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Electron emissions from a metal target surface may be induced due to the irradiation of the target by a 
femtosecond (fs) laser pulse. The emitted electrons will leave behind residual charges (which are positive) 
in the metal target near its surface. The residual charges may affect the evolution of the emitted electrons, 
which is called the “residual charge effect”. An intuitive belief could be that the residual charge effect is 
insignificant, because the huge number of free electrons in the interior region of the metal may quickly 
neutralize the residual charges. In this paper, the early-stage (at a time scale of less than ∼1 picosecond) 
residual charge effect has been investigated. The study shows that contrary to the above intuitive belief, 
the early-stage residual charge effect is very significant under the studied conditions, which has greatly 
slowed down the expansion of emitted electrons and enhanced their recombination back into the surface 
of the target. The study implies that to accurately study the early-stage fs laser-induced electron emission 
and other closely related processes, the residual charge effect should not be neglected.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Femtosecond lasers are special energy sources that can de-
liver energies to a solid target in an ultra short amount of time, 
and have many applications in manufacturing, materials process-
ing, biomedical, and other areas [1–6]. Numerous previous inves-
tigations have been performed on femtosecond (fs) laser–material 
interaction, including the electron emission process (and related 
processes) from a target surface induced by the irradiation of the 
surface by a fs laser pulse [7–16]. It has been found that the 
emitted electrons may feel the repulsive forces generated by the 
electrons emitted earlier, and hence their evolution may be af-
fected, due to the so-called “space charge effect” [15–17]. Previous 
studies show that the space charge effect plays a very critical role 
in the electron emission induced by fs laser pulse–metal interac-
tions [15–17]. The electron emission process may transiently break 
the electric neutrality in the metal target near-surface region, and 
leave positive residual charges inside the metal target near its sur-
face. The residual charges in the metal target may also influence 
the electron emission and evolution process, which will be called 
the “residual charge effect” in this paper.

* Corresponding author at: School of Mechanical Engineering, Purdue University, 
585 Purdue Mall, West Lafayette, IN 47907, United States.

E-mail addresses: wu65@purdue.edu, bwu11@iit.edu (B. Wu).

However, although research work has been carried out on the 
space charge effect during fs laser-produced electron emission 
from a metal target (for example, [15–17]), previous investiga-
tions about how significant the residual charge effect is during the 
early stage have been limited (“early stage” here means t < ∼1
picosecond (ps), where t = 0 is defined as the time when the fs 
laser–metal interaction starts). An intuitive belief could be that be-
cause a metal target has a huge number of free electrons with good 
mobilities, the surface residual charges may be quickly neutral-
ized or re-distributed, making their effect on the emitted electrons 
insignificant. It will improve the basic understanding of fs laser–
metal interactions to test this belief and reveal whether or not the 
early-stage “residual charge effect” is significant.

In this paper, research work will be performed to reveal the 
significance of the early-stage “residual charge effect” for fs laser-
induced electron emission and evolution from a metal target. Dur-
ing the early stage, most of the emitted electrons may be in a close 
vicinity to the target surface (less than ∼1 μm under the investi-
gated conditions in this paper as shown later), and hence direct 
experimental measurements will require extremely high temporal 
and spatial resolutions, which is very challenging to achieve (even 
through the impressive time-resolved measurement technique us-
ing an ultrashort pulsed electron beam reported in [10,11], where 
the electron beam size is around 75 μm). Therefore, in this pa-
per a physics-based model for the process will be employed as 
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the investigation tool due to the measurement challenges men-
tioned above. The model calculations with and without considering 
the “residual charge effect” will be compared, which can reveal 
the significance of the effect during the early stage (t < 1 ps). It 
will also be demonstrated later that the model prediction shows a 
reasonable consistency with a measurement result taken from the 
literature [15] on the number of emitted electrons due to fs laser 
pulse interaction with a metal.

2. Model

The modeling approach is similar to that in the authors’ previ-
ous paper [18], where more details can be found. In this paper, 
only a brief introduction will be given due to the space limit. 
Please note that the authors’ previous work in [18] is mainly to 
study the emitted electrons’ effect on the electric field inside a 
metal target to provide a possible explanation of Coulomb ex-
plosion during fs laser–metal interaction, which is obviously very 
different from the focus of this paper.

