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We present ultrafast dynamics of solid-density plasma created by high-contrast (picosecond con-

trast ~ 1077), high-intensity (~ 4 x 10'® W/cm?) laser pulses using time-resolved pump-probe

Doppler spectrometry. Experiments show a rapid rise in blue-shift at early time delay (2 ps-4.3 ps)

followed by a rapid fall (4.3 ps-8.3 ps) and then a slow rise in blue-shift at later time delays (>8.3

ps). Simulations show that the early-time observations, specifically the absence of any red-shifting of

the reflected probe, can only be reproduced if the front surface is unperturbed by the laser pre-pulse

at the moment that the high intensity pulse arrives. A flexible diagnostic which is capable of diag-

nosing the presence of low-levels of pre-plasma formation would be useful for potential applications

in laser-produced proton and ion production, such as cancer therapy and security imaging.

I. INTRODUCTION

The advent of high power, femtosecond lasers has made
study of laser-plasma interaction more accessible in the
laboratory! 2. When an ultraintense, femtosecond laser
pulse interacts with solid matter, it produces high tem-

L2 Understanding

perature, near-solid density, plasma
the physics of the laser-plasma interaction process is very
important not only for the study of extreme states of
matter but also for the development of table-top X-ray
and THz sources and novel sources of electrons, ions and
positrons* 7. The hot, dense plasma created via differ-

8,9

ent laser absorption mechanisms®” evolves on an ultra-

fast timescale. It is very important to know the tem-
poral evolution of the plasma density profile during a
laser-plasma interaction in order to gain a better under-

standing of the interaction process®'°.

Very little work has so far been done to explore ul-

11-13

trafast plasma dynamics in the relativistic inten-

sity regime (>10'® W/cm?). At relativistic intensity,

the main femtosecond pulse is typically preceded by a

*Electronic address: grk@tifr.res.in

longer pre-pulse'#, which is intense enough to create a
pre-plasma at the target front-surface. So, intensity con-
trast (ratio of pre-pulse intensity to main-pulse inten-
sity) is an important parameter in laser-matter interac-
tions. Nowadays, laser intensity contrast has been im-
proved significantly!# 6. Many experiments carried out
with lower contrast lasers have been revisited with im-
proved higher contrast laser pulses'®!? but study of ul-
trafast laser-plasma dynamics with higher contrast pulses
is mostly unexplored. Previous studies of ultrashort
laser-plasma dynamics at relativistic intensity have been
performed with comparatively low-contrast lasers'?!3.
With a higher contrast laser the interaction process is ex-
pected to be modified significantly due to the reduction
in pre-plasma formation, since the previously observed
dynamics takes place in the pre-plasma region. For this
reason studying laser-plasma interaction hydrodynamics
using these cleaner (higher contrast) pulses is crucial to

gaining a comprehensive understanding of high intensity,

short-pulse laser induced plasma dynamics.

In this paper, we report pump-probe Doppler spec-
troscopy experiment carried out with a high contrast (ps

contrast~ 1079) laser at relativistic intensity (~ 4 x 1018



W /cm?). Here the plasma is created by an 800 nm, 30
fs pump pulse focused onto an Al-coated BK-7 target.
A time-delayed second harmonic (400 nm) pulse is used
to probe the plasma. The second harmonic probe re-
flects from its critical surface (n.~ 6 x 10%tem™2) in,
what is for the pump beam, over-dense plasma. The
Doppler shifts recorded at this surface at various times
after the arrival of the pump pulse serve to illustrate the
hydrodynamic evolution of the plasma. Time-resolved
Doppler-shift data show rapid outward motion of the
probe critical layer at early time delays (2 ps-4.3ps). Af-
ter that the motion slows down rapidly (4.3 ps-8.3 ps)
before increasing again at a slower rate. Simulation re-
sults show that the behaviour observed can only man-
ifest in the case where target remains unperturbed by
the laser pre-pulse. On the other hand, the presence of
pre-plasma correlates with observations of red-shifting at
early times, such as have been previously reported!>!3.
This suggests possible applications in on-shot detection
of pre-plasma formation that is more flexible than the
side-on imaging techniques that are typically employed.
The sensitivity of this diagnostic is demonstrated here
by the performance of a simulation with severely limited
pre-plasma evolution and its comparison with a simula-
tion in which there is no pre-plasma at all. Comparing
pseudo-diagnostic output for these two cases still results
in a switching from red-to-blue-shift (with limited pre-
plasma) to blue-shift-only data (with no pre-plasma),
thereby supporting our suggestion that this diagnostic
is able to distinguish effectively between cases in which
there is limited pre-plasma evolution and cases in which
there is none. Whilst side-on optical shadowgraphy and
interferometry have traditionally been employed to diag-
nose pre-plasma formation??, there are severe constraints
on the use of these techniques: only convex and small
planar surfaces can be diagnosed. The use of more ex-
tended planar surfaces results in horizon problems, often
partly due to the fact that it is difficult to align the imag-
ing axis with sufficient angular precision relative to the
target surface. Concave surfaces are impractical except
where the plasma extends at high density far from the

