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Impact of Thermal Boundary Resistance on
Laser Inclusion Damage
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The present work rigorously analyzes the effect of thermal boundary resistance (TBR) on laser heating of
an inclusion embedded in a nonabsorbing optical medium. The TBR impedes the flow of heat across the inclusion/
medium interface, enhances the inclusion heating rate, and reduces the laser damage threshold. The results
indicate that in some cases the damage threshold is only half of that predicted when the boundary resistance is
neglected. Both an exact solution and approximate scaling relations are developed that incorporate the TBR.
The scaling relations show that when the TBR is considered, the damage threshold can have a stronger dependence
on the pulse width than previously predicted.

Introduction

T HE past decade has seen significant advances in short-
pulse, high-power laser technology. Current laser in-

tensities have reached 1019 W/m2 and are projected to increase
by several orders of magnitude in the near future. l Many novel
applications exist for these lasers including laser material pro-
cessing, high temporal and spatial resolution measurements,
and laser fusion. One of the biggest obstacles in the appli-
cation of these lasers is radiation damage incurred by optical
components (windows, prisms, etc.) in the laser system. One
laser damage mechanism is the so called inclusion-induced
damage model. Essentially, inclusions—physical impurities
in an otherwise pure optical component material—absorb
high-intensity electromagnetic radiation and convert this ra-
diation to thermal energy, causing the inclusion to heat up.
As the inclusion temperature increases, the surrounding (host)
material attempts to conduct the thermal energy away. If the
host material cannot adequately conduct away this thermal
energy, and the host or inclusion temperature exceeds some
threshold temperature—e.g., the melting temperature of the
host material, the vaporization temperature of the particle,
or a particle temperature that causes fracture in the host—
then permanent damage to the optical component can re-
sult.2"4 Inclusion-dominated damage is particularly prevalent
in thin film applications where the inclusion density is much
higher than that of the bulk film material.3 In the following,
particle refers to the absorbing inclusion embedded within the
nonabsorbing (i.e., dielectric) host optical material, which is
called the medium.

To quantify the damage process, damage thresholds are
assigned to optical components that characterize the laser
radiation limits the component can safely tolerate without
sustaining damage. This work is unique in that the thermal
boundary resistance (TBR) between the particle and host
medium is incorporated in a laser damage model that predicts
the damage threshold of optical media. The TBR increases
the heating rate of the inclusion and reduces the damage
threshold of the optical material. Also, the TBR effect in-
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creases as the heat flux across the interface increases, which
becomes particularly important as technology advances in the
past decade have resulted in lasers with increasingly shorter
pulse widths that produce tremendously high heat fluxes in
the materials they interact with.

Thermal Boundary Resistance
Heat flow across an interface between dissimilar materials

results in a temperature drop at the interface. This temper-
ature drop is found to be proportional to the heat flux across
the interface; thus, an interfacial thermal resistance—called
the TBR—can be defined as5

RM = G4A77Q) (1)

where Rbd is the TBR, AT the temperature drop across the
interface, Q the total heat flow across the interface, and A
the area normal to the heat flow.

One source of TBR is imperfect mechanical contact at the
interface that results from irregularities on the mating surfaces
of each material. This results in a net reduction of the effective
interfacial area available for heat transfer, which constricts
heat flow and results in an interfacial resistance, often called
the contact resistance >7 This resistance depends on several
factors including the pressure between the two materials. Higher
pressure results in more severe deformation of the contact
surfaces, increasing the contact area and reducing the TBR.

