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Analysis of Ablation Characteristics of Absorbing
Dielectrics Caused by Short Laser Pulses
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Florida Institute of Technology, Melbourne, Florida 32901

The effect of ablation of absorbing dielectrics by single and two successive ultra short pulses from an excimer
laser source is investigated.The numericalmodel is basedon two photonabsorptionby the molecularchromophores
followed by thermal degradationand diffusion, whereas ablation occurs through sublimationof the material from
the surface. The numerical analysisinvolves solvinga set of coupled three- or two-level chromophorerate equations,
heat diffusion equation, and the transient radiative transport equation, using two techniques: a fully implicit
iterative scheme and a predictor corrector technique (Fromm’s scheme). Results for the temperature distribution
and ablation depth are obtained for different laser parameters such as the delay time between two successive
pulses, laser pulse width, laser � uence, and various material properties such as activation energy, relaxation time,
thermal conductivity, and absorption cross section of molecules. The results obtained by consideration of the
transient radiative transfer equation are compared with the steady-state formulation, and signi� cant differences
are observed in the temperature pro� les and the ablation depth.

Nomenclature
C p = speci� c heat
C0 = initial chromophore density
c = velocity of light in the medium
DT = thermal diffusivity (·=½C p )
d = ablation depth
Ea = ablation activation energy
h̄ = modi� ed Planck’s constant
I = intensity
Imax = maximum intensity of the laser pulse
kB = Boltzmann constant
ls = penetration depth
n0; n1; n2 = chromophore densities at different levels
R = re� ectivity of the material
S0; S1; S2 = energy states
s = ratio of absorption cross section

of molecules (¾2=¾1 )
T = temperature
T1 = ambient temperature
t = time
tDT = heat diffusion time
td = delay time between pulses
t p = pulse width
V = velocity of the ablation front
Va = constant and close to sound velocity
z = spatial coordinate
1H = enthalpy for evaporation of the material
· = thermal conductivity
½ = density
¾1; ¾2 = absorption cross section of molecules
¿1; ¿2 = nonradiative relaxation time
Á = � uence
! = radiation frequency
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I. Introduction

L ASER ablationof dielectricsusingultrashortpulseshas opened
new frontiers for research in various engineering applications

especially in the material processing � eld. Most of the current re-
search work in pulsed laser ablation of dielectrics deals with two
broad varieties: transparent and absorbing dielectrics. Various ap-
plications for ablation of transparentmaterials include thin-� lm de-
position of quartz on silicon wafers,1 high-precision machining of
ceramic glasses with no thermal shock or distortion to the adjoining
material,2;3 optical switches,4 removal of water from microcircuits
and micromachines,5 and changing the dielectricconstantsof mate-
rials to act as a plasma shutter to prevent damage to photodetectors.6

Whereas for absorbingtype of dielectrics,applicationsincludeetch-
ing of polyimides,7 microscale chip packaging, laser cladding, and
laser machining.8 Researchers in the past have addressed the abla-
tion phenomena caused by short-pulse laser interaction with both
transparent and absorbing materials, but may not actually perform
systematic analysis to determine the effects of the variation of laser
parameters and material properties, which in� uence the ablation
phenomenon.9;10 Depending upon the material considered, various
mathematical models such as photothermal or photochemical for
absorbing dielectrics can be formulated to analyze and explain the
ablationcharacteristicsincludingablationdepth as a functionof the
process parameters.11;12 But most of the previous research studies
have been related to experimental observations, and little effort has
been made to explain the fundamentalphenomenonassociatedwith
the ablation caused by short pulse lasers having pulse widths on
the order of pico and femto seconds.13¡15 This research work fo-
cuses on a parametric study of the laser parameters and the material
properties that in� uence the ablation characteristics of absorbing
dielectrics incorporating the transient nature of short-pulse laser
propagation phenomena.

