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Abstract

In this paper, we present an experiment that explores the plasma dynamics of a 7 ym diameter
carbon wire after being irradiated with a near-relativistic-intensity short pulse laser. Using an x-ray
free electron laser pulse to measure the small angle x-ray scattering signal, we observe that the
scattering surface is bent and prone to instability over tens of picoseconds. The dynamics of this
process are consistent with the presence of a sharp, propagating shock front inside the wire,
moving at a speed close to the hole boring velocity or that expected from a thermal shock at a few
tens of Mbar.

1. Introduction

Modern laser technology allows the generation of ultra-intense optical light, compressed to a few
femtoseconds and focused to a few micron spot sizes leading to intensities exceeding the threshold for
relativistic electron motion of ~10'® Wcm ™. When a laser pulse is focused on a solid surface at these
intensities, the atoms at the surface are ionized and a dense plasma is created. The laser field interacts with
electrons within a skin depth of a few tens of nanometers and can compress the surface and accelerate
electron and ions to several MeV. The interaction of such high intensity lasers with solids has attracted
considerable interest with the prospect of creating bright and compact particle accelerators [1] and
gamma-ray sources [2].

Several physical processes occur before or after the laser pulse on a picosecond to nanosecond time scale
leading for example to thermalization, diffusion, compression and ablation [3]. These processes generally
take place in the regime of coupled plasmas, where atomic-scale collisions still play a role. Processes on the
sub-picosecond or even sub-femtosecond scale on the other hand usually are collective, giving rise to
complex phenomena and waves. One important aspect is the generation of a multitude of instabilities,
influencing for example the coupling of the laser to the plasma, particle transport, and heating of the target.
So far, such surface plasma dynamics have been widely investigated using femtosecond optical laser
pulses [4], whereby various surface-sensitive methods based on optical shadowgraphy [5-7],
interferometry [8], and spectroscopy [9-11] have been applied. However, optical probes can only penetrate
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the plasma up to their critical density, i.e. a fraction of the solid density, and so cannot directly give access to
the dynamics inside the solid density region.

X-ray diffraction can be employed to resolve physical processes above the critical density, such as for
example non-thermal melting [12], coherent lattice vibrations [13], and ultrafast phase transitions [14].
Recently, x-ray pulses from x-ray free electron lasers (XFELs) have been applied to investigate laser produced
plasmas with femtosecond temporal resolution. Small-angle femtosecond x-ray scattering (SAXS) has
revealed density gradients of expanding solid-density plasmas with nanometer spatial and few femtosecond
temporal resolution [15-17], transient nano-jet emission from grating surfaces [17], as well as ultra-fast
heating and ionization [18, 19].

Here we use SAXS to study the dynamics inside solid density wires that turn into plasmas after
high-intensity short-pulse laser irradiation. Our experimental data shows that the scattering surface is bent
by a few microns and prone to instability development also on the scale of a few microns over the course of
tens of picoseconds. The dynamics of this process are consistent with a sharp, propagating compression
(shock) front inside the wire. With the novel SAXS method we measure the tilt angle of this front and
observe that it is moving forward with a speed of up to 0.1 umps~!, which is close to that expected from a
thermal shock at a few tens of Mbar or from a shock launched by the hole boring (HB) pressure.

2. Experimental setup

We report on an experiment probing the plasma dynamics of a 7 um diameter carbon wire (density
2.25gcm ) after the irradiation with the near-relativistic high-intensity (HI) titanium:sapphire short-pulse
near-infrared (wavelength 800 nm) laser at the Matter in Extreme Conditions (MEC) endstation at the linear
coherent light source (LCLS) XFEL. The HI laser pulse duration was 83 fs and the spot size at full width half
maximum (FWHM) was w, ~ 30 um and w, ~ 16 um in horizontal and vertical direction, respectively. The
laser pulse energy was measured to be up to 1] before compression. With 46% transmission to the target and
22% of the energy being in the FWHM area, the peak intensity on target can be calculated to approx.

