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High energy speckled lasers are known to exert ponderomotive forces on a plasma, this can reduce
flow transverse to the propagation of the beams. When coupled with a supersonic flow, this has
been shown to lead to formation of a shock that travels against the flow. Experiments conducted
on the OMEGA laser facility have used Thomson scattering to observe density and velocity changes
consistent with this ponderomotively driven shock. Comparisons of the data with hydrodynamic
simulations with the ponderomotive force, particle-in-cell simulations with a full Maxwell field solver,
and hydrodynamic simulations without the ponderomotive force show that this shock feature is only
reproduced with accounting for the ponderomotive force.

Understanding laser propagation in inhomogeneous
plasmas remains a challenge for many plasma physics
experiments, especially those with complex geometries
such as inertial confinement fusion (ICF). Over the past
10 years, significant effort has been made to understand
and improve the coupling and accounting of laser drive
in inertial confinement fusion (ICF) experiments [1-3].
Simulations of hydrodynamically complex experiments
often treat laser propagation with ray-based models that
consider refraction, absorption, and instability thresholds
but do not attempt to self-consistently solve Maxwell’s
equations due to the scale separation and computational
expense. This results in ignoring effects such as the pon-
deromotive force and plasma response, effects that can
significantly affect the laser propagation.

Previous theoretical studies have shown that intense
lasers are deflected in a flowing plasma due to the non-
linear plasma response even for intensities well below
the threshold for ponderomotive self-focusing[4, 5]. The
ponderomotive force causes electrons to be pushed from
higher- to lower-intensity regions of the laser spot dig-
ging a well in the density profile. In the case of a flowing
plasma, these density wells are pushed downstream, re-
sulting in tilted density perturbations that are no longer
symmetric about the high-intensity spots [6]. The laser
refracts over the local density gradient and, due to con-
servation of momentum, this applies a drag force on the
flowing plasma. This process has the potential to impact
beam pointing [7] and the seed from which laser-plasma
instabilities such as stimulated Brillouin scattering can
grow.

When the drag caused by the ponderomotive force
slows the plasma flow from super-sonic to sub-sonic, a
shock is generated that propagates against the direction
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of flow or upstream. In the case of speckled beams of-
ten used in ICF, each speckle independently perturbs the
density and flow. These perturbations coalesce into a
shock as they break out of the beam, the single shock
front then travels upstream [8, 9].

This article demonstrates the first observation of a
ponderomotively driven shock, using Thomson scatter-
ing to observe the resultant plasma conditions upstream
and downstream of the shock generation region. Mea-
sured plasma conditions showed the expected features
of this shock, a density spike was observed upstream of
the beams used to provide the ponderomotive slowing,
and was co-timed with a transition from super-sonic to
subsonic flow. Downstream a reduction of the density
was observed, consistent with the ponderomotive force
inhibiting the plasma flow. Two hydrodynamic simula-
tion codes and one particle-in-cell code were utilized to
elucidate the underlying physics. Simulations excluding
the ponderomotive force failed to demonstrate the fea-
tures ascribed to the shock. In contrast, simulations in-
corporating the ponderomotive force qualitatively repli-
cated all the main observables.

Experiments designed to observe the ponderomotively
driven bow shock were conducted on the OMEGA Laser
System [10] at the Laboratory for Laser Energetics. Fig-
ure 1 shows the experimental configuration in which four
ultraviolet (351 nm UV) laser beams were used to ablate
an aluminum disk 25 pm thick with a diameter of 1.0 mm,
producing a plasma plume that expanded away from the
target. Four UV drive beams were focused 100 pm past
the front surface of the target and used 300 pm diameter
distributed phase plates to provide uniform illumination.
The drive beams had a 3.7-ns pulse duration, full-width
at half-maximum (FWHM), and 217 J per beam provid-
ing an on target intensity of I{}r\i}’e =25 x 10 W/cm?.

