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ABSTRACT The paper provides an overview of the Goos-Hanchen effect, which demonstrate that upon total internal reflection
of a polarized beam, longitudinal shifts of the beam occur, differing for various polarizations. These shifts must be taken into
account when a beam propagates through an optical fiber, as in a fiber-optic communication system, total internal reflection
of the beam occurs at the core-cladding interface of the fiber. The paper presents a novel method for measuring longitudinal
Goos-Hanchen shifts, which is based on three-beam interference. Using an experimental setup that implements this method,
it was possible to measure the phase shifts of orthogonal beams separately. It was established that during the total internal
reflection of coaxial, orthogonally linearly polarized beams, there is no change in the phase difference between these beams,
even in the presence of the Goos-Hanchen effect. This result suggests the feasibility of the simultaneous use of orthogonally
linearly polarized beams in fiber-optic communication lines and provides a positive prognosis for such applications.

KEYWORDS Goos-Hanchen effect, total internal reflection, orthogonal polarizations, fiber optic communication lines,

polarizer.

I. INTRODUCTION
ptical fiber is an invaluable part of fiber-optic
O communications lines (FOCL). An important task
in designing FOCL is to turn the disadvantages of
optical fiber into advantages. Utilizing these advantages in
fiber-optic communication systems will allow for
increased transmission speed while reducing errors.

When a beam propagates through an optical fiber in a
fiber-optic communication system, total internal reflection
(TIR) of the beam occurs at the interface between the core
and the cladding of the optical fiber.

Goos and Hénchen (1947) showed that upon TIR of a
linearly polarized beam, a longitudinal shift of the beam
occurs, which is different for orthogonal polarizations [1].

Fedorov theoretically predicted it in 1955 and Imbert
experimentally demonstrated in 1972 that upon TIR of
circularly polarized beams, a transverse shift occurs
(orthogonally polarized beams shift in opposite
directions) [2, 3].

Consequently, when a beam of arbitrary polarization
propagates in an optical fiber, deformation, dispersion, and
blurring of this beam occur. In addition to the transverse
shift between beams with orthogonal polarizations, there is
also their angular displacement [4]. This displacement is
due to the Gaussian nature of the beams and depends on
the half-width of its Gaussian distribution.

Spatial shifts upon a single TIR of beams are very small
— on the order of hundreds of nanometers. They are
difficult to measure experimentally because changing
beam parameters, particularly polarization, can cause its
displacement due to the rotation of imperfect optical
elements. Goos and Hanchen used multiple reflections, but
later a measurement method [5] was proposed that requires
only one reflection.

Recently, numerical analysis has been used to study the
regions of validity of analytical formulas that define the
displacement of orthogonally polarized beams [6]. In 2016,

De Leo et al. found analytical formulas for the Goos-
Héanchen (GH) shift of the point of maximum intensity of
a Gaussian beam, as well as for the shift of its average
intensity [7]. However, near the critical angle, a Gaussian
beam is not symmetrical [8, 9], and the point of maximum
intensity does not coincide with the average intensity.
During a detailed study of the influence of this symmetry
breaking of the GH shift, an oscillatory behavior of the
curves was revealed [10], the so-called composite GH shift.
It is interesting to note that this new phenomenon was
missed in previous works due to the assumption of non-
divergent beams [11]. Reference [12] investigates the
coherent control of the GH shift for a reflected light beam
in a double-prism structure, where the space between the
prisms is filled with a coherently driven, three-level
Raman-gain atomic medium. The GH effect is also being
intensively investigated in the radio-frequency range [13].

The aim of our work is to develop an interferometric
method for measuring phase shifts between orthogonal
polarizations upon TIR, which increases the accuracy of
measuring the displacement of polarized beams upon TIR.

Il. THREE-BEAM INTERFERENCE SYSTEM

Interferometric methods typically use the mutual
interference of two beams, resulting in a sinusoidal
intensity as a function of the phase difference, and a shift
of interference maxima when an additional path difference
is introduced [14].

