Wave Optics

; Wavefront, Interference of
 TOPIC E8 Light, Coherent and
‘ Incoherent Sources

In the figure below, P and Q are two equally intense
coherent sources emitting radiation of wavelength 20 m.
The separation between P and Q is 5 m and the phase of P
is ahead of that of Q by 90°. A, B and C are three distinct
points of observation, each equidistant from the midpoint
of PQ. The intensities of radiation at A, B, C will be in the

ratio: [Sep. 06, 2020 (I)]
s
S 0 B0 S
C A
(@ 0:1:4 (b) 2:1:0
(c) 0:1:2 (d) 4:1:0

Two coherent sources of sound, S, and S,, produce sound
waves of the same wavelength, A= 1m, in phase. S, and S,
are placed 1.5 m apart (see fig.). A listener, located at L,
directlyin front of S, finds that the intensity is at a minimum
when he is 2 m away from S,. The listener moves away
from S|, keeping his distance from S, fixed. The adjacent
maximum of intensity is observed when the listener is at a

distance d from §,. Then, d is : [Sep. 05, 2020 (I)]
f’/(o
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(@) 2m (b) Sm (c) 2m (d) 3m

Two light waves having the same wavelength A in vacuum
are in phase initially. Then the first wave travels a path L,
through a medium of refractive index 7, while the second
wave travels a path of length L, through a medium of
refractive index n,. After this the phase difference between

the two waves is : [Sep. 03,2020 (ID)]
2n( L, L 2n( L, L
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In an interference experiment the ratio of amplitudes of

a 1
. _1 —_—— . .
coherent waves is . 3 The ratio of maximum and
2

minimum intensities of fringes will be : [8 April 20191
(@ 2 (b) 18 (c) 4 d 9

Two coherent sources produce waves of different intensities
which interfere. After interference, the ratio of the maximum
intensity to the minimum intensity is 16. The intensity of the
waves are in the ratio: [9 Jan. 20191]
(@) 16:9 (b) 25:9 (c¢) 4:1 (d) 5:3

On a hot summer night, the refractive index of air is smallest
near the ground and increases with height from the ground.
When a light beam is directed horizontally, the Huygens'

principle leads us to conclude that as it travels, the light
beam : [2015]

(a) bends downwards

(b) bends upwards

(c) becomesnarrower

(d) goes horizontally without any deflection

Interference pattern is observed at ‘P’ due to
superimposition of two rays coming out from a source ‘S’
as shown in the figure. The value of ‘1’ for which maxima is
obtained at ‘P’ is:

(R is perfect reflecting surface) [Online April 12,2014]
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Two monochromatic light beams of intensity 16 and 9 units
are interfering. The ratio of intensities of bright and dark
parts of the resultant pattern is: [Online April 11,2014]

16 b 4 7
@5 O3 ©7
n identical waves each of intensity /; interfere with each

other. The ratio of maximum intensities if the interference
is (i) coherent and (ii) incoherent is :

@ =2

[Online April 23,2013]
1 1
(@ n? (b) — © — (d) n
n n

A ray of light of intensity I is incident on a parallel glass
slab at point A as shown in diagram. It undergoes partial
reflection and refraction. At each reflection, 25% of incident
energy is reflected. The rays AB and A'B' undergo
interference. The ratioof I, and I ; is:

[Online April 9, 2013]

N

C C'

(@ 49:1 (b) 7:1 (© 4:1 (d) 8:1

Two coherent plane light waves of equal amplitude makes
a small angle o (< < 1) with each other. They fall almost
normally on a screen. If A is the wavelength of light waves,
the fringe width Ax of interference patterns of the two sets
of waves on the screen is [Online May 19, 2012]

A A
© (2a) (d) NP
This question has a paragraph followed by two statements,
Statement — 1 and Statement — 2. Of the given four
alternatives after the statements, choose the one that
describes the statements.
A thin air film is formed by putting the convex surface of a
plane-convex lens over a plane glass plate. With

20 A
(a) o (b) o

monochromatic light, this film gives an interference pattern

due to light reflected from the top (convex) surface and

the bottom (glass plate) surface of the film.

Statement — 1 : When light reflects from the air-glass plate

interface, the reflected wave suffers a phase change of 7.

Statement — 2 : The centre of the interference pattern is

dark. [2011]

(a) Statement— 1 is true, Statement — 2 is true, Statement
— 2 is the correct explanation of Statement — 1.

(b) Statement— 1 is true, Statement — 2 is true, Statement
—2 is not the correct explanation of Statement — 1.

(c) Statement-— 1 is false, Statement — 2 is true.

(d) Statement— 1 is true, Statement — 2 is false.

Directions : Questions number 13-15 are based on the following
paragraph.

An initially parallel cylindrical beam travels in a medium of
refractive index u (/) =, + u, /, where p, and p, are positive
constants and / is the intensity of the light beam. The intensity
of the beam is decreasing with increasing radius
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As the beam enters the medium , it will [2010]
(@) diverge
(b) converge
(c) diverge near the axis and converge near the periphery
(d) travel as a cylindrical beam
The initial shape of the wavefront of the beam is  [2010]
(@) convex
(b) concave
(c) convex near the axis and concave near the periphery
(d) planar
The speed of light in the medium is [2010]
(a) minimum on the axis of the beam
(b) the same everywhere in the beam
(c) directly proportional to the intensity /
(d) maximum on the axis of the beam
To demonstrate the phenomenon of interference, we
require two sources which emit radiation [2003]
(@) ofnearly the same frequency
(b) of the same frequency
(c) ofdifferent wavelengths
(d) of the same frequency and having a definite phase
relationship
OPIC H Young's Double Slit 807
Experiment >
A young’s double-slit experiment is performed using

17.

monocromatic light of wavelength A. The inntensity of
light at a point on the screen, where the path difference is
A, is K units. The intensity of light at a point where the

A nK
path difference is 3 is given by 1 where n is an inte-

ger. The value of 7 is [NA Sep. 06, 2020 (IT)]
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In a Young’s double slit experiment, light of 500 nm is used
to produce an interference pattern. When the distance
between the slits is 0.05 mm, the angular width (in degree)
of the fringes formed on the distance screen is close to :

