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Abstract. A simple shearing polarization interferometer was used to investi-
gate the effect of the inhomogeneous distributed absorption in the gap formed
by a glass prism and a metal attenuator on the complex amplitude of the re-
flected field. A perfect tree layered system is considered so that the gap can be
regarded as a plane parallel micro cuvette. In our case this cuvette isfilled with
aliquid with Gaussian distribution of the extinction coefficient (the imaginary
part of the complex index of refraction). From this follows a proportional vari-
ation of the optical thickness of the separation between the prism boundary and
the attenuator face and specific distribution of the phase shift between the p- and
s-components of the reflected field. The interferometer allows to separate these
two components and to let them interfere [1]. The phase shift distribution along
the aperture of the beam can be determined from the interference signal. An
experiment with a glass prism-liquid-plane silicon attenuator is described. The
results are compared with the theoretical predictions. For angles of incidence
larger than the critical one a good agreement between theory and experiment
was observed.

PACS number: 42.25.Fx, 42.25.Gy, 42.60.Jf

1 Introduction

The total internal reflection (TIR) phenomenon serves as a basis for great va-
riety of useful applications. The attenuated TIR (ATIR) was initially used for
creating fixed or variable phase retarders [2-4] and variablefilters[5], in the op-
tical refractometry of absorbing liquids[6-9], metals, biotissue[10], for study of
the subwavelength surface relief [11], etc. A very important area of application
of ATIR is the surface plasmon resonance effects [12] and their applicationsin
material science [13]. The classical ATIR configuration is a perfect three lay-
ered system with two parallel plane boundaries. All media are expected to be
homogeneous. In contrary any deviation from this model leads to nontraditional
effects.
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In the present paper we study the reflected optical field in the situation of inter-
mediate space filled with inhomogeneous liquid. In our model the distribution
of the optical absorption in the gap has central symmetry and obeys the Gaus-
sian law. In addition, a recently described method [14] based on the reduced
Rayleigh integral equation allows usto study the ATIR reflected field in the case
of curved attenuator what recalculated to the optical thickness allows to apply
the same method. The present work demonstrates that for a system composed
of almost plane boundaries the simpler Mueller matrix method gives sufficiently
good results and also presents comparison between theory and experiment.

2 The Optical Setup

In the present work we are following the same way of studying of the process of
TIR attenuation and the same optical setup as that described in [8]. The optical
system used in the experiment is shown in Figure 1. The laser source L emitsa
linearly polarized beam which is expanded and collimated by the collimator K.
The obtained plane wave propagates through the TIR prism PR. The glass prism
and the attenuator are mounted on a precise rotating stage. The polarization
beam splitter R followed by the linear polarizer Pol, compose asimple shearing
interferometer which allows us to study the phase shifts between the basic po-
larization components and their amplitude changes as well. The interferometric
fringes are detected by alinear array image sensor Det and analyzed by a PC-AT
compatible computer. All elements are mounted on a vibration isolated optical
table.
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Figure 1. Sketch of the equipment: L — laser source; K — collimator; PR — glass prism;
MP — meta plate; R — Rochon prism; Pol — linear polarizer; Det — photodiode array
detector; PC — personal computer with a framegraber.
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Figure 2. Sketch of the shearing interferometer.

Following the classical way [17] of studying of the process of TIR we regard
the incident and the output fields as compositions of two independent fields:
the p- and s-polarized components. A meridiona view of the interferometer is
shown in Figure 2. It is a common path polarization shearing interferometer.
The coordinate system is oriented so that the z axis is along the direction of
propagation of the laser beam and the x axis is in the plane of incidence. The
field vector E in the entrance pupil of the optical system (the TIR prism with
the metal plate MP acting as attenuator) subtends an azimuthal angle o with the
plane of incidence. The exit pupil of the electric field E’, represented by its
Jones vector, is given by [17]

rp, 0

0 7

where E, = |E|coso and E; = |E|sin o are the components of the entrance
Jones vector (for the p- and s-polarization, respectively). The complex ampli-
tude reflection coefficients are written as

E

p
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rp = ppexp (id,) , rs = psexp (ids) . 2

The phase difference between the two components we denote by A = §, — 6.
This quantity can be determined out by analyzing the fringe pattern at the exit
of the interferometer. The expressions for calculating r, and r,, derived on the
basis of the theory of stratified optical mediaare[17,19]

Z5,(A—CZ3,) + (B~ AZj,) @
Zi(A+ CZfs) +(B+AZL)’

. Zop(C —A)+ (AZI, - B) @
P Zop(czop A) +(AZ{,+ B)’
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where theindices: and f refer to theinitial and final media, respectively. A, B,
C are the elements of the transmission matrix through the gap with thickness i

