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SAXS mirror

Mirror to measure Small Angle X-ray Scattering signal in high energy

density experiments
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Makita,? I. Prencipe,! T. R. Preston,? M. Rédel,! and T. E. Cowan'
D Helmholtz Zentrum Dresden Rossendorf, Dresden, 01328, Germany

2)Eumpean XFEL, Schenefeld, 22869, Germany
(Dated: 7 December 2020)

Small angle x-ray scattering (SAXS) is a well established technique to detect nanometer scale structures in matter. In
a typical setup, this diagnostic uses a detector with a direct line of sight to the scattering target. However, in the harsh
environment of high intensity laser interaction, intense secondary radiation and high-energy particles are generated.
Such a setup would therefore suffer a significant increase of noise due to this background, which could eventually
prevent such measurement. In this paper, we present a novel tool consisting of a mosaic graphite crystal which works
as a mirror for the SAXS signal and allows us position the detector behind appropriate shielding. This paper studies the
performance of this mirror both by experiment at the European XFEL (X-Ray Free-Electron Laser Facility) laboratory

and by simulations.

I. INTRODUCTION

Small angle x-ray scattering (SAXS) is a diagnostic tech-
nique where the x-ray beam is scattered to small angles of
order of 10-100 mrad. It is used to measure electron spatial
distribution structures in order of 10 — 100 nm. It is a well
established technique at synchrotrons and x-ray free electron
lasers (XFELs)"»2; recently, it has been used to study high in-
tensity laser plasma interactions’. In this case, the scattering
target is directly heated by a high intensity optical laser and
therefore a significant amount of radiation and high energy
particles are produced. This broadband divergent radiation in-
creases the background (noise) level on the SAXS detector.
The electromagnetic pulse (EMP) can also create issues with
the electronics of the detector. Therefore, with the increasing
performance of available lasers, the usage of such diagnostics
with direct line of sight to the target might suffer from low
signal / noise ratio. This led us to develop a new instrument
described in this paper. Though its geometrical principles are
very similar to a monochromator with Rowland circle geom-
etry, its main purpose is to deflect the SAXS signal and there-
fore we call it the SAXS mirror.

XFELs with a photon energy of 5 to 25 keV, with pulse du-
ration of tens of femtoseconds and brightness sufficient to pro-
vide single shot measurement are excellent tools to study laser
matter interaction in pump probe setups. The HED (High En-
ergy Density) instrument at the European XFEL (Hamburg,
Germany)* is a unique platform dedicated to perform these
types of experiments. Within this instrument, the HiBEF user
consortium is building both the high intensity laser (300 TW
titanium sapphire system with duration 25 fs) and high en-
ergy laser (100 J class Neodymium-glass based laser), which
will be used to heat (pump) the matter. The SAXS mirror
described in this paper was designed especially to perform
SAXS measurements on matter driven by these lasers, and the
experimental results shown here were produced in September
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2019 during the commissioning beam time number 2554.

SAXS, as a technique, has different variants: GISAXS?®
(Grazing incidence SAXS) is actually a reflection of the x-ray
beam from a target at a shallow angle, and with slight modifi-
cation our mirror could be utilised for this case as well. Reso-
nant SAXS® combines x-ray scattering with x-ray absorption
on various x-ray resonant transitions, and would benefit from
using this instrument without any modification.

HAPG crystals (Highly Annealed Pyrolytic Graphite) are
one of the most common mosaic crystals used for x-ray in-
struments. Mosaic crystals in general are composed of a num-
ber of nearly perfect crystallites (or crystal regions) with, to
some extent, random orientation with respect to each other
and to the crystal surface’. The angular distribution between
the diffraction vector of a given lattice plane of the different
crystallites can be described as Lorentzian, where its FWHM
(Full width at half maximum) is called the mosaicity, denoted
as m. These crystals are typically used in spectrometers or
monochromators, where the mosaicity ensures extremely high
efficiency of those instruments compared to those with single
crystals. For the case described in this paper, the mosaic struc-
ture is used to provide a different benefit: The geometry of the
instrument does not allow to have all divergent rays impinging
the surface at the same incidence angle. The larger mosaicity
translates to the larger acceptance angle of rays with given en-
ergy and therefore ensures that x-rays can be reflected over the
whole surface of the crystal.

This paper presents the concept of a cylindrically bent SAXS
mirror instrument, shows the first measured data and com-
pares those to results of raytracing simulations. It discusses
several aspects of the instrument that help evaluate whether
it is suitable for various prospective experiments. The paper
also suggests a suitable workflow to be used to evaluate future
data. The codes written to perform this analysis are available
upon request to the author.
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FIG. 1. Defect of the Rowland Circle scheme 6 — 6y, i.e. the devia-
tion of the angle of incidence of a beam with angular width 26x = 10
mrad from the central Bragg angle 6. The inset shows the geometry
of the scenario.