In the model setup, it is assumed that a metal target is located 
in vacuum, and the metal–vacuum interface is at z = 0, while the 
vacuum is in the domain of z > 0 and the metal is in the do-
main of z < 0. A fs laser pulse propagates in the −z direction 
and begins the interaction with the metal target at t = 0. In the 
model, the changes of the electron and lattice temperatures inside 
the metal target are described through the two-temperature heat 
transfer equations, and the number density change of electrons in 
the metal target is described through the electron continuity equa-
tion [7–9,15,19–23]:
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where Ce and Cl denote the electron and the lattice heat capacity, 
respectively, Te and Tl represent the electron and lattice tempera-
ture, respectively, t is time, S(z, t) denotes the source term due to 
the absorption of laser energy, e represents the electronic charge 
magnitude, ne represents the number density of free electrons, μe

denotes the electron mobility, E is the electric field, D denotes the 
diffusion coefficient, and is related to the electron mobility through 
D = kb Teμe/e, kb is the Boltzmann constant, ke is the thermal con-
ductivity of electrons, G is the electron–phonon coupling factor, 
kl is the lattice thermal conductivity, and in comparison with the 
electron thermal conduction, the lattice thermal conduction is of-
ten negligible in a metal target.

The electron emission at the target surface can be calculated as 
[8,9,15,16,19,24–26]:
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where J is the total electron emission current density, and the first 
term on the right side of the equation represents the contribution 
due to thermionic emission, while the other terms on the right 
side represent the contribution due to photoemission, and Te,s rep-
resents the temperature of electrons at the target surface, A and ϕ

Fig. 1. The density spatial distributions in the vacuum domain for emitted electrons 
at t = 100 fs, predicted by the model calculations with and without considering 
the residual charge effect (laser pulse duration: 90 fs, fluence: 17.7 mJ/cm2; the 
aluminum target surface is located at z = 0).

denote the theoretical Richardson coefficient, and the work func-
tion respectively, I and R are the laser beam intensity and target 
surface reflectivity, respectively (and hence I(1 − R) is the absorbed 
laser intensity), h and ν are the Planck constant, and laser photon 
frequency, respectively (and hence hν is the laser photon energy), 
an represents a constant, and F (x) denotes the Fowler function.

The finite difference method has been applied to solve the gov-
erning equations in the metal target [27]. The evolution of the 
electrons emitted into the vacuum domain of z > 0 is modeled 
using the “particle-in-cell” (PIC) method [15,16,28,29]. The veloc-
ity distributions of electron macro particles emitted at the target 
surface are determined based on the assumption that the electrons 
in the metal target follow the Fermi–Dirac statistics [30,31]. Dur-
ing the electron evolution in the vacuum, some electron macro 
particles may move back into the target surface, which has been 
considered in the model calculations. The electric field in both 
the metal target and the vacuum region is determined by solving 
the Poisson’s equation based on the spatial distribution of elec-
tric charges [8,32]. Based on the electric field, the force exerted 
on each electron macro particle can be determined, using which 
the updated velocity and position of each electron macro particle 
after one numerical time step can be determined by solving the 
particle’s equation of motion. The updated electron macro parti-
cles’ positions will lead to an updated spatial distribution of the 
electric charge, based on which the updated electric field can be 
determined by solving the Poisson’s equation. This process can be 
repeated for each numerical time step during the simulation.

Aluminum is chosen as the target material, and the major mate-
rial properties and parameters are taken from the literature [9,15,
17,20,23,33–35] (see the authors’ previous paper [18] for detailed 
values).

3. Results and discussions

Fig. 1 shows the model-predicted emitted electron number den-
sity distributions above the target surface in the vacuum domain 
at t = 100 fs, which is due to the interaction of a 90-fs laser pulse 
with an aluminum target. Based on the above introduction about 
the model, it can be seen that both the space charge effect and 
the residual charge effect have been considered in the model. As 
a comparison, Fig. 1 has also shown the results of the simulation 
that has neglected the residual charge effect and has only con-
sidered the space charge effect (where the residual charge effect is 
neglected by assuming that the electron number density in the tar-
get always remains at its initial value, and also by neglecting the 
second term on the left side of Eq. (1)). It can be seen from Fig. 1
that when both the space charge effect and the residual charge 
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