On the Use of Multilayer Laue Lenses with X-ray Free Electron Lasers
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ABSTRACT

We report on the use of multilayer Laue lenses to focus the intense X-ray Free Electron Laser (XFEL) beam at the European
XFEL to a spot size of a few tens of nanometers. We present the procedure to align and characterize these lenses and
discuss challenges working with the pulse trains from this unique x-ray source.
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1. INTRODUCTION

X-ray free electron lasers distinguish themselves from other x-ray sources with their extremely short pulses, high transverse
coherence and high peak powers. These properties opened up new research areas including single shot imaging of
biological samples, imaging the dynamics of matter, creating matter under extreme conditions and studying nonlinear
optical processes in the hard x-ray regime. Nonlinear Compton scattering [1], for example, occurs at extreme intensities
when two incoming x-ray photons of photon energy E simultaneously interact with an atom to convert into a single x-ray
photon that is energetically red-shifted in comparison to 2E. The generation of a photon at precisely 2E
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corresponds to the process of second harmonic generation, which is well known in nonlinear optics and has also been
observed in the x-ray regime [2]. X-ray and optical photons can also combine at high intensities and in the presence of
matter in difference- and sum-frequency generation [3] and other wave-mixing processes such as parametric down

conversion [4]. All these experiments also require very high fluence, which can be increased by focusing the XFEL beams
to a smaller spot. We wish to investigate the generation of high-intensity beams at XFEL sources using multilayer Laue
lenses (MLLs) [5]. This new generation of highly efficient and robust x-ray optical elements has been designed to operate
under the full beam conditions of these sources [6,7]. Part of this work was done during the commissioning of the MID
[8,9] beamline of the European XFEL (Schenefeld, Germany) [10,11] in two experimental runs (2200 and 2543).

In general, focusing x-ray beams to a very small spot, below 10 nm, is challenging. It requires optics with little or no
wavefront aberrations. Optical elements used with XFEL beams have to be also extremely robust to survive and perform
reliably when exposed to high power beams. XFEL beams are typically focused with compound refractive lenses (CRLs)
or reflective mirrors. To increase the numerical aperture (NA) of CRLs, which is needed to achieve very small spot size,
many lenses need to be stacked behind each other [12]. This however, also reduces their efficiency. Furthermore, CRLs
have strong chromatic aberrations so their ability to focus to extremely small spot sizes is limited [13]. Reflective mirrors,
such as Kirkpatrick-Baez (KB) mirrors, which operate at grazing incidence, can accept the full beam. Due to their operation
at grazing incidence, the interaction with the X-ray beam is spread over a large area. This minimizes the power per area or
dose to the material and protects the mirror from radiation damage. The reflectivity and efficiency of KB mirror system
can be very high. However, substrates and coatings are required that have nearly perfect surface figure and extremely low
surface roughness [14]. Diffraction-based optics, such as Fresnel zone plates, can also be used to focus XFEL beams [15-
17]. They also have chromatic aberrations, but their effects are generally smaller than for CRLs due to their shorter focal
lengths and lower dispersion. Since these lenses consist of nanostructures printed on x-ray transparent membranes, they
are fragile. Theoretical simulations predicted that rapid temperature fluctuations of many hundred degrees Kelvin lead in
stress and/or strain changes followed by a failure when exposed to the direct beam [18]. However, the response of zone
plates is also strongly dependent on the materials used in these nanostructures. For example, typical zone plate materials,
such as gold and tungsten, cannot survive long in an intense XFEL beam. But combining high-Z metal (Ir) with excellent
heat dissipation of low-Z material (diamond), as demonstrated with Ir-filled diamond zone plates, leads to increased
radiation hardness [15]. Such zone plates could withstand unfocused XFEL beam at LCLS (SLAC, USA) but under pre-
focused XFEL beam their damage threshold was surpassed. It was reported that the LCLS beam at 4 and 8 keV photon
energies and a beam size of 2 x 2 mm? [19] were not detrimental for grating nanostructures made of pure diamond. This
beam size was much larger than the typical areas of zone plates. Making zone plates this large is possible, but requires an
increase in the number of zones which in turn increases its chromatic aberration, thus reducing the tolerable bandwidth. In
this paper we report about focusing XFEL beams with MLLs. These diffractive optics have much higher diffraction
efficiency as compared to Fresnel zone plates and combined with high NA could potentially focus XFEL beam to
intensities required to study nonlinear processes such as mentioned above.

