Anval WomEn'S (oLl EGIE
IKARUR .
COdp,‘. lb&Cc PHE

Opt-es .



ABERRATIONS IN LENSES

1.15. Introduction

. The ‘.’Ie viations in f/?e size, shape, position and colour in the actual images produced by a lens
é” COMParison (e the object are cq//ed aberrations produced by a lens. Chromatic aberrations ai¢
istortions of the image due to the dispersion of light in the lenses of an optical system when white light
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is used. The defect of coloured image formed by a lens with white light is called chromatic aberration.
If monochromatic light is used, then such defects are automatically removed. Besides these defects
there are defects which are present even when monochromatic light is used. Such defects are called,
monochromatic aberrations. These aberrations are the result of (1) the large aperture of the optical system
(ii) the large angle subtended by the rays with the principal axis and (iii) the large size of the object A;
aresult of these aberrations, (i) a point is not imaged as a point, (ii) a plane is not imaged 2s a plane and
(iii) equ@lstant pomnts are not imaged as equidistant points. Following are the monochromatic aberrations:
(i) Spherical aberration, (ii) Astigmatism, (iii) Coma, (iv) Curvature of field and (v) Distortion. .

1.16. Spherical Aberration in a ens

This aberration is due to large aperture of the lenses. The
lens of large aperture may be thought to be made up of zones. The

marginal and paraxial rays form the images at different places. B

Fig. 1.19 shows that a monochromatic point source Son the axis ~ ©

is imaged as S, and S, . Here, S, and S are the images formed i g B
by marginal and paraxial rays respectivé’ly. Thus the point object W( P
is not imaged as a point. Similarly the focus of marginal and

paraxial rays do not coincide. The distance § S on the axis Fig. 1.19.
measures longitudinal spherical aberration. "

Th.e Jailure of a lens to form a point image of a point object on the axis is called spherical
aberration.
| For rays parallel toiprir.lcipal axis, the distance between the foci of marginal and paraxial rays
gives .the extent of lopglmdlnal spherical aberration. In Fig. 1.20a, F,and F, are the foci for the
paraxial and the marginal rays respectively. Spherical aberration of a convergent lens is taken to be

positive as the distance (f,—/,,), measured along the axis. The spherical aberration of a diverging lens
is negative (Fig. 1.205).

e [ —

Fig. 1.20.

1.17. Methods of Minimising Spherical Aberration

The following methods are used to reduce spherical aberration.

(i) By using stops : By using stops, we can reduce the lens aperture. We can use either paraxial
or marginal rays [Fig. 1.21]. Here, circular discs,
called the stops, are used to cut off the unwanted &1 X i
rays. The stop in Fig. 1.21 (a) is a disc with a circular ) === X
hole. It eliminates marginal rays. Fig. 1.21 (b) shows % X
astop to eliminate paraxial rays. But the use of stops (a)
reduces the intensity of the image and the resolving
power of the instrument.

(ii) By using the two lenses separated by a distance. When two convex lenses separated by a
finite distance are used the spherical aberration is minimum when the distance between the lenses is
equal to the difference in their focal lengths. In this arrangement, the total deviation is equally shared
by the two lenses. Hence the spherical aberration is minimum.

(b)
Fig. 1.21.
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sy . Ming an aplanatic lens o st

x-cl'ui(“ ) By Using a crossed lens. The radii of curvature R, R, of a thin len Y the followmg
alon: ~

L _op[ L= LJ
_—/—‘ = R R
Il\\ therefore, shows that spherical aberration depends upon (%) .
the tefractive index of the lens medium (#) and (ii) the shape fac'tor g
B. which is determined by the ratio B = R /R,. If the refractive
ndex of material of the lens is 1.5, the spherical aberration will be

f
Minimum when B = R/R, = — 1/6. A convex lens whose radii .Of " fy
curvatures bear the said ratio s called as a crossed lens. It is essent}al
to divide the deviation on two surfaces equally (Fig. 1.22). The axial Fig. 1.22,
and marginal rays of |j ght come to focus with minimum of spherical
aberration.

