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CAPITULO 9

DESIGNING AN EXPERIMENTAL PROTOTYPE FOR
THE TEACHING OF CONICS (ELLIPSIS) BASED ON
THE LAW OF LIGHT REFLECTION

Data de aceite: 02/05/2022

Juan Carlos Ruiz Mendoza

Professor. Universidad Autbnoma de Nuevo
Ledn

Nuevo Leén, Mexico

ABSTRACT: This paper aims at describing
an experimental prototype to favor the
comprehension of theoretical concepts related to
the section of conic in Geometric Optics courses
or subjects such as Mathematics and Analytical
Geometry. The experimental prototype was
devised for lab practices intended to demonstrate
conics by means of the law of light reflection
and its application in the social context. The
prototype was thought of as a solution to cope
with expensive optical kits. It is an alternative
for educational institutions to overcome financial
difficulties. Instead the prototype may be
constructed at the institutions using components
available at the market. It covers a wide range
of optical classroom teaching conic activities and
has the flexibility for incorporating new ones. The
use of the prototype is recommendable for Math
and Physics lab activities at the preparatory school
and the faculties of Nuevo Le6n Autonomous
University.

KEYWORDS: Educational experiment, laboratory
experiment, geometry, optical geometry.

RESUMO: Este artigo tem como objetivo
descrever um protétipo experimental para
favorecer a compreensédo de conceitos tedricos
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relacionados a secdo de coénicas em cursos
de Optica Geométrica ou disciplinas como
Matematica e Geometria Analitica. O prototipo
experimental foi idealizado para préaticas de
laboratério destinadas a demonstrar conicas por
meio da lei da reflexdo da luz e sua aplicagéo
no contexto social. O prot6tipo foi pensado como
uma solugéo para lidar com kits opticos caros.
E uma alternativa para as instituices de ensino
superarem as dificuldades financeiras. Em
vez disso, o protétipo pode ser construido nas
instituicbes usando componentes disponiveis
no mercado. Abrange uma ampla gama de
atividades coénicas de ensino em sala de aula
oOptica e tem a flexibilidade de incorporar novas. O
uso do protétipo é recomendavel para atividades
laboratoriais de matemética e fisica na escola
preparatéria e nas faculdades da Universidade
Autdbnoma de Nuevo Ledn.

PALAVRAS-CHAVE: Experiéncia educacional,
experiéncia de laboratério, geometria, geometria
oOptica.

11 INTRODUCTION

The laws of reflection and refraction of
light of Geometric optics has been the theoretical
foundations for devising and constructing
optical tools such as binocular, cameras, and
telescopes. These refracting or reflecting
tools are based on conic components taking
advantage of the lack of spherical aberration of
aspheric surfaces that allows the construction
of compact telescope of high resolution. Many

scholars have conducted academic research
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to improve the comprehension of Physics and Mathematics courses both at high school
and university levels. They pursued the description of pedagogical and didactic strategies
facilitating the process. It seems that the royal road to success is the relation of theory
and practice, based on the assumption that discovering practical applications of scientific
notions will promote sound learning.

2| DESIGNING THE EXPERIMENTAL OPTICAL PROTOTYPE

The proposed prototype (Ruiz, 2017) describes a portable modular device for the
practical study of conics by means of reflection. It is composed of a container, which includes
a light source, converging spherical lenses and converging lenses of cylindrical type; a set
of diaphragms including a diaphragm with image, or grids (going from three to ten slits). All
components are easily stackable to store them compactly (figure 1).

