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Imaging the dynamics of initial laser-driven shocks and blowoff plasmas in polystyrene
under laser-direct-drive fusion conditions
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The dynamics of laser-driven shock propagation in solid ablator material, along with the concomitant pro-
cesses of shinethrough and blowoff plasma plume expansion, at conditions relevant to laser-direct-drive fusion
are measured using a tabletop system capable of supporting rapid dataset development with significantly higher
resolution compared to existing methods. The experimental results are directly compared with current radiation-
hydrodynamic simulations using the two-dimensional code DRACO. Discrepancies between experiments and
simulations are evidenced and attributed to limitation of simulation to account for important processes involved

in the solid-to-plasma transition.
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I. INTRODUCTION

Inertial confinement fusion (ICF) with a target gain of
G >1 was recently demonstrated following nearly six decades
of research and development after its initial conception [1,2].
Achieving ignition (defined as producing more fusion energy
than the amount of laser energy delivered to the target) was
achieved by the National Ignition Facility [3] using the laser-
indirect-drive scheme [4]. This very important step proves
that the underlying physics is valid and paves the way toward
future inertial fusion energy (IFE) applications. To enable
IFE as a viable energy source to humankind, the laser-fusion
community generally believes that laser direct drive (LDD)
[5] is the right path due to its target simplicity and driving
efficiency. A typical LDD target consists of a solid (or liquid)
layer of deuterium-tritium encapsuled by a thin layer of ab-
lator material [6-8]. Polystyrene (CH) is often chosen as the
ablator material because it is inexpensive and easy to form in
spherical targets [9]. Within the context of current ICF exper-
imental configurations utilizing energetic 351-nm laser pulses
shining on an LDD target, plasma forms in the dielectric CH
target ablator, which is initially transparent to the laser light.
How this initial plasma-formation process occurs determines
the laser-imprinting level (due to transverse laser-intensity
nonuniformity on the target), which provides the initial seeds
for the Rayleigh-Taylor instability growth during the LDD
target implosion [10-21].
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LDD studies have largely overlooked this intricate pro-
cess of initial plasma formation, partially due to the lack
of suitable plasma-imaging techniques. Recent experimen-
tal evidence suggests that the failure to consider this initial
plasma formation might have caused a discrepancy between
radiation-hydrodynamic simulations and experimental mea-
surements using the OMEGA high-resolution velocimeter
[22]. To fill this gap in understanding, multiple models
for the initial plasma-formation process have been de-
rived [23-25], several of which have been benchmarked
by one-dimensional transmission measurements [26]. Such
plasma-formation models, however, have not yet been imple-
mented into radiation-hydrodynamic simulations. Regardless
of initial plasma formation, it is well understood that laser
imprinting is at least a 2D process; that is, the nonuniform
laser-intensity distribution on the target surface will trans-
late to perturbed shocks and driving-pressure nonuniformity.
Thus, the experimental 2D mapping of the laser-driven shock
and the blowoff coronal plasmas will provide valuable inputs
for benchmarking laser-imprinting models.

To develop a capability for mapping as stated above,
we have conducted pump-probe imaging experiments using
a tabletop platform that mimics the initial LDD plasma-
formation conditions. The experiments measure not only the
dynamics of laser-driven shock propagation in solid CH with
significantly higher resolution compared to VISAR (velocity
interferometer system for any reflector), but also the preced-
ing material modification due to shinethrough (i.e., before
the formation of critical plasma on the surface) and the
coronal plasma formation and expansion. These results are
compared with standard radiation-hydrodynamic simulations,
which currently do not take the initial plasma-formation pro-
cess into account; the resultant differences shall motivate the
implementation of models of initial plasma formation into fu-
ture simulations. The experimental results also provide direct
measurement of the initial differences in shock propagation
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FIG. 1. (a) Schematic diagram of the experimental system and (b) spatial profile of the pump beam in the target plane. M: mirror; L: lens;
BS: beam splitter; CCD-1: beam profiler; CCD-2: probe-imaging camera; MO: microscope objective; BP: bandpass filter.

and time of formation of critical plasma arising from laser-
intensity nonuniformity on target—the critical mechanisms
of laser imprint. The objective of this work is to provide the
necessary data to benchmark physics-based multidimensional
models of laser imprinting for better LDD target designs and
understanding.

