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Laser-induced plasmas of dual-pulse fiber-optic laser-induced breakdown spectroscopy with different pulse energy
ratios are studied by using the optical emission spectroscopy (OES) and fast imaging. The energy of the two laser pulses
is independently adjusted within 0-30 mJ with the total energy fixed at 30 mJ. The inter-pulse delay remains 450 ns
constantly. As the energy share of the first pulse increases, a similar bimodal variation trend of line intensities is observed.
The two peaks are obtained at the point where the first pulse is half or twice of the second one, and the maximum spectral
enhancement is at the first peak. The bimodal variation trend is induced by the change in the dominated mechanism of
dual-pulse excitation with the trough between the two peaks caused by the weak coupling between the two mechanisms.
By increasing the first pulse energy, there is a transition from the ablation enhancement dominance near the first peak
to the plasma reheating dominance near the second peak. The calculations of plasma temperature and electron number
density are consistent with the bimodal trend, which have the values of 17024.47 K, 2.75x10!7 cm™3 and 12215.93 K,
1.17x10'7 cm™3 at a time delay of 550 ns. In addition, the difference between the two peaks decreases with time delay.
With the increase in the first pulse energy share, the plasma morphology undergoes a transformation from hemispherical
to shiny-dot and to oblate-cylinder structure during the second laser irradiation from the recorded images by using an
intensified charge-coupled device (ICCD) camera. Correspondingly, the peak expansion distance of the plasma front first
decreases significantly from 1.99 mm in the single-pulse case to 1.34 mm at 12/18 (dominated by ablation enhancement)
and then increases slightly with increasing the plasma reheating effect. The variations in plasma dynamics verify that the
change of pulse energy ratios leads to a transformation in the dual-pulse excitation mechanism.

Keywords: fiber-optic laser-induced breakdown spectroscopy (FO-LIBS), dual-pulse excitation, pulse energy

ratio, spectral enhancement
PACS: 42.81.-, 42.60.By, 42.60.—v, 42.25.Bs

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a
multi-element analytical technique based on the atomic emis-
sion spectroscopy (AES). The plasma is produced by a high-
energy and short-duration pulsed laser focused on a sample
surface, and the peak irradiance inside the spot can reach a
level of GW/cm?.!!] The plasma emission is collected for qual-
itative identification or quantitative analysis of the elements
contained in the test specimens. LIBS has become a promising
chemical analytical technique due to its numerous advantages,
such as no sample pre-treatment, minimal target damage, and
rapid online measurement. 21 However, the traditional LIBS
system (with direct-focusing laser) is limited to laboratories
and professional analysts, because of its complicated optical
structure, weak plasma radiation and unsatisfactory sensitiv-
ity for trace elements, which makes it impractical for complex
industrial fields or hazardous extreme environments. !

In order to improve the field applicability of LIBS, the
fiber-optic laser-induced breakdown spectroscopy (FO-LIBS)
was proposed, in which the pulsed laser and plasma emission

fCorresponding author. E-mail: yanq_xjtu@stu.xjtu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac1fdb

are transmitted via a long optical fiber, avoiding the large-scale
optical arrangement on site and facilitating the determination
of terminal spectral measurement parameters. FO-LIBS has
been applied in various industrial fields, such as metal smelt-
ing, soil analysis, archaeological excavation, and nuclear in-
dustry (including nuclear power and nuclear fusion).[3! In
nuclear industry, FO-LIBS was established as a probe device
for Gd detection in surrogate nuclear fuel debris under gamma
irradiation to simulate the actual debris in the damaged reac-
tors of the Fukushima Daiichi nuclear power plant.['” Xiao
analyzed corrosion on spent fuel canisters from the accumu-
lation of chlorine (CI) anions by demonstrating a new set of
FO-LIBS system.!!!] Tamura developed a compact FO-LIBS
equipped with a microchip laser (MCL) to inspect the inside

s.[12 Li studied the temporal and spatial

of nuclear reactor core
behaviors of hydrogen (H) retention on tantalum (Ta) under a
vacuum condition to obtain the expansion processes of fuel
elements of low-Z values (such as H) and the wall elements
of high-Z values (such as Ta) on a plasma-facing component

(PFC).131 However, due to the threshold limitation at the laser

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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feedthrough and the top-hat homogenized profile of the out-
put laser beam,'*! the reduced peak irradiance leads to weak
plasma dynamics, short emission lifetime and thus unsatisfac-
tory sensitivity for trace elements.