Il. CONCEPT

In this section, the overall design constraints of this instru-
ment are presented including the path which led to the selec-
tion of HAPG crystal. The requirements for the mirror are
such that it has to reflect a monochromatic x-ray signal orig-
inating at single point, the scattering target. (This target is
located in the target chamber center, therefore a common ab-
breviation "TCC’ is used to further denote this point.) Due to
the generally low intensity of the scattering signal, a very high
reflectivity of the mirror is required, while the distance be-
tween TCC and the mirror should be relatively large to avoid
damage by possible debris from the target.

Elements considered for such a mirror were the multilayer
mirrors (ML), monocrystals, or mosaic crystals. All these fol-
low the Bragg law, which states that the incidence angle of
each ray on its surface has to be within a given range from
the optimal Bragg angle, further denoted as 6y. The only
shape of surface, where the incidence angle is the same for
all rays originating from a single point, is the logarithmic
spiral. However, we have concluded that an optical element
with such a complicated shape might be close to impossi-
ble to be precisely manufactured and aligned. If this shape
is substituted by a circle, (which means using the Rowland
circle geometryg), some deviations in the incidence angle are
introduced. This deviation of the Rowland circle scheme is
strongly dependent on the incident Bragg angle, but surpris-
ingly it is not a function of the radius of the crystal. Figure 1
illustrates this deviation for a ray horizontally inclined to the
experimental axis by 10 mrad.

For typical monocrystals, the rocking curve width, i.e., the
range of accepted angles, is typically around 20 - 150 urad. As
these values are close to the variation of the incidence angle
shown in Fig. 1, this design would be very tight in precision
and manufacture. To use these, we would have to design for
higher Bragg angles, and still the setup would suffer from very
limited bandwidth and bandwidth variation over the crystal
surface.

When using a HAPG crystal with mosaicity m = 0.1° =~
1570 urad, this defect becomes negligible. On the other hand,
due to the random nature of the crystallites, the reflected ray is
vertically divergent, and therefore the resolution of the instru-
ment is decreased. Furthermore, the mosaic structure of these
crystals requires high precision flat fielding due to a variation
in their reflectivity.

Multilayer mirrors (ML), which are widely used as x-ray
optics, offer another way to avoid this obstacle. These are
formed by a strict periodical arrangement of two layers with
high and low electron density materials and very smooth inter-
faces like for example Pd/B4C. This one-dimensional perfect
arrangement can reflect x-rays based on the Bragg equation at
incident angles lower than 3°. With current technologies it is
possible to produce a ML mirror with linearly varying grating
period. This linear variation would very precisely compensate
for the different incidence angle. The deviation of the inci-
dence angle from the local 6y might then be on the level of
~ 20 urad, which is sufficiently below their typical rocking
curve width. Nevertheless, the very low incidence angle on
the order of 1° pushes the design to have a ML mirror very
close to TCC, making it vulnerable to target debris. This is
especially not optimal due to their higher price.

Based on these considerations, the solution with HAPG
mirror was selected to be pursued. The setup was designed to
fit into the IC1 chamber of the HED instrument. This cham-
ber extends approximately 1300 mm downstream from TCC
to the exit flange of the XFEL beam. The debris issue re-
quires as large distance from TCC to the crystal as possible.
The HAPG crystal introduces spread of the rays, which (as
described further) translates to a decrease of the angular reso-
lution of the instrument, which is proportional to the crystal-
detector distance. Both these constraints motivates us to posi-
tion the mirror as far downstream as possible, therefore keep-
ing the distance between the detector (located outside of the
chamber) and the mirror very low (= 250 mm). This makes
the whole instrument compact, making it possible to mount
it on a single exit flange and keeping it as a single module,
which could be used in various experiments without colliding
with other instruments.

This setup is shown in Fig. 2. This design is calculated
for an x-ray energy of 8150 eV and uses a 120 mm long
cylindrically-bent HAPG crystal with a radius of curvature of
5.5 m. The mirror is composed of two separate blocks located
symmetrically below and above the beam, letting the XFEL
beam pass through the gap to be further used downstream for
additional diagnostics or safely dumped.

I1l. EXPERIMENT

The experiment was performed in the IC1 chamber at the
HED instrument of the European XFEL. Two blocks of HAPG
crystals were used, each one 12 cm long, 2 cm wide with a
1D curvature of radius 5.5 m along the longer dimension. A
40 pum thick layer of HAPG was deposited onto a 20 mm thick
optical glass substrate. Both blocks were mounted within the
same holder with a 3 mm wide gap for the XFEL beam. The
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FIG. 2. Schematics of the SAXS mirror instrument located in the IC1
chamber of the European XFEL. Light blue background represents
an optical table and a target tower in the chamber. The XFEL beam
(orange) is being scattered on a target at TCC, the scattering signal
(red) is propagating downstream towards the rear part of the cham-
ber, where it is reflected to the detector by the HAPG mirror. The
detector is located outside of the chamber behind a kapton window.
The XFEL beam propagates through a gap between the two parts of
the crystal further downstream, where it might be used for further
diagnostics before reaching the beam dump

