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OPTICS 
 

 

Optics is the branch of physics that studies the behaviour and properties of 
light, including its interactions with matter and the construction of 

instruments that use or detect it. Optics usually describes the behaviour of 
visible, ultraviolet, and infrared light. 

 

 Paraxial rays, Peripheral rays: 

The rays parallel and close to the principal axis are called paraxial rays. The rays 

parallel but not close to the principal axis are called peripheral rays.               

    

 

 

Aberration 

In optics aberration is a property of optical system such as lenses that 

cause light to be spread out over some region of space rather than focused to a 

point.Aberration  cause the image formed by a lens to be blurred or distorted 

depending on the actual size shape and position.It divided into two categories 

monochromatic aberration and chromatic aberration.   

Monochromatic aberration: 

The defects due to Wide-angle incidence and peripheral  incidence  which occur 

even with monochromatic light are monochromatic aberration.It divided in to 

five types 

1.Spherical aberration 

2.Coma 

3.Astigmatism 

4.Curvature of field 

5.Distortion 



 

 Chromatic aberration: 

Aberration that occurs due to dispersion of light are called chromatic 

aberration. It occurs with light that contains  atleast two wavelengths.  

 

Spherical aberration  :  

      

                   Fig 1.1                                                            Fig 1.2 

Spherical aberration is an optical problem that occurs when all incoming 

light rays end up focusing at different points after passing through a 

spherical surface. 

The presence of spherical aberration in the image formed by a single lens is 
illustrated in fig1.1.O is a point object on the axis of the lens and I ,and layer 

the images formed by the paraxial and marginal rays respectively .It is clear 
from the figure that the paraxial rays of light form the image at a longer 
distance from the lens than the miarginal rays. 

       The image is not sharp at any point on the axis.However.if the screen is 
placed perpendicular to the axis al AB.the image appears to be circular patch 

of diameter AB.At positions on the two sides of AB,the image patch has a larger 
diameter. This patch of diameter AB is called the circle of least confusion,which 
corresponds,to the position of the best image.The distance Im,Ip measures the 

longitudinal spherical aberration. 
        The radius of the circle of least confusion measures the Lateral spherical 
aberration.When the aperture of the lens is relatively large compared to the 

focal length of the lens.the cones of the rays of light refracled through the 
different zones of the lens surface are not brought to focus at the same point Im 

and the axial rays come to focus at a farther point Ip..Thus.for an object point 
O on the axis.the image extends over the length ImIp.This effect is called 
spherical aberration and arises due to the fact that different annular zones 

have different focal lengths.The spherical aberration produced by a concave 
lens is illustrated in fig 1.2 

            The spherical aberration produced by a lens depends on the 
distance of the object point and varies approximately us the square of the 



distance of the object ray above the axis of the lens.The spherical aberration 
produced by a convex lens is positive and that produced by a concave lens is 

negative. 
Spherical of the thin and thick lens : 

 
A thick lens is more curved, that is, it has a smaller radius of curvature. The 
refractions taking place on both the surfaces of the lens need to be taken into 

consideration, which can make calculations quite  complex. A thin lens is less 
curved, that is, it has a larger radius of curvature. 
 

REDUCING SPHERICAL ABERRATION 
 
 Spherical aberration produced by lenses is minimized or eliminated by the 

following methods 

1. Spherical aberration can be minimized by using stops. which reduce 

the effective lens aperture. The stop used can be such as to permit either the 
axial rays of light or the marginal rays of light. However, as the amount of light 

passing through the lens is reduced, correspondingly the image appears less 
bright. 

2. The longitudinal spherical aberration produced by a thin lens for a 

parallel incident beamis given by 

                  

      

              

                                                       



 

 

 

 
 

                It is clear from the figure that the deviation produced bythe two 

surfaces is the same and the axial and marginal rays of light come to focus 

with minimum of spherical aberration.However.it should be noted that the 

spherical aberration cannot 

be completely eliminated in a lens with spherical surfaces.For a lens of 

refractive index 15.focal length 100 cm and radius of the lens aperture 10 

cm.the longitudinal spherical  aberration is1.07 cm fork=-1/6.For the same 

values of focal length and 

radius of the lens aperture,if the values of u and k are 2 and Plano-convex lens 

+1/5.the longitudinal spherical aberration reduces to 0.44cm. 