Figure 1: Geometric optics prototype for conics

An instruction manual was written to explain the potential of the geometric optics
prototype for conics. A wide range of demonstrations are possible, going from the most
basic practices with light, to configurations of lenses to form composite optical devices,
where teachers and students will be exposed to simple technology such as spotlights,
lenses and simple mechanisms that will provide quantitative measurements of the conics

(circles, parabolas, ellipses and, hyperbolas).
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31 RELATED MATHEMATICS NOTIONS

The conics were first described by Menecmo (350 BC), but the mathematician
Apollonius of Prague (260 - 190 BC) was the first to study conical curves in detail identifying
their properties. One of the most important and useful properties that he discovered was the
property of reflection (Vera, 1970). Conics are usually defined as a set of points intersecting
a plane with a cone of revolution of two branches. If the plane is perpendicular to the axis of
the cone, the intersection is a circumference or a point, depending on whether it intersects
a branch or passes through the vertex. If the plane is not perpendicular to the axis but
intersects every generatrix, the intersection is an ellipse. If the plane is parallel to one
generatrix and cuts all others, the intersection is a parabola. If the plane cuts two branches
of the cone and nothing passes through the vertex, the intersection is a hyperbola. If the
plane passes through the vertex, the intersection is a point, two lines that are cut, or a single
line (figure 2).

Figure 2: Perspective of conic sections

An ellipse (figure 3) is the locus of a point that moves in a plane in such a way that the
sum of its distances to two fixed points of that plane is a larger constant than the distance
between the two points called foci of the ellipse, the definition of an ellipse excludes the
case in which the moving point is on the segment that joins the foci (Lehmann, 1989, p.
174).
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Figure 3: The representation of the ellipse, a point, and its foci.

The foci of the ellipse are two equidistant points from the center, F1, and F2 in
the larger axis. The sum of the distances from any point P of the ellipse to the two foci is
constant, and equal to the length of the largest diameter (d (P, F1) + d (P, F2) = 2a) where
2a is the measure of the larger axis of the ellipse. Figure 4 illustrates the elements of the
ellipse.

Figure 4: Elements of an ellipse.

According to the definition of the ellipse, it can be verified that the segment of the
line joining the focus F with the vertex of the smaller semi-axis has the magnitude of (a) that
agrees with the magnitude of the larger semi-axis; the length from the center of the ellipse
to the focus can also be obtained by the Pythagorean theorem as seen in figure 5.
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Figure 5: Ellipse defining elements

History shows that the application of the properties of conics has been very useful
either in the study of astronomy or in the construction of churches, galleries and science
museums where the property of the reflection of the light is used in the same way that sound
or electromagnetic waves are reflected. This explains that a person standing in one of the
foci of the ellipse can hear the sound emitted from the other focus. Likewise, the revolution
surface theory explains that if an ellipse is rotated around its larger axis on a surface it
generates an ellipsoid; if the inner surface of the ellipse is represented as a reflecting
surface such as a mirror, light that making an impact on one of the bulbs will be reflected
towards the other focus. Such behavior will be shown with the experimental equipment.

3.1 Description of some physical concepts of Geometric Optics

In physics, Geometric Optics is based on the concepts of lightning, the refractive
index of materials (glass) and the path or optical path of a beam through one or more
materials. Cornejo and Urcid (2005, p. 5) explain that geometric optics analyzes physical
problems by means of the laws of reflection and refraction of light, in one or more reflecting
or refracting surfaces. Knowledge of physical concepts is helpful for explaining the conic
section. The laws of reflection and refraction and convergent lenses are defined below. As
explained by Hecht and Zajac (1974), if a light beam propagating through a homogeneous
medium N7 impinges on the surface of a second homogeneous medium N2, part of the light
is reflected and part enters as a refracted ray in the second medium. The plane of incidence
is defined as the plane formed by the incident beam, the reflected beam, the refracted beam
and the normal line (that is, the line perpendicular to the surface of the medium) at the point
of incidence (figure 6).
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Figure 6: Relationship between an incident beam on a flat surface and the reflected and refracted
beams. According to the law of Reflection, 1) the incident, the normal and the reflected beams are
in the same plane, and 2) the angle of incidence a1, is equal to the reflection angle a1. Snell’s Law
explains that the product of the refractive index of the first medium and the alpha of the angle of
incidence of a beam is equal to the product of the refractive index of the second medium and the alpha
of the refraction angle. Thus, The following equation results: N7sin a, = N2sin a,Notice that the laws
explaining optical systems (lenses, mirrors and optical instruments) are deduced from the Laws of
Reflection and Refraction and using plane geometry formulas. Young and Freeman (2009) call “optical
system” to the combination of spherical and aspheric surfaces possibly constructed with materials of
different refractive index. These surfaces can be refractive or reflective. The lenses are transparent
objects (usually glass) limited by two surfaces that can be of different curvature. Convergent lenses
(positive lenses) are thicker at the central part and narrower at their edges, so called because light
beams that strike parallel to the main axis of the lens, cross through a point called focal point (image
focus) (figure 7).

