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Transient Temperature Response of Pulsed-Laser-
Induced Heating for Nanoshell-Based

Hyperthermia Treatment
Changhong Liu, Chunting Chris Mi, Senior Member, IEEE, and Ben Q. Li

Abstract—This paper aims to address the transient phenomenon
in pulsed-laser-induced heating for nanoshell-based hyperther-
mia. Within the framework of dual phase lag model, the tran-
sient temperature with the relaxation behavior involved was com-
pared with that based on Fourier’s law. The temporal variation of
temperature is investigated under the irradiation of pulsed laser,
as well as continuous-wave (CW) laser. A semianalytical solution
of 1-D nonhomogenous dual phase lag equation in spherical co-
ordinates is presented. The results show that the transient tem-
perature with relaxation behavior considered is generally higher
than that predicted by a classical diffusion model. The magnitude
of difference depends on pulsewidth, duty cycle, and repetition
rate. The maximal transient temperature is as high as 350 times
the steady-state temperature in a CW case. The biological effect
caused by the overheating in a short period needs to be studied
further.

Index Terms—Diffusion model, dual phase lag model, gold
nanoshell, hyperthermia, lagging behavior, pulsed laser.

NOMENCLATURE

a Inner radius [meter].
b Outer radius [meter].
A Coefficient in (10).
As Coefficient caused by size effect on absorption.
c Coefficient in (6).
Ci1 Coefficient in (11).
Ci2 Coefficient in (11).
Ce Volumetric heat capacity of electron [joule/cubic me-

ter/kelvin].
Cl Volumetric heat capacity of lattice [joule/cubic me-

ter/kelvin].
Cp Specific heat [joule/kilogram kelvin].
D Coefficient in (10).
E Coefficient in (12).
g Reciprocal of penetration depth [1/meter].
G The phonon–electron coupling factor.
J Laser fluence [joule/square meter].
K Thermal conductivity [watt/meter/kelvin].
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p Laplacian parameter.
q Heat flux [watt/square meter].
Q Volumetric heating source [watt/cubic meter].
r Radial coordinate [meter].
R Reflectivity.
S Volumetric heating source [watt/cubic meter].
t Time [second].
tp Laser pulsewidth [second].
tM Laser pulse period [second].
T Temperature [kelvin].
T0 The initial temperature [kelvin].
W Dimensionless volumetric heating source.

Greek symbols
α Thermal diffusivity [square meter/second].
β Dimensionless time.
βp Dimensionless laser pulsewidth.
βM Dimensionless laser pulse period.
γ Coefficient.
δ Dimensionless radial coordinate.
ε Ratio of βp over βM .
η Dimensionless heat flux.
λ Dimensionless particle radius.
τq Phase lag of heat flux [second].
τT Phase lag of temperature gradient [second].
Θ Dimensionless temperature.
Θ̄ Laplace transform of dimensionless temperature.

Subscript
i Layer number.
p Laplace transform domain.
q Heat flux.
r Reference variable.
s Steady state.
T Temperature gradient.
1 Silica core.
2 Gold shell.
3 Tissue.

I. INTRODUCTION

W ITH the emerging techniques, it is possible to synthesize
nanoparticles with a desired structure, such as cylin-

ders, prisms, and spherical shells [1]–[3]. These particles ex-
hibit unique optical, electromagnetic, and thermal properties at
the nanoscale. Taking a gold nanoshell (silica core with thin
gold coating), for instance, significant local electric field en-
hancement occurs due to the strong localized surface plasmon
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resonance (LSPR). Besides, by carefully designing the core-to-
shell ratio, the LSPR band can be arbitrarily tuned from visible
light to the IR region [4]–[7]. These exclusive properties moti-
vate the application of nanoshell as targeted thermal agents in
cancer therapy. Because at a desired wavelength range, known
as “therapeutic window,” most biological materials are transpar-
ent for the electromagnetic spectrum [8], [9]. This transparency
allows a longer penetration depth [10]–[12] for laser to enter the
tissue and achieve an efficient heat delivery from the skin to the
targeted nanoparticles predeposited in tumor, without thermal
damage to the healthy tissue.

