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1. Introduc on

1.1. X-ray Facili es and Applica ons

X-rays define a specific region of the electromagne c spectrum characterized by a very short
wavelength ranging from 0.01 nm to 10 nm. This makes them suitable for probing structures
much smaller than those usually accessible with visible light. X-ray photons carry a sufficient
amount of energy to ionize atoms and disrupt molecular bonds. Due to these proper es, they
contribute to a vast range of applica ons, in fields such asmaterial science, chemistry, medicine
and life sciences, environmental and earth sciences and even in cultural heritage studies.

The first ever and s ll the most commonly used X-ray source is the X-ray tube, ini ally
developed at the end of the 19th century. The next major source for X-rays is synchrotron
radia on, demonstrated experimentally in the 1940s using a tabletop system followed by the
appearance in the 1970s of machines dedicated to applied science. Although synchrotrons
represent a far larger and more expensive alterna ve to regular laboratory X-ray sources,
the possibility of hos ng up to 50-60 experiments simultaneously reduces the cost price.
Synchrotron radia on offers the advantage of a highly collimated and much brighter beam
with tunable energy. Currently, diffrac on-limited storage rings have opened (MAX IV) or
are planned (ESRF, Sirius, PETRA IV, Diamond, APS, Soleil, SPring8) around the world. The
substan al reduc on of emi ance with respect to previous synchrotron accelerator la ces
results in an increase of the brightness and horizontal transverse coherence by one order of
magnitude or more and in a decrease of the pulse dura on [1].

On the other hand, other technologies are employed to develop new types of X-ray sources,
such as laser-powered sources or X-ray free electron lasers (large scale facili es such as SACLA,
LCLS, European XFEL). These sources aim at producing ultrashort pulses in order to enable the
probing of ultrafast processes such as the forma on or breakup of chemical bonds. In total, 60
synchrotrons and free electron lasers facili es are currently in opera on or under construc on
in the world.

This project has received funding from the European Union’s Horizon 2020 research and
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1.2. X-ray Wavefront Sensing

One challenge in the case of imaging applica ons, whatever the technology employed for
genera ng X-rays, is to find a suitable tool for wavefront metrology. Online metrology is crucial
to characterize the influence of op cal components present along the beam and op mize its
proper es. Some of the current most popular choices for wavefront sensing are the Hartmann
and gra ng-based sensors, e.g. [2–5]. Although effec ve, these instruments suffer from a
number of drawbacks such as a limited spa al resolu on dependent on the grid used or the
pitch of the gra ng and the need for a delicate calibra on to account for wavefront modulator
imperfec ons. An alterna ve technology suitable for the hard X-ray regime (energy ≳ 10

keV, or wavelength < 0.12 nm) is a speckle-based wavefront sensing approach. A device
based on this principle can overcome some of the disadvantages of the compe ng technologies
[6].

In the frame of the EUCALL WP, Pulse Characterisa on and Control (PUCCA) project, the ESRF
is designing a wavefront sensor prototype for the hard X-ray energy regime based on the
principle of X-ray speckle tracking. Alongside this instrument, we also developed a dedicated
and versa le so ware package for wavefront retrieval and reconstruc on from speckle
experimental data.

The present report is structured as follows: Chapter 2 presents the working principle behind
our instrument, gives details regarding the experimental workflow and detector calibra on,
and describes our so ware implementa on for wavefront computa on, including a study
on so ware op miza on possibili es as a contribu on of our colleagues from EUCALL WP5,
Ultrafast Data Acquisi on (UFDAC); Ch. 3 describes the instrument and its main components;
Ch. 4 gives an overview of the experimental campaigns through which the instrument was
tested at three different large-scale X-ray facili es; finally, Ch. 5 presents our main conclusions
and Ch. 6 acknowledges the effort of all those involved in this project.

This project has received funding from the European Union’s Horizon 2020 research and
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2. X-ray Speckle Tracking Principle and
So ware Package

2.1. X-ray Speckle Tracking Principle

Figure 2.1: XST principle [7]

The X-ray Speckle Tracking (XST) principle relies on using speckle grains as markers of the
trajectory of the X-rays. In brief, by considering two speckle images, a cross-correla on
algorithm can iden fy small subsets of pixels from the first image in the second, from which
the wavefront gradient is eventually recovered. Then, through bidimensional integra on, the
wavefront is reconstructed.

Thus, a key component of the XST method is the cross-correla on algorithm. To fulfil this
func on, we use the TemplateMatching algorithm implemented in C++, interfaced for Python
through the OpenCV2 library [8]. This algorithm looks for a small template subset T , of size
a · b, in a larger search areaA, of sizem · n, and returns a correla on matrix, of size (m− a+

1) · (n − b + 1). This matrix contains numerical values from -1 to 1, where values close to 1
represent a strong correla on and values close to -1 represent a strong an -correla on. The
computa on of the cross-correla on matrix calls for a cross-correla on criterion. In XST, we
use a normalized correla on coefficient-based criterion (method = cv2.TM_CCOEFF_NORMED
in the TemplateMatching code [9]):

This project has received funding from the European Union’s Horizon 2020 research and
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R(x, y) =

∑
x′,y′(T

′(x′, y′) · A′(x+ x′, y + y′))√∑
x′,y′(T

′(x′, y′))2 ·
∑

x′,y′(A
′(x+ x′, y + y′))2

(2.1)

where:

T ′(x′, y′) = T (x′, y′)− 1
w·h

∑
x′′,y′′ T (x

′′, y′′)

A′(x′, y′) = A(x+ x′, x+ y′)− 1
w·h

∑
x′′,y′′ A(x+ x′′, x+ y′′)

(2.2)

The correla on matrix returned by the template matching algorithm is then used to compute
the rela ve displacement of the central posi on of the template subset rela ve to the central
posi on of the search area. To obtain the full displacement map, all template subsets centered
onto pixels of a grid of Image 1 must be searched for in corresponding search areas in Image 2
(Fig. 2.2 illustrates the flow diagram of the corresponding subrou ne in our code, cross_spot).
This process involves a first and a second pass. In the first pass, a coarse grid is applied to the
image, centering a template subset in each pixel of this grid in Image 1 with a corresponding
larger search area in Image 2. Assuming a rigid transla on between the two images, it is
necessary to correct for this when defining the posi on of the search area. This is the role
of the parameter called mode. Next, all template subsets and corresponding search areas
are run through the cross-correla on algorithm. An ini al pixel-accurate displacement map is
computed and is interpolated to obtain a value for all image pixels and not only those of the
coarse grid. Later, the second pass is run, defined on a finer grid. This second pass consists
of a loop where parameters, such as the template subset size, are op mized. In prac ce,
the template subset size is gradually increased from one itera on to the other to gain in
robustness: the cross-correla on is run several mes for certain points with weak correla on
peak values, un l the errors in each control point are sa sfactorily minimized. Finally, the
obtained displacement maps are again interpolated for all the pixels in the image to recover
the original sampling resolu on. This sec on of the code is one of the most me consuming
parts of the program. For this reason it was the object of the op miza on efforts presented in
Sec. 2.5.

