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Theoretical aspects of transient temperature on cubic crystal surface
in a photoacoustic effect

In photoacoustic effect, the solid sample absorbs a fraction of the radiation falling upon it and excitation pro-
cess occurs. The type of excitation depends on the energy of the incident radiation. The relaxation processes,
which are also popularly known as non-radiative de-excitation processes generally take place. The light —
matter interaction is responsible for the generation of heat within the solid sample. The temperature of the
sample changes due to absorption and non-radiative relaxation by the atoms. The pressure fluctuations will be
generated due to the heating and cooling of the sample. Today, crystalline solids are widely studied due to
their wide scientific and industrial applications:"Temperature is one of the important parameter to be studied
regarding artificial preparation of large crystals. In this paper, transient translational temperature on the sur-
face of a homogeneous isotropic cubic_ crystal kept in a photoacoustic cell is calculated theoretically. For a
simple cubic homogeneous crystal kept in a photoacoustic cell, an airy stress function is determined based on
laser interaction with surface of the crystal. By applying the finite Marchi-Fasulo integral transform method
within the crystal size limitations, transient translational temperature is exactly determined.

Keywords: airy stress function, cubic crystal, energy transfer, light — matter interaction, Marchi-Fasulo trans-
form, non-radiative de-excitation; photoacoustic cell, photoacoustic effect, transient temperature,

Introduction

Photoacoustic effect.is’a phenomenon in which electromagnetic radiation is absorbed by molecules of
sample material. In 1880—1881, Alexander Graham Bell [1] found the interaction of light with solid. When
mechanically.chopped sunlight incident on a thin disk, sound waves were generated. This effect is called as
Photoacoustic effect. The conversion of an optical signal into an acoustic signal takes place in photoacoustic
effect [2]. The solid sample absorbs a fraction of the radiation falling upon it and excitation process occurs.
The type of excitation depends on the energy of the incident radiation. The relaxation processes, which are
also'popularly known as non-radiative de-excitation processes generally, take place. The light — matter inter-
action is responsible for the generation of heat within the solid sample [3].

Rosencwaig initiated theoretical explanation of temperature of solids during photoacoustic interac-
tion [4]. Rosencwaig and Gersho presented a one dimensional model regarding heat flow and tempera-
ture [S]. McDonald and Wetsel presented temperature calculations of photoacoustic interaction in three di-
mensional model with restrictions on thermal waves in transverse direction [2]. Quimby and Yen primarily
calculated the surface heat conductance in temperature estimation [6]. Chow developed a three dimensional
model in a general way without any restrictions on sample size in photoacoustic cell [7]. In the recent years,
Merzadinova et. al calculated ambient temperature of a solid in thermal diffusivity determination of structur-
ally inhomogeneous, multilayer and composite solids in photoacoustic interaction [8].
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In this paper, an attempt has been made to calculate transient translational temperature on the surface of
a homogeneous isotropic cubic crystal kept in a photoacoustic cell. Determination of transient translational
temperature will be helpful in the development of a methodology of stress determination in photoacoustic
problems.

Situation of the crystal

Consider a cubic crystal placed in a photoacoustic cell. The crystal is isotropic and homogeneous in na-
ture. This crystal is placed in a cylindrical cavity of a photoacoustic cell where it produces a photoacoustic
signal.

The Photoacoustic effect is directly related with on heating of the sample due to the phenomenon of op-
tical absorption [9, 10]. Periodic processes of heating and cooling of the solid sample are necessary because
it will develop pressure fluctuations should be generated in the cell [11]. These fluctuations'can be detected
by a sensitive sensor.

In the schemes of modulated excitation, sources of radiation are used in which intensity. periodically
fluctuates [12—16]. These intensity fluctuations are in the form of a sine wave or a square wave. This is simi-
lar to mechanical chopping of a radiation source. This method can be overcome by modulating the phase of
the optical signal instead of its amplitude [17—19]. The most common sources in'Photoacostic analysis are
the use of modulated continuous wave lasers.