For the case of transparent dielectrics, the ablation or damage
mechanismis signi� cantlydifferentfor lasershaving largeand short
pulse widths. For large-pulse-widthlaser sources the damage to the
defect free dielectricsoccurs as a result of the heating of the seed or
conduction-bandelectrons by incident radiation and transfer of this
energy to the lattice. The damage to the dielectric occurs because
of conventional thermal deposition, which results in melting and
boilingof the dielectric.3;15 As these temperaturesare typicallyvery
high, the ablation mechanism results in a strong thermal shock to
the dielectric, which initiates a crack within the material and leads
to uncontrolledmaterial ablation.16;17

For the case of short-pulse lasers, there is no need to invoke
some arbitrary number of initial seed electrons. Field-induced
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Fig. 1 Schematic of a three-level molecular chromophore system.

multiphoton ionization produces free electrons, which are then
rapidly accelerated by the laser pulse. For these very short, intense
pulses, energy is gained by the newly free electrons from the laser
� eld much faster than the transfer of energy from the electrons
to the lattice.15 These electrons gain energy from the laser � eld
until they have suf� cient energy to collisionally ionize neighbor-
ing atoms thereby producing more free electrons.18 This process
continues until a critical density plasma is reached wherein min-
imal further energy deposition from the laser occurs. The actual
damage occurs after the pulse has passed, when the dense plasma
expands away from the surface. Plasma formation is quantitatively
described by the time dependence of the electron energy distribu-
tion function.15;19 It has also been experimentallyobservedthat with
femtosecond pulses all regions throughout the laser beam pro� le
with suf� cient intensity for multiphoton ionizationwill be removed
resulting in extremely � ne con� nement of the position of material
removal. There is no evidence of heat transfer into the surrounding
material and no thermal shock-inducedcracking.3;20

The mechanism of ablation in absorbing dielectrics is different
from the transparent dielectrics, as ablation occurs at a � uence,
which is smaller than that for transparentmaterials. Therefore, it is
foundthat avalancheionizationdoesnot initiatetheablationprocess.
Ablation takesplacewith energyabsorptionby chromophoreseither
through single-photon or multiphoton absorption depending upon
the bond energies of the dielectric.

Figure 1 shows the possible electronic transitions that a chro-
mophore can undergo upon absorbing one or more photons from a
monochromatic laser pulse. Three electronic levels are shown and
are labeled S0 , S1 , and S2 , where S0 represents the ground energy
level, S1 the � rst excited energy level, and S2 the second excited
level. When the second excited level is excluded, the model repre-
sents a two-level system having states S0 and S1 . A two- or three-
level system correspondsto the case when the energyabsorbedfrom
multiple photons is needed to break the bonds of the absorbing di-
electric. At the start of the laser heating process, all of the chro-
mophores are present in the ground-state energy level S0 caused by
thermal equilibrium. With excitation of the chromophores caused
by absorptionof photons incidentfrom the laser pulse, the density at
the higher energy level increases. With absorption of two photons,
the chromophores could be excited from the ground energy level
to the � rst excited energy level S1 , as well as excited from the � rst
excited energy level to the second excited state S2 . Because this rep-
resents a nonequilibriumcondition, the chromophores would relax
from the higher energy level to the ground state by radiative re-
laxationand nonradiativerelaxationafter a characteristicrelaxation
time. This particular mechanism can be easily extended for higher
energy levels for multiple photon absorption. The nonradiative re-
laxation contributes to the heating of the material and therefore
to the photothermal mechanism of ablation. This energy, absorbed
by the dielectric produces changes in the temperature distribution
caused by heat diffusionwithin the material.Hence the nonradiative
relaxation time for chromophores ¿ at different energy levels and
the ratio of absorption cross section of molecules (s D ¾2=¾1 ) are
important parameters in laser heating of absorbing dielectrics. In
addition, activation energy Ea also plays an important part in the
ablationcharacteristicsfordielectrics.Activationenergy implies the
minimum energy absorbed by the chromophores in order to initi-

ate ablation. With the increase in the value of the activation energy
for a particular dielectric, the ablation process may require two or
more photon absorption, depending on the incident wavelength of
the laser pulse.

