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Abstract:T o establish a theoretical basis for providing a bet ter design method of mult ielement

opt ical systems, we have developed a third- order geometric theory of a plane- symmetric

mult ielement opt ical system that consists of a planar light source, an arbitrary number of el�
lipsoidal grat ings, and an image plane. Analy tic formulas of spot diagrams are derived for the

system by analytically follow ing a ray - tracing formalism. With these formulas, coma,

spherical aberration, and resultant aberrat ion are discussed. To make the theory pract ical,

w e determ ine the aberration coef ficients numerically, rather than analyt ically, w ith the aid of

ray tracing that takes into account the angular distribution of rays originat ing from a given

light source. A merit function is def ined so as to represent closely the variance of the spots

formed when an inf inite number of rays are t raced and to take into account the dimensions of

the source and the last optical element. T he theory is also applicable to m irror- grating or

mirror systems.
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1 � Introduction

� � T he current trend in ext reme ultrav iolet

( EUV) lithography and sophist icated synchrot ron

radiat ion inst rumentat ion is the use of an opt ical

system that consists of several advanced opt ical ele�
ments, such as accurately figured aspheric mirrors

and varied line spacing grat ings, to achieve higher

spat ial and/ or spect ral resolut ion. To design and e�
valuate such a system, it is important to develop a

pract ical design theory that takes into account all

the elements of the system from its source to the f i�

nal image plane. M any of the current design meth�
ods ut ilize ray t racing because no analyt ic design

theory is available at present even for a simple

triple- element optical system , so long as it in�
cludes a g rat ing. Ray tracing is certainly a pow erful

tool for designing and evaluat ing a system consist�
ing of several advanced opt ical elements. On the

other hand, ray t racing is capable of giv ing a physi�
cal insight only to a lim ited extent . Moreover, ray

tracing does not permit individual analysis of coma

and spherical aberrat ion in the image in a similar

manner to Seidel aberrations of lens systems.
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� � In v iew of the current trend in EUV/ SXR in�
st rumentat ion and the present status of the design

methods, we have felt the need of an aberrat ion

theory for a multielement opt ical system containing

advanced elements and an ex tended source that

emits rays of a certain angular dist ribution. As a

step toward such a theory , w e have extended our

third- order g eometric theory of a double- grating

system
[ 1- 2]

to include a plane- symmetric mult i�
g rat ing system that consists of a planar light

source, more than two advanced- type ellipsoidal

g rat ings and an image plane. The opt ical system to

be treated in this paper and its coordinate syste�ms

are explained in sect ion 2. The complete ray- trac�
ing formalism for a mult igrat ing system is described

in section 3, and the third- order analytic formulas

for the spot diag rams are derived in sect ion 4, and

the equat ions of aberration curves are given in sec�
t ion 5. Also presented in section 6 is a merit func�
t ion necessary for opt im ization of the system.

2 � Multielement optical system

� � Referring to F ig . 1 we consider a plane- sym�
metric optical system that consists of a planar light

source S, ellipsoidal g rat ings G 1, G2, �, G i ,

�, G n , and an image plane � . ( This system al�
so represents a mirror - g rat ing system or a m irror

system that includes any of ellipsoidal, spherical,

cylindrical, and plane mirrors and/ or gratings as it s

elements. ) In this system the elements are ar�
ranged so that the normals to S and G i at their re�
spect ive centers OS and O i lie in a common plane

called meridional plane and O1 situates on the nor�
mal to S at OS . T he distances OSO1, O1O2,

O2O3, �, Oi- 1 Oi , �, and On�1On are denoted

by r 1, r 2, r 3, �, ri , �, and r n , respect ively.

T he incident principal ray OSO1 is diff racted by G 1

tow ard O2 , and the dif fracted principal ray O1O 2

of w avelength �in m 1 th order is further diff racted

by G 2. This dif fracted principal ray of �in m 2 th

order meets G 3 at O3. The principal ray of �goes

through O is successively, and finally the principal

ray dif fracted by G n at On meets � at a point O,

which also lies in the meridional plane. The image

plane � is perpendicular to the diff racted principal

ray OnO , and the distance OnO is denoted by r .

We introduce rectangular coordinate systems

( X S , Y S , ZS ) , ( x i , yi , z i ) , and ( X , Y , Z) at�

tached to S , G i , and � , respectively. The ori�
g ins are at OS , Oi , and O . The X S , x i , and X

axes are the normals to the respective elements,

and YS , y i , and Y axes lie in the meridional

plane. A ray orig inat ing f rom a source point P 0(0,

s , z ) in S goes through a point P i ( �i , w i , li ) on

the n i th groove of G i . The diff racted ray of w ave�
length �in mn th order f rom Pn on the last grat ing

Gn intersects � at a point B( 0, Y , Z ) , form ing a

spot in � .