Example 1 : Find the radii of curvature for a lens of f = 10 cm, n = 1.5 for which Paralje
incident light has minimum spherical aberration.

Solution : Here, /=10 cm; n=15.

For minimum spherical aberration, RiR, =~ 1/6. . Ry =~ 6.

I 1 1 P 1 ]
N —=n-1) ———lor—=(15-1| — + —
ow, r; (n D(R, szor i ( )[Rl 6R,
R, =5.833 cm; R, =— 6R, =—- 35 cm.
1.18. Condition for Minimum S?)herical Aberration of Two Thin Lenses-
Separated by a Distance

Spherical aberration may be minimised L, 3, Lo
by using two plano-convex lenses separated (o A L
by a distance equal to the difference in their / hy hy B 8\2
focal lengths. = 5 5 ——=
Let two plano-convex lenses Z, and by Fy
of focal lengths £, and f, be placed coaxially RN Rt

separated by a distance a (Fig. 1.23). Consider <+ fs >
aray OA, parallel to principal axis, incident on

L . Fig. 1.23.
lens L, at height 4, above the principal axis. 5123
The deviatﬁon d, produced by the lens L, is given by
h
8, = — (1)
v

The refracted ray AB is incident at B at a height 4, from the axis on lens L
The deviation, 8, produced by lens L, is given by

h

/s

The ray AB produced meets the axis at £, which is the principal focus of lens Ly
Hence CF| = f,. /
For minimum spherical aberration, the deviation produced by both the lenses should be eqi@"
/. €., 6' = 62

2

5, =
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ho_ hy
r - ==
¢ Lo f
ho_ A
or = e sl 3)
hy
From similar triangles ACF |, and BDF |, we get
AC CF  CH
BD DF, CF-CD
or h—' = -—l'— ..(4)
by hHh-—a
Comparing Egs. (3) and (4), we get
h /i o
= or =] -a
fo S—a 2
a=f-/

This is the condition for minimum spherical aberration for two lenses separated by a distance.

'1.19. Aplanatic Lens

A spherical lens which is free from the defects of spherical aberration and coma is called an
aplanatic lens. The pair of conjugate points in the lens system free from spherical aberration and
coma are called aplanatic points.

Aplanatic points are two conjugate points on the axis with respect to a spherical surface such
that an object placed at one of these points produces at the second point an image which is free from
spherical aberration and coma.

Aplanatic points of a spherical refracting ,N
surface : Let C be the centre of curvature of a spherical
surface of radius of curvature R and refractive index »
[Fig. 1.24]. Consider a point object O placed on the axis
at a distance R/n from C. A ray of light OP making an
angle 6, with the axis after refraction will bend away

from the normal along PB. When produced back, it will ot >
meet the axis at / making an angle 0,. The angles of /n
incidence and refraction are i (ZOPC) and r (£ZNPB) l¢— nR

respectively.
Thensini/sinr=1/n Fig. 1.24.
or nsin i =sinr ilh)
(0] R
aopc, LE €9, K _Rin

' sin@, sini sin®  sini
or nsini=sin0, ..(2)
From Eqgns. (1) and (2), sin 6, = sin r
or 0,=r ..(3)

InA OPI, 6, = 6, + (r - i)
or 9221'

..(4)



Optics and Spectrascopy

18 - e

/P X
_— o o R n
Erom sinuilar triangles OCP and ¢, cp CO ! co '
-(§)
\ Cl=Rn  hat if the object i placed atadistance g,
ows tha . of the slopes 8, and 0,. Hence a| the
he image formed is free from Sphcrigai

