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Understanding the spatio-temporal evolution of laser ablation plasma under low-pressure ambients is
a crucial area of study in the field of laser-induced breakdown spectroscopy (LIBS). In this work, LIBS
combined with plasma imaging was employed to diagnose the spatio-temporal evolution of laser
ablation W plasma under Ar gas ambient and continuous Ar plasma ambient with low-pressure
conditions. Results revealed that laser ablation W plasma under Ar plasma ambient exhibited high
radiative recombination loss and radiative thermal bremsstrahlung loss in the early stages of spatio-
temporal evolution. This led to an increased continuous radiation background and W Il signal intensity. It
was found that the electron temperature initially exhibited a brief decline, followed by an increase, and
then decreased gradually. This resulted in a temporary temperature drop caused by the inertia of plasma
expansion, which was quickly compensated by the recompression of the shockwave layer. Plasma
imaging results revealed plume splitting, plume sharpening, and plume turbulence in laser ablation W
plasma under Ar gas ambient. The front position and area of the plasma plume under Ar gas ambient
and Ar plasma ambient were compared. In the later stages of temporal evolution, the plume area of the
plasma could be described using a drag model. Thus, this study provides new insights into the physical
mechanisms of laser ablation W plasma under different background ambients, which is important for the
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1 Introduction

During the operation of a tokamak device, plasma wall inter-
actions (PWI) lead to significant changes in the elemental
composition of plasma-facing materials (PFMs).* Lifetime of the
first wall and the retention rate of tritium (T) in future tokamak
devices would be critical factors for their safety and economic
performance.>” For tokamak devices, a real-time and in situ
diagnostic technique for material deposition and fuel retention
on PFMs is necessary.®” Laser-induced breakdown spectroscopy
(LIBS) is a non-contact, in situ, on-line elemental analysis
technique that enables the rapid detection of a wide range of
elements in real-time, wherein a pulsed laser beam produces an
outwardly expanding plasma when it ablates the surface of the
sample. Different material elements emit transition spectral
peaks at various wavelengths owing to their different electronic
energy levels in the plasma. Information about the material
components can be obtained using a spectrometer by observing
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real-time diagnostics of wall materials by LIBS during tokamak discharges.

the line radiation emitted by the excited plasma.**° LIBS has
a wide range of applications and has been successfully used to
diagnose the condition of first wall materials in tokamak
devices such as EAST."™** During tokamak operations, such as
discharge and wall conditioning, PFMs are exposed to different
background pressures and ambient conditions. Different
background ambient conditions can affect the dynamic
expansion of laser ablation plasma, thus impacting the sensi-
tivity and quantitative accuracy of LIBS measurements.

Laser ablation plasma is a transient evolution plasma with
characteristic spectral peak intensity and plasma parameters
(electron temperature (7.) and electron density (n.)), exhibiting
a significant temporal and spatial inhomogeneity. Under the
low-pressure environment of tokamak devices, the spatio-
temporal evolution of the laser ablation plasma is more
complex owing to the weaker interaction with background gas
and faster expansion of plasma. For example, S. S. Harilal et al.
investigated the expansion features of ultrafast laser-generated
nanoparticle plumes in vacuum. ICCD fast-gated images
showed two distinct features of component expansion gener-
ated by W plasma and nanoparticle plumes separated in time.
Compared to low-Z materials (e.g., Si), ultrafast laser ablation of
high-Z materials such as W provides significantly higher
nanoparticle yield."” Zhao et al. studied the spatio-temporal

This journal is © The Royal Society of Chemistry 2025
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evolution of laser ablation plasma on the first wall materials
and provided optimum LIBS diagnostic design for the in situ
diagnosis of the first wall under EAST tokamak environment.*®
Wu et al. employed fast photography and time- and space-
resolved optical emission spectroscopy to systematically study
laser-ablated W plasma properties at a low-pressure condition.
The time-of-flight dynamics of the laser-induced W plasma
presented four time-scales of plasma processes including
prompt electron emission, continuum radiation, and ionic and
atomic emission.” Wu et al. investigated the effect of gas
pressure on the plume expansion and spectral emission of
nanosecond laser-induced plasma of the W wall material. The
plasma parameter change and laser ablation depth reduction
were observed due to ambient gas confinement and enhanced
plasma shielding.®

Apart from the significant influence of background pressure
on laser ablation plasma, the ambient gas is also strongly
correlated with the interaction between the laser and material
during the ablation process. The spatio-temporal evolution
characteristics of laser ablation plasma vary significantly in
different ambient gases. During tokamak operation, impurity
injection is commonly used for wall cleaning or divertor
detachment.** The influence of ambient gas on laser ablation
plasma has also attracted extensive attention from researchers.
For example, Iida et al. observed that the LIBS signal intensity
was higher in the Ar environment than in the He environment,
while the plasma temperature decreased at a lower rate in Ar
environment than in He environment.”* Mao et al. found that
plasma expansion in Ar and He is significantly different. The
laser is absorbed by the compressed gas layer when the ambient
gas ionization is low. This changes the plasma morphology,
which in turn affects the signal intensity of LIBS.*® Similar
results were found in previous reports,**>* where the highest
signal intensity was found in Ar environment, followed by Ne,
air, and He.