To drive the shock 18 heater beams were focused at
£/6.7, 600 nm away from the front, driven side, of the
target (Fig 1 location B). These heater beams used
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FIG. 1. Schematic of the experimental configuration. Four
UV beams (blue) are used to ablate the aluminum target pro-
ducing a plume which flows toward the heating beams (red).
The heating beams (red) are focused at location B 600 pm
above the target to ponderomotively drive a shock. A probe
beam (green) can be pointed to location A or C in order mea-
sure plasma conditions with Thomson scattering upstream or
downstream of the heater beams.

the same pulse shape and distributed phase plates as
the drive beams producing an overlapped intensity of
Iheater — 1.4 x 10 W/cm?.  The heater beams were
delayed 6 ns from the start of the drive beams, 2.3 ns
from the end of the drive beams (Fig. 1 inset), giving
the expanding plasma time to cool and slow down, reach-
ing ideal conditions to generate a shock. This delay was
specifically tuned to provide a flow, perpendicular to the
laser-propagation direction, near Mach 1 in the cross-
ing beam region after the heating caused by the crossing
beams. None of the beams used in this experiment used
polarization smoothing or smoothing by spectral disper-
sion.

A 90-J UV (263.3 nm) probe beam was used to perform
Thomson-scattering measurements of the plasma condi-
tions upstream and downstream of the heater beams,
during the shock generation. The probe beam used the
same 3.7 ns pulse shape (Fig. 1 inset) delayed 5.8 ns from
the start of the drive beams, 2.1 ns from the end of the
drive beams, and a distributed phase plate to produce a
smaller spot, 100-pm FWHM diameter, with an intensity
of Iy, = 3.1 x 101 W/cm2. To measure the plasma con-
ditions upstream of the heating beams, the probe was
focused 400 pm from the front of the target (Fig 1 lo-
cation A) and 800 pm from the front of the target to
measure the conditions downstream (Fig 1 location C).

Thomson scattering data taken upstream of the heat-
ing beams (Fig. 2) show a transient density spike consis-
tent with a shock traversing the Thomson volume. This
density spike can be seen by the presence of an electron
plasma wave feature in Fig. 2(a). The shift of this feature
from the probe wavelength of 263.3 nm is correlated with
the density, showing the density rises rapidly from 7 ns to
roughly 7.8 ns when it begins to fall again. The strength
of the signal in the ion-acoustic wave (IAW) spectra is
also correlated to the electron density and a correspond-
ing increase in signal was seen starting at 7.5 ns (Fig. 2c).
Figure 2(b,d) show the same spectra without the heating

FIG. 2.

Temporally resolved
(a,b) Thomson-scattering data and ion-acoustic wave (c,d)
Thomson-scattering data upstream of the heating beam lo-

electron plasma wave

cation. A red line indicates the probe wavelength on the
ion-acoustic spectra (c,d). (a,c) were taken with the heat-
ing beams on while (b,c) have the heating beams turned off.

beams. In this case, no increase in signal strength was
observed in the ion-acoustic wave data, and the electron
density remained too low for the electron plasma wave
to be observed. The lack of an increased density without
the crossing beams shows that the increased density orig-
inates with the heating beams, not the target or probe
beam, and is therefore traveling upstream.

Figure 2(c) shows this density spike is also correlated
with the flow approaching Mach 1. The separation of
the ion acoustic wave features is proportional to twice
the ion sound speed, and both peaks are Doppler-shifted
due to the plasma flow. Consequently, when the flow
is & ¢s the red-shifted peak crosses the probe’s vacuum
wavelength as observed at roughly 7.5 ns. The ion sound
speed ¢; = 190km/s is calculated from the measured
electron temperature and an assumed ionization state of
11, the ion temperature correction is ignored as T, /T; 2>
4.

