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Abstract: The design and development of optical systems relies on a thorough theoretical understanding of optical aberrations.
However, determining the values of the various-order wavefront aberrations in an optical system is extremely challenging.
Accordingly, the present study proposes a methodology for determining the numerical values of the secondary wavefront
aberrations of an axis-symmetrical optical system by expanding the optical path length of its general ray using a Taylor series
expansion. The determined values of the secondary wavefront aberration coefficients are given. They are distortion W511, field
curvature W420, astigmatism W422, coma W331, oblique spherical aberration W240, spherical aberration W060, and six still
un-named secondary wavefront aberrations. It is shown that three components (i.e., W244, W153, and W155) are not included
among the secondary wavefront aberrations given in the literature despite satisfying the equations of axis-symmetrical nature of
axis-symmetrical systems. In other words, the equation of existing literature fails to provide all the components needed to fully
compute the secondary wavefront aberrations. By extension, some components of the higher-order wavefront aberrations may
also be incompletely presented. The proposed method in this study provides the opportunity to compute all components of
various-order wavefront aberrations for rotationally-symmetric optical systems, indicating it is a robust approach for aberration
determination.
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aberration for the general ray 1_?0 is then determined as
W(hO’IO’ (0) = Vtotal _Vtotal/chief , where Vtotal is the total OPL

1. Introduction

Aberrations fall into two main classes, namely ray aberration
[1] and wavefront aberration [2-5]. Wavefront aberrations
describe the wavefront deformation in terms of the Optical Path |,
Length (OPL), as measured along a general ray from the o

from I_’O to 1_3ref, as measured along the general ray, and

wal/chiey 18 the OPL from E) o Poor/chior » as measured

reference sphere to the wavefront. For example, Figure 1

- = T
illustrates the path of a general ray R, :[PO 4 OJ

originating from an object P, with unit directional vector £,

and propagating through an axis-symmetrical optical system
with n boundaries. The figure additionally shows a reference

sphere 7, centered at P, ... (ie., the Gaussian image

point of l_’o) and passing through the on-axis exit pupil point.

— — T _
As shown, the chief ray [PO éO/chief] of P, isincident on

the reference sphere at point P, . The wavefront

along the chief ray. The total wavefront aberration of an optical
system can be calculated by raytracing. However, raytracing is
of limited practical use in this regard since the orders of

magnitudes of V., and Ve are perhaps several

hundred millimeters, while the magnitude of the wavefront
aberration W(hy,p,9) is just a fraction of the wavelength.
Thus, the accuracy of the raytracing results may be degraded
due to rounding and truncating errors. Furthermore, it is
impossible to decompose the values of W (h,,0,¢) obtained
from raytracing into their constituent orders and components.
Many approaches for exploring the aberrations of
axis-symmetrical systems have been proposed [1-17]. One
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such method (Egs. (3.31a) and (3.31b) of [3]) exploits the
axis-symmetrical natural of axis-symmetrical systems to
express W(hy,0,¢) as:

o 0O O
W(ho’ P9 = Z Z Z C(2j+m)(2h+m)m (hO )2_/+m (p)2p+m (C(ﬂ)m > (1)
Jj=0 p=0m=0

where j, p and m are non-negative integers, © and @ are the

polar coordinates of the entrance pupil (Figure 2), 4, is the

Determination of Secondary Wavefront Aberrations in Axis-Symmetrical Optical Systems

object height, and C¢@ denotes cos@. From Eq. (1) the

following wavefront aberrations are listed up to the sixth order
in Tables on pages 157 and 158 of [3]:

W =AW,y + AW,y + DWW,y + AWy, (2)

where AW, , AW,,,, AW,, and AW, are the zeroth-,

second-, fourth-, and sixth-order aberrations, respectively, and
are given by

AWo=Cooo 3)
AW,y =CooP” + Cyy 1 PC@+ Copoly 4
AW, =Coso " + Ci31h 0’ C@+ Copy iy 0> C> @+ Copohig 7 + Cyy iy pPC@+ Cugohy (5)

AWy, =C060106 + C151h0p5C¢)+ C242hgp4C2¢+ C333hg,03C3¢)+ C240hg,04 + C331h3,03c¢
+Cipaly P2 C* @+ Cypolig p° + Csy 1 pPC@+ Copohy

It is noted that Eq. (1) can not only decompose the
wavefront aberration into different orders, but can also
decompose each order aberration into different components.

