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The double pulse technology increases the energy transmission between the plasma plume and the target
by coupling the laser beam, which greatly enhances the signal, reduces the detection limit of laser-induced
breakdown spectroscopy (LIBS) and improves the ability of trace elemental analysis. In this paper, the
emission characteristics of plasma in orthogonal double-pulse LIBS (DP-LIBS) are studied theoretically by
using the hydrodynamics model, including the effects of pulse interval and spot position of the second
laser pulse on the emission intensity of various species in the reheating mode. The results show that in
the reheating mode, the pulse interval corresponding to the maximum intensity ratio of double pulse to
single pulse occurs at 0.2-0.5 ps, while in the pre-ablation mode, it increases with the increase of pulse
interval. According to the decrease of the number density of the background gas above the sample
before the ablation pulse in the pre-ablation mode, the enhancement mechanism of spectral line
intensity is explained from two aspects: plasma—plasma coupling effect and pressure effect. In addition,
the spatial distribution and raising mechanism of plasma temperature in these modes are also explored.
It shows that in the reheating mode, the plasma temperature is increased by directly absorbing laser
energy, while in the pre-ablation mode, it is increased by reducing the energy loss between vapor
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1. Introduction

Laser-induced breakdown spectroscopy is a plasma spectros-
copy technology developed in recent decades for qualitative and
quantitative analysis of sample components. Due to its advan-
tages of being fast and suitable for all kinds of materials, and
simultaneous detection of multiple elements, it has been widely
used in environmental monitoring,'* cultural relics protection
and archaeological science,*® space exploration’® and other
fields. However, its detection sensitivity is poor, especially the
detection limits of several elements are difficult to meet the
application requirements of trace analysis.' In order to improve
the detection sensitivity of LIBS, a variety of auxiliary spectral
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plasma provides a theoretical basis for the experimental research and application of DP-LIBS.

enhancement techniques have been developed in recent years,
including double/multi-pulse re-excitation,"*'® discharge/
microwave assisted enhancement,'”'® space/magnetic field
constrained plasma,***® laser-induced fluorescence,”** etc.
Among them, DP-LIBS is the most widely used technique in
enhancing the spectrum by re-exciting the plasma with
a secondary laser pulse. Since E. H. Piepmeier and H. V.
Malmstadt first proposed the concept of DP-LIBS in 1969,> this
technique has attracted the interest of more researchers.
Currently reported laser wavelength covers infrared,"%>%>*
visible and even ultraviolet,*® and the laser pulse width ranges
from nanosecond"'**® to femtosecond.” DP-LIBS has been
proved to not only enhance the spectral line intensity by 1.5-33
times,***” but also significantly improve the spectral signal-to-
noise ratio (SNR),"* thereby reducing the detection limit by
several times or even one magnitude.”**® According to the
optical structure, DP-LIBS is divided into collinear configura-
tion'**>?*¢ and orthogonal configuration.’*?'%*%?” Although the
former can use a single double-pulse laser source, it is difficult
to independently control the plume ablation and excitation
process, while the latter can be flexibly adjusted to facilitate the
study of the enhancement mechanism of double-pulse spec-
trum, the radiation characteristics and kinetic expansion
process of the plasma.'® The orthogonal DP-LIBS can be further
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divided into reheating and pre-ablation modes according to the
action sequence of the two laser beams. In the reheating mode,
the initial plasma is induced by the laser perpendicular to the
sample surface and then reheated by the other laser beam
(Fig. 1a). In the pre-ablation mode, the laser parallel to the
sample surface first breaks through the ambient gas to induce
the initial plasma, and then the other laser ablates the focal spot
on the sample surface (Fig. 1b).