The interference of three, four, or more beams changes
the nature of the aforementioned dependencies and, in
several cases, can offer advantages over two-beam
interference in terms of sensitivity, measurement accuracy,
or other characteristics.

In our research, we used a three-beam interferometer
setup [13].

A three-beam interference system can be implemented,
for example, based on a three-slit Young's scheme. Fig. 1
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shows an optical setup that allows for the observation of
three-beam interference. Objective O; forms a parallel
beam of rays from source S;. The parallel beam of rays
passes through diaphragm S,, which has three slits
equidistant from each other. This results in Fraunhofer
diffraction and mutual interference of the beams. The
interference result can be observed in the focal plane of
objective O».

0 S5: O:

FIG.1. Scheme for observing three-beam interference.
S1 — source, 01, O2 — objectives, S2 — three-slit diaphragm,
K — plane-parallel plate, F' — focal plane, M — observation point,
¢ — diffraction angle, d — distance between slits.

Let al =a2=a3 =a be the amplitudes of the light
oscillations of the beams emerging from each slit. Since the
distance between the slits is the same and equal to d, one
extreme beam arrives at a certain point M of the
interference field with a phase lead () compared to the
middle beam, and the other with the same lag (—3§). The
phase shift, determined by the outer slits relative to the
middle one, is defined by the relation:

§ = + kdsing, (N
where k=2m/A, and d 1is the path difference
corresponding to point M on the screen; ¢ is the diffraction
angle.

Let's represent the expressions for the three light
oscillations in complex form, without considering the time
dependence:

S, = qe~iln/Di+s],
S, = ae-ilen/Dl, )
Sy = ae~il@T/NI=5],

Here [ is the optical path length of the middle beam.
The resulting light oscillation will be:

Sy =51+, + Sy = ae /DU (=6 4 1 4 ¢+i6) =
ae~i@m/D(1 + 2 cos §). (3)

The corresponding expression for intensity is found by
multiplying Sy, by its complex conjugate:
I = SyS5. = a*(1+ 2cos 8)*. 4)
Through trigonometric transformations, we obtain:
sin3(8/2))?
1= (5)
Expression (5) is typical for the diffraction of three
beams. Graphically, dependence (5) is shown in Fig. 2. The
interference pattern is an alternation of principal and
secondary maxima at corresponding specific values of §.
Now, let some additional optical path length be
introduced into the path of the middle beam, for example,
a plane-parallel plate K (see Fig. 1). The light oscillation
corresponding to the middle beam acquires an additional
phase B’ = (2n/A)A, where A'=d'(n' —1), (d' is the
thickness of plate K, n’ is its refractive index).
The resulting oscillation will be:
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Sé — ae—i(Zn’/)l)l(e—id + e—iﬁ' + €+i6). (6)

The corresponding intensity is obtained by multiplying
both parts of the equality by the complex conjugate
expression:

I =SgS5" = a*(1 + 4[cos 8]* + 4cos §cos B1).  (7)

Graphically, distribution (7) is presented in Fig. 2 for
different B. Introducing an additional phase B into the
middle beam leads not to a shift of the interference fringes,
as observed in two-beam interference, but to a
redistribution of intensities while the positions of the
extrema remain unchanged.

Let's explain this. When B =2mn(n=012,..),
expression (7) coincides with (4). In this case, as § changes,
an alternation of principal and secondary maxima is
observed (Fig.2a). When B = (2n+ 1)r/2, the intensity
will be determined by the expression:

I = a?(1 + 4[cos 617). (®)

The intensity distribution in this case, as § changes, is
shown in Fig. 2b. Here, the intensities of the principal and
secondary maxima become equal and are approximately
half of the maximum intensity, which in Fig. 2a is equal to
one. The contrast of the interference pattern somewhat
deteriorates because the intensity according to (8) does not
reach zero for any values of §.

R N A
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%2 rad
= rad

e
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FIG. 2. The resulting intensity pattern from the interference of
three beams for specific phase differences between the side beams
and the middle beam: (a) Oradians, (b) m/2 radians, and
(¢) mradians.

