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Abstract

Grain-oriented silicon steel is a key soft magnetic material for transformer cores, and
femtosecond laser scribing provides a potential approach for achieving high-precision
magnetic-domain refinement while reducing thermal damage. However, the near-surface
electronic response and charge-imbalance behavior of grain-oriented silicon steel during
femtosecond laser irradiation are still not well understood. In this study, a two-temperature
model coupled with an electron transport model was employed to investigate the evolution
of electron temperature and net charge density under different laser fluences and pulse
durations. The results showed that laser fluence and pulse duration jointly affected the near-
surface electron-temperature response, electron-emission process, and net charge-density
evolution in grain-oriented silicon steel. Increasing laser fluence enhanced electron excita-
tion and the degree of charge-distribution imbalance. Meanwhile, increasing pulse duration
promoted the extension of the net charge distribution along the depth direction, which
indicated that there was a pulse-duration range that can simultaneously promote charge
accumulation at the surface and in the near-surface region. These results provided compre-
hensive insight into the near-surface charge-imbalance behavior during femtosecond laser
etching of grain-oriented silicon steel.

Keywords: femtosecond laser; grain-oriented silicon steel; two-temperature model; electron
transport; charge imbalance distribution

1. Introduction
Grain-oriented silicon steel is a key soft magnetic material used for transformer cores,

and its iron loss directly affects the operating efficiency of power equipment [1]. Laser
scribing is a key technique for reducing the loss of grain-oriented silicon steel. Conventional
laser scribing can introduce localized stress/strain fields and closure-domain structures
in the surface layer of the material, thereby refining magnetic domains and reducing
anomalous loss caused by domain-wall motion. As a result, functional magnetic properties
such as iron loss and apparent permeability can be improved [2–4]. In contrast, heat-
resistant laser etching can produce grooves on the material surface. The free magnetic
poles generated at the grooves increase the magnetostatic energy and reduce the domain-
wall energy, thereby decreasing the magnetic-domain width and reducing iron loss [5,6].
However, continuous-wave lasers or long-pulse laser processing can easily produce molten
spatter and surface protrusions [7], which affect the scribing quality and the improvement
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of magnetic properties. Therefore, a high-precision laser scribing method with low thermal
impact is of great significance for the production of grain-oriented silicon steel.

Femtosecond lasers are characterized by extremely short pulse duration and high
peak power density, enabling rapid and localized energy deposition on material surfaces.
Femtosecond lasers have been widely applied in high-precision processing, such as in
micro-hole fabrication, thin-film etching, and surface micro/nano manufacturing [8–11],
providing a new possibility for improving the scribing precision of grain-oriented silicon
steel. Unlike long-pulse or continuous-wave lasers, femtosecond lasers have pulse dura-
tions shorter than the electron–lattice energy relaxation time. Therefore, laser energy is first
deposited into the electron system, leading to a pronounced electron–lattice nonequilibrium
state in the surface layer. This process is commonly described using the two-temperature
model [12–14]. In recent years, numerical studies of femtosecond laser ablation of metals
have increasingly focused on ultrafast electron excitation, electron–lattice energy transfer,
and their influence on subsequent ablation behavior. Related studies have revealed early-
stage nonequilibrium energy transfer, electron transport, and material removal processes
during femtosecond laser irradiation using molecular dynamics, molecular dynamics cou-
pled with the two-temperature model, the two-temperature model, and time-resolved
experiment–simulation coupling methods [15–17].