For decades, in addition to experimental studies, a large
number of theoretical studies on DP-LIBS have also been
carried out. For example, A. Casavola et al. studied the double
pulse plasma under water by combining the bubble dynamics
code and the Euler equations describing the plasma evolution.
They pointed out that the LIBS signal depended on the bubble
conditions in which the plasma was generated, and that inter-
pulse delay changed the plasma parameters and the effects of
the chemical reaction.*® V. N. Rai et al. considered that plasma
emission is proportional to the square of the density, volume
and fraction of the second laser pulse absorbed by the plasma,
and studied the evolution of enhancement with pulse interval
and delay time under different conditions by using a simplified
model. They found that the increase of mass ablated from the
target after the second laser pulse played a dominant role in the
enhancement.*" L. Fornarini et al. assumed that the plasma was
homogeneous and expanded with the electron temperature of
the target as well as the concentration obtained through the
evaporation flux. They studied the plasma parameters and
ablation depth under different combinations and found that
the fs ns~' laser source was more likely to meet the local
thermal equilibrium conditions.?* X. Zhao et al. investigated the
plasma produced by a double pulse induced silicon target using
an atomistic model including the molecular dynamics method,
the Monte Carlo method, the particle-in-cell method, and the
beam propagation method. Through the relationship between
ablation depth and pulse delay, they proposed different abla-
tion enhancement mechanisms under different pulse
delays.* V. B. Fokin et al. calculated the electron temperature of
femtosecond double pulse plasma and the ablation depth of the
target by using the hydrodynamic two-temperature model and
the molecular dynamic two-temperature model respectively,
and obtained quite similar results.** A. Alberti et al. applied two-
temperature Navier-Stokes equations to the pre-ablation mode
combining ultraviolet and infrared pulses, compared the
plasma parameters generated at different focal points of the
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Fig.1 Schematic diagrams of reheating (a) and pre-ablation (b) modes
in orthogonal DP-LIBS.
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infrared pulse, and found that there would be more absorption
when the focal points overlapped.* U. P. Padhi et al. used the
Navier-Stokes equations to simulate the evolution of plasma
parameters under long and short pulse intervals, and
concluded that a single pulse can be replaced by a double pulse
with the same total energy and short pulse interval.*® All the
above theoretical studies on the double pulse were carried out
in the collinear configuration. Because the collinear and
orthogonal structures are different, the signal enhancement
mechanisms are also different. In the orthogonal double pulse,
the increase of mass ablated from the sample caused by the
laser pulse parallel to the sample is usually ignored, which leads
to signal enhancement. Different modes of orthogonal DP-LIBS
involve different processes, and the physical reasons for the
signal enhancement are relatively complex. Moreover, the
action sequence of the two laser pulses, pulse interval and the
focusing position of the laser relative to the sample surface have
important influences on the signal enhancement. The above
experimental tests are time-consuming and involve heavy
workload. It is necessary to analyze the source of signal
enhancement of orthogonal DP-LIBS more deeply and simply
through theoretical simulation.

In this work, the plasmas generated in the orthogonal DP-
LIBS configuration in both reheating and pre-ablation modes
were numerically simulated, and the fluorescence characteris-
tics, electron temperature and signal enhancement mecha-
nisms were studied.

2. Description of the theoretical
model

When a laser beam acts on a sample, heat conduction is the
main heat transfer mechanism to transfer the laser energy from
the sample surface to its interior, so the heating process is
usually described by the heat conduction equation. The one-
dimensional heat conduction equation is:

aT, 9T, 0T,
——Vv—| =4
ot 0z 0z2

+ (1 = Ry, exp(—yz), [1)

where ¢, py, A, R, and « are the properties of the target, cor-
responding to specific heat, mass density, thermal conductivity,
reflectivity and absorption coefficient, T, and v are respectively
the temperature and evaporation rate of the target, I is the laser
power density reaching the target surface, z is the coordinate
along the inward normal to the target surface, and 0 is the
partial derivative symbol.

The ablated area is heated to the boiling point to produce
vapor, which will continue to absorb energy and ionize to form
a vapor plasma, pushing the surrounding ambient gas to
expand outward. This expansion process can be described by
the two-dimensional axisymmetric hydrodynamics equations
involving the interaction term between vapor plasma and
background gas:*

dp;

E+V'(P[(ﬁ+ i) = 0, (2)
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where p; and uq4 correspond to the mass density, diffusion
velocity of i species, p, u, T are respectively the total mass
density, velocity and plasma temperature, p and e are the local
pressure and specific internal energy obtained by combining
the equation of state of ideal gas, 7, A, a;g, and apy are the viscous
stress tensor, thermal conductivity, inverse bremsstrahlung
absorption coefficient and photoionization coefficient, g is the
radiation power loss, and V is the gradient operator.