       3.Plano-convex lenses are used in optical instruments so  as to reduce the 
spherical aberration.When the curved surface of the lens faces the incident or 

emergent light whichever is more parallel to the axis,the spherical aberration is 
minimum. 
          The R1/R2= -1/6 is only 8% less spherical aberration in a crossed lenp 

than that of a plano-convex lens having the same focal length and radius of the 
lens aperture. 
          This is the reason why plano-convex lenses are generally used in place of 

crossed lenses without increasing the spherical aberration appreciably.Fig.9.5 
represents Fig.the variation of longitudinal spherical aberration with the radius 

of the lens aperture for lenses of the same focal length and refractive index. 
 

          In the sphencal aberration will,however,be very large if the plane surface 

faces the incident light.The sphencal aberration is a result of larger deviation of 

the marginal rays than the paraxial rays.If the deviation of the marginal rays of 

light is made minimum,the focus fm for a parallel incident beam will shift  

towards fp`.the focus for the paraxial rays of light and the spherical aberration 

will be minimum. 



Sphcrical aberration for a double convex lens(shapc factor 0.5)is a minimum 

when the Surface of smaller radius of curvuture faces the incident parallel 

light.The spherical aberration for a plano-convex lens(shape faclor+1.0)when 

the curved surface faces the incident light is only slightly more than the double 

convex lens.Hence.plano-convex lenses are preferred. 

              

 

 

 
      As the deviation is a minimum in a prism.when the angles of incidence and 

emergence are equal,similarly in a lens also.spherical aberration can be 

minimized if the total deviation produced by a lens is equally shared by the two 

surfaces.In a plano-convex lens.when the plane surface faces the parallel beam 

of light.the deviation is produced only at the curved surface and hence the 

longitudinal spherical aberration(Fig.)is more than when the curved surface 

faces the incident light(Fig.).In the latter case the spherical aberration is less 

than the former,because the total deviation in the second case is divided 

between the two surfaces.Thus,the spherical aberrabon produced by a single 

lens can be minimized by choosing proper radii of curvature.The shape factor q 

of lens is given by 

                                                               q   =       R1+R2 

                                                                             R2-R1 

 

Fig. represents lenses of the same values of f,.u  and  p but of different shape 

factors calculated according to equation().The longitudinal spherical aberration 

is represented along the y-axis and the shape factor q along the x-axis. 

4.  Spherical abcrration can also be made minimum by using two plano-convex 

lenses separated  By A distance equal to the difference in their focal length.In 



this arrangement.the two lenses equally 

share the  total deviation and the spherical aberration is minimum.In Fig.two 

plano-convex lenses of focal lengthsf,and,are separated by a distance d. 

 

 

 

 

Thus, the condition for minimum spherical aberration is that the distance 

between the two lenses is equal to the difference in their focal lengths. 

   5.Spherical aberration for a convex lens is +ve and that for a concave lens is  

-ve.By asuitable combination of convex and concave lenses spherical 

aberration can be made minimum. 

   6.Spherical aberration may be minimized by using axial-GRIN lenses(See). 

 

COMA : 

 In optics  the coma or comatic aberration, in an optical system refers 
to aberration inherent to certain optical designs or due to imperfection in 
the lens or other components that results in off-axis point sources such as 

stars appearing distorted, appearing to have a tail (coma) like a comet. 
Specifically, coma is defined as a variation in magnification over the entrance 

pupil. In refractive or diffractive optical systems, especially those imaging a 



wide spectral range, coma can be a function of wavelength, in which case it is a 
form of chromatic aberration. 

 The effect of rays from an object point not situated on the axis of the lens 

results in an aberration called coma.Comatic aberration is similar to spherical 

aberration in that both are due to the failure of the lens to bring all rays from a 

point object to focus at the same point.(Spherical aberralion refers to objeet 

points situated on the axis whereas chromatic aberration refers To object 

points situated off the axis .In the case of spherical aberration .the image is a 

circle of varying diameter along the axis and in the case of chromatic 

aberration the image is comet-shaped and hence the name coma. 