The dual-pulse excitation has been widely recognized as a
highly effective and popular technique for signal enhancement
in the traditional LIBS.[!>! Lee reported that the collinear dual-
pulse LIBS can reduce the limit of detections (LOD) of B and
Li in aqueous solution to 0.8 ppm and 0.8 ppb, respectively.[!°]
Lu developed an UV fs—ns dual-pulse configuration, and the
resulting enhanced factor reached 360 as compared to a single-
fs pulse apparatus on a single-crystalline silicon surface. Eland
claimed 1.5 to 2-fold spectral enhancement on copper and
lead samples using a dual-pulse FO-LIBS configuration. >l
It has been demonstrated that the signal enhancement depends
strongly on the specific dual-pulse parameters, including the
inter-pulse delay, pulse wavelength, spot size and pulse energy
ratio. Ahmed noticed a better enhancement when the energy
of the first pulse was one-third or half of the second one, and
they suggested that the dual-pulse enhancement was not only
due to the plasma reheating, but more probably to better in-
teraction between the second pulse and the target surface by
observing an inconsistency in the enhanced signal and no sig-
nificant change in plasma temperature. However, no relevant
research has been published on the effects of pulse energy ra-
tios on dual-pulse FO-LIBS, and the mechanism for changes
in spectral enhancement properties is still not understood.

In this work, a collinear dual-pulse FO-LIBS is devel-
oped, and the enhancement mechanism at various pulse energy
ratios is studied with plasma diagnostics. Optical emission
spectroscopy (OES) is employed to visualize axially the com-
ponent distribution and estimate the plasma temperature and
electron number density. An intensified charge-coupled device
(ICCD) is utilized to exhibit the plasma morphology, and the
expansion process of the plasma front can be extracted from
the recorded images. The scope of this work is to understand
the variation of plasma emission and dynamic characteristics

EM1 PD
ns laser 1 @
PD2
BS1 BS3

BS2 BS4

Digital delay
generator

at different pulse energy ratios, and to obtain the optimization
scheme of enhancing spectral signal in FO-LIBS. In the re-
mainder of the paper, the experimental setup, typical results,
and corresponding discussions are presented.

2. Experimental setup

The schematic diagram of the experimental setup is de-
picted in Fig. 1. Two Nd:YAG lasers are operated at 1064 nm
with 10 Hz repetition rate and 10-ns pulse duration (full width
at half maximum, FWHM). The laser firstly coupled into the
fiber is referred to as beam 1 (Beijing GK Laser Technology
Co., GKNPS-1064-15-10) and the delayed laser is referred to
as beam 2 (Quantel USA, Centurion+). Small fractions of
both laser beams are firstly reflected to energy meters (EM1
and EM2, Nova II, P/N 7Z01550, Ophir), and to fast pho-
todiodes (PD1 and PD2, Thorlabs DET10A2) coupled to an
oscilloscope by beam splitters (BS1-BS2 and BS3-BS4), to
real-time monitor the current energies and record the moments
of laser action, respectively. The energies of two laser beams
are controlled by a combination of a half-wave plate and a
Glan polarizer (Thorlabs, VA5-1064), avoiding distortions in
the spatiotemporal irradiation profile. Through a reflector (R1)
and a beam splitter (BS5), two laser beams are aligned on the
same direction and coupled into a high-power multimode fiber
(20-m length, 800 um core diameter, 0.37 numerical aperture
and ~ 1 GW/cm? damage threshold for a 10 ns pulse laser)
by a 40 mm focal length lens (L3). At the other end of the
fiber, the output laser beams are focused on the target sur-
face by a 32-mm focal length lens (L1) and a 16 mm focal
length lens (L2). The plasma emission is directly recorded
by a Czerny—Turner spectrometer (Andor SR750, fitted with a
grating: 1200 groves/mm at 500 nm blaze) equipped with an
ICCD detector (Andor istar DH334T) via a UV-VIS lens. An-
other ICCD camera (Andor istar DH334T) is used to perform
plasma morphology detection simultaneously.