At the initial stage of femtosecond laser irradiation, the electron system first absorbs the
laser energy and heats up rapidly. Electron emission and carrier transport can disturb the
local charge balance near the material surface, causing the spatial distributions of electrons
and ions to no longer fully coincide, thereby forming transient net charge accumulation.
Previous studies have shown that electron–ion separation or local breakdown of quasi-
neutrality may occur during femtosecond laser irradiation of semiconductors, metals, and
dielectric materials [18,19]. Such near-surface charge imbalance is one of the important
sources for the formation of transient Coulomb fields and may be related to nonthermal
material removal [20,21]. Studies on femtosecond laser ablation of Cu have shown that,
with increasing laser fluence, the gradient of the residual electron density near the surface
increases significantly, accompanied by an enhanced transient Coulomb field [22]. In
addition, studies on BBS (Barium Aluminum Borosilicate Glass) materials have indicated
that variations in pulse duration can affect free-electron generation, energy deposition,
and ablation behavior [23]. Therefore, analyzing the net charge density distribution under
different laser parameters is helpful for understanding the formation and evolution of
near-surface charge imbalance at the early stage of femtosecond laser irradiation.

Current studies on femtosecond-laser-induced charge-imbalance distribution have
mainly focused on typical metals, semiconductors, and dielectric materials, whereas re-
search on the evolution of near-surface electron transport and net charge-density distribu-
tion during femtosecond laser scribing of grain-oriented silicon steel remains limited. In
addition, most previous studies have focused on the influence of a single laser parameter.
Therefore, in this work, grain-oriented silicon steel was selected as the research object.
Based on the two-temperature model, the electron–lattice temperature evolution under fem-
tosecond laser irradiation was analyzed. Furthermore, by incorporating electron emission
and diffusion processes, the near-surface net charge-density distribution under different
laser fluences and pulse durations was investigated. The effects of laser parameters on
electron nonequilibrium behavior and local charge accumulation were evaluated, thereby
providing a reference for further understanding the nonthermal interaction mechanism
during femtosecond laser scribing of grain-oriented silicon steel.

https://doi.org/10.3390/met16070799

https://doi.org/10.3390/met16070799


Metals 2026, 16, 799 3 of 14

2. Materials and Methods
2.1. Two-Temperature Model

For the interaction process of femtosecond laser irradiation with materials, the evolu-
tion of electron and lattice temperatures was described by the two-temperature model, as
shown in Equations (1) and (2):

Ce
∂Te

∂t
= ∇(−Ke∇Te)− G(Te − Tl) + S (1)

Cl
∂Tl
∂t

= ∇(−Kl∇Tl) + G(Te − Tl) (2)

where Te and Tl denote the electron temperature and lattice temperature, respectively, and
S is the laser heat source. Ce is the electron heat capacity, Ke is the electron thermal conduc-
tivity, Cl is the lattice heat capacity, Kl = Ke(Te, Tl)/99 is the lattice thermal conductivity [24],
and G is the electron–lattice coupling coefficient.

The laser heat source S is expressed by Equation (3):

S =

√
β

π
× F(1 − R)

αtp
× exp

(
− z

α
− β

(
t − 2tp

tp

)2
)

(3)

where β = 4·ln2 is a constant coefficient, F is the incident laser fluence (J/m2), R is the mate-
rial reflectivity, and α is the optical absorption coefficient of the material, which is affected
by the laser wavelength and material temperature. Here, tp is the pulse duration (fs).

The initial condition was Te(z, 0) = Tl(z, 0) = T0, and the initial temperatures of
the electron and lattice systems were set to room temperature, T0 = 300 K. The ther-
mal boundary conditions were specified as ∂Te(L, t)/∂z = ∂Tl(L, t)/∂z = ∂Tl(0, t)/∂z = 0.
In the calculation, electron emission was introduced into the boundary condition as
Ke∂Te(0, t)/∂z = (Ef + eφw)Nsc. The parameters involved in this boundary condition
are described in Section 2.2.

The relevant material parameters were calculated using the following relations:

(1) The temperature-dependent electron heat capacity Ce was expressed by Equations (4)
and (5) [25], where Ne is the electron number density, kB is the Boltzmann constant,
and TF is the Fermi temperature.

