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Abstract: T o establish a theoretical basis for providing a better design method of multielement
optical systems, we have developed a third— order geometric theory of a plane— symmetric
multielement optical system that consists of a planar light source, an arbitrary number of el-
lipsoidal gratings, and an image plane. Analytic formulas of spot diagrams are derived for the
system by analytically following a ray — tracing formalism. With these formulas, coma,
spherical aberration, and resultant aberration are discussed. To make the theory practical,
w e determ ine the aberration coefficients numerically, rather than analytically, with the aid of
ray tracing that takes into account the angular distribution of rays originating from a given
light source. A merit function is defined so as to represent closely the variance of the spots
formed when an infinite number of rays are traced and to take into account the dimensions of
the source and the last optical element. T he theory is also applicable to mirror— grating or

mirror systems.
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1 Introduction

The current trend in extreme ultraviolet
(EUV) lithography and sophisticated synchrotron
radiation instrumentation is the use of an optical
system that consists of several advanced optical ele
ments, such as accurately figured aspheric mirrors
and varied line spacing gratings, to achieve higher
spatial and/ or spectral resolution. To design and e
valuate such a system, it is important to develop a
practical design theory that takes into account all

the elements of the system from its source to the ft

Received date: 2001- 08— 29; revised date: 2001- 10- 08

nal image plane. M any of the current design meth-
ods utilize ray tracing because no analytic design
theory is available at present even for a simple
triple— element optical system, so long as it in-
cludes a grating. Ray tracing is certainly a pow erful
tool for designing and evaluating a system consist-
ing of several advanced optical elements. On the
other hand, ray tracing is capable of giving a physi-
cal insight only to a limited extent. Moreover, ray
tracing does not permit individual analysis of coma
and spherical aberration in the image in a similar

manner to Seidel aberrations of lens systems.
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In view of the current trend in EUV/SXR irr
strumentation and the present status of the design
methods, we have felt the need of an aberration
theory for a multielement optical system containing
advanced elements and an extended source that
emits rays of a certain angular distribution. As a
step toward such a theory, we have extended our
third— order geometric theory of a double— grating

[1-2]
system

to include a plane— symmetric mulir
grating system that consists of a planar light
source, more than two advanced— type ellipsoidal
gratings and an image plane. The optical system to
be treated in this paper and its coordinate syste ms
are ex plained in section 2. The complete ray— trac
ing formalism for a multigrating system is described
in section 3, and the third— order analytic formulas
for the spot diagrams are derived in section 4, and
the equations of aberration curves are given in sec

tion 5. Also presented in section 6 is a merit func

tion necessary for optimization of the system.

2 Multielement optical system

Referring to Fig. 1 we consider a plane— symr
melric optical system that consists of a planar light
source S, ellipsoidal gratings Gi, Gi, .-, G,

- Gn, and an image plane 2 . (This system at
S0 represents a mirror— grating system or a mirror
system that includes any of ellipsoidal, spherical,
cylindrical, and plane mirrors and/ or gratings as its
elements.) In this system the elements are ar
ranged so that the normals to S and G; at their re
spective centers Os and O lie in a common plane
called meridional plane and O situates on the nor
010,
.y and Or10n are denoted

..., and r,, respectively.

mal to S at Os. The distances 0501,
0203, .-, 0i-10;i,

byri, ro, ra, - i,
T he incident principal ray Os01 is diffracted by G
toward O2, and the diffracted principal ray 0102
of wavelength Ain m th order is further diffracted
by G». This diffracted principal ray of Ain m th
order meets G3 at O3. The principal ray of A goes
through O;s successively, and finally the principal

ray diffracted by G, at 0, meets 2 at a point O,
which also lies in the meridional plane. The image
plane 2. is perpendicular to the diffracted principal
ray 0n0 , and the distance 00 is denoted by r.
We introduce rectangular coordinate systems
(Xs, Ys, Zs), (xi, vi, zi) , and (X, Y, Z) at-
tached to S, Gi, and Z , respectively. The orr-
gins are at Os, Oi, and O . TheXs, xi, and X
axes are the normals to the respective elements,
and Ys, y;, and Y axes lie in the meridional
plane. A ray originating from a source point Po(0,
s,z ) in S goes through a point Pi( &, wi, ;) on
the n;th groove of G;. The diffracted ray of wave-
length A in m,th order from P, on the last grating

G, intersects Z at a point B(0, Y, Z), forming a
spot in Z .

