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We present results from the SPring-8 Angstrom Compact free electron LAser (SACLA) X-ray free electron laser
(XFEL) facility, using an X-ray pump, X-ray probe scheme to observe ultrafast changes in the structure of heated
graphite. The 9.8 keV XFEL beam was focused to give an intensity on the order of ~ 10'® W/cm? and the
evolution of the diffraction pattern observed up to delays of 300 fs. The interplanar diffraction peaks weaken
significantly within 10s of femtoseconds, but in-plane diffraction orders i.e. those with Miller Index (hkO0), persist

up to 300 fs, with the observed signal increasing. We interpret this as nonthermal damage through the breaking
of interplanar bonds, which at longer timescales leads to ablation by removal of intact graphite sheets. Post-
experiment examination of the graphite samples shows damage which is comparable in size to the range of the
excited photoelectrons. These results highlight the challenges of accurately modelling X-ray driven heating, as it
becomes a routine approach to generating high energy density states.

Introduction

Nonthermal melting on ultrafast timescales has been widely ob-
served in semiconductors, where large numbers of electrons can be
excited by femtosecond pulses of optical or infrared laser light [1-4]. In
general, the energy deposition and subsequent evolution of the sample
is a complex process [5,6], with highly nonequilibrium electron energy
distributions [7,8] and consequent effects for the electron-ion energy
exchange [9,10]. Samples can transiently reach new phases [11], pas-
sing through extreme pressures and temperatures [12], and so new

approaches to understanding the interactions are of interest [13,14].
At the same time, the advent of X-ray free electron lasers (XFELs)
has allowed far higher brilliances than previous X-ray sources, and to-
gether with new approaches to focusing the generated beams [15],
allowing spot sizes of less than 1 um, X-ray intensities comparable to
those possible with optical lasers can now be reached [16]. This opens
up a whole new way to drive such ultrafast heating. Unlike optical ir-
radiation, an X-ray beam can penetrate deep into a target, isochorically
heating a significant volume and driving it into a warm dense state
[17]. The X-ray intensities now available are sufficient to induce
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heating to nonequilibrium states [18], explosions [19] and ultrafast
phase changes [20-22].

Although optical lasers can drive rapid ionization in semiconductors
[23], X-rays are able to cause ionization in a much wider range of
materials, due to their high photon energy. The X-ray energy is de-
posited by exciting photoelectrons and subsequent Auger cascades
[24,25] which distribute energy across a wide range, through a variety
of complex processes depending on material properties including the
sample elements, stopping power, density and more. How the sample
responds to this initially electronic excitation depends largely on the
electronic and crystal structures, which can give rise to effects such as
crystal mismatch heating [26], where non-close-packed structures will
rapidly disorder after ionization. These nonthermal effects can occur on
femtosecond timescales, and so methods such as the one presented
here, that probe sample dynamics on the timescale of the driving pulse,
are essential to understand the structural changes driven by X-ray
heating.

This paper presents results from graphite samples irradiated by a
high intensity ( ~ 10*® W/cm?), ultrashort ( ~ 7 fs) pulse of 9.86 keV
X-rays, probed at a delay of up to 300 fs by a second pulse at 9.66 keV,
such that the pump and probe diffraction lines are separated on the area
detector. The diffraction signal from the sample changes significantly
up to the maximum delay, with a strong loss of signal from diffraction
peaks that probe order between planes of graphite, but a rise in signal
from in-plane correlations.

