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A model for interaction of polarized light with strained non-absorbing dielectric layer is conside-
red in the paper. The effects of stresses, applied to layer, and polarization of normally incident
light beam on the reflectance and transmittivity of the strained layer placed between two homoge-
neous isotropic dielectric half-spaces were studied. Possible application of the studied effects for
determination of non-destructive stress-strained state of solids is discussed.
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Introduction. Isotropic dielectric elastic mediums acquire the properties of optical ani-
sotropy under mechanical stresses. This effect is caused by the dependence of permitti-
vity of the material on the strain. Polarized light, propagating in the deformed dielectric
medium, changes its parameters due to strain components distribution along the ray.
This phenomenon is known as the effect of photoelasticity [1]. It is widely used in non-
destructive optical methods for the stress-strain state of solids determination [2]. Ellip-
ticity of light and the angle of orientation of the polarization ellipse are used as infor-
mative parameters in photoelasticity methods [3]. However the changes of dielectric
permeability, induced by the stresses, can impact on reflection and refraction of light
on the boundaries dividing different dielectric mediums. Therefore, the coefficients of
reflection and transmission of light beam, passing through the stressed medium, also
can be used as informative parameters for non-destructive determination of the stress-
strain state. To confirm the possibility of practical application of this phenomenon is
necessary to evaluate the sensitivity of a stressed medium’s reflectance and transmissi-
vity on the level of applied stresses.

Analytical formulas, that determinate effect of thermal stresses, caused by short
optical pulses, on the reflectance and transmittance of light normally incident on a multi-
layer thin-film structure, have been obtained in the paper [4]. The results can be useful
for analysis of photoacoustic and photothermal experiments based on optical probing.

In this paper we consider the problem of interaction of polarized light with an
optically homogeneous non-absorbing dielectric layer, being in stress-strained state,
which is characterized by a diagonal strain tensor. In assumption of linear constitutive
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relationships between the components of permittivity and strain tensors, considering
the light beam as normally incident plane electromagnetic wave, the analytical solution
of the appropriate electrodynamics problem for the strained layer that divide two iso-
tropic semi-spaces, was obtained. The formulas for the reflectance and transmittance of
light normally incident on the stressed layer were derived with use of obtained solu-
tion. On this basis the effect of stresses, applied to layer, and incident beam polariza-
tion on the coefficients of light reflection by the layer and transmission through it were
studied. On this basis the sensitivity of these photometric parameters to strain and
a possibility of their application as informative parameters for non-destructive methods
of stress-strained state determination were evaluated.

1. Formulation of the problem

Consider a non-absorptive dielectric layer S = (0 <x< ho) , that separates two homoge-

neous isotropic non-absorptive dielectric half-spaces S = (—oo <x< 0) and S? =

=(hy <x <+o0). Let denote as e, n@ and n' = u e (a=1,2) the relative
dielectric permittivity, magnetic permeability and refractive index of the half-spaces

S and $@ . The medium of layer S in it’s initial unstressed state is considered as
homogeneous and isotropic one with the dielectric permittivity €, magnetic permeabi-

lity p and refraction index n =./pe .
Impact of mechanical stress on the layer S is accounted by the dependence of the
dielectric properties of the medium on the of elastic strain tensor € = (el-j) . The case of

a homogeneous stress-strain state, determined by the diagonal strain tensor (el--)z
=diag(e,|,ey,,e33) is considered. In this case the dielectric tensor &= (sy) is also dia-

gonal one: (sy) = diag(al 15€22,€33 ) , and it’s principal components can be expressed
via the components of strain tensor € by the linear constitutive relationship [1]

e =e+(2p+py)e + polexn +es),

ey =8+(2p+pg)en + poler +es),

e33=6+(2p+po)es; + po (e +ex).

