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Abstract: In this paper, the time-resolved model of the photoacoustic signal for samples with a
complex inner structure is derived including local non-equilibrium of structural elements with
multiple degrees of freedom, i.e., structural entropy of the system. The local non-equilibrium is taken
into account through the fractional operator. By analyzing the model for two types of time-dependent
excitation, a very short pulse and a very long pulse, it is shown that the rates of non-equilibrium
relaxations in complex samples can be measured by applying the derived model and time-domain
measurements. Limitations of the model and further directions of its development are discussed.

Keywords: heat transfer; irreversibility; local non-equilibrium; time delayed equation; fractional
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1. Introduction

Photoacoustic (PA) and other photothermal (PT) techniques are non-destructive exper-
imental methods based on the recording of detectable phenomena produced by optically
induced heat transfer across the illuminated sample [1-8]. These techniques have been
developed for the last half century and are increasingly being applied to measure the
thermal properties of various samples [9-16].

In PA measurement, the pressure fluctuations in the gaseous surroundings of the
optically heated sample are recorded [1-3]. They are proportional to the surface tem-
perature variations of the optically excited sample [1,17]. To relate these fluctuations to
sample properties, it is necessary to develop a theoretical description of heat transfer
across the illuminated sample and to calculate surface temperature variations based on
this description.

Classical heat conduction theory [18] was established more than 150 years ago and is
still found in textbooks and most of the engineering and scientific literature is related to the
problem of heat transport because it is consistent with the basic laws of thermodynamics.
However, classical thermodynamics contains some assumptions that limit its domain of
validity [19-22]. One of these assumptions is the local equilibrium assumption for non-
equilibrium situations such as heat transport. Namely, classical thermodynamics considers
that all sub-systems of a thermodynamic system are in local equilibrium while the system
is not in equilibrium [19]. This assumption is valuable only if all subsystems relax at rates
much larger than the rate of system enthalpy changes [23,24]. Otherwise, the influence of
local relaxations must be taken into account [25-36].

The rates of subsystem relaxations in crystal solids are large [37]. Therefore, one does
not expect their influence on heat transfer in the usual measurement ranges of standard
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experiments based on heat transfer, such as PAs and other PT techniques. The theoretical
estimations of the relaxation rates in complex systems are much less reliable due to the large
structural entropy of these systems; however, they are expected to be much slower than in
crystals [29,37]. Besides, many calorimetric experiments show that the heat transport within
complex systems such as glasses, liquid crystals, polymers, biopolymers, biological tissues,
etc. deviates from the corresponding standard Fourier’s theory of heat conduction [30-37],
indicating a possible influence of non-equilibrium relaxations in the usual measurement
range of PT techniques [38].

In this paper, we derive a generalized model of a photothermally induced acoustic
signal, including local relaxation in the sample with a complex inner structure. Our
objective is to investigate whether PA measurements could be employed in the estimation
of non-equilibrium relaxation rates in complex systems.

The structure of the paper is as follows: After this introductory chapter, in Section 2, we
briefly presented the fractional theory of heat conduction, which includes kinetic relaxations
due to local non-equilibrium. We showed that kinetic relaxations can be connected with
a microscopic approach based on fractional statistical physics and the kinetic memory
of substantial media. Using the proposed fractional theory in Section 3, a model of the
spectral function of the PA signal was derived by applying the Laplace transform. After
that, by applying the inverse Laplace transform to the spectral function of the PA signal
for a thin sample, a model of the time-dependent PA signal generated by optical pulse
excitation was derived. In Section 4, the time-dependent PA signal was analyzed for
samples with a complex internal structure of different thicknesses. It has been shown
that kinetic relaxations affect the slope and magnitude of the time-resolved PA signal,
indicating that this measurement technique can be employed in the observation of local
non-equilibrium in complex systems.