FIG. 3. Photograph of the SAXS mirror located in the IC1 chamber.
The XFEL beam and a scattering signal are drawn in red and purple
colors, respectively.

crystals were aligned on a motorized 3-axis translation and 1
axis rotation stage, with the center of the crystals located 1230
mm from TCC. A photograph of the crystal in the IC1 cham-
ber is shown in Fig. 3. The direct x-ray beam propagated fur-
ther downstream in a 2 cm diameter pipe, while the reflected
signal went through a kapton window onto a Jungfrau detec-
tor. This enables the usage of the direct XFEL beam passing
through the gap between the crystals for e.g. sample align-
ment, PCI imaging etc. The distance between the center of
the crystals and the detector chip was 217 mm. The Jungfrau
detector has a pixel size of 75 wm and overall chip size 35 x 70
mm.

A collimated XFEL beam was used, i.e. without focusing
optics in the beampath. The size of the beam was limited by
closing the entrance slits to 0.5 x 0.5 mm. In most cases, the
beam was attenuated to a factor of 1.04 x 107 of its full inten-

sity to prevent damage to the sample and the required photon
counts for the data was acquired by accumulation over a few
thousand pulse trains containing 1 or 2 bunches per train. Un-
less otherwise specified, the photon energy of the beam was
E = 8150 eV and the SASE spectrum was used with band-
width of approximately 16 eV. The mirror was used at the
Bragg angle:

6y = arcsin <l) = arcsin <12398/81506V) ~13.107°,
2d 6.708 A
)]

where A is the wavelength of the x-rays, 2d = 6.708 A s
the spacing of the graphite crystal, and 12398 is a conversion
factor factor from eV to A.

An example of the measured SAXS signal reflected by the
HAPG mirror is shown in Fig. 4. The direct XFEL beam
with part of the SAXS signal propagates downstream between
the mirrors and is shown in Fig. 5 as measured directly by a
Timepix detector.
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FIG. 4. Scattering pattern from 80 nm SiO, nanospheres as reflected
by the HAPG mirror and detected by the Jungfrau detector.

IV. SIMULATION

The instrument was designed and benchmarked using the x-
ray spectroscopic raytracing code mmpxrt®, which comes with
detailed and tested support of mosaic crystals. An extension
of the code to easily handle the geometry of this instrument
was coded and is included within the distribution package of
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FIG. 5. Part of scattering pattern of 80 nm SiO; nanospheres with the
direct XFEL beam propagating through a gap between the crystals,
detected downstream from the mirror.

the code as mmpxrtSAXS.py. For interested users, the latest
version of this extension and the input files generating simula-
tions in this paper are available upon request to the author. The
geometry of the simulation closely follows the experimental
geometry described in thevious previous section. The typical
simulation case generates 107 monoenergetic rays originating
at TCC with isotropic angular distribution passing into an area
slightly larger then the crystal surface. The reflection of each
ray on the crystal is calculated by taking into account the ran-
dom nature of the mosaic structure, and an intersection with
the detector plane is obtained. Each run can take tens of min-
utes on an average PC with multi thread capabilities.

The following paragraphs present results of the simulations
which were not compared to the experiment. The results,
which were compared to the experiment are presented in the
next section.

A. Geometrical transformation

Due to its geometry, the curved mirror deforms the scatter-
ing pattern. It is not trivial to exactly geometrically describe
this deformation (transformation). The raytracing simulation
was used to calculate this deformation numerically. To a cer-
tain precision, it is possible to approximate the relation be-
tween the horizontal and vertical scattering angles 26x and
26y (in units of mrad) and the horizontal and vertical posi-
tion on the camera x and y by a simple quadratic model. For
clarity, the geometry of the setup as well as definitions of the
variables are shown in Fig. 6. The geometrical transformation
for the particular setup described in this paper can be modelled
as follows:

20y =0.174+0.677y

s 2)

20x =0.128 +1.002x —5.35 x 10~ ”x~.
To first order, this shows that a diffraction ring would be de-
formed to an ellipse with aspect ratio of 0.68. This model,
however, does not provide exact results. Figure 7 shows the
absolute value of the difference between the numerical solu-
tion and this model as a function of position on the detector.
It can be seen that the largest difference of 0.2 mrad is in the
corner of the mirror furthest from the beam axis, which is at
coordinates (0,0). However, for the comparison with exper-
iment shown later, the detected signal was not extended be-

downstream diagnostics

XFEL beam

TCC

FIG. 6. The geometry of the instrument. The scattering angles at
the target are denoted as 20x and 26y, while the Bragg angle on
the crystal is labeled 6, or eventually 6. Note that these 26 and 6
are different variables, this slightly confusing notation is used due
to the well established conventions in both fields of scattering and
spectroscopy.