II. EXPERIMENTAL ARRANGEMENT

The experiments are performed using a custom-designed
optical parametric chirped-pulse—amplification (OPCPA)
laser system (manufactured by EKSPLA) providing a tem-
porally synchronized dual-beam output of 100-ps, 355-nm
pulses and 20-fs, 900-nm pulses. The 100-ps pulse, which
serves as a pump pulse for experiments, is obtained by divert-
ing a fraction of the pump laser of the OPCPA system into a
diode-pumped amplifier, and subsequently generating its third
harmonic (355 nm) with a maximum pulse energy of about
100 mJ. The experimental probe pulse is produced by second-
harmonic generation of the 20-fs pulse into a subpicosecond-
duration pulse centered at 450 nm. As a result of this laser
architecture, the pump and probe pulses are temporally syn-
chronized and have an estimated jitter of the order of ~1 ps
or less, making it possible to measure the dynamic processes
involved during the pump pulse with adequate temporal reso-
lution.

A schematic layout of the experimental station is de-
picted in Fig. 1. The 355-nm pump pulse is focused onto
the sample at normal incidence inside a vacuum chamber
(about 107> torr) with peak intensity on the sample up to
~5 x 10'"* W/cm?. The pump focal spot is characterized by
diverting a fraction of the converging pump beam with a beam
splitter and capturing the image of the beam at the sample-
surface equivalent plane onto a beam profiling charge-coupled
device camera (CCD-1) following 5x optical magnification
(L-5x). The pump-beam spot size used in the experiments
is 30 um in diameter [see beam profile in Fig. 1(b)] attained
using an /20 focusing geometry by a 30-cm lens.

The time-resolved dynamics of the sample’s material re-
sponse (bulk shock wave, plasma expansion, etc.) are imaged
using the probe pulse as strobe illumination after it passes
through a variable optical delay line. The collimated probe

beam is aligned at grazing incidence to the sample surface to
provide images of the internal or external interaction regions
of interest and to measure shock-wave characteristics and
the plume expansion, respectively. The interaction is imaged
using a long-working-distance (Mitutoyo) 10x microscope
objective located within the vacuum chamber, aligned perpen-
dicular to the pump beam. The images are then transported
and captured on an external CCD camera (CCD-2) via a tube
lens (L.-1x) and a 450 & 5-nm narrow-band filter to limit con-
tribution on the image by the generated plasma emission. For
experiments with probe angle of incidence <90°, a physical
mask (not shown) is used to block the directly transmitted
beam, thereby preventing interference fringes from being gen-
erated due to the geometry.

The image acquisition is performed at 5 Hz and synchro-
nized with the probe pulse. The sample is exposed to only
one pump pulse per measurement using a computer controlled
shutter. To improve image quality, each probe image collected
during the event is normalized taking its ratio to an image
captured before the pump pulse arrives. For experiments re-
quiring variation of peak intensity, a wave plate and polarizer
located outside the vacuum chamber were used to attenuate
the pump-pulse energy by up to about two orders of magnitude
without altering the temporal and spatial characetrisics of the
pump pulse on the target.

