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The purpose of this study is to analyze the heat-affected zone in materials such as meat samples, araldite resin-simulating
tissue phantoms, and fiber composites irradiated using a mode-locked short pulse laser with a pulse width of 200 ps. The
radial surface temperature profiles are compared with that of a continuous wave (CW) laser of the same average power. The
short pulse laser results in a more localized heating than a continuous laser with a corresponding high peak temperature. A
parametric study addressing the effect of pulse train frequency, material thickness, and amount of scatterers and absorbing
agent in the medium and different initial sample temperatures is performed, and the measured temperature profiles are
compared with the theoretical non-Fourier hyperbolic formulations and Fourier parabolic heat conduction formulations for

both CW and pulsed laser cases.

INTRODUCTION

High-energy beams like x-rays and lasers, both continuous
wave (CW) and pulsed, are being increasingly used in a variety
of material processing, manufacturing, and biomedical applica-
tions. Traditionally, most laser applications in material process-
ing and medicine involve using of a CW laser; more recently,
though, short pulsed lasers are being used in a variety of applica-
tions such as remote sensing, optical tomography, laser surgery,
and ablation processes. Pulsed lasers have the additional abil-
ity to control the width and depth of heating as well as induce
high heating or cooling rates because of higher peak powers and
shorter time duration [1].

The uses of short-pulsed lasers in medicine, with regard to
diagnostics and therapy, has gained attention in the last decade.
The advantages of using short-pulsed lasers rather than more
traditional methods for surgical treatment include the precise
control of the output energy of the device and the ability to
control energy dissipation and the heat-affected zone. Thus,
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pulsed laser is used in a number of high-precision medical pro-
cedures like neurosurgery, ophthalmology, corneal surgery, and
angioplasty [2-5]. Minimal damage to adjacent healthy tissues
and efficient dosimetry are the surgical goals for these med-
ical procedures. Minimally invasive techniques like Photody-
namic Tumor Therapy (PDT) and Laser Interstitial Thermo-
therapy (LITT) have been developed over the years and are
used effectively for the treatment of cancer or tumors [6-8].
Temperature rise and heat diffusion at the irradiated zone are
two important parameters for these modes of therapy. In ap-
plications prior to tumor ablation, the temperature rise at the
zone of treatment must be controlled effectively to ensure a to-
tal tumor cell necrosis at the desired location and also avoid
carbonization of the surrounding healthy tissue [7]. With the
advent of ultra-fast lasers, significant enhancements in dam-
age localization over longer pulse durations have been attained
[9]. The temperature fields in laser interstitial thermotherapy,
localized hyperthermia, and other applications are directly re-
lated to the optical and thermal properties of the target tis-
sues to determine a correct dosimetry for treatment [10]. The
temperature field during ex vivo and in vivo laser interstitial
thermotherapy has been modeled mathematically using an ex-
ponential decay model (Beer Lambert Law) and Fourier heat
conduction equation. Effects of non-Fourier conduction on tem-
perature distribution in laser-irradiated tissues have also been



42

investigated theoretically using a hyperbolic heat conduction
model [11].

With the advent of the pulsed laser, rapid advances are be-
ing made in material processing at submicron resolution length
scales, termed laser micro machining [12]. Coupled with devel-
opments in nanotechnology and microelectromechanical sys-
tems (MEMS), laser micro machining is providing the user dis-
tinct advantages over other conventional machining processes
[13]. The ability to control the temperature rise and minimize
thermal damage in materials, the machinability of a greater range
of applicable materials like metals and dielectrics, the precision
machining capability, and the capability for sub-surface machin-
ing are some of the advantages it provides over conventional
continuous wave heating [14—16]. Short-pulsed lasers are thus
being used increasingly for micromachining, welding, etching,
cutting, and a variety of material processing applications. Laser
surface interaction is also of importance to applications involv-
ing thin film and coatings. Thermal characterization of materials,
electronic components and modules represents a vital study to
quantify and minimize the heat-affected zone during machining,
fabrication, and testing of materials [17]. Numerical models to
analyze the effects of laser fluence, radial beam variance, and
laser power on materials having different thermal characteristic
time have also been developed [18].

