider the forward model description of the phase retrieval experiment as follows:

F(po---pn) = f(@i(- -~ d1(do(po - - - pn. 1)) : R" 1 R, 3)

where f (pg - - - pn) denotes the loss function R” : R and all sub-functions are fully differentiable:
Ve Hg—z, where x,, is a set of input parameters for the intermediate function ¢. Now, if we want
to perform an optimization for a set of input parameters p, of F' with respect to f, we may use
gradient-based optimization methods. This can be done if we are able to compute ‘3—5, Vp € p, at
the point p,, = ¢, where we are interested in the local gradient value. To do so, we may use the
chain rule and the existing gradients of ¢ functions in the following manner:

_of Ol . 91 . 9¢0
Pn=Cn 6pn Prn=o(cn) 817”

or
Opn

“

Pn=Cn

=i (docn)) O Ip,=g_1(-+-o(cn) Ipn

The routine tracks the forward computation F(pq - - - p,,) and stores the ¢o(cy,) - - - dx(: - - do(cn))
values for their further use in the gradient computation. This allows gradient calculations of
arbitrarily complex functions as long as they are composed of fully differentiable sub-functions
[39]. To finish the optimization step, we need to pass the obtained gradient 66_151 to the gradient-
based optimizer which changes the optimizable parameters p,, accordingly.

AD builds a phase retrieval engine which can be subdivided into three parts: forward
differentiable model, loss function and gradient based optimizer. Each part can be modified
independently of the others. This flexibility allows the forward model to be adapted to any
change in the experimental geometry. Previously, AD was proposed to perform ptychographic
reconstructions in different geometries including near-, far-field and Bragg conditions [32,34].
However, many critical points for successful ptychography at FELs such as the ability to treat
shot-to-shot variations of the probe and scan position refinement have not yet been considered.

In the following sections, we will elaborate on the scan position refinement and spatial
coherence treatment within an A-AD based reconstruction. Furthermore, modifying the loss
function using orthonormalization regularization and denoising will be discussed.

2.3. Adaptive automatic differentiation ptychography
2.3.1. Scan position refinement by adaptive automatic differentiation

Ptychographic reconstruction algorithms rely on a mutual overlap of neighbouring probes and thus
are very sensitive to sample positioning errors. Ideally, the positions should be well-known with
the same or better precision as the desired resolution of the reconstruction. Our implementation
of a scan position refinement relies on a gradient-based optimization technique with respect to the
loss function. Similar analytical approaches were proposed in [6,40,41] that aim at optimizing the
ptychography models by including the position refinement. It has been shown that the nonlinear
optimization of the scan positions robustly constrains the reconstruction problem and leads to
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faster and reliable convergence. To our knowledge, our algorithm is the first fully AD-based
ptychographic scan position refinement algorithm.

To facilitate an integration of scan position refinement into the AD-based reconstruction algo-
rithm, we use an affine transformation for the parameterized grid generation and a differentiable
grid sampler, following a method proposed by Jaderberg et al. [42]. In our model, each individual
exit wave is produced by multiplication of the probe’s complex wave field and the fixed central
region of the shifted object. The shifted object is placed in reference coordinates which are
fixed to the detector coordinates. The central part corresponds to the part of the sample that was
illuminated as shown in Fig. 1(b) (orange central grid). Thus, the exit wave may be calculated as
follows:

H-N H+N . W-N W+N
oo ’Je 2 “ .. 2 y

Tsz,l-O?J:k,lel---N,ie 3 T 4)
where lower indices k, [, 7, j refer to the numerical grid coordinates in the object plane, N X N is
the size of the probe function in pixels, O* is the H X W pixel object in the reference coordinate
system, and OZ/‘ is the illuminated part of N X N pixels of the shifted object producing the
measured intensities. In general, the optimizer tries to find the best set of §; parameters of the
affine transformation Ay for each individual scan position to minimize the difference between
measured and reconstructed intensities. Thus, the best translation vector r = (ry, ry) is estimated
for each of the scan positions (see Supplement 1, Section S1 for further details).

Fig. 1. Application of the affine transformation for the scan position refinement in the A-AD.
(a) Sample with estimated scan positions. The red dot is the centre of the GO coordinates
with the N X N coordinate grid (green). (b) The centered reference coordinate system G'
(orange grid) has a shift of r (blue arrow) relative to the grid GO. (c) The sample O* is
shifted by r = (7, ry) to align the part of the sample centered around the current scan point.
(d) Exit wave calculated as the multiplication of the probe function with the central part
of the computational array. Reference coordinate system and object coordinate system are
connected by the affine transformation Ag. Its parameters are iteratively optimized to get
the best estimate of r for each individual scan position.

