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Abstract: This paper sets out to explore the fascinating phenomenon of rainbow formation, examining the intricate details and
fundamental principles from both classical optics and quantum physics viewpoints. It analyzes the sequential processes that take
place when sunlight interacts with water droplets, clarifying how refraction, reflection, and dispersion combine to create the
splendid display of a rainbow. Additionally, the study extends its scope to encompass related optical phenomena such as the
formation of the neon, the Buddha's Light, and the aurora. By integrating these diverse scientific fields, a profound understanding
of light and the complex interactions in nature is attained. This not only sheds light on the fundamental nature of light but also
underlines the crucial significance of bridging different scientific disciplines to unravel the mysteries of natural optical

phenomena.
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1. Introduction

Rainbows, with their vivid colors and arcs, are not only
visually delightful but also a source of scientific curiosity.
Thus, the study of rainbows acts as a bridge between classical
optics and quantum mechanics, offering insights into the
behavior of light across different scales. This paper aims to
delve into the details of rainbow formation and the underlying
principles from both classical and quantum perspectives, and
further extends the discussion to encompass other related
optical phenomena. By doing so, it provides a more
comprehensive understanding of these natural displays of
light.

2. Classical Optical Foundations of
Rainbow Formation

When sunlight, a mixture of electromagnetic waves with a
broad spectrum of wavelengths, encounters a water droplet, a
series of events unfolds as the initial interaction is refraction,
where the light changes direction as it enters the droplet and

this bending of the light path is dictated by the Snell's Law :
nysin 8, = nysin 0,

n; and n, represent the refractive indices of air and water
respectively, and the cita signs are the angles of incidence and
refraction. The refractive index of a medium is a fundamental
property that depends on the medium's composition and the
wavelength of the incident light.

For water, the refractive index can be described by the
formula

b
n(/l):a+/1—2+ﬁ

This formula shows how the refractive index varies with
wavelength.

After light enters a water droplet, it refracts due to the
change in optical density from air to water. This refraction
causes the light to bend towards the normal. As the light
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travels within the droplet and reaches the inner surface, it
reflects off the surface, a consequence of the change in optical
properties between the water and the surrounding air. The
angle of reflection equals the angle of incidence, as stated by
the law of reflection. The light then continues its journey
within the droplet until it reaches the opposite side.

Upon exiting the droplet, the light refracts again, a process
that modifies the light's path and is responsible for spreading
the light into its component colors. The interplay of these
three proesses refraction upon entry, reflection within the
droplet, and refraction what creates the beautiful and complex
phenomenon of rainbow formation. This sequence of events
disperses the light into the spectrum of colors that we
associate with rainbows.

The arrangement order of rainbow colors can be precisely
explained through the principles of classical optics. The
regular pattern of colors from red to violet is a direct result of
the way light of different wavelengths interacts with the
refractive index of the water droplet. This understanding of
rainbow colors is not only aesthetically pleasing but also has
significant scientific implications. It allows us to study the
behavior of light in different media and under various
conditions.

I=1I,xe "

Bougueres's law: k related to the medium is the absorption
coefficient of the medium, which is related to the properties
of the medium.

This law plays an important role in understanding the
intensity of light in different situations, when the water
droplets act as a medium that affects the propagation of light,
and the absorption coefficient k for the air and water droplet
combination varies depending on factors such as the density
of water droplets and the wavelength of light.

Above the rainbow, the light has passed through a region
where there may be fewer water droplets or a different
distribution of droplets compared to the region below the
rainbow. This difference in the medium through which the
light travels leads to different amounts of absorption and
scattering. As a result, the intensity of light reaching our eyes
from the sky above the rainbow is different from that below



the rainbow.

If the absorption coefficient is higher in the region below
the rainbow due to a denser concentration of water droplets,
more light will be absorbed, and the sky will appear darker
compared to the region above the rainbow. This is because
according to Bougueres's law, as the value of kl increases
(with k being higher and 1 being the path length through the
medium), the intensity I of the light reaching the eyes
decreases more significantly. If the region above the rainbow
has a lower absorption coefficient, perhaps because of a
sparser distribution of water droplets, less light will be
absorbed, and the sky will appear brighter. The interplay
between the absorption and scattering of light in the presence
of water droplets, as described by Bougueres's law, thus helps
to explain the observed difference in the brightness of the sky
above and below the rainbow.

2.1. Quantum Perspective on Rainbow
Formation

On the quantum scale, light is considered a collection of
discrete particles called photons. Each photon carries a
specific amount of energy, given by the equation

E=hv

Where h is Planck's constant and v is the frequency of the
light. This quantization of light energy implies that different
wavelengths of light correspond to different energy levels.