Let an elliptically polarized monochromatic light beam falls normally from the

half-space S on the surface x = 0 of the layer S. The beam, interacting with the layer,
splits on reflected and refracted beams on the surface x = 0. The refracted beam, in

turn, partially reflects back to the layer and refracts into the half-space S® on the
opposite layer’s surface x = h,. We will consider the light beams, interacting with the
layer, as electromagnetic wave of fixed cyclic frequency ® . The vectors of the electric
E and magnetic H fields, electrical D and magnetic B inductions are functions of spa-

tial coordinates x,y,z satisfy within the domains SV s and @ the equations
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vxE=-8 v.p=0, vxu=2L, v.B-o. (1)
ot ot

where as on the discontinuity boundaries, dividing the mediums with different dielect-
ric properties, these vector fields satisfy the jump conditions

[E.] o =0 [B,]

Here the subscripts t and n are used to denote the tangential and normal components
of the corresponding vector; the brackets [ ,]|Y_0 and [ _]|V_ N denote the jumps of the
X= X=hg

0. )

0, [D,]

0, [H]

x=0,h, - x=0,h, - x=0,h, -

corresponding physical parameter on the boundaries x =0 and x =/, respectively.
We will use the linear physical relationships for pairs of parameters D, E and B, H

DO = SOSIE([)v B® = “OHIH([) , D) = 8081E(r)v B™ = “oulH(r) : (3)
D=¢,&-E, B=p,uH, D =g, E”, BY =pu,H . 4)

The field parameters of different waves are denoted here by superscripts enclosed in
the parenthesis: the denotations (i) and (») are used for incident and reflected waves
correspondently, the superscript (¢) is used for to denote the field parameters of the

wave, transmitted through the layer into the half-space S | the free of indices sym-
bols D, E, B and H denote the wave field parameters in the layer S.

Since the optical anisotropy of the layer is induced by strain, the resulting elect-
romagnetic field, caused by interaction of the incident wave with the piecewise-homo-

geneous dielectric medium SV USUS?® , becomes dependent on strain. Due to that
we formulate the problem as: for given incident wave’s parameters and strain tensor €
it is necessary to determinate the wave field parameters in the domains S, S and
S® | which satisfy the equations (1), (3), (4) in these domains and the conditions (2)

on their boundaries.
2. The solution of the problem

We consider the light beam as the plane electromagnetic wave, that normally falls from
the half-space S on the interface x =0 between the domains S and S. Due to that
the electric fields vector of the incident wave is defined as E@(x,7)=

=EDexp [i(k([)x - wtﬂ (I=y,z), where E© = (O,Eﬁi),Egi)) is the vector of complex
amplitude, E,([) (I=y,z) are the components of the complex vector E in the Carte-
sian coordinate system (x,y,z), k¥ = —wc, 'V =2 /0y, ¢, = 1/ Jioge and A,

stands for the phase velocity and wavelength of the wave in vacuum, p,,e, are
magnetic and dielectric constants.
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The incident wave E(x,7) is elliptically polarized. Its polarization is determi-
ned by the complex scalar 3 = Egi) / Eﬁi) . The polarimetric parameters — polariza-
tion azimuth ' and light ellipticity a® /b(i) = tan(n(i)) , where @ and 5 are the

axes of the polarization ellipse, can be expressed via 3" by the relationships [2]
tan(Z\u([) ) = (tan(Zcx([) ))cos(S([) ), sin(Zn([) ) = (sin(Za([) ))sin(é([) ) ,

where o) = arctan(x([)), x® = mod(x([)), 8 = arg(x([)).
In the considered case of plane incident wave the wave the field arising in the
domain S USUS?® is depending only on the spatial coordinate x, normal to the layer.

So the reflected E”(x,f) and transmitted E') (x,) waves are also plane ones [5]
E" (x,r)=E" exp[i(k(r)x - mt)} , EV(x,1)=E" exp[i(—k(’)x - mtﬂ (5)

with wave numbers:

k) = ZTcn(l)/ko , kKO = 2nn(2)/k0 .

Here E) = (O,Ey),EE’)) and EY = (O,Ey),Egl)) are the complex amplitudes of the

reflected and transmitted waves.

The Cartesian components E,(’) and E,(’) (I=y,z) of complex vectors E” and
E") can be presented as E" =E" exp(—icpf’)), EN =E" exp(—i(pfl)), where E{”,
E,(’), (pf’) and (pf’) are real constant scalars.

