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Experimental and computational investigation
into the hydrodynamics and chemical dynamics
of laser ablation aluminum plasmas†
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Laser ablation plasma chemistry is governed by a complex interplay between hydrodynamic plasma-gas mixing

processes, thermodynamics, and rapid high-temperature chemical reactions. In this work, we investigate the

gas-phase oxidation chemistry of ns-laser ablation aluminum plasmas in air using optical spectroscopy

combined with advanced multi-physics modeling. Experimental measurements demonstrate the formation of

AlO in the plasma plume as early as 1 ms while computational results reveal that several AlxOy species are

distributed in the periphery of the plume at even earlier times (o20 ns) in the presence of large temperature

gradients and strong shockwaves. Interactions with the ablation crater during rapid plume expansion are shown

to initiate vortex formation, followed by mixing dynamics that work to pull AlO into the vortices to react with

gas-phase Al to form Al2O. Oxygen and several aluminum oxides are simultaneously pulled up through the

stem of the fireball, encouraging further intermixing between reacting species and enhanced molecular

formation. This work concludes that chemical dynamics in laser ablation plasmas is driven by diffusion

processes, concentration gradients, and plume hydrodynamics while strong shockwaves generated during laser

ablation do not impede chemical reactions.

1. Introduction

Reactive plasmas generated by pulsed laser ablation resemble
the explosive expansion dynamics and fireball combustion chem-
istry of macroscopic detonations at the laboratory scale.1–3 Tem-
peratures and timescales associated with the combustion
chemistry of nanosecond laser ablation (LA) plasmas and alumi-
nized high explosives have been shown to be very comparable.3

Furthermore, LA plasmas have also been used as physicochemical
surrogates for nuclear fireballs to develop reaction mechanisms
and condensation pathways for nuclear fallout particle formation
and debris distributions.4–6 More generally, laser ablation plas-
mas are used as excitation sources with spectroscopic methods
such as laser-induced breakdown spectroscopy (LIBS), where they

have been implemented with spectrochemical material analyses
across the scientific community including in archeology,7,8

biology and medicine,9,10 the geosciences,11,12 forensic sciences,13,14

nuclear nonproliferation,15–17 and space exploration.18,19 These appli-
cations exploit the physics of laser ablation, where a high-powered
pulsed laser is used to vaporize (i.e., ablate) a target material to
produce a luminous micro-plasma. This laser-produced plasma
(LPP) is then measured to generate an optical spectrum of
characteristic atomic, ionic, and molecular transition lines that
combine to form a fingerprint for the ablated material. The
interpretation of this measured spectrum is strongly dependent
on the complex and transient spatiotemporal conditions of the
plasma, while the plasma response is highly sensitive to laser
parameters and environmental conditions.20 Intermixing
between reactive plasma species and oxygen in the ambient
atmosphere leads to the formation of oxides that alter the
composition of the plasma plume, consequently introducing
molecular signatures to the spectrum that may overlap with
and obscure atomic signatures.21–24 Depending on thermo-
dynamic and atmospheric conditions, molecular formation
may follow different pathways and kinetics, further complicating
the spectroscopic analysis.4,25 In an attempt to mitigate or
eliminate chemical reactions, measurements are performed in
inert atmospheres in a controlled-laboratory setting.26 However,
this form of environmental control is not always realistic in
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practice, such as for in-field measurements of hazardous materi-
als at standoff distances27 or the chemical characterization of
Martian rocks.28 Conversely, there are applications where
plasma chemistry is desirable, including nanoparticle and thin
film synthesis using pulsed laser deposition.29 Therefore, under-
standing the effects of environmental and atmospheric condi-
tions on chemical reaction mechanisms and kinetics in laser
ablation plasmas provides important insights into the spectro-
scopic analysis and particle formation of reactive plasmas.

