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Abstract. By using an optical interferometer composed of a dielectric laser ellipsometer, to change the
optical response of transverse electric and magnetic incident radiation, and two polarisers, to trigger the
interference pattern induced by the relative Goos-Hänchen phase, we show under which conditions it is
possible to optimize the laser power oscillations induced by the relative phase difference between orthog-
onal polarised states. The Goos-Hänchen interference can then be used to sense rotation, to test optical
components, and to simulate quarter and half wave plates.

1 Introduction

Interference is the hallmark of oscillatory phenomena
[1–4]. The most iconic support of this statement is per-
haps the explanation interference provides for the fringe
patterns in the Young’s double slit experiment [5], which
settled the 19th century debate on the nature of light in
favour of the oscillatory model. This experiment belongs
to a general class of double path experiments, in which a
wave is split into two separate waves that are later recom-
bined into a single one. The difference in the optical paths
results in a phase shift, creating an interference pattern.
The relevance of this phenomenon can also be seen in the
large body of techniques which came to be called collec-
tively as Interferometry [6]. The guiding principle behind
such techniques is simple: interference is the net result
of a superposition of waves travelling through the same
medium and the phase difference between these waves gen-
erates an intensity pattern of which information about the
waves can be drawn. The only constraint on this effect is
that interference cannot happen between waves oscillating
in orthogonal directions. This is true for a direct superpo-
sition but it does not mean a relative phase difference
between orthogonal polarisation states is ineffective. It is
indeed possible, as we shall see in detail later, to induce
an interference-like effect between orthogonal states using
polarisers. In this case, they assume the role that weak
interactions play in the production of Kaons [3] and neu-
trinos [4].

The mixing between orthogonal states is also the basis
of the optical analogue of weak measurements[7–9]. Nev-
ertheless, in the optical weak measurement approach, the
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interest is often addressed to measure the Goos-Hänchen
(GH) shift [10–12], being the GH relative phase removed
by waveplates [13,14]. In this paper, we show how the
interference between orthogonal polarised states can be
triggered by an appropriate choice of the polarisers set-up
and how the relative GH phase between the orthogonal
polarised states induces power oscillations in the optical
beam which, in the regime of total internal reflection, is
transmitted through a dielectric block.

Let us begin by considering light coming out of a laser
source. It has a definite polarisation state and its electric
field can be described as

E(r) = E(r)
[
a‖
a⊥

]
, (1)

where

E(r) = E0

w2
0

4π

∫
dkx dky exp

[
−

( k2
x + k2

y)w2
0

4
+ ik · r

]
=

E0 e
ikz

1 + i z/zR

exp
[
− x2 + y2

w2
0 (1 + i z/zR)

]
is the laser profile, z the coordinate parallel to the light’
propagation direction, zR = πw2

0/λ the Rayleigh length, λ
the beam wavelength, k = 2π/λ the wave number, and w0

the minimal distribution waist. The paraxial approxima-
tion, kz =

√
k2 − k2

x − k2
y ≈ k − (k2

x + k2
y)/2 k, allows the

analytical integration and the condition a2
‖ + a2

⊥ = 1 sets
the field normalisation. After interacting with a polariser
set at an angle α, see Figure 1a, the resultant field is mod-
ified by the Jones matrix associated to the polariser,

Jα =
(

cos2 α sinα cosα
sinα cosα sin2 α

)
, (2)
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as follows

Eα(r) = Jα E(r)

= (a‖ cosα+ a⊥ sinα) E(r)
[

cosα
sinα

]
. (3)