When = (2n + 1), expression (7) takes the form:
I =a?(1—2cos&)2. 9)
As can be seen from (9), the nature of the intensity
distribution remains the same as in the case of Fig. 2a, the
difference being that the principal and secondary maxima
swap places, as seen in Fig. 2c. When comparing analytical
expressions (4), (8), and (9), it is evident that expressions
(4) and (9) are obtained from relation (8) by adding and
subtracting the value 4 cos §. Intermediate changes in the
additional phase £ lead to the addition and subtraction of a
smaller cosine ordinate. The additional phase f leads to a
redistribution of intensity between the principal and
secondary maxima. This circumstance is characteristic of
the three-beam type of interference. The accuracy of
measuring phase differences in this case will be determined
by the accuracy of establishing the equality of intensities
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of two adjacent interference fringes. This precision is
quantified by the relative intensity difference between
those fringes Al /1. Assume that the change in intensity Al
occurred due to a small change in phase A at the position
corresponding to the middle curve (Fig.2b). If the
intensities of adjacent interference fringes can be measured
with an accuracy of 5%, then the change in optical path
difference A can be measured with an accuracy of up to
(1/100)A.

lll. HIGH-PRECISION INTERFEROMETRIC METHOD
FOR MEASURING PHASE SHIFTS

We propose a method for measuring the relative phase
shifts between orthogonal linearly-polarized beams upon
TIR. The method is based on three-beam interference, a
key feature of which is the formation of an interference
pattern in the focal plane of a lens, appearing as a harmonic
intensity distribution with distinct amplitude extrema. The
period of the interference in this case is determined by the
separation of the outer slits. A change in the phase of the
central beam — that is, its displacement along the direction
of propagation — leads to a redistribution of the extrema in
the interference pattern. For clarity, we demonstrate how
the longitudinal GH shift and the phase shifts that
accompany this effect are obtained in Fig. 3.

FIG. 3. Schematic of the longitudi.nal Goos-Hénchen shift.

Coaxial, orthogonally linearly polarized beams are
incident on a prism: a P-polarized beam (in the plane of
incidence) and an S-polarized beam (perpendicular to it).
Due to the GH effect, the beams experience a spatial shift
upon reflection, causing them to emerge at points different
from the initial point of incidence, O.

Using the three-beam interferometer, we can measure
the phases of the P- and S-polarized beams at their
respective exit points, 6, and Js. In the resulting right-
angled triangle 6,0sD, the side &sD corresponds to the GH
shift, denoted as AD. Considering that triangle 805D is an
isosceles right-angled triangle, AD can be obtained using
the following formula:

248
N (10)

We propose a method for measuring relative phase
shifts between orthogonally linearly polarized beams upon
TIR based on three-beam interference. We measured the
relative shift upon TIR between orthogonally linearly and
circularly polarized beams in the setup shown in Fig. 4. An
important feature of the setup is the creation of an
interference pattern by identically polarized beams, which
serves as a reference for evaluating the relative shift of the
third beam with orthogonal polarization. This setup is a
three-beam analog of the classic Young's scheme.

45D =
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FIG. 4. Scheme of experimental investigations. 1 — single-mode
He-Ne laser; 2 — quarter-wave plate; 3 — linear polarizer;
4 — micro-objective; 5 — micron diaphragm; 6 — objective;
7 — half-wave plate; 8 — phase compensator; 9 — quarter-wave
plate; 10a, 10b — diaphragm with vertical and horizontal slits;
11 — goniometer; 12 — prism; 13 — objective; 14 — micro-
objective; 15 — linear polarizer; 16 — CCD camera. The dashed
line shows another arm of the interferometer, which operates in
the forward direction, for measuring the phase front of the beams.

The setup is built around a 50 mW, single-mode He-Ne
laser (1) providing coherent light at A = 633 nm. The initial
polarization state is set by a quarter-wave plate (2) and a
linear polarizer (3), which together generate a beam with a
well-defined linear polarization. To ensure high beam
quality, the light is spatially filtered and expanded by a
telescopic beam expander. This consists of a micro-
objective (4), a pinhole (5), and a collimating lens (6),
which collectively produce a plane wave with very high
uniformity (wavefront distortion < A/20). This plane
wave is incident upon a three-slit diaphragm (10). The
three identical slits are equidistant and can be oriented
horizontally (10a) or vertically (10b) by rotating the
diaphragm. To control the beam properties after the slits, a
half-wave plate (7) was used to rotate the polarization of
the central beam, making it orthogonal to the side beams.
Phase compensator 8 allowed for setting an arbitrary phase
difference between the orthogonally polarized beams.

