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ABSTRACT

Femtosecond laser-driven shock waves exhibit characteristic features that form distinctive microstructures not formed by plate impacts or
nanosecond laser-driven shock waves. A key to understanding this phenomenon is understanding the lattice behavior inside the shock
front, which is the boundary between the ambient and shock compression states. However, direct measurements of the lattice spacing inside
a femtosecond laser-driven shock front have not yet been performed. Here, we report in situ measurements of lattice spacing using x-ray
free electron laser diffraction with a pulse width of <10 fs during the shock rise in single-crystal copper irradiated directly in air with a fem-
tosecond laser pulse on the order of 10'* W/cm? at a pulse width of 101 fs. The lattice spacing of the femtosecond laser-irradiated single-
crystal Cu (002) plane starts to compress 6.3 ps after femtosecond laser irradiation. It takes 15.7 ps for the plane to reach peak compression,
at which point the compressive elastic strain is 24.3%. Therefore, the shock front was found to form at an elastic compressive strain rate of
1.55x 10'%s in this shock-driving situation. It is suggested that the initiation of plasticity under such ultrafast deformation at the most
elastic compression is based on both dislocation multiplication and dislocation generation mechanisms.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0253150

I. INTRODUCTION When femtosecond laser pulses above a certain threshold intensity
Femtosecond lasers' have been used for surface modification are directly irradiated onto the surface of a metallic material, shock
using shock effects as a new processing method” in recent years as waves are driven and propagate inside the metal. The femtosecond
well as for microfabrication owing to their ultrashort pulse widths.’ laser-driven shock wave causes the plastic deformation of the metal,
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which hardens the surface and induces compressive residual stress,
resulting in longer fatigue life and higher corrosion resistance.*™
In the region where the femtosecond laser-driven shock wave
propagates, characteristic microstructures, such as metastable’™'’
and unique dislocation structures,''” are observed, which cannot
be seen with conventional shock compression methods. Therefore,
femtosecond laser-driven shock waves are predicted to have different
characteristics from conventional shock waves.

Femtosecond laser-driven shock wave measurements were first
performed by Evans et al.'> They measured the ultrafast deforma-
tion behavior at an interface between a thin metal film deposited
on a glass substrate and the glass immediately after femtosecond
laser irradiation and reported that shock waves with amplitudes of
100-300 GPa were driven in the Hugoniot state. The ultrafast
lattice behavior of iron directly irradiated by a femtosecond laser
was analyzed using x-ray free electron laser (XFEL) diffraction by
Sano et al.'* After elastic compression for up to 50 ps after femto-
second laser irradiation, plastic deformation began, and elastic and
plastic strains balanced over 100 ps, followed by a Hugoniot state
for a few nanoseconds. These results suggest that the formation of
unique microstructures in femtosecond laser-shocked materials is
due to the shock wave rise. These are the only two reported in situ
experimental measurements of the shock deformation behavior of
metals directly irradiated with femtosecond lasers.