Under appropriate irradiation, the laser-induced heat in
nanoshells is gradually dissipated to the surrounding cancer-
ous tissues, which results in 3 ◦C–7 ◦C temperature increase in
the cancerous tissue. The thermal treatment between 40 ◦C and
44 ◦C, i.e., hyperthermia treatment, is believed to be cytotoxic
for cells due to the change of pH environment [13], [14]. Main-
taining such a condition for a certain period of time, cancerous
cells finally lose their activity and die. The nanoshell-based hy-
perthermia (NSBH) is superior to other traditional treatments
from a noninvasive and an efficient targeted viewpoint [15].
However, except a few preliminary experiments on small ani-
mals to verify the effectiveness of NSBH [16]–[18], the related
theoretical research, to our best knowledge, has not been con-
ducted systematically. This is not surprising, since the involved
fundamental research ranges from plasmon physics to nonequi-
librium thermodynamics to photochemistry, and so on. It is no
doubt an interdisciplinary subject.

Since the primary concern in all types of cancer therapies,
without exception, is to minimize damage to the healthy parts
of the body, it is of vital importance to predict the temperature
rise during thermal therapy. It has been reported that protein
denaturation occurs at a temperature of 50 ◦C for most bio-
tissues [19], and cells die at a temperature of about 70 ◦C in
a few seconds [20]. Even though the steady-state temperature
in NSBH can be controlled under 44 ◦C, it does not mean the
maximum temperature is 44 ◦C. Due to the large thermal relax-
ation time of the tissue, the fast transient temperature may be
far beyond our expectations. Although exact data about cellular
survival under high temperature and short duration remain un-
known, it is not inconceivable that with the temperature greatly
elevated, the tolerance time of healthy cells decreases. In view
of the aforementioned fact, as part of a fundamental study, this
paper aims to address the transient phenomenon of heat con-
duction in pulsed-laser-induced NSBH.

In most of engineering applications, heat conduction can be
accurately described by the classical Fourier’s law, which as-
sumes that any thermal disturbance causes an instantaneous
response throughout the object, or equivalently, the propagation
speed of heat is infinite. However, this assumption is question-
able in case of problems involving a micro/nano spatial/temporal
scale. This has been proved in the literature [21]–[24]. Within
the macroscopic framework, a temperature field is assumed not
only continuum, but also holding thermal equilibrium at every
location. When the length scale is comparable to or smaller than
the mean free path of a material, there are no sufficient energy
carriers in the interested direction. Therefore, the temperature

field is no longer continuous. Once the concept of temperature
gradient fails, the classical Fourier’s law is also questionable,
and so is the associated diffusion equation. A similar situation
exists in the response time for temperature. The macroscopic
heat equation assumes that temperature gradient follows simul-
taneously with heat flux vector. In fact, any physical process
needs a finite time to take place. As a result, once the response
time of primary concern is in the same order of the mean free
time, the lagging behavior caused by phonon–electron interac-
tion in metal films or phonon scattering in dielectric media must
be taken into account. In NSBH, the interaction of short pulsed
laser with a nanoparticle with a shell thickness of 2–10 nm de-
termines that both microspatial and microtemporal issues are
involved. Therefore, the microscopic heat conduction model
should be used instead of the macroscopic model. So far, to our
best knowledge, only a few publications studied the heat transfer
mechanism of NSBH from the microscopic prospective.

To account for the microscopic heating problems, some mod-
ified heat conduction models were proposed in the previous
work. Cattaneo [25] and Vernotte [26] proposed the macro-
scopic thermal wave model (CV wave model) to consider a
finite speed of thermal propagation. The limitation of the CV
model is that it only contributes to a microscopic response in
time without consideration of the microstructured effect. As an
alternative, Pan presented a numerical simulation from a molec-
ular dynamic viewpoint to consider the microstructured effect
on temperature [27]. The two-step model is another frequently
employed model in processing the interaction of pulsed laser
with a metal film. It was pioneered by Kaganov et al. [28]
and Anisimov et al. [29], and advanced by Qiu and Tien [30].
The two-step model captures the fast transient heating behavior
as two separate stages, i.e., the radiation energy deposited on
electrons, then energy exchange between electrons and the lat-
tice. The hyperbolic two-step model is derived from quantum
mechanical and statistical basis. Therefore, it modified the phe-
nomenological nature of the CV model. Compared to the two-
step model whose emphasis is on the metal film, the phonon
scattering model (pure phonon scattering model), proposed by
Guyer and Krumhansl [31], puts major emphasis on heat trans-
port by phonon scattering. So, it is generally used in evaluating
the thermal behavior of a dielectric solid. To describe the mi-
croscopic heat phenomenon both in time and space, both for
metal and dielectric, Tzou developed a dual phase lag (DPL)
model [32], in which two lumped relaxation time parameters
were introduced to depict the transient thermal phenomenon
on a microscopic scale. The details of the DPL model will be
explained in the next section.

