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This paper proposes a nonequilibrium model to describe the ultrafast laser-excited electron photofield emis-
sion from a metallic surface with an applied dc voltage. Using a microscopic kinetic approach based on
Boltzmann’s equation, we determine the nonequilibrium electron distribution due to the ultrafast laser excita-
tion on metal and calculate the time dependence of the emitted electron charges and current density. Our
calculation is able to explain the prior experimental observations without using the optical-field emission,
which was disputed among the experiments. Inconsistency of the prior models used to explain the experimental

results is discussed.
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I. INTRODUCTION

Ultrafast  electron  microscopy, diffraction, and
crystallography! are able to provide ultrafast time-resolved
information of the underlying dynamics in physics, chemis-
try, and biology.> To probe the microscopic structural dy-
namics, a complete control over the spatiotemporal charac-
teristics of the ultrafast electron pulse is required. A recent
promising method is to use a low-power femtosecond laser
to trigger sub-laser-duration free-electron pulses from a dc-
biased metallic field emitter.> At higher charge (nC) and
longer time (ps) scale, high brightness short electron bunches
with low emittance have also been produced by the laser-
photofield emission cathode!® and rf photoinjectors,'! which
are critical for future light sources such as x-ray free-electron
lasers.

Understanding the time-dependent emission process
within the laser pulse is important to realize the sub-laser-
duration electron pulse by using ultrafast laser-excited elec-
tron emission from sharp emitters with a dc applied
voltage.”” There have been some debates on the emission
mechanism, such as optical-field emission,” multiphoton
emission,® and multiphoton absorption followed by overbar-
rier emission.” For example, the optical-field emission
reported’ was not observed in a similar experiment.’ Note
that all the proposed models’® have been restricted to equi-
librium models, which may not be valid for emission at ul-
trashort time scale, and the laser-metal interaction was ig-
nored completely.

These experiments’~ were conducted in the nonadiabatic
tunneling regime with a Keldysh parameter of 1<y<10,
which had also been studied intensively to understand the
optical ionization of atoms and molecules.'>'# The theory of
ionization of atoms exposed to high-intensity laser radiation
is based on the Keldysh model,'> which indicates the regimes
of optical-field tunneling (y<< 1) and multiphoton absorption
(y>1). In comparison, it is relatively unclear in the theory at
the nonadiabatic tunneling regime.'* However, the Keldysh
model cannot directly be used to describe the emission pro-
cess in the ultrafast electron emission from sharp emitters as
compared to ionization of atoms or molecules. First, the in-
teraction among the electron, the lattice (phonon), and the
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laser electric field must be taken into account when a metal is
exposed to laser radiation.'®!” Second, there is a sufficiently
large dc applied field that is comparable to the time-varying
laser optical field, i.e., there always exists a dc field emission
process besides the other two processes due to the laser op-
tical field (multiphoton overbarrier emission and optical-field
emission). In this paper, we will present a nonequilibrium
model to account for the laser-metal excitation, which is able
to explain the prior experimental findings’® without using
the disputed optical-field emission mechanism. The compari-
son with the simplified models’ used before to explain the
experimental results will be presented.

II. NONEQUILIBRIUM MODEL

Consider a laser pulse focused on the surface of a metallic
target is absorbed by the electrons in the conduction band,
leaving the lattice unperturbed due to its heat capacity, which
generates a nonequilibrium condition. The transition to equi-
librium state is governed by electron-electron (e-¢) and
electron-phonon (e-p) collisions, which occurs, respectively,
at <100 fs (internal thermalization) and from 100 fs to up to
a few picoseconds (external thermalization). For a picosec-
ond laser, the electron gas quickly achieves the internal ther-
malization through the e-e collisions, but the electron-lattice
system is still far from equilibrium at the end of laser pulse.
At this condition, the classical two-temperature model
(TTM) is normally used by assigning two different tempera-
tures for electron (7,) and phonons (7;), whose energy ex-
change is governed by the electron-phonon collisions. One
good example of TTM is the time-dependent field-assisted
photoemission model proposed by Jensen et al.,'® which
have been used to explain picosecond laser-excited ZrC field
emission.!”