Another source of TBR is phonon reflection at the inter-
face. Only a fraction of the phonons, which are quantized
lattice vibrations,8 incident on one side of the interface is
transmitted to the other side.9 The remaining phonons are
reflected back into the original medium. The fraction of pho-
nons reflected (or transmitted) depends on the density and
sound velocity differences between the two materials. Phonon
reflection is a quantum mechanical effect and is usually as-
sociated with cryogenic temperatures; however, as the heat
flux across the interface increases, this effect becomes im-
portant at higher temperatures as well. Several models of
phonon reflection have been developed,9-10 some of which
treat the interface as perfectly specular (acoustic mismatch
theory) or perfectly diffuse (diffuse mismatch theory). An-
other novel approach by Majumdar11 treats the interface as
a fractal surface and addresses phonon reflection and ^asso-
ciated TBR from such a surface. The models work well at
very low temperatures, but become progressively worse as
the temperature increases.

Swartz and Pohl5 measured the TBR of a layer of Rhw 5:Fe() ()5
deposited on an A12O3 substrate. They found that for tem-
peratures above 30 K the measured Rhf, exceeded their model
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predictions, and they speculated that the additional resistance
resulted from phonon scattering in a thin disordered layer in
the substrate next to the interface. They quantified this idea
by depositing a series of different-thickness films of SiO2 be-
tween the Rh:Fe material and the A12O3 substrate, and found
that the TBR increased as the SiO2 layer increased in thick-
ness.

This work incorporates TBR into an inclusion-based laser
damage model. No distinction is made regarding the different
sources of TBR discussed above. Hopper and Uhlmann,12

however, have speculated that TBR arising from imperfect
mechanical contact is minimal because the particle expands
upon heating, increasing the interfacial pressure, and reducing
Rhtt. Furthermore, because the discussed theories are not yet
well developed for general applications,9 experimentally ob-
tained values are used for Rhd.

Analysis
This section presents the development of a laser heating

model that incorporates the TBR at the particle-medium in-
terface. Appropriate assumptions and solution techniques are
also discussed. For illustration purposes, Pt is used as the
particle material because it has been found in optical com-
ponents of high-power lasers as a result of the manufacturing
process.13 The optical properties of Pt, expressed as n + /K,
where n and K are the real and imaginary parts of the complex
refractive index, respectively, vary considerably over the
wavelengths of interest, as shown in Table I.14 The properties
of standard optical glass are used for the surrounding medium.
The glass is taken to have n = 1.5 and K = 0 over this
wavelength range.

The density of inclusions in high-quality optical components
is usually very low—Campbell et al.13 report values of 0.07-
100 inclusions/liter; hence, the separation distance between
neighboring particles is typically much greater than both the
particle diameter and the radiation wavelength. As a result,
the particle-radiation interaction is not strongly influenced by
nearby particles, and particles are (in general) far from a
boundary, allowing the approximation of a single particle
embedded in a medium of infinite extent.

The temporal shape of the laser pulse is taken to be uni-
form, with pulse duration rp. Also, the time between pulse
repetitions is typically several orders of magnitude longer than
TP\ therefore, only a single pulse is considered in the heating
model with the assumption that the particle-host system re-
laxes to equilibrium before the next heating pulse arrives.

Radiation heat transfer is not considered here because par-
ticle temperatures on the order of 105-106 K are required
before the radiation heat flux becomes comparable to the
conduction heat flux. The incident radiation is assumed to be
monochromatic and unpolarized. The thermophysical prop-
erties of both the particle and medium are assumed to be
temperature independent, and the particle itself is considered
to be homogeneous and spherical.

Particle-Radiation Interaction
One very important consideration is how the incident laser

radiation is absorbed by the particle. Fuka et al.15 incorpo-
rated two types of absorption by the particle in a laser inclu-
sion damage model: 1) bulk (or uniform) absorption and 2)
surface absorption. Bulk absorption assumes the entire par-
ticle absorbs the incident radiation uniformly, whereas surface
absorption assumes most of the incident radiation is absorbed

Table 1 Optical properties of Pt for
several wavelengths of interest

A, /Am n K
0.5
1.0
5.0

10.0

2.0
3.5
4.7

:10.0

3.4
5.7

19.4
36.0

in a thin layer near the surface of the particle. They suggested
the dominant mechanism depends on the imaginary part of
the complex index of refraction: surface absorption is asso-
ciated with larger K, whereas uniform absorption is assumed
with smaller K. They found that the type of absorption can
affect the damage threshold somewhat.