LIBS exhibits excellent real-time and in situ diagnostic
capabilities, enabling real-time elemental analysis of wall
surfaces during long-pulse discharges in tokamak devices.
During tokamak discharges, laser ablation plasma interacts
with the background ambient plasma, especially in divertor
detachment experiments where the divertor targets are often in
a relatively high-pressure background plasma ambient. The
background ambient plasma significantly influences the
expansion process of laser ablation plasma. In the TEXTOR
device, the interaction between laser ablation plasma and the
background boundary plasma during discharges was
studied.*** Philipps et al. found that the volume of laser
ablation plasma significantly increased in the edge plasma of
the TEXTOR device.*” Tokar et al. found that the ionization of
ablated particles supplied additional electrons and increased
plasma density. Energy losses in the excitation and ionization of
the ablated particles, as well as the thermalization of the
generated electrons, lead to a drop in the electron tempera-
ture.*® Oelmann et al. used a high-speed camera to detect D,
radiation spatial and time-resolved radiation images of laser
ablation plasma on the EAST device. A significant increase in
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the size of laser ablation plasma in the edge plasma of the
tokamak was found.**

Although preliminary experimental studies on the evolution
behavior of laser ablation plasma in background plasma have
been conducted on TEXTOR and EAST devices, the systematic
spatio-temporal evolution patterns and mechanisms have not
yet been reported. Generating plasma with plasma parameters
similar to those of the edge plasma of tokamak devices to
irradiate materials in the laboratory is the most important
means of studying PWI. Linear plasma devices based on
cascaded arc plasma source (CAPS) technology can generate
large-area plasma beams characterized by high density, high
ion flux, and high heat flux.***” W is the most important wall
material in tokamak devices. In this work, we irradiate W
samples using Ar plasma generated by CAPS to study the
evolution process of laser ablation W plasma under Ar plasma
ambient. By comparing the spatio-temporal evolution behavior
of laser ablation plasma under Ar gas and Ar plasma ambients,
we aim to reveal the interaction mechanisms between laser
ablation plasma and background plasma ambient. This study
provides important experimental references for the real-time
diagnostics of wall materials during tokamak discharges.

2 Experimental setup

The experimental system consists of four main parts: laser
ablation system, signal collection system, plasma imaging
system, and cascaded arc plasma source (CAPS) system. The
schematic of the system is shown in Fig. 1.

The laser ablation system comprises an Nd:YAG laser
(wavelength 1064 nm, pulse width 8 ns, maximum laser energy
110 mJ, CFR200 Quantel), optical components, and pure W
targets (99.5% purity, Taibai Tungsten Products Factory,
China). The laser pulse was focused onto the pure W targets in
the vacuum chamber through a plano-convex lens (50.8 mm in
diameter, 500 mm focal length) and a right-angle prism,
producing a laser ablation W plasma. In this experiment, the
laser energy was 100 m], and the laser energy density was esti-
mated to be approximately 25.6 ] cm ™2 based on the contour of
the laser ablation crater.

The signal collection system consists of a linear array of
optical fibers, a signal-collected lens, and a spectrometer with
an intensified charge-coupled device (ICCD) detector. The
optical emission from the laser ablation W plasma was collected
by a plano-convex lens (diameter 50.8 mm, focal length 75 mm)
oriented parallel to the plasma. The plasma image was reduced
by approximately 4 times, and the plasma optical emission was
vertically guided into a linear array of optical fibers (comprising
20 fibers, each with a diameter of 300 pm). The fiber collection
range was approximately 24 mm, allowing simultaneous
recording of optical emission from 20 positions within the W
plasma in a single measurement. The spatial resolution was
~1.2 mm on the plasma. The output end of the array fiber was
vertically positioned at the entrance slit (70 pm) of the spec-
trometer (SR750, ANDOR) with a grating of 1200 lines per mm.
The spectrometer was coupled with an ICCD (iStar 340T,
ANDOR), which was connected to a computer for real-time
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Fig. 1 Schematic of the laser ablation W plasma system.

acquisition of the spatio-temporal evolution of W plasma at
different delays. The gate width for the spectral acquirement
was 0.2 ps. The delay times were varied from 0 to 12.5 ps.

