Fresnel Equations Measurements and Analysis
for Physics Advanced Lab

Prepared for the vBFY Workshop, July 29, 2021

Contact:

Prof. Michael Braunstein

Physics, Central Washington University
michael . braunstein(@cwu.edu

Fresnel Equations Measurements and Analysis for Physics Advanced Lab © 2021
by Michael R. Braunstein is licensed under Creative Commons CC BY-NC 4.0 @@@


http://creativecommons.org/licenses/by-nc/4.0/?ref=chooser-v1

Index

Page 1: Title page

Page 2: Index

Page 3:  Workshop description

Page 4: Overview of full Advanced Lab Polarization Unit

Page 5: Schematic of the apparatus used for the Fresnel Equations exercises with
potential/suggested sources for equipment

Pages 6-8: Pre-lab readings for students

Page 9: Student tasks for the Fresnel Equations exercises

Page 10:  Sample results from the Fresnel Equations exercises (Origin)

Page 11:  Screenshot of Excel Solver method of non-linear fit to sample results (Excel)



Workshop Title: The Fresnel Equations; Measurements and Analysis

A relatively simple apparatus and procedure is used to perform measurements of the
reflectance from a dielectric surface, which are then analyzed using the Fresnel equations as a
model. Our Fresnel equations exercise is one part of a laboratory unit on polarization of optical
electromagnetic radiation. We have found this Fresnel equations exercise, though relatively
basic, to be consistently and particularly compelling and meaningful for students in probing and
cementing their conceptual understanding of polarization in the laboratory context, and in
introducing some methods of data analysis.



Outline of Full Adv Lab (PHYS 333) Polarization Unit

Nk =

Malus’ Law investigation, demonstration, and measurement
Half-wave plate investigation, demonstration, and measurement
Birefringence of optical calcite investigation, demonstration, and measurement
Fresnel equations investigation, demonstration, and measurement
Faraday rotation
a. investigation, demonstration, and measurement
b. Verdet constant determination
1. “simple” approaches
ii. Modulation spectroscopy approach
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1. Mx: mirrors on kinematic mounts; LP: linear polarizer; A/2: half-wave plate in a rotation
mount

2. HeNe laser is unpolarized with stable power output

3. The setup is one portion of an apparatus used for additional exercises in polarization; M3
is positioned as shown to direct the laser to components for the Fresnel equations portion
of the exercise and removed to direct the laser to other components for the exercise

4. The face of the dielectric cube (not its center) is positioned at the rotation axis of the
rotation stage; the rotation stage has an angle scale incorporated; the laser beam is aligned
to pass through the rotation axis of the rotation stage; the swing arm freely pivots about
the same axis as the rotation stage

Potential/Suggested sources for equipment:

e Mirrors, polarizer, A/2 plate, rotation mount and stage, iris (alignment tool),
optomechanics (breadboard, posts, postholders, post bases, kinematic mounts, fixed
mounts, clamp (for cube), laser safety screens, hardware, tools, research grade laser and
laser power meter): Thorlabs

e Acrylic cube: Eisco

e Less expensive option for laser and laser power meter: Industrial Fiber Optics
(Educational Products)

e Swing arm: fabricated in-house (no known source)



Polarization

Polarization is one of the degrees of freedom” of electromagnetic radiation (including, of course, light). For a
classical electromagnetic wave, polarization can be thought of as specifying the orientation of the vector
electromagnetic fields associated with the wave, though we should remain aware this does not represent a
complete understanding of polarization for quantum electromagnetic radiation.

The orientation of the electromagnetic fields in a classical electromagnetic wave varies in both time and
position, in a way that can be difficult to visualize, yet this variation can be completely characterized for the
wave as a whole in a relatively simple way — its polarization.