For incident radiation from a short-pulse laser, the absorption
mechanism for dielectrics, polymers, and saturable liquids shows
a strong deviation from the classical mechanism, which exhibits a
constant absorption coef� cient.21;22 Laser ablation in absorbing di-
electrics was � rst explained as a photochemical process12;23 where
the absorption of photons of ultraviolet wavelengths excites the
bonding electrons in polymers causing a direct bond break and
associated ablation. Although this might be true for some cases,
especially when the incident pulse has a lower range of � uence,
this model fails to explain the ablation characteristics for organic
polyimides, which need large � uence on the order of 30 mJ/cm2.
The photothermalmodel explains the precedingcase for ablation in
an absorbing type of dielectric. In this model it is considered that
the energy incident on the material is absorbed by chromophores
either by a single-photon or multiphoton absorption mechanism.
The excited chromophoresrelax rapidly to the ground state with the
absorbed energy being converted into vibrational energy.24 This vi-
brationalenergy is manifested as a change in the temperatureof the
medium,whereasablationtakesplace throughmaterial sublimation,
that is, change of phase directly from solid to vapor.25 The ablation
depth or the etch depth can be related in an exponential manner
to the activation energy. Even though ablation and absorption take
place simultaneously, it is reasonable to treat the two processes as
independent from a mathematical modeling point of view.

Experimental validation for a purely photothermal model has
been demonstrated by obtaining a relation for ablation rate as a
function of the incident laser � uence for wavelengths in the range
of 193–308 nm.26 The photon energy lies between 4.0 and 6.5 eV
for laser pulses with wavelengths between 193–308 nm. Because
the bond energy for the dielectric under consideration varies from
8 to 12 eV, usually a two-photon absorption model is necessary to
describe the ablation mechanism.27

The present research develops the photothermal model for abla-
tion of absorbingdielectricscaused by two successiveshort excimer
laser pulses having a delay time between them shorter than the heat
diffusion time. Although there have been previous experimental
results obtained for two successive pulse laser heating, this paper
presents a parametric study on the parameters affecting the ablation
mechanism in dielectricscaused by heating by two successive short
laser pulses.The model chosenhere neglectsmultiphotonionization
because the incident energy � uence is considerably lower than the
ionization potential. A coupled set of chromophore rate equations
based on Fig. 1, transient radiative transport equation, and the heat
diffusion equation are used to calculate the chromophore density
at different energy levels and the temperature distribution within
the dielectric. Most of the previous studies with short-pulse lasers
have neglected the wave nature of the intensity distribution within
a medium, thereby neglecting the temporal variation of the laser
intensity. However, the preceding is true if the temporal duration
of the radiation, that is, the time taken by the pulse to propagate
through the medium, is larger than the relaxation time of the chro-
mophores. It has been demonstrated that the hyperbolic radiative
transport formulations give signi� cantly different and physically
realistic intensity pro� les, compared to the commonly used steady-
state or the parabolic approximations for analyzing ultrashort laser
pulse propagation through a participatingmedium.27¡29 The results
presented in this paper show that there exists a considerable dif-
ference in the temperature pro� les and the ablation depth between
steady-state formulation and transient nature of intensity distribu-
tion. Therefore, accurate transient nature of intensity distribution
will be used for analysis purposes.

This paper also discusses the effects of the variation of different
parameters including laser parameters such as pulse width, � uence,
and the delaybetween two pulses,as well asmaterial propertiessuch
as relaxation times, activationenergy, thermal conductivity,and ab-
sorption cross section of molecules on the temperature distribution
and ablation depth of the material. The objectives of this work are
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to analyze the results obtained for different cases and determine
the in� uence of the different process parameters on the ablation
characteristicsof the absorbing dielectric.

II. Mathematical Formulation
The physicalcase under considerationis the ablationof absorbing

dielectrics with two successive ultrashort laser pulses having a de-
lay time between them. Short-pulse laser heatingof the dielectric in
this particular study is analyzed on the basis of a one-dimensional
model because the laser beam diameter is typically much larger
than the heat diffusion penetration length. The temporal shape of
the laser pulse is assumed to have a Gaussian temporal pro� le with
a full width at half maximum pulse duration tp and t D 0 being the
starting point of the pulse. The mechanism of photon absorption
for absorbingdielectricsfollows closely the transitionsbetween the
energy levels of allowable energy states of molecules. Here, we
consider a set of rate equations for chromophore level population
corresponding to Fig. 1 (Ref. 30). The electronic ground state is
given by S0 , whereas S1 and S2 represent the � rst and the second ex-
cited states, respectively.The rate equationsfor a three-levelsystem
with a two-photon absorption model are21;31
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with the conservationequation of chromophores given by

n0 C n1 C n2 D C0 (3)