The samples were prepared from bulk polystyrene blocks
(Goodfellow Corp.) that were cut to the dimensions of 10 x
2 x 1.2 cm, each optically polished in-house on the four large
surfaces. Samples were positioned with the pump beam in-
cident on a 10 x 1.2-cm face, about 1 mm from the long
edge nearest the microscope objective (see Fig. 1). This po-
sitioning was selected to ensure that the resolution of the
microscope, when imaging inside the sample, is not hampered
by imaging too deep into the bulk (i.e., observable image
degradation appears at ~2-mm depth). After each pump pulse,
the sample was translated by 300 um to a pristine site along
its 10-cm (vertical) axis. The strobe-illumination probe beam
propagates through a vacuum window and along the shortest
dimension of the sample (1.2 cm), and even though the probe
pulse is significantly stretched by dispersive propagation, the
estimated pulse duration is still <1 ps (measured 300 fs
before entering polystyrene). This provides sufficiently high
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FIG. 2. Probe ratio images inside the polystyrene sample at indicated delay times, all on the same length scale. The right edge of each
image is located at the polystyrene-vacuum interface. The intensity is displayed on (a) a linear scale, while all others [(b)-(h)] are on a
logarithmic scale to enhance visibility of the features of interest. Red arrows and dashed lines (S,) are a guide to the eye to the observed shock
depth. Arrows indicate the crater depth (L;) and plastic deformation depth (L,). Dashed-yellow box indicates example region used to obtain

transmission values shown in Fig. 3.

temporal resolution to resolve hydrodynamic processes, such
as material shock propagation and plume expansion, via direct
imaging. We note, however, that both the shock and the plume
cannot be observed simultaneously because of a mismatch in
optical thickness between the polystyrene and vacuum (i.e.,
different “apparent depths”). Thus, different experiments were
performed for each case.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The aim of the experiments was to resolve the dynamics
of three key processes that are believed to be related to the
laser-imprinting process and lead to reduced performance of
target implosions in LDD fusion experiments. These include
(1) the quantification of the “laser shinethrough” effect, (2) the
accurate measurement of the shock-wave propagation inside
the material, including both position and speed, and (3) the
characteristics of the blowoff plasma and plume expansion.

Example images captured inside the polystyrene bulk are
shown in Fig. 2 at different time delays from the peak of
the pump pulse (5 x 10'> W/cm?). The right edge of each
image in Fig. 2 corresponds to the polystyrene-vacuum in-
terface. The time-resolved image shown in Fig. 2(a) was
captured at a —100-ps delay (i.e., 100 ps before the peak of the
pump pulse) and represents the first type of observable mate-
rial modification (occurring about 20 4 10 ps before critical

plasma density is reached at the input surface) manifested as
a darker region resulting from the localized absorption of the
probe beam. This induced absorption is first observed at the
region exposed to peak pump intensity (about 22 um wide)
and is attributed to the buildup of the electron population in-
side the material (subcritical density plasma) until the critical
plasma is formed on the surface to terminate this process.
The radius of this absorbing region increases (vertical dimen-
sion in Fig. 2) with increasing delay time due to the spatial
distribution of the beam intensity (approximately Gaussian)
since initiating subcritical plasma requires longer delays as
local beam intensity decreases (see also discussion related to
Fig. 6).

The subcritical plasma excitation was observed to extend
>1 mm into the bulk, indicating significant shinethrough en-
ergy penetrating the material. This effect can cause target
preheating in LDD, given that typical fusion targets em-
ploying CH ablator materials (such as polystyrene) have a
thickness of <10um. The analysis of images captured at
different delays enables the characterization of the relaxation
time of the electronic excitation, with the result shown in
Fig. 3 indicating the average value of the probe transmission
at a depth of 76 um from the sample surface [dashed-yellow
box region in Fig. 2(g)]. This depth is located just beyond the
maximum extent of the shock front at the longest measured
delay time in this experiment, thus allowing characterization

023013-3



KAFKA, HU, HUANG, GONCHAROV, AND DEMOS

PHYSICAL REVIEW RESEARCH 6, 023013 (2024)

1.0 Q T T |

0.8 - -
. :
206 -
: 5202 ¢
£ o04f - -
=

02 @ -

0.0 | | | |

0 4 8 12

Delay (ns)

