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Understanding the behavior of light as it interacts with apertures is
fundamental in optics. When a coherent light source such as a laser or
monochromatic light encounters a slit, it produces a diffraction pattern-a
series of bright and dark fringes resulting from the wave nature of light.
This phenomenon not only demonstrates the wave properties of light but also
forms the basis for numerous scientific and technological applications, from
spectrometry to optical instruments.

In this article, we explore the scenario where light of wavelength 540 nm is
incident on a slit of width 0.150 mm, leading to a diffraction pattern. We
will analyze the physics underlying this phenomenon, perform relevant
calculations, and discuss the key concepts involved in understanding the
diffraction pattern produced.

Understanding Diffraction and Its Significance

Diffraction refers to the bending and spreading of waves when they encounter
an obstacle or aperture. For light, diffraction becomes significant when the
size of the aperture is comparable to the wavelength of the incident light.
In the case of a slit, the resulting pattern is characterized by a central
bright maximum and several secondary maxima and minima on either side.

Why is diffraction important?

- It provides evidence for the wave nature of light.

- It is essential in the design of optical instruments like telescopes,
microscopes, and spectrometers.

- It influences the resolution limits in imaging systems.

- It plays a role in various applications such as holography, optical
communication, and laser physics.



Parameters of the Problem

Before delving into the analysis, let's clarify the given parameters:

» Wavelength of incident light, A: 540 nm (nanometers) = 540 x 10° meters
= 5.40 x 10”7 meters

e Width of the slit, a: 0.150 mm = 0.150 x 10> meters = 1.50 x 10 meters

Understanding these parameters sets the basis for calculating the diffraction
pattern's features, such as fringe positions and intensities.

Diffraction Pattern Formation in Single-Slit
Diffraction

When monochromatic light passes through a narrow slit, it diffracts and
interferes constructively and destructively at various angles, leading to the
observed pattern.

Key features of single-slit diffraction:

- The pattern consists of a central bright maximum (main lobe) flanked by
successive dimmer maxima and minima.

- The angular position of minima (dark fringes) is given by a specific
condition based on the slit width and wavelength.

- The intensity distribution follows a characteristic sinc-squared function.

Mathematical formulation:
The condition for minima in the diffraction pattern is:

\ [
a \sin \theta = m \lambda, \quad m = \pm 1, \pm 2, \pm 3, \dots
\1]

where:

- \(a\) = slit width

- \(\theta\) = diffraction angle relative to the central axis
- \(m\) = order of the minimum

- \(\lambda\) = wavelength of incident light



Calculating the Positions of Minima and Maxima

To analyze the diffraction pattern, we need to determine the angles at which
minima occur, as these define the dark fringes.

1. Calculating the angle for the first minimum (\(m=1\)):

\ [

\sin \theta 1 = \frac{\lambda}{a} = \frac{5.40 \times 10"{-7}}{1.50 \times
10~{-4}} \approx 0.0036

\1]

Since the angle \(\theta\) is small, \(\sin \theta \approx \theta\l) in
radians:

\ [
\theta 1 \approx 0.0036 \text{ radians}

\]
2. Position of the minima on the screen:

If the diffraction pattern is observed on a screen placed at a distance \(D\)
from the slit, the position \(y m\) of the \(m~{th}\) minimum from the
central maximum is:

\ [
y m = D \tan \theta m \approx D \theta m

\1]

where \(\theta m\) is the angle corresponding to the \(m~{th}\) minimum.

Practical Application: Fringe Positions and
Pattern Analysis

Assuming a typical distance \(D\) of, say, 1 meter from the slit to the
observation screen, we can estimate the positions of the minima:

\
y m \approx D \theta m

\1]

For the first minimum (\(m=1\)):

\ [
y 1 \approx 1\, \text{m} \times 0.0036 = 0.0036\, \text{m} = 3.6\, \text{mm}



\]

This means the first dark fringe appears approximately 3.6 mm from the
central maximum on the screen.

Similarly, for higher-order minima:

\ [

\sin \theta m = \frac{m \lambda}{a}

\1]

\ [

\Rightarrow y m = D \times \frac{m \lambda}{a}
\1

This linear relation indicates that the fringe spacing increases with \(m\).

Note: The intensity of the fringes diminishes as they move further from the
center due to the sinc-squared distribution.

Effect of Wavelength and Slit Width on
Diffraction Pattern

Both the wavelength of light and the slit width influence the diffraction
pattern's characteristics.

Impact of wavelength (\(\lambda\)):

- Larger \(\lambda\) results in wider fringes (greater \(y _m\) for a given
\(D\))
- Shorter \(\lambda\) produces narrower fringes

Impact of slit width (\(a\)):

- Narrower slit (\(a\) decreases) causes wider diffraction patterns
- Wider slit (\(a\) increases) results in narrower patterns

This inverse relationship between slit width and fringe width underpins the
importance of precisely controlling aperture dimensions in optical
experiments.



