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ABSTRACT

The simplicity and low-cost way to improve qualitative and quantitative
analytical performance has always been a crucial concern for laser-
induced breakdown spectroscopy (LIBS), and many scientists have been
engaged in this evolving research direction. In this review, we investigated
an update on recent developments in light-field modulated operation in
LIBS. It covered a brief description of LIBS, optical polarization, and beam
shaping. Here, the optical polarization is divided into laser beam polariza-
tion and plasma polarization. In addition, the methodology and develop-
ment of light-field modulated LIBS were summarized and discussed.
Finally, the existing problems with light-field modulated LIBS were
presented, along with some of their own insights and the future direction
of their development. This review will provide a guideline for LIBS
researchers with basic knowledge, which is very useful in the signal opti-
mization of LIBS research and applications.
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1 Introduction

Laser-induced breakdown spectroscopy (LIBS) has the
advantages of rapid, in-situ, multi-element detection,
remote operation, and safety, and is regarded as the
“future superstar for chemical analysis” [1]. However,
due to the signal instability, higher background, and
lower sensitivity, the popularization, industrialization,
and commercialization progress of LIBS was very slow
[2]. The essential feature of LIBS measurement objects is
a dynamically changing laser plasma, which exhibits
rapid expansion and spatial variability in the
microsecond-level time delay range. Laser-produced
plasma optimization has been the focus of academics
and researchers for many years. Several optimization
solutions have been proposed, including double-pulse [3],
spark discharge pulse re-excitation [4], microwave
supplementary [5], resonance excitation [6], flame
supplementary [7], cavity confinement [8], magnetic field
confinement [9], nanoparticle and micro-nanostructure
[10, 11], external gas and pressure [12, 13], light-field
modulated [14-16], ultrafast laser beam [17], sample’s
physical property [18, 19], and technology combined
(nanoparticles double-pulse, external gas magnetic field
confinement, cavity magnetic field confinement, etc.)
[20-22]. Comparatively, the light-field modulated opera-
tion method is one of the optimization solutions that is
most capable of building simplicity and a low-cost way
to improve LIBS qualitative and quantitative analysis
abilities.

There are two major implementation schemes of light-
field modulated operation: one is laser beam polarization
and shaping, and the other is plasma polarization. The
former is based on a laser beam with a particular phase
or polarization distribution to increase the laser ablation
and improve plasma emission signal intensity, while the
latter is based on the differences in polarization principles
between continuous and discrete spectra to reduce back-
ground signal interference. As reported so far, the light-
field modulated operation contains the flat-top beam
[23], vortex beam [24], Bessel beam [25], optical fiber
configuration [26], linear polarization, and circular polar-
ization [27, 28]. Those methods can optimize the source
signal, which resulted in the improvement of LIBS quali-
tative and quantitative analysis abilities and an increase
in accuracy and reliability. Generalizing those methods
and experiences of the light-field modulated operation of
LIBS, comparing and analyzing the methods, and seeking
the general and difference character to supply theoretical
and data bases, however, the overview knowledge has
been reported rarely.

In this review, we aim to investigate the qualitative
and quantitative performance improvement of LIBS by
light-field modulated operation. It covers a brief description
of the laser plasma process, laser beam polarization,
laser beam shaping, and evaluation parameters. Addi-

tionally, a summary and discussion of the methodology
and application of optical polarization and beam shaping
are provided. Finally, conclusions and perspectives on
the light-field modulated operation of LIBS are
presented.

2 Fundamental principle

2.1  Laser plasma process

The schematic diagram of the laser plasma process and
spectral analysis is shown in Fig. 1. A typical LIBS
setup includes a high-power laser, spectrometer, digital
delay generator, translation stage, and optical device
[29]. When a high-power pulsed laser beam is focused on
the irradiating sample surface, the laser plasma will be
generated via a series of physical processes including
melting, evaporation, expression, cooling, and vanishing
[30]. The elemental composition and content information
of the measured sample can be derived by analyzing the
plasma emission spectra [31].