Thisrelation does not contain 0, and 8,. This §11 .
trom (', then the image is formed at a distance 7R irrespectiv
Ay s starting trom O will appear to diverge from /. Tl?el‘e
aberration. O and / are aplanatic points of the spherical lens. pe objective. The aplanatic len:

ma. A typical micros(;opQ

fore, t

on microsco

Use of aplanatic in hich power oil immersi ;
ot aplanatic lens in high p | aberration and co

is used in high power microscopes to minimise sph‘c.rlca ;
objective is shown in Fig. 1.25. L isa hfamisphe”_cal lens ©

radius R with its plane face directed towards the object O. The
object is immersed in cedar wood oil. The refractive index of
cedarwood oil and the material of the lens L, is the same. The
object O is placed in the oil at a distance R/n from the centre of
the hemispherical lens. The image is formed at /| at a distance
of 7R from C. Now, /, is at the centre of the first surface of the
meniscus lens L,. Therefore, the rays enter the meniscus lens
without any deviation, Further, the radius of curvature of the
sccond surface of L, is such that /, is its first aplanatic point.
Thus the rays after refraction through the second surface appear
to come from the conjugate aplanatic point /,. The virtual image
/, is free from spherical aberration. In this way, a wide beam
starting from O is changed into a small angled pencil diverging
from /,. The narrow beam of light from 1, enters the achromatic
combination of lenses which acts as objective of microscope.

1.20. Chromatic Aberration in a Lens

The focal length of a lens is given by

1 1 1
— === _
7o )[Rl RJ

Since # changes with the colour of light, / must be different for different colours. This change
of focal length with colour. is responsible for chromatic aberration. It is classified into two types.
(a) Longitudinal chromatic aberration, (b) Lateral chromatic aberration.

(a) Longitudinal chromatic aberration : A beam
of white light is incident on a convex lens parallel to
the principal axis [Fig. 1.26]. The dispersion of colours
takes place due to prismatic action of the lens. Violet is

White Light

deviated most and red the least, Red rays are brought to -
focus ata point farther than the violet rays. Evidently />

/.- The difference /- £ is a measure of the axial chromaltic | " "
aberration of a lens for parallel rays. D

[2xpression for Longitudinal chromatic aberration Fig. 1.26.
The focal length of a lens s given by

|
f:m-.)[i_L]
/ R R,
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ths of the lens for violet, red and yellow colours respectively:

Letf, /. and f, be the focal leng

; i tive indices. Then,
Also let 7., 71, and n, be the respective refrac

P . T (1)
-};—(n‘_, 1)(131 Rz)

QPSS 2
—}:—-(l’l,. 1)[R1 RZ] ‘
i abl 1 .(3)
Loa, 1)[Rl RJ

. fr— v__;nv_nl‘ (I’ly—l)('—l‘—_l—)

VA Ml R, R
Now, ® = (n-n,)/ (n-1)= dispersive power of the material of the lens; f.f,. = ff
f—f=0f ..(4)

(b) Lateral chromatic aberration : Fig. 1.27 shows a convex lens and an object AB placed
in front of the lens. The lens forms the image of white object 4B as B A and B A, in violet and red
colours respectively. The images of other colours lie in between the two. Evidently, the size of red
image is greater than the size of violetimage (B .4,> B A,). The difference (B A,— B A,) is a measure
of lateral or transverse chromatic aberration.

White

g  Light Longitudinal Chromatic
> Aberration
l F ¢ AR
| | R Ay jle— x —¥

Lateral Chromatic
Aberration

Fig. 1.27.

Chromatic aberration is eliminated by :
( l.) keeping two lenses in contact with each other and
(i) keeping two lenses out of contact.
Achromatic Combination of Lenses

./When tw J / ;
o 0 or more }lzenses are combined together in such a way that the combination is free from
aberration, then such a combination i |
s ion is called achromati nati '