The plasma imaging system consists of an ICCD camera (PI-
MAX4, Princeton Instruments) with a narrowband filter (center
wavelength 430 nm, bandwidth 10 nm, RAYAN Optics). This
setup recorded the expansion process of the laser ablation W
plasma in the wavelength range from 425 nm to 435 nm using
a camera. The delay times of the camera were varied from 0.05
us to 3.05 ps with a step of 0.03 ps. The corresponding gate
widths were varied from 3 ns to 303 ns with an increased step of
3 ns. According to our experience in previous plasma imaging
experiments, the gate width is too long in the early stage of
plasma evolution, leading to the overexposure of plasma image
intensity. At the late stage of plasma evolution, the gate width is
too short and will not result in a complete plasma evolution
image. Therefore, we set the gate width increase step to 10% of
the delay times increase step to get a complete plasma evolution
image with better quality.

The cascaded arc plasma source system consists of CAPS
(discharge gas: Ar gas), a vacuum chamber (modularly adjust-
able from 0.5 m to 3 m), and a vacuum pump assembly (WA251,
SV100B, Leybold Vacuum). The real-time dynamic gas pressure
inside the vacuum chamber during Ar gas flow was accurately
measured using a high-precision thin film gauge (CMR361,
Pfeiffer). CAPS operated with an adjustable working current
from 60 A to 120 A and generated Ar plasma with a diameter of
more than 10 cm and length of more than 1 m, which can cover
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the size of LIBS plasma, with a steady-state run time of more
than 1 hour. The electron density can reach 10°° m*, with an
electron temperature of approximately 0.5 eV, ion flux of about
4.5 x 10”® m™? s7', and heat flux of approximately 1 MW
m 2383 Thermal loads on the surface of the sample cause the
sample temperature to increase, and the thermocouple on the
back of the sample measures the sample temperature till about
500 °C.

A digital delay generator (DG645, Stanford) was used to
synchronously control the triggering of the Nd:YAG laser, data
acquisition of the spectrometer, and imaging of the camera.
This setup enabled the investigation of the spatio-temporal
evolution characteristics of laser ablation W plasma at low-
pressure conditions, both under Ar gas ambient and Ar
plasma ambient. The W samples were mounted on a 2D electric
platform and can be moved during the experiment to prevent
the ablation crater effect. The first 10 laser shots were used for
surface cleaning. 60 spectra were averaged for each condition to
reduce the fluctuation of plasma emission spectrum signals.
The background pressure was 280 Pa in the vacuum chamber
for Ar gas and Ar plasma ambients.

3 Results and discussion

3.1 Temporal evolution of spectral intensity laser ablation W
plasma

Fig. 2 compares typical space-integrated spectra in the 420 nm
to 440 nm wavelength range of laser ablation W plasma under

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ja00326h

Open Access Article. Published on 22 January 2025. Downloaded on 8/2/2025 8:39:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

JAAS

Paper
40000 p—p——
Ar gas ambient
- Ar plasma ambient
Delay time: 0.4 ps
30000 - Gage width: 0.2 s
20000

Intensity (a.u.)

10000

Arll

430

Wavelength (nm)

Fig. 2 Comparison of typical space-integrated spectra of W plasma under Ar gas ambient and Ar plasma ambient.

Ar gas ambient and Ar plasma ambient. The space-integrated
spectra were obtained by averaging 20 spectra from 20 fibers.
To study the effects of Ar gas ambient and Ar plasma ambient
on the spatio-temporal evolution characteristics of laser
ablation W plasma, it is essential to select the characteristic
spectral peaks corresponding to W and Ar for analysis. The
selection of characteristic spectral peaks should fully consider
multiple influencing factors, such as whether different charac-
teristic spectral peaks overlap, self-absorption effect of spectral
peaks, and relative intensity of the spectral peaks. Considering
these factors, W I 429.46 nm, W II 433.56 nm, continuous
radiation background, and Ar II 433.12 nm were selected as the
analytical spectral peaks for studying the spatio-temporal
evolution characteristics of laser ablation W plasma. The
intensity of continuous radiation background was obtained by
the average intensity of 10 pixels near 430 nm.

Fig. 3 presents the space-integrated spectra of laser
ablation W plasma at different delay times under Ar gas
ambient and Ar plasma ambient. During the formation and
expansion of the W plasma, the optical emission of the plasma
changes continuously with increasing delay time, exhibiting
complex physical processes such as excitation/ionization,
recombination radiation, and de-excitation between the laser
ablation W plasma and the background Ar gas. The signals of Ar
II spectral peaks and the continuous radiation background
appear almost simultaneously, indicating that the excitation
and ionization of the background Ar gas occur almost simul-
taneously with the laser ablation W plasma. As the delay time
increases, the W 1I spectral signals gradually appear, while the
Ar II spectral signals disappear. With a further increase in delay
time, W I spectral signals gradually dominate, W II spectral
signals disappear, and the duration of W I spectral signals is
significantly longer than that of W II.

