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Abstract-The investigations and the use of nanoparticles (NPs), as photothermal agents in light-to-heat conversion processes in
nanoenergy and nanotechnology are fast growing areas of research and applications. Analytical investigation of the light-to-heat
conversion by nanoparticle ensemble under radiation action was conducted. The investigation of the influence of NPs parameters
(their radii, absorption efficiency factor, density and heat capacity of NP material, concentration), the characteristics of radiation
(wavelength, pulse duration, radiation beam radius), the surrounding material (its density, heat capacity, and heat conduction
coefficient, characteristic length of radiation extinction) on the efficiency of the light-to-heat conversion is carried out. The possibility
of thermal confinement (saving NP and material thermal energy practically without heat exchange with surrounding) has been
established for single NP and irradiated volume of medium with NPs for determined time intervals. These results can be used for the
description of the light-to-heat conversion processes in experimental investigations in nanoenergy and nanotechnology.
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l. INTRODUCTION

In recent years the absorption of radiation energy by NPs, light-to-heat conversion, heat dissipation and exchange with a
surrounding material (medium), and following thermal and accompanied phenomena have become increasingly important
topics in nanotechnology [1-24]. Many reasons exist for this interest, including the applications of the light-to-heat conversion
in nanoenergy [1-12], in photothermal laser nanomedicine [13-16] and catalysis [17, 18], in laser processing of NPs (laser
induced transformation of NP size, shape and structure) [19-24], etc. These advances in nanotechnology are based on the
efficiency of light-to-heat conversion, thermal effects and the processes induced by the laser—NP interaction [1-12]. Many
different radiation sources were used in experimental investigations [1-24], including different lasers, sources of intensive
optical radiation, solar radiation.

Theoretical investigation of the light-to-heat conversion under action of radiation on NPs [1-12] is predominantly based on
the description of the processes with single NP. The light-to-heat conversion with NP ensemble practically did not investigate
and only a few general equations were formulated and the estimations were made.

It is important to describe theoretically the temporal and the spatial-temporal behavior of the NPs and medium (material)
temperatures during the processes of light-to-heat conversion. Computer and analytical modeling are widely used for the
description of different processes and can be applied for these purposes. But analytical modeling has a few advantages in
comparison with computer one because its results much simpler and convenient and can be used for description of different
experiments.

In this paper the analytical model of the description of light-to-heat conversion by nanoparticle ensemble, placed in
medium, under radiation (laser) action has been developed. Analytical description of heating of NP ensemble under action of
pulsed optical (laser) radiation and its cooling after the termination of radiation action is conducted. The dependences of NP
temperature on time during the processes of NP heating and cooling, heat exchange of heated NP with environment are
investigated. The temperature dependences of optical and thermo-physical parameters of NPs and surrounding medium are
taken into account under modeling. The heat localization within the NP and medium (material) volumes (thermal confinements)
during some time intervals without heat exchange with surrounding ambience is investigated.

Il. MODEL

It was considered heterogeneous two-component system containing an ensemble of NPs in surrounding solid or liquid
medium. Let medium contains an ensemble of spherical NPs with the characteristic radiuses of ry, which absorb and scatter the
radiation energy. For simplicity, the NPs are assumed to be monodispersed ones. It was investigated ordering system of NPs on
the base of cell’s approximation with regular placement of NPs in the center of each computational cell with radius r, [25].
Such model presents real heterogeneous medium loaded by NPs with rather good accuracy.
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Simplified geometrical picture of coordinate systems is presented in Fig. 1. It were introduced two coordinate systems — the
first one is the system of the cylindrical coordinates R, Z, the second one is the spherical coordinate systems with radius r and
with the origin fixed at the centre of each NPs and cells. The Z axis is directed along the direction of radiation (laser) beam
propagation. Radiation beam with wavelength A has the intensity I, constant over its cross section or Gaussian distribution of
the radiation intensity | over the beam cross section:

1,(),R<R, . R?
0O,R>R, @, (Z=0,R,t)=1,(t)exp R? (b) 1)

B

I(ZzO,R,t):{

where t —time, Z = 0 is the coordinate of the irradiated surface, Iy is the intensity of laser radiation at the irradiated surface and
Rg is the radius of the irradiated spot at the surface (radius of the laser beam) for (1a), I, is the maximum intensity on the beam
axis and Ry, is the characteristic beam radius for Gaussian distribution (1b).