Experiment

The experiment was performed at Experimental Hutch 5, on
BeamLine 3 of SACLA in Hyo6go, Japan [27,28]. This facility offers a
two colour mode, where undulators upstream and downstream of an
electron chicane are tuned to generate pulses at slightly different X-ray
energies (9.86 and 9.66 keV, 1=1.257 and 1.283 A, respectively) [29].
The energies were chosen to maximise pulse fluence, as SACLA lases
most efficiently close to 10 keV, while still being either side of a k-edge
(in this case, zinc at 9.659 keV), to allow the use of filtering to observe a
single energy. The chicane is then used to delay the electrons, giving a
corresponding delay between the pulses in the target chamber of up to
300 fs; since this moves the electron beam, the spatial overlap of the
pulses from the undulators is checked after each change in delay. The
pulses are 7 fs in duration (full width half maximum) with an energy of
120 *= 30 uJ at O fs delay; loss of electron beam quality in the chicane
means that the probe pulse energy decreases with delay, with only 50%
fluence at 300 fs. Together with beam focusing using Kirkpatrick-Baez
mirrors for a elliptical spot size of 200 X 160 nm, we have an incident
pump beam intensity (fluence) of 6.8 = 2.2 x 10*° W/cm?
(4.8 = 1.6 x 10° J/cm?). Due to the use of reflective, rather than re-
fractive, focusing optics, the spot sizes of the two beams are identical
and overlapped as long as the pulses are collinear as they leave the
undulators, and there is only minimal signal outside the focal spot [30].

The X-ray pulses were incident on 20 um thick graphite samples
(density p = 2.265 g/cc), which had an inhomogeneous structure with
the crystalline planes primarily oriented parallel to the surface. ~ 1.5%
of the X-ray pulse energy is deposited by exciting photoelectrons which
further collisionally ionize the target in a significantly larger area than
the original focal spot [25]. Due to the long attenuation length of the X-
rays through the graphite sample, the energy deposition did not vary
significantly through the depth of the target, and the remaining energy
is not absorbed. Electron cascades driven by the incoming beam were
modelled using the xcascape-3p Monte-Carlo code [31], with the results
shown in Fig. 2. Within the cascading time of ~ 40 fs, electron trans-
port has diluted the absorbed dose down to 3-5 eV/atom by spreading
it across an electron range of 1 um, compared to 160 eV/atom if all
absorbed energy is assumed to remain in the initial heating spot. The
probed region therefore contains on the order of 1-3% of the absorbed
energy after accounting for the electron transport. The heating Gaussian
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Fig. 1. Schematic of the setup in the experimental chamber, showing the two-
colour focused beam entering from the XFEL, and the diffraction detection on
the MPCCD. This view is rotated by 90°; in the experiment, the detector was
located above the target, just outside the top of the chamber.
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Fig. 2. Calculation of the heating range by the X-ray driven electron cascades.
The dot-dashed line (blue) shows the range from a single cascade, while the
solid line (black) shows the convolution of this with the focal spot size (dashed
gray). The simulation assumes that all electrons are emitted parallel to the
polarization; in reality they follow a cos® distribution, which might slightly
reduce the calculated energy spread.

pulse, shown by the grey dashed line in Fig. 2, also indicates the region
of the sample which is probed by the second pulse.

For each shot, the sample is irradiated by both the first (pump) pulse
and the second (probe) pulse. The incoming XFEL spectrum is measured
upstream of the experimental chamber, and the sum of the diffraction
of both pulses is detected on a MultiPort Charged Couple Device
(MPCCD) just outside the chamber [32], as shown schematically in
Fig. 1. This measured signal allows the effect of changes in the ion
structure to be observed in the diffraction pattern at a delay of up to
300 fs. The detector could be placed in different positions to cover
different angular ranges, which were calibrated using copper samples.

Results and discussion

The data from the MPCCD was integrated in the azimuthal direction
and background subtracted; example lineouts, each averaged over
> 300 shots, are shown in Fig. 3, with the diffraction orders highlighted
and labeled with their respective Miller index (hkl). Due to the texture
of the sample - which is analyzed in more detail in the Appendix - the
(004) and (006) lines, found at 45" and 70°, are significantly weaker
than would be expected from a powder sample. Our analysis focused on
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Fig. 3. Scattering lineout data from graphite, as a function of probing delay
(earliest times at the bottom; colour online). The inset shows the corresponding
incoming XFEL spectra, measured upstream of the experimental chamber.
Signals were taken at two separate detector positions, with angular ranges 33° -
47° and 48’ -72°. Each lineout is the average of around 300 shots. The scattering
k-vectors are calculated for the probe pulse (9.66 keV, 1=1.283 A). For each
highlighted diffraction order, there is signal from both the pump and probe
pulse. The diffraction lines (012) and (013) are not analysed in the subsequent
figure, but show comparable behaviour.