[Sep. 03, 2020 ()]
(@ 0.17° (b) 0.57°
(c) 1.7° (d) 0.07°
Interference fringes are observed on a screen by
illuminating two thin slits 1 mm apart with a light source (A
=632.8 nm). The distance between the screen and the slits
is 100 cm. If a bright fringe is observed on a screen at a
distance of 1.27 mm from the central bright fringe, then the
path difference between the waves, which are reaching

this point from the slits is close to:  [Sep. 02,2020 (I)]
(@) 1.27um (b) 2.87nm
(c) 2nm (d) 2.05um

In a Young's double slit experiment, 16 fringes are observed
in a certain segment of the screen when light of wavelength
700 nm is used. If the wavelength of light is changed to
400 nm, the number of fringes observed in the same

segment of the screen would be :  [Sep. 02, 2020 (ID)]
(a) 24 (b) 30
(c) 18 (d) 28

In a Young’s double slit experiment 15 fringes are observed
on a small portion of the screen when light of wavelength
500 nm is used. Ten fringes are observed on the same
section of the screen when another light source of
wavelength A is used. Then the value of A is (in nm)
. [NA 9 Jan 2020 II]
In a double-slit experiment, at a certain point on the screen
the path difference between the two interfering waves is

1
3 th of a wavelength. The ratio of the intensity of light at

that point to that at the centre of a bright fringe is:

[8 Jan 2020 IT]
(@) 0853 (b) 0672 (c) 0568 (d) 0.760
In a Young’s double slit experiment, the separation
between the slits is 0.15 mm. In the experiment, a source
of light of wavelength 589 nm is used and the interference
pattern is observed on a screen kept 1.5 m away. The
separation between the successive bright fringes on the
screen is: [7 Jan 2020 IT]
(@ 69mm (b) 39mm (¢) 59mm (d) 49mm
In a double slit experiment, when a thin film of thickness ¢
having refractive index p is introduced in front of one of
the slits, the maximum at the centre of the fringe pattern
shifts by one fringe width. The value of ¢ is (= is the

wavelength of the light used) : [12 April 2020 1]
2\ A

@ W= ® 2w-1
A A

© - @ @u-
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The figure shows a Young’s double slit experimental setup.
It is observed that when a thin transparent sheet of
thickness t and refractive index % is put in front of one of
the slits, the central maximum gets shifted by a distance
equal to n fringe widths. If the wavelength of light used is

», t will be: [9 April 2019 I]
. IJI‘ Screen
D
2nD\ b nD\
(@) a(“ 1) (b) a(u—l)
DL 2D\
(C) a(u _ 1) (d) a(}l _ 1)

In a Young’s double slit experiment, the path difference, at
a certain point on the screen, betwen two interfering waves

1
is gth of wavelength. The ratio of the intensity at this

point to that at the centre of a bright fringe is close to:
[11 Jan 20191]

(@ 074 (b) 0.85 (c) 094 (d) 0.80

In a Young’s double slit experiment with slit separation

1
0.1 mm, one observes a bright fringe at angle 20 rad

by using light of wavelength A, When the light of
wavelength A, is used a bright fringe is seen at the
same angle in the same set up. Given that A, and A, are
in visible range (380 nm to 740 nm), their values are:

[10 Jan. 2019 1]
(@ 625nm, 500 nm (b) 380nm, 525 nm
(c) 380nm, 500 nm (d) 400 nm, 500 nm
Consider a Young’s double slit experiment as shown in
figure. What should be the slit separation d in terms of

wavelength A such that the first minima occurs directly
in front of the slit (S,)? [10 Jan 2019 II]

st . .
T ____________ -¢ 1" minima
A T

Screen
A A
@ 2(\/_—2) ® (f—z)
© —2 @ —>
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In a Young's double slit experiment, the slits are placed
0.320 mm apart. Light of wavelength A = 500 nm is
incident on the slits. The total number of bright fringes
that are observed in the angular range — 30° < 6 < 30°
is [9 Jan 2019 II]
(a) 640 (b) 320 (¢ 321 (d) o41

In a Young's double slit experiment, slits are separated by
0.5 mm, and the screen is placed 150 cm away. A beam of
light consisting of two wavelengths, 650 nm and 520 nm,
is used to obtain interference fringes on the screen. The
least distance from the common central maximum to the
point where the bright fringes due to both the wavelengths
coincide is : [2017]
(@ 975mm (b) 15.6mm (¢) 1.56mm (d) 7.8mm

In a Young’s double slit experiment with light of
wavelength A the separation of slits is d and distance of
screen is D such that D >> d >> A. If the fringe width
is B, the distance from point of maximum intensity to the
point where intensity falls to half of maximum intensity
on either side is: [Online April 11, 2015]

p p p p
@ ¢ ®) 3 © 5 @ 5
In a Young’s double slit experiment, the distance between
the two identical slits is 6.1 times larger than the slit width.
Then the number of intensity maxima observed within the
central maximum of the single slit diffraction pattern is:

[Online April 19, 2014]

(@ 3 (b) 6 (© 12 d) 24
Using monochromatic light of wavelength A, an
experimentalist sets up the Young’s double slit experiment
in three ways as shown.
If she observes that y = 3°, the wavelength of light used

1S: [Online April 9, 2014]
51 Central fringe
T 0
d (Fringe width f)
L
D (Screen)
Transparent
mica sheet of
thickness T2 Central fringe
s, t=18um Y (Fringe
T p=16 | ‘é width B)
d
L
D (Screen)
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1 Central fringe

(Fringe width = p")

«—o —>

2D

(@ 520nm (b) 540nm (c¢) 560nm (d) 580nm
Two coherent point sources S, and S, are separated by a

small distance 'd' as shown. The fringes obtained on the
screen will be [2013]

Screen

(@) points (b) straight lines

(c) semi-circles (d) concentric circles

The source that illuminates the double - slit in 'double - slit
interference experiment' emits two distinct monochromatic
waves of wavelength 500 nm and 600 nm, each of them
producing its own pattern on the screen. At the central
point of the pattern when path difference is zero, maxima
of both the patterns coincide and the resulting interference
pattern is most distinct at the region of zero path difference.
But as one moves out of this central region, the two fringe
systems are gradually out of step such that maximum due
to on wavelength coincides with the minimum due to the
other and the combined fringe system becomes completely
indistinct. This may happen when path difference in nm
is: [Online April 25, 2013]

(@ 2000  (b) 3000 (c) 1000  (d) 1500

500

A thin glass plate of thickness is 2 A (Aiswavelength

of light used) and refractive index n = 1.5 is inserted
between one of the slits and the screen in Young’s double
slit experiment. At a point on the screen equidistant from
the slits, the ratio of the intensities before and after the
introduction of the glass plate is :

[Online April 25, 2013]
(@ 2:1 (b) 1:4 (© 4:1 (d) 4:3
This question has Statement-1 and Statement-2. Of the
four choices given after the Statements, choose the one
that best describes the two Statements.
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Statement-1: In Young’s double slit experiment, the number
of fringes observed in the field of view is small with longer
wavelength of light and is large with shorter wavelength
of light.