For a femtosecond laser, the e-e collisions are however
not fast enough to reach the internal thermalization during
the laser pulse. Thus the TTM is inadequate and microscopic
kinetic approach should be used, such as Boltzmann’s
equation'®!7 and nonequilibrium Green’s-function theory."”
The femtosecond laser excitation of the metallic tip will gen-
erate a nonequilibrium electron distribution f(E,7) with a
pronounced population above the Fermi energy Er, and the
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electrons are emitted from the surface. For simplicity, our
model is based on Boltzmann’s equation of a simplified
metal description with a parabolic and isotropic conduction
band, and the phonon-dispersion relation is described by the
Debye model. The temporal profile of the laser pulse is as-
sumed to be a step function from =0 to 7in all calculations,
and the spatial variation in pulse intensity is neglected.

To investigate the nonequilibrium dynamics of electrons
in metals irradiated with a laser pulse of moderate intensity,
we follow Rethfeld’s approach!® to use a time- and energy-
dependent kinetic description, applying Boltzmann’s colli-
sion integrals explicitly without using any relaxation-time
approximation. The photon energy absorption, e-e interac-
tion, and e-p interaction are included in a system of Boltz-
mann’s equations to obtain the temporal evolution of the
distribution function of the electron gas f(k) and the phonon

gas g(g),
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Here, f(k) and g(g) depend on the modulus of the momen-
tum k and ¢. Before laser irradiation, f,(k) and gy(g), respec-
tively, are assumed to be Fermi-Dirac and Bose-Einstein dis-
tributions at room temperature. The phonon gas is affected
only by the electron gas, the energy absorption by the lattice
directly from the laser, and the phonon-phonon collisions are
neglected.

A. Electron-electron collisions

Electron-electron collisions lead to energy relaxation
within the electron gas through which the absorbed photon
energy is distributed among the free electrons so that the
electron gas tends toward a thermal equilibrium (a Fermi
distribution). From the first-order perturbation-theory frame-
work, the collision term that describes the e-e interaction,
i.e., the sum over all possible two-body scattering events in
three dimensions which populate and depopulate the state k
is given by!®!7

afk)|  _2m
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—k3) X JE(k) + E(ky) - E(k,) — E(k5)],  (2)
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with F(k k. ky,ks)==f(k)fk)[1=fko)][1-f(k3)]
+f(k,) f(k3)[1=f(k)][1-f(k,)]. The momentum and energy
conservation conditions appear, and the Pauli exclusion prin-
ciple, flk)f(k)[1—f(k,)[1-f(k5)], takes into account the
probability that the k and k, states are occupied while the k,
and k5 states are empty. The interaction matrix element M,
is derived from a screened Coulomb potential, and it depends
on the scattering transferred momentum Ak=k,—k,=k;—k
and the static screening length «.,'°
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Here, the screening length «,. represents an important pa-
rameter for the electron-electron interaction and is calculated
at each time step for the updated distribution function f(k),
while m, is the effective mass of a free electron in the con-
duction band.

B. Electron-phonon collisions

Electron-phonon collisions transfer energy from the laser-
heated electron gas to cold lattice. The electron-phonon in-
teraction consists in phonon emission and absorption process
by the electron gas. The phonon emission and absorption
scattering rates can be calculated through Fermi’s golden
rule in the framework of the first-order perturbation theory.
Therefore the electron distribution change in the state k due
to the e-p collisions is given by the sum of two terms, rep-
resenting the total scattering rate of both phonon emission
and absorption processes, involving transition toward all the
states, k*=k+q and k"=k—q. The collision terms for the
electron-phonon interaction read as'®!7
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where S™(k,q)=f(k")[1-f(k)]g(q)-fU)[1-f(k)][1+g(q)]
and  S*(k,q)=f(k)[1-f) ][ 1+g(g)]- U1 -f(k")]g(g).
For example, an electron in state k can scatter into state k-
by emitting a phonon with wave number ¢, the factor
SB[ 1-f(k")][1+g(q)] takes into account the Pauli exclu-
sion principle, as electron can scatter only into unoccupied
states [ 1—f(k™)]. The proportionality of the phonon emission
processes on the factor [1+g(g)] is due to both the sponta-
neous and stimulated emission. On the other hand, the pho-
non absorption probability (e.g., an electron in state k™ scat-
tering into state k) should be proportional to g(g) instead of
[1+g(g)]. The term & E(k)—E(k™)—Ey(q)] represents the
total-energy conservation condition. The e-p matrix element
iS17

1 e?