This project has received funding from the European Union’s Horizon 2020 research and
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Figure 2.2: cross_spot subrou ne workflow diagram

2.2. Detector Calibra on and Computa on of the Detector
Distor on

A wavefront sensing experiment employing our instrument can be divided in two main parts
as sketched in Fig. 2.3: an ini al calibra on phase and a erwards a measurement cycle. The
calibra on requires first the collec on of dark images, i.e. without X-ray beam, with the same
dura on as for the future measurements that will be averaged. The resul ng image, Idark, is
used to account and par ally correct for the electronic noise inherent to the detector camera.
A erwards, a set of flat images without the membrane is recorded at different transverse
posi ons of the detector with respect to the beam. This me, the averaged flat image, Iflat,
is used to remove the defects present in the visible light scin llator. When two detectors are
used, these steps have to be performed for each detector. Later on, every measured speckle
image is corrected as follows:

Ispeckle =
Iraw − Idark
Iflat − Idark

(2.3)

This project has received funding from the European Union’s Horizon 2020 research and

innova on programme under grant agreement No 654220
9



EUCALL Deliverable D7.7 Report

Figure 2.3: Experiment and data workflows

An important step for the detector calibra on is the characteriza on of its distor on, in order
to correct for the aberra ons arising from the op cal components of the imaging detector.
This well-defined detector distor on calibra on protocol represents one of the important
advantages offered by a speckle-based wavefront sensor over its compe tors that tend to
elude the issue [6]. In prac ce, this calibra on process requires images collected by moving
each detector in an equally-spaced two-dimensional mesh grid in the transversal plane with
respect to the beam. Mathema cally, the distor on-free image, (xr, yr), can be defined by a
func on, f = (fx, fy), of its distorted equivalent, (xd, yd):

xr = xd + fx(xd, yd)

yr = yd + fy(xd, yd)

When subjec ng the detector to a transla on (corresponding to the step of the grid in each
direc on), for example in the x direc on, hx = h · ex, this translates into a displacement
vector, vxy:

This project has received funding from the European Union’s Horizon 2020 research and

innova on programme under grant agreement No 654220
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vxy · ex =
1

spix
[h+ fx(xd + h, yd)− fx(xd, yd)]

vxy · ey =
1

spix
[fy(xd + h, yd)− fy(xd, yd)]

where spix is the detector pixel size. In the case of a transla on in the y direc on, hy = h · ey,
the displacement vector, v′

xy, will be:

v′
xy · ex =

1

spix
[fx(xd, yd + h)− fx(xd, yd)]

v′
xy · ey =

1

spix
[h+ fy(xd, yd + h)− fy(xd, yd)]

By assuming spix = h
<|vxy |>(x,y)

, the approximate direc onal deriva ves of (fx, fy),
corresponding to the four gradient maps, is obtained by forward difference:

∇xfx(x, y) =
∂fx
∂x

|(x,y) =
vxy · ex− < |vxy| >

< |vxy| >

∇xfy(x, y) =
∂fy
∂x

|(x,y) =
vxy · ey

< |vxy| >

∇yfx(x, y) =
∂fx
∂y

|(x,y) =
v′
xy · ex

< |v′
xy| >

∇yfy(x, y) =
∂fy
∂y

|(x,y) =
v′
xy · ey− < |v′

xy| >
< |v′

xy| >

Finally, the distor on func ons are computed through the numerical integra on of the gradient
map pairs (∇xfx,∇yfx) and (∇yfx,∇yfy) to find the intermediate func on (f ′

x, f
′
y) and then

se ng the integra on constants to zero:

J1 =

∫ ∫ (
∂f ′

x

∂x
−∇xfx

)2

+

(
∂f ′

x

∂y
−∇yfx

)2

dxdy

J2 =

∫ ∫ (
∂f ′

y

∂x
−∇xfy

)2

+

(
∂f ′

y

∂y
−∇yfy

)2

dxdy
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By compu ng these two distor on maps, one can undistort the speckle images as if
they were recorded by perfect detector grids. That calibra on protocol also allows for a
precise calcula on of the detector effec ve pixel size. Within the so ware package, the
compu ng of the detector distor on maps is the role of one of the two core modules,
named detectorDistor on.py, illustrated as a flow-diagram in Fig. 2.4. This module operates
as a double loop through the images collected when moving the detector in the mesh grid
to compare pairs of images in the horizontal and ver cal direc on using the cross_spot
subrou ne. Next, the four resul ng displacement maps are integrated two by two to generate
distor on maps for the horizontal and ver cal direc ons.

Figure 2.4: Detector Distor on workflow diagram

This project has received funding from the European Union’s Horizon 2020 research and
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2.3. Compu ng the Wavefront

The other main core module of the code, waveFront.py, is processing each measured pair of
images in order to retrieve and reconstruct the wavefront, either in differen al or absolute
modes. This module is illustrated in Fig. 2.5. The main steps consist of:

(i) Image correc ons, namely dark and flat fields correc ons, to undistort the images.

(ii) Compu ng the displacement maps between the pair of images, again using the
cross_spot subrou ne.

(iii) Numerical integra on of the resul ng displacement maps to finally obtain the
reconstructed wavefront.

For numerical integra on purposes, our so ware package offers two op ons: an
implementa on of the Frankot-Challappa algorithm [10] using the Fast Fourier Transform (FFT)
or the grad2surf algorithm [11, 12], translated into the Python language [13].

Overall, our wavefront recovery and reconstruc on so ware package was developed such as
to present several key features:

• open-sourced language, the reason for choosing the Python language;

• flexibility, to facilitate the use of different data formats;

• versa lity, for the code to be usable for different metrology modes and expandable for
different wavefront recovery methods;

• completeness, to address both the calibra on and reconstruc on steps;

• poten al for op miza on in order to achieve near real- me processing (see Sec. 2.5 for
discussion)

This project has received funding from the European Union’s Horizon 2020 research and

innova on programme under grant agreement No 654220
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Figure 2.5: Wavefront Reconstruc on workflow diagram
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2.4. Benchmarking Results
C : J S M B

All benchmarks were run on the Haswell par on of the Taurus supercomputer at the
Technische Universität Dresden. Technical details on how these benchmarking computa ons
were performed can be found in [14].

Each configura on used consisted of a dataset and core count. The mes presented here
for each configura on represent an average over five runs that started a er four ini al
warm-up runs. In each case, the pure execu on mes of the scripts and individual func ons
were recorded. From these, input/output (I/O) mes were excluded. The number of cores
was varied from one to twenty-four and each benchmark ran exclusively on one node. To
evaluate the performance of the present implementa on, several types of data sets were
used, however here we will only show the results obtained using the data sets from [15]
measured in differen al mode.

To iden fy bo lenecks and par cularly me-consuming func ons, the program execu on
mes and total number of func on calls were logged. An overview of the complete program

with its subrou nes and their share of the total computa on me is shown in Fig. 2.6a. This
clearly shows that most of the computa onal me is needed for speckle tracking. A more
detailed temporal distribu on of the me consumed by each step involved in the speckle
tracking process is shown in Fig. 2.6b. This shows that the second pass is the most demanding
sec on of the code. The cumula ve me of the top five most computa onal-intensive
func ons from all configura ons (shown in Fig. 2.6c) adds up to more than 95% of the total
me.
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Figure 2.6: Percentage of run me consumed by the main subrou nes in the base Python code
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The main reason why such long computa on mes (e.g. several minutes for one image
pair when running on one core) are needed for the template matching process and subpixel
interpola on is due to the elevated number of func on calls. For example, a run involving 10
pairs of images (lenses - Set 1) resulted in over 22.5 million calls. In each of these calls, the
template matching and subpixel interpola on are used only once. In addi on, except for the
template matching, the second run makes only minor use of already op mized libraries like
numpy, that nevertheless increase the Python overhead.
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Figure 2.7: Speedup of base Python implementa on rela ve to the increase in the number of
processing cores used

In the speckle tracking process, the calls within the second pass are parallelized by means of
joblib. This uses the standard mul processing library, which creates a fork of the en re Python
environment for each thread [16]. The high computa on me needed for gradient integra on
is related to the size of the image used. Overall, the program has a poor CPU u liza on of only
19.635% on average [17], which o en means that some of the cores are not used at mes or
are only slightly used. This shows that much could be gained with further op miza on.
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2.5. Paralleliza on of the Wavefront Reconstruc on Algorithm
through Mul -core Processing

C : J S M B

As part of his Bachelor thesis [14], J. Schenke studied several possibili es for parallelizing and
then op mizing the code to ensure faster processing mes. This included:

• parallelizing the processing of a batch of image pairs by means of MPI, by distribu ng
each pair over a computa onal core.