Previous studies, except those by Evans et al.'” and Sano et al.,"*
have used a plasma confinement scheme, in which a pump laser
beam passes through a glass substrate and irradiates a thin metal film
deposited on the glass, while a probe laser irradiates the free surface of
the metal film. The ultrafast behavior of materials using such a
scheme has been experimentally diagnosed and well-studied using
ultrafast pump-probe methods, such as ultrafast interferometry
and dynamic ellipsometry.'”™'” A pioneering study on femtosecond
laser-driven shock wave rise measurements was performed by
Gahagan et al.'® Femtosecond lasers with wavelengths of 400 or
800 nm, pulse widths of 130fs, and pulse energies of 0.2-0.5 m]
were directed through glass coverslips onto the deposited polycrys-
talline Al and Ni thin films of 0.25-2 um thickness. Shock wave
velocities of ~5km/s corresponding to pressures of 3-5GPa and
10%-90% rise times of < 6.25 ps were measured using frequency-
domain interferometry with sub-picoseconds temporal resolution.
Ashitkov et al. irradiated polycrystalline aluminum thin films
through their glass substrates with femtosecond laser pulses with a
pulse width of 150fs and a fluence of 1.3 J/cm® and studied the
driven shock wave using femtosecond interferometric micros-
copy."” The results did not show the expected splitting of the shock
wave into elastic and plastic compressive waves, and only elastic
shock waves of 9-13 GPa were measured based on the relationship
between the shock wave velocity and the particle velocity behind
the shock front. The shear stress achieved by this process was close
to the ultimate value estimated for aluminum, and the spall
strength determined at a tensile strain rate of 10%/s was more than
half of the ultimate strength of aluminum. The invariance of the
dissipative action of the shock waves at very high strain rates,
driven by clipped sub-nanosecond lasers irradiating thin metal
films through glass substrates, was reported by Crowhurst et al.”’
The invariance of the Swegle and Grady fourth power scaling®' ™
and the dissipative action is maintained even at strain rates exceeding
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10'%/s, corresponding to a peak stress of 43 GPa. In these schemes,
the laser-irradiated metal surface is the interface with the glass sub-
strate; therefore, electrons and ions ejected during or immediately
after femtosecond laser irradiation are trapped at the interface.
Therefore, there is a concern that electrons and ions ejected from the
metal at the beginning of femtosecond laser irradiation may affect
shock wave formation due to preheating and plasma expansion.”* ™’
That is, the behavior of shock waves formed in a plasma-confined
scheme may differ from that of shock waves driven by femtosecond
laser irradiation with an unconfined metal surface.

All previous studies, except the XFEL diffraction measure-
ments reported by Sano et al,'* measured the surface displacement
velocities and estimated the particle velocities. Although this
method can provide information on the hydrodynamic behavior of
shock waves, the distinction and interpretation of elastic and plastic
waves can be difficult when their behaviors are complicated.'”**~*°
A very large pressure gradient is formed inside the shock front,
which has the potential to create new dislocations owing to the
large deviatoric stresses.’’ Therefore, the key to understanding the
phenomena of shock-induced elasto-plastic transitions in materials
is to understand the behavior of the shock front. However, the
lattice spacing inside the shock front has never been measured,
although the behavior of the shock front, which is driven by a
nanosecond laser pulse, has been imaged using the XFEL** and the
laser-plasma x-ray source.”’* The objective of the present study is
to measure the lattice spacings during shock front formation driven
by the femtosecond laser irradiation of a metal surface; to the best
of our knowledge, such measurements have not yet been reported
in scientific literature studies. Because it has been reported that the
rise time of a femtosecond laser shock wave in a plasma-confined
scheme is within 10 ps,'® a sub-picosecond temporal resolution is
required, even for direct irradiation schemes. The femtosecond

laser pump and XFEL diffraction measurements were performed at
SPring-8 Angstrom Compact free electron LAser (SACLA) facility ™

using an XFEL with a pulse width of 10 fs as the probe. The elastic
behavior of the shock wave during its rise can be determined by
obtaining the temporal evolution of the lattice strain from the shift
in the Bragg peak to the shock wave rise.

Il. METHODS

Copper was chosen as the target material in this study
because it is suitable for shock-rise characterization owing to the
absence of phase transitions at relatively low pressures and its
well-studied shock compression properties.”™" A (001) copper
single crystal with a purity of 99.9999% (MaTecK, 70x 3 mm?,
2mm thickness) was used. The femtosecond laser pump-XFEL
probe experiment was performed in experimental hatch EH2 at
beamline BL3 of the SACLA facility. Figure 1 shows a schematic
of the experimental setup.