The two pivotal steps in the LIBS process are laser
ablation and plasma signal acquisition. In the early
stage of plasma expansion, temperature fluctuation
contributes most to signal uncertainty, and the total
particle population density fluctuation contributes the
most to the signal uncertainty from ~800 ns. It may
already be heading towards a predictable conclusion that
the total particle population density fluctuation
contributes the most to the signal uncertainty of LIBS
measurement [32, 33]. The time-resolved LIBS plasma
images and spectra show that the images are stable in
the early stage of LIBS plasma evolution but unstable in
the late stage, and the LIBS signal’s uncertainty
decreases first and then increases. The reason for signal
uncertainty comes from two aspects [33, 34]: (i) the
large contribution of early temperature fluctuations is
essentially due to the high background noise caused by
electron bremsstrahlung, which affects temperature
calculation; and (ii) the fluctuation of the total particle
number density is mainly because of the instability of
the plasma’s spatial shape. The light-field modulated
operation is aimed at laser ablation and plasma emission
signal procedures to improve the overall signal intensity
and reduce background noise.

2.2 Optical polarization

2.2.1  Laser beam polarization

In light-field modulated LIBS operation, the laser beam
polarization usually involves linear polarization and
circular polarization [28]. In most cases, the beam of
light emitted by the laser is linearly polarized; that is,
the electric field oscillates in a specific direction perpen-
dicular to the propagation direction of the laser beam,
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Fig. 1 Schematic illustration of polarization-resolved LIBS system configuration [35].

Fig. 2 Schematic diagram of linear polarization (a) and
circular polarization (b).

as shown in Fig. 2(a). Some lasers, like fiber lasers, do
not produce linearly polarized light, but there are other
stable polarization states that can be converted into
linearly polarized light using a suitable combination of
wave plates. A linear polarization can be transformed
into a circular polarization when the line-type beam
enters a )\/4 plate or phase retarder, as shown in
Fig. 2(b) [27]. A wave plate can introduce a phase differ-
ence, thereby converting linear polarization into circular
polarization for the laser beam. The laser beam polarization
state would affect the absorptivity of the material
surface, which in turn affects the ablation amount
during the laser-matter interaction process [28].

The conventional linearly polarized laser beam, the
elliptically polarized laser beam, and the circularly
polarized laser beam are all scalar light fields. The polar-
ization state is evenly distributed due to the evenly
distributed direction of the electric vector on the beam

cross section. Generally, a polarized laser beam whose
polarization direction is perpendicular to the incident
plane is called s-polarization, while p-polarization refers
to one whose polarization direction is parallel to the
incident plane. Besides, the radially polarized laser beam
and the angular polarized laser beam are novel types of
laser beams with unique polarization modes. Its polariza-
tion type is quite different from that of conventional
linearly or circularly polarized laser beams. The polariza-
tion distribution of the same wave front is different at
different positions at the same time, and the polarization
direction changes with the spatial position.

2.2.2  Plasma polarization

As mentioned previously, the laser beams used in LIBS,
such as nanosecond (ns) and femtosecond (fs) laser
devices, are normally linearly polarized. The laser
plasma emission spectra can be broadly classified into
four categories despite their complicity: continuous
background emission signal, noise signal, ion emission
spectra, and atomic emission spectra [27, 35]. In the
early stages of laser plasma generation, plasma emission
mechanisms are mainly blackbody and bremsstrahlung
radiation, which produce ultraviolet, visible, and contin-
uous spectra. With the rapid expansion and diffusion of
the plasma, the plasma temperature and electron
density sharply drop, and submerged discrete spectral
lines begin to appear, mainly the transition radiation
between electrons and ions. The LIBS signal detection
window still has stronger background noise [36]. Based
on the diversity between background spectra and
discrete spectra, it has been confirmed that both of them
are polarized in the plasma spectrum, and there are
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Fig. 3 Comparison of LIBS and PR-LIBS spectra [35].

differences in polarization degree and polarization direction
[35]. A comparison of LIBS and polarization-resolved
LIBS (PR-LIBS) has been shown in Fig. 3. Through the
polarization device, regulation can be realized to weaken
the influence of background and improve the detection
window signal stability, and usually a linear polarizer is
used in the spectral acquisition process.