The current work gains much importance as it attempts a de-
tailed experimental and theoretical analysis to characterize the
nature of heat diffusion in different materials such as processed
meat (bologna) samples, tissue phantoms, and fiber-composites
using both CW and short pulsed lasers having pulse width of
200 ps. Temperature rise as a function of non-dimensional dis-
tance from the point of beam incidence for CW, short-pulsed
heating of different samples, and the temporal temperature his-
tory of the samples are presented. The objective is to show that
the heat-affected zone is significantly reduced by using a short-
pulsed laser of the same average power as compared to a CW
laser source. A parametric study involving the effect of pulse
train frequency, material thickness, different amount of scatter-
ers and absorbing dye, as well as different initial temperatures are
undertaken. The experimental results are compared with theoret-
ical models based on laser propagation through materials using
hyperbolic and parabolic heat conduction equations [19, 20].

EXPERIMENTAL PROCEDURE

The schematic of the experimental setup is shown in Figure 1.
A custom-built argon-ion mode-locked laser having a pulse
width of about 200 ps (full width at half maximum) operating at
a frequency of 76 MHz and a wavelength of 514 nm is used for
the study. A Tellurium Dioxide crystal is used as a modulator
in conjunction with a pulse generator (EH Research Lab, Inc.)
to control the frequency of the pulse-train and the number of
pulses irradiating the samples.

A thermal imaging camera (Thermovision 400 Series,
AGEMA Infrared Systems) is used to record the surface tem-
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Figure 1 Schematic of the experimental setup.

perature profile of the samples. The images are recorded with a
National Instruments data acquisition system and processed with
IMAQ Vision Builder Image processing software. The camera
provides a measurement range of —4°F to 932°F with a sensi-
tivity of £0.18°F at 86°F. The camera has an accuracy of £2%
in the measurement range. The time response of the camera is
less than one second (the frequency at which data is recorded).
The spectral response of the camera is 2 to 5 um. When focused
on the surface of the sample, the unit records the temperature
profile. The camera uses a fixed lens (25° x 25°) system, and
the scanned field area at a distance of 0.4 m from the object is
0.15m x 0.15 m. The image size is 640 pixels (H) x 480 pixels
(V). For all experiments, the images are magnified twice (using
the MAG 2 feature in the camera). Thus, the lowest spatial res-
olution that can be obtained at this setting is 0.117 mm (H) x
0.156 mm (V). The object distance is maintained at 0.4 m for
all experiments. The laser beam diameter (dpeam, as in Figure 2)
is found to be 2 mm by taking an image of the laser incident
on a piece of paper. The pixel intensity profile is measured
in two mutually perpendicular directions, and the 1/e? length
is evaluated. Thus, it can be seen that the beam spot is con-
siderably larger than the camera interrogation spot. When the
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Figure 2 Schematic of the coordinate system used for analysis.
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sample is then scanned in the radial direction, it is made sure
that the spatial averaging does not include any temperatures of
colder material outside the irradiated region. As seen in Fig-
ure 1, the thermal imaging camera is placed at an angle relative
to the optical axis of the laser beam. It is generally expected that
the emissivity will have directional properties based on the an-
gle of vision and type of material being irradiated. Experiments
are performed on samples by varying the angle in increments
of 10°. The variations in temperature are found within the un-
certainty of the measurement. Thus, the emission is assumed to
be isotropic for all measurements. The laser power is continu-
ously measured with a power meter (Model #1830 C, Newport
Corporation). The pulse width is monitored using an ultra-fast
photo-detector (Model # 1454, New Focus, Inc.) and displayed
on an oscilloscope with fast time-resolved modules (Tektronix
7854).