Oscilloscope

Q] A-%

Spectrometer Andor
SR 750

Digital delay
generator

L2

L1 Plasma

BB: beam block
L: lens

BS: beam splitter
PD: photon detector

EM: energy meter
R: reflector

F: high-power fiber

Fig. 1. Schematic diagram of experimental setup for the collinear dual-pulse FO-LIBS with adjustable pulse energy ratios.
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A digital time delay generator (Stanford Research Sys-
tems, DG535) is applied to trigger all ICCD cameras and
lasers, as well as to fix the inter-pulse delay (i.e., the time in-
terval between two laser beams) to 450 ns and the gate delay
(i.e., the time interval between the second laser beam and the
first falling edge of the signal from the port “Gate monitor”). A
copper—tungsten alloy sample (~ 90% W content and ~ 10%
Cu content) is used as the target material in this work carried
by a motorized XY Z displacement stage. The sample surfaces
are polished by a sand paper (300 mesh) and then cleaned by
alcohol. In order to remove contaminants or oxide layers, the
target surface is cleaned with 10 pre-pulses prior to data acqui-
sition when the focused spot is transferred to a fresh area with
the cumulative number of laser shots less than 40 to prevent
deep-crater effects.

3. Results and discussion
3.1. Spectral characteristics

Typical spectral images of OES for single-pulse laser-
induced copper—tungsten alloy plasma in the wavelength range
of 510 to 523 nm are shown in Fig. 2(a), and the correspond-
ing axial integral spectra is given in Fig. 2(b). The time delay
of spectral acquisition is varied from —7 ns up to 2000 ns with
the gate width fixed at 3 ns. To reduce shot-to-shot fluctuation,
each spectrum is accumulated from 5 laser shots, and the mea-
surement is repeated 10 times. At the early stage of plasma
evolution, plasma emission is dominated by continuum, which
is mainly induced by bremsstrahlung of free-free process and
radiative recombination of free-bound process. With the in-
crease of time delay, the continuum weakens rapidly, discrete
Cu I emission becomes obvious, and its signal-to-noise ratio
(SNR) improves. When the time delay exceeds 800 ns, the Cu
I emission intensity shows a significant weakening trend, and
the spectra at this time delay are taken to study the effects of
pulse energy ratios on spectral characteristics.

Through keeping the total laser energy of 30 mJ constant,
the pulse energy ratio can be flexibly changed by rotating the
half-wave plates. The energies of beam 1 and beam 2 are in-
dependently adjusted in a step of 2 mJ, thus 16 energy combi-
nations are formed. To simplify the representation, the pulse
energy ratios in the following are expressed in form of the first
pulse energy/the second pulse energy (mJ/mlJ). The intensity
variation of three Cu I emission lines with different pulse en-
ergy ratios is shown in Fig. 3. It is clear that the trends of these
three emission lines can be consistently divided into four pro-
cesses, appearing a bimodal structure. Starting from 0/30, the
line intensities first increase slowly, and then sharply increase
to a plateau in the interval 4/26—-6/24 maintaining a high level
between 6/24 and 10/20 (process A). With the further increase
of the energy share of the first pulse, the line intensities show

a monotonically decreasing trend in the range of 10/20-16/14
(process B), and the minimum values obtained at 16/14 can
even be comparable to the single-pulse case (no enhancement
effect). This is followed by the arrival of the second ascending
stage, reaching another peak at 22/8 (process C). Afterwards,
the line intensities decrease again as the percentage of the sec-
ond pulse reduces to extinction (process D).

1 mm
[S—

Cu I Cu |
510.5 nm 515 521.8 nm

!
£

Time delay (ns)

510 523
Wavelength (nm)

1.2x108
(b) 9.6X105
7.2X10°
4.8X10°
2.4%10°

Intensity (arb. units)

510 514 518 522 &
Wavelength (nm) &
Fig. 2. Spatially resolved spectral images (a) and axial integral spectra
(b) of laser-induced copper—tungsten alloy plasma in the single-pulse
case at different time delays.
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Fig. 3. Variations of the intensity of Cu I emission lines at 510.5 nm,
515.3 nm and 521.8 nm with different pulse energy ratios.

The axial integral spectra at each pulse energy ratio are
divided into four groups based on the above four processes,
as shown in Fig. 4. Taking Cu I emission at 521.8 nm as an
example, with increasing the first pulse energy, it rises to the
peak 1 at 10/20, as well as the maximum, over 5 times more
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intense than the single-pulse case. This result agrees well with
Ahmed’s and Benedetti’s reports,>* the maximum spectral
enhancement is reached at the pulse energy ratio of ~ 1/2, i.e.,
the second pulse energy is twice of the first one (see Fig. 4(a)).
In the range of 10/20 to 16/14, it drops to the trough with the
intensity only ~ 16% of the peak 1 (see Fig. 4(b)). Then, it
rises once more to peak 2, which is ~ 4 times more intense
than the trough. By comparison, the intensities of peak 2 are
~ 84%, ~ 88%, and ~ 125% of that of peak 1, respectively,