2. Theory of Heat Conduction including the Non-Equilibrium Relaxation

The classical theory of heat conduction is based on the law of conservation of en-
ergy (First Law of Thermodynamics, Equation (1)) and Fourier’s constitutive relation,
Equation (2), which satisfies the Second Law of Thermodynamics [18,39]:

CPE)TE;, ) + divﬁ)(x,t) =0 (1)
7 p) = 42T @

ox
In the above equations, T(x,t) denotes the change in the equilibrium temperature,

and ;(x, t) denotes the heat flux.

The first term of Equation (1) denotes the rate of change of internal energy de(x, t) /9t [27],
while the second term, the divergence of the heat flux caused by the appearance of a
temperature gradient inside the sample, refers to the dissipation of energy inside the
sample and is related to the increase in entropy of the system during the process of energy
exchange between the system and its environment [23,40]. The volume heat capacitance
of a system ¢, = pC, tells us how much heat per unit volume the system will absorb
from its surroundings if we change its temperature by a small amount. Symbols C, and
p signify mass heat capacitance and mass density, respectively, and symbol k signifies
thermal conductivity.

Substituting Equation (2) into Equation (1) gives the classic heat conduction equation [18]:

82T(x,t) B laT(x, t) 3)
9x2 D ot

where D denotes thermal diffusivity of the system and it is defined as the ratio of thermal
conductivity k and volume heat capacitance ¢y, D = k/c).
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Equation (3) has been used for more than a century to describe heat transport pro-
cesses in the condensed phase and to explain and process dynamic calorimetric experi-
ments [18]. However, numerous experiments performed in the last fifty years on systems
with a complex internal structure cannot be explained by the application of classical the-
ory. A number of such experiments are explained by the introduction of complex heat
capacitance [23,25,26,38], indicating that there is an approximation in the First Law of
Thermodynamics given by Equation (1) that limits the domain of applicability of the
classical theory [23,38].

From a thermodynamic point of view, the First Law of Thermodynamics given in
the form of Equation (1) assumes that the exchange of energy between a system and
its environment is a reversible process when the dissipation due to the appearance of
a temperature gradient is neglected (e.g., in the case of small-sized samples) [40]. This
further means that the increase in entropy due to the thermodynamic process of energy
exchange is ignored [23] in this case; that is, this law assumes the local equilibrium of all
subsystems even though the whole system is not in thermodynamic equilibrium with the
environment [19-22]. This approximation can be removed by introducing one more state
variable (in addition to pressure and temperature), which is called affinity [23,41,42].

Generally, at constant temperature and pressure, affinity can be regarded as the
advancement of an internal parameter (internal degree of freedom) of the system or as ther-
modynamic potential for the system undergoing a physic-chemical transformation, i.e., as
a generalized driving force that vanishes when the system is at equilibrium. Prigogine, De
Groot, and Mazur [41] defined an internal space of configuration of the system, where each
degree of freedom is represented by a continuing variable representing a coordinate of the
internal space. By analogy with heat diffusion in classical theory, where heat is lost along
the spatial direction defined by hot and cold points, in this representation, heat is lost by
diffusion along the coordinate defined by the degree of freedom inside the internal space
of configuration, which participates in the entropy productions [23]. It could be related
to the kinetic memory of the system, which comes into expression when the time scale
of observing the process (of the experiment) is approximately equal to or less than the
relaxation time of kinetic relaxations [19-23]. Unfortunately, reliable estimates of kinetic
relaxation times do not exist, and the existing ones range in ten orders of magnitude [37]. It
is difficult to say on what scale the influence of local non-equilibrium should be expected
to appear in various substantial media. But some experimental results related to heat
flow across biological tissues and polymeric materials indicate that deviations from the
prediction of classical heat conduction theory can be observed on the time scale of existing
photothermal experiments [38]. Since the classical theory is widely spread in textbooks
and the scientific literature outside the narrow circle of researchers dealing with dissipative
processes, these effects are most often ignored, or if shown, they are attributed to some
other influences.