CooP' » Cnhop’Co
Conlg P’C*@ . Copohi p* . CyyhgpC@ and  Cygohy in
AW,,, are the spherical, coma, astigmatism, field curvature,

For example, components

distortion and quartic piston aberrations, respectively. Notably,
Eq. (1) can provide the components of the primary wavefront
aberrations. However, as shown later in this study,

Culip'Clo . CGshp'Clo
C155h0p5C5¢), which satisfy the equations derived from the

axis-symmetrical property of axial-symmetric systems, are
missing in AW, . In other words, Eq. (1) fails to provide all

components and

the components needed to fully compute the secondary
aberrations. By extension, it is reasonable to assume that Eq.
(1) may also fail to provide some components of the tertiary
and higher-order wavefront aberrations.

Although Eq. (1) can decompose the wavefront
aberration into various orders and components, it cannot
determine the values of the leading C coefficients. Many
approaches for determining these coefficients have been
proposed [1-17]. One of the most commonly used methods
is that developed by Buchdahl [6], in which the marginal
and principal paraxial rays are traced, and the results are
then used to compute the unconverted third-order Buchdahl
aberration coefficients (denoted as 0;, j =1-5). These

sigma coefficients are then converted into transverse,
longitudinal and wave aberration coefficients as required.
Many commercial optical design and analysis programs use
Buchdahl’s approach to determine the primary wavefront
and ray aberrations (e.g., Zemax [18]). However, Zemax
still fails to provide the numerical values of the secondary
wavefront aberrations, since its formulae is relatively
complicated.

(6)

n/Gaus

Tref |

i=n-1 i=n

Figure 1. Reference sphere 7o centered at Gaussian imaging point

Fo/Gaus -

Figure 2. Entrance pupil with in-plane Cartesian coordinates (x4,y,) and

polar coordinates (0,¢) .
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As noted in the beginning, the total wavefront aberration of
an optical system can be calculated by tracing skew rays.
However, skewray equations are recursive functions and are
not convenient for many applications. The most elegant
solution in mathematics for this type of hard problem is the
Taylor series expansion to convert the functions into
polynomial equations (e.g., [19, 20]). It is also shown that
obtained polynomial ray equations can provide an effective
means of determining an appropriate search during the system
design process (e.g., [21]). Accordingly, the present study
proposes a method for determining the values of the C
coefficients for the secondary wavefront aberrations of an
axis-symmetrical optical system based on the Taylor series
expansion of the OPL of a skew ray.

2. Taylor Series Expansion of Opl

When analyzing an axis-symmetrical optical system
containing n boundaries, the first step is to label the boundaries
sequentially from i=0 to i=n (e.g., Figure 3 with the parameters
listed in Table 1). As illustrated in Figure 4, in a medium of

constant refractive index ¢&_;, the OPL between points P,_;
and 1_’l (denoted as V; ) of a general ray is given by the product
of ¢;,_, and the geometric length A, between them. That is,

V=& (M

As described in [17], V;

> can be approximated by its Taylor

series expansion up to the sixth-order as follows:

Vi(X0) = Viom Yosanis) T DVipge ¥ BV yopg ¥ BV 3 + BV + BV sy + BV, 64, (3

where )_’O/ms is the ray originating from the on-axis point

ﬁ()/axis = I:O 0 I)Oz :|T
Loais = [0 0 I]T , and is defined as (Eq. (7) of [17]):

with  unit directional vector

?O/axis :[0 0 P()z 0 O]T . (9)

The zeroth-order term (i.e., V5 (Y/0qs) 1S @ constant

value for any ray originating from 130 :[0 h, POZ]T.