FIG. 3. Average probe transmission value at a 76-um depth from
the surface as a function of delay, indicating the characteristic relax-
ation timescales of the excited volume.

of the excitation/relaxation across all measured delays. As
seen in Fig. 3, the transmission drops rapidly to a minimum
value of about 0.2, recovers to about 0.5 within 5 ns, and
then remains constant, indicating the presence of an addi-
tional relaxation component(s) having much longer relaxation
time. Therefore, two characteristic lifetimes are observed: a
5-ns component and a longer-lived component that exhibited
negligible relaxation within the 12-ns maximum delay time
used in this work. The 5-ns component is of the same order
as the reported fluorescence lifetime in polystyrene [27] and
is therefore attributed to electron relaxation. This set of mea-
surements captures in detail the ensuing material response to
the phenomenon termed laser shinethrough [28,29], namely,
the transient excitation of the material preceding the formation
of critical plasma near the surface.

The shortest delay times at which the observation of the
shock-wave expansion inside the CH material was well de-
fined was near the end of the pump pulse at about an 80-ps
delay [Fig. 2(c)], but was not yet discernible at the 50-ps delay
[Fig. 2(b)]. This is attributed to the complex optical properties
of the material occurring during the plasma initiation process
in combination with their spatial scale that approaches the
spatial resolution of the imaging system. Specifically, the ab-
sorption and refraction of the probe beam within the excited
volume is determined by the three-dimensional (3D) refractive
index distribution corresponding to the distributions of plasma
density, pressure, and temperature, which in turn are functions
of the spatiotemporal profile of the pump laser. For delays
after the termination of the pump pulse, the location of the
propagating shock front is well defined, as demonstrated by
example images at different delay times shown in Figs. 2(b)—
2(g) (displayed on a logarithmic intensity scale to improve
contrast). Although the appearance and relative contrast of the
shock front image varies slightly with delay time, arguably
due to the distortions to the probe-beam propagation caused
by the complex transient material properties, its evolution is
clearly observed in the time-resolved images. The final mor-
phology of the material shown in Fig. 2(h) includes a crater (of
depth L1) and another induced material boundary at a deeper
depth (L2) that reasonably corresponds to the transition from
plastic to elastic deformation of the material in response to
the pressure pulse [30], i.e., the position where the shock has
decayed to a sound wave.
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FIG. 4. Measured position of the shock front (circles) as a func-
tion of delay after pump-pulse peak intensity, with power-law fit
(dotted line) and corresponding simulation results (double line).
Speed of the shock front (solid line) that is implied by the mea-
sured positions, with average speed during the pump pulse indicated
(dashed line). The sound speed (dashed-dotted line) is included for
comparison.

Comparing this final morphology to the image of the shock
with sufficiently long delays indicates that the signature of
the ablation-crater boundary is formed at delays shorter than
10 ns. For example, the image in Fig. 2(g) represents a super-
position of the features of the shock wave (S5) and the formed
volume of superheated material (L1) that is ejected to form the
crater at later times. The latter is observed as the region nearest
the surface (right side) that approximately corresponds to the
final size of the crater. Regarding other features in Fig. 2,
horizontal striations are visible in the unshocked regions of the
bulk and remain visible for the entirety of the delays measured
in this work. The cause of these striations is unknown but we
hypothesize that it may be related to the onset of pump-beam
filamentation or probe refraction through the temperature and
pressure distribution introduced by the pump. The curved
ripples are imaging artifacts resulting from diffraction in the
optical system and should be ignored.

