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Plasma characteristicmodels were established in cylindrical coordinates according to the plasma expansion

characteristics of pulsed laser processing of metal materials, mainly including plasma expansion

characteristic models and a change rate model for the collisional ionization effect. The plasma

characteristics (expansion dimension, expansion velocity, electron density and collision rate) for the

pulsed laser machining of a bronze grinding wheel were obtained by using the plasma characteristic

models. The results show that the expansion velocity direction can be changed after plasma collision,

resulting in particles returning and depositing onto the processed material surface. Plasma spectrum

measurements for the pulsed laser machining of a bronze grinding wheel and grinding tests were carried

out. Based on the measured spectral data, the plasma electron temperature and plasma electron density

were calculated, and the topography of the machined grinding wheel surface was observed, which

confirms that black particles can return to cover the grinding wheel surface. Through grinding

experiments, it is verified that the returning particles reduce the height of the abrasive protruding binder

and block the chip space around the abrasive particles, resulting in reduced grinding performance. The

experimental calculation data and numerical simulation results are basically consistent with each other,

which not only verifies the correctness and feasibility of the plasma characteristic models but also

provides theoretical guidance and process optimization for subsequent research into laser machining of

materials.
1 Introduction

The complex plasma formation mechanism during the inter-
action of a high-energy pulsed laser with metal materials has
been extensively investigated by scholars. Luthra et al.1 reported
various electron impact cross sections, modied the binary
encounter Bethe model, and validated the efficacy of the
modied model in computing the partial ionization cross
sections. Hoffmeister et al.2 considered the photoionization
generated in a system composed of two atoms of different
species by a laser eld and showed that when the intensity of
the laser eld is increased, the photoionization process can
acquire qualitatively new features in terms of the time evolution
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and electron emission spectra. Toumi et al.3 researched the
radiative and collisional ionization rate for the emission lines.
The above studies show that the plasma formation mechanisms
mainly involve photoionization, thermal ionization and colli-
sional ionization; meanwhile, the application of the above
plasma models for numerical analysis can be used for theoret-
ical guidance and process optimization. The literature4 shows
that photoionization and thermal ionization can be studied
under the effect of light and heat; however, the essence of the
collisional ionization effect is the concentration of the effect of
transient changes in the state (momentum, energy, etc.) of
individual particles with time. The study of individual particle
processes is extremely complex, and studies of their change rate
models and change rate size have rarely been reported. Related
studies5 have shown that the plasma collisional ionization effect
can affect the expansion characteristics (including dimension
and velocity). Therefore, based on the plasma expansion char-
acteristics, the inverse method can be used to study the plasma
collisional ionization effect change rate model and change rate
size.

Habl L. et al.6 analysed pulsed neutralization and plasma
expansion through two-dimensional particle-in-cell (PIC)
simulation and found that the pulse frequency and emission
RSC Adv., 2023, 13, 141–154 | 141
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current have a signicant effect on the plasma plume potential
and the effectiveness of the resulting ion beam neutralization.
Mewada et al.7 reported the chemical doping of graphene
(grown on silicon using microwave plasma chemical vapour
deposition) with carbon dots and revealed an opportunity for
growing graphene directly onto silicon substrates with
improved mobility using microwave plasma CVD for various
electronic applications. In our research group,5,8,9 the plasma
expansion equations were established in Cartesian coordinates,
and the plasma characteristics were studied, but the above
plasma expansionmodel has many parameters and the solution
procedure is extremely complicated. Therefore, based on the
accurate description of the plasma expansion characteristics, it
is necessary to reduce the parameter variables in the plasma
expansion model and establish a new plasma characteristic
model with a simpler structure and more convenient solution
for studying the collisional ionization effect.

Based on the above research, this paper further analyses the
plasma expansion characteristics during pulsed laser process-
ing of materials. The plasma characteristic models in cylin-
drical coordinates were obtained according to themathematical
and physical distribution laws, which mainly included the
plasma expansion models and the change rate model of the
collisional ionization effect. The plasma expansionmodels were
used to numerically analyse the plasma expansion characteris-
tics for pulsed laser processing of bronze diamond grinding
wheels. The evolution laws for the expansion velocity, expansion
dimension and pulse time were obtained. The spatial distri-
bution of the plasma concentration and the evolution of the
expansion pressure distribution were plotted. The change rate
model for the collisional ionization effect was used to calculate
the plasma collisional ionization change rate for pulsed laser
processing of a bronze diamond grinding wheel and the
mechanism for the surface effect of plasma deposits was
described. Relevant experiments were carried out to obtain
plasma emission spectral data. Based on the Boltzmann
distribution law and the Stark broadening method, the plasma
characteristics were obtained and the plasma energy absorption
rates were calculated. The topography of the processed bronze
diamond grinding wheel surface was observed by a three-
dimensional ultradeep eld microscope system. Grinding
experiments were carried out to observe the surface quality of
the grinding wheel aer grinding and the effect of plasma
deposition on the grinding performance for the laser processing
of bronze diamond grinding wheels.
Fig. 1 The diagram of the plasma concentration spatial distribution.
2 Plasma characteristic models for
nanosecond laser processing of
materials

Plasma characteristic models consist mainly of the plasma
expansion models and the change rate model of the collisional
ionization effect. The following assumptions were made before
the model was established:9–11 because of the complexity of
researching the laws of motion of individual particles during
nanosecond pulsed laser processing of materials, the plasma
142 | RSC Adv., 2023, 13, 141–154
can be considered an ideal spherical gas in practical studies,
satisfying local thermal equilibrium conditions. In the expan-
sion of plasma spherical gases, the pressure gradient is large
and the expansion velocity is fast. The plasma expansion
involves a continuous process during the pulsed irradiation
time, which is approximately consistent with the motion char-
acteristics of the continuous uid, with an exponential decrease
in concentration and expansion pressure with increasing
diffusion distance.
2.1 Plasma characteristic models

The centre coordinates were set as the position of the laser spot.
A schematic diagram of the plasma concentration spatial
distribution is shown in Fig. 1. A plasma is formed during the
laser processing of materials. In the X-direction, plasma
expansion is prevented by the material, and the particles
expand in the direction opposite to the laser beam. In the R-
direction, the splashed particles have an initial velocity
consistent with the rotation direction of the machining plat-
form. In the X- and R-directions, the particles collide violently,
producing a constant velocity over a small area.