If there is a relative phase between the components of
the original field, the polariser produces a complex ampli-
tude which will exhibit an interference pattern based on
the nature of the relative phase. Usually, relative phases
are induced by a differentiation of optical paths by means
of beam splitters and mirrors, but to study this orthogo-
nal interference phenomenon we will focus on an optical
system which presents responses intrinsically different
to transverse electric (TE) and transverse magnetic
(TM) polarised light: The total internal reflection regime
inside a dielectric block. When light is totally internally
reflected the Fresnel coefficient associated with the reflec-
tion becomes complex and the electric field acquires a
polarisation-dependent phase known as GH phase. As a
consequence, the propagation direction of the field is lat-
erally shifted, a phenomenon known as GH shift [10–12].
This shift has been the matter of investigations [15–22]
for decades. It is proportional to the wavelength of the
light being shifted and so its detection normally involves
amplification techniques such as weak measurements
[7–9,13,14]. In this case, the used light beam is a compos-
ite of TE and TM polarisations. In weak measurements
the relative GH phase between TE and TM components
is removed. In this paper, we do not remove this rela-
tive phase and we mix orthogonal polarisation states by
an appropriate choice of the second polarization angle in
order to produce a particular intensity pattern detected by
a power measurement. From the GH interference fringes
information about the GH shift and optical components
can be indirectly obtained.

The paper is organised as follows: in the next section, we
describe the optical system of interest as well as the incom-
ing and transmitted beams. Section 3 is devoted to obtain
the expression for the power oscillation and Section 4
discusses the relevant aspects of the theory and possible
experimental implementations. Our final thoughts are pre-
sented in Section 5.

2 The Goos-Hänchen interferometer

Let us consider a system composed of a dielectric block
with right angles as depicted in Figure 1a. The coordinate
system x∗yz∗ follows the geometry of the block with the x∗
coordinate placed along its height and the z∗ coordinate
along it length, see Figure 1b. We will also define a coordi-
nate system xyz with z along the propagation direction of
the incident beam and x perpendicular to z but still con-
tained in the optical plane, see Figure 1b. Light coming
out of the laser source passes through a polariser set at
an angle α, acquiring the form described in equation (3),
entering then the dielectric block by its left face making
an angle θ with its normal,(

x∗
z∗

)
=
(

cos θ sin θ
− sin θ cos θ

) (
x
z

)
, (4)

see Figure 1b. The transmission angle, ψ, is given by the
Snell law, sin θ = n sinψ and the incidence and reflection
angles at the bottom and top faces of the dielectric, ϕ, by
the geometry of the system, ϕ = π

2 − ψ.
A theoretical approach may simply state the number of

times light will be totally internally reflected without con-
cern for how to obtain such reflections in a real laboratory.
From an experimental perspective, however, the capabili-
ties of the optical systems at hand must be known. It can
be shown that, for the dielectric block we are considering,
the relation

AD = 2 tanϕAB = 2
√
n2 − sin2 θ

sin θ
AB, (5)

where AD is the length of the block and AB its height,
guarantees two total internal reflections for a beam enter-
ing the block at an incidence angle θ, with the entrance
point being at half the height AB. For a block of given
dimensions, equation (5) tells us at which angle the beam,
after two internal reflections, touches the right face of the
block at the same height in which it touches the left one.
By replacing the unitary block with N blocks with lengths
that are a multiple of the original length, we ensure 2N
reflections and the power can be measured as a function of
the optical system size or equivalently as a function of the
number of internal reflections. In this article, we shall con-
sider two possibilities, i.e. building the blocks with acrilic
or using a container of water whose length can be varied
by using a mechanical system, see Figure 1a. If the walls of
the container are thin walls they do not contribute signifi-
cantly to the light transmission so the results presented in
this paper for dielectric water are valid in any laboratory
system in which a container with thin walls is used.

Once the beam comes out of the dielectric, its origi-
nal distribution is modified by the Fresnel transmission
coefficient of the optical system. We shall suppose that
the minimal waist is at the point in which the incident
beam touches the left face of the dielectric block. For
the mathematical notation, this means setting the ori-
gin of the cartesian axes in this point, see Figure 1b. In
the x∗yz∗ system, representing the reflection/transmission
coefficient system, the wave number vectors of the inci-
dent, left transmitted, down reflected, and down transmit-
ted beams will be respectively (kx∗ , ky, kz∗), (kx∗ , ky, qz∗),
and (px∗ , py, qz∗), with q2

z∗ − k2
z∗ = (n2 − 1) k2 and

p2
x∗−k

2
x∗ = (1−n2) k2. The transmission coefficient, given

in terms of these wave numbers, is obtained by multiply-
ing the transmission coefficient at the left air/dielectric
interface, the double (internal) reflection coefficient at
the down and up dielectric/air interfaces, and finally the
transmission at the right dielectric/air interface.