Statement-2: In the double slit experiment the fringe width
depends directly on the wavelength of light.

[Online April 22, 2013]

(a) Statement-1 istrue, Statement-2 is true and the Statement-
2 is correct explanation of the Statement-1.

(b) Statement-1 is false and the Statement-2 is true.

(c) Statement-1 is true Statement-2 is true and the
Statement-2 is not correct explanation of the
Statement-1.

(d) Statement-1 is true and the Statement-2 is false.

In Young's double slit experiment, one of the slit is wider
than other, so that amplitude of the light from one slit is
double of that other slit. If I | be the maximum intensity,
the resultant intensity I when they interfere at phase
difference ¢ is given by : [2012]

@) %”(4+5cos¢) (b) %n(lJFZCOSz%j

I
(©) I?m(l+4cos2gj (d) ?m(l+8cos2 %)

In Young’s double slit interference experiment, the slit
widths are in the ratio 1 : 25. Then the ratio of intensity at
the maxima and minima in the interference pattern is

[Online May 26, 2012]

(@ 3:2 (b) 1:25 (c) 9:4 d 1:5
The maximum number of possible interference maxima for
slit separation equal to 1.8A, where A is the wavelength of
lightused, in a Young’s double slit experiment is

[Online May 12, 2012]
(b) 3 d 5
In a Young’s double slit experiment with light of wavelength
A, fringe pattern on the screen has fringe width . When
two thin transparent glass (refractive index p) plates of
thickness ¢, and ¢, (¢, > ¢,) are placed in the path of the
two beams respectively, the fringe pattern will shift by a

(a) zero (c) infinite

distance [Online May 7, 2012]
SR MB Ay
@) [[2] ® 5,
-1 A
© B(“x )(tl—tz) (d) (u—l)g(nﬂz)

At two points P and Q on screen in Young’s double slit
experiment, waves from slits S; and S, have a path

difference of 0 and % , respectively. The ratio of intensities
at Pand Q will be: [2011 RS]
(b) V2:1 (¢) 4:1

@ 2:1 d) 3:2
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In a Young’s double slit experiment, the two slits act as
coherent sources of wave of equal amplitude A and
wavelength A. In another experiment with the same
arrangement the two slits are made to act as incoherent
sources of waves of same amplitude and wavelength. If
the intensity at the middle point of the screen in the first

. . . .1
case is /; and in the second case is /,, then the ratio —Lis
2

[2011 RS]

(@ 2 (b) 1 () 05 d) 4

A mixture of light, consisting of wavelength 590 nm and an
unknown wavelength, illuminates Young’s double slit and
givesrise to two overlapping interference patterns on the
screen. The central maximum of both lights coincide.
Further, it is observed that the third bright fringe of known
light coincides with the 4th bright fringe of the unknown
light. From this data, the wavelength of the unknown light

1S: [2009]
(a) 885.0nm (b) 442.5nm
(c) 776.8nm (d) 393.4nm

In a Young’s double slit experiment the intensity at a point

where the path difference is % (A being the wavelength of

light used) is /. If /, denotes the maximum intensity, IL is
0

equal to [2007]

5 !
EGE

A Young’s double slit experiment uses a monochromatic

3 1
@ 2 ® = ©

source. The shape of the interference fringes formed on a

screen is [2005]

(@) circle (b) hyperbola
(c) parabola (d) straightline

The maximum number of possible interference maxima for
slit-separation equal to twice the wavelength in Young’s
[2004]

(d) zero

HDiffraction, Polarisation of @

double-slit experiment is

(a) three (b) five (c¢) infinite

Light and Resolving Power >

A beam of plane polarised light of large cross-sectional
area and uniform intensity of 3.3 Wm™2 falls normally on a
polariser (cross sectional area 3 x 10~* m?) which rotates
about its axis with an angular speed of 31.4 rad/s. The
energy of light passing through the polariser per
revolution, is close to : [Sep. 04,2020 (D]
(@ 1.0x1073J (b) 1.0x104J

() 1.5x10%J (d) 5.0x10*4J
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Orange light of wavelength 6000 x 10~1% m illuminates a
single slit of width 0.6 x 10~% m. The maximum possible
number of diffraction minima produced on both sides of
the central maximum is .

[NA Sep. 04,2020 (ID)]
The aperture diameter of telescope is Sm. The separation
between the moon and the earth is 4 x 10° km. With light
of wavelength of 5500 A, the minimum separation between
objects on the surface of moon, so that they are just
resolved, is close to: [9 Jan. 2020 I]
(@) 60m (b) 20m  (c) 200m  (d) 600m
A polarizer - analyser set is adjusted such that the
intensity of light coming out of the analyser is just 10% of
the original intensity. Assuming that the polarizer -
analyser set does not absorb any light, the angle by which
the analyser need to be rotated further to reduce the
output intensity to be zero, is: [7 Jan. 2020 1]
(@ 71.6° (b) 184° (c) 90° (d) 45°
The value of numerical aperature of the objective lens of
amicroscope is 1.25. Iflight of wavelength 5000 A is used,
the minimum separation between two points, to be seen
as distinct, will be : [12 April 2019 1]

(@ 024pm (b) 038um (c) 0.12um (d) 048 um

A system of three polarizers P, P,, P_ is setup such that the
pass axis of P, is crossed with respect to that of P,. The
pass axis of P, is inclined at 60° to the pass axis of P,. When
abeam of unpolarized light of intensityI_is incidenton P ,
the intensity of light transmitted by the three polarizers is I.
The ratio (I /I) equals (nearly) : [12 April 2019 IT]
(@) 5.33 (b) 1600 (c) 10.67 (d) 1.80
Diameter of the objective lens of a telescope is 250 cm.
For light of wavelength 600 nm. Coming from a distant

object, the limit of resolution of the telescope is close to:
[9 April 2019 11]

(@ 1.5x107"rad(b) 2.0x1077 rad

(© 3.0x107 rad (d) 4.5x107"rad

Calculate the limit of resolution of a telescope objective
having a diameter of 200 cm, if it has to detect light of
wavelength 500 nm coming from a star. [8 April 2019 I1]
(@) 305x 10°radian (b) 610 x 10° radian

(c) 152.5x10°radian  (d) 457.5x 10 radian

In a double-slit experiment, green light (5303A) falls on a
double slit having a separation of 19.44 um and a width of
4.05 um. The number of bright fringes between the first
and the second diffraction minima is: [11 Jan 2019 II]
(@ 10 (b) 05 (c) ™4 (d) M
Consider a tank made of glass (refractive index 1.5) with a
thick bottom. It is filled with a liquid of refractive index p.
A student finds that, irrespective of what the incident
angle i (see figure) is for a beam of light entering the
liquid, the light reflected from the liquid glass interface is
never completely polarized. For this to happen, the
minimum value of L is: [9 Jan. 2019 1]

58.