26)V g+ Kfc

|1Mep|2 = Eph(q) s (6)
where E(q)=hv,q is the energy of a phonon with the
modulus of wave vector ¢ and v, is the sound speed of lon-
gitudinal phonon.'®
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j FIG. 1. (Color online) (a)
Temporal evolution of electron
1 energy  distribution  function
f(E,t) under a 1 ps laser
] (A=800 nm or hv=1.553 eV)
excitation at F;=2 V/nm. (b)
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C. Laser perturbation and energy absorption

Free electrons oscillating in the laser field can absorb pho-
ton energy only when mechanisms exist to conserve both
energy and momentum. With laser light of frequency w and
amplitude of electric field F;, the photon absorption (medi-
ated by electron-phonon collisions) term reads

aftk) _2m 2 2( eFy - ‘I) _
ot absorb - h % |M€P| ; Jl mewz {S (k’q)
X JE(k) = E(k7) = Eph(q) + lho] + S*(k.q)
X JE(k) = E(K) + Ep(q) + thol}, (7)

where the perturbation occurs when an oscillating electron
collides with a phonon absorbing or emitting its momentum.
The probability of absorption (or emission) of / photons is
given by the square of the Bessel function. The product F; -¢q
in the argument of the Bessel function indicates that the ab-
sorption of the photon is allowed only if the change in the
electron wave vector ¢ has a component parallel to the laser
field F;. Since we do not consider a definite polarization of
laser light, an average is made over all directions of the laser
field.

To solve Eq. (1) numerically, the collision sums in Egs.
(2), (4), (5), and (7) are transformed analytically into colli-
sion integrals.'® The system of nonlinear integrodifferential
equations and the collision integrals can be rewritten depend-
ing on time and energy using the dispersion relation of elec-
trons E=A%?/2m, and phonons E,,=fv.q. By considering
discrete £ and E,;,, we have a system of fully coupled non-
linear ordinary equations. The integration over time is done
by applying Euler’s algorithm with adaptive time steps. With
this procedure, for given values of laser wavelength (), la-
ser frequency (v) or angular frequency (w), amplitude of
laser field strength (F;), and laser-pulse duration (7), we are
able to calculate the time evolution of the distribution func-

3 4 5 5}
W-E,(eV)

tions of the electron gas f(E,¢) and the phonon gas g(E,,1).
From the time-dependent electron energy distribution func-
tion, the emission of electrons or current density J(¢) can be
obtained for a given material’s work function ¢ (see Sec.
I0).

III. RESULTS

Consider a tungsten tip is subjected to a laser excitation
(F =2 V/nm) of A=800 nm with a pulse duration up to 7
=1 ps. Figure 1(a) shows the temporal evolution of f(E,¢)
versus electron energy with respect to the Fermi level Ep.
Before the excitation at =0, the tungsten is described by a
Fermi-Dirac distribution function at 300 K. The laser excita-
tion creates a strong nonequilibrium distribution, character-
ized by a steplike profile with an increase in E—E equal to
the photon energy hv=1.553 eV. For example, the first
change is from Ej to Ep+hv, which is due to one-photon
absorption process by electrons between Ep—hv and Ej. Ex-
cited electrons can subsequently absorb a further photon,
leading to an occupation number increase for electron ener-
gies up to 2hv above Ef and so on for nhv above E. From
the figure, the steplike characteristic is dominant until about
100 fs, and the smoothing effect (due to e-e and e-p colli-
sions) will start to occur. At about 500 fs or more, the elec-
tron energy redistribution will modify f(E) toward a new
quasiequilibrium Fermi-Dirac distribution at a higher tem-
perature. Thus the TTM is justified for picosecond laser
excitation on metals but not for femtosecond laser pulse
(<100 fs), where the steplike profile remains present at the
end of laser perturbation. Note that the relaxation time is
longer than the decaying time scaling of 1/(E—E)? after an
electron is excited to an energy state E above Ej because the
secondary electrons are created in the excitation, and the
exact time to reach the new thermalized state by many
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electron-electron collisions will depend on laser power and
duration.!6-17

