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Abstract

In this report, fourth and sixth-order monochromatic aberrations are analyzed against the
shape factor, conjugate factor, and the index of refraction. Additionally, these aberrations are
also measured at different fields of view and object heights in order to obtain a comprehensive

understanding of the behavior of these aberrations.

The wave aberration function is examined in its algebraic and vector forms in order to
understand its dependence on the field vectors and aperture vectors. Then, the wave aberration
function is related to geometric terms and written in terms of Seidel aberration coefficients up to
the fourth-order. In the sixth-order, the monochromatic aberrations are broken down into their

intrinsic and extrinsic parts, and their derivations are briefly explained.

The shape factor, conjugate factor, and index of refraction are studied in Chapter 2.
Although these terms are simple, their importance to aberration theory is introduced through
structural coefficients. These structural coefficients are rearrangements of the Seidel coefficients,

and they are written in terms of the shape factor, the conjugate factor, and the index of refraction.

In order to analyze the fourth and sixth-order aberrations, a macro in Zemax'’s
OpticStudio is used; this macro calculates the fourth and sixth-order aberrations through Seidel
aberration coefficients up to the fourth-order, and calculates the sixth-order coefficients through
the various equations that are introduced later in this report. Additionally, the thin lens system

that is used throughout this report is modeled in OpticStudio.
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The thin lens system used in this report has the following basic prescription:

e f/4 thin lens with thickness of 5 mm.
e Stop at the lens.

e Wavelength of 0.58 um.

The lens material, fields of view, and object heights are changed depending on whether the
report changing the shape factor, conjugate factor, or index of refraction. It’s important to note
that although the lens is considered thin, this description is simply because the thickness is small
compared to the focal length. When designing the lens in OpticStudio, the lens is not “thin,” but

has a thickness of 5 mm.

In order to analyze the fourth and sixth-order aberrations as functions of the shape factor,
OpticStudio’s Merit Function editor is set up to change the radii of curvature of the thin lens. A
desired shape factor is set as the target, and the system is optimized in order to fit the criteria.

Then, the fourth and sixth-order aberrations are calculated through the macro and recorded.

In order to analyze the fourth and sixth-order aberrations as functions of the conjugate
factor, an object is set at a specific distance away from the lens for a specific transverse
magnification that results in the desired conjugate factor. In OpticStudio, the distance from the
object to the lens is set as variable, and the desired magnification is set as the target. The thin
lens system is optimized, and the specification magnification target is hit. Knowing this
magnification results in an easy calculation of the conjugate factor. Again, the macro is used and

the fourth and sixth-order aberrations are calculated and recorded.

Finally, in order to analyze the fourth and sixth-order aberrations as functions of the

index of refraction, all that is changed is the index of refraction of the thin biconvex lens. The

2



crucial detail that is necessary for this portion is that the Abbe number be set to zero so that
OpticStudio does not make assumptions on ray behavior. The index of refraction is then
manually changed and the fourth and sixth-order aberrations are calculated and recorded through

the macro.



Chapter 1

Introduction

Aberrations in an optical system are departures from ideal behavior. These deviations
have been analyzed and classified by the properties and behaviors they exhibit. This report will
focus on discussions of the fourth and sixth-order monochromatic aberrations of spherical
aberration, coma aberration, astigmatism, field curvature, and distortion. This discussion will
begin with an introduction to wavefront deformations, where the wave theory of aberrations is
pioneered by H. H. Hopkins [7]. Then, this report proceeds into a discussion of these aberrations

geometrically.

In Section 1.1.1 the wavefront aberration function consists of zeroth, second, fourth, and
sixth-order terms. By breaking down zeroth and second-order terms in the wavefront aberration
function, and relating them to Gaussian and Newtonian optics, this report explains why these
terms are usually ignored in aberration analysis. The fourth-order terms in the wavefront
aberration function are explained in two separate topics: the Seidel coefficients and pupil

aberrations.

Next, in Section 1.2 the sixth-order terms in the wavefront aberration function are heavily
discussed. Sixth-order aberrations consist of an intrinsic and extrinsic term, both of which

require further understanding geometrically as well as analytically. Sixth-order aberrations are



typically less prominent than fourth-order aberrations in simple lens systems, however
understanding sixth-order aberrations is necessary in having a more complete understanding of
aberration theory. Additionally, sixth-order aberrations are analyzed in a thin lens system later in

this report.



1.1 Theory of Sixth-Order Aberrations

1.1.1 The Wave Aberration Function
This report begins with an explanation of the wave aberration function for an axially

symmetric system. The aberration function, W (A, p) is a function of the normalized field vector

and the aperture vector, # and p respectively. Before delving any further, it is incredibly crucial

to note that a reference must be defined. In this study, the aberration function is built around a
reference sphere that is centered at the ideal image plane. This is in direct relation to Gaussian
and Newtonian optics upon which first-order rays travel in accordance to the collinear

transformation.

The aberration function gives the geometrical deformation of the wavefront at the exit
pupil of the system. That is, the aberration function gives an optical path, in this case the optical
path given is the distance between the reference sphere and the actual wavefront of the system as

measured along a particular ray. This ray is defined by the tip of the field and aperture vectors.

The field vector is located at the object plane of the system, while the aperture vector is
located at the exit pupil plane of the system. These two vectors are necessary to define a ray, and
subsequently, the aberration function, as stated above. Figure 1.1 gives an example of how the
field and aperture vectors are defined in their separate planes, along with a view down the optical

axis.



Exit pupil plane

Image plane

v p

=

Figure 1.1 2The exit and image planes with the aperture and field vectors respectively. These are scaled
by the marginal ray height, y’, at the exit pupil, and by the chief ray height, ', at the image plane. On the
right, these are pictured looking down the optical axis, along with the angle in between them, ¢.

Written to the sixth-order approximation, the wave aberration function? is,

W(H,p) =Wy +Wigo(H - H)+ Wy, (H - p)+ Wy (B )+ Wy (5 )’
W3y (H - Y (B )+ Wayy (H - pY + Wy (H - H) (5 5)
W, (H - HY(H - pY+ W,y (H-HY + W, (H-H)(p- p) o
Wy (H - HY(H - pY(B- )+ Wiy (H - HY(H - pY + W,y (H - HY (5 5)
Wy (H - HY (H - )+ Wygo (- H) +Wygo (5 Y + Wy, (H - 5)(5- 5)’

W, (H - BY (B P)+Wias (H - 5)°.

where each term represents a different aberration term. The sum of all the terms is the total

wavefront deformation.

It is very quickly noted that there are various dot products, #-H, p-p,and H-p5.

These dot products are necessary in order to ensure that the wave aberration function is a scalar

! The wave aberration function is given in Introduction to aberrations in optical imaging systems (p. 71) by J. Sasian

[3].

2 Reprinted [adapted] from Introduction to aberrations in optical imaging systems (p. 71) by J. Sasian [3].
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value. The angle between these values is simply ¢. Since the defined system is axially symmetric
a rotation about the optical axis does not change the values of the field and aperture vectors. That

is, the dot products are invariant with rotation about the optical axis.

The wave aberration function [3] can also be written as a simple sum given by,

W(H,G)= Y W, ,(H-BY (H-5)"(5-5)" (1.2)

J,m,n

where the sub-indices, j, m, n represent integers k, [, m with values k =2+ m, 1 =2n+m.

The index m is the same for both sets of indices. Equation (1.2) is not a sum by strict definition

since going numerically through j,m, and n will not yield a wave aberration function that
makes sense. Simply, equation (1.2) is written in this way to relate the sub-indices of ¥/, , to

the powers of the dot products. Additionally, it’s important to realize that equations (1.1) and
(1.2) are equal. Equation (1.1) is simply an expansion to the sixth-order of the terms given by

equation (1.2).

In Table 1.1 each wavefront aberration is broken down into its vector and algebraic form.
Recall that the field and aperture vectors are normalized. When these both are unity, this results
in the wavefront coefficients representing the maximum amplitude of the aberration in units of
waves. Upon inspection of Table 1.1 it can be seen why it may be convenient to refer to the wave

aberration coefficients in terms of a sum. For example, in analyzing the coma wave aberration

coefficient, W

50 itcanbeseenthat k=1, /=3,and m=1.



Next, the values for the sub-indices must be calculated using the relationships between both

groups of indices. The equations of k and [ can be rearranged as follows:

k=2j+m—->2j=k—-—m,

l=2n+m-—>2n=7]—-m.

Aberration name Vector form Algebraic form Jj m n
Zero order

Uniform piston Wooo Wooo 0 0 0
Second order o

Quadratic piston Wono(H - H) Wogo H? 1 0 0
Magnification Wi (H - p) Wi Hp cos(¢) 01 0
Focus Woao(p - ) Wozop? 0 0 1
Fourth order

Spherical aberration Woso(p - o)’ [ 00 2
Coma Wisi(H - p)p - p) W31 Hp? cos(¢h) 0 1 1
Astigmatism Wan(H - p)? Wi H?p?cos?(p) 0 2 0
Field curvature Waao(H - f';"}{ﬁ - p) Wasg H? p? 1 0 1
Distortion Wan(H - H)Y(H - p) WinHpcos(¢) 1 1 0
Quartic piston Waoo(H - H) Wao H* 2.0 0
Sixth order

Oblique spherical aberration  Waap( H-H)p-p)? WaoH?p* 1 0 2
Coma Wasi(H - HXH - p)p - ) Wi Hp3cos(¢) 1 1 1
Astigmatism Wi (H - H)(H - p) Wi Hép?cos*(@) 1 2 0
Field curvature W (H - E’}Z{E - p) Wi H* p* 2 0 1
Distortion Wi (H - f;"}:(g - 0) Wsi1 H p cos(¢h) 21 0
Piston Weoo(H - HY Weoo H® 30 0
Spherical aberration Woeo(p - p)° Woso p® 0 0 3
Un-named Wisi(H - 5)p - p)° Wisi Hp® cos(¢h) 0 1 2
Un-named Waosa(H - p)X5 - p) Wi H?pcos?(p) 0 2 1
Un-named Wiss(H - p)° WisH picos?ip) 0 3 0

Table 1.1 Wavefront aberrations in vector and algebraic form

9
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Then, by substituting in the values for k, [ and m the results are,

k-m 1-1

-0,

I-m 3-1
n=——=——-=1.

2
2 2

Finally, the wave aberration function given by equation (1.2) for a system with coma is,

W(H,pY= D Wy, n(H-HY (H-p)" (5 p)"

J,m,n

= > Wy (H-H)°(H - p) (6 p)'
0,1,1

W, (- 5)(pP) (13)

= I/V13;1 (Hpcosd) (pz)

=W,

131[11,03 cos¢.

In equation (1.3), coma aberration has been written in both its vector and algebraic forms by
using the sum notation in equation (1.2). This can be done for every aberration. This form of

writing the aberration function in terms of dot products is introduced by R.V. Shack [6].

10



1.1.2 Aberrations of the Zeroth and Second-Order

The wave aberration function [3] written to the second-order is,
W (H,p)=Wyoq +Whgo (H - H)+ Wy, (H - p)+ Woyo (5 ). (1.4)

There are four separate aberrations in this shortened aberration function. The goal of this section
is to examine each of these terms individually and explain why this report does not consider

them in later calculations.

The first term, W, is the zeroth-order piston term. This term simply shifts the

wavefront, advancing or delaying it, and has no effect on image quality. Thus, it is not

considered a true aberration and is ignored.

To the same argument, there is a second-order piston term, I/, (H-H), that is called

quadratic piston. This term solely relies on the field of view, and like the zeroth-order piston
term, it has no effect on the image quality. Although this report will ignore this term, if the

reference is changed with respect to the object point and the exit pupil, this quadratic piston term

Figure 1.2 An example of change of magnification where the solid line represents the ideal image, and the

dashed line represents the change in magnification of the image.

11



becomes useful in determining a relationship between the change of focus and the longitudinal

change of focus.

The W,

m(ﬁﬁ) term is a quadratic term known as the change of magnification. It is
linear as a function of both the field of view and the aperture. This term represents a departure
from the ideal size of the image. An example of change of magnification of an image can be seen
in Figure 1.2. Although this report is just considering monochromatic aberrations, there is a

chromatic change of magnification term that must be considered when the system has multiple

wavelength. The chromatic change of magnification is mentioned just for completion.

The last term, W,

50 (P - p)is known as change of focus, and it is a quadratic term as a
function of the aperture. It is independent of the field of view. This term is also known as
defocus. What this term represents is a departure in focus from the nominal ideal image plane.
An example of this is shown in Figure 1.3. Like chromatic change of magnification, there is a

chromatic second-order term called chromatic change of focus. Again, this term will be ignored

since the focus is on monochromatic aberrations.

