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We give a brief introduction to Hamiltonian optics and Lie algebraic methods. We use these methods to describe
the operators governing light propagation, refraction, and reflection in phase space. The method offers a system-

atic way to find aberration coefficients of any order for arbitrary rotationally symmetric optical systems. The coeffi-
cients from the Lie method are linked to the Seidel aberration coefficients. Furthermore, the property of summing
individual surface contributions is preserved by the Lie algebraic theory. Two examples are given to validate the pro-

posed methodology with good results.
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1. INTRODUCTION

The calculation of Seidel aberrations of rotationally symmetric
optical systems is well known in the optical design literature
[1-3]. Seidel sums provide a clear insight into the contribution
of each optical surface of the analyzed system to the third order
transverse ray aberrations at the image plane. Some recently
published methods determine aberration coefficients numeri-
cally in terms of ray data in pupil coordinates [4,5] or in phase
space [6]. Alternatively, differences in optical path lengths can
be measured via ray tracing [7] or the use of total aberration
formulas [2,8] from which values of Zernike aberrations can
be deduced. Most methods derive closed form expressions for
aberration coefficients utilizing the expansion of ray-tracing
equations [9-11] or of optical path length differences between
the principal and a marginal ray [1-3].

In this paper, we aim to derive closed form expressions of the
Seidel aberration coefficients using the Lie algebraic method.
To this purpose, we present a concise introduction to the Lie
algebraic method, pioneered and developed mainly by Dragt
and Wolf [12—16], applied to geometrical optics. We also link
this formulation to the widely known Seidel coefficients. In
[15], a first step towards the classification of optical elements
using the Lie method has been made.

We introduce the concept of a fundamental optical map in
the framework of the Lie method. The map is composed of
propagation from an intermediate object plane, refraction or
reflection by a surface, and subsequent propagation to an inter-
mediate image plane. We determine operators that approximate
the analytic ray-tracing maps analogously to first order matrix
formulation [1,2,17]. Additional operators that also take higher
order phenomena into consideration will be calculated. The

1084-7529/22/091603-13 Journal © 2022 Optica Publishing Group

Table 1. Correspondence between Matrix Formalism
and the Lie Algebraic Method®
Lie Lie
Matrix (First Order) (First Order) (Third Order)
Ly 45y
Ray ( o 2) exp(—dlhy, 1) exp(=dlhs. -])
propagation x2S (49) (49)
I @)
Refraction < 2X2/ 2“) exp(lg2, D exp([g4, -1
2B8(n—n') Ly Dhxa (55) (57), (60)

“The third column contains maps that correspond to third order ray optics.

description of these maps will be discussed in the following
sections, but to give the reader an idea, we refer to Table 1 to
show the relations between the matrix method and the Lie maps.
In Table 1, the matrix in the first column and the Lie map in the
second column are equivalent. The map in the third column is
an extension to higher order optics.

Additionally, by considering rotationally symmetric optical
systems as a concatenation of fundamental optical elements, we
will reduce the analysis of the complete system to the determina-
tion of the sole fundamental map, thus significantly simplifying
the treatment of arbitrary rotationally symmetric systems.

The Lie approach provides a mathematical theory that
enables us to systematically compute aberration coefficients
of rotationally symmetric systems and link them to the well-
known Seidel coefficients. It will be shown how the property
of summing up individual surface contributions to the Seidel
coefficients, as in traditional optical design theory [1,2], is a
direct consequence of the presented mathematical framework.

In Sections 2 and 3, a brief description of geometrical optics
and the Lie algebraic approach will be given. In Section 4, the
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reader will find the methodology necessary to formulate propa-
gation, refraction, and reflection within the context of the Lie
algebraic method. The description of the fundamental element
can be found in Section 5. An optical system can then be viewed
as the concatenation of multiple optical elements as described in
Section 6. The link between the Lie framework and the Seidel
coefhicients is presented in Section 7. Two examples to validate
the presented method will be shown in Section 8 with very
satisfactory results. Section 9 offers concluding observations and
an outlook to future applications to off-axis systems.

2. CLASSICAL FORMULATION OF
GEOMETRICAL OPTICS IN PHASE SPACE

In this section, we will summarize the classical theory of geo-
metrical optics describing light propagation, refraction, and
reflection. These results are what we aim to reproduce in
Sections 4 and 5 with the use of Lie algebraic tools.

First, we describe free propagation of a light ray. Consider
a general ray in three-dimensional space with coordinates
(41, 92, 2) and let s represent the arc length along said ray. We
can then describe the ray path using z as the propagation param-
eter for g1 (2) and ¢2(2). The z axis will also be called the optical
axis. Let P' and P be the initial and final points, respectively, of
aray path C; then its optical path length is defined as

o
OPL:/ n(q, z)ds =/' n(q. DV1+14Pdz, (1)
C z

1

where q=1(q1, ), P'= P'(q(z), ), P'= Pi(q(s"), 2",
and 7(q, 2) is the refractive index of the medium through which
the ray propagates. Fermat’s principle tells us that the ray path is
a stationary point of Eq. (1) [18]. As such, the ray path satisfies
the Euler—Lagrange equations [18]

— - ——=0, (2a)

with the Lagrangian £ given by
L(q, q,2) =n(q, )1+ 1q|* (2b)

The canonical conjugates of ¢, also called momenta, read

oL q
p= =nlq, 23— 3)
Iq V1+lgl?
The conjugates p = (p1, p2) are the projections of the unit
direction vector of the ray onto a plane z = const., e.g., =0,
times the refractive index. The Hamiltonian A is defined in
terms of £ by the relation

H(q, p,2)=p-q—L(q. q.2), 4

where ¢ is expressed in terms of ¢, p, z through a Legendre
transformation [18].

Combining the Lagrangian system Eq. (2) with the definition
of pand Hin Eq. (3) and Eq. (4), respectively, we obtain

. 9H . 0H

q—@, P=—§, (5a)
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where the Hamiltonian A is given by

H(q, p.2)=—/n(q, 2" — | pl*. (5b)

A ray is completely defined by its position and direction coor-
dinates along the z axis. Hence, its initial values (qi, p) at
the plane z = z' are related to its final coordinates at the plane
z=2 by following the trajectory (q(z), p(z), z) governed by
the Hamiltonian system Eq. (5). From now on, we will refer
to ¢, p as phase space variables. Let p, be the z component
of the unit direction vector along the ray, multiplied by the
refractive index 7. In an optical medium, it holds true that

n(q(2), 2) = |(p(2), p.(2))|. Assuch, p, can be defined as

Pzz\/ 7’1(% Z)z_ |P|2’ (6)

and by substitution into Eq. (5b), we get H = — p,,. We consider
propagation in only the positive z direction, since we assume
rays to be traveling only forward. Furthermore, note that if the
Hamiltonian is independent of z, then it is constant and thus
also p is.