The work in this paper is considered a continuation of the elec-
tromagnetic analysis of laser–nanoshell interaction published
earlier by the authors [33]. As an initial stage of exploration,
this paper focuses on the transient temperature behavior of a
single nanoshell and its adjacent tissue under the exposure of a
pulsed laser, as shown in Fig. 1. For this purpose, we put little
emphasis on the propagation of the laser through the skin and
the tissue it passes through, i.e., the laser has been assumed to
have successfully arrived at the tumor region. In addition, as a
first attempt, it is assumed that the surface of gold shell makes
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Fig. 1. Schematic diagram for laser-induced heating. An isolated gold
nanoshell, with outer radius b = 30 nm and inner radius a = 27 nm, is em-
bedded in infinite tissue-like media and irradiated by a single-pulse laser. The
heat generation inside the shell is assumed to be uniformly distributed. Thus, the
mathematical model reduces to a transient 1-D nonhomogenous heat conduction
problem in the spherical coordinate.

perfect contact with both silica core and the host tissue. How-
ever, it should be stated that in real applications, the nanoshell
surface is not smooth due to the chemical synthesis process.
Moreover, the outer nanoshell surface is modified with thio-
lated polyethylene glycol (PEG) to provide steric stabilization
as well as eliminate nonspecific protein adsorption. Therefore,
the contact thermal resistance caused by the rough surface and
the biomatter modification remain a challenging issue so far.

II. MODEL DESCRIPTION

A. DPL Model

The original DPL concept can be mathematically expressed
as [31]

⇀
q (

⇀
r , t + τq ) = −k∇T (

⇀
r , t + τT ) (1)

where t is the time instant at which conservation of energy is
imposed, and τq is the phase lag of the heat flux vector. At
time instant t + τq , heat flows through the material volume. τT

is the phase lag of the temperature gradient. At time instant
t + τT , the temperature gradient is established across a material
volume.

Tang et al. interpreted the physical explanation of these two
parameters from the microscale sense [34]. For dielectric crys-
tals, by comparing the DPL model with the pure phonon field
model [30], it can be found that τq is the relaxation time for
the momentum-nonconserving process and τT is the relaxation
time for the normal process conserving the momentum in the
phonon system. For metals, by comparing with the micro two-
step model [30], it is found that τT captures the time delay
due to the microstructural interaction effect, i.e., the finite time
required for phonon–electron interaction to take place, and τq

captures the time delay due to the fast transient effect of thermal
inertia. The two parameters, τT and τq , account for the time
required by both heat flux and temperature gradient to gradually
respond to thermal disturbances, such as an imposed tempera-
ture difference or heating.

The first-order expansion of (1) with respect to t is

⇀
q (

⇀
r , t)+τq

∂
⇀
q (

⇀
r , t)

∂t
≈−k

{
∇T (

⇀
r , t)+τT

∂

∂t
[∇T (

⇀
r , t)]

}
.

(2)
Taking the divergence of (2) and substituting ∇ • ⇀

q to the
energy equation established at a general time t

−∇ • ⇀
q (

⇀
r , t) + S(

⇀
r , t) = Cp

∂T (
⇀
r , t)

∂t
. (3)

The T representation of the DPL model is

∇2T + τT
∂

∂t
∇2T +

1
K

[
S + τq

∂S

∂t

]
=

1
α

∂T

∂t
+

τq

α

∂2T

∂t2

(4)
subject to the following boundary conditions:

T1(a, t) = T2(a, t)

q1(a, t) = q2(a, t)

T2(b, t) = T3(b, t)

q2(b, t) = q3(b, t)

∂T1(0, t)
∂r

= 0

T3(∞, t) = T0 (5)

and the initial condition

T (r, 0) = T0 .

