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Picosecond Thermodynamics in Underdense Plasmas Measured with Thomson Scattering
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The rapid evolutions of the electron density and temperature in a laser-produced plasma were measured
using collective Thomson scattering. Unprecedented picosecond time resolution, enabled by a pulse-front-
tilt compensated spectrometer, revealed a transition in the plasma-wave dynamics from an initially cold,
collisional state to a quasistationary, collisionless state. The Thomson-scattering spectra were compared
with theoretical calculations of the fluctuation spectrum using either a conventional Bhatnagar-Gross-
Krook (BGK) collision operator or the rigorous Landau collision terms: the BGK model overestimates the
electron temperature by 50% in the most-collisional conditions.
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Endeavors to engineer plasmas for a number of applica-
tions rely critically on plasma conditions. Optimizing
plasma devices, including laser amplifiers [1-3], laser
compressors [4], wave plates [5,6], polarizers [7,8], QO plates
[9], particle accelerators [10,11], photon accelerators [12],
high-order frequency conversion [13,14], and photon-elec-
tron light sources [15,16], requires an accurate knowledge of
plasma density and temperature dynamics. In these systems,
the electromagnetic fields generate dynamic plasma con-
ditions that typically evolve over the initial 50 ps. During the
rise of a high-intensity laser pulse, the photoionized elec-
trons are liberated with minimal kinetic energy, resulting in
an initially cold plasma. The energy supplied to the electrons
by the electromagnetic field through inverse bremsstrahlung
causes the temperature to rise rapidly until the collisionality
of the plasma reduces the heating rate to a level comparable
to the cooling mechanisms. Measurements of these early
plasma dynamics on application-relevant timescales have
been previously unattainable.

Optical Thomson scattering (TS) is a powerful diag-
nostic that can accurately measure plasma conditions
[17-23], but it has had limited temporal resolution
(>50 ps) [24]. Experiments have used ultrashort (<1 ps)
TS probe beams [20,25] to improve the temporal resolu-
tion, but these studies were limited to conditions where the
width of the scattered features were large as compared to
the bandwidth associated with time integrating the scattered
light from an ultrashort probe beam. Furthermore, during
plasma formation, the collisional damping dominates over
the Landau damping of electron plasma waves (EPWs) and
a collisional theory is required to accurately model the
TS spectrum. Thomson-scattering measurements of colli-
sional EPWs have been limited to nonideal plasmas,

A =4 x 1087 (eV)/nt* (em3) S 1, where there are
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few particles in the Debye sphere and the short-range
Coulombic interaction between charges determines the
dynamics, as opposed to the collective behavior [26-29].
In these nonideal plasmas, theories have been developed to
interpret the TS spectrum [30,31]. The standard computa-
tionally efficient approach to include collisions is to use the
approximate Bhatnagar-Gross-Krook (BGK) collision
operator [32,33]; but, recently, the more-accurate linearized
Vlasov-Fokker-Planck (VFP) equation was presented to
account for collisions in TS calculations [34].

In this Letter, we report the first observation of the effects
of collisions on electron plasma waves in the transition to
an ideal plasma. The measurements were obtained by an
ultrafast high-throughput spectrometer that provided
unprecedented temporal resolution of the EPW TS spectra.
These spectra provided a measurement of collisional EPWs
that were modeled to extract the picosecond evolution of
the electron temperature and density. The standard treat-
ment of an ideal plasma is to assume that Landau damping
is the only active damping mechanism; however, the
measurements of the initial plasma demonstrated that the
EPW damping was dominated by collisions. The hydrogen
gas was ionized at an intensity near 10'* W/cm?, where the
initial electron plasma temperature and density were
measured to be 3 eV and 8.40 x 10'® cm?3, respectively.
Over the first 18 ps, the plasma temperature increased
modestly (16 eV) as the plasma density became fully
ionized (1.07 x 10" cm?) and then rapidly increased to a
saturated level of 93 eV over the next 20 ps. During this
evolution, the plasma transitioned from a nonideal (A ~ 1)
to an ideal (A ~110) plasma. For temperatures below
45 eV, a collisional model was required to reproduce the
measured spectrum. For the most-collisional conditions,
the VFP scattering model shows that the BGK model
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significantly overestimates the effects of collisions, leading
to an overestimation of the electron temperature by 50%.