Figure 1.3 An example of defocus where the solid lines represent the ray and the location of the nominal

image plane. The dashed line represents the actual location of the image plane

12



The value of the zeroth and second-order wave aberrations depends on the choice of
reference. As stated previously in Section 1.1.1, the reference has been chosen to be a reference
sphere centered at the ideal image plane in order to relate to Gaussian and Newtonian optics

definitions. As a result, the change in magnification and defocus are zero. That is,

w,,, =W,,, =0 because the longitudinal change in position and the transverse size of an image

are accounted for in Newtonian and Gaussian equations.

13



1.1.3 The Seidel Aberration Coefficients of Fourth-Order Terms

In Table 1.1 each aberration is written in a vector and algebraic form. However, the
vector and algebraic forms aren’t particularly convenient forms to use in geometric calculations.
By tracing paraxial marginal and chief rays through the system, paraxial quantities can be
derived and used to rewrite the wave aberration function in geometrical terms. In fact, these can
be written in terms of the Seidel sums, of which the fourth-order sums can be seen in Table
1.2. As stated in Section 1.1.2, second-order terms are not considered. Sixth-order terms will be
discussed later. Additionally, this report will not include the derivation of these sums; the usage

of these sums in calculations is the more relevant topic.

The fourth-order wave aberration coefficients are spherical aberration, coma aberration,

astigmatism, field curvature, distortion, and quartic piston, each listed respectively in Table 1.2.

In Table 1.2, each aberration is written as a Seidel sum. In a system, each surface has an

individual contribution towards the Seidel sum and therefore towards the total amount of

Aberration Seidel Sum
Woao %Sl S; = - A%YA (%)

Wist =4S Snp = -3 AdyA (ﬁ)

Wz %Sm Sy = - A%yA (%)

Wazo = 1S S = - 2P - 3" A%yA (_j
W3y =38y

S\«’ - Z % |ilP2P T AQJJA (}%)] 3
Sy=-TA [A?A(n%)y e AnyP}
Waoo = §Svi Sy1 = - S AHA (g)

Table 1.2* Fourth-order wave aberration coefficients in terms of the Seidel sums.

4 Reprinted [adapted] from Theory of sixth-order wave aberrations (p. D72) by J. Sasian [5].
14



aberration. For example, a single lens has two surfaces, surface 1 and surface 2. Then, in

calculating spherical aberration, the Seidel sum term would be,

=343

oft) e

ny )
where each surface has contributed its own term to the Seidel sum.

The first-order quantities that constitute the fourth-order wave aberration coefficients

from Table 1.2 are found in Table 1.3. The quantity A(uz / n) refers to the calculation of the
term after and before refraction. That is, A(u/ n)=u'/ n'-u / n where the primed terms

indicate the value of the terms after refraction, and the unprimed terms indicate the value of the

terms before refraction.

As will be seen later, this report uses the equations from Table 1.2 in order to do

calculations on the aberrations of the thin lens system.

Quantity Formula
Refraction-invariant marginal ray A = ni = nu + nye
Refraction- invariant chief ray A =ni = nu + nye
Lagrange invariant ¥ = nuy - nuy = Ay - Ay
Surface curvature =1
Petzval sum term Pec-A (%)

Table 1.3° Quantities derived in paraxial ray tracing used in calculating Seidel

sums.

5 Reprinted [adapted] from Theory of sixth-order wave aberrations (p. D72) by J. Sasian [5].
15



1.1.4 Fourth-Order Pupil Aberrations

Although this report does not use pupil aberration equations for the calculation of fourth-

order aberrations, this discussion is necessary in understanding sixth-order extrinsic aberrations.

This report has previously used a system comprising of the nominal image and object.
However, in consideration of pupil aberrations, the system is now comprised of the entrance and
exit pupil. As a result, if the system consists of multiple components, the exit pupil of a
component becomes the entrance pupil of the next component; these pupils are mismatched.
Additionally, the marginal ray and chief ray of the object/image system now interchange roles;
the marginal ray becomes the chief ray and the chief ray become the marginal ray in the

entrance/exit pupil system.

With the entrance/exit pupil system then a new problem arises. Now, image aberrations
change when the object is axially moved. However, this problem is simply solved upon realizing

that an object shift is equal to a stop shift in the pupil system.

With this knowledge in mind, a pupil aberration function can be constructed to fourth-

order. The function® is,

Vl—/(ﬁ'ﬁ):m_/ooo-"VVZOO(IE'ﬁ)"'m_/nl(];"ﬁ)-"[/l_/ozo([_?'H)"'VVOALO(IL?'ﬁ)2

W, (H-H)(H - p)+W,,,(H-p) +W,, (H-H)(p-p) (1.5)

W,y (B PY(H - pY+ W, (5 Y.

The barred terms indicate aberrations of the pupil planes.

6 The pupil aberration function is written in Introduction to aberrations in optical imaging systems (p. 162) by J.
Sasién [3].
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When comparing equations (1.1) and (1.5) up to fourth-order, it is very clear of the
change in system — that is, A has essentially replaced p and vice versa in our equations. Of
course, this makes more sense when laid out in a figure. In Figure 1.4 the object plane, the image
plane, the entrance pupil plane, and the exit pupil plane are represented. As per previous
definitions, the field vector is located in the object plane and the aperture vector is located in the
exit pupil plane. In the object/image system, the calculation of aberrations begins in the object
plane, where A is located. However, in the entrance/exit pupil system, the pupil aberration

calculation begins in the entrance pupil plane, where p is located. This is essentially the
“switch” between H and /g that occurs in equations (1.1) and (1.5).
Relationships between aberrations in the object/image system and entrance/exit pupil

systems can be derived. When changing from an object/image to an entrance/exit pupil system

the following changes must be made:

’

i(H +AH )

Object
Plane
Entrance

Pupil

Pupil

Image

Plane
Figure 1.47 An optical system where the object/image plane system is used. The object

and image planes, as well as the entrance and exit pupil planes are optically conjugated.

" Reprinted [adapted] from Introduction to aberrations in optical imaging systems (p. 163) by J. Sasian [3].
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By algebraic manipulation, and with the changes to the terms just mentioned, the results in Table

1.4 are derived. In Table 1.4 the term W,

o0 Tefers

term W,

.o Tefers to the sagittal image field curvat

to the sagittal pupil field curvature and the

ure.

Name

Identity between Pupil and
Image Aberration Coefficients

Pupil spherical aberration
Pupil coma

Pupil astigmatism

Pupil sagittal field curvature
Pupil distortion

Pupil piston

Woso = Wy
Wigr = Way + 3% - Afa?}
Waogo = Wogo + 3V - A{un}
1’i["'zzu = Wago + 3V - Afun}
Wi = Wigy + 3% - Afu?}
Wi = Woap

Table 1.48 Relationship between fourth-order pupil and image aberration

coefficients.

8 Reprinted [adapted] from Theory of sixth-order wave aber
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1.2 Sixth-Order Aberrations

1.2.1 The Sixth-Order Aberration Function®

In truncating equation (1.1), so to just focus on sixth-order aberrations, the sixth-order

aberration function is,

W(H,p)=W,,,(H-H)(p-pY + W, (H-H)(H - p)(5-p)

240

W, (H - Y 5 + Wy (H - HY (5 5)
(1.6)

W,y (H-HY (H - p)+ W, (H-H)* + W, (5 )’

00
W, (H-p)(P-p) + W, (H Y (p-p)+ Wy, (H - p)*.

There are ten sixth-order aberrations. Six of these ten are improvements of their fourth-order

counterparts where they now have an additional quadratic dependence on the field. The other

four are new wavefront aberrations, however one is referred to as sixth-order spherical

aberration. These new shapes can be seen in Figure 1.5.

W, -5 (5 p) Wi - p)

Figure 1.5%° Wavefront deformations of new aberrations in the sixth-order.

% The study on sixth-order aberrations is taken from Introduction to aberrations in optical imaging systems (p. 187-
199) by J. Sasian [3] and Theory of sixth-order wave aberrations by J. Sasian [5].
10 Reprinted [adapted] from Introduction to aberrations in optical imaging systems (p. 188) by J. Sasian [3].
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In the study of sixth-order aberrations there are two parts that consist of the total
aberration: the intrinsic part and the extrinsic part. Up until now, this study has focused on the
intrinsic part. This intrinsic aberration is the aberration that is contributed by the surfaces and by
the system itself when an incoming beam has no aberration. However, in the sixth-order study,

extrinsic aberrations must be considered.

20



1.2.2 Extrinsic Aberrations

Extrinsic, or induced, aberrations arise in an optical surface when there is aberration
before that surface. These extrinsic aberrations result from distortion from the entrance and exit
pupils. In the explanation®! for extrinsic aberrations used in this report, second-order aberrations

are ignored, and the reference sphere is centered at the ideal Gaussian image point.

Consider two optical systems, A and B. These systems have aberration functions to the

sixth-order, written below,
7N D A O 7
W,(H,p)=W"(H,p)+W(H,p)

W,(H,p)=W3"(H,p)+ W (H,p)

where the aberration function consists of fourth and sixth-order terms. These aberration functions
are written with the aperture vector located at the exit pupil. However, it’s crucial to note that the

exit pupil of system A is the entrance pupil of system B.

In combining these two systems into one system, C, the combined aberration function is,
W.(H,p)=W,(H,p)+W,(H,p+Ap". (17)

In equation (1.7) the term I/, (H,p) is expected from the combined system—it’s the

contribution from system A. However, system B’s contribution to the aberration function has

been written with an additional Ap'added to its p dependence. This Ap’ term is the exit pupil

distortion caused by system A that effects system B. This term is crucial in the combined

11 The mathematical methods used in the explanation for extrinsic aberrations comes from a combination of
techniques used in Introduction to aberrations in optical imaging systems (p.188-189) [3] and Theory of sixth-order
wave aberrations (p.D74-D75) [5] both by J. Sasian.
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aberration function since the exit pupil of system A is the entrance pupil of system B. Although
this report will not be going strictly into the calculations, it’s important to note that the exit pupil

distortion can be written as,

., 1 — =
Ap' = EVHWA (H,p)+0%, (1.8)
where the pupil aberrations of system A are being used. The fifth-order terms, O® will be

ignored in this analysis.

So, what is the extrinsic aberration of system B? Figure 1.6 can be used as a visual aide in
order to determine the answer. Figure 1.6 is a visual representation of system A’s exit pupil.
However, recall that system A’s exit pupil is also system B’s entrance pupil. As a result, also
recall that system B then has an extrinsic aberration term caused by the exit pupil distortion from
system A. However, let it be clear that the extrinsic term is a result of the fourth-order exit pupil

distortion by system A. Then, the sixth-order extrinsic term for system B is,
W, (H,p) =W, (H,p+Ap") - W, (H,p). (1.9)

Now, proceeding with the knowledge of the behavior of extrinsic terms, equation (1.7)

can be expanded as follows:

W.(H,p)=W"(H.p)+ WSO (H,p)+ WP (H,p)+ W (H,p)

=W (HPY+W(H,p)+ W (H,p)+W, " (H,p)+W, P (H, p). (1.10)
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Figure 1.6 An example of system A’s exit pupil and system B’s entrance
pupil with the addition of g and Ap.

What if instead of focusing on system A and system B’s respective exit and entrance
pupils, the focus lies on the exit pupil of the combined system C? That is, the induced aberrations
of system A’s exit pupil are not considered until its effects in combined system C’s exit pupil. In
short, the extrinsic terms will be calculated by locating the aperture vector at the exit pupil of

system C. Then, equation (1.8) is no longer valid and a different equation must be written. Now,
p 1 vV (H 7 5)
Ap = _EVHWB(H’IO)-FO

and the pupil aberrations of system B are being used. Then, the aberration function on system C

can be written as,

W,.(H,p)=W®(H,p+ApY+ WS (H,p)+W, P (H,p)+W, " (H,p).
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So, the extrinsic term W2 (H, p) from equation (1.9) is no longer valid in its current
B

form. The equation must be rewritten by replacing p with p+Apin Wj‘” (H,p) so that the

result is,
GEYrir N7 DI 7 = ®eg A
WD (H,p)=W P (H,p+Arp)-W, D (H,p).

In summary, there are two techniques that were outlined above for calculating the
extrinsic terms of a combined system A and B. The first was by locating the aperture vector at the
entrance pupil of the combined system, and the second was locating the aperture vector at the
exit pupil of the combined system. Table 1.5 lists the extrinsic aberration equations for sixth-

order aberrations with respect to the different locations of the aperture vector.

