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26.2: Diffraction

learning objectives

o Formulate Huygens’s Principle

Overview

The Huygens-Fresnel principle states that every point on a wavefront is a source of wavelets. These wavelets spread out in the
forward direction, at the same speed as the source wave. The new wavefront is a line tangent to all of the wavelets.

Background

Christiaan Huygens was a Dutch scientist who developed a useful technique for determining how and where waves propagate. In
1678, he proposed that every point that a luminous disturbance touches becomes itself a source of a spherical wave. The sum of the
secondary waves (waves that are a result of the disturbance) determines the form of the new wave. shows secondary waves
traveling forward from their point of origin. He was able to come up with an explanation of the linear and spherical wave
propagation, and derive the laws of reflection and refraction (covered in previous atoms ) using this principle. He could not,
however, explain what is commonly known as diffraction effects. Diffraction effects are the deviations from rectilinear propagation
that occurs when light encounters edges, screens and apertures. These effects were explained in 1816 by French physicist Augustin-
Jean Fresnel.
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Straight Wavefront: Huygens’s principle applied to a straight wavefront. Each point on the wavefront emits a semicircular
wavelet that moves a distance s=vt. The new wavefront is a line tangent to the wavelets.

Huygens’s Principle

Figure 1 shows a simple example of the Huygens’s Principle of diffraction. The principle can be shown with the equation below:
s=vt (26.2.1)

where s is the distance, v is the propagation speed, and t is time.

Each point on the wavefront emits a wave at speed, v. The emitted waves are semicircular, and occur at t, time later. The new
wavefront is tangent to the wavelets. This principle works for all wave types, not just light waves. The principle is helpful in
describing reflection, refraction and interference. shows visually how Huygens’s Principle can be used to explain reflection, and
shows how it can be applied to refraction.

26.2.1 https://phys.libretexts.org/@go/page/16195


https://libretexts.org/
https://phys.libretexts.org/@go/page/16195?pdf
https://phys.libretexts.org/Bookshelves/University_Physics/Physics_(Boundless)/26%3A_Wave_Optics/26.2%3A_Diffraction

LibreTextsm

Wavefront

Surface " Medium 1
: Medium 2
vt '

&>

Huygens’s Refraction: Huygens’s principle applied to a straight wavefront traveling from one medium to another where its speed
is less. The ray bends toward the perpendicular, since the wavelets have a lower speed in the second medium.

Reflection: Huygens’s principle applied to a straight wavefront striking a mirror. The wavelets shown were emitted as each point
on the wavefront struck the mirror. The tangent to these wavelets shows that the new wavefront has been reflected at an angle equal
to the incident angle. The direction of propagation is perpendicular to the wavefront, as shown by the downward-pointing arrows.

Example 26.2.1:

This principle is actually something you have seen or experienced often, but just don’t realize. Although this principle applies
to all types of waves, it is easier to explain using sound waves, since sound waves have longer wavelengths. If someone is
playing music in their room, with the door closed, you might not be able to hear it while walking past the room. However, if
that person where to open their door while playing music, you could hear it not only when directly in front of the door opening,
but also on a considerable distance down the hall to either side. is a direct effect of diffraction. When light passes through
much smaller openings, called slits, Huygens’s principle shows that light bends similar to the way sound does, just on a much
smaller scale. We will examine in later atoms single slit diffraction and double slit diffraction, but for now it is just important
that we understand the basic concept of diffraction.

Diffraction

As we explained in the previous paragraph, diffraction is defined as the bending of a wave around the edges of an opening or an
obstacle.

Young’s Double Slit Experiment

The double-slit experiment, also called Young’s experiment, shows that matter and energy can display both wave and particle
characteristics.
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learning objectives

o Explain why Young’s experiment more credible than Huygens’

The double-slit experiment, also called Young’s experiment, shows that matter and energy can display both wave and particle
characteristics. As we discussed in the atom about the Huygens principle, Christiaan Huygens proved in 1628 that light was a
wave. But some people disagreed with him, most notably Isaac Newton. Newton felt that color, interference, and diffraction effects
needed a better explanation. People did not accept the theory that light was a wave until 1801, when English physicist Thomas
Young performed his double-slit experiment. In his experiment, he sent light through two closely spaced vertical slits and observed
the resulting pattern on the wall behind them. The pattern that resulted can be seen in.

y

Young’s Double Slit Experiment: Light is sent through two vertical slits and is diffracted into a pattern of vertical lines spread out
horizontally. Without diffraction and interference, the light would simply make two lines on the screen.