2.3.2. Partial coherence treatment within the adaptive automatic differentiation

At FLASH?2 pulses are highly but not fully spatially coherent [19]. Alongside the partial
coherence, shot-to-shot fluctuations of the pulses are also considered in the forward ptychography
model. The partial spatial coherence can be treated as an expansion of the wave field in terms of
mutually incoherent modes in an orthogonal basis. This treatment has been proposed by Thibault
et al. [3] as a state mixture reconstruction. Under this formalism a probe P is expressed as a
sum of several mutually incoherent orthonormal modes M; with corresponding modal weights «;.
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The resulting intensity is calculated as follows:

I:ZaiIL{MiXO}IZ, (©6)

where the summation is wrapped over the dummy sub-indices i. However, this technique still
works under the assumption of constant illumination at all scan points and should be adapted to
take into account the shot-to-shot fluctuations of the beam.

In turn, a solution for ptychography with a fluctuating, but spatially coherent probe is OPR
[20,21]. This method assumes that despite spatial fluctuations, probes at different scan positions
are still sufficiently similar. So, the problem of reconstructing a unique probe for each individual
scan position can be simplified by linking different probes to each other through a lower dimension
representation. This lower dimension representation is the span of the principal component
vectors which can be found by the truncated singular value decomposition (TSVD) to the matrix
of all probes. This method assumes all probes to be fully coherent and should be further adapted
to partially coherent illumination. Within the OPR, the measured intensity may be calculated as
follows:

I=|L{9)P = ) 1 L{aM}P, )

1

where M; are vectors forming the orthonormal basis of the lower dimensional space, a; are
corresponding weights, and the summation is wrapped around i.

We propose a model which simultaneously takes into account partial spatial coherence of
probe and spatial fluctuations of the probe’s intensity. Our model considers each FEL pulse as
partially coherent. However, the number of unique modes is limited. This appropriateness of this
limitation has been experimentally proven by coherence measurements performed at FLASH2
[19]. Under this assumption, each measured intensity pattern is produced by an incoherent sum

as:
K

K
=) L fagMi- 05} = Y af £ (i 05} ®)
i=1 i=1
where «;; is a set of K x N modal weights, describing the shot-to-shot fluctuations, unique for
each individual mode i € 1---K and photon pulse j € 1---N. A similar representation of
single-shot diffraction patterns was given in [26]. The assumption of partial spatial coherence
is a key difference between our model and the OPR-based one proposed in [20]. Under this
assumption, all fluctuations of the beam may be explained either as a change in corresponding
modal weights or as a shift of the probe as a whole by changing the corresponding translational
vector r;, which is found by the position refinement algorithm.

We note that the OPR approach relies on coherent summation and captures the variations in
the phase and amplitude of the probe. Our approach is based on incoherent summation and
considers partial coherence of the probe and spatial fluctuations of its intensity.

2.3.3. Loss function modifications: mode orthonormalization and denoising

The flexibility of the AD-based methodology permits varying the loss function independently of
other parts of the reconstruction to further regularize the optimization problem. We modified the
standard likelihood-based loss function (Eq. (2)) to orthonormalize the reconstructed modes and
enable simultaneous denoising during the reconstruction.

Radiation generated by a partially spatially coherent source can be expressed as a sum of
mutually orthogonal modes [43]. As has been shown in [44], restricting modes to an orthogonal
basis dissolves the ambiguities and provides a unique reconstruction of modes.

For non-AD ptychography the mode expansion and orthogonalization could be carried out
analytically within the algorithm or numerically after each iteration by TSVD. It can be seen
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from Eq. (8) that any choice of basis vectors may lead to reconstruct the intensity. Therefore,
the orthogonalization can be integrated into the phase retrieval that aids interpretation of the
reconstructed modes. Otherwise, the orthogonalization can be implemented as a final step after
the reconstruction is finished.