2.3 Laser beam shaping

The current laser beam spot used in the LIBS system
presents a Gaussian distribution, but the energy distri-
bution of the laser beam is not perfect [37]. The Gaussian
distribution results in an uneven energy distribution
because there is too much intermediate energy, and the
outer boundary is usually underpowered. This can cause
an “unstable weld puddle” condition and compromise
the LIBS signal’s stability. Laser beam shaping is the
process of converting a laser beam into a specific
pattern, shape, or intensity distribution to optimize
LIBS detection performance. Common beam shaping
operations include flat-top beam [38], Bessel beam [39],
vortex beam [40], and fiber arrangement shaping [41].
The simulation morphology of the Gaussian beam, flat-
top beam, Bessel beam, fiber arrangement shaping, and
vortex beam is shown in Figs. 4(a)—(e).

2.4  Evaluation parameter

2.4.1  Plasma parameter

According to the local thermodynamic equilibrium
(LTE) assumption with an optically thin condition, the
plasma temperature T (¢) can be given by the Boltzmann
plot method, as follows [42]:

I)\-;,j Ei heNz

1 =— +In{—2— |, 1
ngiAi,j kT4 ! (47TU (T(t))> W

where I, ; is the spectral intensity, g; is the upper level

Fig. 4 Laser (a) Gaussian beam,

beam morphology:
(b) flat-top beam, (c) Bessel beam, (d) fiber arrangement
shaping, and (e) vortex beam.

degeneracy, 4;; is the electron transition probability, E;
is the upper level energy, kg is the Boltzmann constant,
T (t) is the time-resolved plasma temperature, h is the
Plank constant, c is the speed of light, N, is the atomic
number density in plasma, and U (T(t)) is a partition
function at the corresponding temperature.

The electron density is related to the spectral broadening
width of the emission line, and the main spectrum
broadening is from the Stark effect. The electron density
ne can be calculated as follows [43]:

Ay, ,, = 2wn 10719, (2)
where A,,, is the full width at half maximum
(FWHM), and w is the electron impact parameter.

2.4.2  Evaluation indexes

To assess the optimistic effect of the light-field modulated
operation of the LIBS approach, the signal-to-background
ratio (SBR), relative standard deviation (RSD), coefficient
of determination (R?), mean absolute error (MAE), root-
mean-square error (RMSE), and enhancement factor
(EF) are commonly used to evaluate the optimization
performance of the light-field modulated operation of
previous work, as listed in Table 1.

3 Methodology and results

3.1  Optical polarization method

3.1.1  Polarization laser ablation

As mentioned earlier, laser beam polarization consists of
linearly (p-polarization, s-polarization, or others), circu-
larly, radially, and angularly polarized laser beams.
Polarization laser ablation mainly focuses on the damage
morphology (zero crater size), hole depth, and ablation
rate and helps to compare the differences between polar-
ization angles [49-52] or polarization types [53], as
shown in Fig. 5. For linearly polarized laser beams, the
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Table 1 Evaluation indexes used in a quantitatively analytical approach (I is the background signal intensity, & is the
standard deviation, z is the corresponding average value, SSR is the sum of squares of residuals, SST is the total sum of
squares, y; and y, are the predicted and measured values, respectively, I and I, are the raw and optimized spectral intensi-
ties, respectively, and S is the slope of the standard curve).