Ce(Te) =


Ce0Te, Te ≤ TF

π2

2Ce0Te
3 + C′

e(Te)
3 , TF

π2 < Te ≤ 3TF
π2

Ne0kB + C′
e(Te)

3 , 3TF
π2 < Te ≤ TF

3Ne0kB
2 , Te > TF

(4)

C′
e(Te) =

Ce0TF

π2 +
3
2 Ne0kB − Ce0TF

π2

TF

(
1 − 1

π2

) (
Te −

TF

π2

)
(5)

Ce0 =
π2Ne0kB

2TF
(6)

(2) The electron thermal conductivity Ke was calculated using Equation (7), where χ and
η are material constants [26,27].
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Ke(Te, Tl) = χ

[(
Te
Tf

)2
+0.16

]1.25[(
Te
Tf

)2
+0.44

](
Te
Tf

)
[(

Te
Tf

)2
+0.092

]0.5[(
Te
Tf

)2
+ η

(
Tl
Tf

)] (7)

(3) The electron–lattice coupling coefficient G was calculated using Equation (8), where Ae

and Bl are material-related constants, and Gr is the electron–lattice coupling coefficient
at room temperature [28,29]:

G(Te, Tl) = Gr

(
Ae

Bl
(Te + Tl)+1

)
(8)

(4) The optical absorption coefficient α and reflectivity R of the material were calculated
using Equations (9) and (10) [30], where γ is the resistivity coefficient, σ0 is the
electrical conductivity at room temperature, and λ = 800 nm is the laser wavelength.

α(Te) =

√
4πσ0

λcε0[γ(Te − T0)+1]
(9)

R(Tl)= 1 − 0.365
(

1
σ0

1+γTl
λ

)0.5
− 0.0667

(
1
σ0

1+γTl
λ

)
+0.006

(
1
σ0

1+γTl
λ

)1.5
(10)

2.2. Calculation of Charge Density Distribution

After laser irradiation, the energy is first absorbed by free electrons and then trans-
ferred to the lattice. The excited electrons may escape from the material and induce a
space-charge effect above the material surface. This space-charge effect can further influ-
ence the electron emission process [31]. Therefore, the electron emission rate equation
modified by the space-charge effect was adopted [32]:

Nsc =
A0

e
T2

e exp
(
−Ef − µ + eφw + φs

kBTe

)
(11)

where A0 is the Richardson–Dushman constant, Ef = 11.2 eV is the Fermi energy [33], µ

is the chemical potential [34], and eφw = 4.65 eV is the work function [35]. When kBTe is
less than 1 eV, the chemical potential µ is approximately equal to the Fermi energy Ef. The
Fermi energy was taken from the literature on Fe–Si alloys, while the work function of a
clean pure Fe surface was adopted as an approximate parameter. It should be noted that the
model assumed a clean material surface and did not consider the effect of surface oxidation.
φs = aNe2/R1 is the effective space-charge potential, where a is a geometry-dependent
constant generally in the range of 1–2, and N is the total number of electrons emitted from
the near-surface region [32].

For a pulse duration of tp, N was calculated using the following equation [32]:

N =
kBTe

ae2/R1
log
[

1 + 4tpπ
2R2ame2kBTe exp

(
−Ef − µ + eφw

kBTe

)
/h3

]
(12)

where R1 and R2 are the semi-axis lengths of the electron charge disk, h is the Planck
constant, and m is the electron mass.

For the electron density gradient distribution inside the material induced by electron
emission, the diffusion equation was used for calculation [36]:

∂Ne

∂t
= De∇2Ne (13)
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where Ne denotes the electron number density, De = µe kB Te/e is the electron diffusion
coefficient, µe = eτe/m is the electron mobility, and τe = 1/((AeTe

2) + BlTl) is the electron
relaxation time [25]. The boundary conditions were set as De∂Ne(0, t)/∂z = Nsc and
∂Ne(L, t)/∂z = 0.

2.3. Calculation Parameters

In this work, Fe–3% Si grain-oriented silicon steel was selected as the target material,
and the influence of minor alloying elements on the electronic response was not consid-
ered in the calculation. Numerical calculations were performed to investigate the early
electronic response under single-pulse femtosecond laser irradiation. Laser fluence and
pulse duration were selected as the variables.