The zeroth groove of G; is assumed to pass
through O;. T he groove number n; of G; can be ex-
3,4

pressed in a pow er series of w; and [; as

ni%= wi+ (ni)owit+ (ni)oeli+ (n)owi+

(ni)izwd i+ (ni)sowi+ (ni)owili+ (ni)oali+

(D
where G is the effective grating constant’ of Gi.
For explicit expressions of the groove parameters
(ni)jr of advanced gratings, refer to Refs. 3 and
4.

T he surface figure of G; is given by

wi 13
&= ai- ai |[l- E+2 (2)
where a;i, bi, and ¢; are the ellipsoidal semiaxes of
G; with respect to the x;, yi, and z; axes, respec-
tively.

T he angles of incidence i and diffraction B of
the principal ray at Gi are taken as positive or nega-
tive according to whether they are defined in the
first quadrant or in the fourth quadrant of the xiyi
plane. The angles ai and B; are related through the
grating equation

G(sinq;+ sinB;) = m;\ (3)
and the sign of m; is defined by Eq. (3) and the

sign convention for a; and B.
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T he image plane 2 is expressed in the x .z, a;, andzo= z are the coordinates of the point Py
coordinate system as defined in thex 1y 1z 1 coordinate system.

x’ cos B, + y’ sinf, = r (4) T he intersecting point Pz(iz, w2, 1) defined
wherer = 0,0, and the coordinates (', y, z') in the x 2y 2z2 coordinate system is determined by
of a point in 2 are defined in the x ,y .z, coordinate simultaneously solving the equation of the ray
system. PiP>

§-&  wo- wi bL-1T, (10)
3 Ray - tracing formalism for a L> M, N
and Eq. (2) with i = 2. In Eq. (10), S i1,

and (Lo, M2, N») are the coordinates of the point

multigrating system

Avpplication of Fermat’ s principle to the light P and the direction cosines of the diffracted ray
path function PPy, both defined in the x 2y2z 2 coordinate sys
Fi= PoPi+ PiP2+ nimi1 A (5) tem, and they are obtained by applying proper co-

for G yields the direction cosines (L' 1, M1, N'1) ordinate transformations to (&, w1, [1) and ( L'y,
of the diffracted ray P1P2 from G1 in terms of the M 1, N'1). The direction cosines (L 2, M2,
direction cosines (L1, M1, N 1) of the incident ray N'2) of the ray P2P3 diffracted from G2 are ob-

PoPionto G and given instrumental parameters' ! tained from Egs. (6)- (8) by replacement of the
(see Fig. 1): subscript 1 with 2.

, / 0 0 Following the same procedure we can deter

L= Lit t, Mi= Mi+ mi N 3+ s , . . g. . b -

w1 " Qw1 mine the direction cosines ( L;, M;, N;) of the incr-

Vs N ml{ail}_ " a_gl] (6) dent ray Pi- 1Piand (L i, M'i, N'i) of the diffract-

ol ol ed ray PiPi. 1 at G; successively from ¢ = 3to i =
where all the quantities are defined in the x 1y1z1 co n. Then, the intersection B(xp, yp, zp) of the
ordinate system. In Eq. (6), ¢1is expressed as diffracted ray P»B with the image plane Z is de-

= i(ler m) (7) termined by simultaneously solving Eq. (4) and

the equation of the ray P,B
where /
(xB_ gl)/L n = (yB_ wn)/
{agl} [ag} | |
er= 1+ 1