Furthermore, for axis-symmetrical systems, the first-,
third-, and fifth-order expansions vanish as a consequence

of the rotational symmetry of the system. Among the
remaining expansions, the second-order expansion
AV,,e provides the magnification and defocus
coefficients, while the fourth-order expansion AV, is
responsible for the primary wavefront aberrations [17]. To
investigate the secondary wavefront aberrations, one has
to start from the following sixth-order expansion of V;
(i=1 to i=n-1) with respect to the independent variables
hO’ Ya and (ya _hO):

1 (0%, a°v, a°v, 2%y, 2%,
Vo = = | o 65— X, H6————— g (v, —hy) +15——5 Iy g +30—————Iigx, (v, —hy)
720\ 0k, 0hy0x,, 0hy0(y, —hy) 0Ohgy0x,, 0hy0x,0(y, —hy)
%V v %V v
S iy (g —he)? 20— gk + 60— gz (7, = hg) + 60— I3 x, (v, ~ o)’
ahOa(ya _h()) ahoaxa ah()axaa(ya _hO) ah()axaa(ya _hO)
%, 3 3 0%V, 2.4 %, 2.3 %, 2.2 2
20 ———=hy (v, —hy) +15 —hyx, + 60 —————hyx, (v, —hy)+90 ! hyx; (v, —hy)
My, ~hy) O Tandaxt 2o d(y, ~hy) O andaxco(y, — )t 0
a%v, a%v, a°v, a°v,
0——"—hix, (v, ~h) +15———— ki (v, ~ )" +6 = hyx; + 30— ———— Xy (v, ~ ) (10)
ahoaxaa(ya _h()) ah() a(ya _h()) ahoaxa ahoaxaa(ya _hO)
a°v, 3 2 v, 2 3 3%, 4
60—ty x2 (, = Ity ) 60— o x2 (y, = hy)? +30—— T hox, (¥, —
ahoaxza(ya _h0)2 ’ (y %) ahoaxja(ya _hO)3 ’ (y %) ahoaxaa(ya _hO)4 % (y 0)
%y %y %y, N
+6—————hy (3, —hy)’ + X6 —————x) (1, ~ )5 X} (v, ~ hy)
ah()a(ya _h()) axa axaa(ya _h()) axaa(ya _h())
%y %y 3%y R
+203—l3x2(ya_h0)3+152—l4x5(ya_h())4+6 : 5xa(ya_h0)5+—lé(ya_h0)6 .
axaa(ya _h()) axaa(ya _h()) axaa(ya _h()) a(ya _h())

When determining wavefront aberrations, the leading coefficients of g/ reth v / 6h({6x§ o(y, —ho)h in Eq. (10) must be

evaluated at the chosen ray )_’O/ms. After combining the expanded terms of Eq. (10), the following expression is obtained for

AV, intermsof A, x, and y,:



63 Psang Dain Lin: Determination of Secondary Wavefront Aberrations in Axis-Symmetrical Optical Systems

_ 6 5 5 4.2 4 4.2 3.3 3.0
AVy6n=81/600M0 T8iss10M0 X * &irs0170 YVa T&ira20M0 Xa * &ira11ho XaYaT&ira02ho Vi t &i330hoXa &1 Mo Xa Va
3.2 3.3 2 4 2.3 222 2.3 2 4 5
+ 2i312M0% Ve 78130370 Va T&iraoh Xa  &ira31ho XaVa T&ina o Xa Vi t &iro13h0 Xa VaT&irn0aMo Va * insohoXa
4 3.2 2.3 4 5 6 5 4.2
T8inahoX, Yo * &insahoXaVa T&in23hoXa Va + &in1aloXaVa T8inoshoYat8i60%a * &ir0s1XaVa T8i/042%4 Va

3.3 2 4 5 6
* 8i1033%, Ve T811024%4 Ve t &ir015%aYa T&i1006Ya >

(an

The first, second and third post-subscripts of the g coefficients in Eq. (11) refer to the powers of 4,, x, and y,, respectively.

The present study uses numerically-determined derivatives (i.e., o/*¢ +hVi / ah({ 'axg o(y, —hy )" ) to compute the g coefficients. It
is found that the following g coefficients are all equal to zero:

8irs10 = a1l = &i330 = &iz12 = &inz1 = &in1z = &inso = &inza = &inia = &iozs = &isors = &iros1 = 0-

Thus, the sixth-order expansion of V; (i=1 to i=n-1) in Eq. (11) can be simplified as

_ 6 5 4.2 4.2 3.2 3.3 2.4 2.2.2
AVi6=811600%0 T€ir50170 Va 8142000 X5 T&11a00M0 Vi T&i321M0 X0 Ve T&i1303M0 Vi T&ir240M0 X T€in2 o X0 Vi