Within the ranges of 1000–5000 J/m2 for laser fluence and 100–900 fs for pulse duration,
nine levels were set at intervals of 500 J/m2 and 100 fs, respectively. A full-factorial
parameter combination was adopted, resulting in 9 × 9 = 81 calculation cases. By comparing
the evolution of electron temperature and net charge density under different parameter
combinations, the effects of laser fluence and pulse duration on the near-surface electronic
response and charge-imbalance behavior of grain-oriented silicon steel were analyzed.

The relevant physical constants are listed in Table 1, while the definitions and units of
the symbols used in the mathematical model are summarized in Appendix A (Table A1).

Table 1. Physical constants of the material [27,29,32,33,37].

Physical Parameters Value

σ0 [S/m] 2.08 × 106

Ne0 [1/m3] 1.6499 × 1029

TF [K] 1.2729 × 105

χ [W/m/K] 116
η 1.2

Gr [W/m3/K] 3 × 1017

Ae [1/K2/s] 1.22 × 107

Bl [1/K/s] 1.23 × 1011

A0 [A/m2/K2] 1.2017 × 106

3. Results
3.1. Evolution of Electron and Lattice Temperatures

Under femtosecond laser irradiation, the electron and lattice system exhibited distinct
temperature evolution behaviors. The electron temperature rose rapidly to an extremely
high level within a very short time. Under the combined effects of electron thermal con-
duction and electron–lattice coupling, energy was gradually transferred from the electron
system to the surrounding lattice. As a consequence, the electron temperature gradually
decreased, while the lattice temperature gradually increased. Accordingly, the temperature
evolution of both the electron and lattice systems varied with the laser input conditions.

3.1.1. Effect of Laser Fluence on Electron and Lattice Temperatures

When the pulse duration tp was fixed, increasing the laser fluence F enhanced the
energy input, allowing the electron system to absorb more energy within the same time
period. This strengthened the transient excitation of electrons and increased both the peak
electron temperature and the duration of the high-temperature state [24,38]. Correspond-
ingly, the higher electron temperature and longer high-temperature duration enabled more
energy to be transferred to the lattice through electron–lattice coupling heat transfer, thereby
increasing the electron–lattice equilibrium temperature. As shown in Figure 1a, when the
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pulse duration is tp = 300 fs, increasing the laser fluence from 1000 J/m2 to 3000 J/m2

led to an overall rise in electron temperature. The peak electron temperature increased
from 11,780 K to 17,520 K. Meanwhile, the width of electron temperature distribution also
increased significantly, and the electron–lattice equilibrium temperature rose. A similar
trend was observed for both the electron and lattice temperatures at tp = 600 fs, as shown
in Figure 1b.

Figure 1. Surface electron temperature and lattice temperature under different laser fluences at pulse
durations of: (a) tp = 300 fs; (b) tp = 600 fs.

3.1.2. Effect of Pulse Duration on Electron and Lattice Temperatures

When the laser fluence remained unchanged, the pulse duration modified the temporal
distribution of laser energy input. A shorter pulse duration corresponded to a higher peak
power density, allowing the electron system to accumulate stronger instantaneous energy
within a short time and reach a higher peak electron temperature [39]. Meanwhile, the
higher temperature rise of the electron system promoted faster energy transfer to lattice
through electron–lattice coupling, causing the lattice temperature to increase more rapidly.

Figure 2a and 2b showed the effect of pulse duration on surface temperature evolution
under fixed laser fluences of F = 2000 J/m2 and F = 3500 J/m2, respectively. As the
pulse duration increased from 100 fs to 500 fs, the peak electron temperature decreased
significantly. This indicated that a longer pulse duration weakened the instantaneous
heating ability of the electron system.

Figure 2. Surface electron temperature and lattice temperature under different pulse durations at
laser fluences of: (a) F = 2000 J/m2; (b) F = 3500 J/m2.