This journal is © The Royal Society of Chemistry 2025

Fig. 4 compares the temporal evolution of the space-
integrated signal intensities of W plasma of the continuous
radiation background, Ar II, W II, and W I under Ar gas ambient
and Ar plasma ambient. With increasing delay time, the signals
of Ar II and continuous radiation background reach their
maximum intensity at about 0.2 ps. The optical emission
processes of W II and W I follow those of Ar II and the contin-
uous radiation background, reaching their peak signal intensity
at 0.3 ps and 0.4 ps, respectively. The signal intensity of Ar IT and
the continuous radiation background are lower under Ar
plasma ambient. The continuous radiation background signal
disappears after 0.4 us, while the Ar II signal gradually disap-
pears after 1 ps. Under the Ar plasma ambient, the signal
intensity of W 1I is higher before 0.2 ps. After 0.4 ps, there is
a noticeable difference in the W II signal intensity between the
Ar gas ambient and Ar plasma ambient. At about 0.8 us, the
signal intensity shows a brief increase and then rapidly
decreases, with the W 1I signal intensity under the Ar plasma
ambient decreasing faster, disappearing after 3.5 ps. The W I
signal intensity shows a clear distinction before 0.3 ps and after
1.5 ps, which is stronger under Ar gas ambient. After 2 us, the W
I signal intensity initially increases and then decreases, main-
taining a relatively high intensity at about 12.5 ps. In contrast,
under Ar plasma ambient, the W I signal intensity continues to
decline after 1.5 pus and disappears after 7.5 ps.

3.2 Temporal evolution of plasma parameters

The electron density of the space-integrated laser ablation W
plasma was calculated using the Stark broadening method. As

shown in eqn (1),
nC
Wstark — 2 (1016) w
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Fig. 3 Comparison of space-integrated spectra of W plasma at different delay times under Ar gas ambient and Ar plasma ambient.
Wgeark is the full width at half maximum (FWHM) of the 4 he (g _EjkaT
spectral peak, and w is the electron collision parameter.**** In i= ’«'/'"Tl.j U(T) ¢ 2)

LIBS experiments, Stark broadening is usually more signifi-
cant than the broadening caused by other mechanisms. The
Doppler broadening can be neglected compared to Stark
broadening, especially for the high-Z element such as W.
Therefore, the spectral peak broadening observed in plasma
spectroscopy results from both Stark broadening and instru-
mental broadening. During the collection of optical emission
spectra, light passing through the slit of the spectrometer will
have a certain width and will undergo diffraction, leading to
some broadening known as instrumental broadening, which
is measured using a standard Ar-Hg lamp and is determined
to be of Gaussian shape, while the Stark broadened shape
is Lorentzian. Therefore, the peak shape directly obtained
from the spectrometer is a Voigt profile, which is a convolu-
tion of Gaussian and Lorentzian profiles. W I (429.46 nm) is
chosen for electron density measurement. By deconvolution
of the Voigt function, the Lorentzian FWHM obtained is
Wstark- Substituting wge, into eqn (1) yields the electron
density 7.

It is generally accepted that when the electron density and
electron temperature meet certain conditions, the plasma can
establish a local transient thermodynamic equilibrium, known
as local thermal equilibrium (LTE). When the laser ablation
plasma is in a state of LTE, the electron temperature of the
plasma can be studied. The electron temperature can be
calculated using the Boltzmann slope method and the Saha-
Boltzmann slope method. Under LTE conditions, the optical
emission intensity I; of a specific transition wavelength A;
from a higher energy level E; to a lower energy level E; is given by

eqn (2).
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After linearizing eqn (2), the electron temperature T of the
plasma can be calculated using the atomic Boltzmann slope

method as follows.
LA E; nhe
In| | =—"+ ln( )

In eqn (3), which takes the form y = ax + b, the plasma

(3)

. 1
temperature T can be obtained from the slope a = T The
B

Boltzmann slope method uses characteristic atomic spectral
peaks, where the energy differences between atomic levels are
relatively small, leading to relatively large calculation errors. On
the other hand, the Saha-Boltzmann slope method simulta-
neously utilizes atomic spectral peaks and ion spectral peaks.
The energy differences between atomic levels and excited ion
levels are significantly larger, which can enhance calculation
accuracy.”*® The expression for the ion Boltzmann slope
method is as follows.

