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a b s t r a c t

A two-dimensional numerical model has been developed simulating the process of laser based surface
etching of Thoria targets via pulsed laser ablation enabling their surface preparation for subsequent
metallographic investigation. The heat conduction equation solved by an explicit finite difference method
provides simulated data on the temperature distribution at the surface and within the target, melt depth
and evaporation rate from the target as a function of time, during and after the laser pulse. Calculations
have been performed for laser and target parameters corresponding to experimental conditions matching
our reported experimental observations on pulsed laser etching of Thoria pellets via laser ablation. The
calculated maximum surface temperature reached by the laser treated Thoria target exceeds the esti-
mated value of thermodynamic critical temperature of Thoria. Thus, our results on simulation of pulsed
laser ablation for an average laser flux of 10 J/cm2 delivered by a 10 ns Nd:YAG laser pulse corresponding
to a peak laser intensity of 3.87 � 109 W/cm2 suggest, that explosive boiling could probably be an addi-
tional material-removal mechanism other than normal boiling and evaporation when surface etching
Thoria with such intense laser radiation. Since explosive boiling is usually accompanied by intense mate-
rial ejection, this mechanism of material-removal should be avoided to ensure minimum induced target
damage associated with the technique of laser based etching. Our calculations thus help us to make a
proper choice of laser parameters facilitating subsequent metallographic investigation of laser etched
Thoria fuel pellets, at the same time, minimizing unwanted associated thermal effects such as target
damage through crater formation, as has been experimentally observed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Fuel used for nuclear reactors are usually in the form of ceramic
oxide pellets [1]. When exposed to the high temperatures, high
temperature gradients, fission products and high radiation levels
within the reactor, both fuel and cladding material are likely to un-
dergo complex thermal and chemical changes. Thus, structural
integrity of these fuel pellets as well as that of their clad material
is highly susceptible to damage given the extreme conditions to
which these fuel elements are subjected inside the reactor. In fact,
irradiation damage and thermal stress have been observed to re-
sult in extensive environment assisted cracks within the fuel-clad
structure [2,3]. Therefore, periodic inspection and post irradiation
examination of spent nuclear fuel, aimed towards evaluating and
improving the performance and safety of the nuclear reactor, need
to be carried out on a regular basis.

Metallographic investigation of the irradiated fuel pellets typi-
cally inspects the granular microstructure, grain boundaries and
extent of porosity within these irradiated fuel pellets. Such metal-
lographic investigation require prior surface preparation of these
pellets involving the process of surface etching which reveals the
ll rights reserved.
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microstructure and the grain boundaries in the solid fuel elements.
Since irradiated fuel pellets often develop cracks vacuum impreg-
nation of the fuel element sections with an epoxy compound be-
comes necessary that fixes the cracked fuel pieces together
holding them in position prior to metallographic investigations.
In case of irradiated Thoria pellets conventional etching techniques
such as thermal etching or chemical etching methods [4–6] affect
this binding epoxy compound resulting in disintegration of the
Thoria pellet. Therefore, both these etching techniques prove to
be inappropriate for surface preparation of irradiated Thoria pel-
lets. However, recently laser based etching has been reported as
a potential alternative etching technique that has successfully re-
vealed the microstructure of Thoria fuel elements thus enabling
their subsequent metallographic investigation [7]. This laser based
etching technique permits strongly localized heat or photo-treat-
ment of materials and thus has several advantages as compared
to conventional etching techniques. It does not involve use of
chemical reactants, thereby minimizing waste generation. In addi-
tion, it benefits enormously from the typical characteristics of laser
radiation, namely, remote processing capability, excellent spatial
and temporal resolution of etched surface on account of high
intensity and directionality of the processing laser beam. Etching
rates with lasers strongly depend on the microstructure and mor-
phology of the material and its optical and thermal properties, in
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addition to laser parameters such as irradiance, pulse duration,
pulse repetition frequency and laser wavelength.