5 x 107 Wcm™2, equivalent to a normalized laser strength amplitude of ay = 0.5. The XFEL pulse had a
diameter of 5-10 um and pulse duration of 40fs, both at FWHM. The x-ray photon energy was 8keV, with
approximately Ny = 10'! photons per pulse (the exact number on target varies from shot to shot due to
different absorbers). Temporal synchronization between the HI short-pulse laser and LCLS XFEL pulse was
achieved with a precision of 120fs rms.

The carbon wire targets were irradiated under normal incidence by both the pump and the probe pulse,
which were also perpendicular to each other, see figure 1. For reasons detailed below, the XFEL axis was
vertically offset by approximate 20 sm along the wire towards the top.

In the following, we present a series of shots on these wires, varying the pump laser intensity between
50% and 100% (i.e. between 3.5 x 10" Wcem ™2 and 7 x 10”7 W em™2), and the probe delay At between 0
and 80 ps. We measure the SAXS signal with an PIXIS2048 x-ray detector with 13 um pixel size that was
positioned 1.4 m behind the target. In this configuration, the signal is given in Born approximation
(i.e. phase contrast only) by the Fourier transform of the electron density, I(q) o |FT(n(r))|, where
q= |k0 —K |) is the scattering vector defined by the difference between the incoming XFEL wave
vector ko and the scattered wave vector k’. Here, we only expect two streaks perpendicular to the wire
surface, the interference pattern of scattered waves from the wire front and rear surface (i.e.
q=2m/7pum~9 x 10~*nm~!) cannot be resolved with the detector resolution of at least 2
detector pixels due to the finite point spread function and XFEL focus size (one pixel is
Ag=kox13um/1.4m ~4 x 10~*nm™!). The setup we employ here enables the study of a multitude of
relevant physics following the relativistic laser irradiation [15], through the analysis of the change of the
scattering streak’s signal intensity and slope, orientation, and structure, as discussed in the following.

3. SAXS method

First, we would like to extract the temporal evolution of the plasma expansion, as we demonstrated before on
grating targets [17]. Similar to the Debye—Waller analysis for thermal motion of particles, we can replace the
displacement of scatterers due to thermal motion with the displacement of the plasma due to non-thermal
melt/expansion into vacuum. The expansion scale o can then simply be derived from the exponential roll-off
of the scattering signal at large scattering angles [16, 17]

I(q) o< q "exp (—q202) (1)
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|FT(J nodz)|

(b) Effect of XFEL vertical
(a) Setup offset

Figure 1. (a) Sketch of the setup of the experiment, not to scale. The high intensity short pulse pump laser irradiates the wire at
normal incidence, an XFEL pulse probes the plasma under 90° incidence. The detector was positioned at a distance to the target
of 1.4m. The XFEL was vertically off-centered, effecting the signal: (b) the XFEL scattering streak (blue line) is assumed to stand
perpendicular on the scattering surface of the wire. The scattering surface can be (i) the forward ablated surface, (ii) the hole
boring (shock) front, (iii) the rear surface rare faction wave, (iv) the ablated rear surface, or a mechanically bent foil. Due to the
measured orientation of the streak (see figures 2 and 3, (i), (iii)) can be ruled out.

where r depends on the geometry of the sample. The exponent r is expected for flat surfaces to be in the
range of 2—4, e.g. r =2 for a cuboid, r = 3 for a cylinder and r = 4 for a sphere [20], or r = 3—4 for a fractally
rough surface [21]. The exponential term is the Debye—Waller factor.

Secondly, we can expect the scattering streak of the wire to tilt if the wire is being deformed by the laser.
As depicted in figure 1(b), this can in principle happen due to (i) ablation into vacuum at the front following
the thermal pressure set up by laser accelerated electrons or the bulk electrons heated by return current
collisions [22, 23]; (ii) a traveling compression (HB or shock) front into the bulk launched by the laser
pressure [24, 25] or thermal pressure [26]; (iii) a rarefaction (shock) wave into the wire at the rear surface
[27]; (iv) ablation into vacuum at the rear [23].