59.

60.
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@ 43 (b) NG © NE) @ 3

The angular width ofthe central maximum in a single slit
diffraction pattern is 60°. The width oftheslitis 1 um. The
slit is illuminated by monochromatic plane waves. If
another slit of same width is made near it, Young's fringes
can be observed on a screen placed at a distance 50 cm
from the slits. Ifthe observed fringe width is 1 cm, what is
slit separation distance?

(i.e. distance between the centres of each slit.)  [2018]
(@ 25pum  (b) 50pm (¢) 75um  (d) 100pm
Unpolarized light of intensity I passes through an ideal
polarizer A. Another indentical polarizer B is placed behind

I
A. The intensity of light beyond B is found to be 7 Now
another identical polarizer C is placed between A and B.
The intensity beyond B is now found to be I The angle

between polarizer A and C is: [2018]
(@ (b) 30° (c) 45° (d) 60°
Light of wavelength 550 nm falls normally on a slit of width
22.0 x 10-3cm. The angular position of the second minima
from the central maximum will be (in radians)

[Online April 15, 2018]

I I I I
@5 O ©; @
Unpolarized light of intensity I is incident on a system of
two polarizers, A followed by B. The intensity of emergent
lightis I/2. If a third polarizer Cis placed between A and B,
the intensity of emergent light is reduced to I/3. The angle
between the polarizers A and C is 0. Then

[Online April 16,2018]
1/4
2
cosO=| —
@ coso=(2)

1/4
(b) cosB= (%)
1/2 1/2
(c) cosB= (%) (d) cosB= (%)

A plane polarized light is incident on a polariser with its pass
axis making angle 0 with x-axis, as shown in the figure. At four
different values of 0,0 =8°,38°, 188° and 218°, the observed
intensities are same. What is the angle between the direction
of polarization and x-axis [Online April 15, 2018]

’ .
Pass axis

(b) 45°

(@) 203° (©) 98° (d) 128°
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An observer is moving with half the speed of light towards
a stationary microwave source emitting waves at frequency
10 GHz. What is the frequency of the microwave measured

by the observer? (speed of light =3 x 103ms™!)  [2017]
(a) 17.3GHz (b) 153GHz
(c) 10.1GHz (d) 12.1GHz

A single slit of width 0.1 mm is illuminated by a parallel
beam of light of wavelength 6000 A and diffraction
bands are observed on a screen 0.5 m from the slit. The
distance of the third dark band from the central bright
band is : [Online April 9, 2017]
(@ 3mm (b) 9mm (c) 45mm (d) 1.5mm

A single slit of width b is illuminated by a coherent
monochromatic light of wavelength A. If the second and
fourth minima in the diffraction pattern at a distance 1 m
from the slit are at 3 cm and 6 cm respectively from the
central maximum, what is the width of the central maximum ?
(i.e. distance between first minimum on either side of the
central maximum) [Online April 8,2017]
(@ 15ecm (b) 3.0cm (¢) 45cm  (d) 6.0cm

The box of a pin hole camera, of length L, has a hole of
radius a. It is assumed that when the hole is illuminated by
a parallel beam of light of wavelength A the spread of the
spot (obtained on the opposite wall of the camera) is the
sum of its geometrical spread and the spread due to
diffraction. The spot would then have its minimum size

(say b,;,,) when : [2016]
(@ a=+ALandb;, =+4AL

2
(b) a= %and bmin = V4AL

A2 202
(C) a= Tandbmjn = (T]

02
d a= VAland bin =| —
Two stars are 10 light years away from the earth. They are
seen through a telescope of objective diameter 30 cm. The
wavelength of light is 600 nm. To see the stars just resolved

by the telescope, the minimum distance between them
should be (1 light year = 9.46 x 1015 m) of the order of :
[Online April 10, 2016]
(@ 108km (b) 10'%km (c) 10''km (d) 10°km
In Young's double slit experiment, the distance between
slits and the screen is 1.0 m and monochromatic light of
600 nm is being used. A person standing near the slits is
looking at the fringe pattern. When the separation between
the slits is varied, the interference pattern disappears for a

particular distance d;, between the slits. If the angular
o
resolution of the eye is 0’ the value of d,; is close to :

[Online April 9, 2016]

(@) Imm (b) 3mm (c) 2mm (d) 4mm
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Assuming human pupil to have a radius of 0.25 cm and a
comfortable viewing distance of 25 c¢cm, the minimum
separation between two objects that human eye can resolve
at 500 nm wavelength is : [2015]

(@ 100pum (b) 300um (c¢) lum (d) 30um
Unpolarized light of intensity I is incident on surface of
a block of glass at Brewster’s angle. In that case, which
one of the following statements is true ?

