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We describe the phase-contrast imaging instrument at the Matter in Extreme Conditions (MEC)
endstation of the Linac Coherent Light Source. The instrument can image phenomena with a spatial
resolution of a few hundreds of nanometers and at the same time reveal the atomic structure through
X-ray diffraction, with a temporal resolution better than 100 fs. It was specifically designed for studies
relevant to high-energy-density science and can monitor, e.g., shock fronts, phase transitions, or void
collapses. This versatile instrument was commissioned last year and is now available to the MEC user

community. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963906]

I. INTRODUCTION

Hard x-ray radiography has been widely used in the
past to investigate High-Energy-Density (HED) phenomena
such as radiatively driven shock waves,! inertial confinement
fusion capsule implosions,>™ X-pinch plasmas,® and other
hydrodynamical evolution of targets under test (see Landen
et al. and references therein’). The material transformation
of such targets tends to be very rapid. Therefore, short x-ray
pulses are needed, which have historically been produced by
high power lasers, with spatial and temporal resolution of the
order of tens of micrometers and hundreds of picoseconds or
more, respectively.

At the same time, techniques that exploit the phase
changes of x rays while they propagate through matter were
developed.® At x-ray photon energies, the real part of the
index of refraction of matter is typically much larger than
its imaginary part. Therefore, Phase-Contrast Imaging (PCI)
techniques are often considerably more sensitive than methods
that rely on absorption alone, such as x-ray radiography. Such
PCI techniques have also been adapted for use with laser-based
backlighters.>”'> However, due to their spatial incoherence
and low spectral brightness, the spatial resolution remained
limited. In-line geometries that do not require x-ray optics
but rely on the free propagation of the electromagnetic waves
were conceived, and sub-micron resolution is now standard at
synchrotron radiation facilities.!~!

The advent of x-ray free-electron lasers (XFEL) in general
and the Linac Coherent Light Source (LCLS)'#-2% in particular
have opened new possibilities for phase-contrast imaging in
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High-Energy-Density Science (HEDS). The spatial coherence
of the LCLS beam and its focusability allows for imaging
with sub-micron spatial resolutions as in synchrotron facilities,
while the short, bright pulses allow temporal resolution of tens
of femtoseconds, faster than any phonon time scale. Further-
more, the Matter in Extreme Conditions (MEC) endstation?!
is specifically tailored to field experiments in HEDS.

However, an easy transfer of phase-contrast imaging
methods established at synchrotron radiation sources to the
XFEL is not possible as they often rely on the measurement
of a series of images for different propagation distances
between sample and detector.!” In most HED pump-probe
experiments, the sample is destroyed by the intense optical
pump pulse, which prevents to repeat an imaging experiment
on the same sample. For this reason, in first PCI-experiments
at the Linac Coherent Light Source (LCLS) an iterative phase
retrieval scheme was followed, which often allows to retrieve
a quantitative measure of the phase shift introduced by an
object from a single phase-contrast image.”> The method
is especially successful if strong constraints on the object’s
transmission function can be applied during the iterative
phase retrieval, such as in the case of pure phase objects
with negligible absorption. In this way, experiments that
image shock waves in diamond using phase contrast with
unprecedented spatial and temporal resolution have been
performed.?® The spatial resolution of PCI is currently mainly
limited by the SASE bandwidth of the LCLS-pulse smearing
out features smaller than a few hundred nanometers. In
addition, PCI can easily be combined with X-ray diffraction. In
this way, macroscopic imaging with a resolution of hundreds
of nanometer and information about the atomic structure are
recorded simultaneously, with a time resolution better than
100 fs.

Published by AIP Publishing.
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To foster this field of research, a PCI instrument was
designed for MEC and is now available to the wider user
community. In this paper, we describe this new PCl instrument.
In Section II, we give a brief overview of the MEC endstation,
the Beryllium Compound Refractive Lenses (Be CRLs) that
are used to focus the LCLS beam, and both the ptychographic
and phase-contrast imaging methods we use. In Section III
we show some commissioning results that illustrate the
capabilities of the PCI instrument and present an outlook in
Section IV.

