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A B S T R A C T

Investigation on species distribution of vapor plasma is of great significance for understanding the laser-target
interaction, the plasma dynamics and verifying theoretical models. It is also helpful for optimizing the spectral
acquisition to improve the quantitative performance of spatial-resolved laser-induced breakdown spectroscopy
(LIBS). In this work, the laser-induced plasma on the surface of binary alloy is analyzed by using spectrally,
spatially and temporally resolved dual-wavelength differential imaging to explore the dependence of species
distribution in plasma on laser-supported absorption (LSA) wave regime and sample composition. The laser-
supported combustion (LSC) and laser-supported detonation (LSD) wave dominated plasmas with different
elemental mass ratios are induced from a series of binary immiscible alloys by using low and high irradiance
laser pulses, respectively. By comparing the spatial-temporal emissivity images of species, the following con-
clusions are drawn: 1) laser irradiance can change the species distribution of plasma, while the sample com-
position cannot; 2) for LSC-wave dominated plasma, the species distribution mainly depends on the melting
points of constituted elements in the sample, while for LSD-wave dominated plasma, it mainly depends on the
atomic masses of elements. The above behaviours on species distribution in plasma produced from binary im-
miscible alloys are expected to be suitable for other elements or even multi-element plasmas.

1. Introduction

Laser-induced plasma (LIP) as a spectroscopic emission source has
been studied in earnest since the 1960s. The LIP emits characteristic
lines during its expansion cooling. Qualitative or quantitative analysis
of unknown sample can be achieved by analyzing these spectral lines.
This technique is called laser-induced breakdown spectroscopy (LIBS),
which is known as “next superstar” within the group of analytical
atomic spectrometry methods [1]. It is expected to be widely used in
industrial process monitoring, such as chemical industry [2–4], me-
tallurgy [5], etc., for its capability of fast speed and multi-element
analysis. Because the LIP contains complex radiation and species, the
internal structure of it is rather ambiguous. The significance of in-
vestigation on species distribution of LIP mainly manifests in three
aspects: understanding more deeply the complex phenomena involved
in laser-target interaction and the dynamics of LIP, providing a means
of experimental verification for theoretical models, and improving the

quantitative performance of spatially-resolved LIBS through optimiza-
tion of optical collection parameters.

Previous work on plasma species distribution mainly focused on
either initial evolution model or experimental observations. For plasma
evolution, the laser-supported absorption (LSA) wave model was firstly
proposed by Raizer [6] in 1966 and progressively improved [7–12].
Attributing to different experimental conditions such as laser irra-
diance, wavelength, target vapor composition, ambient gas composi-
tion, gas pressure, etc., the LSA-wave usually has two regimes of wave
propagation, the laser-supported combustion (LSC) wave and the laser-
supported detonation (LSD) wave. The difference between them mainly
arises from different mechanisms used to propagate the absorbing front
into the cool transparent atmosphere. For experimental studies, the
distribution images of species were taken by means of two-dimensional
spectral scanning or CCD imaging. For example, Cristoforetti et al.
studied the distribution of Al species from the target and air species in
plasma and provided important information about the formation of
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plasma and its successive evolution history [13]. Aguilera and Aragón
et al. studied the relative distributions of Fe and Ar atoms in plasma and
deemed that there was an important interaction between plasma and
the surrounding atmosphere [14–17]. They also obtained the three-di-
mensional distributions of the neutral atoms and ions of Ni, Fe, and Al
in the plasma [18,19]. Bulatov et al. confirmed that Cu and Zn species
mainly present at a different location in the plasma by drawing the
species intensity distribution map, which is helpful to find the optimum
site in the plasma that provides the best spectral signal to noise ratio
[20]. Wazzan et al. compared the emission intensities and number
densities of Ba II in vacuum and in ambient gas and found that the
presence of ambient gas led to a significant increase in local number
density at the expanding front of the plasma plume [21]. Geometric
factors were investigated by Multari et al. through imaging for Al I, Al II
and Ti II species to optimize the excitation and fluorescence collection
parameters [22]. Although the above theoretical evolution and ex-
perimental research have been thoroughly studied, they were seldom
related. Yu et al. experimentally investigated the structure and dy-
namics of unitary Al plasma in the early stage by using dual-wavelength
differential spectroscopic imaging, and explored the mechanism of laser
post-ablation interaction [23,24]. It was demonstrated that plasma
shielding due to various species localized in different zones inside of the
plume led to different morphologies and internal structures of the
plasma. Also the differences between LSC- and LSD-wave such as plume
morphology, species localized in plasma core, species lifetime, internal
plasma structure, decay velocity of population, etc. were investigated
[25–27]. The authors pointed out that the characteristics of LSC-wave
include a rather spherical expansion of the plume, a layered internal
structure, and a fast decay of the ionized population of the ambient gas.
The plasma shielding in this case is dominantly contributed by the
ablation vapor, which leads to an absorption zone in the middle of the
plume close to the target surface. The characteristics of LSD-wave in-
clude a clearly elongated morphology of the plume, a dominant plasma
core consisting of a mixture of ions of aluminum and argon, and a
significantly longer lifetime of argon ions. The plasma shielding in this
case is dominantly contributed by the shocked and the ionized ambient
gas which is initially localized around the propagation front of the
plume. These works mainly investigated on plasmas produced from
unitary alloy, no more complex plasmas produced from binary or multi-
element alloy were involved.