absolute deviation [mrad]

0.200

0.175

0.150

=
o
'

0.125

-
w
L

0.100

detector y [mm]

0.075

~
o
L

0.050
25 A

0.025

30 T T T T T 0.000
-10 -5 0 5 10

detector x [mm]

FIG. 7. The angular deviation of the quadratic model from the exact
raytracing simulation as a function of a position on the detector.

yond 260 = 8 mrad, for which the deviation would be below
0.05 mrad. In general, the simple model can be used for most
cases, but one has to be aware of its limitations. If higher
precision is needed, then a matrix with the exact numerical
conversion from (x,y) to (26x,26y), as provided by the code,
should be used. Such an approach was used in later analysis
in this paper.
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FIG. 8. Demonstration of the acceptance bandwidth of the mirror
with aradius » = 5.5 m. Each curve shows the efficiency of reflection
of a monochromatic beam with a given deviation from the central
energy Eo. This energy corresponds to the central Bragg angle 6y,
i.e., the curves differ by a rotation of the mirror.

B. Accepted bandwidth

The bandwidth accepted and reflected by the mirror is con-
trolled by the mosaicity and geometry of the instrument. It is
well described by the decrease of the efficiency of the setup
for energies different from the central energy. The efficiency
in the simulation is defined as the ratio of the reflected rays to
the total number of generated rays, multiplied by the theoreti-
cal reflectivity of the crystal, which was taken as 45%. Figure
8 shows the efficiency as a function of difference of the x-
ray energy from the central energy of the setup Eg. This Ey
denotes the energy corresponding to 6y, i.e. the three shown
cases differ from each other only by a slight rotation of the
crystal. All cases use the radius of curvature of the crystal
r=15.5 m, which is optimized for Ey = 8150 eV and therefore
the efficiency for this energy is the highest. In general, the
bandwidth of the instrument is well above 20 eV, which is the
typical bandwidth of the XFEL beam. This bandwidth does
not decrease when the crystal is used in a non-optimal geom-
etry, but the overall efficiency drops slightly. In the shown
cases, it dropped from 30% to 20% when the energy deviation
was more than 500 eV from the optimal one.

V. EXPERIMENTAL RESULTS

This section presents various aspects of the instrument us-
ing experimental results, demonstrating its performance pa-
rameters and the predictive capability of the simulations.

The first case shows the measurement of the rocking curve,
which serves as a detailed characterization of the crystal and
benchmark of the code. In the second case, the process of
flat fielding is shown and its importance is highlighted. The
following case demonstrates how precisely the scattering sig-
nal from grating target can be measured. The next subsection
shows the beneficial effect of the mirror concerning cleaning
the signal from parasitic scattering or beam halo. The last

topic remarks on the energies at which the mirror can be used
and how to further extend its usability.

A. Rocking curve measurement

The rocking curve (RC) shows the reflectivity of photons
with given energy as a function of incidence angle on the
crystal. It is an extremely important function which defines
the scattering properties of the element and therefore its un-
derstanding is crucial to be able to interpret the data from the
instrument.

The rocking curve of the crystals was measured using two
different methods. The first method with direct beam reveals
the intrinsic properties of the HAPG layer, while the second
one with a SAXS sample provides a more robust experimental
measurement and is well suited to be used to align the instru-
ment.

1. RC measurement with direct beam

In this measurement, the XFEL beam was significantly at-
tenuated (the transmission of the attenuators was ~ 1072)
and the crystal was moved vertically up so that the beam
was reflected directly from the surface of the bottom crys-
tal. The data were taken while the crystal was being rotated
within a range of about 3°. Figure 9 shows the images of the
beam on the detector for various crystal rotations and there-
fore various incidence angles. The setup which provided the
strongest reflection is labeled as 0.0°, and is assumed to have
0 = 6y = 13.1°. It is seen that the signal retains its horizontal
dimension of roughly 200 pm, but in the vertical dimension
it gets significantly larger and even splits into several frag-
ments. In the figure, each subfigure is normalized so that the
overall decrease of intensity is not seen. The splitting and ir-
regularities are ascribed to the non-homogeneous nature of the
crystalline layer.

To understand the vertical extension of the signal, it is use-
ful to look into the ray tracing simulations. The result is pre-
sented in Fig. 10 and shows the detected image from simula-
tions where the parallel beam is hitting a single spot on a flat
HAPG mirror. The same effect of broadening of the signal
with increasing deviation from the central 8y (white numbers)
is seen. For each incoming ray it is assumed there is a set
of crystallites present in the crystal which is able to reflect
it. Any crystallite with proper angle with respect to the in-
coming beam can reflect the ray. Those ’suitable’ crystallites
form a distribution with a range of angles to the crystal nor-
mal, denoted as ¢, and with probability distribution function
p(@) which are randomly selected by the code to be reflect-
ing. These distributions for three different incidence angles
are shown in Fig. 11. It can be clearly seen that as 6 deviates
from Oy, this distribution gets broader, causing the reflected
beam to be more divergent and produce a vertical streak on
the detector.