Fig. 1 Schematic presentation of spherical coordinate system for single NP (a), where r radius with the origin fixed at the centre of NP, r, - radius of NP, r¢ -
radius of cell; and for NP ensemble (b) - cylindrical coordinates R, Z, where Ry, radius of radiation beam, small solid circles present NPs, dashed circles present
the boundaries of cells, Z axes is directed along the direction of radiation propagation and presented by dashed arrows

One — dimensional Beer law can be used for description of radiation transfer inside two-component system with NPs
1(Z,Rt)=1(Z=0,R,t)exp(— ., Z) @)

where ¢, -coefficient of extinction (absorption and scattering) of radiation by medium loaded with NPS, diext = Gapst + dscar +
Ganso T Giscans Gansty Gscar - the coefficients of absorption and scattering by pure surrounding medium, dapso = NoSsKaps, dscao =
NoSsKsca — the coefficients of radiation absorption and scattering by NPs, Kaus, Ksea - the efficiency factors for radiation absorption
and scattering accordingly by a NP with radius ro [26], Ss = 7ro” - surface square of transversal section of NP sphere, Ny —
concentration of NPs in medium. Thermal processes are described by system of heat conduction equations for each component
of our system [25, 27]

oT.
Cp— = V(kiVTi )+ G; @)
ot
where i - index denotes of the i-component of two-component system including NPs (i=0) and surrounding medium (i=1)
parameters, T; is the temperature, c;, p;, k; are heat capacity, density and thermal conductivity respectively, q; is the power
density of heat sources.

The thermal processes of radiation-NP interaction include the absorption of radiation energy by single NP and its heating,
heat transfer into medium and NP cooling after the termination of action are based on the heat conduction equation for
spherical geometry following from Eq. (3) [27]:

c ﬂ—ig rzki +q (4)
P " i
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where the NP parameters are determined for » <, (i = 0) and the surrounding medium parameters are determined for r > rq (i
=1),forr<ryqy = IoKabsm’O2 IV, a1 =0 for r>ro, Vo=4/3xry’ is the volume of NP.

Fig. 1 presents the schematic picture of the spherical coordinate system with radius r for single NP, and the cylindrical
system with coordinates R, Z, where R is directed along the radius of radiation beam, Z axes is directed along the direction of
radiation propagation. The condition of “ideal” heat contact was used between NP surface and ambient medium [1, 28].

The heat transfer Eq. (3) for cylindrical geometry for all volume of medium under consideration [27]

oT, L a(. on,) o(. ol
cp L0 dh), Of oLy, ;
19175 R@R[ 18Rj az(lazj % ©)

in (5) O, =gl + NyS,Jc - density of thermal energy generation due to absorption of laser energy by medium and heat

a
transfer from NPs, k, =k Tl — the coefficient of thermal conductivity of medium [26], k;., = ky(T=T,,), a = const, (a
1 1oo T

~ 0.5 for water [26]), T., - the initial temperature of NP and medium, S, = 4zr,> — surface square of NP sphere, Jc — heat flux
from NP surface by conductive heat transfer. The initial and boundary conditions for Egs. (4)-(5) are:

il Mo _y 9N

=0 k =k, —| T.(r,t=0)=T
6[’ |0 , 0 ar ) 1 ar I’O, I( ) [e's] (a)
ot : —0)=
OR |R:O=O L(Z,R1=0)=T, () (6)

where conditions (6a) are used for Egs. (4) and (6b) for (5). The system of Egs. (2), (4), (5) involves radiation transfer
equation — Beer’s law (2), Egs. of NP heat balance (4,5) for spherical NPs and two-dimensional heat transfer equation for
whole volume under consideration. The use of Eq. (5) means that the particles are assumed to be point-like heat sources with
identical temperature in a physically infinitesimal volume. The volume NV, occupied by the NPs and the volume NgV,,
occupied by heat aureoles around them with characteristic radius ro, ~ 5 rq are much smaller than the volume of the
surrounding medium in 1 cm™ of system. It means that next conditions should be fulfilled: NoVo = No 4/3 7 75°<< 1, NoVor = Ng
4/3 7 ro << 1. For example, for ro = 25 nm, No = 1x10* cm™, NgV, = 6,5x10° cm™ << 1 cm™ and volume NoV,, = 8x10™ cm’®
<< 1 cm™ and the conditions of the use of NPs as point-like sources are fulfilled.

The study of the integral energy parameters is of special interest, that characterizes the interaction of radiation with a NP -
its absorption, heating, heat transfer from the onset of irradiation t = 0 to the time instant considered t: the quantities of
radiation energy Qqus, Qsca, absorbed and scattered by an NP, the quantity of heat removed from an NP by heat conduction Qc
and also the NP thermal energy Eor:

t t

t
Qaps= 7 1”02_[ lo (tY)Kaps dt, Qc =4 w 1o 2'[ Je dt, Qsca= 7 1’02'[ lo (t)Ksca dt, Eor = po Co Vo To @)
0

0 0

The energy conservation laws for an NP and medium in 1 cm™ are fulfilled for different time instants during the radiation
action and after its end:

Eor = Eome + Qans - Qc (8)

Eir = Eim + No Qc - Quic

Eore= poCoVoTws Erre= p1C1T. and Eqr= poCoVoTo, E1r= p1CiT; are the initial and current thermal energies of a NP and medium,
Qic-thermal energy transferred from heated volume of medium to ambience.