Through the boundary conditions of the Knudsen layer and
the balance conditions on the sample surface, the hydrody-
namics model can be coupled with the heat conduction model
to obtain the sample surface temperature, evaporation rate, and
initial plasma parameters, including total number density,
velocity, and plasma temperature. Combined with Saha equa-
tion and the charge conservation equation, the number density
of each atom and ion can be obtained.

Based on the plasma parameters obtained through hydro-
dynamics equations, the emission intensity of species in the
plasma under local thermal equilibrium is:

—neN B exp( - E
I—thAUexp( kBT)’ (5)

where N is the species number density, U is the partition
function, B, A, g, and E are the transition probability, wave-
length, degeneracy and energy of the upper energy level, and #,
¢, and kg are the Planck constant, the speed of light and the
Boltzmann constant.

In this work, the orthogonal double-pulse laser-induced
plasma produced from an Al-Mg alloy in argon at atmo-
spheric pressure was simulated by using the above model. Here,
the pulse width of Gaussian laser is 10 ns and the peak power
density is 2 x 10° W cm ™2, and the parameters of the alloy at
room temperature are listed in Table 1. The emission charac-
teristics of vapor species (Mg I, Mg II, Al I, Al II) and background
gas species (Ar I, Ar II) in plasma were analyzed. The spectro-
scopic parameters of each species listed in Table 2 are from the
NIST database.

Table 1 Physical parameters of the Al-Mg alloy

Parameters Values
Specific heat, ¢, J g ' K ) 0.90
Mass density, p, (g cm ™) 2.7
Thermal conductivity, A, (W cm™' K™%) 2.37
Reflectivity, R 0.90
Absorption coefficient, a; (cm™") 1.5 x 10°

Melting point, Ty, (K)
Boiling point, T}, (K)

921 (Mg), 934 (Al)
1363 (Mg), 2792 (Al)
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3. Results and discussion
3.1 Orthogonal reheating DP-LIBS

In order to intuitively understand the evolution of spectral line
intensity with delay time after laser irradiation, Fig. 2 shows the
temporal evolution of Al II 358.66 nm line intensity with single
LIBS and orthogonal reheating DP-LIBS at different pulse
intervals. The gray line represents the evolution curve after the
action of a single pulse, while the others represent the evolution
curves after the action of the second laser in the double pulse
configuration. The temporal evolution of the spectral line
intensity after the action of the first laser in the double pulse
configuration is the same as that under the single pulse. It can
be seen that after the action of the laser pulse, the spectral line
intensity reaches the maximum rapidly, and then decreases
slowly. Compared with the single pulse, the evolution curves of
the double pulse have two peaks, and under each delay, the
spectral line intensity increases in different degrees due to the
action of the reheating pulse. When the spot position of the
second laser is close to the central region of the plasma, the
spectral line intensity increases with the rise of plasma
temperature after the reheating pulse. Because the spot position
is close to the target, when the pulse interval is small, the
heating region is located in the center of the plasma; in
contrast, when the pulse interval is large it is located in the tail

Table 2 Spectroscopic parameters of the characteristic spectral lines
of various species

Species Aul (nm) A (x107 571 E, (eV)
Mg 1 518.36 5.61 5.11
Mg II 448.11 23.30 11.63
AlT 396.15 9.85 3.14
Al Tl 358.66 23.50 15.30
Arl 763.51 2.45 13.17
Ar I1 484.78 8.49 19.31
Al1I 358.66 nm
single pulse
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Fig. 2 Temporal evolution of Al Il spectral line intensity with single
LIBS and orthogonal reheating DP-LIBS at different pulse intervals
(energy of two laser beams: 100 mJ, distance between the center of
the second laser spot and the sample surface: 1 mm).
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of the plasma. Therefore, the peak intensity after the action of
the second pulse first increases and then decreases with the
pulse interval, and the maximum peak appears at the pulse
interval of 0.2 ps. To verify the above explanation, the spatial
evolution of temperature on the symmetry axis of the plasma
with different delays in the single pulse configuration is shown
in Fig. 3. When the peak intensity reaches the maximum, the
corresponding pulse interval is approximately equal to the time
when the central region of the plasma reaches the spot position
of the second laser in the double pulse configuration.