• the use of parallel compu ng within the processing of an individual image pair by means
of MPI.

• op mizing performance by elimina ng bo lenecks within the Python version.

Fig. 2.8 shows a significant speed-up of the final MPI implementa on when compared to the
Python implementa on. Tests performed using data sets containing CRL measurements in
differen al mode showed a maximum accelera on factor of 40 for Set 1.

During the course of this study, several more trivial op miza on solu ons have been
implemented, ul mately showing that further poten al in terms of op miza on can be
achieved. For example, node-internal communica on could be donewith intra-communicators
or shared op mized memory to reduce the copying effort of the data. Although many
op miza on solu ons have already been implemented in this work and a high speed-up has
been achieved, more could be gained. restart numbering of figures a er partIt would be
possible to accelerate the gradient integra on and also form data blocks based on the most
frequently called func ons, processing them in such a way that the overhead of the func on
calls decreases. Further processing of these data blocks by means of numpy, numexpr or
numba could be a empted. The CUDA and OpenCL interfaces for numba could also be used
here, implemen ng a General Purpose Compu ng on Graphics Processing Units (GPGPUs)
outsource.

Another point to improve would be load balance. This would mean grouping the image pairs
into packages and edi ng them one a er the other so that a con nuous opera on could
be achieved. Other op miza ons of the algorithm are s ll conceivable, for example in the
template matching part and the ini al calibra on.

This project has received funding from the European Union’s Horizon 2020 research and
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Figure 2.8: Speedup of op mized implementa on rela ve to the increase in the number of
processing cores used
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3. Descrip on of the Instrument

3.1. Short Overview of the Instrument

Figure 3.1: Sketch of experimental setup for absolute wavefront metrology

The proposed prototype is a hard X-ray wavefront sensor based on the speckle tracking
principle, and whose elements can be adapted to work with different types of X-ray sources
and experimental configura ons. To demonstrate this, we tested the instrument at three
different X-ray facili es: the BM05 beamline of the ESRF, the Femtosecond X-Ray Experiments
(FXE) instrument of the European XFEL and the X-ray Pump-Probe (XPP) instrument of the LCLS.
More details on these experimental campaigns are given in Chapter 4. The considera ons
behind choosing certain specific components for our instrument are detailed in the present
chapter.

This project has received funding from the European Union’s Horizon 2020 research and

innova on programme under grant agreement No 654220
19



EUCALL Deliverable D7.7 Report

We aim at providing a metrology instrument usable in two modes:

(i) The differen al mode permits the characteriza on of wavefront varia ons between
consecu ve measurements (e.g. for a high-repe on pulsed source) or varia ons
generated by the introduc on of new op cal elements in the beam path. This mode
allows for instance for the individual characteriza on of op cal elements. It was used
at the ESRF for the individual characteriza on of each X-ray refrac ve lens composing
an op cal system [15]. This configura on requires only one detector and one speckle
membrane. When further X-ray measurements are desired downstream from the
wavefront sensor, the op cal arrangement composing the detector system has to be
semi-transparent. Otherwise and more generally, the detector acts as a beamstop by
absorbing fully the X-ray beam.

(ii) The absolutewavefrontmeasurementmode characterizes the global wavefront obtained
from the contribu on of all op cal elements present along the beam. Thismode is useful
for overall beamline op miza onmeasurements. However, it is also more demanding as
it requires the use of two synchronized detectors plus a speckle membrane (see Fig. 3.1).
In addi on, the first detector op cs must be semi-transparent and designed so that both
detectors receive similar flux levels.

At a large-scale X-ray facility, the par al coherence of the beam is sufficient for applying the
speckle tracking principle. The genera on of near-field speckle as a random intensity pa ern is
then made possible by the interference between the directly transmi ed beam and the waves
sca ered from amembrane that plays the role of a random phase object. The resul ng speckle
grains act as trajectory markers of the X-ray trajectories, eventually permi ng the extrac on
of the two wavefront gradients, corresponding to the ver cal and horizontal direc ons, from
one single measurement. In a more general sense, the speckle membrane plays the same
role of wavefront modulator as the gra ng does in other sensors. Nonetheless, the speckle
membrane offers the advantage of being economical and much easier to supply for instance in
case of beam damage or different feature size requirements (speckle size/gra ng pitch) for the
experimental configura ons, e.g. when using detectors with different pixel sizes.

Other speckle-based approaches and processing methods exist for wavefront retrieval. These
alterna ve methods can provide higher resolu on or/and sensi vity although at the cost of
longer data collec on mes. Our code was designed for the X-ray speckle tracking method
(XST), i.e. for comparing two speckle images obtained either in differen al or absolute
metrology modes. However, future work could permit the adapta on of the code to handle
the X-ray speckle vector tracking method (XSVT) [18].
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3.2. Detectors

Depending on the chosenmetrologymode, our instrument requires oneor two indirect-conversion
X-ray detectors for micro-imaging. The overall scheme for such a detector is well known since
the 1990s [19], typically consis ng of a thin-film scin llator, a high-resolu on visible light
microscope objec ve and a camera. For the absolute metrology mode, where at least one
semi-transparent detector is needed, one extra component is needed - a semi-transparent
mirror lted at 45 deg that allows part of the X-ray beam to pass while reflec ng the visible light
produced by the scin llator towards the camera mounted on the ver cal axis, perpendicular
to the beam (see Fig. 3.2). The following subsec ons discuss the main components of such a
detector within the context of our instrument.

(a) (b)

Figure 3.2: Semi-transparent detector: a) internal sketch; b) CAD model.

3.2.1. Cameras and triggering

For the absolute metrology mode, two cameras model PCO Edge 4.2 were used during the
commissioning at BM05/ESRF and during the experiments at FXE/European XFEL. This sCMOS
(CIS2020 sensor) camera model features a 2048 x 2048 pixels resolu on, a high dynamic range
33 000:1 and a recording speed of up to 100 fps using a rolling shu er with an adjustable
exposure me ranging from 500 μs to 2 s. The sensor pixel size is 6.5 μm × 6.5 μm. For the
LCLS experiment, two Andor Zyla 5.5 cameras were used, having similar characteris cs to the
fore-men oned PCO Edge cameras (sCMOS sensor, 2560 x 2160 pixels resolu on, 25000:1
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dynamic range, recording speed up to 40 fps with USB 3.0 connec on, global and rolling
shu ers available).

For the absolute metrology mode, simultaneous hardware triggering of the cameras had to
be ensured. For the ESRF and FXE/European XFEL experiments, Roberto Homs (ESRF) wrote a
so ware patch to complement the official PCO Camware program to ensure that both cameras
start taking pictures at the same me and in sync. To compensate for different internal
processing mes of the two cameras and insure that they start acquisi on simultaneously, an
OPIOM card was included in the triggering scheme.

To capture each individual pulse in differen al metrology mode during the FXE/European XFEL
experiments, we used a high-speed camera, UHS Hyper Vision HPV-X2 (Shimadzu Corpora on,
Japan). In order to achieve up to 5 Mfps recording speed, this camera employs a different
read-out strategy, storing a limited number of images, up to a maximum of 128 frames, on
a dedicated memory chip, that are then read out at a slower speed. The camera FTCMOS2
image sensor has 400× 250 effec ve square pixels with a size of 32 μm. The dura on between
frames can be tuned as mul ples of 10 ns, offering variable frame rates from 60 fps to 2 Mfps.
Image acquisi on can be hardware triggered. However, the internal camera clock cannot be
synchronized with an external one.