The � rst term on left-hand side of Eq. (1) is the rate of change in
the chromophore density at the ground energy level. The � rst term
on the right-hand side is the convective term caused by the ablation
velocity, the second term represents the loss of n0 chromophores
caused by photon absorption and transition to the higher state, the
third term represents the gain caused by radiative relaxation back
to the ground state, and the fourth term represents the gain caused
by radiationlessrelaxation from the � rst excited state to the ground
state. Similarly Eq. (2) indicates the rate of increase of n1 chro-
mophores.

The intensitydistributionin themediumcausedby the short-pulse
laser propagation is analyzed by the transient radiative transport
equation by neglecting the scattering effects and is given by

1
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It is evident that Eqs. (1), (2), and (4) form a set of couplednonlinear
partial differential equations, which makes the solution methodol-
ogy complicated.

Ablation of material follows two mechanisms: surface evapora-
tion and the phase explosion phenomenon.32 The present formu-
lation considers the surface evaporation phenomena. The heat dif-
fusion equation is used to calculate the temperature distribution in
the medium with an added source term [the last term on the right-
hand side of Eq. (5)], which is a representationof the energy loss of
a chromophore caused by nonradiative relaxation from its excited
higher level to lower energy level. The corresponding temperature
distribution is then given by
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A photothermal ablation model is considered in this analysis. The
velocity V of the ablation front is given as

V D Va exp.¡Ea=kB T jz D 0/ (6)

where T jz D 0 the surface temperatureof the material.The preceding
ablation model does not take into considerationthe effects of phys-
ical parameters including pressure or the in� uence of mechanical
stresses.

The initial conditionsfor the rate equationsand the heat diffusion
equation are

n1jt D 0 D n2jt D 0 D 0; n0jt D 0 D C0 (7a)

T jt D 0 D T1 (7b)

The boundary conditions for the rate equations are

n0jz ! 1 D C0; n1jz ! 1 D n2jz ! 1 D 0 (8a)

The boundary condition for the intensity equation is as follows:

I .0; t/ D .1 ¡ R/Imax exp[¡4 2.t=t p ¡ 2/2] (8b)

This analysisneglectstheeffectsofshieldingby theplumegenerated
duringablation,as this studyis primarilyrelevantfor time justbefore
the ablation starts.

The boundaryconditionsfor the heat diffusionequationare given
by25
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A simple relation between � uence Á and the maximum intensity
Imax is given by33

Á D 2Imaxt p (10)

The ablationdepth d can be calculatedusing the following relation:

d »D tDTV (11)

The heat diffusion time tDT is given by25

tDT D 2l2
s

¯
DT (12a)

ls D 2Á=h̄!C0 (12b)

III. Results and Discussion
This study investigates the effects on the temperature distribu-

tion and ablation depth of absorbing dielectrics caused by its in-
teraction with ultrashort laser pulses. It also presents a paramet-
ric study of different laser parameters and material properties to
analyze the ablation characteristics of the material. In this paper
the effects of � uence Á or the total energy incident on the mate-
rial, delay time between the pulses td , pulse width t p , chromophore
nonradiative relaxation times from higher to lower energy level ¿2,
ablation activation energy Ea , thermal conductivity · , and ratio of
absorptioncoef� cients s are considered.The effectsof a single laser
pulse compared to two successive laser pulses and level of excita-
tion, that is, two- and three-level system, are also analyzed. The
values of the material parameters are chosen to represent a wide
variety of absorbing dielectrics.25 The laser and material param-
eters, which are varied, are as follows: Á D 2:5, 25, 50 mJ/cm2;
tp D 500 fs, 5, 50 ps; td D 1, 0, 5 ps; Ea D 0:75, 1.5 eV; ¿2 D 20 fs,
10 ps; · D 0; 1:55 £ 10¡4, 1:55 £ 10¡3 , 1:55 £ 10¡2 W/cm ¢ K; and
s D 2, 4, 10. The parameters that are kept constant are ¾1 D 5 £
10¡17 molecules/cm2, ¿1 D 50 ps, and T1 D 300 K. The thermal
constants are assumed to be independent of temperature. The heat
� ux at the boundary (z D 0) is equal to zero in this paper, though the
form of boundary condition given by Eq. (9a) can be easily imple-
mented. The values of the parameters that are varied are mentioned
while discussing the � gures. The temperature in the medium will
rise even after the pulse passes through the medium. The tempera-
ture distributions are determined at a time instant, which is several
times larger than the laser pulse width, in which it does not vary
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Fig. 2 Comparison of the temperature distribution between tran-
sient and steady-state analysis: Ea = 0:75 eV, td = 0, tp = 500 fs, ¾1 =
5 £ £ 10¡ 17 cm2 , ¾2 = 50 £ £ 10¡ 17 cm2 , ¿1 = 50 ps, ¿2 = 10 ps, Á =
25 mJ/cm2, and · = 1:55 £ £ 10¡ 3 W/cm¢ K.