Chemical reactions are driven by favorable temperatures
and collisions between reactant particles, where molecular
formation in inhomogeneous laser-produced plasmas is
reported to proceed in lower-temperature regions of less than
6000 K.30,31 Molecules with higher dissociation energies (D0 4
6 eV) are reported to form at higher temperatures and in closer
proximity to the plasma core while molecules with lower
dissociation energies tend to form in the periphery of the
expanding plume where plasma temperatures are lower.32,33

For aluminum LPPs, AlO preferably forms at the interface
between the plasma and background gas.34 It is well-accepted
knowledge that for these oxidation reactions to occur that
plasma species must intermix with ambient oxygen. However,
various hypotheses presented in the literature disagree on the
physical processes that drive mixing and molecular formation
within LPPs. Harilal et al.35 states that the external shockwave
generated during laser ablation inhibits mixing between plume
and ambient gas species until the shock pressure weakens to
match the ambient pressure.35 In contrast, Shabanov and
Gornushkin conclude that shockwaves induce no effect on
chemical reactions in laser ablation plasmas based on modeling
of plume hydrodynamics.36 They and several other independent
authors instead argue that the formation of molecular species is
primarily driven by both thermal and density gradients that
encourage intermixing between plasma-gas species.36–38 Wain-
wright et al.34 describes this mixing as a diffusion process,
pulling on diffusion flame theory to estimate diffusion coeffi-
cients for oxygen across the boundary layer of the plasma plume
in aluminum LPPs.34

Experimental measurements applied to investigate the role
that plume hydrodynamics contributes towards driving the
chemistry of laser ablation plasmas includes various optical
spectroscopy, charge collection, and imaging methods to mea-
sure species concentrations and spatial distributions. However,
while these measurements provide valuable insights into the
physical and chemical processes that govern laser ablation
plasmas, challenges remain in characterizing the plume’s
inhomogeneous properties and chemical reaction zone due to
its optically thick nature, relatively small size, and fast chemistry.
To address these limitations, hydrodynamic models based on
numerical solutions to the Navier–Stokes or Euler’s equations are
often applied to predict the evolving plasma properties and
expansion dynamics of LPPs in ambient gases.39–43 In these
models, laser-matter interactions and heat conduction phenom-
ena involved in the LA process are commonly decoupled from the
plume expansion models, where the plasma is instead initialized
at some time subsequent to the end of the laser pulse. Radiation

losses and various transport mechanisms (e.g., diffusion, viscosity)
between the plasma-gas species may or may not be included.
Additionally, the plasma is often assumed to be at local
thermodynamic equilibrium and to behave as an ideal gas.
Select numerical models also include chemical reactions for a
limited collection of diatomic molecules (e.g., N2, CN, and AlO),
unanimously predicting the formation of these molecules in the
plume periphery on account of lower plasma temperatures.36–38

However, hydrodynamic processes and fluid instabilities that
would yield enhanced plasma-gas intermixing, vortex formation,
and increased molecular formation are not included in these
models. More advanced chemistry capabilities including the
formation of polyatomic molecules and condensation reactions
are also largely omitted. Consequently, methods to model the
turbulent chemistry and hydrodynamics of LPPs remains a
current area of significant interest in the community.44

We propose the implementation of existing high-fidelity multi-
physics codes designed to model complex, coupled physico-
chemical processes to address this current knowledge gap in
the literature.

One such multi-physics code that offers this capability is
HyBurn, which has been developed to model the extreme
conditions and reactive multi-phase flows of post-detonation
fireballs.45,46 The code uses Eulerian methods combined with
adaptive mesh refinements, granular compaction models, turbu-
lent mixing methodologies, and gas-phase chemical reactions to
simulate phenomena such as full-scale dust explosions,47 particle-
bed combustion,48 deflagration-to-detonation transitions,49 and
shock-to-detonation transitions.50 In this work, HyBurn will be
employed to simulate the atmospheric mixing processes, plume
hydrodynamics, and thermochemistry of aluminum LPPs. A
comprehensive set of LPP measurements is provided alongside
advanced computational simulations to investigate the validity of
aluminum LPP models in HyBurn, which will connect phenom-
ena observed in experimental measurements to fundamental
physical and chemical processes that are readily resolved in these
computational models; thus, substantially addressing the open
questions and debate in the literature on the role of plume
hydrodynamics on the chemistry observed in LPPs.

