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Ultrafast thermionic emission from gold film irradiated with a femtosecond laser pulse in the

presence of an additional electric field is analyzed using a two-temperature equation combined

with a modified Richardson equation. The calculated results show that the duration of the emission

is below 1 ps. Supplying an additional electric field is found to change the emission from the metal

surface. Given the same laser fluence, this additional field reduces the work function of the metal,

and thus improves the efficiency of thermionic emission. These results help to understand the

mechanism and suggest ways to improve emissions in the context of ultrafast thermalized electron

systems. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914164]

I. INTRODUCTION

Currently, the chirped-pulse amplification technique

makes it possible to perform experiments with powerful

femtosecond laser systems.1 Many researchers have investi-

gated the interaction between femtosecond laser pulses and

metals for their potential applications.2 In these studies, hot-

electron relaxation dynamics is the focus of interest.3–5 For

example, in the ultrashort burst of electrons created by the

laser pulse, electrons are accelerated to kiloelectron volt

energies by a dc electric field (ultrafast X-ray tube) or to

gigaelectron volt energies by large-scale electron accelera-

tor facilities (synchrotrons, free-electron lasers). These

accelerated electrons generate X-rays via Bremsstrahlung

radiation.6

A metal contains a large number of free electrons in the

conduction band. If the temperature of the metal is

increased, the electrons will move faster and some will have

enough energy to escape from the metal surface.7 The

energy to release a conduction-band electron from the metal

surface is dependent on the properties of the metal.8 Higher

temperature will generate escaping electrons with larger

current, and this temperature induced electron emission is

called thermionic emission. The physical dynamics is very

complex during the femtosecond time interval that the laser

irradiates the metal.9 The temperature of electrons on the

surface of the metal after irradiation increases rapidly within

an extremely short time. Because the specific heat capacity

of electrons is much lower than that of the lattice, a greater

temperature difference between electrons and lattice is pro-

duced. This process establishes a nonequilibrium state

within the femtosecond laser heated metal, the dynamics of

which are driven by the electron-lattice coupling.10 Based

on this mechanism, many applications can be realized

exploiting laser-induced electron emissions, including ultra-

short X-ray pulse generation11,12 and laser-driven electron

sources.13,14 The mechanism of thermionic emission in fem-

tosecond laser irradiation metal has been widely studied by

many researchers.15–17 It is a great challenge to increase

thermionic emissions in the various applications. From its

physical nature,18,19 at higher temperatures, the emitted

electrons mainly come from the metal surface as these elec-

trons can overcome the potential barrier, that is, the work

function of the metal. If the potential energy barrier was

lowered, more electrons would escape and thereby the

thermionic emissions would improve.

In our study, an additional electric field is introduced

during thermionic emissions to verify this idea. Moreover,

femtosecond laser heating of a gold film is investigated

numerically. The calculated results indicate that the addi-

tional electric field can enhance thermionic emissions from

the surface of the metal, and hence its emission efficiency.

II. MATHEMATICAL MODEL

A. Two-temperature model

For femtosecond laser heating of metals, because the

full width at half maximum (FWHM) of femtosecond laser

pulses is significantly shorter than the relaxation time

between electron and lattice, the conventional heat conduc-

tion equation fails to solve this problem. To resolve the issue,

Anisimov et al. proposed the two-temperature model,20

which describes the interaction between the ultrashort laser

pulses and the metal. The physical process can be divided

into two stages: First, the laser energy is absorbed by free

electrons; second, energy is transferred from the free elec-

trons to the lattice.20–22 The one-dimensional two-tempera-

ture equations are given as23–25
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where Te is the temperature of electron, Tl the temperature of

lattice, t the time variable, x the depth from the metal sur-

face, and Ce ¼ cTe the electron heat capacity.26 In metals,

the mechanism of heat conduction is mainly determined by

electrons.27 Cl, the heat capacity of lattice, can be considered

as constant. Also, ke ¼ ke0BTe=ðATe
2 þ BTlÞ is electron ther-

mal conductivity,28 where ke0, A, and B are the material con-

stants. G ¼ G0ðAðTe þ TlÞ=Bþ 1Þ is the electron-lattice

coupling factor,29 where G0 is the coupling factor at room

temperature.30,31 S is the laser heat source, which can be

modeled with a Gaussian temporal profile32

S ¼
ffiffiffi
b
p

r
1� Rð ÞI

tpa
exp � x

a
� b

t� 2tp

tp

� �2
" #

; (3)

where tp is the FWHM, R the target reflection coefficient, a
the penetration depth, I the incident energy, and b ¼ 4lnð2Þ.

B. Thermionic emission

If the temperature of the conduction electrons in the

metal is high enough, the tail part of the Fermi-Dirac distri-

bution crosses the vacuum level, and hence thermionic elec-

tron emission begins. The rate of thermionic emission from

metal is represented by the Richardson equation17,33,34

J ¼ 4pm

h3

� �
kBTeð Þ2 exp � W

kBTe

� �
; (4)

where kB is the Boltzmann constant, W ¼ e/ with e is the

charge of an electron and / is the work function of the

metal,35 m the mass of the electron, and h the Planck constant.