The assumption of uniform absorption inside the particle
simplifies the analysis considerably; however, this assumption
can be very erroneous. For the laser damage problems of
practical interest, the inclusion particle size a is often com-
parable to the incident radiation wavelength A. As a result,
approximate limiting conditions (i.e/, for a « A or a » A)
cannot be generally applied, and Maxwell's equations must
be used to determine the particle-radiation interaction. The
most general approach considers the fields both inside and
outside the particle.16 Tuntomo and Tien17 studied the radia-
tion deposition and subsequent heating of spherical particles
subjected to intense laser radiation. Their results vividly show
that, for certain particle-size/wavelength combinations, the
radiation absorption and particle heating can be very non-
uniform as a result of reflection, refraction, absorption, and
interference of the radiation in the particle. They presented
two parameters for use in determining when nonuniform heat-
ing important

N = kpATX/47ra2nmnpKpI0

= a2la

(2)

(3)

where N is the ratio of conduction to radiation deposition in
the particle, and rd is a characteristic time scale for thermal
diffusion in the particle. Here 7() is the incident radiative flux
(W/m2), k the thermal conductivity, AT a characteristic tem-
perature difference (e.g., the difference between the particle
melting temperature and the ambient temperature), a the
thermal diffusivity, and the other variables are as previously
defined. The subscripts p and m refer to the particle and
medium, respectively. When N > 100 and TP > rrf, Tuntomo
and Tien concluded that the lumped particle approximation
is acceptable. Larger particles, shorter wavelengths, and shorter
pulse widths prevent such an assumption; however, there is
still a large range of particle-size/wavelength/radiant flux com-
binations of practical interest that do obey the above criteria;
hence, we assume the particle absorption to be uniform with
the caveat that the above conditions on Wand rp are observed.

Another result of electromagnetic theory is that the effec-
tive absorption cross section of the particle can be significantly
different from its geometric cross section.16 This occurs be-
cause of diffraction and interference effects as the radiation
interacts with the particle. One can define an absorption cross
section efficiency Qa as

Qa - cj (4)

where Ca is the effective absorption cross section of the par-
ticle. In Fig. 1, Qa is plotted as a function of particle size for
Pt in a glass medium for the wavelengths appearing in Table
1, taking into account Pt's wavelength-dependent optical
properties. The calculations are from standard Mie scattering
theory,16 and several points are worth noting. First, the ef-
fective cross section for small particles and long wavelengths
can be 1/100,000 of the geometric cross section, resulting in
a drastically smaller total energy absorption than if the geo-
metric cross section is used. Also, for the case a « A, Qa
becomes linear in a, and for a » A, Qa becomes constant.
In general, however, there is no simple trend in the plots.
Finally, Qa depends strongly on the wavelength, which is due
in part to the wavelength-dependent optical properties of Pt.

Model Formulation
Consider a homogeneous, spherical particle of radius a

embedded in an infinite medium initially at a uniform tern-
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Fig. 1 Cross-sectional absorption efficiency Qa as a function of par-
ticle radius a.

perature Tx. The particle is centered at the origin of a spher-
ical coordinate system whose radial component is designated
as r. At time t = 0, a constant-intensity, uniform radiation
pulse of duration rp impinges upon the surface of the particle.
The conservation of energy equations for the system are

>*-%- 1 <
cm — — I r

r2 dr \ dr

PPCPV ^f = Vq'" - Aq"

with initial and boundary conditions

Tp(t = 0) = 7U

Tm(r, t = 0) = T«

rm(r->»,/) = r,
rj'T"'

TV - Tm\r,a = Rhdq" = -RMkm—-

(5)

(6)

(7)

(8)

(9)

(10)

where Tis the temperature, p the density, Cthe specific heat,
and V and A are the volume and surface area of the particle,
respectively. Also, q'" is the volumetric heat generation based
on uniform radiation absorption, and q" = -km dTmldr\r=a
is the heat flux across the interface.

