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Abstract
We proposed a theoretical spatio-temporal imaging method, which was based on the thermal
model of laser ablation and the two-dimensional axisymmetric multi-species hydrodynamics
model. By using the intensity formula, the integral intensity of spectral lines could be calculated
and the corresponding images of intensity distribution could be drawn. Through further image
processing such as normalization, determination of minimum intensity, combination and color
filtering, a relatively clear species distribution image in the plasma could be obtained. Using the
above method, we simulated the plasma ablated from Al–Mg alloy by different laser energies
under 1 atm argon, and obtained the theoretical spatio-temporal distributions of Mg I, Mg II, Al
I, Al II and Ar I species, which are almost consistent with the experimental results by differential
imaging. Compared with the experimental decay time constants, the consistency is higher at low
laser energy, indicating that our theoretical model is more suitable for the plasma dominated by
laser-supported combustion wave.

Keywords: laser-induced plasma, theoretical imaging, species distribution

(Some figures may appear in colour only in the online journal)

1. Introduction

With the development of laser technology, the interaction
between laser and matter [1, 2], including absorption and
reflection of laser energy by target, formation and expansion of
plasma, plasma shielding especially prevalent for nanosecond
plasma and shock wave effect in the presence of background

gas, has become a research hotspot, and gradually formed the
research direction and application technology of pulsed laser
ablation, such as laser-induced breakdown spectroscopy [3–6]
and pulsed laser deposition [7–9]. The plasma produced by laser
ablation is transient and inhomogeneous, which can directly
affect the accuracy of quantitative analysis and the quality of
deposited films. Therefore, it is particularly important to study
the spatio-temporal evolution of plasma. The commonly used
methods are spectroscopy and transient imaging. The former can
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obtain the radial and axial integral intensity of plasma at different
time, while the latter can obtain the size, shape and species
distribution of plasma. Due to the intuitiveness of transient
imaging, it has been widely used to study the expansion and
evolution of multi-element plasmas in different gases.

In early works [10–12], the imaging method was used to
capture whole plasma image for analysis, but this is spectral
indiscernible. In recent decades, some spectroscopic imaging
methods, such as acousto-optic tunable filter, liquid crystal
tunable filter, Fourier transform visible spectroscopy, narrow
band filter and dual-wavelength differential imaging, have
been used in the study of species distribution of plasma. The
first two methods implement wavelength selective imaging by
placing an acousto-optic tunable filter or liquid crystal tunable
filter in front of ICCD. For example, R A Multari et al used
acousto-optic tunable filter to analyze the variation of species
distribution of plasma ablated from metal samples with lens-
to-sample distance and laser incidence angle [13]. D N Stratis
et al investigated the distribution of lead atoms in plasma
using liquid crystal tunable filter [14]. Although the spectral
resolution of liquid crystal tunable filter is better than that of
acousto-optic tunable filter, there is still a large light loss in
the medium, which reduces the imaging sensitivity. Fourier
transform visible spectroscopy is to obtain the full spectrum
by measuring the interference graph and taking Fourier
transform, so as to draw the plasma image at a certain
wavelength. For example, V Bulatov et al used it to study the
distribution of Cu and Zn species in laser-induced brass
plasma, and found that Zn species were mainly distributed in
the outer layer and Cu species were in the inner layer, and
inferred that this distribution structure depends on the melting
points of elements [15]. But this method is too complicated
and limited to visible wavelengths. Narrow band filter can be
used to realize the imaging of plasma species distribution by
selecting the filter whose central wavelength corresponds to
the characteristic emission line of species. For example, R A
Al-Wazzan et al used it to compare the distribution of Ba II in
plasmas ablated from YBa2Cu3O7 target in vacuum and 180
mTorr oxygen after a long delay [16]. K F Al-Shboul et al
used it to obtain a two-dimensional image of C2 in plasmas
generated from carbon target under vacuum and helium with
different pressures, and the relationship between ambient
pressure and emission intensity was obtained [17]. More
recently, D M Surmick et al studied the shockwave effects of
laser ablation of aluminum in air through the distribution of
aluminum monoxide [18]. C G Parigger et al obtained the
distribution of cyanide in a gas mixture of N2 and CO2 and
the spatio-temporal evolution of plasma parameters [19].
However, this method is only suitable for imaging at the end
of plasma evolution. On this basis, the dual-wavelength
differential imaging can remove the continuous background
radiation of the early plasma by adding a filter whose central
wavelength is close to the species emission line, so as to
obtain the species distribution image of the initial plasma. For
example, J Yu et al recently used it to study the distribution of
aluminum species in plasma, and also analyzed the influence
of experimental parameters on species distribution, including
laser wavelength, irradiance, pulse duration and ambient gas