With Aperture Vector 7 at Entrance Pupil With Aperture Vector 5 at Exit Pupil

Woeor = T]I-"{4W€4{]W§11} Wieoe = —${4Wﬁ‘4ﬂ“—f§“} )

Wisie = {% 3WE, Wiy, + 8WE, Wi, +8W§4[1W§zz} Wisie = =4 {8Wiy Wiy + Wik Wiy +8Wio Who)

Wiseg = ﬁ{ 2W§22 W-:LL + 4Wﬁi]_w§2l] Wéqzs - _‘ll'f{ 2W’§22W§1L + 4W’?‘31W§2U +5W’?31W7.§22 + SWﬂ“mW’Eﬂ}
HEWE, Wiy + 8WE, Wiy } ) )

Wigaw = 5 {4Why, Wiy + 4W5, Wiso} Wisag = _‘IL’{‘IW{‘HLW?M +4W3, Wiho}

Wosor =51 2Wh, Wiy + 2WEH, Wiy +4WE, Wi} Wiyoe = — w1 2Whs Whyo + 2Wiay Whyy + 4Why, Why )

Wagie = 51 6Wis Wisy + 4W 8y Wiy + 4W5y Wiy, Wisip = —g {5W4, Wia + AWy Whyo + dWioy Whyy + 4W5 Wiy,
+4WE, Wi, + WB W4, + 16WE, W4, 1 + Wiy Wapy + 16Wiy Wi, }

Wipor =5 {2W5, Wiay + 4WE, Wi, Wpor = =g {12Wiy Wiy + 4Wiy W + 6Wiy W, + 8Wiy WE )
+6WE,, Wiy, + 8WE, Wi} B ) )

Wigor =5{2WhWisy + 2W5, Wang + 4W 5y, Wi} Wopor = =9 {12Wia Wi, + 2W3y; W?zu +4Wiy, ‘Fﬁm}

Wsiip =G {3WE, Wiy, + 8Wi Wiy, + 8W5, Wiy} Wiig = _%{3W§‘u‘?ﬁli:ﬂ + 8Wiy Wik + 8W4,, Wi}

Weooz = %{4W§llﬁ!ﬁé[]} Wiooe = —5 {4W4,, Wi}

Added terms when the center of the reference sphere is located at the intersection of the chief ray with the Gaussian image plane

AWy = - WE A4 (12} /2 AWy = + WA, AB(12}/2

AW,y = - Wi A {ua} AW,y = +Wiy, A {un}

AW o = - WE A {ua}/2 AW pop = +Wihy; AP (uu}/2

AW;yp = -3WH, A% a?} /2 AW g = +3W5, AR (@} /2

Table 1.5 Extrinsic aberrations of combination of systems A and B.

12 Reprinted [adapted] from Theory of sixth-order wave aberrations (p. D75) by J. Sasian [5].
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1.2.3 Intrinsic Aberrations

Intrinsic aberrations are extensions of their fourth-order aberration counterparts. They are
aberrations contributed simply by the surfaces of the system; its assumed that the incoming light
beam will has no aberrations. However, in calculation of intrinsic aberrations it is incredibly
crucial to be aware of changes to the wavefront propagation and changes to the aperture location.

The equations for the intrinsic aberrations will be built upon these ideas.

In order to begin understanding intrinsic aberrations, an explanation on intrinsic sixth-
order spherical aberration must be given. The equation for intrinsic sixth-order spherical

aberration®? is written as,

1y 1 (u 8
W :%{_y___A(Lﬁ}zzu}__w w 1

060/ 040" " 040
2r? 2 \n n r X

< sl

where the entire term must be applied to every surface of the system. The first order terms in this
equation can be found in Table 1.3. The sixth-order intrinsic term for spherical aberration is

proportional to fourth-order spherical aberration.

Notice that if the stop is at the surface, the second term in equation (1.11) completely

disappears since y = 0. This term arises from shifting the stop to a different location; the
wavefront propagates from an old pupil plane to a new pupil plane and there is a new wavefront

change, A W (H,p) which is given by:

S 1y 1 ~ =
AWH,p)=—=——V W(H,p)-V W(H,p). 1.12
W(H,p) 2w (H,p)-V W(H,p) (1.12)

13 The equation for intrinsic sixth-order spherical aberration is from Introduction to aberrations in optical imaging
systems (p. 190) by J. Sasian [3].
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So, in the presence of fourth-order spherical aberration the wavefront change is:

=L (0,597, W)

1y 1
:_E;§4VV040P3 '4'”/040103

= _§;W)4OVVO4O

which is exactly the second term in equation (1.11). This wavefront deformation can be

calculated for each aberration, and the results can be seen in Table 1.6

The next step in calculating intrinsic aberration terms is shifting the stop to the center of

curvature, which results in 4 =0. This results in a sixth-order aberration function given by,

Wee (H,P) = Woyo (B BY + Wy, (H - H)(p- p)+ Wy (H - H)(p - P)’
W,y CH -HYH ) (B B+ W,y (H - H)(H - Y
Woanae (- HY' (P D)+ Wiy (B PY +Wiysy oo (- p) (P Y

W, (H-5) (5 P)

where fourth-order terms with a A term are zero. Then, the intrinsic sixth-order aberration
coefficients, when the stop has been moved to the center of curvature, are given in Table 1.7%..
This report will not go into the details necessary to derive these terms, however the derivation

can be found in Theory of sixth-order aberrations by José Sasian, pages D.91-D.95.

14 Reprinted [adapted] from “Sixth-order aberrations” (p. 13) by J. Sasian [4]
15 Reprinted [adapted] from Introduction to aberrations in optical imaging systems (p. 192-193) by J. Sasian [3].
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Table 1.
Wavefront deformation change upon propagation.
N o (7 -
A A p)=2L v w(H. 5).v w(H 5
g )2;‘}’ p)v W H. p)
1v 1y
AW sy = 57?1161?1143 cqu}
. Ly 1y .
.Cl.ﬂm ;T¥{24W Fi'm
- 1 1_ 1 . - . 1
AW,y ::TE I'GI‘J"MJ[’i 220 H’mﬁmi
) 1y 1y !
AWy = ETE Sﬁmﬁ’zzz i
r ]‘T ] j r rd A -
AWy, :;TE(SHM}H 1 F AV Wy + 12005 Wy
; 1v 1 : . . o |
AWy, = :TT 4W131Hs11 + AW, Wy + 8 g §
/ r 1 i ’ T V
ﬂ"'ﬂﬂl _E'_.Tﬁﬂ 230" 230 +2IP311P 131}
- 1y 1y, . v W }
i"ﬁ;sn ZQTEFWL 1W’"11 + 47 “-::H 11
i 1v 1y 7
AWy = 5;@ Wsnr

Table 1.6 Wavefront deformation change for sixth-order aberration terms.

The last step to achieving a complete sixth-order aberration coefficient equation for the
intrinsic terms is stop shifting back to the surface. While in fourth-order theory a stop shift is

performed by substituting the aperture vector p for a stop shift vector p_ . given by,

shift
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+ — Wigo Woan — —— Woag Wi
Ay 040 WWodn AK 040 ¥¥ 40
u - 1 v2
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3] 111 2/(A ,
Wooee = I—F)ﬁ"‘& iE] YO (I) Wazop Wazop

TV
Wince = —Waor (ﬁ - E!r')

A,
Wisice = —4Wosott (H' - EH)

A
w:ucc = —2Wup (M - ZH )

Table 1.7 Sixth-order aberrations with stop at center of curvature.

IL [

ps]uft ,0 +_

N

the same cannot be done for the sixth-order. In sixth-order theory, if the stop is shifted then the
exit pupil changes locations. Additionally, with a stop shift there is an accompanied wavefront

propagation. These two results of stop shifting require more mathematical rigor.
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Upon stop shifting, the wavefront equation for the center of curvature is altered as

follows,

Lo . 141 - =
W (H,p) = WCC(H'ID)_EZ§V;JW€C(H’/0)'Vchc(H'p)

H

NN

p+

Upon substitution of W,.(H,p) and evaluation at g, ., equations for intrinsic aberrations of a

spherical surface are obtained. These equations can be found in Table 1.8%°.

16 Reprinted [adapted] from Introduction to aberrations in optical imaging systems (p. 194) by J. Sasian [3].
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Table 1.8% Intrinsic aberration coefficients of the sixth-order for a spherical surface.
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Chapter 2

Section 2.1 will focus on the discussion of three system properties: the shape factor, the
conjugate factor, and the index of refraction. These three properties play interesting roles in the
aberration function of Seidel sums, and introducing these allows a new coefficient, the structural

coefficient, to be defined and used in geometrical aberration analysis.

The shape factor is a ratio of surface curvatures that describes the shape of a lens.
Manipulation of the shape factor results in lens bending and subsequent marginal and chief ray
angle changes. Understanding of the shape factor leads to interesting results in aberration

control.

The conjugate factor is a ratio of marginal ray angles that when applied to a thin lens is
related to the transverse magnification of a system. Moving an object across different distances
from the lens results in changes to marginal ray angles. This can result in aberration for rays that

deviate from paraxial definitions because of these object location changes.

Finally, the index of refraction is a material property that describes ray propagation
through media. Different materials cause different ray angles across refracting surfaces which of

course result in aberrations.

These properties can all be strictly related to aberrations through structural coefficients,

which will be discussed in Section 2.2.
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2.1 Lens Properties

2.1.1 The Shape Factor

The shape factor of a thin lens specifies the shape of the lens?’, as it is governed by the

curvatures of the two surfaces. The shape factor is then written as,

Cc, +C
X="—2 (2.1)

¢ -G

where ¢, and c, are the curvatures of the first and second surface. If the thin lens is convex-
plano, the shape factor is X = 1.0. If the thin lens is plano-convex, then the shape factor is X =
—1.0. And, if the curvatures of the lens are equal but opposite, such as in an equi-concave, or

equi-convex lens, the shape factoris X = 0.0.

The shape factor is not defined for equal curvatures. This is explored in the math below

where ¢, = ¢;:

X=1 X=0 X=-1

Figure 2.1 Examples of lens shape with three specific shape factors.

7 The theory of the shape factor comes from Fundamental Optical Design (p. 139-140) by. M. Kidger [1].
32



This is clearly undefined.

The shape factor can also be written in terms of the radius of the surfaces using the

. . 1 .
simple relation R ==. The equation then becomes:
C

X=1/r1+1/r2
1/n-1/r,

_ (r,+nr)/ nr

(r,-r)/nn

_ntn o nn

nr, n-n

_nth
r,—n

__hth

r, —r

1712 . (2.2)

The shape factor is a very powerful design parameter, especially when involved in
aberration control. While maintain paraxial approximations and while holding the power of the
lens constant, as the shape factor changes then paraxial chief and marginal ray paths through the

lens do not change.
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2.1.2 The Conjugate Factor

The conjugate factor'® is another system design parameter that describes marginal ray

angles of the system and is related to the transverse magnification of a thin lens. It is defined as,

y w'+w n'u+nu

’ ) (23)
w —w nu —nu

where n’ and n are the indices of refraction and u’ and u are the marginal ray after and before a

surface, respectively.

If the system is a thin lens in air, the conjugate factor can be simplified further. Since the

object and image space have the same refractive index n’ = n = 1, the equation becomes,

u+u

Y= (2.4)

u—-u

This equation can be simplified even further by using the equation for magnification given

below:

(2.5)

m-1 (2.6)

18 The theory for the conjugate factor comes from Fundamental Optical Design (p. 140-141) by M. Kidger [1].
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2.1.3 The Index of Refraction

The index of refraction plays a crucial role in aberration theory. The index of refraction
of a material dictates by how much a ray of light is bent upon entering and exiting materials of
different refractive indices. The basic rule for how much a ray of light is bent is given by Snell’s

Law,

nsin(1)=n"sin(1") (2.7)

where n and n’ are the indices of refraction of the material surrounding the refracting surface,

and where I and I’ are the angles of ray incidence and refraction.

As stated previously, aberrations are a result of a geometrical deformation in the
wavefront. These deviations are described as separate types of aberrations, listed previously in
Table 1.2, to the fourth-order in terms of Seidel sums, and in Table 1.5, Table 1.7, and Table 1.8

to the sixth-order.

The geometrical calculation of these aberrations breaks down to several first-order
quantities which are found in Table 1.3. Among all these listed tables, the index of refraction
term pops up frequently. Frequently, the index of refraction is divided through entire aberration
equations so that the result is an optical path. But, the index of refraction also pops up in the
calculation of first-order quantities as well as in structural aberration coefficients which will be

discussed in the next section.
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2.2 Aberrations as Functions of the Shape Factor, Conjugate Factor,
and Index of Refraction

2.2.1 Structural Coefficients of Fourth-Order Aberrations

The Seidel sums of section 1.1.3 can be restructured in terms of the optical power of each
component, the marginal ray height at the principle plane, Yo the Lagrange invariant, and new
terms called the structural coefficients. Table 2.1 lists the Seidel sums rewritten in terms of the
variables just mentioned. Table 2.1 also includes Seidel sums €, and ¢, which are the sums for

chromatic change of focus and chromatic change of magnification, which this report will not

discuss.