Two level system model

To describe the absorption of light, consider a two level system, in which energy transfers take place, as
shown in Figure 1. These energy transfers are radiative and non-radiative. Let us consider two states i and ;.
Also, consider the coefficients r;; and ¢;;. The radiative transition rate is r; and non-radiative transition rate is
¢;. The coefficient ¢; is also called collision-induced energy transfer. Now, introduce Einstein coefficients
for stimulated and spontaneous emission, B;j and A;. Consider that p,, be the spectral energy density for the
corresponding frequency of the transition between E, and‘Es. Einstein coefficients can be expressed as

rij = puBij + Ay (1)

The quantity p, measures the radiant energy.per volume per unit frequency and can be expressed in

terms of units JS/m’.
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Figure 1. A schematic representation of a two level system

Note that Bj; = B;; so that Bys = Bgo. But A¢s = 0 because spontaneous emission from a state of lower en-
ergy to that of higher energy does not exist. Hence ros = p, Bos. Again, the probability of excitation due to
collision from E, to Eg is very low, Therefore, approximately we can say, cos ~= 0.

Let us determine the rate of transition. For this calculation, we must distinguish the population densities
of absorbing molecules in the ground and excited states. Consider these population densities as #, and 7,
respectively corresponding to energies Eq and E¢. To calculate the rate of change of population in upper state,
we must consider the difference between the number of molecules entering and leaving the excited state:

N’ = (o6 T Cos)No — (760 T Ce0)Ne
n'6= Py Bosho = (Po Bos + Ago + €601
n'6= po Bos(no — 1n6) — (Ago  Ce0)Ne. ()
Let the radiative and collisional time constants be 7, = 1/A¢ and 7. = 1/c4 respectively.
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The total time constant is, then addition of radiative and collisional time constants:
T=7T,+ T

Mathematical formulation

Assume that the cubic crystal placed in the cell is occupying the space. This space is defined mathemat-
ically, as
D: —a<x<a, -af<y<a.-a<z<a.
Consider a Cartesian co-ordinate system, in which the displacement components are u,, u,, u. in the x, y,
z direction respectively. These displacement components can be expressed in the integral form as

1(°U U U

u :I_? Vo +7LT_dx; 2.1)
[1(U U U |

uy:f = +8x2 —Vay2 +AT |dy; 2.2)

i 2 2 2 ]

uZ=Jl al{+alf—va(f +AT |dz. (23)

Ylox®  dy 0z |

Where Y, v and A are the Young modulus, the poisson ratio and the coefficient of linear thermal expan-

sion of the material of the crystal respectively. Consider that U(x, y, z, £) is the Airy stress function which
satisfies the differential equation.

* 2 Y . on Y
—t—+=— | U(xy.2,t)==AY | —+—<+— | T(x,y,2,1). 2.4
Laxz &’ afj (or20)= M g2 antes ) T (002) 24
Here T'(x,y,z,t) denotes the temperature of the crystal satisfying the following differential equation,
0’ T+8 T 9 T+9(x ¥.4t) o 10T

2 B (25)
x> 9y’ az k o Jt
where £ is thermal conductivity and o is the thermal diffusivity of the material of the crystal.
Let 6(x,,z,¢) is heat generated within the crystal for 7> 0 subject to initial conditions
T(x,y,z,O):F(x,y,z). (2.6)
The boundary conditions are
dT (x,y,z,t)
T(x,y,z,t)+kla— =F (y,2,1); 2.7
X =—a
oT t
{T X, Y,2,t )+ M} =F, (y,2,t); (2.8)
ox -
oT t
T(x,y,z,t)+ M =F,(x,z,t); (2.9
ay o
aT s 7t
T (x,y,z.t)+ , ST Lo020) =F, (x.2.1); (2.10)
dy o
aT V.z,t
{T P el G L) | R @.11)
oz .
oT t
{T(x,y,z,t)#cﬁ%} = f,(x,p,1). (2.12)
Z =a
The components in term of U(x, y, z, {) are given by
°U U
.= + ; 2.13
XX [ayz aZZ ] ( )

Cepusa «dusmka». Ne 3(99)/2020 75



A.P. Sarode, O.H. Mahajan

°’U U

G, = (az T3z e j (2.14)
’U U

c.. :(axz + 5 j ) (2.15)

The equations (2.1) to (2.15) constitute the mathematical formulation of the conditions of the crystal
under consideration.