type [20–22]. We also used it to investigate the relationship
between the species distribution in plasma ablated from bin-
ary alloy and laser irradiance, chemical composition and
miscibility [23]. Although the dual-wavelength differential
imaging has high image quality, it is difficult to carry out
extensive research in experiments due to some factors. One of
the most important is that the selection of filter is very diffi-
cult, because in the 5–20 nm bandwidth of the filter, there are
almost interference lines, which easily leads to image dist-
ortion. It can be seen that the traditional plasma imaging
methods are generally cumbersome, time-consuming and
have less measurable elements, so new imaging methods are
urgently needed to obtain the transient spatio-temporal spe-
cies distribution images of all elements in the plasma more
quickly and conveniently.

In this work, based on the thermal model of laser ablation
and the two-dimensional axisymmetric multi-species hydro-
dynamics model, combined with a series of image processing
algorithms of species distribution, a new theoretical spatio-
temporal imaging method is proposed and verified by the
dual-wavelength differential images.

2. Theoretical spatio-temporal imaging method

The proposed theoretical spatio-temporal imaging is mainly
based on the thermal model of laser ablation and the two-
dimensional axisymmetric multi-species hydrodynamics
model. Firstly, the plasma parameters are calculated, and the
emission intensity of each species in the plasma is obtained
according to the intensity expression under local thermal
equilibrium. Then, a series of image processing is performed
on the intensity distribution images, and finally the transient
species distribution image of plasma is obtained. The specific
process is as follows.

2.1. Calculation of temperature distribution of target

For the near-infrared laser (1064 nm), the critical electron

density nc calculated by the formula = e wn m

ec
0 e

2

2 is
9.86×1020 cm−3. In the above formula, e is the electron
charge, me is the electron mass, and ω is the angular fre-
quency of the laser. When the laser irradiates the target, the
target absorbs the laser energy and the temperature rises.
After breakdown, the electron density soon reaches higher
than the critical value at the surface and prevents laser
penetration by reflection. Under the action of the nanosecond
laser pulse, the spot radius (mm) of the laser beam is much
larger than the heat diffusion distance, so the temperature
distribution of the target can be solved by the one-dimen-
sional heat conduction model [24]:
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where cp, ρt, λt, R, α are the properties of the target, corresp-
onding to specific heat, mass density, thermal conductivity,
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reflectivity and absorption coefficient, and Tt, v are respectively
the temperature and evaporation rate of target, and I is the laser
power density reaching the target surface, and z is the coor-
dinate along the inward normal to the target surface. For an
aluminum–magnesium alloy, the values corresponding to the
parameters of the target are given in table 1.

2.2. Calculation of plasma parameters

Plasma parameters include species number density, plasma
temperature and so on. The expansion of laser ablated plasma
is usually described by the multi-species hydrodynamics
model, including the conservation equations of mass,
momentum and energy [25–28]:

r
r

¶
¶

+  + =
t

u u 0, 2i
i id· ( ( )) ( ) 

r
r t

¶
¶

+  =  - 
u

t
uu p, 3· ( ) · ( )

  

r

r t

l a a

¶ +


¶
+  +


 =  

-  +   + + -

e
u

t
e

u
u u

p u T I q

2

2

. 4

2

2

IB PI

· ( · )

· ( ) · ( ) ( ) ( )

⎜ ⎟

⎜ ⎟

⎛

⎝

⎞

⎠ ⎛

⎝
⎜

⎛

⎝

⎞

⎠

⎞

⎠
⎟

Here, r ,i u id


correspond to the mass density, diffusion velocity
[29] of species i, and ρ, u, p, T are, respectively, the total mass
density, plasma velocity, local pressure and plasma temper-
ature, and e represents the specific internal energy, and q is
the radiation power loss due to bremsstrahlung process. The
expression of thermal conductivity λ and viscous stress tensor
τ can be found in the literatures [30, 31]. When the plasma
density is greater than the critical value, the plasma reflects
the incident laser, that is, the laser cannot penetrate the region.
On the contrary, the absorption of laser energy by plasma
needs to be considered. (αIB+αPI)·I is the laser energy
absorbed by the plasma, and I is the laser power density at the
location z:

ò a a= +
¥

I I zexp d , 5
z

0 IB PI( ) ( )⎡
⎣

⎤
⎦

where I0 is the incident laser power density, z is the coordi-
nate along the outward normal to the target surface (vertical
axis), and correspondingly, r is perpendicular to the direction
of target normal (horizontal axis), αIB is the inverse brems-
strahlung absorption coefficient, including electron-neutral
absorption (αen) and electron-ion absorption (αei) [31], and
αPI is the photoionization coefficient of excited atoms:
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Here, n ,e n ,0 n ,j nv are, respectively, the electron density,
atom number density, ion number density and vapor number
density, Q is the cross section of photo absorption by an
electron (10−36 cm5) [32], zj is the charge number, ε is the
lowest excitation energy of photoionization, υ is the laser
frequency, and c, kB, h are respectively the speed of light,
Boltzmann constant and Planck constant. s = ´7.9PI
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( )( ) is the cross section area [33], and EI is the

ionization potential of excited state, which is considered to be
equal to the photon energy of laser, and IH is the ionization
potential of hydrogen.

The above conservation equations also need to be com-
bined with the expressions of local pressure and internal
energy density of ideal gas:
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where Mi is the molar mass of specie i, IPj stands for the
ionization potential, and R is the universal gas constant.

As for the boundary conditions near the target surface, it
is necessary to combine the target temperature obtained by the
thermal model, and then use the jump conditions [34]. This is
because a thin vapor layer, namely the Knudsen layer, is
formed above the target and translational equilibrium is
achieved by collisions within several mean free paths in this
region. Under the condition of local thermal equilibrium, the
species number density can be obtained by using the Saha
equations.

2.3. Calculation of line intensity of species

For the plasma in local thermal equilibrium, the line intensity
of species (u–l transition) can be expressed as:

l
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Here, C is a constant, U is the partition function, n is the
species number density, g, E are the degeneracy and energy of
the upper energy level, A is the transition probability, and λ is
the wavelength. In this way, by substituting the species
number density and plasma temperature calculated by the

Table 1. Properties of aluminum–magnesium alloy.

Parameters Values

Specific heat, cp (J g
−1 K−1) 0.90

Mass density, ρt (g cm−3) 2.70
Thermal conductivity, λt (W cm−1

K−1)
2.37

Reflectivity, R 0.90
Absorption coefficient, α (cm−1) 1.5×106

Melting point, Tm (K) 921 (Mg), 934 (Al)
Boiling point, Tb (K) 1363 (Mg), 2792 (Al)
Heat of fusion, Hf (J mol−1) 9.04×103 (Mg), 1.04×104

(Al)
Heat of vaporization, Hv (J mol−1) 1.16×105 (Mg), 2.55×105

(Al)
First ionization potential, IP (eV) 7.65 (Mg), 5.99 (Al)
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hydrodynamics model, the line intensity of each species can
be obtained.

2.4. Image processing

Because the main distribution positions of different species in
plasma are different, it is necessary to study the intensity
distribution of different species on the symmetry axis to show
the order of species layers. Taking three kinds of species as an
example, the line intensity distribution of species along the
axial direction at the center of plasma is given, as shown in
figure 1(a), in which the color represents the species. Since
the intensity values of different species are different, in order
to describe the process more directly, the intensity is nor-
malized first. After normalizing the line intensity of species
(figure 1(b)), it can be seen that the image discrimination is
poor due to the small spacing of the maximum intensity
distribution and serious overlaps between different species. In
order to improve the resolution, the image needs to be further
processed. First, the intersection points of two adjacent curves
need to be found in turn, just as the circle dots marked in the
figure, and then the curves are drawn with the ordinate value
of the lowest point as the limit of line intensity, as shown in
figure 1(c). After a series of processing, it is obvious that the
overlap can be almost ignored. For each species, a two-
dimensional intensity distribution image is drawn in the
calculation region with all intensity values greater than the
selected minimum intensity. Finally, the high-resolution
species distribution image of plasma can be obtained by
combining the intensity distribution images of various species
at corresponding positions and color filtering.