Both approaches enhance the analytical and computational complexities without leaving any
flexibility. However, in the case of an A-AD reconstruction, this constraint can be integrated
directly into the loss function by adding the following regularization term:

K 2
ROM) = || D" |miems, ~ 1] ©)
iy

where MZ“MJZ = G;, j»i € 1---K is the Einstein notation for a K X K matrix of all possible
mutual dot products of individual modes, and Ix is the identity matrix of rank K. This
regularization forces the reconstructed modes to be orthonormal. Therefore, orthonormalization
of the reconstructed modes can be integrated into the loss function and does not dramatically
increase the reconstruction time.

Additionally, for increasing the robustness of the reconstruction to noise in the measured
intensity patterns, we perform total variation denoising (TVD) [45] by adding a discrete version
of a regularizer to the loss function:

N-1
T(0) ~ V0| = 3 \|Ois1 = Oy +]0igat - O, (10)
i

TVD is an approach for noise reduction developed to preserve sharp edges in the underlying
signal. Unlike a conventional low-pass filter, TVD is defined in terms of an optimization problem
and can be added to the existing loss function. Additionally, it avoids discontinuities in the
reconstructed sample and probe modes.

After adding all aforementioned regularization terms the resulting loss function (1,1, O, M)
used in the optimization process wraps as follows:

L(I,LI,0,M) = &1,1) + y,T(0) + y2R(M), (11)

where &(I, 1) is the likelihood term, T(0) is the TVD regularization term, R(M) is the regularization
term responsible for the modal orthonormalization, and 7y, y, are coefficients that determine the
force of the regularizers. The vy, v, values may be changed dynamically during the reconstruction
process to enable or disable certain regularization terms. Currently, there are multiple gradient-
based optimizers available out-of-the-box for most computational frameworks. Performance
of these methods for the purpose of phase retrieval have never been compared and need to be
evaluated. In our work, we utilized the state-of-the-art adaptive moment estimation (Adam)
algorithm [46] (see Supplement 1, Section S2 for further details).

2.4. Adaptive automatic differentiation ptychographic model

We used a forward model which utilizes the orthogonal probe decomposition and the scan position
refinement algorithms described in sections 2.3.2, 2.3.3, and 2.3.1 for the reconstruction. The
forward pass of the model for calculation of the reconstructed intensity at the j-th scan position is
expressed as

= Y |L faghi - S - Ag (O}, (12)

where Ag, represents an affine transform driven by its parameter matrix 6, S is the support of
the probe function, £ is the propagator determined by the experiment configuration. Due to the
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experimental geometry we used a Fresnel propagator. The computation graph of reconstruction
is given in Fig. 2.
The algorithm of the A-AD ptychographic reconstruction is illustrated below.

Fig. 2. Computational graph of the A-AD model. Input data (measured intensities - Iyeqs)
in brown, operators in red, optimizable variables (modes - M; , modal weights - a;;, affine
transformation matrix - Ag, and object function - O) in blue, intermediate variables in
orange, backward propagation of error represented with dotted line and green color.

Algorithm 1: A-AD ptychographic reconstruction

Data: Measured intensities /, scan positions r;, initial guesses of the probe modes M;,
modal weights a;, sample O, support S learning rates [r for each optimizable
parameter, number of the iterations N, number of batches B.

for n € 0..N do

for b € 0...Bdo

get scan numbers J for this batch number b

forj e Jdo

b Sl L {ayM; S - A {01}

L(I,L1,0,M) = E(I,T) + y1T(O) + y2R(M)

Calculate gradients of the & w.r.t all optimizable parameters

Update all of the parameters by performing step of the ADAM algorithm

Result: Reconstructed sample O, probe modes M;, modal weights a;;, scan positions r;

Currently, there are two main Python frameworks supporting AD which are natively scalable
across multiple GPUs - PyTorch [47] and TensorFlow [48]. Both of them were developed mostly
to be used in neural network development and provide out-of-the-box state-of-the-art optimization
algorithms. PyTorch was selected as the numerical framework for our model.

Overall, ptychography at FELs can be seen as an optimization problem with respect to the
sample, scan positions, probe modes and modal weights. Our A-AD ptychography framework
was designed to solve these type of problems and provide high-resolution sample reconstruction
together with single-shot reconstruction of the probe. This reconstruction of single-shot, varying,
partially spatially coherent probes was achieved with the aid of the A-AD engine.

2.4.1. Experimental setup

In the first ptychography experiment at FLASH the described model was applied and verified. As
has been shown in [19], the FLASH?2 photon pulses are not fully spatially coherent, with the global
degree of spatial coherence { estimated to be approximately 0.56 (depending on wavelength
and accelerator setup). Therefore, the sample was not illuminated fully coherently. Also, in
the same work, a degree of beam position instabilities was observed during the data collection
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that significantly influenced the data analysis and interpretation. Consequently, performing
ptychography requires an approach which tackles robustly those challenges and responds to the
fluctuations.