2. MULTILAYER LAUE LENSES

All MLLs used in this study were prepared in our laboratory with a custom-built magnetron sputtering system. The
multilayers consisted of silicon carbide (SiC) and tungsten carbide (WC), which form sharp, smooth and stable interfaces
[6, 7, 20]. The multilayer, which was >105 um thick, consisted of 10048 bilayers and was deposited on a polished Si wafer
substrate with initial roughness of about 0.15 nm rms. The substrate was moved between the two sputter targets in the
process of spinning around its own axis while the layer thickness was controlled by varying the platter velocity.

Similar to Fresnel zone plates, the resolution of an MLL lens is determined by the finest layer. Tungsten carbide/silicon
carbide (WC/SiC) multilayer systems have remarkably low interfacial roughness and can form nanometer or even sub-
nanometer periods as previously demonstrated for periodic multilayers [21,22]. However, the variation in period that
produces the focusing behavior in MLLs leads to stress and interface roughness variation in the deposited nanostructure.
Also, the total multilayer structure is hundreds of times thicker than the multilayers usually used for reflective coatings.
We overcame these challenges using new materials and by optimizing the sputtering process as reported before [7]. The
refractive carbide materials used here produce multilayer structures that are extremely thermally stable and retain their
period when heated up to temperatures of 800°C [6]. A high aspect ratio of the period of the finest layer to the thickness
of the lens (in the direction of beam transmission) is needed to achieve high diffraction efficiency. An aspect ratio of
several thousand is needed in x-ray regime above about 10 keV. Such high aspect ratio structures can easily be achieved
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when slicing an MLL from the deposited structure. Diffraction efficiencies above 80% were achieved for energies of 17-
20 keV [23] and even higher efficiencies can be reached at higher energies. To obtain high efficiency over the entire lens,
it is critical that each layer is also correctly tilted to satisfy Bragg’s law in each position along the lens. We developed a
simple method to achieve this wedging of the layers by affixing a straight-edged mask at a pre-selected height above the
substrate and spinning it together with the substrate during the deposition process [24]. A desired thickness profile is then
formed in the penumbra of the mask. Because it takes a very long time to deposit such thick multilayers (~6 days to prepare
105 um thick multilayer) we maximized the deposition output by utilizing two masks placed at different heights.
Consequently, we could prepare lenses optimized for the same energy but of two different focal lengths during the same
deposition run. After the deposition was finished the multilayer thickness profiles were determined by making “depth
soundings” of the structure at a number of positions using a focused ion beam (FIB) [24]. This was used to identify the
positions where layer spacing and layer tilt curvature matched the design. MLLs were cut using a FIB. This took several
days per MLL due to their large thickness. Final extraction and transfer of each MLL was performed with a
nanomanipulator (Omniprobe®). Each MLL was attached to the corner of a 100 um thick diamond wafer, welded on the
side with two Pt dots (by electron-induced deposition) and finally thinned using the ion beam to an optical thickness that
would give the optimal diffraction efficiency.

Experiments reported here were performed at the MID instrument [25] of European XFEL during experimental runs 2200
(April 2019) and 2543 (October 2019) at 8.9 keV and 10.1 keV photon energies, respectively. MLLs optimized for these
two energies were designed to focus x-rays in ideal case (unaberrated lenses) to 15 nm with focal lengths of 6 and 7 mm.
Since an MLL deposited on a flat substrate focuses x-rays only in one direction, two MLLs positioned orthogonal to each
other, are needed to achieve a 2D focusing. Precise alignment, including astigmatism correction [26], was achieved by
mounting each lens on a separate hexapod with six degrees of freedom. Focusing was achieved with a pair of MLLs
optimized for the same energy with two different focal lengths. The multilayer, from which these MLLs were prepared,
was deposited starting with the thinnest and ending with the thickest layers. This took advantage of the smooth substrate.
Such a structure diffracts x-rays away from the plane of the substrate. This off-axis design simplifies separating and
blocking the direct beam and the two diffracted beams coming from horizontal and vertical lenses.
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Figure 1. Schematic of the experimental setup showing the major components. The image below the MLLs shows horizonal
and vertical focusing MLLs under Bragg condition (black) when illuminated by XFEL beam as seen with x-ray eye detector
placed downstream the lenses.

