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An all-x-ray pump and probe capability is highly desired for the free-electron laser community.
A possible implementation involves the use of an x-ray mirror downstream of the sample to backreflect the
pump beam onto itself. We expose silicon single crystals, a candidate for this hard-x-ray mirror, to the hard-
x-ray beam of the Linac Coherent Light Source (SLAC National Acceleration Laboratory) to assess its
suitability. We find that silicon is an appropriate mirror material, but its reflectivity at high x-ray fluences is
somewhat unpredictable. We attribute this behavior to x-ray-induced local damage in the mirror, which
we have characterized post mortem via microdiffraction, scanning electron microscopy, and Raman
spectroscopy. We demonstrate a strategy to reduce local damage by using a structured silicon-based mirror.
Preliminary results suggest that the latter yields reproducible Bragg reflectivity at high x-ray fluences,
promising a path forward for silicon single crystals as x-ray backreflectors.
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I. INTRODUCTION

X-ray free-electron lasers (XFELs) continue to be built
aroundtheworldatanimpressivepace.Theirability todeliver
ultrabrightphotonbunches in the femtosecond regimeallows
experimentalists to probe physical processes on a time scale
not accessible before. XFEL applicability ranges from high-
energy density science (HEDS) and warm dense matter
(WDM) [1,2] to biology [3–5] and solid state physics
[6–8]. In these fields, XFELs are ideal probes given the
abundant signal they provide despite the intrinsic weakness
of the scattering process. At the same time, x rays are
efficiently absorbed, which makes XFELs ideal tools to
pump systems in unexplored high-energy states. A case in
point are WDM states, where the need for an isochoric and
isothermal transition is paramount.Combining thepumpand
probe capabilities of XFELs would provide unprecedented
means to study material properties and dynamics under
extreme conditions. Such capability would shed light on
fundamental concepts in HEDS, including the mechanisms
leading to x-ray-induced damage in materials.
Over the course of recent years, several attempts have been

made to achievepumpandprobecapabilities at anXFEL.One
techniquewas demonstrated byChapman and co-workers [9]
for extreme-ultraviolet (EUV) light at FLASH (Free-Electron

Laser in Hamburg). Here, an EUV beam pumps a highly
transmissive sample, then impinges on a multilayer mirror
where it gets backreflected before it has time to destroy the
mirror’s local structure, and finally probes the same sample
volume. Since the multilayer is locally damaged, a different
part of the mirror is used for every shot. The delay between
pump and probe can be dialed in by varying the distance
between the sample and multilayer mirror.
Existing pump and probe techniques such as two-color

seeding [10] and double-slotted spoilers [11,12] have low
pump intensities, and the delay times are currently limited
to 100 fs. Our goal is to develop a technique similar to that
of Chapman and co-workers for the hard-x-ray regime
using crystals as backreflectors. Multilayer mirrors in
backscattering geometry cannot be used due to the short
wavelength of the light. This restriction poses unique
challenges: Reflections from single crystals are generally
weak, but this weakness can be tolerated given the large
brightness of the XFEL beam. More troublesome is the
significant amount of ionization and atomic displacement
generated in the crystal during the pulse, which results in a
degradation of the Bragg signal [13,14]. This effect is
particularly strong in single crystals compared to multi-
layers [9,15], given the large impact small atomic motion
has on the interference effect leading to the formation of
narrow Bragg peaks. However, with a single and suffi-
ciently short pulse, it is possible to outpace radiation
damage and to obtain Bragg reflection before the crystal
structure is destroyed.
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In this paper, we investigate a silicon single crystal as a
candidate for a hard-x-ray backreflector. While our data
suggest that silicon can in fact backreflect intense beams
at hard-x-ray energies, we also discover serious material
issues related to memory effects that need to be addressed.
In this paper, we discuss our findings and provide a path
forward to circumvent these issues.

II. METHODS

The measurements reported in this paper are performed
at the Linac Coherent Light Source (LCLS) Coherent X-ray
Imaging (CXI) beam line [16,17]. A schematic view of the
experimental setup is shown in Fig. 1. We place 500- and
100-μm-thick silicon (100) wafers in the focal plane of
CXI’s experimental chamber and expose them to 9.1-keV
photon pulses with approximately 1.25-mJ pulse energy.
Single-shot mode is chosen to irradiate the sample, with
an approximately one second interval between successive
shots. The beam energy bandwidth is approximately 0.2%,
which implies that the contribution to silicon damage from
the part of the beam that is Bragg reflected (approximately
10−5) is small compared to the rest of the beam. Silicon
attenuators are used to vary the beam transmission (T) in
the range 8%–100%. The x-ray FWHM at focus is
estimated to be 4� 0.5 μm by using Liu’s method [18]
and agrees well with ray-tracing estimates. A photodiode
placed upstream of the silicon mirror monitors the intensity
of the (008) Bragg reflection for alignment purposes. The
x-ray microdiffraction (XRMD) data shown in this paper
are taken post mortem at LLNL by using a Panalytical
X’Pert Pro diffractometer equipped with a Cu Kα source
and a 25-μm-diameter pinhole. We estimate the x-ray
footprint on the sample (FWHM) to be approximately
100 μm × 40 μm along the horizontal and vertical axes,
respectively. This result is estimated first via ray tracing and
confirmed experimentally by measuring the Bragg signal
across a sharp sample edge. Alignment of the x-ray spot on
the sample is obtained by detecting fluorescence from a
reference phosphor screen with an optical alignment micro-
scope and is estimated to be better than �25 μm.