Index Expression Description Ref.
SBR SBR =1g/I A parameter to evaluate the optimization effect of feature signal. [44]
RSD RSD = (§/%) x 100% The degree of dispersion of the data set relative to its mean. [45]
R? R?*=1-(SSR/SST) Reflects the goodness of fit between regression line and sample observations. [46]
MAE MAE = [ ((|ys — yil])/m) The average difference between the predicted value and the true value. [47]
RMSE RMSE = sqrt (MSE) The difference between the predicted value and the actual measured value. [46]
EF EF=1/I The feature spectral lines intensity enhancement times value. [48]
LOD LOD =36/S An analytical method can detect a minimum concentration in a sample. [3]
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Fig. 5 Polarization laser ablation results: (a) p-polarization and s-polarization [56], (b) damage morphology [51], (c) hole
depth [52], (d) polarization direction [58], (e) radially and angularly polarized laser beam [63], (f) simulation of linearly and
circularly polarized laser beam ablation [66], and (g) horizontally and circularly polarized laser ablation [53].

and beam incidence angle [56, 57] [Fig. 5(a)]. The ablation
angle [54, 55], and the zero crater sizes of p-polarization process of the incident laser pulse with an electric field

ablation rate and radius vary periodically with polarization

and s-polarization are different at the same laser energy aligned perpendicular to the linear surface feature is

Shangyong Zhao, et al., Front. Phys. 19(6), 62500 (2024) 62500-5
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Fig. 6 Typical results of the laser beam polarization method of LIBS: (a) Polarization-resolved signal intensity [74],
(b, ¢) temperature-related linear-circular polarization signal intensity [28], (d) polarization-resolved plasma temperature and

electron density [28], and (e) polarization-resolved RSD [28].

weaker compared with the parallel orientations [58]
[Fig. 5(d)]. For linear (p-polarization, s-polarization) and
circular laser beams, the differences in surface structure
damage morphology and hole depth can be observed
very intuitively [59-62]. The polarization effects of radially
and angularly polarized laser beams have different
ablated cross-sectional profiles [63-65], as shown in
Fig. 5(e). For linear polarization, the heated zone is
elongated in the polarization direction, and the thermal
gradient on the major axis (from center to boundary) is
much larger. But for circular polarization, the heated
zone is circular, with less variation than linear polarization

[66], as shown in Fig. 5(f).

3.1.2  Laser beam polarization-resolved LIBS

The current laser beam polarization focuses mainly on
the qualitative analysis of linear polarization and circular
polarization. It radiates into several research directions,
as follows: (i) polarization-resolved physical properties of
plasma (signal intensity, plasma temperature, and electron
density) [28, 67-69]; (ii) linear-circular polarization
comparison [28, 69-71]; (iii) polarized atomic, ionic, and
molecule signal characteristics [27, 71-74]; and (iv) tech-
nology combined [3, 75]. The typical results of the laser
beam polarization method are shown in Fig. 6. The
LIBS signal, plasma temperature, and electron density
presented regular changes in strength and weakness with
polarization angle [28, 74]. Besides, the spectral signal

intensity and stability of the circular polarization case
are better than those of linear polarization [69]. Finally,
laser beam polarization combined with other optimization
methods like sample temperature and ambient pressure
changes can further improve the LIBS performance [28,
75].

3.1.3  Plasma polarization-resolved LIBS

Among the plasma polarization characteristic research,
the polarizing angle [27, 76], laser energy [77, 78], polar-
ization recognition rate [79, 80|, laser pulse width [81],
feature lines [82, 83], delay time [84, 85], polarization
state (s-wave and p-wave) [86], plasma temperature and
electron density [87], polarizer types [85], and spectral
line abundance [88] are investigated. However, whether
the plasma polarization method can effectively control
the background noise and improve SBR remains contro-
versial [87, 89].

In addition to all the above, some researchers have
now proposed a plasma polarization method that can be
realized in LIBS quantitative analysis and identification
ability improvement. The summary and comparison of
experimental results using the plasma polarization
method are shown in Table 2. Zhao et al. [90] proposed
PR-LIBS combined with support vector regression to
improve the accuracy of soil heavy-metal (Cd) detection.
Compared to LIBS, the R? increased to 0.9946, the
RMSEC decreased by 11.8783 pg/g, and the RMSEP
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Table 2 The summary and comparison of experimental results.