The transmission coefficient at the left air/dielectric
interface is given by

T
[left]

pol (kx, ky) =
2σpol kz∗

σpol kz∗ + qz∗
, (6)

with (σ‖, σ⊥) = (n2, 1). The double internal reflection for
a dielectric structure composed of N unitary blocks of

https://www.epjd.epj.org
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Fig. 1. The 3D schematic representation of the experimental setup and the planar geometry of the dielectric block are respec-
tively sketched in (a) and (b). In (b), z is the laser’s propagation direction, z∗ the normal to the left and right sides of the
dielectric block and x∗ the normal to the upper and lower ones. The refracted angle ψ is determined by the Snell law and the
internal reflection angle by the geometry of the system.
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dimensions (5) leads to the following coefficient

R
[int]

pol (kx, ky) =
(
kx∗ − σpol px∗
kx∗ + σpol px∗

)2N

× exp[2 iN kx∗ AB]. (7)

The transmission coefficient at the right dielectric/air
interface is given by

T
[right]

pol (kx, ky) =
2 qz∗

qz∗ + σpol kz∗

× exp[iN (qz∗ − kz∗)AD]. (8)

In the regime of total internal reflection, n sinϕ > 1
or equivalently sin θ <

√
n2 − 1, the wave number px∗

becomes imaginary, px∗ = i |px∗ | = i
√

(n2 − 1)k2 − k2
x∗ ,

and the wave number distribution, describing the outgoing
transmitted beam is given by

Gpol(kx, ky; r) =
4σpol kz∗qz∗

(σpol kz∗ + qz∗)
2 g(kx, ky; r)

× exp
{
i

[
N (qz∗ − kz∗)AD + 2N kx∗ AB

−4N arctan
(
σpol |px∗ |
kx∗

)]}
,

(9)

where g(kx, ky; r) = exp
[
−(k2

x + k2
y)w2

0/4 + ik · r
]

is the
wave number distribution of the incoming gaussian beam.
In the paraxial approximation the beam is strongly colli-
mated around the direction of incidence and so phases in
the previous equation can be expanded up to first order
around the center of the gaussian distribution |g(kx, ky; r)|
and the transmission coefficient taken at (kx, ky) = (0, 0).
In this way, the wave number distribution given in (9)
becomes

Gpol(kx, ky; r) = Apol g(kx, ky; rpol)
× exp[i (φ+ φpol)], (10)

where

Apol = 4σpol cos θ
√
n2 − sin2 θ

/(
σpol cos θ +

√
n2 − sin2 θ

)2

,

φ = k
[
N
(√

n2 − sin2 θ − cos θ
)
AD + 2N sin θ AB

]
,

φpol = −4N arctan
[
σpol

√
n2 − 1− sin2 θ/ sin θ

]
,

and

rpol = {x+ d+ dpol, y, z} =

{
x+N sin θ AD

+
4N σpol (n2 − 1) cos θ

k [ (n2 − 1)σ2
pol + (1− σ2

pol) sin2 θ]
√
n2 − 1− sin2 θ

, y, z

}
.

The lateral shift d, proportional to AD, is the displace-
ment predicted by the geometrical optics by using the
Snell and reflection laws. The additional shift dpol, propor-
tional to λ, is the well-known GH shift [10–12]. The geo-
metrical shift is the same for TE and TM waves, whereas

the GH shift is polarisation dependent. This is a direct
consequence of the fact that the geometrical phase only
depends on the boundary conditions while, in the regime
of total internal reflection, the polarisation phase derives
from the Fresnel reflection coefficient.