Pupils located at principal planes

I 3
S,r = E}‘}t(b- oy

I 2 ¢l
Sﬂ' = E;ﬁﬂ}‘ﬁ ‘:IJ‘_{.FH

S = H‘?‘E‘I’Uur
Sy = K Doy

2K oy

sy = 22
i

C.r_ = _'l'f;(b(}.r_

C';' = 2;‘1{{-0';'

Table 2.1%° Seidel sums in terms of the marginal ray height at the principle planes, the Lagrange invariant,

the power, and the structural coefficients of fourth-order aberration terms.

19 Reprinted [adapted] from Introduction to aberrations in optical imaging systems (p. 148) by J. Sasian [3].
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The reasoning for rewriting the Seidel sums in terms of structural coefficients begins to
become more evident when looking at Table 2.2. The structural aberration coefficients relating to
the monochromatic fourth-order aberrations are written in terms of the indices of refraction and
the conjugate factor of the lens — both physical properties of the system that were described in

Section 2.1.

The structural aberration coefficients in Table 2.2 are for individual surfaces. That is, if
a system consists of a simple lens with two surfaces, the structural coefficients would need to be
calculated for each surface, and each surface would contribute an individual term to the Seidel

sum. The conjugate factor term used would then be the one defined in equation (2.3).

Now, as mentioned before, the optical system used in this report is a thin lens in air, with

the stop at the lens. Conveniently, the structural aberration coefficients can be simplified further

Structural aberration coefficients

-y

' 2 ) ¥ 7 »

I [n"+n |7 —n" n=4+n-
oy =-3 ; — ¥ 7.2 Y - PR
2ln—n nen'> n=n"*

1 [a" +n n? — n? n'? 4+ n?
oy = — [ _},il|: ¥ — 2,12 ]

2{n —n nin" nin*

] -l 2] ]

1 [n™ —n- y n"+n
aom = —= S— = P
21 nin? nin

o=s(®

Table 2.2 Structural aberration coefficients of a single surface, with the stop at the surface.

20 Reprinted [adapted] from Introduction to aberrations in optical imaging systems (p. 150) by J. Sasian [3].
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for a thin lens in air. Table 2.3 lists the structural aberration coefficients of a thin lens, along
with simplified first-order identities for this system. Note that the conjugate factor used is the one

which this report has defined as equation (2.6).

First-order identities
1 1
b=n—-1-(c;,—c)=m—1)- (___>
r Fa

1+ r+r w' + 14+ m

X= = }’_ =
) — €2 r—ra w — w 1 —m
1 @ 1 @
=~ X+1 = o X-1
“l Zn—l{ ) 2 Zn—l{ )
w =n'u

1
W= = —;{}’ — 1D - vp)

1
= —E{}’_ IND - yp)

Structural aberration coefficients

. . n+2
o =AX-—BXY+CY-+D A= ———
nn—1)
4 |
oy = EX — FY _Hnr D
nin—1)
3 2
t'J';H=1 C= nT
i
1 n?
oy = — =
T n (n—1)7°
n+1
7 nin—1)
| 2n + 1
oy = — F= .
v f
or =0 y=2F"fc
H[f—l

Table 2.3% First-order identities and structural aberration coefficients of fourth-order

aberrations for a thin lens in air, with the stop at the lens.

2L Reprinted [adapted] from Introduction to aberrations in optical imaging systems (p. 151) by J. Sasian [3].
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Chapter 3

This chapter focuses on the fourth and sixth-order monochromatic aberrations as

functions of the shape factor.

The first section describes the /4 BK7 thin lens used in this report. This section also
describes the methods used to control and change the shape factor as well as how the fourth and
sixth-order monochromatic aberrations are calculated. Zemax’s OpticStudio is used very heavily
in this section. The lens design, shape factor manipulation, and aberration calculation are all

done within OpticStudio.

In the second section, plots of the fourth and sixth-order aberrations as functions of the
shape factor are shown. These plots are analyzed with regards to the fields of view chosen, and
they are compared against Seidel aberration equations written in terms of structural coefficients.

Additionally, the fourth and sixth-order aberrations are compared with each other.

In the last section, certain shape factors have been chosen, and their respective thin lens
layouts and wave fans have been plotted using OpticStudio. The reason for this is to understand
the deviation of the rays from the nominal image plane by comparing the wave fans and the lens

layouts.
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3.1 Introduction to the Thin Lens System

3.1.1 Description of the System and its Dependence on the Shape Factor

This section will begin with an overview as to the optical system used, as well as to the
methodologies used in changing the shape factor and in recording the fourth and sixth-order

monochromatic aberrations.

The optical system used in this report is a thin lens in air, with the stop located at the lens.

Below are the thin lens system properties:

Stop at the lens.

Lens made of BK7 with a thickness of 5 mm.

f/4 lens with an effective focal length of 200 mm.

Wavelength of 0.58 um and fields of view of 0, 10, and 30 degrees.

It’s important to note that this lens is described as a “thin” simply because its thickness is small

compared to the focal length. However, this lens does have a thickness. An example of the basic

i 20 mm

Figure 3.1 Thin lens f/4 BK7 system with stop at the lens, a focal length of 100 mm, and a shape
factor of X = 0.
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layout and prescription of this thin lens with a shape factor of X = 0can be seen in Figure 3.1

and Table 3.1.

Table 3.1 shows the lens prescription above put into place for a thin lens with shape
factor X =0. The stop (surface 1) is located at the thin lens. Again, the lens is thin (5mm thick)

in comparison with the defined effective focal length of the system.

The system is f/4, which can be determined by use of the following equation:

f 100
fl#=—="=4

D, 25
Thus, a thin lens with a shape factor of X =0 and with the desired system properties has been

laid out and defined.

Next, the technique used to quickly bend a lens into the desired shape will be described
through an example. Take a desired shape factor of X = 2. First, remember the equation of the

shape factor given by,

c, +c,
X:c - (2.1)

. Surface Type  Comment Radius Thickness Material Coating Clear Semi-Dia

U) OBJECT Standard ~ Infinity Infinity Infinity

1 STOP  Standard ~ Infinity 0.000 12.500 U
2 Standard ~ 102.501 5.000 BK7 12.638
3 Standard ¥ -102.501 98338 M 12.881
4 IMAGE Standard ~ Infinity - 19.238

Table 3.1 Prescription for f/4 BK7 thin lens system with lens at the stop, a focal length of 100

mm, and a shape factor of X = 0.
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By changing the curvature of the surfaces, the shape factor is changed. Keeping this in mind, use
OpticStudio’s Merit Function editor as an aide to quickly solve for curvatures necessary to

achieve the desired shape factor.

Let the radii of the surfaces (surfaces 2 and 3 in Table 3.1) be variables in the “Lens
Data” editor in OpticStudio. Now, let the Merit Function editor read the curvatures of the
surfaces, as in rows 1 and 2 of Table 3.2 where surfaces 2 and 3 (column 2) refer to surfaces 2
and 3 of Table 3.1. The third row of Table 3.2 adds these curvatures, and the fourth row takes the
difference of these values. The fifth row then divides the sum and difference, which is exactly

equation (2.1).

If a desired target and a weight is set in row 5 of Table 3.2, and then the system is
optimized through OpticStudio’s optimization tool, the radii of curvatures of the surfaces of the
thin lens will be changed to achieve the desired shape factor. However, it’s important to keep in
mind that the effective focal length must remain the same for each change in the shape factor, as

is seen in row 7 of Table 3.2.

Now, it is necessary to describe the methodology used for the calculation of the fourth

and sixth-order aberration coefficients. Luckily, a macro available for download in OpticStudio,

4 Type Surf Target Weight Value % Contrib
1 CWAT 2 0.000  0.000 0.028 0.000
2 CWA~™ 3 0.000  0.000 9.447E-03 0.000
3 SUMM™ 1 2 0.000  0.000 0.038 0.000
4 DIFF ~ 1 2 0.000  0.000 0.019 0.000
5 DIVI~ 3 4 2.000 20.000 2.000 0.206
6 BLMNK~™
7 EFFL ~ 1 100.0... 50.000  100.000 99.794

Table 3.2 Merit function editor for thin lens f/4 BK7 system with stop at the lens, a focal length of 100
mm, and a shape factor of X = 0.

42



titled, “Book Wave Coefficients” % calculates fourth and sixth-order aberration coefficients
through the use of Seidel aberration coefficients listed in Table 1.2, and through the various

equations listed in Section 1.2.

After changing the shape factor of the thin lens, the fourth and sixth-order aberrations

were calculated through the macro and recorded.

22 Details on the macro used can be found in Introduction to aberrations in optical imaging systems (p. 247-257) by
J. Sasian [3].
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3.2 Aberrations as Functions of the Shape Factor

3.2.1 Spherical Aberration as a Function of the Shape Factor

Figure 3.2 shows the amount of spherical aberration (in waves) to the fourth and sixth-
orders as a function of the shape factor. This is for a field of 0 degrees — as spherical aberration
has no field dependence changing the field will not change the amount of spherical aberration.
As expected, the fourth-order aberration is much larger than the sixth-order, however at shape

factors of about -5 < X < -2, the amount of sixth-order aberration is significant.

Let’s revisit the equations for fourth and sixth-order spherical aberration. Fourth-order

spherical aberration, in terms of structural coefficients is given by,

1 L, .| 1fo+n Y(n*-n n” +n’
=57 5= d IR '
32 2\n'—n n°n' nn'

The structural coefficient is taken from Table 2.2 and equation (2.8) is to be applied to every

(2.8)

surface.

Equation (2.8) can be simplified to an equation for a thin lens, and is given below,

1 4.3 2 2
Woson =557 @ (AX _BXY +CY +D), 2.9)
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where the 4,B,C, and D terms are dependent on the index of refraction and can be found in
Table 2.3. Equations (2.8) and (2.9) are both necessary in understanding how spherical
aberration depends on the shape factor, since the lens, although considered thin, is not thin when

designed in OpticStudio.

In equations (2.8) we see no explicit shape factor dependence. However, in equation (2.9)
we see a quadratic and linear shape factor term. This dependence on the shape factor seems to
describe the shape of our fourth-order curve. We can also see that the sixth-order curve does not

share the same shape as the fourth-order curve.

—O— 6th order
300 F —O—— 4th order

N

o

o
T

100

spherical aberration
@
o
T

-50 1 1 1 1 1 1 1 1 1 |

shape factor

Figure 3.2 Fourth and sixth-order spherical aberration for f/4 BK7 thin lens with focal length of 100 mm

and at 10 degrees as a function of the shape factor.
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3.2.2 Coma Aberration as a Function of the Shape Factor

Figure 3.3 and Figure 3.4 show the amount of fourth and sixth-order coma aberration as a
function of the shape factor. The thin lens system in Figure 3.3 is set to have a field of 10
degrees, and the system in Figure 3.4 has a field of 30 degrees. Measuring the amount of coma
across these two fields is important because coma aberration changes as a function of the field,

unlike spherical aberration. Additionally, at a field of O degrees there is no coma.

The dependence on the field can be seen in,

W.. Hp® cos(d),

131

w,, H’ p® cos(¢)

3

which are the algebraic forms of fourth and sixth-order coma respectively. The dependence on

the field to the fourth-order is linear, and cubic to the sixth-order.

Now, the fourth-order coma aberration coefficient in terms of structural coefficients is,

1
Wis _ESII
1(1 ” o
=E —)KprD o,

1., ., 1(n'+n n?-n’ n”+n
el Ve 1 _y Y-
4 77 2\ n'-n n*n" n*n"”

where this equation is applied to every surface. Equation (2.10) can be simplified for a thin lens

(2.10)

and is given by,

46



VVl 31,thin

_l 2 2 _
—4)1‘(pr1) (Ex-FY). 211

where E and F are terms dependent on the index of refraction and can be found in Table 2.3.

In equation (2.10) there is no visible dependence on the shape factor. However, in
equation (2.11) there is a linear dependence on the shape factor to the fourth-order. In Figure 3.3
and Figure 3.4, for small values of the shape factor, coma’s dependence is linear. However, when

the magnitude of the shape factor increases, the dependence appears to be cubic.

There is a reasonable explanation to this deviation from the first-order paraxial
calculations. And to put it simply, that reason is that these equations are paraxial
approximations. In Figure 3.5 the thin f/4 BK7 lens has a focal length of 200 mm, a field of view
of 10 degrees and a shape factor of X =—1. In Figure 3.6 the same thin f/4 BK7 lens with a
focal length of 100 mm and a field of view of 10 degrees is shown, but now it has a shape factor
of X =-5. The lens in Figure 3.6 is bending the rays at a much larger angle than the lens in
Figure 3.5, so much so that this ray trace cannot be considered paraxial. As a result, the amount
of coma aberration that is being measured is not linear for shape factors where the lens is being

bent by a large amount.