The minimicat atic combination of lenses

misa ‘ vty o
sbertation st tion or removal of chromatic aberration is called achromatisation. Chromatic

e r . . :

emoved completely. Usually achromatism is achieved for two prominent colours



1.23. Coma

/ When a lens is corrected for spherical aberration, it forms a point image of a point object
situated on the axis. But if the point object is situated off the principal axis, the lens, even corrected
for spherical aberration, forms a comet-like image in place of point image. This defect in the image

is called coma.
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~ Consider an off axis point A in the
object (Fig. 1.30). The rays leaving 4 and
passing through the different zones of the
lens such as 11, 22, 33 are brought to focus
at different points B,, B,, B;, gradually
nearer to the lens. The radius of these
circles go on increasing with increase in jg. 1.30
radius of zone. Thus the resultant image e

is comet like. . ated as follows:
Removal of coma. The comatic aberration mZ}Y behdﬂ:r ZODES ineﬁ‘ective.
e lens and so making £2° urfaces. FoI example, for an objecy

1. By using a stop before th
2.-By properly choosing the fn=1.5and

situated at infinity, the comatic abe

e of the lens §

d by taking a 1698 ©

radii of curvature o1 ¥
rration may be minimise

R 1.
k= -1—2’ = ’9‘
i ted if each zone of the leng

, imina

3. Abbe sine condition. Abbe showed that comé may be elimi
satisfies the Abbe sine condition _
h. sin 0, = n,h, sin 8. _
By iy BTy 32 2 ns respectively. /z; and &, are

‘ect and image 1egio
s of the object a g ident and the conjugate

Here, 1, and n, are refractive indice ; .
angles which the 1nc1

the heights of the object and the image. 0, and 6, are the
emergent rays make with the axis ( Fig.1.31).
Ifthis condition is satisfied, the lateral magnification
h, _ msin6

hy  n,sin B,

will be same for all the rays of light, irrespective of the
angles 6,and 6,. Therefore, coma will be eliminated.
Fig. 1.31.

1.24. Astigmatism and its Minimization
“" Consider a point B situated off the axis in a line object which is vertically below the axis of the
lens. When the cone of rays from B falls on full circumference of the lens, then after refraction all

the rays do not meet at a single point (Fig. 1.32).
P

Fig. 1.32.

(a) The rays lying in the vertical plane BMN idi
horizontal line P. (called meridional plane) form the image &
(h) The rays lying in the horizontal plane BRS (call i '
line S. The circle of least confusion C lies in betw(een j’fl;g&glgcflfﬁelag:gtfom th?fimige a; ) vteg:;zi
. image for the objec
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is obtained here. This defect is called astigmatism. The distance between P and S is a measure of
astigmatism and is called the astigmatic difference-
pposite direction to that produced by 2

he concave lens is in 0
be reduced by suitable combination of concave and convex

The astigmatic difference in t
tic combination. It 18 used in the construction

lens. Hence astigmatism may
Such a combination of lenses is called anastigma

hotographic camera.

EYE-PIECES

convex

lenses. !
of objective lens n 3 p

1.25. Eye-piece
An eye-piece is a combination of lenses designed to magnify the image already formed by thf:
plano-convex lenses. F 18

objective of a telescope and microscope. An eye-piece consists of two _
called the field lens and E the eye lens (Fig. 1.33). The field lens has large aperture to 1nCrease the
-

field of view. The eye lens mainly magnifies the image.
To reduce the spherical aberration , the lenses taken are
plano-convex lenses. Further the focal lengths of the two
Jenses and their separation are selected in such a way
as to minimise the chromatic and spherical aberrations.

A combination of lenses is used in an eyepiece

in place of a simple lens magnifier for the following f
Objective Lens Eye Piece

reasons :
(i) The field of view is enlarged by using two or Fig, 1.33.

more lenses.
(ii) The aberrations can be minimised.

1.26. Huygens’ Eye-piece
Construction: It consists of two plano-convex lenses of focal lengths 3f (field lens) and f
(eye lens), placed a distance 2f apart [Fig. 1.34]. They are arranged with their convex faces towards
the incident rays. The eye-piece satisfies the following conditions of f,=3f fof
minimum spherical and chromatic aberrations. g

(i) The distance between the two lenses for minimum spherical ~——»
aberration is given by S
a=f,~f,.InHuygen’s eyepiece, a =3/~ /=2/. Hence this eye-piece L_ug_hT’
satisfies the condition of minimum spherical aberration.