The approximation of the transmitted wave number dis-
tributions, given in equation (10), allows to obtain an ana-
lytical expression for the TE and TM outgoing beams,

Epol(r) = ApolE(rpol) exp[i (φ+ φpol)]. (11)

3 The effects induced by the Goos-Hänchen
phase

The incoming beam Eα(r), after passing through the
dielectric block, is modified to

Eblock(r) = (a‖ cosα+ a⊥ sinα)

×
[
A‖E(r‖) ei φ‖ cosα
A⊥E(r⊥) ei φ⊥ sinα

]
ei φgeo . (12)

A power measurement of this beam does not contain any
oscillation phenomenon. In fact,

Pblock =
∫
dx dy |Eblock(r)|

2

= (a‖ cosα+ a⊥ sinα)
2

×
(
A

2

‖ cos2 α+A
2

⊥ sin2 α
)
P0, (13)

where

P0 =
∫
dx dy |E(r‖)|

2

=
∫
dx dy |E(r⊥)|

2

=
∫
dx dy |E(r)|

2

= π |E0|
2
w2

0/2.

To trigger interference between the orthogonal polarised
states, we use a second polariser at an angle β. After
passing through it, the optical beam is then described by
Eβ = Jβ Eblock. Explicitly,

Eβ(r) = (a‖ cosα+ a⊥ sinα)

×
[
A‖ E(r‖) e

i φ‖ cosα cosβ +A⊥ E(r⊥) ei φ⊥ sinα sinβ
]

× ei φ
[

cosβ

sinβ

]
, (14)

and its intensity is given by
∣∣Eβ(r)

∣∣2 = (a‖ cosα+ a⊥ sinα)
2

×
{
A

2

‖ |E(r‖)|
2

cos2 α cos2 β +A
2

⊥ |E(r⊥)|
2

sin2 α sin2 β

+
A⊥A‖ sin 2α sin 2β

2
Re
[
ei (φ⊥− φ‖) E(r⊥)E

∗
(r‖)

]}
.

(15)

By observing that∫
dx dy E(r⊥)E

∗
(r‖) = exp

[
− (d⊥ − d‖)

2

2w2
0

]
P0,
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we find for the beam power measured after the second
polariser the following expression

Pβ =

∫
dx dy

∣∣Eβ(r)
∣∣2 = (a‖ cosα+ a⊥ sinα)

2

×

{
A

2

‖ cos2 α cos2 β +A
2

⊥ sin2 α sin2 β +
A⊥A‖ sin 2α sin 2β

2

× cos(φ⊥ − φ‖) exp

[
−

(d⊥ − d‖)
2

2w2
0

]}
P0. (16)

The relative power Prel = Pβ/Pblock is the given by

Prel(α, β; τ) = (2 τ 2 cos2 α cos2 β

+ 2 sin2 α sin2 β + τ sin 2α sin 2β cos ΦGH

× exp[−δ
2

GH
/2])

/
(2 (τ 2 cos2 α+ sin2 α),

(17)

where

τ = A‖/A⊥

=

[(
cos θ +

√
n2 − sin2 θ

)/(
n cos θ +

√
1− (sin θ/n)2

)]2
,

δGH =
d⊥ − d‖
w0

= 4N
[n2(n2 − 1)− (n2 + 1) sin2 θ ] cos θ

k w0 (sin2 θ − n2)
√
n2 − 1− sin2 θ

,

and

ΦGH = φ⊥ − φ‖

= 4N arctan
[√

n2 − sin2 θ − 1 sin θ/(n2 − sin2 θ)
]
.