Next, we continue this section with the refraction of rays,
where we will consider the refractive index to be constant within
each respective medium. To this purpose, we introduce two
quantities that are conserved at refraction: the position coor-
dinates ¢ of the point of impact of the ray with the refracting
surface and the tangential momentum p at this point. We
denote with the unprimed values (g, p) the phase space coor-
dinates of the incoming ray, with (g, p) the conserved ray
quantities at the refracting interface and with (¢’, p’) the phase
space coordinates of the outgoing ray.

When compared to other ray quantities in geometrical optics,
we have that the momenta p and p’ are related to the incoming
and outgoing ray angles, respectively. In fact,

|pl=nsin® and p,=ncosh, (7)

where 6 is the angle between the incoming ray and the optical
axis. In Eq. (7), we find the relation between phase space coordi-
nates and the more traditionally used ray angles for rotationally
symmetric optical systems. Similarly, g and ¢’ track the position
of the ray along the optical axis, and ¢ is the incidence point of
the ray at the optical surface. Information about other optical
quantities as, for instance, incidence angles of rays on the sur-
face can be deduced from the phase space coordinates we just
introduced.

The position coordinates g are measured by
(back)propagating the ray onto the so-called standard screen
defined by z=10 (see Fig. 1). Let z=¢(q) be the refracting
surface, then the conservation of the point of impact is described
through ray propagation:

g+t @2 =4=4+:@Z. ®)
P z P z
This is the solution to the Hamiltonian system Eq. (5)
in a medium of constant refractive index subject to
q(0) =4, p(0) = p.
Note that the standard screen can be placed at any distance
from the optical surface. However, the assumption that the
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Fig. 1.  Refraction at the surface 2= ¢{(q), where #' > n. Position
coordinates are projected along the ray onto the standard screen z = 0.
Intermediate object and image planes are displayed.

standard screen and the surface both intersect at ¢ = 0 simplifies
the expressions in Eq. (8). Equation (8) states that by propa-
gating from the standard screen to the surface in object space,
or by propagating from the standard screen to the surface in
image space, we reach the same point of impact (g, {(g)) at the
surface.

Conservation of tangential momentum can be described
through the following cross product between the surface
normal, to be taken opposite to the incoming rays, and the
ray direction coordinates. Let V{(q) be the gradient of our
refracting surface at the point of impact; then

()= ()-() (1) o

Equation (9) is the vectorial form of Snell’s Law. The first two
components give

PHV@p.=p=p +V(@p, (10)

With the results in Egs. (8) and (10), we can define the root
transformation R ., thatacts upon the incident ray coordinates
for a medium with refractive index 7 and gives us the conserved
quantities (¢, p) attheinterface z = ¢ (q) [14,16]:

_ . P
Rucq=q=q+(q) ———, 11a
qd=9=q+¢(q) 17 (11a)
Rucp=p=p~+Vilgvn' —|pl* (11b)

Note that these definitions are implicit, because the expression
for g is dependent on ¢ itself. Once the position coordinate of
the point of impact is known, then the expression for p can be
computed explicitly. The root transformation R, is defined
analogously to Eq. (11), but has the refracted phase space coor-
dinates (¢', p') and the refractive index #’ as arguments [see
Egs. (8) and (10)]. In this formulation, we can summarize the
conservation at the point of impactas

q q q
() o
P ? P

The inverse transformation of R, is derived from Egs. (8) and
(10) by bringing to the other side the necessary terms and reads

? (13a)

Rod=4=7-¢@———.
¢ ' =1pP
R\ p=p=p—Vi@n’—IpP.  (13b)

This is again defined implicitly, since the expression for p’
is dependent on p’ itself. We are interested in the refraction
mapping S, . between the incoming and outgoing phase
space coordinates after refraction by the surface z=1{¢(q) at
the standard screen. This is achieved by combining the root
transformations in Eq. (11) and their inverses in Eq. (13) into

[13,14,19]
Sn,n’;{ :Rn_/’lg oRn:{" (14)

At this point, we assume that the surface intersects the stand-
ard screen at the origin, i.e., £(0) =0, and that the surface is
tangential to the standard screen at the origin, i.e., V£ (0) = 0.
The first assumption is without any loss of generality since the
root transformations can be reformulated according to the posi-
tion of the standard screen, which can therefore be moved freely
along the z axis. The second assumption limits the possible
surface representations to functions with no first order terms in
their Taylor expansion at ¢ = 0. The motivation behind these
assumptions will become apparent in the following sections,
but the first immediate consequence is that the origin of phase
space is mapped onto itself by S, ., i.e., if g =0= p, then
q/ — 0 — P/.

The implicit form of the root transformations makes it nec-
essary to compute them recursively up to the desired order of
accuracy. We start with a fixed point iteration using g = g as
our first guess. Solving Eq. (11a) iteratively allows us to find
an expansion for g up to the desired order. Substituting this
result into Eq. (11b) gives us an expansion for p. We then pro-
ceed similarly to derive expansions of ¢’, p’ in terms of g, p
using Eq. (13). Combining these results yields an expansion
of the outgoing ray coordinates in terms of the incoming ones
up to the desired order of accuracy. A rotationally symmetric
refracting surface can be described by

z=C(q) =Blql* +8(q»)> +--- . (15)

Here, 8 is half the curvature. If we consider the surface descrip-
tion in Eq. (15), then the third order expansion of S, .., in
Eq. (14) applied to the phase space variables of an incoming ray
reads

, 11
q=9+Fp (— - —,) lgPp+26% (1= 2) laPq.
n n n
(16a)

/ / 1 1 2
)2 =P+2/3(n—n)q—ﬁ<——;) lpl°q

7

2 _”_/ 2 4R82 _7 .
+28 <1 n)lqlp 4p (1 n/)(p D9

F4(n—n) (5+ﬁ3”_” ) 191

ﬂ/

(16b)
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and is in agreement with [13,16]. The linear part of Eq. (16)
describes refraction within the limits of Gaussian optics [17].
We will refer to the linear components of propagation and
refraction as the Gaussian part of said mappings.