From the free-electron theory of metals, the number of
electrons per unit area and time with total energy between E
and E+dE and normal energy (with respective to barrier
surface) between W and W+dW is N(E,W.,t)dEdW
= zﬂ'ZﬁS f(E,t)dEdW. For the electron emission from the ul-
trafast laser-excited metal surface with a dc-biased voltage,
the emitted current density is calculated by

J)=e f i N(W,1)D(W)dW,
0

where
mdw [~
N(W,t)dW = mfwif(E,t)dE. (8)

Here N(W,r)dW is the instantaneous number of electrons
with normal energy between W and W+dW impinging on the
surface barrier per unit area and time, which is plotted in Fig.
1(b) at r=5 fs within a 7 fs laser pulse for F;=0.3 and 0.6
V/nm. To compare with the time-average experimental
measurement,’® we first integrate the calculated N(W,r) over
the entire laser-pulse duration from O to 7 fs, which is shown
in Fig. 1(c) at various F;=0.1-5 V/nm. It is difficult to
have a direct comparison as the time taken in the time-
average data® is unknown to us; we consider that the mea-
surement should consist of the contribution from the electron
emission from the equilibrium state. In doing so, we add an
equilibrium component of Neg,(W) X T(T=100 s), and the
result is shown in Fig. 1(d). From the figure, we conclude
that the equilibrium condition will only modify the low-
energy component close to the Fermi energy, and the non-
equilibrium or nonthermal component is at higher-energy
level 2-6 eV, confirming qualitatively the experimental
finding.®

With the supply function of electrons incident on the
metal-vacuum interface shown in Fig. 1(b), depending on
their respective normal energy W, these excited electrons
(under nonequilibrium condition) will transmit through a sur-
face barrier with finite probability D(W), giving the instan-
taneous emitted current density J(z). The electron-tunneling
probability D(W) is calculated through a simplified potential
barrier of V(x)=¢—e*/(16meyx)—exF,, using a modified
Wentzel-Kramers-Brillouin (WKB) method.?® In Fig. 2,
the calculated results of N(W)D(W) at various
F4=0.001-1 V/nm are plotted as a function of W-Ep.
It is clear that at small dc field Fg4., only electrons with
W=> Ep+ ¢ are able to emit over the barrier as pure photo-
emission. At Fy.=1 V/nm, significant amount of electrons
in the range of W—E;=0-6 eV are emitted through both
field and overbarrier emission.

The electron emission rate from femtosecond laser-
excited metal surface under dc bias will depend on both the
laser field F; (or laser power P as F; o P"?) and the dc field
Fy. (or tip bias V, as Fy, % V,). It is assumed that the assigned
arbitrary values of F. in our calculations have included the
geometrical enhancement factor of dc field on the sharp tip.
In Fig. 3(a), for a 10 fs laser (hv=1.553 V) excitation on a
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FIG. 2. (Color online) The energy spectrum of emitted electrons
at the end of a 5 fs laser excitation on a tungsten tip with a work
function of 4.4 eV for various applied dc field: F4.=0.001, 0.1, and
1 V/nm, including two different laser excitation fields of F;=0.3
(bottom) and 0.6 V/nm (top).

tungsten tip (¢=4.4 eV), the calculated J at r=10 fs are
plotted in symbols as function of laser field F; for three
different dc electric fields F ., which can be fitted by a power
law Je (F;)*" (dashed lines), i.e., Jo< P", with n=2.91, 2.12,
and 1.16, for F3.=0.001, 1, and 3 V/nm. This finding indi-
cates a reduced power dependence of J (or electron counts)
on F; (or P) for increased Fy, (or V,), which have also been
generally observed in recent experiments.® From our model,
at small Fy., it is the pure multiphoton electron emission,
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FIG. 3. (Color online) The dependence of (a) J and (b) ng on
various F; and Fy, for a 10 fs laser (hv=1.553 eV) excitation on a
tungsten tip (¢p=4.4 eV). The dashed lines in (a) are fitted by a
power law y x>, The solid line in (b) is the baseline calculation at
F;=0.5 V/nm.
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satisfying nhv=¢. As F,. increases, significant amount of
electrons are emitted through tunneling process (field emis-
sion), which are responsible for small values of fitted n.