In Figure 2, the relative GH phase, ΦGH , is plotted for
a different number N of unitary dielectric blocks made
of acrylic and water (note that a water container of thin
walls does not modify the results presented in this paper).
The choice of these dielectrics is motivated by two reasons.
The first one is their easy availability and the second one
is the fact that the acrylic and water refractive indexes,
n = 1.490 and n = 1.332, are greater and lesser than√

2. Remembering that the constraint for total internal
reflection is sin θ <

√
n2 − 1, for a refractive index greater

than
√

2, for all incidence angles we remain always in the
regime of total internal reflection, see Figure 2a, whereas
for the water, an upper limit exists, i.e. θw = 61.63◦, see
Figure 2b.

The maximum of the relative GH phase,

θmax = arcsin

(
n

√
n2 − 1
n2 + 1

)
,

ΦGH(θmax) = 4N arctan
(
n2 − 1

2n

)
, (18)

is found at the angle for which the GH lateral displace-
ments for TM and TE are equal, δGH(θmax) = 0. For acrylic
and water, we have

{θmax, ΦGH(θmax)/N }
acrylic

= {66.52◦, 1.55} ,
{ θmax, ΦGH(θmax)/N }

water
= { 44.72◦, 1.13 } . (19)

The maximum value of the relative GH phase for a dielec-
tric block of a given refractive index allows to determine

the minimal N -blocks configuration able to produce a full
cycle of power oscillation. In this spirit, it is also important
to give the solutions of the equation ΦGH = a π,

sin2 θ(a,N) = n2 − n2 + 1

2
cos2

( a π
4N

)

±

√(
n2 + 1

2

)2

cos4
( a π

4N

)
− n2 cos2

( a π
4N

)
.

(20)

4 Looking at experimental implementations

In the previous section, we essentially studied two effects
on the propagation of a laser beam. The first one is caused
by the transmission through a dielectric block, built to
guarantee 2N total internal reflections and it is mathe-
matically described by the relative GH phase. The sec-
ond one is caused by the second polariser found after the
dielectric block which trigger the GH interference.

4.1 Simulating quarter and half wave plates

An interesting aspect of the GH phase is that right after
the beam is transmitted through the dielectric block, the
polarisation of the incoming beam is changed. This hap-
pens because each component of the electric field responds
differently to the block. If the incidence angle and the
number of reflections are chosen carefully, the TE and TM
components are transmitted in equal proportions and the
control of the relative GH phase allows then circular polar-
isation. This is an elegant alternative to the wave plates,
usually employed to this end, since it does not require
birefringent materials, but moreover, it allows a broader
control over the retardation angle.

After coming out from the dielectric block and before
reaching the second polariser, the electric field is propor-
tional to [

τ cosα
exp(iΦGH) sinα

]
.

Observing that the difference between the transmission
coefficient for TM (A‖) and TE (A⊥) waves is quite small
for incidence angles smaller than π/4, we can use the rel-
ative GH phase to reproduce the effects of quarter and
half wave plates. By choosing the appropriate combina-
tion of dielectric blocks and incidence angles, we can, for
example, introduce a unitary imaginary complex factor
between the TM and TE components of the electric field,
ΦGH = π/2, generating circularly polarised light, simulat-
ing a quarter-wave plate. There are many possible con-
figurations (θ,AD/cm)

N
for achieving it. The incidence

angle θ is calculated by equation (20) fixing a = 1/2 and
varying N . Once the incidence angle is obtained, we can
determine the length of the unitary block AD by using
equation (5). For AB = 1 cm, the possible combinations
N ≤ 6 are

{ (7.56◦, 22.56)6, (9.09◦, 18.76)5, (11.40◦, 14.94)4,

(15.30◦, 11.11)3, (23.45◦, 7.22)2}acrylic

https://www.epjd.epj.org
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Fig. 2. The relative GH phase is plotted as a function of the incidence angle for a dielectric composed of different number of
unitary blocks in (a) for acrylic and in (b) for water. The maximum is found at 66.52◦ for acrylic and 44.72◦ for water. In the
figures, we also find the incidence angle for which it is possible to simulate quarter (π/2) and half (π) wave plates for acrylic
(a) and water (b).

