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We present measurements of the spatiotemporal evolution of a hot-dense plasma generated by the interaction
of an intense 25 fs laser pulse with a solid target, using pump-probe two-dimensional (2D) Doppler spectrometry.
Measuring the time-dependent Doppler shifts at different positions across the probe beam, we achieve velocity
mapping at hundreds of femtoseconds time resolution simultaneously with a few micrometer spatial resolution
across the transverse length of the plasma. Simulations of the interaction using a combination of 2D particle-in-
cell and 2D radiation hydrodynamics codes agree well with the experiment.
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Ultraintense, femtosecond laser irradiation of a solid pro-
duces a dense, hot plasma that has emerged as a test bed for a
wide range of phenomena ranging from basic plasma physics
through to complex laser-plasma interactions and table-top
approximations to astrophysical systems [1–3]. In addition,
it offers myriad opportunities for scientific and technological
development enabled by the ultrashort high-flux pulses of
photons [4,5], charged particles [6–8], and neutral atoms [9]
so produced. The hydrodynamics induced by a high-intensity
short-pulse laser when it interacts with a solid target evolves
on subpicosecond timescales. Resolving this dynamics, and
obtaining a satisfactory, experimentally based, understanding
of the physics requires diagnostic approaches that can resolve
both the relevant length scales and timescales simultaneously.

In recent years, efforts have been made by ourselves and
others to get to grips with the evolution of these plasmas on pi-
cosecond and sometimes subpicosecond timescales [10–20].
New phenomena such as terahertz acoustics [16] have been
discovered and both shock wave generation [10–14] and con-
trol [14] have been investigated. All these efforts, however,
lacked the ability to spatially resolve the dynamics in the
transverse direction.

It is well known that the transverse evolution of the plasma
is a crucial feature in intense laser-matter interactions. Long
ago, critical surface rippling was postulated to account for
resonance absorption at normal incidence [21]. More recent
simulations have shown that the critical surface gets deformed
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by light pressure [22–24] and this leads to additional laser
absorption.

Spatial imaging and two-dimensional (2D) reflectivity
measurements of the plasma surface have shown interesting
lateral transport of fast electrons and heat. The former has
been shown to spread at speeds that are a significant fraction
of the speed of light and cause rapid ionization and heating,
away from the irradiated spot [25–27]. In interesting earlier
studies, Borghesi et al. [28] and Palmer et al. [29], have used
proton deflectometry to image the temporal evolution of in-
stabilities and thermal transport on picosecond timescales and
in one spatial dimension with high-energy, high-peak power
lasers. Heat transport across the transverse dimension is an
important issue as it depletes the amount of energy that can be
coupled into the target. Simulations done much earlier have
pointed to differences between 1D and 2D transport across the
plasma length as well as Spitzer and non-Spitzer transport in
the plasma [30]. The transverse evolution of velocity profiles
could also be important for understanding plasma instabilities
[31,32].

In this paper, we present an advance in the measurement
of the ultrafast dynamics of the plasma, which enables spatial
resolution in the transverse direction. Specifically, we obtain
spatially resolved velocity maps of the plasma on subpicosec-
ond and picosecond timescales with a few micrometer spatial
resolution. Our technique thus enables, in combination with
simulations, the mapping of the energy flow within the tar-
get driven by electron conduction and radiation transport on
timescales that are relevant to the laser-plasma interaction and
consequent heating. The lowest velocity that can be measured
is of the order of 106 cm/s, enabling the diagnosis of plasmas
with temperatures as low as 6 eV for carbon and even less for
lower mass elements. Given that high-intensity laser-plasma
interactions typically produce very much higher temperatures
than this, the present diagnostic can be employed to examine
transport and cooling across broad regions of the target. This
diagnostic also enables the measurement of shock propagation

2643-1564/2021/3(3)/033034(6) 033034-1 Published by the American Physical Society

https://orcid.org/0000-0003-0819-5183
https://orcid.org/0000-0002-2672-1928
https://orcid.org/0000-0002-5402-0918
https://orcid.org/0000-0001-7013-4395
https://orcid.org/0000-0002-1691-6377
https://orcid.org/0000-0001-5832-8285
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.3.033034&domain=pdf&date_stamp=2021-07-09
https://doi.org/10.1103/PhysRevResearch.3.033034
https://creativecommons.org/licenses/by/4.0/


