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This paper presents an experimental and computational study on laser-induced breakdown spectroscopy (LIBS)
for both unconfined flat surface and confined cavity cases. An integrated LIBS system is employed to acquire the
shockwave and plasma plume images. The computational model consists of the mass, momentum, and energy
conservation equations, which are necessary to describe shockwave behaviors. The numerical predictions are
validated against shadowgraphic images in terms of shockwave expansion and reflection. The three-dimensional
(3D) shockwave morphology and velocity fields are displayed and discussed.

Published by Elsevier B.V.
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1. Introduction

Laser-induced breakdown spectroscopy (LIBS) has been considered
as a “future superstar” in analytical chemistry field, with the advantages
of fast, in-situ and online analysis, no orminimal sample preparation re-
quirement and the capability of spontaneous multi-element analysis. It
is currently encountered with the relatively low sensitivity and repeat-
ability, which hinders its wide commercialization and deployment [1–
4]. Spatial confinement offers an effective way to enhance the plasma
signal intensity [5–7], and improve the pulse-to-pulse repeatability [8,
9]. Various configurations of spatial confinement have been proposed,
including the cylindrical cavity [5,6,8,10], hemispherical cavity [11,12]
and parallel wall cavity [7,13]. Combined spatial confinement and
other physical effects, such as spark discharge in the cylindrical confine-
ment [9] and combined spatial andmagnetic confinement [14], were in-
vestigated as well.

The current research effort in the spatial confinementwasmade pri-
marily on the experimental and spectroscopic perspective— using spec-
troscopic experimental results to clarify the spatial confinement effect
[15]. Although there have been discussions on the spatial confinement's
impact and reflected shockwave's compressing the expanding plasma
[16], effort is still in need to better elucidate their physical nature. It is
also very important to know how the plasma and shockwave expand
and interact, when is the best time to measure the plasma's spectra,
@tsinghua.edu.cn (Z. Wang).
andwhich part of plasma ismost greatly compressed. By understanding
the physical behavior of both laser-induced plasma and reflected
shockwaves in the spatial confinement, better temporal and spatial re-
solved techniques can be designed to obtain the spectra with larger in-
tensity and better pulse-to-pulse repeatability.

Numerical modeling of LIBS plasma has always been a hot topic in
thefield of LIBS as it helps understanding the fundamental physics back-
ground and process of LIBS. To date Gornushkin et al. [17–22] have pub-
lished a few of works in the field, including a free expansion laser-
induced plasma model in 1D direction [20], a nonisothermal asymmet-
ric laser-induced plasma model in vacuum [17] and adoption of equa-
tions of state on the energy balance instead of ideal gas approximation
to model laser-induced plasma [22] etc. Russo et al. [23,24] particularly
investigated the laser-induced plasma expansion phenomenon in ambi-
ent gas atmosphere using plasma modeling and Hassanein et al. [25]
modeled both the laser-induced plasma and the concomitant shock-
wave on flat surface. However, very little attention has been paid on
the plasma and shockwave modeling in cavity or confined cases,
which is necessary to understand the physical mechanisms of shock-
wave-wall and reflected shockwave-plasma interaction, in order to bet-
ter understand the signal enhancement and stabilization effect by the
cavity in LIBS.

In the work, both experimental and computational studies are car-
ried out to capture the shockwaves on a flat surface and in a rectangular
groove cavity. The model is implemented in both 2-D and 3-D simula-
tions to predict the shockwave expansion for the two cases, respective-
ly. ICCD fast photography and focused shadowgraph technique were
applied to obtain the laser-induced plasma image and shockwave
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image in temporal sequence. Direct visual evidence of reflected shock-
wave compressing the expanding plasmawas obtained experimentally.