The source of optical radiation was a single-mode He-
Ne laser 1 with a wavelength A =0.6328 um and power
P =50 mW. A quarter-wave plate 2 and a linear polarizer
3 allowed for the formation of a linearly polarized beam
with the required polarization azimuth. The high quality of
micro-objective 4 (3x), micro-diaphragm 5 (30 pm), and
objective 6 (f=63 cm), which form a telescopic system,
allowed for the formation of a plane wave with wavefront
irregularities less than A/20. The plane wave was incident
on a diaphragm consisting of three identical slits, located
at strictly equal distances from each other. The slits can be
oriented horizontally (10a) or vertically (10b) by rotating
diaphragm 10 by 90°. The slit diaphragm was rotated to
switch between horizontal and vertical orientations without
making mechanical contact with the lens mount, thereby
preserving the uniformity of the optical field in both
amplitude and phase. A A/2 plate (7) was used to convert
the polarization of the central beam to a polarization
orthogonal to that of the side beams. Phase compensator 8
allowed for setting an arbitrary phase difference between
the orthogonally polarized beams.

A M4 plate (9), which can be inserted and removed,
converted linearly orthogonally polarized beams into
circularly polarized beams with opposite handedness.
Then, total internal reflection of the three beams occurred
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from the diagonal face of prism (12), mounted on a
goniometer stage (11). The refractive index of the prism for
the wavelength A = 633 nm is n = 1.515. The requirements
for the flatness of the prism surfaces are also very high. In
our case, their flatness was no worse than A/25.

Subsequently, the Fraunhofer diffraction and the
resulting interference of the three reflected beams were
observed at the focal plane of objective (13) f =38 cm
using a micro-objective (14) and a CCD camera (16). The
contrast of the interference pattern was maximized with
polarizer 15, which was oriented at an azimuth of 45°
relative to the polarization planes of the orthogonally linear
polarized beams.

If you remove prism 12, you can observe the diffraction
and interference of the three beams in the direct beam path
(indicated by dashed lines in Fig. 4). This allows for the
proper alignment of the setup's components.

IV. EXPERIMENT

Figure 2 presents the computer-simulated intensity
distribution for a three-beam interference pattern. When all
beams share the same phase, the resulting pattern is shown
in Fig. 2a. Introducing a /2 phase shift to the central beam
relative to the side beams produces the distribution seen in
Fig. 2b. If the phase shift is increased to 7, the maxima and
minima of the interference pattern are interchanged, as
illustrated in Fig. 2c.

V. SETUP CALIBRATION

In the preliminary phase of the research, the
experimental setup was calibrated. For this calibration,
half-wave plate 7 and quarter-wave plate 9, phase
compensator 8, and prism 12 were removed from the direct
beam path, and an interference image was obtained at the
focus of objective 13 (Fig. 5).

As seen in the figure, the horizontal (a) and vertical (b)
interference patterns are indistinguishable from one another.

a)
b)

Interference patterns observed at the focal plane of an
objective lens, corresponding to (a) horizontally and (b) vertically
oriented slits.
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Their appearance, corresponding to a zero phase difference
between the three beams (Fig. 5a), indicates that the
interferometer's illumination channel is accurately aligned.

Next, we insert the A/2 plate (7), thereby converting the
linear polarization of the central beam to be orthogonal to the
linearly polarization of the side beams. The phase
compensator (8) is used to correct any phase shift in the
middle beam, such as the shift caused by the thickness of the
half-wave (\/2) plate (7).