Based on the above assumptions and analysis, research on
the velocity laws for individual particles is complicated.
However, within a certain spatial range, all particles can be
considered ideal spherical gases, with particles entering and
leaving this range with approximately the same velocity, close to
the dynamic equilibrium state, in accordance with the Maxwell
velocity distribution characteristics.12,13 The relationship is set
as follows: 8>>>>><

>>>>>:

nðx; tÞz exp

"
� x2

4LX ðtÞ2
#

nðr; tÞz exp

"
� r2

4LRðtÞ2
# (1)

From the above characteristics for the plasma distribution in
the X- and R-directions, it is known that the plasma concen-
tration spatial distribution equations should contain the char-
acteristic term describing the Maxwell velocity distribution.
Therefore, the plasma distribution equation in the column
coordinates is established as follows:
© 2023 The Author(s). Published by the Royal Society of Chemistry
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vn

vt
¼ � x

LX ðtÞ
dLX ðtÞ

dt

vn

vx
� r

LRðtÞ
dLRðtÞ
dt

vn

vr
(2)

The le side of the equation is the change rate in the number
of particles, and the right side of the equation is the change rate
due to the change in the spatial position of the particles in the
X-direction and R-direction satisfying the Maxwell velocity
distribution factor term. Therefore, this equation can be solved
to obtain (see Appendix):

nðx; r; tÞ ¼ At exp

"
� x2

4LX ðtÞ2
� r2

4LRðtÞ2
#

(3)

The integration in cylindrical coordinates can be obtained as
follows:

∭nðx; r; tÞrdxdrdq ¼ ∭At exp

"
� x2

4LX ðtÞ2
� y2

4LRðtÞ2
#
rdxdrdq

¼ NlS0t

(4)

where,
ÐþN
�N e�x

2
dx ¼ ffiffiffiffi

p
p

: The expressions for A and Nl can be
found from the literature14 (see Appendix):

A ¼ NlS0

4p
ffiffiffiffi
p

p
LX ðtÞLRðtÞ2

(5)

Nl ¼ rl

2pasm

�
1� rUl

4pasI0

�
(6)

By substituting eqn (5) and (6) into eqn (3), one can obtain
the plasma concentration spatial distribution equation:

nðx; r; tÞ ¼ rlS0t

8p2
ffiffiffiffi
p

p
asmLX ðtÞLRðtÞ2

�
1� rUl

4pasI0

�

exp

"
� x2

4LX ðtÞ2
� r2

4LRðtÞ2
#

(7)

Considering the equation P = nkbT under ideal gas condi-
tions, the plasma expansion-induced external pressure equa-
tion is obtained as follows:

pðx; r; tÞ ¼ rlS0tkbT

8p2
ffiffiffiffi
p

p
asmLX ðtÞLRðtÞ2

�
1� rUl

4pasI0

�

exp

"
� x2

4LX ðtÞ2
� r2

4LRðtÞ2
#

(8)

The above equations are based on satisfying the conditions
of local conservation of mass and momentum, and the local
conservation law is much stricter than the overall mass
conservation law and momentum conservation law, which can
better reect the actual processing situation. In cylindrical
© 2023 The Author(s). Published by the Royal Society of Chemistry
coordinates, the local mass conservation law can be expressed
as follows:15

vr

vt
þ rmr

r
þ vðrmrÞ

vr
þ vðrmxÞ

vx
¼ 0 (9)

where r = nm; mr is the velocity parallel to the material surface,
which is a function of r and t; mx is the velocity perpendicular to
the material surface, which is a function of r and t. By
substituting the spatial distribution of the plasma concentra-
tion into eqn (9), we can obtain

vmr

vr
þ mr

r
� r

2LRðtÞ2
mr þ

r2

2LRðtÞ3
dLRðtÞ
dt

¼ �vmx

vx
þ x

2LX ðtÞmx �
x2

2LX ðtÞ3
dLX ðtÞ

dt
� 1

t
(10)

Eqn (10) requires both expressions on either side of the equal
sign to be constant; so, both sides of the equation must be
a function of time t(q(t)), and we can obtain

vmr

vr
þ mr

r
� r

2LRðtÞ2
mr þ

r2

2LRðtÞ3
dLRðtÞ
dt

¼ qðtÞ (11)

vmx

vx
� x

2LX ðtÞmx þ
x2

2LX ðtÞ3
dLX ðtÞ

dt
þ 1

t
¼ �qðtÞ (12)

Eqn (11) and (12) can be solved to obtain (see Appendix)

mr ¼ �2LRðtÞ2qðtÞ
r

þ r

LRðtÞ
dLRðtÞ
dt

þ 4LRðtÞ
r

dLRðtÞ
dt

þ C1

r
e

r2

4LRðtÞ2

(13)

mx ¼ C2e
x2

4LX ðtÞ � 2e
x2

4LX ðtÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pLX ðtÞ

p �
qðtÞ þ 1

t
þ 1

LX ðtÞ
dLX ðtÞ

dt

�
(14)

Substituting the boundary conditions gives

mrjr¼LRðtÞ ¼
dLRðtÞ
dt

; mxjx¼LX ðtÞ ¼
dLX ðtÞ

dt
(15)

We can obtain

C1 ¼ �4LRðtÞe�
1
4
dLRðtÞ
dt

(16)

C2 ¼ 2

t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pLX ðtÞ

p
þ
0
@e

�LX ðtÞ
4 þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

LX ðtÞ5
s 1

A dLX ðtÞ
dt

(17)

By substituting C1 and C2 into the expressions for mr and mx,
we can obtain

mr ¼
r

LRðtÞ
dLRðtÞ
dt

þ 4LRðtÞ
r

dLRðtÞ
dt

� 4LRðtÞ
r

dLRðtÞ
dt

e
r2�LRðtÞ2
4LRðtÞ2

(18)
RSC Adv., 2023, 13, 141–154 | 143
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mx ¼ e
x2�LX ðtÞ2
4LX ðtÞ dLX ðtÞ

dt
(19)

In cylindrical coordinates, the conservation of momentum
equations are as follows:16–18

r

�
vmx

vt
þ mx

vmx

vx

�
¼ �vpx

vx
(20)

r

�
vmr

vt
þ mr

vmr

vr

�
¼ �vpr

vr
(21)

By substituting x = LX(t) and r = LR(t) into eqn (20) and (21),
the plasma expansion kinetic equations are obtained as follows
(see Appendix):