2. Experimental setup

The experimental setup has been described in our previous work
[26]. The laser-induced plasma images were captured by an integrated
LIBS system (Applied Spectra, USA). We employed a Q-switched
Nd:YAG laser (Quantel, France) with a wavelength of 1064 nm, a
pulse width of 8 ns, and a spot size of around 60 μm in diameter. The
plasma plume images were captured by an ICCD camera (Andor, UK)
under different ICCD settings, including the gate widths, gains, pre-am-
plifier gains and optical filter types, to obtain the images with optimal
image quality at different delay times [26]. The shockwave images
were captured separately using another integrated LIBS system (Ap-
plied Spectra, USA) with the plasma produced using a Q-switched
Nd:YAG laser (Beamtech, China) with a wavelength of 1064 nm and
pulsewidth of 8 ns. Another Q-switchedNd:YAG laser (Quantel, France)
with a 532 nmwavelength and 500 ps pulse width serves as the probe
laser providing the light source to the shadowgraph formation. The ab-
lation laser pulse energy for each shot in both setups was controlled as
30 mJ/pulse.

The used cubic brass samples are 2 × 2 × 2 cm3 for both flat surface
and grooved-channel confinement cases. For theflat-surface testing, the
laser pulses were directly shot on the sample surface. For the cavity ex-
periment, one surface of the brass sample was grooved with a straight
channel of 3 mm width and 4 mm depth, see Fig. 1. Laser pulses were
Fig. 1. Diagrams of experimental set-up. (a) shadowgraph set-up for the sho
shot on the centerline of the groove. The samples were mounted on a
3-dimensional control platform when testing. The ICCD and shadow-
graph settings in the two cases are identical.

3. Modeling

For the model to be presented in the below section, we exclude the
ablation process and choose the initial state of plasma plume at 100 ns
after the ablation. The model is targeted at the shockwave behaviors
and interaction with the grooved-channel wall. In the flat-surface
case, the problem is essentially axisymmetric, thus we chose a 2-D
case, see Fig. 2. For the grooved-channel case, it is essentially a 3-Dprob-
lem. Due to symmetry, the chosen computational domain is a quarter of
the grooved channel.

3.1. Governing equations

The governing equations consist of compressible fluid motion and
energy conservation, written as [25]:

∂ρ
∂ t

þ ∇ � ρ υ!
� �

¼ 0 ð1Þ

∂ρ υ!
∂ t

þ ∇ � ρ υ!υ!
� �

¼ −∇p−∇ � τ!
!

þ ρ g! ð2Þ
ckwave images, and (b) ICCD set-up for the plasma plume images. [26].



Fig. 2. Computational domains of: (a) the flat surface case (2-D cylindrical coordinate); and (b) the grooved channel case (3-D Cartesian coordinate).

46 Y. Wang et al. / Spectrochimica Acta Part B 126 (2016) 44–52
∂ρ E
∂ t

þ ∇ � ρ υ!E
� �

¼ ∇ � k∇Tð Þ−∇ � υ!� τ!
!� �

−∇ � υ!P
h i

ð3Þ

where ρ is the fluid density, υ! the velocity vector, E the total energy,

p the pressure, τ!
!

the viscous stress tensor, T the temperature, and k the
thermal conductivity. The continuity equation Eq. (1) describes the con-
servation of mass. Eqs. (2) and (3) describe the conservations of mo-
mentum and energy, respectively. In Eq. (3), the three terms on the
right represent the condutive effect, heating associated with viscosity,
and heating associated with compression and pressure, respectively.
We neglect the radiative heat loss and energy flow due to diffusive
mass transfer because of the short period of the shockwave event (with-
in a few milli-seconds) and large velocity encountered. In addition, the
ideal gas law applies:

p ¼ ρRT ð4Þ

where R is the gas constant. The total specific energy E is calculated
by:

E ¼ eþ υ!2

2
ð5Þ

The specific internal energy e is a function of temperature only for
ideal gases, given by:

e ¼ γ−1ð ÞRT ð6Þ

where γ is the ratio of specific heats at constant pressure and
volume.

3.2. Boundary and initial conditions

The computational domains consist of three types of boundaries, in-
cluding the wall, far field, and symmetry, see Fig. 2. Eqs. (1)–(3) form a
complete set of governing equations with three unknowns: υ!, P and T.
Their corresponding boundary conditions are briefly described as
follows:

Far field boundary: Fully developed or no-flux conditions apply.
Walls: No-slip and impermeable velocity conditions are imposed

with fixed temperature:

T ¼ Twall ð7Þ

Symmetry: Symmetric conditions are imposed, including imperme-
able velocity and no-flux conditions.