Primary interaction between light and matter occur through
non-thermal energy coupling either via elementary excitations in
the medium that are optically active or through localized or non-
localized electronic or vibrational excitations that are related to de-
fects, impurities or to the solid surface [8]. Depending on the ex-
tent of electron–phonon coupling in the solid this absorbed
energy gets transferred, thereafter, to the lattice, leading to strong
lattice vibrations within the solid, heating and subsequent thermal
ablation from the etched surface. Although, laser based etching can
occur both, due to thermal and non-thermal ablation, ablation in-
duced by laser pulses of nanosecond or longer pulse duration are
largely thermal in nature. Significant surface etching via pulsed la-
ser ablation has been observed to occur only if the laser fluence ex-
ceeds a certain threshold value uth, that strongly depends on the
material being etched and also the laser parameters. Another ma-
jor advantage typical of pulsed laser ablation is associated with
minimum dissipation of energy beyond the volume being ablated
during the pulse, and this limits the heat affected zone and associ-
ated collateral damage. Typically, this condition is fulfilled if the
thickness of the layer ablated per laser pulse is of the order of
the heat penetration depth, or the optical penetration depth,
whichever is larger. In order to achieve an optimum quality of
etching of Thoria samples via laser ablation thereby successfully
revealing their microstructure with good reproducibility, and with
minimum associated target damage, the ablation mechanism
needs to be well understood.

Laser ablation is a technique having potential, as well as, estab-
lished applications in a wide range of scientific and industrial
areas. These include pulsed laser deposition and thin film genera-
tion, surface treatment, micromachining, clusters and nanoparticle
formation, medical applications, as also use of laser ablation in sev-
eral analytical techniques where this technique is used for both,
sample preparation and analysis [8,9]. However, in spite of the
many applications, the exact mechanism of laser ablation remains
yet to be fully understood. This happens largely due to the fact that
the actual mechanism through which laser energy gets coupled
and subsequently dissipated in the target medium differs for dif-
ferent application processes, depending on the type of material
being processed, operation parameters of the processing laser
and also the prevailing ambient conditions. As identification and
understanding of the relevant material-removal mechanism is
the key to accurately estimating ablation rates for a given laser
irradiance, there exists a need to develop an appropriate theoreti-
cal model for the process that can reliably predict the application
technique.

Several experimental observations over the years have pro-
vided valuable insights into the fundamental processes involved
in laser ablation and a variety of theoretical models have been
proposed explaining these experimental observations [10–17].
The process of laser ablation broadly consists of deposition of en-
ergy into the material, subsequent modification of the material in-
duced by the laser pulse and finally the features of the ablated
vapor including plasma formation, in case of processing being
done using an intense enough laser beam. Depending on the laser
irradiance, material removal occurs either in the form of fine va-
por, liquid droplets or even solid flakes and fragments [8]. In order
to describe these complex mass removal mechanisms via laser
ablation, it is necessary to know the extent of absorption of laser
radiation in the target, resultant heating of the solid target leading
to ablation of the target material either through normal vaporiza-
tion, boiling or under super-heated condition of the target when
material removal occurs through hydrodynamic instability and
explosive boiling, largely when high fluence laser pulses are uti-
lized [16,18].
We report here, our efforts towards development of a numerical
model describing the process involved in laser based etching of
Thoria via pulsed laser ablation. This, to the best of our knowledge,
is the first report on theoretical simulation of laser ablation of Tho-
ria. In keeping with our experimental observations related to the
specific application of laser based surface preparation of Thoria
pellets for metallographic investigations [7], we have considered
the particular case where a nanosecond pulsed laser is utilized to
laser ablate Thoria fuel pellets. Through this simulation model
we seek to develop an understanding of the process of laser based
etching of Thoria and make theoretical estimates of process fea-
tures such as time evolution of temperature distribution in the tar-
get, melt depth and ablation rates. Such a simulation study would
enable us to judiciously choose laser operating parameters opti-
mizing the process of laser etching, ensuring at the same time a
minimum heat loading and laser induced damage to the Thoria tar-
get. Given the fact that very few reports exist in literature enumer-
ating the material physical properties of Thoria such as its optical
and thermal properties, we have started with a simple model for
laser ablation of Thoria in vacuum using a nanosecond laser utiliz-
ing the limited available data on Thoria.
2. Theoretical model