" n2 44 oty 4+ B2 3 IS+ 4.2, 2.4 6 s (12
8i1204"%0 Va TEina1"0Xa VaT8i/123M0Xa Va TEi105%0Va T8i/042%Xa Va TEi/024%a YV a TEi/060%a TEi/006Va>
where the expressions of the g coefficients are listed in Boundary i radius separation  refractive index
Appendix. The values of g coefficients can be determined by g -24;1;&56700 %-g;‘ggg }-(5)(2)(5)?;(3)
coding these. equations using the. FORTRAN program. The ; 6156350  6.09600 165000
term g4 1S referred to as the piston term since this termdo ¢ -56.86550  -39.110352  1.00000
notinvolve x, or y,.Furthermore, since all the g coefficients 10 (exitpupiD 0 0 1.00000
_ 11 (reference sphere) Rief 131.198822 1.00000
are evaluated at Y., (ie., a ray travelling along the optica 12 (image surface) 0
axis), and Egs. (38) and (39) of Appendix do not involve partial
derivatives with respect to 04 , it follows that the numerical
values of g;/04» and g;p,4 are equal. That s, P.
8i/o42 = &ifo24 (13)
Similarly, the numerical values of g;c and g are
also equal, i.e., th
(i-1) ith
8i/060 = &i/006 (14) boundary boundary
AY, Figure 4. Optical path length V; is given by product of geometric length
i=1 A; between points Py and P; and refractive index &-1 of
intermediate medium.
7 . .
o—— } 3. Expressions of C Coefficients
PU 0
Let V,,, denote the OPL measured along the general ray

_ .  _ar _
Ry :[Po 50:' from object P, to the incidence point on

image
plane

the reference sphere 1_3ref .V

ol €an be determined by

summing all the OPLs from object 1_)0 to l_’,ef ,1.e.,

Figure 3. Petzval lens system with n=12 boundaries.

Table 1. Specification of illustrative axis-symmetrical system shown in Figure 3.

n—1
Vtotal :Vi +V2 +"'+Vi +"'+Vn—2 +Vn—l :ZVz . (15)
i=1

Boundary i radius separation refractive index

0 (object) 222.103275 1.00000

1 (entrance pupil) 0 -22.103275 1.00000 . .

%) 38.22190 15.84960 1.65000 From Egs. (8) and (15), the sixth-order Taylor series
i :ggé’gggo gggggg 1‘3(1)(7)38 expansion of V., denoted as AV, s, can be obtained

5 (aperture) 0 14.02080 1.00000 simply as
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n—1

BY ioatioin = ZAVi/oth ,
i=1

where AV, (i=1 to i=n-1) is given already in Eq. (12).

As noted previously, Figure 1 shows the chief ray of object

Fy and its incidence point B/, on the reference sphere.

The chief ray is in fact a particular ray originating from 1_30
and passing through the center of aperture of the system (i.e.,
(x,,y,)=(0,0) ). Thus, the sixth-order Taylor series
expansion of the OPL of the chief ray, denoted as

n-1

(16)

64

AVIOtal/chigf/étha can be determined from Eq. (12) by setting
(xaﬂya) = (070) , to giVe

n—1

- 6
AV otatchiet 16th = Zgi/()OOhO :
i=l

(17)

The difference between Egs. (16) and (17) (i.e.,

Viowatisth = BV iotatschief 16 ) then gives the secondary wavefront

aberration AW, ofthe general ray I_?O as

_ 5 4.2 4,2, 2 3 2 3.3
AWy, = Zl:gi/SOIhO Ya *(€ir420 = &isa02) 0 Xa F8ira02l0 (%5 + ¥ )t &is301M%0 Ya T8ir303M0 Va

i=1

2 4 222 2,0, 22 2.3
H(&ir240 ~ &ir204) 0 X3 (1220 = 281120410 X5 Va 8120400 (X5 + V) +&inashoX, vy

4 5 6 4.2
t€in141M0%4 Ya T&inosMoYa (&iro60 ~ &i006)Xa T(&ir0a2 = &iso24 ~3i1006)%XaVa

2 2N\3 _ 2 4 2.2,.2 2
+gi/006('xa +ya) 3gi/006‘xaya +gi/024xaya (xa +ya ):|

n—1

i=1

2 4 2 4,0 2 4,4
81124010 P H(&ir202 = 2811240 )9 P C PHEi1204 — 222 + &ir240) o P C @
+gi/141hopsc¢+(gi/123 _Zgi/141)h0psc3¢+(gi/l4l _gi/123+gi/105)h0,05C5¢