KAMALESH JANA et al. PHYSICAL REVIEW RESEARCH 3, 033034 (2021)

FIG. 1. (a) Schematic of experimental setup for 2D Doppler
spectrometry. T: target (Al-coated BK-7 glass). M: mirror. L1–L4:
lenses. BS: beam splitter. PD: photodiode. MCSM: multichannel
high-resolution spectrometer connected with optical fibers. BGF:
blue-green (BG-39) filter. (b) Laser intensity contrast measured by
a third-order cross-correlator (SEQUOIA). (c) Spectrum of second
harmonic probe pulse.

and curvature in thin targets, such as those typically employed
in ion acceleration experiments. It is well known that shocks
propagating through such targets can distort the rear surface,
thus affecting the proton and ion beam divergence [33], mak-
ing it crucial to know the two-dimensional shape of the plasma
surface and hence the transverse variation of the electric field.
Obtaining a better understanding of lateral energy transport
is also crucial in a range of different problems, for example,
in laser-generated particle and photon sources the size of
the source can be a strong function of the degree of lateral
transport. The present study with 16 spectrometers is aimed at
demonstrating the principle and the capabilities of the method.
With better imaging, an increased number of spectrometers,
shorter or temporally shaped pulses, and different configu-
rations of fibers, the spatial and temporal resolution can be
enhanced. These improvements may also enable studies of
transverse thermal transport and instabilities at the required
resolution.

The experiment [Fig. 1(a)] was carried out at the Tata
Institute of Fundamental Research (TIFR), Mumbai using a
chirped pulse amplification based Ti:sapphire 100-TW laser
system which can deliver 800-nm, 25-fs pulses with a repeti-
tion rate of up to 10 Hz. The intensity contrast [measured by a
third-order cross-correlator (SEQUOIA)] of the laser pulse at
25 ps was ∼10−9 [Fig. 1(b)]. An f /2.5 off-axis parabolic mir-
ror was used to optimize the focal spot of the pump beam. The
pump spot on the target (aluminum coated BK-7 glass) was
∼40 μm [full width at half maximum (FWHM)], creating a

FIG. 2. (a) Normalized spectra of reflected probe measured at
three different positions across the probe for a 4.3 ps time delay. The
inset (top left) shows marked fiber positions across the probe. (b) Dif-
ference amplitudes (derived by subtracting the reference spectrum
from the time-delayed spectra) at three different positions across the
probe for 4.3 ps time delay. (c) Doppler shifts at different locations
across the probe for four different time delays.

peak intensity IL ∼ 5 × 1018 W/cm2. The angle of incidence
of the pump beam on the target was ∼45◦. The cryogenic-
cooled final amplifier of the laser system ensures a reasonably
smooth spatial profile for the pump beam, mitigating un-
wanted transverse variations in the excitation. A small fraction
of the main laser beam was redirected using a thin beam
splitter and up-converted to its second harmonic (400 nm)
by a β-barium borate (BBO) crystal. This up-converted beam
was used as the probe pulse (duration ∼ 150 fs) for the ex-
periment. The narrow bandwidth (∼1.5 nm) of the second
harmonic spectrum [Fig. 1(c)] facilitates the observation of
small changes in the wavelength, as shown later. After passing
through a high-resolution delay stage the probe was focused
(FWHM ∼ 80 μm) on the pump-generated plasma at near
normal incidence. Time matching between the pump and the
probe was confirmed by monitoring probe reflectivity as a
function of the time delay between the pump and the probe.
The interaction point was imaged with an optical resolution
of ∼4 μm and a magnification of ∼90×. The reflected probe
was collected by a lens and sent to the high-resolution (0.3-Å)
multichannel spectrometer. The high-resolution multichannel
spectrometer was designed with 16 fiber-equipped identical
spectrometers [34]. All 16 spectra were recorded for each
laser shot and spectra for each delay were collected over many
dozens of shots.