The correlation between the heat energies contained in NP and transferred to medium at a current moment and in the course
of time is very essential for the initiation and the realization of different thermal physical-chemical processes inside a NP and
in surrounding medium. Next parameters are used for the description of the processes of light-to-heat conversion

P]_ — Qabs , P2 — QC , P3 — Qabs_QC
Qsca Qabs Qabs

The parameter P; describes the correlation between absorption and scattering of radiation by NP. The parameter P; is
determined by optical characteristics of a NP and had been investigated for the metallic NPs in [29]. The parameter P,

©)
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determines the correlation between heat loss energy by NP and absorbed energy by NP and P; determines the correlation
between NP thermal energy and absorbed energy during the heat exchange with medium.

The processes of light-to-heat conversion under action of radiation pulses with pulse duration t- on NP ensemble are
described by next characteristic times, connected with the thermal processes inside and around single NPs and inside the
volume irradiated by radiation beam:

Tot 4y v Do 4y v TN 167 v TTR 4y v Tz 4y (10)
0 1 1 1 1

X0, x1 — the thermal diffusivities of NP material (metal) and medium respectively, L — the characteristic length of radiation
extinction by medium with NPs [26, 29]. The distance of r; between the centers of neighboring NPs is equal to r; ~1/No** and
the cell radius r is to equal re = ri/2 = 1/2No** (see Fig. 2). The characteristic time of the overlapping of temperature fields

2 -

I N, 7

from neighboring NPs is equal to 7, ~ —— = 0 (see (10)). The characteristic length of radiation extinction is equal to
4y, 16y

Zexi~1ldext, dext — the coefficient of extinction of radiation by heterogeneous system.
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Fig. 2 Qualitative presentation of the dependences of temperature T on r inside the two neighboring cells for analytical quasi-stationary (solid lines) and
numerical non-stationary (dashed lines) distributions for some time instants and for the cases of T;=T,, (a) and T;>T,, (b). Vertical dashed lines denote the
boundaries of spherical cells (-rc, rc), vertical dashed-dotted lines denote the centers of NPs and cells, horizontal dashed line denotes the level of medium

temperature (b), scale marks (-ro, ro) denote of the radii of NPs

The use of the assumptions of non-interacting of temperature fields (thermal aureoles) from neighboring NPs and the
presentation of NPs as point like heat sources is fulfilled because of non-stationary distributions T,(r) in comparison with
quasi-stationary distributions of T(r) (see Fig. 2).

The characteristic times o1, 717 describe the heat transfer and formation of quasi-stationary temperature distributions inside
and around single spherical NP accordingly [1], zrn — the characteristic time of the formation of quasi-stationary temperature
distribution in medium, when overlapping of temperature fields between neighboring spherical NPs has been realized. The
parameters g, 71z are the characteristic times, describing development of quasi-stationary heat transfer from heated volume
inside radiation beam into adjacent ambience along R and Z coordinates.
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Estimations of these characteristic times give the next values for gold spherical NP with ry = 25 nm in water - 7o ~ 1.2x10°
25 and 737 ~ 1x10 s accordingly. For heterogeneous system with concentrations No = 1x10°, 1x10* cm™ 7y is equal to zry ~
4.4x10°, 4.4x107 s. Experimental works [1-24] used laser beam with characteristic beam radius R, ~ 0.1 cm, radiation beam
from optical sources with R, ~ 1.0 cm and more. The characteristic times for heat removal beyond beams with radius R, ~ 0.1,
1.0 cmare equal g ~ 1.6, 1.6x10%s.

The optical parameters of the NP ensemble can be estimated with monodispersed system of gold NPs with r,= 25 nm and
surrounding medium (water). The radiation wavelength 532 nm was used (plasmonic interval of wavelength for gold NPs),
which allows to achieve maximal values of absorption and extinction NP properties [26, 29]. Characteristic length Zg, of the
radiation extinction by heterogeneous medium is determined by the equation

1 1

= 2
aexto + aextl Noﬂf 0 Kext + aextl

Z. . =

ext

where dieo, dexts — accordingly coefficients of extinction of radiation by NPs and medium solely, K.y is the efficiency factor of
the radiation extinction by single NP. The value of dey is equal to diexy =4x10° cm? (water) [30] and characteristic length of
radiation extinction by pure water Zey = 1/ dieyyy = 2.5x10% cm and water practically does not extinct the radiation, especially for
the optical length smaller or much smaller than 10° cm. For NP ensemble diexo = 7 No Fo’Kex, Kext = 4.0 and for No = 10° cm
Giexto 1S €qual t0 dexo = 7.8x 102 cm™ and Zeyo = 1.27x10* cm and the value of Ze,o decreases with increasing of No. For Ng > 10°
cm™® NP ensemble predominantly influences on radiation extinction in comparison with pure water and determines optical
properties of heterogeneous medium. Approximation of optically thin medium can be used for characteristic lengths smaller
than 10 cm that satisfies usual laboratory conditions. The characteristic time for heat removal beyond volume with characteristic
length Zex ~ 10 cm is equal to 77 ~ 1.6x10° s.

