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a  b  s  t  r  a  c  t

We  theoretically  investigated  different  thermal  relaxation  participating  in the  ultrafast  thermionic  emis-
sion processes  on gold  film  surface  with  a femtosecond  pulse  excitation.  The  thermionic  emission  regimes
under the  two  temperature  relaxation  and  the thermal  diffusion  relaxation  were  demonstrated.  The
simulations  showed  that  the  thermionic  emission  properties  can  be defined  in  the regime  under  two
vailable online 7 June 2011
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temperature  relaxation  by  reducing  the  laser  fluence,  or  widening  the  pulse  duration  or  increasing  the
laser wavelength.  It  was  also  found  that  there  exists  a transition  between  the  two  distinct  thermionic
emission  regimes  under  peculiar  laser  parameters  of  laser  fluence,  pulse  duration  and  laser  wavelength.
The  results  were  explained  as  significant  intervene  of  laser  irradiation  parameters  into  gold  film  thermal
relaxation  processes.
hermal diffusion relaxation

. Introduction

Pulsed laser excitation of solid target and the electron emis-
ion has found a number of potential applications in the fields
uch as X-ray lasers, high quality photocathodes and laser driven
ltrafast electron switches [1–3]. Recently, with progress of laser
ystems, especially those based on the chirped pulse amplification
CPA) technique, the laser pulse duration can be varied from several
anoseconds to about a few femtosecond (10−15S) and the inten-
ity can be up to 1021 W/m2. Subsequently, the femtosecond laser
nduced photoelectron and thermion for different applications is
herefore widely investigated for basic and practical researches
4–8]. It is generally considered that the photoelectron emis-
ion occurs during the pulse duration period, which is inherently
eneficial for generation of the ultrashort electron pulse source,
articularly when the femtosecond laser is applied. However, the
hermionic emission assisted by surface electron temperature pre-
ominantly takes place in material thermal relaxation periods,

eading to significant complexity of the produced pulse electron
rofiles.

Until now, the thermionic emission from all kinds of materials

uch as metals, semiconductors and dielectrics under femtosec-
nd laser pulse excitation have been intensely investigated by
any groups [9–11]. Most of the researches referring to the the-

∗ Corresponding author. Tel.: +86 29 82663485; fax: +86 29 82663485.
E-mail address: chenfeng@mail.xjtu.edu.cn (F. Chen).
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oi:10.1016/j.apsusc.2011.05.128
© 2011 Elsevier B.V. All rights reserved.

ory of the ultrafast thermionic emission are mainly based on the
non-equilibrium two  temperature relaxation model, mathemat-
ically described by the well-known two temperature equations,
which considered the electron or carrier and the phonon as two
different temperatures. Earlier, Mao  [12] applied the two tempera-
ture model and Richard theory to predict the thermionic emission
from semiconductors. Later on, the thermionic emission character-
istics from a gold film under femtosecond laser pulses irradiation
with consideration of enhanced two  temperature model was  the-
oretically investigated by Balasubramni et al. [13]. In spite of the
previous works, the energy transfer beyond the two temperature
relaxation regime for the thermionic emission investigation is still
a less touched field. Further studies revealed that, after the two
temperature relaxation, the electron and phonon sub-systems get
the thermal equilibrium state and the thermal diffusion relaxation
dominates the thermal transfer [14,15]. If surface temperature of
the target at termination of the two  temperature relaxation can be
still high enough for exciting thermionic emission, the thermionic
emission trends to continue during the thermal diffusion relax-
ation period, which is extremely unfavorable for generation of
ultrashort electron pulses. On the contrary, when the laser parame-
ters are suitably applied, the following thermionic emission regime
after the two temperature relaxation termination would be extin-
guished. For most of the applications, the picosecond and even

femtosecond pulse electron is desired, therefore, it becomes signif-
icant to regulate the thermionic emission regime in order to satisfy
specific application for generation of various kinds of ultrashort
electron pulses.