7 E, 1y,
m (2% :__fm(%)
Aig ke T ut(T)
In eqn (4), superscript II represents singly ionized ions.

According to the Saha equation, the ratio of the number of
atoms to singly ionized ions is given as follows.

(4)

1)

I 1 -
n_ ) U"(2mem kT) (_ E]ox]}( TAE) 5)
B

nneh?
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In eqn (5), m. is the electron mass, . is the electron density, and
Eion is the first ionization energy of the atom. AE represents the
ionization energy correction value, which is approximately
0.1 eV. By substituting eqn (5) into eqn (4) and rearranging, we
obtained the Saha-Boltzmann slope expression as eqn (6).

AE““(JS(h;>>
(©)

In the Saha-Boltzmann plot, the horizontal and vertical coor-
dinates for atoms are the same as those in the Boltzmann slope
method. For ions, the vertical coordinate is expressed as

i
follows: ln< Y 9| —1n

i8j

3
" 12 | 2@k T2 | Eit Eion —
Aijgj neh3 N ksT

3
2(2mmekT)2
neh3

, where the horizontal

This journal is © The Royal Society of Chemistry 2025

coordinate is E; + Ej,, — AE. In the Saha-Boltzmann plot, the
slope of the linear fit still represents the negative reciprocal of
the electron temperature. The electron temperature 7. was
calculated using the Saha-Boltzmann slope method. The
necessary parameters for this calculation, including the tran-
sition probabilities A; and statistical weights g; for the selected
spectral peaks, are taken from the NIST database. These spec-
troscopic parameters are presented in Table 1.

A strong continuous radiation background at the initial stage
of laser ablation on W samples makes it impossible to distin-
guish the W I and W II spectra. Therefore, the spectra after 0.3
us were selected to study the temporal evolution of the space-
integrated electron density and electron temperature of the W
plasma under both Ar gas ambient and Ar plasma ambient. The
results are shown in Fig. 5. It was found that the electron
temperature initially exhibits a brief decline, followed by an
increase, and then slowly decreases. This corresponds to
a temporary temperature drop caused by the inertia of plasma

J. Anal. At. Spectrom., 2025, 40, 762-774 | 767
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Table 1 Spectroscopic parameters of W Table 2 Reactions involving Ar with W and electrons
A (nm) 2 A (10°s7Y) E; (eV) E; (eV) Reaction Reference
WI 424.44 15.2 0.771 3.691 Ar+e” > Ar'+e +e” 44
WI 426.94 15.2 0.366 3.269 Ar+e — Ar*+e” 44
WI 429.46 62 0.366 3.252 Ar*+e” > Ar'+e +e” 44
WI 430.21 25 0.366 3.247 Arf +e” +Ar — Ar+ Ar 48
WII 433.56 3.73 2.355 5.213 Ar + Ar — Ar* + Ar 48
W II 434.31 5.76 2.794 5.648  Ar*+Ar —> Ar'+Ar+e” 48
Ar* + Ar* — Ar' + Ar+e” 49
Arf+e — ArY 4y 50
expansion, which is quickly compensated by the recompression W +Ar" — W' + Ar 51
. * *
of the shockwave layer. The subsequent evolution shows a slow W * Ar® = W+ tAr 52
W +Ar* - W +Ar+e 53

decline due to the insufficient collision frequency to maintain
excitation equilibrium, reflecting the gradual de-excitation
process of the W plasma.** When irradiated by Ar plasma,
the W sample reaches a high temperature of approximately
500 °C. Previous LIBS experiments have shown that as the
sample temperature increases, the optical emission intensity,
electron temperature, and electron density of the laser ablation
plasma significantly increase.*>*” Under Ar plasma ambient, as
the temperature of the W sample increases, the optical emission
intensity of the laser ablation W plasma and the electron
temperature decrease more rapidly. This indicates that the
sample temperature has a minimal effect on the temporal
evolution of the laser ablation W plasma, and the dominant
factor is the strong interaction between the laser ablation W
plasma and the Ar plasma.

3.3 Spatio-temporal evolution of spectral intensity

In the early stages of spatio-temporal evolution, the Ar gas
breaks down prior to the formation of laser ablation W plasma.
Ar gas breakdown influences the laser energy coupling to the W
target, and Ar breakdown emission was observed in the laser
ablation W plasma. Ar gas ambient enhances the analytical
emission signal by improving the excitation efficiency of W
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atoms by collision with excited photoionized Ar species.*® Under
Ar plasma ambient, neutral Ar atoms and excited Ar atoms
dominate. As the laser ablation W plasma continues to expand
in a vacuum, strong interactions between the W plasma and Ar
gas/Ar plasma occur in the later stages of spatio-temporal
evolution. The properties of the plasma and ambient environ-
ment determine the expansion dynamics of the plasma plume.
The reactions involving Ar, Ar*, and Ar" with e~, W, W* and W"
under Ar gas ambient and Ar plasma ambient are shown in
Table 2.

