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Modeling ultrashort laser-induced emission from a negatively biased metal
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A theoretical study of ultrashort laser-induced electron emission from a negatively biased metallic
cathode has been performed. Classical as well as tunneling electron emission mechanisms are
considered. It was found that electron emission is governed by an interplay of processes inside as
well as above the cathode. A hybrid model is proposed, where the electron distribution within the
target is retrieved from Boltzmann scattering integrals, while the charge distribution above it is
studied by a Particle-In-Cell simulation. The results indicate that non-equilibrium effects determine
the initial emission process, whereas the space charge above the target suppresses the effectively
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4830378]
emitted charge. V

Electron emission induced by an ultrashort laser pulse is
encountered in many applications, among which the production of ultrashort electron bunches and the study of ultrafast
time-resolved phenomena.1–10 Furthermore, electron emission can have a big influence on processes in several applications involving ultrashort laser pulses interacting with
solids.11–15 The mechanisms of laser induced electron emission have been studied for a long time,8,16–20 but despite the
widespread use of the phenomenon, there is no theory that
adequately combines all the underlying processes. For
instance, the electron distribution, charge transport, and carrier dynamics within the target,12,21–23 as well as surface
effects24–27 and the evolution of the charge density above the
target,23,28–32 have been discussed intensively. All these
processes influence each other, and have a considerable
effect on the emitted charge. In particular, the space charge,
created by the emitted electrons accumulating above the
target surface, reduces electron emission substantially.23,28,30
A negative bias to the emitter has been a commonly adopted
method to overcome this space charge effect.27,28,33–39 The
resulting electric field counteracts the potential barrier
formed by the work function, which can induce field emission field emission of tunneling electrons.40 While field
emission without laser excitation is commonly described by
the Fowler-Nordheim equation,16 an approach for the nonequilibrium electron distribution is necessary to describe
ultrashort laser induced electron emission.23,41,42 In this paper, a hybrid model for ultrashort laser-induced electron
emission is proposed, which takes into account the nonequilibrium distribution within the target and the space
charge effect above the target. The non-equilibrium distribution is calculated by solving the Boltzmann equation, while
the space charge effect is evaluated by a Particle-In-Cell
(PIC) model.
Field emission is mainly determined by the shape of the
potential barrier V(z) through which the electrons tunnel.40
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In the present work, we consider a time-dependent electrostatic potential defined by three terms
Vðt; zÞ ¼ /  eEext z þ Vsc ½qðt; zÞ:

(1)

The work function / and the external electric field Eext form
initially a triangular shape. In addition to these two contributions, the space charge, created by the emitted electrons, is
described by the term Vsc ½qðt; zÞ, which is determined by the
time dependent charge distribution qðt; zÞ above the target
surface. Generally, Eq. (1) should be extended with an
appropriate surface potential, as the emitted electrons induce
a net positive charge in the target. Hence in this work, a steplike potential at the surface is implemented, which has been
shown to hold for conditions similar to those discussed in the
present model.26 A schematic representation of the transient
potential barrier is given in Fig. 1.
We have studied electron emission from gold, assuming
three different external electric fields (Eext ¼ 107 V=m;
108 V=m and 109 V=m), for a 100 fs square laser pulse and a
wavelength of 800 nm. The metal samples are treated as