dx.doi.org/10.1016/j.apsusc.2011.05.128
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:chenfeng@mail.xjtu.edu.cn
dx.doi.org/10.1016/j.apsusc.2011.05.128
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In this paper, we theoretically investigated different thermal
elaxation participating in the thermionic emission processes on
old film under ultrashort laser pulse excitation. As the thermionic
mission can actually occur beyond the two temperature relaxation
eriod, we proposed the temporally sequential thermal relaxation
odel for predicting full properties of the thermionic emission.

he characteristics for thermionic emission regimes under differ-
nt thermal relaxation of two temperature relaxation and thermal
iffusion relaxation were examined in detail. The results provide a
ay for optimizing the thermionic electron profiles via interven-

ng gold film thermal relaxation processes by adjusting the laser
arameters.

. Modeling and method

The proposed model considers the temporally sequential ther-
al  relaxation, the space charge limited thermionic emission and

he temperature dependent thermal and optical properties of the
old target. The thermionic emission is taken as the thermal loss
oundary condition on the front surface of the gold film for deter-
ination of the gold film melting thresholds. The detailed pieces of

he model are described in the following sections.

.1. Temporally sequential thermal relaxation model

The Fourier thermal diffusion equation is coupled into the well-
nown two temperature models in order to explore the full thermal
elaxation properties for the gold target. It had been proved that
he two temperature relaxation plays a major role on timescale
f several picoseconds [16–20],  but the normal thermal diffusion
elaxation mechanism will dominate the main heat transfer after
he two temperature relaxation termination. The proposed model
s described as

e
∂Te

∂t
= ∇(Ke∇Te) − G(Te − Tp) + Q (1)

p
∂Tp

∂t
= G(Te − Tp) (2)

∂T

∂t
= ∇(K∇T) − ε�(T4 − T4

0 )d−1 (3)

The coupled Eqs. (1) and (2) describe the laser energy deposi-
ion and the following two temperature relaxation. After the two
emperature relaxation termination, the Fourier thermal diffusion
elaxation is represented by Eq. (3).  The variables Te and Tp denotes
he electron and phonon temperatures, respectively. T is the united
lectron and phonon temperature at electron–phonon equilibrium
tate. ε is the emissivity taken as 0.03, � is the Stefan–Boltzmann
onstant, the gold film thickness d is considered as 1 �m here, and
0 is the ambient air temperature taken as 300 K in room temper-
ture.

The energy absorption rate Q is written as

(x) =
√

4 ln 2
�

1 − R

tp(ı + ıb)
F  × exp

(
− x

ı + ıb
− 4 ln 2

(
t − 2tp

tp

)2
)
(4)

ere R is the gold film surface reflectivity, which is temperature and
avelength dependent parameter, tp is the FWHM pulse duration, ı
s the temperature and wavelength dependent optical penetration
epth, and ıb is the electron ballistic transfer length for gold film.

 is the laser fluence which can be taken as the optional values in
ur simulations.
nce 257 (2011) 9177– 9182

The temperature dependent electron heat capacity can be writ-
ten as the following piecewise function:

Ce(Te) =

⎧⎪⎨
⎪⎩

BeTe (Te < TF /�2)
2BeTe/3 + C ′

e/3 (TF /�2 ≤ Te < 3TF /�2)
nekB + C ′

e/3 (3TF /�2 ≤ Te < TF )
3nekB/2 (Te ≥ TF )

(5)

here

C ′
e = BeTF /�2 + 3nekB/2 − BeTF /�2

TF − TF /�2
(Te − TF /�2) (6)

Here, the phonon thermal heat capacity Cp and the thermal
capacity C at electron–phonon equilibrium is actually less sensitive
to ambient temperature on the timescale of several nanosecond,
therefore taken as the temperature independent parameters in the
calculations.