The location of the shock front as a function of delay
is plotted in Fig. 4 on a log-log scale with each data point
corresponding to the measured value from individual time-
resolved images. A power-law fit overlaps the data reasonably
well with an exponent of ~0.5. Since the smallest average
measured value of the shock position at the end of the laser
pulse (80-ps delay) is about 5 um from the sample’s surface,
the unknown earlier time coordinates introduce an uncertainty
into the fit exponent of ~ =+ 0.05. The speed as a function of
delay is calculated by taking the derivative of the fit equa-
tion. The corresponding speed values vary from 34 km/s to
3 km/s across the range of delays where a shock was ob-
served, from 80 ps to 12.3 ns delays, respectively. We also
include the estimated value of the average speed of 30 km/s
during the laser pulse, calculated using the earliest measured
shock depth divided by the time duration from the formation
of the critical plasma (determined based on the results of
the earliest observed ablation discussed later). The speeds
presented here are similar to VISAR measurements [31], and
are observed to be measurable at slightly earlier delay times.
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VISAR measurements do not, however, provide information
on the position of the shock wave while their spatial resolution
is of the order of 10 um. We thus consider the present method
more suitable for validating and improving modeling tools.

A radiation-hydrodynamic simulation with DRACO [32]
was used to simulate the same conditions probed by the
experiments. DRACO is a 2D radiation-hydrodynamics code
for simulating and designing direct-drive ICF targets, and
is initialized with a so-called “cold start” where the initial
target capsule is assumed to be in overcritical plasma state.
Primary known potential deviations of modeling from actual
physics include (1) that the solid-to-plasma transition effects
are absent from the modeling (i.e., critical plasma formation
is assumed to be instantaneous), (2) that shinethrough is not
considered, and (3) that laser deposition starts at the target
surface. The DRACO simulations of the shock position as a
function of time are compared with the experimental data
shown in Fig. 4. These results indicate that the simulations
consistently overestimate the position of the shock inside the
ablator material. Note that the data are on a log-log scale, so
the discrepancy between simulation and experiment cannot
simply be resolved by a constant shift of the data. Given that
the simulations do not incorporate a solid-to-plasma transi-
tion, these results may suggest that the dynamics and/or depth
of initial plasma formation used in the hydrocode do not
match experiments. This may imply that the transition from
cold solid to plasma results in a reduced peak pressure within
the formed critical plasma zone, thereby giving a retarded
location of the shock in reality.

The method used for shock imaging was also applied to
observe the dynamics of the blowoff coronal plasma that
expands away from the material surface. There are various
configurations at which such images can be acquired, includ-
ing varying the angle of illumination and the focus plane of the
imaging system. Example images for a pump peak intensity of
5x 101 W/cm2 are shown in Figs. 5(a) and 5(b), and were
captured at the same delay but at slightly different probe-
imaging configurations. Figure 5(a) displays the plume with
the probe beam aligned to a 90° angle of incidence (parallel to
surface) and provides a clear outline of the plume front, which
is defined as the location in the image where direct probe-light
propagation (uniform background) is altered (white arrow and
dashed line). The image in Fig. 5(b) was obtained with the
probe angle of incidence slightly reduced (to about 85°); a
dark region nearer to the surface is observed [location shown
with the solid arrow and dashed line in Fig. 5(b)]. Bright
fringes in the outer region, however, cause the interpretation
of the plume-front position to be more difficult to accurately
define. Nonetheless, the experiments were performed using
both configurations. The images were analyzed across a range
of delays and the results are plotted in Fig. 5(c). The onset of
the expanding plume is first observed at —70 ps delay, while
no detectable modification was observed at —80 ps delay.
Since separate transmission measurements (see discussion of
Fig. 6) suggest formation of the critical plasma no earlier than
—90 ps, we conclude that the critical plasma was formed at
about —80 ps. During and immediately after the pump pulse,
the plume front expands with an approximately constant speed
of about 350 km/s. The speed of expansion of the dark region
within the plume was also measured and found to exhibit
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FIG. 5. Probe ratio images and analysis of the plume expanding
into vacuum, where the left edge of the images corresponds to the
polystyrene-vacuum interface. Both images are equivalently at a
100-ps delay, imaged with the probe beam at (a) 90° incidence and
(b) ~85° incidence. The arrows and dashed lines in the images indi-
cate the corresponding features plotted in (c), which are the positions
of the dark region front and plume front as a function of delay, along
with the corresponding DRACO simulation results for different plasma
densities. The normalized pump intensity is overlaid for reference.