2.1. Model description

When a high power laser beam is incident on a target, the target
absorbs the laser energy, gets heated and vaporizes. If the vapor
formed is significantly energized on absorbing the incident laser
beam it can subsequently be ionized leading to plasma formation.
Therefore, interaction of high-intensity laser pulse with a target
surface is quite a complex physical process involving laser-surface
interactions at the target and plasma formation. We have however,
for the sake of simplicity, neglected ionization of vapor and plasma
formation in the simulation being presented here. Or in other
words, the vapor plume has been assumed to be optically thin,
thereby implying that absorption of the incident laser beam in
the ejected plume is negligible. Along with vapor cloud formation
on laser induced heating of a solid target there could also occur a
reverse flow of vapor from the cloud back to the target surface ow-
ing to collisions of particles within the cloud. However, this back
flux of vapor, whose magnitude varies from zero for a collision-less
expansion to a value corresponding to stationary expansion into
vacuum, has been neglected in our model [8].

When the laser beam is focused on the solid target, a fraction of
the laser radiation gets reflected or scattered, while, the remaining
gets absorbed by the target resulting in heating of the target fol-
lowed by melting and evaporation. This description of the laser-so-
lid interaction is essentially on a macroscopic scale and involves
the thermal heat conduction equation. The process by which laser
energy gets coupled into the target medium varies depending on
the laser pulse duration and the nature of the target medium. For
nanosecond pulsed laser interaction with the target, optical energy
deposited in the medium can be regarded as being instantaneously
turned into heat, largely because of rapid energy relaxation from
the excited electrons in the solid target to the target lattice pho-
nons, which typically occurs on time scales of a few 100 ps [19].
However, for picosecond and femtosecond laser pulses, electron
energy cannot be regarded to instantaneously convert into heat
and in that case, a two-temperature model is usually considered
to describe the coupling of the electron temperature and the lattice
temperature [20].

Assuming an ablation process that is purely thermal in origin,
ablation can occur via vaporization or explosive boiling in the time
scale of nanosecond pulse duration of processing laser. However,
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explosive boiling only occurs when the target temperature near the
critical temperature values are reached for the solid material [21–
23]. For temperatures distinctly lower than this critical tempera-
ture ablation mechanism is primarily via vaporization.

Once, laser energy has been deposited into the target, the resul-
tant distribution in temperature T, in the absence of convective and
radiative energy transport, is described by the heat conduction
equation, which in two dimension is written as:

qðTÞCpðTÞdTðx; z; tÞ=dt ¼ r½jðTÞrTðx; z; tÞ� þ Qðx; z; tÞ ð1Þ
Table 1
Parameters for ThO2 – input data used for our model.

Parameters Values for ThO2 Refs.

Thermal conductivity, j
(W cm�1 K�1)

0.06 (at 500 K) 0.03 (at
1000 K)

[25,28]

Specific heat, Cp (J gm�1 K�1) 0.23 (at 300 K) 0.3349 (at
1000 K)

[25,28]

Mass density, q (gm cm�3) 9.8 [25,28]
Absorption coefficient, a (cm�1) 1.4226 � 104 [24,29,30]
Reflectivity used in model, R 0.5 [24,29]
Melting point, Tm (K) 3493 [25,28]
Boiling point, Tb (K) 4673 [25,28]
Heat of fusion, DHsl (J g m�1) 0.398 � 103 [25]
Heat of vaporization, DHlv

(J g m�1)
2.108 � 103 [25]

Table 2
Laser parameters – input data for our model.