It is noted that when τq = τT , (1) reduces to Fourier’s law,
and the DPL model in (4) becomes the diffusion equation. If
τT = 0, then (4) becomes the CV wave model originated by
Cattaneo and Vernotte.

B. Intensity of Pulsed Laser

In (4), variable S represents the intensity of a laser beam,
i.e., the volumetric heat source in the analytical modeling. The
energy distribution of a single pulsed laser is assumed expo-
nentially decaying with laser propagation in space and with a
Gaussian profile in time. The pulsed volumetric heating of a
single pulse is, thus, expressed as [32]

⇀

S (
⇀
r , t) = 0.94Jg

(
1 − R

tp

)
e
−g ·|b−r |− c |t−2 t p |

t p · As (6)

where As is size effect on laser absorption. In the case of system
size being smaller than the mean free path of metal electrons,
the collisions between electrons and matter boundaries need
to be taken into account. As a result, the optical absorption
performance needs to be modified as well [35]. Fig. 2 illustrates
the absorption efficiency with the size effect involved, where we
obtain As = 0.25 at the LSPR wavelength.

The volumetric heat source from the repetitive laser pulses
can be arranged by a sequence of single pulses

S(r, t) = S0e
−g(b−r)

N −1∑
i=0

gi(t) (7)
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Fig. 2. Size effect on laser absorption. The resonance peak for a 27/30 nm
gold nanoshell with size effect involved is only 0.25 as much as that of bulk
gold at the LSPR wavelength. The refractive index of bulk gold is given in [36],
and in case of 3 nm shell thickness, it is modified according to [35].

Fig. 3. Construction of a pulsed laser train.

where N is the total number of laser pulses

gi(t) = e
− c |t−i ∗t M −2 t p |

t p {u(t − itM ) − u (t − (i + 1)tM )}

S0 = 0.94Jg

(
1 − R

tp

)
· As

and u(t) the unit step function:

u(t) =
{ 1 t > 0

0 t < 0

The temporal profile given by (7) is shown in Fig. 3.

C. Semianalytical Solution

By introducing the following dimensionless variables

Θ =
T − Tr

Tr
β =

t

τqr
δ =

r
√

αrτqr
αri =

αi

αr

Kri =
Ki

Kr
τT ri =

τT i

τqr
τqri =

τqi

τqr
W =

S

krTr/αrτqr
.

Equation (4) in spherical coordinates can be written as(
∂2Θ
∂δ2 +

2
δ

∂Θ
∂δ

)
+ τT ri

∂

∂β

(
∂2Θ
∂δ2 +

2
δ

∂Θ
∂δ

)

+
1

Kri

(
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∂W
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)
=

1
αri

∂Θ
∂β

+
τqri

αri

∂2Θ
∂δ2 . (8)

Applying the Laplace transform to (8) yields(
∂2Θ̄
∂δ2 +

2
δ

∂Θ̄
∂δ

)
− (1 + τqrip)p

αri(1 + τT rip)
Θ̄

+
1 + τqrip

Kri(1 + τT rip)
W̄ − τqri

Kri(1 + τqrip)
W̄ (δ, 0) = 0 (9)

where

W̄ (δ, 0) = W0e
−g0 δ−2c W0 =

S0

krTr/αrτqr

g0 = g
√

αrτqr W̄ (δ, p) =
S(δ, p)

krTr/αrτqr

S(δ, p) = L {S(δ, β)} = W0e
−g0 δL

{
N −1∑
i=0

gi(β)

}

= W0e
−g0 δ

N −1∑
i=0

gi(p)

gi(β) = e
− a |β −i β M −2 β p |

β p {u(β − iβM ) − u(β − (i+1)βM )} ,

βp =
tp
τqr

, βM =
tM
τqr

gi(p) = L (gi(β)) = βp

[
e−p(iβM +2βp ) − e−2a−ipε

a − pβp

+
e−p(iβM +2βp ) − ea(2−ε)−p(i+1)βM

a + pβp

]

with ε = βp

βM
.

