aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Time-resolved absorption spectroscopic characterization of
ultrafast laser-produced plasmas under varying background

pressures
S. S. Harilal, E. J. Kautz, and M. C. Phillips
Phys. Rev. E 103, 013213 — Published 28 January 2021
DOI: 10.1103/PhysRevE.103.013213


https://dx.doi.org/10.1103/PhysRevE.103.013213

Time-resolved absorption spectroscopic characterization of ultrafast laser-
produced plasmas under varying background pressures

S. S. Harilal,! E. J. Kautz,! M. C. Phiilips2

!Pacific Northwest National Laboratory, Richland, Washington 99354 USA
2James C. Wyant College of Optical Sciences, University of Arizona, Tucson, Arizona 85721 USA

Time-resolved tunable laser absorption spectroscopy is used to characterize the physical properties of
ultrafast laser-produced plasmas. The plasmas were produced from an Inconel target, with < 0.4 wt. % Al,
using ~ 35 fs, ~800 nm, ~5 mJ laser pulses at varying Ar background pressures from 1-100 Torr. The
absorption spectrum of atomic Al is measured with high spectral and temporal resolution when the probe
laser is stepped across the selected Al transition at 394.4 nm. Spectral fitting is used to infer linewidths,
kinetic temperature, Al column density, and pressure broadening coefficient. The late time physical
properties of plasmas are compared for various pressure levels. Our studies highlight that a significant
lower state population exists even at early times of ultrafast laser-produced plasma evolution, and lower
state population persistence decreases with increasing ambient pressure. We also show that the fundamental
optical properties, such as pressure-broadening, can be measured using ultrafast laser-produced plasmas
combined with laser absorption spectroscopy.

I. INTRODUCTION

When a powerful laser interacts with a solid target, the ablated material is transformed into plasma, which
contains ions, atoms, molecules, and nanoparticles. These transient plasmas are used in numerous fields, most
notably analytical applications [1,2]. The physics of laser-produced plasma (LPP) generation and its expansion is
very complex and depends on several experimental parameters, including laser (intensity, wavelength, pulse width)
and target properties and the nature and pressure of the ambient medium [1]. In the last decade, ultrafast
‘femtosecond’ lasers have gradually gained more widespread use and popularity, replacing traditional long pulse
‘nanosecond’ lasers for various LPP applications due to several advantages. Some of the documented benefits of
using fs lasers over ns lasers for plasma production include reduced heat-affected zone (HAZ), nanoparticle
generation, lesser matrix effects, a reduced continuum in emission features, early time molecular formation, and
more [2-5]. Besides, ultrafast laser pulses have a lower ablation threshold (laser fluence) and generate a lower
temperature plasma due to the lack of laser-plasma coupling [6].

A background gas is typically used for studying LPPs, although the nature and pressure of the gas vary with each
application [7,8]. However, the interaction of an LPP with a background gas is very complicated due to the multiple
inter-related processes such as shock wave formation, plume splitting and sharpening, deceleration, confinement,
and thermalization of ablated species, diffusion, plume chemistry, etc. [7,9]. LPPs expand freely in a vacuum and
low-pressure environment. The plume-ambient collisional effects become dominant at moderate pressure levels
when the mean free path of the ambient medium approaches the Debye length of the plasma particles. The presence
of moderate background gas pressure (1-100 Torr) helps to extend the lifetime of the LPP by regulating the rapid
decay of temperature and density. However, an additional increased pressure leads to effective plume confinement,
which promotes rapid cooling of the plasma plume because of the enhanced collisions, reducing the persistence of



the LPP. The selection of the background gas also influences the LPP properties. For e.g., the presence of an inert
gas environment (Ar, He, etc.) inhibit any plasma chemistry typically seen in the presence of reactive gases such as
air [10,11].