LRðtÞd
2LRðtÞ
dt2

¼ LX ðtÞd
2LX ðtÞ
dt2

¼ kT

2m
(22)

where the initial velocity is given by:19

y0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kbTl=pm

p
(23)

2.2 Change rate model of the plasma collisional ionization
effect

Under the condition of a small optical thickness, plasma colli-
sional ionization is an important process. At low temperature
and low density, the collisional ionization in a plasma mainly
involves two-body collisional ionization, where the electron
radius is negligible with respect to the neutral particle, and the
collision cross section between the electron and neutral particle
is given by s = pr2. The average molecular free path is calcu-
lated to be l = 1/ns, where n is the plasma electron density, s is

the particle collision cross section and hyei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kbTe=pme

p
is

the average plasma electron velocity. According to the two-body
collision frequency equation, aer substituting the equation for
the average free path into the plasma concentration spatial
distribution equation, the change rate equation for the plasma
collisional ionization is obtained as follows (see Appendix)

vp ¼ rlS0ts

8p2
ffiffiffiffi
p

p
asmLX ðtÞLRðtÞ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kbTe=pme

p �
1� rUl

4pasI0

�
(24)

In summary, the plasma expansion characteristic models
(mainly including the plasma concentration spatial distribu-
tion eqn (7) and the plasma expansion-induced external
pressure eqn (8)) and the plasma expansion kinetic eqn (22)
are established in cylindrical coordinates. Coupled with the
two-body collision frequency equation, the change rate equa-
tion for the plasma collisional ionization (24) is nally ob-
tained. Compared with the model reported in the literature,8

the above models have a simpler structure, fewer computa-
tional parameters, and a more convenient procedure for
obtaining the solution.
144 | RSC Adv., 2023, 13, 141–154
3 Research on plasma expansion
characteristics and deposition effect of
pulsed laser processing of bronze
diamond grinding wheel

High-power lasers are widely used in dressing bronze diamond
grinding wheels. The pulsed laser dressing of CBN grinding
wheels and bronze diamond grinding wheels with good
dressing quality was studied by related researchers.20–22

However, during the laser dressing process, the study of the
plasma expansion characteristics is complicated, and research
into its deposition effects is even less reported. In this section,
the plasma expansion characteristics model in cylindrical
coordinates is used to numerically analyse the plasma expan-
sion characteristics for pulsed laser processing bronze diamond
grinding wheels, calculate the change rate for the plasma
collisional ionization, and elaborate the mechanism for the
plasma deposition effect.
3.1 Plasma expansion characteristics

According to the plasma expansion kinetic eqn (22), the plasma
expansion kinetic difference equation is established by the
nite difference method as follows:8>>>><

>>>>:

LX ði þ 1Þ ¼ LX ðiÞ þ hyX ðiÞ
yX ði þ 1Þ ¼ yX ðiÞ þ hLaX ðiÞ

LaX ði þ 1Þ ¼ kbT

2mLX ði þ 1Þ

(25)

8>>>><
>>>>:

LRðj þ 1Þ ¼ LRðjÞ þ hyRðjÞ
yRðj þ 1Þ ¼ yRðjÞ þ hLaRðjÞ

LaRðj þ 1Þ ¼ kbT

2mLRðj þ 1Þ

(26)

To verify the correctness of the model, the plasma electron
temperature is set in the numerical simulation to be approxi-
mately the same as the experimentally obtained electron
temperature of approximately 8500 K.

3.1.1 Plasma expansion dimension and expansion velocity.
The plasma expansion process can be approximated as an ideal
gas. The initial plasma expansion dimension is approximately
equal to the molecular average free path range in the X- and R-
directions. Based on the above analysis and the reported
Fig. 2 Evolution curve of plasma expansion velocity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evolution curve of plasma expansion dimension.

Fig. 4 Plasma electron concentration and expansion external pres-
sure distribution. (a) Plasma electron concentration; (b) pressure
distribution.
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literature,14 it is shown that the initial expansion dimension in
the X- and R-directions can be approximated as 10−6 m, and the
initial velocity in the X-direction can be calculated from eqn (23)
to be approximately 968 m s−1. The initial velocity in the R-
direction is approximately 1.530 m s−1, which is consistent with
the rotational velocity of the working platform in the experi-
ment, and the initial acceleration is approximately 645 × 109 m
s−2.

Fig. 2 shows the evolution curve for the plasma expansion
velocity, with the X- and R-directions indicated in blue and red,
respectively. Both curves shown in Fig. 2 show a nonlinear
increase. In the range of 0–25 ns for the fast-rising section of the
curve, the maximum velocity reaches 2900 m s−1 and
2600 m s−1 in the X- and R-directions, respectively. During the
expansion time of 25 ns–210 ns, the expansion rate tends to be
at and increases less. From the numerical simulation, it can be
deduced that for a laser irradiation time of approximately 25 ns,
the particle expansion velocity reaches a maximum value, and
the particles collide violently with each other, leading to an
increase in the particle collisional ionization effect with the
plasma concentration reaches its maximum value. Subse-
quently, the expanding volume of the plasma leads to energy
consumption, resulting in a slow increase in velocity. Eventu-
ally, the plasma concentration will decrease with the recombi-
nation of electrons and ions.

The evolution curve for the plasma expansion dimension is
shown in Fig. 3. In the X- and R-directions, the plasma expan-
sion dimension gradually increases with increasing pulsed laser
irradiation time, showing a linear evolution law. Fig. 3 shows
aer the pulsed laser is stopped, the plasma expansion
dimensions are approximately 5.5 × 10−4 m (X-direction) and
3.3 × 10−4 m (R-direction), respectively. This is mainly due to
the continuous expansion of the plasma formed by the material
Table 1 Plasma calculation parameters9

Name Symbol Numerical value and units

Electron temperature T 8500 K (0.73 eV)
Gasication temperature Tl 2770 K
Ionization energy U 7.631 eV
Atomic mass m 1.038 × 10−25 kg
Laser wavelength l 1064 nm
Photon energy hn 1.160 eV
Boltzmann constant kb 1.381 × 10−23 J K−1

© 2023 The Author(s). Published by the Royal Society of Chemistry
absorbing the laser energy during the irradiation time of the
pulsed laser, which leads to a gradual increase in the expansion
dimension.