at each point in the medium with the change in the values of time
instant. Results are obtained by selecting various time instants in
order to determine the appropriate time instant for a given pulse
width and delay time between pulses.

The set of coupledradiativetransportequation,the rate equations,
and the heat diffusion equation are solved using two different tech-
niques:an iterativescheme28 anda predictorcorrectormethodcalled
Fromm’s scheme.21;34 Time-step size of 1t D 1:38 £ 10¡17 s and
spatial-stepsize 1z D 4 £ 10¡7 cm are used in the Fromm’s scheme,
which is second-order accurate in space and � rst-order accurate in
time. A predictor step advances the solution from t to (t C 1t=2),
followed by a corrector step from (t C 1t=2) to (t C 1t ). The itera-
tion technique, on the other hand, uses a fully implicit scheme with
an order of accuracy of 1t and 1z similar to Fromm’s scheme. In
the iterative technique when the percentage difference between the
current value of a parameter and its previous iteration value is less
than 0.3%, the convergencecriterionis met. The valuesof the spatial
grid size and temporal node size for both techniques are varied by
one order in either direction, and the results are found to be stable
and converging.

One of the key features in this study is considerationof the tran-
sient natureof the intensitydistributionwithin thedielectricfor laser
ablation caused by multiple laser pulses. Figure 2 represents the
difference in the temperature distribution obtained for the transient
and the steady-state analysis having tp D 500 fs, Á D 25 mJ/cm2,
¿2 D 10 ps, td D 0, Ea D 0:75 eV, ¾2 D 50 £ 10¡17 molecules/cm2

(s D 10), and · D 1:55 £ 10¡3 W/cm ¢ K. The transient analysis is
required for the case of short-pulse lasers when the pulse width is
in the same order as the time required for the laser pulse to propa-
gate within the medium.27;29 The retention of the transient term in
Eq. (4) affects the temperature distribution in the medium at large
times compared to the laser pulse width. The steady-stateresults are
obtained by dropping the transient term (� rst term) on the left-hand
side of Eq. (4). There is a signi� cant difference in the temperature
distribution between steady-state and transient cases particularly
closer to the surface, as seen in Fig. 2. The steady-stateor parabolic
formulation underpredicts the temperature particularly at the sur-
face. Because the surface temperature is directly related to ablation
depth, this has wide impact in the analysis of ablation characteris-
tics of dielectrics. The use of accurate transient radiative transport
formulation implies that less energy is required to ablate a certain
amount of the material for a particular pulse width compared to
the steady-state analysis. Without the correct model one could use
higher � uence or energy than the required threshold value to ablate
a given volume of the material.