 

 

  

Fig. illustrates the effect of coma. The resultant image of a distant point off the 

axis is shown on the right side of the figure .The rays of light in the tangential 

plane are represented in the figure. illustrates the presence of coma in the 

image due to a point object ..situated of the axis of the lens .Rays of light 

getting refracted through the centre of the lens(ray)meet the screen XY at the 

point .Rays  etc getting refracted through the outer zones of the lens come to 

focus at points Q.R,S ,etc ,nearer the lens and overlapping circular patches of 

gradually increasing diameter are formed on the screen. The resultant image of 

the point is comet-shaped as indicated on the right side of the figure.  

 According  to Abbe ,a German  optician coma can be eliminated if a lens 

satisfies the Abbe’s sine condition viz 

                        µ1y1 sin Ɵ1 =  µ2y2sinƟ2 

where  µ1,y1,and sin Ɵ1 refers to the refractive index ,height of the object above 

the axis and the slope angle of the incident ray of light respectively .similarly 

µ2,y2,and sin Ɵ2 refers to the corresponding quantities  in the image space .the 

magnification of the image Is given by y2/y1 



                                  y2  =       µ1 sinƟ1 

                       Y1           µ2sinƟ2 

Elimination of the coma is possible if the lateral magnification y2/y1 is the 

same of all rays of light,irrespective of the slope angle Ɵ1, Ɵ2.thus ,coma can be 

eliminated if , sin Ɵ1/  sinƟ2 is a constant because  µ1/  µ2 is a constant. A lens 

that satisfies the above condition is called an aplanatic lens. 

 

APLANATIC POINTS 

A spherical refracting surface forms a point image of an axial point object 

only in the case of paraxial rays. When this condition is not satisfied, the 

refracted rays will not have a common point of intersection. The image of the 

axial point object will not be a point image. This departure from the ideal point 

image is termed as spherical aberration. However, this defect may be overcome 

by the use of an aplanatic surface. An aplanatic surface, with respect to two 

conjugate points is such that all the rays originating from one of the two points 

are reflected or refracted by the surface through the other point. Such a pair of 

points are termed as aplanatic foci or aplanatic points. 

 

Let AP be the section of a refracting sphere with its centre at C. Consider the 

refractive index of the medium of the sphere as µ 2 and that of the medium 

outside the sphere as µ 2 where µ 1 > µ 2. 

 
 

R is the radius of curvature of the sphere and O is the point object inside the 

sphere such that 

 

Let a ray OA be incident on the sphere at the point A and let AC be the normal 

at A. 



 

Since µ 1 > µ 2 the ray is bent away from the normal and is refracted along AQ. 

Another ray OC incident normally at P undergoes no deviation and passes 

straight. The two rays AQ and OP appear to diverge from I, which is the virtual 

image of O. It can be easily proved that CI = µ 1R/ µ2 and all the rays starting 

from O, however oblique they may be, after refractioµn at the surface of the 

sphere will appear to diverge from I, i.e. I is a perfect image of a point 

object O free from spherical aberration. 

 

                                  Now, ∠OAC=i            ∠NAQ=∠IAC=r,  

                                                                   ∠AOC=α  

                                              and, ∠ AIC = β 

or, 

In the ΔAOC,  
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From Snell’s Law 
sin 𝑖
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 = 

µ2

µ1
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  or, 

α = r 

Also in the  ΔIAO exterior  ∠ AOC = β+∠ AIO 

α =β+r – i  But  α = r 

r= β+r – i  

β = i 



From the  ΔIAC  
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Thus, if CO = µ 2R/ µ 1 = 1 µ 2R, then the corresponding image lies at a 

distance Ci such that Ci such that CI = µ 1R/ µ 2 = R/1 µ 2 and vice versa. This 

result is independent of the position of A. Hence all the rays, whether paraxial 

or peripheral, starting from O are refracted such that they appear to diverge 

from the point I. Therefore,  I is the perfect point image of the point object O. 