Plasma diagnostics play an essential role in optimizing LPPs for various applications. In addition to its use in
analytical applications, optical spectroscopic tools can be used for measuring important plasma physical properties
such as the density of species (e.g., atom, ion, electron, etc.), temperature, ionization fraction, and more [12-15].
Although all-optical spectroscopic tools, viz. laser absorption spectroscopy (LAS), optical emission spectroscopy
(OES), and laser-induced fluorescence (LIF) are well suited for analytical applications and plasma characterization,
OES (commonly called laser induced breakdown spectroscopy or LIBS) is more widely used due to the simplicity
of the required experimental set-up [1,2]. However, the emission from LPP plumes depends on electronic
excitation, which occurs only when the temperature of the plasma is higher and hence is short-lived. In contrast,
both absorption and fluorescence spectroscopy use lower state populations of atoms or ions that can be probed when
the plasma is cooler and persists for very long times [1,16-22]. Further, both LAS and LIF provide improved
analytical merits compared to emission spectroscopy [23,24]. LAS is also less sensitive to the effects of self-
absorption and self-reversal which can complicate analysis of LA plumes via OES. LAS employing narrow-
linewidth tunable lasers is also immune to instrumental broadening seen in OES set up and hence provides high
spectral resolution [1,17]. The recorded spectral profiles can also be used for temperature measurement through
Doppler broadening and column density of selected atoms. Hence, LAS is uniquely suited to measure the properties
at all times throughout LPP evolution and can provide important information on chemical dynamics, including
molecular formation and particle condensation.

Although there exist numerous articles on the physical characterization of LPPs at early times of its evolution
employing various diagnostic tools [2,14,25-31], there is only limited work evaluating the LPP’s physical conditions
at later times [18,20,32,33], even for ns LPP. This lack of data is partly due to the inability of most plasma
diagnostics to characterize low-temperature and low-density plumes. However, the knowledge of lower-state
population of various species at early and late times, particularly in the presence of a background gas medium, is
essential for gaining insight into molecular, acrosols, and particulate formation mechanisms in plasmas and fireballs.
In this article, we used high-resolution time-resolved LLAS for the comprehensive characterization of ultrafast LA
plumes during its entire lifecycle. We evaluated the plasma properties at varying background Ar pressures ranging
from 1-100 Torr. Time-resolved Al atomic absorption spectral features were recorded for times 1-500 us after
plasma onset. Spectral fitting using Voigt profiles was performed for measuring linewidths and inferring time-
resolved physical properties of plasmas, including kinetic temperature, path-integrated atomic number densities, and
optical properties such as pressure broadening coefficient.

II. EXPERIMENTAL

The schematic of the experimental setup is given in Fig. 1. The ablation laser used in these experiments was a
Ti:Sapphire Coherent Astrella, providing ~ 35 fs pulses, ~ 800 nm pulses. A combination of a halfwave plate and
thin-film polarizer was used for controlling laser energy at the target. The laser energy and repetition rate used for
ablation in our experiments was ~ 5 mJ and 10 Hz. The spot size and laser fluence at the target were ~ 200 um and
15 J/em?, respectively. The selected laser energy and fluence are typical values used for various analytical
applications of fs LPP. An Inconel (i.e. Ni-Cr-Fe-Mo alloy) target with ~0.4 wt. % Al was used for ablation. The
target was mounted in a cubic vacuum chamber, which contained transmission windows for ablation and probe laser
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FIG. 1. Schematic of the experimental set up. Acronyms are defined as follows: DPSS — 532 nm diode pumped solid state laser,
D -frequency doubler, M- mirror, A - attenuator, BD — beam dump, TFP — thin film polarizer, WP — wave plate, fs —
femtosecond, P — prism, F — filter, PD — photodiode , DAQ — Data acquisition device.

entrance, ports for pumping, gauge, and gas feed-through. The chamber was positioned on a motorized X-Y
translation stage so that target can be moved during ablation events. All experiments were performed in an Ar
background gas (99.99 % purity), and the Ar pressure was varied from 1-100 Torr.

The probe laser was a frequency-doubled tunable Ti:Sapphire laser (M-squared), which provided wide tunability
and wavelength selection with a linewidth < 100 kHz. The probe laser with ~1 mm diameter was directed through
the plasma ~ 0.75 mm from the target. The frequency of the probe laser was monitored using a wavemeter. The
selected transition for the present study is Al 1394.401 nm (3s%4s °Si» — 3573p 2P’ 15, 0 - 25,347.756cm™,), which is
a strong resonance transition (gf = -0.623) and provides a good absorbance signal to noise ratio (SNR) even at very
late times of plasma lifecycle. In addition to these, all spectroscopic information of the selected transition is readily
available [34]. The probe laser wavelength is scanned across the selected transition over ~25 GHz for recording the
absorption features. After passing through the ablation plume, the probe laser was directed through a prism and a
series of bandpass and absorptive filters and detected using a Si photodiode with 200 ns rise time. The signal was
digitized using a 16-bit ADC at a 2 MHz sampling rate. A LabVIEW program was written for real-time analysis of
the time-resolved absorbance and absorption spectrum.