Figure 3 shows the measured electron densities and
flow velocities quantitatively compared to the results of
hydrodynamic simulations using the code GORGON [11].
Measured plasma conditions were found by matching the
collisionless spectral density function [12] to the mea-
sured Thomson spectra (Fig. 2). The extended-MHD
code GORGON [13, 14] was used to simulate the hy-
drodynamic evolution of the plasma without the effects
of ponderomotive forces. These simulations were con-
ducted in a 2D cylindrical geometry (r, z) with the lon-
gitudinal axis (z) along the target normal. Laser propa-
gation and heating was resolved in 3D using ray-tracing
and inverse bremsstrahlung absorption. GORGON has
previously been used to model laser interactions with
planar targets, giving reasonable agreement to proton
radiography measurements of self-generated electromag-
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FIG. 3. Plasma conditions upstream of the heater beams measured with Thomson scattering and predicted by simulations. (a)
electron density as a function of time from experimental data with heater beams (red circles). A gray shaded region denotes
the range not visible in the Thomson scattering data. (b) flow velocity in units of ion sound speed as a function of time
from experimental data with heater beams (red circles) and without heater beams (blue circles). Density (a) and velocity
(b) predictions from hydro-dynamic simulations are given with (red dashed curves) and without (blue dashed curves) heating

beams.

netic fields [15, 16]. Since the simulation with GORGON
did not include the ponderomotive force it helps identify
whether changes in the plasma conditions were caused
by the additional heating of the 18 heating beams or the
ponderomotive shock.

Figure 3(a) shows the electron density upstream of the
heating region. The transient density spike was observed,
as in fig. 2(a), peaking at 7.8 ns and a density of 2.5x102°
cm3. These simulations put the density with no crossing
beams below the detection threshold (= 1.8x10*°cm—3)
for this spectrometer configuration, which is consistent
with the lack of an observed electron plasma wave fea-
ture in this case (Fig. 2b). The density simulated with
crossing beams is even lower due to increased heating.
The upstream measured density with the crossing beams
on significantly exceeds that of the no-shock model pro-
vided by the simulations and has a qualitatively different
shape only decreasing in time, indicating that the ob-
served increase is caused by the ponderomotive coupling,
which is absent in GORGON simulations.

Flow velocity measurements upstream of the heating
region in figure 3(b) present the same story. In both
simulations and measurements, the flow in the crossing
beam case approaches Mach 1 around 6.5 ns and is sus-
tained for a nanosecond. These are the ideal conditions
for shock formation, an incoming flow near Mach 1, sus-
tained so that the shock has time to develop. For exper-
imental points (circles), the sound speed was determined
from the data, and for simulations the sound speed was
extracted from the simulation. Both the flow and density
observations are consistent with a shock front consisting
of a density spike and super-sonic/sub-sonic transition
passing through the observation point. The resulting per-
turbation is therefore traveling super-sonically relative to

the plasma, identifying it as a true shock.

Plasma conditions downstream without heating beams
show excellent quantitative agreement with GORGON
simulations (Fig. 4), demonstrating their capability to
predict the plasma conditions in the absence of the pon-
deromotive force and its effects. For the downstream
data, the EPW spectrometer was adjusted to measure a
spectral range that corresponds to lower densities. Den-
sity and flow were found to decrease in time as the plume
expands into vacuum. A small increase in temperature
is seen around 6.0 ns due to heating from the Thomson
probe beam.

With the heater beams on, the measured downstream
plasma conditions (Fig. 4) were consistent with the
plasma flow being restrained by the ponderomotive force.
As the plasma is slowed due to ponderomotive drag, and
a shock is launched upstream, the decreased flow veloc-
ity into heated region causes the density to fall. This
can be seen in (Fig. 4a). This region of plasma also ex-
perienced significant heating due to the crossing beams
present, decreasing the normalized flow. The GORGON
simulations show this decrease in density was more then
expected due to the heating alone.

At 8 ns the density, temperature, and velocity rapidly
rose. As the simulated parameters do not shift at this
time, the change appears to be caused by the ponderomo-
tive effects and the associated shock. It is hypothesized
that at 8 ns the incoming flow is no longer super-sonic and
the ponderomotive force is no longer effective at holding
the plasma back. This would result in hot plasma from
the crossing beam region flowing downstream. Further
experimental and simulation work is required to prove
this hypothesis.