Mathematical solution

The finite Marchi-Fasulo integral transform of f (z), within limitations -h <z <h is defined.to.be
h
F=[/(2)B(2)d:. (3.1)
—h

Then at each point of (4, /) at which f(z) is continuous.
Also the inverse finite Marchi-Fasulo transform is defined as

1=k ). 62

where
P (z)=Q,cos(a,z)-W,sin(a,z);

n

0,=a, (o, +0,)cos(a,h)+ ( -B,)sin(a,h);
W, =(B,+B,)cos(a,h)+(0, —a,)a,sin(a,h);

A, = ij(z)dz=

—h[Q +W] M[Q’f_Wf]

n

The Eigen values a, are the solutions of'the equation
[ ayacos(ah)+B, sin(ah) ] x| By cos(ah)+ a,asin(ah) | =] o,acos(ah)—P, sin(ah)]x
XI:BI cos(ah)— alasin(ah)] (3.3)

Where o, a.,, B,, B, are constants.
By applying the finite Marchi-Fasulo transform three times to equation (2.5) and their inverses, we ob-

tain

dT’ 0
—— o< T =oc | D+— |, 34
% q k (3.4)

where @ =By (a)E, - P, (~a)F, + B, (b) F, = P, (~b) F, + B () f, = B,(~h) f,
and ¢ =a,’+a,+a, is Eigen value. (3.5)
Equation(3.4) is first order differential equation and has solution

t s

Yi*(m,n,l,t):e"“qz’ Ioc ®+% e 4 e ,cszj*(m,n,l) ; (3.6)

0

* —

= t
T" (m,n,l,t) :I <| D +% g e W ety val )t o (m,n,l). 3.7)
0

Applying inverse finite Marchi- Fasulo Transform three times with boundary conditions, we get
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it P P P p * 2, 2, 2 N 22, 2y, s
T(x,y,z,t): Z|: n;\’(x):H: n(y):||: z(z):| J'oc ®+% R Y(e—t')de 4o vl (m,n,l) . (3.8)

m,n,l=1

Conclusion

An exact expression for the transient translational temperature on the surface of a cubic crystal in a
photoacoustic cell is mathematically determined using Marchi-Fasulo method in terms of thermal conduc-
tivity of material of the crystal.

The result obtained will be helpful in the study of cubic crystals, and their various properties such as
elasticity, stress, strain, etc. in photoacoustic cell. The elastic parameters of the crystals are studied more than
only academic interest. Crystals of better quality and large size are synthetically prepared in application point
of view. Transient translational temperature determination will provide a base for surface behavior of crys-
tals of different materials in laser interactions in Photoacoustic effect. This work will also be useful in re-
search for scientific and industrial applications in future.
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D0TOAKYCTHKAJIBIK dCep/eri TeKile KPUCTAJIAbIH OeTiHaeri
oTIeJIi TeMIIePATYPaHbIH TEOPUSAJIBIK aCNeKTLIepi

®doToakycTHKANBIK ocep Ke3iHAe KAaTTHl YAl OFaH TYCETiH coyleleHyiH Oip OeliriH >kyTagsl XKoHE KO3y
nporeci xypeai. Ko3y Typi Tycken cayseieHyaiH dHeprusicbiHa 6aitnanbicTbl. Tycci3neHyiH pagralysIiblK,
eMec mpolecTep periHae Ae Genrini penakcaiys mpouectepi 63 opbiHbIH anazbl. JKapblk MeH 3aTThIH e3apa
opekeTTecyi KaTThl YJTIHIH IMIIHAE JKbUTY LIBIFApyFa ayarn Oepeni. YJTiHIH TeMmrepaTypackl aTOMIap.IblH
JKYTBUTYBIHA JKOHE PAANALMSIIBIK eMEC pellakcalusichiHa OailaHbICThl o3repeai. KbIChIMHBIH aybITKYBI YIITiHI
KBI3ZIBIPY MCH CalKbIHIaTyFa GaillaHbICThI Maiiia Gonansl. BYriHri TaHJa KpUCTANABl KATThI 3aTTap OJapblH
KeH FHUIBIMH JKOHE OHEPKACINTIK KOJAaHBLTYbIHA OaiIaHBICTHI KeHIHEH 3epTTenye. TeMneparypa — YIKCH
KpPHCTAIIApAbl JKacaHABl TYple aly Ke3iHIe 3epTTeleTiH MaHbB3IBl Hapamerpiepiin Oipi. JKymbicra
(hOTOAKYCTHKAJBIK YSIIBIKTA CaKTATAaTHIH OIPTEKTI HM30TPONTHI TEKIIE KPHUCTAJIBIH OeTiHIerl. eTmemi
ay/apMalibl TeMIlepaTypa TEOPHSUIBIK TYPFbIIaH ecenTenreH. MOTOaKyCTHKAJbIK YSIIBIKTaFbl KapamaibiM
Tekmie OIpTeKTI KpUCTaul VIIIH KpUCTaul OeTiMeH Ja3epiik e3apa SpeKeTTecyre Heri3ieireH Oipu
KepHEeYiHIH (QyHKuMschl aHbIKTanFaH. Mapku-DacyloHbIH aKbIPFbl HHTETPAIABIK TYPJICHAIPY  QAiCIH
KpUCTAI MOJIIEPiHiH LIeKTeylepi asChlHAA KOJJAHA OTBIPBIN, OTIHENi ayiapMa TeMIepaTypachiH O
aHBIKTayFa OoJabl.

