
1

s
a
m
e
m
M
e
s
�
g
c
e
c

t
�
d
l
v
a
t
S
l
u
g
e
t
�

l
i
a
r
t
i
n

N

r

9

Down
Lan Jiang

Hai-Lung Tsai
e-mail: tsai@umr.edu

Laser-Based Manufacturing Laboratory,
Department of Mechanical and Aerospace

Engineering,
University of Missouri-Rolla,

Rolla, MO 65409

Energy Transport and
Nanostructuring of Dielectrics by
Femtosecond Laser Pulse Trains
This study analyzes single burst ablation of dielectrics by a femtosecond pulse train that
consists of one or multiple pulses. It is found that (1) there exist constant-ablation-depth
zones with respect to fluence for one or multiple pulses per train and (2) for the same
total fluence per train, although the ablation depth decreases in multiple pulses as com-
pared to that of a single pulse, the depth of the constant-ablation-depth zone decreases.
In other words, repeatable structures at the desired smaller nanoscales can be achieved
in dielectrics by using the femtosecond pulse train technology, even when the laser
fluence is subject to fluctuations. The predicted trends are in agreement with published
experimental data. �DOI: 10.1115/1.2241979�

Keywords: femtosecond laser, pulse train, quantum mechanics, nanostructure,
dielectrics
Introduction

An ultrashort ��10 ps� laser pulse can fully ionize almost any
olid material and greatly reduce recast, microcracks, and heat-
ffected zone. Hence, ultrashort lasers are very promising for the
icro-/nano-fabrication of all types of materials, especially di-

lectrics �1–9�. Recent developments of nonlinear optical devices
ake it possible to obtain almost any arbitrary pulse shapes.
any studies have been reported regarding pulse shaping and its

ffects on laser-material interactions. For example, by using
haped pulse trains, �1� the ionization process can be controlled
10�; �2� atoms can be selectively ionized �11�; �3� the molecular
round-state rotational dynamics can be manipulated �12�; �4�
hemical reactions can be controlled �13�; and �5� the x-ray line
mission from plasmas under a femtosecond pulse can be signifi-
antly enhanced �14�.

These aforementioned abilities of shaped pulse-trains are useful
o control and improve micro-/nano-scale processing of dielectrics
3,15,16� and semiconductors �17,18�. Chowdhury et al. �3� con-
ucted pump-probe experiments on femtosecond double-pulse ab-
ation of fused silica through investigating the plasma dynamics at
arious pulse separation times �3�. Stoian et al. �16� demonstrated
n improvement in the quality of femtosecond laser microstruc-
uring of dielectrics by using temporally shaped pulse trains �15�.
toian et al. �15� further presented the implementation of a self-

earning loop on temporal shaping, which again illustrated that
nder certain excitation conditions, the material response can be
uided �16�. The same group showed that this technology is also
ffective in laser silicon processing and suitable to generate con-
rollable ion beams �17�. Similar work was reported by Choi et al.
18� as well.

Although some explanations were given for possible reasons
eading to better ablation quality by pulse train technology, there
s no theoretical analysis to directly support the results. As there
re many process parameters, such as the pulse profile, pulse sepa-
ation, number of pulses per train, and fluences, it is very difficult
o optimize the process to achieve the best possible ablation qual-
ty without a fundamental understanding of the ablation mecha-
isms.

This study employs the plasma model recently developed by
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the authors �7–9� to investigate the pulse-train technology, in
which quantum theories are employed to calculate the time and
space dependent optical and thermal properties, including the
electron heat capacity, electron relaxation time, electron conduc-
tivity, reflectivity, and absorption coefficient. This paper calculates
the ablation of fused silica by a single pulse and pulse-trains con-
sisting of multiple pulses. It is shown that there exist constant-
ablation-depth zones with respect to fluence in the femtosecond
pulse-train technology by which repeatable nanostructures can be
obtained, even when the laser system is subject to fluctuations in
fluence.

2 Theory

2.1 Assumptions. Energy transport in the ultrashort laser ab-
lation process can be divided into two stages: �1� the photon en-
ergy absorption, mainly through free electron generation and heat-
ing, and �2� the redistribution of the absorbed energy to the lattice
leading to material removal �4,9�. This stage separation is based
on the assumption that free electron generation and heating are
completed in such a short time that the lattice temperature remains
unchanged within the duration of a femtosecond laser pulse
��120 fs�. The present study is concerned with the first stage of
the energy transport, while the lattice temperature remains un-
changed in the subpicosecond time regime �7,8�.