When a complex system with an internal degree of freedom absorbs energy from (or
releases it to) its environment, it is in a non-equilibrium state, but if this state is close to
equilibrium, the internal energy can be described through convolutional integral as it is
described in linear response theory [27,28].

T(x,t —t')dt (4)

e(x,t) —eg = cp | P(0)T(x,t) +/
0

where c, is the equilibrium volume heat capacitance and ®(t) is kinetic memory kernel
that must satisfies relations ®(t = 0) = 1 and ®(t — o0) = 0 [25].

In essence, the above integral relation introduces a phase lag between change of
internal energy and change of local equilibrium temperature, e(x, t + T7) ~ T(x,t), meaning
that under the local non-equilibrium condition the kinetic temperature (i.e., internal energy
e) relaxes to the local equilibrium temperature T after time T [21,22].
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The assumption about exponentially fading memory kernel ®(t) leads to the gen-
eralized theory of heat conduction with complex heat capacitance that is widely used in
the analysis of the calorimetric measurement of a complex system. However, microscopic
approach to derivation of heat conduction equation in complex media that consider experi-
mentally observed anomalous diffusive effects suggests the following fractional relation
between temperature rate and internal energy rate [43-50]:

de(x,t)  9'T(x,t)
ot P gp ©)

where the Riemann-Liouville definition of fractional derivative is used, for an arbitrary
function f(x, t) [49-53]:

t
9Vf(x,t) 1 9 [ f(xt) ,,
= = dt 1
T 8t0/ (ot 0=vs ©)
and I'(v) is Gamma function defined via convergent improper integral: T'(v) = [ t'~le~'dt,
0

0 < v. With ¢y, is denoted fractional volume heat capacitance cp, = cpr"’l and T is
kinetic relaxation time. In this microscopic theory, the fractional exponent v and fractional
volume heat capacitance c, are associated with anomalous diffusion effects, that is, with
the experimentally observed deviation of the mean square length of heat carriers from the
linear time dependence [43,49].

Substituting Equation (6) into Equation (5) and comparing with Equation (4), assuming
zero initial conditions, it can be concluded that anomalous diffusion effects can be associated
with local non-equilibrium and power law fading memory kernels. Consequently, the non-
equilibrium process is governed by the kinetic relaxation time through the fractional heat
capacitance ¢y, and fractional exponent v. In the absence of anomalous diffusion effects
(v = 1), fractional heat capacitance is reduced to the equilibrium heat capacitance, and
fractional derivatives given by Equation (6) are reduced to integer derivatives, meaning
that the change in internal energy does not show a delay in relation to the change in
equilibrium temperature.

A fractional-order differential calculus is a generalization of the integer-order integral
and derivative to real or even complex order [50-52]. This idea first emerged at the end of
the seventeenth century and has been developed in the area of mathematics throughout the
eighteenth and nineteenth centuries. More recently, by the end of the twentieth century, it
turned out that some physical phenomena can be modeled more accurately when fractional
calculus is used [53-59].

By substituting Equation (5) into Equation (1) and by substituting Equation (2) into
Equation (1), a generalized description of heat conduction through complex systems is
obtained, which includes local non-equilibrium through the fractional exponent v and
fractional heat capacity cyy:

"d(x,t)  3*0(x,t)

T T B @

while the constitutive relation that satisfies the Second Law of Thermodynamics remains
the same Equation (2).

In the Equation (7), 9(x, t) = T(x, t) — T is the temperature variation of the system
with respect to the temperature at which the sample was in thermodynamic equilibrium
with the environment, and T signifies temperature of ambient.

