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Abstract. The attenuated total internal reflection (ATIR) is an area of constant
interest. The reason for that is the great variety of useful applications based on
this phenomenon. In this paper we describe a simple interferometric phasemeter
which can be used to control the presence of absorption in water solutions. In the
process of the attenuation of the total internal reflection in a three layer system
the phase shift between both main polarization components of the reflected field
is strongly dependent on the complex value of the index of refraction of the
second media. This method is based on the interferometric restoration of both
p- and s-components of the resultant field. The resulting interferometrical signal
is modeled theoretically and studied experimentally.

PACS number: 42.25.Gy, 07.60.Ly, 42.25.Ja, 78.68.+m, 42.25.Bs

1 Introduction

The great variety of useful applications is the reason why the total internal re-
flection (TIR) [1] is an area of constant interest. The attenuated TIR (ATIR)
can be used for creating fixed or variable phase retarders [2,3,6], variable fil-
ters [4], modulators, in refractometry, for biotissue study [5], absorbing liq-
uids [14], for investigation of surface relief [15], etc. Many experimental works
in this field, mainly in the region of the longer wavelengths (infrared [1] and
microwaves [11]) have been carried out so far. The small values of the wave-
lengths in visible make the investigations of the amplitude and phase changes
accompanying the processes of attenuating TIR difficult. On the other hand, the
interferometers as precise measuring tools bring up the research at higher level
of accuracy. Interferometry is a well established and highly developed method
covering very large area of applications (see e.g. [19,20]).

Based on a very simple method for restoration of both p- and s-components of
the ATIR field and the phase shift between them, the present paper describes an
interferometric application for monitoring of the presence of absorption in water
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solutions. The phase shifts caused by the imaginary part of the complex value
of the index of refraction of the second medium filling the constant thickness
gap, even in the case of weak absorption, can be studied in this way. The the-
oretical prediction of the polarization dependence of the fringe topography was
confirmed by the measurements.

2 The Optical Setup

In the process of TIR [12] both fields, the incident and the reflected, can be
regarded as compositions of two independent fields: the p- and s-components.
The reflection of a plane monochromatic wave falling on the plane boundary
between two media, the first of which is denser and the second one is rarer, is
highly dependant on the optical properties of a medium placed in the proximity
of the plane boundary. It leads to attenuating of the TIR, which means that
not only phase shifts but also amplitude losses of both field components will be
observed. If the space in the so formed gap is filled with medium with complex
index of refraction, the output complex amplitudes of the p- and s-component
will be functions of the optical parameters of the intermediate medium. The
process of reflection is highly polarization dependant and each component of
the light carries information of all parameters of the system. In a system with
time independent parameters any changes in index of refraction of the medium
in the gap will influence the reflected field. To study the phase shifts and the
amplitude changes accompanying this phenomenon we use a simple shearing
interferometer which allows us to extract from the reflected wave both p- and s-
components and to let them interfere in a proper way. We suppose that minimum
distortions will be introduced. One possible solution of this problem is shown in
Figure 1.

The optical system used in the experiment (Figure 1) consists of a laser source L
of linearly polarized light, which is expanded and collimated by the collimator
K. The plane wave so obtained propagates through the TIR prism PR and the
shearing interferometer consisting of a polarization beamsplitter R and a linear
polarizer Pol. The interferometric fringes are detected by an image array sensor
Det and analysed by a PC-AT compatible computer. All elements are mounted
on a vibration-isolated optical table. The elements form a common path type po-
larization shearing interferometer which details and theory are described in [34].

Let the incident wave be linearly polarized with azimuth ε and components
Ex ≡ Ep = |E| cos ε and Ey ≡ Es = |E| sin ε for the p- and s-polarization,
respectively, and the ATIR complex amplitude reflection coefficients be

r̂p = ρp exp (iδp) (1)

r̂s = ρs exp (iδs) . (2)

The detector (Figure 1) is a linear photodiode array oriented along the x axis.
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Figure 1. Sketch of the equipment: L – laser source; K – collimator; PR – TIR glass
prism; MP – metal plate; R – Rochon prism; Pol – linear polarizer; Det – photodiode
array detector; PC – personal computer with a framegraber.

The measured interference fringe intensity distribution is

I (x) = I0 cos2 (ε) cos2 (γ)
{
ρ2

p + ρ2
s tan2 (ε) tan2 (γ)

+2ρpρs tan (ε) tan (γ) cos [Φ (x,Δ)]} , (3)

where the phase term has the form

Φ(x,Δ) = (kp − ks) · r +
2π

λ
d (x)

[
no − ne (β)

cos (β)

]
+ Δ,

and Δ = δp − δs, β is the angle deviation between the ordinary and the extraor-
dinary rays at the exit of the Rochon prism, γ is the azimuth of the polarizer
(measured from the plane of incidence), d (x) is the current thickness of the sec-
ond right angle prism of the Rochon prism, r is the radius vector of the point
of measurement. In our case it lays in 0xz plane, kp, ks are the wave vectors
of the ordinary and extraordinary waves, which are corresponding to the p- and
s-components of the ATIR field, respectively.