T he zeroth groove of G i is assumed to pass

through O i . T he g roove number n i of G i can be ex�

pressed in a pow er series of w i and l i as
3, 4

n i�i = w i + ( ni ) 20w
2
i + ( ni ) 02 l

2
i + ( ni ) 30w

3
i +

( n i ) 12w il
2
i + ( n i ) 40w

4
i + ( n i ) 22w

2
il

2
i + ( n i ) 04 l

4
i + �,

(1)

where �i is the effect ive grat ing constant4 of G i .

For explicit expressions of the groove parameters

( n i ) j k of advanced gratings, refer to Refs. 3 and

4.

T he surface f igure of G i is given by

�i = ai - a i 1 -
w

2
i

b
2
i
+

l
2
i

c
2
i

(2)

where ai , bi , and ci are the ellipsoidal semiaxes of

G i w ith respect to the x i , y i , and z i axes, respec�

t ively.

T he angles of incidence �i and diff ract ion �i of

the principal ray at G i are taken as posit ive or nega�
t ive according to w hether they are def ined in the

first quadrant or in the fourth quadrant of the x iy i

plane. T he angles �i and �i are related through the

grat ing equation

�i ( sin�i + sin�i ) = m i� (3)

and the sign of mi is def ined by Eq. ( 3) and the

sign convention for �i and �i .
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T he image plane � is expressed in the x ny nz n

coordinate system as

x�cos�n + y�sin�n = r (4)

where r = OnO , and the coordinates ( x�, y�, z�)

of a point in � are defined in the x ny nz n coordinate

system .

3 � Ray - tracing formalism for a

multigrating system

� � Applicat ion of Fermat� s principle to the light

path funct ion

F 1 = P0P1 + P1P2 + n1m 1 � (5)

for G 1 yields the direct ion cosines ( L�1, M�1, N�1)

of the diffracted ray P1P2 from G 1 in terms of the

direct ion cosines ( L 1, M 1, N 1) of the incident ray

P 0P 1 onto G 1 and given instrumental parameters[ 4]

( see Fig. 1) :

L�1 = L 1+ t 1, M
�
1 = M 1+ m 1�

� n1

�w 1
- t 1

��1
�w 1

,

N�1 = N 1+ m 1�
� n1

� l 1 - t 1
��1
�l 1 (6)

where all the quantit ies are defined in the x 1y1z1 co�
ordinate system. In Eq. ( 6) , t 1 is expressed as

t 1 =
1
e1
( p 1 + p

2
1 - e1 q 1) (7)

where

e1 = 1 +
��1
�w 1

2

+
��1
� l 1

2

p 1 = - L 1 + M 1+ m 1�
� n 1

�w 1

��1
�w 1

+

N 1 + m 1�
� n1

� l 1
��1
� l 1

q 1 = 2m 1� M 1
� n 1

�w 1
+ N 1

� n 1

�l 1
+

( m 1�)
2 � n1

�w 1

2

+
� n1

� l 1

2

(8)

Here, the direct ion cosines L 1, M 1, N 1 are de�
f ined by

L 1 =
�1- x 0

P 0P 1
, M 1 =

w 1 - y 0

P0P1
, N 1 =

l 1- z 0

P0P1

(9)

where x 0= r 1 cos�1+ ssin�1, y 0 = r 1 sin�1- s cos

�1 , and z 0 = z are the coordinates of the point P 0

def ined in the x 1y 1z 1 coordinate system.

T he intersect ing point P 2( �2, w 2, l 2) defined

in the x 2y 2z 2 coordinate system is determined by

simultaneously solving the equation of the ray

P1P2

�2 - ��1
L 2

=
w 2- �w 1

M 2
=

l 2 - �l 1
N 2

(10)

and Eq. ( 2) w ith i = 2 . In Eq. ( 10) , ��1 �w 1�l 1
and ( L 2, M 2, N 2) are the coordinates of the point

P 1 and the direction cosines of the diffracted ray

P 1P 2 , both def ined in the x 2y 2 z 2 coordinate sys�

tem, and they are obtained by applying proper co�
ordinate t ransformat ions to ( �1, w 1, l 1) and ( L�1,

M�1, N�1) . T he direct ion cosines ( L�2, M�2,

N�2) of the ray P 2P 3 dif fracted from G 2 are ob�

tained from Eqs. ( 6) - ( 8) by replacement of the

subscript 1 w ith 2.