Il. INSTRUMENT DESCRIPTION

A. A short overview of the MEC beamline

The matter in extreme conditions endstation is one of
seven endstations at the Linac Coherent Light Source.'®!
It is equipped with high-power lasers and diagnostics to
study high-pressure science, shock-induced chemical reac-
tions and phase changes, dislocation dynamics, high strain
rate phenomena, material strength, warm dense matter, and
dense plasmas.?*?! To this end, two optical laser systems are
available at MEC: a nanosecond glass laser, generally used as
a shock driver, that provides two beams of 20 J each with a
pulse length varying from 2 ns to 200 ns. The laser can be
operated at 0.002 Hz and the temporal profile of the pulse can
be shaped in the laser front-end. A short pulse Ti:Sapphire
system (45 fs) is present that can deliver 1 J at 5 Hz or 4 J at
0.002 Hz.

The MEC target chamber is located approximately 460 m
from the end of the LCLS undulator. A SiC coated hard x-
ray offset mirror system (HOMS), positioned at a distance
of 156.07 m from the source, steers approximately 10'? hard
x-ray photons, tunable in energy from 4 keV to 12 keV in
the fundamental, to the endstation. The LCLS beam has an
intrinsic relative bandwidth of 1073, While this is sufficient
for the phase contrast imaging experiment, it does pose
a problem for the ptychographic spot size characterization
described below, in which case a monochromator that reduces
the bandwidth to 1 x 10~* is used. The X-ray pulse length is
typically 60 fs (but can be tuned to smaller than 10 fs), leading
to high temporal resolution. Multiple diagnostics (e.g., profile
monitors, energy monitors, and timing systems) are placed at
various locations along the beamline. The nominal beam size
at MEC is around 1 mm and can be apertured by slits. The
standard focusing system in use at MEC consists of Be CRLs
that are located 4 m upstream of the Target Chamber Center
(TCC). The MEC target chamber is a cylindrical vacuum
vessel with a diameter of approximately 2 m. It is separated
from the rest of the beamline by a 20 um thick beryllium
window. After interaction with the sample at TCC, the x-rays
go through a flight tube at the back of the chamber. A 100 ym
Kapton® window isolates the vacuum at the end of the flight
tube. X-ray cameras can be placed on a 500 mm travel stage
behind the window, and positioned into the beam to record
images of the x-ray beam or small angle x-ray scattering. The
distance from TCC to the x-ray camera can range from 1.2 m
to 5 m, although it is in principle possible to put a vacuum
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FIG. 1. 3D model of the PCI instrument in the MEC target chamber, and
location of the x-ray cameras behind the MEC chamber. Different x-ray
cameras can be translated into the beam on a motorized stage. Camera
location can be varied between 1.2 m and 5 m from the target, by changing
the length of the flight tube.

compatible camera in the MEC chamber and forego the flight
tube. A general overview of the location of the MEC target
chamber with the PCI instrument and x-ray cameras can be
seen in Fig. 1, while a close-up of the instrument itself is
shown in Fig. 2.

A more detailed description of the MEC endstation can
be found in Nagler et al.?!

B. The phase-contrast imaging instrument at MEC

The PCI instrument can be installed in the vacuum vessel
of MEC. A picture can be seen in Fig. 2. The instrument is
designed to operate in two different modes:

e Magnified-phase contrastimaging of targets with XFEL
pulses in optical-pump-x-ray-probe experiments.

e Ptychographic imaging of test objects in order to
accurately determine the spatial profile of the focused
XFEL beam. The precise knowledge of the wave field
is needed for a quantitative analysis of PCI data.

Beam
monitor /%
b,

Ptychography
holder

Optics unit
Input aperture

)

1
&

R '{’ Pinholes

FIG. 2. Picture of the phase-contrast imaging instrument at MEC.
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1. Optics unit

The optics unit is designed to hold a maximum of four
lens stacks and can be aligned with six degrees of freedom.
A longer linear stage (PI Micos HPS-170 12", 300 mm travel
range) allows to move the lenses along the LCLS beam and a
smaller stage (PI Micos, HPS-170 4", 100 mm travel range) is
used to move the whole platform perpendicular to the LCLS
beam in order to switch between the different lens sets. The
hexapod (PI M-811.DV2) on top of these stages provides the
missing degrees of freedom to accurately position the lenses
(linear motion in z-direction and three rotations). Travel ranges
of this device are specified as +17 mm, +£16 mm, +6.5 mm,
+10°, £10° and £21°in x, y, z, ¥, ¥, and J,, respectively.