The angle between the femtosecond laser beam for the pump
and the XFEL beam for the probe was nearly perpendicular, and the
pump laser irradiated the sample surface tilted by an angle of @° with
respect to the XFEL beam. The XFEL beam was irradiated with a time
delay ¢ at the location where the pump laser irradiated the sample.
The XFEL beams scattered and diffracted at the sample surface were
obtained using a two-dimensional detector. The pump laser was a
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FIG. 1. Schematic illustration of the experimental setup comprising the femtosecond laser pump and XFEL diffraction systems. (a) The femtosecond laser pump and
XFEL probe beams are nearly perpendicular; the pump laser is irradiated on the sample surface tilted by w° with respect to the XFEL beam. The XFEL beam scattered
and diffracted at the sample surface is received using a two-dimensional detector. (b) Situation before the femtosecond laser pulse irradiation onto the material. When the
Bragg angle for the initial uncompressed (002) plane spacing dy is 6, and the angle between the XFEL beam and the sample surface at this time is wo, 6y = g + ¢
(c) Situation after the femtosecond laser pulse irradiation onto the material. At t=0, a femtosecond laser beam irradiates the sample surface, forming a shock wave parallel
to the sample surface, i.e., nearly parallel to the (002) plane, which propagates in the [001] direction. When the (002) plane is elastically compressed by £ (%) due to the
femtosecond laser-driven shock compression at ¢, the lattice spacing of the compressed (002) plane becomes d = (100 — £)dy/100. When the Bragg angle with respect
todis 6, 6 = sin~' [100sin 6,/(100 — £)]. The angle between the XFEL beam and the sample surface at this time is @ = 6 — a.

femtosecond laser with a central wavelength of 797 nm with a band-
width of 23.5nm [full width at half maximum (FWHM)], a pulse
width of 101 fs (FWHM), and a pulse energy of 10.7 m].

As shown in Fig. 1(a), a Cu (001) surface was irradiated with a
femtosecond laser beam focused by a plano—convex lens with a focal
length of 150 mm. The diameter of the crater formed by the femto-
second laser irradiation was approximately 150 um, corresponding to
an average intensity of 6.0 x 10" W/cm® and an average fluence of
61J/cm® at the sample surface. An XFEL pulse with a monochro-
mated photon energy of 13 keV with an energy spread of 0.01% and
a pulse width of <10fs was used as the probe beam.” The XFEL
pulse was focused to a diameter of about 100 um on the sample
surface using a Be lens. The spatial overlap between the pump and
probe lasers was ensured using a GAFCHROMIC film that fluo-
resced for both the pump and probe lasers. A high-speed photodiode
was used to adjust the delay time to zero such that the timing of the
XFEL signal coincided with the increase in the femtosecond laser
pulse signal. The XFEL and pump laser pulses were synchronized in
time with a shot-to-shot fluctuation in the sub-picosecond range.
The delay time ¢ of the XFEL pulse from the femtosecond laser pulse

was varied using an electrical delay system. A two-dimensional
detector (Rayonix MX300-HS) with a pixel size of 78 x 78 um®
was positioned nearly perpendicular to the XFEL beam and at
a distance of approximately 130 mm to the sample. Geometric
parameters, such as the actual distance between the laser-irradiated
spot and the detector, and the tilt angle of the detector, were cali-
brated using CeO, powders as a standard material and the
IPAnalyzer software.'>"'

The lattice spacing of the (002) plane was measured, which
was nearly parallel to the sample surface as shown in Fig. 1(b).
Although the sample surface was a (002) plane, there was a slight
misalignment angle of o degrees between the sample surface and
the (002) plane. When the Bragg angle for the initial uncom-
pressed (002) plane spacing d, is 6,, the misalignment angle
between the sample surface and the (002) plane is @, and the
angle between the XFEL beam and the sample surface is wo, so
0y = wy +oa. At t=0s, a femtosecond laser beam is irradiated
onto the sample surface, driving a shock wave on the sample
surface. The shock front is formed parallel to the sample surface,
i.e., nearly parallel to the (002) plane, and propagated in the [001]
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TABLE |. Femtosecond laser pump and XFEL diffraction measurement conditions
for single-crystal copper.

Elastic compressive  Tilt angle Bragg angle X-ray penetration
strain £ (%) w (°) 26 (°) depth (um)

5 15.20 32.28 1.3

15 17.04 36.21 1.5

25 19.39 41.24 1.7

30 20.84 44.34 1.8

direction. As shown in Fig. 1(c), when the (002) plane is elasti-
cally compressed by £ (%) due to the femtosecond laser-driven
shock compression at ¢, the lattice spacing of the compressed
(002) plane becomes d = (100 — £)dy/100. When the Bragg angle
with respect to d is 6, 6 = sin~! [100sin 6y/(100 — £)]. In this
case, @ becomes w = 0 — a = sin~! [100sin 6,/(100 — £)] — a. In
other words, by changing , the Bragg peak corresponding to d,
that is elastically compressed by £ (%), can be detected. The
lattice spacing of the copper single crystal used for the measure-
ment was measured to be dy=1.80545A at wy=14.42° and
26, ==30.6298°, giving a = 0.8949°. Based on these values, the @
values, at which elastically compressed strains of approximately
5, 15, 25, and 30% were detected, were calculated. @ used in the
measurement, corresponding diffraction angle 26, strain, and
x-ray penetration depth (i.e., the measurement area in the depth
direction) are listed in Table I. t was varied in steps of 2 ps, and
the corresponding £ and changes in d were evaluated.