6.5 =
(a) 5.2 %
3.9 g
2.6
1.3 %
0:30 3
12
6
: &
510 514 518 522 TE
Wavelength (nm) © —
g
8.0 =
(c) 6.4 é
48 2
3.2 =
.6 2
S WS W— W/1g:12 ~
A
20:10 5"\3
&N
228 @&
510 514 518 522 Q”é;@

Wayvelength (nm)

for Cu I emission at 510.5 nm, 515.3 nm and 521.8 nm. Obvi-
ously, peak 1 accounts for a wider range of pulse energy ratios
(6/24-10/20) (see Fig. 4(c)). Finally, the line intensity drops
again since the second pulse continues to decrease from 8 mJ
to O (see Fig. 4(d)). It can be seen that effects of pulse energy
ratios on the change in spectral enhancement are not symmet-

rical, due to the nonequivalent contribution of the two laser

beams.

Intensity (109 arb. units)
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Fig. 4. Variations of axially integrated spectra with pulse energy ratios for process A (a), process B (b), process C (c¢) and process D (d).

3.2. Plasma temperature and electron number density

In order to further explore the effect of pulse energy ra-
tios on the mechanism of dual-pulse spectral enhancement, the
variation of plasma temperature and electron number density
with various time delays under 16 pulse energy ratios are cal-
culated. By using the three Cu I emission lines, Boltzmann
plots can be constructed to deduce the plasma temperature,
and the relevant spectral parameters are listed in Table 1.[20]

In lijlij _ 7& Fheny
giAij kT z
where subscripts ij denote the atomic transitions i — j; ny is

+1In

ey

the atom number density; E; and g; are the energy and degener-
acy of the upper transition level, respectively, Z is the partition
function; A; j and A;; are the transition wavelength and transi-
tion probability; &, i and ¢ are the Boltzmann constant, Planck
constant and speed of light, correspondingly; F' is an experi-
mental factor remains constant; /;; is the integral intensity of
the emission line listed in Table 1; and T is the plasma tem-
perature, which can be determined from the slope of the Boltz-
mann plot. A typical example of constructing Boltzmann plot
by linear fitting is presented in Fig. 5. The temperature calcu-
lation is processed in the CGS unit system. It can be seen that

the chosen lines span a large enough range in upper energy
levels (abscissas) to ensure the accuracy of the temperature
determination.

Table 1. Spectral parameters of Cu I emission lines at 510.5 nm,
515.3 nm and 521.8 nm for plasma temperature calculation.

Species Wavelengths (nm) Transitions Aij X gi s Ej(em™)

Cul 510.5 3d10%4p—3d24s>  8.0x10° 30784
Cul 515.3 3d194d—3d"%4p  2.4x108 49935
Cul 521.8 3d'04d—3d%4p  4.5x108 49942
-4 0—v v+
y=—7.14x101x—10.11
—14.51 R?=0.99328 1
150} T= 10142 K ]
3
S —15.5f 1
=
g —16.0 1
—16.5[ 1
—17.0F 1
| |
—17.5¢ 1

6.0 6.5 7.0 7.5 8.0 85 9.0 9.5 10.0
E; (10712 erg)

Fig. 5. An example of a linear Boltzmann plot of single-pulse configu-
ration with a time delay of 800 ns.
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According to the grouping in Subsection 3.1, the plasma
temperature variation with the time delay ranging from 500 ns
to 2000 ns is shown in Fig. 6. For different pulse energy ra-
tios, the plasma temperature shows an exponentially decreas-
ing trend with increasing the time delay. From the values of
the curves, as the percentage of the first pulse energy increases
from O to 100%, it shows a similar bimodal structure as the
Cu I emission intensities: it rises to peak 1 in the range of
6/24—10/20 and drops to a trough near 16/14, then rises again
to peak 2 in the range of 20/10-24/6, and finally continues to
drop.

For group A, the plasma temperature increases signifi-
cantly with the increase of the first pulse energy share: when
the time delay is 550 ns, it increases from 11307.23 K to
17024.47 K, an increase of ~ 50% (see Fig. 6(a)). As the first
pulse energy increases to be comparable to the second one, it
decays rapidly to 11536.56 K at 16/14, a reduction of ~ 32%

1.8

(a) - 0:30

1.61

1.4

1.2

1.0 T

0.8 1

400 800 1200 1600 2000
Time delay (ns)

Plasma temperature (10* K)

1.3 r——T—"T—T—T—T—TT

1.2}
1.1
1.0}
0.9

0.8 *

Plasma temperature (10* K)

800 1200 1600 2000
Time delay (ns)