:Z [gi/SOIhg PCP+E,1120h P° Hira02 ~ &ira20)ho P2 C*P€11321h5 P> COHE 1303 ~ 8132 ) P C

(18)

6 62 6 4
+811060P T(&ir042 ~38i1060) P C 911024 — 2811042 +3&11060)P C @

6,6
*(€ir006 ~ &iro60 t Zioa2 ~ &iropa) P C 60}

= Csy1h PCP+Coohy 0 + oy g P2 C* 94 Ciy 1 0 CH sy 07 Cp

+Coyohy P* +Coyahy P* C*@rCoyyhy p*C@+C51h P° CP+Ci53h, P°CPp
+C,55hy 0° C*@+Cog p° +Co2 °C 9+ Cpy p° C* - Cos p°C 0

One has to note that both (x,,y,)=(05¢ 0C® and

respectively. The sum of the first two post-subscripts of Cs;,
for example, indicates that Cs;; is one C coefficient of the
sixth-order expansion. The C coefficients of Eq. (18) are

S2¢: 1 —C2¢ are used in Eq. (18). It is also noted that the
first, second and third post-subscripts of the C coefficients in

Eq. (18) represent the powers of 4, , p and Cg@,

defined as follows:

n-1 n-1 n-1 n-1 n-1 n-l1
Csn = Zgi/SOI » Cano :Zgi/420 » Gy = Z(gi/402 ~8io) s Gy = Zgi/321 s Cogp :Zgi/240 s Coso = Zgi/060 )

i=1 i=1 i=1

n—1 n—1

n-1
Cisy = Zgi/m s G = Z(gi/ZZZ =28i240) » Ciaz = Z(gi/303 ~8im1)s Gy =

i=1

i=1 i=1

n-1 n—1

i=1 i=1 i=1

n—1

Z(gi/204 = 8i * &iaao)

i=1

n—1

Cis3 = Z(gi/m ~2gin1a1)> Ciss = Z(gi/Ml ~8inxt8inos) s Cosa = Z(gi/042 ~38i1060) »

i=1 i=1

n—1

Coes = Z(gi/024 ~281042 *38&i1060) = ~Coez » Coes = Z(gim% = &isoso + 8iroaz ~ &inona) = 0.

i=1

i=1
n—1

(19)

i=1
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Equations (13) and (14) are used to simplify Cy, and
Coss of Eq. (19).

4. Secondary Wavefront Aberrations

Equation (19) enable the determination of the C coefficients
for a general ray. In the discussions which follow, the object in
Figure 3 is assumed to be positioned at £y, =-200, the

Determination of Secondary Wavefront Aberrations in Axis-Symmetrical Optical Systems

image plane is the Gaussian image plane (i.e., the separation
distance of the image plane i=12 from surface i=9 is
92.088474 ), where all lengths have units of mm). In addition,
the radius of the entrance pupil is p,, =21 . The
methodology proposed in this study was implemented in
self-written FORTRAN code. From Eq. (19), the values of the
C coefficients are obtained as:

Cs1y=0.03430x107%, €50 =0.03720%10717, Cypp=0.00353x107'%, Cy3;= =0.23403%107"", Cp4p=0.26685x107'",
Coso = —0.10079x107'%, C,5;==0.62709x107'7, C,,,=0.62732x107'", Cy3,==0.15466x107"?, C,,,=0.01924x107",
Cy53=0.12480x107'" | C55==0.00693%107"" | Cye, +Cpes=0, Cis=0-

It is noted that different researchers may use different
terminologies to describe wavefront aberrations. For example,
it is possible to utilize Cpygy, Ci3;5 Cuz, Cyo and Cs; to
refer to secondary spherical aberration, coma, astigmatism,
field curvature and distortion, respectively. The present study
follows the notation conventions of Zemax [18] and Johanson
[4] by using the aberrations of the ray passing through point
0O, on the entrance pupil (i.e., the maximum entrance pupil

radius 0= 0.« With C@=1, see Figure 2) to represent the

secondary wavefront aberrations. The aberrations for any ray
with other values of p and @ can be determined simply

using appropriate scaling factors (i.e., p/ Pmax and C@).
The wavefront aberrations are often divided by the

wavelength ¢, =0.00055 . In other words, the secondary
aberrations can be described as

ijm = ijm (hO )j (pmax )p (COD )m /UO = ijm (hO )j (pmax )p /UO . (20)