Wave-Particle Duality

The wave characteristics of light cause the light to pass through the slits and interfere with itself, producing the light and dark areas
on the wall behind the slits. The light that appears on the wall behind the slits is scattered and absorbed by the wall, which is a
characteristic of a particle.

Young'’s Experiment

Why was Young’s experiment so much more credible than Huygens’? Because, while Huygens’ was correct, he could not
demonstrate that light acted as a wave, while the double-slit experiment shows this very clearly. Since light has relatively short
wavelengths, to show wave effects it must interact with something small — Young’s small, closely spaced slits worked.

The example in uses two coherent light sources of a single monochromatic wavelength for simplicity. (This means that the light
sources were in the same phase. ) The two slits cause the two coherent light sources to interfere with each other either
constructively or destructively.

Constructive and Destructive Wave Interference

Constructive wave interference occurs when waves interfere with each other crest-to-crest (peak-to-peak) or trough-to-trough
(valley-to-valley) and the waves are exactly in phase with each other. This amplifies the resultant wave. Destructive wave
interference occurs when waves interfere with each other crest-to-trough (peak-to-valley) and are exactly out of phase with each
other. This cancels out any wave and results in no light. These concepts are shown in. It should be noted that this example uses a
single, monochromatic wavelength, which is not common in real life; a more practical example is shown in.
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Practical Constructive and Destructive Wave Interference: Double slits produce two coherent sources of waves that interfere.
(a) Light spreads out (diffracts) from each slit because the slits are narrow. These waves overlap and interfere constructively (bright
lines) and destructively (dark regions). We can only see this if the light falls onto a screen and is scattered into our eyes. (b)
Double-slit interference pattern for water waves are nearly identical to that for light. Wave action is greatest in regions of
constructive interference and least in regions of destructive interference. (c) When light that has passed through double slits falls on
a screen, we see a pattern such as this.
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Theoretical Constructive and Destructive Wave Interference: The amplitudes of waves add together. (a) Pure constructive
interference is obtained when identical waves are in phase. (b) Pure destructive interference occurs when identical waves are
exactly out of phase (shifted by half a wavelength).

The pattern that results from double-slit diffraction is not random, although it may seem that way. Each slit is a different distance
from a given point on the wall behind it. For each different distance, a different number of wavelengths fit into that path. The
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waves all start out in phase (matching crest-to-crest), but depending on the distance of the point on the wall from the slit, they could
be in phase at that point and interfere constructively, or they could end up out of phase and interfere with each other destructively.

Diffraction Gratings: X-Ray, Grating, Reflection

Diffraction grating has periodic structure that splits and diffracts light into several beams travelling in different directions.

learning objectives

o Describe function of the diffraction grating

Diffraction Grating

A diffraction grating is an optical component with a periodic structure that splits and diffracts light into several beams travelling in
different directions. The directions of these beams depend on the spacing of the grating and the wavelength of the light so that the
grating acts as the dispersive element. Because of this, gratings are often used in monochromators, spectrometers, wavelength
division multiplexing devices, optical pulse compressing devices, and many other optical instruments.

A photographic slide with a fine pattern of purple lines forms a complex grating. For practical applications, gratings generally have
ridges or rulings on their surface rather than dark lines. Such gratings can be either transmissive or reflective. Gratings which
modulate the phase rather than the amplitude of the incident light are also produced, frequently using holography.

Ordinary pressed CD and DVD media are every-day examples of diffraction gratings and can be used to demonstrate the effect by
reflecting sunlight off them onto a white wall. (see ). This is a side effect of their manufacture, as one surface of a CD has many
small pits in the plastic, arranged in a spiral; that surface has a thin layer of metal applied to make the pits more visible. The
structure of a DVD is optically similar, although it may have more than one pitted surface, and all pitted surfaces are inside the
disc. In a standard pressed vinyl record when viewed from a low angle perpendicular to the grooves, one can see a similar, but less
defined effect to that in a CD/DVD. This is due to viewing angle (less than the critical angle of reflection of the black vinyl) and
the path of the light being reflected due to being changed by the grooves, leaving a rainbow relief pattern behind.

Readable Surface of a CD: The readable surface of a Compact Disc includes a spiral track wound tightly enough to cause light to
diffract into a full visible spectrum.

Some bird feathers use natural diffraction grating which produce constructive interference, giving the feathers an iridescent effect.
Iridescence is the effect where surfaces seem to change color when the angle of illumination is changed. An opal is another
example of diffraction grating that reflects the light into different colors.