Figure 6 illustrates how the compensator works by
showing the different interference patterns that result from
varying the phase difference between the middle and side
beams.

d)
Interference patterns in three-beam interference for phase
differences between the middle and side beams: (a) 0 radians;
(b) m/4 radians ; (c) /2 radians ; (d) mradians.
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However, the experiment showed that with a vertical
arrangement of diaphragm 10 (slits oriented horizontally)
(Fig. 4), when there is no longitudinal shift between beams
with orthogonal linear polarizations, and with a horizontal
arrangement of diaphragm 10, when a longitudinal shift
between the beams exists, the phase difference between the
beams coincides (Fig. 7).

The doubling of the interference fringe frequency (Fig.
2b) was established as the reference system for determining
the shift caused by the optical path difference between two
orthogonally polarized beams. This effect is selected
because it provides a more distinct visual marker and is
suitable for automated detection.

Rotation of the slits by 900 leads to a longitudinal shift
between the orthogonal beams; however, this does not
change the distribution of the interference pattern (Fig. 8).

Therefore, the phase shift between orthogonally
linearly polarized beams does not change when a
longitudinal displacement is introduced between them.
This result can be explained by the fact that upon total
internal reflection, the GH shift also displaces the
wavefronts of the reflected, orthogonally linearly polarized
beams relative to one another. However, this occurs in such
a way that the beams remain in phase, and therefore, the
interferometer does not register any longitudinal
displacement between them.

This finding indicates that for coaxial, orthogonally
linearly polarized beams undergoing total internal
reflection, there is no change in the phase difference
between them, even in the presence of the GH effect. This,
in turn, suggests the feasibility of the simultaneous use of
orthogonally linearly polarized beams in fiber-optic
communication lines.

b)
FIG. 7. Three-beam interference patterns produced during total
internal reflection using two different diaphragm setups: a
vertical one (10a, Fig. 4) and a horizontal one (10b).
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b)
FIG. 8. Interference patterns of three-beam interference upon TIR
with vertical arrangement of diaphragm 10 (Fig. 4, 10b), and with
horizontal arrangement of diaphragm 10 (Fig. 4, 10a).

However, in this experiment, we were able to determine
the absolute phase shifts between orthogonally linearly
polarized beams.

For this, we calibrated the setup in the absence of
prism 12 (shown in Fig. 1 by dashed lines) and obtained an
interference pattern sensitive to the phase difference
between orthogonal beams upon TIR for both orientations
of diaphragm 10 (Fig. 4).

Compensation of the phase shift using the phase
compensator gives us the value of the phase shift, which is
0.66 rad for the horizontal orientation of the diaphragm
(Fig. 7a) and 0.67 rad for the vertical orientation (Fig. 8b).

Evaluation of the phase difference between orthogonal
beams upon TIR for the parameters of our experiment
using the relation:

[sin20—1/n2
6 =6, — 6s = 2arctan (W), (11)
sin%6
gives us a value of 0.69 radians. This is correlates with the
experimental results. Using equation (10), we obtain the
longitudinal GH shift: AD = 0.025 um.

Our research has the prospect of continuation in
interferometric measurements of Goos-Hénchen and
Fedorov-Imbert spatial shifts in a modified interferometer.

VI. CONCLUSION

The paper presents an interferometric method
developed and implemented by us for measuring phase
shifts between orthogonal linear polarizations upon TIR. It
was established that upon total internal reflection of
coherent orthogonal linearly polarized components, the
longitudinal shift between them is not accompanied by a
change in the phase difference between these components.
This result provides a positive outlook for the simultaneous
use of orthogonally linearly polarized beams in fiber optic
communication lines.
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IHTepdepeHuiHi aocniaxKeHHA edpeKkTy N'yca-XeHxeH

Netpo Makcumsk, Cepriit LLLyKiH"

Kadepnpa KopenauiiHoi onTukK, YepHiBeLbKuiA HalioHanbHUI yHiBepcuTeT imeHi KOpia ®eabkoBuya, YepHisui, YKpaiHa
*ABTOp-KOpecnoHaeHT (EnekTpoHHa agpeca: shchukin.serhii@chnu.edu.ua)