3.2.2. Scin llators

Two scin llator op ons have been selected. The first one, preferable for the lower hard X-ray
energy regime, uses a YAG:Ce scin llator with a 70 ns decay and a 550 nm output wavelength.
Such a scin llator is commercially available from Crytur, Czech Rep. Scin llators with two
different thicknesses, 50 μm and 25 μm, have been tested. The transmission performance
at low energy, below 30 keV, was definitely be er for the thinner scin llator.

For the higher energy regime, a LYSO:Ce scin llator was selected. This component, produced
in-house at the ESRF, features a 41 ns decay me and a 420 nm output wavelength. In this
ongoing project the lowest thickness for a free-standing scin llator is currently of 60 μm. An
alterna ve solu on consis ng of moun ng the scin llator on an aluminum ring support would
theore cally allow to reach a thickness of 40 μm, although this op on is s ll under evalua on.
The LYSO:Ce material was selected for its short decay me and because it can offer a more
balanced flux on both detectors at higher energies.
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Figure 3.3: Scin llator transmission as a func on of photon energy when moun ng the sensor
in a downstream configura on (only one semi-transparent detector). The black
solid line marks the 50% lower threshold imposed on the scin llator transmission.

Depending on the specific needs of a par cular experiment, the wavefront sensor can be
mounted either upstream or downstream the experimental setup involved. We have tested
the downstream op on that requires only one semi-transparent detector. We found the
YAG:Ce scin llator with 25 μm thickness to be best to use above an X-ray energy of 8.5 keV
and the LYSO:Ce scin llator to use above an energy of 29 keV. These values are determined by
imposing a 50% lower threshold on the transmission-energy curve shown in Fig. 3.3. Although
the upper limit of the energy range for which our sensor has currently been commissioned is
25 keV, in prac ce the use of our wavefront sensor can be extended up to∼ 40 keV, according
to tests performed at BM05/ESRF.

The other op on is to place the wavefront upstream of a specific experiment. This op on
is overall more demanding as it would require two semi-transparent detectors. This could
be effec vely achieved only in a narrower energy range, as shown in Fig. 3.4. Considering
the same 50% lower threshold on the overall transmission of the two scin llators that have
to be taken into account for this configura on, the use of YAG:Ce scin llators with a 25 μm
thickness is advised for energies between 11 keV and 17 keV or above 20.5 keV. The use of
LYSO:Ce scin llators with an individual thickness of 60 μm is recommended for energies above
38 keV.
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Figure 3.4: Scin llator transmission as a func on of photon energy when moun ng the sensor
in an upstream configura on (two semi-transparent detectors). The black solid line
marks the 50% lower threshold imposed on the scin llator transmission.

3.2.3. Semi-transparent mirrors

As previously men oned, the absolute metrology mode is considerably more demanding as it
requires two detectors. The first one consists of an indirect-conversion X-ray detector equipped
with a semi-transparent op cs in order to allow for a sufficiently high X-ray flux to reach the
second detector. This condi on provesmore challenging in the lower range of the instrument’s
energy range, 8-10 keV. The transparency of the semi-transparent op cs is influenced mainly
by two components: the scin llator, for which we aim for at least 50% transmission as detailed
in the previous sec on, and a support mirror that must be as transparent as possible. For the
la er, we considered two op ons: a 4 mm thick vitreous carbon mirror or a mirror substrate
made of either silica or stainless-steel substrate, pierced with a 1.5 mm diameter hole.
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Figure 3.5: First detector overall transmission as a func onof the photon energy, using a YAG:Ce
scin llator, either 50 μm or 25 μm thick, and either a vitreous carbon mirror 4 mm
thick or a pierced silica substrate mirror with a 1.5 mm diameter hole

Fig. 3.5 shows the overall transmission of the first detector, considering various mirrors and
scin llator thicknesses. The best results are obtained with a 25 μm thick YAG:Ce scin llator
and a pierced silica substrate mirror with a 1.5 mm diameter hole. When using the pierced
mirror instead of the vitreous carbon the transmission in the 8-10 keV significantly improves
from less than 5% to almost 20%. However, using the pierced mirror requires a delicate double
alignment for the mirror plane to be exactly at 45 deg with respect to the plane of the camera
sensor and for the hole to be aligned tomaximize the transmi ed flux. While the quality of this
alignment impacts the detector’s overall transmission, this op miza on is par cularly difficult
in the case of our current detector, as it is done manually. The produc on of such pierced
mirrors proved also to be challenging for our suppliers, the silica substrate being difficult to
pierce and the stainless-steel substrate being difficult to polish.
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3.3. Speckle membrane op miza on

During our experiments, we generally used PCO edge cameras with a 6.5 μm pixel size and
5× magnifica on microscope objec ves to obtain an effec ve pixel size of approx. 1.3 μm. A
rule of thumb for selec ng a speckle membrane would be that the average speckle feature size
should be at least 4 to 6 mes larger than the effec ve pixel size for the speckle features to
spread over a cluster of pixels.

(a) Silica carbide p80 (b) Silica carbide p180 (c) Silica carbide p360

(d) Silica carbide p1200 (e) Cellulose nitrate 8 μm (f) Cellulose acetate 1.2 μm

Figure 3.6: Example of regions of 400 × 400 pixels from speckle images taken with different
membranes

In order to choose the most suitable speckle membrane for our setup we considered several
op ons: silica carbide membranes of different grit sizes (p80, p180, p360, p1200), cellulose
nitrate with a 8 μm pore size and cellulose acetate with a 1.2 μm pore size. Examples of
speckle images obtained with each of these membranes can be seen in Fig. 3.6. For each of
thesemembranes we tried to compute the speckle feature size. There are differentmethods of
compu ng this and several rely on the 2D autocorrela on func on (ACF), that can be defined
as [20]:
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G(a, b) =
M∑
x

N∑
y

i(x, y)i(x− a, y − b) =

= F−1[S(i)] = F−1{F [i(x, y)]F ∗[i(x, y)]},

(3.1)

where the ini al image intensity I is normalized to zero mean and unit variance:

i =
I − Ī

σI

(3.2)

(a) Silica carbide pp80 (b) Silica carbide pp180 (c) Silica carbide pp360

(d) Silica carbide pp1200 (e) Cellulose nitrate 8 μm (f) Cellulose acetate 1.2 μm

Figure 3.7: Example of ACF obtained for each membrane by averaging 400× 400 regions over
several images; the points corresponding to the FWHM and the first minimum are
also displayed

Using the ACF, the speckle feature size can be determined as:

1. the full-width half maximum (FWHM) of the central peak [21];
2. the distance to the first minimum in the horizontal direc on [22];
3. the half full-width of the central peak [23].
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Of these, we chose to employ FWHM, as illustrated in Fig. 3.7, as it seems a more stable and
objec ve method. Our results are presented alongside the average par cle/pore size of the
membrane in Table 3.1. Overall, we see a decrease in speckle size correlated with the decrease
in the average par cle/pore size of the membrane.

membrane Par cle/Pore size (μm) Speckle size (H× V) in μm
Silica carbide p80 201 5.8× 4.0
Silica carbide p180 82 6.8× 3.0
Silica carbide p360 40.5 6.2× 3.8
Silica carbide p1200 15.3 5.6× 2.9
Cellulose nitrate 8 4.4× 2.1
Cellulose acetate 1.2 4.1× 2.0

Table 3.1.: The speckle size obtained using the FWHM criterion for different membranes
located at a distance of 555 mm from the detector (X-ray energy 16.5 keV)

The results for the silica carbide p80 membrane are par cularly misleading, because although
the speckle size seems quite low in this case, a quick inspec on of Fig. 3.6a shows that in this
case the feature size is not at all uniform, both large and small features being present. Here,
the FWHM of the ACF only gives us the size of the smallest features. We can also observe
that in the case of the silica carbine p180 and p360 the feature size is s ll not uniform enough,
although at least in this case there is a correct correla on between the average par cle size
and the speckle size given by the FWHM of the ACF.