It is important to note that the same generalized equation of heat conduction, Equation (7),
was derived from the point of view of statistical physics by using various approaches [43—45].
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3. Model of PA Signal including Local Thermal Non-Equilibrium in the Sample

Photothermally induced acoustic responses involve multiple coupled physical phe-
nomena (e.g., laser-matter interaction, heat conduction, acoustic wave propagation), which
exhibit dynamics at multiple scales [1-8]. Additionally, these phenomena are governed by
various physical properties of the sample (optical, thermal, elastic, electronic, etc.), leading
to very complex multiparametric models of PA signals [9]. This not only significantly com-
plicates the solution of the inverse PA problem but can also make its solution non-unique
and less accurate [60], preventing the application of PA methods in measuring the thermal
properties of the sample. Therefore, when solving the direct PA problem, one often resorts
to the development of approximate models, which take into account only those processes
that are dominant in the real measurement range.

In this section, we developed a direct model of the PA signal recorded in a gas-
microphone configuration of the experiment, based on the widespread Rosencwaig—Gersho
(RG) [1] theory of the formation of pressure fluctuations in a closed cell of small volume (in
which the length of the gas column is smaller than the wavelength of the acoustic waves).
In addition, we considered that the sample can be considered thermally homogeneous,
but that due to its complex internal structure, kinetic relaxations, i.e., the influence of local
thermal non-equilibrium, should be taken into account.

We observe an optically opaque sample that is illuminated uniformly over the entire
surface, Figure 1.

Source S()f(l‘) Sample  Gas column Microphone

YYVIVYY
=

Figure 1. Geometry of the problem.

The sample is surrounded by air, and air conducts heat much more poorly than the
sample [61]. In difference to frequency PA methods where harmonic excitation of various
frequencies is used, we consider that the time dependence of the optical excitation can be
described by unity pulse for very short optical pulse:

1 t=0
s =o0={5 17, ®
and by Heaviside function for very long optical pulse:
1 t>0
s =hn={g 129 ©

where the system was in thermodynamic equilibrium with the environment at ambient
temperature Ty for ¢t < 0. That time dependence of optical excitation can describe time-
domain PA experiments very well [62].

When the sample is illuminated, the part of the excitation EM energy is absorbed,
and part of the absorbed energy is converted into heat on the surface of the sample (due
to the fact that the sample is optically opaque). In other words, the excitation optical
beam leads to the formation of an excitation heat flux on the illuminated surface of the
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sample, which follows the dynamics of the optical excitation due to very fast (infinitely
fast) de-excitation—relaxation processes [63]:

S(x,t) = (1= R)nlod(x)f(t) = Sod(x)f () (10)

where Sy = (1 — R)# Iy is absorbed electromagnetic flux, R is coefficient of optical reflection,
1 is quantum coefficient of conversion of electromagnetic energy into heat, and I is
excitation electromagnetic flux.

Symbol é(x) in Equation (10) signifies Dirac d function:

—+o0

/ d(x)dx = {(1) i;g (11)

—00

Inside the sample, a perturbation of the thermodynamic state occurs, and heat flow and
heat flux appear, which tend to bring the system into a new thermodynamic equilibrium
with the environment. Based on the theoretical model presented in the previous section,
the propagation of optically generated heat through the sample can be described by the
following system of partial differential equations:

0%9(x, 1 9Y9(x, 1
T 2D s (st) 12)
g(x,t) = —kaﬁéi’t) (13)

where Dy, = k/C,, is fractional heat diffusivity.

We suppose zero initial conditions and zero flux boundary conditions (because the air
is a much better heat conductor [61]). Substituting Equation (10) in Equation (12) and by
integrating this equation about point x = 0 (and by using Equation (11)), the problem is
reduced to system of homogeneous partial differential equations:

?9(x,t) 1 9"8(x, 1)

o2 D, o " (14
L 00(x, 1)
q(x/ t) - _k ax (15)
with inhomogeneous boundary condition in point x = 0:
q(x = 0,) = Sof(t) (16)
g(x=1t)=0 (17)

The heat transfer is described in the 1D spatial dimension due to the fact that the heat
source appears as a surface source in a uniformly illuminated sample [64].