For a wide range of electron temperature ranging from 300 K
to Fermi temperature, temperature dependent electron heat con-
ductivity during two  temperature relaxation period is expressed as
[21]:

Ke(Te, Tp) = �
(�2

e + 0.16)
5/4

(�2
e + 0.44)�e

(�2
e + 0.092)

1/2
(�2

e + ��p)
(7)

here �e = Te/TF and �p = Tp/TF are the normalized electron and
phonon temperature with TF denoting the Fermi temperature; �, �
are material constants. The heat conductivity in electron–phonon
equilibrium state after the two temperature relaxation can be found
to be as follows:

K(T)=320.973−0.0111×T−2.747×10−5×T2−4.048×10−9×T3 (8)

An analytical expression of the electron–phonon coupling
strength was  proposed by Zhang and Chen [22], which can be rep-
resented as follows:

G(Te, Tp) = G0

[
Ae

Bp
(Te + Tp) + 1

]
(9)

where, G0 is the electron–phonon coupling strength in room
temperature, and the coefficients Ae and Bp are constants.

2.2. Thermionic emission model (TEM)

The thermionic emission rate J, neglecting space–charge fields,
can be described by the well-known Richardson–Dushman equa-
tion

J = C(kBTe)2 exp

[
−Ef + e	 − 


kBTe

]
(10)

where kB is the Boltzmann constant, Ef is the Fermi energy, and
C = m/2�2h̄3 where m is the mass of the electron and h̄ is the reduced
Plank constant, 	 is the work function of metal target.

As the surface electron temperature of metal is high enough that
a large region of the electron cloud is formed over the surface, the
space–charge (SC) effect would play an important role. Because of
the complexity of the SC effect, it is large challenge to accurately
predict SC limited thermionic emission. An approximate estima-
tion of the SC limited thermionic emission yield can be derived as
follows [23]:

Yesc = kBTpeak

ae2/R1
log

[
1 + C��R2ae2kBTpeak exp

(
−Ef − 
 + e	

kBTpeak

)]

(11)

here Tpeak is the peak electron temperature, � is the pulse dura-
tion for a full width at 80% of Tpeak, R1 and R2 refer to the full width
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Table 1
Modeling parameters for gold.

Parameters Value

Material constant � 353 (W/mK)a

Material constant � 0.16a

Coefficient for electron heat capacity Be 70 (J/m3K)b

Material constant Ae 1.2 × 107(K−2 s−1)c

Material constant Bp 1.23 × 1011(K−1 s−1)c

Electron–phonon coupling strength at room
temperature G0

2.20 × 1016(W/m3 K)c

Ballistic transfer length ıb 105 nmd

Melting point Tm 1336 (K)
Work function 	 4.2 eVe

Fermi temperature TF 6.42 × 104(K)

a Ref. [24].
b Ref. [25].
c Ref. [22].
G. Du et al. / Applied Surfac

t half maximum (FWHM) radii of the elliptical spot size of the
lectron cloud.

.3. Temperature dependent optical properties

In this study, the Drude model for the plasma in the metals is
sed to determine the optical properties of the excited target. The
emperature dependent complex dielectric function can be split
nto the real and imaginary parts as follows:

 = 1 − ω2
p

ω2 + 
2
m

+ i

m

ω

ω2
p

ω2 + 
2
m

(12)

here ω2
p = e2ne/ε0me denotes the plasma frequency. According

o Matthiessen’s rule within the relaxation time approximation,
he total scattering rate of electrons is the sum of the rates of
he separate mechanisms: 
m = 1/�ee + 1/�ep, where �e−e and �e−p

re the electron–electron and electron–phonon scattering times,
hich actually is temperature dependent parameters, described

s 1/AeT2
e and 1/BpTp, respectively. Considering the relationship

etween complex reflective index, nc and the complex dielectric
unction, nc = √

ε =
√

ε1 + iε2, and applying the Fresnel law at
he surface, we get the temperature dependent surface reflectivity
oefficient:

(Te, Tp, ω) = [Re(nc) − 1]2 + [Im(nc)]2

[Re(nc) + 1]2 + [Im(nc)]2
(13)

The temperature dependent optical penetration depth of laser
ntensity into the metal plasma is calculated by

(Te, Tp, �) =
[

2ωIm(nc)
c

]−1

(14)