When sunlight passes through water droplets in the
atmosphere, it is composed of a number of photons that
interact with the electrons in the water droplets. This causes
the photons to change their paths, leading to the refraction and
dispersion of light and the separation of colors from red to
purple in a rainbow can be the energy differences between
photons and photons with different energies interact with the
water droplets in different ways, resulting in different angles
of scattering. The scattering of different energies gives rise to
the formation of the rainbow spectrum. Photons also interact
with molecules in the water and moist air. These cause slight
changes in the energy states of the photons, which contribute
to the bending of light at different angles for different colors.

Quantization determines the distribution and brightness of
rainbow colors. The discrete nature of photon energy levels
implies that different colors of light correspond to specific
energy packets. These packets interact with water droplets
and the surrounding environment in distinct ways,
influencing the distribution of colors and their perceived
brightness within the rainbow. This interaction is what gives
rise to the characteristic banding and intensity variations seen
in rainbows.

2.2. Reflection and Refraction of Photons from
a Quantum Perspective

From a quantum perspective, the phenomena of reflection
and refraction can be dissected as the manifestation of a
photon's probability amplitude when interacting with the
boundary of a droplet. The Feynman path integral approach
provides a profound way to fathom this intricate process.

When a photon approaches the boundary of a droplet and
interacts with it, instead of following a single, definite path, it
exhibits a propensity to explore every conceivable path. This
implies that in the quantum realm, the behavior of a photon

possesses an extraordinary "flexibility," as if it can
simultaneously "perceive" and "attempt" all possible
trajectories.

Nevertheless, when photons on numerous possible paths
encounter one another, a fascinating quantum phenomenon -
destructive interference - comes into play. Owing to the wave
nature of photons, those on different paths will superimpose
upon meeting. The majority of these paths, due to their phase
relationships, result in a cancellation of their superposition,
rendering these paths undetectable in the final macroscopic
manifestation and only those paths conforming to the regular
laws of reflection and refraction are left remaining and
ultimately contribute to the observable phenomena of
reflection and refraction. This quantum understanding not
only challenges our classical intuitions but also enriches our
comprehension of the fundamental nature of light-matter
interactions.

Figure 1. Schematic diagram of photon paths in a water droplet during rainbow formation (showing possible paths and the
resulting reflection and refraction)

To comprehensively understand the formation of a rainbow
from the photon's vantage point, it is of utmost importance to
meticulously consider the propagation path of photons within
water droplets. This necessitates an in-depth exploration of
how different colors of light, spanning from red to violet,
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interact with the refractive index alterations induced by their
energy disparities. The interaction between photons and the
refractive index changes is an exceedingly complex process.
The energy differences among photons of various colors
lead to distinct interactions with the water droplet's refractive



index: Red photons, having lower energy and longer
wavelengths, interact differently compared to violet photons
with higher energy and shorter wavelengths. This causes the
photons to be scattered at different angles within the droplet.
As photons traverse through the droplet, they continuously
encounter regions with varying refractive indices, which
further modifies their paths.

3. Secondary Rainbows (Neon) and
Their Formation

Secondary rainbows, or neon, are formed in a similar way,
but with some differences. When sunlight enters a water
droplet, it undergoes the same initial refraction, reflection,
and exit refraction processes as in primary rainbow formation;
however, the light undergoes an additional reflection inside
the droplet after the first reflection, this causes the light to be
redirected in a different way, resulting in a secondary rainbow
that appears outside the primary rainbow.

The angles at which the light is refracted and reflected in
the case of neon are different, and these lead to a different
distribution of colors in the secondary rainbow; in general, the
colors in a secondary rainbow are less intense and are
reversed, as the outermost color of a secondary rainbow is
violet, and the innermost color is red.

The formation of neon is based on the same fundamental
optical principles as primary rainbow formation, namely
Snell's Law and the laws of reflection; however, the additional
reflection inside the droplet changes the path of the light in a
way that results in the characteristic features of a secondary
rainbow. The variation in refractive index with wavelength
still plays a crucial role in the dispersion of light and the
formation of the rainbow spectrum, but the multiple
reflections and refractions inside the droplet cause the colors
to be arranged differently. According to Bougueres's law, the
absorption coefficient of the medium will affect the intensity
of light. In the region where the secondary rainbow is formed,
if the water droplets are densely distributed, the absorption
coefficient may be high and a higher absorption coefficient
will cause more light to be absorbed, which may result in the
colors of the secondary rainbow looking darker and the
intensity being weaker. Conversely, if the water droplets are
sparsely distributed, the absorption coefficient is lower, and
less light is absorbed, and the colors of the secondary rainbow
may be relatively brighter and the intensity will be different.
Due to differences in factors such as water droplet distribution
during the formation of the primary rainbow and secondary
rainbows, their absorption coefficients may also be different,
and it in the region of the primary rainbow affects the color
intensity of the primary rainbow and the brightness contrast
of the sky, while the absorption coefficient in the region of the
secondary rainbow affects the color intensity of the secondary
rainbow.