X-Ray Diffraction

X-ray crystallography is a method of determining the atomic and molecular structure of a crystal, in which the crystalline atoms
cause a beam of X-rays to diffract into many specific directions. By measuring the angles and intensities of these diffracted beams,
a crystallographer can produce a three-dimensional picture of the density of electrons within the crystal. From this electron density,
the mean positions of the atoms in the crystal can be determined, as well as their chemical bonds, their disorder and various other
information.

In an X-ray diffraction measurement, a crystal is mounted on a goniometer and gradually rotated while being bombarded with X-
rays, producing a diffraction pattern of regularly spaced spots known as reflections (see ). The two-dimensional images taken at
different rotations are converted into a three-dimensional model of the density of electrons within the crystal using the
mathematical method of Fourier transforms, combined with chemical data known for the sample.

https://phys.libretexts.org/@go/page/16195



https://libretexts.org/
https://phys.libretexts.org/@go/page/16195?pdf

LibreTextsm

Reflections in Diffraction Patterns: Each dot, called a reflection, in this diffraction pattern forms from the constructive
interference of scattered X-rays passing through a crystal. The data can be used to determine the crystalline structure.

Single Slit Diffraction

Single slit diffraction is the phenomenon that occurs when waves pass through a narrow gap and bend, forming an interference
pattern.

learning objectives

o Formulate the Huygens’s Principle

Diffraction

As we explained in a previous atom, diffraction is defined as the bending of a wave around the edges of an opening or obstacle.
Diffraction is a phenomenon all wave types can experience. It is explained by the Huygens-Fresnel Principle, and the principal of
superposition of waves. The former states that every point on a wavefront is a source of wavelets. These wavelets spread out in the
forward direction, at the same speed as the source wave. The new wavefront is a line tangent to all of the wavelets. The
superposition principle states that at any point, the net result of multiple stimuli is the sum of all stimuli.

Single Slit Diffraction

In single slit diffraction, the diffraction pattern is determined by the wavelength and by the length of the slit. Figure 1 shows a
visualization of this pattern. This is the most simplistic way of using the Huygens-Fresnel Principle, which was covered in a
previous atom, and applying it to slit diffraction. But what happens when the slit is NOT the exact (or close to exact) length of a
single wave?

Single Slit Diffraction — One Wavelength: Visualization of single slit diffraction when the slit is equal to one wavelength.

A slit that is wider than a single wave will produce interference -like effects downstream from the slit. It is easier to understand by
thinking of the slit not as a long slit, but as a number of point sources spaced evenly across the width of the slit. This can be seen in
Figure 2.
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Single Slit Diffraction — Four Wavelengths: This figure shows single slit diffraction, but the slit is the length of 4 wavelengths.

To examine this effect better, lets consider a single monochromatic wavelength. This will produce a wavefront that is all in the
same phase. Downstream from the slit, the light at any given point is made up of contributions from each of these point sources.
The resulting phase differences are caused by the different in path lengths that the contributing portions of the rays traveled from
the slit.

The variation in wave intensity can be mathematically modeled. From the center of the slit, the diffracting waves propagate
radially. The angle of the minimum intensity (8,,;,) can be related to wavelength (A) and the slit’s width (d) such that:

dsinfp;, = A (26.2.2)

The intensity (I) of waves at any angle can also be calculated as a relation to slit width, wavelength and intensity of the original
waves before passing through the slit:

. 2
B sin(7x)
10) =1, ( po— ) (26.2.3)
where X is equal to:
;sinH (26.2.4)

The Rayleigh Criterion

The Rayleigh criterion determines the separation angle between two light sources which are distinguishable from each other.

learning objectives

o Explain meaning of the Rayleigh criterion

Resolution Limits

Along with the diffraction effects that we have discussed in previous atoms, diffraction also limits the detail that we can obtain in
images. shows three different circumstances of resolution limits due to diffraction:

(@) (b) (c)

Resolution Limits: (a) Monochromatic light passed through a small circular aperture produces this diffraction pattern. (b) Two
point light sources that are close to one another produce overlapping images because of diffraction. (c) If they are closer together,
they cannot be resolved or distinguished.
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e (a) shows a light passing through a small circular aperture. You do not see a sharp circular outline, but a spot with fuzzy edges.
This is due to diffraction similar to that through a single slit.

¢ (b) shows two point sources close together, producing overlapping images. Due to the diffraction, you can just barely
distinguish between the two point sources.

o (c) shows two point sources which are so close together that you can no longer distinguish between them.

This effect can be seen with light passing through small apertures or larger apertures. This same effect happens when light passes
through our pupils, and this is why the human eye has limited acuity.