pairs of specific peaks from the pump and probe pulses. The change in
diffraction intensity was calculated from the signal by fitting Gaussian
peaks to the two energies in the incoming XFEL beam spectrum (shown
in the inset of Fig. 3) and the two peaks in the diffraction lineout cor-
responding to the pump and probe diffraction from the same order. The
signal ratio, k, was then calculated from the ratio of the normalized
intensities, as in the work of Inoue et al. [33]:

k — prObeout/pumpout .
probe;, /  pump,, D
This calculates the drop in signal from the probing beam normalized
to the diffraction efficiency of the pump beam. It assumes that there is
no change in lattice structure on the timescale of the pump pulse, and
that, since the pump and probe diffract from the same point on the
sample, the texture for a given shot is effectively identical for both
pulses.

Fig. 4 shows the changes in the signal ratios as a function of delay.
Since data was not taken at the lower angle MPCCD position for delays
of 0 fs and 200 fs, there are no points at this delay for the (010) and
(004) lines. The most striking difference is between the in-plane — (010)
at 34.5°and (110) at 62.0° — and out-of-plane lines. The latter, with non-
zero components between graphite planes (Miller index [ = 0) show a
very strong drop in the first 10 fs, and continue with a slower decline
over the rest of the delays. On the other hand, the in-plane diffraction
orders show a rise in signal across the measured delays, albeit with
significant uncertainties at late times. Such differences in the signal
changes between different diffraction peaks are expected for non-
thermal melting [34], although recent research has also predicted such
results for thermal melting in silicon [35]. In all cases, there is sig-
nificant variation between measurements, primarily due to the texture
of the samples varying strongly between points, and the very small spot
size making the diffraction sensitive to the effect of crystallites.

The effect of direct ionization reducing the diffraction signal is es-
timated to be minimal. Less than 1% of the atoms in the focal spot are
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Fig. 4. Changes in the value of the scattering ratio with time for different
graphite diffraction peaks; the ratios are calculated from the averaged lineouts
shown in Fig. 3. As examples, the shaded regions around the (010) and (006)
lines indicate the level of uncertainty at each time delay, estimated from the
range of the fitting parameters; as a proportion of the signal, these generally
increase with delay. The diffraction lines with no out-of-plane correlations
show distinctly different behaviour to the other peaks.

ionized by the initial pump pulse, and although the cascading photo-
electron can subsequently ionize many more, this will mostly occur
over a much wider area, due to the long range of the photoelectrons.
Such a small ionization fraction will make a negligible difference to the
diffraction signal [36], and therefore the observed drops in signal must
be explained by changes in the ionic structure due to the absorbed
energy.

A precise characterization of the structural changes induced by the
X-ray heating in this experiment is challenging, due to the small range
of k-vectors that are probed by the detector (covering around 9° of the
Debye-Scherrer ring), and the highly textured initial sample (with
mosaicity between crystallites on the order of 18°; the method of
characterizing this is found in the Appendix). Although the drop in
signal from the interplanar lines implies a disordering, the continuing
presence of signal from the in-plane lines requires that the graphite
sheets remain intact. We therefore propose that the disordering pro-
ceeds by increasing the mosaicity, both between and within crystallites,
as the bonds between the planes are broken by the heating. A sketch of
this proposed interpretation is illustrated in Fig. 5a).