.4. Initial and boundary conditions

Because of the flexibility of finite element method (FEM) in
ealing with the heat transfer equations, the coupling partial dif-
erential Eqs. (1)–(3) are simultaneously solved by the FEM. The
alculation starts at time t = 0. The initial conditions for both elec-
rons and phonons are assumed to be room temperature. Thus

e(x, 0) = Tp(x, 0) = 300 K (15)

In the present model for the two temperature relaxation, the
hermionic emission is taken as surface electron heat loss boundary
ondition on the front surface of the gold film described as

e
∂Te

∂x

∣∣∣∣
x=0

= −(Ef + e	)  J
∣∣
x=0

(16)

here Ef + e	 is the potential barrier for an electron to be removed
rom gold material surface. The electrons and phonons heat
adiation to the front surface can be neglected during the two tem-
erature relaxation in the femtosecond-to-picosecond time period.
nd we assume the perfect thermal insulation between the gold
lm with substrate, leading to

∂Te

∂x

∣∣∣∣
x=d

= ∂Tp

∂x

∣∣∣∣
x=d

= 0 (17)

For the thermal diffusion relaxation period on ns timescale,
hich is comparable to heat radiation cycle, so we treat the radi-

tion heat loss to the front surface as a built-in heat loss term as
eferred in Eq. (3).  For the rear surface of gold film, although a small
uantity of heat energy can actually arrive at the rear surface, it is

lmost impossible for the weak heat wave to substantially pass
hrough the rear interface getting into the substrate during the
hermal diffusion period because of the large thermal resistance
etween rear surface of the gold film and the substrate. Therefore,
d Ref. [29].
e Ref. [26].

it is appropriate to apply the thermal insulation conditions for elec-
trons and phonons at the rear surface of the gold film in the thermal
diffusion relaxation period.

3. Results and discussion

The physical parameters used for calculations of the thermionic
emission properties on gold film are listed in Table 1. The temporal
evolution of thermionic emission rates for three laser parameters
of laser fluence, laser wavelength and pulse duration with differ-
ent values are presented in Fig. 1. We  can clearly see from Fig. 1(a)
that the thermionic emission rates evolution present distinct ten-
dencies for different fluences. For laser fluence of 0.45 J/cm2, the
thermionic emission rate profile is definitely divided into two parts
across the timescale of 1 ns. However, for laser fluence of 0.15 J/cm2,
the thermionic emission rate profile emerges as a square wave
like shape with pulse duration of 7.9 ps. The physics mechanisms
included in regulating the thermionic emission profiles for differ-
ent laser fluences can actually be related to the thermal relaxation
processes in gold film. When laser fluence is high enough for excita-
tion of the thermal diffusion relaxation participating in thermionic
emission, the rate profile takes on the two-part structure. On the
contrary, as the two  temperature relaxation plays a whole role, then
the thermionic emission rate profile presents a square wave like
shape. It can be seen from Fig. 1(b), that the thermionic emission
rate profiles appear as the separate modes as similar in Fig. 1(a)
for different laser wavelengths. The corresponding two-part struc-
ture for 300 nm wavelength can be attributed to the absorption
enhancement of laser irradiation by free electron. It is clearly shown
from Fig. 1(c) that thermionic emission profile takes on two-part
structure for pulse duration of 100 fs, however, which appears as
a Gaussian type impulse by laser excitation with pulse duration
of 5 ps. In fact, the femtosecond pulse can effectively heats metal
target compared to the picosecond pulse as had been observed in
the previous experiment [27], which potentially causes high tem-
perature on gold film surface after two temperature relaxation
termination, leading to the thermal diffusion participating in the
thermionic emission processes after the two  temperature relax-
ation and the two parts structure formation.