The experiment was carried out at the beamline FL.24 at FLASH2 at a wavelength of
A = 13.5 nm corresponding to E,;, = 91.8 eV with an average photon pulse energy E, e = 90 uJ.

The experimental setup is shown in Fig. 3. The FLASH2 beam was focused using bendable
Kirkpatrick-Baez (KB) mirrors to focus approximately 2.6 m after the second mirror [12,49].
At this position the KB optics produces a focus of ~x10x10 um?> (FWHM), which was tuned
and characterized using a wavefront sensor [50]. The sample was placed approximately 12 cm
behind the focus leading to a beam size of approximately 300 x 300 um?>. An aperture of 700 um
diameter was placed 1 cm before the sample to filter out those photon pulses whose pointing was
extremely far from the current scanning position. A gas attenuator and metal foil filters were
used to attenuate the photon beam and prevent sample damage, as well as suppress higher order
FEL radiation [51]. Attenuation was also necessary to avoid detector saturation, since no central
beamstop was used.

Detector
plane

KB optics Focus

|
|
|
|
< 55cmy | 2.6 m

\
/

w

N
(31e2s 60]) 53uN0d 1033330
~

-
i

(21835 60]) 53UN0> 10373390

=)

|
N

Fig. 3. (a) Schematic outline of the experimental setup. The FEL beam was focused using
KB mirrors, thus creating a divergent probe geometry. A restricting aperture several times
larger than the beam cross-section was used to limit spatial fluctuations. The sample was
placed approximately 12 c¢m after the focus position. An ANDOR iKon-L SO CCD was
placed in the intermediate field 2 m downstream of the sample. Scanned areas of the sample
shown in the insets. (b) displays the sample and (c-d) are the diffraction patterns measured
by scanning the blue and red boxes.

A 4.5 x 4.5 mm?* Siemens star pattern produced by Norcada Inc. on a 150 nm thick SiN
membrane was used as the sample. The opaque part of the Siemens star was made of 190 nm
thick Au and 10 nm thick Cr layers and is thin enough to fulfil the projection approximation
for A = 13.5nm. At this wavelength, it may be considered a binary black-white object. The
sample has features of 0.5 pm and 300 um size in the central(stripes) and border(letters) regions
respectively as shown in the inset in Fig. 3.
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The sample was mounted on a 2-axis translation stage with scanning axes perpendicular to the
optical axis. It was scanned in two regions, the borders of the sample (letters DESY FL) and
the central stripes regions. We used 11 X 11 scan positions on a rectangular grid, with a 20um
step size which is equivalent to 90% overlap. This high degree of overlap was used to ensure
convergence of the reconstruction. The scanned areas (letters and stripes) are shown in the insets
in Fig. 3. Ten measurements per position were taken and the most intense diffraction pattern
selected for the analysis, corresponding to the FLASH pulse with the maximum photon flux. The
restricting aperture reduced the influence of not ideal pointing stability on the beam positioning.
However, we observed no effect of it in the beam, which means that the pointing stability was
significantly better than the size of the aperture.

An ANDOR iKon-L SO CCD camera with a pixel size of 13.5 wm and 2048 x 2048 pixels was
placed 2 m behind the sample to measure the diffraction patterns. This results an oversampling
factor A. zgq/paer- D = 2.5. Here, A is the wavelength, zy,; is the sample-to-detector distance, the
detector pixel size is pg.r and D is the diameter of the beam or the aperture confining the beam
[37,52].

Based on geometry and wavelength, the paraxial Fresnel propagator £ is given as [35]

i ko ko, ko,

-Ez,f {\PZ(),PO} = ll‘z,p' = _/l_Z exp(lz_zp ) -F {CXP(lz_ZpO) : eXP(—lgpo) : \PZ()‘,DO > (13)
where ¥, is the complex wave field at a distance z in transverse coordinates p = (x,y), po and
p denote the coordinates at the initial and resulting plane respectively. F {-} is the Fourier
transform, z is the propagation distance, f is the distance to the focus position, and k is the wave
number.