For the configura on using the PCO edge cameras and the 5× microscope objec ve, the best
performance was obtained using the p1200 silica carbide membrane, with a speckle size 5.6
μm× 2.9 μm. Although not illustrated here, a p1500 silica carbide membrane gives also good
results. The two cellulose membranes that were tested result in a slightly smaller speckle
size, making them be er suited for a configura on using a 10×microscope objec ve. For the
cellulose acetate membrane with 1.2 μm pore size we would have expected an even smaller
speckle size, however at a 555 mm distance from the detector we cannot detect the higher
frequencies. In all cases the speckle features appear to be elongated in the horizontal direc on
as a consequence of the ESRF ver cal transverse coherence presently several mes be er than
the horizontal one.
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3.3.1. Diamond membrane

Due to the fact that the instrument was conceived to work for different types of X-ray sources,
including those with a very high flux, efforts were made to design a membrane that would not
be thermally affected by the X-ray exposure. The solu on found was a diamond membrane,
which basically consists of enclosing a certain quan ty of diamond powder within two very thin
diamondwindows. The prototype we designed used 56 g of diamond powder with par cle size
between 10-20 μm sandwiched between two CVD diamond windows, 9 mm in diameter and
100 μm thick, resul ng in an overall membrane thickness of ∼740 μm placed in a hollowed
metal holder.

Figure 3.8: Diamond membrane with metallic holder (front and side views)

This diamond membrane was ini ally commissioned at the ESRF rendering a speckle size of
5.0 μm horizontally and 7.7 μm ver cally and later used during experimental campaigns at the
European XFEL and at LCLS. Fig. 3.9 shows speckle images obtainedwith themembrane at three
different sources.

(a) ESRF, energy E = 10 keV (b) EuropeanXFEL, energy E = 9.1 keV (c) LCLS, energy E = 9.5 keV

Figure 3.9: Images of speckle pa erns generated with the diamond membrane
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3.4. Detector Distor on

The first tests focused on the detector calibra on and on compu ng its distor on. The
following examples are calculated from data collected at the ESRF during different
experiments performed between November 2016 and December 2017. Figures 3.10
and 3.11 show successful computa ons of the integrated distor on maps for the first and
second detectors. Tests conducted using other datasets from experiments where different
detector configura ons were used rendered equally good results. The resul ng distor on
maps are used as input for the wavefront recovery so ware to undistort the images before
further computa ons.

(a) x direc on (b) y direc on

Figure 3.10: Integrated distor on maps of the first detector in a configura on based on a PCO
2000 camera, a 5×microscope objec ve and a 50 μm thick YAG:Ce scin llator (all
axes in pixels)

(a) x direc on (b) y direc on

Figure 3.11: Integrated distor on maps of the second detector in a configura on based on a
PCO EDGE 4.2 camera, a 10×microscope objec ve and a 10 μm LSO:Tb scin llator
(all axes in pixels)
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4. Experiments and Results

As previouslymen oned, the instrumentwas tested at three X-ray sources: the BM05beamline
of the ESRF, the FXE instrument of the European XFEL and XPP instrument of the LCLS. The
results obtained during each of these experimental campaigns are detailed below.

The ini al project also included tes ng the instrument at a laser-powered X-ray source such as
the ones housed by ELI-Beamlines in the Czech Rep. It was a empted to reach an agreement
with ELI-Beamlines in this respect and nego a ons were held in the second half of 2017.
Finally, due to their heavy commissioning schedule no adequate slot could be found for our
experiment. In search for an alterna ve source, we contacted at the beginning of 2018 three
other facili es: LOA in France, CALA in Germany and the laser-betatron beamline at ALLS/INRS
in Canada. The first two facili es refused our request due to technical reasons, but a campaign
was scheduled at the Canadian beamline for April 2018. Unfortunately, this experiment was
cancelled in March 2018 due the host facility experiencing unexpected and severe technical
difficul es forcing them to cancel all experiments un l October 2018. The final outcome was
that this experiment could not be carried out within the deadlines of the EUCALL project
despite our best efforts.

4.1. Commissioning at the ESRF Beamline BM05

As part of the EUCALL grant agreement, the ESRF granted 14 days of beam me at its beamline
BM05 in order to commission the instrument. These dedicated experiments took place
between November 2016 and April 2018. The ESRF bending magnet beamline BM05 offers
a broad energy spectrum ranging from 6 keV to 60 keV (the full beamline parameters are
presented in Table 4.1). There, we tested the various components cons tu ng our instrument
(such as scin llators and mirrors), performed the detector calibra on and implemented a
double triggering scheme required for a dual camera setup.
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Source Bending Magnet
Magne c field 0.82 T
Radius of curvature 24.593 m
Cri cal energy 19.87 keV
Maximum flux 2.7× 1013 ph./s/mrad2/0.1%BW (white beam)
Monochroma city ([∆E/E]) 2.1× 10−4 (Double crystal Si(111) monochromator)

3.7× 10−2 (Double-mul layer monochromator)
Energy range (keV) 6−60 keV (Double crystal Si(111) monochromator)

6−30 keV (Double-mul layer monochromator)
Distance from source 27.22 m (Double crystal Si(111) monochromator)

28.4 m (Double-mul layer monochromator)
Unfocused beam size (H×V) 270 μm× 80 μm
Divergence (H×V) 2.4 mrad× 180 μrad

Table 4.1.: X-ray parameters of the ESRF beamline BM05

Figure 4.1: Reconstruc on showing the influence of a 500 μm 2D CR on the beam wavefront
measured in absolute metrology mode at the beamline BM05 of the ESRF
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This commissioning period permi ed the acquisi on of a large number of datasets which were
necessary for tes ng and debugging of the wavefront reconstruc on so ware. Figure 4.1
presents an example of a reconstructed wavefront from a beam with an 500 μm 2D CRL
inserted into it. The data was acquired in the absolute metrology mode using two PCO EDGE
4.2 cameras. One can no ce that in this case the lens’ contribu on to the wavefront dominates
the rest of the distor ons over the usable region of interest (ROI). The ROI in this case was
smaller than the lens aperture, i.e. of 1.5 mm × 1.5 mm, due to the use of a pierced mirror
with a 1.5 mm diameter hole in first detector op cs which limited the field of view. However,
the use of a pierced mirror was necessary to ensure a higher flux on the second detector in the
case of lower photon energies (see Sec. 3.2.3 for details). A wider ROI would allow to observe
the contribu on of other beamline components to the global wavefront. This effect is more
no ceable in Fig. 4.7 as discussed later in this chapter.

Figure 4.2 was produced from data obtained in the differen al mode with a 50 μm 2D CRL [15]
inserted in and later removed from the collimated X-ray beam. Here, the lens represents the
only contribu on to the wavefront difference whereas the ROI is wider than the area occupied
by the lens.

Figure 4.2: Reconstruc on showing the influence of a 2D CRL on the on the beam wavefront
measuredwithin the differen almetrologymode at the BM05 beamline of the ESRF
[15]
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4.2. Experiments at the FXE instrument of the European XFEL

The European XFEL (European XFEL) is an X-ray Free Electron Laser located in Schenefeld,
Germany, that started user opera on in September 2017. This large-scale facility is a source
capable of genera ng ultrashort and extremely bright hard X-ray pulses that can be used for
many novel scien fic studies, such as the structural analysis of non-crystalized biomolecules,
the study of ultra-fast chemical dynamics and the inves ga on of extreme states of ma er by
crea ng transient physical condi ons.