Introducing Θ̄ = Ū/δ, after some algebraic manipulations,
(9) becomes

∂2Ū

∂δ2 − AiŪ + Di · δ = 0 (10)

where

Ai =
(1 + τqrip)p

αri(1 + τT rip)
Di =

(1 + τqrip)W̄ − τqriW (δ, 0)
Kri(1 + τT rip)

with subscript i from 1 to 3 representing the silica core, gold
shell, and tissue, respectively. Since variable D is the source
term, only D2 exists, D1 = D3 = 0. Equation (8) is a differ-
ential equation written in the dimensionless variables in the
Laplacian transform domain. It is straightforward to obtain the
general solution of Θ̄ for (10) in the following form:

Θ̄i(δ; p) =
Ūi(δ; p)

δ
=

Di

Ai
+

Ci1e
√

Ai δ + Ci2e
−
√

Ai δ

δ
. (11)

The six coefficients Ci1 , Ci2 , i = 1, 2, 3 can be determined
by the boundary conditions described in (5). By introducing a
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nondimensional heat flux variable η = q
kr Tr /

√
αr τq r

, the bound-

ary conditions in (5) are rewritten as follows:


Θ̄1 = Θ̄2a , at r = a
η̄1 = η̄2a , at r = a
Θ̄2b = Θ̄3 , at r = b
η̄2b = η̄3 , at r = b
η̄1 = 0, at r = 0
Θ̄3 = 0, at r = ∞.

(12)

In the lagging behavior model

q(r, t) �= −k∇T (r, t)

instead

q(r, t + τq ) = −k∇T (r, t + τT ).

The first-order expansion is

q(r, t) + τq
∂q(r, t)

∂t
≈ −k

[
∇T (r, t) + τT

∂

∂t
∇T (r, t)

]
.

(13)
Applying dimensionless analysis

η(δ, β) + τqri
∂η(δ, β)

∂β
≈ −kri

[
∂Θ
∂δ

+ τT ri
∂2Θ
∂δ∂β

]
.

Taking Laplace transformation with respect to β

η̄ (δ; p) ≈ −Ei ·
∂Θ̄
∂δ

(14)

where Ei = Kr i (1+τT r i p)
1+τq r i p

.
Combining (10) and (14), one can get

η̄ (δ; p) ≈ −Ei ·
∂Θ̄
∂δ

− Ei

[
− Ci1e

√
Ai δ + Ci2e

−
√

Ai δ

δ2

+
Ci1

√
Aie

√
Ai δ − Ci2

√
Aie

−
√

Ai δ

δ

]
. (15)

The six coefficients in (11) can be determined from (12)
and the solution of Θ̄ in the Laplace transform domain is also
obtained. The Laplacian inversion of (14) is computed using the
Riemann-sum approximation given by [13]

Θ(δ, β)=
eγβ

β

[
1
2
Θ̄(δ, γ) + Re

∞∑
n=1

Θ̄
(

δ, p = γ + j
nπ

β

)
(−1)n

]

(16)
which is the inverse Laplace transform of Θ̄(δ, p). For faster
convergence, numerical experiments have shown that a value
satisfying γ = 4.7 gives satisfactory results in most cases [32].

D. Phase Lag Parameters τT and τq

Since both microstructured and microtemporal effects have
been lumped into the resultant delayed response in time, the
constant values of τT and τq are crucial for the description

TABLE I
THERMAL PROPERTIES OF GOLD, TISSUE, AND SILICA

of the heat transport in microscopic scale. Physically, τT and
τq are regarded as the macroscopic parameters of a series of
microscopic physical processes, i.e., electron–electron interac-
tion, phonon–electron interaction, and phonon scattering, but
not simply summation. The determination of τT and τq , either
theoretically or experimentally, remains a problem. Relatively
speaking, the characteristic time of metal is easy to obtain due
to the regular arrangement of crystal. For a metal film, by com-
paring the DPL model with the hyperbolic two-step model [30],
Tzou [32] developed the direct relationship of the two charac-
teristic time constants with the microscopic thermal properties,
which is

α =
K

Ce + Cl
τT =

Cl

G
τq =

1
G

[
1
Ce

+
1
Cl

]−1

(17)
where G is a function of electron mass, electron gas density per
unit volume, the Planck constant, the Boltzmann constant, and
the Debye temperature. On this basis, the value of τT and τq of
a gold film is given in Table I.