Approximate values of the presented characteristic times satisfy next inequalities wr ~ 7z >>7ry >>7;1>>147. The values of
radiation action duration t, can change in wide interval from very short pulses with t, ~ 10° -10™ till CW action and a few
characteristic time intervals were separated for the realization of different thermal processes taking into account mentioned
inequalities.

Here, four characteristic cases of the radiation interaction with pulse duration t, with NPs ensemble in medium can be
distinguished: a) the radiation pulse duration tp is bigger than characteristic time zor and it is smaller than characteristic time zy1; b)
the radiation pulse duration tp is bigger than characteristic times zyo, 711 and simultaneously tp is smaller than 71y, zrr, 717; €) the
radiation pulse duration tp is bigger than characteristic times zry, o1, 727 and simultaneously tp is smaller than g, 777; d) the
radiation pulse duration tp is bigger than characteristic times zrg, 71z, TN, ToT, 71T

717 >tp> 107 (@); T1R, T1Z, TTIN >t > 07, T1T (D) a1

TR, Trz >tp > 71, 701, 717 (C); tP>T7R, T2, TTN, TOT, T2T ()

The characteristic times (10) are situated in very different time intervals that allow to divide and to investigate thermal
processes severely one after another. The time intervals were estimated for the realization of the conditions (11 a-d) for gold
NP with radius ro= 25 nm placed in water: a) 1x10°> tp > 1x10™ s, b) 4.4x10°> t, > 1x10° s, ¢) 1.6 5 > tp > 4x10” s, for
No=1x10° cm™, d) to > 1.6 s.

The formation of quasi-stationary (usually uniform) temperature distribution inside an NP volume is realized very soon
during time 7ot in comparison with the formation of quasi-stationary temperature distribution out the NP volume in the near
medium because of 7y << 711 (See Fig. 2 (11a)). When 771 - tp » o7 the radiation energy absorbed by the NPs does not
practically succeed in transfer to the surrounding medium and irradiated NPs are heated up severely during laser action.

The fulfillment of condition (11b) means that under laser irradiation and heating of NP quasi-stationary temperature
distributions (thermal aureoles) have been formed around single NPs without formation of temperature distributions between
NPs. This case will be described quasi-stationary solutions of the Eq. (4) under condition T=T,, (6a). The fulfillment of
condition (11c) means, that temperature distributions (fields) between NPs, placed in irradiated volume, have been formed
without initiation of heat exchange of this volume with outer medium, placed out of radiation beam volume. This case will be
described by Eq. (5). The fulfillment of condition (11d) means, that temperature field has been formed inside and around
radiation beam volume and heat exchange with outer medium placed out of laser beam volume has been developed. This case
will be described by Egs. (4), (5). The pressure in the medium is uniform and constant.

The NP cooling process can be realized in the time intervals that can interrupt the time conditions (11-13). The cooling
process of NPs after the termination of radiation action is carried out under overlapping of thermal aureoles from neighboring
NPs and the formation of general distribution of T,(R,Z, t) and the following heat exchange with the ambience out of heated
volume by radiation beam. This assumption is confirmed by the computer calculation results and also the non-equality.

The description and investigation of the processes light-to-heat conversion can be divided into four steps, when we can
apply different assumptions to simplify the system of equations and to get analytical solutions.
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I1l. ANALYTICAL MODELING

The approximation of optically thin medium is used that means equal values of radiation intensity in all points of the
medium under radiation action. This assumption doesn’t allow investigating the radiation transfer through medium (Eq. (2)).

Analytical model of the thermal processes of radiation-NP interaction is based on two main assumptions— the first one is the
use of uniform temperature inside NP volume during heating and cooling of NP for tp > 757 (11a). The equation with uniform
temperature T, over NP volume, that describes the heating and cooling of an NP, has the form [1]:

T
0 CoVo ddT =lo (OKaps Ss— Jc So, T, (t=0)=T, (12)

The second assumption is the use of the quasi-stationary heat exchange of NP with medium (quasi-stationary dependence of T

oT
on r for r>ry), that is described by Eq. (4) with E ~ 0 fortp - 707 (11a):

1d(, dT
——|rk — (=0, 13
r2dr( 'drj (13)

A. Heating of NP Ensemble as Single NP Heat Sources

The consideration of the heating of NP ensemble as single NP heat sources is based on the fulfillment of the conditions
717 > tp > o1 (118) and R, 71z, Trn > tp > 0, T (11b) without the formation of the temperature field in medium.

The quasi-stationary temperature distribution around of NP and heat flux Jc due to the heat conduction from a NP in the
quasi-stationary approximation is described by analytical solutions of Eq. (13) with boundary condition

T(r > oo,t) =T, = const

1
a+l a+l a+l
k,T T
rZroa;é—l:T(r):T 1+r_0 T_O -1 Jo=—2= || % -1 (14)
17T (@+1) r, |\ T

0 0

The solution of Eq. (13) for a = -1 is presented in [1]. It has been noted that To = Ty(t), see (12) and T(r)=T(r,t), Jc=Jc(t) in
(14). The constant value of the coefficient of heat conduction is used k; = k,,, a=0 in the following consideration for simplicity.