To illustrate the procedure, we will show the first steps
necessary to derive the expressions in Eq. (16). We start by
solving Eq. (11) up to third order using the surface expansion
in Eq. (15). As previously noted, Eq. (11a) is implicit. The first
order guess of the iterative process reads g = g + O(2), where
O(2) stands for terms of order two or higherin g, p. Thesecond
step therefore is to use the intermediate result g = ¢ + O(2) in
Eq. (11a) and to expand the square root:

P

NENTT

_ 2 1o
=g+ Blg+ 02" +04)) ;+2—n3p+0(5)

9=9+(g+0Q2)

=q+ §|q|2p+ O4).
(17)

Substituting Eq. (17) into Eq. (11b) gives, up to third order,

P=p+2Bnq+28°19"p - §|p|2q +4ndlql’q + O0).
(18)
Performing similar computations for Eq. (13) and combining
them with the results in Egs. (17) and (18) will result, up to third
order, in the expressions given in Eq. (16).
In the case of a reflecting surface, similar calculations can be
performed. The corresponding reflection relations read [14]

V4 - - V4

i P————==9=q — (@) ——,
q q /—ﬂ2—|p|2 9=49 q 1 |P/|2
P VE@VA — gl ==~ Ve@y w1 pT

(19)

We notice that Eq. (19) considers a backpropagation of the
reflected ray compared to Eq. (11). Following the steps pre-
sented in the case of refraction, expressions similar to Eq. (16)
can be calculated. A way to promptly derive the reflection expan-
sion from Eq. (16) is to substitute ' = —n in Eq. (16) [19], but
we encourage the reader to perform the calculations themselves
to get better acquainted with the procedure. We will focus on the
treatment of refractive optics, but each step made using Eq. (11)
can be applied analogously to Eq. (19).

3. LIE ALGEBRAIC TOOLS

This section serves as a brief introduction to the theory of
Lie algebraic tools needed to describe light propagation and
refraction introduced in Section 2. We first define the Poisson
bracket and the Lie algebra structure it generates for functions
in phase space. Next, the concepts of Lie operators and Lie
transformations are explained. Important results connecting
Lie transformations and symplectic mappings are presented
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together with some essential tools for the treatment of Lie trans-
formation products. From this section onward, all functions
in phase space are assumed to be sufficiently smooth for any
differentiation they might be subjected to.

The Poisson bracket is an operator [+, -] that maps any pair of

functions f, g in (q, p) to asingle function of (¢, p), denoted
by[f, gl

2 (dfdg AF 9 3f 3¢ OF 9
0= Y (s~ 0 0) = 34705~ 751y
i=1
(20)
The above definition of the Poisson bracket implies that
[4i, pj1= 8. The Poisson bracket has the following properties:

e f+ Bg, hl=alf, h1+ Blg, /#] (linear in first component),

(21a)

[f,ag+ Bhl=alf, gl+ BLf, /] (linear in second component),
(21b)

[f, f1=0 (alternating), (21¢)

[f.lg, P11+ g, [h, fII+ 15, [f, gl1=0 (Jacobiidentity).

(21d)
As a consequence of Eq. (21¢), the Poisson bracket is also anti-
symmetric, i.e., [ f, g]=—[g, f]. Thus, the Poisson bracket
turns the space of functions defined in phase space into Lie
algebra [20].

Propagation and refraction as described in Section 2 are
transformations of phase space variables. Let us therefore
establish some mathematical concepts about these transfor-
mations. The transformation to new phase space variables
(g, p— (Q(q, p), P(q, p)) is said to be a canonical

transformation, if it satisfies [12,14]
[Qi, Qil=1gi.¢9;1=0
[P, Pil=1pi» pj1=0
[Q:, Pil=1q:, pjl=23j. (22)

Consequently, the value of Poisson brackets is preserved under
canonical transformations [21]. We now collect the two sets
of variables ¢;, p; and Q;, P; into a single set of four variables
Wi, ..., wgand W, ..., Wy, respectively, where

w=(q1,92 p1, p2)", W=(Qi, Q, P, 7). (23)

Using the notation of Eq. (23), the rules in Eq. (22) can be sum-
marized by

) I
=g whees = (G2 B ) e

The Poisson bracket operation Eq. (20) in terms of w can be rep-
resented as

T
[fogl=) a—fk]/eza—gl = (8_]”) ]B_g. (25)

ow w
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Let us consider a canonical transformation w +— W{(w), which
therefore satisfies Eq. (22). Combining the relations in Eq. (24)
with the just introduced representation of the Poisson bracket in
Eq. (25) yields

4
oW,  oW;

i =LWi, W;l= L Tu—=L. 26

Ji=[W;, Wj] 311 Bwk]klawl (26)

Let M be the Jacobian matrix of the transformation from w to
W, ie.,

ow;
My(w) = a_m’ (27)

then according to Eq. (26), the following must hold:
MM =]. (28)

The relation in Eq. (28) means that the matrix M belongs to
the symplectic group in four dimensions [12], which implies
that the phase space transformation is volume preserving.
Accordingly, the necessary and sufficient condition for a
transformation to be canonical is for its Jacobian matrix to
be symplectic, and a canonical transformation is therefore often
called a symplectic map.

Let f and g be two functions in phase space. We define
the linear Lie operator [ f, -] associated with f acting on g as
follows:

[fa']gz[fag]

For instance, we have that [¢;, -] = 9/9 p1. If the argument of
[/, -] is a vector-valued function g, then it acts component-
wise on g. We now introduce the main Lie algebraic tool used
in this work: the Lie transformation. The Lie transforma-
tion exp([ £, -]) associated with f and generated by [ f, -] is
defined as

0 1k
epttf =3 L (29)
k=0 ’

The powers in Eq. (29) follow the recursive definition

f,1°=1, [f- 1 =Lf1F 1,

It can be proven that the Lie transformation associated with a
function f(g, p) in phase space has the following properties for
any differentiable functions g, 4 in phase space [14]:

exp([ £, -Dlg, h1=Ilexp(Lf, Dg, exp([ £ -DA],

(Conservation of Poisson bracket),  (30a)

k=1,2,....

exp([f, - Dg(q, p)=g(exp([ f, Dq, exp(Lf, ] p).
(Action on function arguments). (30b)

The motivation for introducing Lie transformations becomes
clear with the following two theorems by Dragt and Finn [12],
which are pivotal for the discussion to follow. They will allow
us to establish a direct link between symplectic maps and their
representation as Lie transformations. The first theorem ([12],
Theorem 1) gives us a result regarding maps derived from Lie
transformations foragiven f of the form

Vol. 39, No. 9/ September 2022 / Journal of the Optical Society of America A 1607

Wi =exp([f, - Dw;. (31)

Provided the series in Eq. (31) converges, the resulting map
is symplectic [12]. In fact, using property Eq. (30a) of Lie
transformations and their definition in Eq. (29), we have

[W;, Wil = [exp(Lf, -Dw;, exp(Lf, -Dw;]
=exp([f, -Dlw;, w;]
=exp([f, 1]
= Ji (32)

since [ f, -]k]l-/- =0 for any # # 0. The result in Eq. (32) states
that maps of the form Eq. (31) are symplectic. Conversely,
the second theorem ([12], Theorem 2) gives us a sufficient
condition for representing symplectic maps in terms of Lie
transformations. Suppose that each component of a symplectic
map w — W(w) allows for a representation as

W= a0, (33)

lo|>0

where o denotes a4-tuple of exponentsin N, and
4
lo| = E or,  w’ =wi'wilww;’. (34)
k=1

Then, W; can be represented as an infinite product of Lie trans-
formations:

Wi = (exp(lg2, -] exp(lg3, -] - - - wy, (35)

where the generators g5, g3, etc., are homogeneous polyno-
mials in the variables w; of degree 2,3, etc. Here, we omit the
concatenation symbol o, as it is clear from the context that
we are concatenating operators. Recall that a homogeneous
polynomial p,, (w) of degree m satisfies the following condition:

Pm(Aw) =17 p,, (W) (36)

for every A € R. Note that the symplectic map described
in Eq. (33) maps the origin of phase space onto itself,
i.e., W(0) =0. The core information to be taken from these
two theorems is that any analytic symplectic map of the form
Eq. (33) can be represented as an infinite product of Lie trans-
formations with homogeneous polynomials as generators and
that the truncated product is still a symplectic map, since it is a
product of symplectic maps [12].