https://www.epjd.epj.org


Eur. Phys. J. D (2019) 73: 213 Page 7 of 11

for acrylic, see Figure 2a, and

{(7.61◦, 20.02)6, (9.15◦, 16.63)5, (11.50◦, 13.21)4,

(15.51◦, 9.76)3, (24.23◦, 6.18)2}water ,

for water, see Figure 2b. In order to choose the best con-
figuration, it is also important to know the τ factor for
the corresponding angles. For acrylic, we have

{(7.56◦, 1.0019), (9.09◦, 1.0028), (11.40◦, 1.0044),
(15.30◦, 1.0080), (23.45◦, 1.0195)}

τ, acrylic

and, for water,

{(7.61◦, 1.0011), (9.15◦, 1.0016), (11.50◦, 1.0026),
(15.51◦, 1.0047), (24.23◦, 1.0121)}

τ,water .

Half-wave plates generates a phase shift of π between
the polarization components. It is possible to reproduce
the half-wave plate effect by using one of the following
(θ,AD/cm)

N
combinations

{(15.30◦, 11.11)6, (18.50◦, 9.18)5,

(23.45◦, 7.22)4, (32.43◦, 5.18)3}acrylic ,

for acrylic, and

{(15.51◦, 9.76)6, (18.85◦, 8.00)5,

(24.23◦, 6.18)4, (35.68◦, 4.11)3}water ,

for water. See Figures 2a and 2b respectively. The τ factors
are

{(15.30◦, 1.0080), (18.50◦, 1.0118),
(23.45◦, 1.0195), (32.43◦, 1.0402)}

τ, acrylic

for acrylic and

{(15.51◦, 1.0047), (18.85◦, 1.0071),
(24.23◦, 1.0121), (35.68◦, 1.0293)}

τ,water

for water. Note that the AD given in the previous expres-
sions represents the length of the unitary block for which
the incoming and the outgoing laser beam have the same
height for the incident (left side) and exit (right side)
point. This allows two internal reflections for a dielec-
tric structure builded by using N unitary blocks. It is
interesting to observe that a dielectric block of length
between N AD −AD/4 and N AD +AD/4 will continue
to guarantee 2N internal reflections. Thus, by using the
previous results, a laser beam composed by an α mix-
ture of TM and TE waves incident on an acrylic block
of length ∈ (2 × 7.22 − 7.22/4, 2 × 7.22 + 7.22/4) cm=
(12.635, 16.245) cm, and forming an angle 23.45◦ with the
normal at the left air/dielectric interface of the block,
after propagation gains a circular polarisation and this
optical system simulates a quarter-wave plate. By using a
dielectric block of length ∈ (3× 5.18− 5.18/4, 3× 5.18 +
5.18/4) cm= (14.245, 16.835) cm and choosing as incidence
angle 32.43◦, after propagation, we simulate a half-wave
plate. This shows that an acrylic dielectric block of length

15 cm and height 1 cm can be used to simulate a quarter-
wave plate for incidence at 23.45◦ and an half-wave plate
for incidence at 32.43◦. We can repeat what was done for
the acrylic and find for water in a (thin walls) container
of length 12 cm that an incidence at 24.23◦ and 35.60◦
simulate a quarter and half-wave plate respectively.

Dielectric blocks, when used to produce elliptically
polarised light, are called Fresnel Rhomb retarders. They
behave as wave plates, with the exception that they are
made of non-birefringent materials. The descriptions of
this device found in literature usually consider a normal
incidence and the constraint of two or more internal reflec-
tions. To simulate a quarter-wave plate by using a Fres-
nel rhomb, the acrylic and water dielectric blocks have
to be built in order to guarantee at least three internal
reflections. The angle, γ, between AB and AD, to achieve
the intended π/2 relative phase, depends on the refrac-
tive index of the material and on the number of internal
reflection, Nref . For Nref = 4, by using

tan2 γ =
n2 − 1±

√
(n2 − 1)2 − 4n2 tan2(π/4Nref )
2n2 tan2(π/4Nref )