The angle ¢ is the deviation of the crystallite normal from
the crystal normal in the vertical direction. This means, that
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FIG. 9. Reflection of the XFEL beam directly from the surface of the HAPG crystal as a function of incidence angle’s deviation from the
central Bragg angle. Only pixels with values >0.1% of the maximum in each subfigure are shown.

FIG. 10. Simulation of the reflection of the XFEL beam from the surface of the HAPG crystal as a function of incidence angle deviation from

the Bragg angle. Each subfigure is normalized.

the originally horizontal ray is vertically reflected by the angle
2¢. Figure 11 shows the probability of finding the crystallite
with the orientation described by ¢ and photon incidence an-
gle 0. Itis seen that for @ = 0y, this function has a narrow peak
with width corresponding to the mosaicity. If 6 is further from
this optimal condition, the probability (and therefore reflectiv-
ity) significantly drops, but it also forms a much broader peak.
This broadening is seen in both experimental (Fig. 9) data and
the theoretical (Fig. 10) model. The effect bears a large sig-
nificance, showing that if the mirror is not used in the optimal
incidence angle, the instrument loses not only efficiency, but
also angular resolution.

The results and issues with this rocking curve measure-
ments are shown in Fig. 12. The blue points show the detected
intensity integrated over the whole signal area. The curve is
strongly asymmetric with a width of more than 0.5°. It con-
tains a strong plateau extending up to -0.8°. Looking at the
data in Fig. 9, this plateau is caused by a reflection directed
significantly below the original reflection point (marked by
a red rectangle). This could be explained by either a crys-
tallite, or a section of the crystal, pointing downwards in the

tested region. For angles above +0.2°, it can be seen that the
reflection pattern is significantly fragmented. Both these ob-
servations leads us to the conclusion that the tested region was
too small to actually measure the mosaicity; rather the reflec-
tion from only a few crystallites was observed. Another ex-
planation, however, is that there might be some halo around
the XFEL beam, or parts of the beam at slightly different an-
gles (for example from scattering a few meters upstream), and
these parasitic rays could produce contamination of the sig-
nal. To overcome this, we have implemented another method
of evaluation: the orange points in Fig. 12 show the inten-
sity at the position where only the main reflection was origi-
nally observed (100 x 200 pm, marked with red rectangles in
Fig. 9). This curve is now significantly closer to the expected
0.1° mosaicity, which lends credence to the explanation of
parasitic scattering. However, the wing at negative angles is
still present. The green curve shows the same quantity eval-
uated from the ray tracing simulations. Apart from the wing,
the agreement is reasonable. Nevertheless, this method proved
itself to be not suitable for mosaicity estimation.

Figure 9 shows images of the diffracted beam for vari-
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FIG. 11. Probability of reflection as a function of crystallite tilt ¢ for
various incidence angles 6 of the ray on the crystal.
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FIG. 12. Rocking curves measured with the direct XFEL beam.

ous crystal rotations (rocking curve positions) measured at
the (002) reflection. This data can be transformed into a 3-
dimensional reciprocal space map given by the intensity distri-
bution on the detector I3p = f ((i, j),A8), where f(i, j) is the
counted intensity on the given detector pixel and A@ the devia-
tion from the Bragg peak position. Defining a center peak po-
sition (ip, jo) for the 6y position (i, j) can be recalculated into
out-off-plane (coplanar) and in-plane (non-coplanar) diffrac-
tion angles (26, v) using a simple linear extrapolation. 6y and
20 are lying in one plane and V in a plane rotated by 90°, the
in-plane incidence angle is to be assumed as zero; the copla-
nar plane is perpendicular to the almost flat sample surface.
Therefore, the intensity distribution in reciprocal space can be
given as follows:

Iip(gx,9y,qz) = B ((i, j),AB); 3)

with

7
2
gx = T(cos(v) cos(26 — 6y) —cos(6p)) S
2, .
qy = - (sin(v)cos(20 —69)) )
gz = 2—ﬂ(sin(ZQ — 6p) +sin(6p)) (6)

A

Assuming a certain degree of mosaicity and almost no lat-
tice constant variations of the HAPG mirror graphite, the in-
tensity distribution around the reciprocal (002) lattice point at
0(002) is approximately constant. Figure 13 shows this 3D
map, with a sharp peak along the gz direction, whereas the
intensity is smeared out along gx, gy showing a significantly
wider distribution perpendicular to the crystal surface due to
the mosaicity.

(a) qy

—0.02 —0.02
-0.02 -0.01 0.00 0.01 0.02 -0.02 -0.01 0.00 0.01
Aqy [A71) Agx [A71]

FIG. 13. Reciprocal space map of the reflection, the 3D view (a) and
its projections onto three planes (b-d).