maximum value of 220 km/s, but its expansion is halted at
about 180 ps delay and subsequently recedes.
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FIG. 6. Shock position (green circles) at a fixed 300-ps delay as
a function of pump peak intensity, and the inferred critical plasma
initiation time (black squares).
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The DRACO simulation results are shown by solid lines in
Fig. 5(c) along with the experimental results (data points)
to facilitate direct comparison. The plume-front position is
consistent between experiment and simulation. On the other
hand, the location of the boundary of the dark region appears
to correspond to about (1-2) x 10> cm™ from the simula-
tions, which is less than the critical plasma density for the
probe wavelength of about 5 x 10?! cm™3. Using the spatial
distribution of the electron density of the blowoff corona
plasma obtained from DRACO simulations at different delay
times, ray-tracing modeling was performed to explore the
origin of the observed dark region. The results suggest that
this feature can arise not only from the presence of critical
plasma (preventing propagation of the light), but also due to
the refraction of probe beam rays as they propagate through
the subcritical plasma region (which exhibits a 3D varying
index of refraction). As a result, reconstruction of the electron
density distribution in the blowoff plasma is not trivial, and
this outer boundary of the dark region does not coincide with
that of the critical plasma density. Future work will focus
on developing reconstruction methods using images acquired
with varying focus planes and angles of incidence.

All of the data presented up to this point were taken at a
fixed peak intensity of the pump (5 x 10'* W/cm?). Given
that the instantaneous spatial profile of the focused picket
pulse in direct-drive fusion experiments can be speckled,
which may lead to phase instabilities, measurements of the dy-
namics as a function of peak pump intensity were performed.
For these measurements, the pump was focused to a smaller
spot (16 um in diameter), yielding peak intensity up to about
4 x 10" W/cm?. Figure 6 shows the position of the shock
inside the material at a fixed delay of 300 ps as a function
of the pump-pulse peak intensity. This delay was chosen to
ensure that the shock position is detected even for the lower
pump intensities. The results show that, over the range of
measured peak intensity change by a factor of about 100, the
shock position (and corresponding average shock propagation
speed) changes by about a factor of 3. If we limit that range to
a change in intensity by a factor of 10 from peak intensity, the
shock propagation average speed changes by a factor of about
2, which can seed phase instabilities.

Analysis of data empirically suggests that the critical
plasma is formed once a dose of 8 4= 2J/cm? is accumulated
on the sample, independent of the pump-pulse peak intensity
over a factor of about 10° change in peak intensity (5 x 10'°
to 5 x 10" W/cm?). This agrees with previous work that
also suggested that the shinethrough energy is approximately
constant as a function of peak intensity [28]. The dependence

depicted in Fig. 6 shows the inferred delay time for critical
plasma initiation as a function of the laser peak intensity. Con-
sidering an approximate factor of 10 between “hot” and “cold”
spots in fusion laser spatial profiles, the speckle pattern leads
to a 20-ps delay of critical plasma formation. Consequently,
this can also be a mechanism for initiating perturbations in
the formed plasma that can lead to laser imprinting.

In summary, we have performed tabletop pump-probe
experiments to image the shock formation and blowoff
plasma dynamics that are closely related to the starting
(laser-imprinting) conditions of LDD fusion experiments.
Discrepancies between experiments and simulations are evi-
denced by the difference in the dynamics of shock formation,
which is initiated earlier in DRACO due to the neglect of the
solid-to-plasma transition process in current code. Results
also quantify the difference of shock dynamics inside the
material as a function of local laser intensity, which can be
the source of initiation of plasma instabilities. The method
presented in this work, based on a tabletop system, is ca-
pable of rapidly producing large datasets, and along with
future refinements it is expected to support improvement of
laser-imprinting modeling for reliable LDD target designs and
simulations.
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