2. Methods
2.1. Experimental methods

A comprehensive suite of experimental methods are applied to
characterize the LPP and external shockwave generated by the LA
of an aluminum metal target, as shown in Fig. 1. Nanosecond-LA
is performed at atmospheric pressure in air using the fundamen-
tal wavelength of a Q-switched Nd:YAG laser (Continuum Surelite
II-10 with a 7 ns pulse duration) attenuated to an energy of 25.0 �
0.2 mJ. A plano-convex lens ( f = 100 mm) is used to focus the laser
beam on an aluminum sputtering target (MSE Supplies, 99.9%
purity), producing a crater with a diameter of 500 mmand depth of
5 mm measured using a Bruker 3D white light profilometer.

Characterization of the laser-induced plasma is performed
using laser-induced breakdown spectroscopy (LIBS) and time-
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resolved fast-gated imaging to study the spatiotemporal evolu-
tion and vapor-phase chemistry of the plasma plume. To record
spectroscopic signatures using LIBS, plasma emission light is
collected using a pair of uncoated fused silica lenses oriented at
an angle of E301 to the sample surface. The light is then
directed into a 400 mm optical fiber that is connected to a 0.5 m
focal length triple grating Czerny–Turner spectrograph (Prince-
ton Instruments Acton SpectraPro SP-2500) and intensified
emICCD camera (Princeton Instruments PI-MAX4 emICCD).
Measurements are collected between 250 and 800 nm using a
1200 g mm�1 grating with a slit width of 40 mm, where
instrumental broadening is characterized by a FWHM of
112.4 pm at 435.83 nm using a mercury calibration lamp.
Due to the design of the triple grating spectrograph, 30 individual
spectral windows are recorded over the full broadband wavelength
range and stitched together using Princeton Instruments Light-
Field software. Five consecutive runs for each spectral window
are collected and averaged. Further intensity corrections are
applied to the spectra including background subtraction and a
relative instrumental response correction measured using an
Ocean Insight radiometrically-calibrated deuterium-halogen
lamp. Spectrally-integrated emission light is also collected sepa-
rately using bandpass filters for time-resolved fast-gated imaging
setup. For this setup, plasma light is collected orthogonal to the
sample using a plano-convex lens ( f = 150 mm) to focus a
magnified image onto the sensor of the emICCD camera. Two
filters (394.4 nm/10 nm FWHM, 486.1 nm/10 nm FWHM) are
used to image Al I and AlO emission, respectively. Five shots are
averaged to produce each image.

Shock dynamics associated with the laser ablation process
are captured using focused shadowgraphy. A second Nd:YAG
laser is introduced to the previous setup to perform this pump–
probe measurement technique, where the probe laser is fre-
quency doubled and green light is used for imaging. To capture
the external shockwave at early times (o300 ns), a machine
vision lens (50 mm EFL, F/2.8) is used collect the light and

focus the magnified image (M E 0.8) onto the sensor of a CCD
camera (Mightex USB2.0 Monochrome CCD camera). The mag-
nification of the setup is then decreased to M E 0.3 to image
larger shockwaves at later times (4300 ns) by replacing the
machine vision lens with a 100 mm focal length plano-convex
lens. Beyond a time delay of 10 ms, the laser-induced shockwave
is larger than the field-of-view of the camera. At this point, the
pump–probe setup is again modified to better resolve the
plasma plume located behind the shock front. A cuvette filled
with a dilute Rhodamine 6G methanol solution is placed before
the sample, where upon excitation by the 532 nm laser light the
dye solution undergoes fluorescence to replace the coherent
laser light as the illumination source when collecting shadow-
graphic images.51 This method was applied to remove diffraction
patterns that hinder the ability to resolve the plasma flow in
shadowgraphic images.