400

(group B, see Fig. 6(b)). With further increasing the first pulse
energy share, it increases slightly and achieves a maximum
of 12215.93 K near peak 2 of the corresponding Cu I emis-
sion intensity, an increase of ~ 6% (group C, see Fig. 6(c)).
Regarding to group D, it shows a trend of monotonic reduc-
tion. Under time delays of 550 ns and 2000 ns, the variations
of plasma temperature with different pulse energy ratios are
shown in Fig. 7. It can be seen that when the first pulse energy
share is greater, the plasma temperature decays more slowly
with time delay, showing a pattern of decreasing gap between
peak 2 and peak 1, as shown in Fig. 8(a). By taking the av-
erage value of the plasma temperature for the four groups of
pulse energy ratios 6/24—12/18 (near peak 1) as 77, and the
average value of the three groups of 20/10-24/6 (near peak 2)
as T», the variations of 77 and 7, with time delay are given in
Fig. 8(b).
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Fig. 6. Variations of plasma temperature with different pulse energy ratios for group A (a), group B (b), group C (c) and group D (d).
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Fig. 7. Variations of plasma temperature with different pulse energy ratios at time delays of 550 ns (a) and 2000 ns (b).
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Fig. 8. (a) Variations of plasma temperature with pulse energy ratio at different time delays. (b) Variations of 7; and 7> with time delay

representing the temperature peak 1 and peak 2, respectively.

Since the FWHM of emission lines is dominated by the
interaction between the emitter and the micro-electric-field
produced by the surrounding electrons and ions (i.e., Stark ef-
fects), the electron number density can be deduced from the
Stark broadening of emission lines, and the resulting profile
always has a Lorentzian shape. In addition, the impact of elec-
tron collisions is more significant compared to that of ion colli-
sions, thus the electron number density can be calculated from

the following equation with the latter safely neglected:?7-81

7 3.0 : : : :
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where AA is the FWHM of the chosen line contributed by
the Stark effects; w is the Stark electron impact parameter;
ne is the electron number density, and the Cu I emission line
at 515.3 nm is selected for the calculation. Similarly, corre-
sponding to the grouping in Subsection 3.1, Fig. 9 presents the
variation of electron number density with time delay at differ-
ent pulse energy ratios.
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Fig. 9. Variations of electron number density with pulse energy ratio for group A (a), group B (b), group C (c) and group D (d).

In group A, the electron number density increases signif-
icantly from ~ 1.19 x 10'7 cm™3 at 0/30 (single-pulse case)
to ~ 2.75 x 10'7 cm™3 near the peak 1 of Cu I emission in-
tensities under a time delay of 550 ns (see Fig. 9(a)). Then,
it reduces to the trough ~ 1.05 x 10'7 cm™3 at almost dual-

pulse energy equalization (see Fig. 9(b)). Another small re-

bound is observed at 22/8, reaching ~ 1.17 x 107 cm™3, af-
ter which it reduces monotonically as the first pulse energy
share continues to increase to 100% (see Figs. 9(c) and 9(d)).
The cases of time delays of 550 ns and 1800 ns are exhib-
ited in Fig. 10. As shown in Figs. 10 and 11(a), similar to
the discussion on plasma temperature, it is observed that the
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electron number density reduces more slowly with time delay.
Correspondingly, the mean value of the electron number den-
sity (n1) for the four groups of pulse energy ratios 6/24—12/18,
and n, for the three groups of 20/10-24/6, both of which vary
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with time delay are shown in Fig. 11(b). It appears clear that
the difference between the two peaks of electron number den-

sity decreases monotonically with time delay, n; ~ ny around
2000 ns.
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Fig. 10. Variations of electron number density with different pulse energy ratios at time delays of 550 ns (a) and 1800 ns (b).
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Fig. 11. (a) Variations of electron number density with pulse energy ratio at different time delays. (b) Variations of n; and n, with time delay
representing the peak 1 and peak 2 of electron number density, respectively.