The energy equation for the particle is lumped in space
because uniform radiation absorption within the particle has
been assumed, as discussed in the previous section. This as-
sumption is further justified as the thermal diffusivity of the
particle is typically two orders of magnitude greater than that
of the medium. As a result, the thermal energy diffuses
throughout the particle much more quickly than it diffuses
through the medium, which tends to redistribute moderate
local temperature peaks in the particle before the bulk of the
thermal energy begins its propagation into the medium.

The boundary resistance enters as the nonzero difference
between the particle and medium temperatures at r = a in
Eq. (10). As explained above, this temperature difference is
proportional to the heat flux across the particle-medium in-
terface, which is equivalently expressed in terms of the me-
dium temperature gradient evaluated at the particle surface,
r = a.

The volumetric heat generation q'" accounts for the uniform
absorption of incident radiation by the spherical particle. In
practice, q"' is related to the incident radiative flux and the
absorption cross-sectional efficiency as follows:

where ET is the laser fluence (J/cm2). The following nondi-
mensional variables and parameters are introduced:

0 = (T - T»)/T^ t* = thp, r* = rla (12)

y2 = a2pmCJrpkm, j3 = 3rpkm/ppCpa2 (13)

q = q'"Tp/T^ppCp, R = RJcJa (14)

where r* and t* represent nondimensional distance and time,
respectively.

The Laplace transform is used to remove the time depen-
dence from the equations, and results in ordinary differential
equations. The Laplace-transformed equations for the me-
dium and particle, respectively, are [here, the bar (~) denotes
the Laplace-transformed variable]

J__d_
r*2 dr*

with boundary conditions

0P(s) - Bm(r* = 1,5) = -R

= 0

d0m(r*,5)
dr*

(15)

(16)

(17)

(18)

Equations (15) and (16) are now coupled through the tem-
perature gradient at the particle surface as a result of the TBR
constraint, Eq. (18).

The solution to Eq. (15), after inserting boundary condi-
tions (17) and (18), becomes

Om(r, s) = yRrs
r 0 £

\_yR R '
1 + R

(19)

The parenthesized portion of the denominator is a polynomial
in s1/2 and can be factored into the form (s1/2 + d)(s1/2 +
f)(s1/2 V g), where d, /, and g are the negatives of the roots
of this polynomial. Upon expanding the factored polynomial
by partiaKfractions, the inverse Laplace transform can be
found in standard tables.18 The result for the particle tem-
perature is \

+ R
yR [ dfg

x e^ erfc(dr1/2) -

+ C(yRg - R-

B(yRf - R ~ l}ef2' erfc(ft 1/2

,] (20)

where

A =

/~i _

-I

(21)

- g)(g -

q'"V = = 7ra2QaET/rp (11)

and erfc(z) is the complimentary error function.
It is assumed that the laser pulse repetition rate is much

greater than the pulse duration, and that the system relaxes
to equilibrium before the next pulse arrives; thus the model
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considers only single pulse heating. Also, the maximum tem-
perature rise in the system is assumed to occur at the end of
the laser pulse; the model doesn't account for the cooling-
down period after the laser pulse. Accordingly, the maximum
particle temperature is calculated at t* = I (i.e., the tem-
perature at the end of the laser pulse) for a prescribed vol-
umetric heat absorption q, which is proportional to the in-
cident radiative flux [Eq. (11)]. Alternatively, the damage
threshold fluence can easily be obtained by solving Eqs. (20)
and (11) for ET.