interaction point of the main pulse. Some experiments

require low levels of pre-plasma formation in a geometry
that is inaccessible to an optical probe that comes in par-
allel to the interaction surface. Proton fast-ignition for
inertial confinement fusion (ICF) is one such example®!.
High-efficiency production of protons usually relies upon
the interaction of an extremely high contrast laser pulse
with a thin foil target?2. Since the proton production foil
in proton fast-ignition is located near the tip of the inte-
rior of a hollowed out cone, which itself is inserted into
the side of an ICF capsule, the use of side-on probing is
completely ruled out. Laser-produced proton/ion experi-
ments with applications to medical or security imaging?3
are also likely to employ geometries that render side-on
diagnosis of low-level pre-plasma formation challenging.
For this reason a diagnostic technique that can interro-
gate pre-plasma formation using a target surface normal,
or oblique, probe beam has potential value for applica-
tions where on-shot diagnosis of pre-plasma formation
is important for proper functioning. The technique de-
scribed here is sensitive to even very small quantities of
pre-plasma formation, such as may be critical to such
experiments, and is amenable to either target surface
normal or oblique probing geometries. Furthermore the
relatively low-cost and robustness of all elements of this

diagnostic make it attractive for such applications.

It is interesting to compare our technique with oth-
ers prevalent in studies of rapid plasma dynamics and
shocks in condensed phase targets. VISAR (velocity in-
terferometer system for any reflector)?* proposed in 1972,
is a well-established and widely practised technique for
studying target surface motion in particularly shocks. It
gives spatial and temporal information of the velocity
evolution at a target surface. The spatial resolution is
determined by the magnitude of the fringe shift in the in-
terferometer, the temporal resolution by the streak cam-
era used for detection. The spatial resolution can be very
high, depending on the wavelength of the laser used, the
temporal resolution, however, is limited by the streak
camera (typically picosecond to tens of picosecond)?®.
Chirped pulse reflectivity and frequency domain interfer-
ometry adapted from radar technology?® is an innovative

technique where the time domain information of shock



propagation is encoded into the frequency of a chirped
probe laser pulse?”. The probe pulse has a specific, pre-
determined arrangement of wavelengths with respect to
time within the pulse itself. Each wavelength therefore,
offers a measurement of the velocity at a specific time
point and the evolution of the shocked target can be ob-
tained using a single chirped probe pulse. It is, how-
ever, important to know the temporal shape of the input
pulse using complete pulse characterization techniques
like FROG (frequency resolved optical gating)?® or SPI-
DER (spectral phase interferometry for direct electric-
field reconstruction)?®. Also, the wavelength needs to be
measured with high resolution to ensure high temporal
resolution. The spatial resolution is again limited by the
wavelength used and the probe focusing conditions.

The pump-probe Doppler spectrometry that we use in
this paper can have very high temporal resolution (tens of
femtosecond), limited only by the duration of the probe
pulse (the time delay steps offered by the translation
stage can easily be in the few femtosecond range and
are therefore not a constraint). We present spatially in-
tegrated measurements in this paper. One can, however,
envisage obtaining spatially resolved measurements by
moving the focused probe beam across the target surface
from shot-to-shot or using multichannel detection of light
reflected from distinct points in a single laser shot. This
technique is simpler than VISAR as it does not use an
interferometric set up and time resolution is not limited
by the detector but is instead selected based on the re-
quirements of the experiment and the number of shots
that are realistically available to cover the time-window

of interest.

II. EXPERIMENT

Figure 1(a) shows the schematic of the experimental
setup. The experiment was performed at the Tata Insti-
tute of Fundamental Research (TTFR), Mumbai using a
chirped pulse amplification based Ti: Sapphire 100 TW
laser system which can deliver 800 nm, 30 fs pulses at 10