Wang et al. investigated the evolution of electron and lattice temperatures in pure Fe
under femtosecond laser irradiation [40]. Using the parameters provided in the reference,
the temperature evolution was calculated under a pulse duration of 200 fs and laser fluences
of 75, 125, and 175 J/m2. The calculated peak electron temperatures were 1739.1 K, 2294.9 K,
and 2765.1 K, respectively. Compared with the data extracted from the figures in the
reference, the maximum absolute deviation was 55.5 K, and the maximum relative error was
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approximately 2.5%. This comparison verified the reliability of the electron-temperature
calculation module used in the present study.

3.2. Net Charge Density Distribution
3.2.1. Effect of Laser Fluence on Net Charge Density

Before femtosecond laser irradiation, positive and negative charges inside the material
remained balanced, and the initial electron number density was Ne0. After laser irradiation,
electrons gain energy and electron emission may occur at the surface. As a result, the
residual electron number density, Ne, in the near-surface region changed, breaking the
original charge balance and generating a net charge distribution. Since this charge imbal-
ance process exhibited obvious near-surface localization, electron diffusion compensated
for the decrease in electron number density in the near-surface region, causing the charge
imbalance state to evolve gradually with time.

Increasing the laser fluence enhances the transient excitation of electron system and
electron emission intensity [38]. Consequently, the degree of charge imbalance formed
in the near-surface region was enhanced, and a longer time was required for charge
balance to be re-established. As shown in Figure 3, under tp = 500 fs, as the laser fluence
increased from 1000 J/m2 to 3000 J/m2, the peak net charge density ((Ne0 − Ne)max) at
each depth position increased significantly. Meanwhile, the temporal width of curves at
different depths also increased, indicating that the duration of the net charge imbalance
state was markedly prolonged. By comparing different depth positions, it was observed
that the surface position was most strongly affected by electron escape. At the position of
z = 0 nm in Figure 3a, the net charge density was the highest, and the charge imbalance
characteristic was the most pronounced. In Figure 3b–d, as the depth increases, the direct
influence of electron emission weakened. The generation of net charge mainly depended
on electron diffusion toward the surface, so the net charge density decreased significantly
with increasing depth.

Figure 3. Time-dependent evolution of net charge density at different depths under laser fluences of
F = 1000 J/m2–3000 J/m2 with a pulse duration of tp = 500 fs: (a) z = 0 nm; (b) z = 5 nm; (c) z = 10 nm;
(d) z = 20 nm.
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3.2.2. Effect of Pulse Duration on Net Charge Density

The net charge density was jointly affected by the electron emission intensity, emission
duration, and electron diffusion compensation. At a fixed laser fluence, a shorter pulse
duration caused the laser energy to be deposited within a shorter time, resulting in a higher
electron emission rate but a shorter emission duration. Therefore, the compensation effect
of electron diffusion on the near-surface charge imbalance was relatively limited. As the
pulse duration increased, the laser power density decreased and the electron emission rate
decreased, while the electron emission duration became longer. During the continuous elec-
tron emission process, an electron concentration gradient existed between the near-surface
electron-depleted region and the interior of the material, which drove internal electrons to
continuously diffuse toward the near-surface region and compensate for the local charge
imbalance. The influence range of the electron diffusion compensation effect could be
approximately characterized by the characteristic diffusion distance LD ≈

√
(2 De tD) [41],

where tD denoted the electron diffusion time. When the pulse duration increased, the
electron emission duration was prolonged, and the electron diffusion time tD was also
extended. Therefore, the influence range of electron diffusion compensation, LD, increased
accordingly. This indicated that, during the electron emission process, a longer pulse
duration allowed electron diffusion to compensate for the near-surface charge imbalance
over a longer time, thereby making the diffusion compensation effect more pronounced.