2. RC measurement on nanospheres

The second method to measure the rocking curve relied on
measuring the intensity of a scattering pattern. The exper-
iment was setup to measure the SAXS signal from 80 nm
SiO; nanospheres (as in Fig. 4), and the integrated intensity
of the signal was measured. This method is obviously more
stable compared to the previous one since it provides infor-
mation about the integral performance of the crystals. The
rocking curves for both crystals are shown in Fig. 14. They
are offset by about 0.08° from each other due to slightly dif-
ferent alignment of each crystal. The curves are fitted with a
Lorentzian curve, which provides the FWHM of 0.095° and
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0.100° for the upper and lower crystals, respectively. This
measurement is suitable to be used at the beginning of each
future experiment to find the optimal conditions for crystal
operation.
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FIG. 14. Intensity of fscattering from 80 nm SiO; nanospheres as a
function of crystal rotation angle.

B. Flat fielding

It is well known that the reflectivity of HAPG crystals can
significantly vary on small scales in a grainy pattern.'® If an
evaluation were not to take that into account, it could cause a
strong variation in the measured data especially for scattering
on gratings, where small peaks are most likely reflected from
single grains on the crystal. For these measurements, a very
precise flat fielding has to be made. As the gratings can have
a size of less then 1 um, we do not believe that having a sep-
arate map of the reflectivity and applying this map to a given
setup would yield the needed precision. Therefore, we have
performed a flat fielding directly under experimental condi-
tions, with an identical setup as the real measurement. Several
scattering targets were used to produce an intense, broad, and
predictable radiation pattern. The scattering pattern of 20 nm
Si0, nanospheres proven itself to be the best solution.

Figure 15a) shows the raw detected data. It is seen that
the diffraction ring is deformed to an ellipse-like shape, and
that the reflection from the bottom crystal is stronger due to
its better alignment. The data is geometrically converted to
the photon divergence angles 20x and 28y, as described in
Sec. IV A, and the result is shown with a logarithmic color
scale in subfigure (b). The white circle shows the expected
scattering of 20 nm nanospheres.

The flatfield data is radially averaged for each crystal, and
then divided by this radial average. The result is shown in the
pane (c). Additional corrections are made, such that the re-
gions which exhibit too low (probably due to crystal damage)
or too high (parasitic signal) values are omitted for the radial
average and the division is made again with the finer signal.

As this process is very sensitive to exact positional and ro-

tational alignment of the camera, the variables corresponding
to these uncertainties had to be fine tuned. This was done in
a way that a series of flat fields were generated while varying
those parameters (horizontal and vertical offset of the camera
and horizontal rotation angle) and the parameters which pro-
vided the flat field containing the smallest traces of the signal
were selected as the best ones.

The flat field data shown in Fig. 15 c) are later used to cor-
rect other experimental data. The fact that the bottom crystal
was in the optimal alignment translates to the observation, that
the bottom part of the flat field shows much higher graininess
due to the higher resolution of the crystal - reflecting its real
structure. The top part is, on the other hand, much smoother
due to lower resolution of the misaligned crystal.

C. Scattering from nanospheres

The performance of the mirror and of the flat field-
ing is demonstrated through scattering from 80 nm
Si0; nanospheres. Only results from the top crystals are eval-
uated. The data after geometrical conversion, its correspond-
ing flat field, and the flat fielded data are shown in Fig. 16
a, b and c, respectively. It can be seen that the flat field-
ing process significantly increases the quality (smoothness)
of the data. The white regions in the flat fielded data corre-
spond to regions where the flat field is not available. These
are either regions with too low reflectivity, which we consider
as damage to the surface, or regions where the parasitic sig-
nal dominated the flat field. The radial average of the data
is in Fig. 16 d). This signal was compared with the analyti-
cal model of hard spheres with 80 nm diameter calculated by
the SasView code!!, and with a complementary measurement
of direct SAXS. This measurement was performed by putting
the detector in the direct XFEL beam to observe the part of
the scattering pattern going through the gap between the crys-
tals, therefore it shows significantly worse signal to noise ra-
tio and fewer diffraction rings. Nevertheless, at the peak at ~
0.15 nm~! it is seen that the direct measurement provides a
slightly better resolution compared to the measurement with
the mirror.

D. Scattering from a grating

The scattering from a silicon grating with period 200 nm
was selected to demonstrate the performance of the instru-
ment. Similar gratings are commonly used in laser-plasma
interaction experiments.