2.2. Computational methods

Computational modeling of laser ablation aluminum plasmas
is performed using the multi-physics code HyBurn. A 2D
axisymmetric simulation is defined using an 8 mm � 8 mm
domain with a mesh resolution of 5 mm. Slip wall and symmetry
boundary conditions are assigned to the x- and y-axis, respec-
tively. Outflow boundary conditions are defined for the upper
and right domain boundaries. The simulation is initialized
post-LA subsequent to the formation of the laser-produced
plasma, where this plasma is initialized as a circular homo-
geneous aluminum fireball with a radius of 0.25 mm based on
experimentally-measured shadowgraphic images recorded at a
time delay of 15 ns. The initial temperature of the fireball is set
to the maximum temperature (i.e., 20 000 K), while the initial
pressure is set to 70 MPa based on an analysis of the shadow-
graphic data; further discussion on this process will be
included in the discussion on results. The fireball is placed
within a 500 mm diameter crater with a depth of 50 mm, where
this crater depth is defined at a larger value than the

Fig. 1 Simplified experimental setups used to perform laser-induced breakdown spectroscopy, time-resolved fast-gated imaging, and shadowgraphy.
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experimentally-measured crater as a consequence of the simu-
lation mesh resolution. The atmosphere surrounding the fire-
ball is defined as air at standard temperature and pressure. To
model post-detonation chemistry, HyBurn requires inputs on
thermodynamic and transport properties as well as chemical
reaction mechanisms and kinetics. Thermodynamic properties for
individual species are incorporated using NASA polynomials52,53

while aluminum–oxygen reaction mechanisms and Arrhenius
coefficients are pulled from Starik et al.54 Lennard-Jones trans-
port parameters for aluminum species are also taken from the
same source.54 Air dissociation is modeled using rate constants
from Johnston and Brandis.55 Diffusion processes are imple-
mented as well. Real-gas effects are modeled using Becker–
Kistiakowsky–Wilson (BKW) equation-of-state.56 Furthermore,
the HyBurn code has been verified and validated against many
test problems including detonations, flames, chemical explo-
sions, and multi-phase blasts.57–59

Simulations are run using the state-of-the-art high-performance
computing (HPC) resource HiPerGator at the University of Florida,
where runtimes average around 1200 CPU hours for the HyBurn
models generated in this work. Data is post-processed and analyzed
using the open-source visualization and graphical analysis software
VisIt, and final plots and animations are reformatted using an in-
house Python algorithm.

3. Results and discussion
3.1. Experimental characterization of the laser ablation
plasma

Aluminum LPP chemistry in air consists of oxidation reactions
involving gas-phase species of aluminum and oxygen that react
to form aluminum monoxide (AlO), which serves as a precursor
for higher oxide states that ultimately condense and agglom-
erate into nanoparticles as the plasma cools. In this work, laser-
induced breakdown spectroscopy is applied to monitor the
early oxidation chemistry of the plasma by recording time-
resolved spectroscopic signatures of Al species and AlO. From
these measurements, atomic and ionic emission signals are
shown to dominate at early times (o10 ms) while molecular
signals remain weak, although the formation of AlO is first
observable as early as 1 ms. AlO signal intensities do not become
comparable to Al I intensities until gate delays later than 20 ms
(see Fig. 2), demonstrating the time frame required for gas-
phase atomic emission to decay away as electronic energy levels
de-excite and the population of Al atoms is depleted through
the formation of molecular species. The plasma plume tem-
perature is also observed to decay rapidly, where this behavior
is indicated by the disappearance of Al II emission within the
first 5 ms of the plasma evolution. To determine the average
temperature of the plasma over time, the Boltzmann plot
method is implemented using the atomic transitions and
spectroscopic constants provided in Table 1. As a part of this
process, the spectroscopic data is also corrected for self-
absorption using the semi-empirical approach presented by
Sherbini et al.60 Electron densities used in the calculation of the

self-absorption correction factors are measured from the Ha
line in the spectrum (outside of the spectral range shown in
Fig. 2) following the formulation derived by Oks based on
advanced generalized theory.61 The relationship between the
Stark linewidth and electron density is given by eqn (1),