Different samples used in this study are processed meat, tissue
phantoms, and fiber composites. The processed meat (bologna)
samples available in any grocery store are in the shape of finite
cylinders of approximately 5.4 cm radius. Two different thick-
nesses of the meat, 4 mm (0.15 inches) and 8 mm (0.30 inches),
are used for the study. The fiber composites used for analysis
are 4 mm (0.15 inches) in thickness and are in square shapes
of sides 2.5 cm (1 inch). Tissue-simulating phantoms com-
posed of araldite, DDSA (Dodecenyl Succinic Anhydride), and
DMP-30 (hardener) are casted in the laboratory. DDSA is mixed
with the resin for polymerization, and the hardener is added to
catalyze the reaction. The three constituents are mixed in the
ratio 1:0.87:0.04. Titanium Dioxide particles (mean diameter:
0.3 um) are added as scatterers to the sample. The scattering
coefficients are estimated based on the number density of scat-
terers per gram of resin used. Samples are cast having scattering
coefficients of 3.5 mm~! and 7 mm~!, following the principle
as outlined in the literature [21]. Water-based red dye having
high absorptivity in the spectral region 500-550 nm are also
added to the samples. The absorption coefficients are based on
the volume of dye added to the sample per gram of resin. Sample
absorption coefficients of 0.1 mm~! and 0.05 mm~! are used in
the study. The tissue phantoms used for the analysis are cast in
square shapes of sides 2.5 cm (1 inch) and thicknesses 4 mm
(0.15 inches) and 8 mm (0.30 inches). After mixing the scat-
terers and absorber dye with the resin matrix, the samples are
cured in the oven for 36 hours (Energy Beam Sciences, MA).
The vinyl foam composite used has been made from epoxy resin
and two layers of fiber glass on the top and bottom of the vinyl
foam. The samples are well insulated on all sides (except on the
irradiated face) to prevent heat loss to the surroundings.

Controlling the on—off time of the modulator by the pulse
generator varies the number of pulses per train. The average
power for each setting is noted separately, and continuous wave
heating is performed at the same average power. The effect of
pulse train frequency is also studied by controlling the repe-
tition rate (2.5 kHz, 10 kHz, and 100 kHz) of the pulse train
irradiating the sample. The number of pulses irradiating the
sample is kept constant in all three cases. All of the runs are
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repeated without insulating the samples. To study the effect of
initial sample temperature, all of the studies are performed for
three different initial sample temperatures: 68°F, 55°F, and 45°F.
The samples that needed to be cooled for establishing different
initial temperatures are refrigerated along with the insulation
to eliminate any thermal inertia effects at the beginning of the
experiment.

One limitation of the thermal imaging camera is that it can be
used only to record the surface temperature history of the sample.
To study the propagation of heat within the medium, thermocou-
ples are inserted radially into the tissue phantoms using a hollow
steel guide. High thermal conductivity grease is applied at the
interface of the thermocouple and the sample to eliminate the
effect of thermal contact resistance. The thermocouples used are
copper-constantan (T-type) having a wire diameter of 0.254 mm
(0.01 in.). All thermocouples are connected to a computerized
data acquisition system.

A statistical uncertainty analysis is conducted using data from
multiple runs. Though each experiment is conducted a minimum
of three times, the data are reported for only one because the de-
viation (0.5°F) between different runs is found to be insignificant
and the experiments are easily repeatable. The camera is cali-
brated to a known temperature before the experiments, thereby
eliminating a bias error. Considering a 95% confidence level, a
value of precision index is evaluated at each data point. Because
the bias error is eliminated by calibration, the overall uncer-
tainty is taken to be the precision index evaluated at each data
point.

THEORY

Thermal analysis of laser-material interaction in various ap-
plications is usually conducted via the traditional parabolic
Fourier conduction model [22]. The Fourier model implies that
the speed of propagation of the thermal signal is infinite, such
that the effect of a perturbation in the temperature at any point
in the medium is instantaneously felt at every location in the
material, even if the intervening distances are very large. The
hyperbolic model accounts for the time required for the heat
flux to relax or adjust to a change in the temperature gradient.
If the speed of propagation of the thermal signal is considered
finite via a hyperbolic conduction formulation, the temperature
profiles will be significantly different than those predicted by
the classical Fourier models, particularly during the initial tran-
sients and regions close to the surface of the medium [11, 23,
24]. In order to compare the experimentally measured temper-
ature profiles, a non-Fourier damped wave model for the case
of laser penetration and absorption of the intensity within the
material is considered for analysis [11, 25]:

a b 9
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where ¢ is the heat flux, r and z are the spatial co-ordinates,
T is the temperature, ¢ is the time, K is the thermal conductivity,
T is the thermal relaxation time, &, is the absorption coefficient,
p is the density, L is the laser intensity (heat flux), and C is
the specific heat. The case under consideration is a pulsed laser
beam that is incident normally on a sample, as shown in Figure 2.
The beam is Gaussian in radial direction, and therefore an axi-
symmetric cylindrical co-ordinate system is chosen to describe
the geometry. The laser intensity (heat flux) distribution is given
by:
2r?