In Figure 3.3 and Figure 3.4 the shape factor greatly affects the amount of coma

astigmatism. A shape factor of X =1 lends the system to the least amount of coma aberration.
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Figure 3.3 Fourth and sixth-order coma aberration for f/4 BK7 thin lens with focal length of 100 mm at

10 degrees as a function of the shape factor.
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Figure 3.4 Fourth and sixth-order coma aberration for f/4 BK7 thin lens with focal length of 100 mm at

30 degrees as a function of the shape factor.
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i 50 mm

Figure 3.5 Thin f/4 BK7 lens with a focal length of 100 mm, field of view of 10 degrees and a shape

factor of -1.

Figure 3.6 Thin f/4 BK7 lens with a focal length of 100 mm, field of view of 10 degrees and a shape
factor of -5.
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In comparing Figure 3.3 and Figure 3.4, by simply changing the field of view from 10
degrees to 30 degrees almost triples the amount of coma aberration in the fourth-order. Even the
sixth-order coma aberration appears to be incredibly significant; at a shape factor of X = -5 the

amount of coma astigmatism is about 150 mm.
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3.2.3 Astigmatism as a Function of the Shape Factor

Figure 3.7 and Figure 3.8 show the amount of fourth and sixth-order astigmatism
aberration as a function of the shape factor. The thin lens system in Figure 3.7 is set to have a
field of 10 degrees, and the system in Figure 3.8 has a field of 30 degrees. Measuring the amount
of astigmatism across these two fields is important because coma aberration changes as a

function of the field. Additionally, at a field of O degrees there is no astigmatism.

Astigmatism’s dependence on the field can be seen in its algebraic to the fourth and

sixth-order:

W, H 2 p* cos’ (¢),
W,,,H* p* cos® ().

Astigmatism’s dependence on the field is quadratic to the fourth-order, and quartic to the sixth-

order.

Now, the fourth-order astigmatism coefficient in terms of structural coefficients is,

1
W, :ESm
1
:E()KZ(DUIII)
!2_ 2 12 2
=1)qu{_1(n 2 2 y_n J;n n'zﬂ
2 2 n'n n (212)

where equation (2.12) must be applied to each individual surface. Equation (2.12) can be

simplified for a thin lens and the simplification is seen below:
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1
W222,thin = E KD (1)

-Lxo.
2 (2.13)

We can see in equations (2.12) and (2.13) that there is no visible shape factor term. As
such, astigmatism should not depend on the shape factor. Unfortunately, Figure 3.7 and Figure

3.8 say otherwise.

In Figure 3.7 the fourth-order curve appears to have a quadratic or quartic dependence on
the shape factor that approaches a maximum astigmatism value around X = 2.5. The sixth-order
astigmatism curve can be considered negligible when compared to the fourth-order; the fourth-

order terms dominate the sixth-order terms.

In Figure 3.8, where the field has been increased from 10 degrees to 30 degrees, the
fourth and sixth-order terms are much more significant, as was expected with the field
dependence on astigmatism. Even the sixth-order terms in Figure 3.8 contribute significantly to
the total amount of astigmatism. Again, there is a quadratic or quartic dependence on the shape
factor and the sixth-order astigmatism curve does not follow the shape of the fourth-order

astigmatism curve.

In comparing Figure 3.7 and Figure 3.8, the fourth-order astigmatism curves have an
identical shape. In fact, the fourth-order terms from Figure 3.8 are approximately 10.72 times

those from Figure 3.7. And, the sixth-order terms from Figure 3.8 are approximately 114.92

times those from Figure 3.7 — in fact, 10.72° ~114.92 .
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It’s crucial to state that the results of Figure 3.7 and Figure 3.8 are incorrect. Equations
(2.12) and (2.13) state that there should be no dependence on the shape factor for fourth-order
astigmatism, and that is what the results should have shown. These incorrect results could
potentially stem from the thickness of the lens being too large, or large fields that result in rays
no longer being paraxial. Regardless, Figure 3.7 and Figure 3.8 do not obey equations (2.12) and

(2.13) and are therefore not correct.
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Figure 3.7 Fourth and sixth-order astigmatism aberration for f/4 BK7 thin lens with focal length of 100

mm at 10 degrees as a function of the shape factor.

500

—— 6th order
—O— 4th order

400

300

200

100

astigmatism

-100(-

-200 M@_@

-300 1 1 1 1 L 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5

shape factor

Figure 3.8 Fourth and sixth-order astigmatism aberration for f/4 BK7 thin lens with focal length of 100

mm at 30 degrees as a function of the shape factor.
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3.2.4 Field Curvature as a Function of the Shape Factor

Figure 3.9 and Figure 3.10 show the amount of fourth and sixth-order field curvature as a
function of the shape factor. The thin lens system in Figure 3.9 is set to have a field of 10
degrees, and the system in Figure 3.10 has a field of 30 degrees. As with coma and astigmatism
aberration, measuring the amount of field curvature across different fields is important because
field curvature is a function of the field. As such, when the field is O degrees, there is no field

curvature.

Field curvature’s dependence on the field can be seen in the fourth and sixth-order forms

below:

WopoH %,

WypoH *p? cos®(¢).

Field curvature has the same field dependence as that of astigmatism aberration; there is a
quadratic dependence on the fourth-order field curvature terms and a quartic dependence on the

sixth order field curvature terms.

Now, the fourth-order field curvature coefficient in terms of the structural coefficients is:

1
szo = ESIV
1
= E(H(.Z(DO'N )
= i)]{zq)(ij
2 n'n (2.14)

Equation (2.14) must be applied to every surface. Again, this equation can be simplified for a
thin lens as seen below:
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1 1

szo,thin = E}KZCD(HJ (2.15)

Equations (2.14) and (2.15) have no dependence on the shape factor. Unfortunately, Figure 3.9

and Figure 3.10 show otherwise.

In Figure 3.9 the fourth-order curve appears to be quadratic. The sixth-order terms are
close to zero and negligible when compared to the fourth-order terms. In Figure 3.10 the fourth-
order curve appears to have the same quadratic dependence as the curve from Figure 3.9.

However, the sixth-order curve is no longer negligible; the sixth-order terms are largely negative.

In comparing Figure 3.9 and Figure 3.10, the fourth-order terms in Figure 3.10 are
approximately 10.72 times those of Figure 3.9, and the sixth-order terms of Figure 3.10 are
approximately 114.94 times those of Figure 3.9. Interestingly, these are the same multiples as
were shown in the graphs for astigmatism in Section 3.2.3. Additionally, notice that the shapes of
the curves in Figure 3.9 and Figure 3.10 are the same as Figure 3.7 and Figure 3.8, which are the
graphs for astigmatism. These relationships between the field curvature and astigmatism can be
attributed to the fact that equation (2.13) and equation (2.15) have the same Lagrange invariant

and power terms.

Like the results for astigmatism, Figure 3.9 and Figure 3.10 are incorrect. Equations
(2.14) and (2.15) state that there should be no dependence on the shape factor for fourth-order
field curvature, and that is what the results should have shown. These incorrect results could
potentially stem from the thickness of the lens being too large, or large fields that result in rays
no longer being paraxial. Regardless, Figure 3.9 and Figure 3.10 do not obey equations (2.14)

and (2.15) and are therefore not correct.
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Figure 3.9 Fourth and sixth-order field curvature for f/4 BK7 thin lens with focal length of 100 mm at

10 degrees as a function of the shape factor.

400

—O©— 6th order
350 | | —©— 4th order

300

250

200

150 -

100 -

field curvature

O
w O

_100 Il 1 1 1 1
5 4 3 2 A 0

shape factor

505
o606 0606060000 o060
1

N O

Figure 3.10 Fourth and sixth-order field curvature for f/4 BK7 thin lens with focal length of 100 mm at

30 degrees as a function of the shape factor.
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3.2.5 Distortion as a Function of the Shape Factor

Figure 3.11and Figure 3.12 show the amount of fourth and sixth-order distortion as a
function of the shape factor. The thin lens system in Figure 3.11 is set to have a field of 10
degrees, and the system in Figure 3.12 has a field of 30 degrees. As with coma, astigmatism, and
field curvature, measuring the amount of distortion across different fields is important since

distortion is a function of the field. As such, when the field is 0 degrees there is no distortion.

Distortion’s dependence on the field can be seen in its algebraic forms written below for

the fourth and sixth-orders:

W,y Hpcos(g),

W;y, H 5,0 cos(g).

The fourth-order distortion term has a cubic field dependence, and in the sixth-order it has a

quintic field dependence.
Now, the fourth-order distortion coefficient in terms of the structural coefficients is:

1
W311 = E Sv

B 1(2}1{3@}
5 2
2 Yo
KB (nrz _nzj
=72 | 2.2 |
yp LN (2.16)

This equation needs to applied to every surface in order to get the total contribution. Again, this

equation can be simplified for a thin lens. The result is,
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K3
WSll,thin =—-0

2
p

=0. (2.17)
In equations (2.16) and (2.17) there is no shape factor dependence, with equation (2.17) going so
far as to starting that a thin lens supplies no distortion. Unfortunately, in Figure 3.11 and Figure

3.12 distortion is varying with the shape factor.

In Figure 3.11 the fourth-order distortion curve appears to be negative and linear from
—3< X <4. The sixth-order distortion curve also appears to be linear, however the slope is
much smaller, and the line is positive. The sixth-order distortion also appears to be negligible

when compared to the fourth-order distortion.

In Figure 3.12 the fourth and sixth-order curves appear to be more cubic than linear. The
amount of distortion measured at a field of 30 degrees is much greater than that measured at a
field of 10 degrees. At 30 degrees the sixth-other distortion is no longer negligible and is quite

significant.

In comparing Figure 3.11 and Figure 3.12 the general shape of the fourth and sixth-order
curves is extremely similar — however, the cubic dependence on the shape factor is made more

evident with the increase in field.

It’s important to state that the results of Figure 3.11 and Figure 3.12 are incorrect.
Equations (2.16) and (2.17) state that there should be no dependence on the shape factor for
fourth-order distortion, and that is what the results should have shown. These incorrect results

could potentially stem from the thickness of the lens being too large, or large fields that result in
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rays no longer being paraxial. Regardless, Figure 3.11 and Figure 3.12 do not obey equations

(2.16) and (2.17) and are therefore not correct.
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Figure 3.11 Fourth and sixth-order distortion for f/4 BK7 thin lens with focal length of 100 mm at 10

degrees as a function of the shape factor.
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Figure 3.12 Fourth and sixth-order distortion for f/4 BK7 thin lens with focal length of 100 mm at 30

degrees as a function of the shape factor.
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3.3 OpticStudio Analysis of the Shape Factor

3.3.1 Lens Layouts and Wave Fans

Figure 3.13, Figure 3.15, and Figure 3.17 show the thin lens layouts with shape factors of
X =0,2.5,and X = 5, and for fields of 0, 10, and 30 degrees. As the shape factor increases in
these figures, the rays appear to spread out further from an ideal point. This is also true as the

field of view increases.

Figure 3.14, Figure 3.16, and Figure 3.18 show the wave fans of the respective lenses
from Figure 3.13, Figure 3.15, and Figure 3.17. These wave fans include the 0, 10, and 30-degree
fields. As the shape factor increases across these lenses, the scale on the wave fan plots increases
rapidly. Additionally, as predicted by the thin lens layouts, the 30-degree fields contribute to the

most aberration.

' : - + + 1100 mm

Figure 3.13 Lens layout for f/4 BK7 thin lens with focal length of 100 mm at 0, 10, and 30 degree
fields and a shape factor of X = 0.
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Figure 3.14 Wave fans for f/4 BK7 thin lens with focal length of 100 mm at 0, 10, and 30 degrees fields

and a shape factor of X = 0.
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I ' + + + 100 mm

Figure 3.15 Lens layout for f/4 BK7 thin lens with focal length of 100 mm at 0, 10, and 30 degree
fields and with a shape factor of X = 2.5.
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Figure 3.16 Wave fans for f/4 BK7 thin lens with focal length of 100 mm at 0, 10, and 30 degrees
fields and a shape factor of X = 2.5.

i 100 mm

Figure 3.17 Lens layout for f/4 BK7 thin lens with focal length of 100 mm at 0, 10, and 30 degree

fields and with a shape factor of X = 5.
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Figure 3.18 Wave fans for f/4 BK7 thin lens with focal length of 100 mm at 0, 10, and 30 degrees
fields and a shape factor of X = 5.