Building-up of free electrons is necessary to initiate the laser
ablation process of dielectrics. It is widely assumed that the abla-
tion starts when the free electron density reaches the critical den-
sity �1,6–8,19–22�. For femtosecond lasers, the critical density is
selected as the free electron density at which the plasma oscilla-
tion frequency is equal to the laser frequency. Once the critical
density is created, the originally transparent or semitransparent
material becomes opaque, and a large percentage of the absorbed
laser energy is deposited in a thin surface layer �tens to thousands
of nanometers� within the femtosecond pulse duration �4,20,21�.
This leads to the ablation of the thin layer, which starts a few to
tens of picoseconds later �4,20–23�. Hence, laser threshold fluence
can be considered as the minimal fluence that just creates the
critical density �1,6–8,19–22�. Since the free electrons in the thin
ablation layer are excited up to tens of electron volts, the Coulomb
explosion, electrostatic ablation, or nonequilibrium thermal abla-
tion, instead of melting, dominate after the ionization process
�4,5,21�. Thus, under the irradiation of a femtosecond pulse or

femtosecond pulse train with subpicosecond-or-shorter pulse
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eparation time, hydrodynamic �liquid phase� motion of a dielec-
ric is generally negligible. As a result, comparing with long
�10 ps� pulses or pulse trains �including the pulse separation
ime�, melting and recast are greatly reduced and negligible.

This paper investigates a single burst ablation of dielectrics by
femtosecond pulse train with subpicosecond pulse separation, in
hich a ”burst” means the laser irradiation of the whole pulse

rain may consist of one or multiple pulses. Our calculations are
ithin the single burst irradiation in the subpicosecond time scale
efore the change of lattice temperature actually happens. In the
imit of negligible recast, ablation depth can be considered to be
he maximum depth at which the free electron density is equal to
he critical density in a given processing window �7,8,19,20�.
imilarly, the ablation crater shape corresponds to the ionized re-
ion at which the free electron density is greater than or equal to
he critical density �7,8,19,20�.

2.2 Free Electron Generation: Ionization. The following
xpression derived from the Fokker-Planck equation is used to
alculate the free electron generation �1,6,8,19,20�, in which the
lectron decay term is also considered �1�:

�ne�t,r,z�
�t

= aiI�t,r,z�ne�t,r,z� + �N�I�t,r,z��N −
ne�t,r,z�

�
�1�

here t is the time; r is the distance to the Gaussian beam axis; z
s the depth from the surface of the bulk material; � is the decay
ime constant; ne�t ,r ,z� is the free electron density; ai is the ava-
anche ionization constant; I�t ,r ,z� is the laser intensity inside the
ulk material; and �N is the cross section of N-photon absorption.
ased on experimental measurements of the threshold fluences at

he wavelength of 780 nm for fused silica, ai=4±0.6 cm2/J, �6
6�108±0.9 cm−3 ps−1�cm2/TW�6 �2�, and �=60 fs �1�.
Since the model calculates the electron density distribution

ithin hundreds of femtoseconds, this study ignores electron-
attice energy exchange that is on the order of picoseconds �19�.
his assumption was well justified in Refs. �19,20� by experi-
ents and comparison simulations. Also, our related work �24�

hows that, for free electron generation in dielectrics, the contri-
ution of electron-phonon interaction is at least two orders of
agnitudes smaller than the contribution of ionizations within a

emtosecond pulse duration, tp. Further, the contribution of elec-
ron energy diffusion and the electron distribution change because
f the Joule heating are, respectively, two and four orders of mag-
itudes smaller than the contribution of ionization within tp �24�.
ence, the electron diffusion is also neglected in our model.