FIG. 1. The time-dependent potential barrier Vðt; zÞ at three different times.
The curves are calculated by Eq. (1) with the time-dependent charge distribution obtained from our hybrid model after an excitation with a 100 fs laser
pulse with an absorbed fluence of 5:31 J=m2 and an external field of 109 V=m.
The potential energy is defined with respect to the Fermi energy. L and v0
denote the tunneling distance and the initial velocity of the emitted particle.
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where the energy ez  eðkz Þ is calculated from the dispersion
relation.44 Equation (3) expresses the probability for an electron of energy ez to tunnel through a potential barrier V(z) of
length L. When ez exceeds the work function, the electron
escape probability is set to unity. In this case, the electron
can be emitted in the classical way. Hence, Eq. (2) contains
contributions from tunneling electrons generated by laser
induced field emission (ez < /), as well as the common
thermionic and multiphoton emission mechanisms (ez > /).
During ultrashort laser excitation, the electrons are driven
out of equilibrium and steps around the Fermi level are
observed in the electron distribution:43,44 Electrons below
the Fermi energy absorb photons and the electron occupation
number at higher energies gradually increases. In the end, a
high energy step in the distribution function, larger than the
equilibrium thermalized tail, will be observed.23,43,44 In
Fig. 2, the difference between the differential emission flux
under non-equilibrium conditions and its corresponding

equilibrium value is shown.23,44 The latter has been determined from a Fermi distribution defined by the same internal
energy and electron density as in the corresponding nonequilibrium distribution function.44,47 Note that field emission under equilibrium conditions underestimates electron
emission considerably. After some hundreds of femtoseconds, the distribution thermalizes and the non-equilibrium
and equilibrium distributions coincide (see Fig. 2). However,
the main contribution to the emitted charge is delivered at
the initial emission stage during laser excitation (t ⱗ 100 fs).
Hence, it is essential that the non-equilibrium electron distribution is considered for calculations of electron emission
after an ultrafast laser excitation. Fig. 2 considers a hypothetical case without any space charge effects. These will now
be taken into account by a PIC-model.23,28,30,45 Here, electrons are treated as macroparticles with a certain weight,
which move through a one dimensional (1D) grid, ranging
from the metal surface to a certain cutoff distance, with a velocity according to the local electric field. The weight of
each particle is given by the amount of electrons it represents, and is calculated by integrating jðkz Þ over defined
time- and kz -intervals. These intervals define the initial position and velocity of the macroparticle in the PIC-grid as follows: The particles with energy above the work function
leave the surface with a velocity derived from the corresponding electron dispersion relation.23,44 The tunneling particles with energy below the work function start at rest. Their
initial position corresponds to the end of the potential barrier
they are tunneling through, i.e., at the distance L where the
electrostatic potential equals the electron energy inside the
metal. An example for this length L entering Eq. (3) is illustrated in Fig. 1. Finally, electrons which reach a certain cutoff distance are considered as effectively emitted. This
cutoff distance Zcutoff is taken as 100 nm, which is small
enough to ensure a 1D situation, and large enough to capture
the space charge effect.
In Fig. 3, the influence of the space charge effect on the
differential emission flux is shown. When the space charge is
included, the emission drops considerably over time for

FIG. 2. The differential emission flux jðez Þ, taken at three different times for
a thermal electron distribution (dashed) and a non-equilibrium distribution
(solid). The absorbed laser fluence was taken as 2:99 J=m2 and the
external electric field is 109 V=m. Note that the space charge effect is not
included yet.

FIG. 3. The differential emission flux jðez Þ, taken at three different times for
emission with (solid) and without (dashed) the space charge correction,
respectively. The absorbed laser fluence is 5:31 J=m2 and the external electric field is 109 V=m.

perfectly homogeneous and isotropic media. The laser excitation and thermalization of the electrons as well as the
energy transfer to the lattice within the sample, are evaluated
by Boltzmann scattering integrals.43,44,48 With the electron
distribution f (k), the electron emission flux Jz can be
determined by23
ð1
(2a)
Jz ¼
dkz jðkz Þ
0

j ðk z Þ ¼

eh
4p2 m

ð1

dkr f ðkÞkz kr W ðkz Þ:

(2b)

0

Here, kr ; kz are the momentum parallel (r) and perpendicular
(z) to the surface, respectively, whereas jðkz Þ denotes the differential emission flux. For a given potential barrier V(z), the
electron escape probability W is given by40
!
rﬃﬃﬃﬃﬃﬃð L