Figure 3.19 and Figure 3.21 show the thin lens layouts for lens with shape factors of X =
—2.5,and X = -5, and for fields of 0, 10, and 30 degrees. As the magnitude of the shape factor
increases in these figures, the rays appear to spread out further from an ideal point. This is also

true as the field of view increases.

Figure 3.20 and Figure 3.22 show the wave fans of the respective lenses from Figure 3.19
and Figure 3.21. These wave fans include the 0, 10, and 30-degree fields. As the magnitude of

the shape factor increases across these lenses, the scale on the wave fans does not change,

however the shape of the wave fans changes.
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As expected, across all the wave fans, at 0 degrees there is only spherical aberration.
Additionally, as was explained in Section 3.2.1 and as can be seen in the thin lens layouts, at
large fields the rays travel far from the optical axis. This interferes with the definition of paraxial
rays, where paraxial rays are those close to the optical axis. Many of the approximations made in

aberration theory become inaccurate and fail to completely define the scope of all rays.

T

I i 200 mm

Figure 3.19 Lens layout for f/4 BK7 thin lens with focal length of 100 mm at 0, 10, and 30 degree
fields and with a shape factor of X = —2.5.
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Figure 3.20 Wave fans for f/4 BK7 thin lens with focal length of 100 mm at 0, 10, and 30 degrees
fields and a shape factor of X = —2.5.

i 100 mm

4

Figure 3.21 Lens layout for f/4 BK7 thin lens with focal length of 200 mm at 0, 10, and 30 degree

fields and with a shape factor of X = —5.
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Figure 3.22 Wave fans for f/4 BK7 thin lens with focal length of 100 mm at 0, 10, and 30 degrees

fields and a shape factor of X = —5.
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Chapter 4

This chapter focuses on the fourth and sixth-order monochromatic aberrations as

functions of the conjugate factor.

The first section describes the /4 BK7 thin lens used in this report. This section also
describes the methods used to control and change the conjugate factor. The fourth and sixth-
order monochromatic aberrations are calculated by the methods outlined in Section 3.1. Again,
the lens design and aberration calculation are all done within OpticStudio, as well as the

conjugate factor manipulation.

In the second section, plots of the fourth and sixth-order aberrations as functions of the
conjugate factor are shown. These plots are analyzed with regards to the object heights chosen,
and they are compared against Seidel aberration equations written in terms of structural

coefficients. Additionally, the fourth and sixth-order aberrations are compared with each other.

In the last section, certain conjugate factors have been chosen, and their respective thin
lens layouts and wave fans have been plotted using OpticStudio. The reason for this is to
understand the deviation of the rays from the nominal image plane by comparing the wave fans

and the lens layouts, as was done in Section 3.3.
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4.1 Introduction to the Thin Lens System for a Changing Conjugate
Factor

4.1.1 Description of the System and its Dependence on the Conjugate Factor
This chapter uses the same initial thin lens system with X =0 that was described in

Section 3.1.1. Again, it’s important to note that while the thin lens is considered “thin” because

its thickness is small compared to its focal length, when designed in OpticStudio the lens is not

thin. Its prescription is rewritten below:

Stop at the lens.

Lens made of BK7 with a thickness of 5 mm.

f/4 lens with an effective focal length of 100 mm.

Wavelength of 0.58 um and fields of view of 0, 10, and 30 degrees.

In Chapter 3 the lens system had an object placed at infinity so that the rays coming in would be
parallel to the optical axis. However, in this chapter an object is placed at a known distance from
the lens. This distance is selected with the lens design in mind to achieve a certain magnification

and subsequent conjugate factor.

From Section 2.1.2, the equation for the conjugate factor was given by,

w'+w n'u'+nu

Y= (2.3)

w'-w n'u-nu

which was then simplified for a thin lens in the following equation,
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Y = (2.6)
m-1
Equation (2.6) can be rearranged so that,
-1-Y
m=——. 2.18
1y (2.18)

So, by specifying a conjugate factor in equation (2.18) a magnification is calculated.

In Figure 4.1 the lens layout is shown; the object height is defined as 10 mm which
allows for an object distance other than infinity to be set. Note that the distance from the object
to the lens is set as variable. Additionally, the lens is biconvex with the stop at the lens. The lens
is 5 mm thick and can be considered thin since this thickness is significantly less than the
effective focal length. Figure 4.3 displays the cross section of the lens description from Figure

4.1.
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. SurfaceType Coi Radius  Thickness Material Coi Clear Semi-Di

0 |OBJECT Standard ~ Infinity 163.007 V 10.000
1 STOP  Standard ~ Infinity 0.000 12.500 U
2 Standard ~ 102.844 5.000 BK7 12.500 P
3 Standard ~ -102.844 248.340 M 12.764
4 IMAGE Standard ~ Infinity - 15.668

Figure 4.1 Prescription for f/4 BK7 thin lens system with stop at the lens and a focal length of 100 mm.
The object height is 10 mm, and the distance from the object to the lens results in a magnification of -

1.5.

. Type Wave Target Weight Value % Contrib
1evac~[ ] 1 -1.500 20.000 -1.500  100.000
2 BLNK~

3 EFFL~ 1 100.000  0.000 100.000 0.000

Figure 4.2 Merit function editor for f/4 BK7 thin lens system with stop at the lens and a focal length of
100 mm.

In using the technique from equation (2.18), a value of Y =-0.2 was selected for the
design shown in Figure 4.1 and Figure 4.3. In plugging Y =—0.2 into equation (2.18), the result
is m=-1.5. Figure 4.2 shows the Merit Function editor in OpticStudio. The first row, “PMAG”
gives the paraxial magnification of the system. By setting a target of -1.5 and optimizing, the
distance from the object to the lens is changed to fit this magnification value. So, the value of the

conjugate factor can be controlled by optimizing the lens system to fit a certain magnification.

For simplicity, the conjugate factors used result in only real images, not virtual. So, the

conjugate factors have been restricted to values —0.8 <Y <0.8.
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i 100 mm

Figure 4.3 Lens layout for f/4 BK7 thin lens system with stop at the lens and a focal length of 100 mm.

The object height is 10 mm and the distance from the object to the lens results in a magnification of -1.5.
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4.2 Aberrations as Functions of the Conjugate Factor

4.2.1 Spherical Aberration as a Function of the Conjugate Factor

Figure 4.4 shows the fourth and sixth-order spherical aberration for the lens system
defined in Section 3.1.1. The object height used is 10 mm. It’s important to realize that changing
the object height will have no effect on the fourth and sixth-order spherical aberration, for the

same reasons that spherical aberration remains the same throughout the field.

Looking again at the equations defined in Section 3.2, for a system of surfaces the fourth-

order spherical aberration is given by,

WL g ] n'+n YZ n” -n’ v n”+n ’g
040_32yp 2\ n'—n n" n?n'" ' (2.8)

Equation (2.8) must be applied to every surface. The equation for fourth-order spherical

aberration of a thin lens is given by,

1 4.3 2 2
Woson = 557 (AX _BXY +CY +D), 2.9)

In equation (2.8) there a linear and quadratic dependence on the conjugate factor. In

equation (2.9) the dependence on the conjugate factor is the same and can be seen more clearly.

The fourth-order curve in Figure 4.4 appears to have the quadratic dependence on the
conjugate factor from equations (2.8) and (2.9). The sixth-order spherical aberration curve
hovers near zero despite the changing conjugate factor. As such, the sixth-order spherical

aberration is negligible, especially when compared to the fourth-order spherical aberration.
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Figure 4.4 Fourth and sixth-order spherical aberration for f/4 BK7 thin lens with focal length

of 100 mm and object height of 10 mm as a function of the conjugate factor.
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4.2.2 Coma Aberration as a Function of the Conjugate Factor

Figure 4.5 and Figure 4.6 show the fourth and sixth-order coma aberration for the lens
system defined in Section 4.1.1. The object heights used are 10 mm and 30 mm respectively. For
a system of surfaces, the equation defined in Section 3.2.1 for the fourth-order coma aberration is

given by,

1, | 1{n'+n n?-n’ n?+n
[/V131 o Z}Kypq) _E n'—n i n" Y- n" ) (2'10)
Equation (2.10) must be applied to every surface. The thin lens version of this equation is given

by,

= %}kyﬁ@z (Ex-FY). (2.11)

VVIB 1,thin

Equation (2.10) has a linear and quadratic conjugate factor term, where the quadratic
term appears when the equation is expanded. However, equation (2.11) contains just a linear

dependence on the conjugate factor.

In Figure 4.5 the fourth-order coma aberration curve is not linear; the fourth-order coma
aberration appears to be quadratic and is therefore following equation (2.10)’s dependence on the
conjugate factor. The sixth-order coma aberration curve appears linear—the amount of coma is

so close to zero that it is negligible when compared to the fourth-order coma values.

In Figure 4.6 the fourth-order curves are also quadratic. This curve appears to be the

same shape as the fourth-order coma aberration curve from Figure 4.5. The sixth-order coma
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aberration values are larger than those of Figure 4.5 and it appears to decrease towards zero as
the conjugate factor increases. Even with the larger values, this sixth-order coma aberration

curve is not significant when compared to the values of the fourth-order coma aberration curve.

There is a relationship between the values in Figure 4.5 and Figure 4.6. The fourth-order
coma aberration values in Figure 4.6 are approximately 3 times the fourth-order coma aberration
values in Figure 4.5. Additionally, the sixth-order coma aberration values in Figure 4.6 are

approximately 26 times the sixth-order coma aberration values from Figure 4.5.
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Figure 4.5 Fourth and sixth-order coma aberration for f/4 BK7 thin lens with focal length of 100 mm

and object height of 10 mm as a function of the conjugate factor.
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Figure 4.6 Fourth and sixth-order coma aberration for f/4 BK7 thin lens with focal length of 2100 mm

and object height of 30 mm as a function of the conjugate factor.
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4.2.3 Astigmatism as a Function of the Conjugate Factor

Figure 4.7 and Figure 4.8 show the fourth and sixth-order astigmatism aberration for the

lens system defined in Section 4.1.1. The object heights used are 10 mm and 30 mm respectively.

For a system of surfaces, at the equation defined in Section 3.2.3 for the fourth-order

astigmatism aberration is given by,

1 1(n"%*—n? n“+n®
W”Z:E}KZCD{_E( pER: Y- = n' (2.12)

and the thin lens equation for fourth-order astigmatism is given by,

1
Wazo thin = E}KZCD- (2.13)

Equation (2.12) has a linear dependence on the conjugate factor, while the dependence on the

conjugate factor disappears for the thin lens equation (2.13).

In Figure 4.7 the fourth-order astigmatism values decrease towards zero as the conjugate
factor increases. The sixth-order astigmatism curve appears to hover around zero, however there
is a slight increase in astigmatism as the conjugate factor increases. The sixth-order astigmatism

is quite small and is negligible when compared to the fourth-order astigmatism.

In Figure 4.8 the same decrease in the fourth-order astigmatism occurs as that from
Figure 4.7, but with much higher fourth-order astigmatism. The sixth-order astigmatism curve
now approaches zero from negative sixth-order astigmatism values. The magnitude of the sixth-

order astigmatism is still a small percentage of the magnitude of the fourth-order astigmatism.
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The astigmatism curves in Figure 4.7 and Figure 4.8 appear to have the same shape. In
fact, the fourth-order values in Figure 4.8 are approximately 9 times larger than those Figure 4.7,
and the sixth-order values in Figure 4.8 are approximately 62 times larger than those in Figure

4.7.
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Figure 4.7 Fourth and sixth-order astigmatism for f/4 BK7 thin lens with focal length of 200 mm and

object height of 10 mm as a function of the conjugate factor.
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Figure 4.8 Fourth and sixth-order astigmatism for f/4 BK7 thin lens with focal length of 100 mm and

object height of 30 mm as a function of the conjugate factor.
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4.2.4 Field Curvature as a Function of the Conjugate Factor

Figure 4.9 and Figure 4.10 show the fourth and sixth-order field curvature for the lens

system defined in Section 4.1.1. The object heights used are 10 mm and 30 mm respectively.

For a system of surfaces, the equation defined in Section 3.2.4 for the fourth-order field

curvature is given by,

1 1
W,y = > )chb(ﬁj, (2.14)

where equation (2.14) must be applied to every surface. The fourth-order thin lens field

curvature equation is given by,

1 1

Waz0 i = E}qu)(ﬁj (2.15)

Equations (2.14) and (2.15) have no visible dependence on the conjugate factor. Unfortunately,

Figure 4.9 and Figure 4.10 demonstrate otherwise.

The fourth-order field curvature curve in Figure 4.9 appears to be decreasing,
approaching zero as the conjugate factor increases. The sixth-order field curvature curve hovers
around zero but appears to have a slight increase as the conjugate factor increases. However, the

sixth-order field curvature is negligible when compared to the fourth-order field curvature.