However from the experimental observations®® it is
difficult to fit Jo< (F;)* < P", with a constant n for large F,.
(>1 V/nm). This can also been seen from the relatively
poor fitting of our calculations at large Fy. (=3 V/nm) as
shown in Fig. 3(a). To solve this problem, we define an
effective number of photon absorption as

W-Eg
hv

Negr =

)

where

[

f WN(W,)D(W)dW

W(t)= — ) ©)
J N(W,)D(W)dW
0

Here W(7) is the average emission energy. In Fig. 3(b), the
calculated ng is plotted as a function of Fy. for various F
=0.5 V/nm (solid line) and 0.1, 0.2, 1, 2, and 5 V/nm (sym-
bols). It is observed that n.;=~2.87-2.93 is approximately
independent of F; at small Fg.<0.1 V/nm, which agrees
well with the fitted n=2.91 at Fj.=0.001 V/nm as shown in
Fig. 3(a). The discrepancy among the ng for different F; is
significant at large Fg4, which explains why fitting J
o (Fp ) is difficult at Fy.>1 V/nm. For example, at Fg,
=3 V/nm, the fitted n is 1.16 but the n.; ranges from 0.2 to
1.5 depending on F;=0.1-5 V/nm. The decrease in ngg
with smaller F; could be understood by taking a closer look
at Fig. 2 (the case Fy.=1 V/nm). The difference between
F;=0.3 (bottom) and 0.6 V/nm (top) increases with W, and
the two cases overlap with each other for W= E. Therefore
those excited electrons with W> E will be more dominant
in the emitted electron spectrum for 0.6 V/nm case, and the
average emission energy and n.y are both larger.

IV. COMPARISON TO EXPERIMENTS

It is not a trivial matter to experimentally measure the
exact time evolution of ultrafast electron emission or dura-
tion in femtosecond or attosecond time scales. In order to
have comparison with experimental time-integrated measure-
ment, we first calculate the time-dependent J(¢) and perform
the time integration over the laser-pulse duration.

A. Experiment I: Laser power dependence

In the two recent experimental measurements,®® the elec-
tron flux has been studied as function of laser power P and
tip bias V,. It was found difficult to fit the electron counts
o(F;)*" or «P" with a constant n at large applied dc field
F4.>1 V/nm. The difficulty lies in the significant amount
of dc field emission current at large Fy., where P" scaling is
only valid for pure multiphoton electron emission satisfying
nhv= ¢. To solve this problem, we have defined an effective
number of photon absorption n.; as mentioned before. In
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FIG. 4. (Color online) The comparison of the calculated time-
integrated n based on the nonequilibrium model (solid line) at hAv
=1.553 eV (800 nm) and ¢=6 eV with the measurement (sym-
bols) (Ref. 9). The dashed lines are the calculations based on the
equilibrium TTM at various temperatures.

Fig. 4, we compare the time-integrated n.g (solid line) over
the 50 fs laser-pulse duration to an experimental measure-
ment of a 810 nm and 50 fs laser excitation on a metal
surface with a work function of 6 eV.? Here, the range of F,
from 0.25 to 1.25 V/nm corresponds to the dc applied volt-
age from 50 to 250 V based on the results reported in the
paper.’ The comparison shows a reasonable agreement with
the experimental measurement (symbols). The calculations
using TTM-based model (dashed lines) are also plotted at
arbitrary temperatures of 1000, 2000, and 5000 K for com-
parison.