1. RESULTS AND DISCUSSION

Time-resolved probe transmission was recorded as the frequency of the probe laser was stepped across the Al 1
transition at 394.4 nm, and the measurement was averaged over six laser shots for each frequency step. The
recorded probe transmission I (f, t) was then converted to absorbance via A(f,t) = —In[I(f,t)/I,(f)] where
I (f) is the average of the transmitted intensity over the 5 ps before the ablation event. The acquired data for each
probe scan was converted to a map of absorbance versus probe laser frequency and time after plasma onset, and



results are given in Fig. 2 for the following Ar background pressure levels: 1.1, 6, 13.7, 45, and 100 Torr. Please note
that the time range (y-axis) given for various pressure levels is different in the sub-figure for clarity, although the
data set was recorded up to 1 ms for each pressure. The temporal evolution of absorbance when the probe laser is in
resonance with Al I peak center is given in Fig. 2f for various pressure levels. Laser absorption spectroscopy is a
very sensitive technique. Although the laser pulse (~35 fs) used for producing plasmas are termed as “ultrafast’, the
absorption signal from plasma is observed for several hundred microseconds (Figure 2).

Our previous experiments with pure metal targets showed high atomic density at early times (< 50 ps), leading
to low transmission at the line center, and as a result, the absorption lineshape near the peak center cannot be
determined with high accuracy [17,35]. Inconel contains Al as a minor alloying element, and hence results in lower
peak absorbances. All experiments were performed in an Ar background gas in the pressure range of 1-100 Torr. At
lower pressure levels, the absorption signal levels are lower due to free expansion of the plume, and hence.
Similarly, at high pressures (e.g., atmospheric pressure conditions), the turbulence/instability in the plasma leads to
poor SNR. The selection of Ar background gas also helps to mitigate plasma chemistry (e.g., oxidation reactions).
Previous studies showed that the presence of plume chemistry would reduce plasma persistence significantly [36].

The 2D time-resolved absorption spectra (TRAS) profiles given in Fig. 2 contain several interesting
observations, including (i) the peak absorbance increases with pressure; (ii) peak absorbance is shifted in time with
increasing pressure; (iii) the absorbance persistence is reduced for higher pressures; (iv) a dual peak absorbance
distribution is observed at moderate pressure levels (6-14 Torr range); (v) the absorption spectra are broadened at
early times regardless of background pressure levels and (vi) The spectral broadening at late times increases for
higher background pressure levels.
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Fig. 2. 2D contours showing TRAS for Al I transition at 394.401 nm for the following Ar background pressures:
(@) 1.1 Torr, (b) 6 Torr, (c) 13.7 Torr, (d) 45 Torr and (e) 100 Torr. The temporal evolution of absorbance is given
in (f) when the probe laser is in resonance with Al line center. The spectra were acquired at a distance ~0.75 mm
from the target surface, with the ablation laser fluence ~15 J/em?.

At each time and pressure, experimental spectra were fit using Voigt profiles to determine the peak areas, peak
center frequency, Lorentzian linewidth, and Gaussian linewidth. A spectrally flat baseline was also included in the
fit. Representative fits are given in Fig. 3 for select times and all background pressures. For fitting the absorbance
spectra, due to the presence of the hyperfine structure of the *’Al transition, it was modeled using sums of Voigt
functions for accounting for the hyperfine structures [37,38]. Neglecting their effect on the spectral lineshape leads
to additional errors in the linewidth and kinetic temperature measurement. The entire ’Al hyperfine manifold was
adjusted in center frequency and the total area to best fit the experimental Al absorption spectrum. Al hyperfine
structures are very closely spaced, and hence it is not possible to resolve in the present study due to other broadening
mechanisms in the plasma (e.g., Doppler, Stark). The SNR of the experimental data is excellent, and good fits to the
model spectra were obtained except at early times and at the extreme end of the plume lifecycle (e.g., > 500 ps for 1
Torr). At early times, due to large gradients in the plasma (i.e., spatial inhomogeneities), the spectral profile deviated
from the Voigt profile. Furthermore, the spectral profile was broadened significantly, and ascertaining the baseline
was difficult.
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Fig.3 Measured absorption spectra (open circles), best fit spectra (solid lines), and fit residuals (magenta lines) for
various times and pressures. (a)t=3 ps, no averaging. (b) Averages over times shown in figures.