The wave E(x,7) in the layer S is also a plane transversal wave. But, because of
optical anisotropy, induced by strain, the wave numbers k, and k, of its Cartesian

components Ey (x,t) and E,(x,t) are different [6]
ky =2Tm22/7\,0, kz 227'[”33/7\.0 N

where 733 = \Jugss, 1nyy =[uEy, -

This wave can be presented as superposition of the direct E“)(x,r) and

backward E®)(x,r) waves: E(x,t)=E“ (x,/)+E® (x,7). In the Cartesian compo-
nents the wave E(x,?) is written as

E/(x,t)= Re{El(d) exp [i(—k,x - oat)] +E" exp [i(k,x - oat)]} , l=y,z, (6)
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where E[(d) = El(d) exp(—i(pgd)) and E,(b) = E,(b) exp( chgb)) are the Cartesian compo-

nents of complex amplitudes of the direct and backward waves in the layer, E,(d),

b (d)
El( )’ o

Substitution the representation (5) and (6) into relationships (2) with accounting
the equations (1) and material relationships (3), (4) yields

E(r) _ E([)Lzz—l\/(N(r))z N (M(r) )2 ’ Egr) _ Eg)l’ﬁ_l (Ngr))z N (Mgr) )2 ’

and (p(b) are real constant scalars.

(d) -

®) _ g O
E)7=E

(d) -

E,9210 (3 (1)\/*)

_2nAQ)
Yy 1 2
SISO

EY -

z

@)

1 2
—21’1( )Ag3)
3 1 3 2
1(33) % L33

B ==4E,OnOn,, (2(212)2(222)%2 )_1 \/(NS) ) * (Mﬁ’) ) ;

EY =4 OnOny (2053 1,5 ) \/(N§’>)2+(M§”)2,

(p(y’) = arctan(M(’)/ (r)) (’), o) = arctan(Mgg)/N3(§))+(pg),

o\ = arctan(Mé’z) / Né’z)) +¢l,

sin(4nn,,h
(p(yd) =arctan—— 1 ( 2 2 ) ‘Hp(l)
ADAD [sDsP) — cos(4nny,h)
sin(4mnnyzh
o) = arctan — 1(2 134) +o,
ADAD /505D _ cos(4nnysh)
A2
(p(b) _ arctan Agz)A(zz) s1n(4nn22h) )
g AYAS) cos(4mny,h) -1
DA (2) .-
Ag;Ag; s1n(4nn33h) ()

(pgb) = arctan

Here the denotations are used:
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MO = (a2 /2%22))[(&212) Jz0Y - 1}sin(4nn22h) ,
M(V) (A(Z)/ZQ))[(A%) /293) )2 - 1}sin(4nn33h) ,
L = (ADAR /205 @ ) - 2(ARAR /305 Jeos(4nnh) +1.
Ly =(AR02 /052 ~2(ABAD /PSR eos (4} 41
N = (A(ZIZ)A(ZZZ)/ZSZ)Z(fZ))cos(2n2(2)h) COS(ZRA(z)h)

N = (A(I)Agé)/Z(l)Z%))cos(2n2(2)h) cos(ZRA%)h)

M = (A(‘)A(zzz) /z“)zgz))sm(2n2<2>h)+sm(2m<2> )
M(’) (Ag?A(z) /Z(I)Zg? )s1n(2n2(2)h) +sin (ZRA%)h)
h is the dimensionless thickness of the layer h=hy /A, .

3. The effect of stresses on light reflection and transmission

Using the obtained solution we can calculate the coefficients of reflection R and trans-
mission 7 of incident polarized wave for the stained layer

(& )+ (E0) - (,1(2) J (EO) +(£0) |
(E;i))z +(E§[) )2 n(l) (Eﬁ") )2 +(E§[) )2
The influence of mechanical stress on the parameters R and T was studied for

three cases of stress state of the layer: 1) uniaxial stretch/compression in the direction
of x-axis, when o, =c#0, 6, =05 =0; 2) isotropic stretch/compression in the plane

yOz , when 6, =03 =0#0, o, =0; 3) uniaxial stretch/compression in the direction of
y-axis, when ¢, =6 #0, 5, =3 =0. The strain components for this cases are defined as

e =0/E, e,=e;=-vo,/E, (7
e, =-2vo/E, e,=e;=(1-v)o/E, (8)
e, =0,/E, e =e;=—V0,/E, )

where £ and v stand for Young modulus and Poisson ratio of the layer respectively.
Fig. 1 shows the dependences of reflection R (solid curves) and transmission 7
(dashed curves) coefficients on stress value for different stress-strain state (7)-(9) and
different polarization of incident light. The fig. 1a and 1b represent the cases (7)
(curve 1-4) and (8) (curve 1'-4"). The fig. 1¢ and 1d represent case (9) (curve 1-4). The
plots on fig. la, lc are obtained for linear polarization of the incident light with
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Fig. 1 Effect of stresses on the reflectance and transmittivity for light of different polarization

azimuth’s values: y = 0,n/ 6, n/ 3. The plots on fig, 15, 1d are obtained for three values of
elliptic polarization (curves 1-3) and circular polarization (curve 4), defined by parame-
ters (8,%)=(0,187m;0,629), (0,3521;1,292), (0,6487;0,773) and (0,57;1).