A B coshagh  Zjposinhagh
C D - ZO_,Ql sinh ash  cosh agh 1 ’ ©)
where nar 2 s
p = k{(n—z) sin? 65 — 1} .
The characteristic boundary impedance Z;, , is given by
Zya = (ngcosfp)™t  for s-polarization, and ©)

Zo2 =n5 " cos by for p-polarization,

where ) 1o
— il(™)Y sin26. —
cosfy = —i Km) sin“ 63 1}
givesthe direction of propagation of the wavein the second medium (in our case
liquid). The characteristic boundary impedances of theinitial and final mediafor

both p- and s-component of the field are given, respectively by

Z&s = [(n1 —ik1)cos 1], Z({s = (n3zcosfs)t, 7

Zé’p = (ny —iry) "t cosby, Zg’p =n3 ' cos b3, (8)

wheresin 6, = (n3sinfz)/(ny — ik1), costy = (1 — sin?0;)'/2, R[cos ;1] >
0, ng is the index of refraction of the glass prism PR (see Figure 1). n; =
ny — iky 1Sthe complex index of refraction of the bulk absorbing medium MP.
When the angle of incidence 65 exceeds dightly the critical angle of TIR, the
complex amplitude coefficients (2) exhibit strong dependence on the bound-
ary conditions. These conditions, (presented by the characteristic boundary
impedances) are functions of the optical properties of al media. We suppose
constant and homogeneous optical properties of the glass prism and the metal
attenuator. In our experiment the intermediate space s filled with water solution
of malachite green dye. A drop of the dye was added in the center of the prism
hypotenuse face, Figure 2.

Here we suppose a quasi-static dynamics of the mixture of particles of dye in
solvent. The particles are spheres of permittivity ¢; located randomly in a ho-
mogeneous environment ¢, and occupy a volume fraction f. The quasi-static
nature of the mixture means that the wavelength of the optical field is much
larger than the inclusion diameter. According to the Maxwell-Garnett mixing
rule the mixture will have effective permittivity e« given in [20]

€ —Ee

Eeff = €c + 2f¢
eff e f85i+5e*f(5i*55)

)
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Figure 3. The geometry of the micro cuvette.

and the characteristic boundary impedances in the second medium (6) will be

1+ ieg*tg(kw
7=Zy— e, gkw). (10)
1 + e tg(kw)

where Zo = \/jo/e0 is the free space impedance, k = (w/co)ey;” is the wave
number, w isthe angular frequency and ¢ isthe velocity of light in avacuum, w
is the length of the irradiated area, Figure 3. In this case the Gaussian function
[18] was assumed for the extinction and the index of refraction can be expressed
intheform

na(z) = /eet = no — iN exp(—ax?), (12)

where ng and N are real constants, eg; iS the effective permittivity of the lig-
uid solution. Then the reflected field will be mainly dependent on the angle of
incidence 03 and on the optical thickness nq(x)h of the gap.

If the detector, Figure 1, is alinear photodiode array oriented along the z axis,
the measured fringe intensity distribution is[1]

I(w) = I cos* () cos? (7){ p3 + 2162 (0)16% ()
+ 20,p,19(0)t9(7) cos[(z, M)} (12)
The phase term ®(z, A) hastheform

B ) = (y — ko) 7+ @) o - ies(é))

where A = §, — 45 is the phase difference between both components, 3 is the
angle deviation between the ordinary and the extraordinary rays at the exit of
the Rochon prism (the angular shear), Figure 2, v isthe azimuth of the polarizer,
measured from the plane of incidence O, x, z, d(z) isthe current thickness of the
second right angle prism of the Rochon prism, = is the radius vector of the cur-
rent point of measurement. In our case it laysin the plane of incidence O, z, z,
k,, k, arethe wave vectors of the ordinary and extraordinary waves, which are

[+a, @3
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corresponding to the p- and s-components of the ATIR field, respectively, n,, ne
are the ordinary and extraordinary refractive indices of the material, from which
the Rochon prism has been fabricated.

The first two terms in Eq. (13) form the carrier frequency of the interferomet-
ric signal. For a plane wave this signal represents a family of straight parallel
fringes. Thethird term (A = 6, — J5) in (13), which is afunction of additional
physical and geometric parameters, leads to distortion of the basic set of fringes
provided that the azimuthal angles e and ~ are kept constant.

From the expressions for r, and r, it is clear that p,, ps and A depend on
the complex optical thickness 75 (x)h of the micro cuvette (the gap), on the
angle of incidence and on the optical properties of the mediathelight is passing
through. The theoretical investigation of the h-dependence of p,,, ps, [1], shows
that it is not as strong and can be neglected in the first approximation. The
interferometric signal, detected by the linear detector, is governed mainly by the
phase difference A.