Experimental setup

The approximate dimensions of the MLLs were 100 um (height) x 125 um (width) x 4.5 um (optical thickness). Such large
MLLs are needed to capture the largest possible part of highly coherent XFEL beam, without having to pre-focus it to
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damaging intensities. In the 2200 experimental run we worked with 8.9 keV x-rays and the beam was collimated and
slightly pre-focused (~ 300 x 300 um?) using only one set of CRLs. Additional beam size reduction and removal of stray
scattering and tails of the beam was accomplished with a set of slits. Nevertheless, the slitted beam over-filled the MLLs
thus causing the beam to illuminate not only the lenses but also their supporting structures. Due to beam pointing
instabilities and problems with data acquisition, measurements and data analysis were very difficult. In our second
campaign (experimental run 2543) we worked with 10.1 keV x-rays. The XFEL beam was collimated and pre-focused
with two sets of CRLs. The beam illuminating MLLs was at least three times more intense as compared to experimental
run 2200 and an additional pinhole was placed upstream from MLLs (Fig. 1). The x-ray beam path at the MID beamline
was in vacuum except in the region surrounding our equipment, of about 1.2 m length. This region included an upstream
pinhole, the set of two MLLs, a sample, removable x-ray eye detector and optical microscope, and a beam stop.

During the initial alignment procedure, the intensity of the XFEL beam was attenuated by several orders of magnitude. An
x-ray eye detector was placed along the beam path behind the MLLs. An MLL lens in the beam path will transmit most of
the incident x-rays since it is only about 4.5 um thick. However, once it is tilted to the Bragg angle it becomes completely
black because it efficiently diffracts most of the x-rays away from the optical axis. This is the case for both lenses in Fig.
1. In this image the lenses are still far apart from each other. During alignment, they are overlapped as visualized with the
x-ray eye detector, to ensure that the x-rays diffracting from the first lens fall on the second, orthogonally placed lens. As
an alignment sample we used a structure made out of gold using optical lithography. It consisted of a 400 nm thick gold
dot (8 um diameter) surrounded by five 4 um wide concentric rings, with increasing diameter. This structure was printed
directly on a 200 um diamond wafer and placed close to the focal plane. It was placed downstream of the MLL focus so
that a highly magnified image of this structure was projected on the AGIPD (Adaptive Gain Integrating Pixel Detector)
[27] detector. AGIPD is high dynamic range pixel array detector with a 4.5 MHz frame rate.The projection image was
used to fine tune the alignment, correct the astigmatism (observable as a different magnification of the image in the
horizontal and vertical directions) and to determine the focal plane. The AGIPD detector was 4 m away from the interaction
(focus) region. It was under vacuum and the flight path was extended in front of the detector, starting at about 80 cm from
the focal plane with an entrance aperture by an off-axis 40 mm diameter, ~770 um thick, water cooled, diamond window.
In addition to the beam stop that blocked the direct and the single first order diffracted beams, a 300 um thick Si was
mounted directly on the diamond window to attenuate focused beam being accepted by AGIPD detector.

3. RESULTS AND DISCUSSION
Optics characterization and results

The wavefronts of the MLLs used in this experiment were pre-characterized using ptychographic x-ray speckle tracking
(PXST). More details about the theory [28], experimental application [29] and a software code [30] for PXST can be found
elsewhere. The method relies upon the ability to nicely visualize aberrations of the lens by making a projection image of
a small sample placed just slightly outside the focus. This is a simple way to form magnified high-resolution images. In
order to accurately map out any wavefront distortions of the beam illuminating the sample, the sample should have many
small features. The sample is scanned around while magnified holographic images are collected on the detector. The image
of the whole sample can then be formed by stitching together many such illuminated patches. However, if the lenses are
not perfect (the wavefront not being a perfect sphere) distortions in the image are revealed when images do not perfectly
overlap when these small patches are stitched together. So, when we construct the stitched image, we have to “undistort”
each projected image so that they match up in the overlapping regions. This is just ptychography, but now applied in a
geometric sense, rather than through diffraction. This map of the distortions represents the phase gradient, which after
integration gives us the wavefront map of the lens. The focus size and distribution can be extracted once we perform a
Fourier transform of the lens wavefront map and backpropagate the wavefront to the focal plane. We found that the phase
of two orthogonally placed MLLs is separable [7] and the phase of each lens is similar to the other, which is to be expected
since the lenses were prepared the same way. Based on our PXST characterization [28,29,30] the achieved focus in the
focal plane was 26 nm. Our estimation of the intensity in the focus is 3.4 x 108 W/cm?.