In this paper, to determine τT and τq for silica, we have
adopted the parameters provided by Tzou [37].

To date, the characteristic time of biotissue is still in dispute.
No unified conclusion has been reached due to the complexity
of tissue components. Vedavarz et al. [38] used the expression
τphonon = 3α/υ2 to estimate the value of relaxation time of bi-
ological tissue, which gives 1–100 s at room temperature. Mitra
et al. [39] performed four experiments with different boundary
conditions and found that τq in the processed meat was about
16 s and τT was about 0.043 s. Kaminski [40] estimated that τq

is in the range of 20–30 s. Banerjee et al. [41] used relaxation
time of 5 s to carry out the theoretical non-Fourier hyperbolic
heat analysis and found it is closer to the experiment results
than that with the parabolic Fourier heat conduction. However,
heat transfer models [42]–[44] suggest heat is transferred within
100–300 ps from nanoparticles into the nearby water shell. The
exact parameter difference between water and biotissue needs
further investigation. In this paper, we use τT = 0.043 s and
τq = 16 s [39], as indicated in Table I.

III. RESULTS AND DISCUSSIONS

This section has two parts. One is about the temperature
response of a single laser pulse excitation. The emphasis is on the
effects of thermal lagging behavior of silica core and biological
tissue on temporal variation of temperature and the effect of
pulsewidth. The other is about the temperature variation with
a pulsed-laser-induced excitation, aiming at the comparison of
temperature response of continuous-wave (CW) laser and pulsed
laser by means of the DPL model and the diffusion model.
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Fig. 4. Transient temperature distribution near a single nanoshell, with inner
radius of 27 nm and shell thickness of 3 nm. The duration of the laser pulse is
1 ps. (a) Temperature obtained from the DPL model. (b) Temperature obtained
from the classical diffusion model.

A. Single Laser Pulse Interacting With Single Nanoshell

1) Effect of Tissue on Transient Temperature: As a study
case, the energy from a single laser pulse with duration tp =
1 ps was considered. The semi-DPL model and the classical
diffusion model were employed, respectively, to capture the
temperature history at different time instants. In the former,
the characteristic time (τT and τq ) of gold and the tissue were
assigned according to Table I, and τT and τq of silica were set
zero. The purpose is to separately exhibit the effect of different
materials on the transient temperature. Fig. 4 shows that the
maximal temperature occurs at the interface of the nanoparticle
and tissue.

By comparing the temperature of the DPL model shown in
Fig. 4(a) with the temperature of the diffusion model shown
in Fig. 4(b), we can find an important phenomenon: at instant
t = 10 ps, θ of the DPL model is higher than 0.1, while θ of
the diffusion model is lower than 0.0625. The same situation
occurs at instant t = 100 ps. This implies that the effect of ther-
mal relaxation is caused by the tissue. In the diffusion model,
thermal disturbance is assumed to cause an instantaneous re-
sponse without any delay. Therefore, heat inside the shell is
transferred to its adjacent tissue as soon as heat generates. In
the semi-DPL model, however, tissue needs time to respond to
the sudden thermal load. As a result, heat accumulates inside

the particle until the tissue begins to respond, which causes a
higher temperature rise inside the particle in the DPL model.
We tried a series of characteristic times of a tissue-like ma-
terial, and found that the bigger the difference of τq − τT in
the tissue, the higher the overshooting of the temperature in-
side the particle due to the long-time heat accumulation without
dissipation.

2) Effect of Silica Core on Transient Temperature: In this
case, the transient temperatures with the semi-DPL model and
DPL model were compared. In the semi-DPL model, the silica
core is assumed diffusive, i.e., τT 1 = τq1 = 0, while, in the pure
DPL model, τT 1 = 10 ps and τq1 = 5 ps. We arbitrarily select
pulsewidth with 10 ps to examine the influence of the lagging
behavior of the silica core to the transient temperature. Fig. 5
depicts four time instants, t = 1 ps, t = 10 ps, t = 20 ps, and t =
500 ps. We can conclude that in the pulsewidth, the temperature
increases with time; then, the temperature gradually drops. In
addition, we found an inverse trend, as shown in Fig. 3, where
the heat flux vector of the tissue lags behind the temperature
gradient. The equivalent relaxation time of the tissue τq − τT is
positive, which contributes to an overshooting in the temperature
profile. While in Fig. 5, the heat flux vector of silica precedes the
temperature gradient. The equivalent relaxation time τq − τT is
negative, which represents the case of overdiffusion. However,
given the fact that τq is comparable to τT , the phenomenon of
overdiffusion is not very obvious.