Sample FEle. R5D R? RMSE Ref.
LIBS PR-LIBS LIBS PR-LIBS LIBS BS-LIBS

Soil Cd 5.26% 4.8% 0.9642 0.9841 50.3812 32.9196 [90]
Si 9.2% 5.9% 0.912 0.970 0.070 0.050

Steel alloys Mn 7.7% 5.5% 0.904 0.953 0.030 0.020 135)
Cr 9.3% 6.0% 0.965 0.996 1.150 0.790
Ni 7.2% 5.8% 0.952 0.986 0.840 0.680
Cr 0.97876 0.99291
Cu 0.97704 0.98829

Steel sample - - - - [91]
Pb 0.98432 0.99603
Fe 0.98202 0.99299

decreased by 11.8906 pg/g. Zhao et al. [35] investigated
the stability and accuracy improvement of Si, Mn, Cr,
and Ni element analysis in steel alloys by PR-LIBS, and
found that the RSD and RMSE of PR-LIBS decreased
while the SBR and R? increased compared to LIBS. For
the PR-LIBS dataset, the R? has increased by at least
3.4%, and the RMSEC and RMSEP have improved by
at least 6.3% and 19.0%, respectively. Xu et al. [91]
applied the micro-linear spectra model (MLS) to
improve the stability of LIBS for chromium in soil, and
the results showed that the stability of MLS increased
by 3.9% compared with the recognition curve of LIBS.
Besides, Teng et al. [92] investigated full-Stokes polar-
ization laser-induced breakdown spectroscopy detection
of infiltrative glioma boundary tissue. They concluded
that PR-LIBS provides more complete polarization
information and elemental information than conventional
LIBS elemental analysis, and Stokes parameter spectra
can significantly reduce the under-fitting phenomenon of
artificial intelligence identification models.

3.2 Laser beam shaping method

3.2.1  Beam shaping laser ablation

The traditional Gaussian beam energy follows a Gaussian
distribution, and the laser-focused spot is irradiated on
the measurement area of the target material, resulting in
inaccurate energy distribution and low laser ablation
efficiency. Unlike Gaussian beams, taking a flat top
beam as an example, the energy distribution of a flat
top beam has a clear size and shape, the intensity of the
entire spot is uniform, the edges are sharp, and there is
no energy outside the spot area, which is opposite to the
continuous attenuation of Gaussian beams [93]. Other
technologies, such as Bessel beams, vortex beams, and
spot arrays, have also been widely applied and studied
[94-99]. Yin et al. [100] compared the evaporation ablation
dynamics of materials by the nanosecond pulse laser
with a Gaussian beam [Fig. 7(a)] and a flat-top beam
[Fig. 7(b)]. For the Gaussian beam, the center of the
target is first ablated, followed by radial ablation,

whereas for the flat-top beam, the lower energy density
after beam shaping results in a delay in the evaporation
time of the target surface. Besides, the center of the
crater produced by the Gaussian beam is deep and shallow
on both sides, while the craters generated by the flat-top
beam are relatively flat. Different energy distributions
and coupling efficiencies will lead to various morphologies
of the target ablation [Fig. 7(c)] [101]. Burger et al. [102]
examined the utility of Gaussian and structured
(Laguerre-Gaussian, Airy, and Bessel-Gaussian) beam
shaping on femtosecond filament-induced breakdown
spectra in the nonlinear regime [Fig. 7(d)]. The ablation
profiles qualitatively correspond to the intensity profiles
in the linear regime [102, 103]. Ackermann et al. [104]
studied phase-only beam shaping with a spatial light
modulator (SLM), which enables the shaped profile to
adapt to the ablation geometry, thereby tailoring the
energy deposition. Pallarés-Aldeiturriag et al. [105]
found that the average surface roughness obtained by
deploying the cylindrical vector was reduced to 94%
compared to the Gaussian case, and the processing effi-
ciency was improved by 80%. It is worth mentioning
that beam shaping laser ablation can also precisely
control the area, shape, and depth [Figs. 7(d)-(f)]
[106-112].