The measured time evolution of linewidths (FWHM) of Al transition for various background pressures are given
in Fig. 4. Note that the linewidth plotted is for each hyperfine transition, and not the total observed linewidth from
the sum over all hyperfine transitions. Regardless of the Ar pressure, the linewidths are initially broad but decrease
rapidly as the plume expands and cools; however, the decay rate is noticeably faster with increasing background gas
pressure. The Voigt linewidths for all background pressure are approaching ~4-5 GHz at times >10 ps and
reduction in linewidth at later times are smaller.  The early-time line broadening is also found to increase with
pressure, and maximum linewidth is observed for the highest pressure studied here (100 Torr).
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Fig. 4. Time resolved linewidth (FWHM) as a function of Ar background pressure.

The path-integrated lower state number density, or column density, n;L for Al is calculated using
[a()L dv = 2.654 x 1076[m?/s] - f1,n,L, where the lefi-side of the equation is the spectrally integrated
absorbance as determined from the peak areas, f;, is the oscillator strength of the measured transition, nis the
number density of the lower state, and L is the path length [37]. The measured time evolution of column density for
various pressure levels are given in Fig. 5. The column densities are found to increase with pressure at early times,
but decay rapidly with increasing pressure.

The variation in measured linewidths with pressure and time is due to changes in the physical conditions of the
plasma. All spectral lines in an LPP undergo various types of broadening mechanisms, and hence the measured
spectral profiles can be used to infer some of the fundamental properties of the plasma. Among them, the Stark and
Doppler broadening mechanisms are the major contributors to the LPP linewidth variations [1]. The Stark effect is
contributed by charged particles and will be predominant at early times, and its contribution becomes negligible at
times > 3 ps. The Doppler effect, contributed by the thermal motion of species with respect to the observer, will
become the dominant contributor at later times of plasma evolution when the plasma expands in a moderate-
pressure ambient gas environment. The Stark effect provides a Lorentzian profile, whereas the Doppler effect gives
a Gaussian distribution. Other broadening mechanisms include van der Waals and resonance broadening, although
their effects are lesser than Stark and Doppler except in conditions of high pressure and/or atomic number density
[1,39]. Hence, the measured spectral shapes are due to the convolution of multiple mechanisms and can, therefore,
be accurately represented by Voigt profiles.
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Fig. 5. The time evolution of path-integrated Al atom density (nL) for Ar pressures between 1 and
100 Torr.

The kinetic temperature, Ty, is calculated from the Gaussian widths using the relation: T =
(Av/v)? mc?/8k In2 where Av is the Gaussian linewidth (FWHM), v is the optical frequency, m is the
atomic mass, and k is the Boltzmann constant. Fig. 6a provides the measured time evolution of T for
different Ar pressures. The variation in Ty with pressure is shown in Fig. 6b, for t=3 us (corresponding to
an early time in the plasma evolution) and also averaged over a time window later in the plasma evolution
during which conditions are changing less rapidly. The time window selected depended on the pressure
due to the different dynamics. For 1 Torr: At’=400-500 ps, 6 Torr: At’=400-500 ps, 14 Torr: At’=50-100
us, 45 Torr: At’=20-50 ps, and for 100 Torr: At’=10-20 ps. The measured temperature shows the
expected trend of highest values at early times, followed by a decrease for all background pressures. The
Tk values are also highest for higher background pressures at both early and late times in the plasma
evolution.
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Fig. 6. (a) Kinetic temperature with time for various Ar pressures. (b) Kinetic temperature as a function of Ar
pressure for t=3 ps (red circles) and averaged over a time window At’ later in the evolution (blue squares),
where t’ depends on the pressure: 1 Torr: At’=400-500 ps, 6 Torr: At’=400-500 ps, 14 Torr: At’=50-100 ps,
45 Torr: At’=20-50 ps, 100 Torr: At’=10-20 ps. Lines are guides for the eye. (c) Lorentzian linewidth versus
pressure averaged over At’ (green triangles), and after scaling to T=300 K as described in the text (magenta
circles). Solid line is a linear fit. (d) Shift of center frequency of peak averaged over At’ after scaling to