Kinm ce30ep: Diipu KepHeyiHIH (YHKIUSCHI, TEKIIEe KPUCTAILI, SHEPTHSHBI TACBIMAIIAAY, ’KapbIK [IeH 3aTTHIH
e3apa opekertecyi, Mapuu-DacyoHbIH TYpIeHyi, paIualisibK eMec KO3y, (OTOaKyCTHKANBIK JKacylla,
(hoTOaKyCTHKAJIBIK dCep, OTIIEINI TeMIIeparTypa.

A.IT. Capog, O.X. MaxanxaH

TeopeTnueckue acneKThbl NEPEeX0HOH TeMIIEPATYPbI HA TOBEPXHOCTH
KyOM4ecKkoro kpucraia B poroakycrundeckom 3¢pdexre

IIpu doroakycruueckom 3ddexre TBepAbIil 00pa3ell MONIOMAET YacTh MAJAIOLIEr0 Ha HEro W3JIYY4eHUs U
MIPOUCXOMT TIporiecc Bo30yxaeHus. Tum Bo30yKASHNUs 3aBUCHUT OT SHEPTHHU IaaloIero n3rydeHus. Pemak-
CaI[IOHHBIE TPOIECCHI, KOTOPhIE TaKKe IUPOKO M3BECTHBI KAaK HEPaJHalIOHHBIC IPOIECCH] BEICBEUMBAHNS,
OOBIYHO MMEIOT MecTo. B3ammonelcTBhe ¢BETa M. BEIIECTBA OTBETCTBEHHO 3a I'EHEPANUIO TEIIa BHYTPH
TBepaoro obpasma. Temmeparypa oOpasna MoaBepraeTcss H3MEHEHHUIO 32 CUET IOTIONICHHS W HepaJHaIlloH-
HOHU penakcanuu aroMamu. KoneGanus naBieHus OyayT reHepupoBaThCs M3-3a HAarpeBa M OXJaXKAeHHs 00-
pasna. CerojHs KpHCTAUIMYECKHE TBEPbIC TeIa IIMPOKO M3y4aloTcs Oilarofaps ux MMPOKOMY Hay4HOMY M
HPOMBIIUICHHOMY NPUMEHEeHHIO0,TeMnepatypa sBIIeTCs OJHUM U3 BaXKHBIX 1apaMETPOB, MOISKALIUX U3Y-
YEHHMIO NPU UCKYCCTBEHHOM MOJIYYE€HUH KPYITHBIX KPUCTAJUIOB. B HacTosmel paboTe TeOPEeTHUECKH paccyu-
TaHa Iepexo/iHas MOCTYIATENbHAs TeMIIepaTypa Ha MOBEPXHOCTH OAHOPOAHOTO M30TPOIHOTO KyOHYECKOTo
KpHCTAIa, YAEPKUBACMOTO B (hoToakycTHdecKol suelike. s MpocToro KyOHYECKOro OJHOPOIHOTO KpH-
CTaJlIa, COZEpPIKaIerocs! B/ (POTOAKYCTHYECKOH stueiike, onpenersiercs QyHKIS HaupspKeHus DipH, ocHO-
BaHHasI Ha JIa3ePHOM B3aMMOJACHCTBHH C MMOBEPXHOCTHIO KpucTayuia. [IpuMeHsss MeTo/] KOHEUHBIX HHTETpallb-
HBIX IpeoOpa3zoBannit Mapun-Dacyno B paMKax OrpaHHYEHHI pa3Mepa KpHCTalla, MOXKHO TOYHO Ompese-
JIMTB NIEPEXOJHYIO IIOCTYIIATENbHYIO TEMIIEPATypy.

Kniouesvie cnosa: QyHKIms HanpspkeHUs Diipu, KyOHMUecKUi KpUCTAII, IEPEHOC 3HEPTHH, B3aUMOJICHCTBHE
CBETa ¥ BELIECTBa, peodpazoBanue Mapun-Pacyio, HepaaualoHHOe Ae-Bo30yxaeHne, (oToaKycTHIecKas
syeiika, poToakycTHaecKuii 3¢ GeKT, nepexoaHas Temreparypa.
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