2. Sample/target unit

The sample/target stage is designed to accommodate
simultaneously the targets for optical-pump-x-ray-probe
experiments and a set of nanostructured test objects on
a high-precision scanning stage for ptychographic beam
characterization. Switching between these two operation
modes can be done within minutes, so the nanobeam can
be characterized in detail directly prior to PCI experiments.

The samples are placed on top of 2 linear stages (PI Micos
HPS-170, 100 mm travel range), which are used to switch
between the ptychography configuration (cf. Sec. Il D) and the
PCI configuration (cf. Sec. I E). A hexapod (PI Micos, H-824
GV2), with 6 degrees of freedom and sub-micron resolution
and repeatability, is used for precise alignment of the sample.
Travel ranges are £22.5 mm, +22.5 mm, +12.5 mm, +7.5°,
+7.5°, and £12.5° in x, y, z, ¥;, ¥, and 9, respectively. On
top of the hexapod a piezo-stage (PI Micos P-733.3VD, closed
loop travel ranges are 100 ymin x and y, as well as 10 ymin z
direction, respectively) is implemented to scan ptychography
samples with nanometer precision (repeatability <2 nm for all
axes). In the PCI mode, another linear stage (PI Micos PLS-85,
155 mm travel range) is mounted at 45° relative to the LCLS
beam, to easily switch between sample cassettes (cf. Fig. 6).

3. Pinhole and beam stop

A pinhole can be inserted directly in front of a sample in
order to clean the focused beam from background radiation.
It is held by a set of three linear stages, one Aerotech
MPS50SL-050-VAC7-SM stage with a travel range of 50 mm
for movements in x-direction and two Aerotech MPS50SL-
025-VAC7-SM stages with a travel range of 25 mm to position
the pinhole in y- and z-direction, respectively. The beam stop
positioning after the sample is implemented using the same
configuration of stages as for the pinhole.

4. Beam monitor

A beam monitor (see Fig. 2) is placed after the Be lenses
and before the pinholes and PCI or ptychography sample.
Its working principle is similar to the intensity and position
monitors (IPMs) that are used in the hard x-ray beamlines, but
without the position sensitivity.?+> The x-ray beam passes
through a thin foil that is positioned in the x-ray beam. Four
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foils of different thickness and composition can be chosen.
The foil scatters a small fraction of the beam or creates K-«
x-ray radiation. These x-rays are recorded with an x-ray diode
(Canberra C14560-2 RF14*14-300EB) every shot, resulting
in a signal that is proportional to the incoming x-ray beam,
and can be used in data analysis.

C. Creating a secondary source for magnified
phase-contrast imaging using Be CRLs

The PCI instrument uses parabolic compound refractive
lenses (CRLs) from beryllium to focus the LCLS beam.
The fabrication and working mechanism of CRLs and their
uses in x-ray microscopy have been described extensively in
the literature.”>>° In short, beryllium lenses with a concave
parabolic profile are stacked (see Fig. 3). The focal length, f,
of the stack is equal to

R
f= NG (D

with n = 1 — 6 + i the refractive index of the lenses, N the
number of lenses, and R the radius of curvature at the vertex
of an individual lens. For magnified phase-contrast imaging,
we place a sample at distance Ax behind the focus and the
x-ray detector at a distance L behind the sample. This gives a
magnification M = (L + Ax)/Ax and a field of view (FOV) in
the sample plane of FOV = D.g/ f - Ax, with Dg being the
effective aperture of the lens stack.?® In order to obtain a large
magnification and field of view, a large numerical aperture and
thus a small focal length of the optics are needed. Therefore,
beryllium lenses with a radius R =50 pym and geometric
aperture D = 2Ry =300 um are typically chosen. Here, D
is the diameter and Ry the radius of the geometric aperture.
Stacking between 15 and 30 of such lenses, focal lengths as
small as 200 mm for photon energies ranging from 4 keV to
9 keV can be achieved, generating a focus with a lateral size
in the range of 100 nm.

a) magnified image

L | ax | L |
CRL focus

detector

sample

b) d c)