This difference makes the primary rainbow and secondary
rainbow (neon) have obvious differences in appearance. The
color order, the intensity and the brightness are all different,
and Bougueres's law explains part of the reasons for this
difference from the perspective of the medium's absorption of
light.

4. The Optical Phenomenon of
Buddha's Light

Buddha's Light is an optical phenomenon that often occurs
in mountainous regions and is a captivating and somewhat
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mysterious display of light that has intrigued observers for
centuries. It appears as a halo or a series of concentric circles
of light that encircle an observer's shadow.

The light in Buddha's Light can exhibit a variety of colors;
However, the distribution of these colors is not as regular or
predictable as that of a rainbow, that it is more random and
the exact colors that are visible can vary depending on several
factors, such as the composition of the atmosphere, the angle
of the sunlight, and the presence of any particulate matter in
the air.

The formation is usually related to the scattering and
diffraction of light by water droplets or ice crystals in the
atmosphere. When sunlight interacts with these tiny particles,
it can be redirected and dispersed in such a way that it creates
the characteristic halo or circular patterns around the
observer's shadow.

The phenomenon may be enhanced by the presence of the
layer of fog or mist in the area and this can act as a screen on
which the light is projected, making the effect more
pronounced, and the shape and elevation of the mountains can
influence the way the sunlight is reflected and scattered,
contributing to the formation of Buddha's Light. The
appearance of the halo around the observer's shadow is
because the light is being refracted and scattered in a circular
pattern. The observer's body may act as an obstacle, causing
the light to bend around it and form the circular shape. The
different colors are then a result of the dispersion of light,
similar to how a prism separates white light into its
component colors.

5. The Aurora: An Electromagnetic
Spectacle

The aurora is a natural light display that occurs in the polar
regions and the colors of the aurora can vary widely, including
shades of green, red, violet, and blue. These colors are a result
of different atomic and molecular emissions in the upper
atmosphere. The formation of the aurora is a complex process
that involves interactions between the Earth's magnetic field
and charged particles from the sun. Solar wind, which consists
of a stream of charged particles (mostly protons and electrons),
continuously blows towards the Earth; when these charged
particles approach the Earth, they are deflected by the Earth's
magnetic field.

The magnetic field channels the charged particles towards
the polar regions, where the magnetic field lines converge. As
the charged particles enter the upper atmosphere, they collide
with atoms and molecules of gases such as oxygen and
nitrogen. These collisions cause them to absorb energy and
move to a higher energy state. When the atoms and molecules
return to their ground state, they emit light. The color of the
emitted light depends on the type of atom or molecule and the
energy level transitions involved. For example, oxygen atoms
typically emit green light when transitioning from certain
excited states, while nitrogen molecules can emit red or violet
light depending on the specific transitions.

This process of excitation and emission occurs
continuously, creating the dynamic and beautiful display of
the aurora. The intensity and appearance of the aurora can
vary depending on factors such as solar activity, the strength
of the Earth's magnetic field, and the composition of the upper
atmosphere.



6. Conclusion

Rainbow formation exemplifies the interplay between
optics and quantum physics. Macroscopically, the refraction,
reflection, and dispersion of light within water droplets and in
the presence of other particles adhere to classical optical
principles. Light bends as it enters and exits droplets or
interacts with particles, forming the characteristic shapes and
colors of these optical phenomena. Microscopically, the
quantization of photons significantly influences the specific
colors and intensities observed. Photons interact with
individual particles, their energy partitioning into distinct
levels, and these interactions result in different wavelengths
being scattered at various angles, thus producing the spectrum
of colors seen in these phenomena.

These optical phenomena demonstrate that both classical
optics and quantum mechanics are indispensable for a
comprehensive understanding of their formation. By
integrating these two disciplines. Understanding light's
interaction with matter at the quantum level can have far-
reaching implications across various fields, including optics
and materials science. Exploring these topics deepens our
understanding of nature at its most fundamental level and can
unlock potential applications for innovation.s.
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