This paper attempts to further study the spatial-temporal distribu-
tion of species in vapor plasmas produced from binary alloys. Here, the
species distribution refers specifically to the distribution order of spe-
cies layers coming from the target. Firstly, LSC- and LSD-wave domi-
nated plasmas will be induced on the surfaces of binary samples by
using low and high irradiance laser pulses, respectively. Then, we will
investigate the dependence of species distribution on LSA-wave regime
and sample composition through dual-wavelength differential spectro-
scopic imaging. Finally, the resulted conclusions on species distribution
in plasma produced from binary immiscible alloy will be validated
theoretically and experimentally.

2. Experimental

2.1. Sample

In order to more clearly understand the spatial and temporal dis-
tribution of species in plasma produced from binary alloy, Al and Sn
were selected due to their significant differences in physical properties
(see Table 1) such as melting point, atomic mass and sparse, non-in-
terference characteristic lines. In this experiment, three AleSn alloys
were used as test samples, of which the mass ratios of Al to Sn were 7:3,
5:5, and 3:7, corresponding to the atomic number density ratios of
about 10:1, 4:1, and 2:1, respectively. Note that the AleSn alloys are
immiscible alloys with a melting point of about 870 K and liquid phase
separation characteristics.

2.2. Experimental setup

Fig. 1 displays the schematic of the experimental LIBS setup with
differential spectroscopic imaging. A Q-Switched Nd: YAG laser
(Spectra Physics, INDIHG-20S) emitted pulses with 7 ns pulse duration
and 20 Hz repetition rate at the wavelength of 1064 nm. The laser pulse
was reflected by a silver-coated mirror and passed through a half-wave
plate (HWP) and was divided into two beams by a polarizing beam
splitter (PBS). An absolutely calibrated energy meter (Newport, 2936-
R) was used to measure the fraction of the laser reflected by the PBS so
as to monitor the incident laser energy. The transmitted laser beam was
focused by a plano-convex lens (L1) of 50mm focal length to produce a
focal spot about 0.3 mm in diameter. The sample was loaded on an
integrated, motorized, software-controlled X-Y-Z stage to make each
laser pulse hit on a fresh spot of the alloy surface. On one side of plasma
perpendicular to the axis of laser incidence, an ICCD1 (Andor, iStar
DH334T) was used to record the images of plasma species through a 4f
system consisting of two lens (L2 and L3) and a narrow band filter (F).
On the other side of plasma perpendicular to the axis of laser incidence,
a lens (L4) was used to amplify the plasma image by 6 times. The
emissions came from different axial (x) and radial (r) positions of the
plasma plume were guided to a grating spectrograph (Princeton In-
struments, SP-2750) that equipped with a time gated ICCD2 detector
(Princeton Instruments, PI-MAX4-1024i) through a 0.2 mm diameter
all-silica optical fiber. The fiber was mounted on a software-controlled
X-Y stage perpendicular to the sample surface. The wavelength scale of
the spectrograph was calibrated by a low pressure Hg-lamp (Newport,
6048) and the spectral intensity was calibrated by a powerful deu-
terium halogen source (Avantes, AvaLightDH).

