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The advent of hard x-ray free-electron lasers (XFELs) has opened up a variety of scientific
opportunities in areas as diverse as atomic physics, plasma physics, nonlinear optics in the x-ray
range, and protein crystallography. In this article, we access a new field of science by measuring
quantitatively the local bulk properties and dynamics of matter under extreme conditions, in this
case by using the short XFEL pulse to image an elastic compression wave in diamond. The elastic
wave was initiated by an intense optical laser pulse and was imaged at different delay times after
the optical pump pulse using magnified x-ray phase-contrast imaging. The temporal evolution of the
shock wave can be monitored, yielding detailed information on shock dynamics, such as the shock
velocity, the shock front width, and the local compression of the material. The method provides a
quantitative perspective on the state of matter in extreme conditions.

Whilst many of the advances afforded by x-ray free-electron lasers (XFELs)! are completely new*,
several key results have been obtained by exploiting established static techniques and transporting them
to the femtosecond time-domain made possible by the short duration of the XFEL pulses”®. Hard x-ray
phase-contrast imaging (PCI), an established technique at modern synchrotron radiation sources, ena-
bles one to image optically opaque samples with high spatial resolution®!!. Its sensitivity to the phase
shift introduced by an object enhances the visibility of structures otherwise invisible in x-ray radiogra-
phy based on absorption'®!*. When combined with the femtosecond duration of an XFEL pulse, such a
technique allows imaging of matter changing rapidly in both space and time. We make use of the very
short but intense XFEL pulses to image the propagation of an elastic compression wave in diamond with
both high temporal (~50fs pulse duration) and spatial resolution (~500nm). As shock waves in matter
typically travel at speeds in the range of several kilometers per second, x-ray pulses in the picosecond
regime are required to freeze the motion of the shock wave. We developed a new x-ray microscope
based on beryllium compound refractive x-ray lenses (Be CRLs)", which is especially optimized for
the XFEL environment and can withstand the full XFEL beam's. The x-ray microscope is part of an
infrared-laser-pump-x-ray-probe setup. It generates shock waves in matter using a short optical laser
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Figure 1. Schematic outline of the optical setup used for magnified x-ray phase-contrast imaging.
Optical axis is not to scale.

pulse and probes the sample state using magnified phase-contrast imaging with a single XFEL pulse.
From these images, we can quantitatively reconstruct the density profiles and thus infer the state imme-
diately behind the shock front.

The extreme physical properties of diamond make it a material of enduring scientific and technolog-
ical interest. Its unique combination of ultra-high stiffness, hardness, optical transparency, and thermal
conductivity have made it a focal point of high-pressure science for decades. Several recent publications
have examined the behaviour of diamond under dynamic compression from 0.1 TPa to 5TPa'é-20. All
these studies used optical interferometry to infer conditions in the compression wave. Here for the first
time we directly image the shock wave using x rays, opening up a valuable new perspective on the
dynamic behaviour of diamond under high pressure.

The experiment was carried out at the Matter in Extreme Conditions (MEC) endstation of the Linac
Coherent Light Source (LCLS) XFEL. The instrument is located in the far-experimental hall at a distance
of about 464 m from the undulator x-ray source (cf. Fig. 1). The x-ray microscope is based on a magni-
fied inline imaging scheme that requires the creation of a secondary source using x-ray optics'>?!. At a
photon energy of 8.2keV a stack of 20 Be CRLs focuses the LCLS beam to a spot with a size of 125nm
full width at half maximum (FWHM) at a focal length of 250 mm behind the optics?.

The diamond samples (cf. Sample preparation in the Methods) were positioned at a distance of
z,=115mm behind the focus. The magnified near-field images of the samples were projected onto a
detector located at z;=4214mm behind the sample (cf. Fig. 1), yielding a magnification of M= 37.6".
The method requires a high degree of spatial but only a moderate degree of longitudinal coherence®.
These requirements are well matched by the beam characteristics of an XFEL based on self-amplified
spontaneous emission (SASE), such as those at the LCLS?**?>. The shock wave was induced in the dia-
mond samples by shining an 800 nm-infrared laser with a pulse duration of 150 ps (FWHM) onto the
sample from the side (cf. Optical laser in the Methods).