Hz repetition rate. The picosecond intensity contrast of

the laser pulse was ~ 1079 (shown in figure 1(b)). The
main pump beam was focused by an f/4 off-axis parabolic
mirror to a 35 pum, focal spot (FWHM) on an optically
polished (A/10) BK-7 glass target at a 45° angle of in-
cidence. The peak intensity was ~ 4 x 10'® W /cm?.
A motorized high-precision stage was used to move the
target so that every laser pulse interacted with a fresh
position on the target. A small fraction of the main laser
beam was extracted and up-converted to its second har-
monic (400 nm) by S-barium borate (BBO) crystal and
used as the probe pulse. A BG-39 filter was used after
the BBO crystal to remove the residual 800 nm light in
the probe. The probe was focused onto the plasma at
normal incidence to a 120 pm focal spot (FWHM). The
probe intensity was kept low (~ 4 x 109 W/cm?) so
that it did not ionize the target. Spatial overlap between
the pump and the probe beams was ensured by high res-
olution imaging. The probe beam was time-delayed with
respect to the pump beam using a high precision mo-
torized retro-reflector delay stage. The reflected probe
was collected by a lens and then split into two parts.
One part went to a high-resolution (0.35A) spectrome-
ter (OOI, HR-2000) to record a spectrum at each time
delay. The other part of the beam was fed to a photo-
diode (PD) which measured probe reflectivity at each
time delay. Temporal overlap between the pump and the
probe beams was monitored by observing probe reflec-
tivity as function of probe time-delay. When the probe
arrives at the target surface before the pump (negative
time delay), it is reflected from a cold target and gives
high reflectivity. If the probe arrives simultaneously with
pump beam, it is then reflected from plasma created by
pump and there is a reduction in probe reflectivity due to
plasma absorption. The delay at which there is a sudden

transition in probe reflectivity is called time zero.

III. RESULTS AND DISCUSSION

Doppler spectrometry relies upon measuring quantita-
tive wavelength shifts in probe light that has reflected

from the plasma created by pump laser. Figure 2(a)



(a)
Pump
(800nm)

Probe
J— (400nm)

SM

) ’
4 v BGF

[

=

1

0.1
0.01
1E-3
1E-4
1E-5
1E-6
1E-7
1E-8
1E-9
1E-10

— Higher Contras
— Lower Contrast

Normalized Intensity(a.u.)

T

25 20 15 10 -5 0 5

Time Delay(ps)

FIG. 1: (a) Schematic of the experimental setup; T:target(Al-coated BK-7 glass), M:mirror, L; — Ls:focusing lenses,
BS:beam splitter, PD:photo-diode, SM:spectrometer, OF:optical fiber, BGF:Blue-green (BG-39) Filter. (b) Laser Intensity

contrasts measured by a third-order cross-correlator (SEQUOIA). Picosecond intensity contrasts were ~ 1072 and ~ 107° for

higher (used in present experiment) and lower (used in earlier experiment by S. Mondal et al.t? ) contrast lasers respectively.

shows three normalized reflected probe spectra at dif-
ferent time delays for comparison. These show a very
small red-shift and blue-shift compared to the reference
spectrum (measured at zero delay ) at 1.3 ps and 4.3 ps
respectively. In order to measure the small wavelength
shifts more accurately, the normalized reference spectrum
is subtracted from all of the time delayed reflected spectra
(normalized) and each curve is referred to as a difference
amplitude curve (some such are shown in figure 2(b)).
For a blue-shift, the difference amplitude changes its sign
from positive to negative and vice versa for a red-shift.
Doppler shifts were calculated by subtracting the central
wavelength of the reference spectrum from that of the re-
flected probe spectra at each time delay. Time-resolved
Doppler shift data (in figure 3(a)) show that there is a
very small red-shift at early time followed by a rapid rise
in blue-shift, a rapid fall and another rise at longer time
delay. The velocity of probe-critical layer (V,,.) for a nor-
mally incident probe is related to the Doppler shift by

the following relationship3°

Vo= - 0.5cAN/A

Where A is the incident probe wavelength and A\ is
the Doppler shift. The velocity of the probe-critical sur-
face as a function of probe time delay is shown in fig-
ure 3(b).

shift) velocity indicate inward and outward motion of the

Here negative (red-shift) and positive (blue-

probe-critical surface respectively. At early time there is
a very small inward motion. At ~ 2 ps the velocity of
the critical surface changes its sign and the velocity also
increases rapidly. At ~ 4.3 ps outward motion reaches its
maximum velocity of 1.3 x 107 ¢cm/s, which is then fol-
lowed by a rapid decrease and then, later on, by a gradual
increase in its magnitude. The experiment was carried
out also at lower intensity (~ 7 x 107 W/cm?) showing
similar trends (insets of figure 3(a) and 3(b) ). The small
inward motion at early time may be caused by flow in
some very limited pre-plasma, much like that observed
in experiments performed at lower contrast, the alter-
native explanation being that the dense target surface
is momentarily pushed inward. It is not trivial to distin-
guish between these two explanations since the radiation-

hydrodynamic simulations are unable to precisely deter-
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FIG. 2: (a) Normalized spectra of the reflected probe at differ-
ent time delays. (b) Difference amplitudes at different probe
delays.

mine the point at which a target will start to ablate and
form plasma, and such small quantities of pre-plasma are

not readily diagnosed experimentally.