[Online April 11, 2015]
(@) reflected light is completely polarized with intensity

1eSS tha]l

(b) transmitted light is completely polarized with intensity

1eSS tha]l

(c) transmitted light is partially polarized with intensity

Iy
2
(d) reflected light is partially polarized with intensity

Iy

2
Two beams, A and B, of plane polarized light with mutually
perpendicular planes of polarization are seen through a
polaroid. From the position when the beam A has maximum
intensity (and beam B has zero intensity), a rotation of
polaroid through 30° makes the two beams appear equally
bright. If the initial intensities of the two beams arel, and

I

A
I; respectively, then g equals: [2014]

3 1
@ 3 ®) 7 © 1 @ 3

The diameter of the objective lens of microscope makes an
angle [ at the focus of the microscope. Further, the medium
between the object and the lens is an oil of refractive index
n. Then the resolving power of the microscope

[Online April 19,2014]
(a) increases with decreasing value of n
(b) increases with decreasing value of §
(c) increases with increasing value of n sin 23

d) increases with increasing value of —/———
@ J nsin2f3

A ray of light is incident from a denser to a rarer medium.
The critical angle for total internal reflection is 0,
and Brewster’s angle of incidence is 0,5, such that sin6,-/
sin0,; =n = 1.28. The relative refractive index of the two
media is: [Online April 19, 2014]

@) 02 (b) 04  (c) 08 d) 09
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74. In an experiment of single slit diffraction pattern, first ~78. The first diffraction minimum due to the single slit
minimum for red light coincides with first maximum of some diffraction is seen at 6 = 30° for a light of wavelength 5000
other wavelength. If wavelength of red light is 6600 A, A falling perpendicularly on the slit. The width of the slit
then wavelength of first maximum will be: is [Online May 12, 2012]
[Online April 12,2014] (a) 25%x10"3cm (b) 1.25%x 103 cm
(@) 3300A  (b) 4400A (c) 5500A (d) 6600A © 10x105cm d) 5x105cm
75 [;‘lbeanil of ulrlpo}arlsed 1}11ght }?f m;lensn};l Iy 1s1 P as.sed 79. Two polaroids have their polarizing directions parallel so
t ;Olf a PO argldA;llnd.t en.t rlou;g lanot eip © ar01d;3 that the intensity of a transmitted light is maximum. The
Wf:;O 1S ;)rlfante S;)lt atflt: p;glgpa P 'fme r?ah esanangie angle through which either polaroid must be turned if the
O, ) relative to that of A. The mtensity of the emergent intensity is to drop by one-halfis [Online May 7, 2012]
light is [2013] 138° b) o 120°
@@ I, (b) 12 (© Iy4 (d) I8 ® ®) o © .
76. This question has Statement-1 and Statements-2. Of the 80. Statement-1: On viewing the Cle?r bluf,: portion Ofﬂ,le
. . sky through a Calcite Crystal, the intensity of transmit-
four choices given after the Statements, choose the one ted light vari th tal is rotated
that best describes the two Statements. e ight varles as 'e crysta .1s rotated. . .
Statement-1 : Out of radio waves and microwaves, the Statement - 2 Thelight C(.)mmg from t.he Sk}.,ls polarized
. . . due to scattering of sun light by particles in the atmo-
radio waves undergo more diffraction. o i
) sphere. The scattering is largest for blue light. [2011 RS]
Statement-2 : Radio waves have greater frequency ) ]
compared to microwaves. [Online April 25, 2013] (2) Statement -1 istrue, statement-2 is false.
(a) Statement-lis true, Statement-2 is true and (b) Statement-1 is t@e, statement-2 is true, statement-2 is
Statement-2 is the correct explanation of Statement-1 the correct explanation of statement-1
(b) Statement-1 is false, Statement-2 is true. (c) Statement-1 is true, statement-2 is true, statement-2 is
(c) Statement-1is true, Statement-2 is false. not the correct explanation of statement-1
(d) Statement-1 is true, Statement-2 is true but Statement- (d) Statement-1 s false, statement-2 is true.
2 is not the correct explanation of Statement-1 81. Inan experiment, electrons are made to pass through a narrow

77.

A person lives in a high-rise building on the bank of ariver
50 m wide. Across the river is a well lit tower of height 40 m.
When the person, who is at a height of 10 m, looks through
a polarizer at an appropriate angle at light of the tower
reflecting from the river surface, he notes that intensity of
light coming from distance X from his building is the least
and this corresponds to the light coming from light bulbs
at height 'Y' on the tower. The values of X and Y are

. . 4
respectively close to (refractive index of water = 3 )

[Online April 9, 2013]

L

«— S0m ———>
(@ 25m,10m (b) 13m,27m
(¢ 22m,13m (d) 17m,20m

— < —>

slit of width ‘d” comparable to their de Broglie wavelength.
They are detected on a screen at a distance ‘D’ from the slit
(see figure).

Which of the following graphs can be expected to
represent the number of electrons ‘N’ detected as a
function of the detector position ‘y’(y = 0 corresponds to
the middle of the slit) [2008]

@ N (b) N

o
|
Zary=

K>
d
One—t} O

—n—




Wave Optics

82.

83.

84.

P-423

If I, is the intensity of the principal maximum in the single

slit diffraction pattern, then what will be its intensity when
the slit width is doubled? [2005]

1y
b) 21, ©

@) 41, @ Iy

When an unpolarized light of intensity /) isincident on a

polarizing sheet, the intensity of the light which does not

get transmitted is [2005]
1
—1

®) 5

(@) %IO () I (d) zero

Two point white dots are 1 mm apart on a black paper.
They are viewed by eye of pupil diameter 3 mm.
Approximately, what is the maximum distance at which
these dots can be resolved by the eye?

85.

86.

[Take wavelength of light = 500 nm] [2005]
(@ Im (b) 5Sm (¢©) 3m (d) 6m
The angle of incidence at which reflected light is totally

polarized for reflection from air to glass (refractive index
n),is [2004]

(@) tan"'(1/n) (b) sin~'(1/n)

© sin"!(n) d) tan"!(n)
Wavelength of light used in an optical instrument are
Ay =4000A and A, =5000A, then ratio of their

respective resolving powers (corresponding to k1 and

[2002]
d) 5:4

lz)is

(@ 16:25 (b) 9:1 (c) 4:5
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() For(A)
Xp
P @T’
& d A

xp—Xp=(d+25)-(d-2.5)=5m
Phase difference A¢ due to path difference

2n 2n T
= (A= 2—0(5) =5

At A4, Q is ahead of P by path, as wave emitted by QO
reaches before wave emitted by P.

. T T
.. Total phase difference at 4 275 =0

(due to P being ahead of O by 90°)
Ly=1+ 1, + 21, {1, cos A
= I+I+2\/7\/7COS(0) =47
For C,
Path difference, Xp —Xp =5 m
Phase difference A¢ due to path difference
T

2n 2n
= (M) ="70)=7

T T
=—4—

Total phase difference at C = 775" i

L = I, + I + 211, cos(Ad)

:I+I+2ﬁﬁcos(n):0
For B,

Path difference, xp —x, =0

Phase difference, Ap = g
(due to P being ahead of QO by 90°)

I =I+I+2«/7\/700sg=21

Therefore intensities of radiation at 4, B and C will be in
the ratio

I, :1p:1-=41:21:0=2:1:0.