Follow ing the same procedure we can deter�
mine the direction cosines ( L i , M i , N i ) of the inci�
dent ray P i- 1P i and ( L�i , M�i , N�i ) of the diffract�
ed ray P iP i+ 1 at G i successively from i = 3 to i =

n. Then, the intersect ion B( x B , yB, z B) of the

diffracted ray PnB w ith the image plane � is de�
term ined by simultaneously solving Eq. ( 4) and

the equation of the ray PnB

( x B - �n ) / L�n = ( yB - w n ) /

M�n = ( z B - l n) / N�n (11)

after replacing x� and y� in Eq. ( 4) w ith x B and

yB , respectively.

T he result is g iven by

xB = �n + L�nK , yB = w n + M�nK , zB = ln + N
�
nK

(12)

K =
r - �n cos�n - w nsin�n
L�n cos�n + M�n sin�n

(13)

Finally, the ray- traced spot B (0, Y , Z) in the

X YZ coordinate system is expressed as

Y = ( r sin�n - yB ) sec�n , Z = z B (14)

The equat ions g iven in this sect ion prov ide a com�
plete set of the ray- tracing formulas for the n-

grat ing system .

460� � � � � � � � � � � � � � � � � � � � 光学 � 精密工程 � � � � � � � � � � � � � � � � � � � � � � 5 期



4 � Spot- diagram formulas

� � We derive analyt ic expressions of the direct ion

cosines ( L i , M i , N i ) of the incident ray P i- 1P i and

( L�i , M�i , N�i ) of the diff racted ray P iP i+ 1 at G i

successively from i = 1 to i = 3 by analyt ically fol�
low ing the ray- tracing formalism described in sec�
t ion 3 w ith the aid of pow er series expansions done

by M athemat ica
TM

. T he result obtained for i = 1,

2, and 3 is expressed as follows in the form of pow�
er series of w h

l
j
s
k
z
q w ith h + j + k + q � 3:

L i = - cos�i + w i ( L i ) 1000 + s ( L i ) 0010 +

w
2
i ( L i ) 2000+ w is ( L i ) 1010+ l

2
i ( L i ) 0200+

l iz ( L i ) 0101+ s
2
( L i ) 0020+ z

2
( L i ) 0002 +

w
3
i ( L i ) 3000 + w

2
is ( L i ) 2010 +

w il
2
i ( L i ) 1200+ w i li z ( L i ) 1101 +

w is
2
( L i ) 1020 + w iz

2
( L i ) 1002+ l

2
i s( L i ) 0210+

l isz ( L i ) 0111+ s
3
( L i ) 0030+ sz

2
( L i ) 0012

(15a)

M i = - sin�i + w i ( M i ) 1000 + s ( M i ) 0010 +

w
2
i ( M i ) 2000 + w is( M i ) 1010+ l

2
i ( M i ) 0200+

l iz ( M i ) 0101 + s
2
( M i ) 0020 + z

2
( M i ) 0002+

w
3
i ( M i ) 3000 + w

2
is ( M i ) 2010+

w il
2
i ( M i ) 1200+ w i li z ( M i ) 1101+

w is
2
( M i ) 1020+ w i z

2
( M i ) 1002+ l

2
is ( M i ) 0210 +

l isz ( M i ) 0111+ s
3
( M i ) 0030 + sz

2
( M i ) 0012

(15b)

N i = li ( N i ) 0100+ z ( N�i ) 0001+ w i li ( N�i ) 1100+

w iz (N i ) 1001+ l is( N i ) 0110 +

w
2
il i ( N i ) 2100 + w

2
iz ( N i ) 2001 + w il is( N i ) 1110 +

w isz (N i ) 1011+ l
3
i (N i ) 0300+

l
2
iz (N i ) 0201+ l is

2
( N i ) 0120+ l iz

2
(N i ) 0102+

s
2
z (N i ) 0021+ z

3
( N i ) 0003 (15 c)

L�i = - cos�i + w i ( L�i ) 1000+ s( L�i ) 0010+

w
2
i ( L�i ) 2000+ w i s( L�i ) 1010 + l

2
i ( L�i ) 0200+

l iz ( L�i ) 0101+ s
2
( L �i ) 0020+ z

2
( L�i ) 0002+

w
3
i ( L�i ) 3000 + w

2
is ( L�i ) 2010+

w i l
2
i ( L�i ) 1200+ w i li z ( L�i ) 1101+

w is
2
( L �i ) 1020+ w iz

2
( L�i ) 1002 + l

2
is ( L�i ) 0210 +

l isz ( L�i ) 0111 + s
3
( L�i ) 0030+ sz

2
( L�i ) 0012

(16a)