In pulsed laser heating of dielectrics, the concept of two heating
regimes,namely, the lengthscale regime and the insuf� cient heating
regime arises.Many parameterssuch as activationenergy,excitation
levelof chromophoresuponphotonabsorption,and thermalconduc-

Fig. 3 Comparisonof the temperature distributionbetween singleand
two successive laser pulses; two- and three-level chromophore system;
iterative technique and Fromm’s scheme: td = / , tp = 500 fs, ¾1 = 5 £ £
10¡ 17 cm2, ¾2 =50 £ £ 10¡ 17 cm2 , ¿1 = 50 ps, ¿2 = 10 ps, Átwo =
25 mJ/cm2, Ásingle = 50 mJ/cm2, and · = 0.

tivity determine the heating regime. Depending upon the heating
regime, there exists a relation between ablation depth and other ab-
lation characteristics,namely, the penetrationdepth (or the heat af-
fected regionwithin thematerial) and the surfacetemperature.In the
length scale regime the ablation depth is dictated by the penetration
depth,which implies that thehigher thepenetrationdepththe greater
the ablation depth. On the other hand, in the insuf� cient heating
regime the maximum surface temperature is the dominant parame-
ter, and a higher temperature would imply greater ablation depth.

To ensure accuracyof the Fromm’s scheme formulation, the tem-
peraturedistributionsin the mediumare � rst obtainedfor the steady-
state formulationusing the Fromm’s scheme by neglectingthe abla-
tion front velocity [i.e., by dropping the � rst term on the right-hand
side of Eqs. (1), (2), and (5)] and compared with the existing re-
sults in the literature.25 The temperature pro� les overlap each other.
This matching with the existing results is critical in order to test the
accuracy of the Fromm’s scheme.

Figure 3 presents the comparisonbetween the two computational
techniquesused,namely,Fromm’s schemeand the iterationscheme.
The parameters used are tp D 500 fs, ¿2 D 10 ps, Ea D 0:75 eV,
Á D 25mJ/cm2, ¾2 D 50 £ 10¡17 molecules/cm2 (s D 10), and· D 0.
The results are found to match closely for the two schemes. There-
fore the results from Fromm’s scheme are only presented hence-
forth, as it is computationally faster than the fully implicit itera-
tive scheme. The � gure also presents the comparison between the
temperature distributionfor a single pulse and two successive laser
pulses,havinga delay time betweenpulses td equal to in� nity.Delay
time td D / implies it is greater than the maximum relaxation time
for the chromophores,but much shorter than the heat diffusion time.
A two-level energy absorptionmodel is consideredwith the � uence
for a single pulse being double that of the case for two successive
pulses. The results show a higher surface temperature for the two
pulses than the single pulse. The � gure also shows the temperature
distribution for the case where two successive laser pulses excite
the molecules to the second excited level as shown in Fig. 1 and
which corresponds to a three-level system. It is evident from the
� gure that in the two-level system the microscopic energy transfer
increasesthe penetrationdepthof the laser radiationand reduces the
peak surface temperaturesigni� cantly. This implies that the heat af-
fected zone for a two-level system would be greater than that for a
three-level system. This in turn signi� es that the ablation depth for
a two-level system is greater than that for a three-level system in
the length scale regime. On the other hand, the surface temperature
for a three-level system is much higher than the two-level system.
Therefore, in the insuf� cient heating regime the ablation depth for
the three-level system is greater than that of the two-level system.
The emphasis of this paper is on a three-level system for the case of
insuf� cient heating regime as it is of more practical signi� cance.25
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Fig. 4 Ablation depth for various delay times between pulses:
tp =500 fs, ¾1 = 5 £ £ 10 ¡ 17 cm2, ¾2 = 50 £ £ 10¡ 17 cm2, ¿1 = 50 ps,
¿2 = 10 ps, Á = 25 mJ/cm2 , and · = 1:55 £ £ 10¡ 3 W/cm¢ K.

Fig. 5 Temperature distribution for various laser � uence: Ea =
0:75 eV, td = 0 ps, tp = 500 fs, ¾1 = 5 £ £ 10¡ 17 cm2 , ¾2 = 50 £ £ 10¡ 17 cm2,
¿1 = 50 ps, ¿2 = 10 ps, and · = 1:55 £ £ 10¡ 3 W/cm¢ K.

The length scale regime and the insuf� cient heating regime pro-
duce two types of ablation characteristics,which correspond to the
relation between ablation depth and pulse delay. The two different
types of ablative mechanisms observed are bleaching and darken-
ing. In the suf� cient heating regime, if the ablation depth increases
with the increase in delay time, and in the length scale regime, if the
opposite trend is observed, the mechanism for ablation is said to be
bleaching. Whereas for darkening phenomena, the ablation depth
decreases with the increase of delay time in the insuf� cient heating
regime, and the opposite characteristics are observed in the length
scale regime.