Fig. 2a presents the qualitative dependences of the temperature T on r inside the two neighboring cells for analytical quasi-
stationary (solid lines) distribution accordingly Eq. (14), and numerical non-stationary (dashed lines) distribution for some time
instant t < tp < 10°-10°° s and for the case of T,=T... It means the heating of NP ensemble as single NP heat sources, conditions
(11 a, b) and without significant heating of the medium in general). Temperature is uniform over NP volumes (see (12)) and
non-stationary distributions of T(r) around NPs differ significantly in comparison with quasi-stationary distributions (14).

The dependence of spherical NP temperature Ty on t during laser pulse action with duration t, under constant radiation
intensity I, = const is obtained from (12, 14):

t
To=Te+ IOZTabsro{l—exp (——)} 70= Copolo” / 3Ke, (15)

Ty

o0

7o - Characteristic time of NP heat exchange. Characteristic time z, for gold NP in water and for ro=5 - 100 nm is equal 7,
~3.2x10™" - 1.28x10°% s.

B. Thermal Confinement of Single NP

The characteristic time 7, determines the temporal dependences of T, (15). The pulse duration t, should be smaller than the
characteristic time 7, to provide efficient heating of NP without heat loss. The fulfillment of thermal confinement of NP means
achievement of maximal value of NP temperature T« =Ty (tp) and saving own heat energy practically without heat exchange
with ambience during “short” pulse action with tp <z. In this case by the expansion of “exp” from (15) can be obtained the
following solution for 0< ¢ < fp and T, increases proportionally to time t:

3l,K, o

O<t§tp<ToTOzTOO+ ,
4p,Cy 1y

(16)
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In the opposite case (“long” radiation pulses) the condition of NP thermal confinement is interrupted for tp > 7o and the heat
loss from NP by heat conduction has to be taken into account during the period of time 0 <t < tp. The case tp >, and for CW
irradiation can be used for intensive heat exchange of NP with medium. In this case from (15)

I 0 Kabsro

tp>7 T, =T +—2252
P 0 lg o 4k (17)

00

But for “long” pulse action time interval 0< t < 7, < tp can be separated and during this time interval the condition of
thermal confinement will be also fulfilled.

The high peak temperature exists only for the short period of time at t ~ tp as an NP rapidly cools after the ending of pulse.
The cooling of an NP after laser action can be described by expressions, which can be derived from (12) under I, = 0, To(t=t,)
=Tom and t > tp:

To=T, + (TOM — Too) exp (— (t — tp)/‘[o) (18)
Tom - maximal value of NP temperature at the end of laser pulse t=tp.

This expression describes the cooling of NPs with constant value of the surrounding temperature T.,,= const. This situation
is realized, when thermal energy of heated NP ensemble is much smaller than thermal energy of the medium with temperature
T,. But in the case of high thermal energy of heated NP ensemble the cooling of NP ensemble will be accompanied by
overlapping of thermal aureoles from neighboring NP, the heating of surrounding medium because of the heat exchange with
NPs and its temperature will be increased.

Energy Qc can be analytically calculated using Eq. (7) and expressions for Jc (14), T, (t) (15) for period of time [0, tp]:

Qc(t) = Qans(t) |1+ 70 [exp (— lj —1] (19)
t 7,
Qc (t=0) = 0, and using the Eq. (20) for t>t, and taking into account Toy = T(t=t,)
_ (1 t tp
Qc () = Qabs(tp) |1+ —exp| —— | 1—exp| & (20)
tp Ty 7,

The values of Q¢(tp) from Egs. (19) and (20) are equal each to other for t=tp, and for t—o0 Q¢ (t) =Qaps (tp).

T
. 0

Under condition t, > 7o Qc & Qabs 1__t for 0<t <tp and t, >> 7o Qc = Qaps.
p

The parameters P,, P; (9) are determined by analytical expressions for Q¢ (t) (19, 20) and have the forms:

P,=1+ ¢ exp(—i]—l Ps= %ol 1 exp _tllo<t<ty
t Ty t TO
P2 =1+ T—Oem(—LJ(l—eXp(t—PD Ps=S0exp ~L exp bl qlt=te
to 7, 7, t, 7, 7,

The accuracy and the regions of the applicability of analytical model have been estimated and established based on the
comparisons and definite coincidences of the analytical results with the computer results, which validate developed analytical
model. Computer simulation confirms the possibility to use analytical model for the description of the temporal dependence of
NP temperature T, for t» >107 s including CW irradiation, for NP heating during time interval 1x10™ < t, < 1x10™ s and
outward distributions T(r) for t >10~" s and for CW irradiation with satisfactory accuracy.