Fluid simulations of the isothermal plasma using a ver-
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FIG. 5. Fluid simulations including the ponderomotive force.
(a),(c) electron density normalized to the background density
of 2.5 x 10%® ¢cm™ and (b),(d) flow velocity normalized to
the sound speed as a function of position with respect to the
left beam boundary (y =0) along the flow direction. Four
temporal slices, zoomed over the front part in (a) and (b)
and the rear part in (c) and (d), are shown at 17ps (black
curve), 85ps (blue), 340ps (orange), and 1 ns (red) where
t = 0 corresponds to 7.0 ns in the experiment. The shaded
regions are within the beam spot, the green dashed lines in
(a,b) the position of the first transition to subsonic low Ysonic.

sion of the CLAWPACK [17] code, solve the nonlinear
continuity and momentum equations, including the pon-
deromotive force due to the speckled laser beam [8]. The
2D geometry of these simulations describes the plasma
response, including shock generation in the plane of the
plasma flow across the laser beam. For the experimental
parameters listed above, simulations (Fig. 5) were able
to qualitatively capture most of the features observed in

the experiment (Figs. 3, 4). Figure 5(a) shows a den-
sity spike associated with a shock propagating upstream,
as observed in Figure 3(a), and a density deficit forming
downstream of the crossing beams, as observed in Figure
4(a). Similarly, the simulated fluid velocities in Figure
5(b) show the supersonic/subsonic interface traveling up-
stream, as observed in Figure 3(b). These features are
smaller in magnitude than those observed in the experi-
ment due to the limited physics included in the code.
The conditions to generate the shock ponderomotively
can be found by comparing the laser spot size and du-
ration to the penetration depth required to reduce the
flow to a sub-sonic speed and the time required for shock
breakout. Using Eq. 22 from Ref. [8] an incoming
flow, as observed in the experiment, of M ~ 1.1 will
become sub-sonic at a point Ysonic = %(F/#))\/(%)2

(M(2M?=5)v/M? =1+ 3In [VM?—1+M]) after enter-
ing the laser spot. Using the experimental values
Ihsater = 1.4x10% W/em?, T, = 1.2keV, and F/# = 1.8
the normalized ponderomotive potential was (U)/T. =
0.013. An estimate was made for the temperature within
the crossing beam region when the shock is generated.
This temperature will be between the value measured
upstream, 0.9 keV, and the 1.5 keV of the hot plasma ob-
served exiting the crossing beam region at 8 ns. Here the
F/# has been reduced from the individual beam value of
6.7 to 1.8 in order to account the reduction in speckle size
due to 18 overlapping beams. When using overlapped
speckled beams the intensity profiles must be summed,
this produces smaller speckles with steeper gradients [18].
This produces a Ysonic = 5 pm, which is much smaller
then the spot size of 300 pm.

Figures 5(a) and 5(b) show density and flow velocity
cross-sections along the flow direction, away from the tar-
get, from the CLAWPACK simulation. Here y = Oum
corresponds to the foil facing edge of the heating beams,
and t = Ons in the simulation corresponds to 7.0 ns in the



experiment where the Mach number of the incoming flow
stabilizes. The region within the beam has been shaded
and shows rapid oscillations of the flow and density as-
sociated with the effects of individual speckles. The ob-
tained Ysonic =~ 3.5um, denoted by the green dashed line,
in these figures is within the confidence interval of the
theoretical prediction ~ 5um, due to the statistical varia-
tion of the configuration of the speckles which can slightly
alter the ysonic- The time required for the shock to coa-
lesce from the action of many speckle and to emerge from
the laser spot, referred to as the shock breakout time, is
observed in simulations at ¢ ~ 340ps [Fig. 5(a) and Fig.
5(b)]. This can be observed in the transition from the
black to blue to orange curves showing the growth of
a feature at ~ 3.5um which is distinct from the noisy
pattern which is the direct response of the plasma to
the individual speckles. This feature then breaks out
and is freely propagating in the red curve. The free-
propagating shock, is moving super-sonically against the
incoming super-sonic flow, resulting in a front that moves
at a net speed of —0.03cg, consistent with the Rankine-
Hugoniot relations [8]. It takes approximately 700ps for
the shock to travel 5um from the beam boundary. This
time is again shorter then the pulse duration of the heat-
ing beams which provide the ponderomotive force. Shock
speed is also consistent with the experimentally observed
delay between the flow reaching M = 1.1 and becoming
subsonic when the shock reaches the Thomson scatter-
ing volume in Figure 3(b). The influence of the lasers
can also be seen propagating downstream and exiting the
beam profile by 340 ps, as shown by the orange curve.

