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Breakdown spectroscopy is a valuable tool for determining elements in solids, liquids, and gases. All
materials in the breakdown region can be ionized and dissociated into highly excited fragments and emit
characteristic fluorescence spectra. In this sense, the elemental composition of materials can be evaluated
by detecting the fluorescence spectrum. This paper reviews the recent developments in laser-induced
breakdown spectroscopy. The traditional laser-induced breakdown spectroscopy, filament-induced
breakdown spectroscopy, plasma grating, and multidimensional plasma grating-induced breakdown
spectroscopy are introduced. There are also some proposals for applications of plasma gratings, such
as laser ablation, laser deposition, and laser catalysis of chemical reactions in conjunction with research
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on the properties of plasma gratings.

Introduction

Laser-induced breakdown spectroscopy (LIBS) technology is
a spectral analysis technology developed rapidly in recent years.
It is a well-developed technique for efficient, precise, and multi-
elemental material analysis [1,2]. When a high-energy pulse
laser irradiates a material, electrons gain energy from incident
photons. The atoms/molecules at the surface of samples are
promoted to the excited states, giving rise to discrete spectral
lines. The composition of the specimen by spectral analysis can
be evaluated [3,4]. As compared with other analytical tech-
niques such as atomic absorption spectrometry, plasma mass
spectrometry, and spectrophotometry, the advantages of LIBS
include direct analysis without a complex pretreatment, speedy
response, and multiple elemental analysis.

For traditional LIBS systems, nanosecond (ns) pulse lasers are
widely used. In the case of the conventional ns-LIBS system, an
ns laser pulse from a Q-switched laser is focused upon samples,
excites, and ionizes the sample. The processes of ns laser pulse
inducing ionization can be concluded as follows: (a) multiphoton/
tunneling ionization, which provides initial seed electrons for
subsequent reactions, and (b) when the seed electrons accumu-
late to a particular density, avalanche ionization occurs on the ns
scale (that is, within the range of ns laser irradiation), resulting
in a plasma plume. In the ns-LIBS, there will be a powerful ther-
mal effect, a plasma shielding effect, and a complicated matrix
effect. As a result, low repeatability, high signal-to-noise ratios,
and challenging molecular measurements are drawbacks of
ns-LIBS. These shortcomings make the accuracy and sensitivity
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insufficient in ns-LIBS, affecting the quantitative analysis. The
improvement focuses on the optimization of spectral signals,
mainly to enhance the intensity of spectral signals, improve the
signal-to-noise ratio, reduce matrix effects, etc. Theoretically,
LIBS can be improved in terms of the laser source, material char-
acteristics, sample structure, etc. In recent years, many assisted
improvement methods have emerged, such as the enhancement
of nanometal particles [5], using a metal substrate [6], gas assist
[7], plasma confinement [8], etc. These methods change the
structure of the tested material and have achieved good results.
To obtain better fluorescence signal intensity, it is considered
that 2 pulses can be used for LIBS. Hence, double-pulse LIBS
(DP-LIBS) was proposed based on the consideration of multiple
excitations induced by laser. The DP-LIBS mainly includes
collinear (pulse delay is set to excite plasma plume twice [9]),
orthogonal preablation (laser with a different pulse width can be
reasonably combined to excite more signals [10]) and dual-pulse
crossed beam. In the initial research, homologous double pulses
were applied to the sample and enhanced the plasma density,
which excites stronger spectral line signals [11,12]. Subsequent
studies proposed the use of nonhomologous pulses for DP-LIBS,
which again increased the spectral line signal intensity [13]. In
recent research [14], DP-LIBS is combined with the absorption
characteristic of the material. The released fluorescence is used
to excite the target material so that DP-LIBS can be applied to
the detection of more elements. With the development of ultra-
short pulse laser, the emergence of picosecond (ps) and femto-
second (fs) pulse lasers has brought new vitality to LIBS technology.
The pulse duration of ps or fs pulse lasers is much shorter than
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that of ns pulse lasers. Thus, under the impact of short pulses,
less plasma shielding effect and higher power density yield higher
signal-to-background ratios and resolutions [15]. Because of the
shorter pulse duration, abundant molecular fragments appeared
in the breakdown region. Therefore, the fluorescence spectra of
either ps-LIBS or fs-LIBS can also provide information about
atoms and molecules. Meanwhile, filament-induced breakdown
spectroscopy (FIBS) [16], plasma grating-induced breakdown
spectroscopy (GIBS) [17], and multidimensional plasma grating-
induced breakdown spectroscopy (MIBS) [18,19] were proposed
recently. These new generation methods are improved from the
source of excitation, which can well retain the original advantages
of LIBS. The disadvantage of weak signals caused by low laser
intensity is overcome by improving the excitation laser source.
Moreover, through the improvement of laser intensity, the range
of detected elements has been broadened, and the breadth of
detection has been dramatically improved.