Figure 7: Convergent lenses
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4| EXPERIMENTAL DEMONSTRATION

The proposed optical prototype may be for proving experimentally the course of
light beams, the laws of reflection and refraction, the focal lengths of converging lenses,
the experimental arrangement of reflecting telescopes, and the like. The instruction manual
provides a full description of the following experimental practices.

4.1 Parallel beams demonstration

The experimental equipment and its respective instructions allow several experimental
arrangements. The illustration below shows an experimental arrangement in which three
parallel beams are obtained.

Figure 8: Experimental arrangement to obtain parallel light beams on a collecting table.

Other variants are possible. For example, At the experimental arrangement of three
parallel rays of figure 8, interpose one of the converging lenses of the equipment and
observe how the three beams intersect a point called focal distance of the lens, which

agrees with the explained theory of geometric optics for converging lenses (figure 9).
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Figure 9: Parallel beams crossing or converging at the focus of the biconvex lens.

4.2 Law of reflection demonstration

An experimental arrangement to illustrate the law of reflection is also possible. The
grid of three slits is replaced by one of a single line and a elliptical mirror (figure 10) is used
instead of the converging lens of the preceding practice.

Figure 10: Elliptical components of a larger semi-axis of 10 cm and a shorter semi axis of 8 cm
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Figure 11: Reflection of a ray of light for an elliptical surface

As illustrated at figure 11, in that experimental arrangement the beam is reflected with
an angle similar to the normal. There is symmetry of the incident beam to the reflected beam
as the normal line coincides with the ellipses smaller semi-axis. Moreover, this arrangement
may be geometrically verified; it forms an isosceles triangle, that is to say two equal sides
and one unequal that coincides with the larger axis. According to the figure, these sides
have a magnitude (a) and their sum (2 a) determines the magnitude of the ellipses larger
axis, going from vertex to vertex.

4.3 Localizing the foci of an ellipse semi-axis

Now a three-slit grid is used, then the elliptical components of a larger semi-axis of
10cm, a shorter semi-axis of 8 cm, and a focus 3cm long (figure 10). Place the converging
lens in such a way that the beams, when converging, cross the lens a point coinciding
with one of the foci of the ellipse. One of these beams is intentionally adjusted to strike the
vertex. According to the definition of the ellipses, the reflected beams must cross the second
focus of the ellipse as shown in figure 12.
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Figure 12: Component of the ellipse with the beam passing through its foci

Once this activity is carried out, the distance between one focus to the vertex is
measured, then the same procedure is completed for the second focus. The aim is to prove
that the distance of the vertex to both foci is the same, and that its sum is the value of 2 a
larger than the distance of focus F1 to focus F2, but equal to the distance from vertex to
vertex of the larger axis which agrees with the definition of the ellipse, so that definition has
been demonstrated by the laws of light reflection. Consider the experimental arrangement
illustrated in figure 12. Measure the distance of one of the beams from one of the ellipse
focus to the reflecting surface, and again from it to the other focus (figure 13). Then proceed
in the same way with the other two beams. You will verify that its magnitudes are equal to a
constant, so the definition of the ellipse indicates that this constant will be the value of 2 a
from vertex to vertex distance of the larger semi-axis.

Figure 13: Measurement of a beam from the focus to the vertex of the smaller semi-axis.