2.3 Laser-Plasma Interaction: Optical Properties. The
riginal laser beam before it interacts with the material is assumed
o be a Gaussian distribution in time and space. It is assumed that
he laser focus point is at the material surface, z=0. Considering
ime and space dependent optical properties, the laser intensities
nside the bulk materials are expressed as �7,8�

I�t,r,z� =
2F

��/ln 2tp

�1 − R�t,r��

� exp�−
r2

r0
2 − �4 ln 2�� t

tp
�2

−	
0

z

��t,r,z�dz� �2�

here F is the laser fluence; tp is the pulse duration; R�t ,r� is the
eflectivity; r0 is the radius of the laser beam that is defined as the
istance from the center at which the intensity drops to 1/e2 of the
aximum intensity; and ��t ,r ,z� is the absorption coefficient.
The laser intensity distribution inside the material can be deter-
ined if the time and space dependent reflectivity and absorption

oefficient are obtained. The optical properties of the highly ion-
zed dielectrics under a femtosecond pulse can be well determined
y plasma properties �2�. In this study, the Drude model for the

lasma in the metals and doped semiconductors is used to deter-
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mine the optical properties of the ionized dielectrics. The spatial
and temporal dependent dielectric function of the plasma is ex-
pressed as �25�

��t,r,z� = 1 + �ne�t,r,z�e2

me�0
��− �e

2�t,r,z� + i�e�t,r,z�/	
1 + 	2�e

2�t,r,z�
� �3�

where e is the electron charge; me is the mass of electron; �0 is the
electrical permittivity of free space; �e�t ,r ,z� is the free electron
relaxation time; and 	 is the laser frequency. The plasma fre-
quency is defined by �26�

	p�ne� =�ne�t,r,z�e2

me�0
�4�

At the critical electron density, ncr, the plasma frequency is
equal to the laser frequency. Hence,

ncr =
4�2c2me�0


2e2 �5�

where c is the scalar speed of light in vacuum and 
 is the wave-
length of the laser. The complex dielectric function can be split
into the real and imaginary components as follows

��t,r,z� = �1�t,r,z� + i�2�t,r,z� = �1 −
	p

2�ne��e
2�t,r,z�

1 + 	2�e
2�t,r,z�

�
+ i� 	p

2�ne��e�t,r,z�
	�1 + 	2�e

2�t,r,z��� �6�

The relationship between the complex refractive index, f, and
the complex dielectric function is given by

�c/v� = f = �f1 + if2� = �� = ��1 + i�2 �7�

where c is the velocity of light in vacuum; v is the velocity of
light in the material; f1 is the normal refractive index; and f2 is the
extinction coefficient. Thus, the f1 and f2 functions are

f1�t,r,z� =��1�t,r,z� + ��1
2�t,r,z� + �2

2�t,r,z�
2

�8�

f2�t,r,z� =�− �1�t,r,z� + ��1
2�t,r,z� + �2

2�t,r,z�
2

The reflectivity of the ionized material is determined by the
following Fresnel expression at the surface

R�t,r� =
�f1�t,r,0� − 1�2 + f2

2�t,r,0�
�f1�t,r,0� + 1�2 + f2

2�t,r,0�
�9�

The absorption coefficient of laser intensity by the plasma via
the free electron heating is calculated by

�h�t,r,z� =
2	f2�t,r,z�

c
�10�

Note that Eq. �10� represents only a part of the laser energy that
is absorbed via free electron heating, and there is another part of
absorption that is via ionization. The total absorption coefficient,
�, accounting for both the free electron heating absorption and the
absorption through avalanche ionization and multiphoton ioniza-
tion is �7�

��t,r,z� = �aine�t,r,z� + �N�I�t,r,z��N−1� � �
��t,r,z�� + UI�
�11�

where 
��t ,r ,z�� is the average kinetic energy of free electrons
and UI is the band gap of materials. For fused silica, UI=9 eV.
Note � in Eq. �11� is used in Eq. �2� in Sec. 2.3 for various pulse
absorption mechanisms including free electron heating and gen-
eration �ionizations�, while �h in Eq. �10� is used for free electron

heating which is explained in Sec. 2.4.
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2.4 Free Electron Heating: Electron Relaxation Time. The
ree electron relaxation time in Eq. �3� is calculated by the follow-
ng quantum estimation derived from the Boltzmann transport
quation �27�

�e�t,r,z� =
1

�ei
=

3�me�kBT�t,r,z��3/2

2�2��Z*�2ne�t,r,z�e4 ln �

� �1 + exp�− �ne,T�/kBT�t,r,z���F1/2 �12�

ln � =
1

2
ln�1 + �bmax

bmin
�2� �13�

here T is the electron temperature, kB is the Boltzmann’s con-
tant, Z* is the ionization state;  is chemical potential; F1/2 is the
ermi integral. The maximum �bmax� and minimum �bmin� colli-
ion parameters are given by �28�

bmax =
�kBT/me�1/2

max�	,	p�
; bmin = max�Z*e2

kBT
,

h

2��mekBT�1/2� �14�

here h is the Planck constant.
However, at the very beginning of laser ablation, the electron

inetic energy is relatively low, and contributions to the free elec-
ron relaxation time from electron-phonon collisions could be im-
ortant. Hence, in this study when the electron kinetic energy is
ower than or comparable to the Fermi energy, the contributions of
oth electron-phonon and electron-ion collisions are considered,
nd the free electron relaxation time is determined by �28�

�e =
1

�e
=

1

�ei
+

1

�ep
�15�

here �ei is the electron-ion collision frequency and �ep is the
lectron-phonon collision frequency determined by

1

�ep
= � M

me
�1/2 �

UIP

TD

Tl
�ne�t,r,z�

ncr
�1/3

�16�

here M is the atomic mass unit; �=h /2� is the reduced Planck
onstant; UIP is the ionization potential that is 13.6 eV for fused
ilica �25�; TD is the Debye temperature �290 K for fused silica�;
nd Tl is the lattice temperature in K that is assumed to be a
onstant �300 K, room temperature� during the laser pulse dura-
ion. Equation �16� is derived for the plasma with a time-
ependent electron density based on Refs. �21,27�.

For free electrons modeled as “particle in a box,” the chemical
otential can be calculated by �26�

�ne,T� = �F�ne� � �1 −
�2

12
� kBT�t,r,z�

�F�ne�
�2

+
�2

80
� kBT�t,r,z�

�F�ne�
�4

�17�

here the higher order terms are neglected and �F is the Fermi
nergy that is determined by

�F�ne� = � �hc�2

8mec
2�� 3

�
�2/3

�ne�t,r,z��2/3 �18�

here c is the scalar speed of light in vacuum. And the electron
emperatures are determined by

ce�T,ne�ne�t,r,z�
�T�t,r,z�

�t
= �h�t,r,z�I�t,r,z� �19�

here ce is the specific heat of free electrons which can be deter-
ined by

ce�Te� = � �
��
�Te

�
V

�20�

The average kinetic energy, 
��, is determined by the Fermi-

irac distribution
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�� =

�
k


nk��k

Ne
=

	
0

�
1

e��T���−�ne,T�� + 1
�����d�

	
0

�
1

e��T���−�ne,T�� + 1
����d�

�21�

where ��T�=1/kBT�t ,r ,z� and ���� is the density of states given
by

���� =
8�2�me

3/2

h3
�� �22�

It is assumed that a small volume of material is ablated if its
free electron density is equal to or above the critical electron
density. The aforementioned equations are solved by an iteration
method detailed in Ref. �8�.

3 Results and Discussion

3.1 Threshold Fluence, Ablation Depth, and Ablation
Shape. Figure 1 shows the threshold fluence and ablation depth as
a function of pulse duration for a pulse train consisting of one
pulse �a single pulse can also be considered as multipulses with
zero pulse separation� at the fluence of 5 J /cm2 and the wave-
length of 780 nm. It is seen that the predictions by the present
study are in agreement with the available experimental results at
different pulse durations �2�. The validation is not extended into a
pulse duration range where the nominal ablation fluence is close
to the threshold fluence �and hence the ablation depth is very
sensitive to fluence fluctuations�. On the other hand, our predic-
tions of the ablation depth and threshold fluence for barium alu-
minum borosilicate �BBS� in the pulse duration range 40–800 fs
are consistent with experimental data. However, due to the page
limitation, the results of BBS are not included in this paper.