The fourth-order field curvature curve in Figure 4.10 appear to have the same decrease as
the curve from Figure 4.9, however the fourth-order field curvature is much higher in Figure

4.10. The sixth-order field curvature curve also approaches zero, but from negative field
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curvature values. Additionally, the sixth-order field curvature is small when compared to the

fourth-order field curvature.

Figure 4.9 and Figure 4.10 have the following relationship: the fourth and sixth-order
field curvature curves of Figure 4.10 are 9 and 81 times the fourth and sixth-order field curvature

plots of Figure 4.9 respectively.

It’s crucial to state that the results of Figure 4.9 and Figure 4.10 are incorrect. Equations
(2.14) and (2.15) state that there should be no dependence on the conjugate factor for fourth-
order field curvature, and that is what the results should have shown. These incorrect results
could potentially stem from the thickness of the lens being too large, or large fields that result in
rays no longer being paraxial. Regardless, Figure 4.9 and Figure 4.10 do not obey equations

(2.14) and (2.15) and are therefore not correct.
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Figure 4.9 Fourth and sixth-order field curvature for f/4 BK7 thin lens with focal length of 100 mm and

object height of 10 mm as a function of the conjugate factor.
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Figure 4.10 Fourth and sixth-order field curvature for f/4 BK7 thin lens with focal length of 100 mm

and object height of 30 mm as a function of the conjugate factor
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4.2.5 Distortion as a Function of the Conjugate Factor

Figure 4.11 and Figure 4.12 show the fourth and sixth-order distortion for the lens system

defined in Section 4.1.1. The object heights used are 10 mm and 30 mm respectively.

For a system of surfaces, the equation defined in Section 3.2.5 for the fourth-order

distortion is given by,

H{?} nlz _n2
W311 :y_‘zj( nzn,z j! (2.16)

which must be applied to each surface. The thin lens fourth-order distortion equation is given by,

Wagnin = 0- (2.17)

Equations (2.16) and (2.17) have no dependence on the conjugate factor. Figure 4.11 and Figure

4.12 show a small dependence, unfortunately.

In Figure 4.11 the fourth-order distortion curve appears to quadratically approach zero
from negative distortion values, as the conjugate factor increases. The sixth-order distortion
curve appears to approach small negative distortion values from zero, as the conjugate factor
increases. Sixth-order distortion is negligible when compared to fourth-order distortion, however

the highest value of fourth-order distortion is still relatively small at around —0.45.

In Figure 4.12 the fourth-order distortion curve again approaches zero from negative
distortion values as the conjugate factor increases. The sixth-order distortion curve also
approaches zero from positive distortion values, and sixth-order distortion is again small when

compared to fourth-order distortion.
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It’s important to note that the results of Figure 4.11 and Figure 4.12 are incorrect.
Equations (2.16) and (2.17) state that there should be no dependence on the conjugate factor for
fourth-order distortion, and that is what the results should have shown. In fact, the fourth-order
distortion curve should just be zero. These incorrect results could potentially stem from the
thickness of the lens being too large, or large fields that result in rays no longer being paraxial.
Regardless, Figure 4.10 and Figure 4.12 do not obey equations (2.16) and (2.17) and are

therefore not correct.

By equation (2.17), Figure 4.20 and Figure 4.21 should have no distortion for the fourth-
order curve. Luckily, this result can be shown by setting the setting to just be a simple paraxial
lens with no thickness. Table 4.1 shows the design of the lens, and Figure 4.13 shows the lens
layout. With this paraxial lens of no thickness, the results predicted in equation (2.17) are

achieved.

Figure 4.14 and Figure 4.15 are the plots for the paraxial thin lens with no thickness. As
can be seen in these plots, the fourth-order distortion is actually zero. Sixth-order distortion is
behaving as expected, with the sixth-order distortion curves matching each other at different

object heights.

So, equation (2.17) is correct after all for thin lenses. Interestingly, adding any thickness

at all to this paraxial lens immediately caused fourth-order distortion in the paraxial system.
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Figure 4.11 Fourth and sixth-order distortion for f/4 BK7 thin lens with focal length of 100 mm and

object height of 10 mm as a function of the conjugate factor.

distortion

-12 —O©— 6th order
—©— 4th order

_14 1 1 1 1 1
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

conjugate factor

Figure 4.12 Fourth and sixth-order distortion for f/4 BK7 thin lens with focal length of 100 mm and

object height of 30 mm as a function of the conjugate factor.
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' . Surface Type Coi. Radius Thickness Materia Coi Clear Semi-Dia Chi Me Coi TCl Par 1(unuse Par 2(unused)
0 OBIEC Standard v Infinity 200.000 V 10.000 0.0.. 10.. 0.0. 0.0.

1 STOP  Standard ~ Infinity 12.500 U 0.0, 12. 0.0, 0.0.

2 (aper) Paraxial ¥ 0.000 BK7 12.500 U 100.000 1

3 Standard ~ Infinity 200.000 M 12.500 0.0. 12.. 0.0. 0.0,

4 IMAGE Standard ~ Infinity - 10.081 0.0. 10.. 0.0. 0.0.

Table 4.1 Prescription for f/4 BK7 thin lens system with stop at the lens and a focal length of 200 mm.
The object height is 10 mm, and the distance from the object to the lens results in a magnification of -
1.0. This system uses a paraxial surface type as the lens.

F—<>

i 100 mm

Figure 4.13 Lens layout for f/4 BK7 thin lens system with stop at the lens and a focal length of 100
mm. The object height is 10 mm and the distance from the object to the lens results in a magnification

of -1.0. The lens in this system is paraxial.
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Figure 4.14 Fourth and sixth-order distortion for f/4 BK7 thin paraxial lens with focal length of 100

mm, an object height of 10 mm, and no lens thickness as a function of the conjugate factor.
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Figure 4.15 Fourth and sixth-order distortion for f/4 BK7 thin paraxial lens with focal length of 100

mm, an object height of 30 mm, and no lens thickness as a function of the conjugate factor.

89



4.3 OpticStudio Analysis of the Conjugate Factor

4.3.1 Lens Layouts and Wave Fans

Figure 4.16, Figure 4.18, Figure 4.20, and Figure 4.22 show the thin lens layouts with
conjugate factors of Y = —0.8, —0.4,0.4, and Y = 0.8, respectively. These thin lens layouts are
also plotted with object heights of 0, 10, and 30 mm. As the conjugate factor increases, the
magnification decreases, leading the object to lens distance to increase. As the distance between
the object and the thin lens increases, the incident ray angles decrease. This results in less

extreme ray angles of exitance, and thus less aberrations.

Figure 4.17, Figure 4.19, Figure 4.21, and Figure 4.23 show the wave fans of the
respective lenses from Figure 4.16, Figure 4.18, Figure 4.20, and Figure 4.22. These wave fans
include the 0, 10, and 30 mm object heights. As mentioned in the previous paragraph, as the
conjugate factor increases across these lenses, the scale on the wave fan plots decreases, which
means less total aberration. Across these wave fan plots, the 30 mm object height contributes the

highest value to the total aberration value.

As expected, across all the wave fans, at an object height of 0 mm there is only spherical

aberration.
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i 200 mm

Figure 4.16 Lens layout for f/4 BK7 thin lens with focal length of 100 mm at object heights of 0, 10,

and 30 mm, a magnification of m = —9.0 and a conjugate factor of Y = —0.8.
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Figure 4.17 Wave fans for f/4 BK?7 thin lens with focal length of 100 mm at object heights of 0, 10, and

30 mm, a magnification of m = —9.0 and a conjugate factor of Y = —0.8.
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i 200 mm

Figure 4.18 Lens layout for f/4 BK7 thin lens with focal length of 100 mm at object heights of 0, 10,
and 30 mm, a magnification of m = —2.33 and a conjugate factor of Y = —0.4.
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Figure 4.19 Wave fans for f/4 BK7 thin lens with focal length of 100 mm at object heights of 0, 10, and

30 mm, a magnification of m = —2.33 and a conjugate factor of Y = —0.4.
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Figure 4.20 Lens layout for f/4 BK7 thin lens with focal length of 100 mm at object heights of 0, 10,

and 30 mm, a magnification of m = —0.43 and a conjugate factor of Y = 0.4.
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Figure 4.21 Wave fans for f/4 BK7 thin lens with focal length of 100 mm at object heights of 0, 10, and
30 mm, a magnification of m = —0.43 and a conjugate factor of Y = 0.4.
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1 200 mm

Figure 4.22 Lens layout for f/4 BK7 thin lens with focal length of 100 mm at object heights of 0, 10,
and 30 mm, a magnification of m = —.0.11 and a conjugate factor of Y = 0.8.
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Figure 4.23 Wave fans for f/4 BK7 thin lens with focal length of 100 mm at object heights of 0, 10, and
30 mm, a magnification of m = —0.11 and a conjugate factor of Y = 0.8.
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Chapter 5

This chapter focuses on the fourth and sixth-order monochromatic aberrations as

functions of the index of refraction.

The first section describes the f/4 thin lens used in this report. This section also describes
the methods used in changing the index of material of the thin lens. The fourth and sixth-order
monochromatic aberrations are calculated by the methods outlined in Section 3.1. Again, the lens
design and aberration calculation are all done within OpticStudio, as well as the index of

refraction manipulation.

In the second section, plots of the fourth and sixth-order aberrations as functions of the
index of refraction are shows. These plots are analyzed with respect to three different fields: 0,
10, and 30-degrees. These plots are compared against Seidel aberration equations written in
terms of structural aberration coefficients. And, the fourth and sixth-order aberrations are

compared with each other.

In the last section, certain indices of refraction have been chosen and their respective thin
lens layouts and wave fans have been plotted using OpticStudio. The reason for this is to
understand the deviation of the rays from the nominal image plane by comparing the wave fans

and the lens layouts, as was done in Section 3.3.
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5.1 Introduction to the Thin Lens System for a Changing Index of
Refraction

5.1.1 Description of the System and its Dependence on the Index of Refraction

This chapter uses a similar thin lens system that was described in Section 3.1.1 However,
instead of using BK7 as the material for the thin lens, the index of refraction is adjusted, and the

aberrations are measured. The thin lens system will continue to consist of the following:
e Stop at the lens.
e Lens made of BK7 with a thickness of 5 mm.
e f/4 lens with an effective focal length of 100 mm.
e Wavelength of 0.58 um and fields of view of 0, 10, and 30 degrees.

Once again, it must be clarified that although the lens is called a “thin” lens, this is because its
thickness is small compared to its focal length. When designed this lens in OpticStudio, the lens

is not thin.

As in Chapter 3, the lens system will have an object placed at infinity so that they rays
coming in are parallel to the optical axis. However, unlike Chapter 3, the shape of the lens will
not be changing. All that will be changing in this chapter in the index of refraction of the

material.

The lens system will have the prescription listed in Table 5.1, with its respective layout
seen in Figure 5.1. The index of refraction is changed simply by altering the index of refraction

value under the “Material” section of OpticStudio’s lens prescription. It’s important to note that
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. Surface Type Coi  Radius  Thickness Material Coi Clear Semi-I

(] OBJECT Standard ~ Infinity Infinity Infinity

1 STOP  Standard ¥ Infinity 0.000 12.500 U
2 Standard ¥ 102.844 5.000 1.52,0.0 M 12.500 P
3 Standard ¥ -102.844 98.669 M 12.881
4 IMAGE Standard ~ Infinity - 19.292

Table 5.1 Prescription for f/4 thin lens system with stop at the lens and a focal length of 100
mm. The index of refraction of the lens is defined to be n=1.5168 with a dispersion of v = 0.

the Abbe value v must always be set to zero since this report is not analyzing how the dispersive

properties of a material affects aberrations. Figure 5.2 demonstrates how the expanded

“Material” section is altered to obtain the desired values.
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1 20 mm

Figure 5.1 Lens layout for /4 thin lens system with stop at the lens and a focal length of 100 mm. The
index of refraction of the lens is defined to be n=1.5168 with a dispersion of v = 0.

—
Glass solve on surface 2

1 Solve Type: Model v Vary
Index Nd: 1.5168000345 ]
Abbe Vd: 0 ]
dPgF: -0.0009 ]

Figure 5.2 Material model used for f/4 thin lens with stop at the lens and a focal length of 100 mm. The

index is altered, and the Abbe number is set to zero.
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5.2 Aberrations as Functions of the Index of Refraction

5.2.1 Spherical Aberration as a Function of the Index of Refraction

Figure 5.3 shows fourth and sixth-order spherical aberration as a function of the index of
refraction. This is for a field of O degrees — as spherical aberration has no field dependence

changing the field will not change the amount of spherical aberration.