We conclude this section with some results that are neces-
sary for the derivations in the sections to follow. The first is the
Baker—Campbell-Hausdorff (BCH) formula [12]. Given two
functions g and f, the function # satisfying

exp([4, -]) = exp(lg, -] exp([ f, -]) (37a)
is given by

k=g+ f+lg. 112+ g, lg. [I+LFLf glD/124--- .
(37b)

If fand g commute, i.e.,[ f, g] =0, then we have that
exp([g, ‘1) exp(Lf, -] =exp(lg + £, -D. (38)
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Note that the Lie transformation associated with a constant gen-
erates only the identity operator. Thus, the inverse of a Lie trans-
formation follows from Eq. (38):

exp(=[f, -Dexp([ £, -] =exp([ f, -] exp(—=[f, -D=1.
(39)
From Eq. (39), we deduce that

exp (Lf, D' =exp(—Lf. -D. (40)

The second Lie algebraic tool of relevance is the following result,
which will facilitate considerably the treatment of products of
Lie transformations. Theorem 3 of Dragt and Finn [12] states
that for any two Lie operators [ f, -]and [g, -], we have that

exp([f, D exp([g, -D exp(=[f, -] = exp([#, -],
k=exp([ £, Dg. (41)

This implies that whenever we have three Lie transformations
as on the left-hand side of Eq. (41), it is then possible to exactly
compute their concatenation without the need of the BCH
formula.

Lastly, we make a remark about the order of approxima-
tion that we will consider in this work. All the expansions of
phase space variables will be performed up to third order terms,
i.e, o] <3inEq. (34). This decision imposes some restrictions
on the degree of the generators g, g3, ... of the Lie transfor-
mations in Eq. (44). All stems from the observation that if we
consider the space P, spanned by monomials of degree 72 > 1,

thenfor f € P, andg € P,, we have that
[f» g] € Peran- (42)

Assuch, if we decide to consider polynomial expansions in phase
space only up to third order, then we can restrict the degree of
homogeneous polynomials in Eq. (35) to four. Any Lie trans-
formation whose associated polynomial is of a degree higher
than four will generate terms of orders higher than three and
can therefore be neglected. As another consequence of property
Eq. (42), Lie transformations associated with homogeneous
polynomials of second degree do not change the degree of their
arguments. In fact, ' € P, means that m = 2, and therefore, for
any g € P,, we have [ f, g] € P,. Thus, Lie transformations
with second degree generators can be represented by linear trans-
formations when applied to phase space variables, i.e., n=1.
We will refer to these Lie transformations as the Gaussian part of
the mapping.

4. LIE ALGEBRAIC FORMULATION OF
GEOMETRICAL OPTICS IN PHASE SPACE

Using the results in Section 3, we will describe how to formulate
the propagation and refraction shown in Section 2 in terms of
Lie transformations. All the results that follow are calculated up
to third order terms in the phase space variable expansions for
rotationally symmetric optical systems.

We start by proving that the Hamiltonian defined in Eq. (5b)
is the generator of the solution of free propagation in a medium
of constant refractive index. First, note that the Hamiltonian
system Eq. (5a) can be represented in terms of Poisson brackets:
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q=—1H ql, p=-LH, pl. (43)

Using the notation of Eq. (23), we can use the even more com-
pact representation

w=—[H, wl. (44)
Consider the Taylor expansion of w at the final image screen
z =z
W =w(@) + 3 L@y Y (45)
- m! dz” =g
We know from Eq. (44) that
d_w =—[H, Jw
dz - ’ ’
d*w dw
L — _TH. 1— =(—[H. -D?
) [’]dz (—=[H, - D"w,
d”w
=1 ). (46)
z

Upon substitution of Eq. (46) into the Taylor expansion
Eq. (45), we get the series representation of a Lie transformation
as in Eq. (29) with the Hamiltonian A as the generator. This
means that the mapping M, such that w(z) = M(w(z")) and
which isasolution to Eq. (44), is defined as

M =exp(—(' — 2)[H, -]). 47)

Given the result of Eq. (47), we have that free propagation
from a standard screen at z = z' to a standard screen at z = 2 is

described by

P (a8a)

N
exp(—(zf —Z)[H, Dp=rp- (48b)

The solution in Eq. (48) is in agreement with Eq. (8). Note that
the Hamiltonian can be expanded as follows:

exp(—(2f = H, Ng=q+ (2

1pl> (pP°
—H= 712_|P|2:ﬂ—2——v—"'
=—ho—h2(p) — hs(p) —--- . (49)

Thus, the transit through a slab of thickness 4 made of a homo-
geneous medium with refractive index 7 can alternatively be
written as an infinite product of Lie transformations:

M =exp (d [\/n2 —|pl?, ])
= exp(—d/Cn)[| p?, 1) exp(—d/(8n)[(| pI»)?, 1) - - -

= exp(—d|[h2, 1) exp(=d[hs, 1) - - .
(50)

The identity in Eq. (50) holds because the generators in the sole
variable | p|2, present in the expansion Eq. (49), commute by the
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property Eq. (21¢), and therefore the BCH formula Eq. (37) is
significantly simplified [see Eq. (38)]. The term 4 clearly does
not generate any Lie transformation other than identity.

Lastly, recall that by the argument following from Eq. (42),
the linear part of the mapping M is entirely generated by /5.
The linear, or Gaussian, part of the mapping therefore reads

Mg =exp(—dlhy, -]). (51)
Evaluating the map in Eq. (51) gives
d
exp(~dlhy. Dw = ( . 712“) w, (52
O2x2 D2

which is equal to the propagation matrix in the conventional
matrix formulation of Gaussian optics [17]. In fact, the tradi-
tional matrix formulation uses position coordinates and ray
angles times the refractive index to trace the rays. Since the
momenta p are the sines of the ray angles times the refractive
index, momenta and the angles themselves times refractive
index are equal in the setting of Gaussian optics, i.e., first order
expansions wheresin 6 & 6.