This article will review the progresses of techniques based
on ultrafast LIBS. On the basis of the plasma grating formed
by the cross nonlinear interference of beams, the induced
breakdown spectroscopy of multiple beam superposition was
proposed to solve the influence of the clamping effect of fs
filament on the action of the material. The essence is that the
nonlinear interference of time domain synchronous filament
forms the plasma grating, which yields stronger fluorescence.
This can be used as the secondary excitation source in DP-LIBS,
such as in solution detection of LIBS. Given that certain micro-
bubbles are produced by laser ablation and that water pressure
shortens the plasma lifespan [20], a time delay beam detection
technique filament and plasma grating induced breakdown
spectroscopy (F-GIBS) was proposed to solve these issues. This
method can perform double excitation of the sample to gener-
ate more abundant information. These studies laid the founda-
tion for multibeam LIBS and guided the direction for the
application of ultrafast laser technology.

Single Beam Induced Breakdown Detection

In 1962, 2 years after the invention of the ruby laser, the LIBS
technology was proposed [21]. Induced breakdown spectroscopy
has advanced along with the development of laser technology
(LIBS-FIBS-GIBS-MIBS). The signal intensity, sensitivity, and
limit of detection (LOD) have all substantially improved, and the
usage in detection is growing. After almost 60 years of research,
LIBS technology is steadily improving and becoming more prac-
tical. At present, it has been applied to soil composition analysis
[22-24], water monitoring [25-27], metallurgical analysis [28,29],
biomedical science [30-32], nuclear reactant detection [33,34],
space exploration [35-37], and so forth.

For ns-LIBS, the excitation source is an ns laser pulse. The
excitation process of materials by ns lasers (Fig. 1A) is mainly
divided into the following 4 stages [38]: The first stage involves
energy absorption and temperature rise. Because of the rela-
tively long duration of the ns pulse, ongoing laser energy will
raise the temperature of the material. This stage lasts up to
dozens of ps. The second stage is the ablation process produced
by the ns laser thermal effect. At this time, the material absorbs
the laser energy and vaporization so that the material is sepa-
rated from the surface, rapidly sputters, and expands outward
to form plasma. In the third stage, the plasma continues to
expand, which is accompanied by the formation of shock
waves. In this sense, the plasma expands at supersonic speeds.
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Fig. 1. (A) Generation and evolution of plasma induced by ns laser pulses.
(B) Generation and evolution of plasma induced by fs laser pulses. (C) Scratching of
thick 25-pm amorphous metal film by fs laser (single pulse energy of 1.3 mJ, and
pulse width of 300 fs).

Finally, an expanding ellipsoid plasma appears on the outside
of the material. In addition, according to the natural frequency
of the material, a shock wave is formed inside the material. The
plasma will continue to reach a high temperature because the
ns laser pulse is still active. The fourth stage is the process of
plasma radiation. At this time, the duration of the ns laser pulse
ends, and the generated plasma will gradually cool down
because of the outward radiation energy. At this stage, the char-
acteristic spectral lines produced by the radiation can reflect
the present elements in the material.