In the case of a perfect crystal — green in Fig. 5 — one can only get a
Bragg peak, rather than a Debye-Scherrer ring.The blue case illustrates
the initial mosaicity of our sample, with a FWHM in the distribution of
plane angles 8 equal to 18°. With X-ray heating, the mosaicity in-
creases, either by a loss of coherence between the planes, or the planes
themselves buckling, illustrated in the red cases. For both, the atoms
within the planes become more weakly correlated with those in
neighboring planes, causing lines with [ = 0 to weaken, with a greater
effect for higher I. However, the average separation between the planes
is initially unchanged, as this would cause a shift of the interplanar
peak positions along the k direction, equivalent to a change in dif-
fraction angle, which is not observed on these timescales. The effect on
the in-plane peaks is more complex: since only planes with angles on
the wings of the distribution give signal, due to the scattering geometry,
the increase in mosaicity means that a larger number of crystallite
planes are found at this angle, causing an increase in signal from all
diffraction lines. Since the increase is only observed for the (hk0) dif-
fraction lines, the effect must be smaller than the signal loss associated
with disordering between the planes; in the case of the (112) line, the
two effects appear to almost cancel out. From the (010) and (110) lines,
we estimate that the observed signal increases would require the mo-
saicity to rise from 18°to ~ 23°, but we emphasise that this explana-
tion is still only speculative, and would require a larger detector, and a
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different experimental geometry, to be confirmed in a future experi-
ment.

After the experiment, we used optical and scanning electron mi-
croscopy to examine the holes generated by the XFEL beams. Unlike the
diffraction measurements, these are due to the heating effect of both the
pump and probe beams. Examples of holes in graphite measured by
scanning electron microscope (SEM), taken from the front (incident)
and rear (detector) sides, are shown in Fig. 6. The hole sizes vary sig-
nificantly between shots, and are only weakly correlated to the varia-
tion in total X-ray fluence. On average, the hole size at the surface
appears to be slightly larger than the range of the generated photo-
electrons in the sample, with the calculation shown in Fig. 2 giving a
heated region of diameter 3 pm compared to an average surface hole
size of 5.3 pm. Both of these values are much larger than the focal spot
size, which was measured with a wire scan as having a 200 nm dia-
meter. The holes appear to narrow with depth which may imply the
presence of surface effects, and that the hole size deeper in the sample
better reflects the lateral electron energy deposition. This would also
suggest that, even over the timescales of bulk damage, the region of the
target which is heated above the damage threshold is not significantly
larger than the initial range of the excited photoelectrons, although
much larger than the incident spot size.

Comparing the results to previous experimental work, the most
obvious parallel is the work of Hau-Riege et al. [20], which used a
single X-ray pulse to both melt and probe a graphite sample. By ob-
serving the diffraction intensity from the (002) diffraction line, they
inferred both a rapid increase in ion temperature, and significant io-
nization (Z; > 0.8) from the decreasing signal with longer pulses. Since
they observed an interplanar line, the drop in signal appears to be in
agreement with our results, however it was achieved with much higher
absorbed energy fluences; their pulse energies were as high as 2 mJ,
and the X-ray energy was 2 keV, for higher absorption. Their much
larger spot sizes (a few pm in diameter) also mean that the heating from
the subsequent Auger cascades affect the signal within the spot, in
contrast to this work, where a majority of the energy leaves the probed
region. Taking these effects into account, we estimate energy densities
at the front surface of their probed spot to be on the order of 50eV/
atom after the Auger cascades, so at least 10x higher than in our

experiment. This means that their use of the plasma-based Debye-
Hiickel model to calculate an ion temperature may be appropriate. In
our experiment, with lower energy density and the continuing presence

Fig. 6. Images of holes in the graphite sample on the (a) incident and (b) exit
side, taken with a Scanning Electron Microscope (SEM).
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of covalent bonding, it clearly would not.

Turning to theoretical work, there exist various approaches to si-
mulating the behaviour of X-ray heated matter. The tight binding mo-
lecular dynamics (MD) work of Jeschke at al. [37] predicts that damage
in graphite can proceed by the removal of intact graphite sheets, as
seems to be observed here, although their simulations were performed
with a slightly lower absorbed energy (2-3 eV/atom). Only at higher
absorbed energies, the theory predicts that the planes themselves would
break apart, such that signal from both in- and out-of- plane diffraction
peaks would be lost on ultrafast timescales. The same tight binding
approach has been used in the hybrid xrant (X-ray-induced Thermal
And Nonthermal Transitions) model of Medvedev et al. [38], in com-
bination with Monte Carlo photon absorption and Boltzmann collisions
for the electron-ion energy exchange. This has been used to describe
thermal and nonthermal melting in silicon [39], graphitization [40]
and anisotropic disordering [41] in diamond, and may be similarly able
to reproduce the phenomena observed here.