Based on Equations (14)—(17), it can be seen that the entire problem is described by
fractional linear partial differential equations. Such equations, as well as integer linear
partial differential equations, can be solved using different methods, e.g., master equation
approach [65]. In this paper, we use the Laplace transform because this integral transforma-
tion method enables simultaneous analyzes of spectral function (significant for frequency
PA methods) and time-resolved PA signals (significant for time-domain photoacoustics).

By applying the Laplace transform to Equations (14)—(17), the above system of equa-
tions is reduced to a system of linear differential equations with complex coefficients:

% —7%8(x,5) =0 (18)
g(x,8) = —= L d9(xs) (19)
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7(x =0,s) = SoF(s) (20)

gx=1s)=0 (21)

where F(s) is the Laplace transform of the time-dependent function that describes the
evolution of optical excitation, Equations (8) and (9). Symbols 9(x,s) and g(x, s) signify
complex representative of equilibrium temperature variations and heat flux, respectively,
and superscript bar in other symbols signify complex function of the complex variable s.

Parameters o (complex coefficient of heat transfer) and Z (complex thermal impedance)
are defined as follows:

_ sv
v
— D, /1
Z = T v = (23)

By solving the above system of equations, Equations (18) and (19), with the boundary
conditions, Equations (20) and (21), the spectral function of the profile of temperature
variations in the sample is obtained, as well as surface temperature variations on the
non-illuminated surface of the sample (sample/air boundaries):

9(x,5) = SOZCh(;Th((IU_l)x))F(s) (24)
(1, s) = Sozsh(l(fl) (s) (25)

If the local non-equilibrium is not taken into account and heat transfer is described by
Equations (1)—(3), the classical model of the spectral function of the PA signal is obtained,
where only the thermal impedances and the complex propagation coefficient differ than
parameters given by Equations (22) and (23). In the classic model, these complex parameters
are defined by the following expressions [66]:

_ S
Oclass = \/ 5 (26)

- VD [1
chass = T g (27)

Based on the RG theory [1], pressure fluctuations in the gaseous environment of
an optically heated sample are depended on temperature variations at the sample/air
boundary, if the length of the gas column is much larger than the thermal diffusion length
in the gas,

(o) = B0V 150, os)
To Ig Vs '

In Equation (28), the following symbols are introduced: py and Ty are normal pressure
and temperature of ambient, Dy is thermal diffusivity in air, and /g is air column length in
PA cell, Figure 1.

Substituting Equation (25) into Equation (28), the spectral function of pressure fluctua-
tions in the gaseous environment of the sample is obtained:

Y AV N
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The model given by Equation (29) can be obtained from the Generalized Cattaneo
Fractional Model GCEIII for thermal piston component of PA signal presented in paper [67]
if inertial relaxations are neglected and if one finds the limit for the optically opaque sample.

Taking into account that the microphone, which records pressure fluctuations, behaves
as a differentiator of these fluctuations [68], the spectral function of the recorded PA signal
is described by the following expression:

povVDg s o 1 -
S(s) = ASo » et (30)

where A signifies the gain of electrical signal recorded by microphone.
To calculate time dependent PA signal for thin samples, we used the development
function sh(cl) /7l in power order as follows [69]:

sh(y)

2 4
vy
3'+5'

=1+ ... (31)

By substituting Equations (22), (23) and (31) in Equation (30), an approximate spec-
tral function of the PA signal is obtained, which includes the local non-equilibrium in
complex systems:

1 _
5(5) = Ko 55— F(6) (32)
where
Po \/
K = ASy To klg (33)
6D
a= Z—z“ (34)

In order to compare our model with the classical model, we first calculated the spectral
function of the PA signal based on the classical theory of heat conduction. Substituting
Equations (26), (27) and (31) in Equation (30) gives the following:

Selass(8) = Kﬂhf\[ﬁal E(s) (35)

where
Ky =K = AS, ’;g \é; (36)
=" 37)