There is a quantitative relationship between the intensity of
the radiation spectral line and the atomic concentration [39].
With the increase of laser energy density, more plasma will be
excited. However, too much plasma will prevent the subsequent
laser energy from acting on the surface of the sample for effective
excitation, resulting in a plasma shielding effect. Different matri-
ces will also have different degrees of excitation, which is called
the matrix effect. In addition, because the electrons will be accel-
erated to a relatively high speed, giving rise to substantial
bremsstrahlung effect, this can seriously affect the detection of
the target spectrum. Fortunately, the lifetime of the continuous
spectrum signal generated by bremsstrahlung is shorter than the
characteristic spectral line. It is necessary to set appropriate
detection delay and detection gate width in ns-LIBS to filter con-
tinuum signals. There are already many applications to demon-
strate the superior performance of ns-LIBS. Over 12 elements
(Cr, Si, Cu, Na, Fe, Sn, Mg, etc.) [40,41] have been reported using
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LIBS detection in liquid media. However, because of surface
ripples and emitted intensity extinction [42], the practical appli-
cation of this method in liquid analysis has lower sensitivity and
precision. To solve these difficulties, a new method based on a
hydrogel solidification technique followed by LIBS analysis of
liquid samples is proposed [38]. On the basis of sodium poly-
acrylate resin’s intense water absorption properties, the hydrogel
rapidly formed, and then the liquid sample can be analyzed. At
the same time, a liquid LIBS analysis based on the single-drop
microextraction (SDME) method was also proposed [43], and
the SDME-LIBS method improved the measurement sensitivity
by 2.0 to 2.6 times.

A high-energy beam is presented in a transparent atmos-
pheric medium as filamentation results from the dynamic balance
between Kerr self-focusing and plasma defocusing. [44,45].
The mechanism of action between filament and materials are
illustrated in Fig. 1B. For fs laser, the intensity of a single pulse
reaches 10"’ to 10'> W. Therefore, it will generate a Coulomb
explosion in fs-scale time, thereby generating plasma plume.
Because there is no laser energy supply in the latter stage, the
plasma will cool down quickly, resulting in characteristic spec-
tral lines. Combined with the highly narrow pulse width of the
fs laser, the plasma shielding effect is well resolved, which makes
it suitable for depth profiling and gas composition detection.
When fs laser acts on the sample’s surface, the generated abla-
tion pits are flatter [46], the surface deposition is less, and the
surface damage is insignificant. Hence, it is more suitable for
the field of material microprocessing detection.

In the standard scenario, altering the incident light’s peak
intensity and spot area can successfully alter the laser intensity.
However, for fs laser filaments, it is the result of the interaction
balance of internal nonlinear effects; thus, there is the intensity
clamping effect. The laser power density in the filament will
remain nearly constant at 5 X 10" W/cm’, and the electron den-
sity is also difficult to exceed 10" cm™ [44,47]. Tt reduced the
influence of the laser intensity fluctuation on the spectral inten-
sity. The long plasma channel of the filament can be regarded as
a collection of a series of focal points [16,48,49]. Hence, for FIBS,
the influence of the sample position relative to the lens on the
spectral signal intensity is substantially reduced. The fs filament
can still be effective after long-distance propagation, and the
distance can reach 100 m or even kilometers [45]. Hence, FIBS
technology can help implement long-distance remote sensing
detection [50,51]. Kasparian et al. [52] studied the high-power
fs laser pulse and observed the filament at a high altitude of more
than 20 km, which paved the way for remote sensing detection.
The theoretical detection distance of the system can reach more
than 1.9 km. We can use this ultra-long-distance detection capa-
bility of FIBS technology in extreme environments with distance
requirements such as metallurgy, nuclear fusion reaction detec-
tion, and aerospace detection. Moreover, the filament prevents
the influence of the plasma shielding effect and improves the
spectral intensity, signal-to-noise ratio, and resolution [53-55].
At the same time, because of the energy density of the filament
having reached the order of 10" W/cm’, the influence of the
matrix effect is reduced. These advantages enable FIBS technol-
ogy to monitor chemical reaction processes [56,57]. At the same
time, the fs filament has a high efficiency to excite the plasma.
From Fig. 1C, we can see that the thermal effect produced by
the Gaussian spot of filament is about 31.13 microns. The scratch
width of the film material here is about 116 microns, and the
cutting is very flat. This shows the advantage of no cumulative
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thermal effect, so FIBS can proceed the micro-loss analysis [58,59].
FIBS can deliver laser pulses over long distances. However, the
plasma density and laser intensity are clamped inside a typical
filament. It is a limitation for increasing the excitation field and
enhancing the resolutions of spectral lines.