DlS ¼ 5:68
ne

1018

� �0:64�0:03

(1)

where ne is in cm�3. Electron impact parameters for the Al I
lines are tabulated as a function of temperature using values
provided by Griem.62 At later times in the plasma evolution
when atomic emission is weak, plasma temperatures are esti-
mated from the Dv =�1 band of the AlO B2S+� X2S+ transition.
This is done by fitting a theoretical AlO spectrum simulated in
PGopher to experimental data using molecular constants and
transition strengths provided in the literature.63–67

Overall, both the plasma temperature and electron density
are observed to decay rapidly within the first 10 ms of the
plasma evolution (see Fig. 3), where this behavior and

Fig. 2 Measured emission spectra of ns-LA aluminum plasmas using a
laser energy of 25 mJ for various time delays.

Table 1 Al I transitions used to calculate plasma temperatures based on
the Boltzmann plot method using spectroscopic parameters taken from
the Kurucz database68

Wavelength (nm) Aji (10
8 s�1) Ej (eV) gj

256.80 0.220 4.827 4
257.51 0.266 4.827 6
265.25 0.134 4.673 2
266.04 0.265 4.673 2
305.01 0.322 7.668 6
305.71 0.751 7.668 6
308.22 0.627 4.021 4
309.27 0.756 4.022 6
394.40 0.511 3.143 2
396.15 1.001 3.143 2
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comparable plasma property values are routinely reported in
the literature for laser ablation aluminum plasmas.69–71 In this
work, the electron density is first measured at 300 ns with a
value of 9.9 � 1017 � 4.9 � 1014 cm�3 and decreases by about
two orders of magnitude by 5 ms. The temperature of the
plasma cools from 13 510 � 960 K at 1 ms to 5570 � 410 K at
10 ms based on the Boltzmann plot method using self-
absorption corrected Al I emission lines. A very comparable
plasma temperature of 5890 � 230 K is also reported at 10 ms
using the AlO band, demonstrating an overlap between atomic
and molecular temperatures. By this time delay, the plasma
does not exist at local thermodynamic equilibrium because the
McWhirter criterion is not satisfied (see Fig. 3), hence, this
agreement between atomic and molecular temperatures may
instead be an indication that atomic and molecular species are
emitting from similar locations in the LPP as compared to the
existence of equilibrium conditions.

In addition to the time-resolved characterization of the
aluminum plasma, spatially-resolved images of the plasma
emission are collected using time-resolved fast-gated imaging
to provide insights into the hydrodynamical processes and
spatial distribution of chemical reaction zones of the plasma.
Fig. 4 demonstrates the early-time and rapid expansion of a
roughly hemispherical plasma that evolves into a torus struc-
ture, demonstrated by vortex formation around 3 ms. Al I
emission then collapses back into a singular structure by
8 ms, and the vortices are no longer visible. Imaging of AlO
emission is first performed at 10 ms, where molecular emission
is predominantly observed towards the surface of the sample.
This same plume morphology was observed by Harilal et al.35

for similar experimental conditions.35 As the plasma evolves,
AlO emission is observed to move inwards towards the stem
and core of the plasma plume. By 40 ms, Al I and AlO emission
overlap and share very similar spatial structures, indicating
probable intermixing between atomic and molecular species.

3.2. Laser ablation shock dynamics

The expansion dynamics of laser-induced shockwaves gener-
ated during laser ablation carry important information on the
initial blast energy and target material properties involved in
the micro-explosion. Blast waves rapidly expand outward ahead
of the LPP, compressing and heating the ambient air to form a
shock-heated gas layer between the plasma plume and shock
front. Plasma species intermix with shock-heated air, ultimately
leading to chemical reactions and the formation of aluminum
oxides. An estimation of the thermodynamic properties of this
shock-heated gas layer can be determined by applying theory
on gas-dynamics to measurements of the laser-induced
shockwave.72,73 In this work, theory is combined with experi-
mental measurements of the shock front position to determine
an initial pressure for the laser ablation aluminum plasma to
initialize the computational model as well as to compare and
validate the numerical predictions to real data.