III. Si REFLECTORS AT HIGH X-RAY FLUENCE

Bragg reflectivity at high x-ray intensities has been the
subject of several studies over the past few years:
Hau-Riege and co-workers [1] expose graphite to the
LCLS beam and measure the reflectivity up to a fluence

of 1.0 kJ= cm2; Chapman and co-workers [19] demonstrate
Bragg reflectivity in nanocrystals of photosystem I at
0.9 kJ=cm2. Data collected in this study suggest that the
Bragg reflectivity from single-crystal silicon is finite at
least up to an x-ray fluence of 5.5 kJ= cm2. Saturation of
our photodiode does not allow us to quantify the actual
amount of reflectivity achieved; nevertheless, a nonzero
reflectivity at such high x-ray fluence is quite remarkable if
we consider the amount of x-ray-induced damage after a
shot. Figure 2(a) shows the crater created by a full fluence
shot on a 500-μm-thick silicon (100) wafer. The diameter
of the crater center visible in this scanning electron
microscopy (SEM) image measures approximately
15 μm. Extensive damage is usually observed in its vicinity
up to a distance of approximately 100 μm. Additionally,
cracks can been seen to extend beyond this point, a feature
not present in damage from vacuum-ultraviolet radiation
where heat deposited on the surface tends to cause clean
ablation without cracking. These data are in agreement with
that observed by Koyama et al. [20] and already imply that,
in order to achieve reproducible Bragg reflectivity in
single-crystal silicon, the spacing between successively
probed locations should be greater than several hundred
microns, which is a considerable waste of sample surface.
In order to get a more quantitative measure of the damage,
the Bragg signal from a lineout across the same crater is
collected with our microdiffractometer and shown in
Fig. 2(b). The small footprint of the x-ray beam allows
us to resolve individual craters, since in this example the
closest neighboring crater is 1 mm away. The crater center
corresponds to x ¼ 0 mm; a very limited Bragg signal is

FIG. 1. Schematic view of the experimental configuration.

FIG. 2. SEM image of a crater in 500-μm-thick silicon (100)
induced by an LCLS shot at full fluence (a). Bragg signal
measured via XRMD along a lineout across the crater (b).
Intensity is normalized to the single-crystal silicon reflectivity R0.
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measured near the center, where Raman and XRMD
analysis suggest the presence of a polycrystalline region
subject to compressive stress and misalignment with
respect to the undamaged crystal structure. On both sides
of the crater, the Bragg signal is regained approximately
180 μm from the crater center; this distance is considerable
given the size of the crater. We point out that the magnitude
of the integrated signal is more than 6 times larger than its
baseline, the latter representing Bragg reflectivity of
undamaged silicon. We conclude that the integrated reflec-
tivity is enhanced by damage to the crystal structure not
visible under SEM. We speculate that this damage is
consistent with stressed micrograins (mosaicity), which
break the perfect symmetry of the crystal structure and
therefore relax the strict condition imposed to the Bragg
reflection by the dynamical diffraction theory. In fact, for a
perfect Si(100) crystal, only planes within the x-ray
extinction depth (approximately 4.3 μm at this energy)
can contribute to Bragg reflection, and only a small spectral
component of the incoming light is reflected. As the
symmetry is broken, multiple mosaic elements within the
approximately 100-μm x-ray attenuation length can contrib-
ute to the Bragg signal [21], while at the same time the
spectral response of the crystal is increased, therefore
enhancing the measured Bragg intensity.
To further deepen our understanding of x-ray-induced

damage in single-crystal silicon, we apply microdiffraction
analysis to craters generated by LCLS shots at different
values of x-ray fluence. Figure 3 shows the Bragg signal
measured along a lineout crossing five of these craters. The
signal is normalized to the undamaged single-crystal signal.
In this figure, x-ray fluence increases from left to right and
is 0.8 (E), 1.4 (D), 2.6 (C), 5.5 (B), and 10.0 (A) kJ=cm2.
The minima in the signal correspond to the crater locations
(for the low fluence crater E, the diffractometer’s beam
size is too large to actually resolve the crater itself). The
peaks correspond to regions of enhanced reflectivity, while
reflectivity of unperturbed single-crystal silicon is visible in
between craters. From the data it is clear that x-ray-induced