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 2

2m
W ðez ; V Þ ¼ exp 
dz VðzÞ  ez  ;
(3)
h2 0
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energies below the work function. As can be seen in Fig. 1,
the space charge effect broadens the potential barrier, and
the electron tunneling probability decreases substantially for
electrons below the work function, see Eq. (3). This effect is
most visible after several hundreds of femtoseconds, when
more charge has accumulated above the target surface. As a
reference, results are shown for a potential barrier without
space charge correction, i.e., Vsc ¼ 0 in Eq. (1). Since in this
case, the barrier is independent of the charge distribution
above the surface, there is no decrease in electron escape
probability, and emission by tunneling electrons continues.
For Fig. 3, a high fluence was assumed since the space
charge effect is most influential for large emission fluxes. In
the simulations of Fig. 2, lower fluences were applied since
at high fluences thermalization occurs faster.23,44 In this
work, the laser fluences should be considered as absorbed
ones, coupled directly to the target after reflection.
Another consequence of the space charge effect is
shown in Fig. 4. Since the space charge correction Vsc
(see Eq. (1)) counteracts the external electric field, it is possible that enough charge accumulates above the surface to neutralize Eext at Zcutoff . As a result, the uniform electric field
caused by the planar charge will compensate the external
electric field. Hence, this critical amount of charge Qcrit is
determined by
Qcrit ¼ 0 Eext :

(4)

Evidently, Qcrit only depends on the external electric field. In
Fig. 4, it can be seen that the amount of emitted charge rises
in relation with the laser fluence until Qcrit has been reached.
Afterwards, saturation is observed. Once the external electric
field has been neutralized, the negative charge above the target pushes electrons back. Hence, the amount of effectively
emitted charge is reduced substantially. Similar behavior has
been observed in experiments, and attributed to the space
charge effect.46 For comparison, the emitted charge without
the influence of the space charge effect is also shown in
Fig. 4.

In short, the results show that the present model incorporates the influence of the non-equilibrium distribution and
the space charge correction. Note that in several works, a
constant, specific image charge correction term in Eq. (1)
was used, while the space charge effect was neglected.8,40–42
The correction term was derived for one point charge near a
conductor and assumed a steady situation. Since in a one
dimensional model the charges should be treated as charged
infinite parallel planes and because the image charge correction should reflect the dynamic nature of the emission process, its use was found to be incompatible with the problem
under study. In our work, image charge effects are implemented through the boundary conditions of the electric field,
and a step potential is adopted at the surface. In their previous work, Faraggi et al.26 found that this provides a reasonable description of laser-induced electron emission from
metallic targets. Nevertheless, it should be noted that an alternative approach could be followed for the description of
the surface potential. Here, the time dependent Schr€odinger
equation (TDSE) could provide such an alternative. The
TDSE allows an adequate description of the surface potential
states.24–26 Moreover, it can be combined with the
Boltzmann equation to account for the non-equilibrium
effects induced by laser excitation.42 In a next step, the PIC
model could describe the space charge correction to the
external electric field23,30 above the surface.
To summarize, we investigated electron emission from a
negatively biased metallic cathode induced by an ultrashort
laser pulse. The electrons within the sample were modeled
by Boltzmann scattering integrals, whereas the emitted electrons were studied by a Particle-In-Cell model. It was found
that the electron energy distribution has a significant influence on the emission process: The non-equilibrium distribution of the electrons results in a substantial increase in
electron emission, compared to its thermal counterpart.
Moreover, the accumulated charge above the target alters the
potential barrier near the surface and suppresses further
emission by electron tunneling. In the limiting case, the electric field induced by the emitted charge compensates the
external electric field and saturation is observed. In conclusion, a hybrid model combining a kinetic approach for the
non-equilibrium effects within the sample with a space
charge-model is indispensable for the description of ultrashort laser-induced electron emission. In future work, a consistent treatment of the near-surface region will be inserted
in the model.
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