As O and I are tow conjugate points free from spherical aberration, these are 

known as the aplanatic points of the spherical surface APB. 

The property of aplanatic points has been utilized in the construction of high 

power microscope objectives. 

Astigmatism 

 

Astigmatism is a refraction error in which a person cannot simultaneously see 

both the horizontal and vertical views of an object with the same clarity. In this 

defect of vision , light rays fail to come from a single focus. 

The kind of astigmatism commonly encountered as a vision defect is a 

result of different lens curvatures in different planes. But even spherical lenses 

that are perfectly symmetrical exhibit a type of astigmatism for light which 

approaches the lens from a point off the optic axis. Oblique astigmatism is an 

http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/coma.html#c2
http://hyperphysics.phy-astr.gsu.edu/hbase/vision/eyedef.html#c5


aberration of off-axis rays that causes radial and tangential lines in the object 

plane to focus sharply at different distances in the image space. 

                           

This visualization of oblique astigmatism follows the treatment of Jenkins and 

White in their text "Fundamentals of Optics", 4th. Ed., Sec. 9.9 . Similar 

treatments can be found in Pedrotti & Pedrotti, Sec 5-5 and Hecht, 2nd Ed Sec 

6.3 . Oblique astigmatism arises not from any asymmetry of the lens, but an 

asymmetry in the nature of the optical paths followed by rays in the tangential 

and sagittal planes. For the sagittal plane, the extreme rays are symmetric with 

respect to the central ray. For the tangential plane however, the pathlengths 

and angles of incidence on the lens surface are different for the top and bottom 

rays. (Some texts use the term "meridional plane" instead of tangential plane 

and "radial plane" instead of sagittal plane.) 

The focal distance shortens relative to that for rays along the axis by an 

amount approximately proportional to the square of the displacement from the 

axis, forming a paraboloid of revolution as the object is rotated around the 

axis.  

 

 

http://hyperphysics.phy-astr.gsu.edu/hbase/math/consec.html#c1


Curvature of the field 

The image of an extended object due to a single lens is not a flat one but 

it will be a curved surface. The central portion of the image nearer the 

axis is in focus but the outer regions of the image away from the axis are 

blurred. This defect is called the curvature of field. 

 This defect is due to the fact that the paraxial focal length is 

greater than the marginal focal length. This aberration is present 

even if the aperture of the lens is reduced by a suitable stop,usally 

employed to reduce spherical aberration,coma and astigmatism.Fig 

illustrates the presence of curvature of the field in the image formed 

by a convex lens. A real image formed by a convex lens curves 

towards the lens and a virtual image curves away from the lens Fig. 

represents the curvature of the field present in the image formed by 

a curvature field present in the image formed by a concave lens. 

 

  

                         

 

 



For a system of thin lenses the curvature of the final image can theoretically be 
given by the expression 

 

 

Where R is the radius of curvature of the final image, µn and ƒn are the refractive 
index and focal length of the n th lens. For the image to be flat, R must be infinity. 

 

Correspondingly the condition for the two lenses placed in air , reduces to 

 

This is Known as Petzwal’s condition for no curvature. This condition holds good 

whether the lenses are separated by a distance or placed in contact. As the 
refractive indices µ1 and µ2 are positive the above condition will be satisfied if the 
lenses are of the lenses is convex the other must be concave  

 

Astigmatism and coma are completely eliminated if the primary and secondary 

image surfaces are coincident and plane. In this case, the surface of best focus 
will also be a plane one. But this cannot be achieved with a single lens. 

Astigmatism or curvature of the field can be minimized by introducing suitable 
stops on the lens axis. If the primary and the secondary image surfaces are made 
to have equal and opposite curvatures (Fig) the surfaces of best focus will be plane 

and midway between them.  