In fact, there should exist the critical laser irradiation conditions
for dividing the distinct thermionic emission regimes exhibiting as
different thermionic emission rate profiles. Fig. 2 presents predic-
tions of laser wavelength dependence of critical pulse duration for

dividing the distinct regimes of thermionic emission on gold film
surface. It is obviously shown that total region of the chart can be
separated into two parts by the curve marked by separate laser flu-
ences. The region below the curve represents laser parameters for
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Fig. 1. Temporal evolution of thermionic emission rates for three laser parameters of
laser fluence, laser wavelength and pulse duration with different values. (a) The solid
line represents for laser fluence F = 0.45 J/cm2, the dashed line represents for laser
fluence F = 0.15 J/cm2, laser wavelength � = 800 nm,  pulse duration tp = 100 fs; (b) the
solid line represents for laser wavelength � = 300 nm,  the dashed line represents for
laser wavelength � = 800 nm,  laser fluence F = 0.25 J/cm2, pulse duration tp = 100 fs;
(c)  the solid line represents for pulse duration tp = 100 fs, the dashed line represents
for pulse duration tp = 5 ps, laser wavelength � = 800 nm,  laser fluence F = 0.45 J/cm2.
Fig. 2. Laser wavelength dependence of the critical pulse duration for dividing the
regimes of thermionic emission on gold film surface.

excitation of thermionic emission rate profiles exhibiting as two-
part structure across the timescale of several ns. The region above
the curve relates to the regime of thermionic emission dominated
by two temperature relaxation, in which the ultrafast electron pulse
with picosecond duration such as the square wave or Gaussian
type outlines can be generated. More interesting to our concerns,
it is found that the curves marked by the laser fluence can be
shifted almost parallel to each other by changing the laser fluence
as shown for 0.35 J/cm2 and 0.4 J/cm2. When one expects to restrict
the thermionic emission properties into the desired regime, it is
convenient to locate the all laser pulse parameters in the chart. It
indicates that the thermionic emission properties can be influenced
and transited from one regime to another under different laser
irradiation conditions of laser fluence, wavelength and pulse dura-
tion. It should be emphasized that the thermionic emission yield is
smaller during the thermal diffusion relaxation compared to two
temperature relaxation period, however, the thermionic emission
rate would be quite high after the two temperature relaxation ter-
mination. So it calls for the necessary to investigate the thermionic
emission regimes under the two temperature relaxation and ther-
mal  diffusion relaxation for optimizing the ultrashort thermionic
pulse shapes. In the following, we will pay more attention on exam-
ining the effect of laser parameters on thermionic emission yields in
the regime for generation of single peak picosecond pulse electrons
shape.

The predictions of thermionic emission yields and maximal
phonon temperature as functions of laser fluence are shown in
Fig. 3. It is obviously seen that the phonon temperature presents
an obvious raise with increasing laser fluence and the thermionic
emission yield increases significantly when laser fluence increases
in regime of low fluence. However, as laser fluence exceeds
0.17 J/cm2, the thermionic emission yield trends to get saturation.
The results can be explained as significant intervention of laser flu-
ence into gold film thermal relaxation dynamics. The high laser
fluence can lead to the dramatic increase of the two temperature
relaxation time, indicating the thermionic yield increases signifi-
cantly when fluence increases as a result of the long thermionic
emission period. However, as the laser fluence is high enough that
the laser thermal energy diffusion into gold film predominates over
thermionic emission, the thermionic electron yield trends to get
saturation when laser fluence exceeds 0.17 J/cm2.
Fig. 4 shows the thermionic emission yields and maximal
phonon temperature as functions of pulse durations. We  can
see that the thermionic emission yield decreases slowly with
increasing pulse duration in the femtosecond time regime. How-
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Fig. 3. The thermionic emission yields and the maximal phonon temperature on
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Fig. 5. The thermionic emission yield and the maximal phonon temperature on
2

heating period (several picosecond seconds for gold). Here, we  had
old film surface as functions of laser fluence. Pulse duration tp = 30 fs, laser wave-
ength � = 800 nm.

ver, in picosecond time domain, the increase of pulse duration
ill results in sharp drop of the thermionic emission yield. It indi-

ates that the thermionic emission yield under femtosecond laser
ulse excitation is more stable compared to picosecond pulse even
hough the laser pulse duration is subjected to perturbation due
o material dispersion, which is potentially beneficial for applica-
ion of the high quality photocathodes. The phonon temperature is
ound to bear similar regulation as the thermionic emission yield
ependence on pulse duration.