Fig. 6 compares the spatio-temporal evolution spectra of
laser ablation W plasma under Ar gas ambient and Ar plasma
ambient at different delay times and spatial collection posi-
tions. At a delay time of 0.2 ps, only the continuous radiation
background and Ar II spectral peaks were observed, with the
optical emission intensity decreasing as the plasma spatial
collection position increases. Under Ar gas ambient, Ar II
spectral peaks are detectable at all spatial collection positions.
This indicates that the intense laser-plasma interaction
produces a high-pressure kinetic zone with an extremely rapid
expansion speed, exciting and ionizing the Ar gas. The
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Fig. 5 Temporal evolution of space-integrated (a) electron density and (b) electron temperature of W plasma under Ar gas ambient and Ar

plasma ambient.

768 | U Anal At Spectrom., 2025, 40, 762-774

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ja00326h

Open Access Article. Published on 22 January 2025. Downloaded on 8/2/2025 8:39:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper JAAS
Ar gas ambient vas i
(a) (b) Ar gas ambient
Ar plasma ambient 4 e Ar plasma ambient
delay time: 0.2 ps W delay time: 0.4 ps Wi—Ardl
Ar 1l i . Wi - 1
Ar Il i . Al Whwr NG Wi ’
Ar 11 Ar 1l 1] Ar il
Prasl | l 1 A AddA A, A
o = 24 24
48 48
/ o L
/- 22 2
7 9.6 EE A A 9.6 EE
30000 p—s 15000 s
A X 1o 5 1o 5
. o f = xry VY =
3 20000 - A 3 10000 _7 -
=200 = S =
> 168 = ol 168 =
G < P =
g 19.2 g _ 19.2
] 10000 /7 B 5000 / /]
= 7 21.6 = / 21.6
0 24.0 0 24.0
422 424 426 428 430 432 434 436 422 424 426 428 430 432 434 436
Wavelength (nm) Wavelength (nm)
(c) Ar gas ambient (d) Ar gas ambient
Ar plasma ambient Ar plasma ambient
delay time: L1 ps delay time: 2.5 ps
" L = e
24 24
romiheldludek {9 i b s
_ ey : a [ A Y ’
VA | / VA ) o
/ Wi W 72 722
Cosal Rt A K - - e E
6 .6
4000 i it e B LML L/ £ 3000 A A =
A nd 17120 S 120 5
3 VARV AN AL | o\ " = L. Y/ @ ' B
3000 - 4 " - : W 3 -
g V4 " WA s/ = 2000 AR\ il s =
8 = - et o 8 =
Z°2000 - / R ) < = / A ) O A 7 -
z / o T e £ 1000 / é o & 192
S L /o S I A A 2l
£ 1000 . .ﬂ_/“ﬁ - Smanaan st - 1.6
0 Aamﬁ blpeieogivigelins 5 1 ( 0 wu.n
422 424 426 428 430 432 434 436 422 424 426 428 430 432 434 436

Wavelength (nm)

Wavelength (nm)

Fig.6 Comparison of the spatio-temporal evolution of W plasma spectra under Ar gas ambient and Ar plasma ambient. Delay time: (a) 0.2 ps; (b)

0.4 ps; (c) 1.0 ps; (d) 2.5 ps.

continuous radiation background disappears as the delay time
increases to 0.4 ps, and W I and W II spectral peaks appear.
The W plasma expands axially to approximately 9.6 mm, with
the plasma core of about 7.2 mm. With a further increase in
delay time to 1 us, the Ar II spectral peaks disappear, and the W
plasma expands to approximately 14.4 mm, with the plasma
core moving axially to 12 mm. At a delay time of 2.5 us, the W II

spectral peaks disappear, and the W plasma expands to 21.6
mm. All spectral signals disappear before 4.8 mm, with the
plasma core moving forward to approximately 19.2 mm.

The radiation involved in the spatio-temporal evolution of
laser ablation W plasma includes radiative recombination and
thermal bremsstrahlung radiation. The collision processes
encompass excitation—-deexcitation and ionization—

Table 3 Basic processes of radiation and collision involved in the spatio-temporal evolution of W plasma

Name

Reaction

Excitation-deexcitation under electron impact

Excitation-deexcitation under heavy particle impact

Ionization-recombination under electron impact

Ionization-recombination under heavy particle
impact

Radiative recombination
Thermal bremsstrahlung

This journal is © The Royal Society of Chemistry 2025

W;te = Wp;te

W +te = Wy, +e”

Wi+ 3, WP 2 Wsy + 30, Wi
Wi+ 3, WA 2 Wt 3 W
W;+e = W, +2e”

W' +e” = W +2e”

Wi+ Y, WA =W e + ), ;WA
Wj+ + Zi‘ZWiZ+ ‘:xw2+ +e + ZLZWI'ZJr
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recombination under electron and heavy particle collisions.*
The reaction processes are shown in Table 3.