3.2.2  Beam shaping-assisted LIBS

Beam shaping-assisted LIBS (BS-LIBS) applies a binary
optical device (amplitude or phase type device) to
modulate the wave front amplitude or phase of the laser
spot, and furthermore changes the laser plasma spatial
morphology, stability, and radiation signal intensity
[113]. The diffractive optical element (DOE) is the key
component in BS-LIBS. The embossed structure with
different depths is etched on the surface of the optical
material substrate by surface micro-machining technol-
ogy, and the laser beam wavefront amplitude or phase is
modulated when a laser beam passes through the DOE.
The summary and comparison of the evaluation index
and laser plasma parameter results of previous work are
listed in Table 3. In Table 3, there are three types of

Shangyong Zhao, et al., Front. Phys. 19(6), 62500 (2024)
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Table 3 The summary and comparison of experimental and plasma parameters (Gaussian beams are generally used for

LIBS).
RSD R? LOD (ppm)

Sample Beam type Ele. LIBS BS-LIBS LIBS  BS-LIBS LIBS BSLIBS
Ore mineral Flat-top beam U 28.2% 15.3% - 0.90 - 21.2 [23]
Al-Mg alloy Flat-top beam Mg 33% 18% - - - — [114]
Alloyed steel Bessel beam Mn 39.48% 18.31% 0.933 0.956 0.34 wt.% 0.27 wt.% [25]

Mn 30.17% 16.32% 0.981 0.993 11.06 3.82
Steel sample Flat-top beam ———— [115]

Cr 5.89% 4.69% 0.958 0.966 66.65 30.75

Fe 0.9710 0.9775 56.04 29.74

Mg 0.9936 0.9939 5.65 3.9
Cement Flat-top beam AL 2.37% 1.35% 0-9121 0-9166 123.51 3163 [116]

Si 0.9755 0.9771 299.07 139.64

~ Na 0.9909 0.9955 7.3 2.16
K 0.9814 0.9889 10.6 5.67
Sample Beam type FEle. T®) /FWHM* fte (><1016 b 3) EF Ref.
LIBS BS-LIBS LIBS BS-LIBS

Ore mineral Flat-top beam U - 40% 1 - 3% 1 6 [23]
Cement Flat-top beam Ca 11058 9102 1.29 1.04 — [116]
Si sample Si 0.15 nm* 0.16 nm* 2.16 2.25
— X  Vortex beam —— - [117]
Al sample Al 0.25 nm* 0.15 nm* 8.22 4.93
Al-Mg alloy Flat-top beam l\:lg 7454 10361 s — 1.5-3.5 [113]
62500-8 Shangyong Zhao, et al., Front. Phys. 19(6), 62500 (2024)
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beam shaping operations, including the flat-top beam,
Bessel beam, and vortex beam; both of them can reduce
the RSD value and improve the detection limit. Besides,
the plasma temperature and electron density of BS-LIBS
are improved compared to SP-LIBS [23, 114]. Compared
to single LIBS detection, the LOD value of the BS-LIBS
operation can decrease by 2.9 folds [115], and the EF
value can reach 6 folds [23].

4 Comparison and analysis

Under the LTE conditions, the integral intensity of the
spectral line can be expressed as follows [118]:

o <_k3?(t)>
Us(T(t))

I, ; = nsAijgi (3)
where n, is the number density (particle/cm?®) of the
species s, and other parameters in the formula can refer
to Eq. (1). Therefore, the spectral intensity is related to
the particle density; that is, one of the important factors
is the laser ablation amount or laser ablation rate.
Constructing an effective laser ablation environment is
beneficial for improving the SBR, signal-to-noise ratio
(SNR), and RSD of LIBS [69, 116].

In another way, the plasma parameters of NI, T (),
and n, can be used to characterize changes in signal
intensity and uncertainty, as follows [119]:

ah Olnl 2
(RSDTM,J') (3T (t) ) Nl,neUT(t)
+< )t (.
— O-ne
NI T(t),np INL one NI,T(t)
0T(t),Nl
Nine ONI T(t),me |
Olnl
N 5 8 ('J'T(t),’nE
Nin, Ne NU,T(t)
In/
+ 2< ) . ) e
T(t)me NLT(®)