Fig. 6¢ shows the Lorentzian width (FWHM) determined from the Voigt fits, also averaged over the time
windows At’. Time windows At were selected later in the plasma evolution to avoid Stark broadening
contributions, and during which the fit parameters were not changing rapidly. As expected, the Lorentzian linewidth
increases with pressure due to increased van der Waals broadening from collisions with the Ar buffer gas; however,
the behavior is not linear with pressure. The nonlinear dependence results because the measurements correspond to
different temperatures, as indicated by the data in Fig. 6b.

The increase in Lorentzian linewidth w; due to van der Waals broadening depends on both pressure p and
temperature T' via the relationship: w;, = y, - p - (T/Ty)%> where y,, is the broadening coefficient determined at a
reference temperature T [40]. Although the exponent may vary, we use the standard 0.5 derived from ideal gas law
considerations. Fig. 6¢ shows the Lorentzian linewidths after scaling to a common temperature of T;=300 K using
the above equation: w; (300K) = w, (T) - (T /300)°> , where T was taken from the data in Fig. 6b. Fig. 6¢ also
shows a linear fit to the data, and the slope provides the pressure broadening coefficient y,=21.9+0.4 MHz/Torr
(FWHM) for T=300 K. Fig. 6d shows results from a similar treatment of the shift in the center position of the Al
peak versus pressure, from which a pressure shift coefficient of -3+1 MHz/Torr was determined, where the negative
sign indicates a shift to lower frequency with increasing pressure. These values are in excellent agreement with



prior measurements on the Al I 394.4 nm transition in Ar, which reported a van der Waals broadening coefficient of
20.2 MHz/Torr (FWHM) and shift coefficient of -3.9 MHz/Torr, with a reported accuracy of 25% [41].

The Al absorption spectral features, kinetic temperature, and column density evolution with time, as well as
changing ambient pressure, show a very complex picture of ultrafast LPP dynamics. Although the peak magnitude
of absorption increases significantly at higher background pressures, absorbance decays rapidly compared to lower
background pressure levels. The change in peak absorbance, as well as persistence with time for various Ar
pressures can be attributed to confinement effects. LPPs expand freely in a vacuum and low-pressure background
environment when the mean free path of the background gas is significantly larger than the Debye length. Previous
studies employing emission spectroscopy of laser plasmas in Ar ambient showed that the plasma plume becomes
collisional when the Ar pressure > 0.2 Torr [42]. The 2D TRAS map recorded at 1.1 Torr showed that the
absorbance persisted for > 500 ps, although peak absorbance <(.2. The confinement of the plume typically seen
with increasing pressure using OES [43] is also evident in absorption maps (Fig. 2). From geometrical
considerations, we expect the measured column density to increase for smaller plasma sizes (~ 1/ dependence),
which is consistent with the measurements presented here.

It is well documented that plasma properties (temperature, density, etc.) change significantly with time and
background pressure [9]. The presence of a background gas during laser-produced plasma expansion leads to
cooling and thermalization, and it depends strongly on the buffer gas pressure (Fig. 6.). The kinetic temperature
measurement using Doppler broadened Al transition shows the cooling effect. Tarallo et al. [44] modeled the
temperature decay assuming elastic collisions between two hard spheres (ablated species and buffer gas atoms) and
obtained a good agreement with translational temperature. The recorded spectral lines are broadened at early times
of plasma evolution regardless of the background pressure (Fig. 2). The high temperatures at early times result in
increased linewidths through Doppler broadening. The Lorentzian widths of the Al I transition at early times are
expected to be increased due to Stark broadening, with increased broadening at higher pressures due to higher
electron density [45,46]; however, in the data measured here the Lorentzian linewidths could not be determined
reliably at the earliest times of plasma evolution for lower pressures due to the presence of large spatial gradients and
clear deviations from a Voigt lineshape. The measured FWHM are ~17 GHz and ~ 3.2 GHz at times ~1.5 ps and
~2 s for 100 Torr Ar pressure and based on the impact parameters given in ref. [47], place an upper bound on the
respective electron density values at 1.0x10'® cm™® and 2.0 x 10" cm?. These estimated values are consistent with
reported electron densities from those determined via emission spectroscopy of fs LPPs [9]. At later times when the
plasma cools and the electron density is negligible, the linewidth results from a combination of Doppler and van der
Waals broadening from collisions with the Ar buffer gas. The data in Fig. 6¢ shows the expected increase in van der
Waals broadening with increasing pressure, and a linear dependence after accounting for temperature differences.
The ability to measure the van der Waals broadening coefficient accurately in the fs ablation system indicates that at
late times the plasma has reached a quasi-static equilibrium with the Ar buffer gas. However, the time and
corresponding temperature at which this equilibrium is reached depends strongly on the Ar pressure.