AHOTALIA B poboTi posrnagaetbca edekT lyca-XeHXeH, AKWMIN NPOABNAETbCA AK MO3A0BXHI MPOCTOPOBI 3MilLeHHSA
NONSPU30BaAHOrO CBITNI0BOIO Ny4Ka NPY NOBHOMY BHYTPILUHbOMY BifbwuBaHHi (MBB) pi3Hi ana pi3HMX nonapusauin. L asmwa
€ HaA3BUYAMHO BaXXNMBUMW AN BOJIOKOHHO-OMTUYHMX NiHIA 3B'A3KY, Ae nepedaya curHasy BigbyBaeTbcAs came 3aBAAKU
6aratopasosum MNBB nyyka Ha Mexi Mixk A4Pp0M Ta 060N0HKO BOIOKHA, LLLO MOXKe Npu3BoAUTH 0 Aedopmalii Ta po3muTTa
curHany. Yepes many BesIMUMHY 3CYBiB, iX eKCnepuMeHTasibHe BUMIPIOBaHHA € CKNagHUM 3aBAaHHAM. MeToto gaHoi poboTm
6yna po3pobKa Ta peanisaLia BACOKOTOYHOrO iHTEPPEPEHLINHOrO MeToAy AN BUMIpOBaHHA $pa30oBuMX 3CYBIB, WO BUHUKAIOTb
Mi}X OPTOrOHa/JIbHO MOAAPU30BAHUMU KOMMOHEHTAMW My4Ka MPU MOBHOMY BHYTPIWHbOMY BigbuBaHHI. B ocHoBi meToay
NeXUTb cxema TpUNpomeHeBoi iHTepdepeHLji, AKa Mae CyTTEBY nepeBary Hag ABONPOMEHEBOI: BHECEHHA A0AATKOBOI
pisHMLi da3 y LeHTpasbHUI My4OK NPWU3BOAWUTL HE A0 3MILLEHHA iHTepdePeHLiMHUX CMYr, @ 40 Mepepo3nofiny iXHboi
{HTEHCUBHOCTI, LLLO J,03BO/IAE 3HAYHO MiABULLUTU TOYHICTb BUMIPIHOBAHb. B eKcnepMMeHTanbHil yCTaHOBL,i BUKOPUCTOBYBABCSA
He-Ne nasep, Tpu-WinnHHa giapparma, NonApu3aLinHi eneMeHTU Ana CTBOPEHHA OPTOFOHA/IbHUX MONAPU3ALLM Ta Npusma
ONA 3AiMCHEHHA MOBHOrO BHYTPIWHbLOrO BigGWBaHHA. B poboTi npeactaBneHO pPo3pobieHUn Ta peani3oBaHWUM Hamwu
iHTepbepeHLUiiHMiA  MeTof, BUMIpIOBaHHA $a3oBUX 3CyBIB MiXX OPTOroHaNbHUMW MOAAPU3ALLIAMU npu noBHOMY
BHYTPILWHbOMY Bif6MBaHHI. MpuBesEHO pPe3y/NbTaTh EKCNEepUMEHTANIbHUX AOCAiIAXEHb, AKi NOKasanu, Wo npu NMoBHOMY
BHYTPILWWHbOMY Bif6VMBaHHI OPTOrOHa/NIbHUX JiHIMHO-NONAPU30BAaHMX KOMMOHEHT, MO3J40BXKHIA 3CYB Mi}K HUMW He
CYNPOBOAMYETbCA 3MiHOK Pi3HULi a3 MK HumK. Llet pesynbTaT [a€ NO3UTUBHWUIA MPOrHO3 A8 OAHOYACHOrO
BMKOPUCTAHHA OPTOTOHA/IbHUX NiHIMHO NONAPU30BaAHUX MYYKiB Y BONOKOHHO-ONTUYHMX NliHiAX 3B'A3KY.

K/TIOYOBI C/IOBA edeKT l'yca-XeHXeH, MOBHe BHYTPILLHE Bifb6MBaHHA, OPTOrOHa/IbHI NOAAPi3aLi, BOOKOHHO-ONTUYHI NiHiT
3B'A3KY, nonApm3aTop.
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