The Femtosecond X-Ray Experiments (FXE) instrument at the European XFEL was designed to
enable ultrafast pump–probe experiments onultrafast mescales, dedicatedmainly to dynamic
studies of chemical and biochemical reac ons in liquids and some solid-state applica ons.
The instrument features of two independent secondary X-ray emission spectrometers and a
1-Mpx detector for sca ering studies. Using a powerful laser as pump source, it can achieve
femtosecond me resolu on, for X-ray diffrac on, X-ray diffuse sca ering, wide-angle X-ray
sca ering, X-ray emission and absorp on spectroscopy [24]. Themain specifica ons and beam
parameters currently available at FXE are summarized in the Table 4.2 below.

Bandwith∆E/E 1× 10−3, with natural FEL source
Photon energy range ∼ 9.3 keV
Repe on rate 1.1 MHz
Pulses per train 30
Pulse energy (intensity) 300-1000 μJ
Polariza on Linear (horizontal)
X-ray pulse dura on 1−300 fs FWHM
Beam size 1−300 μm adjustable (via several Be lenses)

Table 4.2.: FXE instrument specifica ons in January 2018

From an op cal point of view, the FXE instrument is located at a distance 900m from the SASE1
source. From the source to the experimental hutch, the beam is deflected twice by a set of
offset mirrors, one located at 270 m from the source and the other 10 m further downstream,
to eliminate the bremsstrahlung. A third mirror located at 370 m from the source is used to
steer the beam to the FXE hutch. Two sets of lens stacks, one located close to the undulator
source, i.e. at 230m from it and another in the beamline hutch, are employed to focus the X-ray
beam onto the sample [25]. All these op cal components can introduce op cal aberra ons.
The la er could be compensated provided the existence of an online metrology method to
measure them.
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We were granted access to the FXE instrument for tes ng the wavefront sensor for a total of 8
half-days split into two experiments that took place in July and August 2017. At that me the
European XFEL was s ll under final commissioning and the beam parameters delivered by the
machine were those stated in Table 4.3.

Photon energy range ∼8.25 and∼9.1 keV
Repe on rate 1.25 MHz
Pulses per train 1−2
Pulse energy (intensity) 300−440 μJ

Table 4.3.: Beam parameters available at FXE during July-August 2017

The value of the pulse intensitymen oned in this tablewasmeasured before the beamentered
the hutch, thus the value of the pulse intensity on our detector system located at the back of the
hutch was lower, at ∼3.5% this value as indicated by the intensity measurements performed
by our PUCCA colleagues working on the X-ray Gas Monitor (XGM) [26], also tested during this
FXE campaign.

Figure 4.3: Experimental setup used for differen al speckle-based wavefront metrology during
the second experiment X288 at the FXE instrument of the European XFEL
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As described in Sec. 3.2.1, for part of the measurements we used a high speed UHS Hyper
Vision HPV-X2 camera to capture and dis nguish the individual X-ray pulses produced by the
European XFEL. This setup is shown in Fig. 4.3, whilst Fig.4.4 shows raw data from this camera
capturing two consecu ve pulses.

Figure 4.4: Two consecu ve pulses of a collimated beam, captured with the HPV-X2 camera:
200 ns between frames, 110 ns exposure me. The upper four frames, from le to
right, correspond to the first pulse, whereas the lower four frames correspond to
the second pulse

One primary objec ve of these experiments was to test whether wavefront varia ons could be
detected between pulses of the same train. Figure 4.5, le -hand side, shows two corrected and
cropped images corresponding to two consecu ve pulses. Differen al metrology was operated
on a pair of consecu ve pulses obtained in iden cal condi ons with no altera ons along the
beampath. The calculatedwavefront difference between such a pair is shownon the right-hand
side of Fig. 4.5. The measured varia ons fall below the instrument error threshold (0.01 nm),
leading to the conclusion that wavefront varia ons between two consecu ve pulses of a same
train cannot be detected with the present instrument. Subsequent tests on a large number of
consecu ve pulses pairs came to confirm this conclusion. One can explain this phenomenon
through the short length of the pulse train (2 pulses) and its overall low intensity leading to
a negligible thermal effect on the op cal proper es of the beamline components over such a
short me scale. Op cal vibra ons of the mechanical components in the MHz regime can also
be considered to be of a very small amplitude in this case and thus too small to be sensed.
Nevertheless, the future opera on of the European XFEL at 2700 pulses per train may very
likely lead to wavefront varia ons between the first and the last pulse of a train.
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(a) Images corresponding to two
consecu ve pulses

(b) Reconstructed differen al wavefront

Figure 4.5: Differen al wavefront reconstruc on calculated from two consecu ve pulses of a
train. Data recorded with a fast Shimadzu HPV-X camera at the FXE instrument of
the European XFEL.

(a) Images corresponding to
measurements with and
without LaB6 callibra on
powder in the beam

(b) Reconstructed differen al wavefront

Figure 4.6: Wavefront reconstruc on using measurements in differen al mode acquired with
a fast Shimadzu HPV-X camera at the FXE instrument of the European XFEL
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Figure 4.6 shows two input images from the Shimadzu HPV-X camera recorded with and
without the presence of lanthanum hexaboride (LaB6) calibra on powder in the beam. Such
reconstruc on permits to isolate the LaB6 contribu on to the wavefront distor on. For
absolute wavefront metrology at FXE/European XFEL, we used the double detector setup (as
described in Sec. 3.2.1). Because the working photon energy imposed by the machine was 9.1
keV, the absorp on of the air turned out to be significant due to the combined presence along
the beam path of the semi-transparent 4mm vitreous carbon mirror and of the scin llator of
the first detector. This resulted in a low number of counts on the second detector, making
the use of the XST method based on only two input images not feasible. To cope with this
low pulse intensity, we used sets of images from each detector and applied the more robust
but also demanding XSVT method. Figure 4.7 shows the averaged wavefront calculated over
several dozens of pulses with this method. Knowing the averaged wavefront is however s ll
very useful when one wants to op mize a beamline. This metrology is sensi ve not only to
the contribu on of a 2D CRL inserted in the beam (main contribu on) but also to the other
op cal elements in the beam path.

Note: The XSVT method will not be included in the so ware package that will be released at
the end of September 2018, as it was not ini ally planned. However, it could be added in a
future release.

Figure 4.7: Reconstruc on of a 2D CRL inserted in the beam from absolute wavefront
measurements at the FXE instrument of the European XFEL using the XSVT method
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4.3. Experiment at the XPP instrument of the LCLS

The Linac Coherent Light Source (LCLS) is a X-ray Free Electron Laser facility that became
opera onal in 2009, as part of the SLAC Na onal Accelerator Laboratory located in Menlo
Park, California. This source can generate 120 pulses per second with a peak brilliance of
2× 1033 photons / s / mm2 / mrad2 / 0.1% bandwidth.

The present speckle-based wavefront sensor was tested at the X-ray Pump-Probe (XPP)
instrument of the LCLS as part of the three half-day experiment that took place between May
and June 2018. This beam me was granted for proposal number X288 which was a joint effort
(see Ch. 6) aiming at the characteriza on of pulsed wavefronts through different methods.
The X-ray parameters and capabili es of the XPP instrument [27] are summarized in Table 4.4.
Figure 4.8 is a photograph of the experimental setup used during the experiment, featuring
two detectors based on Andor Zyla 5.5 cameras. The first detector was semi-transparent,
using a 25 μm YAG:Ce scin llator and a pierced silica substrate mirror with a 1.5 mm hole.