As shown in Figure 4a, at the surface position of z = 0 nm, under the condition of
F = 3000 J/m2, when the pulse duration increased from 100 fs to 300 fs, the laser interaction
time was still relatively short, and the compensation effect of internal electron diffusion
on the surface charge imbalance was not yet obvious. Although the electron emission
rate decreased, the cumulative effect caused by the longer emission duration dominated.
Therefore, the peak net charge density increased with increasing pulse duration.

Figure 4. Time-dependent evolution of net charge density at different depths under different pulse
durations of tp = 100 fs–500 fs at a laser fluence of F = 3000 J/m2: (a) z = 0 nm; (b) z = 5 nm;
(c) z = 10 nm; (d) z = 20 nm.
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When the pulse duration further increased to 500 fs, although the electron emission
duration was further extended, the electron emission intensity continued to decrease.
Meanwhile, the longer interaction time enhanced the compensation of electron depletion
by electron diffusion, resulting in a lower peak surface net charge density under the 500 fs
condition than under the 300 fs condition.

Unlike the surface position, the net charge density at deeper positions was more
strongly affected by the time-accumulation effect. As shown in Figure 4b–d, the peak net
charge density at z = 5, 10, and 20 nm showed an increasing trend with increasing pulse
duration. However, as the depth further increased, the enhancement effect of increasing
pulse duration on the peak net charge density gradually weakened.

4. Discussion
4.1. Influence of Laser Parameters on Peak Electron Temperature

Laser fluence and pulse duration jointly affected the temperature evolution by chang-
ing total energy input, energy input power, and electron–lattice heat transfer time. To
further compare the differences in transient electron excitation intensity under different
parameter combinations, Figure 5 presents the contour distribution of peak electron temper-
ature under different laser fluence and pulse durations. It was observed that the high-value
region of Temax was mainly concentrated in the parameter combination of high laser fluence
and short pulse duration. This indicated that, within this parameter range, laser energy was
deposited in a concentrated manner over a short time, leading to a stronger instantaneous
excitation of the electron system. In contrast, the low-value region was located in the
range of low laser fluence and long pulse duration, where the energy input was lower
and the energy deposition process was more dispersed, resulting in a weaker transient
electron excitation.

Figure 5. Distribution of peak electron temperature Temax under different laser parameters.

The contour distribution was denser in the low-fluence region, while the spacing
between contours increased in the high-fluence region. This indicated that, under relatively
low laser fluence, Temax was more sensitive to the increase in F. As the laser fluence
increased, the increase in Temax with F gradually decreased. This variation was related
to the electron heat capacity and electron–lattice coupling. As the electron temperature
increased, the electron heat capacity increased, meaning that more energy was required for
further heating of the electron system. Meanwhile, a higher electron temperature increased
the temperature difference between electrons and lattice, and enhanced electron–lattice
coupling heat transfer, allowing more electron energy to be transferred to the lattice system.
Therefore, although Temax still increased with increasing F in the high-fluence region, its
rate gradually decreased [38].
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4.2. Influence of Laser Parameters on Peak Net Charge Density

Figure 6 shows the distribution of peak net charge density (Ne0 − Ne)max at different
depths as a function of laser fluence and pulse duration. At the surface position of z = 0 nm,
a higher value of (Ne0 − Ne)max represents a greater degree of net charge accumulation. At
deeper positions, a higher value of (Ne0 − Ne)max indicates that the charge imbalance was
maintained to a greater depth, reflecting its extension along the depth direction.

Figure 6. Distribution of peak net charge density at different depths dependent on laser fluence and
pulse duration: (a) z = 0 nm; (b) z = 5 nm; (c) z = 10 nm; (d) z = 20 nm.