When a large number of electrons are produced over the

metal surface, space-charge effects occur because of the

Coulomb interactions from the emitted electrons.36 Riffe

et al. included an effective space-charge potential with the

inner potential to take electron removal from the metal into

consideration. For this reason, Eq. (4) is modified to give the

Richardson–Dushman equation16,37

J ¼ 4pm

h3

� �
kBTeð Þ2 exp �W þWsc

kBTe

� �
; (5)

where Wsc ¼ aNe2=R1 is the space-charge potential, a ¼ 1:95

a geometry specific constant,37 and N the total number of

electrons emitted from the surface region. This is given by the

following expression:16,37

N ¼ kBTe

ae2=R1

log 1þ 4pm

h3
tppR2ae2kBTe exp � W

kBTe

� �� �
;

(6)

where R1 and R2 are the lengths of the semi-major and semi-

minor axes of the electron-charge disk.37

In electron emissions, an electric field of magnitude F at

the metal surface is added normal to the surface. Without the

field, the surface barrier generated by an escaping Fermi-

level electron has energy W, which is equal to the local work

function. The electric field lowers the surface barrier energy

by an amount DW, and thus increases the emission current;38

this is known as the Schottky effect39 (named after Walter H.

Schottky) or field-enhanced thermionic emission. The

Schottky effect reduces the barrier and increases the electron

yield, and can be modeled by a simple modification of the

Richardson equation by replacing W by W�DW.40,41 With

the above factors being considered, we obtain the following

equation:38,42

J ¼ 4pm

h3

� �
kBTeð Þ2 exp �W þWsc � DW

kBTe

� �
; (7)

where DW ¼ e
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eF=4pe0

p
41,42 and e0 is the vacuum

permittivity.

III. RESULT AND DISCUSSION

In our study, a gold film with surface reflectivity

R¼ 0.974 and thickness of 100 nm was used as the metal

sample and the laser light source used to irradiate the sample

was a 100 fs laser with wavelength of 800 nm with laser flu-

ence of 100 mJ/cm2. Before irradiation, the initial tempera-

ture of the electron and lattice was considered the same at

T0¼ 300 K. The values of the thermal physical parameters

used in the calculation are listed in Table I.8,43 The time-

dependence of the calculated electron and lattice temperature

on the surface of gold film (Fig. 1) shows that the electron

temperature rises rapidly up to a maximum value at the

TABLE I. Thermal and optical physical parameters for gold.

Electron-lattice coupling coefficient G0(1017Jm�3s�1K�1) 0.22

Electron heat capacity coefficient c(Jm�3K�2) 68

Electron thermal conductivity coefficient ke0(Jm�1s�1K�1) 315

Lattice heat capacity Cl(106Jm�3K�1) 2.5

Penetration depth a(10�9m) 15.3

A (107s�1K�2) 1.18

B (1011s�1K�1) 1.25

Work function /(eV) 5.4

FIG. 1. Evolution of electron and lattice temperature with the delay time at

the metal surface. The laser fluence is 100 mJ/cm2.
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surface. After pulse irradiation, the surface electron tempera-

ture decreases with time as heat diffuses with the freeing of

the electron gas.25,28 Finally, the system reaches its thermal

equilibrium at the delay time of about 10 ps.

Figure 2 shows the calculated temporal evolution of the

thermionic emission as obtained from Fig. 1 and calculated

using Eqs. (4) and (5) with different electric fields. The laser

fluence is set to 100 mJ/cm2, and the strengths of electric

fields are 0.001 V/nm, 0.01 V/nm, 0.1 V/nm, and 0.5 V/nm.

From Fig. 2, the duration of the thermionic emission is

clearly subpicosecond. Such thermionic emissions have been

used for the generation of ultrashort electron beam pulses

and X-rays.44 A direct comparison between the thermionic

emission pulse shape calculated without electric field (solid

line) and that calculated with different electric field (dashed

line) is also presented in this figure. It indicates that the peak

intensity of thermionic emission is significantly improved by

increasing the intensity of electric field. The electric-field-

enhanced thermionic emission combines the electric field

effect and thermionic effect into a single physical process to

FIG. 2. Evolution of the thermionic

emission with the delay time at the

same laser fluence (100 mJ/cm2). The

strengths of the electric field are

0.001 V/nm (a), 0.01 V/nm (b), 0.1 V/

nm (c), and 0.5 V/nm (d).

FIG. 3. Maximum thermionic emission

(left axes) and the enhancement ratio

(right axes) as a function of laser flu-

ence with and without the electric

field. The strength of the electric field

is 0.001 V/nm (a), 0.01 V/nm (b),

0.1 V/nm (c), and 0.5 V/nm (d).
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make use of both a high electric field and available thermal

energy coming from the laser-heated electrons.37,45 Ultrafast

thermionic emission occurred during a simple two-step pro-

cess. The first step is the absorption of laser energy by the

electrons within the femtosecond pulse duration. Note that it

takes a few femtoseconds for the electrons to reestablish the

Fermi distribution, the electrons obtain very high tempera-

tures, whereas the lattice of the metal remains undisturbed.