Damage Threshold Scaling
While the exact solution developed in the previous section

accurately describes the effect of TBR on the particle heating,
it is difficult to extract the functional relationship between
important parameters of the problem and their effects on
particle heating (which determines the damage threshold).
For this reason, a scaling analysis is developed to predict the
damage threshold as a function of pulse width, particle size,
magnitude of the TBR, and material properties.

The lumped energy balance on a particle of radius a embed-
ded in a host medium is considered, resulting in Eq. (6). The
laser pulse duration rp imposes a characteristic time scale on
the heat transfer. The largest particle temperature occurs at
the end of the laser pulse; hence, the temporal derivative
scales as19

dt (22)

where the ambient temperature is taken to be 0, and Tc is
some critical temperature associated with damage to the par-
ticle and/or medium. It could, e.g., be the melting temper-
ature of the particle and/or host, or the temperature at which
mechanical stress in the system becomes intolerable. During
this time energy will also diffuse away from the particle. Re-
ferring to Eq. (5), the characteristic diffusion length in the
medium becomes / ~ \/amrp. Here, / is a measure of how far
away from the particle the bulk of the energy diffuses in a
time TP. Then, the heat flux scales as

q" = ~kn dr
AT

where

Rth = Rb, II km = Rh

(23)

(24)

represents both TBR and diffusion resistance in passing from
particle to medium. Inserting the above expressions into the
particle energy balance, Eq. (6), the following results:

ET
4kr

Qa(kmRh
(25)

The first term on the right represents the internal energy
storage of the particle and accounts for the particle temper-
ature increase solely as a function of the total energy ab-
sorbed. Note the lack of a dependence on the pulse width.
This is as expected since the rate of energy deposition is
unimportant. The particle size dependence is captured in the
ratio a/Qa. The explicit linear relationship on the particle size
a is not surprising since the volume/area ratio of a spherical
particle —a. Larger particles heat up less than their smaller
counterparts for a fixed input energy. In general, however,
little can be said about ET as a function of a due to the
complicated dependence of Qa on a. The second term on the
right represents energy lost by the particle to the surrounding
medium by conduction. A time dependence does appear here
because the thermal gradients in the medium—which deter-

mine the heat flux, and hence, the particle temperature—are
dependent on the pulse width as shown above.

The damage threshold depends on the dominant term in
Eq. (25). Dividing the second term on the right by the first
yields

= F (26)

where the fact that pmCm ~ ppCp for many particle/medium
material combinations is used. When F » 1, the particle
energy storage is unimportant, and diffusion-limited phenom-
ena dictate how easily the particle conducts away its heat
energy. The second term in Eq. (25) thus determines how
much the particle temperature rises for a given energy input,
which will be called the diffusion limit. Likewise, when F «
1, the particle has difficulty dumping its energy—the medium
offers a tremendous resistance to heat flow through it—and
the particle is effectively insulated. Hence, only the total en-
ergy absorbed by the particle is important, and the first term
in Eq. (25) represents the threshold limit. This lirmFis deemeTB
the insulating limit. Based on the above, the damage threshold
for both limiting cases is

4appCpTc/3Qa F« 1

F » 1
(27)

which is a convenient expression for determining the func-
tional dependence of parameters of interest. Several words
of caution are in order, however. First, there is a strong de-
pendence of Qa on a, although this is not immediately ap-
parent from the above expression. One must first consult Fig.
1 to determine Qa before using Eq. (27) to approximate ET.
Likewise, no explicit wavelength dependence appears in Eq.
(27); however, Qa also depends on the optical properties of
the particle, which, for metals like Pt, are strongly wavelength
dependent. Also, important assumptions have been made that
depend on a and rp (and other variables) regarding uniform
absorption and temperature within the particle and should be
observed when using Eq. (27).