As it can be seen from the plots, the coefficients of wave reflection R and trans-
mission 7' are substantially dependent on the applied stresses. For the third type
of stress-strained state a significant dependence of R and T coefficients on stress value
and incident wave polarization state is observed. Whereas strain tensor for the first and
second types of stress-strained state is isotropic one, the coefficients R and T are not
dependent on incident wave polarization state in these cases (see fig. 1a and 15).

Conclusions. The exact analytical solution for problem of monochromatic polarized
light reflection and refraction in piece-wise homogeneous medium, consisting of two
dielectric half-space, separated by elastically strained plane layer, has been obtained
within the wave theory of light. The problem was formulated for the case of homoge-
neous stress-strained state of the layer with a diagonal strain tensor and condition when
the incident light beam falls from a half-space normally to its boundary with the strai-
ned layer. Effect of stress state and incident light polarization on the layer’s reflectance
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and transmittivity was numerically studied with use of obtained solution. Three kinds
of stress-strained state were considered — uniaxial compression/tension stress, applied
in direction of light propagation, uniaxial compression/tension stress, applied normally
to the direction of light propagation, and isotropic compression/tension in the plane,
normal to the light beam. The obtained numerical results revealed a significant sensi-
tivity of the coefficients of light reflection by the layer and transmission through it to
the kind of stressed state, the stress value and to polarization parameters of the incident
light beam (the polarization azimuth and light ellipticity). On this basis the reasonable
conclusion about possibility to use data of polarimetric measuring of the layer’s reflec-
tance and transmittivity as informative parameters for non-destructive systems for
stress-strained state determination can be made.
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MaTtemaTuyHa Moaenb B3aemogil eNlinTM4HO NONSIPU30BaHOro
CBiT/Ia HOPManbHOro NaAiHHA 3 HaNpPY>XeHUM AieNeKTPUYHUM LLapoM

Bacunb YekypiH, HaTtania Bacbo

YV pamkax xeunvoeoi meopii ompumano mounuil po3e 30Kk 3a0aui 6i00UBAHHS MA 3AIOMIIEHHS
MOHOXPOMAMUYHO20 NOJAPUI0BAHO2O CEIMAA 8 KYCKOBO-0OHOPIOHOMY cepedosuui, ke ymeopeue
0goma OieneKMpUYHUMU NIBRPOCIOPAMU MA NPYIHCHO O0ePOPMOBAHUM OLeIeKMPUUHUM NIOCKUM
wapom, sxuil ix poszoinse. Pozensanymo eunadok 00HOPIOH020 HANPYIHCEHO-0epOPMOBAHO20 CIMAHY
wapy 3 Jia2OHATLHUM MEH30POM Oedhopmayii 3a YMOSU HOPMATLHO20 NAOIHHS NYYKA C8IMLa 3 Nig-
npocmopy HA NOGEPXHIO U020 PO30ULY 3 HANPYIUCEHUM Wapom. I3 GUKOpUCMAHHAM OMPUMAHO20
PO38 A3KY O00CNIONCEHO BNIUE HANPYICEHO20 CMAHY wapy ma Noaspusayii naoaroyozo ceimia
Ha Koe@iyicHmu 11020 8I00UBAHHS WAPOM I NPOXOONCEHHS Kpizb wiap. Posersaoanu sunaoku 00HO-
BICHUX HANPYIICEHb CMUCKY-PO3MARY, NPUKAAOCHUX ) HANPAMKAX NOWUPEHHS C8IMAA Ma HOPMAb-
HOMY 00 HbO20, A MAKOIC I30MPONHO20 CIUCKY-PO3MA2Y WAPY 8 NAOWUHI HOPMANbHIL 00 HANPAMKY
€6im106020 npomeHsi. Ilposedeni uuciosi 00CIiONCeHHs BUABUIU ICMOMHY YYMAUsiCmy KoeQiyieH-
mie 8i00UBAHHS MA NPOXOOINHCEHHS CEIMAA IO 8UAY HANPYICEHO20 CMAHY | 8eIUYUNHU HANPYICEHD
V wapi, a maxkooic 8i0 napamempis noaspusayii ceimaa, wo nadac (azumyniy noiapusayii ma euin-
muunocmi). Ha yiti niocmasi modicha 3pobumu 06IpyHmMo8anull 6UCHOB0K NPo me, wo 0aHi ¢homo-
MempuuHUx BUMIPIOBAHL BI0OUBANLHOI MA NPONYCKHOL 30aMHOCHI HANPYIHCEHO20 WAPY MOICHA
suKopucmamu sk inghopmamugni napamempu Oisi CMGOPEHH CUCHEM HEePYUHIBHO20 GUHAYECHHS
HANpYstHCceH0-0epopMosano2o Cmary OieeKmpuyHux mii.
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MaTtemaTtn4yeckas mogenb B3aumoaencreune HOpMalnbHO
nagawwero fINIMnNTn4eCckn nonAaApmn3oBaHHOro ceeta
C HanpsAXXeHHbIM AN3NNeKTpn4eCKum crioem