3) Pulsewidth Effect on Transient Temperature: The pur-
pose of this section is to investigate the temperature differ-
ence predicted by the DPL model and the diffusion model un-
der varying pulsewidths. We use a temperature ratio with re-
spect to the maximal temperature of the DPL model to evaluate
the relative temperature difference caused by different mod-
els. From Fig. 6(a) to (d), the pulsewidth is assigned 1, 10,
100, and 1000 ps, respectively. In Fig. 6(a), if the maximal
temperature of DPL is 1, the corresponding temperature of the
diffusion model goes to 0.83. With pulsewidth increasing, if
we still use the maximal θ as a reference, θ of diffusion case
goes to 0.52, 0.11, and 0.02, respectively. This means that the
wider the pulsewidth, the bigger the temperature difference be-
tween the DPL model and the diffusion model. For instance, at
tp = 1 ps, the maximal θ described by the DPL model is about
1.2 times that of the diffusion model. However, at tp = 1000 ps,
the maximal θ of the DPL model becomes 50 times that of the
classical heat conduction model. This means that for a tem-
perature rise of 1 ◦C predicted by the diffusion model, the ac-
tual temperature rise will be 50 ◦C if we consider the relax-
ation behavior contributed by the biological tissue. We can fur-
ther conclude that the temperature will keep increasing if the
pulsewidth is even longer until it becomes bigger than τq − τT

of the tissue, since the tissue begins to dissipate heat at this
instant.

Although we are not sure to what extent such high temperature
affects biotissue in short duration, we have to take appropriate
measures to avoid the possible overheat damage to the tissue.
These measures may include appropriate concentration of par-
ticles, reasonable pulsewidth, and intensity, etc. This will be our
further direction of research on NSBH.
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Fig. 5. Temperature distribution at various time instants. The pulsewidth is 10 ps. The solid lines represent the results from the semi-DPL model and the dashed
lines denote results from the DPL model. (a) t = 1 ps. (b) t = 10 ps. (c) t = 20 ps. (d) t = 500 ps.

Fig. 6. Duration effect on transient temperature with the DPL model. (a) tp = 1 ps. (b) tp = 10 ps. (c) tp = 100 ps. (d) tp = 1000 ps.

B. Pulsed Laser Interacting With a Single Nanoshell

1) Temperature History Versus Varying Duty Cycle:
Fig. 7(a) shows the temporal variation of the interface tem-
perature between the shell and tissue (r = 30 nm) with the
same pulsewidth (1 ps), but different duty cycles of laser pulses.
The three curves represent duty cycles of 10%, 5%, and 2.5%,
respectively. The same pulsewidth implies the same pulse in-
tensity, which results in the same magnitude of temperature rise
in the early heating period of each laser pulse. As time elapses,

the laser energy is exponentially weakened, and the tempera-
ture tends to decrease. Obviously, the time-average temperature
depends on duty cycle, as well as repetition rate. A larger num-
ber of pulses increases the total internal energy absorbed by the
nanoshell, which, in turn, increases the temperature rise of the
particle and the adjacent tissue.

Fig. 7(b) shows the temporal variation of the interface tem-
perature under another situation, i.e., the same pulsewidth, but
a different duty cycle. However, the time-average power is
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Fig. 7. Temperature response with repetitive pulsed laser. (a) Duty cycle effect on temperature response. (b) Temporal variation of the interface temperature
under the same pulsewidth, but with a different duty cycle.