Fig. 7 compares the spatio-temporal evolution of the signal
intensities of W plasma of the continuous radiation back-
ground, Ar II, W II, and W I under Ar gas ambient and Ar plasma
ambient. LIBS has strong continuous radiation background in
the early stages of plasma evolution, and the main factors that
produce strong continuous radiation background are thermal
bremsstrahlung and radiative recombination. Thermal brems-
strahlung is produced by coulomb collisions of electrons with
high kinetic energy with ions (or atoms) at high temperatures,
resulting in a decrease in the kinetic energy of the electrons,
which radiates excess energy as photons.> Prior to the delay of
0.4 ps, the intensity of the continuous radiation background
increased and the Ar II signal intensity decreased in the Ar
plasma ambient in the 2.4 mm collection region. Radiative
recombination is produced when free electrons are captured by
ions and recombined with ions to form neutral particles, and
the excess energy is also radiated outward in the form of

(@) "
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photons. By comparing the spatio-temporal evolution of W II
and W I signal intensity under Ar gas ambient and Ar plasma
ambient, the W 1I signal intensity increased in the Ar plasma
ambient within the 2.4 mm collection area before a delay of 0.4
us. The increase in the intensity of the continuous radiation
background and the W II signal intensity indicate that in the
early stages of spatio-temporal evolution, plasma radiative
recombination loss and radiative thermal bremsstrahlung loss
are higher under the Ar plasma ambient. After a delay time of 1
us, there is a significant differentiation in the evolution of the W
II and W I signal intensity. There is a noticeable enhancement
in the W I signal intensity under Ar gas ambient. As the spatial
collection position increases, the difference in the spatio-
temporal evolution of the W I signal intensity between Ar gas
ambient and Ar plasma ambient becomes more pronounced.
This indicates that the enhancement of W I signal intensity
under Ar gas ambient is mainly concentrated in the later stages
of spatio-temporal evolution, corresponding to an increase in
evolution time.
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Fig. 7 Comparison of the spatio-temporal evolution of the signal intensity of W plasma under Ar gas ambient and Ar plasma ambient: (a)
continuous radiation background; (b) Ar Il (433.12 nm); (c) W I (433.56 nm); (d) W | (429.46 nm).
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3.4 Dynamic evolution of the image of laser ablation W
plasma

Fast photography by an ICCD camera during the temporal
evolution of laser ablation W plasma provides images of the
plasma plume interacting with the background ambient. It is
crucial to study the temporal evolution of laser ablation W
plasma under Ar gas ambient and Ar plasma ambient. Fig. 8
compares the temporal evolution of laser ablation W plasma
imaged by the ICCD camera under Ar gas ambient and Ar
plasma ambient. The expansion of the laser ablation W plasma
produces a plasma plume. The influence of the ambient parti-
cles on the temporal evolution of the plasma plume includes: 1.
strong collisions between the shock layer and Ar gas/Ar plasma,
followed by collisions between the expanding W plasma and the
shock layer, which increase the optical emission intensity of
the W plasma; 2. formation of the shock front, where collisions
between the shock layer and ambient particles constrain the
plasma plume compared to vacuum.*® The plasma plume
detaches from the W surface after 50 ns, with plume splitting
observed at about 140 ns. Fast-moving and slow-moving
components form near the W surface, creating a contact
boundary between the W plasma and the shock layer. During
this intense collision process, the laser ablation W plasma
transfers kinetic energy to the ambient particles, involving
energy and momentum transfer processes such as ion-ion
Coulomb scattering, ion-neutral collisions, and charge
exchange,* with the plume splitting phenomenon persisting
until ~320 ns.

Fig. 9 shows the comparison of the temporal evolution of the
plume front position of the plasma and plume area of the
plasma from laser ablation W plasma under Ar gas ambient and
Ar plasma ambient. We integrated the plasma image in radial
and axial directions, yielding a spectrum with 10% of the peak

1220ns

Fig. 8 Temporal evolution of laser ablation W plasma images under (a) Ar gas ambient and (b) Ar plasma ambient.