The coordinate system is oriented so that the z axis is along the direction of
propagation of the laser beam and the x axis lies in the plane of incidence. As a
polarization beam splitter is used a quartz Rochon prism which compared with
the Wollaston prism gives smaller value of the angular shear β. It also preserves
the direction of propagation of the incident wave (for the ordinary wave, which
coincides with the p-component of the TIR field). This proved to be an advan-
tage in the process of aligning of the optical system.

The first two terms in Eq. (3) form the carrier frequency of the interferomet-
ric signal. For a plane wave this signal represents a family of straight parallel
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fringes. The third term (Δ = δp − δs) in (3), which is a function of additional
physical and geometric parameters leads to a distortion of the basic set of fringes,
provided the azimuth angles ε and γ are kept constant. It is obvious that ρp, ρs

and Δ are functions of the gap thickness h, of the angle of incidence, and of
the optical properties of all media the wave is passing through. In our case the
assumption for low absorption dependence of ρp, ρs is not well possible. All
these considerations supported with finer fringe contrast measurements show us
that the process of ATIR reflection leads to strong variations in the topography
of the fringes.

3 The Experimental Setup and the Initial Calibration

The source of linearly polarized coherent light in Figure 1 is a HeNe laser
(Melles Griot, 3 mW ) working in TEM00 mode. The beam is expanded and
collimated up to approximately 50 mm dia by a well corrected collimator (Jodon
, model BET-50 with 10 μm pin hole spatial filter). Only a small central area
of the aperture was used (approximately 2 × 15 mm) to reduce the influence of
the Gaussian profile. The plane wave at λ = 632.8 nm propagates through the
TIR prism PR which was made of optical glass with N3 = 1.56687. The polar-
ization interferometer consists of a crystal quartz Rochon prism and sheet linear
polarizer. The Rochon prism gives angular shear β of about 1.77 × 10−4 rad
so that only four fringes (the basic ‘carrier’ interference pattern) are covering
the full aperture of the sensor. The photodiode array has 512 elements each
28 × 16 μm and the pitch is 28 μm (Matsushita, model MN-512K). The az-
imuth of the input linearly polarized wave was adjusted at +45◦ according to
x-axes with a λ/2-plate (Carl Zeiss, Jena). The analog-to-digital converter of
the slot card framegraber provides 8 bit quantization of the video signal, scan-
ning time can be programmed from 4 ms to 16 s. Special attention has been
paid to the measurement of the gap width h. This was carried out by follow-
ing the white light Fizeau fringes displacement localized in the gap by means of
measuring microscope (not shown in Figure 1) with long working distance lens
(about 122 mm). The h-value adjustment was realized with tree point micro-
screw stage and piezotransducer on it charring the sample.

The starting point of every measurement was an initial calibration procedure. In
the initial state, when the gap is empty, a plane silicon sample was manipulated
by the three micro-screws and the transducer to be adjusted up to almost parallel
position against the glass plane of the TIR prism. Then the area of the sample
was adjusted to get in contact with the plane of the prism. From this initial
situation the sample was translated step by step in z direction away from the
glass surface. The dark brown-yellow fringe (λ = 419 nm approximately) was
registered by the microscope. Only one fringe from the basic (carrier) pattern
has to be affected by ATIR (Figure 2). The rest of the carrier pattern was used
for comparison. Additional correction of the values of h due to the influence of
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(a) (b)

Figure 2. (a) The phase shift Δ = δp−δs as a function of the gap thickness h: comparison
between the theoretic curve (solid line) and the experimental results. (b) Photometric
sections of the fringe intensity distribution in the detector aperture for three values of
the gap thickness h. In both figures the attenuator was a bulk polished plate of silicon
mono-crystal, N -type, cut at (1, 0, 0) (N1 = 3.85 − i0.02 at λ = 632.8 nm [10]).

the prism observation was carried out. The range of variation of the values of
h was chosen to be less than 300 nm (an interval approximately equal to λ/2).
The reason for this was to avoid the ambiguity connected with the change of the
phase sign.

A typical phase shift dependence of the gap width h (for a gap space filled with
air) is shown in Figure 2(a) in comparison with the theoretical model. In Fig-
ure 2(b) are shown the three typical photometric sections of the interferomet-
ric field carried out with the linear array detector. In this case the attenua-
tor was a bulk polished plate of silicon mono-crystal, N -type, cut at (1, 0, 0)
(N1 = 3.85 − i0.02 at λ = 632.8 nm [10]). The gap width variations are in the
vicinity of the fourth fringe. There is a good agreement between the predicted
and the measured values near the contact. With rising h progressive discrepancy
between theory and experiment is observed.