For the case Rbd = 0 and F » 1, the damage threshold
scales as

ET ~ 4TpVkmPmCmrJQa (28)

which has been presented in similar form by other re-
searchers,3 although the effective absorption cross section Qa
is not accounted for. For this case, the damage threshold
depends on the square root of the laser pulse duration. It is
noteworthy that this limit is not valid for F « 1, which occurs
for large particles, short laser pulses, and/or high thermal
boundary resistance.

Another interesting limiting case is when

» 1 and F » 1

In this case

ET

(29)

(30)

Here, the damage threshold dependence on the laser pulse
width becomes more acute—a linear relationship exists be-
tween the two. Note, however, that F is also affected by the
Rbd\/kmpmCjTp term; when this becomes large compared to
one, F tends to become small, bringing the alternate limiting
phenomena into play. These examples illustrate that the dam-
age threshold can depend on the pulse width over a range of
values: ET ~ rr

p, where 0 < r < 1, depending on the parameters
of the problem.
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Results and Discussion
In this section, results from both the exact solution and

scaling are presented over a range of practical interest. Re-
gime maps from the scaling relations are constructed based
on the particle size, laser pulse width, and magnitude of the
TBR. A typical calculation for the particle temperature rise
is performed with the exact solution. The particle temperature
is considered here, however, the analysis also yields the me-
dium temperature field, and the following results can equally
be expressed in terms of the host temperature Tm(r, t ) , with
an associated damage threshold temperature for the host.

Three parameters of interest are considered here: 1) the
laser pulse width rp\ 2) boundary resistance Rbd, and 3) par-
ticle size a. Pulse widths from 10 ps (10~n s) through 100 ns
(10~7 s) are examined. For a fixed laser pulse energy, longer
pulses result in temperature profiles that approach the con-
ventional solution (Rbd = 0). This occurs because the heat
flux decreases as the pulse width increases, and the temper-
ature drop across the particle/medium interface is propor-
tional to the heat flux across it. Shorter pulses are avoided
because the laser-material interactions become much more
complicated as the laser pulse width approaches the molecular
time scales of the particle/host material.20

Swartz and Pohl5 report measured values of Rbd for a
Rhc^ 5:Fe005/SiO2/Al2O3 interface. As the data in their work
indicates, Pt and Rh result in similar values of the TBR as
computed from both the acoustic mismatch theory and diffuse
mismatch theory. Thus, the measured values of Rbd on SiO2
for Rh:Fe are used for the Pt particle embedded in SiO2.
Extrapolating their values from 200 K to room temperature,
RM is found to be on the order of 10~7-10-8 K • m2/W; hence,
results are reported for values in this range. The data are for
flat interfaces, yet the particle/medium interface is curved. If
the mean free path of the energy carriers in the particle and
medium (e.g., electrons, phonons, etc.) is much smaller than
the particle radius, then the geometry of the interface is im-
material. Otherwise, the influence of the interface curvature
remains to be investigated.

The range of particle sizes is taken to be 10~5-10~8 m.
Campbell et al.13 reported that particles on the order of sev-
eral microns in size have been observed in the optical com-
ponents of their high-power laser system, which is used as the
large particle size limit for calculations. The particle size limit
of 10~8 m is chosen arbitrarily.

Figure 2 is a log-log plot of the F vs Rbd, for different TP
and a particle size of a = 10~7 m. As Rbd increases and rp
decreases, F decreases and the damage threshold approaches
the insulating limit. Increasing Rbd increases the resistance to
heat transfer from particle to medium directly, and as rp de-
creases the thermal gradient in the medium increases, posing
additional resistance to heat transfer. Figure 3 is a similar plot
of F vs TP for different particle sizes and Rbd — 10 ~7 K-m2/
W. Here, both increasing a and decreasing TP yields a decrease
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in F, and again, the insulating limit prevails. The variation in
F with a is related to the volume/area ratio a as discussed
earlier: larger particles have a higher ET for the insulating
case, which decreases F. Observe that the absorption cross
section efficiency does not effect the dominant heating mech-
anism parameter in Eq. (26). This happens because F deter-
mines what happens after the energy has entered the particle
and is not concerned with how it initially gets there. Figure
4 plots the variation in F with a for several values of Rbd and
a pulse width of 10~9 s.