Figure 2 shows a series of phase-contrast images measured at different time delays ranging from 1.2ns
in Fig. 2(a) to 3.0ns in Fig. 2(d). These images clearly show the decay of the elastic compression wave
during the 3 ns time interval producing less contrast towards the longer time delays. Since the target area
is destroyed by the high-intensity optical laser pulse, each of these images was taken at a fresh spot on
the sample or even different diamond samples.

To obtain quantitative measurements of the density in the shock front and its velocity we model
the image formation process that leads to the images in Fig. 2(a-d). The transmission of the x rays
through the thin object is described by a complex transmission function O(r) that relates the transmit-
ted wave field ¥(r) to the wave field P(r) incident on the sample by v(r) = O(r) - P(r). The transmitted
wave field then propagates to the detector. In the paraxial approximation the propagation is modeled
by the Fresnel-Kirchhoff integral®. By recording the intensity in the detector plane, the phases of the
x-ray wave field are lost. With the knowledge of the incident wave field obtained by an antecedent
beam-characterization experiment (ptychography)? the transmission function O(r) can be reconstructed
by phase-retrieval techniques (cf. Data analysis in the Methods). In this way image distortions related
to phase modulations in the incident wave front can be corrected for. Such distortions, which are due
to aberrations of the lens or other defects, are visible for example in Fig. 2(b) (marked by arrows). The
compression of the material by the shock wave introduces an additional phase shift in the x-ray wave
field behind the sample. Figure 2(e-h) depicts the phase maps [phase of the transmission function O(r)]
in the sample plane obtained by iterative phase retrieval from Fig. 2(a-d), respectively.
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Figure 2. (a-d) Phase-contrast images measured with a high-resolution x-ray detector at a distance of

4214 mm behind the sample. Specific time delays are indicated in each image. (e-h) Corresponding phase
maps obtained by iterative phase retrieval from the images above. In order to enhance the visibility of shock-
related features, the phase map obtained from just the sample without shock wave was subtracted from the
phase map with shock wave. Gray values indicate the phase shift in radians [cf. inset in Fig. e)]. In Fig. f) a
rectangular box highlights the area used to quantitatively determine the compression of the material.
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Figure 3. Phase profiles of the shock front at different time delays.

Figure 3 shows line profiles through the shock front extracted from Fig. 2(e-h) in an area highlighted
by a dashed rectangle in Fig. 2(f). These profiles monitor the compression of the material in the propa-
gating shock wave at the different time delays. The signal was averaged over a length of 10pm perpen-
dicular to the propagation direction in order to reduce the influence of noise. By measuring the distance
between the sample edge and the shock front, a shock velocity v=(19.9 & 1.7) km/s was determined (cf.
Magnified phase-contrast imaging in the Methods).

The phase profiles shown in Fig. 3 are well represented by a double-sided error function as indicated
by dashed lines. Since the reconstructed phase change corresponds to an integrated value accumulated
along the path of the x rays through the sample, it is in general not proportional to the local compres-
sion of the material. In order to retrieve the compression quantitatively, further modeling of the shock
wave inside the material is required. To this end, we assume a spherically curved wave front whose
radius of curvature can be obtained from Fig. 2. Using tomographic reconstruction under the assump-
tion of spherical symmetry, the local phase change Ay per voxel is reconstructed (cf. Data analysis in
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Figure 4. Density profiles of the shock front after the application of the tomographic reconstruction
algorithm.
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Figure 5. Decay of the elastic compression wave.