More specifically, in the experiment, laser pulses with irradiances of
1 GW/cm2 and 10 GW/cm2 were used. Two pipes blew argon at a speed
of 5 L/min continuously to make the plasma always be surrounded by
pure argon during the experiment. For temporal imaging, delay times of
20, 200, and 400 ns were used, with corresponding gate widths of 2, 5,
and 20 ns, respectively.

2.3. Emissivity images of species

For differential spectroscopic imaging, the adequate pair of filters
(F1 and F2) was selected for imaging each species of interest. Here, the
transmission curve of F1 was centered on a characteristic line of a
species to be studied, while that of F2 was shifted to a neighboring
wavelength where emission from the species was negligible. Thus the
two-dimension emission of the studied species inside the plasma was
obtained through the subtraction of the species image from F1 (for
species signal) and that from F2 (for continuum background). It should
be noted that each image transmitted through the filter was corrected
with the corresponding transmission curve so that the images from F1
and F2 were comparable. In order to reduce the fluctuations and im-
prove the signal-to-noise ratio, specific ICCD gain was used for each
species imaging (listed in Table 1), and each image was accumulated 60
times. The spectra collected by the fiber aligned with the central part of
the amplified plasma image of AleSn alloy at 20 ns and 400 ns with
laser irradiance of 10 GW/cm2 is shown in Fig. 2, where the char-
acteristic lines emitted by the six species were identified. The selected
lines for representing these species were indicated by letters “a” for Al
II, “d” for Al I, “g” for Sn II, “c” for Sn I, “e” for Ar II and “h” for Ar I,
while the continuum emissions were indicated by letters “b”, “f” and
“i”. The spectroscopic parameters of characteristic lines and central
wavelengths of filters for each species were also listed in Table 1. It
needs to be mentioned that the Al II line at 358.66 nm is a superposition
of 15 lines. Since the bandwidths of the filters are less than 10 nm, the
lines emitted by Al, Sn and Ar species did not interfere with each other
for spectral imaging. The Abel inversion [28] based on Fourier-Hankel
algorithm was used to transform the integral intensity images of species
recorded by ICCD into the emissivity ones. To improve the contrast, all

Y. Zhao, et al. Spectrochimica Acta Part B 158 (2019) 105644

2



the emissivity images were normalized by their maximums and the
species were expressed in different colors. Note that it is imprecise to
identify the spatial number density distribution of elements by mea-
suring the corresponding distribution of light emitted at specific wa-
velengths. Because light intensity should also take into account cor-
rections of electron temperature, electron density and pressure gradient
of plasma. However, in this work, the light intensity was employed to
qualitatively characterize the plasma morphology and the layer struc-
ture, but not to quantify the species density. Therefore, there is no need
for any correction of spectral line intensity.

3. Results and discussion

In order to study the species distribution in plasmas produced from
binary alloy, spatial-temporal emissivity images of Ar I (blue), Ar II
(grey), Al I (red), Al II (green), Sn I (goldenrod) and Sn II (fuchsia)
species in plasmas induced from the three alloys with different laser
irradiances were obtained. The behavior of the species was further
compared by plotting the normalized axial emissivity profiles at the
middle of the plasma. The effects of LSA-wave regime and sample
composition on species distribution in plasmas produced from binary
immiscible alloy are discussed as follows.