2.5. Computational parameters

Although the proposed model simplifies the reconstruction process, it cannot be efficiently
applied for a ptychographic reconstruction without choosing a suitable optimizer and optimal
set of learning rates. They can be adjusted using different techniques such as a grid search or
considered a globally constant value. In this work, we followed [53] to finetune the learning
rates (see Supplement 1, Section S2 for further details). This procedure was repeated for each
optimization parameter and a final set of the learning rates /. was obtained as reported in Table 1.

Correctly selected learning rates guarantee the fastest convergence to a unique and stable
solution during the reconstruction. Too low values of the learning rates result in very small
updates to the optimized parameters and therefore too slow convergence, while too high values
lead to rapid changes of the corresponding parameters and instability of the algorithm. However,
small deviations from the optimal learning rates still allow the algorithm to reach a solution at
the cost of longer computational time.

Table 1. Optimizable parameters and
corresponding learning rates.

Symbol Learning rate
Object 0 5% 1072
Probe modes M; 1x1073
Probe weights ;i 1x10°
Affine parameters Ao 5% 1073

During this work we always used the maximum possible batch size to speed-up the computations.
The optimization routine was distributed across four Quadro M6000 Nvidia GPUs with 12 GB
memory on each. This distribution allowed us to set the batch size to 120 for a single mode
(averaged coherent pulse) and 40 scan points for multi-modal reconstructions with 9 modes.
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The central 1024 x 1024 pixels of the diffraction data were selected for reconstruction to
ease the computational costs. Background noise was subtracted by using an average of 100
dark frames with a subsequent zeroing of the negative values. The reconstruction was carried
out using the model described in Section 2.4. The initial probe assumption was obtained by
backpropagating of the square root of the averaged intensities measured without sample in the

beam to the sample plane.
P=L {ﬁ } (14)

The sample was initiated with random module values ranging between 1 and 0 and a planar
phase. During the reconstructions, we have used several different starting guesses to initiate
the reconstructions including a fully randomized object transparency ranging between [0,1] and
phase in [0,27]. Also, a fully transparent object and an object with randomized transmission
varying in the range of [0,1] with a planar phase were used. Overall, for all given scenarios, the
reconstructions converged reliably to a similar final error.

The loss function in form of Eq. (11) was optimized during the reconstruction process.
Additionally, the quality of the reconstruction was estimated by the average error per pixel as
follows:

~12

i - 1
rec = N N 12 s (15)
L1l

where I; is the reconstructed intensity, I; is the measured intensity, and N is the batch size.

3. Results
3.1.  Preliminary reconstruction using automatic differentiation

As a first step, we performed a reconstruction with an AD-based ptychography model without
any adaptations. This approach not only gives an insight into the pure AD-based model, but
also yields a result similar to the common and well-known ptychographic engines [28]. The
same fully coherent illumination was assumed for all scan positions and position refinement
was not performed. The reconstruction procedure consisted of 200 iterations of an object-
only optimization followed by 350 iterations of joint optimization of object and probe. The
reconstruction of the stripes region did not converge to any meaningful result and the reconstructed
letters-area was significantly distorted. The reconstructed probe and sample functions are shown in
Fig. 4. The results illustrate that AD-based models may not perform satisfactorily in ptychography
experiments at FLASH?2 (a SASE FEL) since they cannot represent the spatial fluctuations of the
beam and its partial coherence correctly. Therefore, we incorporated additional parameters into
the AD-model to form an A-AD variant.

3.2. Reconstruction with the adaptive automatic differentiation based model
3.2.1. Effect of the automatic differentiation based position correction

First, a reconstruction using a fully coherent probe and a simultaneous scan position refinement
was conducted to evaluate the performance of the position correction procedure and to determine
if a reconstruction under this assumption is appropriate for SASE FELSs.

The optimization procedure consisted of a total of 1700 iterations. During the first 200
iterations only the sample function and the scan positions were optimized. Then, the probe
function was included for 1000 iterations with a TVD regularization. The TVD regularization
preserves the structural details while removing noise and discontinuities. So, over- or under
regularization with the TVD term may degrade the overall resolution by removing small sharp
features.
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Additionally, during the first 700 iterations the numerical support was applied. This step is not
critical for the algorithm convergence, but, as shown in [28], it can speed up the reconstruction
by centring the probe.