3. Experiment

In the experiment, we used the dual-wavelength differential
imaging to verify the validity of the proposed theoretical
spatio-temporal imaging method. An aluminum–magnesium
alloy with mass ratio of 49:1 was selected as the target, and its
properties are shown in table 1. Since the mass fraction of
magnesium is very small, we used the parameters of the main
component aluminum instead of those of the alloy. The
experimental apparatus is shown in figure 2. The pulsed laser

emitted from a Nd:YAG laser (Spectra Physics, INDIHG-
20S, 1064 nm, 7 ns, 20 Hz) is divided into two beams by a
polarization beam splitter (PBS), one of which is focused on
the target surface through a lens with a focal length of 50 mm
and a focal spot radius of about 0.2 mm, and the other is used
to monitor the pulsed laser energy. Here, the split ratio of the
combination of PBS and half-wave plate was fixed at 1:10.
Two tubes continuously blow argon to both sides of the
plasma so that it is always surrounded by argon. Experiments
were carried out with laser energy of 5 mJ (close to the
breakdown threshold of the alloy) and 50 mJ respectively, and
the plasma images were collected by an ICCD camera
(Andor, iStar DH334T-18U-03). The delay time of ICCD

Figure 1. Image processing based on line intensity distribution, including the original intensity distribution (a), the normalized intensity
distribution (b) and the intensity distribution after processing (c).

Figure 2. Experimental setup of dual-wavelength differential
imaging.

Table 2. Spectral parameters of Mg, Al and Ar species.

Species λul (nm) Aul (×107 s−1) E (eV) g

Mg I 516.73 1.13 5.11 3
517.27 3.37 5.11 3
518.36 5.61 5.11 3

Mg II 448.11 23.3 11.63 8
448.13 21.7 11.63 6

Al I 394.40 4.99 3.14 2
396.15 9.85 3.14 2

Al II 358.66 23.5 15.30 9
Ar I 763.51 2.45 13.17 5
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camera was set to 100, 150 and 250 ns respectively, and the
exposure gate time was 5 ns. In order to study the imaging
characteristics of different species, we selected some char-
acteristic lines of species without mutual interference. Firstly,
a filter with a central transmission wavelength corresponding
to the characteristic line was used, and then a filter with an
adjacent central transmission wavelength was used to remove
the continuous background radiation. Finally, the emissivity
images of species were obtained by Abel inversion. The Abel
inversion is a discrete method based on the Fourier–Hankel
algorithm [35], which can transform the integral intensity
images of species obtained by ICCD camera along the
direction of photography into the species distribution images.
The selected spectral lines are listed in table 2, and the
corresponding spectral parameters are from the NIST
database.

4. Results and discussion

The theoretical spatio-temporal imaging and dual-wavelength
differential imaging were used to image the distribution of
Mg, Al and Ar species in plasmas ablated by 5 and 50 mJ
laser energies at 100, 150 and 250 ns, respectively, to verify
the feasibility of this theoretical imaging method.

In the numerical calculation of theoretical spatio-tem-
poral imaging, the grid step of the horizontal axis was
0.01 mm, and the grid step of the vertical axis above and
below the target was 0.01 mm and 1 μm, respectively. For the
consistency of calculation, the time step was 0.1 ns. The
forward difference method was used to solve the heat con-
duction equation, and the explicit Lax–Wendroff combined
with the Flux-Corrected Transport method [36] was used to
solve the hydrodynamics equations. The above calculation
algorithm was developed in a MATLAB environment.

We provide a detailed description of the process used in
this work. The intensities of different species were obtained

through the basic model, and then all the intensities were
normalized with the maximum value. In order to improve the
resolution of the order of species layer, in the axial spatial
distribution of normalized intensity at the central of plasma at
100 ns under high laser energy shown in figure 3(a), the
lowest intersection point 0.6 was taken as the limit of inten-
sity, and the processing result is shown in figure 3(b). The
intensity distributions of different species were then plotted
with values greater than the minimum intensity. The same
standard was used to process the species distribution images
in other cases. Figure 4 shows a comparison of species dis-
tribution images at different times under different laser
energies before and after processing. It can be seen that the
distribution of atoms and ions in the original image overlaps
seriously, especially at low laser energy, it is difficult to
distinguish the order of species layers. However, in the pro-
cessed image, the boundary of each species layer and the
whole layer structure becomes clearer. Although the plasma
size is obviously reduced, we are actually concerned with the
order of species layers in the plasma.