FIG. 3. (a) Schematic of the Be CRL setup in PCI geometry. The lens stack
has a focal length f. The focus is placed at a distance Ax in front of the
sample. A detector is then positioned at a distance L after the sample, leading
to a magnification M = (L +Ax)/Ax. (b) Sketch of a single parabolic Be
CRL indicating relevant geometric parameters. (c) Image of a stack of Be
CRLs aligned in a lens holder.
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The x-ray focus serves as a secondary source for
magnified imaging (cf. Fig. 3). While the distance Ax can
be freely chosen, L is limited at MEC to about 5 m, due to
the size of the MEC hutch. In the PCI instrument, the Be
CRLs are kinematically mounted on top of the optics unit
described above. The travel range of the stage along the x-
ray beamline allows us to change the magnification and field
of view online by effectively changing the distance Ax. The
four CRL stacks that can be mounted on the optics table allow
distances between the lens and the target ranging from 100 mm
to 800 mm. In this way, a large field of view of up to 1.2 mm
can be reached for a lens stack with 200 mm focal length.

D. Ptychography

In order to interpret the phase-contrast images quanti-
tatively, it is crucial to know the illuminating x-ray field
incident on a sample in both amplitude and phase. The field
can be determined with the PCI instrument using scanning
coherent x-ray diffraction also known as ptychography.3%3!
A nano-structured object is scanned through the x-ray beam,
and a diffraction pattern is recorded at every scan point. Using
phase retrieval algorithms, the complex-valued transmission
function of the nanostructured object as well as the illumi-
nating x-ray field can be reconstructed.’> Ptychography is
routinely used at synchrotron facilities to characterize focusing
optics and nanobeams*>3 and has been successfully applied
at LCLS.* Fig. 4 shows the instrument in ptychographic
imaging mode. To acquire a ptychographic data set, the sample
is scanned through the beam with a piezo-driven 3-axis stage
(PI P-733), while far-field diffraction images are captured
on an x-ray detector (e.g., a Cornell-SLAC hybrid Pixel
Array detector (CSPAD) or ePix camera’’) located outside
the chamber, typically at a distance of 4.8 m (not shown).
Pinholes on a 3D alignment stage can be placed before the
sample to reduce diffuse scattering originating from the Be
CRL or the beryllium window in the beamline. An aperture
with a diameter of 1.5 mm placed before the beryllium lenses
blocks wider angle scattering from the beryllium window.

The nano-structured samples used for ptychography
contained a matrix of 10 X 10 similar Siemens stars with a

pinholes ptychography targets

,

7
=~ > = i y Q \\ — ©
piezo-scanner PCl samples

FIG. 4. Ptychographic sample environment. A sample with nanometer sized
structures is positioned close to the x-ray focus and normal to the beam. It is
located on a 3-axis piezo-drive stage (PI P-733) that can scan the sample
through the beam with a nm repeatability and sub-nanometer resolution.
Pinholes of varying sizes can be placed in front of the target.
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size of about 2 um each and feature sizes between 50 nm
and 200 nm. These structures were etched onto a 1 um thick
tungsten layer, deposited on a 100 um thick CVD diamond
substrate. The sample was scanned through the coherent
focused LCLS beam, while collecting far-field diffraction
patterns with a CSPAD at each scan point. In the presented
measurement (see Fig. 5), the sample was moved continuously
by about 2 um in the vertical direction with a speed of
vy = 1.2 pm/s while LCLS was running at a repetition rate
of 120 Hz. One scan line in vertical direction contained 203
scan points with a distance of about 10 nm between them.
The same scan was repeated 20 times with an 100 nm offset
in horizontal direction between vertical scan lines. In this
way, a total of 4060 diffraction patterns were recorded over
a scan area of 2 um X2 pm in less than a minute. These
diffraction patterns were sorted by their integral intensity and
the 20% with highest as well as the 60% with lowest intensity
were rejected, i.e., only 20% of them with an intermediate
intensity were used during the subsequent phase retrieval. In
ptychography mode, the sample needs to be positioned close to
the focal plane. Given the experimental parameters of photon
energy E = 8.2 keV (wavelength A = he/E = 1.51 A) and the
distance between sample and detector L = 4815 mm, the real
space pixel size is calculated to p, = AL/(Npy) = 25.9 nm,
with p; = 110 um the pixel size of the CSPAD and N = 256
the size of the pixel subarea used for the reconstruction. A
summary of a typical result is shown in Fig. 5 showing the
reconstructed complex-valued illumination electromagnetic
field [cf. Fig. 5(a)], its intensity [cf. Fig. 5(b)], the phase
of the complex-valued transmission function of the object
[cf. Fig. 5(c)], the caustic of the focused beam in horizontal
and vertical direction [cf. Figs. 5(d) and 5(e)], and an
intensity profile of the focused LCLS-beam [cf. Fig. 5(f)]
demonstrating in this case a focused x-ray beam with a size of
about 150 nm (FWHM).