The reconstructed sample functions for the stripes and for the letter-regions obtained after
this step are shown in Fig. 5(a) and (b), respectively. The scan position refinement retrieved
some features missing in the first reconstruction such as the upper lines in Fig. 5(b), and removed
striped artefacts present in the probe and the sample reconstructions using raw positions (red
arrows in Figs. 4(b), 4(a)). In this step, the stripes-part of the sample (Fig. 5(a)) converged to a
meaningful result. However, it was reconstructed only in the very centre and was accompanied
with numerical artefacts. The reconstructed probe function is shown in Fig. 5(c). It can be seen
as an averaged coherent beam illuminating the sample during the ptychographic scanning.
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Fig. 4. Results of the ptychographic reconstruction with the AD-based ptychography
model using the approximation of a fully coherent and unchanging probe for all of the scan
positions without position refinement. (a) reconstructed sample amplitude from the letters
area. (b) reconstructed probe function, complex values represented by domain coloring
with saturation representing the modulus and hue representing the phase according to the
colorwheel. Reconstruction artifacts resulting from imperfectly known positions shown by
red arrows.

(b) ' (c)

Fig. 5. Results for the reconstruction using an assumption of a fully coherent average beam
with a simultaneous position correction. (a) Reconstructed modulus of the stripes-area of the
sample. (b) Reconstructed modulus of the letter-area of the sample. (c) Reconstructed probe
assuming full coherence and the same illumination for all of the scan points; represented
with domain colouring according to the colour wheel.

To evaluate the stability of the refined scan positions we performed several independent
reconstructions. The obtained scan position maps are shown at the Fig. 6 together with the
initially assumed scan positions. As the scan position refinement algorithm is stable enough to
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reconstruct most of the scan positions within sub-pixel distance from their previous values during
the trial-to-trial examination, it can be concluded that it works reliably.
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Fig. 6. scan position maps (red crosses) and those obtained from the AD-based posi-
tion refinement algorithm (circles, different colors correspond to different independent
reconstructions). Most of the retrieved scan positions show a sub-pixel stability.

After this step (1700 iterations) of the reconstruction, the value of the loss function (blue curve
Fig. 7(b)) was reduced down to 50% of the minimum loss function value achieved during the
AD-based reconstruction without position refinement (orange curve Fig. 7(b)) with an average
error per pixel E,,. = 3%. The resolution of the reconstruction was estimated by the Fourier ring
correlation (FRC) method [54] using two independent reconstructions of the letter region. The
resolution at 0.5 bit cut-off was found to be approximately 3.11um (blue curve Fig. 7(a)).
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Fig. 7. Comparison of the FRC curves (a) and loss function values (b) of different
reconstruction regimes. For both (a) and (b): AD-based reconstruction - orange curves;
Average beam with position refinement - blue curves; Multi-modal - green curves. (a)
Resolution estimated using FRC. The red dashed line represents the 0.5 bit threshold. (b)
Evolution of the loss functions during the reconstruction process. Dashed vertical lines
mark: the iterations at which the probe optimization was started — 200, support was removed
— 700, TV denoising of the sample was started — 1200, and the reconstruction in the partially
coherent approximation was started - 1700.

3.2.2. Reconstruction with a partially coherent and spatially fluctuating beam

At the next stage of the reconstruction, the obtained sample and the average probe function were
used as the initial data for the multi-modal reconstruction. It lasts for 200 more iterations during
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which the sample, the main modes and the unique modal weights for each of the scan positions
were reconstructed. The reconstructed main modes and their average weights are shown in Fig. 9.
The average error per pixel was estimated as E,,. = 0.1%. The loss function (green curve in
Fig. 7(b)) has decreased more than one order of magnitude in comparison to the reconstruction
using an average beam and position refinement (blue curve in Fig. 7(b)).

The reconstructed letter-part of the sample is shown in Fig. 8(a). The left part of the sample
which was distorted when using the fully coherent reconstruction, (see Fig. 5(b)), can now be
clearly distinguished using the multi-modal reconstruction. Additionally, the upper left part of the
sample, which was not reconstructed previously due to a dim illumination, is now visible. The
resolution resulting from this reconstruction was estimated as 2.68 um (green curve in Fig. 7(a)).
Finally, the multi-modal reconstruction procedure with position correction was repeated for the
central region of the sample with the modes obtained for the letter-region reconstruction used
as the initial assumption for the probe. The reconstruction of the stripes-region is shown in
Fig. 8(b). In contrast to the fully coherent reconstruction, the multi-modal reconstruction was
able to retrieve a much larger part of the sample with an average error per pixel of E,.. = 0.5%.
The image obtained is partially blurred as the size of the stripes in the center is less than a
micrometer.
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Fig. 8. Sample modulus in the letters (a) and stripes (b) areas reconstructed in the
multi-modal approximation.

