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We have observed the lattice expansion before the onset of compression in an optical-laser-driven
target, using diffraction of femtosecond X-ray beams generated by the SPring-8 Angstrom Compact
Free-electron Laser. The change in diffraction angle provides a direct measure of the lattice spacing,
allowing the density to be calculated with a precision of *£1%. From the known equation of state
relations, this allows an estimation of the temperature responsible for the expansion as <1000 K. The
subsequent ablation-driven compression was observed with a clear rise in density at later times. This
demonstrates the feasibility of studying the dynamics of preheating and shock formation with

unprecedented detail. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976541]

The advent of X-ray free electron lasers (XFELs) has
allowed unparalleled insight into the behaviour of solid
materials on the timescales of atomic motion, with a greater
fidelity than had been possible with previous techniques.'*
This has applications in areas such as materials science,”*
high energy density physics,”® and planetary science’®
among others. Likewise, laser driven dynamic compression
has been used to study materials under extreme conditions
for scientific and engineering applications. By combining
these, XFEL-XRD (X-ray Diffraction) observations can
provide much greater detail than had previously been possi-
ble,” probing ultrafast lattice-level dynamical phenomena
and transient states associated with shock compression
including laser ablation, shock formation, and phase trans-
formations which are all difficult to predict with only simu-
lations. Such results are of interest not just for basic science
research, but also for work on laser processing such as
peening.'®

In this letter, we report on femtosecond XFEL-XRD
observations of lattice dynamics in gold targets irradiated by
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a sub-nanosecond optical laser pulse. Gold is an ideal sub-
stance for observing these dynamics and is commonly used
for high energy density experiments, including as an X-ray
hohlraum,'""'? and for static high pressure experiments as a
pressure standard in the solid phase regime."? Its equation of
state (EOS) is well-known up to 100s of GPa and has no
phase transformations reported, allowing conditions to be
deduced from XRD measurements, even in dynamic high-
pressure experiments,'*'>

This experiment was performed at the SACLA
(SPring-8 Angstrom Compact Free-electron Laser) facility.'®
As shown in the schematic in Fig. 1(a), a 500 nm thick poly-
crystalline gold foil coating deposited on a 100 um thick
acrylic substrate was illuminated by an 800 nm wavelength
laser at an average intensity of ~2.5 x 10"*W/cm?, with
~1J in 660 ps focused onto a 280 um FWHM spot. The
intensity was estimated on-shot from temperature measure-
ments of the coronal plasma,'” and the temporal shape was
quasi-trapezoidal with a rise time of ~200 ps. The contrast
between the peak intensity and the pedestal of the laser pulse
was better than 107>, The sample was probed from the
reverse (non-laser) side by a 7 fs quasi-monochromatic
(bandwidth 0.25%) X-ray pulse at an energy of ~10keV

Published by AIP Publishing.
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with ~10"" photons per pulse. The beam was line focused in
the vertical axis to 30 um using a Kirkpatrick-Baez (KB)
mirror, with the other axis adjusted to a width of 200 um
using a two-quadrant slit. The target was placed at an angle
of 15° relative to the XFEL beam axis, thereby probing the
lattice d-spacing in reflection geometry. With an attenuation
length of ~1 um X-rays probe the full depth of the foil,
allowing us to observe the dynamics of the laser-matter inter-
action at the earliest times. Arcs of the (111) and (200)
Debye-Scherrer rings were observed at 20 angles of 30.2°
and 35.0°, respectively, on a one-megapixel array detector
(MPCCD) located outside the vacuum chamber at a distance
of ~30cm from the sample, and visible through a Kapton
window. The pump-probe delay was varied to observe the
evolution of the lattice spacing within the sample from the
onset of illumination.