For the initial condition, we assume the plasma plume formed
around the laser spot center with a radius of 250 μm and a depth of
100 μm. The initial temperature and pressure of the plasma plume are
set 10 eV and 200 MPa, respectively. The background gas is air under
1 atm and room temperature 293.15 K. The plasma and background
gas are treated as ideal gases, thus their densities are calculated using
the equation of state for ideal gases.

3.3. Numerical implementation

The governing equations, Eqs. (1)–(3) , along with their boundary
conditions, are discretized using the finite volume method and SIMPLE
(semi-implicit pressure linked equation) algorithm [27]. The SIMPLE al-
gorithmupdates the pressure and velocityfields from the solution of the
pressure correction equation. For the finite-volume discretization, it is
convenient to unify all the governing equations, including the transient
terms, in the following form:

∇ � Γ! Θð Þ ¼ SΘ ð8Þ

whereΘ stands for any dependent variable in Eqs. (1)–(3) . Integrat-
ing the above equation throughout an arbitrary volume V bounded by a
closed surface S yields:

∮
S
Γ
!

Θð Þ � d S
!¼

Z
V

SΘdv ð9Þ



Table 1
Physical, geometrical, and model parameters.

Description Unit Value

Cubic Brass Sample’s Dimension cm3 2×2×2
Grooved Channel (Cavity) Dimension mm3 20(L) ×3(W) ×4(D)
Ambient Temperature oC 20
Cubic Brass Temperature (Twall) oC 20
Ambient Pressure atm 1
Ablation Laser Pulse Energy mJ/pulse 30
Plasma Plume Initial Dimension μm 250(R) ×100(D)
Plasma Plume Initial Temperature eV 10
Plasma Plume Initial Pressure MPa 200
2D Domain Dimension mm 5×5
3D Domain Dimension mm 4(L) ×1.5(W) ×4(D)
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where S
!

is the surface vector. Taking V and S to be the volume Vp

and discrete faces Sj of a computational cell, one can reach:

X
j

Z
S j

Γ
!

Θð Þ � d S
!¼

Z
Vp

SΘdv ð10Þ

The final form of the discrete finite volume equation is then
expressed as:

BpΘn
p ¼

X
m

BmΘn
m þ B Θ0

p

� �
ð11Þ

The above equation is solved by the algebraic multi-grid (AMG)
method. The 2nd order of upwind schemewas applied for the advection
term. Following the solution of the flow field, the energy is solved. The
code is based on the CFD solver we developed for simulating electro-
chemical flow systems [28,29] and incorporates numerical methods
(e.g. the 2nd-order upwind scheme for the advection term) for the
Fig. 3. Evolution of the shockwa
shockwave capture. The computational meshes of the flat plate surface
(a 2-D case) and cavity (a 3-D case) are shown in Fig. 2. Totally
500 × 500 and 100 × 400 × 400 gridpoints are adopted for the 2-D
and 3-D cases, respectively. The geometrical and operating parameters
are listed in Table 1. In all the simulations to be presented in the next
section, the equation residuals are smaller than 10−7. Adaptive time
stepping is used inwhich the current time step is inversely proportional
to the temporal gradient ofmaximumat the previous time stepwith the
maximum of 1 ns. The 2-D case takes less than 4 h on an Intel® Xeon™
Processor 2.0 GHz; and the 3-D computation typically takes nearly 20 h
on a Quad AMD Opteron 6174 4 × 2.20GHz and 64.0 GB DDR RAM.

4. Results and discussion

4.1. Flat surface case

Fig. 3 presents the expanding plasma generated shockwaves at typ-
ical time instants. At the early stage, the shockwave (e.g. 100 ns) ex-
hibits a shape stretched in the laser incidence direction, which is
primarily caused by plasma eruption. In addition, the theory of laser
supported detonation wave (LSD wave) [30] indicates that the energy
from the trailing laser pulse increases the temperature and electron
density at the shockwave tip, contributing to the non-uniform heating
of the shockwave and the observed stretched shape [25]. After the
laser energy vanishes, the shockwave exhibit a more hemispherical
shape with a radius that can be estimated by the classic Taylor–Sedov
theory [31]:

R ¼ ξ
E
ρ

� �1=nþ2

t2=nþ2 ð12Þ

where t is the delay time from the initiation of laser illumination, ρ
the surrounding gas density, E the energy released during the explosion
ves in the flat surface case.