Fig. 2 qualitatively shows that the pulse interval will affect
the spectral line intensity, and Fig. 4 further quantitatively
shows the temporal evolution of line intensity ratio of each
species with the pulse interval in the reheating configuration.
The delay time of different species is different, corresponding to
the value when the intensity reaches the optimal value in the
single pulse mode. For Mg I, Mg II, Al I, Al II, Ar I, the delay time
is 214 ns, 118 ns, 158 ns, 133 ns, and 289 ns. The vertical axis
represents the intensity ratio after the action of the second laser
in the double pulse configuration to that after the action of
a single pulse. The intensity ratio depends on the characteristics
of the selected spectral lines. The values of all species first
increase rapidly and then decrease with the pulse interval, and
the peak appears at 0.2 ps to 0.5 ps. The maximum signal
enhancement with different experimental parameters corre-
sponds to different pulse intervals. C. Gautier et al. found that
for ionic lines and atomic lines with high excitation energy
level, the optimal pulse interval was 200 ns.*® Our theoretical
optimal pulse interval is similar to this experimental result.
However, R. Sanginés et al. observed that the signal enhance-
ment of atomic lines reached the maximum a few microseconds
after the second laser." In addition, within the range of pulse
interval studied, the enhancement factors of ionic lines are
much greater than those of atomic lines, which will be dis-
cussed in detail.

According to the intensity formula and combined with Saha
equation, the emission intensity of atomic and ionic lines is:**

- hCBIgINO ( EI )

L= ——— - 6
T TN0 P\ T T (©)

16
— 0.1 ps

/\ —0.2 ps
12+ \ — 0.3 ps

Temperature (eV)

0.3

z (cm)

Fig. 3 Spatial distribution of temperature on the symmetry axis of the
plasma at different delays in the single pulse configuration.
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Fig. 4 Temporal evolution of the line intensity ratio of each species
with the pulse interval in the reheating configuration (energy of the
two laser beams: 100 mJ, distance between the center of the second
laser spot and the sample surface: 1 mm).
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where m, is the mass of the electron, N, and N, are the atomic
number density and electron number density, U, is the partition
function of an atom, and Ejp is the ionization potential.

For the same transition, the intensity ratio of spectral lines
can be expressed as:

Iipp _ No.ppUpsp exp( 1 (L _ L) o E*) ®)
Lise NoseUspp ks \Tor ~ Tsp k)

Iipe _ NoppUsse Top Nese 1 /1 1 .
= e xp| — i \7 -~ 7o x E |,
III,SP NO.SPUOA,DP TSP Ne.DP B TDP TSP
©)

where E| is the excitation energy level, E; = EL is for atomic
lines, and Ej = E} + Eyp is for ionic lines.

In the reheating DP-LIBS mode, considering that the
reheating pulse no longer ablates the target, the change of
electron number density caused by plasma expansion can be
ignored when the pulse interval is small. The logarithmic
transformation of both sides of eqn (6) gives the expression

LA Eq
In—=—-—

Bigi ksT
tained from the slope of the linear fitting. Six Mg I lines were
used to calculate the average temperatures in the double pulse
and single pulse configurations, which are 3.09 eV and 2.99 eV
respectively. Since the effect of (Tpp/Tsp)*” on the signal
enhancement is much smaller than that of the exponential term
and can be ignored, the intensity ratio of spectral lines can be
simplified as:

hcN
n<TO>, and the temperature can be ob-
0

I *
PP — Aexp(Bx Ey), (10)
Isp

N U 1 1 1
where A = —2P 0% " p_ (_ = (_ _ _))
Ny spUp pp kg \Top  Tsp
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Fig. 5 Relationship between the line intensity ratio and excitation
energy level (energy of two laser beams: 100 mJ, distance between the
center of the second laser spot and the sample surface: 1 mm, pulse
interval: 0.5 ps, delay time: 0.3 ps).
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Fig. 6 Temporal evolution of line intensity ratio with pulse interval at
different spot positions and delays (energy of two laser beams: 100
mJ).