We now turn our attention to the refraction mapping
described in Eq. (16). The optical surface is given by Eq. (15),
where terms of order higher than four will not influence the
third order aberrations. Thus we consider only

z=¢(g) =plql> + (g’ (53)

qg4(%1’)): , <q>:<q> <[g4,q]
(pg4(q,p) apllga D ?) " \gs p1

_ (q —4dipPp— BQp- pp+1p’') —2C(p-q)q = 2Dlql’p~ Elal’q ) | 1,5 (5
p+BlpPp+2C(p-p+2Dlpl'q+ EQp- 9)q+ 91’ p) +4Flql’q ’

The root transformations R,.;, R, are canonical as long as
the considered ray lies in the Descartes sphere | p|* < 7* and
intersects the surface [13,14,16]. Consequently, their inverses
are canonical too. Thus, the refraction mapping S, ¢ is
canonical since it is a composition of canonical operators
[13,14]. Furthermore, under the appropriate conditions on
the surface, i.e., £(0) =0, V¢(0) =0, the phase space origin
is mapped onto itself. As such, the results of Eq. (35) can be
applied [15]. It is now a matter of finding the appropriate homo-
geneous polynomials that generate the mapping. We can already
make a few statements. Since in this paper we will restrict our-
selves to the treatment of third order aberrations by considering
only third order expansion terms, any Lie transformations gen-
erated by homogeneous polynomials of degree five or higher can
be neglected. Additionally, we will consider rotationally sym-
metric systems. This implies that the polynomials themselves
can depend only on the variables | p|?, |q|*, p- ¢, and p x ¢
[14,15,22]. Since p X q is a preserved quantity in rotationally
symmetric systems, we will omit it. As such, refraction can be
associated only with polynomials of even degree, and we will
now search for the two polynomials g5, g4 such that the product
of the associated Lie transformations applied to our initial phase
space variables reproduces the results in Eq. (16) up to third
order, i.e.,

w' = exp((g2. 1) exp([ga. - Dw + Ow?), (54)

where w” is defined according to Eq. (34), and the O terms are
to be considered in each component of the vector w’. It can be
verified [13,15,16] that Gaussian refraction is associated with

£(q. p) =B —n)lql%, (55)

where 28 is the curvature of the surface at the origin [see
Eq. (53)]. The corresponding linear transformation modifies
the initial variables according to

q\ Ly 0 X q9
exp([g2. -D <P> B (2/3(71 - ”2/)]2><2 [ZZX;) (P>

~(p+268s-u00)
p+2B(n—n)q )’

which corresponds to the Gaussian part in Eq. (16) and also to
the conventional matrix formulation of refraction in Gaussian
optics [17].

Next, let us consider the third order transverse ray aberrations
as being associated with a fourth degree polynomial g4(q, p) of
the general form

(56)

2ilq. p)=A(pI)* + B(p-lpl*+C(p- 9’

+ Dipl*lql*+ E(p- @lq* + F(lq1*)*. (57)

The generated transformation up to third order reads

) +Ow’)

where we need only the first two terms of the exponential series
of g4 and use that [g4, g1 = —03g4/3 p. [g4, pl =0g4/3q. In
fact, any subsequent term is of order greater than three and can
be omitted. We now concatenate the two transformations in

Eq. (54) to find

exp([g2, 1) exp(lgs, -]) (;)

et (10182
&4 ’

_ (qg4 (exp([g2, ‘Dq, exp(g2, ~])p))
— \ P, (explg2, - Dq. exp(lg2, -] p)

(4
_<ﬁ)' (58)

Here we used the property of “jumping into arguments” of
Lie transformations described in Eq. (30b). Thus, the opera-
tions in Eq. (59) tell us to substitute g — exp([g2, -1)g=¢
and p— exp([g2, - Dp=p+2B(n—n')q into Eq. (58).
Comparing the resulting polynomials with the expressions in
Eq. (16), we get the following results for coefficients 4, ..., F
inEq. (57), which are consistent with [13,16]:
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N2
Febn—n)— 28"

(60)
We have now fully determined the generators of free propaga-
tion in a homogeneous medium [see Egs. (49) and (50)] and
refraction by a rotationally symmetric surface [see Eqs. (54),
(55), (57), and (60)]. The coefficients of the generating poly-
nomials are completely defined by the geometric parameters
of the underlying system. Before concluding this section, note
that in Eq. (58), the coefficient F of g4 is the only one that does
not influence the final position coordinates, and A does not
influence the final direction coordinates.

5. FUNDAMENTAL REFRACTOR ELEMENT

With the description of free propagation and refraction up to
third order, we now aim to describe what may be the most fun-
damental refractive optical element: a single refractive surface.
The resulting map M will be split into a Gaussian and a higher
order part. Once we have developed the treatment for one sur-
face, the extension to rotationally symmetric refractive optical
systems will be straightforward.

We split refraction through an optical interface into three
steps: propagation from the object to the interface, refraction
at the interface, and propagation of the refracted ray to the
image plane (see Fig. 1). The object and image distances will be
denoted by s, and s;, respectively, and they satisfy the Gaussian
imaging condition [17]

n n n—n

—+ —= , 61
50+5i R (61)

where R = (28)7! is the radius of curvature of the interface.
By combining the results in Eqgs. (49), (50), (55), and (60), the
symplectic mapping M with generators up to fourth degree for
asingle refracting optical element reads

So

propagation from object plane

(1217, 1)

x exp(B(n — n)[|q1%, -]) exp(g4. -])

refraction

xexp (=551l 1) exp (— 1P, -]>,

871/3

propagation to image plane

(62)

where g4 is completely defined by the coefficients in Eq. (60).
Using Lie algebra techniques described in Section 3, it is possible
to express Eq. (62) in the product form

M ~ MG exp([t47 ])a (63)
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where Mg contains all information regarding the Gaussian
approximation, and # contains all the higher order aberra-
tion information of the complete fundamental element (up to
third order transverse ray aberrations). Generators of degree
five or higher are omitted, since their action on the arguments
generates terms of order four or higher.

By considering only the contributions of the Gaussian part
Mg in Eq. (63), we recover the traditional matrix formulation

for refraction of raysatan interface [17], where

Mo =exp (=112 1) exp(Bn = w)llgl. D

X exp (—%[|p|2, -]) . (64)

Since matrices do not commute and do not “jump into argu-
ments” like Lie transformations, their order needs to be inverted
compared to the associated Lie transformations’ product. Using
the matrix representations given in Egs. (52) and (56), we

rewrite the operator in Eq. (64) as

M — [2><2 %[ZXZ 12><2 02><2
¢ Oxx2 D2 2B8(n —n")hxy Dhxa
bLya 2Dy
n ) 65
% <02><2 12><2 ) ( )
Let usintroduce the dioptric power of asurface D = (n' — n) /R
and magnification m = —ns;/(#'s,), and recall that28 = 1/R,

where R is the radius of curvature of the surface [17]. Then the

Gaussian imaging condition Eq. (61) turns Eq. (65) into

_%[sz 02><2 m]2X2 O2><2
MG = ”/50 = _ 1 .
—Dhyy =72 b2 Dhyxa 5, hx2
(66)

The matrix in Eq. (66) represents the traditional matrix formu-

lation of Gaussian optics [17].