Mirrors, incidence angle 2× SiC on Si, 1.32 mrad
Monochroma city ([∆E/E]) 1× 10−3 (SASE), 2× 10−4 (seeding)
Energy range (keV) 4 to 11 (fundamental)
Unfocused beam size (µm) 500 at 8.3 keV
Focused beam size (µm) 2−500
Focusing capability Be lenses, 1D and 2D focusing
Flux (photons pulse−1) 1× 1012 (fundamental)
Pulse length (fs) 5−200
Repe on rate 120, 60, 30, 10, 5, 1, on demand
Op cal laser pulse energy (mJ) 20 (800 nm), 4−5 (400 nm), 1 (266 nm)
Op cal laser pulse width (fs) 10−150

Table 4.4.: X-ray parameters and capabili es of the XPP instrument [27]

Photon energy ∼9.5 keV
Repe on rate 120 Hz (effec ve 30 Hz, chopper)
Pulse energy (intensity) [28] 200 μJ

Table 4.5.: Beam parameters available at XPP during 28-31 May 2018
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Figure 4.8: Experimental setup used for absolute speckle-based wavefront metrology during
experiment X288 at the XPP instrument of the LCLS

This experiment followed similar objec ves as the one at the European XFEL. Figure 4.9 shows a
wavefront reconstruc on obtained in the differen al mode corresponding to the contribu on
of a phase plate introduced into the beam to compensate for a rota onally symmetric
aberra on produced by the lens stack. Figure 4.10 shows the wavefront reconstruc on in
absolute mode corresponding to the beam produced by the LCLS, featuring the combined
contribu on of all beamline elements including the stack of 20 CRL lenses with R = 50 μm.
When comparing to Fig. 4.1 and 4.7, one can observe that such a focused beam produces a
strongly curved wavefront. Moreover, although the working energy was similar to the one
used in Sec. 4.2, the flux at XPP combined with the use of a thin scin llator and a pierced
mirror, made possible the single pulse metrology using XST in absolute mode. Conversely, this
was hard to achieve during the experiment at the European XFEL since the semi-transparent
op cs was not fully op mized for the 8-10 keV energy range at that me and because the
European XFEL was not yet opera ng at its full capacity with a pulse energy lower than
expected. The posi ve results obtained from the LCLS data validate that the detector in its
present design is suitable for single pulse XST metrology at XFEL-type hard X-ray sources under
normal opera ng condi ons.
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Figure 4.9: Two and three dimensional rendering of a wavefront reconstruc on, showing the
contribu on of a phase plate introduced in the beam to correct for a rota onally
symmetric aberra on, measured using the differen al metrology mode at the XPP
instrument of the LCLS

Figure 4.10: Wavefront reconstruc on showing the highly collimated beamproduced by a stack
of 20 × 50 μm CRL lenses, measured using the absolute metrology mode at the
beamline XPP of the LCLS

This project has received funding from the European Union’s Horizon 2020 research and

innova on programme under grant agreement No 654220
41



EUCALL Deliverable D7.7 Report

5. Conclusions and Outlook

The speckle-based wavefront sensor described in this document focuses on using the XST
method for single pulse wavefront metrology in the hard X-ray energy range. The instrument
has been successfully tested at a synchrotron facility and two different X-ray free electron
lasers sources. Solu ons were proposed to overcome or alleviate technical challenges that
may arise when implemen ng this device. That includes dealing with the high absorp on of
the first detector in the 8-10 keV X-ray energy range, choosing a suitable speckle membrane,
finding appropriate cameras for high and very high repe on rates and implemen ng a
double triggering scheme. A limi ng factor of the instrument for single pulse metrology is the
requirement of a photon flux of at least 109 photons / s / mm2 / mrad2 over a∼10% bandwidth
at the level of the first detector. This becomes more difficult to achieve in the lower energy
range of the instrument and when other op cal components present along the beam path
absorb photons. In the scenario of a low photon flux available, the minimum flux condi on
could be relaxed by using the XSVT method that provides an average wavefront over several
pulses. This can be a viable solu on when pulse to pulse metrology is not an impera ve.

The instrument could not be tested at a laser-based X-ray source due to incompa bili es with
the ELI-Beamlines (Czech Rep.) commissioning schedule and due to severe technical issues
suffered by the alterna ve host facility, the laser-betatron beamline at the ALLS/INRS (Canada).
Yet, we consider such an experiment as feasible although the high divergence of some of these
sources would require making appropriate changes to the setup, e.g. tuning the pixel size of
the second detector to compensate for the high divergence.

Regarding the so ware package, we obtained good results during tests using data acquired
from our experiments, as can be seen in the many examples of detector calibra on maps and
reconstructed wavefronts presented in this report. A er the code release in September 2018,
we foreseemore func onali es that could be added to expand its use beyond the XSTmethod.
In terms of processing speed, as shown in Chap. 2.4 and 2.5, through thework of our colleagues
fromWP5 UFDAC, much could be gained in terms of op mizing the so ware package provided
that addi onal resources in terms of me and manpower will be granted. Workflow-wise the
Python interface is preferable as it helpsmaking the codemore readable especially in viewof an
open-source release. However, for intensive and recurrent use under experimental condi ons,
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especially at high and very high repe on sources, a full GPU-based solu on wri en in C/C++
would be a much be er suited solu on. The current work done by J. Schenke helped improve
the overall performance of the original code and solved some bo lenecks. Even so, be er
processing mes could be obtained by employing a full high performance solu on.

5.1. Synergy aspects

The proposed wavefront sensor prototype is valid over a broad range of energies, from 8 keV
to 25 keV, and can be adapted to fit the needs of different X-ray research infrastructures (RIs).
The results presented in this report include solu ons for implemen ng the wavefront sensor
at synchrotrons and X-ray free-electron laser facili es. The successful comple on of these
experiments has been a direct consequence of the collabora on between different teams
and different ins tu ons within the EUCALL project. Knowledge exchange concerning the
requirements and transferability of wavefront sensing techniques between the different RIs
(ESRF, European XFEL, DESY, Elletra, ELI) was ensured through joint discussions on this topic
during the EUCALL midterm and annual mee ngs and during other satellite mee ngs (e.g.
at PhotonDiag 2017). More specifically for the speckle-based wavefront sensor, this topic
was discussed in depth with colleagues from the European XFEL and ELI, during mee ngs,
teleconferences and via email, in view of se ng up wavefront sensing experiments at their
facili es. Although the planned experiment at a laser-powered X-ray source could not be
executed, the implementa on of the instrument at such a facility has been studied and is
considered to be feasible. Thus, the en re community of different types of RIs that form
EUCALL can benefit from this research.
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The ac vi es of FERMI were aimed at the realiza on of an analysis so ware for wavefront
sensing (WFS) that will be compa ble with third-party Hartmann sensors, and to its valida on
bymeans of independent techniques. Themo va on of the ac vity lays in the growing interest
in applyingWFS to the characteriza on of HHG and FEL sources, thus outdoing the usual scope
of Hartmann WFS (used for op cal systems op miza on). For such a purpose, versa le and
well known algorithms are preferable over closed commercial so ware.

At FERMI we have implemented a hybrid Python-MATLAB package that accomplish the key
steps of data acquisi on and analysis, namely:

1. centroid recogni on.

2. slope detec on.

3. wavefront reconstruc on.

4. wavefront backpropaga on.

5. decomposi on into Zernike polynomials (exploi ng python community libraries).

Figure 1: Workflow diagram of the FERMI WFS so ware

Test measurements were performed with a Hartmann sensor (Imagine Op c, 72x72 grid, pitch
= 180 μm, opera ng in the wavelength range 4-40 nm). The sensor is plugged downstream the
bendable KBof theDiProI beamline onto a angular-transla onal stage, which allows to perfectly
match the incoming radia on direc on. The radia on is collected approximately 1.2 m a er
the focal point (i.e. diverging again). The corresponding electromagne c field (amplitude and
phase) is numerically backpropagated via Fresnel Transform to a set of planes in the proximity
of the expected focal plane. The la er is computed from the wavefront curvature radius. The
reconstructed spots were compared with PMMA abla on imprints and with diffrac on images
produced with via a novel kind of variable line-spacing (VLS) gra ngs [1].
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Figure 2: Comparison of the intensity distribu on in the focal plane between (a) Hartmann
sensor with in-house so ware and (b) PMMA abla on imprints (measured via AFM).
The abla on imprint is obtained by minimizing the imprint size while moving the
PMMA-sample along the op cal axis (c). The images are singularly normalized to
unity. Scalar bars correspond to 10 μm.