Fig. 5 shows the relationship between the intensity ratio of
spectral lines and excitation energy level at a pulse interval of
0.5 pus, where the solid square represents the theoretical data
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and the solid line is the fitting curve with R* greater than 0.87.
This shows that the relationship can be approximately
expressed by an exponential function, and well explains the
phenomenon in Fig. 4 that the intensity ratio increases with the
excitation energy level at the short pulse interval. C. Gautier
et al.” and Q. Wang et al.* also pointed out that in the reheating
DP-LIBS mode with a short pulse interval, the signal enhance-
ment has a similar exponential growth trend with the increase
of excitation energy level. This exponential relationship is also
applicable to the signal enhancement of femtosecond double-
pulse plasma, which has been used to explain the difference
of signal enhancement of atomic and ionic lines in orthogonal
femtosecond DP-LIBS.*

The spot position of the second laser also affects the intensity
ratio of spectral lines, and Fig. 6 depicts the relationship between
the intensity ratio and pulse interval at different spot positions.
The spot centers of the second laser corresponding to the solid
line and the dotted line are located at 1 mm and 2 mm respec-
tively. At the same delay time, the pulse interval affects the signal
enhancement. For a short pulse interval, the lower the spot
position, the greater the signal is enhanced. However, for the
long pulse interval, the spot position has little effect on signal
enhancement. At the same time, the pulse interval is also related
to the position where the plasma is heated by the laser after
expansion, that is, when the central region of the plasma is close
to the spot of the second laser, the signal is also greatly enhanced.

3.2 Orthogonal pre-ablation DP-LIBS

We also studied the relationship between the intensity ratio of
spectral lines and the pulse interval in the pre-ablation mode,
and the results are shown in Fig. 7. The delay time in the single
mode corresponds to the maximum line intensity, which is 104
ns for Ar II. It can be seen that the line intensity ratio basically
increases with the increase of pulse interval. Combined with
Fig. 4, it can be concluded that in the case of the small pulse
interval, reheating can more significantly enhance the signal,
otherwise the performance of pre-ablation is better. Similar to
the relationship in the orthogonal reheating mode, the intensity
ratio in the orthogonal pre-ablation mode is also closely related

b)
1.5} —v—Arl vy
—e—Arll v ro«..
T e
® v/v‘v‘ /."
B v—"'/v—v, ./.‘.
5 120 v »
S v oo’
- o/
/./
»
L /
0.9 I
/
¢
0'6 1 1 1 1

0.0 0.5 1.0 1.5 2.0
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Fig. 7 Relationship between the intensity ratio of vapor species (a) and argon species (b) and pulse interval in the pre-ablation mode (energy of
two laser beams: 100 mJ, distance between the center of the second laser spot and the sample surface: 1 mm).
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to the upper energy levels of the selected spectral lines, that is,
the higher the upper energy level, the more significantly the
signal is enhanced. In the pulse interval studied, the vapor
species intensity ratio of double pulse to single pulse is greater
than 1, indicating that the orthogonal pre-ablation double pulse
always further enhances the signal of the single pulse. As for
signal enhancement in the orthogonal pre-ablation mode, the
main mechanisms include plasma-plasma coupling, and
pressure and heating effects of the plasma on the sample,*
which have been confirmed by many experiments.>**'*** The
enhancement mechanisms are basically the same as that in the
collinear pre-ablation mode. In ref. 41, J. Scaffidi et al. observed
the decrease of gas species intensity in the orthogonal femto-
second-nanosecond configuration, which was associated with
the increase of ablative species intensity. Similarly, A. Safi et al.
found that the air species intensity ratio of double pulse to
single pulse was always less than 1 in the orthogonal nano-
second double pulse configuration.’® They explained the
intensity decrease of background gas and the intensity increase
of ablative species by using the pressure effect, that is, the low
pressure or low concentration region was formed above the
sample. However, Fig. 7b shows that in theory, the gas species
intensity of the double pulse is still larger than that of the single
pulse. The difference between theoretical simulation and
experimental results is mainly due to the significant increase of
plasma temperature, which will be explained later.