In our previous work, under the condition of 450-ns inter-
pulse delay and 18/18-mJ/mJ pulse energy ratio in dual-pulse
FO-LIBS, it is demonstrated that the main mechanism of dual-
pulse spectral enhancement lies in the second laser improving
the exfoliation of the target surface and forming a stronger
second-generation plasma inside the initial plasma. Harilal
claimed that the second pulse interacts with the target surface
inside the initial plasma and its shockwave, which provide an
appropriate low-pressure environment for the second denuda-

[29] This is also the es-

tion improving the ablation efficiency.
sential reason for spectral enhancement under extremely long
inter-pulse delay (even as long as tens of microseconds). Con-
sidering that the first pulse energy in group A is much weaker,
less than one-half of the second pulse, the low-density initial
plasma is transparent to the incident second pulse at a time de-
lay of 450 ns. In this context, as the first pulse energy increases
from 0, the lifetime of the initial plasma is extended, improv-
ing the capacity of air compression, thus gradually being able
to provide low-pressure atmosphere conditions for ablation en-
hancement during the second pulse of laser irradiation. En-
hanced ablation can exfoliate more substance from the target
surface, inducing a stronger second-generation plasma, as ev-

idenced by the rapid increase in plasma temperature and elec-
tron number density observed in group A. As the energy share
of the first pulse increases to be comparable to the second one
(i.e., group B), the initial plasma density gradually increases,
which causes part of the second laser to be absorbed or scat-
tered (i.e., plasma shielding effect) instead of reaching the tar-
get surface to participate in secondary ablation. Although the
absorption of the second pulse is also conducive to spectral en-
hancement and plasma temperature improvement, the reduc-
tion of ablation enhancement simultaneously leads to a weak
coupling of the two mechanisms, which can be the reason for
the existence of the trough when the two pulse energies are
comparable. When the first pulse energy is evidently higher
than the second one (i.e., group C), the initial plasma density
increases further, improving the absorption rate of the second
pulse. In this regard, the small increase in plasma temperature
is produced by significant plasma reheating effects, which also
increases the electron number density. Reasonably, the plasma
reheating effects tend to disappear as the energy share of the
second pulse decreases to approach O (i.e., group D).

Based on the above work, the pulse energy ratio can be
optimized to the range of 6/24—10/20 of the maximum emis-
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sion intensity, and the next choice is around 22/8 of the peak 2
in spectral enhancement.

3.3. Evolutionary properties of plasma dynamics

In this work, an ICCD camera is placed on the side of
the plasma with the optical axis parallel to the target surface
for space-time resolved acquisition of the plasma morphology.
Figure 12 shows the plasma images during the first two mi-
croseconds at different pulse energy ratios with a gate width
of 3 ns. The images are all averaged over 5 replicate measure-
ments. The luminous intensity of the first 100 ns is normalized
by the maximum of the images at 20-ns time delay, and that of
latter 400 ns is normalized by the maximum at 400 ns.
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Fig. 12. Time-resolved plasma images at different pulse energy ratios.

In the case of 0/30 (i.e., single-pulse configuration), dur-
ing the phase of laser—target interaction (~ —7 ns to 10 ns), the
plasma expands rapidly outward along the radial and normal
directions to the target surface, forming a hemispherical struc-
ture. This process is mainly driven by incident laser beam
and can be approximated as isothermal expansion. The lon-
gitudinal plasma luminous intensity gradually decreases with
the distance from the target surface. After the end of laser ir-
radiation, the luminous intensity of the plasma front decreases
sharply due to the radiative cooling and collisions with the par-
ticles of surrounding cold air. Meanwhile, the viscous force
exerted by the peripheral air on the plasma front leads to ex-
pansion deceleration. Then an oblate cylindrical plasma struc-
ture appears which has been claimed as the unique plasma
morphology of FO-LIBS.Y It has been reported the cause
of this unique structure is that the laser beam fed out by the
transmission fiber has a top-hat profile lowering the peak irra-
diance and thus reducing the ability of plasma absorbing laser
energy at the early stage of its generation.!!l Therefore, the

air component of the plasma front is insufficiently excited and
the sharp decrease in the number density of excited particles
results in a rapid dimming of the plasma front luminescence.

When the first pulse energy increases from 0 to 12 mlJ,
the plasma exhibits an approximately identical hemispheri-
cal structure during the laser irradiance but with diameter de-
creases visibly. Comparing the farthest end of the plasma
front expansion at a time delay of 10 ns, the farthest distance
decreases with increasing the energy share of the first pulse,
which is resulted from insufficient driving of the plasma front
expansion by the second pulse. After the second laser pulse
ends, the overall behavior of the plasma is dominated by the
second pulse, which is also evidenced by the invisibility of the
initial plasma at a time delay of —7 ns. Noted that even though
the luminous intensity of the initial plasma is weak to be in-
visible in comparison with the second-generation plasma, the
initial plasma still exists, affecting the laser-target interaction
and the evolution of the second-generation plasma, especially
with pulse energy ratios of 8/22—12/18. In this context, the
plasma gradually separates away from the target surface after
a few hundred nanoseconds without forming an oblate cylin-
drical structure close to the target surface, which is the evi-
dence of its generation and expansion under the low-pressure
atmosphere inside the initial plasma.