Spot sizes that can be achieved have a nearly diffraction
limited central peak, and sizes as small as 100 nm have
been demonstrated.>!*® Chromatic aberrations of refractive
lenses can affect the focus,?® in particular in SASE mode
at LCLS with a relative bandwidth of AE/E ~ 2 x 1073, All
ptychographic beam characterizations at LCLS have therefore
been carried out with a Bartels type monochromator at E
= 8.2 keV. Only recently has ptychography been extended
to be feasible with polychromatic x-rays.* Whether this
method can be extended to characterize the SASE nanobeams
generated with refractive lenses at LCLS is still an open
question.

E. PCI

The targets for phase-contrast imaging are mounted on
a cassette and loaded onto a saw-tooth mount that can be
kinematically replaced for easy target exchange (cf. Fig. 6).
The mount and target holder are designed such that the x-
rays image material that is driven with an optical laser either
orthogonal to the x-ray direction (as in Fig. 6) or nearly
collinear with the x-rays. The target mount is located on a
linear stage (PI PLS-85) that can raster different cassettes into
the beam. The hexapod, beneath the rastering stage, is used
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FIG. 5. Ptychographic reconstruction of a nano-structured object. (a) Reconstructed complex-valued illumination function in the object plane and (b)
corresponding intensity distribution. (c) Reconstructed ptychography sample. (d) Horizontal cross section of the x-ray intensity vs. propagation distance. (e)
Vertical cross section of the x-ray intensity vs. propagation distance. (f) Horizontal and vertical intensity profiles in the focal plane. The reconstructed focus has
a spot size of 150 nm (FWHM). 25 Be lenses with R =50 um were used and a photon energy of E =8.2 keV.

for fine alignment of the targets. The orthogonal geometry
allows for imaging the propagation of shocks or hydrodynamic
instabilities as they propagate in space and time. The pinholes
mentioned in Section II D can be used to clean up the beam. A
thin SiN foil, that scatters a tiny fraction of the x rays towards a
diode, can be inserted right before the sample to have a relative
energy measurement for every LCLS pulse.

The images are recorded on an x-ray camera which is
placed outside of the target chamber, at a distance ranging
between 1.2 m and 5 m after the flight tube mentioned in
Section II A. Typically, a Ce:YAG screen coupled to an
optical microscope is used to image the divergent x-ray beam
[cf. Fig. 7(a)]: the compromise between magnification of the

linear translation stage

sample cassettes  hexapod
FIG. 6. Picture of the PCI target mount. Targets are mounted on cassettes
that load onto the target holder. The holder is designed in such a way that the
optical laser can drive a shock perpendicular to the imaging direction.

PCI setup and field of view, as shown in Fig. 3, limits the
magnification to approximately x20. To approach resolution
of 200 nm (a limit imposed by the x-ray focal spot-size), we
need an imaging resolution at the camera of approximately
4 pm, which is easily achievable with an optical microscope
coupled to a Ce:YAG screen. On the other hand, direct
detection cameras (such as CSPAD-140k camera,’’ PI PIXIS-
XF 2048B) have a much larger resolution due to their pixel
size (110 gm and 13 um, respectively), and a higher sensitivity
and dynamic range, and therefore can be more appropriate
for highly absorptive samples if the smaller resolution (or a
smaller FOV) is acceptable.