To group the Gaussian parts together, we have to apply some
manipulations to the original mapping M. We use the result of
Eq. (40) to insert identity operators. Thus, we “create” triplets
that enable the use of Eq. (41). We simplify the notation by
substituting the generators of propagation to the object plane
—solh2, -1, —solh4, -1, the generators of refraction [g3, -],
[¢4, -], and the generators of propagation to the image plane
—silhh, -1, —sil#}, -]. Here, the subscript represents the degree
of the respective homogeneous polynomial, and the 4’ polyno-
mials take into consideration the image space refractive index 7’/
[cf. Eq. (49)]. We rewrite Eq. (62) as
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M = exp(—solh2, 1) exp(—s,lhs, 1) exp(lg2, 1) exp(lgs, 1)
x exp(—si[h), 1) exp(—si[hy, 1)
= exp(—solh2, 1) exp(lg2, 1) exp(—sil 4}, 1)
x exp(si[43, 1) exp(—[g2, 1) exp(—s,[ha, 1)
x exp([g2, 1) exp([gs, 1) exp(—si[h, 1) exp(—silhy, 1)
= Mg
X exp(si[43. 1) exp(=Ig2. 1) exp(—sol A4, -])
x exp([g2, 1) exp([g4, -]

X exp(—si[//z, D exp(—.fi[/JQ}, -D.
(67)

We rewrite the mapping in Eq. (67) and insert one
more time an identity operator of the form [=

exp(—silh}, 1) explsilhh, 1)
M= Mg
x exp(silh5, 1) exp(—=I[ga, -1 exp(=solhs, -1
x exp(lg2, -1 exp(—silh), )
x exp(sil5. 1) explga. 1) exp(—silhh. -]
x exp(—silh's, 1), (68)

In Eq. (68), there are multiple instances in which we can apply
the result given in Eq. (41): twice in the second and third line
and once in the fourth one. This leads to

M = Mg exp(—solhs, -1) exp((gs, -1) exp(—silh}, -1,

5 (69)
where /4 and g4 are given by
hs=—sqoexp (silhy, 1) exp(—lg2, Dhs,
g4 =exp(si[hy, 1gs. (70)

Recall that Lie transformations associated with homogeneous
polynomials of second degree do not change the degree of their
arguments, and hence, 54, 24 are of degree four. The last nec-
essary step to derive the desired expression Eq. (63) is to apply
the BCH formula Eq. (37) to combine the three fourth degree
Lie transformations into one. This step is straightforward, since
Poisson brackets between fourth degree generators are generat-
ing homogeneous polynomials of degree six or higher and can
therefore be neglected; see the discussion at the end of Section 3.
It follows from Eq. (69), that we can write # in Eq. (63) as

1y = —S(,;z, +g4 — Si});. (71)

After explicitly performing the computations given in Egs. (70)
and (71), we denote with A*, ..., F* the coefficients of #,
analogous to the representation of g4 in Eq. (57), and find
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A* So 4+5i2D ‘?E_’_ffF Si
- 813 m n/2 n/3 n/4 8n13 ’

2 3
Br=—2Py5 25Dy 3 F 45 F
= 72,3 % ) R

C*__:oDZ 2_25_1E+4iF
- 2n3m n w2

* So 2 2 i ‘i
D —D” +D_ZE+27[7F9

4n3
3 .
E*=—%5m+ E—45F,
4
Fr=—=b 4 F,

where D, E, F are defined in Eq. (60). It is now possible
to represent our fundamental element in the form Eq. (63)
with the Gaussian part described by Eq. (64), or equivalently
Eq. (66), and the fourth degree polynomial defined by its
coefficients in Eq. (72).

We conclude this section with a brief comment about higher
order aberrations. The methods described in Sections 4 and
5 allow for further investigation of the aberrations of optical
interfaces. The derivation of generating polynomials of order
six and higher, which correspond to transverse ray aberrations
of order five and higher, follows the same steps as described so
far. It needs to be noted that the composition of operators via the
BCH formula becomes increasingly more complicated as lower
order aberrations compose into higher order contributions in
addition to the intrinsic aberrations of the surface. For instance,
composing the generators of third order aberrations will lead to
additional contributions to the generators of fifth order aberra-
tions. The necessary machinery needed for these computations
is, however, already contained in the mathematical framework
of the Lie algebraic method.

6. OPTICAL SYSTEMS

With the results of Section 5, it is possible to concatenate multi-
ple fundamental elements into a complete optical system. The
necessary tools have already been presented and used in the
previous sections.

A rotationally symmetric refractive optical system is simply a
composition of fundamental elements as described in Section 5.
We therefore consider an optical system with £ interfaces. Each
interface can be described in up to fourth order terms by its coef-
ficients B;,8;, j =1, ..., kaccordingto

2= =Bjlq* +8;(qP?  j=1,....k (73

With the surface Eq. (73) at the vertex of each surface, we can
determine the paraxial quantities. At each interface j, the
Gaussian imaging conditions are satisfied:

7 + N s 2 S (74)
Soj  Sij R;j

In Eq. (74), it holds that 28 = Rj_l. The additional quantities
necessary for the calculations are
s B —
ALY J+1 j
mp=————"—, s, =dj—si;, Dj=—"———",

7j+150,j R;
(75)

where 72 is the magnification of the optical surface 7, D; its
dioptric power, ¢; =1/R; its curvature, and 4; the distance
between interface j and interface j + 1 along the optical axis.
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As previously shown, we can derive a symplectic mapping
that describes ray propagation up to operators generated by
fourth degree polynomials. We divide the contribution of each
interface j into a second degree, MGj , and fourth degree,
exp([o}, -]), contribution. Here, 0; is a fourth degree polyno-
mial whose coefficients are completely defined by the geometry
of the interface ;j and the system according to Eq. (72). Let us
denote with M the symplectic map describing ray propagation
through our optical system up to fourth order; then we have

M = MG1 CXP([O-h '])MGZ CXP([629 ]) e MG/?,l

x exp([op—1, D Mg, exp([os, -]). (76)

Similar to previous discussions, we want all second degree com-
ponents, which describe the paraxial regime, to be grouped
together. We introduce the notation

Mg, ., =Mg, -~ Mg, j=2,....k (T7)

The operator describing the Gaussian propagation of the com-
plete system will be denoted by Mg, ,. Using the notation
introduced in Eq. (77), the following holds true:

M = MGlﬁk(MGzﬁk)il CXP([Ula '])MGZ*)/? (MGgﬁk)il
X CXP([GL '])MG3‘>/Z(MG4_%)_1

x exp([o3, ]) - - - Mg, exp([og, -]).
(78)