Fortunately, the clamping effect of laser intensity can be
overcome by plasma grating induced by nonlinear interactions
between multiple fs filaments [60,61]. The electron density in
plasma grating has been up to be an order of magnitude higher
than in filaments. Therefore, GIBS can effectively overcome the
shortcomings of ns-LIBS, fs-LIBS, and FIBS.

Multibeam Interference Induced
Breakdown Detection

Figure 2A shows us the basic schematic of multiple beam non-
collinear coupling. Its signal intensity can be increased by more
than 3 times for GIBS, and the lifetime of the plasma induced
by the plasma grating is almost twice that induced by the FIBS
of the same initial pulse. As shown in Fig. 2A, the beam splitter
(BS1 and BS2) is used to divide the beam into 3 equal parts,
and the time domain adjustment of the 3 beams can be realized
by setting delays 7, and 7, to actualize the nonlinear interference
of the 3 beams. The concept of using multibeam interference
for induced breakdown detection mainly considers the unique
effect of the nonlinear superposition of high-energy beams.
The basic structure is shown in Fig. 2B. Among them, the multi-
beams’ high-energy pulse laser and its delay can be adjusted
reasonably according to the requirements. On one hand, it sup-
plies the fundamental conditions for the multiple excitations
of the material; on the other hand, it can perform the nonlinear
interference of the high-energy laser beam by modifying the
time domain of the beam to be consistent, thereby increasing
the plasma density of the single beam and further improving
the detection intensity [62]. This concept can also give guidance
in various fields of laser applications, such as large area array
shock peening, multibeam coupling, and phased arrays.
When two fs filaments intersect at a suitable crossing angle
and the optical paths are adjusted equivalent, a fs plasma grating
is formed [63,64]. The technical principle is illustrated in Fig. 2C.
This source is used to excite the sample in GIBS. Plasma grating
has high stability in GIBS analysis, which is due to the strong
coupling of the 2 filaments. The interaction region has a certain
length. The electron density and power density will maintain a
relatively stable value in the plasma microchannel of this length.
It also helps to reduce the influence of the sample position on
the spectral line signal [17]. GIBS technology is based on fs laser
technology, so it can also overcome the plasma shielding effect
and matrix effect. In addition, filaments can also interact with
each other to form a plasma grating after long-distance trans-
mission. Hence, theoretically, GIBS can also realize long-distance
remote sensing detection like FIBS. At present, GIBS technology
is a new technology to enhance signal intensity. Furthermore,
the interaction of multiple fs filaments can form multidimen-
sional plasma gratings. In theory, it can be known that multi-
dimensional plasma gratings are expected to achieve higher power
density and electron density. Hence, it can be used in induced
breakdown spectroscopy to obtain higher intensity lines.
According to nonlinear optics, the interaction of multiple
filaments can produce light bullet fusion, fission, and spiraling
[65-68]. The multiple high-intensity laser pulse nonlinear
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Fig. 2. (A) Basic schematic diagram of multidimensional plasma grating-induced breakdown spectroscopy (MIBS). (B) Structure multibeam laser noncollinear coupling.
(C) Plasma grating structure. Inset: The interference grating fringes observed at the top. (D) Formation mechanism of multidimensional plasma grating. Inset: Three-beam
interference spot. (E) The fundamentals of F-GIBS. Inset: Effect of fs-laser and fluid jet with no delay.