3.1.2 Plasma concentration spatial distribution and
expansion-induced external pressure. By substituting the
numerical simulation results and the calculated parameters
given in Table 1 into the plasma concentration spatial distri-
bution eqn (7) and the plasma expansion-induced external
pressure eqn (8), the following equations can be obtained:

nðx; rÞ ¼ 1:0142� 1022 exp

�
� 108x2

121
� 108r2

44

�
(27)

pðx; rÞ ¼ 1330 exp

�
� 108x2

121
� 108r2

44

�
(28)

According to eqn (27) and (28), the plasma concentration
spatial distribution and expansion-induced external pressure
are found to decrease gradually with increasing distance,
showing a high inside and low outside distribution law. As
shown in Fig. 4, the maximum plasma concentration and
maximum expansion-induced pressure is approximately 1.014
× 1016 cm−3 and 1330 Pa, respectively, at the material surface.
At the same time, the initial expansion velocity of the splashing
particles in the R-direction leads to a deection of the plasma
expansion direction.

Aer the plasma was formed by pulsed laser processing of
bronze material, the electrons and neutral particles in the
plasma collided with each other in a high-temperature and
high-pressure environment, causing the neutral particles to
ionize and resulting in an increase in the plasma electron
density. According to the above analysis and the Saha
Name Symbol Numerical value and units

Laser power density I0 3.359 × 108 W cm−2

Spot size S0 1.134 × 10−9 m2

Pulse time s 2.1 × 10−7 s
Refractive index a 1.18
Solid phase density rs 8620 kg m−3

Average charge Z 2
Planck constant H 6.626 × 10−34 J S

RSC Adv., 2023, 13, 141–154 | 145
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Fig. 5 Research on the mechanism of plasma deposition effect.
Fig. 6 Schematic diagram of pulsed laser processing materials.
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equation,23,24 the ionization degree is approximately 0.7 and the
maximum plasma electron density is approximately 1.724 ×

1016 cm−3 when the plasma electron temperature of approxi-
mately 8500 K under the condition of considering only the rst-
order ionization degree. At the same time, the plasma
expansion-induced external pressure is low, and the plasma
expansion dimension is small and the plasma eventually
disappears into the atmosphere aer expanding for some
distance.

3.2 Plasma collisional ionization change rate

For monatomic gases, at a higher the gasication temperature,
the corresponding ionization potential is usually lower. In this
case, even if the concentration of particles is not high aer
bronze vapourization aer laser processing, there are still many
free electrons (approximately 1.014 × 1016 cm−3) in the ionized
bronze vapour when the vapour pressure is higher than the
ambient pressure (approximately 1330 Pa). Collisional excita-
tion occurs when free electrons collide with copper atoms and
release bound electrons. During the laser dressing process,
plasma is considered an ideal gas, and its collisional charac-
teristics are dominated by two-body collisions at low tempera-
tures and low densities.

The plasma is dominated by copper atoms with an atomic
radius of 0.13 nm. The collision cross section of electrons with
neutral particles is calculated to be len = 0.002. The average
velocity of electrons hyei is 6.055 × 105 m s−1. Ultimately, vp =

3.187 × 108 s−1 is obtained from the change rate equation for
the plasma collisional ionization (24). The above numerical
analysis shows that the plasma collides with each other at
a high frequency during the expansion process, and the
expansion velocity direction will change aer the collision. In
the high-temperature environment, the combination of copper
ions and oxygen will lead to the generation of black particles of
copper oxide that return to the material surface. The mecha-
nism for the whole process is shown in Fig. 5.

4 Experiments for the nanosecond
laser processing of materials

The threshold of laser processing materials is mainly deter-
mined by the laser wavelength and pulse width. The power
density threshold of the laser processing of materials can be
determined by eqn (29).25
146 | RSC Adv., 2023, 13, 141–154
Ith ¼ kd

h

ffiffiffiffiffiffiffiffiffi
p

4blm

r
ðTv � TÞ (29)

To verify the correctness of the plasma expansion charac-
teristic model, experimental measurements for plasma emis-
sion spectra of pulsed laser processing of bronze diamond
grinding wheels were carried out.
4.1 Experimental equipment and materials

As shown in Fig. 6, the experimental pulsed ber laser (model:
YLP-1/120/50/50-HC) is manufactured by IPG. The laser pulse
energy can reach 1 MJ, beam qualityM2 is 1.5, energy stability is
about 2%∼5% (1064 nm), the laser wavelength is 1064 nm, the
average output power is 0–50 W, the pulse repetition rate is 50–
150 kHz, the output pulse shape is Gaussian distribution, the
laser pulse width is 210 ns, and the diameter of the focused spot
is 38 mm.

A SpectraPro-2300i spectrometer equipped with charge-
coupled devices with parameters of 1340 × 400 pixels 400F
was used to acquire the spectral signals. The central wave-
lengths were measured to be 520 nm and 580 nm, respectively,
and the widths were measured to be approximately 130 nm. The
data were stored in a computer, and the obtained plasma
emission spectra were displayed on a computer screen aer
processing. Bronze material with a thermal conductivity of
41.9Wm−1 K−1 was used as the experimental material, the laser
absorption was 0.38, the thermal diffusivity was 0.14 cm2 s−1,
the vapourization temperature was 2770 K and the initial
temperature was 300 K. The laser power density threshold was
determined to be approximately Ith = 1.411 × 107 W cm−2 by
using eqn (29). Therefore, the laser power density threshold in
the experiment needs to exceed the processing threshold for the
bronze material before subsequent experiments can be
conducted.
4.2 Research on plasma characteristics of laser processing
bronze diamond grinding wheel

In the experiment, the laser power was 40 W, the laser pulse
frequency was 20 kHz, the rotation speed was 300 rpm, and the
laser power density was 3.359 × 108 W cm−2. The delay time for
the spectrometer was approximately 2 ms, and the pulse inte-
gration time was approximately 25 ms. The above parameters
indicate that the laser outputs 2 × 104 laser pulses per second,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Intensity curve of the plasma emission spectrum.

Fig. 8 The Boltzmann plot of laser processed copper.
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that is, the duration of each pulse is approximately 5 × 10−5 s
(50 ms). It has been reported in the literature7 that the duration
of the plasma cycle is usually 10 ms. Therefore, the plasma
generated by a laser pulse will not affect the plasma generated
by a subsequent pulse in this experiment.