Focused shadowgraphy is performed to image the laser-
induced shockwave from a time delay of 15 ns out to delays
later than 10 ms. The shock front expansion trajectory is then
extracted from the time-resolved shadowgraphic images, and
shock expansion models based on a power law dependence are
fitted to this trajectory to establish a semi-empirical curve for the
radius of the shockwave as a function of time. The propagation
velocity of the shockwave is calculated from the derivative of this
curve, yielding a velocity of 8250 � 180 m s�1 at 15 ns. This
velocity curve is then input into the Rankine–Hugoniot relations
for an inert shock using variable specific heat to estimate the
temperature and pressure of the shock-heated flow behind the
shock front, yielding values of 20800 � 800 K and 73.5 �
3.3 MPa at 15 ns. It should be acknowledged that the tempera-
ture and pressure of the shock-heated air are not necessarily
equivalent to the properties of the plasma plume, however, the
shockwave and fireball are initially defined with the same
properties in the computational model. Based on the Rankine–
Hugoniot values determined using measured data on the laser-
induced shockwave, these initial simulation parameters are set
to 20000 K (i.e., maximum simulation temperature) and 70 MPa.

Fig. 3 Time-resolved electron densities and plasma temperatures char-
acterizing the LA aluminum plasma.

Fig. 4 Spatiotemporal distribution of Al I and AlO plasma plume species.
Each individual image is normalized to its maximum intensity.
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The shock dynamics and associated properties predicted by
computational model given these initial conditions is then
compared and validated against the experimentally-measured
data. The shock front expansion trajectory is investigated first,
where the simulation is observed to predict smaller shock front
distances at early times (o1 ms) compared to measured data,
while the opposite behavior occurs for later times (see Fig. 5).
Correspondingly, the simulated shockwave velocity is initially
lower than the measured propagation velocity while this
behavior reverses around 300 ns. Differences between the
propagation and attenuation of the experimental and simu-
lated shockwaves are likely tied to assumptions made during
the initialization of the shock in the computational model,
which encompasses properties such as the initial energy den-
sity and crater dimensions. Moreover, the current model
neglects ionization processes and radiative heat losses that
may also contribute to deviations.

Additional comparisons between the experimental and com-
putational results include the observation that both the
experimentally-measured and simulated shockwave transition
to an acoustic wave at times later than 5 ms when the shock
velocity matches the speed of sound for air (343 m s�1). The
temperature and pressure of shock-heated air are also com-
pared, where these results are shown in Fig. 5. Both properties
are shown to be very comparable for the first 5 ms of the
shockwave propagation, where later times are not compared
because the Rankine–Hugoniot relations are only valid for
shockwaves (i.e., M0 4 1) and not applicable to acoustic waves.
These results support the conclusion that the computational
model provides informative simulations on the shock physics
component of laser ablation plasmas.

Beyond the validation of the shock physics modeled by
HyBurn, a visual comparison between shadowgraphs and
simulated Schlieren images of the Al LPP is also provided.
Fig. 6 displays the close agreement in shockwave dimensions
between the experimental and computational data, which was
discussed earlier in this section in reference to Fig. 5. A second
shockwave is also observed at a time delay of 30 ms for the
shadowgraphy measurements, and is believed to represent an
internal shockwave that has been reflected off of the target
surface. This phenomena has been observed by others in the
literature,74 and is explained to originate as a requirement to
satisfy the continuity conditions during the supersonic expan-
sion of a plasma plume against an ambient gas and associated
formation of a strong outward-moving external shockwave.75,76

During this process, an internal ‘‘return’’ shock is generated
during the negative phase of the blast that travels in the
opposite direction back towards target.77 Upon contact with
the target surface, the internal shockwave is partitioned
between a stress wave that continues to propagate through
the solid target material and a second shockwave that is
reflected back through the plasma plume.74–76 Arnold et al.75

and Wen et al.76 analytically model the repeated reflection of
the internal shockwave between the target surface and plume
front until the shock weakens and is considered negligible by
100 ns. However, experimentally reflected shocks have been

reported out to times later than 20 ms in this work as well as by
J. L. Gottfried.74