Fig. 8. Temporal variation of interface temperature with CW excitation in long time scale. (a) DPL model. (b) Diffusion model.

constant in the interested time period, e.g., 100 ps. To achieve
this, the intensity of the pulse laser needs to be increased to
maintain identical energy. By assuming ε < 50%, the expres-
sion of average energy can be simply expressed as

Sav(r, t) =
1
tD

∫ tD

0
S(r, t)dt =

S0e
−gr

tD

∫ tD

0
e
− c |t−2 t p |

t p dt

=
S0e

−gr

tD

{∫ 2tp

0
e
− c ( 2 t p −t )

t p dt +
∫ tD

2tp

e
− c ( t−2 t p )

t p dt

}

=
S0e

−gr

tD

tp
c

[
2 − e−2c − ec(2−ε)

]
. (18)

The upper three curves in Fig. 7(b) are simulated by the DPL
model, and the lower three curves by the diffusion model. By
comparing the pulse condition with the CW condition for the
DPL model with the diffusion model, it can be seen that although
the average power and pulsewidth are the same, a relatively high
transient temperature rise can be obtained by concentrating all
the laser energy into a very short period of duration. But the
transient temperature with pulse excitation is not always higher
than that with CW laser. It depends on both pulsewidth and duty
cycle. Besides, the temperature with pulse laser excitation in the
DPL simulation tends to be smaller than the CW result. How-
ever, in the diffusion model the tendency is just the opposite.
In addition, the temperature with relaxation behavior considera-

tion is generally higher than those with diffusion consideration.
Take the CW case, for instance, at t = 400 ps, the dimensionless
temperature of the DPL model is almost 3.5 times the diffusive
result, and the difference tends to be enlarged with time elapses.
Naturally, we need to investigate what happens with time.

In Fig. 8, the temporal variation of the interface temperature
with CW excitation in the long time scale is calculated by the
DPL model and the diffusion model, respectively. Fig. 8(b)
indicates that during the period of phase lag of the tissue, the
maximal temperature is as high as 2000, and after that heat
begins to dissipate toward the tissue, followed by a gradual
temperature decrease. It can be confirmed that with time elapses,
the effect caused by the lagging behavior, mainly contributed by
the tissue, will become weaker and weaker. If the time is long
enough, the temporal profile of the temperature should coincide
with that of the diffusion model, which is shown in Fig. 7(b). The
steady-state temperature is around 5.6. Obviously, the maximal
transient temperature reaches as high as 350 times the steady-
state value. Thus, if the steady-state temperature rises by 1 ◦C,
the temperature at one time will reach 350 ◦C at the interface.

It must be noted that it is the temperature comparison between
the DPL model and the diffusion model, not the absolute value
of temperature, that makes sense in this paper. The tempera-
ture field in NSPH is contributed by hundreds of thousands of
nanoparticles and the temperature of a single nanoparticle does
not represent the overall or average temperature. Consequently,



LIU et al.: TRANSIENT TEMPERATURE RESPONSE OF PULSED-LASER-INDUCED HEATING 705

the intensity of laser in this paper is arbitrarily assigned. How-
ever, it does not affect the analysis of the transient heat transport
phenomenon.

IV. CONCLUSION

Within the framework of the DPL model, the transient heat
transfer process was studied for gold NSBH treatments. The in-
fluence of the thermal lagging behavior of silica core and biolog-
ical tissue on temporal variation of temperature was discussed
separately in terms of two lumped phase lag parameters, τT and
τq . Analytical results indicate that a bigger τq of the tissue has
a larger effect on the overall temperature of the nanoshell and
tissue. It causes heat inside the particle to build locally within
a short time. The magnitude of the transient temperature dif-
ference between the DPL model with phase lagging involved
and the classical diffusion model depends on pulsewidth, duty
cycle, as well as repetition rate. Within the period of relaxation
time of the tissue, larger pulsewidth and high repetition rate
result in a larger temperature difference compared to the diffu-
sion results. Keeping the laser power constant, the temperature
response of CW-laser irradiation was compared with that of the
repetitive pulsed laser. We found that within the framework of
the DPL model, the temperature with pulsed laser tends to be
lower than the CW results, which is just the opposite in the
diffusion model. In addition, under the condition of CW-laser
irradiation, we found that the maximal transient temperature is
almost as high as 350 times the steady-state temperature. The
overheating period is short, but the related biological response
could be profound due to the high magnitude of the transient
temperature.
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