(4)

where [ is the plasma size along the line of sight, NI
(columnar total number density) is the total number
density n, time plasma size along the line of sight 1.
This confirmed the importance of stabilizing plasma
morphology in experiments and compensating for NI
fluctuations in data processing for the reduction of
signal uncertainty. By analyzing the relative contributions
of plasma parameter fluctuations on the spectral signal
uncertainly, the fluctuation of total number density in
the plasma is the key factor influencing the signal fluctua
tion during the major evolution process, and the plasma
temperature fluctuation is dominant to the spectral

signal fluctuation at the very early stage of the plasma
evolution [32]. Further, a fundamental principle of
suppressing the LIBS spectra intensity fluctuation can
be understood; that is, by creating a big and stable
plasma core, the observed total number density fluctuation
can be suppressed, leading to a more repeatable emission
line intensity. In practice, selecting the appropriate
polarization direction and type or shaping the laser
beam could suppress the total number density fluctuation
to diminish the signal uncertainty [35, 115].

In Section 3.1, a couple of points are worth noting.
First, the amount of laser ablation and spectral intensity
depend on the variation of the polarization angle of
linearly polarized beams [51, 52, 56, 74]. Second, the
linearly polarized beam has a lower candling threshold
and linewidth than the circularly polarized beam, but
the latter has a longer ablation depth and spectral intensity
under the same conditions. Specifically, for circularly
polarized beams, because of the rotation of the laser
electric field vector, phase shift changes the direction of
electron collision, thus weakening the energy absorbed
by multi-photon ionization in a specific direction, while
for linearly polarized beams, multi-photon ionization can
more effectively excite valence band bound electrons
because the electric field vector does not rotate and does
not cause a phase shift of valence electrons. Therefore,
linearly polarized beams are greater than circularly
polarized beams [66, 120, 121]. Third, the roundness and
finish of the ablative holes of a vector beam are better
than those of linearly and circularly polarized beams,
while radial vector beams are better than angular vector
beams [63]. Fourth, plasma polarization can be analyzed
using LIBS quantitative analysis, but the explanation of
the mechanism is Five opinions
presented as follows: (i) laser field effect; (ii) Fresnel
diffraction effect; (iii) anisotropy of electron velocity
distribution function; (iv) the effect of bremsstrahlung
from dynamic ion polarization and Debye electron cloud
collision; and (v) the anisotropic recombination process
of plasma. Basically, most of the existing research
concludes that PR-LIBS improves SBR, but the plasma
polarization mechanisms deserve further investigation
and more evidence.

In Section 3.2, beam shaping is the process of using
beam control techniques to change the shape and char-
acteristics of the beam. The biggest advantage of laser
beam shaping is its ability to manipulate the intensity
distribution and shape of the spot, thereby improving
efficiency and quality. In the research and application of
LIBS, we usually approximate the laser beam as a Gaussian
beam, but LIBS typically uses lasers with high energy to
enhance the emission intensity of spectral signals, while
lasers are generally multi-mode excited. Compared to
single-mode laser beams, the intensity distribution of
multi-mode laser spots is more complex, dispersed, and
has poor beam quality, as shown in Fig. 8. It can be

inconsistent. are
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Fig. 8 (a) Gaussian and (b) multimode laser beam spots.

seen as a distribution with a strong center and weak
edges, whether it is a Gaussian or multi-mode laser
beam. By using a device such as beam shaping diffusers,
the uneven beam of a multi-mode laser can be effectively
transformed into a smooth and uniform beam, thereby
improving the laser ablation state, increasing the laser
ablation rate [101, 107] and SBR/SNR [23, 114], and
decreasing the signal uncertainty. Besides, the results of
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laser ablation amount, plasma parameter, and quantitative
analysis exhibited significant differences with different
beam shaping methods, as shown in Fig. 7 and Table 3.
In Fig. 7(d), the dark zones are pronounced for Gaussian
and Laguerre-Gaussian pulse ablation, whereas being
minimal for the Airy pulse and absent in the case of the
Bessel-Gaussian pulse, the more pronounced heat-
affected zones can be attributed to greater local intensity
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Fig. 9 Data chart of annual research article statistics with different technology types of light-field modulated LIBS,
(a) Paper statistics in 2009-2023, (b) beam shaping, (c) plasma polarization, and (d) laser beam polarization.