Figure 5 shows the particle temperature variation vs the
laser pulse duration TP as calculated from the analytic solution,
Eq. (20), for a typical situation. The parameters used in this
calculation appear in Table 2.

Plots for Rbd = 0, 10~8, 10~7, and 10"6 K-m2/W are shown
along with both the diffusion limit and the insulating limit.
In each case, a fixed energy of 1 pJ (1 x 10~12 J) is uniformly
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Table 2 Parameters used in particle
temperature calculation

Parameter Value Units

PPCP
pmCm*,
km
T-s
a

2 x 106

2 x 106

100
1
300
10-7

J/m3 x K
J/m3 x K
W/m x K
W/m x K
K
m

absorbed by the particle over the duration of the laser pulse.
The plots represent the temperature of the particle at the end
of the laser pulse accounting for diffusion into the medium
and a nonzero thermal boundary resistance. As the pulse
width decreases, the heat flux to the particle increases ac-
cordingly. The constant line at Tp ~ 420 K is the insulating
limit and represents the maximum attainable temperature of
the particle. In this case, no energy at all leaves the particle,
and the entire laser pulse contributes to its temperature rise.
Also plotted is the diffusion limit from the prior scaling: Tp
~ ET/\/TP with Rbd = 0. The actual temperature follows the
heating limit in Eq. (27) (i.e., diffusion limit vs insulation
limit) that yields the lowest temperature rise for a given pulse
energy. Furthermore, the temperature varies linearly with the
total energy absorbed; thus, changing the total energy input
will change the absolute temperature distributions, but the
temperature to heat input ratio Tplq'"V remains the same.

Several interesting points are worth noting. First, Tp ap-
proaches the maximum possible temperature as TP —> 0, which
represents the insulating limit and agrees with the scaling
results. Likewise, for small values of Rbd, as rp increases, Tp
approaches the diffusion limit, also as expected. Note that
larger values of Rbd result in higher particle temperatures for
a given pulse width and energy, which also is as expected.
Furthermore, as Rbd becomes small, the temperature profile
approaches that for Rbd = 0. Finally observe that, even for
moderate values of Rbd, the temperature change considering
the thermal boundary resistance can exceed that predicted
from the conventional theory by a factor of two or more. As
Rbd increases this difference becomes even more pronounced.

Conclusions
The preceding work develops an inclusion-based laser dam-

age model that incorporates the TBR experienced at the par-
ticle/medium interface. Sources of the TBR are discussed.
The heat transfer from a spherical absorbing particle embed-
ded in a nonabsorbing host medium is mathematically mod-
eled using Fourier conduction. Mie theory is used to calculate
the effective cross section, and the requirements for uniform
absorption in the particle are stated.

An exact solution to the governing equations is obtained by
solving the conservation of energy equations for both the particle
and medium. The Laplace transform is used to obtain the exact
solution for the temperature rise of the particle as a function of
the incident radiation fluence and pulse width. In all cases, the
TBR increases the temperature rise of the particle. The results
indicate that the predicted particle temperature rise can be over
twice as large as that when the TBR is neglected.

A basic scaling analysis is also performed to determine the
nature of the heating process. This analysis is based on laser
pulse width, magnitude of the TBR, particle size, and material
properties. These scaling results reveal two distinct limits on
the damage threshold: the insulating limit and the diffusion
limit. A single parameter is defined that determines which
limit governs the heat transfer process. Graphs of this param-

eter are plotted as a function of TBR, laser pulse width, and
particle size. The scaling laws predict the same trends found
in the exact solution. It is shown that the presence of the TBR
can increase the damage threshold dependence on pulse width
beyond the square root relationship encountered in the lit-
erature.
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