The comparison of the temporal evolution of species
distribution images obtained by experiment and theory under
the two laser energies is shown in figure 5, where figure 5(a)
shows the distribution of Mg and Ar species, and figure 5(b)
shows the distribution of Al and Ar species. It is seen that the
excited Ar atoms are distributed in the top, the excited Mg
and Al ions are distributed in the middle, and the excited Mg
and Al atoms are distributed at the bottom. This order is
consistent with the experimental results and can be easily
explained. Unlike plasma in a vacuum, in the presence of
background gas, the vapor plasma with high pressure and
velocity expands outwards, squeezes the surrounding gas and
produces a compressed shock wave at the leading edge of the
vapor plasma. The vapor plasma produced by the laser
releases energy into the environment and excites the gas, so
that the excited Ar atoms are distributed around the vapor
plasma, the ions are distributed in the plasma core with higher

Figure 3. Processing of intensity distribution of Mg, Al and Ar species, including the normalized intensity distribution (a) and the intensity
distribution after processing (b).
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temperature, and the atoms are distributed near the target
surface with lower temperature. Comparing the theoretical
and experimental results, it is found that the significant dif-
ference is that the ion distribution is dominant in the experi-
ment. The study on the rate coefficient of early plasma [37]
shows that the collision ionization process of species is
relatively important, which can greatly extend the ion inten-
sity distribution. However, in our theoretical model, the
source term of species density was not considered, but this
does not affect the order of species layers we are concerned
about. In addition, when the laser energy increases from 5 to
50 mJ, the shape of the plasma deforms from a transversely
elongated ellipsoid to a near sphere, which is more obvious in
the theoretical image, indicating that the increase of laser
energy has a great influence on the longitudinal velocity of
the plasma. Compared with the original images in figure 4,
the simulated plasma size is larger than the experimental one,
which is probably due to the transmittance of the filter and the
quantum efficiency of the ICCD camera.

The imaging method allows us to directly observe the
changes in plasma size and morphology, but the quantitative
study of the line intensity distribution of species in plasma is
still inseparable from the spectroscopic method. For this
reason, we also investigated the order of species layers of
different elements by the spectroscopic method. Figure 6
shows the temporal evolution of line integral intensity of

species near the target surface (z=0.1, 0.25 mm) under the
two laser energies. In the illustration, all the peaks were
enlarged to show the distribution order of species layers more
clearly. At each laser energy, the spectral line intensity at
0.25 mm was normalized according to the spectral line
intensity at 0.1 mm. The integral intensity of the spectral line
reaches the maximum rapidly at first, and then decreases
slowly. Under different laser energies and axial positions,
according to the peak appearing time, the order of species is
Ar I, Al II, Mg II, Mg I, Al I. In accordance with the order of
species layers, the excited Ar I is pushed forward by the
expanding vapor plasma, which leads to the conclusion that
Ar I is the fastest and ions are faster than atoms. For atomic
species, Mg I is faster than Al I, which is related to the fact
that the atomic mass of Mg is less than that of Al, because the
species velocity is inversely proportional to the square root of
its mass. For ionic species, Al II is slightly faster than Mg II,
which is related to the energy of the upper energy level of the
selected spectral lines. To move from a low energy level to a
high energy level, the electrons in Al II need to absorb more
energy, as in the higher upper energy level listed in table 2.
Therefore, Al II is closer to the front edge of the plasma with
a higher temperature than Mg II. The decrease of laser energy
and the increase of axial position will delay the time to reach
the peak intensity. It can be seen that at 0.25 mm, all lines
(especially ionic lines) at low laser energy decay in an

Figure 4. Comparison of species distribution images at different times under laser energies of 5 and 50 mJ (a) before and (b) after image
processing.

Figure 5. Comparison between the (a) theoretical spatio-temporal imaging and (b) dual-wavelength differential imaging of species
distribution at different times under laser energies of 5 and 50 mJ.
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unequal proportion, while at high laser energy, except for the
enhancement of Ar line, the other lines almost decay in the
same proportion. With the expansion of plasma, the species
number density and plasma temperature decreased, resulting
in the decrease of the intensity of most species in the far axial
position. For Ar I species at high laser energy, the increase of
the number density was caused by the interaction between
vapor plasma and background gas, of which the effect
exceeds that of plasma temperature on the intensity. There-
fore, the intensity of Ar I species increases at the far axial
position.

The spatial evolution of line integral intensity of species
along the vertical axis at different times under the two laser
energies is given in figure 7. At each laser energy, the line
intensities at 100 and 150 ns were normalized according to the
line intensity at 50 ns. As can be seen, all the lines become
weaker with time, and the peak of species line is farther away
from the target surface. The distance between the axial
position of peak intensity and the target surface is corresp-
onding to the arrival time of peak intensity shown in figure 6.
That is to say, the earlier the peak intensity appears, the faster
the velocity of the species is, and the farther the peak intensity
is from the target surface. At low laser energy, the decrease of
peak intensity of ionic line is the most significant, while at
high laser energy, the peak intensity of atomic line decreases
slightly faster than that of ionic line. At both laser energies,
the intensity of Ar I decreases slowly, because with the