L(r,z,t) = Loexp (—?> exp(—zk,)g(t) 3)
where L is the peak laser intensity and o is the spot radius. The
temporal distribution of the pulse train g(¢) is approximated as
a rectangular profile [25] and given by:

g(0) =[H(t)— H(t —1p)] “4)

where H (t)is aunit step function. Egs. (1) to (4) can be combined
for the two-dimensional axi-symmetric cylindrical co-ordinate
systems as follows:

O°T 19T  °T 10T
or2 " ror 922 «adr

T T
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exp| — 2 exp(—zk,),

where « is the thermal diffusivity and 8(¢) is the delta function.
Equation (5) yields a finite wave speed (= +/o/7) for the prop-
agation speed of the thermal wave. In the limit T — 0, Eq. (5)
becomes the parabolic Fourier heat conduction equation. The
boundary conditions are selected to simulate the experimental
conditions. All of the boundaries except the incident laser irra-
diated face are insulated.

LOka
X

RESULTS

Equations (1) to (5) are solved numerically by using an
Alternating Direction Implicit (ADI) scheme [26]. The thermo-
physical properties used in the numerical simulation are given in
Table 1. The meat bologna samples used in this paper are exactly

Table 1 Thermo-physical properties of processed meat (bologna) samples
from literature [19]

Property Value Units
Thermal conductivity, k 0.80 £ 0.04 W/m.K
Density, p 1230 + 10 kg/m?
Specific heat, C 4.66 £0.20 kl/kg K
Thermal diffusivity, o 1.40 x 1077 £0.12 x 1077 m?/s
Absorption coefficient, k, 0.4 +0.05 cm™!
Relaxation time, T 5 seconds
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identical to the ones used previously [19]. A detailed descrip-
tion about the determination of thermophysical parameters and
thermal relaxation time can be found in previous work [19]. The
numerical solutions are obtained by using values of Az and Ar
as 4.0 x 107* m and At as 0.01 seconds for the CW case and
25 x 107'2 seconds for the pulsed case. Reducing the grid size
by one order of magnitude, which correspondingly increases
the number of nodes, checks the stability, and the results are
found to be convergent. The pulse train frequency of 10 kHz is
used unless otherwise mentioned. The rise in temperature of the
sample is plotted numerically as a function of non-dimensional
distance, which is obtained by normalizing the radial distance
by the half-width of the sample. It must be mentioned here that
the default temperature setting in the IR camera is in English
units, which is commonly used by the medical community and
various processing industries; thus, all temperatures are reported
in °F.

Experiments are conducted with insulated meat samples for
CW and pulsed laser irradiation for the same average power
of 150 mW. The results are then compared with the numerical
results for a Fourier parabolic and a non-Fourier hyperbolic heat
conduction formulation for 10 seconds. With a 95% confidence
interval, the precision index for a total of three runs for the test
case is 4.303. The standard deviation between the three runs at
each individual nodal point along the surface is evaluated. The
bias error of the camera is removed by calibration. Thus, the
total uncertainty values at each nodal point is the product of
the precision index multiplied by the standard deviation. It can
be seen in the CW case that a maximum total uncertainty of
1.15°F is obtained at a location 0.045 from the center, while for
the pulsed case, the maximum uncertainty 1.51°F is obtained at
a location 0.01 from the center.

The experimental results are found to be in good agreement
with the non-Fourier case, as is evident from Figures 3 and 4.
This can be attributed to the fact that the non-Fourier hyper-
bolic model is more suitable for laser heating of tissue samples,
as it takes into account the time required for the heat flux to

5 — T T T T T T T T T T T T T T T T

& Average Power = 150 mW i
4 i Meat Sample (Insulated) ]
i Thickness = 8 mm ]
—_ i Time = 10 seconds ]
£ st .
N’ ' 4
g I ]
= b LN N Fourier ]
= i N e Hyperbolic 1
L —=e—— Experimental |
1k ]
0 L o 0 0 ‘IZ - o=

0.00 0.05 0.10 0.15 0.20

/W

Figure 3 Comparison of experimental measurements with Fourier and hy-
perbolic numerical modeling results for a CW laser heating.
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Figure 4 Comparison of experimental measurements with Fourier and hy-
perbolic numerical modeling results for a pulsed laser heating.

relax or adjust to a change in temperature gradient. The tradi-
tional Fourier model, which takes into consideration an infinite
speed of propagation, indicates that a local change in tempera-
ture causes an instantaneous perturbation.