D Y M= (zg— 1,)/N , (11)
[ anl} 0%, after replacing ' and ¥ in Eq. (4) with x, and
pi=- Li+ | Mi+ mi aw_l Ow . ¥B, respectively.
oni| 0% T he result is given by /
{N” "“}‘az} ol x8= &+ L'wK, yp= wn+t M K, z8 = i+ N.K
g1= 2m1{Mlg”'+Nlaﬁ}+ (1)
s | R N e ta
Here the direction cosines Ly, M, N are de Finally, the ray— traced spot B(0, Y, Z) in the
fined by X YZ coordinate system is expressed as
E- xo0 wi—_y0 li— zo Y= (rsinB.— yp)secB., Z= 2z (14)
be= Tpop o M= Tpop o V1T Ty The equations given in this secti id -
equations given in this section provide a com
(9) plete set of the ray— tracing formulas for the n—

wherex o= r1 cosQi+ ssindi, yo= risindj— scos grating system.
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4 Spot— diagram formulas

We derive analytic expressions of the direction
cosines ( Li, M;, N;) of the incident ray P,- 1P; and
(L'i, M'i, N'i) of the diffracted ray PPis1 at Gi
successively from 1 = 1toi = 3by analytically fol
lowing the ray- tracing formalism described in sec
tion 3 with the aid of power series expansions done
by M athematica' . T he result obtained for i = 1,
2, and 3 is expressed as follows in the form of pow-
er series of w'Us"z" with h+ j+ k+ q <3

Li=- costi+ wi(Li)woo+ s(Li)oto+

w %(Li)2000+ wis( Li)tolo+ liz(Li)0200+

liz(Li)owo1+ sz(Li)0020+ zz(Li)oooz +

wi(Li)3m+ wis(Li)o10 +
wl‘Z%(Li) 20+ wiliz( Li) o +
w;‘sz(Li) 1020 + wl‘zz(Li)loo2+ lizs(Li)02lO+
lisz(Li)oti+ S3(L£)0030+ Szz(Li)()OlZ
(15a)

M;=- sna;+ wi(M;)wn+ s(Mi)owiw+
wi(Mi)om+ wis( Mi) o+ Li( M;)ono+
liz(Mi)oion + Sz(Mi)oozo+ Zz(Mi)O()OZ"'
w?(Mi)3000+ wziS(Mi)2010+
wil3( M;) no+ wiliz( Mi) o+
wis®( Mi) 0w+ wiz>( Mi) w2+ LUis( M)+
Lisz (Mi)oni+ s°(Mi)ooso+ sz°( Mi)wn
(15b)

Ni= L(Niowo+ z(N Jowi+ wili( N'i) 1100+
wiz (Ni)ro1+ Lis( Ni)oro +
wili(Ni)aoo+ wi(Ni)oo+ widis( Ni )i+
wisz (Ni)ioii+ (N i)owo+
I (Ni)om+ Lis*(Ni)ow+ Liz>(Ni)ow2+

sz(Ni)oni+ 2z (Ni)wos (15¢)
L'i=— cosBi+ wi(L'i)imo+ s(L i)ooro+
wi(L i) w0+ wis(L oo+ L7(L':)oxo+
Lz (L' )oo+ s(L'i)omo+ z°(L i)omr+

w?(L/i)3OOO+ w%s(L/i)201o+

wilZ(L':) no+ wiliz( L'i) 101+
wiSZ(L/i)IOZO'i' w:}Z2(L/i)1002+ lizS(L/i)(rz10+
lisz(L/i)Olll+ 83(L/i)0030+ szz(L/i)omz

(16a)

M= - sinBi+ wi(Mi)iwo+ s(M ijoow+
w (M awo+ wis(M )i+ Li(M'i) oo+
Lz (M oo+ s° (M) oo+ z2( M i)oo+
w%(M’i)30(x)+ w%S(M/i)2010+
wili( M) nw+ wiliz( M ;) 1101+
M/isz(M/i)lozo+ WiZZ(M/i)IO()2+ Z%S(Mi)OZIO‘F
Lsz (M o+ s (M )wsno+ sz (M i)oon
(16b)

