(b). A Double-slit Diffraction Pattern
Is Formed Using A 546.1 Nm Mercury
Green Light. Each Slit Has

(b) . A Double-slit Diffraction Pattern Is Formed Using A 546.1 Nm Mercury
Green Light. Each Slit Has significant implications in the field of wave
optics, illustrating the fundamental principles of light interference and
diffraction. This phenomenon, observed through a classic double-slit
experiment, provides critical insights into the wave nature of light,
confirming theories proposed since the 19th century. Using a mercury green
light with a wavelength of 546.1 nanometers (nm), scientists can observe a
distinctive pattern of bright and dark fringes—an interference pattern—that
reveals the wave behavior of photons passing through narrow slits. In this
article, we delve into the details of how such a pattern is formed, the
physics behind it, and its applications in modern science.

Understanding the Double-Slit Experiment

Historical Background

The double-slit experiment was first conducted by Thomas Young in 1801,
marking a pivotal moment in wave optics. Young's observations demonstrated
that light behaves as a wave because it produces an interference pattern when
passing through two closely spaced slits. This was significant evidence
against the particle theory of light prevailing at the time.

Basic Concept

The core principle involves shining a coherent light source through two
narrow, parallel slits. As light waves pass through these slits, they spread
out and overlap, creating regions of constructive and destructive
interference:

— Constructive interference occurs when waves arrive in phase, resulting in
bright fringes.

— Destructive interference occurs when waves are out of phase, creating dark
fringes.

The result is a pattern of alternating bright and dark bands on a screen
placed behind the slits.

Specifics of Using 546.1 nm Mercury Green Light



Why Choose Mercury Green Light?

Mercury vapor lamps emit light with a characteristic wavelength of
approximately 546.1 nm, a spectral line known as the mercury green line. This
wavelength is particularly suitable for double-slit experiments because:

- It is monochromatic, ensuring coherence necessary for clear interference
patterns.

- It produces a bright, visible green light, making fringes easily
observable.

- Its wavelength falls within the visible spectrum, facilitating
straightforward detection with standard optical equipment.

Effect of Wavelength on Fringe Pattern

The wavelength of light directly influences the spacing of the interference
fringes. The key relationship is given by the fringe width formula:

\ [

\Delta y = \frac{\lambda \, D}{d}

\]

where:

- \(\Delta y\) = fringe width (distance between successive bright fringes)
- \(\lambda\) = wavelength of light (546.1 nm in this case)

- \(D\) = distance from the slits to the screen

- \(d\) = separation between the two slits

A longer wavelength results in wider fringes, making the pattern more
visible, whereas a shorter wavelength produces narrower fringes.

Designing the Double-Slit Apparatus

Key Components

A typical setup for observing the double-slit diffraction pattern with
mercury green light includes:

— Coherent Light Source: Mercury vapor lamp emitting monochromatic 546.1 nm
light.

— Double-Slit Plate: A thin, transparent material with two narrow, parallel
slits.

— Optical Bench: To align the light source, slits, and screen precisely.

— Projection Screen: To observe the interference pattern.

— Adjustable Mounts: For fine alignment of the slit and light source.

Design Parameters

The effectiveness of the interference pattern depends on the slit dimensions
and spacing:

- Slit Width (\(a\)): Typically much smaller than the wavelength, often on
the order of a few micrometers, to allow diffraction.

- S1it Separation (\(d\)): Usually on the order of tens to hundreds of
micrometers, influencing the fringe spacing.



— Distance to Screen (\(D\)): Sufficiently large to resolve fringes clearly.

Mathematical Description of the Pattern

Interference and Diffraction Effects

The observed pattern results from the superposition of interference fringes
and diffraction effects caused by the finite slit width. The combined
intensity distribution \(I(y)\) on the screen is described by:

I(y) = I_0 \left( \frac{\sin \beta}{\beta} \right)”2 \cos”2 \delta

where:

- \(\beta = \frac{\pi a}{\lambda} \sin \theta\)

- \(\delta = \frac{\pi d}{\lambda} \sin \theta))

- \ (\theta\) = angle of diffraction relative to the central maximum

In small-angle approximations (\(\sin \theta \approx y / D\)), the fringe
positions \ (y_m\) for bright fringes are:

\ [
y_m = \frac{m \lambda D}{d}
\1

with \(m = 0, \pm 1, \pm 2, \dots\)

Calculating Fringe Spacing

Given the parameters, the fringe spacing \ (\Delta y\) can be calculated
explicitly. For example, if:

- \(D = 2\, \text{meters}\)

- \(d 0.1\, \text{mm} = 1 \times 107{-4}\, \text{m}\)

then,

\ [

\Delta y = \frac{546.1 \times 107{-9} \times 2}{1 \times 107{-4}} \approx
10.92\, \text{mm}

\1

making the fringes well separated and easily observable.

Observations and Practical Considerations



Expected Pattern Characteristics

When conducting the experiment with 546.1 nm mercury green light, the
interference pattern typically shows:

— Multiple bright fringes symmetrically spaced around the central maximum.
— Dark regions where destructive interference occurs.