the Methods). In Fig. 4 line profiles monitoring the local change in density are summarized. They were
obtained from the tomographically reconstructed phase profiles A¢ by using Ap=—Ayp/[kd(6/p)],
where Ap is the change in density, k=4.16 x 10”mm~! the wave number, d=59.8 nm the thickness of
a cubic voxel, and 6/p=3.1x 10-®(g/cm®) ! the refractive index decrement ¢ normalized to the density
p of the uncompressed material at the photon energy of E=8.2keV.
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As the compression wave propagates into the target (cf. Fig. 4), it decreases in amplitude and increases
in width. This is due to the finite duration of the originally applied pressure pulse, which results in a
rarefaction wave that releases the stress behind the shock front. In Fig. 5(a) the decay of the maxi-
mum compression C,,, as function of time ¢ is shown. Specific compression values were determined
using Ca(£) = A prax(£)/ p, with p=3.52 g/cm? the bulk density of diamond. At the same time the shock
width increases from about 1.5pm to 3.5pm in the given time window [cf. Fig. 5(b)]. Error bars in
Fig. 5(b) indicate an 8.7% inaccuracy in shock width, which is related to the error in length scale in the
phase-contrast images (cf. Magnified phase-contrast imaging in the Methods). The high sensitivity of PCI
allows one to measure density variations as small as 1% in this case, and the early time steepening of the
wave front is resolved for the first time with a sub-micron resolution. Numerical calculations confirm
that for the applied pressure pulse the compression steepens up within the first nanosecond owing to the
non-linear compressibility, such that the front itself has a width of order the lattice spacing. Although
this sharp front can not be resolved with this setup, it can be used to determine the resolution power
of the microscope. From the inferred compression, we conclude that this is a purely elastic wave, as the
pressures are well below the Hugoniot elastic limit (HEL) of diamond'®.

In this first approach to quantitatively analyze the phase-contrast images we determined a wave curva-
ture of R=440pm at the time delay of At=1.2ns, which scales linearly up to R=476 um at At=3.0ns.
However, as can be seen in Fig. 2(e-h) the precise shape of the elastic wave varies considerably between
different pulses and, therefore, we make a conservative error estimate for the radius of curvature of
approximately AR/R=30%. Numerical simulations showed that this systematic error propagates into
the determination of the material induced phase shift using tomography by Ap/p~0.5- AR/R=15%.
Since density change Ap and compression C are linearly related to this phase change, the same relative
error holds for the deduced values, i. e., Ap/p=AC/C 15% |[cf. error bars in Fig. 5(a)].

With this example, we demonstrated that fast dynamic processes inside matter can be visualized in
situ with both high temporal and high spatial resolution by magnified x-ray phase-contrast imaging at an
XFEL. Smallest visible features had a size of about 500 nm, mainly limited by the bandwidth of the XFEL
beam. A seeded XFEL beam combined with an optimized detector setup will improve the resolution
to better than 100nm. Note that the temporal resolution, set by the x-ray pulse length, is shorter than
even the fastest phonon period in the system, totally eliminating temporal blurring. This combination
of spatial and temporal resolution could thus find a range of applications in shock physics, as this scale
length is, for example, smaller than typical grain sizes in most polycrystalline samples, affording the pos-
sibility of observing the effect of grain boundaries and orientations on shock propagation. Furthermore,
although the elastic compression wave here was atomic in front width, the direct observation of the
evolution of the width of the front in a shock for a material subjected to pressures above the HEL would
provide significant insight into the time scales for plastic flow under high strain-rate conditions well in
excess of 10°s7!.

Methods

Diamond samples. The diamond samples are optical grade polycrystalline strips with dimensions of
Axx Ayx Az=30mm x 145pm X 272pm. They are produced by chemical vapor deposition (CVD)
and contain micrometer-sized grains. The LCLS beam, propagating in ?z-direction, hits the polished
side of the sample having less than 7 nm peak-to-valley roughness, whereas the shock-driving laser pulse
is incident perpendicular to the LCLS beam onto the unpolished side of the sample propagating in — e’
-direction. The elastic wave therefore propagates in — e y-d1rection. The x-ray transmission image is
recorded through the 272 um-thick side of the sample.