Nd:YAG laser parameters Value

Wavelength, k (nm) 532
Pulse temporal profile, and pulse duration – full width at

half maximum, FWHM (ns)
Gaussian,
FWHM = 5

Pulse peak, t0 (ns) 20
Spatial profile – FWHM (lm) Gaussian,

FWHM = 420
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Fig. 1. Geometry for laser ab
where x and z are space coordinates, z depicting depth, i.e., spatial
coordinate in the direction normal to the target surface while, x de-
notes space coordinate in the transverse plane. q, Cp and j are mass
density, specific heat at constant pressure, and thermal conductivity
of the target material. The first term on the right hand side of above
equation represents heat conduction, while the source term de-
noted by Q(x, z, t) represents the laser energy absorbed by the target
sample. This is expressed as:

Qðx; z; tÞ ¼ ISðx; tÞð1-RÞa expð�azÞ ð2Þ

where R and a are the reflectivity and the absorption coefficient of
the target surface and bulk material at the incident radiation
wavelength characterizing the processing laser. IS(x, t) denotes the
instantaneous laser irradiance at the sample surface determined
by the temporal and spatial profile of the incident laser pulse. For
our experimental laser surface etching system a pulsed Nd:YAG
laser operating at its second harmonic wavelength of 532 nm has
been employed [7]. The temporal profile of the laser pulse is
typically depicted by a Gaussian in time having a full width at half
maxima (FWHM) of 5 ns.

Pulsed laser ablation with short laser pulses permits suppres-
sion of heat dissipation beyond the volume being ablated. Optical
penetration depth or absorption length of laser radiation in the tar-
get is defined by labs = 1/a [8] where a is the absorption coefficient
of laser radiation within the target material. In case of Thoria, labs is
typically of the order of 0.7 lm [24]. The thermal diffusion length
in Thoria defined by lth �2(DsL)1/2, where D is the heat diffusivity of
the target material defined by D = j/qCp, sL is the laser pulse dura-
tion [8], and this in case of Thoria lies in the region of 0.28 lm [25].
Since, both these characteristic lengths that determine the volume
of interest within the target, are much smaller than the typical la-
ser beam diameter (700 lm) irradiating the target surface being
processed, lateral heat flow can be ignored and the heat conduction
equation can be broadly solved in one dimension in space, i.e., the
depth dimension.
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Fig. 3. Calculated temporal evolution of peak temperature at laser treated Thoria
target surface for an incident peak laser intensity of 3.87 � 109 W/cm2 and average
laser flux of 10 J/cm2.
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Fig. 2. Temporal profile of the incident laser pulse used for etching of Thoria.
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In our experimental set-up, the laser beam utilized for laser
etching of Thoria has a spatial distribution of irradiance in the
transverse direction, within the laser spot. This is represented by
a Gaussian distribution in a plane transverse to the direction of
propagation of the laser beam. The spatial variation in irradiance
distribution results in variation of the source term Q across the
transverse plane, and this has been accounted for in our simulation
model by dividing the transverse plane into several concentric
rings with each annular region having an appropriate source term
IS(x, t).

2.2. Explicit finite difference method

In order to simulate ablation of Thoria, the heat conduction
equation (1) is solved as a function of time during and after the la-
ser pulse by an explicit finite difference technique. Solving the heat
conduction equation determines temperature T reached at various
positions on the target surface as also within its bulk at various
time instants due to energy deposited by the processing laser in
the target material. The target, for this purpose is represented by
a mesh of finite elements that are subject to change with time to
account for simulation of material removal.

When the temperature at a certain depth in the target exceeds
the melting point of Thoria, the target begins to melt, the local
temperature remaining constant while phase transition takes
place. Heating of molten Thoria is calculated using data on molten
Thoria, wherever available [25]. In molten phase, convection is
usually induced by the presence of a thermal gradient. Although,
this effect leads to an additional heat transport mechanism, for
simplicity we have neglected convection in our model. Melting be-
gins on the surface of the target and the melt front gradually moves
into the target depth as the temperature inside the target rises and
exceeds the melting point.