62500-10

Shangyong Zhao, et al., Front. Phys. 19(6), 62500 (2024)



TOPICAL REVIEW

FRONTIERS OF PHYSICS f P

and an increased rate of oxidation processes. Three
issues need to be pointed out: (i) the difference in beam
intensity distribution and laser ablation amount will
lead to a difference in the intensity and distribution of
plasma parameters n,, T (t), and n.; (ii) there is a significant
difference in plasma shapes, and the columnar total
number density N1 is different; and (iii) there are differences
in quantitative analysis ability. Based on Eq. (4), the
RSD is related to NI, T (t) and n., such as the flat-top
pulse-generated plasma is more uniform and brighter,
which increases the spectral signal intensity and stabil-
ity. Of course, this is a relatively easy conclusion to
draw, but unfortunately, the current research work lacks
comparison between different beam shaping methods
under the same experimental conditions. We believe that
more researchers will pay attention to these issues in the
future.

The existence of signal uncertainty remains the
biggest obstacle in LIBS quantitative chemical analysis,
among which the original signal optimization is a key
and difficult problem that needs to be overcome in the
past, present, and future. Plasma polarization-resolved
LIBS and beam shaping-assisted LIBS methods can
effectively reduce RSD and improve signal quality [25,
35, 90, 91, 23, 114-116]. The former is based on the
polarization difference between LIBS feature signals
(discrete spectra) and background signals (continuous
spectra), while the latter is based on improving the quality
of laser beams and reducing the uncertainty of plasma
radiation signals.

In this review, all of the research articles’ data come
from the Web of Science (WOS) open-source websites.
As described in Section 3, three optimization scenarios
of laser beam polarization, plasma polarization, and
beam shaping are presented. The data chart of annual
research article statistics with different technology types
of light-field modulated LIBS is shown in Fig. 9. At the
present, the emergence of such problems of signal uncer-
tainty is seriously hampering the development and
application of LIBS. The light-field modulated research
is becoming greater and greater with the application
requirement of LIBS since 2016. Some, especially beam
shaping methods, are new technologies in the LIBS field
that have developed highly in past five years.

Other optimization solutions, such as double-pulse,
spark discharge pulse re-excitation, microwave supple-
mentary, resonance excitation, and flame supplemen-
tary, require additional auxiliary devices to be equipped
and have significant limitations in terms of experimental
scale and application scope [122-124]. Compared to
these methods, optical field modulation devices are easy
to match with LIBS optical path systems and can effectively
improve the quality of the LIBS signal [25, 35]. Hence,
light-field modulated operation may be the most capable
and low-cost way to improve LIBS quantitative abilities.
Furthermore, light-field modulated LIBS combined with

algorithmic model such as calibration-free model can
help the achievement for further technology upgrading
[125]. As light-field modulated theory and devices have
increasingly matured and been completed, it is reasonable
to believe that the simplicity and low-cost way to
improve the qualitative and quantitative analysis perfor-
mance of LIBS will appeal to more people concerned
about academics, research, and application.

5 Conclusions and perspectives

With further investigation of the source of signal uncer-
tainty in laser-produced plasma, the light-field modulated
method has become an advanced research field and has
caused extensive attention in recent years, especially
plasma polarization and beam shaping methods, which
have had very quick development and will make a very
big contribution to LIBS qualitative and quantitative
analysis. Light-field modulated operation can further
optimize the LIBS system property, avoid background
noise, shorten the system complexity, cut costs, and
raise SBR and RSD. However, currently there are four
problems in light-field modulation in LIBS: (i) the physical
mechanism is unclear and the statements are inconsis-
tent; (ii) the effect of background reduction and improving
SBR varies; (iii) there is limited research on quantitative
analysis, current studies have been unable to provide
better supporting data; and (iv) the possibility of inte-
grating different optimization technologies. Only after
these problems were solved and obstacles surmounted
could light-field modulated LIBS research and application
obtain real success.
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