lll. RESULTS

Figures 2(a)-2(d) show the typical diffraction patterns recorded
at different t and w values. The vertical direction in the figure repre-
sents the angle in the 26 direction. Figure 2(a) shows the unper-
turbed pattern recorded before the pump laser irradiation at

Pre 14 ps 20 ps 26 ps
14.42° 15.20° 17.04° 19.39°
0% 5% 15% 25%

---J-280
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® =14.42°. A Bragg spot reflected from the (002) plane was observed
at 26, =30.6298°. Figures 2(b)-2(d) show the data acquired at
®w=1520° at t=14ps, ©=17.04° at t=20ps, and w=19.39° at
t=26ps, corresponding to approximate £ values of 5%, 15%, and
25%, respectively. In all cases, Bragg spots were observed at higher
angles than the uncompressed (002) spots. No Bragg spots were
observed at @ =20.84°, corresponding to & = 30%.

Figure 3 shows one-dimensional (1D) profiles converted from
three-dimensional (3D) images, as shown in Fig. 2, using
IPAnalyzer software.””"" Figure 3(a) shows the 1D profile in the
uncompressed state, shown in Fig. 2(a). Figures 3(b)-3(d) show
the 1D profiles at @ = 15.20° (e & 5%), o = 17.04° (& = 15%), and
0 =19.39° (g~25%), respectively. Peaks present around the
assumed compressed d-spacing with a count number sufficiently
greater than the background variation were treated as valid.
Bragg spots were observed at 20 =32.53° (£ =5.70%) at t=10ps
[Fig. 3(b)], at 260=36.16° (¢ =17.0%) at t=16 ps [Fig. 3(c)], and
at 20 = 40.80° (e = 24.3%) at t =22 ps [Fig. 3(d)].

£ and the corresponding d values as a function of t are shown
in Fig. 4. The error bars in each plot indicate the FWHM of the
peak. The highest £ values in this experiment were 5.70%, 14.9%,
and 24.3%, which were measured at t= 10, 16, and 22 ps, respec-
tively. The straight line connecting these three points (dashed
line in the figure) indicates an increase in the shock wave inten-
sity. It took 12 ps for £ to increase from 5.70% to 24.3%, resulting
in an elastic compressive strain rate of 1.55 x 10'%/s. Assuming a
linear increase from the onset of the shock initiation, the start
of the rise is 6.3 ps after femtosecond laser irradiation, and the
0%-100% rise time is 15.7 ps. The maximum & at ©=19.39°
lasted for up to 32 ps, indicating the maximum & maintained for
at least 10 ps.

IV. DISCUSSION

The energy of a femtosecond laser pulse irradiated on a metal
is transferred to the electron subsystem in the metal during the

260(°)

---4{-43.0

FIG. 2. Typical diffraction patterns
recorded at different delay times t and
tilt angles . The vertical direction in
the figure represents the angle in the
26 direction. (a) Unperturbed pattern
recorded before pump laser irradiation.
A reflected Bragg spot from the (002)
plane of the copper is observed at
26, =30.6298°. (b) Data acquired at
t=14ps and ©=1520°. (c) Data
acquired at t=20ps and w=17.04°.
(d) Data acquired at t=26ps and
®=19.39°. In all cases after femtosec-
ond laser irradiation, Bragg spots are
observed at higher angles than in the
uncompressed (002) spot.