,

(21)
we find γ = 43.08◦ (AD ≈ 2.5AB) and 74.51◦ (AD ≈
14AB) for acrylic and γ = 50.71◦ (AD ≈ 3.5AB) and
72.06◦ (AD ≈ 12AB) for water. To obtain the effect of a
half wave plate, two rhombs can be used in tandem (usu-
ally cemented to avoid reflections at their interfaces). It is
important to observe that the rhomb angle depends on the
refractive index, which is the function of the wavelength
of the incoming beam. This means that for different λ
we have different rhomb angles. This clearly shows the
advantage in using a block of 15 cm for acrylic and 12 cm
for water and calculating the incidence angle for which we
find a relative phase of π/2 and π for different wavelengths
(and consequently different refractive indexes).

4.2 Power oscillations

Let us now analyse, the effect of the second polariser on
the transmitted beam. By choosing α = π/4 and observ-
ing that δGH � 1, the relative power can be rewritten as
follows

Prel

(
π
4 , β; τ

)
=
τ 2 cos2 β + sin2 β + τ sin 2β cos ΦGH

τ 2 + 1
·

(22)
For incidence angles for which τ ≈ 1, circularly polarised
light (ΦGH = π/2) guarantees Prel = 1/2 independently
of the angle used in the second polariser. This is shown
in Figures 3 (acrylic) and 4 (water) where the relative
power is plotted as a function of the incidence angles for
different values of β. It is also interesting to calculate the
mean power between two complementary angles, i.e. β and
π − β,

ρ(β, τ) =
Prel

(
π
4 , β; τ

)
+ Prel

(
π
4 , π − β; τ

)
2

=
τ 2 cos2 β + sin2 β

τ 2 + 1
· (23)
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Fig. 3. The acrylic power oscillation, for different number of unitary blocks and α = π/4, is plotted as a function of the incidence
angle for β = π/12 (dashed line), π/4 (continuous line) and their complementary angles. The curves for β = π/4 and 3π/4 are
symmetric with respect to 1/2. For a different choice of complementary angles, this symmetry is broken as the incidence angle
increases.

By increasing the incidence angle, τ becomes different
from 1 and the complementary powers, if β 6= π/4, are no
longer specular functions with respect to 1/2. This break-
ing of symmetry is clearly due to the difference existing
between the TM and the TE transmission coefficient. The
choice of β = π/4 not only preserves the symmetry but
also maximises the amplitude of the power oscillation. By
setting α = β = π/4 and using δGH � 1, the relative

power (17) becomes

Prel(π4 ,
π
4 ; τ) =

(
1 +

2 τ
1 + τ 2

cos ΦGH

)
/ 2. (24)

In view of possible experimental implementations, it is
interesting to present the oscillation power in terms of the
dielectric block length instead of their number. Given the

https://www.epjd.epj.org
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Fig. 4. The water power oscillation, for a different number of unitary blocks and α = π/4, is plotted as a function of the
incidence angle for β = π/12 (dashed line), π/4 (continuous line) and their complementary angles. In this case the breaking of
symmetry is less evident in comparison to the acrylic case, as we have an upper limit, 61.63◦, for the incidence angle.

xz planar dimensions of the unitary block, the incidence
angle, for which we find two internal reflections and for
which the beam exiting point is at the same height of the
incoming one, can be obtained from equation (5),

sin θ = n /
√

1 +
(
AD

2AB

)2

. (25)

Fixing AB = 1.0 cm, for a dielectric block of length
AD = 2.5 cm, the incidence angle is 68.56◦ (acrylic) or
56.31◦ (water). For a dielectric block of length 5.0 cm, we
find 33.60◦ (acrylic) and 29.62◦ (water), and, finally, for a
dielectric block of length 10.0 cm, we have 16.99◦ (acrylic)
and 15.14◦ (water). From Figure 2, for the acrylic case
and incidence at 68.56◦ we find the minimal relative power
after 2 blocks of 2.5 cm and the maximal one after 4 blocks.

https://www.epjd.epj.org
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Fig. 5. Power oscillation as a function of the dielectric block length for acrylic and water. The incidence angles have been chosen
to give for the same length more power oscillation measurements. By increasing the incidence angle we increase the number of
oscillations. The bullet and triangle dots represent the experimental measurements done with the camera respectively positioned
to lower (see Fig. 1) and upper side of the dielectric block.

