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Diffraction

Diffraction refers to various phenomena that occur when a wave encounters an
obstacle or a slit. It is defined as the bending of waves around the corners of an
obstacle or through an aperture into the region of geometrical shadow of the
obstacle/aperture. The diffracting object or aperture effectively becomes a

secondary source of the propagating wave. ltalian scientist Francesco Maria

Grimaldi coined the word "diffraction” and was the first to record accurate

observations of the phenomenon in 1660.
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In classical physics, the diffraction phenomenon is described by the Huygens—
Fresnel principle that treats each point in a propagating wave-front as a
collection of individual spherical wavelets.[®! The characteristic banding pattern
IS most pronounced when a wave from a coherent source (such as a laser)
encounters a slit/aperture that is comparable in size to its wavelength, as shown
in the inserted image. This is due to the addition, or interference, of different
points on the wave-front (or, equivalently, each wavelet) that travel by paths of
different lengths to the registering surface. However, if there are
multiple, closely spaced openings, a complex pattern of varying intensity can

result.

These effects also occur when a light wave travels through a medium with a
varying refractive index, or when a sound wave travels through a medium with
varying acoustic impedance — all waves diffract, including gravitational
waves!, water waves, and other electromagnetic waves such as X-rays and radio
waves. Furthermore, quantum mechanics also demonstrates that matter
possesses wave-like properties, and hence, undergoes diffraction (which is

measurable at subatomic to molecular levels).

Diffraction and interference are closely related and are nearly — if not exactly —
identical in meaning. Richard Feynman observes that "diffraction” tends to be
used when referring to many wave sources, and "interference" when only a few

are considered.?
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What is Fresnel’s diffraction?

Fresnel diffraction of circular
aperture"

f

resnel diffraction of circular aperture

Fresnel diffraction can be observed if the source of light and the screen at which
diffraction pattern is formed are kept at finite distance from the diffracting
obstacle.In this situation the wave fronts falling on the obstacle are not

plane.Similarly the wave fronts leaving the obstacle are not plane.

What is Fraunhofer diffraction

Fraunhofer diffraction can be observed if the source of light and screen at which
diffraction pattern is formed are placed at infinite distance from the diffracting
obstacle.This can be done by using two converging lenses.One lens is placed
between the source of light and the obstacle while the other lens is placed between
the obstacle and screen.The lens between the source and obstacle makes the rays
parallel to each other while the lens between the obstacle and screen ,focus the

parallel rays at point on the screen.

Difference between Fraunhofer and Fresnel diffraction



Attributes Fraunhofer Diffraction Fresnel Diffraction
Wave fronts Both the incident and | Both the incident and
diffracted wavefronts | diffracted wavefronts
are plane wavefonts. are spherical or
cylindrical
Lens convex lens is used convex lens is not used
Distance of  source | source of screen are at|source of screen are at
screen infinite dist. finite distance from the
obstacle.
Zone plate

Binary zone plate: The areas of each ring, both light and dark, are equal.
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Sinusoidal zone plate: This type has a single focal point.

zone plate

A zone plate is a device used to focus light or other things exhibiting wave

character.™ Unlike lensesor ~ curved  mirrors  however, zone plates
use diffraction instead  of refraction or reflection. Based on  analysis
by Augustin-Jean Fresnel, they are sometimes called Fresnel zone plates in his
honor. The zone plate's focusing ability is an extension of the Arago

spot phenomenon caused by diffraction from an opaque disc.[

A zone plate consists of a set of radially symmetric rings, known as Fresnel
zones, which alternate between opaque and transparent. Light hitting the zone
plate will diffract around the opaque zones. The zones can be spaced so that the
diffracted light constructively interferes at the desired focus, creating an image

there.

Phase reversal zone plate.

Scientists wood in 1898, instead of blocking the

alternative zones of zone plate, he introduced an additional optical path
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of between the wave from successive zones. Then the amplitude from
successive zones helped each other. Such zone  plates are

called Phase reversal zone plate.

What are the similarities and dissimilarities between a zone
plate and a convex lens?

Similarities

Both Zone plate acts a convex lens .

Both are having chromatic aberration while focusing.

The relation between conjugate distances are similar.

dissimilarities

a) The zone plate works by diffraction and the lens works by refraction

b) The image produced by a lens is very intense where as the image produced
by the zone plate not intense.

¢) The zone plate has an array of focal lengths ( N numbers) where as a convex
lens has a single focal point.

d) The focal length of a convex lens directly proportional to the wavelength

where as the focal length of the zone plate inversely proportional to wavelength.