Now to shift the focus away from shockwaves, attention is
directed to a second hemispherical feature that is faintly
observed behind the shock front in the shadowgraphs during

Fig. 5 Comparison of experimentally-measured and simulated properties
for the shock front position, shockwave velocity, and shock-heated air
properties. The Hugoniot curves are determined using experimental data.
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times r 1 ms (see Fig. 6). For experimental measurements this
feature indicates the ionization front, which is believed be
located ahead of the contact front that marks the periphery of
the plasma plume.78 Ionization processes are not modeled in
this work, and hence, an ionization front is not present in the
simulated images. Instead, the smaller hemisphere observed in
the Schlieren images corresponds to the dissociation of air and
formation of NO. The periphery of the fireball is consistently
located approximately 50 mm behind the NO layer throughout
the simulation. The plasma plume (or fireball) periphery is
resolved and imaged experimentally for later times (Z30 ms),
where the simulated fireball is observed to be conspicuously
larger than the measured plasma during this time frame

although their overall shapes remain comparable. Possible
reasons for this disagreement along the axial dimension
include the absence of ionization and radiative processes in
the multi-physics model, as well as assumptions made when
defining the initial mass and energy of the fireball. In addition,
laser drilling experiments have demonstrated that deeper cra-
ters alter the shape and size of the plasma plume.79 Because the
most shallow crater that could be simulated was an order of
magnitude larger than the experimental crater, this effect may
also contribute to differences in plume lengths.

3.3. Modeling of multi-phase plume thermochemistry

Plume hydrodynamics and plasma-gas mixing processes
involved in the multi-phase oxidation chemistry of laser abla-
tion plasmas are modeled. Temperature distributions charac-
terizing the fireball are provided first in Fig. 7, demonstrating
rapid cooling from an initial temperature of 20 000 K to around
4500 K with the first microsecond. Temperatures are hetero-
geneous for these early times, where hot spots are observed
along the walls of the crater at 150 ns before combining into a
single structure that moves upwards through the stem of the
fireball at 600 ns. By a time delay of 1 ms, the average simulated
plume temperature is around 4500 K. This value contrasts with
the experimentally-measured temperature of about 13500 K at the
same delay time, where these underestimates on the plasma
temperature may be attributed to larger fireball dimensions and
kinetic plasma processes that are not included in the computa-
tional model. Despite this discrepancy, spatial distributions of the
fireball temperature are believed to be representative of the laser-
produced plasma properties. Large temperature gradients are
generally reported at the periphery of the fireball while an outer
shell of shock-heated air visibly surrounds the fireball for the first
5 ms of the simulation, which is indicated by the lighter blue
hemisphere ahead of the fireball. The edge of this hemisphere
marks the position of the shock front, and becomes less defined
as time progresses and shock-heated temperatures decrease due
to the attenuation and deceleration of the shockwave. By a time
delay of 10 ms, the temperature distribution of the fireball is
relatively uniform, supporting the agreement between atomic and
molecular temperatures obtained by experimental measurements.

Fig. 6 Shadowgraphic measurement of the laser-induced shockwave
and aluminum plasma plume compared to simulated Schlieren images.

Fig. 7 Temperature evolution of the aluminum fireball predicted by the computational model. The colormap is initially scaled to each individual image
due to rapidly changing temperatures and then remains consistent for remaining time frames using the colormap given at 1 ms.
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Other features observed in the simulation, such as the tendrils
attached to the fireball stem between 2–20 ms, are believed to
represent physical phenomena and are attributed to the stem
being pulled apart during the rapid fireball expansion dynamics.