As the first pulse energy is increased from 12 mJ to 24 mJ,
the plasma appears as a shiny spot near the target surface after
the second pulse with a time delay of 10-20 ns. After several
hundred nanoseconds (> 400 ns), the rear edge of the plasma
near the target surface rapidly darkens, so that the plasma with
a spherical structure shows a tendency to separate away from
the target surface. It has been stated that the reason for the
separation is that the initial plasma provides a low-pressure
micro-space where the second-generation plasma generates
and evolves. The low-pressure condition improves ablation
efficiency and makes the overall plasma exhibit unique charac-
teristics such as splitting and sharpening, with separation from
the target surface being their specific manifestation.>>-! In
addition, compared to the case where the energy share of the
first pulse is relatively small (0/30-12/18), the peak point of
the plasma front position near a time delay of ~ 10 ns becomes
the trough. This is probably because the initial plasma front
has expanded to a long distance (> 1 mm) before the arrival of
the second pulse, and the induced second-generation plasma
leads to a sudden increase in the luminous intensity near the
target surface, which results in the retreat of the plasma emis-
sion front after the second pulse ends. In this case, the overall
behavior of the plasma is determined by the coupling of the
two laser pulses.

As the first pulse energy further increases from 24 mlJ to
30 mJ, the initial plasma has an oblate cylindrical shape be-
fore the arrival of the second pulse with a time delay of —7 ns.
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And the rear edge of the plasma is close to the target surface
without separation from the target surface, due to the fact that
the second pulse energy is too minimal to participate in the
secondary laser ablation and drive the front expansion of the
plasma. In this context, the overall behavior of the plasma is
dominated by the first pulse.

Furthermore, in order to quantitatively describe the
plasma front expansion process, 1/e? criterion is applied to
extract the plasma front position from the recorded images: the
symmetry axis of plasma is defined as the vertical line of the
target surface where the maximum intensity is located, and the
mean intensity of the 5 pixels on the left and right sides along
the plasma symmetry axis are obtained. The plasma front is
taken as the nearest position where the mean intensity is less
than 1/e” of the maximum intensity. Figure 13 shows the
plasma front positions with different time delays in the single-
pulse case.
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Fig. 13. Variations of plasma front position with time delay in the
single-pulse case.

During the laser irradiation (—7 ns to 10 ns), the induced
plasma expands rapidly outward with a velocity of 113.3 km/s,
which is approximated as isothermal expansion. 3! When the
laser irradiation ends (~ 20-500 ns), the emission area of
the plasma front cannot obtain more energy from the incident
laser, but at this time there is still radiative cooling and vis-
cous force of the compressed air, and the temperature of the
plasma front reduces significantly, thus cause luminous inten-
sity decays rapidly. In this context, the plasma front stops ex-
panding from the recorded images, known as the plasma stag-
nation phase, and the front position recedes due to the lack of
air excitation in FO-LIBS, which can be considered to be a
stronger plasma stagnation effect.!!! After the plasma stagna-
tion period (> 500 ns), the plasma continues to slowly expand
outward, which is approximated as adiabatic expansion.33! At
this time, the continuous expansion of the plasma front leads
to more air components being compressed, causing stronger
reactive viscous force, which makes expansion slowly and ve-
locity further reduced (~ 0.22 km/s).

Based on observation from the plasma images, the front
positions with different pulse energy ratios can be divided
into three groups (0/30-12/18, 14/16-22/8 and 24/6-28/2), as
shown in Fig. 14. In the first group, it is found that the peak
expansion distance of the plasma front during laser irradiation
gradually decreases with increasing the first pulse energy share
at the peak values of 1.99 mm, 1.85 mm, and 1.34 mm for
pulse energy ratios 0/30, 6/24 and 12/18, respectively, and the
corresponding expansion velocities of 113.3 km/s, 83.4 km/s
and 43.5 km/s in the time-delay range of —7 ns to 10 ns. Since
the expansion process is dominated by the second pulse, the
decrease of the second pulse reduces the energy deposition
of the second-generation plasma, and simultaneously weakens
the ability to drive plasma expansion. After the end of laser
irradiation, it still shows similar phenomenon of plasma front
retreat with slightly reduced amplitude, but in terms of expan-
sion distance ordering, both in the phases of plasma stagnation
and the subsequent slow expansion satisfy the same rule: the
larger the energy share of the first pulse, the shorter the expan-
sion distance of the plasma front.