B. Experiment II: Peak to baseline ratio

In another experiment,’ the laser pulse is split into a pump
and probe pulses, and a variable time delay between them
can be provided. At zero delay, the two perfectly overlapping
identical pulses will give the peak photocurrent, while the
electron emission from the two pulses (at long-time delay)
will become additive, giving the baseline photocurrent. To
explain the experimental results, Hommelhoff et al” in-
cluded the process of optical-field emission by simply adding
the optical electric field into the dc electric field term in the
Fowler-Nordheim equation (assuming equilibrium electron
distribution function),

{M - (ZFL+FdC)26Xp B¢3/2 v(yl) _ U(yZ)
Ibuse 2(FL+ch)2 FL+ch 2FL+ch '
(10)

where B=6.8308 eV~*2V nm!, v(y) are Nordheim param-
eters  with =379X10°VF,+F4./¢ and y,=3.79
X 107\2F, +F,./ ¢. It was reported that the best fit to their
experimental results is with a laser field of about Fj
=1.8 V/nm, which is about five times higher than the aver-
age laser field (0.3-0.4 V/nm) due to the local-field enhance-
ment. By using their proposed quasistatic equilibrium model
with optical-field emission at F;=1.8 V/nm, the results
based on Eq. (10) are plotted in Fig. 5(a) for various work
function ¢=2.1, 2.4, and 3 eV. It is found that the best fit to
experimental results (symbols) in Fig. 5(a) will require a
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FIG. 5. (Color online) The calculated peak to baseline ratio of
the emitted charge density from a tungsten tip excited by a 8 fs
ultrafast laser with an optical field of F; as a function of the applied
dc field F4.=0.5-2 V/nm. (a) The calculations based on the re-
ported quasistatic equilibrium model (Ref. 7) (including optical-
field emission) at F;=1.8 V/nm for various work function ¢=2.1,
2.4, and 3 eV. (b) The calculations based on our proposed nonequi-
librium laser excitation model without optical-field emission at a
realistic work function of ¢p=4.4 eV for F;=0.1, 0.3, and 0.7 V/nm
(without optical-field enhancement). The dashed line in (b) is to
show the comparison if optical-field emission is added into the non-
equilibrium model at F;=0.3 V/nm. The symbols in (a) and (b) are
the reported measurements (Ref. 7).

work function of about ¢=2.1 eV, which is inconsistent for
a tungsten tip. If a more realistic ¢=4.5 eV (not shown) is
used with the same F;=1.8 V/nm, their proposed model
based on Eq. (10) gives a much higher value of
282 207-192 (as compared to experimental results of about
25-5) in the range of Fyg.=0.5-2 V/nm. Note if we use a
better approximation from a recent paper?! in calculating the
function of wv(y), the revised calculated ratio is about
460 780-295.

On the other hand, without including the optical-field
emission, our nonequilibrium model is able to give reason-
able good agreement (solid lines) with a realistic work func-
tion of ¢p=4.4 eV as shown in Fig. 5(b) by using the laser
average optical field of F;=0.1-0.7 V/nm, with a best fit at
about F;=0.3 V/nm. Note it is consistent to use the average
laser field without including the field enhancement of the
optical field, as our model only considers the laser excitation
on a bulk metal surface, without including the local excita-
tion (see discussion below). In our calculations, the peak to
baseline ratio is simply determined by taking the time aver-
age of the current density J(z) as [[J(2F,)dt]/[2[J(F,)dt],
where the peak value has twice the amount of laser excitation
as compared to the baseline excitation. If we arbitrarily in-
clude the optical-field emission into our calculations (based
on the nonequilibrium carrier distribution) by simply adding
the F; into the Fg4. term, the calculations will have poor
agreement. For example, a comparison (dashed line) at F;
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=0.3 V/nm is plotted in Fig. 5(b). Thus, our nonequilibrium
model can explain the prior experimental results’ without
using the disputed optical-field emission, which had not been
reported in many other experiments.