To determine the relevant mechanisms in the present setup, we employ simulations already published for
similar conditions (cp. figure 3 of [19]). The laser and XFEL parameters are the same while only the target
material differs, being Si in the simulation instead of the carbon used here. However, the effective scattering
length densities [ n,dz are essentially the same and the simulations therefore describe also the present case
qualitatively. As can be seen in these simulations, over the course of only a few picoseconds the front surface
is fully ablated (i.e. order of 1m scalelength). Such a diluted surface would not be possible to be detected due
to the corresponding Debye—Waller factor that would be close to zero and would suppress the streak signal
already at small g, effectively making the streak vanish. Simultaneously, a compression shock wave is
launched by the laser pressure (HB), which continues to travel through the target over 10 s of picoseconds as
a thermal shock wave with a pressure of 2 50 Mbar. Similar dynamics have been previously reported at
slightly higher laser intensity [26]. The shock front velocity is between 0.05 yumps~—! (hydro simulation) and
0.1 umps~! (PIC simulation), i.e. around the theoretical prediction for a thermal shock

Vinooal = \/3P/po = 0.08 ymps ™" (2)
and close to the HB velocity
VHB:C1_:E 2~ 0.09 umps " (3)

where the piston parameter for a fully ionized plasma is = = a/2+/myn,/mcn., m; and m, are the ion and
electron mass, respectively, and 1, = ggm,w3 /€’ is the critical density [24]. Hence we can expect the
compression wave to break out of the rear surface of the 7 um thick carbon wire after approx. 70 ps.

Additionally, briefly after the laser irradiation some high energy electrons accelerated by the laser
penetrate the full target ballistically, which excites a return current and consequently bulk target heating to
some few eV. Hence, the rear surface expands/ablates slightly due to the thermal pressure. Both features, the
shock front and the ablating rear surface, as well as the rarefaction wave countering the rear surface
expansion, could in principle lead to a signal in form of a streak on our SAXS detector depending on their
exact sharpness.

Finally, instabilities in the shock front or the rear surface, respectively, can lead to a break-up of the single
wire scattering line into multiple lines, which in the case of a sinusoidal surface modulation would each
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reflect a certain orientation of the target normal at the point of inflection. Such instabilities can be, among
others, Rayleigh—Taylor like instabilities leading to a surface rippling at relativistic intensities [28-30],
filamentation-two-stream instabilities in the target [31, 32] or at the target rear surface [33], Weibel-like
instabilities occurring during the plasma propagation in vacuum after laser acceleration [34], or the Z-pinch
sausage (m = 0) instability (especially at later times after few ps) [35]. The instabilities lead to a growth of
initially small density fluctuations to form ripples even on an initially flat target surface.

In the regime relevant for this work, the dominant source of small angle x-ray scattering is coherent
elastic Thomson scattering from electrons, but there is also a relevant diffractive contribution by bound-free
transition absorption. The latter depends sensitively on the plasma ionization degree, i.e. the plasma
temperature.

4, Results

The scattering patterns recorded in this experiment are shown in figure 2 as a function of delay at full laser
intensity, and in figure 3 as function of intensity at 40 ps probe delay. For each shot we took two XFEL-only
pre-shots as a reference, that we averaged for better statistics. We used this to determine the undriven target
normal orientation and verify the surface quality and XFEL overlap. We also took an XFEL-only post-shot
after the combined laser-XFEL main-shot, in order to be able to subtract in the pre- and main-shot the
parasitic XFEL scattering on the beamstop and other optical components in the beamline. The figures show
the background subtracted and normalized signal.

We start the analysis of the streaks by comparing their lengths, i.e the intensity fall-off with scattering
angle (i.e. I(g)), cf figures 4 and 5. In none of the shots a Debye—Waller like exponential roll-off at large
g-values could be observed. Since the g-range with signal above the background is limited in most of the
shots to q < Gmax = 0.1/nm ™!, this means that the surface roughness would be less than

1
Omax =~ —— =~ 10nm. (4)
Jmax

In reality this value is even much larger since photon number Poisson statistics, background uncertainty, and
the uncertainty of r and its fit correlation with o add considerable fit uncertainty (the latter alone is approx. a
factor of 2). This means that in our case due to the low dynamic range limiting us to very small g-value, the
Debye—Waller factor cannot be discriminated from unity in all shots. Setting it to 1 in equation (1), the
scattering intensity can thus simply be written as

I(q)=—+b (5)

where a is the proportionality factor, b comprises the radiation and detector background signal and r should
take on values between 2 and 3. We fitted all the streaks with equation (5) and find a value close to r = 3 for
all cases, see figure 4. This means that in all cases the shape of the scattering front remains that of a cylinder
and is not significantly compressed by the laser towards flatter planar geometry. Having found no significant
evidence for expansion nor compression, we conclude that the visual impression of shorter or longer streaks
is consistent with being primarily due to different signal levels instead of a change of r or o.