In the experiment, twenty pulses were selected continuously.
That is, aer approximately 1 × 10−3 s, the data acquisition was
stopped, and then the acquired data were stored in a computer
and integrated to generate the spectra. Based on the spectral
data, the Boltzmann plot method and the Stark broadening
method were used to calculate the plasma electron temperature
and plasma electron density, respectively,26–28 to nally verify
the correctness of the plasma expansion model.

4.2.1 Plasma electron temperature. The intensity curve for
the plasma emission spectra obtained at a distance of approx-
imately 0.12 mm from the material surface is shown in Fig. 7.
The intensity values for the six atomic spectral lines of copper
(Cu(I) 510.551, 515.324, 521.820, 529.252, 570.024 and 578.213
nm) are marked in Fig. 7. The Boltzmann plot method was used
to calculate the plasma electron temperature, which was tted
to obtain the straight line slope. Table 2 shows the copper
atomic spectral parameters required for the calculations.8

The Boltzmann plot was determined by linear tting as
shown in Fig. 8, and the slope value for the line was determined
to be approximately −1.375. The Boltzmann plot method28

shows that Te = −1/(kbXS), where XS is the value of the slope of
the straight line. By substituting the slope value (XS) into the
temperature equation, the plasma electron temperature was
calculated to be approximately 8438 ± 840 K. The calculation
error is approximately 10%, which is mainly attributed to the
measurement error, parameter error, and data tting error. The
experimentally obtained plasma electron temperature was
Table 2 Spectroscopic parameters of Cu atoms

Line
(nm)

Statistical
weight Transition

probability
Apq (s

−1)
Excitation
energy Epgp gq

510.554 4 6 2.0 × 106 3.830
515.324 4 2 6.0 × 107 6.191
521.820 6 4 7.5 × 107 6.192
529.252 8 8 1.09 × 107 7.750
570.024 4 4 2.4 × 105 3.820
578.213 2 4 1.65 × 106 3.790

© 2023 The Author(s). Published by the Royal Society of Chemistry
determined to be in general agreement with the numerical
calculations, providing a basis for subsequent validation of the
plasma expansion model.

4.2.2 Plasma electron density. The plasma spectral data
were obtained based on experimental measurements. Fig. 9
shows that the plasma spectrum mainly consists of continuous
background spectra and copper atomic emission spectra. At
present, the plasma electron density is mainly calculated by
means of the spectral line broadening parameter. In practice, it
has been found that spectral line broadening is affected by
many factors, including Stark broadening, Doppler broadening,
resonance broadening, self-absorption broadening, and the
effect of the measuring instrument on spectral line broadening.
It has been reported in the literature29,30 that Doppler broad-
ening, resonance broadening and self-absorption broadening
have a small effect on spectral line broadening and can gener-
ally be neglected. Therefore, spectral line broadening for
Fig. 9 Peak intensity of copper atom spectral line. (a) 510.554 nm; (b)
515.324 nm; (c) 521.820 nm; (d) 529.252 nm; (e) 570.024 nm; (f)
578.213 nm.
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Fig. 10 Distribution curve of plasma electron density.
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calculating the plasma electron density is mainly performed
using Stark broadening and instrumental broadening. Six
atomic spectral lines (Cu(I) 510.551, 515.324, 521.820, 529.252,
570.024 and 578.213 nm) were selected to calculate the plasma
electron density in the experiment. The full width at half
maximum (FWHM) for the peak intensity of the spectral lines
can be obtained by tting the spectral line data with a Lorentz
function, as shown in Fig. 9(a)–(f), with the above six atomic
lines having a FWHM of being 0.332, 0.445, 0.523, 0.393 0.271
and 0.317, respectively, where, the nal FWHM of the spectral
line (Dl1/2) is the FWHM of the peak intensity of the spectral
line minus the effect of the measuring instrument on the
spectral line broadening (approximately 0.15 nm), which is
substituted into the Stark broadening formula to obtain the
plasma electron density.

Based on the FWHM (Dl1/2) and the Stark broadening
method measured by the six spectral lines, the distribution of
the plasma electron density is shown in Fig. 10. Based on the
spectral data obtained for Cu(I) 510.551 nm, Cu(I) 515.324 nm,
Cu(I) 521.820 nm, Cu(I) 529.252 nm, Cu(I) 570.024 nm and Cu(I)
578.213 nm, the plasma electron density values were calculated
to be 2.112 × 1016 cm−3, 0.776 × 1016 cm−3, 0.847 × 1016 cm−3,
1.406 × 1016 cm−3, 1.739 × 1016 cm−3, and 1.158 × 1016 cm−3,
respectively, which range from approximately 0.776 × 1016

cm−3 to 2.112 × 1016 cm−3. The calculation error is approxi-
mately ±25%, consisting mainly of the parameter errors in the
Fig. 11 Evolution curve of the plasma inverse bremsstrahlung
absorption coefficient.

148 | RSC Adv., 2023, 13, 141–154
electron density calculation, the measurement errors in the
spectral data, the half-width errors obtained from data tting
and the instrumental measurement errors. The plasma electron
density is determined from numerical analysis to be 1.724 ×

1016 cm−3, which is within the range found from the experi-
mental results.

In summary, the plasma electron temperature is approxi-
mately 8438 K, the electron density is approximately 0.776 ×

1016 cm−3 to 2.112 × 1016 cm−3, and the numerical analysis
results are within the range obtained from the experimental
results, which also veries the correctness and feasibility of the
plasma expansion model.

4.2.3 Plasma energy absorptivity. In the experiments, an
infrared laser operating at a wavelength of 1064 nm was used.
The literature8 shows that the plasma formed during infrared
laser processing of metals absorbs energy mainly controlled by
the inverse bremsstrahlung absorption effect. The main process
involves the reionization or secondary ionization of free elec-
trons in the ion Coulomb eld due to the absorption of laser
energy and the accelerating of its transfer to atoms or ions. The
inverse bremsstrahlung absorption is mainly expressed as the
absorption coefficient aib:31

aib ¼ 3:69� 108Z3ni
2

Te
1=2n03

�
1� exp

�
� hc

lkbTe

��
(30)

The plasma energy absorptivity can be calculated from the
inverse bremsstrahlung absorption coefficient, that is, the value
of the plasma shielding effect. The plasma electron temperature
and plasma electron density calculated from six copper atomic
spectral lines was substituted into eqn (30) to obtain the
evolution curve for the plasma inverse bremsstrahlung
absorption coefficient, as shown in Fig. 11. The evolution law is
similar to the plasma electron density distribution, with
a maximum and minimum absorption coefficient value of
approximately 5.073 × 10−4 cm−1 at point A and approximately
0.684 × 10−4 cm−1 at point B, respectively. Based on the laser
transmittance formula exp(−aibL), the laser transmittance was
calculated to be approximately 100%. Therefore, the plasma
energy absorption rate is extremely low and can be neglected in
practical processing.