The initial temperature all over and within the target is as-
sumed to be 300 K. If the temperature of a mesh element exceeds
the melting temperature of Thoria at the end of a particular time
step, melting is assumed to have occurred and latent heat of fusion
or heat of melting (DHsl) is taken into account in the following cal-
culation time steps. Similarly, when the temperature of the surface
elements is comparable to the boiling temperature of the target
material, substantial ablation is assumed to occur. When this hap-
pens an ablation depth h is estimated and compared with the ele-
ment thickness, Dz. If h > Dz, the element is assumed to have
vaporized and the surface temperature of the remaining target is
accordingly corrected taking into account the latent heat of
vaporization.

When temperature at the surface becomes higher than the boil-
ing point significant vaporization of the target occurs. The vapor
pressure (pvap) of the ablated vapor is calculated from the surface
temperature, by integrating the Clausius–Clapeyron equation [8],

pvap½Ts� ¼ p0 exp½DH1vðTs � TbÞ=RTsTb� ð3Þ

where Ts and Tb are the surface temperature and the normal boiling
point at pressure p0 = 1 atm, DHlv is the latent heat of vaporization,
and R is the gas constant.

Having calculated the vapor pressure pvap, vapor density at the
surface (qvap,s) is calculated assuming the ideal gas law:

qvap;s ¼ pvap=KBTs ð4Þ

where KB is the Boltzmann constant.
Assuming that the vapor atoms leaving the surface obey a one-

dimensional Maxwellian velocity distribution, the flow velocity of
vapor atoms above the ablated target surface (vvap,s) can be approx-
imated by the average of the normal velocity component at tem-
perature TS [26],
ðvvap;sÞ ¼ ½2KBTS=pm�1=2 ð5Þ

where m is the mass of a Thoria molecule. The flow of material
vaporized from the surface resulting in ablation is estimated using
Eqs. (3)–(5).
2.3. Laser and target parameters – inputs for simulation

Of the incident laser irradiance on the Thoria target surface, a
fraction is reflected while, the remaining irradiance is gradually ab-
sorbed in the target, the penetration depth of laser radiation in the
target material being determined by the absorption coefficient of
laser radiation in the target. At the start of laser processing of the
target, the extent of laser radiation that is scattered away by the
target surface can be reduced by suitably polishing the surface.
However, this scattered component can increase rapidly during la-
ser ablation. This is attributed to surface roughening due to the in-
creased surface temperature resulting in surface melting and
removal of surface layers [8,27]. However, in the absence of accu-
rate estimates for the varying value of surface reflectivity of the
target Thoria pellets being laser etched, we have used a constant
value of 0.5 for surface reflectivity.

All physical parameters used as input data in the model are pre-
sented in Tables 1 and 2. In our model, nonlinearities in material



S. Sinha / Journal of Nuclear Materials 396 (2010) 257–263 261
parameters such as absorption coefficient have been neglected and
the thermal properties of the target material have been assumed to
be temperature dependent only in the temperature range for
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Fig. 4. Calculated variation of melt depth in laser treated Thoria target during and
after the laser pulse for average incident laser flux of 10 J/cm2.
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Fig. 5. Calculated temperature distribution in the Thoria target at varying depths as a fun
radiation at 532 nm and peak intensity of 3.87 � 109 W/cm2.
which data on temperature dependence of physical parameters
for ThO2 are available in literature [25].

The geometry used for simulation being reported in this work is
illustrated in Fig. 1. Owing to the axial symmetry of the problem
and in order to minimize computer processing time, temperature
in the processed region of the target is simulated only over one half
of the target in the transverse plane. Thus simulation is done over a
total target volume extending to 3 lm in depth and 600 lm in
transverse or radial dimension with respect to the axis of the prop-
agating laser beam. The size of the mesh in the depth dimension
was taken to be 4 nm corresponding to a time step of 1 ps to com-
ply with the stability condition associated with the explicit finite
difference technique employed in this simulation. The mesh
dimension in the transverse direction was chosen to be 10 lm to
account for the Gaussian nature of the spatial profile of the inci-
dent laser beam.