In further analysis, time-domain PA signals normalized to the gain constant K will
be considered:
ava 1 -

gn(s) = s0—05 gv +aF(S) (38)
§nclass (S) = al\/ﬂ ! F(S) (39)

Vs s+

Considering that Laplace transforms of optical pulse given by Equation (8)is F(s) = 1[70],
we obtain spectral functions of PA signals for very short optical pulse predicted by fractional
and classical theory:

- ava 1

Sn (S) = V0550 1 4 (40)
- a1/a 1
Shclass (8) = 17\/7 (41)

Vs s+m
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Similarly, for very long optical pulse described by Equation (9), we have F(s) = 1/s[68],
and consequently, spectral functions of PA signals from Equations (38) and (39) become
the following:

ava 1

5(s) = S5 (42)
— a1\/ai 1
Sncluss(s) = S\/S>S Ta (43)

Normalized PA signals in the time domain were obtained by finding the inverse
Laplace transform of Equations (40)—(43).

As it can be seen from Equations (41) and (43), the spectral functions predicted by the
classical model are described by the product of fractional operator and rational function
1/ (s + a1) which inverse Laplace transforms given in Table 1, are known [70].

Table 1. Table of inverse Laplace transform of some rational and irrational functions [70].

Laplace Transform G(s) Inverse Laplace Transform L~1 [G(s)]
1 1
NG Vot
1 t
sv/s 2 Fe
1 efat
s+a

As it is known, product in s-space is convolution in time. Inverse Laplace transform of
spectral function given by Equation (41) is obtained by solution of convolution integral:

1
vt

t t
Snclass(t) =m \/E/ ejal(tit/)dt/ =m \/aeitz/ e(m,)Zdt/ (44)
0 0

Using the results of the paper [71], the above solution can be represented via the
two-parameter Mittag-Leffler function [50,72]:

Sncluss(t) =m \/atvio'sEv,v-‘rO.S(_altv) (45)

where Mittage-Leffler function is defined by the following [72]:

00 k
BV ()= e = (46)
a,p(?) k; T(ak + B) kI
with Pochhammer symbol defined by the following:
(M =r(r+D(r+2)... (v +k=1) (47)

The inverse Laplace transform of the function given by Equation (43), for PA signal of
long optical pulse, is found by solving the following convolution integral:

t
Snclass(t) =m \/E/ h(t - tl)tlvio'SEv,v—ﬁ—OE (_altlv)dt/ (48)
0

Using the properties of the Mittag-Leffler function [50,71-73], the solution of the above
integral is again a two-parameter Mittag-Leffler function:

Sncluss(t) =m \/atv+0'5Ev,v+1.5(_altv) (49)
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The spectral functions of the PA signal for the fractional model are given by
Equations (40) and (42), for very short optical pulse and for long optical pulse, respectively.
As can be seen from these expressions, both functions are given as a product of functions
described by irrational operators. To find their inverse Laplace transform, the general
solution [74] given in Table 2 was used.

Table 2. Inverse Laplace transform of some irrational order functions [74].

Laplace Transform F(s) Inverse Laplace Transform L~ [F(s)]

S“'Yfﬁ

tP1EY (—at®)
(Sa+ﬂ)’y ©p

By using Equation (40) and Table 2, the time-domain PA signal for very short optical
pulse is given by the following:

Sn(t> = aﬁtzv*1‘5EU,2U_o_5(—ut”) (50)

In a similar way, the time domain PA signal generated by long optical pulse for which
spectral function is given by Equation (42) is obtained:

Su(t) = av/at** " Ey oy 05(—at”) (51)

4. Discussion

By comparing the expressions describing the PA signal predicted by the fractional
model Equations (50) and (51) with the expressions describing the PA signal predicted by
the classical model Equations (45) and (49), for both types of optical impulse excitation, it is
shown that the fractional models reduce to the classical for v = 1.