The above calculations show that the plasma expansion
tends to a Maxwell distributed equilibrium state aer approxi-
mately 2 ms. When the laser processing parameters are lower
than the experimental conditions (laser wavelength of 1064 nm,
pulse frequency of 20 kHz, pulse width of 210 ns, laser power
density of 3.359 × 108 W cm−2), the laser energy loss due to
plasma inverse bremsstrahlung is negligible.
4.3 Grinding experiments

Before the grinding experiments, the surface prole of the
grinding wheel aer laser processing was observed by a three-
dimensional ultradeep eld microscope system. Fig. 12(a)
shows the topography of the bronze diamond grinding wheel.
The diagram shows a large number of black particles covering
the bronze surface and around the diamond abrasive grains.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Bronze diamond grinding wheel and grinding platform and
grinding parameters. (a) Topography of the bronze diamond grinding
wheel; (b) grinding platform and grinding parameters.

Fig. 14 Layered topography of the grinding wheel.
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This is due to the plasma formed on the surface of the grinding
wheel during the laser process, where the combination of
copper ions with oxygen will generate black copper oxide
particles, which collide during the expansion process, leading
to a change in the velocity direction and a return to cover the
surface of the bronze grinding wheel. The grinding platform
and grinding parameters are shown in Fig. 12(b). The grinding
wheel was xed to the grinding machine, and cemented carbide
was used as the grinding material.

Grinding studies have shown25 that grinding wheels lose
their grinding performance during the grinding process mainly
due to wear due to their own abrasion and external crushing. In
self-wear, the abrasive grain is in direct contact with the surface
of the material being ground. During the grinding process, high
temperatures are formed at the grinding site, resulting in
chemical changes, and the abrasive grains are repeatedly
scratched, squeezed and pressed against the material surface,
resulting in their own plastic deformation. The grinding edge,
the tip of the abrasive grain, the surface of the abrasive grain
and other parts are worn down to atness and roundness,
therefore leading to a loss of grinding performance. External
breakage mainly refers to the contact between the material
being ground and the bond or abrasive grain. During the
grinding process, the temperature and grinding force change.
At the same time, the high contact stress intensity leads to the
bond wearing away or the abrasive grains to fracture and fall off,
resulting in breakage of the grinding contact area making
subsequent grinding impossible. The surface quality of the
grinding wheel aer grinding was photographed at a magni-
cation of 200 times under a three-dimensional ultradeep eld
microscope system, as shown in Fig. 13.
Fig. 13 Topography of the bronze diamond grinding wheel.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The bond surface shown in Fig. 13A is at, which is mainly
due to the bond and the grinding material rubbing against each
other and the bond wearing down to expose a new surface for
a higher grinding force. The abrasive grains shown in Fig. 13B
undergo wear deformation, forming a more rounded plane with
essentially no grinding edge. The abrasive grains shown in
Fig. 13C are fractured and dislodged, and the shapes of the
abrasive grains are fundamentally deformed, which leads to an
increase in the surface roughness of the ground material.

Fig. 14 shows the layered topography of the grinding wheel,
with the highest areas of the protruding surface shown in red
and the lowest areas shown in blue. The gradual evolution of the
graphic colour markings from blue to red indicates the evolu-
tion law for the protrusion height, which in turn can be used to
characterize the topography of the pitted and undulating
surface of the grinding wheel. The maximum protrusion height
value in the red part of the diagram is approximately 81.86 mm.
However, there are fewer red areas and more light green areas,
as shown in Fig. 14A, with protrusion heights of approximately
35 mm–45 mm, all with low protrusion heights. As shown in
Fig. 14B, although the abrasive grains protrude through the
bond, the protrusion height is low, approximately 45 mm–56
mm, and a poor regrinding performance for the grinding wheel
is obtained aer grinding, whereas, as shown in Fig. 14C, the
grinding wheel surface is covered with a thick layer of grinding
material, which wraps all the abrasive grains.

Fig. 13 and 14 show that the surface of the laser processed
grinding wheel is covered with returning black particles, which
reduces the height of the grinding grain protruding from the
bond, causing the bond to participate in the grinding, wrapping
the grinding edge, blocking the chip space around the abrasive
grains. This results in a reduction in the number of abrasive
grains directly involved in grinding, making the grinding
process mainly dependent on the extrusion of the diamond
itself to remove material, causing the abrasive grains to break
up, producing a attening effect and reducing its grinding
performance.
5 Conclusion

In this paper, plasma characteristic models in cylindrical
coordinates were established and applied to numerically
analyse the plasma-related characteristics of pulsed laser pro-
cessing of bronze-diamond grinding wheels. The main conclu-
sions are as follows:
RSC Adv., 2023, 13, 141–154 | 149
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(1) The plasma expansion models for pulsed laser processing
of materials in cylindrical coordinates were established by
considering the Maxwell velocity distribution characteristics,
and the change rate model of the plasma collisional ionization
was obtained by coupling the two-body collision frequency
equation. The model has the advantages of a simple structure
and convenient solution, which provides theoretical guidance
for further research on the plasma characteristics of laser pro-
cessing of metal materials.

(2) Numerical analysis shows that the plasma expansion
velocity and expansion dimensions in the laser processing of
a bronze-diamond grinding wheel gradually increase with time,
the concentration spatial distribution and expansion-induced
external pressure distribution shows high inside and low
outside characteristics, the collision change rate is large, and
under the thermal effect, the formation of black copper oxide
particles is followed by their return to cover the surface of the
material. The mechanism for particle deposition effects in laser
processing is revealed based on models, simulations and
experiments, which can also be used to study particle deposi-
tion effects in LIBS and PLD, with some practical implications.