Optical laser. The shock wave was initiated by a Gaussian-shaped, 150 ps (FWHM) drive laser with
a wavelength A=800nm and energy E= 130m] per pulse. The optical beam was focused onto the dia-
mond target to a spot with a size of 80 pm (FWHM), which corresponds to a maximum peak power of
P~12TW/cm?

Magnified phase-contrast imaging. The experiment was carried out in a magnified inline geome-
try. By using a set of 20 Be CRLs a secondary x-ray source was created at z,= 115mm in front of the sam-
ple?2. The area of the sample illuminated by the divergent x-ray beam was imaged onto a high-resolution
x-ray detector positioned at a distance of z;=4214mm after the sample, resulting in a magnification
of M= (z,+ z;)/z,=37.6. The scintillator-based high-resolution detector has an effective pixel size of
pa=2.25pm, leading to p=p,/M=59.8nm pixels in the phase-contrast images. This experimental
arrangement with spherical-wave illumination is equivalent to a plane wave geometry with an effective
propagation distance of z.4=z,/M=112mm'>'>?’. The error in magnification AM is related to meas-
urement inaccuracies of the distance values z, and z,. It is given by AM/M=|z,/(z,+ z,)| - (Az/z,+
Azylzy) ~ Azlz,+ Az,lz, if z,< 2z, In this case, it further reduces to AM/M= Az/z,, since the relative
error in z; was much smaller than the error in z,. The distance z, could be calibrated with an accuracy
of approximately Az, = 10mm, yielding a relative error in magnification and the corresponding length
scale in the phase-contrast images of 8.7%. Since the shock velocity was determined by measuring the
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distance between the shock front and sample edge, this error propagates into the determination of the
shock velocity, yielding finally v=(19.9+ 1.7) km/s. Timing inaccuracies can be neglected, since the
pulse-to-pulse jitter was only 300fs and long-term drifts were smaller than 1 ps.

The spatial resolution of the method is mainly limited by the pixel size of the detector and the band-
width of the incoming x-ray radiation. The slight polychromaticity reduces the contrast for high spatial
frequencies. For a SASE bandwidth of AMA=2-10"3, we expect a reduction in phase-contrast transfer
by 50% or more for a spatial frequency above u,,,, = 5440mm~!, corresponding to a length scale of
dmin~200nm?*. In addition, the chromaticity of the refractive lens leads to a slight blur (Af~ 1 mm)
of the focus position along the optical axis®. Whereas this effect does not reduce the phase contrast
for sample features located close to the optical axis, the smearing of the phase-contrast image becomes
stronger towards larger angles and reaches a maximum of approximately 600 nm at the edge of the cir-
cular field of view.

Data analysis. The reconstruction scheme is based on the Hybrid-Input-Output (HIO) algorithm®*?!,
making use of the additional knowledge of the complex-valued illumination function P(r) characterized
by ptychography in an antecedent experiment?>*2. The knowledge of P(r) is necessary to disentangle
contrast introduced by the sample from wave-field structures already present in the incoming x-ray
beam. Like computational spectacles, it corrects the spherical aberration of the Be CRLs. As described
in the previous section, the conical imaging geometry is equivalent to a parallel-beam geometry with a
propagation distance of zg=z,/M = 112mm between object and detector plane.

We reconstruct the object-transmission function O(r) iteratively: as a first guess O,(r) we use the
reconstructed hologram. It is obtained by propagating the reconstructed probe function P(r) (obtained
with ptychography) to the image plane, subsequent pointwise multiplication with the real-valued
phase-contrast image I(r), propagating it back to the sample plane, and dividing the result by the complex
probe function, i. e., O;(r) = P*(r)/(|P (r)]* 4+ €) - {I - [P (r)]}, where F , is the Fresnel propagator in
paraxial approximation and ¢ a small regularizing constant. The central part of the phase-contrast image
that contains a strong contribution from higher-harmonic radiation [bright spot at the center of Fig. 2(a—
d)] was masked and set constant.