Regarding to the second group, when the first pulse en-
ergy becomes equivalent to the second one, instead of plasma
monotonously expanding outward in the first group, the front
first recedes sharply during laser irradiation and then advances
rapidly shortly after the laser ends. This is consistent with
observation of the plasma morphology, caused by the sec-
ond pulse incidence generating a bright luminescent second-
generation plasma near the target surface, while the luminous
intensity of initial plasma front being faint. In the rapid ex-
pansion phase at the end of laser irradiance, the peak distance
of plasma front expansion increases with the energy share of
the first pulse, and the expansion velocity of 22/8 is the maxi-
mum in the time-delay range of 10-50 ns, reaching 6.06 km/s.
The initial plasma density increases with increasing the first
pulse energy, effectively improving the second pulse energy
absorption to obtain greater expansion impetus. In the subse-
quent plasma stagnation phase with front retreat, the amplitude
decreases with increasing the energy share of the first pulse,
from 12.9% in 14/16 to 4.1% in 22/8. After a time delay of
~ 500 ns, the plasma slowly expands at a similar velocity of
~ 0.2 km/s.

In the third group, with the reduction of the secondary
pulse energy from 6 mJ to 2 m], it is too weak to have an
effect on the plasma evolution. Except for the slight retreat
of the plasma front at 24/6 due to the generation of weak
second-generation plasma, the plasma fronts maintain the ini-
tial plasma stagnation under the second pulse irradiation at the
starting moments in the 26/4 and 28/2 configurations. After a
time delay of 500 ns, the slow expansion velocity of the plasma
is ~ 0.16-0.19 km/s.
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Fig. 14. Variations of plasma front position with time delay at different pulse energy ratios. The first group: 0/30—-12/18 (a), the second group:
14/16-22/8 (b), and the third group: 24/6-28/2 (c). The insets are enlarged views of the front positions during and after laser irradiation with

time delay of tens of nanoseconds in the first and second groups.

4. Conclusions

In summary, it is found that the effects of pulse energy
ratios on spectral enhancement is asymmetrical in developed
collinear dual-pulse FO-LIBS. When the first pulse share in-
creases from O to 100%, the variations of spectral intensities
show a bimodal structure. The first peak of spectral enhance-
ment appears in the range of 6/24 to 10/20 of pulse energy ra-
tios, where the intensities are more than 5 times stronger than
the single-pulse case. The second peak occurs near 8/22. A
minimal enhancement is obtained at 16/14.

The plasma temperature and electron number density are
estimated by using the spectral images from OES, both of
which show a similar bimodal structure. When the time de-
lay is 550 ns, the plasma temperatures at peak 1 and peak 2
reach 17024.47 K and 12215.93 K compared with 11307.23 K
in the single-pulse case, while the electron number densities
are ~ 2.75 x 107 cm™3 and ~ 1.17 x 10"7ecm ™ in contrast
to ~ 1.19 x 10'7 cm—3.
ergy, the initial plasma first gradually strengthens, enhancing

With increasing the first pulse en-

air compression to provide a proper low-pressure atmosphere
for secondary ablation; then, as the initial plasma density in-
creases, the absorption of second pulse by the initial plasma
increases, weakening secondary ablation while enhancing the
plasma reheating effect. Therefore, there is a transition from
the ablation enhancement dominance for peak 1 to the plasma
reheating dominance for peak 2, and the trough between peak
1 and peak 2 is produced by the weakening in coupling of the
two mechanisms.

The evolution of plasma dynamics is tracked by using fast
imaging. From 8/22 to 24/6, the rear edge of the plasma is ob-
served to gradually separate from the target surface in a few
hundred nanoseconds (> 400 ns), demonstrating the existence
of a low-pressure ambient micro-space induced by the initial
plasma. For the plasma front expansion, from 0/30 to 12/18,

the farthest distance decreases from 1.99 mm to 1.34 mm dur-
ing the laser irradiation (—7 ns to 10 ns), while after the end
of laser irradiation (~ 20 ns to 500 ns), the front fades rapidly.
As for the range from 14/16 to 22/8, the plasma front fades
sharply in the beginning presenting a shiny spot near the target
surface, which is caused by the generation of bright second-
generation plasma. Regarding the case of larger first pulse,
the plasma almost keeps the oblate cylindrical structure of the
initial plasma close to the target surface. It is demonstrated
that as the energy share of the first pulse increases, the initial
plasma changes from weak to intense, and the influence of the
second pulse gradually weakens, suggesting a transformation
of dual-pulse excitation mechanisms.
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