(ii) For chromatic aberration to be minimuma = ( f, +/;)/2. In [—a=2f —
Huygens’ eyepiece, a = (3 + /) /2 =2/ Hence this eyepiece satisfies Fig. 1.34.

th¢ condition of minimum chromatic aberration.
Working : An eye-piece forms the final image at infinity. Thus the field lens forms the image

{2 in the first focal plane of eye-lens, Field Lens Position of

i.e., at a distance f'to the left of eye-lens. PRt (R

Now the distance between the field lens Eye |

anq eye-lens is 2f. Therefore, the image «— 3f/2 —» Lens |

1, lies at a distance f to the right of field — f— =5 I

lens. The image /, formed by the objective A@Z—:—/
of microscope or telescope acts as the ?i ' :/ |

virtual object for the field lens. Thus we |

treat /, as the virtual object for the field
}egs, and /, as the image of I, due to it
(Fig. 1.35) or v=1, F=3f, u = 7 We have
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1 __l.or”’/ 3f
v ) ; e/ ’ s comin
u=3f12 Therefor e the ray g frorn t

field lens The rays starting fy, 1
fi

‘ & ‘ fore
i.e. I, should be formed at a distance (3/2)/ fram th}i the cld lens @t 72
objective which converge towards /;, aré focussed bY

emerge from the eye-lens as a paralle]l beam-

Cardinal Points of Huygens Eyepiece

The equivalent focal length F of this eyepiece 1% 2 = A
a R 3f
_1_~_1_+—1——"‘=/+f 3f><f
F £ £ Hhh 3

- F: 3f/2. 1 i
e lens-
The second principal point is at a distance B from the €Y

—fx2f =_12,fi=~f'

fHa  _
B=-tifiza y+s-2f Y

The first principal point is a distance o from the field lens.
2
P/ .Y 6/ _3f..
o=t+—"—2=
fit+fh—a 3af+f-2f 2/
— i dF,a
The position of the principal points P, and P, and the PQHCIPal foa F 1 lanointzs re showr
Fig.1.36. Since the system is in air, the nodal points coincide with the principal p .

Field Lens «—— f —>» Eye Lens I
i

|
| [e— 3
o
¢ & 4
Ly | P, | Fy \) Lo |
: f

Fa

3f
| f———— 3f/l2————»!
,< 2f 4
< 3f »l
Fig. 1.36.

1.27. Ramsden’s Eyepiece

Construction : It consists of two plano convex lenses each of fo=f f
focal length /. The distance between them is (2/3) f[Fig.1.37]. For . ;
achromatism, the distance between the two lenses should bea= (f, —>

1

(f+1) e

+1)2= = /. But here a = (2/3)f.
h h Light
Thus in this eyepiece the chromatic aberration is o 2 7.
- - nl _ =—f
reduced. Similarly, for minimum spherical aberration , z? o o ’
= f— f=0. Hence the spherical aberration is not at 3] re’duce d lTh]iz b 127

is a demerit of this eyepiece.
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in the first focal plane of the eyelens [Fig.1.38]. Then the eye-piece forms the final image at infinity.
Since the focal length of the eye lens is fand a = (2/3) , I, is at a distance f/ 3 from the field lens.
Now, the image / | due to objective serves as the object for field lens. /, is the image of /; due to field

lens. Or,v=—f/3, F=fu=7? . Field Lens

u=-—f/A.

!
%A
Thus the eyepiece is so adjusted that the 1
image (1,) formed by the objective of telescope |
or microscope lies at a distance f/4 towards the e .
left of field lens: The crosswire is placed at 1.1, e flo—ple epgsi'\t,'g%n? lens
serves as the object for field lens and its image is

formed at Z,. Fig. 1.38.

Cardinal points : The focal length F of the equivalent lens is

principal points.