According to the definition of the ellipse, any light beam that passes through the
focus when reflected on any of the surfaces of the ellipse will pass through the other focus
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as seen in the following figure 14. In the same way, beams crossing through one of the foci
of the ellipse once reflected will pass through the other focus. If we assume that it continues
to reflect, it will go on successively through one focus and another. Here, only two reflections

are shown that agree with what has been said (figure 15).

Figure 14: Reflection of light in different sections of the ellipse.

Figure15: Multiple reflections of light passing through ellipse its foci.
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Remembering that non-spherical surfaces have sometimes been used as light
projectors where the light source is in one of the spotlights, here we simulate the light source
using the beams emerging from the lens to one of the focus as if the source was in the focus
and the reflected beams were parallel projected (figure 16).

Figure 16: Ellipse projecting parallels beams.

51 APPLICATION OF THE ELLIPSE

According to the geometric optics, spherical surfaces have sphericity aberration, that
is to say, that the beams striking parallel to the axis of the surface do not cross at a point
which determines that each beam has a different focal distance (figure 17). This effect does
not happen on conical surfaces (ellipse, parabola, hyperbola), for example on the surface
of the parabola the parallel beams to the surface axis when reflected crossed by a point as
shown in figure 17, that is, they lack spherical aberration. Designers of optical instruments
possibly take advantage of the characteristic feature of conics for telescopes design. This
basic principle was used by Gregory for the design of his telescope.

a) Circle b) Parabola

Figure 17: Images of the circle and parabola reflecting beams striking the surface.
In 1663, James Gregory, famous Scottish mathematician, published a book entitled
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Promica Optica, describing a system shown in figure 18 and used for devising a telescope.
He used a primary parabolic mirror and a secondary elliptical mirror to avoid spherical
aberration. The focus of the parabola coincides with one of the foci of the ellipse and the
image is formed in the other focus of the ellipse, where an eyepiece is placed to observe

the image.

Figure 18: Diagram of a Gregorian telescope from 1873.

Figure 18: Image taken from the book The History of telescope.

The optical prototype herein proposed may also be helpful for explaining Gregory’s
telescope functioning. For that purpose, the professor did the necessary experimental
arrangements to make the focus of the parabola coincides with one of the foci of the ellipse

(figure 19).
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Figure 19: Parabola and ellipse with a common focus

The experimental arrangement is carried out with the help of the conical section
optical equipment instruction manual. A beam of light is adjusted to go parallel to the axis of
the parabola and ellipse to strike the surface of the semitransparent mirror of the section of
the parabola, part of the light is reflected and part is transmitted, the reflected beam passes
through the focus of the parabola that coincides with the focus of the ellipse. According to
the preceding demonstration, any beam passing through the focus will be reflected on the
surface of the ellipse and will cross by the other focus of the ellipse; here it is observed
that the beam transmitted from the parabola is parallel to the axis of the parabola and
ellipse. The intention is to make the beam to strike upon the straight side of the ellipse, by
definition it will cross through the focus of the ellipse (in this experimental arrangement the
reflected and transmitted beams intersects at a common point that represents the focus of
the ellipse (figure 20). Thus we have demonstrated the basic concept behind the functioning
of Gregory’s telescope based on the laws of reflection.
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Figure 20: Simulating Gregory telescope functioning.

This experimental arrangement allows verifying that the parabola focal distance and
the ellipses focal distance are congruent with the telescope design proposed by Gregory,
see figure 21.

Figure 21: Measuring the focus of the parabola and ellipse

In this way, it is possible to explain the theory of the conic section of the ellipse
associating it to laws of light reflection. Mathematic abstract notions are experimentally

illustrating by using the equipment designed.

CONCLUSIONS

The proposed way of explaining the concept of conics can be an alternative way, which
allows instructing teachers to relate theory to practice and to enhance the understanding of
mathematical concepts in students.

The immediate plan is to generalize the introduction of the proposed optical
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prototype at the Autonomous University of Nuevo Le6n, México and to get good results
in the development of students’ competencies, and achieving a compressive education by
related theory to practice.
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