The measurement was performed with the identical setup
as the flat field, and the identical procedure was done to ge-
ometrically convert the data to divergence angles. Figure 17
(a) shows the grating scattering pattern, and (b) the relevant
flat field. The grating was rotated by approximately 45° with
respect to the horizontal plane in order to rotate the scatter-
ing. This way the signal avoids the horizontal gap between
the crystals, as well as the potential vertical parasitic scatter-
ing (described in Sec.V E).
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a) Raw (linear colorscale)

b) Converted (log colorscale)

c) Flat field
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FIG. 15. Illustration of data processing to obtain a flat field from 20 nm SiO; nanospheres. a) Raw data as measured on the detector. b) The
same data after geometrical correction, the white line shows expected scattering ring with 26 = 7.4 mrad. c) Flat field obtained from this data.

a) Raw data b) Flat field
1.4
B 1.2
£
= 1.0
R
0.8
0.6
-10 -5 0 5 10 -10 -5 0 5 10
c) Flat fielded data d) Radial integral
3
10 10-14 s Mirror
102 —— Direct
=) —— Model
E 10! 10-24
e 10°
D
& 1071 10734
‘ 1072
: T : : . 10 T . T
-10 -5 0 5 10 0.2 0.4 0.6

26y [mrad] q [nm~1]

FIG. 16. Scattering signal from 80 nm diameter nanospheres. The
detected signal (from Fig. 4) is geometrically transformed (a), di-
vided by the flatfield (b) to form the clean data (c). This is radially
averaged and compared to a direct measurement of the same target
and an analytical model (d).

To obtain the number of photons detected in each scatter-
ing peak, the signal within the small square shown in Fig. 17a)
was integrated. The background was estimated for each peak
individually as the mean intensity in the region between the
larger and smaller rectangles. This background was then sub-
tracted from the signal, and since the Jungfrau detector pro-
vides energy calibrated data, the absolute number of detected
photons can be obtained. This number is written in the figure
next to each peak.

To perform the flat fielding, the signal intensity was inte-
grated over a significantly smaller region of the flat field data

(squares in Fig. 17b); the size of this region corresponds to
the size of the scattering peak as it was impinging the mirror.
Its larger footprint on the detector is caused by its divergence
due to the distortion on the mirror. This small region, how-
ever, leads to relatively low photon counts, which increases
the uncertainty in the resulting peak intensity.

The resulting peak intensity is obtained by dividing the
number of photons in the peak by the relevant flat field. These
values are shown in Fig. 18 for both the upper and lower crys-
tal. These two sets are not normalized: the fact that the in-
tensity in the peak agrees within the error bars is a real mea-
sured property showing that the scattering pattern is symmet-
ric. Since the scattering from a grating should be symmetric,
with possible asymmetry due to imprecise manufacturing on
the order of maximally a few percent, these results are taken as
proof that the flat fielding and correction of data works prop-
erly even in such difficult conditions where one crystal was
aligned to 0.08°away from its optimal position, decreasing its
efficiency by approximately a factor of three.

The error bars in Fig. 18 come from the Poisson statistics
of photon counting, i.e., they are caused by insufficient signal.
Therefore the data from the lower crystal (orange) exhibits a
lower uncertainty due to the approximately three times higher
signal. The contribution of the signal and flat field to this un-
certainty is in this case comparable, meaning that in order to
improve the data quality, signal levels in both data sets would
have to be increased.

E. Signal cleaning

The mirror is designed to reflect the radiation coming from
TCC and therefore it cleans the detected signal originating
from other sources. This is another advantage of this setup
compared to typical experiments, where the SAXS was mea-
sured directly without any reflecting element. The XFEL
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a) Scattering on grating (logarithmic colorscale)
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FIG. 17. a) Detected scattering signal from a 200 nm silicon grating, after geometrical correction. Smaller rectangles show the area where
photons for each peak were integrated, larger ones the area where background was estimated. Numbers show the number of photons in the
peak after background subtraction. b) flat field data processed from scattering from 80 nm nanospheres, processed the same way as the grating
data. White squares show the area where the flat field value was taken for each peak, numbers correspond to number of photons in that region.
Left and right parts have different color-scales for clarity.

1.6 inating from TCC have incidence angles close to the Bragg
—8— upper angle. Any rays which are parallel to the experimental axis,
1.4 4 —— lower but horizontally offset, or rays which are scattered from a dif-
ferent location than TCC, could deviate from this condition
1.2 and might not be reflected (or reflected with a lower proba-
= 1.0 bility). Such situations were modeled by the raytracing code.
o Figure 19 (a) shows the simulated detected pattern of isotropic
20.8- scattering originating at TCC, (b) 0.5 m upstream of TCC (b),
[ and (c) 3 m upstream of TCC. It can be observed that the mir-
8 0.6 ror reflects scattering from TCC almost homogeneously, but
= the further upstream the source is, the narrower the vertical
0.4 1 stripe is.
0-2 ajL=0 b)L=0.5m c)L=3m
0.0 T T T T T
3 4 5 6 7

peak number

FIG. 18. Intensity of peaks scattered off a 200 nm grating.

beam can in general contain an unwanted halo formed from
a collimated beam with much larger radius and very low in-
tensity, scattering from slits upstream in the beampath, or a
larger higher harmonic content. The mirror will significantly
decrease the contribution of these unwanted rays. Due to the -0 0 10 -0 0 10 -0 0 10
Bragg condition, the higher harmonics of the beam are also x [mm] x [mm] X [mm]
reflected, but with significantly lower reflectivity. According

t0!?, the reflectivity of 40 um thick HAPG for 9 keV radiation
in the first order is approximately 45%, while for the second
harmonics in the second order it is only 5% and for third har-
monics in the third order it goes down to 0.7%.