The numerical model of the Eq. (12) allows predicting the intensity distribution
in the output interferometric signal along the axes of the linear sensor for various
combinations of optical materials and for any polarization state of the incident
wave. Even the case of inhomogeneous intermediate medium can be studied in
thisway. In Figure 4 we show the theoretical fringe intensity distribution along
the aperture of the linear sensor as a function of the separation A (the thickness
of the micro cuvette) between the TIR prism and the metal attenuator for the
media used in the following experiment, silicon mono-crystal 7; = 3.83 —40.02
[15], liquid na(z), n3 = 1.56687 Schott BaK 4 glass. For comparison we carried
out the same cal culations for aluminum attenuator with index of refraction n; =
1.379 — i7.619, [16], and the fringe intensity distribution is shown in Figure 5.
Both exampleswere calculated for water basis of theliquid. In Figure 6isshown
the theoretical fringe intensity distribution for oil basis.
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Figure 4. The theoretical fringe intensity distribution for silicon mono-crystal attenuator
(A1 = 3.85 — i0.02 a X\ = 632.8 nm[15]), 7z = 1.33 — 0.1 exp[—22/300] (water),
n3 = 1.56687.
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Figure 5. The theoretical fringe intensity distribution for aluminum attenuator 7y =
1.379 — i7.619 @ A = 632.8 nm [16], A1z = 1.33 — 0.1 exp[—x2/300] (water), n3 =
1.56687.

Fringe intensit

Figure 6. The theoretical fringe intensity distribution for silicon mono-crystal attenuator
fi1 = 3.85 —40.02 a A = 632.8 nm [15], iz = 1.43 — 0.1 exp[—22/300] (ail),
n3 = 1.56687.

3 Experimental Results and Discussion

The source of linearly polarized coherent light in Figure 1 is a HeNe laser
(Mélles Griot, 3 mW), working in TEMyg mode. The beam is expanded and
collimated up to approximately 50 mm dia. by a well corrected collimator
(Jodon, model BET-50). From the so generated plane wave only a small part
was used — approximately 2 x 15 mm in the central area of the aperture. The
prism PR was made of optical glass BaK4 (Schott Jena) with ng = 1, 56687
at A = 632,8 nm. The polarization interferometer consists of a Rochon prism
and sheet linear polarizer. The Rochon prism provides an angular shear 3 of
about 1.77 x 10~* rad so that only approximately four fringes cover the full
aperture of the sensor. The photodiode array image sensor (Matsushita, model
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MN-512K) with 512 elements was used to detect photometric sections through
the interferometric fringes. The sensor pixel dimensions are 28 x 16 um and
the pitch is 28 um. The total length of the sensitive areais 14.3 mm. The ADC
converter of the slot card framegraber provides 8 bits quantization of the video
signal. Specid attention has been paid to the determination of the gap thick-
ness h. This measurement was carried out visually (in a manner similar to the
described in [1]) by means of measuring microscope (not shown in Figure 1)
with long working distance lens (about 122 mm). The white light Fizeau fringes
were observed in direction approximately normal to the hypotenuse of the TIR
prism. The tilt adjustment was accomplished by a three point micro screw ad-
justing stage mounted on the rotating table. From the initial situation the sample
was translated step by step away from the prism and the movement of the dark
brown-yellow fringe (A = 419 nm approximately) was registered by the mi-
croscope. The wedge angle value between the prism hypotenuse and the metal
surface was approximately 0.5 x 10~ rad. The angle of incidence was measured
and adjusted by a precise rotating stage (Thorlabs, Model 7R7) which offered
resolution of 1 arc minute. An optically polished plate of silicon mono-crystal,
N-type, cut at (1,0,0) (7; = 3.85 —40.02 a A = 632.8 nm [15]) was used as
attenuator.

The intermediate space was filled with oil. A tiny drop of malachite green dye
was added in the central region of the micro cuvette formed in this manner. The
array sensor allows usto capture and register almost linear photometric sections
of the fringe intensity distribution shown in Figure 5. The results of the experi-
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Figure 7. Photometric sections through the fringe intensity distribution for four different
separations h.

112



H. Stoyanov

ment in the form of four photometric sections are shown in Figure 7. For angles
of incidence exceeding the critical one the interferometer forms approximately
four full fringes in the input pupil of the sensor. As have been expected the
presence of symmetrical distribution of the absorption leads to deformation and
progressive one side shift of the fringes together with decreasing of the fringe
visibility in the reflected field. The side fringe shift progressively increases for
separation greater than 4 = 150 nm. And what isnew, at h ~ \/2 aphasejump
is observed. This phenomenon requires further investigation. The experimental
results shown in Figure 7 are in a quite good agreement with the numerically
predicted intensity distribution for the situations when the intermediate space is
filled with air.

4 Conclusion

The here described interferometer measurement proved to be a successful tool
for ATIR phase investigation of absorbing liquids. The experiment gave results
in good agreement with theory. The method can be used with success in the
research and in other applications like the sensor technique, refractometry of
absorbing media, contamination monitoring etc.
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