Single-slit diffraction
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In classical physics, we can classify optical phenomena into one of two categories:

ray optics and wave optics.

Light is a transverse electromagnetic wave. In many situations, the wavelengths
of the light being studied are very small compared to the dimensions of the
equipment used to study the light. Under these conditions we can make an
approximation called geometrical opticsor ray optics. Consider the
wavelength scale of light waves. Wavelengths in the middle of the visible band
are on the order of 500 nm. So a laser beam with a diameter of 1 mm has a
diameter of 2000 wavelengths. Individual atoms in a solid are separated by
distance on the order of 0.1 nm. So, as far as visible light is concerned, matter

IS quasi-continuous.

If the wavelengths of the light become comparable to the dimensions of the
equipment, then we study optical phenomena using the classical theory of
radiation, or wave optics. Wave optics contains all of ray optics, but the

mathematical treatment is much more involved.

Diffraction and interference are phenomena observed with all
waves. Diffraction can only be observed with waves traveling in two or three

dimensions.
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Diffraction is the tendency of a wave emitted from a finite source or passing
through a finite aperture to spread out as it propagates. Diffraction results from
the interference of an infinite number of waves emitted by a continuous
distribution of source points in two or three dimensions. Huygens'
principle lets us treat wave propagation by considering every point on a wave
front to be a secondary source of spherical wavelets. These wavelets propagate
outward with the characteristic speed of the wave. The wavelets emitted by all
points on the wave front interfere with each other to produce the traveling
wave. Huygens' principle also holds for electromagnetic waves. When
studying the propagation of light, we can replace any wave front by a collection

of sources distributed uniformly over the wave front, radiating in phase.



The light spreads around the edges of the obstacle. This is the phenomenon
of diffraction. Diffraction is a wave phenomenon and is also observed with

water waves in a ripple tank

When light passes through a single slit whose width w is on the order of the
wavelength of the light, then we can observe a single slit diffraction pattern on a
screen that is a distance L >> w away from the slit. The intensity is a function
of angle. Huygens' principle tells us that each part of the slit can be thought of
as an emitter of waves. All these waves interfere to produce the diffraction
pattern. Where crest meets crest we have constructive interference and where

crest meets trough we have destructive interference.
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Very far from a point source the wave fronts are essentially plane waves. This is
called the Fraunhofer regime, and the diffraction pattern is called Fraunhofer
diffraction. The positions of all maxima (constructive interference) and minima
(destructive interference) in the Fraunhofer diffraction pattern can be calculated
fairly easily.
The Fraunhofer approximation, however, is only valid when the source, aperture,
and detector are all very far apart or when lenses are used to convert spherical

waves into plane waves.
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The Fresnel regime is the near-field regime. In this regime the wave fronts are

curved, and their mathematical description is more involved.

The positions of all maxima and minima in the Fraunhofer diffraction pattern

from a single slit can be found from the following simple arguments.

« Consider a slit of width w, as shown in the diagram on the right. A plane
wave is incident from the bottom and all points oscillate in phase inside
the slit.

o For light leaving the slit in a particular direction defined by the angle 9,

we may have destructive interference between the ray at the right edge

Ty




(ray 1) and the middle ray (ray 7). To arrive at a distant screen
perpendicular to the direction of propagation of the rays, the rays coming
from different points inside the slit have to travel different
distances. They have a different optical path length. If ray 7 has to
travel an extra distance of one-half wavelength (A/2) compared to ray 1,
then ray 1 and ray 7 destructively interfere. Crest meets trough.

« The optical path length (OPL) of a light ray traveling from point A to
point B is defined as c times the time it takes the ray to travel from A to
B. In free space the optical path length is just the distance d between the
points. In a transparent medium with index of refraction n, it equals n

times this distance, OPL = nd, because the light moves with speed c/n.

If the optical path length of two rays differs by A/2, the two rays interfere

destructively. For ray 1 and ray 7 to be half a wavelength out of phase we need

(W/2) sin@ = A/2 or w sin0 = A.
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But from geometry, if these two rays interfere destructively, so do rays 2
and 8, 3 and 8, and 6 and 10, 5 and 11, and 6 and 12.

In effect, light from one half of the opening interferes destructively and
cancels out light from the other half.