Other approaches include Molecular Dynamics in combination with
Density Functional Theory, which has previously been used to simulate
the behaviour of samples with high electron temperatures and low ion
temperatures (see e.g. [42,43]). Although time-dependent approaches
can model non-thermal electron energy distributions [44], such as what
we expect from the X-ray heating, they are very computationally ex-
pensive [45]. At the other extreme, Particle in Cell (PIC) codes can
directly simulate the photoionization and electron cascade behaviour
driven by hard X-rays [46,47], and are showing progress towards the
inclusion of ionization dynamics [48]. However, they cannot account
for the ion structure, which our results suggest to be a hugely important
effect.

Conclusion
Under high intensity X-ray irradiation, sample heating proceeds by
excitation of photoelectrons, which deposit their energy across a wide

area by driving Auger cascades; this is confirmed by examination of the

Appendix A. Sample Texture

High Energy Density Physics 32 (2019) 63-69

sample after the experiment, which shows damage within the photo-
electron range. After heating, graphite rapidly loses interplanar order,
while the planes remain intact up to 300 fs — longer than the timescale
of previously observed nonthermal melting processes. The apparent
increase in diffraction signal from in-plane orders may be due to the
induced interplanar disordering causing an increase in the sample
mosaicity, and therefore a larger number of scattering planes, but fur-
ther experiments are needed to confirm this. Previously published si-
mulations agree with our results, suggesting that, at similar levels of
heating to those reached here, damage may proceed by the removal of
intact planes due to breaking of interplanar bonds, while the bonds
within the planes are not broken [37]. Our results demonstrate the
significance of the lattice structure in predicting the evolution of ra-
pidly heated samples, and the complexity of X-ray heating as a method
for generating high energy density states. Future pump-probe experi-
ments with significantly longer delays, enabled by the X-ray split and
delay line [49], may be able to bridge the gap between the initial dis-
ordering observed here and the long term evolution and bulk damage.
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To investigate the initial microscale structure of the graphite sample, x-ray diffraction (laboratory) measurements were carried out using an
Empyrean / Panalytical diffractometer with a Cu-target source (A = 1.540554). On the source side the setup was equipped with a Gobel mirror to
enhance the brilliance. An area-Pixel-Detector (516 x 516 pixels with 55 pm pixel size) that is able to cover more than 6° in two directions was used to
record two dimensional diffraction images in transmission and reflection mode as well as several pole figures at two selected reflections (002, 112).
Diffraction data was taken in transmission and reflection geometry, shown schematically in Fig. A1, with the resulting line scans shown in Fig. A2.
There is a clear difference between the 6 — 26 measurement in reflection and and the 26 measurement in transmission mode. Most of the peaks can
be attributed to graphite (PDF: 00-56-159). The reflection measurement shows strong (001l) peaks indicating a strong (001) texture i.e. the planes are
parallel to the surface. However, a comparison of the diffraction and transmission measurements reveals the existence of additional carbon phases
within the volume of the sample. By comparing the intensities of the (002) peak, we estimate that around 1% of the signal comes from a powder-like
phase. Ignoring the texture, an average crystallite size of around 10 nm was derived from a simple line analysis of both measurements.

Fig. A3 shows the two pole figures and the corresponding line profiles, integrated along ¢. The preferential (001) orientation is confirmed,
although with a very broad distribution of plane angles, corresponding to a mosaicity of 18°.

Reflection Geometry Transmission Geometry

Fig. Al. Diffraction geometries for the sample analysis setup, with the scattering vector k = ko, — ki, marked.
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Fig. A2. Line profiles of the diffraction measurements in transmission (red) and reflection (blue) geometry. The graphite Bragg reflection peaks are marked by arrows
and labelled. The large increase in signal from the (000) diffraction orders in reflection geometry is indicative of the sample texture.
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Fig. A3. Pole figures (a,c) and line profiles integrated along phi (b,d) of the (002) reflection (a,b) and of the (112) reflection (c,d). Both measurement show a broad
intensity distribution and a non zero background that can be attributed to the low amount of powder like material.
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