In order to clearly demonstrate the difference between pulsed
and CW laser heating, experimental results for an 8§ mm-thick
sample are plotted in Figure 5. The sample is insulated from the
surroundings. It is observed that when the sample is irradiated
with a pulsed laser beam, the peak temperature reached at the
surface is higher than that attained with a corresponding CW
heating. Less energy is spread along the radial direction as com-
pared to a CW irradiation; thus more localized heating with a
higher peak temperature is observed at the surface, as seen in
Figure 5.

Experiments are also conducted without the insulation, as
shown in Figure 6. As observed in Figure 6, the heat-affected
zone and the rise in temperature are found to be less than an
insulated sample under the same conditions. The presence of
insulation prevents heat loss by dissipation to the surroundings

25 7T
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a0 | Time = 25 Seconds Thickness = 8 mm
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Figure 5 Comparison of surface temperature distribution for an insulated
meat sample.
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Figure 6 Comparison of surface temperature distribution for a non-insulated
meat sample.

from all surfaces. Experiments are also repeated with differ-
ent initial temperatures for both the insulated and non-insulated
case. Wide ranges of initial temperatures are tested, but only
three temperatures (68°F, 55°F, and 45°F) are reported in this
study. For the range of experiments performed, it is observed
that the radial distribution and rise in temperature do not depend
on the initial temperature of the samples.

The effect of variation in tissue phantom thickness is shown in
Figure 7. A higher peak temperature and a corresponding lower
radial spread are observed for the 8 mm sample as compared
to a 4 mm sample. An increase in thickness causes more volu-
metric energy absorption, resulting in a higher peak temperature
at the irradiated surface. As the input laser energy is same for
both cases, the sample with a greater thickness exhibits a cor-
responding lesser radial spread. This conclusion is based on the
volumetric energy absorption model for hyperbolic heat trans-
fer. The model is in sharp contrast to the surface absorption
model, where an increase in thickness results in an immedi-
ate increase in the surface temperature. The volume penetration

20T T T T T T
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I Time = 25 seconds :, R
16 [ 17 x 10° Pulses N T i mm ﬁ?d;i
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~ L 1
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5 r ]
g [ ]
o 8 ]
4 F 4

00— :

-0.2 -0.1 0.0 0.1 0.2
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Figure 7 Comparison of surface temperature distribution for a different tissue
phantom thickness.
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Figure 8 Effects of varying scattering coefficients on temperature distribution
in a tissue phantom.

assumes that more heat is absorbed inside the sample with an
increase of thickness that results in a lower surface temperature.
The scattering coefficient (k;) of the sample is also found to
have an effect on the temperature distribution. The higher the
amount of titanium dioxide in the sample, the more the scatter-
ing coefficient leads to a wider radial temperature spread and
a higher peak value. This is observed in Figure 8. The absorp-
tion coefficient is kept constant for the above case. Experiments
are also conducted with samples having different absorption co-
efficients but the same scattering coefficient, as illustrated in
Figure 9. It is observed that with an increase in the absorption
coefficient, more energy is absorbed inside the medium leading
to alower surface temperature. The conclusion is based again on
the volumetric energy absorption model, and a similar conclu-
sion can be made about increase of absorption coefficient of the
sample as that of the increase of thickness. However, for both
cases, it is seen that with an increase in the scattering albedo
(w = k;/(ks + k,)), the radial surface temperature increases.
The effect of pulse train repetition rate is studied by varying
the pulse train frequency (2.5 kHz, 10 kHz, 100 kHz). The total
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Figure 9 Effects of varying absorption coefficients on temperature distribu-
tion in a tissue phantom.
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Figure 10 Effect of pulse train frequency on surface temperature for a tissue
phantom.

number of pulses and the average power of the laser are kept con-
stant for all the above cases. It is observed from Figure 10 that
as the pulse frequency is decreased, the material requires more
time to attain the same peak temperature. A lower frequency
means a larger time lag between two successive pulses irradi-
ating the sample, resulting in a longer time to attain the peak
temperature. The results are then compared with a CW case of
the same average power. CW implies continuous heating, but the
corresponding peak power is less than that of the pulsed cases,
resulting in a lower temperature rise. The time taken to reach a
steady-state value is also longer for the CW case, as is evident
in Figure 10.