Chemical reaction zones and mixing between reactive spe-
cies are also investigated in addition to temperature distribu-
tions to further explain the chemical dynamics of laser ablation
plasmas. Time-resolved mass fraction morphologies are pro-
vided in Fig. 8, where gas-phase atomic aluminum is initially
the main constituent of the fireball based on initial parameters
defined for the simulation. AlO formation is observed in the
thin periphery of the fireball where large concentration gradi-
ents exist within the first few nanoseconds of the simulation.
From pressure and temperature distributions, a strong external
shockwave immediately surrounds the high-temperature fire-
ball at these early conditions, where the air behind the shock
front that mixes with the fireball is shock-heated up to tem-
peratures of E2000 K. Gas-phase polyatomic oxides including
AlO2, Al2O and Al2O2 are also present in the thin chemical
reaction zone at the edge of the plasma at these same time
delays, although they exist in smaller quantities. The condensa-
tion product Al2O3 (l) is first observed along the sample surface
around a time delay of 30 ns.

As the simulation progresses, the Al plume rapidly expands
outwards and interacts with the crater walls. This interaction is
believed to partially contribute to initiating vortex formation in
the fireball along with other fluid dynamics processes. AlO is
pulled into these vortices to react with gas-phase Al to form
Al2O, and by a time delay of 500 ns these species make up the
main constituents of the vortices. Over the next several micro-
seconds, aluminum becomes confined in the vortices of the
fireball as various molecular species, atomic oxygen, and O2 are
pulled up into the stem (see mass fractions at 5 ms in Fig. 8).

Vortex formation was also measured over the same time frame
using time-resolved fast-gated imaging, where Al I emission
was shown to be concentrated in the plume vortices in Fig. 4. As
these first vortices continue to lift upwards in the simulation, a
second flattened set of vortices is formed towards the sample
surface (see mass fractions at 10 ms in Fig. 8). The development
of this wider base for the fireball agrees with both fast-gated
and shadowgraphic images recorded of the aluminum LA
plasma. More specifically, AlO emission was measured to be
strongest near the sample surface until 30 ms, where molecular
emission was shown to combine into a singular structure and
move upwards towards the front of the plasma plume (see
Fig. 4). The computational model also parallels this behavior,
predicting that AlO is preferably located in the head of the
fireball by 30 ms. At later time delays, condensed Al2O3 (l) is
predicted to be the main constituent of the fireball. Small
quantities of Al and AlO remain present until 100 ms.

4. Conclusions

The hydrodynamics and shock physics of laser ablation alumi-
num plasmas has been investigated to explain the impact of
plasma-gas intermixing and plasma plume expansion dynamics
on chemical reactions in laser-produced plasmas. Experimental
measurements in optical spectroscopy and imaging were per-
formed to characterize the transient plasma properties and
shock dynamics, where a strong external laser-induced shockwave
(p1/p0 = 700 at 15 ns) was measured to propagate ahead of the
rapidly cooling plasma to pre-heat shock-heated air immediately
surrounding the plasma plume. AlO was observed to form experi-
mentally as early as 1 ms, while multi-physics simulations predict
chemical reactions along the periphery of the expanding plume

Fig. 8 Selected mass fractions showing temporal evolution of species in the aluminum fireball. The colormaps are scaled by column.
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where temperature gradients are large (thousands of Kelvin)
within the first few nanoseconds. The evolving fireball was
demonstrated to experience turbulent hydrodynamic processes
such as vortex formation, where atomic aluminum became
trapped in these vortices as oxygen species were pulled up through
the stem to mix and react with aluminum to form AlO and higher
polyatomic oxides. The results of this work show that plume
hydrodynamics significantly influences the chemical reaction
zone morphology and intermixing between reacting species in
laser ablation plasmas, while strong shockwaves do not impede
the formation of molecular species.

Multi-physics models of the reactive multi-phase flow of
laser ablation plasmas provide invaluable and impactful
insights into the chemical dynamics of laser ablation plasmas
with relevance towards the characterization of optical signa-
tures in oxidizing environments, thin film synthesis using
pulsed laser deposition, and debris formation in explosive
fireballs. Future work will aim to incorporate ionization pro-
cesses into the reactive fireball model to investigate laser-
induced plasma chemistry subject to various atmospheric
conditions.
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