(3) The plasma emission spectrum for laser processing of
bronze-diamond grinding wheels was measured, and calcula-
tions show that the average plasma temperature is approxi-
mately 8500 K and average plasma electron density ranges from
approximately 0.776 × 1016 cm−3 to 2.112 × 1016 cm−3. The
plasma shows no shielding effect and the phenomenon of
a large number of black particles covering the surface of the
grinding wheel aer processing is observed. The grinding
experiments show that the covered particles reduce the pro-
cessing quality and affect the grinding performance. The
experiments not only verify the correctness and feasibility of the
plasma characteristic models but also provide theoretical
guidance and process optimization for subsequent research on
laser processing of materials.
Appendix
1 Plasma concentration spatial distribution model and
plasma expansion kinetic model

The plasma distribution equation in cylindrical coordinates is
established as follows:

vn

vt
¼ � x

LX ðtÞ
dLX ðtÞ

dt

vn

vx
� r

LRðtÞ
dLRðtÞ
dt

vn

vr
(31)

In the X-direction, the relationship is as follows:

nðx; tÞz exp

"
� x2

4LX ðtÞ2
#

(32)

In the R-direction, the relationship is as follows:

nðr; tÞz exp

"
� r2

4LRðtÞ2
#

(33)
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The plasma concentration spatial distribution equation can
be solved to obtain:

nðx; r; tÞ ¼ At exp

"
� x2

4LX ðtÞ2
� r2

4LRðtÞ2
#
; t# s (34)

The integration in cylindrical coordinates can be obtained as
follows:

∭nðx; r; tÞrdxdrdq ¼ ∭At exp

"
� x2

4LX ðtÞ2
� y2

4LRðtÞ2
#
rdxdrdq

¼ NlS0t

(35)

2pA

ðN
0

exp

"
� x2

4LX ðtÞ2
#
dx

ðN
0

exp

"
� r2

4LRðtÞ2
#
rdr ¼ NlS0

(36)

The relationship is:
ÐþN
�N e�x

2
dx ¼ ffiffiffiffi

p
p

: The expression for A
and Nl can be found from the literature:

A ¼ NlS0

4p
ffiffiffiffi
p

p
LX ðtÞLRðtÞ2

(37)

Nl ¼ rl

2pasm

�
1� rUl

4pasI0

�
(38)

By substituting eqn (37) and (38) into eqn (34), one can be
obtained the plasma concentration spatial distribution
equation:

nðx; r; tÞ ¼ rlS0t

8p2
ffiffiffiffi
p

p
asmLX ðtÞLRðtÞ2

�
1� rUl

4pasI0

�

exp

"
� x2

4LX ðtÞ2
� r2

4LRðtÞ2
#

(39)

Considering the equation P = nkbT under ideal gas condi-
tions, the plasma expansion-induced external pressure equa-
tion is obtained as follows:

pðx; r; tÞ ¼ rlS0tkbT

8p2
ffiffiffiffi
p

p
asmLX ðtÞLRðtÞ2

�
1� rUl

4pasI0

�

exp

"
� x2

4LX ðtÞ2
� r2

4LRðtÞ2
#

(40)

In cylindrical coordinates, the local mass conservation law
can be expressed as follows:

vr

vt
þ rmr

r
þ vðrmrÞ

vr
þ vðrmxÞ

vx
¼ 0 (41)
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By substituting the spatial distribution of the plasma
concentration into eqn (41), we can obtain:

vmr

vr
þ mr

r
� r

2LRðtÞ2
mr þ

r2

2RðtÞ3
dLRðtÞ
dt

¼ �vmx

vx
þ 1

LX ðtÞmx �
x

LX ðtÞ2
dLX ðtÞ

dt
� 1

t
(42)

Eqn (42) requires both expressions on either side of the equal
sign to be constant; so, both sides of the equation must be
a function of time t(q(t)), and we can obtain:

vmr

vr
þ mr

r
� r

2LRðtÞ2
mr þ

r2

2LRðtÞ3
dLRðtÞ
dt

¼ qðtÞ (43)

vmx

vx
� x

2LX ðtÞ2
mx þ

x2

2LX ðtÞ3
dLX ðtÞ

dt
þ 1

t
¼ �qðtÞ (44)

Eqn (43) can be solved to obtain:

mr ¼ �2LRðtÞ2qðtÞ
r

þ r

LRðtÞ
dLRðtÞ
dt

þ 4LRðtÞ
r

dLRðtÞ
dt

þ C1

r
e

r2

4LRðtÞ2

(45)

Eqn (44) can be solved to obtain:

mx ¼ e

Ð
x

2LX ðtÞ2 dx$

2
64ð
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!
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x

2LX ðtÞ2 dxdxþ C2

3
75¼ e

x2

4LX ðtÞ2

2
664
ð 

�qðtÞ � x2

2LX ðtÞ3
dLX ðtÞ

dt
� 1

t

!

e
�x2

4LX ðtÞ2dxþ C2

3
775 ¼ e

x2

4LX ðtÞ2

2
664
ð�

�qðtÞ � 1

t

�
e

�x2
4LX ðtÞ2dx

�
ð

x2

2LX ðtÞ3
dLX ðtÞ

dt
e

�x2
4LX ðtÞ2dxþ C2

3
775 (46)

By using the integration formula for exponential functions:ðþN

�N
e�ax

2

dx ¼
ffiffiffiffi
p

a

r
(47)

We can obtainð�
�qðtÞ � 1

t

�
e

�x2
4LX ðtÞ2dx ¼

�
�qðtÞ � 1

t

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pLX ðtÞ2

q
(48)

By using the Gauss integration formula:
© 2023 The Author(s). Published by the Royal Society of Chemistry
ðþN

0

x2e�lx
2

dx ¼ 1

4

ffiffiffiffiffi
p

l3

r
(49)

We can obtainð
x2

2LX ðtÞ3
dLX ðtÞ

dt
e

�x2
4LX ðtÞ2dx ¼ 1

2LX ðtÞ3
dLX ðtÞ

dt

ð
x2e

�x2
4LX ðtÞ2dx

¼ 2

8LX ðtÞ3
dLX ðtÞ

dt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
64pLX ðtÞ6

q

¼ 2
ffiffiffiffi
p

p dLX ðtÞ
dt

(50)