3.3. Single-shot beam characterization

The unique properties of each SASE FEL pulse prompt the use of ptychography models capable
of reconstructing not only average but also single-shot probe properties. Our A-AD based model
can reconstruct the main coherent modes of the FEL radiation together with unique modal weights
for each individual shot. The modal expansion can be used to reconstruct and analyze each FEL
shot individually. We used the reconstructed coherent modes and modal weights to characterize
the global degree of spatial coherence of the FEL radiation.

The reconstructed coherent modes M; describing the single-shot probe variations are shown
in Fig. 9 with their average weights «;. It is possible to determine an average global degree of
transverse coherence of the FLASH radiation considering the retrieved modes and their average
weights a; from Fig. 9. If all the modes originate from the partial coherence of the FLASH2
source we can estimate its degree of transverse coherence from the mode weights [55] as

_ X B
(X B

This result is in agreement with coherence measurements performed at FLASH2 [19] and
FLASHI1 [25].

e =54%; B; = a’. (16)
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Fig. 9. Probe modes at the object plane reconstructed under partial coherence approximation
and their average weights. Amplitude mapped in brightness and phase in hue. Average
modal weights shown in upper-left corners.
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Fig. 10. Global degree of spatial coherence calculated for each reconstructed single-shot
probe. Results obtained from several independent reconstructions are plotted on top of each
other and distinguished by color. The overlap of the obtained values indicates a high stability

of the reconstruction.
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It is also possible to use the retrieved modal weights a;; to estimate the shot-to-shot fluctuations
of the FLASH pulses and their spatial coherence, since our reconstruction algorithm provides
unique modal weights «;; for each individual shot. To ensure the stability of the reconstruction
with respect to the coherence properties, we performed several independent multi-modal
reconstructions from the same diffraction patterns measured in the letter-area. The single-shot
global degree of spatial coherence was determined from each of the reconstructions and for each
scan position according to Eq. (16). The obtained values are presented in Fig. 10 and show that
our algorithm steadily converges to the same values of single-shot global coherence degree for
independent reconstructions.
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Fig. 11. Distribution of the reconstructed modal weights for three groups of pulses binned
by their intensity. The higher relative weight of the first mode corresponds to more coherent
shots.

Further analysis of the modal weights distribution for individual shots may give additional
statistical insights about the SASE FELs performance. The modal weights distribution for pulses
grouped by their intensity into three different equal sized bins is shown in Fig. 11. We did not
find a significant dependence between the intensity of the pulses and their coherence degree.

The access to the single-shot modal weights gives us the ability to spatially characterize each of
the reconstructed shots individually (see Supplement 1, Section S3), while average characteristics
may be estimated from the investigation of the main mode (with the highest average weight).
We numerically propagated the main reconstructed mode into the vicinity of the focal plane
to investigate the focus of the KB mirrors. The sections of the propagated main mode are
shown in Figs. 12(a),12(b). The blue and orange dashed lines indicate the sample and focus
positions respectively. The x and y focal planes were estimated by the maximum sharpness of
the propagated beam [56] at 12.3 cm and 13.5 cm upstream of the sample. The main mode
propagated to the plane of the second KB mirror is shown in Fig. 12(c) The reconstructed modes
and their single-shot weights may be used for the reconstruction of the individual FLASH pulses.
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Fig. 12. Horizontal (a) and vertical (b) caustics of the propagation of the reconstructed
main mode. Sample and focal planes shown with blue and orange lines, respectively. The
horizontal and vertical focal planes are different due to the astigmatism that the KB system
had in this special setup. (c) Main mode backpropagated to the second KB mirror plane
with tilts and defocus removed. Complex values shown with domain coloring, with modulus
mapped to saturation and phase mapped to hue.
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4. Discussion

In this work, A-AD ptychography was introduced as a practical scheme for performing pty-
chographic imaging at FELs. In the proposed implementation, we considered the effects of
fluctuations of the probe, such as pointing instabilities, intensity fluctuations, partial spatial
coherence and wavefront variations, and limited precision of the sample scanning. A proper
forward model to optimize pulse and sample recovery was developed. A more generalized
implementation can involve complex noise and detector response models [57], multi-slice sample
recovery [7] and multi-color forward models [58].