interference can make the power density of the laser exceed the
limit of clamping. Previous studies have shown that the spatial
modulation of 2 filaments can form a 1-dimensional periodic
plasma grating with a spatial period of several tens of microns
[69,70]. Experiments show that the mutual overlapping of
3 filaments can produce multidimensional plasma grating,
which can be considered relatively high-intensity pulses applied
for high optical damage thresholds. In this spatial structure, a
substantial enhancement of the third harmonic can be observed,
as well as the transfer of energy between filaments. In addition,
the basic structure of a 3-beam generated plasma grating can be
seen in Fig. 2D.

The multidimensional plasma grating produced by the inter-
ference of 3 fs filaments can be an excellent excitation source
for trace detection of heavy metals in soil. Therefore, MIBS was
proposed in the study [18], and it was observed that the signal
intensity of MIBS was 2 times that of GIBS, and the induced
plasma lifetime of MIBS was also increased by about 20%. It
can be observed in Fig. 3 that the clamped power density of the
multidimensional plasma grating structure is about 1.67 times
that of the plasma grating structure. The higher the clamping
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intensity, the higher the plasma energy and the higher the detec-
tion signal. At the same time, it can also be observed that the
clamping power density will decrease after the delay of the 3
beams is introduced. However, it is still higher than that of the
plasma grating structure. As the delay increases, the third beam
plays the role of regenerating the plasma grating, which gives
the subsequent development of F-GIBS a theoretical basis.

In order to see the influence of plasma grating on the
excitation fluorescence spectral line, in Fig. 4, we compared the
changes of the spectral lines in the air of multibeam coupled
excitation under different energies. With the increased laser
pulse energy, the fluorescence spectrum waveform induced by
a single filament in the air almost did not change, but the relative
intensity increased (Fig. 4A). This means that the single filament
is limited by the clamping effect. For GIBS, the variation of
fluorescence spectrum waveform can be observed when the
pulse energy reaches 0.8 m]J (Fig. 4B). For MIBS, it is already
observed when the energy is about 0.4 mJ, and this phenomenon
becomes more pronounced with increasing energy (Fig. 4C).
This variation is associated with supercontinuum spectroscopy.
The power of multifilament coupling in the air induces the ionized
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air fluorescence to appear obvious supercontinuum phenome-
non. In the comparison of the 3 cases in Fig. 4D, under the total
pulse energy of 1 m], the relative intensity of the fluorescence
excited by the plasma grating is much larger than the single
filament, showing the superiority of the multibeam nonlinear
interference-induced breakdown spectroscopy.

Inheriting the theory of MIBS, the multidimensional plasma
grating improves the signal intensity of detection. Still, there is
no acceptable solution to the side effects of violent plasma explo-
sion and bubbles in the liquid detection mechanism. Therefore,
combining the primary theories of FIBS, GIBS, and MIBS, the
coplanar interaction of multiple filaments is intentionally used
to effectively control the plasma expansion and formation of
bubbles in the fluid. Two filaments form a 1-dimensional plasma
grating, like GIBS. In this situation, we can use another fs fila-
ment, which has an individual delay from the first 2 filaments
that form the plasma grating, to achieve the combination of
FIBS and GIBS, as shown in Fig. 2E. Because the third filament
and plasma grating are appropriately delayed or synchronized
on the fluid jet, their nonlinear interaction enhances plasma
excitation and prolongs plasma lifetime. A conceptually distinct
dual-pulse excitation, F-GIBS is established. It produces a
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Tablel. The progress of development for FIBS, GIBS, and MIBS.
(The chosen spectral line: Si | 288.2 nm. The concentration of
SiO, in the soil samples: for GSS-08, 58.61 + 0.13 pg/g; for GSS-
09,61.09+0.33pg/g.)