(21)

Fig. 3 presents the temporal dependences of NP temperature T, and parameters P,, P; on t for different NP radii ry = 5, 25,
100 nm, I, = loKqps = 1x10%, 1.6x10% 1.65x10° W/cm?, t, ~1x10° s determined on the base of the analytical dependences (15,
18, 21). Immediately after commencement of irradiation the NP heating and its heat exchange with the surrounding medium
(water) start. The temporal dependences of T, on t have the significant features for different values of .
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For ro =5 nm the NP heating up to maximal temperature T, is realized very rapidly after that the absorption of energy is
compensated by heat losses because of the heat conduction. The temperature T, achieves the value of ~T, to the time instant t
- Oltp

For ro = 25, 100 nm the temperature T, achieves the value of T exactly to time instant t = t, at the end of pulse action.
After the radiation pulse is turned off, an NP gives up energy to medium for time interval about z,. Its temperature T, moves
down and becomes equal initial temperature T,.. The values of z,for ry = 5, 25, 100 nm are equal to 7, = 3.45x10™*, 8.6x10™°,
1.38x10°® s respectively.

The cooling is carried out with the characteristic times 7, (see Fig. 3). It means that z, ~r,® and period of cooling increases
with ro. The cooling of NP with r, = 5 nm is realized very quickly, and the cooling of NP with ro = 100 nm is realized rather
slowly.

Analytical dependences of the parameters P,, P; on t for Au NPs with the radius ro = 5, 25, 100 nm, tp ~1x107° s were
presented in Fig. 3b, c. It is interesting to note different time intervals in what sharp increasing of the values of P, and
decreasing of Pj is realized. Some points of curve are seen at the time instant t, ~1x10° s, when the radiation action is turned
off.
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C. Heating of Medium by Heat Exchange with Irradiated NP Ensemble

Thermal energy of surrounding water at initial temperature T,.= 273 K is equal to E;z, ~ 1.14 10%J/cm® and it is much
bigger than thermal energy E,z, ~ 4.2x107 J/em® of NP ensemble of gold NPs with ro = 25 nm with high NP concentration N,
= 10" cm™, It means that the heating of this NP ensemble till maximal temperature Toy = 373 K by “short” radiation pulse
action and following cooling cannot heat the surrounding water to noticeable value of temperature and medium heating is
negligible under single action of short radiation pulse with t, < 10 s. On the other hand, for the remarkable heating of medium
the train of short pulses, single pulse with “long” pulse duration or CW irradiation can be used, when developed heat exchange
of heated NPs with medium during “long” period of time will lead to significant heating of the medium.

The consideration of medium heating by heat exchange with irradiated NP ensemble by “long” radiation action is based on
the fulfillment of the condition (11c) g, 71z > tp > 71N, ToT, T1T-

The solution of the Eq. (13) with the boundary condition T (r — oo,t) =T1(t), taking into account the heating of medium
in general with temperature T, (t) has the form

1
a+l a+l a+l a+l
r>roa#-1: T(r):T1 1+r_0 T_O -1 ,JC:La E -1 (22)
rilm (a+1) T,°r |\ T,

Consider the heating of irradiated NPs and medium under heat exchange between them. The system of equations which
describes these processes has the next form from (12) and (5) without taking into account heat conduction inside and outside
the heated volume of heterogeneous medium for a = 0:

dT,

CoPoVo E = IOKabsﬂrOZ —47zf0kw(T0 _Tl)
dT ()
Clpld_tl = N047Zf0koo(T0 _Tl)
with the initial condition:
To(t=0)=T,, Ty (t=0)=T, (24)

It is the two-temperature model for the NP and medium temperatures. It is a little bit analogous one to the two-temperature
model for electron and lattice temperatures under action of short pulses on metals or metallic NPs [31].

Fig. 2b presents the qualitative dependences of temperature T on r inside the two neighboring cells for analytical quasi-
stationary (solid lines) distribution accordingly Eq. (22), and numerical non-stationary (dashed lines) distribution for some time
instant t, > t > 10° s and for the case of T;>T,, (heating of medium by heat exchange with irradiated NP ensemble, conditions
(11 ¢) and increasing of medium temperature T,). Temperature is uniform over NP volumes (see (23)) and non-stationary
distributions of T(r) around NPs are close to quasi-stationary distributions, because tp > 7;7.