As a proof of concept, we have performed ptychographic imaging at the FLASH?2 variable
micro-focus beamlime FL24 [12]. A successful reconstruction of a sample and a partially coherent
probe was performed. The single-shot probe fluctuations were estimated using the reconstructed
main modes and modal weights. We performed the reconstruction at an intermediate Fresnel
distance [35], without cutting the beam or selecting the most coherent part. This allowed us to
utilize the full flux of the FEL source, and, advantageously, perform a detailed shot-to-shot FEL
pulses characterization.

The set of retrieved pulses was represented in the basis of mutually incoherent modes with the
varying modal weights. The existence of such a common basis for the FEL pulses measured
at the FLASH?2 allows the application of the mixed-state ptychography at FELs. Indeed, a
series of several-shot long-exposure measurements can be performed for each scan position.
Averaging through the intensity measured for each scan position increases the photon flux and
the signal-to-noise ratio [26]. Since the basis is known, the average intensity can be expressed in
vectors of it. Therefore, the application of mixed-state ptychography [3] is extended to FELs
with a chance of obtaining a better reconstruction.

A 90%-overlap scanning pattern was combined with a restricting aperture to decrease the
expected significant spatial fluctuations of the FLASH pulses. Since the restricting aperture was
several times larger than the beam size, we never observed that it plays a significant role in the
analysis. Additionally, the scan position correction algorithm converged steadily for all positions.
Therefore, it would be possible to decrease the overlap safely to 60% preserving the sampling
requirements [52] and without disturbing the algorithm convergence.

We described the influence of partial coherence in the model by expressing the probe in terms of
orthogonal modes. The modal expansion continued until the last mode’s weight occupied below
1% of the total intensity distribution. A lower rank representation may prohibit a full description
of the probe. On the other hand, a higher rank of representation will increase the computational
load. A preliminary understanding of the modes can be obtained with various techniques such as
[17,25,59]. We also note that multi-modal reconstruction can improve the retrieval quality for
fully coherent pulses since less significant modes (appearing after the dominant) can absorb the
noise of the diffraction patterns. Generally, the multi-modal analysis always results in a better
reconstruction for SASE FELs with partial coherence. Notably, analysis of the modal weight
could also be employed to improve the performance of the beamline optics by optimizing the
focusing of the most significant contributing modes.

The experimental geometry can be further optimized to improve the achievable resolution.
Decreasing the sample to detector distance together with use of the shortest possible focusing
distance for the KB mirrors would allow for sub um resolution at A = 13.5nm at beamline FL.24
at FLASH. Another way of improving the resolution would be the use of a detector with higher
dynamic range and possibly a beamstop.

We used a bilinear kernel for differentiable sampling in our scan position correction routine. In
general, any formalism providing gradients of the error metrics with respect to the scan positions
and the sample function can be used. We chose a bilinear kernel due to its low computational
load and artefact-free results. We note that most of the similarly developed algorithms [5,6]
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cannot be integrated within the forward model which significantly reduces the possibility of
parallel computation and increases the computational load.

Within this work, we used an Adam optimizer. Other gradient-based optimization techniques
can be straightforwardly substituted. However, the analysis of the performance is out of the scope
of this work.

The global degree of coherence estimated from the reconstructed data in Fig. 10 varies from
40% to 60%. The fluctuations are mostly produced by changes of the intensity of the dominant
FEL modes. However, a further study is required to estimate the precision of the proposed
method and determine the minimum values of the global degree of coherence which will still
allow successful ptychographic reconstruction. Additionally, a thorough study on the changes of
the estimated global degree of coherence for different FLASH settings is required.

5. Conclusion

We have developed an adaptive AD-based forward model including a fully AD-based position
refinement routine which is capable of analyzing ptychography experiments at SASE FELs. We
applied it to the first ptychography measurements at the FLASH? facility. The A-AD approach
enabled us to successfully retrieve a test sample and characterize single-shot pulses of a SASE
FEL without suppressing inherent fluctuations or selecting the most coherent part of the photon
pulses.

The AD nature of the presented work removes the need for cumbersome analytical calculations
and allows significant methodological advancements for hard and soft X-ray CDI. Applications
of our A-AD routine can be extended to the recently growing field of electron ptychography, as
well as 3D ptycho-tomography at FELS and synchrotrons. In addition, all techniques discussed
in this work can be applied directly to the field of visible and Fourier ptychography as well.
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