In soil: for Si FIBS [17] GIBS [17] MIBS [18]
288.2nm (sample (sample (sample
GSS-08) GSS-08) GSS-09)
Intensity 1x10* 3.2x10* 10x10*
Min. pulse 11mJ 04mJ 0.3mJ
energy
Signal 100 ns 200 ns 350 ns
duration

breakdown line that is much stronger than the plasma grating
and the filament alone. The experimental setup adjusts the opti-
cal path length of the third filament so that it is delayed in the
time domain of the plasma grating. Three coplanar filaments
construct a liquid jet with a short delay. When the third filament
coincides with the plasma grating in time domain, all 3 syn-
chronized pulses are disturbed to create a new multidimensional
plasma grating, which is the interference superposition of non-
collinear filaments. Given the problems with liquid testing, the
obtained spectral line intensities are similar to the result of
F-GIBS with large delay (see Fig. 5A). At positive delays, the third
filament is ahead of plasma grating in the time domain, the
delayed third pulse is filamented along the formed plasma grat-
ing, and the excitation of the plasma grating is elongated. While
at negative delays, plasma grating from 2 synchronized pulses
was present before plasma expansion and established an
advanced plasma modulated for plasma grating. F-GIBS proved
to be an effective technique for the sensitive detection of ele-
ments in liquid. From the change of the relative intensity of the
spectral line signal under different delays (Fig. 5A), we can see
that the delay correspondingly overcomes violent plasma explo-
sion and the side effects of air bubbles in liquids, showing the
potential of F-GIBS to detect heavy metal elements in aqueous
solutions with higher sensitivity.

Because of the nonlinear interference of the filament in liquid,
the energy of plasma grating can be focused on the shorter
length. It plays an essential role in overcoming the influence of

Hu et al. 2023 | https://doi.org/10.34133/ultrafastscience.0013

the water distance formed by some bubbles, as well as the sput-
tering effect after the laser deals with the liquid medium. This
method improves the spectral signal intensity and reduces the
fluctuation of the spectral signal, which provides the conditions
for quantitative detection in solution. In Fig. 5B, the spectral
intensities for spectral lines of O I 777.2 nm obtained by FIBS,
GIBS, and F-GIBS in solution are compared. The results show
that F-GIBS signal sensitivity is substantially improved.

The Development Process of Induced
Breakdown Spectroscopy Based on Nonlinear
Laser Theory

The variation in the signal intensity of different element spectral
lines is one of the most prominent indicators of the progress
for LIBS. By enhancing the detection signal intensity, LIBS can
provide a broader space for applications. The application of
multibeam nonlinear coupling in induced breakdown spec-
troscopy is a series of tremendous advances. The changes in the
signal intensity of the SiI288.2-nm spectral line for the detec-
tion of soil are shown in Table 1. At the same time, there also
shows the progress of minimum laser pulse energy for the
appearance of visible signals and signal duration on account of
technological improvement. From these parameters, it is clear
to see the advancement of technology and the superiority of
GIBS and MIBS.