Fig. 5 presents the thermionic emission yield and the maxi-
al  phonon temperature on gold film surface as functions of laser
avelengths. It is shown that the thermionic emission yield and
aximal phonon temperature decreases violently with increas-

ng laser wavelength. The obvious decrease of thermionic emission
ield with increasing laser wavelength can also be attributed to the
eduction of surface electron temperature due to laser absorption
eakening on the gold film surface under the long wave excitation.

In the above investigations, we had ruled out the effect of the SC
ffect in order to obtain the high electron yield and get the insights

nto the intrinsical characteristics of thermionic emission regime
nder a femtosecond laser pulse. However, as the surface elec-
ron temperature of metal is high enough that a large region of the

ig. 4. The thermionic emission yield and maximal phonon temperature on gold film
urface as functions of pulse durations. Laser fluence F = 0.20 J/cm2, laser wavelength

 = 800 nm.
gold film surface as functions of laser wavelength. Laser fluence F = 0.20 J/cm , pulse
duration tp = 100 fs.

electron cloud is formed over the surface, the space–charge effect
would play an important role. Experimentally, one can overcome SC
suppression of the yield by biasing the emitter at a negative poten-
tial with respect to a nearby anode. Herein, we estimated the effect
of SC on the thermionic emission characteristics. The results show
that for the 30 fs laser pulse excitation with fluence of 0.2 J/cm2,
the SC limited yield on gold film is approximately 5-order of mag-
nitude smaller than that without the SC effect. In order to negate
the SC effect, the external biasing potential must be on the order of
107–108 V [23].

Fig. 6 shows dependence of the calculated melting thresholds on
gold film thickness and the comparisons to experimental results.
We applied the two temperature model (TTM) in cooperation with
space charge limited thermionic emission model to predict the gold
film melting thresholds for different thickness. For the femtosecond
laser damage threshold investigations. It is reasonable to assume
that the hydrodynamics process can be ignored because of the quite
longer hydrodynamics period compared to the electron–phonon
ignored the pressure relaxation process and only ultrafast heat
transfer is taken into account to explain the gold melting threshold
as a result of isochoric heating upon a femtosecond pulse. In this

Fig. 6. The dependence of the calculated melting thresholds on gold film thickness
and the comparisons to experimental results, laser wavelength � = 1053 nm, pulse
duration tp = 600 fs.
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egime, the target can be overheated to some degree evaluated by
he overheating parameter of  ̨ = T/Tm. In current simulations, the

 is taken as 1.3 for gold target. The thermionic emission under
he two temperature relaxation during the ablation is taken into
ccount as the thermal loss boundary conditions from the front
urface of the gold film. However, the thermionic emission dur-
ng the thermal diffusion is normally ignored because the target
ad been ablated after two  temperature relaxation termination in
igh laser fluence regime, the broken surface of the target is not
ualified for the sequential thermionic emission. The simulated
esults of gold film melting thresholds present excellent accordance
ith published experimental datum [28], which proves validity

f predictions of the thermionic emission properties on gold film
urface.

. Conclusions

The results showed that the thermionic electron pulse profiles
ould exhibit various shapes, intricately depending on laser irra-
iation parameters. A chart for dividing the distinct thermionic
mission regimes dominated by the different thermal relaxation
as obtained, in which the single peak and the two-part structure

hermionic emission rate profiles can be well defined by limiting
he laser irradiation parameters of laser fluence, pulse duration and
aser wavelength. It was demonstrated that the thermionic emis-
ion rate profile properties could be transited from one regime to
nother under different laser parameters. The characteristics of
hermionic electron yield under two temperature relaxation for
icosecond thermionic electron profiles were carefully examined,
hich showed that the thermionic emission yields increases obvi-

usly with increasing laser fluence and gets saturated in high laser
uence regime. The results provide way for optimizing thermionic
mission processes for generation of ultrashort thermionic electron
ulse.
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