Bacbine YekypuH, Hatanus Bacsko

162

B pamxax 601HOB0U meopuu NOAYYEHO MOYHOE pewleHue 3a0auu OMpadCeHUus U NPeloMIeHUs
MOHOXPOMAMUYECKO20 NONAPUZ0BAHHO2O CEEMA 8 KYCOUHO-00HOPOOHOL cpede, KOMopoe 00pa308aHO
08YMs1 OUBTIEKIMPUYECKUMU NOJLYRPOCMPAHCIMBAMU U YHPY200eDOPMUPOBAHHBIM OUIIeKMpUYec-
KUM NIOCKUM CLOeM, KOMOpblil ux pazoensem. Paccmompen ciyyai 00HOPOOHO20 HANPSIHCEHHO-
0ehopMUPOBAHHO2O COCMOAHUS CLOSL C OUALOHATILHBIM MEH30POM dedhopmayuu npu YCioguu Hop-
MANbHO2O0 NAOEHUs. NYYKA C8emd C NOIYNPOCMPAHCMBEA HA NOBEPXHOCMb €20 pazdeid ¢ Hanpsi-
orcennvim coem. C UCHONb308AHUEM NOLYHEHHO2O PEUeHUs UCCIE008AHO GNIUSHUE HANPINCEHHO20
COCMOSIHUS CIOSL U NONAPU3AYUU NAOAIOWE20 C8eMa HA KOIDDUYUEHMbL €20 OMPANCEHUS CLOeM U
npoxogcoenust uepes ciol. Paccmampusanuce ciyyau 0OHOOCHbIX HANPANCEHUTE COHCAMUSL-PACHIS-
JICEHUSL, NPULONCEHHIX 6 HANPAGIEHUAX PACNPOCMPAHEHUs C8emad U HOPMAIbHOM K HeMmy, d
MaKdice U30MPONHO2O CHCAMUA-PACMANCEHUS. COSL 8 NIAOCKOCMU HOPMANBHOU K HANPABIEHUIO
c8emo6o2o nyua. TlposedeHnnvie YUCieHHble UCCLeO08AHUS OOHAPYICUNU CYUJECTNBEHHYIO YYECMBU-
MENbHOCMb KOIDHUYUEHIMOE OMPAICEHUS U NPOXONCOCHUS. CBEMA OM UOA HANPIANCEHHO2O COC-
MOSHUS U BETUUUHBL HANPANCEHULL 8 ClI0e, d MAKJce 0N NAPAMEMPO8 NOAPUIAYUL NAOAIOWE20
ceema (azumymy nonspuzayuu u saunmuunocmu). Ha smom ocrhosanuu modicHo coenams 06oc-
HOBAHHBIIL BbIBOO O MOM, YMO OAHHBIE HOMOMEMPUUECKUX USMEPEHUL OMPANCAMENLHOU U NPO-
NYCKHOU CROCOOHOCMU HANPSINCEHHO20 COSL MOJICHO UCNONIb308AMb 051 KAK UHGOpMamugHble
napamempul OJis CO30AHUSL CUCTEM HEPASPYIUAIOWE20 ONPeOeNeHUs. HANPIHCEHHO-0ehOPMUPOBAH-
HO20 COCMOSIHUSL OUITLEKMPUYECKUX MeL.
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