expansion of plasma, the number density of Ar I at the plasma
edge increases with time. The above discussion shows that the
laser energy has a certain influence on the decay of species.
Then we integrated the intensity of species in the calculated
region to study the decay of species in the plasma under two
laser energies. The results are shown in figure 8 as scatter
points, and the correlation coefficients R2 of exponential fit-
ting are all greater than 0.98. Consistent with the experimental
results of aluminum–magnesium plasma in argon, the beha-
vior of exponential decay of ionic line intensity with time was
also observed. According to self-absorption studies by Sur-
mick et al for aluminum [38] and by Sherbini et al for
magnesium [39], in the early stage of plasma, there is a self-
absorption effect, that is, plasma intensity is the result of
spontaneous radiation and self-absorption. The intensity of
spontaneous radiation decreases exponentially with time, as
does the self-absorption coefficient, which determines the
evolutionary trend of actual intensity. The smaller the time
constant (the denominator) [21], the faster the species decay.
Moreover, ions decay faster than atoms, because in the later
stage, the recombination of ions and electrons gradually
becomes dominant. Species decay more slowly under higher
laser energy, which implies that increasing laser energy can
prolong the lifetime of plasma.

At the early stage of plasma expansion, the decay time
constants of different ionic line intensities were extracted by
exponential fitting. Under low laser energy, the decay time

Figure 6. Model-predicted temporal evolution of axial line integral intensity of species near the target surface under laser energies of 5 and
50 mJ.
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constant of Al II (59 ns) is less than that of Mg II (62 ns), that
is, the decay is faster, which is consistent with the theory. In
contrast to the theoretical results, the decay time constants of
Al II is 190 ns and that of Mg II is 107 ns under high laser
energy. The decay time constants are relatively small due to
the lack of the source term of the collision ionization process
in the theoretical model. Combined with the species dis-
tribution images in figure 5, there is a significant difference
between the experimental and theoretical images at high laser
energy, indicating that our theoretical model may be more
suitable for the study of species distribution at low laser

energy. At low laser energy, the plasma shielding occurs in
the vapor in the middle of the plasma, and the plasma exhibits
a laser-supported combustion wave, while at high laser
energy, the plasma shielding occurs in the impacting gas at
the front of the plasma, and the plasma exhibits a laser-sup-
ported detonation wave. At high laser energy, the impacting
gas directly absorbs a lot of energy, and its backward recoil
results in a significant extension of the lifetime of adjacent Al
II. Through further analysis of laser-supported absorption
waves at different laser energies, our model can be applied to
the plasma dominated by laser-supported combustion wave.

Figure 7. Model-predicted axial spatial evolution of emission line integral intensity of species at different time under laser energies of 5 and
50 mJ.
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5. Conclusion

In this work, based on the thermal model of laser ablation and
two-dimensional axisymmetric multi-species hydrodynamics
model, the theoretical calculation of plasma generated by
laser and aluminum–magnesium alloy in atmospheric argon
is carried out, thus a theoretical imaging method is pro-
posed. After a series of image processing including nor-
malization, determination of minimum intensity,
combination and color filtering, the relatively clear species
intensity distribution images are obtained. It can be clearly
seen that the excited Ar atoms are distributed in the per-
iphery due to the extrusion of the expanding vapor plasma,
the excited Mg and Al ions are distributed in the central
region of the plasma, and the Mg and Al excited atoms are
distributed closer to the target surface, all of which have the
same arrangement as the experimental layered structure.
The species arrangement of different elements of the same
charge state is related to the energy of the upper energy
level of the selected spectral lines. Moreover, the spectral
lines intensity decreases exponentially with time, and the
line intensity of ions decays faster than that of atoms due to
the recombination process especially at low laser energy.
Similarly, the experimental decay behavior over time is
observed during experimental verification of aluminum–

magnesium plasma in argon. Compared with the decay time
constants, the experimental results at low laser energy are in
good agreement with the theoretical results, which proves
the practicability of the theoretical model in the plasma
dominated by laser-supported combustion wave. Compared
with the traditional experimental imaging methods, the
theoretical spatial-temporal imaging can simulate the dis-
tribution of multi-element species in the plasma quickly and
simultaneously, help people understand the plasma more
deeply, and provide theoretical support for laser ablation

application. In the next work, we will use this method to
further study the species distribution in plasma with a large
difference in the relative atomic masses of the constituent
elements.
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