4 Discussion of the Fringe Topography

The three layer system consisting of a dielectric first medium, an absorbing thin
film and an almost perfectly conducting high impedance attenuator offers a great
dynamics in the topography of the output interferometrical signal. To explain
this phenomenon we express it in terms of the Stokes parameters of the ATIR
field. All of them are highly nonlinear function functions of the gap width h, of
the optical properties of all media and of the boundary geometry (still supposed
to be plane). Let’s have an optical setup similar to that described in Section 2.
As we deal with monochromatic light, the p- and s-components directly define
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the polarization state of the wave. As the polarization state of the light is fully
described by the Stokes parameters, we will rewrite the low of two-wave inter-
ference (3) in terms of these parameters.

The Stokes vector S (S0, S1, S2, S3) of the incident field E is related to the
Stokes vector S′ (S′

0, S
′
1, S

′
2, S

′
3) of the ATIR field E′ by [27,28]

S′ = MATIR · S, (4)

where MATIR is the Mueller matrix for ATIR. This matrix has the form [6]

MATIR =

⎡

⎢
⎢
⎣

m11 m12 0 0
m21 m22 0 0
0 0 m33 m34

0 0 m43 m44

⎤

⎥
⎥
⎦ , (5)

and the matrix elements are

m11 = m22 =
1
2

(
r̂∗p r̂p + r̂∗s r̂s

)
, m12 = m21 =

1
2

(
r̂∗p r̂p − r̂∗s r̂s

)
,

m33 = m44 =
1
2

(
r̂∗p r̂s + r̂∗s r̂p

)
, m34 = −m43 =

1
2
i
(
r̂∗p r̂s − r̂∗s r̂p

)
. (6)

The complex amplitude coefficients of reflection r̂p, r̂s are functions of the angle
of incidence, of the optical properties of all media, the light is passing through,
the optical properties of the attenuating media and of the gap width h. In our
model they are calculated from the characteristic impedance evolution [8,34,35].
So the Stokes vector S′ (S′

0, S
′
1, S

′
2, S

′
3) of the exit ATIR field E′ is also a func-

tion of all these quantities and in the same way depends on the state of polar-
ization of the input light. The interferometric signal detected by the photodiode
array can by expressed in terms of the polarization state of the ATIR wave. De-
noting by x,y the corresponding unit vectors, the complex amplitude in the exit
of the polarizing beam splitter R (Figure 1) is

E′′ = E′′
p x + E

′′
s y = Ep + Es, (7)

If the direction of transmission pp′ of the analyzer Pol has an azimuth γ mea-
sured from the x axes, the field in the exit pupil of the interferometer is

Epp′ = Ep cos γ + Es sin γ. (8)

The intensity of the field, falling on the detector is given by the autocorrelation

I(r) =
〈
E′

pp · E∗
pp

′〉 ,

where the time averaging is denoted by〈. . .〉. Expressed in terms of the Stokes
parameters of the ATIR field it gives us the measured intensity distribution

I(r) =
1
2
{S′

0 + S′
1 cos 2γ + [S′

2 cos Φ (x,Δ) + S′
3 sin Φ (x,Δ)] sin 2γ} , (9)
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Figure 3. (a) The contour plot of the theoretical fringe intensity distribution. (b) The
trajectory of the Stokes vector on the Poincaré sphere. All plots as a function of the gap
width h and the detector aperture coordinate x for Si attenuator and input Stokes vector
S(1, 0, 1, 0) and for n2 = 1.33 − i0.001.

where Φ(x,Δ) is the phase function defined in (3).

This formula allows us to determine the intensity of the interferometrical signal
in any point r as a function of the gap width h and the optical constants of all
media, the light is passing through for predefined parameters of the interferom-
eter.
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Figure 4. (a) The contour plot of the theoretical fringe intensity distribution. (b) The
trajectory of the Stokes vector on the Poincaré sphere. All plots as a function of the gap
width h and the detector aperture coordinate x for Si attenuator and input Stokes vector
S(1, 0, 1, 0) and for n2 = 1.33 − i0.01.
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Figure 5. (a) The contour plot of the theoretical fringe intensity distribution. The contour
plot. (b) The trajectory of the Stokes vector on the Poincaré sphere. All plots as a function
of the gap width h and the detector aperture coordinate x for Si attenuator and input
Stokes vector S(1, 0, 1, 0) and for n2 = 1.33 − i0.1.