V. REMARKS

From our calculated results and verifications with experi-
mental results, it is clear that the nonequilibrium model pro-
posed in this paper is able to explain the experimental find-
ings within the operating parameters.”® We have suggested
the possible errors in the analysis of using a quasistatic
optical-field emission model to explain the experiment
results,” while a single-energy time-dependent Schrodinger
model has also been claimed by the same paper’ to prove the
optical-field emission without any adjustable parameters.
This justification is however misleading for the following
reasons. First, the model has assumed a ground-state wave
function (-13.5 eV), which is not justified as the electrons
emitted from the surface should have an energy level near
Fermi energy of —4.5 eV. Instead of using the same optical
field of 1.8 V/nm (as done in the quasistatic model), the
time-dependent model used a different optical field of 2.7
V/nm to obtain good agreement (see Figs. 2 and 3 in Ref. 7).
For any tunneling problem across a time-dependent barrier, it
is known that the tunneling particles (such as electrons) in-
teracting with the modulating field will emit or absorb the
modulation quanta Zw (which is about 1.553 eV at 800 nm).
Thus simply solving the single-energy Schrodinger equation’
will not be able to resolve this issue. Finally, if we compare
the two models proposed by the paper,” we see that the er-
roneous quasistatic model actually has a better agreement
than the claimed consistent time-dependent model (see Fig. 2
in Ref. 7). It is reasonable to question the validity of the
proposed optical-field emission mechanism, which has not
been observed in many other experiments.®*?>23 It may be
argued that optical-field emission will require a higher laser
power or to operate at a much smaller dc applied electric
field. However, two recent experiments?>?3 did not observe
optical-field emission from their respective measured laser-
induced electron emission from sharp Mo tips and metallic
nanoparticles, which operate at high laser power?? or low dc
field.?* A simple way to compare the importance between the
optical-field emission and laser-excited photofield emission
is to measure the energy distribution of the emitted electron
as done before.® If optical-field emission is more important,
we will not observe the calculated steplike distribution as
shown in Fig. 1(d).

Here, we would like to comment on the limitations of our
model for further improvements. Our model is based on a
bulk metal surface without considering the local laser exci-
tation process on a sharp tip, which might be improved by
modifying the localized electronic structures. If such effects
are included, we expect the separation between the quantized
energy level will increase with small size. This will lead to a
reduced coupling between the electron and phonon sub-
systems, which will remain in the nonequilibrium state much
longer. Thus, we speculate that the proposed nonequilibrium
carrier distribution will become more dominant for laser ex-
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citation on nanometer scale, which was also supported by a
recent experiment® in using ultrafast laser to excite electron
emission from metallic nanoparticles of different sizes. The
good agreement of our bulk laser excitation model can be
seen as an analogy to the well-known Fowler-Nordheim law
in explaining dc field emission from a sharp nanotip even if
it is also based on the bulk electronic structure. However,
revision may be needed when the size of the tip is approach-
ing single atom limit.>*

The second limitation is that we have used a semiclassical
approach (Boltzmann’s equation) in the studies of the laser
excitation on metallic surface, where many-body quantum
effects are ignored. Such semiclassical treatment may be
valid for metals, but a more consistent treatment based on
nonequilibrium Green’s-function theory'® should be used es-
pecially for a semiconductor. Note wide band-gap semicon-
ductor such as GaAs will be of interest for ultrafast laser-
induced electron emission as GaAs has a higher quantum
efficiency as compared to metal. The effects of the electron’s
space-charge field® and finite tunneling time®® have also ig-
nored in our model. Finally, to develop a comprehensive
model to combine the nonequilibrium laser excitation and
consistent time-dependent tunneling process including opti-
cal tunneling from a sharp tip is not a trivial matter, which is
beyond the scope of this paper. Further verification of the
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time-dependent electron pulse can be done by using ultrafast
time-resolved measurement.?’

VI. CONCLUSIONS

To summarize, a nonequilibrium model based on Boltz-
mann’s equation has been used to explain the electron emis-
sion process from a dc-biased metallic surface under the ex-
citation of a low-power femtosecond laser pulse conducted
in recent experiments.®® Our model is able to confirm the
gradual decrease in the power dependence from a high-order
nonlinearity at low bias to linear order emission at high bias
voltages observed in the experiments. Good agreements with
the experimental measurements’” has been obtained. The
calculations shown in this paper and the majority of experi-
mental results seem to suggest that laser excitation electron
emission may be more important than the optical-field emis-
sion within the reported operating parameters.
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