Assessing the Pattern: Intensity Distribution
and Resolution

The intensity \(I(\theta)\) at an angle \(\theta\) in single-slit diffraction
is given by:

\ [

I(\theta) = I 0 \left( \frac{\sin \beta}{\beta} \right)~2
\1]

where:

\ [
\beta = \frac{\pi a}{\lambda} \sin \theta
\1]

and \(I 0\) is the maximum intensity at the central maximum (\(\theta=0\)).
Features of the intensity distribution:

- Central maximum is the brightest and widest

- Minima occur where \(\beta = m \pi\), corresponding to destructive
interference

- The pattern's shape resembles a sinc-squared function

Understanding this distribution helps in designing optical systems with
specific resolution and contrast requirements.

Applications of Single-Slit Diffraction

The principles of diffraction are applied across various fields:

- Spectroscopy: Analyzing light spectra by diffraction through slits or
gratings

- Optical Instrumentation: Improving resolution limits in telescopes and
microscopes

- Laser Physics: Characterizing laser beam profiles

- Communication Technologies: Managing beam divergence in fiber optics

- Educational Demonstrations: Visualizing wave phenomena and wave-particle
duality



Summary of Key Calculations and Concepts

| Parameter | Values | Remarks |
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| Wavelength (\(\lambda\)) | 540 nm | Monochromatic light source |

| Slit width (\(a\)) | 0.150 mm | Aperture size |

| Distance to screen (\(D\)) | 1 meter (assumed) | For fringe position
calculations |

| First minima angle (\(\theta 1\)) | ~0.0036 radians | Approximate for small
angles |

| Fringe position (\(y 1\)) | ~3.6 mm | Distance of first dark fringe from
center |

Conclusion

The diffraction pattern produced when light of wavelength 540 nm passes
through a slit of width 0.150 mm exemplifies the wave nature of light and the
fundamental principles of optics. By analyzing the angles and positions of
minima, we can understand how the slit width and wavelength influence the
pattern's features. Such analysis is vital for designing optical systems,
understanding wave behavior, and performing precise measurements in
scientific experiments.

The interplay of parameters like wavelength, slit width, and observation
distance governs the pattern's characteristics, providing insight into both
fundamental physics and practical applications. Whether for educational
demonstrations or advanced technological developments, understanding
diffraction phenomena remains central to the field of optics.
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Frequently Asked Questions



What is the significance of the wavelength 540 nm in
the diffraction experiment?

The wavelength of 540 nm, which is in the visible spectrum (green light),
determines the position and size of the diffraction pattern produced when
light passes through the slit, influencing the fringe spacing and intensity
distribution.

How is the slit width of 0.150 mm related to the
diffraction pattern observed?

The slit width directly affects the angular position of the diffraction
minima and maxima; a narrower slit results in wider diffraction fringes,
while a wider slit produces narrower fringes.

How can we calculate the angular position of the
first diffraction minimum for this setup?

The angular position 6 of the first minimum is given by the formula sin 6 = A
/ a, where A is the wavelength (540 nm) and a is the slit width (0.150 mm);
using this, you can determine the fringe positions on the screen.

What is the approximate fringe width on the screen
for this diffraction pattern?

The fringe width (Ay) can be estimated using Ay = (L A) / a, where L is the
distance from the slit to the screen. As an example, if L is known, this
formula allows calculation of the fringe spacing.

Why does the diffraction pattern produce a central
bright fringe with subsequent dimmer fringes?

This pattern arises due to constructive interference at the center (central
maximum) and destructive interference at points away from it, with the
intensity decreasing for higher-order fringes formed by the slit acting as a
single slit diffraction aperture.

How does increasing the slit width affect the
diffraction pattern?

Increasing the slit width decreases the angular spread of the diffraction
fringes, resulting in narrower fringes and a more concentrated central
maximum, while decreasing the slit width broadens the diffraction pattern.
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Introduction

The phenomenon of diffraction—where light waves bend around obstacles or
spread through narrow apertures—has been fundamental in expanding our
understanding of wave optics. Among the various configurations studied, the
single-slit diffraction pattern offers crucial insights into the wave nature
of light, interference effects, and the limitations imposed by aperture
dimensions. This investigation examines the scenario where light of
wavelength 540 nm is incident on a slit of width 0.150 mm, leading to the
formation of a characteristic diffraction pattern. This case not only
highlights the underlying physics but also underscores the practical
implications for optical systems, scientific instrumentation, and
experimental physics.

Fundamental Principles of Single-Slit Diffraction
Wave Nature of Light and Diffraction

The wave theory of light predicts that when a wave encounters an obstacle or
aperture comparable in size to its wavelength, it will bend and spread out-an
effect known as diffraction. The degree of diffraction depends on the
wavelength of the incident light and the size of the aperture. For a slit of
width \( a \), the diffraction pattern's intensity distribution can be
described mathematically and observed experimentally.

Mathematical Description

The intensity \( I(\theta) \) of the diffraction pattern as a function of
angle \( \theta \) relative to the incident beam is given by:

\ [
I(\theta) = I 0 \left( \frac{\sin \beta}{\beta} \right)"2
\1]

where:

\[

\beta = \frac{\pi a}{\lambda} \sin \theta

\1

and \( I 0 \) is the maximum intensity at the central maximum.