Appl. Phys. Lett. 110, 071905 (2017)

' 100 um Acrylic

XFEL:
10.1 keV
FIG. 1. (a) Schematic of experimental
7fs setup inside vacuum target chamber.
P g
1011 photons The polycrystalline gold target is illu-
minated by an optical (1=800nm)
200 x 30 pm pump laser. The lattice spacing of the
target is probed by the ultrafast XFEL
beam from the opposite side, with the
Ta rget diffracted signal measured on the

MPCCD detector outside the vacuum
chamber. (b) Approximate pump pulse
waveform, with probed delays shaded.

0.5 um Gold

The initial Au grains are uniform in size, estimated from
the Scherrer Equation18 as around 20 nm, and randomly ori-
entated, as confirmed by XRD measurements using a syn-
chrotron source before the experiment, and before each data
shot at the XFEL. The initial density was 19.24 g/cc, within
the range expected at standard pressure and temperature con-
ditions. Since the Hugoniot elastic limit in gold is too low to
be detected in shock experiments, the sample is suitable for
achieving isotropic (hydrostatic) compression and expansion
conditions.

Examples of the observed data are shown in Fig. 2 with
the (111) and (200) diffraction lines visible. Data from the
initial ambient matter is seen in Fig. 2(a); in the later shots,
shown in Figs. 2(b)-2(f), data is seen at both higher and
lower angles than the initial line, denoting the presence of
matter at higher and lower densities, respectively.

>
N
=
=)
i)
<
3]
—
3}
S

Compression I

Expansion l

(@ -25 ps (b) 50 ps

FIG. 2. Diffraction patterns obtained
on the MPCCD at different pump-
probe delays, showing the angular devi-
ation of the diffracted X-rays due to
changes in the lattice spacing d. The

(c) 100 ps

(d) 150 ps

(e) 200 ps

visible lines are (lower) (111)@30.2°
and (upper) (200)@35.2° t=0 is
defined at the foot of the drive laser
pulse. Shots taken at later times showed
no diffraction signal. The color scale is
consistent across the different delays.

® 225 ps
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In Figs. 2(a)-2(c) we can see that the lines broaden, due
to sample heating, and shift to lower angles, corresponding
to an expansion in the sample. This appears to be due to the
low laser intensity, <10'' W/cm?®, only moderately heating
the target, such that it remains a solid but expands due to the
rise in temperature. At later times, the intensity has increased
sufficiently to start ablating the sample and drive a compres-
sion wave, with signal from compressed matter seen in Figs.
2(c) and 2(d). After this compression reaches the acrylic sub-
strate, a rarefaction wave passes back into the gold due to the
large impedance mismatch, so that we again see matter at
lower than initial densities in Figs. 2(e) and 2(f). Although
this is still early in the laser pulse, there was no diffraction
signal at later times because the compressed matter is rare-
fied by the reflected wave.

Such details of laser ablation and shock formation, and
the dynamics within the compression front, are resolved on
XFEL systems such as this with unmatched precision, com-
pared to laser-driven X-ray sources. The XFEL provides a
highly collimated (~2 urad) and narrow band (~0.5eV)
probe beam, giving resolution limited only by the mono-
crystallinity of the sample. This allows observation of com-
plex behaviour just before and within the compression front,
and experiments such as this are crucial for better under-
standing a regime where theoretical models are few, and
often inaccurate.

Although there are no direct temperature diagnostics in
this experiment, we can estimate the temperature in the sam-
ple using an equation of state (EOS) such as the Rose-Vinet
EOS,19 which remains valid while the target is still solid,
and has previously been used to good effect with gold.20
The EOS parameters are taken from Yokoo et al.,'® and are
chosen to agree with the experimental results over a range
of temperature and pressure conditions. Although XRD
experiments such as this are often able to use the Debye-
Waller effect to estimate the temperature, the signal strength
in this experiment is dominated by the density distribution,
rather than the temperature. As this distribution is not accu-
rately known, we are not able to estimate the temperature in
this way.