3.1. Species distribution on LSA-wave regime

3.1.1. Identification of LSA-wave regime
The LSA-wave model on plasma propagation mainly consists of LSC-

and LSD-wave regimes. The key to identify the exact regime of an initial

plasma is the incident laser irradiance. In our experiment, laser irra-
diances of 1 GW/cm2 (close to the breakdown threshold of 0.6 GW/
cm2) and 10 GW/cm2 were employed to produce plasmas, of which
both the emissivity images and normalized central axial emissivity
profiles of species at 20 ns are shown in Fig. 3. Compared with the later
stage of plasma expansion (at 400 ns), in the initial stage of plasma
formation (at 20 ns), the continuum radiation caused by brems-
strahlung and radiative recombination [29] was stronger, which re-
sulted in the lower signal-to-background ratios of emission lines. In
order to improve the reliability of experimental results of species dis-
tribution, not only each image was accumulated 60 times, but also
different ICCD gains were used for species imaging. It can be seen from
Fig. 3 that the plasma induced by low irradiance laser (1 GW/cm2)
exhibits an obvious layer structure during its initial expansion, and
there is a clear borderline between the species of Ar from the ambient
gas and the other species from the target. This is because the laser ir-
radiance was too small to reach the excitation threshold of argon, and
the argon was almost transparent to the laser. The laser could be di-
rectly deposited on the vapor plasma and absorbed by it. The excitation
and ionization of argon was due to the interaction of compression,
thermal conduction and radiative transfer between argon and the hot
plasma core. The layered distribution of species indicates that the
plasma propagation model was LSC-wave dominated at such a low ir-
radiance level.

At high laser irradiance (10 GW/cm2), as can be seen from Fig. 3,
the Ar II species are so widely distributed that they almost overlap with
the regions of species coming from the target. In this case, the high
ionization degree of shocked background argon was achieved not only

Table 1
Specifications of the physical properties of Al and Sn, the pair of filters selected for the observation of atomic and ionic species of Al, Sn, and Ar and the spectroscopic
parameters of these spectral lines. The ICCD gains corresponding to each species under different laser irradiances are also listed.

Element Melting
point (K)

Boiling
point (K)

Relative
atomic
mass

Species Emission
line (nm)

Lower
level
energy
(eV)

Upper
level
energy
(eV)

Transition
probability
(×107 s−1)

Central
wavelength of
F1 (nm)

Central
wavelength of
F2 (nm)

ICCD gain

1
GW/
cm2

10
GW/
cm2

Aluminum 933 2260 27 Al I 394.40 0.00 3.14 4.99 396 370 200 50
396.15 0.01 3.14 9.85 200 50

Al II 358.66 11.85 15.30 23.5 358 370 200 50
Tin 504 2533 119 Sn I 380.10 1.07 4.33 2.80 380 370 200 50

Sn II 533.23 8.86 11.19 9.90 530 522 500 200
Argon – – – Ar I 763.51 11.55 13.17 2.45 764 786 500 200

Ar II 484.78 16.75 19.31 8.49 488 522 500 200
487.99 17.14 19.68 8.23 500 200

Fig. 1. Schematic of the experimental LIBS setup with differential spectroscopic imaging. M: mirror, HWP: half-wave plate, PBS: polarizing beam splitter, EM: energy
meter, L1, L2, L3, L4: lens, F: filter.
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by interacting with the hot plasma core, but also by directly absorbing a
large amount of laser energy. The shocked gas layer propagated for-
ward and backward, forming a mixed region with vapor plasma
[11,12]. The overlapped distribution of species indicates that the
plasma propagation model was LSD-wave dominated at such a high
irradiance level. In addition, because the plasma absorbed energy from
the tail of the laser pulse, the shock wave propagated preferentially
toward the laser incidence direction, so the plasma appeared to be more
slender. Due to the higher ionization degree of plasma, Al atoms were
completely ionized at the initial stage of plasma expansion, and the Al I
line was emitted after cooling for a period of time.