The pattern consists of a bright central maximum flanked by successive minima
and secondary maxima, with the positions of minima occurring at:

\[



a \sin \theta = m \lambda, \quad m = \pm 1, \pm 2, \pm 3, \ldots
\1]

This angular distribution translates into a spatial intensity distribution on
a screen placed at a distance \( L \) from the slit.

Experimental Setup and Parameters
Incident Light

- Wavelength (\( \lambda \)): 540 nm (which falls in the green part of the
visible spectrum)

- Source: Typically a monochromatic, coherent laser or filtered light source
to ensure a narrow wavelength distribution.

Slit Specifications

- Width (\( a \)): 0.150 mm (or 150 um)
- Material and Edge Sharpness: High-quality metal or opaque material with
smooth edges to minimize scattering and secondary diffraction effects.

Observation Screen

- Positioned at a distance \( L \) from the slit, often in the range of 1-2
meters for clear observation.

- The pattern is recorded either visually or via a camera for detailed
analysis.

Analytical Calculation of Diffraction Pattern
Determining the Angular Positions of Minima
For the given parameters:

\ [

a = 0.150\, \text{mm} = 1.50 \times 10°{-4}\, \text{m}

\1]

\ [

\lambda = 540\, \text{nm} = 5.40 \times 10"{-7}\, \text{m}
\1]

The first minima occur where:

\ [
a \sin \theta = \lambda \Rightarrow \sin \theta m = \frac{m \lambda}{a}

\1

Calculating for \( m =1 \):

\ [
\sin \theta 1 = \frac{l \times 5.40 \times 107{-7}}{1.50 \times 10~{-4}}



\approx 0.0036
\1]

which corresponds to:

\ [

\theta 1 \approx \arcsin(0.0036) \approx 0.206"\circ
\1]

Similarly, higher-order minima can be calculated.
Spatial Positions of Minima on the Screen

The position \( y m \) of the minima on the screen at distance \( L \):

\ [

y m = L \tan \theta m \approx L \sin \theta m

\1]

Assuming \( L = 1\, \text{m} \):

\ [

y 1 \approx 1 \times 0.0036 \approx 3.6\, \text{mm}
\1

Thus, the first minima are approximately 3.6 mm away from the central maximum
on each side.

Intensity Distribution

The central maximum width (full width at first minima):

\ [

\text{Width} \approx 2 y 1 = 7.2\, \text{mm}

\1]

indicating the primary diffraction feature observable on the screen.
Observations and Pattern Characteristics

Central Maximum

- Brightness: Highest at the center.

- Width: Approximately twice the position of the first minima, as calculated.
- Shape: Symmetrical about the central axis.

Side Maxima and Minima

- Secondary maxima are less intense, occurring between minima.
- Minima are sharp, corresponding to destructive interference conditions.



Effect of Wavelength and Aperture Size

- Increasing \( \lambda \) (longer wavelength) results in broader diffraction
patterns.

- Decreasing \( a \) (narrower slit) also broadens the pattern, illustrating
the inverse relationship between slit width and diffraction spread.
Practical Implications and Applications

Optical Instrumentation

Understanding diffraction patterns helps refine the design of optical devices
like spectrometers, microscopes, and laser systems, ensuring minimal
aberration and optimal resolution.

Scientific Measurement Techniques

Diffraction effects are harnessed in techniques such as:

- Optical diffraction gratings for wavelength analysis.

- Laser beam profiling to determine beam quality.

- Metrological standards to calibrate optical components.

Limitations and Challenges

- Finite slit edges and imperfections can distort ideal patterns.

- Alignment and coherence of the incident light are critical for accurate
pattern formation.

- Environmental factors like vibrations and air currents can impact the
pattern stability.

Advanced Considerations

Effect of Incidence Angle

While the standard analysis assumes normal incidence, oblique incidence
introduces asymmetry in the pattern, shifting minima and maxima.

Multiple Slits and Diffraction

Introducing multiple slits forms diffraction gratings with sharper and more
intense principal maxima, expanding the utility of diffraction in spectral
analysis.

Non-monochromatic Light

Broadband sources produce smeared patterns, reducing contrast, but can be
used to analyze spectral content via diffraction effects.

Conclusion



The study of light of wavelength 540 nm incident on a slit of width 0.150 mm
exemplifies core wave optics principles. The resulting diffraction pattern,
characterized by a central bright maximum flanked by diminishing secondary
maxima and minima, vividly demonstrates the wave nature of light. Precise
calculations of angular positions and spatial distributions illuminate the
relationship between wavelength, aperture size, and diffraction phenomena.
These insights are not only foundational in physics but also vital in the
development and refinement of optical technologies, scientific research, and
measurement standards. As optical science advances, understanding and
manipulating diffraction patterns continue to be pivotal, bridging
fundamental physics with practical innovation.
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