Hints & Solutions

(d Initially, S,L=2m
2
S,L=,[2* J{ij _3_25m
2 2

Path difference, Ax =S,L -S,L=0.5 m:%

When the listner move from L, first maxima will appear if
path difference is integral multiple of wavelength.

For example
Ax=nk=1A

L Av=A=SL'-S,L

(n=1 for first maxima)

=1=d-2=d=3m

(¢) The distance traversed by light in a medium of
refractive index m in time 7 is given by

d=vt (1)
where v is velocity of light in the medium. The distance
traversed by light in a vacuum in this time,

d L
A=ct=c X; [from equation (i)]
c C
=d<=ud i3 eu=—=
ity i) (e u V)

This distance is the equvalent distance in vacuum and is
called optical path.

Optical path for first ray which travels a path L, through a

medium of refractive index n, = n L,

Optical path for second ray which travels a path L, through

amedium of refractive index ny=nyL,

Path difference =n, L, —n,L,

Now, phase difference

2n 2
= X path difference = TR x(mLy —nyL,)
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=

10.

[43] 3
(¢) Given amplitude ratio of waves is Zz

2
Imax (az +a1 \

S0,
Inin  \az—q
2
(@, ) )
ay (341) _(4)2_4 L,
B 3-1 2/ 1
4

2
Lox [Al +A, j
As we know, il Be——
® Iin  \A1—-Az

L oA
and 4|7 T A

L A
1%216 :M=4 Mzi
Inin min AI_A2 1

Using componendo and dividendo.

A5 [5)2 25
_——:>—=— =

Ay 3 I, \3 9
Plane WF
increases

®) (Light bends Vel decreases

upwards)

Refracted
©
() Intensity oc (amplitude)?
L _16_a
I, 9 a%
= a;= 4; a,= 3
Therefore the ratio of intensities of bright and dark parts
Trignt _ (a +a,)’ _ (4+3)° _ 4

Iouk  (q-ay)* (4-3)° 1

(Maximum intensity) coherent interference

@

(Maximum intensity) in coherent interference

11.

12.

13.

14.

15.

16.

P-425
91
From figure I; =— and I, ~ea
L_9
L, 16
( \?
I I—2+1
By llSll’lg Imax _t 1
I
min 72_1
L
([9 1\2
_L 6| _49
1
S
16
A
© Ax=——
(20)

(b) A phase change of n rad appears when the ray reflects
at the glass-air interface. As a result, there will be a
destructive interference at the centre. So, the centre of the
interference pattern is dark.

() When light beam is moving and as it enters the medium,
the refractive index will decrease from the axis towards the
periphery of the beam.

Therefore, the beam will conver less distance as one move
from the axis to the periphery and hence the beam will
converge.

\\ —— /- 1 Decreasing i
) oo ANSooo
/ ==-A-f-ooooozIs

(d) Initially the parallel beam is cylindrical. Therefore, the
wavefront will be planar.

(@) Thespeed of light (v) in a medium of refractive index
(W) is given by

u= 5, where c is the speed of light in vacuum
v

c c

no HotHa(d)

As Iis decreasing with increasing radius, it is maximum on
the axis of the beam. Therefore, v is minimum on the axis of
the beam.

(d To demonstrate the phenomenon of interference we
require two sources of light which emit radiation of same
frequency and having a definite phase relationship (a phase
relationship that does not change with time)

€))

In young's double slit experiment, intensity at a point is
given by

SV =

I=1, cos’ g ..(1)

where, ¢ = phase difference,
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18.

19.

20.

21.

Using phase difference, ¢ = 2771 x path difference
For path difference A, phase difference ¢, = 2n

For path difference, %, phase difference ¢, = g
Using equation (i),

5 ) ()
L os (4)2] cosz(gj

son=09.
() Given : Wavelength of light, A =500 nm
Distance between the slits, d=0.05 mm
Angular width of the fringe formed,

A 500x107°

E W =0.01 rad=0.57°.
X

(@ Path difference, AP = dsin0 = d0
d = distance between slits= 1 mm = 10> mm
D = distance between the slits and screen=100cm =1 m

y = distance between central bright fringe and observed
fringe=1.27mm

dy _107 x1.270mm
D Im

(@ Letn, fringes are visible with light of wavelength A,
and n, with light of wavelength A,. Then

122

AP =— =127 pm

I/llD}\,l _ nzD}\,z

P=" d

no_ M

noA

700
= n2 =—><16: 28
400

AD
(750) Fringe width, B = 7 where, A = wavelength, D=
distance of screen from slits, d = distance between slits
ATQ

MD

Ay D
15x = = 10x 2=
d

= 154,=10,

22,

23.

24,

25.

26.

= A=L15A 151 =1.5x500nm
= A,=750nm

A
(@) Given, Path difference, Ax = g

. 2n
Phase differences, Ad = N Ax

2n A W

= X— =

A 8 4
(3

I =1,cos

¥_/

)

(
— =cos? LAJ = cos?
2

2—=0853
Iy

(¢) Given, distance between screen and slits, D=1.5m
Seperation between slits, d=0.15 mm

Wavelength of source of light, L = 589 nm

Fringe-width,

D 1.
w=—»\= >

7 —3><589><10 "m
0.15x10™

=589 x 102 mm=5.89 mm ~ 5.9 mm
(¢) Given,A=f
D(u-le _ D
a4
A

(-1
(Bonus) Shift =np (given)

t=

=ty _ndD {._Shiﬁ:D(u—l)t}
a a a
‘- nk
T (-

() Given, path difference, Ax :%

Phase difference (A¢) is given by

Ap= 27"(Ax)

(2m) 2
8

M=

A

For two sources in different phases,
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21T
I1=1,cos (—)
0 8

I+—=
= = V2 =0.85
2 2
27. (a) Pathdifference =dsinb~d0

b
1+ cos—

1
=0.1x 4—0 mm =2500nm

For bright fringe, path difference must be integral multiple
of A.
2. 2500=n, =mA,
5 Ay =625 (for n=4), A, =500 (for m=5)
28. (a) Here,x,=2dandx,= /54

For, first minima, AX = 7

A
.'.Ax:xz—xlzx/gd—2d=5

29. (d) For'n' number of maximas
dsin 0 =n\
0.32 x 107 sin 30° =n x 500 x 10~

032x107 1
_0532x10 - 1

0= =320
500x107° 2

Hence total no. of maximas observed in angular range —
30°<6<30°
=320+1+320=641

30. (d Forcommonmaxima,n;A; =n,A,

mo A, 520x107° 4

n, A 650x10° 5
For?»l
_ nl};le , A =650 nm

 4x650x10° x1.5

o, y=7.8mm

d 05%10°2
2 (A n
31. (¢) 2[0 :410 COS [ > ) here, A¢=E
27 A
But, A¢ = TAX so, Ax= 2

32.
33.