In our simulations, a train may consist of single or multiple
pulses and all have the pulse duration of 50 fs and the wavelength
of 780 nm. The pulses within a train have the same fluence. For a
train consisting of one pulse, the ablation threshold fluence is
found to be 3.3 J /cm2. For double pulses per train, the ablation
thresholds are found to be 1.8, 1.9, and 2.3 J /cm2 per pulse, i.e.,
3.6, 3.8, and 4.6 J /cm2 per train, at the separation times of 50 fs,
100 fs, and 300 fs, respectively. The ablation shapes are shown in

2

Fig. 1 The theoretical and experimental threshold fluences
and ablation depths as a function of pulse duration by a single
pulse at the fluence of 5 J/cm2 and the wavelength of 780 nm
Fig. 2, in which the single pulse at 5 J /cm is also considered as
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train consisting of double pulses at 2.5 J /cm2 per pulse with
ero pulse separation. At the total fluence of 5 J /cm2 and the
eam spot size of 100 m, by using the train consisting of double
ulses, the ablation depths are 184, 102, 84, and 56 nm, at the
ulse separations of 0, 50, 100, and 300 fs, respectively. The ab-
ation depth decreases with the increases of pulse delay, which
as also experimentally observed �3�. The corresponding ablation

rater diameters for these four cases are 66, 56, 52, and 30 m,
espectively, using the laser beam with a spot size of 100 m.

It is shown that at the same total fluence, the use of double
ulses can obtain smaller structures, which also implies lower
hroughput as compared to the case of single pulse, which was
lso observed in experiments �3�. This is because of the lower free
lectron density as compared to single pulse per train at the same
uence. Specifically, the highest electron density decreases: 3.3
1021, 2.7�1021, 2.6�1021, and 2.2�1021 cm−3 corresponding

o the increases of pulse separation: 0, 50, 100, and 300 fs, respec-
ively. This is due to: �1� the free electrons generated by multi-
hoton ionization are proportional to I6 for fused silica at the laser
avelength of 780 nm; �2� the electron decay term in Eq. �1�
ecomes more significant as the pulse separation time increases;
nd �3� the surface-generated plasma by the previous pulse�s� in-
erferes with the subsequent pulse�s�.

3.2 Transient Localized Free Electron Distribution. The re-
ults in Sec. 3.1 demonstrate that it is possible to manipulate tran-
ient free electron density distributions inside the dielectrics by
haping pulse train to achieve better ablation quality. The manipu-
ability of energy distribution by the pulse train technology makes
t possible to control the transient �femtosecond time scale�, local-
zed �nanometer length scale� significantly varying free electron
ensities of the irradiation area which in turn determines the op-
ical and thermal properties. This is an important reason leading to
he advantages of the pulse train technique. As an example, Fig. 3
emonstrates the transient localized properties under a double-
ulse burst with the fluence of 2.5 J /cm2 per pulse and the pulse
eparation of 100 fs. The calculation starts at the 2tp, where tp is
he pulse duration �i.e., 50 fs�, before the peak of the first pulse in
train.
The laser intensity distribution at r=0 is shown in Fig. 3�a�.

nder this double-pulse train, the free electron generation is
ominated by the first pulse only until 150 fs at which the free
lectron density reaches about 1.3�1020 cm−3 as shown in Fig.
�b�. In contrast, the peak free electron density is 2.4

21 −3

ig. 2 Ablation crater shapes by pulse trains consisting of
ouble pulses with the total fluence of 5 J/cm2
10 cm , which is about 18 times greater than the contribution

ournal of Heat Transfer
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of the first pulse alone. This is mainly due to the enhancement of
avalanche ionization process at a higher free electron density
�6–8,19,20�, i.e., the building-up of free electrons by the first
pulse greatly enhances the free electron generation through ava-
lanche ionization during the second pulse. It is possible to achieve
the desired electron dynamics �hence optical and thermal proper-
ties� by carefully adjusting the pulse train parameters, such as the
pulse separation, number of pulses, and pulse fluence distribution,
and among which the pulse separation time is convenient to
change.