damage enhances the reflectivity near a crater even at the
lowest fluence investigated (0.8 kJ=cm2). While the spatial
extent of the damage in the vicinity of a crater appears to be
linear with fluence, its magnitude can be highly nonuni-
form as shown by the asymmetry in the signal near crater B
in Fig. 3. Nevertheless, from these measurements it is
possible to quantitatively correlate x-ray fluence with the
extent of the damage in the vicinity of a crater and provide
the minimum distance between successive exposures that
would yield single-crystal Bragg reflectivity. A linear
relation between radius and fluence is found, and a
summary of this result is reported in Fig. 4.
To conclude this analysis, we mention that exposing a

100-μm-thick silicon wafer to the LCLS beam at full
fluence results in sample cracking so severe that the sample
has to be discarded after only a few shots, and no further
analysis was attempted.
It would appear that in order to implement silicon

as a mirror for high-intensity x rays only two options
are available: (i) Either the spacing between successive
shots is kept small to save the sample surface, in which case
the Bragg reflectivity is hardly reproducible due to exten-
sive local damage, or (ii) the spacing between shots is
increased to several hundred microns, severely limiting the
number of XFEL shots for a given mirror size.
In the following section, we propose an alternative

option that promises to yield very reproducible values of
reflectivity of spatially closely placed exposures, by con-
fining the extent of the damage region.

IV. SILICON PILLARS AS HARD-X-RAY
BACKREFLECTORS

Here we propose a prototype sample that can be
implemented as an effective hard-x-ray backreflector.
The idea is to circumvent extended damage inflicted by
the LCLS beam on bulk silicon by using isolated silicon
pillar reflectors that have intrinsically the same crystallo-
graphic alignment. A SEM image of a prototype sample is
shown in Fig. 5.
This prototype is fabricated from 1-mm-thick silicon

wafers and exposed to the LCLS beam. We fabricate the
pillar samples by deep etching trenches in a single-crystal

FIG. 3. Bragg signal measured via XRMD across five craters
generated by LCLS shots at variable x-ray fluence: 0.8 (E), 1.4
(D), 2.6 (C), 5.5 (B), and 10.0 (A) kJ=cm2. Intensity is
normalized to the single-crystal silicon reflectivity R0. Addition-
ally, a baseline is removed from the data.

FIG. 4. Radius of the damaged area around a crater as a
function of x-ray fluence with the corresponding linear fit.
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silicon wafer, resulting in pillars that are 650 μm tall,
100 μm wide, and separated by 100 μm. Since the pillars
are all part of the same silicon wafer, they are all aligned
with respect to each other. It would be possible to ion
implant the silicon substrate to create depth grading,
thereby broadening the reflectivity curve. We expose the
pillars to 7.3-keV LCLS radiation at 1.25 mJ, focused
to 200 nm. The x-ray transmission is 100%. We find that
approximately 250–300 μm of each exposed pillar are
obliterated, as seen in Fig. 5. Since the depth of the
obliterated pillar is much larger than the x-ray penetration
depth at 7.3 and 9.1 keV, the magnitude of the pulse energy
is likely to determine the degree of the damage. The same
pulse energy is used for the pillar and the single-crystal

experiments, so we believe that the pillar results at 7.3 keV
are indicative of what we would expect at 9.1 keV. After
the exposure, we use XRMD to verify that damage to a
particular pillar does not affect the reflectivity of neighbor-
ing pillars. Figure 6(a) shows the Bragg reflectivity along
a lineout crossing three pillars neighboring an LCLS-
exposed pillar; Fig. 6(b) shows the Bragg curve collected
on the four pillars neighboring the LCLS-exposed pillar.
These data show that the signal is very reproducible in
both intensity and position. We note that the self-amplified
spontaneous emission operation mode is expected to
produce stochastic variations in reflected intensity, since
the spectral intensity of a SLAC pulse is fluctuating. A
seeded beam will provide more reproducible values, at a
somewhat lower intensity. In summary, we prove that the
pillar concept works for our experiment and that a 100-μm
pillar size is suitable to maximize the number of pillars
(exposures) while maintaining mechanical integrity. Our
setup allows two-color pump and probe experiments by
reflecting a higher harmonic of the XFEL beam.

V. CONCLUSIONS

We have shown that single-crystal silicon can reflect
high-intensity x rays from a hard-x-ray FEL. While the
Bragg reflectivity is hardly reproducible due to x-ray
damage, we propose the use of silicon pillars to circumvent
this problem. Preliminary data collected at the LCLS show
a path forward for silicon as a backreflector for hard x rays.
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