The time at which the column density reaches its maximum values is found to be shifted to later times with
increasing pressure (Fig. 2f). This shift can be correlated to an increase in plasma temperature due to plume
confinement. The kinetic temperature (Ti) of the plasma is increased significantly at early times with increasing
pressure, which decreases the lower level population through excitation. The selected Al transition is a resonance
line, and a Boltzmann analysis (not given) shows a rapid decrease of the lower state population when the excitation
temperature Tex = 8500 K. The measured Tx at early times is consistent with reported excitation temperatures of
ultrafast LPP under approximately similar conditions [42]. The kinetic temperature in Fig. 6 is measured from the



Doppler-broadened line profile. Measuring excitation temperature using line ratios was not practical in the current
experiments using LAS due to the limited laser scanning range, which in the present case was ~ 30 GHz.. However,
absorption spectroscopy employing broadband sources such as arc lamps and frequency combs is useful for
temperature measurements employing multiple transitions, and could provide a comparison between the kinetic and
excitation temperatures [48,49]. It must be noted that the various temperatures in a plasma (kinetic vs. excitation)
should be similar only when the plasma is in local thermodynamic equilibrium (LTE). However, even under LTE,
previous studies have shown that disparity in measured plasma temperatures may occur due to the inhomogeneous
spatial nature of the plasma and line of sight measurement [49-51].

The confinement of the plasma plumes with increasing Ar background pressure explains the increase in
temperature and Al atom density. However, the role of filaments formed during fs laser beam transport cannot be
avoided with increasing pressure, and it may influence the laser-target coupling and hence ablation efficiency [9].
Previous studies highlighted that laser-target coupling might be reduced for filament ablation compared to focused fs
laser pulses due to intensity clamping effects [46].  Yet, our results show that absorbance levels increase with
pressure, indicating that if filaments are present, their generation has an insignificant impact on late time plasma
dynamics compared to changes in background pressure.

At moderate pressure levels (i.e., 6-15 Torr), a dual peak in the column density versus time is observed. Such
oscillatory behavior was also noticed previously for the excited state population of various species in the plume and
explained due to different formation mechanisms of the concemed species [52]. Plume splitting is also reported in
the ion temporal profiles [53] and fast gated images [43] when the LPP expands into moderate ambient pressures.
Comparing the Al column density evolution and absorbance signals, it can be concluded that the ambient gas
collisional cooling of excited species may lead to the formation of a delayed component. Measurements of the
combined spatial and temporal dependence of absorption may provide additional insights into the complicated
dynamics of LPPs.

Iv. ~SUMMARY

In this article, we used TRAS for characterizing ultrafast LA plumes under different ambient conditions, which
provided important information on the time evolution of temperature, column density, and intrinsic linewidths.
Spectral linewidths are found to decrease rapidly at early times for all background pressures (over the range of 1-100
Torr Ar) due to the rapid cooling of the plasma and decay in electron density. At later times, linewidths are
determined primarily by Doppler broadening and van der Waals pressure broadening., The present study highlights
that a significant lower state population exists, even at initial times (~ 1 ps) in the ultrafast LPP lifecycle, which
explains the presence of molecular emission features typically seen at early times during ultrafast laser ablation
plume evolution compared to ns LPP. The measurement of the pressure broadening coefficient highlights that laser
absorption spectroscopy analysis of a laser-produced plasma system is a useful tool for measuring fundamental
spectroscopic parameters.
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