M�i = - sin�i + w i ( M�i ) 1000+ s( M�i ) 0010 +

w
2
i ( M�i ) 2000+ w is ( M�i ) 1010+ l

2
i ( M�i ) 0200+

l iz ( M�i ) 0101+ s
2
( M�i ) 0020+ z

2
( M�i ) 0002+

w
3
i ( M�i ) 3000 + w

2
is ( M�i ) 2010+

w i l
2
i ( M�i ) 1200+ w i li z ( M�i ) 1101+

w is
2
( M�i ) 1020 + w iz

2
( M�i ) 1002+ l

2
is( M�i ) 0210 +

lisz ( M�i ) 0111+ s
3
( M�i ) 0030 + sz

2
( M�i ) 0012

(16b)

N�i = L i ( N�i ) 0100+ z ( N�i ) 0001+ w i li (N�i ) 1100+

w i z ( N�i ) 1001+ l is( N�i ) 0110+

w
2
il i ( N�i ) 2100+ w

2
i z ( N�i ) 2001+ w i li s( N�i ) 1110+

w isz ( N�i ) 1011+ l
3
i (N�i ) 0300 +

l
2
i z (N�i ) 0201 + l is

2
( N�i ) 0120+ l iz

2
(N�i ) 0102+

s
2
z ( N�i ) 0021+ z

3
( N�i ) 0003 (16 c)

For i = 1 , special attention should be paid to the

fact that the terms l 1s ( N 1) 0110 and s z ( N 1) 0011

are absent in Eq. ( 15c) .

In deriving Eqs. ( 15) and ( 16) w e used the

follow ing relat ions betw een ( w i- 1, l i- 1) and ( w i ,

li ) , which w ere derived for i = 2 and 3 by follow�

ing the procedure given in Refs. 3 and 4:

w i- 1 = w i ( Ui ) 1000+ s( U i ) 0010+ w
2
i ( Ui ) 2000+

w is ( U i ) 1010 + l
2
i ( Ui ) 0200 l iz ( Ui ) 0101 + s

2
( Ui ) 0020+

z
2
( U i ) 0002 + w

3
i ( Ui ) 3000+ w

2
i s( U i ) 2010+

w il
2
i ( U i ) 1200+ w il iz ( U i ) 1101 + w is

2
( Ui 1020+

w iz
2
( Ui ) 1002 + l

2
is ( Ui ) 0210 +

lisz ( Ui ) 0111 + s
3
( Ui ) 0030+ sz

2
( U i ) 0012

(17a)

l i- 1 = l i ( V i ) 0100 + z ( V i ) 0001+ w i li ( V i ) 1100+

w iz ( V i ) 1001+ l is( V i ) 0110 + sz ( V i ) 0011 +

w
2
il i ( V i ) 2100 + w

2
iz ( V i ) 2001 + w il is( V i ) 1110 +

w isz ( V i ) 1011+ l
3
i ( V i ) 0300+

l
2
iz ( V i ) 0201+ l is

2
( V i ) 0120 + l iz

2
( V i ) 0102+
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s
2
z ( V i ) 0021+ z

3
( V i ) 0003 (17b)

w 1 = w i- 1( E i- 1) 1000+ s( E i- 1) 0010+ w
2
i- 1

( E i- 1) 2000+ w i- 1 s( E i- 1) 1010+ l
2
i- 1( E i- 1) 0200 +

li- 1 z ( E i- 1) 0101+ s
2
( E i- 1) 0020+ z

2
( E i- 1) 0002+

w
3
i- 1( E i- 1) 3000 + w

2
i- 1s ( E i- 1) 2010+

w i- 1 l
2
i- 1( E i- 1) 1200+ w i- 1 l i- 1 z ( E i- 1) 1101 +

w i- 1 s
2
( E i- 1) 1020+ w i- 1 z

2
( E i- 1) 1002+

l
2
i- 1 s( E i- 1) 0210+ l i- 1sz ( E i- 1) 0111 +

s
3
( E i- 1) 0030+ sz

2
( E i- 1) 0012 (18a)

l i = l i- 1( F i- 1) 0100 + z ( F i- 1) 0001 + w i- 1 li- 1

( F i- 1) 1100 + w i- 1z ( F i- 1) 1001+ li- 1 s( F i- 1) 0110+

sz ( F i- 1) 0011 + w
2
i- 1 l i- 1( F i- 1) 2100+

w
2
i- 1 z ( F i- 1) 2001+ w i- 1 l i- 1 s( F i- 1) 1110 +

w i- 1 sz ( F i- 1) 1011+ l
3
i- 1( F i- 1) 0300+

l
2
i- 1 z ( F i- 1) 0201 + l i- 1 s

2
( F i- 1) 0120 +

l i- 1 z
2
( F i- 1) 0102+ s

2
z ( F i- 1) 0021+ z

3
( F i- 1) 0003

(18b)

For explicit expressions of ( Ui ) hj kq , ( V i ) hjkq ,

( E i- 1) hj kq , and ( F i- 1) hj kq for a double- grating

system refer to Refs. 1 and 2.