This is clearly visible in Figure 5e where the relative power
is plotted as a function of the dielectric block length. For
incidence at 33.60◦, the minimum is found after 3 uni-
tary blocks of 5 cm. This is also confirmed by the plot in
Figure 5c.

The choice of 2.5 cm as unitary length was made to
optimise the power measurements. For example, for a

unitary acrylic dielectric block of 2.5 cm, we can carry out
a measurement for incidence at 68.56◦ (where we have two
internal reflections) but also for 33.60◦ (where we have
only a single internal reflection). For two dielectric blocks,
we have the possibility to obtain 3 experimental measure-
ments, 4 internal reflections for 68.56◦, 2 internal reflec-
tions for 33.60◦, and, finally a single internal reflection for

https://www.epjd.epj.org
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16.99◦. In Figure 5, circular dots represent an even number
of internal reflections, whereas the triangular dots repre-
sent an odd number of internal reflections. This distinction
was only made to recall that for these measurement the
camera has to be moved to the source side. Indeed, for
an odd number of internal reflections the outgoing beam
is no longer parallel to the incident one, but undergoes a
specular reflection.

5 Conclusions

Optical phases and optical paths are intrinsically related.
This allows interferometers to access optical path related
information via optical phase interference, as well as to
induce phase shifts by means of changes in the relative
length of split paths. The original Michelson interferome-
ter, for example, was devised to detect a directional depen-
dent difference in the refractive index of vacuum along
two orthogonal paths, while the Mach-Zehnder interfer-
ometer uses interference patterns to detect differences in
optical paths’ lengths. This relation is the reason why the
distance travelled by split beams is usually a directly con-
trollable parameter in most interferometers. In the present
work, we have proposed a different approach, that is, to
use as a beam splitter, i.e. a system that responds in
an intrinsically different manner to different polarisation
states. The experimental set-up of this GH interferometer
is analogous to an ellipsometer set-up, but while ellipsome-
ters are devoted to the characterisation of thin films, the
GH interferometer evaluates the phase component in the
GH phenomenon. The fundamental principle behind both
techniques is the possibility to force interaction between
phases associated to orthogonal directions with the use of
a polariser.

We showed as the relative GH phase induces a power
oscillation that can be detected through experiments by an
appropriate choice of incidence angles and unitary blocks.
For example for acrylic and water, it is possible, by using
unitary blocks of 2.5 cm and fixed incidence angles, to
reproduce full cycles of oscillations as depicted in Figure 5.
The relative power oscillation is also an indirect mea-
surement of the breaking of circular polarisation. Indeed,
circular polarisation is obtained for a relative GH phase
φGH = π/2 which implies Prel(π4 ,

π
; τ) = 1/2.

In looking for the power oscillations, we also gained as a
bonus the possibility to build simple parallelepiped dielec-
tric blocks which, for different incidence angles, reproduce
the effect of quarter and half wave plates. The advantage
to use the new dielectric configuration as retarder is that
it can be used for different wavelengths. The refractive
index depends on the wavelength of the incidence beam.
For different λ, by using the standard Fresnel rhombs we
have to build different dielectric blocks with different γ
angles. In our proposal, we have to change the incidence

angle, but leaving unaltered the geometry of the dielectric
block.

Finally, we also notice that, as the optical path is a func-
tion of the incidence angle and of the refractive index, the
interference pattern of the transmitted power is highly
sensible to the optical system and could thus be used
to sense rotation, test optical components and control
polarisation.
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