11,1 a 1.1 2/8_4
F f h W f fF 1 3f
‘ F=3f/4
go_ha __IxXQ/B) __f
h+tf-a 2f - (2f73) 2
- ha fx(2f/3)=+£
h+fi-a 2f-(2fB) 2
e s o b e DS gy e ez
are shown in Fig. 1.39. Since the system lE, [\ | Egﬁs /‘ ' Iy
is in air, the nodal points coincide with the b JT : P, » %
| |

Distance of the first principal focus

from the field lens of the eyepiece = F L= :
F\P, -0 =3 fl4 - fI2 = f/4. Similarly the e 5 3 ‘;“__f >
4

f
distance of the second principal focus from 4
the eye lens is L,F,=P,F,—B=3f/A-f Fig. 1.39.
12=f/4,

Example : 4 Ramsden s eyepiece is to have an effective focal length of 3 cm. Calculate the focal
lengths of the lens components and their distance of separation.

Solution : We have, i=i+i.—i'
Lo f hh

Here, fi=f,f,=f,a=2f3 and F = 3cm.
1_1.1 2/8

3 f f 7

f=4cm,anda=2f/3=8/3 cm.
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and L’ are conjugate pairs for L,. This L
makes points like 2 and P’ conjugate
for the whole system. If a poin
is located on the axis at O, rays
and O limit the bundle that will get
through the system. At Z, these rays arc

L, AtL, they Fig. 143

refracted through £, and
ain refracted in such directions

from P’ and L”.
-~ nd astigm
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|
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I
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oP i
jmageé of stoP
by L2

atism, the image of
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are ag
rpendicular to the 5.

that they appear to come
1.34. Curvature of the Field

Even if a lens is free from spher
O’ is curved (Fig. 1.44).

be in focus. o
> Tt arises

- a
ical aberratior: Zgr? Jaced at Ipe
If a scre

extended plane object O
the complete image /7" will not
This defect is called ‘curvature.
because the points away from the axis, such
as O, are at a greater distance from the
centre C of the lens than the axial point O.
Hence the image 7’ is formed at 2 smaller

Fig. 1.44.

distance than /.
y using suitable stops.

mised b

Removal of Curvature
s, curvature can be mini
bsence of curvature 1

(¢) In case of a single len
he condition for a

(i1) For a combination of lenses, t
) 1. 0
nf
Here  is the refractive index and /s the focal length of a lens.
) the condition reduces to

For two lenses (whether in contact or separated by a distance

1 1
— 4 =1
mh  mf
mf+nfp=0.

or

This is known as Petzval’s condition.
Since #,, n, are positive, f; and f, must have opposite signs. Hence by combining a convex lenso

a certain material with a concave lens of the suitable material and focal length, a flat field is obtained

1.35. Distortion,

When a stop is used with a lens to reduce the vario .

i, . - ) us abe - .

like object placea perpendicular to the axis is not of the same Shzr;:::f}’, ;hoeb{mig; }?‘f “21 pfl‘ane' SQuzllIr:(
ject. This defect 1s ¢a
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‘distortion’. This is because the chief rays forming images of different points on the object pass through
different portions of the lens. Hence different parts of the object suffer different magnifications.

There are two types of distortion : () barrel-shaped, (ii) pin-cushion shaped.

(!) When the stop is placed on the object side of the lens (Fig. 1.45a), the magnification of
the outermost part of the plane object is less than that.of the central part, producing barrel-shaped
distortion. If the stop is placed on the image side of the lens (Fig. 1.45b), then the outermost parts
of the object are magnified more than the central parts, producing pin-cushion-shaped distortion.

v Barrel  distortion

Pin cushion distortion
(b) Stop

Fig. 1.45.
Removal of Distortion

A combination of two similar meniscus convex lenses, with their concave
surfaces facing each other and having an aperture stop in the middle is free

e

from distortion, when the object and image are symmetrically placed (Fig. \
1.46). In this manner the pin-cushion-shaped distortion due to the first lens

is exactly nullified by the barrel-shaped distortion due to the second lens. ]
Fig. 1.46.
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