The reflectivity (R) and absorption coefficient a for Thoria were
calculated from the real and imaginary parts of the refractive index
n and k from Refs. [24,29,30] and using the following equations:

a ¼ 4pk=k; and R ¼ fðn� 1Þ2 þ k2g=fðn ¼ 1Þ2 þ k2g

where k is the wavelength of the incident laser.
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The latent heat of fusion or melting and the latent heat of vapor-
ization of Thoria has been obtained from Refs. [25] and [28] which
also provides DHsl and DHlv as a function of temperature.
Fig. 6. Laser etched Thoria pellet: (a) SEM image showing damaged regions evident
in the lower part of the image that have been subjected to intense laser radiation
owing to presence of hotspots in laser beam; (b) SEM image of nanosecond laser
etched Thoria surface showing good quality surface etching and clearly revealing
grain structure.
3. Results and discussion

Solution of the heat equation gives estimates of the tempera-
ture distribution within the laser treated target at various time in-
stants. The calculations were performed for a Gaussian shaped
laser pulse having a full width at half maximum of 5 ns and peak
laser irradiance of 3.87 � 109 W/cm2 at 20 ns (Fig. 2). Intensity dis-
tribution in the transverse plane within the focused laser spot is
also closely depicted by a Gaussian distribution having a full width
at half maximum of 420 lm. When time and space integrated over
the entire laser pulse, these laser parameters yield an average flu-
ence of 10 J/cm2 in the focused laser beam. The laser wavelength
was taken to be 532 nm corresponding to the second harmonic
emission from a Nd:YAG laser. Our experimental observations on
laser etching of Thoria used a single shot of laser pulse [7]. Hence
calculations reported here have been carried out for laser based
etching using a single laser pulse.

Simulation results showing the temporal evolution of the max-
imum temperature at the surface of the target being etched is de-
picted in Fig. 3, which depicts the peak temperature attained at the
center of the irradiated spot on the Thoria surface during and after
the laser pulse. With the incident laser pulse depositing energy to
the target the temperature at its surface increases with a time con-
stant that is largely determined by the material thermal parame-
ters such as conductivity, and specific heat as well as optical
properties such as absorption coefficient and surface reflectivity
of target at the incident laser wavelength. In the absence of abla-
tion, at the end of the laser pulse the target surface temperature
is expected to gradually drop with heat being conducted away
from the surface into the bulk of the target at a characteristic rate.
However, when laser induced ablation occurs, both latent heat of
melting and evaporation is provided by the laser heated target,
thus resulting in a rapid drop in surface temperature at the end
of the laser pulse.

In Fig. 4 is shown the time evolution of the maximum melt
depth in the target as the laser pulse deposits energy into it. During
the initial stages the maximum melt depth increases rapidly clo-
sely following the rising edge of the laser pulse. Thereafter, the
maximum melt depth is maintained at a nearly constant value
even when the laser pulse is long over. The energy deposited and
stored within the irradiated volume of target is gradually dissi-
pated into the bulk, largely through conduction, which is rather
slow in this case owing to the poor conductivity value of the target.

If energy stored within the irradiated volume of the target is
large, melting and ablation may continue for a certain interval of
time much after the laser pulse is over. After the end of the laser
pulse only that part of the target whose temperature is high en-
ough will ablate. The layer thickness ablated per laser pulse de-
pends largely on the particular material under investigation, laser
pulse duration and the laser fluence u. Typically, dissipation of en-
ergy by heat conduction is characterized by the time tT � z2

0=4D
and the process of ablation is characterized by a time tA � z0/vst,
where z0 is the typical thickness of the overheated layer of the tar-
get material, D is the diffusivity of the material and vst is the veloc-
ity of the evaporation front. When tT > tA a layer of thickness z0 may
be ablated even after the laser pulse is over [8].