The geometry of the instrument is set up so that rays orig-

FIG. 19. Simulated detected signal where the homogeneous diffuse
scattering target is at TCC (a), 0.5 m further upstream (b), and 3 m
upstream (c). The white line shows the mean over the vertical extent
of the signal.
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FIG. 20. Measured signal with radiation source located 3 m upstream
from TCC, combining edge scattering on the YAG crystal with a ra-
diography of the target.

This scenario was demonstrated experimentally. In one of
the shots, the clean up slits located approximately 3 m up-
stream from TCC were slightly closed to scatter the beam,
providing a source with strong divergence. The beam at TCC
was scattered by the edge of the YAG crystal. The recorded
image is shown in Fig. 20 a), the subfigure (b) contains a draw-
ing explaining the location of various components. The figure
contains a clear diagonal line which originates from scattering
from the sharp edge of the YAG crystal. The rest of the signal
provides a radiography of the target and target holder backlit
by the upstream scattering. The important feature is that this
radiography is constrained to a vertical area therefore it is not
disturbing the scattering signal.

F. Usability at various energies

The radius of curvature of the mirror and its distance from
TCC defines the energies at which the mirror can be used (the
optimal energy). If a mirror is used for energies other than
this optimal energy, then the central Bragg angle 6y needs
to be adjusted. However, an inappropriate radius of curva-
ture will cause rays with certain horizontal declination 26x to
not fulfill the Bragg condition. The energy range for which
each mirror can be used is not easy to quantify. In Fig. 21 we
present two experimental results, subfigure (a) shows the scat-
tering of a beam with £ = 8150 eV from 20 nm nanospheres,
i.e. the optimal energy for the given setup. It can be seen that
basically the whole area of the crystal is well reflecting. The
white line shows the horizontal lineout of the data and is in-
dicative of the reflectivity of the crystal. Subfigure (b) shows
data where the XFEL energy was set to E = 9500 eV and the
crystal was rotated by 1.86°to adjust 8y to this new energy.
The horizontal lineout shows that now only the central part of
the crystal is reflecting, and the efficiency drops significantly
towards the edges. This efficiency curve has a FWHM close
to 10 mm, compared to about 20 mm for £ = 8150 eV.

To study this effect in simulations, we have chosen the
FWHM of the horizontal signal lineout with an isotropic
source as the figure of merit. The results are shown in Fig. 22.
The blue line represents the setup using a crystal with radius
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a) E = 8150 eV

b) E = 9500 eV
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FIG. 21. Detected pattern from 20 nm nanospheres at different XFEL
energies. The white line represents the horizontal mean of the data,
showing that at the non-optimal case with E = 9500 eV, the efficiency
drops towards the edges of the instrument due to too strong mirror
curvature.
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FIG. 22. Simulated widths of the detected signals for various XFEL
energies for three different radii of the mirror. The points represent
the results from Fig. 21.

r=>5.5 m. It can be seen that this crystal is usable for energies
between roughly 7500 and 9000 eV. The other lines show that
a set of crystals with three radii could effectively cover the en-
ergy range between 5500 and 9000 eV. The blue dots are the
values estimated from Fig. 21, showing a good agreement to
the simulation.

VI. SUMMARY AND CONCLUSION

We have designed, fabricated, and commissioned the SAXS
mirror, a novel tool to measure the small angle x-ray scatter-
ing (SAXS) signal in harsh laser plasma interaction experi-
ments. This instrument was commissioned in an experiment
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at the HED instrument of the European XFEL and is available
there for further use. With the current curvature of the mir-
ror it can be used to measure scattering at energies between
roughly 7500 and 9000 eV, however, it is possible to employ
mirrors with different radii of curvature to cover different en-
ergies. In the basic setup, the mirror provides a bandwidth of
roughly 30 eV, an angular resolution of 0.2 mrad, and works
at scattering angles from 2 to 30 mrad providing a g range of
roughly 0.06 - 1 nm~!. This ¢ range can be extended in both
directions if needed. The lower range is limited by the posi-
tional stability of the x-ray beam, the higher by the size and
vertical position of the mirror.

In general, the principles of this instrument can be used
to measure SAXS in various configurations and facilities.
The instrument is planned to be used in combination with an
optical-laser irradiated target in the future and its performance
for this real case scenario will be investigated.
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