We now assume that Eqs. ( 15) and ( 16) hold

for the i th element, i being greater than 3. Then,

w e follow the ray- tracing formalism again to de�
rive the direct ion cosines of the rays P iP i+ 1 and

P i+ 1P i+ 2 in terms of w i+ 1 and l i+ 1 af ter determining

the relations betw een ( w i , l i ) and ( w i+ 1, li+ 1) . It

is easily show n that Eqs. ( 15) - ( 18) also hold for

the ( i + 1) th element. Therefore, this procedure

based on the mathemat ical induction proves that

Eqs. ( 15) - ( 18) hold for any element with n� i

�2.

T he dif fracted ray of w aveleng th �in mn th or�
der f rom Pn intersects the image plane � at a point

B (0, Y , Z) . Using the expressions of the direct ion

cosines ( L�n , M�n, N�n ) of the ray PnB , Eqs.

( 16) w ith i = n, w e can calculate the coordinates

of the spot B from Eqs. ( 12) - ( 14) . The resulted

expressions for Y and Z are given by

Y = w n ( Cn) 1000+ s( C n) 0010+ w
2
n ( Cn ) 2000 +

w ns( C ) 1010 + l
2
n ( C ) 0200 +

l nz ( C) 0101+ s
2
( Cn ) 0020 + z

2
( Cn ) 0002 +

w
3
n ( Cn ) 3000 + w

2
ns ( Cn ) 2010 +

w nl
2
n ( Cn ) 1200+ w nl nz ( C) 1101+ w ns

2
( C n) 1020+

w nz
2
( Cn ) 1002 + l

2
ns( Cn ) 0210+

l nsz ( Cn ) 0111+ s
3
( C n) 0030+ sz

2
( Cn ) 0012

(19a)

Z = l n (Dn ) 0100+ z ( Dn ) 0001 + w nln ( Dn) 1100+

w nz ( Dn ) 1001 + l ns( Dn ) 0110 + sz ( Dn ) 0011 +

w
2
nl n( Dn ) 2100 + w

2
nz ( Dn ) 2001 + w nlns( Dn ) 1110 +

w nsz ( Dn) 1011+ l
3
n( Dn ) 0300 +

l
2
nz (Dn ) 0201+ lns

2
( Dn ) 0120 + l nz 2( Dn ) 0102+

s
2
z (D n) 0021+ z

3
( Dn ) 0003 (19b)

Equat ions ( 19a, b) are the spot- diagram formu�
las, and ( C n) hjkq and ( Dn ) hj kq are the aberrat ion

coeff icients of the system . The subscript hjkq indi�
cates that ( Cn ) hjkq and ( Dn) hj kq are the coef ficients

of the w
h
l
j
s
k
z
q
term.

Repeated subst itut ions of Eqs. ( 18a, b) into

Eqs. ( 19a, b) by taking i f rom n to 2 yield the re�
sult that the spot diagram formulas of the system

can be expressed as funct ions of w i and l i of the i th

element that have the same form as Eqs. ( 19a, b)

with coeff icients ( C i ) hjkq and ( Di ) hj kq in place of

( Cn) hj kq and ( Dn ) hj kq . This is the important con�

clusion in t reating mult ielement systems. In other

words, if w e obtain the spot- diag ram formulas for

double�element system, w e can express the spot-

diagram formulas for a mult ielement system in the

same forms as those for the double- element sys�
tem. For example, suppose w e found a relat ion

( C i ) 2000 = ( C i ) 1010 = ( C i ) 0200 = ( C i ) 0101 =

( C i ) 0020 = ( C i ) 0002 = ( D i ) 1100 = ( Di ) 1001 =

(D i ) 0110 = ( D i ) 0011= 0 w ith i = 1, 2 for an ax ial�

ly symmetric double- m irror system ( m 1 = m 2 =

�1 = �2 = �1 = �2 = 0, R 1 = �1 , and R 2 =

�2)
[ 1]
. Then, w e can immediately w rite dow n spot

diagram formulas for an axially symmetric mult i�
mirror system as

Y = w i ( C i ) 1000+ s( C i ) 0010+ w
3
i ( C i ) 3000+
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w
2
is ( C i ) 2010+ w il

2
i ( Ci ) 1200 +

w il iz ( C i ) 1101+ w is
2
( Ci ) 1020 +

w i z
2
( C i ) 1002 + l

2
is ( C i ) 0210+

l isz ( C i ) 0111+ s
3
( C i ) 0030+ sz

2
( C i ) 0012

(20a)

Z = l i ( D i ) 0100 + z ( D i ) 0001+ w
2
i li (D i ) 2100+

w
2
iz ( Di ) 2001 + w il is( D i ) 1110+

w isz ( D i ) 1011+ l
3
i ( D i ) 0300 +

l
2
iz ( D i ) 0201 + l is

2
( D i ) 0120+

l iz
2
( D i ) 0102 + s

2
z ( D i ) 0021+ z

3
( D i ) 0003

(20b)

Explicit expressions of the coeff icients in Eqs.