Lens performance under pulse trains

Here we show the performance of one set of lenses that we were testing by increasing the intensity of the incoming x-ray
beam and the number of pulses per train at a pulse energy of ~1.1 mJ. The frequency of pulse trains was 10 Hz, and the
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pulses within a train were separated by either 0.9 us or 3.5 us. After the MLLs were aligned they were used with single
pulse trains and 92% beamline transmission for 6 hours. Apart from beam-pointing instability no problems were
observed. In one study we performed a series of runs in which the number of pulses per train were increased from 1 to 2,
3,4,5,6, 7,10, 20 and 30 pulses per train, all with a pulse separation of 3.5 us. The increase in the number of pulses per
train was accompanied with an increase of x-ray intensity (transmission) from 9% to 92% at 5 pulses per train to a final
working condition of 30 pulses per train and 23.5% transmission. At this condition we saw that the diffraction efficiency
of the MLLs changed over the course of a pulse train, and that this variation was reproducible from train to train. Figures
2 and 3 show snapshots of how the magnified pupil of the MLLs, as seen on AGIPD detector, changed as a function of the
pulse number within a train, for two different runs with the MLLs realigned in between. The two horizontal dark lines seen
in each image are the gaps between detector chips on the AGIPD. The runs consisted of 1000 trains, each with 30 pulses
for a total of 30000 recorded frames. Figures 2 and 3 show ten images and twelve images of the pupil, respectively. The
time sequence of images in both figures goes from left to right and top to bottom. The pupil is uniformly illuminated at the
start in Figure 2 (start of one train), showing that the lenses were at the correct orientation to fulfill the Bragg condition for
all points in the lens. However, the last few images in Figure 2 show a reduction of intensity in the bottom right-hand side
of the pupil. The observed reduction is similar to patterns observed when the lenses are not properly aligned, and we
speculated that this was caused by a small rotation of the lens, induced by the X-ray pulses in a train and returning to the
original alignment by the start of the next train. To test this hypothesis, we changed the tilt of the lenses in such a way to
observe an improvement of the diffraction efficiency during the course of the train. In Figure 3, at the start of the train the
lenses seem to be out of the Bragg condition and become better aligned by the end of the train (last images). Due to the
problems with gain switching on the detector the highest intensity parts are saturated (51", 81, 9™, 10™, 11" and 12" images).
Final run was done with 30 pulse trains and at 46.5% transmission. In this case the lens diffraction efficiency slowly drifted
such that by the end of the 1000 trains no diffraction could be seen on the detector. Thus, we feared that both lenses were
destroyed. However, this was not the case. We could verify that both lenses were still there with the x-ray eye detector but
no longer in the Bragg condition. After re-aligning them we saw that they were still diffracting.

After the experiment we examined both lenses with SEM and compared them with images taken before the experiment.
One of these lenses before and after the experiment is displayed in Figure 4. No obvious changes could be seen in these
SEM images. Later measurements of the diffraction of these lenses also did not show any change.

Figure 2. Images of the pupil (few snapshots) as a function of time along one train with 30 pulses and 23.5% transmission.
The sequence of images with time goes from left to right and top to bottom. Ideal image should show uniformly illuminated
square with two horizontal dark bars. Horizontal bars are gaps between the detector tiles.

In another test at even higher beamline transmission during experimental run 2543, we found that the upstream lens broke
off its mount. One explanation for this and the wobbling of the lenses over the course of the pulse train is that the heat,
caused by x-ray absorption of the lens, cannot be dissipated quickly enough. Although the lens appears to be thermally
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very stable the large heat gradients cause a tilt of the lens, and most probably a bending at the points at which they are
attached to the diamond mount. There they were connected only via very small Pt welding dots (as indicated in Figure 4).
This way of mounting the MLLs was used in synchrotron setups with no problems for many years. The conditions at
XFELs are obviously much more demanding, and must be addressed to be able to prevent lens wobbling so that they can
be used at high intensity for all pulses in a train. We demonstrated that the MLLs can focus, image and survive in European
XFEL beam even at very high intensities. However, small welding spots connecting the MLLs to the diamond substrate
proved to be the bottleneck for fast enough heat dissipation. We are currently pursuing new, more robust ways of mounting
MLLs, which would keep them stable and under Bragg condition even at full beam intensity.

Figure 3. Images of the pupil (few snapshots) as a function of time along another (later) train with 30 pulses and 23.5%
transmission. The sequence of images with time goes from left to right and top to bottom. Ideal image should show
uniformly illuminated square with two horizontal dark bars. Horizontal bars are gaps between the detector tiles.

' MLL
diamond substrate

Figure 4. SEM image of one of the MLLs before (a) and after (b) XFEL experiment. An MLL attached to the Si substrate is
affixed with platinum to the diamond substrate only in two locations as indicated by arrows. The size of the yellow scale bar
is 50 um.
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