34.
3s.
36.

37.

38.

Multiplying equation (i) and (ii) we get,

_B
7y

©

® Givent=18x10°m
p=1.6

n =2 (from figure)

Applying formula (u— 1) t=ni
(1.6-1)x 1.8x107°0=2)

1.8x10™° x0.6
oL A=—--——
2
=540nm
(d) It will be concentric circles.
@
©

D
(¢) Fringewidth B= Ek

And number of fringes observed in the field of view is

d
obtained by 5

(@ Leta, be the amplitude of light from first slit and @,
be the amplitude of light from second slit.

a,=a, Thena,=2a

Intensity / oc (amplitude)?

L=a,>=4a’>=41
) 2
I.=a,"+a,”+2a,a,cos ¢

=11 +1p +2,/[1], cos¢
.= I; +41) +2,/41* cos ¢
= [.=5I,+4l,cos ...(H
Now, I = (a, +a,)* = (a+2a)*=9a*

I
Imax = 9Il = Il = nf;ax
Substituting in equation (1)

I — 5Imax + 4Imax COSd)

4 9 9

I, :Im%[S+4cos¢]

I, :Imﬁ[5+8coszg—4}
9 2

I, :Imi[l+8cos2 Q}
9 2
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39.

40.

41.

42,

(¢) We know that, 43.

2

(o, )
fe oz

[min (F
L(Dz J

. .. . . 44,
I .. and [ . are maximum and minium intensity
o, and ©, are widths of two slits
2
( i +1j (
. Imax — 25 L&=2i5giV€nJ
Imin L—l 2 ®2
25
On solving we get, 45.
36
_[max :2:2 =9:4
[min E 4
25

b)) Assinf= % and sin6 cannot be #1

orn=1.38
Hence maximum number of possible inter ference maximas,
0, +11.e.3

_ _1
(© Shifi= B(“x )II_B(H}L )tz
_1
_B(ux J-1)

(@ Path difference at P Ax; =0
Phase difference at P will be

Ap, = TAXI

:EXO
A

=Q°
Resultant Intensity at P
I, =1+ 1,+2[,cos0°=4],
Path difference at Q
Ax, = 7

Phase difference at O

AJ_R.&:[E] 46.
A 4 2

Resultant intensity at Q.

L=1,+1, +2I, cosg =21, 47,

L3, _2

Thus, = =
I, 21, 1

(@) For coherent sources, intensity at mid point
I oc(a+ a)?
=1, < (2a)?
For incoherent sources, intensity of mid point is
I, o< 2a?

I, 2

. Z =7
() Let A be the wavelength of unknown light. Third bright
fringe of known light coincides with the 4th bright fringe of
the unknown light.

3MD 4D
d d

. 3(590)D  4rD

4 d

= A =%>< 590 = 442.5nm
(@ For path difference of A, the phase difference is 21
For path difference of %, the phase difference is

2nxA/6 w

Resultant intensity

I=1+1, +2\/Z\/Ecos§
I=h+ L+ LN

For two identical source, I,=1, = I’ (say)
then /=37

2
Ia = (VI +4/2)
Maximum resultant intensity,

(T +JT) =(T) =41’
I 3

Imax 4

+J<ALTERNATE SOLUTION

The intensity of light at any point of the screen where the
phase difference due to light coming from the twosslits is ¢ is

given by

I=1, cos? (%j

Where /) is the maximum intensity.

NOTE This formula is applicable when /,=I,.

. 2n A
Phase difference ¢ = o X 3 =m/3

2
1 2T \/g 3
.—=cos"—=|—| ==
1 6 2
(d The light passing through the slits interfere and
produce dark and bright band one screen. The shape of
interference fringes formed on a screen in case of a
monochromatic source is a straight line.

() For constructive interference path difference (As sin
0<1)

dsin 0 = nA
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Given d=2\

- 2)sin 0= ), = sin® :%

n=0,1,—1,2,—2hence five maxima are possible.
48. () Given:

Intensity, 7,=3.3 Wm™>

Area, A=3x10"*m?

Angular speed, ®=31.4rad/s

Average energy = [, 4 < cos? 0 >

1 .
" <cos’O> = N per revolution

=5%x1074J

_4
.. Average energy = %

49. (198)
For obtaining secondary minima at a point path difference
should be integral multiple of wavelength

c.dsin® = nA
c.sin@ = ﬂ
d

For ntobe maximum gin @ = 1

d _6x107

L 6x107

Total number of minima on one side = 99

=100

Total number of minima = 198.

50. (a) 92

é"(. 2

«——d—> v ©
«— f—3

Smallest angular separation between two distant objects
here moon and earth,

9=1.22&
a

a = aperture diameter of telescope
Distance 0,0, = (0)d

Minimum separation between objects on the surface of moon,

:(I.ZZAJ d
a

51.

52.

53.

54.

5S.

56.
57.

~(1.22)(5500x 107'0) x 4x10° x10°
5

=5368 x 102 m=>53.68 m~60m
() According to question, the intensity of light coming

out of the analyser is just 10% of the original intensity (/)
Using, =1,c0s’0

I 1
:—°=10cos29 = —=cos’0
10 10

1
= c0s0=——==0.316 = 9~ 71.6°

Jio

Therefore, the angle by which the analyser need to be
rotated further to reduced the output intensity to be zero
$=90°-0=90°-71.6°=18.4°

1.22)\

2usin®

@ x=

~ 1.22x5000

Ixl25  24wm

1y
() I= Py cos? 30° cos? 60°

o

30
Io'|'> ly/2 I‘

N E—

P, P,
_f 3 1
27474
1—0—2—1067
I 3
1220 1.22x600x107°
d 250x10
=3.0x10"rad
-9
@ oo 1220 122x500x107 o o
d 2
b)

() According to Brewster’s law, refractive index of ma-
terial (L) is equal to tangent of polarising angle

. L.
tanl, =pu=—o

1 1.5
_<—
N TR +(1.5)2
1.5
u? +(1.5)2

2

( sini, <sini, )
s.sini, =

or, \Jp’ +(1.5)" <1.5xp
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58.