( 15) ( ( 19) have been obtained for the single g rat�
ing[ 4] ( n = 1) and double- g rat ing system[ 1- 2]

( n

= 2) . However, an ex tension to n > 2 requires an

incalculable amount of time and ef fort even using

M athematica
TM
. A possible solut ion to this prob�

lem is to combine the versatility of ray t racing w ith

the capability of analyt ic expressions in g iving

physical insight. We employed this approach [ 5] to

make the geometric theory pract ical for the design

and aberrat ion analysis of a mult ielement opt ical

system .

For a chosen set of s and z we determ ine the

values of w i , l i , Y , and Z by tracing N ( � 18)

rays through the system and make N equat ions up�
on subst itut ion of these values into Eqs. ( 19a, b)

w ith n = i . T he probable values of ( C i ) hjkq and

(D i ) hj kq are determ ined as the regression coeff i�

cients of Eqs. ( 19a, b) w hen N > 18 or as the so�
lut ion of the simultaneous equations w hen N = 18.

T hen, the spot diagrams ( Y , Z ) are represented

analyt ically as functions of w i and l i w ith numerical

coeff icients. The equat ions of individual aberrat ion

curves are then formulated in a similar manner to

Seidel aberrat ions of lens systems.

5 � T hird- order aberration curves

� � We give in this section the equations of aber�
ration curves for coma, spherical aberration, and

resultant aberration of a mult ig rat ing system.

A. Coma

Coma of a multigrat ing system is represented

by

Y coma = ( ci ) 2000w
2
i + ( C i ) 2010w

2
is +

( Ci ) 0210 l
2
is + ( C i ) 1101w il iz (21a)

Zcoma = ( D i ) 1100w il i + ( D i ) 1110iL is +

( D i ) 2001w
2
i z + (D i ) 0201 l

2
iz (21b)

Here, the subscript � coma� signifies the contribu�
t ion f rom coma only, assuming all the other aberra�
t ions are absent. Introduction of polar coordinates

w i = �r cos�, li = �r sin� (22)

in the tangent plane of G i at it s vertex Oi t rans�
forms Eqs. ( 21a, b) into

2 Y coma

�r 2
- { ( Ci ) 2000 + s [ ( C i ) 2010+ ( C i ) 0210] }

= { ( C i ) 2000 + s [ ( C i ) 2010- ( C i ) 0210] }

cos2�+ z ( C i ) 1101sin2� (23a)

2Z coma

�r 2 - z [ (D i ) 2001+ ( D i ) 0201]

= z [ ( D i ) 2001- ( Di ) 0201] cos2�+

[ ( D i ) 1100+ s( D i ) 1110] sin2� (23b)

where � is measured counterclockw ise from the

posit ive yi axis.

Eliminat ing sin2� and cos2� from Eqs. ( 23a,

b) , we obtain

a
2 Y coma

�r 2 - { ( C i ) 2000+ s[ ( C i ) 2010+ ( C i ) 0210] }

2

+

b
2Zcoma

�r 2 - z [ (D i ) 2001 + ( D i ) 0201]

2

-

2h
2 Y coma

�r 2 - { ( C i ) 2000+ s[ ( C i ) 2010+ ( C i ) 0210] } �

2Zcoma

�r 2
- z [ ( D i ) 2001+ ( D i ) 0201] = c

2

(24)

where

a = [ (D i ) 1100 + s( D i ) 1110]
2
+ � � � � �

z
2
[ ( D i ) 2001 - (D i ) 0201]

2

b = { ( C i ) 2000+ s[ ( C i ) 2010- ( C i ) 0210] }
2
+

z
2
[ ( C i ) 1101]

2
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c = { ( C i ) 2000+ s [ ( C i ) 2010- ( C i ) 0210] }

� [ ( D i ) 1100+ s( D i ) 1110] �z 2
( C i ) 1101

[ ( D i ) 2001- ( D i ) 0201]

h = z { ( C i ) 1101[ ( D i ) 1100+ s ( D i ) 1110] +

[ ( C i ) 2000+ s( ( C i ) 2010- ( C i ) 0210) ]

[ ( D i ) 2001 - (D i ) 0201] } (25)

Equat ion ( 25) represents an ellipse because h2
- ab

< 0. T herefore, for fixed values of s, z , and �r,
the point B describes an ellipse tw ice as �runs f rom

0 through 2�.