Fig. 3 shows the results of a one-dimensional radiation
hydrodynamics simulation of the sample evolution due to the
incident laser pulse.”' The early part of the pulse, with inten-
sity <10"' W/cm?, heats the electrons in a thin region close
to the surface,?” which rapidly equilibrate with the ions,>*"**
causing the foil to expand isotropically. This increase in tem-
perature propagates through the target by conduction, with
an associated reduction in density. Subsequently, the inten-
sity reaches a sufficient level to start strongly ablating the
sample,” launching a compression wave.

Considering the behaviour more quantitatively, we look
at lineouts across the (111) diffraction peak, shown in Fig. 4.
The lineouts are well reproduced by a three-Gaussian fit (one
each for matter at initial, lower, and higher densities). Data
from the (200) diffraction peak gives comparable results for
the changes in peak positions and relative heights, although
with less confidence due to the lower signal/noise ratio. We
see in Fig. 4(a) that a peak from expanded matter, to the left
of the original line, is present and separated from the initial
0o peak by 0.16 = 0.1°; from Bragg’s law, this implies a

RIGHTSE LI MN iy
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FIG. 3. Evolution of the sample density due to the incident laser pulse from
Figure 1(b), simulated with the 1-D radiation hydrodynamics code Multi,
using Sesame EOS 2700. The simulation starts at earlier times to include the
effects of heating by the early part of the pulse.

change in the lattice spacing of Ad/dy=0.5* 0.3%. Since
the heating is not a directed process, we assume that the
behaviour is isotropic, and that this therefore corresponds
to a volume change AV/Vy=1.5%*1.0% and an absolute
density of 18.9 = 0.2 g/cc. When the material is heated at
ambient pressures, the temperature needed to explain the
expansion can be calculated using the coefficient of thermal
expansion, f3,%° giving 650 + 210 K.

Analysis of the lineouts for expanded matter in Fig. 4(b)
(t=62 ps) and Fig. 4(c) (r=125 ps) gives densities of
18.6 = 0.2 and 18.4 £ 0.2 g/cc, similar to the densities seen
in the simulation in Fig. 3. The corresponding temperatures

5000 —
2000l (3) 50 ps <Expansion ]E]Compressior>
3000 e

Af= —0.23° g
2000 p=18.9g/cc [}
T=650 K I
1000

2 0

c

5 (b) 62 ps

b3000

s A0 0.32°

= =-0. ;

2 4000 p=18.6g/cc |;

- T—950K [ |

= 1000

C

2 I

"0 ]

c) 125 ps : i
1500| (@ 122P :
Af= —0.45°
000 p=18.4¢g/cc
T=1200 K
500

295 300 305 31.0 315 32.0
Angle / degrees

208.0 28.5

29.0

FIG. 4. Lineouts, in grey, of the (111) diffraction line averaged across the
MPCCD from single shots, at various delays from the foot of the drive laser
pulse. The dotted lines indicate Gaussian fits to the data. The RMS differ-
ences between the Gaussian fits and experimental data are 17.5, 35.9, and
30.3 for (a), (b), and (c) respectively. Densities and temperatures of the
expanded peaks are calculated assuming isotropic compression and the
Rose-Vinet EOS, respectively.
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calculated with f are 950 = 200 and 1200 = 200K, respec-
tively. The line widths of these expanded peaks are compara-
ble to those of the cold Au samples throughout the sample
evolution, indicating that the expanded matter is character-
ized by a single lattice spacing at each time, and that there-
fore the temperature of the heated region is approximately
uniform.

In this experiment, the preheating is due to the long
(~200 ps) rise time of the laser, the rapid heat exchange
between the electrons and ions and the high thermal conduc-
tivity of gold (318 W/m - K). However, the same techniques
are applicable for preheating from any source. In experi-
ments with a low laser contrast, prepulses often heat the sam-
ple, affecting the subsequent shock formation. Similarly,
radiation from the coronal plasma in shock compression
experiments and equation of state studies can heat the region
ahead of the shock, possibly influencing the accuracy of the
results. While such effects are not always easy to model,
these results demonstrate the feasibility of directly monitor-
ing them in experiments and better understanding preshock
dynamics in samples.