Uncompressed
(002)
--30.6298 (26,)

Delay time (ps)

o)
&(%)
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FIG. 3. 1D profiles of XFEL diffraction patterns converted from 3D images. (a) 1D profile in the uncompressed state as shown in Fig. 2(a). (b) 1D profiles at o = 15.20°,
corresponding to & ~ 5%, at t=10, 12, and 14 ps. A Bragg spot is visible at 20 = 32.53°, corresponding to £ =5.70% at t = 10 ps. (c) 1D profiles at & = 17.04°, correspond-
ing to £ ~ 15%, at t=16, 18, and 20 ps. A Bragg spot is visible at 26 = 36.16°, corresponding to £=17.0% at t=16 ps. (d) 1D profiles at @ = 19.39°, corresponding to
£~ 25%, at t=22, 24, and 26 ps. A Bragg spot is visible at 26 = 40.80° corresponding to £ =24.3% at t=22 ps.

pulse and subsequently from the electron to the lattice subsystem.*”
The relaxation time that transfers energy from the electron subsys-
tem to the lattice subsystem is typically in the order of picoseconds,
depending on the material and state.”*’ Metal ions expand into the
atmosphere in the range of tens to hundreds of picoseconds after
femtosecond laser irradiation, followed by thermal melting as a
secondary thermal effect. Therefore, the shock front observed in
this study, which began to rise at 6.3 ps after femtosecond laser
irradiation, is driven by the rapid expansion of the lattice subsystem
when energy is rapidly transferred from the electron subsystem to
the lattice subsystem. This was mentioned in a previous paper,"’
but the experimental results reported here are the first to confirm
this by the direct measurement of lattice distortion. The driving
mechanism of the shock wave using a laser with a pulse width of
sub-nanoseconds or longer is based on the creation of plasma ini-
tially during a laser pulse and the subsequent laser pulse heating

that plasma. The phenomenon measured in this study is critically
different in its driving mechanism from a shock wave driven by
such a sub-nanosecond or longer pulse laser.

Sub-nanosecond time-resolved x-ray diffraction (XRD) mea-
surements of the lattice parameters perpendicular and parallel to the
shock front in shock-compacted single-crystal copper showed that
the shocked copper exhibited hydrostatic compression immediately
after uniaxial compression.”* It has also been reported that copper
reaches a shear stress of 18 GPa when shock-compressed by a sub-
nanosecond laser at a peak normal elastic stress of 73 GPa and a
strain rate of 10° /s, followed by a lattice transition from a 1D elastic
state to a 3D plastic relaxed state within a few 10 ps.*”” Although the
monochromatic x-ray reflection geometry used in this study cannot
directly determine the plastic strain in the presence of a large strain
gradient in the x-ray penetration region, the elastic strain can be
measured with high accuracy. Based on the above interpretation,
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FIG. 4. Compressive elastic strain and the corresponding lattice spacing as a
function of delay time. Red circles, blue triangles, and green squares indicate
the data measured at w=1520° (e~5%), w=17.04° (¢~ 15%), and
®=19.39° (e ~25%), respectively. The error bars in each plot indicate the
FWHM of the peak. Assuming a linear rise from the onset of the shock drive,
the start of the rise is 6.3 ps after femtosecond laser irradiation, and the 0%-
100% rise time is 15.7 ps, corresponding to a strain rate of 1.55 x 10'%s.

£,=243% at t=22ps measured in the present study can be
regarded as the strain at the onset of plastic flow, after which the
hydrostatic state including plasticity, i.e., the Hugoniot state, can
be regarded. The Hugoniot pressure Py and the shock velocity u
are expressed as Py = c%ero/(l —sen)? and us = /(1 — sep),
respectively, where ey is the Hugoniot strain, ¢, is the bulk sound
velocity of copper, s is the coefficient that satisfies the relationship
between u and the particle velocity u, in the Hugoniot state, and
po is the initial density of copper. Therefore, we determined the
values of Pyy=83.3 GPa and u;=6.19km/s for &5 =24.3% using
po=28.93 g/cm3, Co=3.933km/s, and s=1.500."° The measured
rise time is 15.7 ps, indicating that the shock front has a spatial
thickness of 97.1 nm.