In order to examine the influence of the local non-equilibrium represented by the
fractional exponent v on the time-domain PA signal generated by a very short optical
excitation, we illustrated the PA signals described by Equations (48) and (50) in Figure 2 for
a = a1 = 1 and several values of the fractional exponent v from the range (0,1).

5}7([) . [21)71.5EU‘ZU?U‘5 (_tu) 1 ] 51)(,) - t2117| SEu,zufos (7[”)
1.0 v oA
—0.5
—0.7
0.9 _ 01
—_— =
S,
= 0.51 B Q, -1 v
=, « —0.1
Ny —0.2
© -21 025 7
—03
0.0 T T T - . :
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

a) t[s] b) t[s]

Figure 2. Photoacoustic signal induced by very short optical pulse (Equations (48) and (50)) for
(a)v>03(b)v <0.3.

It can be seen from Figure 2a that for t < 0.5 s and 0.3 < v < 0.8 the fractional
model predicts a completely different behavior of the PA signal (steep decline) than the
classic diffusion model (v = 1, blue line in Figure 2), while in the long time domain, both
models, fractional for v > 0.3 and classical, predict decreasing signal. The completely
different pattern in short time domain predicted by fractional model for 0.3 < v < 0.8 can
be explained by the fact that Equation (5) with the Riemann-Liouville definition of the
fractional derivative (Equation (6)), is not equivalent to the integral representation of the
First Law of Thermodynamics Equation (4) for any initial conditions as discussed in [75].
Riemann-Liouville fractional derivatives are non-local operators that are non-invariant
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under time reversal and can be recognized as infinitesimal generators of a coarse-grained
microscopic time evolution which is not sufficient for description evolution in a short time
limit [75-77]. This means that the derived model can be applied to the consideration of PA
signals excited by very short pulse in the long time domain if v > 0.3. In this domain, the
fractional model predicts smaller signal values and their rapid decline towards a steady
value. The classical model predicts a decreasing function proportional to 1/+/f, while
fractional models predict a decreasing function proportional to 1/t°~? in the long-time
domain. Physically, it means the following: if the fractional exponent v decreases, the
kinetic relaxations become slower leading to an increase in the diffusion length of heat and
more rapid convergence to a steady state after very short pulse excitation.

For v < 0.3, the derived model predicts completely non-physical behavior of the PA
signal, see Figure 2b. It seems that the system can be optically cooled generating sub-
pressure in the air environment if there are structural elements that slowly relax. However,
we think that the flow of heat in a medium in which there are very slow relaxations,
i.e,, large degrees of freedom of the structural elements, cannot be well physically described
either short-time domain or longtime domain without taking into account non-zero initial
conditions (see consideration of Fourier’s and Maxwell’s materials [27,28]). From the point
of view of material physics, it means that for v < 0.3, there is phase transition of solids in
some more fluid phases indicating a different description of heat transfer. It means that the
domain of validity of the derived model is limited to systems with fractional exponents
v > 0.3.

From Figure 3, it can be seen that the PA signal excited by a very long optical pulse
in the long time-domain grows more slowly than predicted by the classical model (v =1,
magenta line). As v decreases, the time constant of the PA signal increases. The slower
the kinetic relaxation, the smaller the fractional exponent and the diffusion length of
heat carriers decrease. It is the cause of the smaller slope of the PA signal and its higher
time constant.
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Figure 3. The PA signals excited by very long optical pulse (described by Equations (49) and (51)) for
a = 1 and several values of the fractional exponent v from the range (0,1).