Figure 4 presents the ablation depth as a function of the de-
lay time for tp D 500 fs, ¿2 D 10 ps, Ea D 0:75 and 1.5 eV, Á D
25 mJ/cm2, ¾2 D 50 £ 10¡17 molecules/cm2 (s D 10), and · D
1:55 £ 10¡3 W/cm ¢ K. The lower the activation energy, the higher
the ablation depth for the same � uence for both steady and hyper-
bolic cases. Also the ablation depth increases with the increase in
the delay time, which implies a bleaching phenomenon for the in-
suf� cient heating regime. The ablation depth for Ea D 1:5 eV is
negligibly small for the steady-state case and hence not shown in
the � gure. Thus the use of the steady-state formulation instead of
the physicallyrealistic hyperbolicor transientformulationof the ra-
diative transportequationwill underpredictthe ablationdepth of the
material for given laser and material properties, and this will have
wide impact in analyzing laser-materialprocessing applications.

The threshold � uence necessary to ablate the material also
has an impact on the ablation characteristics as already in-
dicated. Figure 5 shows the parametric study of � uence Á
for td D 0, tp D 500 fs, ¿2 D 10 ps, Ea D 0.75 eV, ¾2 D 50

Fig. 6 Temperature distribution for various laser pulse width: Ea =
0:75 eV, td = 0 ps, ¾1 = 5 £ £ 10 ¡ 17 cm2 , ¾2 = 50 £ £ 10¡ 17 cm2, ¿1 =
50 ps, ¿2 = 10 ps, Á = 25 mJ/cm2 , and · = 1:55 £ £ 10 ¡ 3 W/cm¢ K.

Fig. 7 Temperature distribution for various delay times between
pulses: Ea = 0:75 eV, tp = 500 fs, ¾1 = 5 £ £ 10¡ 17 cm2 , ¾2 = 50 £ £
10¡ 17 cm2 , ¿1 = 50 ps, ¿2 = 10 ps, Á = 25 mJ/cm2 , and · = 0.

£ 10¡17 molecules/cm2 (s D 10), and · D 1:55£ 10¡3 W/cm ¢ K.
Different values used are Á D 2:5 mJ/cm2 , 25 mJ/cm2, and
50 mJ/cm2 . The results show a considerablevariation in the surface
temperature for different values of � uence. Increase in the � uence
causes a signi� cant rise in surface temperature as evident from the
� gure.

Figure 6 depicts the temperature variation within the dielec-
tric for different pulse widths keeping the � uence constant.
The parameters used are Ea D 0:75 eV, Á D 25 mJ/cm2 , ¿2 D
10 ps, td D 0, ¾2 D 50 £ 10¡17 molecules/cm2 (s D 10), and · D
1:55 £ 10¡3 W/cm ¢ K. Shorter pulse width implies higher peak in-
tensity of the laser pulse. The results indicate shorter laser pulses
yield a higher temperature at the surface, with a reduction in the
heat-affected region.

Figure 7 shows the temperature distribution in the medium for
three different delay times between pulses. The parameters used
are Ea D 0:75 eV, Á D 25 mJ/cm2 , tp D 500 fs, ¿2 D 10 ps, ¾2 D
50 £ 10¡17 molecules/cm2 (s D 10), and · D 0. It is seen as the de-
lay time is increased from 0 to 1 it results in an increase in the
maximum surface temperature. The higher the surface temperature
the higher the ablation depth, and this corresponds to bleaching
phenomena in the insuf� cient heating regime.