Destructive interference produces the dark fringes. Dark fringes in the
diffraction pattern of a single slit are found at angles 6 for which

W sin® = mA,

where mis an integer, m =1, 2, 3, ... . For the first dark fringe we have
w sinB = A.

When w is smaller than A , the equation w sin6 = A has no solution and no
dark fringes are produced.
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If the interference pattern is viewed on a screen a distance L from the slits, then the

wavelength can be found from the spacing of the fringes. We have A = w sin6/m

and sin0 = z/(L? + z%)%), or
A =zw/(m(L? + 2%)%),

where z is the distance from the center of the interference pattern to the mth dark

line in the pattern.

If L >> z then (L? + z?)”* ~ z/L and we can write

A =zw/(mL).



Link: Diffraction of Light - Exploring Wave Motion (YouTube)

Problem:

When a monochromatic light source shines through a 0.2 mm wide slit onto
a screen 3.5 m away, the first dark band in the pattern appears 9.1 mm
from the center of the bright band. What is the wavelength of the light?

Solution:

« Reasoning:

Dark fringes in the diffraction pattern of a single slit are found at angles 0
for which w sin = mA,

« Wheremisaninteger,m=1,2,3,....
o For the first dark fringe we have w sinf = A.
o Here we are asked to solve this equation for A.

« Details of the calculation:

z=9.1mm=9.1*103m.

L=35m.

w = 0.2 mm =2*10*m.

L >> z, therefore sinb ~ z/L and A = zw/(mL).
A =(9.1¥10*m)(2*10*m)/(3.5 m).

A =5.2%10"m =520 nm.

Problem:


http://www.youtube.com/watch?v=AXaZc-VQzWk

Consider a single slit diffraction pattern for a slit width w. It is observed that
for light of wavelength 400 nm the angle between the first minimum and the
central maximum is 4*10- radians. What is the value of w?

Solution:

« Reasoning:

Dark fringes in the diffraction pattern of a single slit are found at angles 0

for which w sin® = mA, where m is an integer, m =1, 2, 3, ... . For the first
dark fringe we have w sinf = A. Here we are asked to solve this equation for
W.

« Details of the calculation:

First minimum: w sin0 = X, w = (400 nm)/sin(4*1073 radians) = 1*10“ m.

Diffraction from Two Slits
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The diffraction of light was a well known phenomenon by the end of the 19th
century and was well explained in classical ElectroMagnetic theory since light was



held to be a EM wave. The diffraction pattern from two narrow slits is particularly
easy to understand in terms of waves. The setup is shown in the diagram below.

EM waves of wavelength A are emitted from a single light-source, like a laser.
They travel to two narrow slits, (for simplicity) equidistant from the source, and a

distance d apart. Light travels from the slits to a detection screen. A diffraction
pattern can be seen on the detection screen, like the one shown in the picture

below.

(a)

I (x)

(h) X

The center of the diffraction pattern occurs at the location on the screen equidistant
from each slit where the waves from the two slits are in phase (because they have
traveled exactly the same distance) and the fields add, so the waves interfere



constructively and there is an intensity maximum. Some distance off this center of
the diffraction pattern, there will be destructive interference between waves from
the two slits and the intensity will be zero. This will occur when the distance

traveled by two waves differs by 2

so the waves are 180 degrees out of phase and the fields from the two slits
cancel.

We can compute this location by looking at the above diagram. We assume that the
distance to the screen is much greater than . € For light detected at an angle ¢

the extra distance traveled from slit 1 is just dsinf

So the angle of the first minimum (or null) can be found from the equation .
dsinf = %

More generally we will get a maximum if the paths from the slits differ by an
integer number of wavelengths dsiné = nA

and we will get a null when the paths differ by a half integer number
wavelengths. .

(n4-1)A
2

d sin gnuﬂ =

Diffraction grating

“The diffraction grating is a useful device for analyzing light sources. It
consists of a large number of equally spaced parallel slits.”Its working principle

Is based on the phenomenon of diffraction. The space between lines acts as slits


https://physicsabout.com/diffraction-of-light/

and these slits diffract the light waves thereby producing a large number of
beams that interfere in such a way to produce spectra.

A transmission grating can be made by cutting parallel lines on a glass plate
with a precision ruling machine. The space between the lines is transparent to
the light and hence acts as separate slits. A reflection grating can be made by
cutting parallel lines on the surface of refractive material. Gratings that have
many lines very close to each other can have very small slit spacing. For

example, a grating ruled with 5000 lines/cm has a slit spacing d=1/5000

cm=2.00x10+4cm.
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Viewing
screen

d=dsin@

A section of a diffraction grating is illustrated in the figure. A plane wave is an
incident from the left, normal to the plane of the grating. A converging lens
brings the rays together at point P. The pattern observed on the screen is the

result of the combined effects of interference and diffraction. Each slit is
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produced diffraction, and the diffracted beams interfere with one another to
produce the final pattern.