3.3 Pulse Separation Time. The effect of the pulse separa-
tion can be visualized through comparisons of the laser intensity
distributions as shown in Fig. 4, in which the dashed line repre-
sents the original laser energy at r=0 before it interacts with the
materials and the solid line represents the laser energy transmitted
into the material at r=0. After the free electron density becomes
comparable to the critical density, the original beam profile is
strongly shaped by the generated plasma which can be quantified
by the transient reflectivity as shown in Fig. 5�a�. At r=0, the
peak reflectivity is 0.95, 0.94, 0.93, and 0.84 for the pulse sepa-

Fig. 3 „a… Laser intensity distribution and „b… electron density
at r=0, z=1 nm for double-pulse train with the total fluence of
5 J/cm2 and pulse separation of 100 fs
rations of 0, 50, 100, and 300 fs, respectively, due to lower free

SEPTEMBER 2006, Vol. 128 / 929
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lectron density at a longer pulse separation. In contrast, the re-
ectivity of bulk fused silica is almost zero at the room tempera-

ure and the wavelength of 780 nm. Figure 5�b� shows the overall
eflectivity integrated for the time period during the pulse irradia-

Fig. 5 The reflectivity at r=0 at different puls

Fig. 4 Center „r=0… laser intensity distribution
„also considered as 2 pulses at 2.5 J/cm2 wi
2.5 J/cm2 per pulse „pulse separation is 50 f
„pulse separation is 100 fs…; „d… 2 pulses per
300 fs…
„b… integrated reflectivity

30 / Vol. 128, SEPTEMBER 2006

loaded 11 Dec 2011 to 131.151.114.242. Redistribution subject to ASM
tions. The overall reflectivity significantly decreases as the pulse
separation increases. The highest overall reflectivity integrated for
the time period during the pulse irradiations is 0.34, 0.29, 0.26,
and 0.08 at the separations of 0, 50, 100, and 300 fs, respectively.

eparation times: „a… transient reflectivity and

„a… single pulse per train at 5 J/cm2 per pulse
pulse separation…; „b… 2 pulses per train at

„c… 2 pulses per train at 2.5 J/cm2 per pulse
n at 2.5 J/cm2 per pulse „pulse separation is
e s
s:
th 0
s…;
trai
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E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



e
o
t
w
t
�
r
w
m
w
m
fl
d
c

u
f
m
fl
o
a
a
v
e
p
s
�
q
r
t
u
3
8
a
p
d
H
fl
b
i

F
t
3

J

Down
3.4 Fluence. The ablation depth strongly depends on the flu-
nce. For comparison purpose, the fluences in Fig. 6 are in terms
f total fluence per train instead of per pulse. As shown in Fig. 6,
here are constant-ablation-depth zones with respect to fluences,
hich are due to the fact that the overall reflectivity and absorp-

ion coefficient significantly increase with the increase of fluences
6–8,19,20�. If there exists a constant-ablation-depth zone with
espect to fluences, in similar conditions, a flat-bottom crater
ould be formed under a Gaussian beam, which has been experi-
entally observed �3,29,30�. Also, a constant-ablation-depth zone
ith respect to fluences has been directly demonstrated in experi-
ents �31,32�. Note a constant-ablation-depth zone with respect to
uences exists only in a limited fluence range, and the ablation
epth may significantly increase if the fluence continues to in-
rease �32,33�.

A constant-ablation-depth zone with respect to fluences can be
sed to improve the repeatability in laser nano-/micro-
abrications. Laser pulse fluence is subject to fluctuations, which
ay lead to significant variations in ablation depth especially at
uences slightly above the ablation threshold. Hence, for the case
f single pulse per train, it is difficult to control the accuracy for
blation depth below 200 nm as shown in Fig. 6. For example, the
blation depth at 4±0.5 J /cm2 by a single pulse per train would
ary in the range of 47–157 nm. Hence, a slight variation in flu-
nce will result in a large difference in ablation depth. This ex-
lains the poor repeatability in the femtosecond ablation of nano-
tructures using fluences slightly above the ablation threshold
34�. On the other hand, the ablation depth at 6.5±0.5 J /cm2 is
uite stable and is around 200 nm, which is the theoretical limit of
epeatable accuracy by the femtosecond single pulse per train for
he process window employed in the present study. In contrast,
sing double pulses per train with the pulse separation time of
00 fs, the ablation depth can be accurately controlled to around
5 nm at 6.5±0.5 J /cm2, which provides a potential method to
chieve repeatable nanostructures. Similarly, using triple pulses
er train with the pulse separation time of 200 fs, the ablation
epth can be controlled to around 49 nm at 6.5±0.5 J /cm2.
ence, by using the constant-ablation-depth zones with respect to
uences, repeatable nanostructures at the desired dimension can
e obtained, even when the laser system is subject to fluctuations