The solutions of this system of equations have the next forms:

T, =T, + IOKabsﬂrothO n IOKaber(Clpl)2 {1_6Xp{_LH

" cp 4k (cp) T
(25)

T=T + IOKabsﬂrOZtNO _ I Kabsl6C2NoCo 00V 1-exp _L o1 = C0p0C1p1r02
T cp 4K, (cp) 3K,cp

To1

co=C,p, +4nr, cypoNy /3 - heat capacity of heterogeneous system for 1g, 1K,/ tN, = Que()No. The

2
C C, oI C
Ogok 1Pl _ 7, 21 Getermines the dependences of temperatures T, and T, on time t. The value
.Cp cp

of 7, will be equal 7, when Ny = 0.

characteristic time 7o =

D. Thermal Confinement for Irradiated Volume of System

If the condition ¢ / 7o << 1 is obeyed and the loss of heat from a NP by heat conduction during the time t can be ignored,
we find from expression (25) that expansion of the exponential function gives the values of To ontand Ty:
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3l ,t K 3t K
TO ~ T+ O—abS’ Ti=T,, TO _Tl zu (26)
4pColy 4pyColy
For “short” radiation pulses the heat exchange the NPs with surrounding can be practically ignored and T, is proportional t
and medium temperature T, = T... The expression for T, is equal Eq. (16) for single NP. If the condition ¢/ zy; >> 1 is obeyed
for “long” radiation action and the loss of NP heat determines the values of temperatures:

T ~T + IOKabsﬂrothO " IOKaber(Clpl)z
¢ co 4k, (cp)

(27)
n IOKabsﬂrOZtNO . s Kabslo€o N Co 00V

cp 4k (cp)

In this case temperatures TO and T increase in time t and will have no stationary maximal values because there is no heat
exchange of heated volume of medium with surrounding ambience. Stationary overheating of NPs in comparison with medium
TO -T1 is constant during the radiation action:

T, =T

o0

1K psloCr o

The analysis of the influence of thermal properties of the NPs in surrounding medium on 7y, allows to make next

conclusions. The estimation of characteristic time 7,, = 7, bt} for gold NP with radius ro = 25 nm placed in water gives
C

7, T,

_ 0
1+ NyVyCopp /G, 1+ N,9.3x107*8
cm™ the influence of NP ensemble on o is negligible and z; =~ 79. Cooling of NP after the pulse action will be determined by

expressions:
C t—t
To = TOM - (TOM _TlM )é_zl[l_ eXp (_ (—P)j:|

To1

Ty =Tow +(Tow ~To) MooV {1_9)@(_ —(t _tP)J:I

Co To1

and up to extremely high values of NP concentrations N > 10"

next values: 7, =

Tom and Tyy are the values of NP and medium temperatures at t = tp, for t—oo stationary values of NP and medium
temperatures will be equal to each other

Tpe =Ty = Tom NoCopoVo + Tin G
Cp
N
or from Egs. (8), (9) Tos =T =T, + QansNo
NoCoPoVo +Cio

Energy Q¢ can be analytically calculated using Eq. (27) and expressions for Jc (22), T (10) taking into account Tp=
T(t=tp), tmax = t; for the period of time [0,t,]:

Qc(t) = Qans(t) C(l:ﬂ 1+% exp (— LJ—l (29)
D

Top

Qc(t=0) = 0, and for t>t,
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Qc(t) = Qans(tp) 22 1+hexp b 1—exp[t—P] (30)
co tp Ty To1
for t= tp values of Qc(tp) from Egs. (29), (30) are equal to each other, for o0 Oc(t) = Qans(te) G
C

The parameters P,, P; for heat exchange between NPs and medium are presented from (9, 29, 30)

pi= 9P|, exp o),
cp t Ty

P=1- 921, exp(—iJ—l ,
t

c T
7% 01 (31)
pi= 92 1+@exp _t 1—exp[t—PJ :
cp to Ty To1
_1_Cp Ty t t
Po=1- 22111+ Pexp| —— | 1—exp| = |||
cp to Ty To1

Fig. 4 presents the dependences of NP T, and medium T, temperatures on t/tp for t;= 1x10°®, 1x10°, 1 s for r, = 25 nm. Fig.
4 shows the temporal dependences of the temperatures T, of gold NP and T, of surrounding water for different pulse
durations of radiation determined on the base of the analytical dependences (25, 28).
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Fig. 4 The dependences of NP T, (solid) and medium T, (dashed) temperatures on t/t, for tp= 1x10°®, 1x10°(b), 1(c) s for ro = 25 nm, I, = 9x10° (a), 2.07x10*
(b), 2.13x10" (c) W/cm?

The temporal dependences of T, on t have significant features for different values of tp. For tp = 1x10® s the temperature T,
achieves the value of 0.9T ., Up to time instant t ~ 1x102 t, and after that the heat release in NPs is completely compensated by
heat exchange with surrounding medium. During the rest part of t, To slowly achieves Tpa. The temperature of T, slowly
increases as a result of the energetic heat exchange with NP ensemble. Stationary overheating of the NP ensemble in
comparison with medium is constant during radiation action. The NPs give up thermal energy to medium for the time
interval about 1x10°® s after the termination of the pulse with tp = 1x10° s and their temperature T, moves down and equals to

some stationary temperature T, =T, .