Astigmatism will, however, be present. Astigmatism can be eliminated by having 
the same curvature for the primary and secondary imgae surfaces. In this case 

curvature of the field will be present (Fig). Correction for coma is more important 
than astigmatism for the object points having comparatively small angular 



distances from the axis. Hence, telescope objectives, whose field of view is small, 
are corrected for coma rather than for astigmatism. On the other hand a camera 

lens of wide field has to be necessarily corrected for astigmatism. 

 

Distortion 

    The Failure of a lens to form a point image due to a point object is due to the 

presence of spherical aberration, coma and astigmatism. The variation in the 
magnification produced by a lens for different axial distances results in an 
aberration called Distortion. 

 

 

This aberration is not due  to the lack of sharpness in the image. 
Distortion is of two types viz., (a) pin-cushion distortion and (b) 
barrel-shaped distortion. In pin-cushion distortion, the 
magnification increases with increasing axial distance and image of 
an object [Fig(a)] appears as shown in Fig(b). On the other hand, if 
the magnification decreases with increasing axial distance, it 
results in barrel-shaped distortion and the image appears as shown 
Fig(c).  

 

 

 



 

 

 

In the case of optical instruments intended mainly for visual observation, a 

little amount of distortion may be present but it must be completely eliminated 
in a photographic camera lens, where the magnification of the various regions 
of the object must be the same. In the absence of stops, which limit the cone of 

rays or light striking the lens, a single lens is free from distortion. But, if stops 
are used, the resulting image is distorted. If a stop is placed before the lens the 

distortion is barrel-shaped [Fig.] and if a stop is placed after the lens, the 
distortion is pin-cushion type [Fig].  

               To eliminate distortion a stop is placed in between two symmetrical 
lenses, so that the pin-cushion distortion produced by the first lens is 

compensated by the barrel-shaped distortion produced by the second lens [Fig]. 
Projection and camera-lenses are constructed in this way. 

 

 

 

 

 



CHROATIC ABERRATION    

 

 

 

 

The refractive index of the material of a lens is different for different 
wavelengths of light. Hence the focal length of a lens is different for different 

wavelengths. Further, as the magnification of the image is dependent on the 
focal length of a lens, the size of the  image is different wavelengths (colours). 
The Variation of the image distance from the lens with refractive index 

measures axial or longitudinal chromatic aberration and the variation in the 
size of the images measures lateral chromatic aberration. Fig. illustrates 

chromatic aberration present in an image formed by a single lens L.  

               AB is an Object placed in front of the lens. A ‘B’ and A”B” are the 
violet and the red images. The violet image is formed nearer the lens than the 
red image. The monochromatic aberrations are assumed to be absent  in ths 

case. The distance x measures the axial or longitudinal chromatic aberration 
and the distance y measures the lateral chromatic aberration.  

            The images of intermediate colours between violet and red lie in 

between the images A’B’and A’’. B’’ and their size increases from violet to red 
.At no one position the images are in sharp focus.Thus a single lens produces a 
coloured image of an object illuminated by white light and this defect is called 

chromatic aberration Elimination of this defect in a system of lenses is called 
achromatisam. 

 

 



Chromatic aberration in a lens 

A.Expression for longitudinal chromatic aberration for an object 
at infinity:  

When a parallel beam of white light is passed through a lens ,the beam 
gets dispersed and rays of light of different colours (wavelengths) come to focus 

at different points along the axis. The violet rays of light come to focus at a 
point nearer the lens and the red rays of light at a farther point (Fig). ƒv is the 
focus for the violet rays and ƒr is the focus for the red rays. The colours in 

between violet and red come to focus between ƒv and ƒr. The distance (ƒr-ƒv)=x 
is called the longitudinal or axial chromatic aberration.  

 

 

The Focal length of a lens is given by 

 

 



 

 

   Thus the axial chromatic aberration for a thin lens for an object at 

infinity is equal to the product of the dispersive power of the material of 
the lens and ƒ is the mean focal length. Further it is clear , from the above 
that α single lens cannot form an image free from chromatic aberration. 

B.Expression for longitudinal chromatic aberration for an object 
at finite distance:  

Let us consider a point object illuminated by white light and situated on 
the axis of the lens. Coloured images are formed along the axis. The violet 
images is nearest the lens and the red imagege is the farthest. In between these 

two images (Fig), if a screen is placed at the position XY, the image of least 
chromatic aberration is formed. 