59.

60.

61.

62.
63.

—u?+(1.5)* <(ux1.5)

3
\/* i.e. minimum value of p should

beﬁ

2A

(@ Angular width of central maxima = q

- d Fri dth, B= AxD 64.
or, A= K ringe widt d’
-2 -6 -2
10,2:g><50><10 _ 107" x50x10
d' 2xd'
Therefore, slit separation distance, d’ = 25um

(¢) Axis oftransmission of A & B are parallel.

Polariser A Polariser B

65.
12 12

After introducing polariser C between A and B,

Polariser A Polariser C Polariser B
@v @ECOS ’0 O?/;Cos ‘0
1
—cos 0== = cos* 9—
2 4

1
= cosO=—or, 0=45°
V2
(@) Ifangular position of 2"d maxima from central maxima
is O then
(2n—DA 3k 3x550x10~°
2a. 20 2x22x107

0="rad

8

sin® =

(@) Polariser A and B have same alignment of transmission 6.

axis.
Lets assume polariser c is introduced at 6 angle

1 1
— 0520 xc0s20=—
2 3

/4
cos 0=—=rcos0=|—
or, 3 3

@
(@ Use relativistic doppler's effect as velocity of
observer is not small as compared to light

fc +v
=75 V = relative speed of approach
+v’

fOZIOGHz

i —1043 =17.3 GHz

®b) a=0.1mm=10*cm
A=6000x10"cm=6x10"cm,D=0.5m
for 3" dark band, asin® =3 A

. 3 X
or sinf@=—=—

a D

The distance of the third dark band from the central bright
band

_3AD  3x6x1077 x0.5

=9 mm
a 107

() For secondary minima,

bsin 6 =nA = sin 0 =%

Distance of n' secondary minima x =D sin 0

or sin0 = X

. _2M
sin@, = ?
n=4

ing =k _X2
sin 0, = b "D

4 27» 27»
X2 - Xl =
b b b
2?» 2?»
3= =>b=— .. i
e ®
. . 21
Width of central maxima = ?
= z 3cm
3

.. from eq. (1)

(@ Given geometrical spread =a

Diffraction spread = r xL= AL

a a
Thesum b=a + }L—L
a
For b to be minimum
da da a

a=-L
VAL +L = 24/hL =J40L

bmin=
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67.

68.

69.

70.

71.

72.

73.

p-431

We know that no=200_ L
(a) e know tha 1 R

The minimum distance between them

9.46x10" x10x0.61x600x10~°
0.3

l:EO.6IX)\:
9

=1.15x10"m
= 1.115 x 103km.
(¢) Given D=1.0m, wavelength of monochromatic light
A=600nm.
1

d:D6 —Ix—
180 60

dp =2x107% =2mm

. 0.25 1
sinf=——=——
@ 25 100
0.25¢ 0
< 25cm
Resolvi B 1.22A 130
esolving power = 2usinG =30 um.

(@ When unpolarised light is incident at Brewster’s
angle then reflected light is completely polarized and the
intensity of the reflected light is less than half of the
incident light.

(d) According to malus law, intensity of emerging beam
is given by,
I= 1000529
Now, I, =1, c0s230°
Ip =1y c0s260°
Asl,=1p
1 I 1
4 4 Ip 3
(¢) Resolving power of microscope,

RP. = 2nsin 0

A = Wavelength of light used to illuminate the object

n = Refractive index of the medium between object and
objective

0 =Angle
(c) Here,sin®,, /sin6;5 =1.28
As we know,

sin GiB

sin(;t -0;5 j

74.

75.

76.

77.
78.

79.

80.

where, 0,5 is Brewster’s angle of incidence,

1

sin 0;,

And, 4=

On solving we get, relative refractive index of the two me-
dia.

() Inasingleslitexperiment,

For diffraction maxima,

asin® = (2n+1)%

and for diffraction minima,
asin 6 = nA
According to question,

(2><1+1)%:1><6600

(- Ag =6600A)
5 _ 6600x2

3
A =4400A

(¢) Relation between intensities

A 5450 B
I (1,/2) 7/

(unpolarised) i I
A\

A

I, = (I—Oj cos? (45°) = ) X 1 = Lo

2 2 2 4
(¢) Wavelength of radio waves is greater than
microwaves hence frequency of radio waves is less than
microwaves.
The degree of diffraction is greater whose wavelength is
greater.

(b)
(¢) For first minimum,
dsinf= )\
A 5000x10%cm
= d= =

sin@  sin30°
~5000x10 "8 cm

y
2

1 1
(@) For 1=70 and I=1000829=70

s 0=45°
Therefore the angle through which either polaroids turned
is 135° (= 180°—45°)

() When viewed through a polaroid which is rotated
then the light from a clear blue portion of the sky shows a
rise and fall of intensity. The light coming from the sky is
polarised due to scattering of sunlight by particles in the
atmosphere.

—10x10 2 ¢cm
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Incident sunlight Iy
(unpolarised) .. Intensity of polarized light = >
—* = Intensity of untransmitted light
Sun — ]_0 B ]_0
0 =
Scattered light 2 2
olarised
(potarised) 84. & Y>i;mt
D d
-3 -3
D< yd 1077 x3x10 :ﬂsz
to observer (1.22) A (1.22) x 5 x 1077 6.1
81. (d) Theelectron beam will be diffracted and the maxima
is obtained.at y :.0. . . " Dpax = 5m
A.lso, the diffraction pattern, should be wider than the slit 85. (d) Fromthe Brewster’s law, angle of incidence for total
width. rom He B £
polarization is given by tan 6 =n
2 - -1
sin ¢ R =0=tan"" n
82. (@ I= IO( ' J and ¢ = X(b sin ) Where 7 is the refractive index of the glass.
86. (d) The resolving power of an optical instrument is

83.

When the slit width is doubled, the amplitude of the wave
at the centre of the screen is doubled, so the intensity at
the centre is increased by a factor 4.

() From the law of Malus, /= 100052 0

When an unpolarised light is converted into plane
polarised light by passing through polariod, its intensity
become hafl.

inversely proportional to the wavelength of light used.
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