It is important to note that the fractional as well as the classical model predict PA signal
divergence in the long time domain, Figure 3. We think that the cause of this behavior is
related to the limitations of the thermal piston model [17,62,68]. Namely, this model, as
discussed in [62,68], presupposes that the diffusion length of heat in the gas is much smaller
than the dimensions of the cells. This assumption is completely justified for harmonics
whose frequency is higher than 100 Hz [1], but for lower harmonics of very long pulse
excitation, whose influence becomes expressed in the long time domain, this assumption is
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not justified, and for a complete analysis of the PA signal, it is necessary to use a generalized
model of transformation of variation temperatures at the sample/gas boundary in pressure
fluctuations in a PA cell of finite length [68].

The influence of sample thickness on PA signals excited by very short optical pulse
and very long optical pulse are illustrated in Figure 4.
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Figure 4. The dependence of PA signal on sample thickness (a) v = 0.6, short pulse excitation;
(b) v = 1, short pulse excitation, (c) v = 0.5, long pulse excitation; and (d) v = 1, long pulse excitation.

As it could be seen from Figure 4a,b, for a very short excitation pulse, decreasing the
thickness of the sample affects the shift of the boundary between the short and long time
domains to the right, opposite to the effect of decreasing the fractional exponent (as it is
discussed below in Figure 2, the different pattern obtained by the fractional model and short
pulse excitation in the short time domain in relation to the classical model is a consequence
of zero initial conditions and the Riemann-Liouville definition of the fractional derivative).
However, for a long excitation pulse, the reduction of the sample thickness affects the shift
of the boundary between the short and long time domains towards a shorter time interval
compared to the initial moment, Figure 4c. A similar effect can be observed in Figure 3 if
the fractional exponent decreases.

For both types of excitations, the thinner the sample, the higher the PA signal in each
moment. Additionally, the signal pattern is similar for each thickness and follows the
excitation shape if v < 1. Physically, it can be explained by the decrease in the mean square
displacement of heat carriers if there are kinetic relaxations i.e., local non-equilibrium.

5. Conclusions

In the paper, a generalized theoretical description of optically excited surface temper-
ature variations in samples with a complex internal structure is performed, taking into
account the local non-equilibrium of subsystems with large kinetic degrees of freedom that
are expected to exist in such complex samples. In that case, the local non-equilibrium is
taken into account through the fractional exponent and fractional thermal diffusivity.

It is shown that the obtained theoretical description can coincide with the one obtained
in the framework of statistical physics, which is based on the consideration of anomalous
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diffusion effects, i.e., the deviation of the mean square displacement of heat carriers from
the linear law. Using a generalized description of heat conduction, a fractional model of
the spectral function of surface temperature variations and pressure fluctuations in the
gaseous environment of the optically excited sample was derived. Derived expressions
are validated by comparison with spectral functions obtained by the classical model and
previous fractional models.

Based on the fractional model of the spectral function of pressure fluctuations, a time-
domain PA signal was derived for very short and very long pulse excitations. Comparing
it with the classical model, it was shown that the derived model reduces to the classical one
when the fractional exponent is equal to unity.

Analysis of the PA signal for the very short optical excitation showed that the domain
of validity of the derived fractional model is limited to a long time domain. For such
excitations, fractional models predict a smaller time constant of the signal than the classic
one due to the influence of local non-equilibrium on the decrease in the thermal diffusion
length of the sample with a complex internal structure.

The analysis of the PA signal for very long optical excitation pointed out the shortcom-
ings of the classic thermal piston model, which is widely used in frequency photoacoustics.
For long pulsed excitations, low harmonics of time-dependent temperature variations at
the sample/air interface, whose diffusion length is greater than the cell dimensions, must
be taken into account. However, in the long time limit, it can be clearly observed that the
local non-equilibrium affects the higher time constant of the PA signal, which is related to
the subdiffusion nature of heat propagation through the sample in which there are slow
kinetic relaxations.

The sample thickness influences the magnitude of the PA signal. The signal is larger
for a thinner sample.

Our results show that time-domain photoacoustics could be applied to the estimation
of the rate of non-equilibrium relaxations in complex systems, but it requires further
development of the model of the PA signal in the time domain as well as a fractional model
of heat conduction.
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