Secondly, we analyze the tilt angle of the streak in the main-shot relative to the pre-shot. Figure 6 shows
the tilt angles as a function of delay for full laser intensity (a), and as function of laser intensity at 40 ps delay
(b). As described above, there are several mechanisms that in principle can cause a time-varying signal
orientation. Some we can exclude based on our measurements by realizing that our XFEL spatial overlap was
vertically shifted approx. 20 um above the laser interaction point (i.e. > 2 FWHM of the XFEL pulse spot
size). This is why we only see one streak—the other streak in the opposite direction is simply not in the XFEL
field of view. However, this allows us to infer the direction of the tilt of the scattering surface. In the present
case, we conclude that the tilt must be in laser forward direction. This means that those processes that cause a
density contour tilt towards the laser can be excluded, i.e. front surface plasma expansion and rear surface
rarefaction wave, see figure 1(b).

We are left with the possibilities of rear surface tilt of the target due to plasma expansion into vacuum, or
a tilt of the front surface by HB or a compression (shock) front traveling forward, cf figure 1(b) (orange
lines). To connect the tilt angle of the streak with the plasma electron density contour more quantitative, we
adopt a very simple model. We assume that the scattering surface is moving forward with a velocity that
depends on the local laser intensity. In particular, the surface longitudinal position as a function of the
transverse offset shall be Gaussian with the same FWHM as the laser amplitude focal spot size w,. Then it
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Figure 2. Normalized scattering patterns for different XFEL probe delays (probe comes after pump) at an intensity of

5 x 107 Wcem™2. The right column shows example scattering patterns based on a hole boring model described in (3) and
equation (6): the circles depict the example density distribution in real space (multiplied with the XFEL intensity), the right
column shows the respective Fourier absolute square signal, for an A in equation (6) of 0 um, 1 um, 2 um, 4 um, 8 um (top to
bottom). For the cases with delay 20 ps, 40 ps, 80 ps we added a sinosoidal surface structure with 12.5nm, 25nm, 50 nm amplitude
and 1 pm, 2 um, 3 pm period, respectively.
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Figure 3. Normalized scattering patterns for different laser intensities. XFEL probe delay was set to 40 ps. The right column shows
example scattering patterns based on a hole boring model described in (3) (or an equivalently thermal shock model (2)) and
equation (6): the circles depict the example density distribution in real space (multiplied with the XFEL intensity), the right
column shows the respective Fourier absolute square signal, for A = 2.8 um (top), 3.5 um (middle), and 4.0 zm (bottom) in
equation (6). As in figure 4, for the case at full intensity we added a sinusoidal surface with 25 nm amplitude and 2 pm period.

can easily be geometrically derived that the target position A along the target normal is connected to the
angle « of the normal at the point of inflection (i.e. the tilt angle) via

Wy

= ©

From the delay scan of « in figure 6(a) we can then directly obtain the peak forward velocity of
vp=A/Ar=0.1+ pmps~" until a probe delay of At > 40 ps. Obviously at 80 ps delay the measured tilt
does not increase anymore. Indeed, extrapolating the forward velocity, we would expect the scattering front
to exit the rear of the wire at ~ 70ps if launched from the front at t = 0 (However, one needs to be careful
with the interpretation, since we present only single shot results).

From the intensity scan in panel (b) we infer that the forward velocity is proportional to the laser
strength parameter ay, i.e. the square root of the laser intensity, v; = ¢y, with a proportionality constant of

¢r=20.19 umps™'.