Figure 2(a) shows three normalized reflected probe spectra
measured at three different locations across the probe for
4.3 ps time delay. It shows different amounts of redshifts and
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FIG. 3. Measured spatially resolved Doppler shifts and velocity maps for different time delays. Velocity maps are derived from measured
Doppler shift data.

blueshifts at different locations. In order to infer the small-
wavelength shifts more accurately, the normalized reference
spectrum is subtracted from all the time-delayed reflected
spectra (which are also normalized) and each curve is referred
to as a difference amplitude curve [some such are shown in
Fig. 2(b)]. For a blueshift, 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 (incident probe spec-
trum) from that of the reflected probe spectra. Doppler shifts
measured at different locations across the probe beam for four
different time delays are plotted in Fig. 2(c). Two-dimensional
maps of the measured Doppler shifts at different time delays
are presented in Fig. 3. Initially we observe a redshift from all
positions and almost all are peaking at ∼1 ps. The central part
of the probe shows a maximum redshift of ∼0.2 nm. After
reaching a maximum, the redshift decreases with time and the
sign of the shift changes to blue. Different transverse locations
take different amounts of time to move from the redshift
to blueshift. It is observed that the regions showing more
redshift take more time to change the sign of the shift. The
spatially resolved velocity (Fig. 3) was calculated using the
relation [35] Vcr = −0.5c�λ/λ, where λ is the incident probe
wavelength, �λ is the Doppler shift, and c is the light speed
in vacuum. Here, negative (redshift) and positive (blueshift)
velocities indicate the inward and outward motion of the
probe-critical density surface, respectively. The central part of
the probed plasma layer shows a maximum inward velocity
∼7 × 106 cm/s at ∼1 ps. At ∼6 ps, the outer parts of the
plasma show a maximum outward velocity ∼15 × 106 cm/s.
From the time-dependent velocity data an acceleration map of
the probe-density surface is also derived. The acceleration is
found to be of the order of ∼1018 cm/s2.

Physically interpreting the results of the experiment
requires that the interaction be modeled using detailed numer-
ical simulation codes. Simulating the hydrodynamics induced

by the interaction of a high-intensity laser pulse with a solid
target requires the use of several codes in a series. Here, the
interaction between the initially solid target and the laser pre-
pulse is first simulated using h2d, a 2D Lagrangian radiation
hydrodynamics simulation code. [36] The output from this
simulation is then employed to initialize a 2D particle-in-cell
(PIC) code simulation using the EPOCH code [37]. Finally, the
output from EPOCH is used to initialize a second h2d simu-
lation which models the subsequent hydrodynamic evolution
of the target. A time sequence of the results is shown in
Fig. 4. As in previous work [10,11] the early time redshifting
is seen to be a result of the pressure pulse launched in the
plasma by the pump pulse, as it passes rapidly through the
location of the probe’s critical surface. The later time behavior
corresponds to the plasma in that region settling into a stable
rarefaction wave. Here, we also see that the timing of the
transition between these two phases of behavior is a function
of the location relative to the center of the pump-laser spot.
The simulations agree well with the experimental results,
particularly in terms of predicting a similar magnitude for
the early time motion into the target and the timing of the
transition from the redshift to blueshift in the center of the
focal spot. Note that the exact agreement at the very earliest
times may not be possible as not all physical parameters are
parsed between the PIC and radiation hydrodynamics setups,
as pointed out in our earlier works [10,11,14,16]. It proves to
be quite challenging to model this problem due to the extreme
sensitivity of the results to the interpolation method used in
remapping the density profile in the transition between the
EPOCH and h2d code. Submicron scale shifts in the position
of the density contour of the probe can introduce a significant
error in the predictions of the Doppler shift. The difficulty is
compounded by the transition from a PIC framework dealing
with particle number densities to a radiation hydrodynamics
code that takes mass densities as its input. The fibers can be
arranged in any geometry (line, cross, axisymmetric) in order

FIG. 4. A time sequence of simulation results generated using a combination of the h2d radiation-hydrodynamic and EPOCH PIC codes.
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to most effectively capture the transverse velocity profile.
However, in the present experiment the fibers were arranged
in the manner described on the assumption that the behavior
may not be axisymmetric. As the presence of filamentation
instabilities and other effects can make the plasma dynamics
highly nonuniform therefore, clearly the presence of 3D be-
havior is possible even where the target and/or laser geometry
exhibit greater symmetry. In the 2D radiation hydrodynamics
(rad-hydro) simulation, the results are axisymmetric, but that
is a limitation of the 2D r-z simulation geometry. The plasma
will become increasingly nonplanar as it evolves. However,
the dense plasma remains relatively planar on the timescale of
the experiment, and this is confirmed by the modeling.