 



Let u be the distance of the object  point and Vv  and Vr  the distances of the 
violet and red images on the axis of the lens. If fv and fr are the focal lengths 
for the violet and red rays of light, then, 

 

Subtracting the above equations, we get  

     

 

 

It is clearly seen in this case that the longitudinal chromatic aberration 

depends on the distance of the image and ence on the distance of the object 
from the lens, in addition to its dependence on the dispersive power and focal 

length of the lens. 

 

CIRCLE OF LEAST CHROMATIC ABERRATION 

               Sometimes it becomes necessary to know the diameter of the circle 
of least chromatic aberration. It can be calculated as follows. Let O be the 



source of light on the axis (Fig). P is the image for violt and Q that for red rays. 
AB is the diameter of the circle of least chromatic aberration, d. Let LN be the 

aperture of the lens, D and v be the mean distance of the image. 

 

Adding the above equation, We get 

 

 

Substituting these values in equation, we get 

 

 

 

If Incident light is a parallel beam, then 



V=ƒ and d=
1

2
 Dω. 

ƒ

ƒ
= 

1

2
 Dω 

In this case,diameter of the circle of least chromatic aberration depands on the 
diameter of the lens aperture and the dispersive power of the material, but is 

independent of the focal length of the lens. 

 

ACHROMATIC LENSES 

 Using a suitable combination of two  or more lenses or different 
materials, the chromatic aberration can be minimized. A combination of two 
lenses is usually called an “achromatic combination, an achromat or an 

achromatic doublet”. In practice, it is possible to correct the chromatic 
aberration for only two colours. The acromatism would be ideal if the Images of 
different colours are formed in the same position and are of the same size, thus 

the longitudinak and lateral chromatic aberrations being totally eliminated. 

           With a convex lens, the violet rays of light come to focus at a point 
nearer the lens and with a concave lens and a converging incident beam of 

light the red rays of light meet the axis at a point nearer the lens. Hence, to 
have an achromatic combination of two lenses, one of the lenses should be 
convex (crown) and the other concave (flint). Therefore, an achromatic doublet 

is made using two thin lenses, a convex lens of crown gass of smaller focal 
length and a concave lens of flint glass of larger focal length.   

1. Condition for achromatism of two lenses places in 
contact: 

 

 

            An achromat is made by placing in contact, lenses of different 
materials and of suitable focal lengths, such that the focal length of the 



combination is the same for both the extrme colours. It means that the 
focal length of the achromat is independent of the refractive index. 

 
   Let the lenses of the doublet have mean focal lengths ƒ and ƒ’  and 

mean refractive indices of their material µ and µ respectively. For the first  
lens for  violet rays, we have 

 

 

 



         Since, ω and ω’  are positive quantities, ƒ’  is negative if  ƒ is positive i.e, 
if the crown glass lens is convex the  flint glass lens is concave. The ratio of the 

dispersive powers of the materials of the lenses is qual to the ration of the two 
lenses. 

2. Condition for achromatism of two thin lenses separated by a finite 

distance : 

If the two lenses are of the Same material, their achromatic combination is 

possible only if they are separated by a finite distance. 

 

Let  ƒ1 and  ƒ2 be the focal lengths of two lenses placed coaxial and separated 

by a distance (Fig). The mean focal length F of the combination is given by 

 

 



 

Thus the condition for achromatism of two thin co-axial lenses made of same 

material and separated by a distance is that the istance between the two lenses 

must be equal to the mean focal length of the two lenses. This principle is used 

in Huygens eyepiece in which the focal lengths of the omponents are 3ƒ and ƒ 

and they are separated by a distance 

 

Equ. Does not involve dispersive power and hence the combination has the 

same focal length for all colours. Therefore, when a ray of white light parallel to 

the axis passes through the lens system, all the colours suffer the same 

amount of deviation. Hence the images of all colours appear to be of the same 

size. However the positins of different colours are different. 

 

*********** 