Theoretically and empirically, it has been shown that the
strain rate & of shock-compressed metals is proportional to the
fourth power of Py (Swegle-Grady fourth power law).”' ™’
According to Swegle and Grady, &= 7451P% for copper.””
Substituting £ ~ = 1.55 x 10'%/s obtained in this experiment into
this relationship yields Py =37.8 GPa, which is less than the
83.3 GPa estimated using &y =24.3% obtained in this study.
Figure 5 compares the relationships between Py and & obtained
in previous studies’"*>*° with those obtained in the present
study. According to multiscale dislocation dynamics simulations
for single-crystal copper,”” up to a strain rate of 10%/s, the strain
rate is proportional to the fourth-power of the Hugoniot pressure
based on the existing dislocation multiplication mechanism.
However, at higher strain rates, the strain rate is proportional to
the square of the Hugoniot pressure based on the dislocation gener-
ation mechanism. Because the absolute amounts of normal-direction
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FIG. 5. Relationship between the Hugoniot pressure and strain rate reported in
previous studies®***~* and the present study (blue square).

elastic strain and transverse-direction plastic strain in the shock front
are equal under hydrostatic compression, the elastic strain rate of
1.55 x 10'"/s for the shock-rise process obtained in this measurement
is equal to the plastic strain rate. Figure 5 shows that the measured
data lie between the Swegle-Grady fourth-power law and the square
law. This suggests that plasticity begins at the point of maximum
elastic compression of the femtosecond laser-driven shock wave and
is based on both dislocation multiplication and dislocation genera-
tion mechanisms. The unique microstructure observed in the mate-
rial after femtosecond laser-driven shock compression’™” is
presumably due to the complicated plastic behavior induced by this
extremely large elastic compressive strain rate.

Crowhurst et al”” reported that shock waves driven by sub-
nanosecond laser pulses in aluminum deposited on glass reached a
peak pressure of 43 GPa at strain rates exceeding 10'%/s and followed
the Swegle-Grady fourth power law.”'~** Despite similar strain rates,
our results differ from those reported by Crowhurst et al.”’ as they
do not follow the Swegle-Grady fourth power law. This difference
could be due to the variations in the material properties of the
copper used in this study and the aluminum used by Crowhurst
et al,”’ such as the viscosity and dislocation behavior, laser char-
acteristics such as the pulse width and wavelength used to drive
the shock, and the laser irradiation environment (open surface vs
interface). Investigating these factors would be an interesting
topic for future research. If the strain is uniform in the x-ray pen-
etration depth region, information regarding the elastic strain cor-
responding to the Bragg peak position in XRD can be obtained,
along with the plastic strain corresponding to the peak width."*
However, in the case of femtosecond laser-driven shock waves
with a large spatial strain gradient of over 100 nm, as shown in
this study, the peak width includes both plastic and spatial elastic
gradient components; thus, the plastic strain cannot be directly
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discussed from the present measurement results. The combination
of in situ investigations, such as spatially macroscopic and tempo-
rally ultrafast pump-probe measurements'”~'’ and molecular
dynamics simulations””***’ with post-process investigations, such
as residual microstructure analysis®™'>** could further enhance
our understanding of the unique phenomena induced by femto-
second laser-driven shock waves.

V. CONCLUSIONS

In summary, the elastic strain during the femtosecond laser-
driven shock rise in copper was directly measured using XFEL dif-
fraction. The (002) plane, which is nearly parallel to the sample
surface, took 12 ps to reach a compressive elastic strain of 24.3%,
which increased linearly from 5.70%, corresponding to a compres-
sive elastic strain rate of 1.55 x 10'/s. Assuming a linear increase
from the onset of the shock wave, the 0%-100% rise time of the
shock wave was 15.7 ps. Based on the fact that plasticity begins as
soon as the shock wave elastically rises and the material enters the
Hugoniot state, the Hugoniot pressure and shock velocity are esti-
mated to be 83.3 GPa and 6.19 km/s, respectively, at a compressive
strain of 24.3%, where the shock front has a spatial thickness of
97.1 nm. The relationship between the strain rate measured in this
experiment and the estimated Hugoniot pressure lies between the
Swegle-Grady fourth power law and the square law, suggesting that
the plasticity initiated by femtosecond laser-driven shock waves at
the most elastically compressed state is due to both dislocation
multiplication and generation mechanisms.
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