lll. COMMISSIONING RESULTS

During commissioning of the instrument, phase-contrast
images were taken of shock waves traveling through silicon
samples. The shocks were driven through the silicon with
the MEC glass laser in the orthogonal geometry described in
Section I E (see Fig. 6). The results are shown in Fig. 7(a).
The laser hits the silicon sample on the right of the sample,
with a relative timing with respect to the x-rays that can
be electronically changed. An elastic shock front followed
by a plastic front with corresponding phase change can
be easily distinguished. In principle, any phenomenon that
has sufficient contrast either in phase or intensity can be
imaged, and experiments that look at, e.g., void collapses,
phase transformations, and spallation have been proposed
and/or performed. Care needs to be taken that the samples
are transparent enough: sufficient photons will need to be
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FIG. 7. (a) Image of shock wave in single-crystal silicon. Both an elastic wave and a plastic deformation with clear increase in density and phase transition
to polycrystalline Si can be seen. x-ray diffraction when different parts of the image are illuminated are shown by the white circles. (b) X-ray diffraction data
taken simultaneous with the PCI image in (a). The whole image is illuminated with x-rays. (c) X-ray diffraction of the cold single crystal Si before the shock
wave, taken on a subsequent shot. (d) X-ray diffraction of the Si after the elastic shock wave. (e) X-ray diftraction of the Si after the plastic wave. The selective
illumination that is possible with the PCI instrument allows for determination of structure in different places in the shocked image.

detectable on the x-ray cameras to determine the contrast with
enough dynamic range. Therefore, a judicious choice needs
to be made for each experiment regarding sample thickness,
photon energy, x-ray camera, field of view, and resolution,
such that sufficiently high quality data can be obtained. One
also needs to take into account that only a one-dimensional
projection is recorded, and any phase or intensity changes
along the x-ray beam are not recorded; care needs to be taken
that either these changes are not important to the experiment
that is being undertaking or that symmetry considerations can
be taken into account to relieve the ambiguity.

The X-ray beam that is used to image the sample of course
also diffracts. We can easily capture this large angle diffraction
pattern on X-ray detectors. In this way, we obtain information
on the atomic structure of the material that is present in the
PCI image. Such diffraction pattern recorded on a CSPAD
detector positioned close to the sample is shown in Fig. 7(b).
It should be noted that this pattern combines the diffraction of
the different regions (i.e., both before and after the different
shock fronts) that are visible in the whole Field of View (FOV)
of the PCI image in Fig. 7(a) and is recorded simultaneously
(i.e., with the same x-ray pulse). We have however the option
to reduce the FOV by moving the optics table of the instrument
(which reduces the value of Ax in Fig. 3) and limit the area
from which diffraction occurs. While the PCI image on these
subsequent shots may not be very interesting, we can use
this to identify the crystallographic phase behind the different
shock fronts by analysing the diffraction pattern. This is shown
in Figs. 7(c)-7(e), where we reduced the FOV, and therefore

the region where diffraction occurs, to approximately 5 pm,
and probed the regions indicated in Fig. 7(a) by the small
white circles, by appropriately aligning the sample, in three
subsequent X-ray shots on fresh targets. In Fig. 7(c), we probed
before the elastic wave, and the image is indistinguishable
from diffraction from an un-driven target (not shown), and no
Debye-Scherrer rings are seen. Probing behind the first shock
front (Fig. 7(d)) does not reveal rings either, confirming the
sample is still a single crystal undergoing elastic compression.
Finally, when probing behind the plastic wave (shown in
Fig. 7(e)) reveals Debye-Scherrer rings corresponding to a
high pressure phase of polycrystalline silicon.

The diffraction data allow us to identify the phase
transition that occurs behind the imaged shock waves and in
this way we obtain information on the sample both on a length
scale of a few hundreds of nanometers and the atomic scale.
Although this is beyond the scope of this paper, it is clear that
with proper phase retrieval, the change in the transmission
in the PCI image can be used to determine the density,
spatially resolved and corroborated by the x-ray diffraction,
while multiple images taken at different relative time delays
can be used to determine the velocity of the poly-crystalline
shock fronts, which in principle allows a determination of the
equation of state.

IV. CONCLUSIONS

The phase-contrast imaging instrument at the matter
in extreme conditions endstation of the Linac Coherent
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Lights Source can image phenomena with spatial resolution
of hundreds of nanometers (currently limited due to the
bandwidth of the SASE-beam) and temporal resolution better
than 100 femtoseconds. It has the capability to perform
ptychographic determination of the x-ray illumination that is
used in the phase-contrast imaging experiments. The imaging
can be combined with x-ray diffraction for a simultaneous
determination of the atomic structure of the imaged samples
and phenomena. The instrument is available for the MEC user
community.
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