The mappings in Egs. (76) and (78) are equivalent, but in
Eq. (78), it is possible to apply multiple times the identity given
inEq. (41). Wedefineo ]’vk such that

CXP([U*a ]) = (MG]'+1_,19)71

x exp([oj, D Mg j=1,..., k=1

(79)

jH1—k

The mapping M can therefore be rewritten as
M=Meq,_, exp(oy, D exp([o], -] - - - exp([o}_;, D

x exp([og, -]).
(80)

A computationally convenient procedure to compute 0¥ is to
consider that ./\/lGj +1, can be treated as both a Lie transf[orma—
tion and a matrix—beware of the inversion of concatenation
order when composing the matrices instead of the Lie trans-
formations. Applying the result in Eq. (41) to the definition in
Eq. (79) gives

J;:(MG].H%)’IU]'. (81)

The function o, is a fourth degree homogeneous polynomial
in g and p, i.e., 0;(q, p). Using the property of “jumping into
arguments” in Eq. (30b), we rewrite Eq. (81) as

o3(q. P =0,(Mc,,,.) ' (Ma,, ) ' p). (82)

The action of (MG]. e ,e)_1 on the phase space variables in
Eq. (82) can be described via the associated matrix, and finding
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the coefficients of 0¥ (q, p) reduces to expanding and grouping
terms on the right—ﬂand side of Eq. (82). All the G;-“ and o}, are
homogeneous polynomials of fourth degree since the Gaussian
parts of the mapping do not change the degree of their argu-
ments. We claim that these fourth degree polynomials contain
the necessary information regarding the Seidel sums, as will be
proven in the coming section, and therefore, the expressions in
Egs. (79) and (80) tell us that the aberrations of each fundamen-
tal element are propagated through the system via the Gaussian
mappings of the subsequent elements.

We conclude this section by stating that the symplectic map
M given in Eq. (80) can be approximated up to fourth degree
generators by

M= Mg, exp([t, ]). (83)

With the BCH formula Eq. (37) and the fact that higher degree
polynomials can be neglected, we get

k—1
=) ol +ou 84)
j=1

A physical interpretation as to why the form in Eq. (83)
might be desirable is that the Gaussian part Mg, _, acts first
on both the phase space coordinates and subsequently also
on the Lie transformations by the “jumping into arguments”
property. At this point, we are left with a mapping defined on
the Gaussian image space variables, which applies aberrations
to these coordinates. To summarize, we first propagate through
the complete system to the Gaussian image space via Mg, _,
and then aberrate. Since aberrations are traditionally given with
respect to Gaussian coordinates [1,2], the ordering in Eq. (83)
comes naturally.

7. LIE TRANSFORMATIONS AND SEIDEL SUMS

The performance of an optical system is often investigated
by computing its Seidel coefficients [1,2]. These coefficients
completely describe the third order transverse ray aberrations
of monochromatic light through a rotationally symmetric
refractive system [1,2]. In this section, we will show the rela-
tion between the coefficients of the fourth degree polynomial
7 derived in Eq. (84) and the Seidel aberration coefficients.
Furthermore, it will be shown how the property of summing
Seidel contributions over all interfaces is a direct consequence of
the described mathematical framework.

We start by recalling, that the wavefront aberration expansion
is traditionally given in exit pupil and Gaussian image position
coordinates [1,2]. Transverse ray aberration in the Lie approach
is instead given in terms of the Gaussian phase space coordi-
nates. We therefore need to be able to express the Gaussian
momentum coordinates in terms of the exit pupil coordinates
q' and the Gaussian image position coordinates ¢. Up to first
order, we can express the Gaussian momentum coordinate p; as
follows:

Pc= %(qc —q). (85)
S

Here, 7 and R refer to the refractive index and exit pupil dis-
tance with respect to the last image plane, respectively. This
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means that # =n;,. Similar to [23], we consider aberra-
tions to be departures from the ideal Gaussian image point.
As such, third order aberrations are the difference at the ideal
image plane between the third order position coordinates
q(S) = Mg,_, exp([, -])q and the Gaussian position coordi-
nates ¢ ; = Mg, _,,q. The full third order aberration expansion
reads

Aq? =exp([t(qc. po)- Dac — 46 + OW’)
=1, 951+ O(w’)
=—4A.|pI’ pc —

=2C(pG - 96)9c

B.(2(p; - 40) pc + 1 pcl’qc)

—2D:lqcl pe — E:lqcI*qc + Ow?),
(86)

where A, ..., E; arethe coefficients of 7 as defined in Eq. (84).
Asin Eq. (58), we notice that F; does not influence the position
coordinates. Substituting the identity Eq. (85) into Eq. (86) will
yield an expression dependent on exit pupil and Gaussian image
coordinates that is derived from the Lie approach:

3) 12 713 nz
Ag® = 4— g’ (8 =2
S S

2
4— A, 2 B, 22 3 2
+< R + R + 2 )chlq

Bz> (4 95)9

n’ n? 2
+ (—4—/11 - —Br>|q’l Ve

R: R? N
2

+<8RA +4 B +2R >(q’-qc)qG

3 2
+ (424, —3"—23, —22¢c. 22D, —E,
R R Ry Rs

X 1q:1°qc-
87)

To connect the Lie algebraic approach with the theory of
Seidel sums, we express third order aberrations in terms of the
Seidel aberration coefficients. Following [1,2], we write the
fourth order expansion of the wavefront in terms of Seidel sums

Sty ..., Syas
A .A_l ~4 l A A3 l A2 A2 2
W(p, ¢; n)—SSm +2Sunp COS<P+2511177 p~cos” @

1 JOPCI A3 A
+ Z(SHI + SN p° + 55\/17 0 cos @,
(88)

where p = (x> + y%)/Pmax are the normalized pupil coor-
dinates, 71 =1/Nmax is the normalized image height, and
P cos ¢ = y/ Pmax. Here, 1 is the image height, and 7, is the
maximum image height. Last, ppay is the exit pupil radius.
It is possible to relate wavefront aberrations to transverse ray
aberrations [1,2] through

R
Ag= —fvw W, (89)

where V(. ) represents the gradient in the (x, y) coordinates,
and Ry is the radius of the reference sphere, or equivalently, the
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exit pupil distance with respect to the last image plane. If we
substitute Eq. (88) into Eq. (89), we have up to third order

Rs 1 SI X
= B[S ()
T CRESI LT W)
o + +2
2 P2 Mmax ( ) 4 J
St 0 1 S+ Sy x
+ﬁﬂ’7( )ﬂ“ﬁ"z( )
Praxmax U 2 Piaximax y

1 Sy 0
——
2 Pmaxlimax U

Our variables in the Lie approach are g’ = (x, y)7 and
qc=(0,1) T We therefore rewrite Eq. (90) as

A (3)2_& 15 g/ ,+l St
1 n 2 ph 2 03 Mimax

(90)

(4" 95)qc

max max

(Iql gc+2(q" qc)q)
1 Sm + Siv 2, 1 Sy 2
HEWTRT 196" 152 oot 11| qG]'

max /max max (91 )

Comparing each term in Egs. (87) and (91) yields

Rsl Sl n A

B _ S :—83/1 —24 B

7 Pmaxmax R:;

— 85, — gy A+4 B+2 -Ce,

7 Pmaxmax

L e TR
— 4 B =24 Co—2%-Di—E:.