By substituting eqn (48) and (49) above into eqn (46), we can
obtain

mx ¼ e
x2

4LX ðtÞ2
��

�qðtÞ � 1

t

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pLX ðtÞ2

q
� 2

ffiffiffiffi
p

p dLX ðtÞ
dt

þ C2

�

¼ C2e
x2

4LX ðtÞ2 � 2
ffiffiffiffi
p

p
e

x2

4LX ðtÞ2
��

qðtÞ þ 1

t

�
LX ðtÞ þ dLX ðtÞ

dt

�
(51)

where the constants C1 and C2 were determined by the following
boundary conditions gives:

mrjr¼LRðtÞ ¼
dLRðtÞ
dt

; mxjx¼LX ðtÞ ¼
dLX ðtÞ

dt

From the above boundary conditions, we can obtain

C1 ¼ �4LRðtÞe�
1
4
dLRðtÞ
dt

(52)

C2 ¼ 2

t

ffiffiffiffi
p

p
LX ðtÞ þ

0
@e�

1
4 þ 2

ffiffiffiffi
p

p
1
A dLX ðtÞ

dt
(53)

By substituting eqn (52) and (53) into eqn (45) and (51),
respectively, we can obtain

mr ¼
r

LRðtÞ
dLRðtÞ
dt

þ 4LRðtÞ
r

dLRðtÞ
dt

� 4LRðtÞ
r

dLRðtÞ
dt

e
r2�LRðtÞ2
4LRðtÞ2

(54)

mx ¼ e
x2�LX ðtÞ2
4LX ðtÞ2 dLX ðtÞ

dt
(55)

Eqn (54) and (55) can be used to derive for time (t) and
position (x) respectively:

vmr

vr
¼ 1

LRðtÞ
dLRðtÞ
dt

� 4LRðtÞ
r2

dLRðtÞ
dt

þ 4
LRðtÞ
r2

dLRðtÞ
dt

e
r2�LRðtÞ2
4LRðtÞ2

� 4
LRðtÞ
r

dLRðtÞ
dt

e
r2�LRðtÞ2
4LRðtÞ2 r

2LRðtÞ2
(56)
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vmr

vt
¼ � r

LRðtÞ2
�
dLRðtÞ
dt2

�2

þ r

LRðtÞ
dLR

2ðtÞ
dt2

þ 4

r

�
dLRðtÞ
dt

�2

þ 4LRðtÞ
r

dLR
2ðtÞ

dt2
� 4

LRðtÞ
r

dLR
2ðtÞ

dt2
e
r2�LRðtÞ2
4LRðtÞ2

� 4
1

r

�
dLRðtÞ
dt

�2

e
r2�LRðtÞ2
4LRðtÞ2

� 4
LRðtÞ
r

dLRðtÞ
dt

e
r2�LRðtÞ2
4LRðtÞ2

0
@�2LRðtÞ4LRðtÞ2

16LRðtÞ4
dLRðtÞ
dt

�
�
r2 � LRðtÞ2

�
8LRðtÞ

16LRðtÞ4
dLRðtÞ
dt

1
A (57)

vmx

vx
¼ x

2LX ðtÞ2
e
x2�LX ðtÞ2
4LX ðtÞ2 dLX ðtÞ

dt
(58)

vmx

vt
¼ e

x2�LX ðtÞ2
4LX ðtÞ2

" 
� x2

2LX ðtÞ3
!�

dLX ðtÞ
dt

�2

þ d2LX ðtÞ
dt2

#
(59)

In cylindrical coordinates, the conservation of momentum
equations are as follows:

r

�
vmx

vt
þ mx

vmx

vx

�
¼ �vpx

vx
(60)

r

�
vmr

vt
þ mr

vmr

vr

�
¼ �vpr

vr
(61)

By substituting x = LX(t) and r = LR(t) into eqn (56)–(59), the
plasma expansion kinetic equations are obtained as follows:

LRðtÞdLR
2ðtÞ

dt2
¼ LX ðtÞdLX

2ðtÞ
dt2

¼ kT

2m
(62)

T is the plasma electron temperature, K, where the initial
velocity is given by:

y0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kbTl=pm

p
(63)
2 Change rate model of the plasma collisional ionization
effect

The collision cross section between the electron and neutral
particle is given by:

s = pr2 (64)

The average molecular free path is calculated to be:

l = 1/(ns) (65)

The average plasma electron velocity is expressed as follows:

hyei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kbTe=pme

p
(66)
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According to the two-body collision frequency equation:

vp ¼ hyei
l

(67)

By substituting the equation for the average free path into
the plasma concentration spatial distribution equation, the
change rate equation for the plasma collisional ionization is
obtained as follows:

vp ¼ rlS0ts

8p2
ffiffiffiffi
p

p
asmLX ðtÞLRðtÞ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kbTe=pme

p �
1� rUl

4pasI0

�
(68)
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Nomenclature
LX(t)
© 20
the edge space dimensions at the plasma expansion
time t in the X-direction [m]
LR(t)
 the edge space dimensions at the plasma expansion
time t in the R-direction [m]
n(x,t)
 the plasma electron density at the plasma expansion
time t in the X-direction [m−3]
n(r,t)
 the plasma electron density at the plasma expansion
time t in the R-direction [m−3]
n(x,r,t)
 the plasma electron density at the plasma expansion
time t [m−3]
A
 the normalized parameter

Nl
 the laser ablation efficiency

S0
 the spot size [m2]

t
 the ablation time [s]

a
 the refractive index of the material

U
 the excitation energy [eV]

s
 the pulse time [s]

m
 the atomic mass [kg]

I0
 the laser power density [W cm−2]

P
 the plasma expansion-induced external pressure [Pa]

kb
 the Boltzmann constant [1.381 × 10−23 J K−1]

T
 the plasma electron temperature [K]

mr
 the velocity parallel to the material surface [m s−1]
23 The Author(s). Published by the Royal Society of Chemistry
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mx
© 2023 T
the velocity perpendicular to the material surface [m
s−1]
y0
 the initial velocity [m s−1]

s
 the particle collision cross section

Lz
 the average molecular free path [m]

hyei
 the average plasma electron velocity [m s−1]

vp
 the change rate equation of the plasma collisional

ionization [s−1]

me
 the electron mass [kg]

Tl
 the material gasication temperature [K]

r
 the material solid phase density [kg m−3]

kd
 the thermal conductivity [W (m K)−1]

h
 the laser absorptivity

b
 the thermal diffusivity [cm2 s−1]

lm
 the pulse width [s]

Tv
 the gasication temperature [K]

T0
 the initial temperature [K]

ni
 the ion number density [cm−3]

Te
 the plasma electron temperature [K]

n0
 the incident light frequency [Hz]

Z
 the average electric charge [C]
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