The forward velocity extracted from both the delay scan and the intensity scan is in remarkable
agreement with the HB velocity from equation (3), vyp = 0.2% X ag, and for the full intensity case agrees
with the compression front velocity in the aforementioned simulation.
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Figure 4. Streak profiles for the scattering patterns shown in figure 2. The red line is the rolling average over 15 px, the black line
shows the best fit with the fitted exponent r and its confidence interval (1) given in the respective legend. The black dashed line
shows the best fit with r < 2.5 which is indistinguishable from the black solid line in most cases, to demonstrate how insensitive
the fits are with respect to . The small orange shaded area is the error of the fit.
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Figure 5. Same as figure 4 but for the streak profiles of the scattering patterns shown in figure 3.

Finally, we point out that the tilted streak transitions into a set of multiple streaks at full intensity after
20 ps. This is indicative for a modulation of the scattering surface. This filamentation starts around 20 ps, is
most visible at 40 ps and is not visible at 80 ps after the laser irradiation as strong anymore, though there is
still a faint second streak visible. Potentially the instability is still present, but its spatial frequency decreased
so that the field of view of the XFEL comprises less filaments. The growth of the instability apparently
continues, as the angular spread between the streaks at larger delay values is larger than at earlier times,
i.e. the modulation depth seems to be increasing with time. In most shots we additionally see remnants of the
streak in horizontal direction, perpendicular to the undriven wire surface. We believe that this is primarily
due to scattering of the outer wings of the XFEL spot at the rear surface or vertical distant, unperturbed
regions.
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Figure 6. Tilt angle of the streak as a function of probe delay at full pump laser intensity (a) and as a function of pump laser
intensity at 40 ps probe delay (b) (blue points), compared to a surface bending forward proportionally to the hole boring velocity
computed with the local laser intensity following its transverse Gaussian shape (orange lines).

5. Conclusions

In the experiment presented above we have employed SAXS to measure the target solid density response
upon HI laser irradiation. We interpret our measurements with scattering at a compression front inside the
target after it detached from the laser radiation pressure accelerated front surface. This follows from the
following arguments: First, the simulation in [19] that predict a compression shock front persisting over 10 s
of ps. Secondly, the front and rear surface are expected to quickly smooth out due to plasma expansion, so
that the streak cannot originate from the ablated wire surfaces. The tilt angle orientation of the measured
SAXS streaks that indicates a forward deformation of the scattering surface, i.e. we can exclude the rear
surface rarefaction wave. Rather, it is in agreement with a laser compression front following the lateral laser
intensity shape. Moreover, the change of the tilt angle as a function of probe delay and pump intensity is in
agreement with the HB velocity scaling. Surprisingly, apparently the scattering surface remains quite sharp
over many picoseconds, since the observed streak lengths did not change.

At full laser intensity we observe the streak to filament at a probe time 20 ps after HI irradiation. The
number of visible streaks then decreases and the distance between streaks seems to increase between 20 ps to
80 ps. This indicates that if the signal was due to a sinusoidal-like modulation of the scattering surface, its
period and amplitude would grow with time. With the limited data available from this small study, we
cannot specify which instability type causes the splitting of the streak. However, apparently similar
modulations on similar hydrodynamic time scales have been observed before by means of optical probes and
hence at different spatial resolution and lower plasma density [36].

In this paper we reported on the plasma reaction after near-relativistic pump laser irradiation of a thin
wire. This study is limited to only a few shots, which means that we cannot give an estimate of the
reproducibility. Additionally, the fits of the streak to obtain r are connected with large uncertainties and the
fit of the surface expansion was not possible at all since the exponential roll-off due to the Debye—Waller
factor was not visible (likely hidden in the background).

While absorption and phase contrast x-ray imaging [37] could also have been employed to visualize the
dynamics of the bulk density on those scales, the spatial resolution of these methods is still limited to a few
100 nm and is thus larger than the relevant scales during or shortly after the laser pump irradiation
itself—which is our future aim in order to eventually probe directly the early dynamics. For ultra-relativistic
intensities, as they are relevant for many important applications such as ion acceleration, isochoric heating,
or high harmonic generation, much faster and higher resolving probing is currently underdevelopment. The
next generation of high intensity XFEL experiments are currently starting at European XFEL, using shorter
probe pulses, larger detector distance and dynamic range, and background radiation suppression with
chromatic mirrors. Then, the onset and early dynamics of the filamentation and plasma expansion could be
studied and directly compared to existing models and particle-in-cell simulations.
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