The aberration C; s34, ,05 C 3¢ of the ray passing (0, @), for
w153 by
W153(p/ /omax)5 (C¢)3 U, . Based on the C coefficients given

above and Eq. (20), the distortion W511, field curvature W420,
astigmatism W422, coma W331, oblique spherical aberration
W240, and spherical aberration W060 can be computed from
the proposed method as

example, can be determined from

W511= Cyy 13 P /Up= 0.185925 , W420 = Cppohy P2 /U, =0.249131, W422 = Cyppoliy p,2, /U= 0.023644 ,

W331=Cyy i o /Uy ==1.936011, W240 = Cypohid p2 /Uy =2.726958 , W060 = Cygo 0. /Uy =—1.571733.

@

The following are six still un-named secondary aberrations when w062 +W 064 =0 and W 066 = Cys 0,0, /U, =0 are ignored:

W151= Cs1hy P Up=—7.916136 , W242=Copil p 1Uy=6.410636, W333 = Cyihi P /Uy = —1.279410,

W244 = Couuhi P 10, =0.196324 . W153 = Cy53h P/ Up=1.575386, W155=Cys55hy o [Up= —0.087512 .

As stated in the Introduction, Zemax does not provide the
values of the secondary wavefront aberrations. Therefore, it is
necessary to use the fifth-order derivatives of the OPL to validate
the proposed methodology. From Table 2, it is seen that the
numerical results obtained from the two methods are in good
agreement. Furthermore, the value of the total wavefront
aberration determined from raytracing, ie.,
W (hy, p,@) =—-131.8957320,, is also in reasonable agreement

with the sum of the primary and secondary wavefront aberrations
(e, AW, +DW,, =-133.2814380, —1.422798v, = —134.7042360, )
from the proposed method. The difference between them
(—2.808498u, ) is attributed to higher-order aberrations.

As also stated in the Introduction, it is impossible to have
Cuahip'C'o . Cshyp’C' . and
C155h0p5C5¢ from Eq. (1) when j, p and m are confined to

components

non-negative integers. Equation (1) derives from the fact that

(22)

the aberration function W (hy,p,) must

following equations based on the axis-symmetrical nature of
axis-symmetrical systems (P. 154 of [2]):

satisfy the

W, 0,¢)=W(0,-p,p) (23)
W(hO ’ pa qﬂ) = W(hO s 107 _¢) (24)
W(ho’psw)=W(_h0’psﬂ+¢)=W(_h0’psﬂ_¢) (25)

Equation (23) implies that the components of W (4, 0,®)
that do not depend on 7/, should vary as p2 , Or as its integer
power. Meanwhile, Eq. (24) indicates that W (A, 0,¢) must
be a function of Cg. Finally, Eq. (25) shows that W (h, o, ®)

corresponding to an object with height /4, above the optical



Applied and Computational Mathematics 2022; 11(3): 60-68 66

axis must equal W(-hy, p,71+¢@), and W (-h,,p,T—¢@) for
an object with a height /%, below the optical axis. It should be

noted that the missing components (i.c., C,,hip'Cle,

CisshyP°C’@, and Cisshy0°C@) satisfy Egs. (23)-(25).
Consequently, Eq. (1) is only a sufficient condition, not a
necessary and sufficient condition, for the axis-symmetrical
nature of axis-symmetrical systems. Ifj, p and m of Eq. (1) are
not confined to non-negative integer values, the missing

C244hg,04C4¢ ) C153h0p5C3¢) )
Cy55hy0°C*@ can be obtained from (j,p,m)= (-1,0,4), (-1,1,3),
and (-2,0,5), respectively.

components and

Table 2. Numerical values of secondary wavefront Wjpm coefficients
obtained using fifth-order derivatives of OPL. Their percentage errors
compared with the proposed method are less than 0.001%.