_ K1 Sy
n 2 Pmax"hsnax

(92)

The system Eq. (92) gives the Seidel sums in terms of the coeffi-

cients of the generator 7 in the Lie algebraic description.

An advantageous property of Seidel coefficients is that they
can be represented as sums of interface contributions [1,2]. It
is therefore possible to distinguish the effect of each surface on
the Seidel coefficient of the complete system and determine
which interfaces need to be modified to reduce the aberrations
of the complete system. Modifying one surface will then leave
the contribution of the others unchanged. By definition of 7 in
Eq. (84), we can write

Fig.2. Gaussian doublet (Fig. 8.11, [24]).
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Table 2. Comparison between Kidger ([24], p. 180) and the Lie Method for the Gaussian Doublet
St Su St Siv Sv
Surface 1 Kidger [24] 0.191312 0.007686 0.000309 0.000491 0.000032
Lie 0.191312 0.007687 0.000309 0.000491 0.000032
Surface 2 Kidger [24] 0.005631 —0.001252 0.000278 —0.000130 —0.000033
Lie 0.005631 —0.001252 0.000278 —0.000130 —0.000033
Surface 3 Kidger [24] —0.009703 —0.000634 —0.000041 0.000701 0.000043
Lie —0.009703 —0.000634 —0.000041 0.000701 0.000043
Surface 4 Kidger [24] —0.183099 —0.007941 —0.000344 —0.000902 —0.000054
Lie —0.183100 —0.007942 —0.000344 —0.000902 —0.000054
Total Kidger [24] 0.004140 —0.002141 0.000201 0.000160 —0.000012
Lie 0.004140 —0.002141 0.000201 0.000160 —0.000012

k—1
A=) Aot + Ao, (93)
j=1

and analogously to Eq. (93), we compute the other coefficients
B, ..., F; of the polynomial t. The identities in Eq. (92)
give linear relations between the Seidel sums of the system
and the coefficients of the polynomial . This implies that if
we use the identities in Eq. (92) with the coefficients of 6% or
0, then we are actually computing the contributions of/ the
individual surfaces to the respective Seidel sum. The property
of adding interface contributions is therefore preserved by the
Lie approach purely by mathematical argumentation—mainly
the BCH formula applied in Eq. (84)—and without the need of
physical or geometric justifications (see [1,2]).

To summarize, to derive the Seidel sums and the surface
contributions of a rotationally symmetric optical system, it is
necessary to first determine all Gaussian quantities in Eq. (75)
of the system with the help of the Gaussian imaging conditions
in Eq. (74). It is then possible to compute the coefficients of the
fourth order generators for each interface using Eq. (72). Once
the system is described by its corresponding map as in Eq. (76),
we can proceed modifying it into Eq. (80). In this form, it is

Fig.3. Ritchey—Chrétien telescope (Fig. 13.9, [24]).

possible to extract the third order aberration information of each
interface and of the complete system according to Eq. (92).

8. EXAMPLES

In this section, we compute the Seidel sums for two examples,
where we applied the results given in previous sections. The
geometric data of the optical systems and the respective Seidel
sums have been taken from [24].

As a first example of a fully refractive system, we take a
Gaussian doublet (see Fig. 2). The necessary information is
taken from [24], p. 180. To have all parameters for the expres-
sions in Eq. (92), we need to track the exit pupil quantities using
the Gaussian part of our mapping. The corresponding Seidel
sums given in [24] and the ones derived from the Lie algebraic
method are listed in Table 2.

The next example is a fully reflective system in the form of
a Ritchey—Chrétien telescope (see Fig. 3). The necessary geo-
metric information is taken from [24], p. 263. The procedure
to derive the necessary polynomial coefficients is the same as
described in Sections 4 and 5. The only change is that the root
transformations considered are those for reflection given in
Eq. (19). The corresponding Seidel sums given in [24] are com-
pared with the ones derived from the Lie algebraic method in
Table 3.

We have thus shown how we are able to replicate traditional
results often recovering all significant digits.

9. CONCLUSION

In the presented work, a new way of computing the Seidel
coefhicients using the Lie algebraic theory has been presented.
We briefly introduced the topics of geometrical optics and the
Lie algebraic method. After showing how to reformulate the

Table 3. Comparison between Kidger ([24], p. 263) and the Lie Method for the Ritchey-Chrétien Telescope
St Su St Siv Sv
Surface 1 Kidger [24] —0.258533 —0.220745 0.017983 —0.017983 0.000000
Lie —0.258534 —0.220610 0.017961 —0.017961 0.000000
Surface 2 Kidger [24] 0.258574 0.220580 0.001553 0.041525 —0.002062
Lie 0.258574 0.220446 0.001552 0.041475 —0.002058
Total Kidger [24] 0.000040 —0.000164 0.019537 0.023542 —0.002062
Lie 0.000040 —0.000164 0.019513 0.023513 —0.002058
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geometrical optics results using Lie algebraic tools, we illustrated
how to combine the reformulation of propagation and refrac-
tion into arbitrary refractive optical systems with rotational
symmetry. The extension to reflective systems can be derived
by following the same steps as for refractive systems. The link
between the presented Lie framework and the Seidel coefficients
has been shown, and the property of adding surface contribu-
tions is preserved by the Lie algebraic method. The examples
given validate our results for refractive and reflective optical
systems with rotational symmetry showing good agreement
between our and existing results.

The Lie algebraic method offers a mathematical theory and a
systematic procedure to link the aberrations of an optical system
directly with the geometric parameters of the system itself. All
the necessary ray information, i.e., ray heights at interfaces or
image height, can be calculated using the Gaussian part of the
mapping. The resulting expressions are given explicitly and can
be extended to virtually any order of aberrations. The develop-
ment of a fundamental element makes it straightforward to treat
optical systems. In fact, most of the expensive algebraic compu-
tations are needed to determine the polynomials associated with
the operators. Once these polynomials have been found for the
fundamental element, describing an optical system is reduced to
concatenating and reordering operators. It is therefore possible
to gain additional insight into the interaction of geometries and
aberrations of arbitrary order in a closed form, without resorting
to ray tracing after each geometric variable change.

The presented methodology also allows to extend these
results to off-axis optical systems. The authors intend to apply
the Lie algebraic method to reflective systems with only one
plane-symmetry, thus allowing for the optical axis to bend. The
aim is to derive closed form aberration coefficients for off-axis
optical systems.
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