To accomplish the objective of quantitative analysis, it is
necessary to improve the signal strength, detection sensitivity,
and signal stability. The application of multibeam nonlinear
coupling of fs laser to LIBS provides a direction for achieving
this goal. In the LIBS, the plasma excited by an ns laser needs
to be stable for detection. The delay is probably on the order of
microseconds, so there is an unavoidable thermal effect. FIBS
substantially reduces the thermal effect. Another advantage is
that FIBS overcomes the plasma shielding effect. The original
LIBS requires a plasma expansion to reach an equilibrium state
for detection due to the plasma shielding effect. To further
improve the measurement effect of FIBS, it is demanded to
overcome the intensity clamping effect and the trouble from
some different gas effects and Kerr’s self-focusing. Then, GIBS
has apparent advantages. In addition for MIBS, it is obvious to
improve the sensitivity further. At the same time, by using GIBS
technology, the ionization and decomposition of unusual mate-
rials can be achieved. The GIBS effectively weakens the influ-
ence of the matrix effect. Therefore, GIBS technology can also
be used as a detection analysis for samples that are difficult to
melt, decompose, and have complex substrates. MIBS further
improves the 1-dimensional plasma grating to a 2-dimensional
state, and the compression of the channel of plasma is better.
Figure 6 shows us the development process of induced break-
down spectroscopy based on plasma grating and introduces
the development direction. The nonlinear coupling of multiple
beams can realize the regeneration and splicing of plasma grat-
ings. The asynchronous coupling can realize multiple excita-
tions. Therefore, as shown in Fig. 6, in the following research,
it is considered to realize the special requirements by multi-
beam coupling and multiexcitation.

The progress made by LIBS is reflected by the change in the
LOD. In metal material detection, LOD for Fe in the aluminum
alloy reaches 9.71 parts per million (ppm) by LIBS [71]. Various
methods can be used to enhance the LIBS's measurement precision
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Fig.6. The development process of breakdown spectroscopy.

when detecting liquids. For example, by combining LIBS with
other measurements: time-resolved spectral image laser-induced
breakdown spectroscopy (TRSI-LIBS); and by changing the
form of the material: hydrogel-based solidification method
(HBSM-LIBS) and SDME-LIBS. Then, with the emergence of
FIBS, GIBS, and MIBS, the signal can also be observed for some
materials that are difficult to excite spectral lines. In [18], the
LOD for Mn in the soil was approximately 394.4 ppm by GIBS;
it reached 306.47 ppm by MIBS, and the detection accuracy
increased by 30% (see Table 2 for more information about LOD).

With the improvement of GIBS and MIBS about LOD,
multibeam and multiexcitation appeared with a substantial
improvement in induced breakdown spectroscopy technology.
The study on the multibeam nonlinear interference principle
will achieve excellent result in the field of induced breakdown
spectroscopy.
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Applications of Plasma Grating and
Multidimensional Plasma Grating

Through the plasma grating and multidimensional plasma
grating, the increase of filament energy and the striped spatial
structure are realized in air. This provides a strong guarantee
for developing the application of the laser. Here is a brief over-
view of the applications of these laser techniques in surface
deposition, laser ablation, and chemical reactions.

With the maturity of high-energy pulsed laser technology,
people gradually recognize and accept the characteristics of pulsed
laser deposition (PLD). PLD is to focus the high-intensity pulsed
laser beam on the surface of the target material to generate high
temperature (T > 10* K) and ablation [76] and further create
high-pressure plasma. This plasma expansion emits and deposits
on the substrate to form a thin film. Typically, it can be divided
into 3 processes (Fig. 7A): laser surface ablation and plasma

Table 2. The variation of LODs for different induced breakdown
spectroscopy types.

Breakdown spectroscopy
types

Limit of detection (LOD)

In oil: LODs for Fe from 4 to
3ug/g [72].
In milk: LODs for Ca from
1.47 to 0.81 mg/g, accuracy
increased by 57.89% [73].

In water: LODs for Al from
15t0 0.46 pg/ml, for Cu
From 12 to 4.69 pg/ml, and
for Cr from 30 to 4.44 g/
ml [38].

In water: LODs for Zn from
49 to 21 pg/kg, for Mn from
427 to 301 pg/kg, for Cu
from 141 to 54 pg/kg, and
for Cr from 143 to 50 pg/kg
[43].