A numerical model of equation (9) was realized for the case of silicon at-
tenuator (N1 = 3.85 − i0.02 for λ = 0.6329 μm [10]) and angular shear
β = 0.2205 mrad. The detector aperture, placed along the x axes, is supposed
to be 14 mm long, which is approximately the length of the array detector used
for the measurements. The input wave is linearly polarized at +45◦ according
to x-axes.
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Figure 6. (a) The contour plot of the theoretical fringe intensity distribution. (b) The
trajectory of the Stokes vector on the Poincaré sphere. All plots as a function of the gap
width h and the detector aperture coordinate x for Si attenuator and input Stokes vector
S(1, 0, 1, 0) and for n2 = 1.33 − i0.2.
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Four examples were modeled to predict the output interferometrical signal. The
gap space is supposed to be filled with water solution of weakly absorbing dye.
The results are shown in Figures 3–6. They show us the process of evolution
of the intensity of the output interferometrical signal (the interference fringes
intensity topography) together with the evolution of the Stokes parameters of
the reflected field. This evolution is shown in the form of the trajectory of the
Stokes vector on the Poincaré sphere as a function of the gap thickness h. The
understanding of this process is very important as the polarization interferometer
combines two orthogonal components of the output field. Their mutual balance
plays significant role in the process of forming of the intensity signal. When the
separation h increases from zero, the output field passes through great variety
of polarization states. The lower absorption leads to oscillations of the Stokes
vector around the equator of the Poincaré sphere. That means the output field
has a polarization state near to the liner but not exactly. The higher absorption
drives the Stokes vector to the south half of the Poincaré sphere. And finely
stronger absorptions make the Stokes vector to travel from the south to the north
half’s of the Poincaré sphere suffering rapid changes in the state of polarization.
The trajectory of the Stokes vector passes near the “north pole” (right polarized
elliptical wave with low eccentricity) of the Poincaré sphere and goes “down to
south” to the elliptical states with still higher eccentricity, penetrates the equator
(linear state) and continues in the space of the left polarized elliptical states. The
inclination of the polarization ellipses during this process is varying as well.

5 Experimental Results

The object of our experiment was a water solution of malachite green day in
concentrations about 10−2–10−4 M/l. Assuming a heterogenic system of sol-
vent host and spherical dye inclusions, the Maxwell–Garnett mixing model [36]
was applied to make an estimation of the effective dielectric constant of the
mixture. Two samples were studied: the first with index of refraction approx-
imately n2 = 1.342 − i0.0018 and a second one with n2 = 1.356 − i0.21 at
λ = 632.8 nm. The attenuating medium was a plane sample of optically pol-
ished silicon mono-crystal. The fringe intensity distribution along the detector
aperture for gap width h = 120 nm is shown in Figure 7 and for h = 320 nm
in Figure 8, respectively. The intensity curves are photometric slices of the in-
tensity topography by the array detector. There is some agreement between the
experimental data and the theoretical prediction. The main sources of some
discrepancy are the limited precision of the visual two-beam interferometrical
method, used for the gap width measurements, and the limited precision of de-
termination of the mixture refractive index.
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(a)

Figure 7. The experimental interference fringes intensity distribution along the array
detector aperture for and gap width h = 120 nm compared with the theoretical prediction
(a) for n2 = 1.342 − i0.0018 and (b) for n2 = 1.356 − i0.21.

6 Conclusion

The method described here offers an instrument for ATIR investigation of ab-
sorbing liquid medium. The experiments gave results in a quite good agreement
34
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(b)

Figure 7. The experimental interference fringes intensity distribution along the array
detector aperture for and gap width h = 120 nm compared with the theoretical prediction
(a) for n2 = 1.342 − i0.0018 and (b) for n2 = 1.356 − i0.21.

with the theory. This method can be also applied in the case of weakly absorb-
ing gases. An additional analysis of fringe contrast will improve the accuracy
of the method of phase shift determination. The method can be used not only in
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(a)

Figure 8. The experimental interference fringes intensity distribution along the array
detector aperture for and gap width h = 320 nm compared with the theoretical prediction
(a) for n2 = 1.342 − i0.0018 and (b) for n2 = 1.356 − i0.21.

the research, but in other applications connected with the sensor techniques like
contamination monitoring, refractometry of absorbing media, etc.

The here described example is a good demonstration of the significance of the
evolution of the polarization state of the ATIR wave, caused by variations of
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(b)

Figure 8. The experimental interference fringes intensity distribution along the array
detector aperture for and gap width h = 320 nm compared with the theoretical prediction
(a) for n2 = 1.342 − i0.0018 and (b) for n2 = 1.356 − i0.21.

the value of the index of refraction of medium in the gap as well as the optical
properties of all media participating in the process of ATIR.

The aforementioned results will also be possibly of practical interest in the de-
velopment of new methods for absorption measurements.
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