The experiments were conducted on the Multi-Terawatt
Laser facility [35] at the University of Rochester’s
Laboratory for Laser Energetics. The 1054-nm-pump laser
irradiated a 4-mm-long hydrogen gas cell [Fig. 1(a)] at a
molecular density of ~5 x 10'® cm™ with a chirped 60 ps
full-width-at-half-maximum (FWHM) square pulse (~5 ps
rise time). A fraction of the pump beam was frequency
doubled (500 mJ) and co-propagated along with the
remaining 1.4 J of pump energy. The beams were focused
in an f/25 cone by a spherical mirror to an elliptical spot
[Fig. 1(b)]. The 160 x 50 yum (FWHM) pump beam spot
generated a peak vacuum intensity of ~2.5 x 10'* W/cm?.
The focal spot size of the probe beam was about half the
size of the pump beam. Due to the copropagation of the
pump and probe along with achromatic focusing, the two
beams were perfectly concentric in the focal volume. The
bandwidth of the probe beam (~2 nm) was spread linearly
in time over the pulse duration. This resulted in an effective
bandwidth over the diagnostics temporal resolution of
~0.07 nm. To identify ionization thresholds using an
interferometer, a low energy 60 ps 2w probe beam was
propagated through the gas cell perpendicular to the
main beams.

The A =526.5 nm light, scattered from a 60 x 60 x
30 um volume at the center of the gas cell, was collected
and collimated by an f/2.4 achromatic lens located 90°
from the laser beam’s propagation axis. The collected light
was focused with an f/4 achromatic lens onto a 0.1-mm-
diameter aperture at the entrance of an f/3 pulse-front-tilt
compensated spectrometer that was coupled to an ultrafast
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FIG. 1. (a) A schematic of the setup that shows the spectrom-
eters pulse-front tilt with (red lines, At = 1.2 ps) and without
(blue lines, Az = 25 ps) the echelon installed. For schematic
purposes, a transmission echelon is shown. (b) The 1w beam
focal spot. (c) The measured temporal response function with (red
line) and without (blue line) the echelon installed.

optical streak camera (ROSS P820) [36]. The spectrometer
collimated the light in a 100-mm-diameter beam that was
reflected from an echelon before propagating through a
transmission grating and focused onto the streak camera
slit. An ~200-ym-wide neutral density filter was positioned
at the streak-camera slit to reduce light scattered around the
probe wavelength. The finite focusing and collection optics
were included in the calculated spectra.

The spectral instrument resolution function (IRF) in this
system (1.23 nm FWHM) was dominated by the diameter
of the aperture at the entrance of the spectrometer, but it
included estimates from broadening by spatial gradients
(~0.15 nm), finite collection optics (~0.06 nm), and the
instantaneous bandwidth of the probe beam (~0.07 nm).
For further details, see the Supplemental Material SM [37].
To achieve the necessary spectral resolution for the mea-
surements, a linear grating density of 300 grooves/mm
along with the 225-mm-focal-length spectrometer were
used to spread the complete ~200 nm TS spectrum across
the detector. The combination of the beam diameter and the
grating density resulted in a total number of grooves
illuminated of N = 1.4 x 10*.

The pulse-front-tilt compensated spectrometer was
invented to trade unutilized resolving power (1/Al = N,
AA=~0.04 nm) with temporal resolution (Af~ Nl/c =
25 ps) by using an echelon to separate the beam into n =
20 temporally delayed co-aligned beamlets. This reduced
the pulse-front tilt of a conventional spectrometer with a
streak-camera limited spectral resolution of A4 =1 nm
from ~25 ps to At. = At/n ~ 1.25 ps (see Fig. 1) while
maintaining 1 nm spectral resolution. The resulting tem-
poral and spectral resolutions were near the uncertainty
principle limit (At = 4>/Adc ~0.9 ps). By designing
the spectrometer to correct for the 25 ps impulse response,
the temporal resolution was improved by more than an
order of magnitude. This can be seen in Fig. 1(c),
which compares measurements of the spectrometer
streak-camera system resolution obtained with and without
the echelon installed. The temporal resolution [G(z) =
exp(—41n(2)7?/7%)] of the system was measured as a
function of photoelectrons to account for space-charge
broadening in the streak camera during the data analysis
(r =2 to 5 ps over the entire data range).