In oil: By Echelle, LODs for
Fe from 4 to 3.73 pg/g. By
Czerny-Turner, LODs for Fe
from 4 t0 2.05 pg/g [74].
In water: LODs for Fe from
10 mg/I by LIBS to 2.6 mg/I
by FIBS [75].
Compared with the FIBS,
the spectral line signal
obtained by the GIBS was
successfully increased by 2
to 3 times [17]. In soil: LODs
for Mn [18], approximately
394.4 ppm.

In soil: LODs for Mn [18],
approximately 306.47 ppm.

DP-LIBS

TRSI-LIBS

HBSM-LIBS

LIBS

SDME-LIBS

Different spectrom-
eters

FIBS

GIBS

MIBS
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generation, expansion and emission of plasma, and condensa-
tion and film formation on the substrate surface. The unique
physical process of PLD has the following advantages compared
to other film-making techniques: (a) PLD has a wide range of
applications. It has been widely used in the deposition of
2-dimensional thin-film materials [77-81]. In addition, it also
shows excellent compatibility on different substrates [82]. (b) It
is suitable for the deposition of multicomponent compounds
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[83,84]. (c) Low deposition temperature [85]. (d) It is convenient
to achieve the growth of multilayer films and superlattices.

In this study [86], it was found that the film with good pre-
cision, strong bonding force, and high epitaxial orientation can
be deposited by fs pulse laser. Here, the fs laser pulse high-
intensity characteristic is mainly applied. Therefore, considering
that the clamped intensity can be promoted by the multidimen-
sional plasma grating, the plasma grating deposition (PGD) and
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multidimensional plasma grating deposition (PMD) are raised.
Theoretically, they get better deposition, including the deposition
faster and finer, high efficiency, the sedimentary layer smoother,
and the structure more diverse.

Moreover, the ultrahigh intensity and electron density in
both plasma grating can ablate materials with high damaging
threshold and etched the regular fringe structure (Fig. 7B). In
the plasma grating constructed from a laser with a pulse width
of 300 fs and a single pulse energy of 2.8 m], the temperature
easily exceeds 5,000 K. Hence, plasma grating ablation (PGA)
and multidimensional plasma grating ablation (MGA) can be
attempted to ablate the diamond (melting point of 3,773 K) and
carborundum (melting point of 2,973 K). Moreover, periodical
structures can be generated in nano-machining by employing
the filaments at the interaction region of plasma grating. This
structure can fabricate Bragg volume grating and antireflection
coating of silicon solar cells.

Additionally, it results in higher resolutions of molecule
tracing and opens new possibilities for substantial chemical
reactions (Fig. 7C). The reason is that more vigorous field inten-
sity and full collision of particles can break more chemical
bonds, creating more dissociation and reaction channels. It
finally helps us investigate the detailed dynamics of chemical
reactions.

Summary

From ns to fs, from beams to filaments, from single filaments
to nonlinear plasma gratings, and finally to triple filament
asynchronous noncollinear coupling, it brings us an advance
in breakdown spectroscopy detection from LIBS to F-GIBS.
These fluorescence techniques have been successfully applied
to identify various samples in the laboratory and outdoor
environments with high sensitivity and a good signal-to-
noise ratio. In this process, we resolve the influence of
the matrix effect, plasma shielding effect, difficulty in long-
distance detection, and intensity clamping effect on the
detection of induced breakdown spectroscopy. Recent results
on GIBS and MIBS are emphasized. The applications of these
techniques confirm reliability and feasibility. At the same
time, the combination of multibeam coupling in the laser
field and the breakthrough progresses of substantial area array
laser shock research also provides more development inspi-
ration for the higher sensitivity and more comprehensive
application range of our induced breakdown spectroscopy
detection. Moreover, recent developments in both GIBS and
MIBS have also opened new possibilities for film fabrication
and nano-machining. The detailed dynamics of the ioniza-
tion/dissociation processes and chemical reactions are yet to
be explored. In this sense, there are still many challenges for
practical applications and understanding the underlying
physics.
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