Rayleigh Criterion

In the 19th century, Lord Rayleigh invented a criteria for determining when two light sources were distinguishable from each other,
or resolved. According to the criteria, two point sources are considered just resolved (just distinguishable enough from each other
to recognize two sources) if the center of the diffraction pattern of one is directly overlapped by the first minimum of the diffraction
pattern of the other. If the distance is greater between these points, the sources are well resolved (i.e., they are easy to distingiush
from each other). If the distance is smaller, they are not resolved (i.e., they cannot be distinguished from each other). The equation
to determine this is:

A
f=122% (26.2.5)

0 — angle the objects are separated by, in radian A — wavelength of light D — aperture diameter. shows this concept visually. This
equation also gives the angular spreading of a source of light having a diameter D.
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Rayleigh Criterion: (a) This is a graph of intensity of the diffraction pattern for a circular aperture. Note that, similar to a single
slit, the central maximum is wider and brighter than those to the sides. (b) Two point objects produce overlapping diffraction
patterns. Shown here is the Rayleigh criterion for being just resolvable. The central maximum of one pattern lies on the first

minimum of the other.

Key Points

o Diffraction is the concept that is explained using Huygens’s Principle, and is defined as the bending of a wave around the edges
of an opening or an obstacle.

o This principle can be used to define reflection, as shown in the figure. It can also be used to explain refraction and interference.
Anything that experiences this phenomenon is a wave. By applying this theory to light passing through a slit, we can prove it is
a wave.

o The principle can be shown with the equation below: s=vt s — distance v — propagation speed t — time Each point on the
wavefront emits a wave at speed, v. The emitted waves are semicircular, and occur at t, time later. The new wavefront is tangent
to the wavelets.

o The wave characteristics of light cause the light to pass through the slits and interfere with each other, producing the light and
dark areas on the wall behind the slits. The light that appears on the wall behind the slits is partially absorbed by the wall, a
characteristic of a particle.
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o Constructive interference occurs when waves interfere with each other crest-to-crest and the waves are exactly in phase with
each other. Destructive interference occurs when waves interfere with each other crest-to-trough (peak-to-valley) and are
exactly out of phase with each other.

o Each point on the wall has a different distance to each slit; a different number of wavelengths fit in those two paths. If the two
path lengths differ by a half a wavelength, the waves will interfere destructively. If the path length differs by a whole
wavelength the waves interfere constructively.

o The directions of the diffracted beams depend on the spacing of the grating and the wavelength of the light so that the grating
acts as the dispersive element.

e Gratings are commonly used in monochromators, spectrometers, wavelength division multiplexing devices, optical pulse
compressing devices, and other optical instruments.

o Diffraction of X-ray is used in crystallography to produce the three-dimensional picture of the density of electrons within the
crystal.

o The Huygens’s Principle states that every point on a wavefront is a source of wavelets. These wavelets spread out in the
forward direction, at the same speed as the source wave. The new wavefront is a line tangent to all of the wavelets.

o If aslit is longer than a single wavelength, think of it instead as a number of point sources spaced evenly across the width of the
slit.

o Downstream from a slit that is longer than a single wavelength, the light at any given point is made up of contributions from
each of these point sources. The resulting phase differences are caused by the different in path lengths that the contributing
portions of the rays traveled from the slit.

o Diffraction plays a large part in the resolution at which we are able to see things. There is a point where two light sources can be
so close to each other that we cannot distinguish them apart.

o When two light sources are close to each other, they can be: unresolved (i.e., not able to distinguish one from the other), just
resolved (i.e., only able to distinguish them apart from each other), and a little well resolved (i.e., easy to tell apart from one
another).

o In order for two light sources to be just resolved, the center of one diffraction pattern must directly overlap with the first
minimum of the other diffraction pattern.

Key Terms

o diffraction: The bending of a wave around the edges of an opening or an obstacle.

o constructive interference: Occurs when waves interfere with each other crest to crest and the waves are exactly in phase with
each other.

o destructive interference: Occurs when waves interfere with each other crest to trough (peak to valley) and are exactly out of
phase with each other.

o interference: An effect caused by the superposition of two systems of waves, such as a distortion on a broadcast signal due to
atmospheric or other effects.

o iridescence: The condition or state of being iridescent; exhibition of colors like those of the rainbow; a prismatic play of color.

o diffraction: The bending of a wave around the edges of an opening or an obstacle.

« monochromatic: Describes a beam of light with a single wavelength (i.e., of one specific color or frequency).

o resolution: The degree of fineness with which an image can be recorded or produced, often expressed as the number of pixels
per unit of length (typically an inch).
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