Figure 2 shows that the wavelength separation between
the blue and redshifted spectral peaks initially increases.
This is a result of the increasing density and temperature:
the wavelength separation between the features is propor-

tional to the Langmuir frequency (~ /w3, + 3vj k%, where

w,, is the plasma frequency and vy, is the electron thermal
velocity). Late in time, this separation is relatively constant,
indicating that the plasma is approaching steady state. The
streaked spectrometer integrated the scattered spectrum
over the temporal instrument function (z = 2 ps); this was
included in the spectrum calculations [Fig. 2(b)].
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FIG. 2. (a) The TS spectrum shows the temporal evolution of
the EPW features. Time zero coincides with the photoionization
threshold laser intensity ~10'* W/cm? of the pump beam.
(b) The spectra at 9 ps (orange squares), 21 ps (purple squares),
and 50 ps (red circles) were fit (ToP =5eV, ne™ =
89x 108 cm®, T:'P =26eV, n;' " =1.08x 10" cm?,
TP =92 eV, and n2°™ = 1.09 x 10! cm?) with a scattering
function that includes collisional effects through the BGK model
(solid curves). The two peaks in the scattered spectrum were
normalized to match the calculated spectrum’s amplitude.

Figure 3 shows a summary of the picosecond plasma
dynamics. The plasma was measured to initiate at a
temperature of 3 eV and a density of 8.4 x 10'® cm’.
From this initial state, the plasma evolved to a steady-state
temperature of 93 eV and a density of 1.07 x 10" cm? over
40 ps. The plasma was calculated to be photoionized at an
intensity near 10'* W/cm?, which corresponded to about
half of the peak intensity and occurred during the first few
picoseconds of the rising laser pulse. This photoionized
intensity threshold was confirmed by observing the onset of
the interferometry and TS signals. During the first 13 ps,
the plasma temperature was moderated by the energy
required to dissociate (4.52 eV) and ionize (13.6 eV)
hydrogen while also overcoming the cooling mechanisms
of collisional excitation and ionization. Once the hydrogen
was fully ionized, the plasma was heated by inverse
bremsstrahlung absorption until an equilibrium (see
Fig. 3) was reached with the thermal conduction to the
surrounding gas.

Figure 2(b) shows that the measured and simulated
spectra are in excellent agreement. The temporal evolution
was included in the calculated spectra by averaging the
spectrum over the temporal instrument function,

t+1/2

P(1) = Z Gi(1)P(k, ),
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FIG. 3. The measured electron temperature (red squares, left

axis) and density (blue circles, right axis), determined using the
computationally efficient BGK approximation to calculate the
spectrum, show the rapid evolution of the plasma. The parameters
determined by the VFP collisional model are shown (green open
squares). The densities determined with the VFP model were
identical to the densities (blue circles) determined when using the
BGK model.

where P;(k,w) is the scattered power calculated with the
plasma conditions at each time [38]. The TS spectra were
initially fit to determine the electron temperature and
density late in time (¢t = 50 ps) when there was no temporal
evolution [Fig. 2(b)]. The evolution of the plasma con-
ditions was then determined by iteration. In the first
iteration, the temperature evolution was calculated by
assuming a constant density, which was found using the
late time fit (# = 50 ps). In all following iterations, both the
temperature and density evolutions from the previous
iteration were used. The process was repeated until the
plasma conditions between subsequent iterations remained
unchanged, which was achieved in the third iteration.

The spectra were calculated from the spectral density
function [38],

R =

where A is a normalization constant. For the most-colli-
sional conditions (7, < 18 eV), a high-frequency (HF)
approximation to the VFP dynamic structure factor
[cf. Egs. (55)—(57) from [34] ] was used, where g(k,w) =
(IN = 25F), M (k) = 1+ = 14 [(1 + i) /K223 is
the plasma dielectric function [39], JY is the velocity
moment of the zero-order harmonic from the solution to
the complete VFP equations [34,39], w = vy, — @, is the
plasma-wave frequency, k =ky—k; is the -electron
plasma-wave vector, k; is the TS probe wave vector, k;
is the TS light wave vector, @, is the TS probe frequency,
w, is the TS light frequency, and 1, is the Debye length.