Temperature distribution in the laser treated target as a func-
tion of time during and after the laser pulse was obtained along
the radial direction at various depth values within the target. These
are depicted in Fig. 5. At 15 ns the surface temperature of the target
(2000 K) is lower than the melting temperature of ThO2 thus no
molten pool is generated. At 20 ns the peak surface temperature
of the target rises to 11,500 K (Fig. 3) resulting in considerable
ablation and material removal from the etched surface. Along with
ablation a fraction of energy is removed as latent heat of vaporiza-
tion. Thus the temperature drops substantially and at 25 ns the
temperature distribution in the target at varying depths (Fig. 5c)
reflects this effect with peak surface temperature falling to
8000 K at 25 ns (Fig. 3). The maximum ablation depth (about
2 lm) is reached at around 40 ns. Beyond 40 ns when the laser
pulse is almost over, the temperature of the laser irradiated region
falls gradually, reaching a peak surface temperature slightly
exceeding 4000 K at 100 ns. The temperature in this time range
continues to decrease mainly due to conduction of heat into the
bulk of the target material.

During pulsed laser ablation of solids, three mechanisms are
generally observed that are of thermal origin: normal vaporization,
normal boiling and explosive boiling (phase explosion) [18,21]. For
nanosecond laser pulses, the regime of normal vaporization leads
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to phase explosion with increasing laser fluence when the irradi-
ated matter approaches the thermodynamic critical point, i.e.,
when the target temperature reaches temperatures near the ther-
modynamic critical values of the material [22]. Although, our mod-
el assumes a purely vaporization based material ablation,
occurrence of explosive boiling at extreme temperatures is also a
possibility. A large increase in ablation rate accompanied by ejec-
tion of droplets and fragments generally indicates onset of explo-
sive boiling [18,21]. In order to determine whether explosive
boiling could also contribute to material removal during the pro-
cess of laser based etching of Thoria, the critical temperature of
ThO2 needs to be estimated first. In the absence of reported data
on measured critical temperature of ThO2, we used estimates of
the thermodynamic critical temperature for ThO2 using empirical
equations based on the boiling temperature and the latent heat
of vaporization [23]. The critical temperature for ThO2 estimated
using these empirical equations was found to range between
9500 K and 10,500 K. The maximum temperature reached by the
laser irradiated surface of ThO2 as calculated by our theoretical
model for a peak incident laser intensity of 3.87 � 109 W/cm2 cor-
responding to a time and space averaged laser flux of 10 J/cm2 is of
the same order as the estimated critical temperature. Thus, mate-
rial-removal through explosive boiling could be a plausible mech-
anism during the process of pulsed laser based surface etching of
Thoria. This is also evident from our experimental observations
shown in Fig. 6a where target damage through crater formation
in localized regions of the laser irradiated surface of Thoria fuel
pellets are clearly visible in the lower region of the picture. Since
explosive boiling usually results in intense ejection of target mate-
rial, this mechanism should be avoided by suitably limiting the
incident laser intensity levels used for the etching of Thoria ele-
ments. This would ensure good optical quality etched Thoria sur-
face (a typical experimental observation made by us is shown in
Fig. 6b achieved using a nanosecond Nd:YAG laser) with minimum
laser induced damage associated with the technique of laser based
etching.

4. Conclusion

A two-dimensional numerical model has been developed simu-
lating the process of laser based surface etching of Thoria targets
via pulsed laser ablation. The heat conduction equation solved by
an explicit finite difference method provides the temperature dis-
tribution at the surface and within the target, melt depth and evap-
oration rate from the target as a function of time, during and after
the laser pulse. Our results on simulation of pulsed laser ablation
performed for an average laser flux of 10 J/cm2 delivered by a
10 ns Nd:YAG laser pulse suggest, that explosive boiling could
probably be an additional material-removal mechanism other than
normal boiling and evaporation when surface etching Thoria with
such intense laser radiation. Since explosive boiling is usually
accompanied by intense material ejection, this mechanism should
be avoided in order to ensure minimum induced target damage
associated with the technique of laser based etching and surface
preparation of Thoria fuel pellets for subsequent metallographic
investigations. Our calculations thus help us to make a proper
choice of laser parameters enabling metallographic investigation
of laser etched Thoria fuel pellets with minimum unwanted asso-
ciated thermal effects such as redeposited debris and target dam-
age through crater formation as has been experimentally observed.
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