As shown in Figure 6, the contour lines corresponding to approximately 94% of the
maximum value in each subplot were highlighted in bold to more intuitively compare
the positional changes of the high-value regions at different depths. This contour line did
not represent a specific physical threshold. Figure 6 showed that the high-value regions
of net charge density at different depths all correspond to high laser fluence conditions
above 4500 J/m2, whereas the corresponding pulse-duration ranges varied with depth.
As shown in Figure 6a, the high-value region at z = 0 nm was mainly concentrated in
the relatively short pulse-duration range of tp = 100–500 fs. With increasing depth, the
pulse-duration range corresponding to the high-value region gradually shifted toward
longer pulse durations. In Figure 6b, at z = 5 nm, the high-value region was mainly located
in the range of tp = 400–900 fs. Compared with Figure 6b, when the observation depth
increased to 10 nm in Figure 6c, the pulse-duration range corresponding to high net charge
density still continued to shift toward longer pulse durations, but this tendency became
weaker. For z = 20 nm, the further shift of the high-value region was no longer obvious. In
other words, increasing the pulse duration promoted the extension of the net charge-density
distribution toward deeper regions, but this extension tendency gradually weakened with
increasing depth.

This distribution trend indicated that the favorable pulse-duration range for net
charge accumulation at the surface was different from that for its extension along the
depth direction. As a result, the favorable pulse-duration ranges corresponding to different
depths exhibited a certain overlap. This overlapping region represented a balance between
the intensity of surface net charge accumulation and the ability of the charge imbalance
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to extend in the depth direction. Under these parameter combinations, relatively high
net charge accumulation could be formed at the surface, while the charge-imbalance
distribution could also extend to deeper positions.

During femtosecond laser irradiation, electron emission can disturb the local charge
balance near the material surface, resulting in an obvious net charge density distribution.
Previous studies have shown that the near-surface charge imbalance distribution is an
important basis for the formation of transient Coulomb electric field. When the local electric
field strength reaches the threshold value, the non-thermal ablation of surface positive ions
may be induced. For grain-oriented silicon steel, when laser fluence and pulse duration
were varied simultaneously, the peak magnitude, distribution depth, and duration of net
charge density all changed with the laser parameters. These characteristics therefore reflect
the strength of local near-surface charge imbalance. In general, a higher surface net charge
density and a deeper charge-imbalance distribution are more favorable for the formation of
transient Coulomb fields.

5. Conclusions
Based on the two-temperature model and electron transport model, this study an-

alyzed the near-surface electron temperature response and the evolution of net charge
density (Ne0 − Ne) in grain-oriented silicon steel under femtosecond laser irradiation.

(1) During the initial stage of laser irradiation, the electron system heated up rapidly and
formed an obvious non-equilibrium state with the lattice system. The peak electron
temperature was jointly regulated by laser fluence and pulse duration.

(2) Increasing laser fluence increased the net charge density at all depth positions.
With increasing pulse duration, the net charge density at the surface first increased
and then decreased, whereas the net charge density in the internal region in-
creased monotonically.

(3) The accumulation of net charge at the surface was mainly determined by the peak
electron temperature and instantaneous emission intensity, whereas net charge ac-
cumulation at deeper positions depended more strongly on the sustained effects of
electron emission and transport processes.
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Appendix A

Table A1. Definition of symbols used in the mathematical model.

Symbol Definition Unit

F Laser fluence J/m2

tp Pulse duration fs
R Reflectivity -
α Optical absorption coefficient m−1

S Laser source term W/m3

Te Electron temperature K
Tl Lattice temperature K
Ce Electron heat capacity J/m3/K
Cl Lattice heat capacity J/m3/K
Ke electron thermal conductivity W/m/K
Kl lattice thermal conductivity W/m/K
Gr Electron–lattice coupling factor W/m3/K
Ne Electron density m−1

Ne0 Initial electron density m−1

Ne0 − Ne Net charge density expressed as electron density difference m−1

De Electron diffusion coefficient m/s2

Lp Characteristic electron diffusion length m
Ef Fermi energy eV
TF Fermi temperature K
µ Chemical potential eV

eφw Work function energy eV
A0 Richardson–Dushman constant A/m2/K2

kB Boltzmann constant J/K
e Elementary charge C
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