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Minimizing spherical aberrations

Exploiting the existence of conjugate points in spherical
lenses

Let’s recall that when using aspherical lenses, aberration free
imaging occurs only for a couple of, so called, conjugate points (Q
and P in the figure below)

n| nr
Q,
Object

¢+ U

\ Oval

Fig. 1 P is a perfect image of Q (and vice versa) when a proper
refractive oval surface is used

We have said before that, in general, spherical refractive surface
(not being an oval) will suffer from aberrations. However, it turns
out, Huygens may have been the first to discover that a given
object point Q could be perfectly image also by a spherical
surface!! That is, all the imaging rays refracting at the spherical
surface “converge” at the same (virtual in this case) image point P.
(similar to the case when using an oval.)

We will consider two cases. In the first (second) case the object
and virtual image points are inside the medium of higher (lower)
index of refraction.

Case: Imaging from glass to air
(Object and image immersed inside the glass.)
Let’s consider a refracting spherical surface of radius “R”.
Pick up an arbitrary object point Q.
The ray QBB’ images point “Q” at point “P”* (the image is virtual.)



CASE: n; > n, N~
N

Fig. 2 Object Q imaged through a refracting spherical
surface of radius R.

But notice that, in general, not necessarily all the rays leaving from
Q will be imaged at the same point “P”.

Our objective is to show that, when the location of the point Q is
properly chosen, indeed all the rays leaving from Q and refracted
at any point of the spherical surface will produce a (virtual) image
at the common image point.

For convenience, let’s express the position of Q and P, with respect
to C, in units of R

=" \P B}
P; Q C\ a=QB
" b=PB
PR R=CB

Fig. 3 Scaling the positions of P and Q in terms of the radius R.
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Expressions (7) and (8) give implicitly the values of p and £.

Let’s obtain a more explicit expression for p, which will allow
locating the image point P (since PC = pR)

From (4) and (8)

Sin20. _ p2+1+2pcos(y)
SinB g2 +1+2qcos(y)

Using this result in (7) one obtains,
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p’ n. sz +1+2pcos(y)
== 2 (9)
q n, ) q°+1+2qcos(y)

Given g and y (that is, given the position of Q and B), the
value of p (the position of point P) is implicit in this formula.

Summary:

For a given point “Q”, whose distance from C (in terms of R, is
gR; 1.e. g is given), we want to find the location of its image P.
For that purpose, we send a generic ray QB. The angular
position of B, with respect to the center C, is determined by the
angle y.

Given g and y,

e we calculate a using expression (4)

e expression (9) gives implicitly the value of p, calculate
p using (9); then B is obtained using expression (8)

Notice, for the same Q:
different values of y (i.e. a different point B) will give
different values for p (i.e a different point P).

Looking for aberration-free imaging

We wonder if the position of Q can be wisely chosen, such that for
any point B, the corresponding position of P is the same?

That is, can we choose the value of “g” wisely enough,
such that “p” (in expression (9)) becomes independent of

x?
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Thus, for a given refracting spherical surface of radius R, we
have found a particular position for an object point Q that will
be perfectly imaged at point P.

CASE: n; > n,
N
,,,,, "~ Objec
|5"‘ ___________________________
i n.
1R
n

Pi Qi C\ Ny
n. e

'R
n.

Implementation using a converging meniscus

Instead of using a bulky (and costly) sphere, we can use a
meniscus instead. The strategy is to grind another spherical surface



with center at Q; the radius of this new inner spherical interface is
not critical.

Inner spherical
surface with
center at Q

CASE: n; > n,

The inner spherical surface
does not affect the
trajectories of the rays
leaving the object Q
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Case 2: Imaging from air to glass
(Object and image immersed inside the air
medium.)

CASE: nj <n,

Q SZ\ _____
Object

We realize the procedure is going to be identical to the previous
case-1. The choice of q = (n/n)™" (which give the solution
p=(ni/n,) will remain the same, but this time it will imply that Q is
farther away form the center than P.

CASE: n; < n,

iQ P IONCR
Object N
p=xiR
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Implementation using a diverging meniscus

Instead of using a bulky (and costly) spherical lens, we can use
a meniscus instead. The strategy is to grind another spherical
surface with center at P; the radius of this new outer spherical
interface is not critical.

CASE: n; <n,

.'I _ Sphere with
“\ Q p C R center at P
'{OYhi —>
, {Object n2Nitg This sphere does
\ P= ng: not affect the
e > n, outgoing rays
\ "R refracted from the
\\ q - n_ /
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