- Fringe visibility depends on slit quality, coherence, and alignment.

Factors Affecting Pattern Clarity

— Slit Quality: Imperfections or irregularities can blur fringes.

— Alignment: Precise alignment of the light source, slits, and screen is
essential.

— Environmental Conditions: Vibrations, air currents, and ambient light can
affect the pattern.

Enhancing Observation Quality

- Use a dark room to improve contrast.

— Employ fine adjustment mechanisms for slit alignment.
— Use high—quality slits with smooth edges.

— Ensure the mercury lamp is stable and monochromatic.

Applications of Double-Slit Diffraction Using
Mercury Green Light

Scientific Research

- Validating wave theory of light.
- Exploring quantum mechanics phenomena, such as wave-particle duality.
- Measuring wavelength with high precision.

Educational Demonstrations

- Teaching fundamental wave optics principles.
- Demonstrating coherence and interference phenomena.

Technological Innovations

— Development of interferometric sensors.
— Advancements in optical metrology.

Conclusion

The formation of a double-slit diffraction pattern using 546.1 nm mercury



green light provides a compelling demonstration of the wave nature of light.
The precise parameters of the slit width, separation, and the wavelength of
the light source govern the pattern's characteristics, including fringe
spacing and visibility. Understanding these principles not only deepens our
grasp of fundamental physics but also paves the way for innovative
applications in scientific research and technology. The classic double-slit
experiment continues to be a cornerstone in optics, illustrating the
beautiful interplay of interference, diffraction, and coherence.
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Frequently Asked Questions

What is the significance of using 546.1 nm mercury
green light in a double-slit diffraction experiment?

The 546.1 nm wavelength corresponds to green light emitted by mercury, which
is commonly used because it produces a clear and well-defined diffraction
pattern due to its monochromatic and coherent nature, facilitating accurate
measurements of slit parameters.

How does the slit width affect the diffraction
pattern in a double-slit experiment with green light?

The slit width influences the diffraction envelope; narrower slits produce
wider diffraction fringes, while wider slits result in narrower fringes. The
slit width, combined with the slit separation, determines the fringe spacing
and pattern clarity.

What is the relation between slit separation and
fringe spacing in this diffraction setup?

The fringe spacing (distance between bright fringes) is directly proportional
to the wavelength and the distance to the screen, and inversely proportional
to the slit separation. Increasing the slit separation decreases fringe
spacing, making fringes closer together.

Why is monochromatic light important in forming a
clear double-slit diffraction pattern?

Monochromatic light ensures that all waves have the same wavelength, which



results in stable and well-defined interference fringes. Using light with
multiple wavelengths would cause overlapping patterns and reduce fringe
contrast.

How can the double-slit diffraction pattern be used
to determine the slit separation or slit width?

By measuring the fringe spacing or diffraction envelope on the screen and
knowing the wavelength and distance to the screen, one can use the
interference and diffraction formulas to calculate the slit separation or
width with high precision.

What are some practical applications of understanding
double-slit diffraction with mercury green light?

This understanding is fundamental in fields like optical engineering, laser
physics, and spectroscopy, where precise measurements of slit parameters help
in designing optical devices, calibrating instruments, and studying wave
behavior at microscale levels.

Additional Resources
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Introduction

Double-slit interference remains one of the most elegant demonstrations of
wave behavior in physics. When coherent light passes through two narrowly
spaced slits, it produces a characteristic pattern of bright and dark fringes
on a screen. This phenomenon, first observed by Thomas Young in the early
19th century, vividly illustrates the wave nature of light. In this analysis,
we explore the formation of a double-slit diffraction pattern using a mercury
green light of wavelength 546.1 nm, focusing on the specifics of the setup,
the physics behind the pattern, and the implications for understanding wave
interference and diffraction.

Fundamental Principles of Double-slit
Interference

Interference occurs when two or more waves overlap, resulting in a new wave
pattern. In the context of the double-slit experiment, the two slits act as
sources of coherent wavefronts. When these wavefronts meet, they interfere
constructively or destructively depending on their phase difference, leading
to bright and dark fringes respectively.



Key Concepts:

— Coherence: The light must be coherent, meaning the waves maintain a
constant phase relationship. Mercury vapor lamps provide a nearly
monochromatic and coherent source suitable for such experiments.

— Path difference: The difference in the distance traveled by light from each
slit to a given point on the screen determines whether the interference is
constructive or destructive.