In the pre-ablation mode, the number density of background
gas above the sample decreases before the arrival of the second
laser. Fig. 8 shows the temporal evolution of the number density
of background gas after the action of pre-ablation pulse and the
contour diagrams of number density at four delays. The results
show that the number density of argon species in the central
region is significantly lower than that in the surrounding
region. The number density of the central region decreases with
the outward expansion of the plasma, while the low number
density region expands gradually. The vapor plasma generated
by the second laser in the pre-ablation mode has lower density
and higher temperature than those of the plasma induced by
the single pulse under argon gas at one atmosphere pressure.
From the perspective of the plasma-plasma coupling effect,
such an environment makes the energy and heat conduction
loss caused by the collision between vapor plasma and gas
species smaller, so as to realize signal enhancement. In terms of
the pressure effect, the reduction of gas species density weakens
the shielding effect, improves the coupling efficiency between

0.0
04 00 04

0.0
04 00 04
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the laser and the sample, increases the ablation mass of the
sample, and enhances the spectral signal. As in ref. 13, G.
Cristoforetti et al. found that the trend of double pulse and low-
pressure single pulse was consistent by comparing the samples
ablated by double pulse at atmospheric pressure and single
pulse at different pressures, which directly proved that the low-
pressure environment of plasma generated by the second laser,
i.e., the weak shielding effect, was one of the factors of signal
enhancement. In addition, since the direct heating of the
sample will hardly enhance the signal in the double pulse
configuration,* the contribution of the gaseous plasma heating
to the signal enhancement is ignored in this work.

Temperature is an important parameter to characterize the
plasma, which directly affects its fluorescence characteristics.
Fig. 9 shows the isolines of plasma temperature under different
experimental conditions, and gives the evolution diagram of
plasma temperature in the single pulse configuration for
comparison. As can be seen, in the single pulse configuration,
the plasma is a symmetrical arch, while in the double pulse
configuration, the plasma presents asymmetry. The plasma
asymmetry in the pre-ablation mode is not easy to be observed,
but it is obvious in the reheating mode. When the reheating
pulse is 1 mm away from the sample surface, the high-
temperature region of the plasma shows discontinuity. When
the distance between the spot position of the second laser and
sample surface is 2 mm, the high temperature region of the
plasma shifts to the right. This is because the second laser is
incident from the right side of the plasma, so this side absorbs
more laser energy. For the orthogonal double pulse, the plasma
temperature is higher than that of the single pulse under the
same conditions, whether in the pre-ablation or reheating
mode. Taking the 0.3 ps delay and 1 mm spot position as an
example, the average temperature in the single pulse configu-
ration is 2.99 eV, while in the pre-ablation and reheating modes,
itis 3.54 eV and 3.09 eV, respectively. Compared with the single
pulse, the temperature in the pre-ablation mode increases
significantly. The influence of the exponential term in eqn (10)
is greater than that of (Ny ppUo sp)/(No,spUo,pp), SO the intensity
ratio of background gas species obtained in Fig. 7b is greater
than 1. The difference of plasma temperature profile implies
that the rising mechanisms of plasma temperature in the two
modes are different. In the pre-ablation mode, the temperature
increases by means of the coupling effect of vapor plasma and
gas plasma, but in the reheating mode, it increases due to the
absorption of laser energy by vapor plasma.
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Fig. 8 Temporal evolution of the number density of argon species after pre-ablation.
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Fig. 9 Temporal evolution of plasma temperature under different experimental conditions (energy of two laser beams: 100 mJ, pulse interval:

0.5 ps).

4. Conclusion

In this paper, the evolution of line intensity ratios of species in
the orthogonal double pulse configuration was studied by using
the hydrodynamic model. Firstly, by comparing the influence of
the pulse interval on the intensity ratio in different modes, it
was found that reheating is a better signal enhancement mode
when the interval is short; in contrast, the pre-ablation mode is
better. Secondly, we studied the effect of the spot position of the
second laser on signal enhancement in the reheating mode.
When the center region of the expanding plasma is close to the
laser spot, the spectrum will be greatly enhanced. Finally,
according to the evolution of the number density of background
gas and the comparison of the plasma temperature profiles in
the two modes, the various possible mechanisms of signal
enhancement were discussed. In the reheating mode, the
plasma directly absorbs the laser energy to increase the
temperature and enhance the radiation. In the pre-ablation
mode, considering the reduction of the number density of
background gas above the sample, the radiation is enhanced by
the decrease of energy loss between vapor plasma and gas
plasma and the increase of ablation mass. The theoretical
simulation of the evolution of the plasma formed by DP-LIBS
fully confirms the previous explanation of the enhancement
mechanisms in the double pulse experiments.
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