W511=0.185926
W331=-1.936007
W151=-7.916133
W244=0.196322

W420=0.249130
W240=2.726957
W242=6.410633
W153=-1.575385

W422=0.023640

W060=-1.571733
W333=-1.279406
W155=-0.087511

5. Conclusions

The wavefront aberration of an optical system is defined as

the optical path difference between a general ray V,,, and

the chief ray V. cner measured from the object to the

reference sphere. It is impossible to decompose W (h,, o, ®)

into its various-order aberrations and components by
raytracing. Accordingly, this study has proposed a method for
decomposing the secondary wavefront aberrations of an
axis-symmetrical optical system by expanding the OPL of the
general ray as a Taylor series expansion. The sixth-order

wavefront aberrations AW, of the system have then been

obtained by  computing the OPL  difference
Viowatist = Viotatchief 1601 - Notably, the proposed method uses
numerically-determined  derivatives to  generate the

information needed to compute the wavefront aberration
coefficients, and thus the equations based on the
axis-symmetrical nature of axis-symmetrical systems are not
required. It has been shown that the wavefront aberration
function provided in the literature (e.g., [3] ) is a sufficient
condition only, not a necessary and sufficient condition, for
the axis-symmetrical nature of axis-symmetrical systems.
Consequently, three components of the secondary wavefront
aberrations are missing. As a result, some components of the
higher-order aberrations may also be incompletely presented.
By contrast, the method proposed in this study provides the
opportunity to compute the higher-order aberration
coefficients simply by generating higher-order partial
derivative matrices. It is anticipated that the proposed method
can thus provide a more accurate evaluation of the system
aberrations in rotationally-symmetric optical systems.
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Appendix
1 9%, %, %, v, %, a°v, a°v,
8irgoo = (- F g O -6 s EPRCIASPYY 205 ) 20
720 ohy  O(y, —Hhy) 0hg0(y, —hy) ~ 0hO(y, —hy) 0hy0(y, —hy) 0hy0(y, —hy) 0hy0(y, —hy)
1 %, 0%, 0%y, 0%y, oy, %y,
G501 = —(— —t— +5 —-5—, —-10— C+10— D) (@27)
120 0y, =hy)" 0hyo(y, —hy)  OhO(y, —hy)"  Ohyo(y, —hy) 0hy0(y, —hy) 0hy0(y, —hy)
1 0%, 0%, 0%, v, v,
im0 == (51t i v -4 2 70— 7) (28)
48 ahoaxa axaa(ya _hO) ahoaxaa(ya _hO) ahoaxaa(ya _hO) ahoaxaa(ya _hO)
1 0%, %, 0%, 0%y, oy,
8iran2 = - ( ;4 st > +6— T4 7) (29)
4 0y, ~hy)  0hO(y, —hy) 0hyo(y, —hy)"  0ho(y, —hy)"  0hyo(y, —hy)
1 %, %7, 0%, %y,
81 == yr— +3 2 T35 7) (30)
12 0x;0(y, =hy)" Ohyox,0(y, —hy)  OhOx;0(y, —hy)”  Ohy0x;0(y, = hy)
1 v, v, %y, %y,
8i303 :—[_ — 13 —5 3 7t l 3 @D
36 0y, —hy) 0hy0(y, —hy) 0hy0(y, —hy) 0hy0(y, —hy)
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1, 0%, 2%, 0%,
Ginso == (=71t 72 P ) (32)
48 ah{] axa axaa(ya - hO) ahoaxaa(ya _hO)
1 %7, %7, %y,
gi/222:§( 2 : 772 2 : ERPYEPW) : 7) (33)
0x,0(y, —hy)"  OhgOx;0(y, —hy)”  OhyOx;0(y, —hy)
1, 0% 2%, 2%,
8inos = ( —=2 —t— —) (34)
48 a(ya_hO) ahOa(ya_hO) ahOa(ya_hU)
1 %y, %y,
8inat =57 (= + ) (35)
T2 a0y, k) Ohy0xg0(y, ~ho)
1 2%, 2%,
8inun=7(—— —t P ) (36)
12 ox;0(y, —hy)" Ohyox;0(y, —hy)
1 0%, v,
8inos =5~ (= + ) (37)
T1200 0y, ~h)* Ohd(y, ~hy)’
oy,
&i/042 :_(ﬁ) (38)
48 0x,0(y, ~hy)
1 a°v,
Sioas == (e ) (39)
48 0x;0(y, ~hy)
1 0%,
O 40
&i/060 720 axj (40)
1 %y,
806 =t (/%) (41)
720 0(y, —hy)
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