We will describe three important manifestations of polarization for classical plane electromagnetic waves. In
each case, we will describe what the polarization means in terms of the electric field of the wave at a single
point in space over time (the “history” picture of the wave):
o Elliptical polarization: the electric field vector is perpendicular to the direction of propagation of the
wave and traces out an ellipse in time
e Circular polarization: the electric field vector is perpendicular to the direction of propagation of the
wave and traces out a circle in time
e Linear polarization: the electric field vector remains oriented along a single direction that is
perpendicular to the direction of propagation of the wave and varies sinusoidally in time along that
direction
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Figure 1 is a representation of elliptical polarization for a .t
plane electromagnetic wave that is propagating out of the
page toward you (note that the direction of the electric field is
perpendicular to the direction of propagation of the wave). It .
shows the electric field vector at a location P at a single "
instant in time. As time evolves, the magnitude and direction . \ P .
of the electric field vector at P would change, rotating e N

continuously clockwise™ as represented by the dotted ellipse .
and the dashed rotation indicator. ‘e
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Cons@ermg the ell‘lptl‘cal polar}zatlon rep.rese'nted in Figure 1, Figure 1: A representation of elliptical polarization.
both circular polarization and linear polarization can be seen to be Elliptical polarization is just the general case of

special cases of elliptical polarization: circular polarization is just the polarization for a plane electromagnetic wave, as
. . . . circular polarization and linear polarization can be
special case in which the long and short axes of the ellipse have the seen to be special cases of elliptical polarization.

same value, i.e., the ellipse is a circle; and linear polarization is just the
special case in which the width of the ellipse approaches 0 while its length remains finite.

Finally, in considering Figure 1, keep in mind it shows only the electric field vector (classically there is also a
magnetic field associated with an electromagnetic wave) at a single location in space. Different locations also

*A degree of freedom is a parameter of a system whose value affects its interactions independent of all the other parameters describing
the system. In the case of polarization, for instance, two photons, quanta of electromagnetic radiation, that are identical in every way
except for polarization, would interact differently with some objects.

T Clockwise rotation was arbitrarily chosen for this diagram. Counterclockwise rotation is also possible. In fact, whether the rotation is
clockwise or counterclockwise is part of specifying the polarization state of the electromagnetic radiation, more typically referred to as
left-hand or right-hand polarization. Left-hand and right-hand polarization electromagnetic radiation will, generally, interact
differently with matter, so it is physically significant.



simultaneously experience the electromagnetic fields of the wave, generally at different phases of the elliptical
rotation depicted in Figure 1 depending on their position relative to location P.

The interactions of light with matter are D A P S
affected by its polarization. Figure 2 is a
schematic representation of a basic

experimental apparatus that can be used to
examine aspects of polarization and its - - -_———— - - - - - *
interaction with matter. Light from the

source S passes through an optical

component designated as polarizer, P, then

through an optical component designated as Figure 2: A schematic representation of a basic experimental apparatus to examine
analyzer, A, whose orientation can be varied aspects of polarization. S: light source; P: polarizer; A: analyzer; D: detector.
through angle 6. The irradiance of the light

passing through the apparatus, I, is measured with detector D. As the orientation of the analyzer, 8, is varied,
the detected signal for this apparatus follows Malus’ law,

I = I, cos? @ . This relationship can be understood as arising through the polarization phenomenon as: the light
passing through the polarizer is linearly polarized; the interaction of linearly polarized light with the analyzer
will pass only the component of the electric field vector that is parallel to a fixed axis in the material of the
analyzer; and the irradiance of electromagnetic radiation is proportional to the absolute-magnitude-squared of
the amplitude of its electric field.

As noted several times already, the interaction
of light with matter depends on the N~ E, T Y
polarization degree of freedom of the light. 0— ‘ ,
Birefringent materials are identified as those E
that exhibit two different indices of refraction E [
for different orientations of incident linearly '
polarized light. Optical components made of
birefringent materials — for instance quarter-
wave plates and half-wave plates — are used to
manipulate the polarization of an incident light
beam for various important optical
applications. They can be understood as ) SR
accomplishing this by introducing a relative -, :
phase delay of one component of the electric S By T X ‘,5
field of the light relative to the perpendicular 0— - : i '
component. Figure 3 shows a representation ]
of how the relative phase between . paa—
. : Time
perpendlcular components of the electric field Figure 3: A representation of how relative phase of components of the electric
is associated with different pOlarization states of  field vector of an electromagnetic wave relate to two possible polarization states:
the electromagnetic wave. top, linear.ly polarized, cpmponents of equal magnitude e}nd perfectly in phase;
bottom, circularly polarized, components of equal magnitude and /2 out of
phase. That is, introducing a phase delay of /2 for one of the components of the

electric field for a linearly polarized wave converts it into a circularly polarized
wave. In both cases, the direction of propagation of the electromagnetic wave is

the z direction. The behavior of the E vectors is being considered in a history
representation at a single location.