Fig. 4. Comparison of positon-time plots of shockwaves obtained from shadowgraph,
Taylor–Sedov model, and 2-D numerical simulation for the plate surface case. The
shockwave expansion speed (from Exp 2) is also plotted.
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process, and ξ a constant determined by the specific heat capacity ratio.
For spherical shockwaves, n is equal to 3, yielding R~t0.4. Fig. 4 plots the
spherical shockwave radii as a function of the delay timemeasured from
the shadowgraphic images in two independent experiments, in com-
parison with both the Taylor–Sedov model and the 2-D numerical sim-
ulation predictions. All the sets of data agree very well. In addition, the
radii evolution clearly shows a decreasing trend of the expansion
speed with time elapse, as also ploted in the figure.

4.2. Grooved channel confinement

Fig. 5 displays the shockwave expansion and reflection in the rectan-
gular grooved cavity. Prior to reaching the grooved-channel sidewalls,
Fig. 5. Evolution of the shockwave in the grooved channel case. The first two
the shockwave behaves similarly as that for the previous flat surface
case. The spherical shockwave reached the channel wall at ~700 ns
from the laser initiation. When touching the wall, the shockwave was
immediately reflected, while the rest continues propagating upward.
The reflected shockwave propagating velocity was also evaluated,
which is in the same order ofmagnitude as the nonreflected shockwave.
When meeting with the nonreflected one, the reflected shockwave
merge with it only in the region near the reflecting wall. The “rings” in
the shadowgraph images are due to the diffraction from the dusts on
the optical lens.

Fig. 6 presents the validation of 3-D numerical simulation, showing a
good agreement for all the instants except 100 ns. The shockwave's lo-
cation was directly obtained from the shadowgraphic images. The pres-
sure contours in the simulation prediction are shown, with the
shadowgraphic data superposed. Physically, the shockwave represents
a sharp discontinuity, thus in the numerical solution a largest pressure
gradient appears across the shockwave. It is clearly shown that the 3-
D simulation prediction captures the time the shockwave hit the chan-
nel wall, the upper shockwave movement, the merge area of the
reflected and nonreflected shockwaves, and the reflected shockwave
shape. As to the initial shockwave (i.e. 100 ns), the nonuniform heating
of laser on the shockwavewas excluded in themodel, thus the stretched
shape was not well captured.

Fig. 7 presents the numerically predicted 3-D evolution of the
shockwaves. The left plane represents a channel sidewall, the planes
(0, y, z) and (x, 0, z) are the symmetric planes; and the below plane
(x, z, 0) is the channel bottomwall. It is shown that the predicted shock-
wave is hemispherical initially (e.g. 400 ns). When hitting the sidewall,
the shockwave reflected back, while the rest shockwave remains its
original shape. In some plots, e.g. 1500 ns, the merge between the
reflected and original shockwave is clearly visible, as seen the projected
curve of the merged shockwave on the bottom wall.

Fig. 8 displays the velocity field evolution for the channel cavity case
at the plane (x, 0, z). It shows that before the shockwave hit the sidewall
the velocity field uniformly points outwards from the laser-hitting spot
and pushes the shockwave forward. The velocity is at the order of
plots, i.e. 100 ns and 400 ns, are in different length scales with the rest.



Fig. 7. Shockwave expansion and reflection in the grooved channel case predicted by the 3-D numerical modeling.