3.1.2. Dependence on LSA-wave regime
A comparison between the species distributions of Al and Sn in

plasmas at 20 ns and 200 ns by the two ablation irradiances is shown in
Fig. 4. It should be clarified that in the case of high laser irradiance, the
Al atoms did not appear until 200 ns due to the lower ionization energy
of Al I (6.01 eV) in comparison with those of Sn I (7.36 eV) and Ar I
(15.81 eV). They were completely ionized at the initial stage of plasma
expansion, and the Al I line was emitted after cooling for a period of

time. It can be seen that there is a significant difference in the species
distribution between the two initial plasmas. At low irradiance, the
species layers of Al are distributed below those of Sn, while at a high
irradiance, they are the opposite. The similar phenomenon was men-
tioned for miscible CueZn alloy by Bulatov et al. [20] and Borisov et al.
[30], who suggested that Zn is present at an outer shell, while Cu is
present mainly in an inner shell. This feature is in agreement with the
physical intuition, since both the melting and boiling points of Zn are
lower. However, in the case of immiscible AleSn alloys, the melting
point of Sn is lower but the boiling point is higher than that of Al.
Whether such a species distribution in the plasma of immiscible alloy
depends on the melting point or boiling point is discussed in detail
below.

When the low irradiance laser was irradiated on the alloy, a sharp
temperature jump occurred initially in a volume near the surface de-
fined by the laser irradiance. This heat was transported away from the
surface on a time scale characterized by the thermal diffusivity of the
solid, which for metals is short in comparison to a several ns laser pulse
duration. A time-varying temperature gradient was then established in
the material. When the surface reached the melting point of the solid, a

Fig. 2. The spectra of plasma induced from AleSn alloy at (a) 20 ns and (b)
400 ns by laser irradiance of 10 GW/cm2. The letters from “a” to “i” indicate the
different spectral lines used for spectroscopic imaging of Al II (a), Al I (d), Sn II
(g), Sn I (c), Ar II (e) and Ar I (h) together with spectral bands for imaging with
the continuum emission (b, f, i).

Fig. 3. Emissivity images and normalized central axial emissivity profiles of Ar
I, Ar II, Al I, Al II, Sn I, and Sn II species in plasmas produced from the alloy with
mass ratio of Al:Sn= 3:7 at 20 ns by laser irradiances of 1 GW/cm2 and 10 GW/
cm2.

Fig. 4. Emissivity images of Al I, Al II, Sn I, and Sn II species in plasmas induced
by laser irradiances of 1 GW/cm2 and 10 GW/cm2 at 20 ns or 200 ns.
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melt front started to move into the solid. Thus for the LSC-wave
dominated plasma, the incident laser usually causes a melting process
on the sample surface. Examination of solid-liquid binary-phase dia-
grams for AleSn alloy showed that some systems of elements were
immiscible above certain temperatures [31]. In other words, an element
will segregate from a solid mixture into a pure liquid when the tem-
perature rises above the melting point of the element [31]. For ex-
ample, Cu in Zn, Pb in A1, Sn in A1 and so on. This phenomenon is
called “zone refinement”, in which the virtually instantaneous migra-
tion and segregation of elements during melting of the sample provides
an enriched element from which molten droplets are ejected [32]. Zone
refinement will appear when AleSn alloy ablated by low irradiance
laser. The Sn species with a lower melting point were firstly melted
away from the sample, causing them to be distributed at the top of the
plasma. Cromwell et al. [31] also proved the existence of zone refine-
ment of Sn during the ablation of aluminum SRM 1256A with low-
fluence ablation. Their further examination on the binary-phase dia-
grams of A1-Sn systems showed that there was complete segregation of
liquid Sn from A1 above 230 °C.