Field Component




Dielectric Boundary Geometry

When a plane electromagnetic wave interacts at a dielectric boundary, the relevant geometry for expressing the
physics of the interaction is intrinsically three-dimensional and takes some effort to picture and to apply.
Figure 1 is a represention of the geometry and essential elements of identified below.

Figure 1: A representation of the relevant
geometry for expressing the physics of the
interaction of a plane electromagnetic wave
at a dielectric boundary. Note that the
representation does not include a
transmitted component of the wave which,
except in very specific circumstances,
would also be present.

e the vectors { and 7 represent the direction of propagation of the incident and reflected plane
electromagnetic wave, respectively

e the vector 7 is a unit vector normal (perpendicular) to the plane of the dielectric boundary

o the Plane of Incidence is defined as a plane that contains the three vectors 7, #, and 7 ; NOTE that it is
the geometry of those vectors that determine the plane of incidence and it is essential to understand that
you cannot, for instance, think of the plane of incidence as generally horizontal or vertical — it depends
on the geometry of the direction of propagation of the plane electromagnetic wave and the orientation of
the dielectric boundary

e the angles 6; and 6, are the angles of incidence and reflection; NOTE that they are defined relative to 71,
the normal to the dielectric boundary; for specular reflection, the “law of reflection” applies and 8, = 6;

e the direction of the electric field vector for a plane electromagnetic wave must be perpendicular to the
direction of propagation of the wave

e the relevant physics for fully expressing the behavior of the plane electromagnetic wave at the boundary
requires resolving the the electric field of the wave into two specific components (remember that both of
these components are still perpendicular to the direction of propagation of the wave, and that the electric
field at a location is changing in time in accordance with the specific polarizaton of the wave)

» the s component (mnemonic to remember: sticking out) is the component of the electric field of
the plane electromagnetic wave that is perpendicular to the plane of incidence (and also to the
direction of propagation of the wave)

» the p component (mnemonic to remember: in the plane) is the component of the electric field of
the plane electromagnetic wave that lies in the plane of incidence (and is perpendicular to the
direction of propagation of the wave)

» the s and p components of the electric field of a plane electromagnetic wave will be sinusoidally
oscillatory, each component with its own constant amplitude; the specific polarization state of
the wave determines the relative amplitude and phase of the components

» the s and p components of both the incident and reflected plane electromagnetic wave are
represented in Fig. 1

» the behavior of these two components of the wave as a result of the interaction at the dielectric
boundary differs and so it is essential to be able to distinguish them in fully representing the
interaction



Fresnel Equations Student Tasks List

Following the completion of each task, verify and/or discuss your work with the instructor
before proceeding to the next task.

1. Using alignment tool and mirrors on kinematic mounts, align the laser beam to be parallel
to the table and so that it contacts the dielectric surface at the vertical axis of rotation of
the surface.

2. Develop a scheme to calibrate the angle scale of the rotation stage on which the dielectric
is mounted. The calibration scheme needs to permit a reading of the angle on the scale of
the dielectric rotation stage to be used to obtain the angle of incidence of the laser beam
on the dielectric.

3. Using the screen [index card] on the swing arm, qualitatively investigate the phenomena
associated with the light reflected from the dielectric surface [ignore the transmitted
beam and its multiple reflections, at least for now]. In your qualitative investigation, the
only two parameters you should vary are the angle of incidence [using the rotation stage
of the dielectric], and the angle of the half-wave plate [using its rotation mount]. Make
sure to note any interesting behavior observed.

4. Develop a calibration scheme for the angle scale of the half-wave plate rotation mount.
The calibration scheme needs to permit a reading of the angle on the scale of the half-
wave plate rotation mount to be used to obtain the angle of the linear polarization of the
laser beam relative to the p-polarization for the system of laser beam and dielectric.

5. Attach the laser power meter to the swing arm and perform the calibration from step 4
above using the meter.

6. Measure the relationships corresponding the to Fresnel equation for p- and s- polarization
for the system.

7. Fit the data collected in step 6 above using the Fresnel equations as a model. An essential
finding from the fit is the value of the index of refraction for the dielectric.
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