Figure 4 shows that the TS spectrum calculated with the
VFP model is an excellent fit to the measured spectrum. At
these conditions, using the collisionless model results in a
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FIG. 4. The measure spectrum (red circles) at 16 ps is compared
to calculations that use a collisionless model (black solid curve:
T,=10eV and n, = 1.0 x 10!° cm?), a VFP model (purple
dashed curve: T, = 5 eV and n, = 1.0 x 10" cm?), and a BGK
model (blue curve: T, = 10 eV and n, = 1.0 x 10" cm?). The
spectra were calculated with the plasma conditions over the
surrounding 2 ps and convolved with the IRF (black dashed
curve).

spectrum that was essentially a delta function, and the
experimental width was dominated by the temporal evo-
Iution in density and the instrument response function,
which were narrower than the measurements. The TS
spectra calculated with the BGK collisional model repro-
duced the measured scattering spectrum at all times; but, in
the most-collisional conditions, it overestimated the elec-
tron temperature by ~50% [Fig. 3]. Detailed studies [33]
that have compared the BGK model to more complete
theories based on the VFP kinetic equations have con-
cluded that neglecting the electron-electron collisions and
the crude approximation to the Coulomb collision operator
in the BGK model leads to significant differences in the
plasma response at Langmuir fluctuation frequencies
[39,40]. This leads to inaccurate calculations of the temper-
ature when using the BGK model.

The TS spectrum calculated with the BGK model [34,38]
used Eq. (1), where ¢BSX(k, w) = —k?22, and the plasma
dielectric function follows from the BGK model [32,33]:

dre? 1 OF
BOK (ko) — | & k-—=.
e k@) +mek2/ Uw—l—iuei(v)—k-v v

(2)

Here, the electron-ion collision frequency is given
by v, =4nZe*n,Ai/m2v3, F, =n,(m,/2xT,)3* exp
(—=m,v*/2T,) is the electron’s Maxwellian velocity dis-
tribution, v is electron velocity, m, is the electron mass, e is
the electron charge, and n, and T, are the electron density
and temperature, respectively. The BGK model is often
simplified by using the thermal velocity in the collisional
term v, but to improve its accuracy in these calculations,
the velocity dependence was retained [38]. The standard
collisionless results for the TS spectrum [Eq. (1)] are
recovered in the limit of v, = 0 [38].
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FIG. 5. (a) The width (FWHM) of the redshifted EPW features

is plotted for a density of 10'° cm?® using the collisionless (red
diamonds), BGK (blue squares), and VFP (green triangles)
models as functions of electron temperature. (b) The spectrum
calculated with the BGK model (blue dashed line) and the VFP
model (green dashed line) are shown for 7, =11 eV and
n, = 1.07 x 10! cm?. To illustrated the width differences, the
BGK spectrum was multiplied by 1.8.

Figure 5 shows the spectral width of the EPW features,
which is proportional to the EPW damping, for the
collisionless, BGK, and VFP models. At a density of
10" cm?, a damping minimum is obtained at 35 eV for
both the VFP and BGK models. This minimum in damping
is a result of the competition between the collisional
damping that dominates at low temperatures and the
collisionless (Landau) damping that dominates at high
temperatures. The collisionless model works well for
temperatures above >35 eV. Collisional damping is impor-
tant in calculating the width at temperatures below
~35eV. This is consistent with the measurements,
which indicated that a collisional theory was required to
accurately interpret the spectra at these temperatures.
Figure 5(b) compares the spectra calculated using the
BGK and the VFP models, but without measurement
effects. The BGK model is a good approximation for
determining the resonant frequency, but it overestimates the
width of the spectrum when collisions are important
(T, <35eV). This results in an overestimate of the
electron temperature. The deviations from the VFP model
reveal when improved theoretical interpretations of TS
experiments are required.

In summary, limiting the pulse-front tilt in a spectrometer
has allowed an ultrafast TS diagnostic to measure the
plasma creation and picosecond evolution of the electron
temperature and density in a laser-produced plasma. The
measurements were compared with spectra calculated
using the standard BGK model to account for collisions
and show that the BGK model overestimates the spectral
width of the EPW features, leading to an overestimate of
the electron temperature by up to ~50% at the most-
collisional conditions. This overestimation of collisions
by the BGK model has implications that extend well
beyond TS because this collisional model is often used
in plasma physics, including modeling of thermal transport.
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These picosecond electron temperature and density mea-
surements can be applied to laser-plasma devices that
require knowledge of the rapidly evolving plasma con-
ditions. Laser-plasma Raman amplifiers require frequency
matching between an electromagnetic beat wave and the
plasma frequency for efficient energy transfer from a pump
laser to the seed [4]; but, if the plasma frequency is rapidly
evolving, as these experiments show, the amplifier will be
detuned and the efficiency will be poor [41-45]. With
measurements of the plasma evolution, the system could be
properly tuned to recover efficient energy transfer.
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