Turning to the 0> 0, region in Fig. 4, these show that
from a delay of 62 ps onwards, the sample contains signifi-
cant amounts of compressed matter due to the pressure from
the laser ablation. In contrast to the narrow peak from the
expanded matter, the signal is consistently very broad, indi-
cating the presence of multiple lattice spacings and implying
that a ramp compression wave with a significant density gra-
dient is driven after the expansion. The states at these early
times are therefore not located on the Principal Hugoniot.

The highest density (smallest volume compression)
observed was 20.6 = 0.3 g/cc (0.937 =0.013), in very good
agreement with the Multi simulation. Looking at the phase
diagram in Fig. 5, we can estimate the pressure and tempera-
ture required for this compression in the sample. The mea-
sured density gives an isochore in temperature-pressure
space, shown as the dashed line, estimated from EOS of
Yokoo ef al.'? The temperature before compression begins,
estimated from the expansion, is shown as a shaded region,

4000

| Isochore p/py = 0.93"" ]

3000}

[ N N

w o w

o o o

o o o
T T T

Temperature / K

1000

500+

principal Hugoniot

0 5 10 15 20 25 30 35 40
Pressure / GPa

FIG. 5. Region of gold phase diagram; pressure dependent melting tempera-
ture T, (red dashed line) from Ref. 26, temperature before the shock
T,. (shaded region, indicating uncertainty) estimated as above, principal
Hugoniot from Sesame (blue solid line). Black line gives states correspond-
ing to the observed compression in the RVEOS, using parameters from
Ref. 13; solid indicates states possible here (between T,,, and T,,;,).
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meaning that the possible states for the compressed material
are along the isochore, between the initial and melting tem-
peratures. The temperature of these states is much higher
than what would be found along the principal Hugoniot for
gold, shown as the lower solid line in Fig. 5.

The rapid growth of the compressed region with time
agrees with the compression wave traveling faster than the
prior thermal expansion front. Once it overtakes the thermal
front, it would, in a thicker target, coalesce into a single
shock wave with thermodynamic states located on the
Hugoniot, as it would then be moving into cold material
instead of the preheated sample. These results do show that
this experimental setup is ideally suited to observing shock
formation behaviour, and that performing similar experi-
ments with a thicker target or faster rise time to give shock,
rather than ramped, compression will allow increased under-
standing of the behaviour of this phenomena.

Overall, the agreement of the hydrodynamic simulation
in Fig. 3 with the observed data is good. The simulation
already shows significant heating by =0, due to the laser
rise time, although the signal remains dominated by the dif-
fraction from the large amount of cold material. By 50 ps,
the expansion wave has propagated further through the sam-
ple and is visible in the diffraction data in Fig. 4(a). By 100
ps, the clear compressed peak seen in Fig. 2(c) begins to
appear in the simulation, driven by the ablation at the laser
surface, and by 125 ps, shown in Fig. 4(c), the compressed
and expanded regions have similar sizes. The compression
signal is not seen at all from 200 ps onwards, as the compres-
sion wave has broken out into the plastic substrate. The
remaining signal from the expanded lattice rapidly weakens,
as seen in Fig. 2(f), and latter times show no coherent signal.

In conclusion, we have observed the lattice level shock
formation phenomena at the earliest stages of laser irradia-
tion. Diffraction of an XFEL beam allows a direct measure-
ment of the lattice spacing, and therefore the density of the
sample, with a precision of 1%. This shows lattice expan-
sion, which simulations show to be ahead of the compression
wave, and is able to resolve the compression due to increas-
ing pressure in the sample before the formation of the shock.
The well understood equation of state also allows an estimate
of the temperature in the material and would therefore be
suitable for laser shock experiments, as it is able to estimate
much lower temperatures than are accessible with the widely
used streaked optical pyrometers. The method presented here
is sensitive to changes in the temperature of <1000K while
also having an exceptional time resolution.
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