In the second step, the higher temperature electrons over-

come the binding potential, and electron emission then takes

place. Note here that the energy begins to be transferred

from the electron to the lattice through the electron-lattice

coupling, and the electron temperature starts to decrease rap-

idly. As a result, the electrons will not have enough energy

to overcome the barrier, and thus a cut-off in the electron

emission is established. The duration of the electron emis-

sion generated from the irradiated metal is subpicosecond.46

Although the electron-lattice relaxation time is around tens

of picoseconds,9,22 in the process of electric field enhanced

thermionic emission, more electrons with energies greater

than the electron affinity arrive at the surface and are emitted

into the vacuum and collected, thereby generating higher

current (Fig. 2). Thus, each emitted electron has absorbed

sufficient laser energy and is thermalized to overcome the

electron affinity of metal in the electric field. Introducing an

additional electric field is equivalent to reducing the binding

potential of the metal.

Figure 3 shows the evolution of maximum thermionic

emission and emission enhancement ratio with the laser flu-

ence for different electric fields, where the filed intensities

are 0.001 V/nm (a), 0.01 V/nm (b), 0.1 V/nm (c), and

0.5 V/nm (d). Here, the enhancement ratio is defined as the

ratio of the thermionic emission with the electric field to that

without the electric field. Figure 4 shows the maximum elec-

tron temperature with the laser fluence on the surface. From

Figs. 3 and 4, both maximum electron temperature and maxi-

mum thermionic emission increase with increasing laser

fluence. In these cases, it should be noted that thermionic

emission increases at a faster rate with increasing intensity

of the electric field. For femtosecond laser-heated metal, the

electrons on the metal surface can obtain higher temperatures

by increasing laser fluence.47 Because the temperature of the

electron at the surface determines the thermionic electron

emission,48 the increase in laser fluence will result in a

marked increase in thermionic emission. However, the

enhancement ratio quickly decreases as laser fluence is

increased. If the laser fluence is about 100 mJ/cm2, the decay

of the enhancement ratio becomes slower, while thermionic

emissions increase more rapidly. The enhancement effect

from the added electric field is weakened at higher laser

fluence. This is because a large number of electrons have

obtained enough energy to overcome the binding potential of

metal under the higher laser irradiation. From Fig. 3(d), the

maximum emission almost remains constant for an electric

field of 0.5 V/nm and with increasing laser fluence to about

FIG. 4. Maximum electron temperature as a function of laser fluence at the

surface.

FIG. 5. Maximum thermionic emission

as a function of the electric field.

The laser fluences are 100 mJ/cm2 (a),

200 mJ/cm2 (b), 400 mJ/cm2 (c), and

800 mJ/cm2 (d).
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300 mJ/cm2. This is because no more electrons can escape

from the metal surface because of space-charge effects.

Figure 5 shows the maximum thermionic emission

with the electric field at different laser fluences, specifically

100 mJ/cm2 (a), 200 mJ/cm2 (b), 400 mJ/cm2 (c), and

800 mJ/cm2 (d). Increasing the electric field clearly increases

the thermionic emission. Although the total laser energy

delivered to gold film is the same for each case, the increase

in electric field strength results in a rapid increase in thermi-

onic emission. For the electron emission, it is essential to use

the electric field to reduce the binding potential of metal for

the electrons. The enhancement ratio calculated from Fig. 5

is plotted in Fig. 6. At the laser fluence of 100 mJ/cm2, the

enhancement ratio has increased to about 20. However, the

maximum enhancement ratio is only about 2 at the laser flu-

ence of 800 mJ/cm2. The results reveal that the thermionic

electron emission enhanced by the external electric field is

very significant at lower femtosecond laser fluence, and the

increase in laser fluence slightly improves thermionic elec-

tron emission.

IV. CONCLUSION

In conclusion, a numerical solution of the two-

temperature model combined with a modified Richardson

equation has been performed to investigate the thermionic

emission from gold film heated using a femtosecond laser. A

direct comparison between the thermionic emission pulse

shape calculated without electric field and that calculated

with additional electric field at the same laser energy was

presented. The duration of the thermionic emission is subpi-

cosecond. Compared with the thermionic emission produced

without additional electric field, the electric field produces

an enhanced thermionic emission from the metal under fem-

tosecond laser irradiation. Indeed, introducing this additional

field is equivalent to reducing the binding potential of metal.

The enhanced efficiency of thermionic emission can be fur-

ther increased by increasing the intensity of the electric field;

however, the enhancement ratio decreases with increasing

laser fluence. The calculated results reveal that the electric-

field-enhanced ultrafast thermionic emissions generated by

lower femtosecond laser fluences are substantial enough to

warrant use in applications. Such enhanced emissions can

efficiently improve the generated efficiency of ultrashort

electron beam pulses and X-rays.
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