Further simulations were performed using the particle-
in-cell code VPIC [19-21] with a full Maxwell field solver
that self-consistently includes the ponderomotive force
on the slow (ion) time scale. These kinetic simulations
use a 2D domain of 91 x 186 pm. These simulations
are rotated 90 °relative to the CLAWPACK simulations
capturing the flow and laser propagation directions. A
speckled laser beam of average intensity 1.4x10'% W /cm?
with vacuum wavelength Ay = 351 nm is launched in the
direction orthogonal to the flow with width extending
from -60 to -10 pm as shown in Fig. 6. The plasma at
ne = 0.01n, is comprised of electrons and Al*!! ions with
reduced mass ratio m;/m. = 2511 and a Mach 1.1 super-
sonic flow. Absorbing boundaries for the electromagnetic
fields and particles are used, and electron and ion inflows
at the supersonic value are prescribed at the boundaries.
512 electron macroparticles/cell were used, and the ion
macroparticles were represented as having identical sta-
tistical weights as the electrons (thus preserving exact
momentum and energy conservation in the binary colli-
sion model[22]). The initial temperatures are Te = 800
eV and Ti = 80eV; however, the electrons are heated by
the laser to 1.2 keV prior to the shock formation. Simi-
larly to the theoretical model, the beam in simulation is
treated as F/# = 1.8

Figures 6(a) and 6(b) show density and flow velocity
cross-sections along the flow direction, away from the tar-
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FIG. 6. VPIC simulations including the ponderomotive force.
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are shown. The shaded regions are within the beam spot.

get, from the VPIC simulation. The VPIC simulations
were similarly able to qualitatively capture most of the
features observed in the experiment (Figs. 3, 4). From
the initial 5ps curve (black) to the 50ps curve (green) the
density and flow perturbation grow, then break out of the
laser spot around 105ps (red). Again, a density deficit
can be observed forming downstream of the crossing
beams, as was observed in Figure 4(a). The magnitude
of this shock of 1.5x is still smaller than observed in the
experiment but larger than what was observed in CLAW-
PACK simulations, figure 5. The VPIC simulations show
better agreement with the measured shock magnitude,
though the reduced mass ratio and smaller beam width
(necessary to make the simulations tractable) may pre-
vent reproducing the data quantitatively. This qualita-
tive comparison with the data supports the premise that
the inclusion of the ponderomotive force is sufficient to
generate the shock.

High intensity laser beams in a flowing plasma have
been shown to produce a shock due to the ponderomotive
force. A shock front, characterized by a density spike and
a transition from super-sonic to sub-sonic flow, was ob-
served in Thomson scattering data, and was identified as
traveling upstream since it only appears in the presence
of the 18 high-intensity crossing beams. Comparisons
with hydrodynamic simulations from GORGON shows



the shock does not originate from the target itself or the
inverse bremsstrahlung heating of the crossing beams,
as GORGON shows no shocks in the system. Simula-
tions with CLAWPACK and VPIC show that the pon-
deromotive force alone is able to reproduce a shock fea-
ture and VPIC suggests the shock strength is dependent
on thermal enhancement of the ponderomotive action.
Combining the data and simulations the shock is iden-
tified to originate from the ponderomotive action of the
18 crossing beams on the super-sonically flowing plasma.
Situations of high intensity lasers in a flowing plasma
are common to laser based inertial confinement fusion
schemes and most integrated modeling does not include
ponderomotive effects. The presence of this effect may
impact hydrodynamics, beam propagation, and lead to
beam deflection that is not captured in current models.

The data that supports the findings of this study are
available within the article, further data is available from
the corresponding author upon request.
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