Figure 2 shows the intensity distribu on at the focal plane obtained (a) via numerical
reconstruc ons (using our in-house package) and (b) by means of single-shot abla on imprint.
The wavelength used is 30.2 nm. The reconstruc on from WFS data is in agreement with the
PMMA imprint, yielding a similar beam es ma on of the beam size (Es mated FWHM of the
central spot : 5.7x6.5 μm2 from WFS reconstruc on, 5.5x6.3 μm2 from abla on imprint). In
addi on, finer structures due to interference effects are also correctly reproduced. The origin
of such structures is ascribed to a combined effect of the KB figure error and diffrac on from
the KB geometrical aperture (smaller than the beam size).

Further tests were performed by combining Hartmann WFS with a VLS gra ng, which is
engineered to generate a focused off-axis image of the beam. Such an approach, allowing
real- me analysis, represents an interes ng alterna ve to ex-situ technique, such as abla on,
although it may suffer of beam instabili es and allinea on issues. Measurements are
performed at the wavelength of 20.8 nm, with another set of KB mirrors. Figure 3 shows a
comparison of the two approaches in assessing the intensity distribu on at different posi ons
along the longitudinal (z) axis. The field detected with theWFS is numerically back-propagated
for different values of z, whereas the diffracted intensity distribu on is probed by moving
the gra ng. The agreement between the two dataset validates the effec veness of the
reconstruc on algorithm even for off-focus reconstruc on. Possible future ac vi es at FERMI
may involve the test of the algorithm for real- me machine tuning and possibily independent
calibra on tests of Hartmann detectors by mean of HHG sources.
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Figure 3: Comparison between (a) mul -shot diffracted intensity distribu on from the VLS
gra ng and (b) single-shot intensity distribu on reconstructed from Hartmann data,
with in-house so ware. Scalar bars correspond to 10 μm. Gra ng images appear to
be blurred due to angular ji er of the source [1].
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At the openport beamline FL24 at FLASH2, a Kirk-Patrick Baez (KB) focusing systemwas installed
in collabora on with the team of Fermi@Ele ra (M. Zangrando et at.). For the characteriza on
of the focus, the FLASH group used three differentmethods: i) the back-propaga on tool of the
wavefront sensor so ware, ii) measuring series of PMMA imprints for different wavelength
and different se ngs and iii) comparing both methods with the wavefront simula ons code
WavePropagator.

DESY developed a compact Hartmann wavefront sensor (WFS) for the so x-ray spectral range
(λ=6-40 nm) in collabora on with the Laser-Laboratorium Gö ngen e.V. [1]. The Hartmann
plate in the WFS divides the incoming radia on from the Free electron laser (FEL) into sub rays
and illuminates a phosphor coated CCD chip. From lateral devia ons in the beam spot pa ern,
thewavefront for single pulses is reconstructed using amodal approach. Secondmoment beam
parameters such as beam width, divergence, Rayleigh length, waist posi on, waist size and M2

are calculated, as well as aberra ons of the op cal system. Back-propaga on in the near field
is calculated using Fresnel propaga on with fast Fourier and beam transforma on.

The PMMA imprint was carried out by the group of J. Chalupský from the Ins tute of Physics,
AS CR Prague [2].

The simula on code WavePropaGator (WPG) was developed in the European XFEL for
beamline scien sts at Free Electron Lasers [3]. It is based on the Synchrotron Radia on
Workshop (SRW) code and run on Python structures. The wavefront propaga on is described
with the Huygens-Fresnel principle along x and y direc on. The Fourier op cs approach is used
for describing the interac on of the radia on in each individual op cal element. The code
provides informa on about the intensity and the phase and includes the defini on of several
op cs e.g. ellip cal, planar, and spherical mirrors, gra ngs etc. The FLASH group implemented
an update in WPG, allowing simula ons containing misalignments in the op cs, i.e., yaw, roll
and pitch. Fig. 1 shows an array of images obtained in FLASH1. The stripes correspond to
diffrac on effects due to the mirror’s figure of error. A perfect alignment would show the
same stripes but perfectly aligned at 90◦. However, the simula ons show that the mirror is
rotated along the horizontal axis 4 mrad in roll and 2 mrad in pitch. The new upgraded version
of WPG provides calcula ons of the beam with high precision, making the code a robust
tool for predic ng the behavior of beam propaga on. In this sense, WPG is an ideal tool to
complement the characteriza on of the focus at FL24.
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Figure 1: Beam shapes along the caus c of an ellip calmirror at BL3 at FLASH1. a)Experimental
data and b)Simula ons

Fig. 2 shows the layout of the beam path from the source to the focus posi on of the KB op c
system at the end of the beamline FL24. The wavefront sensor was mounted 2 m downstream
of the focus while the PMMA imprint setup was placed in the focus posi on. All measurements
were performed for the 2m-focus point se ngs of the KB op c system.

Figure 2: Layout of the beamline FL24 at FLASH2
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Figure 3: Comparison of the three methods used for characterizing the focus of the
Kirkpatrick-Baez op cs installed in FLASH2. a) Simula ons with WavePropagator
code, b) Back-propaga on measurements using the wavefront sensor and c) PMMA
imprints.

The wavefront reconstruc on, as well as the beam parameters were calculated from second
order moments using Born-Wolf reconstruc on with expansion 6. The divergence as the full
opening angle and all beam diameters are given by the WFS so ware in 4σ, i.e., θdiv@x=4.25
mrad, θdiv@y=3.25 mrad. The three caus c profiles agree well both in shape and size, even
when different apertures are used.

The back-propaga on measurements of single shot Hartmann wavefront measurements
were done at wavelength λ=13.5 nm and with aperture Θ=8.8 mm placed in front of the
KB op c system. The focus is presented in the middle posi on in Fig. 3. At this posi on the
back-propaga on of the WFS shows that the waist in x is approximately wx∼5.9 μm (fwhm)
and the waist in y is wy∼8.8 μm (fwhm). The beam profile at three different posi ons (18 mm
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upstream, at focus and 21 mm downstream) along the caus c is shown. These measurements
and the simula ons are compared to the caus c measurements given by the PMMA imprints
(right row in Fig. 3) in order to assess techniques for evalua on of the focus size and the focus
posi on.

The WPG code and the back propaga on analysis of the wavefront sensor concur also for
different apertures as shown in Fig. 4. For bigger apertures the diffrac on is observable only
along x and y direc on. For higher apertures the diffrac on effects are no ceable around all
the main center spot. This is due to the fact that for bigger apertures there is only sca ering
in the beam caused by the figure of error of the mirrors. However, smaller apertures produce
diffrac on effects that enclose the maximum intensity spot. We observe that simula ons and
measurements with the wavefront sensor match also well in dimensions. Those simula ons
were carried out for wavelength λ=13.5 nm and source divergence θdiv=120 μrad.

Figure 4: Back-propaga on measurements using the Wavefront sensor (up) and simula ons
using WavePropaGator for different apertures

We conclude that the upgrade in theWPG code is sa sfactory and the code is trustable enough
to be used for the reconstruc onof the full propaga onof the beamand to predict the behavior
of the FEL when the users request new setups. Further analysis and paper prepara on is
ongoing.
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