We consider an axially symmetric mult im irror

system as a special case of the multigrat ing system.

We further consider a case w here radiat ing source

points in S are localized around a point A ( 0, 0, z A )

on the ZS ax is and the ray orig inat ing from A im�
pinges on G 1 at a point Q1( �1, 0, �1) in the x 1y 1 z 1

coordinate system. T he chief ray A Q1 goes through

G i at Q i ( �i , 0, �i ) in the x iy iz i coordinate system.

In this case, Eqs. ( 22) should be replaced by

w i = �r cos�, li = �i + �r sin� (26)

where �is measured counterclockw ise f rom the ini�
t ial line parallel to the y i ax is and the pole of the

polar coordinates is at the project ion of Q i onto the

tangent plane of G i at O i . In this case, Eqs. ( 23)

- ( 25) must be modified accordingly. Note here

that ( C i ) 2000 = ( D i ) 1100 = 0 and coma curves are

not ellipses. Projection opt ics for EU V lithography

is an example of such a case.

B. Spherical aberration

Spherical aberrat ion is described by

Y sph = ( C i ) 3000w
3
i + ( C i ) 1200w il

2
i (27a)

Zsph = ( Di ) 0300 l
3
i + ( D i ) 2100w

2
i l i (27b)

Here, the subscript � sph� signif ies the contribut ion

from spherical aberrat ion only , assuming all the

other aberratios are absent.

Substitution of Eq. ( 22) in Eqs. ( 27a, b)

yields

Y sph = r
3cos�[ ( C i ) 3000cos

2�+

( C i ) 1200sin
2�] (28a)

Zsph = r
3sin�[ ( D i ) 0300sin

2�+

( D i ) 2100cos
2�] (28b)

This aberrat ion curve takes a complicated form that

depends on the values of ( C i ) 3000, ( C i ) 1200,

( D i ) 0300, and ( D i ) 2100. In case of necessity, use

Eqs. ( 26) w ith Eqs. ( 27a, b) .

C. Resultant aberration

T he resultant aberrat ion of the system is given

by the sum of the individual aberrat ions. It is prac�
t ical to express this aberrat ion in terms of the last

element Gn, i. e. , by Eqs. ( 19a, b) . Subst itut ion

of Eqs. ( 22) in Eqs. ( 19a, b) y ields the equat ion

of the resultant aberrat ion curve. When necessary,

use Eqs. ( 26) w ith Eqs. ( 19a, b) .

In many cases, individual aberrat ions can be

balanced one another to yield a small resultant

aberrat ion. The purpose of opt ical designs is to

achieve this aberrat ion balancing as much as possi�
ble, besides making indiv idual aberrat ions small. It

is therefore important to def ine a merit funct ion ap�
propriate to a given design goal.

6 � Merit function

� � Since Eqs. ( 19a, b) include all the aberrat ions

of the system up to third order, these equat ions

would provide an ef fective means of opt im izing

aberrat ions in the design of a mult ielement system.

To ut ilize Eqs. ( 19a, b) in the design work, we

def ine a merit funct ion so as to incorporate ( 1) the

variance of the spots formed when an inf inite num�
ber of rays are t raced and ( 2) the dimensions of the

source and the last optical element in the system.

The merit function Q thus defined is expressed as

Q = �
p

�pQ ( �p ) (29)

where �p is a design w avelength chosen in the re�
quired scanning range and its vicinity, �p is a

weight ing factor, and

Q ( �p ) =
1

w lbh�
W / 2

- W / 2
dw�

L / 2

- L/ 2
dl�

B/ 2

- B/ 2
ds�

H / 2

- H / 2

{ Y( �p ) - �Y( �p ) ] 2+ �pZ( �p ) 2}dz (30)
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�Y( �p ) =

1
w lbh�

W/ 2

- W/ 2
dw�

L / 2

- L / 2
dl�

B/ 2

- B/ 2
ds�

H / 2

- H / 2
Y( �p )dz

(31)

In Eqs. ( 30) and ( 31) , W and L are the w idth

and length of a ruled area of G n illum inated by the

through rays, H and B are the height and w idth of

the source S, and �p is a weight ing factor.