1820ns

#
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intensity as the boundary. The size of each pixel point is known,
and the total number of pixel points within the boundary x
length of each pixel point = the long and short axes A and B of
the quasi-elliptical plasma expansion, which was approximated
using the MATLAB program according to the elliptical area
formula S = m x A x (B/4) to calculate the plasma area. Under
Ar gas ambient, the velocity of the plume front position decays
more quickly and combines with the slow-moving component.
As the plasma plume continues to expand, it experiences
stronger spatial confinement, compressing it into shorter
dimensions. This increases collisions and recombination, pro-
longing the plasma plume's optical emission intensity and
leading to longer evolution under Ar gas ambient. The temporal
relationship of the plasma plume front position follows **>®
under Ar gas ambient and ¢*°*® under Ar plasma ambient.
Under Ar plasma ambient, stronger collisions between the
plasma plume and ambient particles result in a larger emission
region, making the plasma plume appear larger, but the optical
emission intensity decreases. It is also noted that in the earlier
stage (<650 ns), the plume area of the plasma is almost linear,
irrespective of both the Ar gas ambient and Ar plasma ambient.
In the later stages of temporal evolution, the plume area of the
plasma can be described by a drag model, which is given by

R=Ry(l —e) (7)

where R, and ( are the plume stopping distance and decelera-
tion coefficient, respectively. During this interaction phase
between the laser ablation W plasma and the ambient particles,
a significant portion of kinetic energy is converted to thermal
energy, increasing the temperature of the ambient gas and
radiation. Under Ar gas ambient, the fast-moving component of
the plasma plume rapidly penetrates the ambient particles, with
turbulence appearing in the slow-moving component of the

(b)

Laser
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Fig. 9 Temporal evolution of (a) plume front position and (b) plume area from images of laser ablation W plasma under Ar gas ambient and Ar

plasma ambient.

plasma plume. At the same time, the low-pressure background
leads to contraction of the interaction zone and compression of
the plasma front. The plasma turbulence in the background gas
originates from Rayleigh-Taylor (RT) instability, where the
interface between the plasma and ambient atmosphere is per-
turbed due to RT instability.>® Under Ar plasma ambient, only
plume splitting and plume sharpening phenomena are
observed, and no plasma turbulence is detected. The
constraints on the plasma plume in the radial and axial direc-
tions are less, resulting in a larger plume diffusion area.

4 Conclusion

In this work, we employed LIBS combined with plasma imaging
to compare and diagnose the spatio-temporal evolution of laser
ablation W plasma under Ar gas ambient and Ar plasma
ambient. LIBS studies reveal that laser ablation W plasma under
Ar plasma ambient exhibits higher radiative recombination loss
and radiative thermal bremsstrahlung loss in the early stages of
spatio-temporal evolution, leading to increased continuous
radiation background and W II signal intensity. The enhance-
ment of the W plasma signal intensity under Ar gas ambient
primarily occurs in the later stages of spatio-temporal evolution
due to the strong interactions between W plasma and ambient
particles, which extend the evolution time of W plasma. The
temporal evolution of the space-integrated electron tempera-
ture of the W plasma under both Ar gas ambient and Ar plasma
ambient was studied. It was found that the electron tempera-
ture initially exhibits a brief decline, followed by an increase,
and then slowly decreases. This corresponds to a temporary
temperature drop caused by the inertia of plasma expansion,
which is quickly compensated by the recompression of the
shockwave layer. Subsequent evolution shows a slow decline
due to the insufficient collision frequency to maintain the
excitation equilibrium, reflecting the gradual de-excitation

772 | J Anal. At. Spectrom., 2025, 40, 762-774

process of W plasma. Plasma imaging studies reveal the
phenomena of plume splitting, plume sharpening, and plume
turbulence in laser ablation W plasma under Ar gas ambient.
Under the Ar plasma ambient, only plume splitting and plume
sharpening phenomena are observed, and no plasma turbu-
lence is detected. Under Ar gas ambient, the strong interaction
zone between the laser ablation W plasma and ambient parti-
cles contracts more significantly, resulting in stronger spatial
confinement of the plasma front. The position of plasma plume
front R is proportional to t>*°® under Ar gas ambient and the
position of plasma plume front R is proportional to ¢>>'® under
Ar plasma ambient. As the plasma plume continues to expand,
the front under the Ar gas ambient is constrained to a shorter
dimension, which enhances collisions and recombination,
thereby prolonging the evolution time of the plasma plume. It
was also noted that in the earlier stage (<650 ns), the plume area
of the plasma is almost linear, irrespective of both the Ar gas
ambient and Ar plasma ambient. In the later stages of temporal
evolution, the plume area of the plasma can be described by
a drag model. This study provides new insights into the physical
mechanisms of laser ablation W plasma under different back-
ground ambients, which is crucial for further understanding
the spatio-temporal evolution characteristics of LIBS plasma.
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