When the laser irradiance was sufficiently high, the alloy surface
temperature exceeded the boiling point and a second phase front
started to propagate [31]. Thus for the LSD-wave dominated plasma,
the excessive laser irradiation directly vaporized all the species on the
alloy surface. Since Al and Sn species have similar boiling points, they
were vaporized almost simultaneously. In this way, the species dis-
tribution in plasma mainly depends on the velocity of each species. The
relative atomic mass of Al is smaller than that of Sn, thus the Al species
moved faster and were distributed in the upper part of the plasma.

In summary, we have derived two conclusions: 1) the species dis-
tribution of LSC-wave dominated plasma mainly depends on the
melting points of the constituted elements in immiscible alloys, 2) the
species distribution of LSD-wave dominated plasma mainly depends on
the atomic masses of the constituted elements.

3.1.3. Validation
In order to further validate the above two conclusions, more theo-

retical and experimental studies have been carried out on species dis-
tribution under different LSA-wave regimes.

The spectral diagnosis was employed to verify the conclusion. The
amplified images of the plasmas produced from the alloy with mass
ratio of Al:Sn=3:7 at 400 ns by laser irradiances of 1 GW/cm2 and 10
GW/cm2 were scanned point by point by the fiber along x axis of plume
expansion at r=0 with 0.5 mm step size. The reason for choosing such
a long delay is that the order of species layers in plasma dose not
change with time [25], and the initial plasma usually devites from the
local thermodynamic equilibrium [33]. Theoretically, the intensity
ratio of Sn II (533.23 nm) and Al II (358.66 nm) can be expressed as

⎜ ⎟= ⎛
⎝

− ⎞
⎠

I
I

N U T λ A g
N U T λ A g

E E
k T

( )
( )

exp ,Sn

Al

Sn Al nm Al ki Sn k Sn

Al Sn ki Sn nm Al n Al

n Al k Sn

b

, , ,

, , ,

, ,

(1)

where ISn is the line intensity from the k-i transition and IAl is that from
the n-m transition, N is the number density, U(T) is the partition
function for the emitting species, λ is the wavelength, A is the transition
probability, g is the degeneracy, En and Ek are the upper level energies,
kb is the Boltzmann constant, and T is the plasma temperature. Then the
corresponding number density ratio can be calculated by
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Fig. 5 depicts the normalized number density ratio of ionic species
of Sn and Al along x axis. Here, the plasma temperatures were calcu-
lated from the Boltzmann plots of atomic Al lines at 308.22 nm,
309.27 nm, 394.40 nm and 396.15 nm. A representative example of
Boltzmann plot at x=0.6mm and r=0mm of the plasma produced
from the alloy with mass ratio of Al:Sn=3:7 by laser irriadiance of 1

GW/cm2 is shown in Fig. 6, where the slope gives T=5476 ± 600 K.
The electron temperature along x axis was estimated to be in the range
of 5012–5880 K for 1 GW/cm2 and 5520–6768 K for 10 GW/cm2. It can
be seen from Fig. 5 that the maximum ratio appears at x=0.6mm for 1
GW/cm2 and at x=0.3mm for 10 GW/cm2. This indicates that the Sn
ions are mainly distributed in the top of LSC-wave dominated plasma,
while in LSD-wave dominated plasma, they are distributed near the
bottom. Thus for LSC-wave dominated plasma, species with lower
melting point are preferentially separated from the sample during laser
ablation and enriched at the top of the plasma. In other words, laser
ablation of immiscible alloy formed by elements with very different
melting points may cause fractionation, and the element with lower
melting point will be distributed at an upper shell.

The plasma dynamics theory was employed to verify the second
conclusion. The total velocity of a species in a LSD-wave dominated
plasma can be described as [34].

= + +v v v v ,tot t e c (3)

Fig. 5. Normalized number density ratio of ionic Sn and Al species along x axis
of the plasma produced from the alloy with mass ratio of Al:Sn=3:7 at 400 ns
by laser irradiances of 1 GW/cm2 and 10 GW/cm2.