The relaxation time for transitionof chromophoresfrom a higher
excited level to a lowerenergy level ¿2 also has impact on thebleach-
ing and darkening phenomena. Figure 8 shows the effect of varia-
tion of the relaxation time ¿2 on the nondimensional temperature
distribution within the medium for Ea D 0:75 eV, Á D 25 mJ/cm2,
tp D 500 fs, ¾2 D 50 £ 10¡17 molecules/cm2 (s D 10), and · D 0 for
two differentdelay times betweenpulses,i.e., 1 and0 ps.The � gure
depicts that for ¿2 D 10 ps the maximum surface temperature and
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Fig. 8 Temperature distribution for various material relaxation times
and delay times between pulses: Ea = 0:75 eV, tp = 500 fs, ¾1 =
5 £ £ 10 ¡ 17 cm2, ¾2 = 50 £ £ 10¡ 17 cm2, Á = 25 mJ/cm2, and · = 0.

Fig. 9 Temperature distribution for various material thermal con-
ductivity: Ea = 0:75 eV, td = 0 ps, tp = 500 fs, ¾1 = 5 £ £ 10 ¡ 17 cm2 , ¾2 =
50 £ £ 10¡ 17 cm2 , ¿1 = 50 ps, ¿2 = 10 ps, and Á = 25 mJ/cm2 .

hence the ablation depth corresponding to td D 1 is greater than
that for td D 0, which corresponds to the bleaching phenomenon.
On the other hand, for ¿2 D 20 fs the opposite behavior of the de-
crease of the surface temperature with increase in delay time is
noticed, which corresponds to the darkening characteristics for in-
suf� cient heating regime. This study reveals that for darkening to
occur, fast relaxation for the higher energy level chromophores
should take place, i.e., ¿2 should be in the order of 0 to 0.01tp

(Ref. 25).
Figure 9 presents the plot of the temperature distribution

within the dielectric for different values of thermal conductiv-
ity equal to 1:55 £ 10¡2 W/cm ¢ K, 1:55 £ 10¡3 W/cm ¢ K, 1:55 £
10¡3 W/cm ¢ K, and 0. The other parameters used are tp D
500 fs, Á D 25 mJ/cm2, ¿2 D 10 ps, td D 0, Ea D 0:75 eV, and ¾2 D
50 £ 10¡17 molecules/cm2 (s D 10). For · D 0 the material behaves
as a perfect insulator. This results in an increase of the surface tem-
perature because of localized heat deposition within the medium.
For lower values of thermal conductivity, the temperature pro� les
show a higher value at the surface as well as a smaller heat affected
zone. This characteristic is desirable in some cases.

The effect of the variation of the absorption cross section of
molecules on the temperature distribution is shown in Fig. 10.
The absorption cross section of molecules at the � rst excited level
that causes transition to the second excited level is varied and
that at the ground state is kept constant. The different values of
s used are 2, 4, and 10. Other values of parameters used are
t p D 500 fs, Á D 25 mJ/cm2 , ¿2 D 10 ps, td D 0, Ea D 0:75 eV, and
· D 1:55 £ 10¡3 W/cm ¢ K. The higher the value of s, the higher the

Fig. 10 Temperature distribution for various absorption cross sec-
tion of molecules: Ea = 0:75 eV, td = 0 ps, tp = 500 fs, ¾1 = 5 £ £
10¡ 17 cm2 , ¾2 = s¤ ¾1, ¿1 = 50 ps, ¿2 = 10 ps, Á = 25 mJ/cm2, and · =
1:55 £ £ 10 ¡ 3 W/cm¢ K.

concentrationof the chromophoresin the second excited state. This
results in a higher surface temperaturewith the increase in the value
of s.

IV. Conclusions
This research is one of the � rst studies, where the effect of two

successive short laser pulses on the ablation characteristics for ab-
sorbingdielectrics is analyzedusing the transientradiative transport
equation. Because of the rapid deployment of short-pulse lasers in
various engineering applications particularly material processing,
this study could be used to determine the optimum process parame-
ters needed for ablation of material. It is demonstrated that the dif-
ferentmaterial propertiesand the laser parametersconsideredin this
paper affect the temperature distribution within the dielectric and
the ablationdepthof the material.Further researchwork is neededto
investigate the effects of temperature dependent thermal constants
and use of phototphysicalmodel, which assumes a decrease in abla-
tion activation energy of the material caused by photon absorption,
instead of a photothermal model, where the activation energy is as-
sumed constant. Direct comparison of the numerical results with
the experiments, which are currently being conducted, will be also
undertaken.
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