Fig. 6. Shockwave expansion and reflection, captured by the 3-D numerical prediction and shadowgraphic images (the symbol). The contours are the pressure distribution with the unit
[Pa].
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Fig. 8. Velocity field distributions at the plane (x,0,z) for the grooved channel case, predicted by the 3-D simulation. The background contours are pressure distribution, indicating the
shockwave location.
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1000 m/s at the initial stage (e.g. 100 ns and 400 ns); and decreases
quickly, consistent with the expansion speed in Fig. 4. The initial large
velocity is promoted by the large amount of laser energy and conse-
quent plasma expansion. When the shockwave hits the sidewall and is
reflected, local velocity changes abruptly: at 600 ns, the velocity is rap-
idly reduced to around 0 near the shockwave-wall region. Fluid flows
into the shockwave-wall region to raise local pressure. At 1000 and
1500 ns, it is clear that two regions are visible: one is a strong flow to-
wards the center of the plasma from the reflecting sidewall, which is
primarily in the region adjacent to the bottom wall; the other is the
strong flow upward pushing the upper shockwave. The transition
zone between the two flow regions roughly represents the reflected
shockwave location near the reflecting sidewall. At 2500 and 3500 ns,
the two regions are still visible, but both regions show outward flows.

4.3. Plasma plume

Similar to shockwaves, the plasma plume expansion behaves simi-
larly as that in the flat surface case at the initial stage (e.g. 100 ns), as
shown in Fig. 9. Even before the reflected shockwave front reaches the
plasma plume, the plumes exhibit similarly (see 1000 ns) or no shock-
wave compression effect is visible, seeing (b) 1000 ns. The compression
Fig. 9. Evolution of plasma in (a) the flat surface case and (b) cavity confinement case, obta
effect by the reflected shockwave is evident at 1800 ns, in which the
lower plume was squeezed and the upper plume moves faster upward.
From Fig. 5, it is qualitatively seen that the reflected shockwave reaches
the lower plume location, indicative of shockwave compression. The
compression effect becomes remarkable for latter stage, e.g. 2500 and
3500 ns in (b), in which the plasma plume is further stretched in the
vertical dimension and confined in a smaller region than the flat surface
case. The modeling results help us better understand the behaviors of
the expanding shockwave and plasma and their interactions. As
shown in Figs. 6-8, after the shockwave reaches the cavity wall and
gets reflected from the cavity wall, the high pressure shock front region
containing ambient air moleculars with high kinetic energy compresses
the expanding plasma, leading to a more dense and stable hot core of
the plasma. This has been demonstrated in our early work [26], see
Fig. 10, that during the reflected shockwave-plasma interaction, the
plasma emission intensity is significantly higher than that on the flat
surface. Moreover, the core position will be regulated by the reflected
shockwave to amore stable position, which allows us to find an optimal
signal collection angle [26]. In the future work, we will model the inter-
actions between the reflected shockwave and plasma to elucidate the
plasma emission enhancement and core position stabilization as ob-
served in the previous experiments.
ined from the ICCD images. The plasma compression effect was observed after 1800 ns.



Fig. 10. Plasma emission intensity evolution from the cavity case and the flat surface case [26].
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5. Conclusions

In thiswork, both experimental and computational studieswere car-
ried out to investigate the expansion dynamics of shockwaves in both
flat surface and channel cavity cases. The computationalmodelwas suc-
cessfully developed and implemented for 2-D (the cylindrical coordi-
nate) and 3-D (the Cartesian coordinate) numerical simulations of the
two cases, respectively. The model was validated against experimental
results in terms of shockwave propagation and reflection. In theflat sur-
face case, the shockwave expanded into an unconfined space, exhibiting
a hemispherical shape specially at the latter stage of expansion. When
the channel confinement is present, the shadowgraph images clearly
showed that the shockwaves were reflected from the channel sidewall,
and the ICCD images indicated that the reflected shockwaves compress
the plasma plume, leading a vertical stretch of the plume. 3-D simula-
tion results predict the shockwave shapes, including the merge of the
reflected and nonreflected shockwaves. The velocity fields were
displayed, showing that a large velocity was promoted initially and
push the shockwave expansion. When the shockwave hit the sidewall,
local velocity decreased to around zero near the shockwave-wall area.
After shockwaves were reflected, two regions were clearly shown in a
certain period with one flowing towards the plasma center and the
other continuing pushing the upper shockwave. Future work will incor-
porate the plasma transport equation to the present 3-D model frame-
work, improve the fundamental understanding of the reflected
shockwave-plasma interaction, and reveal the impacts of confinement
geometry on the plasma enhancement.
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