This result is quite different from the results obtained
in earlier studies in the relativistic regime, where initially
a large inward motion of the probe critical surface has
been observed!?13. Those experiments were done using
lower contrast lasers. In figure 4 our result is compared
with the result obtained in the earlier experiment with
lower contrast (~ 107°) laser at almost the same intensity
by S. Mondal et al.'?.

contrast the pre-pulse of pump laser creates a pre-plasma

Because of the lower intensity

and a shock-like disturbance is then generated in this pre-
plasma which then propagates into the target. Thus, at
early time, a large red shift is observed correlating to

the motion of the shock-like disturbance into the target.
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FIG. 3: (a) Time dependent Doppler shifts in reflected probe
(b) Ve-

locities of probe-critical layer calculated from Doppler shifts

spectra (inset shows the same at lower intensity).

(inset shows the same at lower intensity).

In the current experiment using a higher contrast laser
there is no significant pre-plasma formation at the target
surface. The absence of pre-plasma at the target surface
prevents significant motion of the probe critical surface

into the target.

IV. SIMULATIONS

1-D collisional particle in cell (PIC) simulations using
EPOCH?! have been performed of the target front sur-
face interaction with the laser. These calculations em-
ployed an initial 2 x 10® particles in 25000 cells with a
box size of 15 pum, and were run on 1200 cores. These

calculations included both collisions and ionisation. The
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FIG. 4: Time resolved Doppler shift data (of present experi-
ment) is compared with the data obtained at lower contrast

laser experiment at same intensity ( S. Mondal et al.'? ) .

results of these calculations were used to initialise a 1-
D hydrodynamics simulation that enables the evolution
of the probe critical surface to be modelled over a dura-
tion that enables comparison with the experiment. For
the initial front surface both step-like (unablated) and
more gradually rising density profiles were investigated.
Figure 5 shows a comparison of simulation results from
a step-like front surface configuration with those from a
simulation in which the front surface rises gradually to
peak density over a distance of 1 micron. The latter being
a test-case in which there is severely limited pre-plasma
evolution as opposed to a profile that is predicted on the
basis of the laser profile in the experiment.

It was demonstrated that the absence of the early time
motion of the critical surface into the target is associated
with the absence of pre-plasma formation at the target
front surface. Only the calculations run using an assump-
tion of a step-like initial front surface displayed compa-
rable results. Other simulations, in which the plasma
density rose gradually, inevitably displayed some inward
directed motion of the critical surface at early times.
The change in dynamics from the previous studies in
which the critical surface moved inward at early times,
corresponding to an inward propagating shock-like dis-

turbance, can be readily understood. In absence of the
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FIG. 5: Comparison of velocity of probe-critical surface found

in the numerical simulation with experimental observation.

pre-plasma the high density of the entirety of the target
material precludes an inward propagating critical surface
except in the case where the entirety of the target moves
away from the laser. Such behaviour is not possible at
these intensities. What is actually observed therefore is
the explosive expansion of the initially unperturbed front
surface of the target- an outward expansion as observed
by the probe, which becomes less vigorous as time pro-
gresses due to the absence of further energy input. The
small delay in the peaking of the critical surface velocity
can be explained by the acceleration of material from an
initially almost stationary configuration. It was found
that in order to approach the relatively low velocities ob-
served in the experiment the intensity of the laser had to
be reduced by a factor of four. This may be explained
partly by the fact that the probe is sampling plasma
being illuminated at a range of intensities and also by
the fact that in the experiment the expansion will not
be one-dimensional, but rather will have a strongly two
dimensional nature that will tend to limit the on-axis
velocities substantially by comparison with the 1-D case.
Furthermore PIC calculations tend to over-estimate tem-
peratures, which will tend to increase the velocities pro-
duced in the simulations as compared to those seen in

the experiment.



V. CONCLUSION

We have investigated the dynamics of solid plasma cre-
ated by high-contrast intense laser pulses using pump-
probe Doppler spectroscopy. Experimental data shows a
rapid outward motion of the probe critical layer at early
time. This feature of the data is reproduced by simula-
tions only in the case that there is no pre-plasma forma-
tion at the target surface. Such a diagnostic technique is
of interest for a variety of applications in which pre-pulse
ablation of the target front surface must be avoided to
ensure correct target functioning. Optical pump-probe
Doppler spectrometry offers a technique that can diag-

nose plasma formation (or lack there-of) driven by the

pre-pulse in a target-surface normal or oblique geometry.
Such a geometry is significantly less constraining on other
aspects of the experimental design than the side-on imag-
ing techniques usually employed to diagnose pre-plasma

formation.
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