This step is followed by an iterative refinement of the object-transmission function based on a ptych-
ographic algorithm™®, but using just a single phase-contrast image. The complex transmission function
behind the sample in a certain iteration j is given by

¢j(r) = P(r) - O;(r), (1)
which is then propagated to the image plane
Uy(r) = F o) )

Here, the amplitude of the wave field is replaced by the measured phase-contrast imaging data I(r)
U, (r)
j
\I/’j(r):,/I(r) : .
il ()
The back propagation to the sample plane yields an updated transmitted wave field
Y7 (r) = -7:51[‘1’,; (r)}a (4)
and the updated object function O, is obtained by>®
P (1)
e (¥ () = ¥;(r)),
P )]} W) ) (5)

where the constant parameter a was set to 1. In a last step, the phase of the object function was con-
strained to the interval [—m,0] and, since the sample was composed of just a single material, the ampli-
tude A(r) of the object function was moderately coupled to the phase shift ¢(r)*. If O(r) = A(r)e’¥"?, then

Oj+1(r) = Oj(r) ta

A]/‘+1 (I‘) _ e{(l—b)ln Aj+1(r)+bc<pj+l(r)]7 (6)
where b= 0.6 was set constant, and c= (/6 defines the material dependent coupling parameter between
absorption and refraction. The parameters 6=1.09 x 10~° and S=1.58 x 10~® describe the refractive
index decrement and the attenuation in the refractive index n=1— §+ i3 for diamond at E=8.2keV,
respectively. Convergence was achieved after 100 iterations.

This procedure was carried out for phase-contrast images of the sample without and with the elastic
shock wave at different time delays in the pump-probe experiment. The phase map without the elastic
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time delay | ay[rad] | a;[um] | a, [pm] | a; [um] | @, [um]
1.2ns —6.43 311 0.06 1.37 07
1.8ns —~1.59 428 1.23 345 03
24ns ~1.00 55.7 230 329 0.4
3.0ns —0.62 67.7 1.56 235 0.1

Table 1. Summary of fit parameters.

wave was then subtracted from the phase map with the shock wave. The resulting phase maps are shown
in Fig. 2(e-h) and were the basis for further analysis.

The extracted line profiles were fitted by a double sided error function of the form
F(x) = ay/2 - (1 + erf((x — a, + a,/2)/(2a;))) (0.5 — 0.5 erf((x — a, — ,/2)/(-[2a,)) ) with
fit parameters ay, a,, a,, a;, and a, (cf. dashed lines in Fig. 3). The function well represents the extracted
phase profiles and specific fit parameter values are summarized in Table 1.

In order to retrieve quantitative compression values the line profiles were further evaluated by stand-
ard tomographic techniques assuming a spherical distribution of compressed material. The curvature of
the wave was determined directly from the image as indicated by a dashed line in Fig. 2(g). This assumes
that the elastic wave is curved isotropically. In general, this assumption may be invalid, for example,
when the density distribution is more complex. Here, however, the data do not indicate such a behavior.
In the future, we want to investigate anisotropy effects in more complex materials.

The phase profiles and their fits, which are shown in Fig. 3, served as input data for tomographic
reconstruction that finally yields the phase shift per cubic voxel with a volume of (59.8)° nm?. This phase
shift can then be transferred into compression Ap/p as explained in the main text. The result of the
tomographic analysis is summarized in Fig. 4. The red solid lines refer to data profiles and dashed black
lines to the corresponding fit data after application of the tomographic algorithm.

Supplemental movies illustrate the path of data analysis. The movie ‘diamond_pci.mov’ shows the raw
data. In file ‘diamond_rec_sub.mov’ the reconstructed phase maps after iterative refinement are summa-
rized. In the reconstructed images the phase maps without shock wave were subtracted from the actual
shock measurements enhancing the contrast for shock features.
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