The heating of the NPs and their intensive heat exchange with the surrounding water start immediately after irradiation
commencement for t, = 1x10°°, 1 s (and CW irradiation), see Fig. 4b, c. The temperatures Ty and T, achieve own maximal
values to the end of radiation action t = tp. In these cases the energy release in NPs and heat exchange leads to rapid increase of
the temperatures Ty and Ty in time and with small difference between them, T, - T, is equal for tp = 1x103,1sTy-T, = 2,05

K respectively. The temperatures have equal stationary temperature TOS =T1S after the end of radiation action, for t, = 1x10°%,

1s Tye =T, =373 K.
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E. Heat Exchange of Heated Volume of System with an Ambience

The consideration of this case is based on the fulfillment of the condition (11d) tp > g, 77, TN, ToT, To7 With the formation of
the temperature field in medium and heat exchange of heated volume of system with ambience. The stationary solution, when
energy release in NPs and medium in irradiated volume of system is compensated by heat exchange with surrounding:

dT, dT.
d_to = d_tl =0 and temperatures have stationary values Ty, and Ty, and NP overheating in comparison with
medium is equal to
I K. I
TOS _Tls — _0 *abs0
4k

00

For the general description of the light-to-heat conversion processes in this case the system of Egs. (2-5, 7, 9) have
numerically be solved with boundary and initial conditions (6).

I\V.CONCLUSIONS

The problem of the light-to-thermal energy (heat) conversion under optical (laser) radiation heating of NP ensemble is
important for different applications in nanoenergy, laser nanomedicine, laser processing of NPs, etc. It is important to
theoretically describe the temporal and spatial-temporal behavior of the NPs and surrounding medium temperature and the
parameters of the light-to-heat conversion for these applications. The analytical modeling has a few advantages in comparison
with computer one because its results much simpler and convenient and can be used for the description of different
experiments.

The analytical investigation of the light-to-heat conversion by NP ensemble in medium under radiation action was
conducted in this article. The system of Egs. (2)-(5) was formulated and the analytical model was developed for the description
of the thermal processes of the light-to-heat conversion by NP ensemble in medium under radiation (laser) action including
heating and cooling stages. Developed analytical model demonstrates the advantages and novelty in comparison with previous
analytical approaches because of the possibility to describe entirely the processes of NPs and medium heating and cooling for
light-to-heat conversion.

The characteristic cases of the radiation interaction with pulse duration tp with NP ensemble in medium were
distinguished and four characteristic time intervals were separated for realization of different thermal processes: a) 717 > tp > 7oT;
b) TR, T12, TN >tp > o1, TiT) C) TR, Trz >tp > TN, ToT, T1T) (d) tp > TR, 712, TNy TOT, TiT- The estimations of these time intervals for
the realization of the conditions (a-d) for gold NP with radius ro= 25 nm, placed in water are equal to: a) 1x10™*> t, > 1x107 s,
b) 4.4x107°> tp > 1x107 s, for Ng = 10° cm™, ¢) 1.6 s > tp > 4x107 s, d) tp > 1.6 5 (See (10)).

In the cases a), b) the heating of NP ensemble is considered as single NP heat sources without formation of the temperature
field in medium. The case c) describes the heating of medium by heat exchange with irradiated NP ensemble and with the
formation of the general temperature field in medium. The case d) describes the heat exchange of irradiated and heated volume
of system (NPs and medium) with ambience and the formation of the temperature field out of irradiated volume of system. The
radiation action of “long” pulses (cases c, d) allows effective heating of the surrounding medium.

The analytical descriptions of NP ensemble heating under action of pulsed optical (laser) radiation and its cooling after the
termination of radiation action are conducted. Analytical solutions for temporal dependences of the NP T, and medium T,
temperatures, parameters Qc, P,, P3 on t (15-28) during the processes of NP heating and cooling for the cases of a, b, ¢ were
received and investigated. The investigations of the influence of NPs parameters (their radii, absorption efficiency factor,
density and heat capacity of NP material, concentration), characteristics of radiation (wavelength, pulse duration, radiation
beam radius), the medium (its density, heat capacity, and heat conduction coefficient, characteristic length of radiation
extinction) on the efficiency of the light-to-heat conversion are conducted. The temporal dependences of the thermo-optical
parameters P,, Ps characterize the heating efficiency of NPs and the redistribution of the absorbed energy between NPs and
their environment. Estimations of characteristic values of times, NP concentrations, optical properties of heterogeneous
systems are carried out.

The possibility of thermal confinement (saving own thermal energy practically without heat exchange with surrounding)
has been established for single NP (case a) and for the irradiated volume of medium with NPs (case c) for determined time
intervals. The fulfillment of thermal confinement means achievement of maximal value of NP and medium temperatures and
the heat localization within the NP and irradiated medium volume during selected time intervals without heat exchange with
ambience.

Developed analytical model gives quantitatively (in determined time intervals) and qualitatively correct description of the
dynamics of heating and cooling of NP ensemble and surrounding medium, and this model is quite suitable for the modeling of
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the thermal processes of the radiation-NP ensemble interaction. These results are important for the description of the light-to-
heat conversion processes in experimental investigations in nanoenergy and nanotechnology.
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