The waves from all slits are in phase as they leave the slits. However, for some
arbitrary direction 6 measured from the horizontal, the waves must travel
different path lengths before reaching point p. From the figure, we note that the
path difference’ 6 ° between rays from any two adjacent slits is equal to d sin 6.
If this path difference is equal to one wavelength or some integral multiple of a
wavelength, then waves from all slits are in phase at point P and a bright fringe
Is observed. Therefore, the condition for maxima in the interference pattern at

the angle 0 is.

Diffraction grating formula
d sin 6 =mA\

Where m=0,1,2,3,4...

We can use this expression to calculate the wavelength if we know the grating
spacing and the angle 0. If the incident radiation contains several wavelengths,
the mth-order maximum for each wavelength occurs at a specific angle. All
wavelengths are seen at 6 =0, corresponding to m=0, the zeroth-order maximum
(m=1) is observed at the angle that satisfies the relationship sin 0 =A/d: the

second-order maximum (m=2) is observed at a larger angle 60, and so on.


https://physicsabout.com/interference/

The intensity distribution for a diffraction grating obtained with the use of a
monochromatic source. Note the sharpness of the principal maxima and the
broadness of the dark areas. This is in contrast to the broad bright fringes
characteristic of the double-slit interference pattern. Because the principal
maxima are so sharp, they are very much brighter than double-

slit interference maxima.

Grating element definition
Distance between two consecutive slits (lines) of the grating is called grating

element. Grating element ‘d’ is calculated as:
Grating element =Length of grating/Number of lines

LIMITS OF RESOLUTION:

SECTION SUMMARY

« Diffraction limits resolution.

. Light diffracts as it moves through space, bending around obstacles,
interfering constructively and destructively. While this can be used as a

spectroscopic tool—a diffraction grating disperses light according to


https://physicsabout.com/interference/

wavelength, for example, and is used to produce spectra—diffraction also
limits the detail we can obtain in image, shows the effect of passing light
through a small circular aperture. Instead of a bright spot with sharp
edges, a spot with a fuzzy edge surrounded by circles of light is obtained.
This pattern is caused by diffraction similar to that produced by a single
slit. Light from different parts of the circular aperture interferes
constructively and destructively. The effect is most noticeable when the
aperture is small, but the effect is there for large apertures, too.

« (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.

THE RAYLEIGH CRITERION

For a circular aperture, lens, or mirror, the Rayleigh criterion states that
two images are just resolvable when the center of the diffraction pattern
of one is directly over the first minimum of the diffraction pattern of the

other.
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Resolving power definition

“The resolving power of an instrument is its ability to reveal minor details of the object

under examination.”

Resolving Power of grating

“The resolving power of grating is a measure of how effectively it can separate
or resolve two wavelengths in a given order of their spectrum”.

The diffraction grating is most useful for measuring accurately. Like the prism,
the diffraction grating can be used to disperse a spectrum into its wavelength
components. The grating is the more precise device if we want to distinguish

two closely spaced wavelengths.
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According to Rayleigh’s  Criterion For two nearly equal
wavelengths A, and A, between which a diffraction grating can just barely
distinguish, the resolving power R of the grating is defined as:

R =MAL

Thus,a grating that has a high resolving power can distinguish small differences
in wavelength.

Where A=A+ Ay 2and AL=A1— Ay

Thus, resolving power increases with the increasing order number and with an
increasing number of illuminated slits. If the lines are to be narrow, the angular
separation 00 is small, then corresponding wavelengths interval AL must be
small, and by equation(1l) the resolving power must be large. To find the

physical property of the grating that determines to resolve power R, we write

the spacing between nearby lines as:

_ mAA
— dcﬂga aEe smE o

(2)

Similarly the angular separation for the principal maximum that occurs at the
angle 8,corresponding to the particular order m is:

A
_Nd EGSB LEE NN

68

(3)

Comparing the equation (2) and (3) we get

maA _ A
Nd cos@  Nd cosf




R =Nm
Thus resolving power increases with the order number m and number of lines

N.Resolving power is independent of the separation d of the slits.