Experimental Setup and Parameters

A typical double-slit setup involves:

— A monochromatic light source: Mercury vapor lamp emitting at 546.1 nm
(green light)

- Two narrow slits, separated by a distance \( d \)

— A screen placed at a distance \( L \) from the slits

- A means to measure the positions of fringes on the screen

Critical Parameters:

- Wavelength (\( \lambda \)): 546.1 nm (or \( 546.1 \times 107{-9} \) meters)
- S1lit separation (\( d \)): The distance between the two slits, typically in
the order of micrometers

- S1it width (\( a \)): Each slit width influences the diffraction envelope

— Distance to screen (\( L \)): Usually several meters to allow clear fringe

formation

Assumptions:

— The light source is monochromatic and coherent

— The slits are narrow enough to produce observable diffraction effects
— The observation screen is sufficiently far to apply the Fraunhofer
approximation (far-field conditions)

Formation of the Double-slit Diffraction
Pattern

The resulting pattern on the screen is a superposition of two phenomena:

1. Double-slit interference fringes resulting from the superposition of the
two coherent sources
2. Single-slit diffraction envelope due to the finite width of each slit

Interference Fringes:
Constructive interference occurs at points where the path difference between
the two slits is an integer multiple of the wavelength:

\ [
d \sin \theta = m \lambda

\]

where:



\( d \) is the slit separation
- \( \theta \) is the angle relative to the central axis
- \(m \) is an integer representing the order of the fringe
Diffraction Envelope:
FEach slit also produces a diffraction pattern characterized by minima and
maxima determined by:

\ [
a \sin \theta = n \lambda

\]

where:
- \( a \) is the slit width
- \(n \) is an integer

The observed pattern is a series of bright interference fringes modulated by
a broader diffraction envelope. The bright fringes are located within the
maxima of this envelope, while the dark fringes appear at minima of the
interference pattern or diffraction envelope.

Calculations and Analytical Expressions

To predict the position and spacing of fringes, we derive the fringe spacing
\( \Delta y \) on the screen.

Fringe Spacing:
Using small angle approximation

(\
/ L \)), the position of the \( m

( \sin \theta \approx \tan \theta \approx vy
\)-th bright fringe on the screen is:

\ [

y_m = \frac{m \lambda L}{d}

\1

where:

- \( y_m \) is the distance from the central maximum to the \( m \)-th bright
fringe

- \( L \) is the distance from the slits to the screen

Fringe Width:
The separation between adjacent bright fringes:

\ [
\Delta y = y_{m+1} - y_m = \frac{\lambda L}{d}
\1

This indicates that the fringe spacing depends directly on the wavelength,
the slit separation, and the distance to the screen.

Modulation by Diffraction Envelope:
The intensity pattern is limited by the diffraction envelope, with minima
occurring at:

\ [
a \sin \theta = n \lambda



or, in terms of position:

\ [
y_{n} = \frac{n \lambda L}{a}
\]

The central bright fringe is the most intense, and the intensity diminishes
towards the edges due to the diffraction envelope.

Implications of Using Mercury Green Light
(546.1 nm)

Why Use Mercury Green Light?

Mercury vapor lamps emit a prominent spectral line at 546.1 nm, which is in
the green region of the visible spectrum. This wavelength is advantageous for
double-slit experiments because:

— Monochromaticity: Mercury lamps produce a relatively narrow spectral line,
ensuring high coherence length.

— Brightness: The spectral line is intense, providing sufficient photon flux
for clear pattern observation.

— Visibility: Green light is easily visible to the human eye, making the
fringes easier to observe and photograph.

Wavelength Significance:

The wavelength directly affects the fringe spacing; longer wavelengths
produce wider fringes, making them easier to measure. At 546.1 nm, the
fringes are well-spaced for typical laboratory setups, balancing resolution
and visibility.

Practical Considerations and Experimental
Challenges

Alignment and Coherence:
— Precise alignment of the slits and the optical components is essential.
— The coherence length of the mercury vapor source must be sufficient to
produce stable fringes.

Slit Fabrication:

— The slits should be narrow and closely spaced, with widths typically in the
range of a few micrometers.

— Uniformity and precision in slit width and separation are critical for
accurate results.

Environmental Factors:
- Vibrations, air currents, and temperature fluctuations can distort the



pattern.
— Conducting the experiment in a controlled environment enhances accuracy.

Measurement Techniques:

— Using a calibrated measuring device (e.g., a ruler or a CCD camera) to
record fringe positions.

— Repeating measurements for multiple fringe orders and averaging for
accuracy.

Scientific Significance and Broader
Implications

Wave-Particle Duality:

While the experiment directly demonstrates wave interference, it also
underpins the quantum mechanical concept of wave-particle duality, especially
when extended to photons and electrons.

Measurement of Wavelength:

Accurate measurement of fringe spacing allows for precise determination of
the wavelength, which can be used to verify the spectral properties of the
light source.

Applications:

- Optical metrology: Using interference patterns for precise measurements.
— Quantum physics: Investigating coherence and the fundamental behavior of
particles.

- Material science: Characterizing slit fabrication and diffraction
phenomena.

Conclusion

The formation of a double-slit diffraction pattern using 546.1 nm mercury
green light encapsulates fundamental wave phenomena—interference and
diffraction—that are central to both classical and gquantum optics. Through
careful experimental design, precise measurement, and understanding of the
underlying physics, this phenomenon not only confirms the wave nature of
light but also serves as a foundation for modern technological applications
ranging from holography to quantum computing. The interplay between slit
dimensions, wavelength, and observation distance beautifully illustrates how
wave properties manifest in tangible, observable patterns, reaffirming the
enduring elegance and importance of the double-slit experiment in physics.
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