ig. 6 The ablation depth as a function of total fluence per
rain; the separation time between pulses for double pulses is
00 fs and for triple pulses is 200 fs
n fluences.
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The existence of a constant-ablation-depth zone is caused
mainly by the changes of optical properties. As shown in Fig. 7,
under the double pulses with separation time of 300 fs, at r=0,
and t=425 fs �the end of the second pulse�, the absorption coef-
ficients in the surface layer �numerically 1 nm� at the total fluence
per train of 4, 5, and 7.5 J /cm2 are, respectively, 1.6�103, 5.6
�104, and 1.2�105 /cm, and the corresponding overall inte-
grated reflectivity are 0.01, 0.08, and 0.4, respectively. Hence, as
the total fluence increases, the percentage of the reflected energy
increases, and the percentage of the absorbed laser energy depos-
ited in a given thin surface layer also increases. The increase of
both the overall reflectivity and the absorption coefficient tend to
decrease and attenuate the laser intensity in the material and, as a
result, decrease the ablation depth. Hence, roughly speaking, there
exists a certain fluence range during which the “negative” effect
on ablation depth due to the increases of reflectivity and absorp-
tion coefficient “offsets” the increase of the fluence, resulting in a
constant-ablation-depth zone. The constant-ablation-depth zone of
a pulse train is lower than that of a single pulse per train, as shown
in Fig. 7, because for the same total fluence the ablation depth is
lowered by a pulse train with multiple pulses.

4 Conclusions
This study employs the validated plasma model with quantum

treatments to investigate the pulse-train ablation of dielectrics.
The following major conclusions are made from the simulation
results:

• The previous pulse has significant effects on the thermal
and optical properties for the subsequent pulse within the
same train. At the same total fluence, the overall reflec-
tivity significantly decreases as the pulse separation in-
creases.

• The pulse-train technology can obtain smaller structures,
although its throughput is relatively low as compared to
the case of single pulse at the same total fluence.

• By using constant-ablation-depth zones with respect to
fluences in the femtosecond pulse-train technology, re-
peatable nanostructures at the desired dimension can be
obtained, even when the laser system is subject to fluc-
tuations in laser fluences. However, a constant- ablation-
depth zone with respect to fluences exists only in a lim-
ited fluence range.

• The predicted trends are in agreement with published

Fig. 7 Surface center integrated reflectivity and absorption
coefficient at t=425 fs „the end of the second pulse… under the
double-pulse train with separation time of 300 fs
experimental observations.
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omenclature
ai � avalanche ionization constant

bmax � maximum collision parameter, Eq. �14�
bmin � minimum collision parameter, Eq. �14�

c � scalar speed of light in vacuum
c � vector velocity of light in vacuum

ce � average specific heat per electron
e � electron charge
f � complex refractive index

f1 � normal refractive index
f2 � extinction coefficient
F � laser fluence
h � Planck constant
� � reduced Planck constant
I � laser intensity

kB � Boltzmann’s constant
me � nonrelativistic mass of electron
M � atomic mass unit
ncr � critical free electron density
ne � free electron density


nk� � average number of electrons in energy state
N � number of photons required in multiphoton

ionization
Ne � total number of free electrons

r � distance to the Gaussian beam axis
r0 � radius of laser beam
R � reflectivity
t � time

tp � pulse duration
T � free electron temperature

TD � Debye temperature
TF � Fermi temperature
Tl � lattice temperature
UI � band gap energy

UIP � ionization potential
v � velocity of light in material
z � depth from surface in bulk material

Z* � charge state of ions

reek symbols
� � absorption coefficient of free electrons

�h � absorption coefficient via electron heating
���� � the density of states in Eq. �22�

�N � cross section of N-photon ionization
�F � Fermi energy
�k � energy state


�� � average electron kinetic energy
� � complex dielectric function

�0 � electrical permittivity of free space
�1 � real component of dielectric function
�2 � imaginary component of dielectric function

 � laser wavelength

ln � � Coulomb logarithm, Eq. �13�
 � chemical potential
�e � electron collision frequency
�ei � electron-ion collision frequency
�ep � electron-phonon collision frequency

	 � laser frequency
	p � plasma frequency

� � electron decay time constant in Eq. �1�

�e � free electron relaxation time
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