Carry ing out the integ rat ion in Eqs. ( 30) and

( 31) af ter substitution of Eqs. ( 19a, b) in Y ( �p )

and Z( �p ) in Eqs. ( 30) and ( 31) , w e obtain

Q( �p ) = q
2
Y ( �p ) + �pq

2
z ( �p ) (32)

where

q
2
Y = W

2 1
12
C

2
1000+

B
2

72
1
2
C

2
1010 + C 1000C1020+

C0010C2010 +
H

2

72
C1000C 1002 +

B
4

960
( C

2
1020+ 2C2010C0030) +

B
2
H

2

864

( C 2010C0012+ C1002C1020) +
H

4

960
C

2
1002

+

L
2 B

2

72
C0010C0210+

H
2

144
C

2
0101+

B
4

480
C 0210C 0030 +

B
2
H

2

1728
( C

2
0111+ 2C 0210C0012) +

W
4 1

180
C

2
2000+

1
40
C 1000C3000+

B
2

960
( C

2
2010+ 2C3000C1020) +

H
2

480
C 3000C 1002 +

W
2
L

2 1
72C1000C1200+

B
2

864( C 2010C 0210+

C1200C1020) +
H

2

1728
( C

2
1101+ 2C 1200C1002) +

L
4 C

2
0200

180
+

B
2

960
C

2
0210 +

W
6

448
C

2
3000+

W
4
L

2

480 C3000C 1200 +
W

2
L

4

960 C
2
1200+

B
2 C

2
0010

12
+ B

2 C
2
0020

180 +
C0010C0030

40
+

B
4

448
C

2
0030 +

B
2
H

2 1
72
C 0010C 0012 +

B
2

480
C0012C 0030 +

H
2

960
C

2
0012 +

H
4

180
C

2
0002 (33a)

q
2
z = W

2 H
2

144
( D

2
1001 + 2D 0001D2001) +

H
4

480
D 2001D0003+

B
2
H

2

1728

( D
2
1101+ 2D2001D 0021) +

L
2 1
12
D

2
0100+

B
2

144
( D

2
0110+ 2D0100D 0120) +

H
2

72
( D0010D 0102+ D0001D 0201) +

B
4

960
D

2
0120 +

B
2
H

2

864
( D0201D 0021 +

D0102D 0120) +
H

4

960
( D

2
0102+ 2D 0201D0003) +

L
4 1

40D 0100D0300+
B

2

480D0300D 0120+

H
2

960
( D

2
0201+ 2D0300D 0102) +

W
2
L

2 1
144

( D
2
1100+ 2D0100D 2100) +

B
2

1728
(D

2
1110 + 2D 2100D0120) +

H
2

864
( D2001D 0201 + D2100D 0102) +

W
4

960
( L

2
D

2
2100+ H

2
D

2
2001) +

W
2
L

4

480
D 2100D0300+

L
6

448
D

2
0300+

H
2 D

2
0001

12
+

B
2

144
(D

2
0011 + 2D 0001D0021) +

H
2

40
D 0001D0003+

B
4

960
D

2
0021+

B
2
H

2

480 D 0003D0021+
H

4

448D
2
0003 (33b)

In Eqs. ( 33a, b) we have abbreviated, for simplic�
ity, qY ( �p) , qZ ( �p ) , ( Cn ) hjkq( �p ) , and

(D n) hjkq ( �p ) to qY , qz , Chj kq , and Dhj kq , respec�

t ively. If the last element is circular in shape, inte�
g rat ion should be carried out w ith respect to �and �

after replacing w n and l n by �cos�and� sin�, re�
spect ively .

7 � Conclusion

� � We have developed the geometric theory of a

plane- symmetric mult ielement opt ical system that

consists of a planar light source, an arbit rary num�
ber of ellipsoidal gratings, and an image plane. The
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theory is developed on the basis of the ray- tracing

formalism described in sect ion 3 and gives analyt ic

formulas for spot diag rams, aberrat ion curves, and

a merit funct ion. To make the theory pract icable,

the aberrat ion coef ficients of the spot - diagram

formulas are determined numerically w ith the aid of

ray tracing that takes into account the angular dis�
t ribut ion of rays originat ing f rom a given light

source. The spot- diagram formulas and the equa�
t ion of aberrat ion curves are expressed in terms of

the coordinates of points on a chosen element in the

system . The merit function defined in the present

study closely represents the variance of the spots

formed when an inf inite number of rays are traced

and when we take into account the dimensions of

the light source and the last opt ical element . T hese

characterist ics facilitate effect ive minimization of

aberrat ions and w ould be useful in the design of

many practical opt ical systems. T he theory can also

be applied to plane- symmetric mirror- grat ing or

mirror systems and to ax ially symmetric mirror sys�
tems.

Although the present theory is lim ited to a

plane- symmetric ellipsoidal grat ing system, it can

be extended to include a system that does not have

plane symmetry as w ell as any rest riction on the

surface f igure of its elements. It is also not too dif�
f icult to include aberrat ions up to fifth order,

though laborious. It is planned to develop such a

general theory of a mult ielement optical system.
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