Fig. 6. Boltzmann plot of Al I lines at x=0.6mm and r=0mm of the plasma
produced from the alloy with mass ratio of Al:Sn= 3:7 by laser irriadiance of 1
GW/cm2 at 400 ns.
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where =v kT m3 /t is the thermal velocity, =v kT m1.67 /e is the
plasma expansion velocity according to the adiabatic expansion model
in vacuum, =v ev m2 /c 0 is the Coulomb velocity for singly ionized
ions, k is the Boltzmann constant, T is the temperature, m is the species
mass, and v0 is the equivalent acceleration voltage. According to the
formula, the movement velocity of a species is inversely proportional to
the square root of its mass. As a result, the movement velocity of Al
species in the plasma was about twice as fast as Sn species, and they
were distributed in the upper layer of the plasma. This is consistent with
the view of Min et al. [35], who theoretically and experimentally de-
monstrated that the velocity of C II species was higher than that of Si II
in the plasma induced from the SiC target in a vacuum chamber.

3.2. Dependence on sample composition

LIBS is a spectrochemical quantitative analysis technique by taking
advantages of spectral lines emitted from species in the plasma.
Studying the influence of sample composition on species distribution in
plasma may provide guidance for further improving its quantitative
performance.

The emissivity images and normalized central axial emissivity pro-
files of Al I, Al II, Sn I, and Sn II species in plasmas produced from the
three alloys by laser irradiances of 1 GW/cm2 and 10 GW/cm2 at 400 ns
are shown in Fig. 7. The reason for choosing such a large delay is that
under the high laser irradiance, the ionization degree of plasma was so
high that for the plasma induced from the alloy with mass ratio of Al:

Sn=7:3, the Al atoms did not appear until 400 ns. It can be seen from
Fig. 7(a) that for LSC-wave dominated plasmas, although the sample
compositions are different, the distribution orders of species are the
same. From top to bottom of the plasma, the order is always Sn II, Al II,
Sn I, and Al I species. Similarly, for LSD-wave dominated plasmas
shown in Fig. 7(b), the order is always Al II, Sn II, Al I, and Sn I species.
Therefore, under the same LSA-wave regime, the plasmas produced
from binary alloys with different mass ratios of constituted elements
have the same order of species distribution. This illustrates that, unlike
laser irradiance, the mass ratio of elements in binary samples does not
change the species distribution of plasma.

4. Conclusions

Spectrally, spatially and temporally resolved imaging was used to
obtain the emissivity images of the plasmas induced by near-infrared
laser from binary alloys to observe the process of plasma expansion into
ambient gas. These emissivity images reflect the relative distribution of
various species in the plasma and the temporal evolution process in-
tuitively. The dependence of species distribution in plasma produced
from binary alloy on LSA-wave regime and sample composition has
been studied. It is found that laser irradiance can change the spatial
distribution of species in plasma, while the sample composition cannot.
At relatively low laser irradiance, in which case the plasma propagation
is characterized by LSC-wave, the melting point is the key factor that
determines the relative species distribution in initial plasma. For

Fig. 7. Emissivity images and normalized central axial emissivity profiles of Al I, Al II, Sn I, and Sn II species in plasmas produced from alloys with mass ratios of Al to
Sn of 7:3, 5:5, and 3:7 at 400 ns by laser irradiances of (a) 1 GW/cm2 and (b) 10 GW/cm2.
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immiscible alloys, species with lower melting point are preferentially
separated from the sample during laser ablation and distributed at an
upper shell of the plasma. At high laser irradiance, when the plasma
propagation exhibits characteristics corresponding to LSD-wave, the
atomic mass becomes a key factor that determines the relative species
distribution in plasma. Species with smaller atomic mass have the faster
movement velocity and are distributed at an upper shell of the plasma.
In each LSA-wave propagation regime, the sample composition does not
change the species distribution of plasma. Overall, this work reveals the
dependence of species distribution on LSA-wave regime and sample
composition in laser-induced plasmas produced from binary alloy, and
we think that it might be generally suitable for other elements or even
multi-element plasmas.
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