Figure 11 shows a temporal history for different samples:
fiber composites, meat, and tissue phantoms. The laser average
power, number of pulses/unit time, and repetition rate are all
kept constant for the three cases. It is observed that the fiber
composite shows a higher surface temperature and lower ther-
mal conductivity as compared to the meat and the phantoms. A
lesser amount of energy is propagated into the medium, result-
ing in a higher surface temperature. The thermal conductivity
of the phantoms is higher than that of meat, resulting in more

I T o s e e L e
F Insulated Samples
30 I Thickness = 8 mm =TT
[ Average Power = 150 mW "
25 [ 10kHz ="
o F =2
< 20 F /,,f’ ]
g . I
= 15| / T 3
1 -~
= [ // R ]
0E 4 /./ —— Meat (k = 0.8 Wm.K) 3
E g /-‘ —— Resin (k = 1.3 W/m.K) ]
S5r /.- ———=—Fiber Composite (x = 0.1 W/m.K)]
0 Loeded. 1 1 I I PR 1 n PE ] 1 PR 1 1 1 P I 1 1 PR S RS 7
0 20 40 60 80 100 120

Time (Seconds)

Figure 11 Surface temperature distribution for different materials of the same
thickness.
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Figure 12 Temperature history at different locations of a tissue phantom.

heat propagation and a corresponding lower radial temperature
distribution.

Experiments are also conducted with a short-pulsed laser by
inserting thermocouples inside the tissue phantoms. Thermocou-
ples are inserted at locations 4 mm and 8 mm from the sample
surface. The temperature history for the surface and different
thermocouple locations are plotted in Figure 12. The tempera-
ture plot for z = O (i.e. the irradiated surface of the sample is
measured with the thermal imaging camera). The plot shows that
even at large times, thermal equilibrium of the tissue phantoms
is not attained. This could have implications in laser surgery,
where the depth of the affected area is of importance after a
finite time.

The effect of variation of pulse width in laser irradiation of
materials is also studied numerically for better understanding
this phenomenon. Three different laser pulse widths are consid-
ered for numerical computations: 200 ps, 20 ps, and 2 ps. The
results are plotted in Figure 13. It is observed that as the pulse
width decreases, a lesser radial spread accompanies the rise in
surface temperature. This can be attributed to the fact that with a
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Figure 13 Numerical simulation showing the effect of variation of pulse
width.
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shorter laser pulse width, the instantaneous energy source irra-
diating the sample is higher, leading to a greater rise in surface
temperature. Thus, short-pulsed lasers in the picosecond scales
can be used more effectively for laser surgery or laser mate-
rial processing applications where damage to surrounding areas
needs to be minimized.

CONCLUSION

The experiments performed demonstrate the claim that short-
pulsed laser heating results in a lower heat-affected region com-
pared to a CW source and is thereby suitable for applications
where minimal damage to the surroundings is of importance.
The temperature rise for the case of short-pulsed laser heating
is much higher than heating with a CW laser source of the same
average power. It is observed that the temperature rise and sur-
face temperature distribution are functions of the thickness of the
sample and amount of scatterers and absorbers in the medium.
Initial sample temperature plays no role in the temperature dis-
tribution of the medium.

The results also demonstrate that the theoretical non-Fourier
hyperbolic heat conduction equation is a better approximation
than the traditional parabolic Fourier heat conduction formula-
tion for modeling the temperature distribution in tissues due to
both short-pulsed and CW laser irradiation. The results of this re-
search have a tremendous impact on bioheat transfer and lay the
foundation for development of tools to analyze further work for
heat and mass transfer in biological systems. The results are also
of importance to machining and fabrication applications, where
the heat-affected zone is critical for material performance.

NOMENCLATURE

specific heat

D thickness of sample

g(t) temporal distribution of pulse train
H(t) unit step function

kq absorption coefficient

ky scattering coefficient

L laser source term

Ly  maximum intensity of the laser beam
q heat flux

r radial co-ordinates

t time

tp laser pulse width

T temperature

W half-length of the sample

z axial co-ordinates

Greek Symbols

(04 thermal diffusivity

O(t) delta function
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thermal conductivity

density

spot radius of the laser beam
thermal relaxation time
scattering albedo

gradient

4g Aao0 =
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