Once again, fourth-order spherical aberration is given by two sets of equations: the first
applies to each surface and the second is a simplification for a thin lens model. These are given

below,

oL gl 1 n'+n v ‘(0" - v n*+n -
040_32yp 2l n'—n nin" nin" ’ (2.8)
74 _ L e (axtopxvicrtap (2.9)

040,¢hin =~ 35V p ( - tlr A ) '

It’s easily seen that equation (2.8) heavily relies on the index of refraction of each

surface. The same can be said for equation (2.9) by looking at the following values:
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n+2

T n(n-1)?%’

B 4(n+1) |

n(n-1)
C- 3n+2,

n
2

p- "

(n-1)

which clearly also depend on the index of refraction. It’s important to realize that the power of

the thin lens, @ also has an index of refraction term that its dependent on.

In Figure 5.3 the fourth-order spherical aberration appears to be increasing exponentially

as the index of refraction increases. The sixth-order spherical aberration appears to be increasing
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Figure 5.3 Fourth and sixth-order spherical aberration for f/4 thin lens with focal length of 100

mm at 10 degrees as a function of the index of refraction.
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linearly with the increase in index of refraction, however sixth-order spherical aberration is

negligible when compared to fourth-order spherical aberration.
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5.2.2 Coma Aberration as a Function of the Index of Refraction

Figure 5.4 and Figure 5.5 show fourth and sixth-order coma aberration as a function of
the index of refraction and at fields of 10 and 30 degrees respectively. Recall that coma is also a

function of the field of view.

Again, this report gives two equations for fourth-order coma aberration; the first is an
equation applied to each surface and the second is a thin lens simplification of the first. These

equations are given below,

_1)}(2 ,| 1(n'+n n?®-n n” +n
VVBI_Z ypq) _E nr_n_Y nn" ¥- nin" ’ (2.10)

131,thin

= %)f(y;q)z (Ex - FY). (2.11)

Equation (2.10) relies strongly on the index of refraction. So does equation (2.11) when

variables E and F are defined:

n+1
n(n-1)°

F_ 2n+1'
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Like with spherical aberration, the power term, @ is dependent on the index of refraction. But in
addition to the power term, the Lagrange invariant term, 2K is also dependent on the index of

refraction. With this it’s clear that both equations rely on the index of refraction.

In Figure 5.4 the magnitude of the fourth-order coma aberration curve is growing
exponentially as the index of refraction increases. The sixth-order coma aberration is also
increasing as the index of refraction increases, although it appears to be increasing linearly.

When compared to fourth-order coma aberration, sixth-order coma aberration is negligible.

In Figure 5.5 the magnitude of the fourth-order coma aberration curve is growing
exponentially as the index of refraction increases. The sixth-order coma aberration curve is no
longer linear and is also increasing as the index of refraction increases. However, at a field of 30
degrees sixth-order coma aberration can no longer be considered negligible especially as the

index of refraction grows.

Fourth and sixth-order coma aberration in Figure 5.4 and Figure 5.5 share a relationship;
fourth and sixth-order coma aberration in Figure 5.5 are approximately 3.27 and 35.10 times

respectively larger than fourth and sixth-order coma aberration in Figure 5.4.
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Figure 5.4 Fourth and sixth-order coma aberration for f/4 thin lens with focal length of 100 mm at 10

degrees as a function of the index of refraction.
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Figure 5.5 Fourth and sixth-order coma aberration for f/4 thin lens with focal length of 100 mm at 30

degrees as a function of the index of refraction.
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5.2.3 Astigmatism as a Function of the Index of Refraction

Figure 5.6 and Figure 5.7 show fourth and sixth-order astigmatism aberration as a
function of the index of refraction and at fields of 10 and 30 degrees respectively. Recall that
more than one field is needed for a full understanding of astigmatism, since astigmatism is also a

function of the field of view.

It’s once again necessary to write out the two fourth-order astigmatism aberration
equations; the first being an equation applied to each surface of the system and the second being

a simplification to a thin lens. These equations are given below,

1 1(n”? —n? n”+n®
WZZZ:E)KZCD{—E[ RERY: Y- " n ||, (2.12)
1.2
W222,thin :E}K . (2-13)

Equation (2.12) is clearly dependent on the index of refraction, while in equation (2.13)
the index of refraction is buried in the Lagrange invariant and power terms. In breaking down

equation (2.13) the equation now states,

L v —nuv 11
Wazz thin = E(nuy —nuy )2 (n-1) [F — r_]
1 2

where the dependence on the index of refraction is clear.
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In Figure 5.6 the fourth-order astigmatism curve appears to be increasing linearly as the
index of refraction increases. The sixth-order astigmatism curve appears to be decreasing
linearly, while its magnitude is increasing. This sixth-order astigmatism is not negligible at
higher indices of refraction, although it is small compared to the magnitude of the fourth-order

astigmatism.

In Figure 5.7 the fourth and sixth-order astigmatism curves have the same shape as those
from Figure 5.6, however their magnitudes are larger and sixth-order astigmatism is large
throughout all values of the index of refraction. The fourth and sixth-order astigmatism values in
Figure 5.7 are 10.72 and 114.94 times respectively larger than the fourth and sixth-order

astigmatism values from Figure 5.6.
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Figure 5.6 Fourth and sixth-order astigmatism aberration for f/4 thin lens with focal length of 100 mm

at 10 degrees as a function of the index of refraction.
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Figure 5.7 Fourth and sixth-order astigmatism aberration for f/4 thin lens with focal length of 100 mm

at 30 degrees as a function of the index of refraction.
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5.2.4 Field Curvature as a Function of the Index of Refraction

Figure 5.8 and Figure 5.9 show fourth and sixth-order field curvature as a function of the
index of refraction and at fields of 10 and 30 degrees respectively. Recall that multiple fields are

needed to fully understand field curvature, since it is also dependent on the field of view.

Written again below are the fourth-order field curvature equations, the first being an
equation applied to each surface and the second being a simplified version for thin lenses. These

equations are,

W,.,, = %}I{ZCD (n—an
(2.14)
_ %(nﬁy— nuy)z(n—l)[%—%](n%nj,
Wazo tin = %)chp(%j
(2.15)

= 1(nUy— nuy)®(n —1)(i—lj(1j.
2 [ AN

These equations have been expanded so that all the terms are written in terms of the index of

refraction.

In Figure 5.8 the fourth-order field curvature curve appears to be linearly increasing as
the index of refraction increases. The sixth-order field curvature curve is decreasing slowly away
from zero as the index of refraction increases and is negligible when compared to the fourth-

order field curvature.

108



In Figure 5.9 the fourth and sixth-order field curvature curves have the same shape as
those from Figure 5.8, however their magnitudes are much larger. To that point, sixth-order field
curvature is no longer negligible. The fourth and sixth-order field curvature values in Figure 5.9
are 10.72 and 114.94 times respectively more than those in Figure 5.8. Interestingly, this is the
same relationship for between the fourth and sixth-order astigmatism aberration values in Section

5.2.3.
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Figure 5.8 Fourth and sixth-order field curvature for f/4 thin lens with focal length of 100 mm at 10

degrees as a function of the index of refraction.
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Figure 5.9 Fourth and sixth-order field curvature for /4 thin lens with focal length of 200 mm at 30

degrees as a function of the index of refraction.
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5.2.5 Distortion as a Function of the Index of Refraction

Figure 5.10 and Figure 5.11 show fourth and sixth-order distortion as a function of the
index of refraction and at fields of 10 and 30 degrees respectively. Recall that distortion is also a

function of the field of view, so it’s crucial to look at multiple fields.

Below are the fourth-order distortion equations for both a system of surfaces and a thin

lens:

K3 (0?2
W311 = L—

yi nZnIZ
(2.16)
_ (nty —nuy)® ( n*?-n?
yé nZnIZ !
Wainin =0- (2.17)

Equation (2.16) has been expanded so that all terms are written with their dependence on the

index of refraction.

In Figure 5.10 the fourth-order distortion curve increases rapidly from away from zero
but begins to approach some limit as the index of refraction increases. The sixth-order distortion

curve hovers around zero and is therefore negligible.

In Figure 5.11 the fourth-order distortion curve behaves similarly to that of Figure 5.10,
although the magnitude of the distortion is larger in Figure 5.11. However, the sixth-order
distortion curve moves away from zero rapidly, giving negative distortion values. The sixth-

order distortion is not negligible.
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The fourth and sixth-order distortion of Figure 5.11 are 35.10 and 376.28 times

respectively larger than those from Figure 5.10.

Despite equation (2.16) stating that fourth-order distortion is not a function of the index
of refraction, equation (2.17), Figure 5.10, and Figure 5.11 show otherwise. Looking back to
Section 4.2.5, where a new paraxial thin lens system with zero thickness was set up, the fourth-
order distortion was zero. However, since the thin lens system set up in this section is not thin,
by OpticStudio’s consideration of thin, equation (2.15) may describe the lens since the equation
does rely on the index of refraction. Regardless, equation (2.15) is not a particularly great model

for this situation, but it cannot be cast aside.

112



—— 6th order
—O—— 4th order

distortion

-1 1 1 1
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

index of refraction

Figure 5.10 Fourth and sixth-order distortion for f/4 thin lens with focal length of 100 mm at 10

degrees as a function of the index of refraction.
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Figure 5.11 Fourth and sixth-order distortion for f/4 thin lens with focal length of 100 mm at 30

degrees as a function of the index of refraction.
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5.3 OpticStudio Analysis of the Index of Refraction

5.3.1 Lens Layouts and Wave Fans

Figure 5.12, Figure 5.14, Figure 5.16, and Figure 5.18 show the thin lens layouts with
indices of refraction of n = 1.3,1.5,1.7 and n = 1.9 and for fields of 0, 10, and 30 degrees. As
the index of refraction increase, the exiting rays have more extreme angles. As a result, the rays
appear to spread out further from their ideal points. This is also true as the field of view is

increased.

Figure 5.13, Figure 5.15, Figure 5.17, and Figure 5.19 show the wave fans of the
respective lenses from Figure 5.12, Figure 5.14, Figure 5.16, and Figure 5.18. These wave fans
include the 0, 10, and 30-degree fields. As the index of refraction increases across these lenses,
the scale of the wave fan plots also increases. As predicted, the 30-degree fields contribute the

most to the total aberration. Additionally, the 0-degree field only has spherical aberration.

I 200 mm

Figure 5.12 Lens layout for f/4 thin lens with focal length of 100 mm at 0, 10, and 30 degree fields and

an index of refraction of n = 1.3.
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Figure 5.13 Wave fans for f/4 thin lens with focal length of 100 mm at 0, 10, and 30 degrees fields and
an index of refraction of n = 1.3.

i 100 mm

Figure 5.14 Lens layout for f/4 thin lens with focal length of 200 mm at 0, 10, and 30 degree fields and

an index of refraction of n = 1.5.
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Figure 5.15 Wave fans for f/4 thin lens with focal length of 100 mm at 0, 10, and 30 degrees fields and
an index of refraction of n = 1.5.
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Figure 5.16 Lens layout for f/4 thin lens with focal length of 200 mm at 0, 10, and 30 degree fields and

an index of refraction of n = 1.7.
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Figure 5.17 Wave fans for f/4 thin lens with focal length of 100 mm at 0, 10, and 30 degrees fields and

an index of refraction of n = 1.7.

i 100 mm

Figure 5.18 Lens layout for f/4 thin lens with focal length of 200 mm at 0, 10, and 30 degree fields and

an index of refraction of n = 1.9.
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Figure 5.19 Wave fans for f/4 thin lens with focal length of 100 mm at 0, 10, and 30 degrees fields and

an index of refraction of n = 1.9.
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Conclusions

In this report, fourth and sixth-order monochromatic aberrations are analyzed against the
shape factor, conjugate factor and index of refraction. In addition, these aberrations are also
measured at different fields of view and object heights in order to obtain a comprehensive

understanding of the behavior of these aberrations.

The Seidel aberration coefficients were written using structural coefficients in order to
obtain expressions for the wave aberration coefficients in terms of the shape factor, conjugate
factor, and index of refraction. In addition to these general formulas for fourth-order aberrations,
the equations could be simplified further for a thin lens system. However, the equations for a
system of surfaces and the equation for a thin lens system both did not always describe the

resulting aberration plots completely.

As changing shape factors, conjugate factors, and indices of refraction resulted in greater
angles of exitance of the rays, the total amount of aberration was higher. Smaller angles of
exitance resulted in lower amounts of total aberration. Additionally, large fields and large object

heights also resulted in higher amounts of total aberration.

Fourth-order monochromatic aberrations were always greater than their sixth-order
monochromatic counterparts. However, at larger fields and larger object heights, the sixth-order
aberrations often were not small enough to completely ignore. To conclude, sixth-order
aberrations cannot be ignored without full understanding of the optical system, even if the

system is as simple as a thin lens.
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