Let us now compare our study with some others that
monitor plasma evolution. Chirped pulse reflectometry and
interferometry have so far been limited to one dimension
and while they have been essential and successful in experi-
ments with large lasers, the control and monitoring of chirp
are important for deriving the time information [38]. It is
also difficult, particularly in very-high-intensity laser-matter
interactions or over long timescales, to unambiguously de-
termine the effect of surface motion using frequency domain
interferometry. Extension of this method to derive 2D spatial
information simultaneously with temporal tracking appears
quite complicated as it will need multiple interferometers to
generate pairs of twin probe pulses as well as multiple spec-
trographs for different spatial points. In addition, the inference
of spatial changes in each of them will need considerable
data reduction. In an interesting study Evans et al. [39] did
get some transverse information along the probe diameter at
1014 W/cm2, using single color frequency domain interfer-
ometry. Their inference of the plasma evolution, however, was
due to multiple factors such as “changes in the optical proper-
ties of the reflecting surface, motion of the reflecting surface,
and change in the refractive index of the material between the
reflecting surface and the observer.” In contrast, in our exper-
imental geometry we can isolate the effect of the velocity.
The most popular technique for studying surface motion in
laser-induced shocks is the velocity interferometer system for
any reflector (VISAR) [40,41], where the time resolution is
limited by the detectors used, typically a nanosecond to tens of
a picosecond. Most of these studies were at modest intensities,
a factor of 103–106 lower than those used here. Shadowgra-
phy [42] may give adequate time resolution but the spatial

information is rather limited—the motion of the edge can be
measured at some level in overdense plasmas, but difficult to
resolve internal features. Sequentially timed all optical map-
ping photography (STAMP) [43] can give time information
but the spatial data are restricted to one axis; this is also a
very complex technique involving time and spatial mapping
devices and microelectromechanical optical assemblies and
sophisticated data reduction procedures. Shadowgraphy and
STAMP are difficult to use for all target geometries (example:
concave targets) and for oblique laser incidence. In compari-
son, the multipoint 2D Doppler spectrometry discussed in this
paper is simpler, and works for oblique incidence and different
target geometries, simultaneously in time and space for every
laser shot and with chirped probe pulses, well suited to the
petawatt and superpetawatt lasers that offer limited shots for
each experiment. The present study is aimed at demonstrating
the principle and the capabilities of the method. With bet-
ter imaging, many spectrometers, and shorter or temporally
shaped pulses, the spatial and temporal information can be
greatly enhanced.

In conclusion, we presented the ultrafast time-resolved and
two-dimensional spatially resolved evolution of the motion of
a plasma created by the interaction of an ultrahigh-intensity
laser with a solid target, using two-dimensional Doppler ve-
locimetry. In combination with 2D PIC and 2D radiation
hydrodynamics simulations the femtosecond-resolved veloc-
ity maps reveal interesting features such as the inward motion
of the plasma driven by the pump pulse, the extent and dura-
tion of which is a function of the position relative to the center
of the pump laser focal spot. The diagnostic technique itself
has the potential to provide as yet unavailable detail in its ren-
dering of the complex dynamics of short-pulse laser-plasma
interactions at high intensities, enabling temporal resolutions
of less than 100 fs and a transverse spatial resolution of only a
few microns. Such velocity (temperature) maps may provide
crucial information on the evolution of lateral energy trans-
port, particularly under ultrashort-pulse excitation, and may
provide valuable insights into the physics of the interaction.
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Research Board, Government of India. The authors thank B.
Om Subham, Chandra V. Kotyada, and V. Rakesh Kumar for
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