’

N ;= Li(N/i)0100+ Z(N/i)()()01+ Wili(N/i)ll()(H'
M}iz(N’i)IOO1+ liS(Nli)0110+
wili( N i)200+ wiz(N'i)wo+ wilis(N i) 1o+
wisz(N i)+ (N )om+
Iiz (N'i oo + lisz(N/i)0120+ lizz(Nli) 0102+

sS22(N Jomi+ z°(N'i)oows  (16¢)
Fori = 1, special attention should be paid to the
fact that the terms 15 (N1i)oiio and s z (N 1)ooi1
are absent in Eq. (15¢) .

In deriving Eqgs. (15) and ( 16) we used the
following relations between (wi-1, li-1) and (wi,
li), which were derived for i = 2 and 3 by follow-
ing the procedure given in Refs. 3 and 4:
wi-1= wi( Ui)roo+ s( Ui)ooto+ wlz( Ui) 2000 +

wis( U;i)o10+ liz( Ui) wooliz ( Ui )oror + 52( Ui)ooo+
22 Ui)wn+ wi( U)soo+ wis( Ui)aoo+
wl'l%( Ui)12oo+ wiliz ( Ui) o + u)isz( Uiioo+
wiz (Ui ) oo+ U3s( U)o+
lisz ((Ui)oin + 33( Ui)oo3o+ szz( Ui)oorz
(17a)

Lici= Li(Vi)oo+ z( Vi)ooor+ wili( Vi)ioo+
wiz( Vi)ror+ Lis( Vi)orwo+ sz( Vi)oon +
wili( Vi) + wiz( Vi)wo + wilis( Vi) +
wisz ((Vi)io1+ 1113( Vi)o3oo+

Iz (Vi)oor+ Ls*(Vi)ow+ Lz’( Vi)owoa+
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sz (ViJoor+ 2°( Vi) ooos (17b)
wi= wiei(Ec1)wo+ s(E-1) oo+ wio
(Ei-1)2000+ wi-1s(Ec1) 00+ lzi—l(Ei—l)()ZOO‘F
li-1z (Ei-1)o101+ Sz(Ei—l)OOQ0+ zz(Ei—1)0002+
wi(Ec )00+ wiis(Ei1)a0i0+
wii I (Eii)no+ wioilioiz(Ei1)no+
wii1s (Ei 1)ow+ weiz (Eio1)iw02+
liz—ls(Ei—l)0210+ lesz (Ei-1)oin +
s'(Ei-1)omo+ sz (Eio1)oon (18a)
Li= Lici(Fii)oiw+ z(Fio1)owo + wi-1li-1
(Fici)no+ wiiz(Fio1)io1+ Licis( Fio1)ono+
sz( Fi-1)oot + w%—lli—l(Fi—l)2100+
wiz(Fio1)wo+ wioiliois(Fioi)o+
wic1sz( Fio 1)+ L1 Fio1)os00+
liz—lz(Fi—l)(E()l+ Zi—lsz(Fi—1)0120+
Li1z*(Fio1)owa+ sz(Fio)omi+ 2 (Fio1) oo
(18b)
( Vi) hjkgs
(Ei-1)hkq , and (Fi_ 1) jjrg for a double— grating

For explicit expressions of ( U;) b,

system refer to Refs. 1 and 2.

We now assume that Egs. (15) and (16) hold
for the ith element, i being greater than 3. Then,
we follow the ray— tracing formalism again to de
rive the direction cosines of the rays P;Pi1 and
Piv1Pis2in terms of w 4 1 and [ 1 after determining
the relations between ((w, [;) and (w &1, liv1). It
is easily shown that Egs. (15)— (18) also hold for
the ( i + 1)th element. Therefore, this procedure
based on the mathematical induction proves that
Egs. (15)- (18) hold for any element with n 2i

22.

T he diffracted ray of wavelength Ain m,th or
der from P, intersects the image plane 2 at a point
B(0, Y, Z). Using the expressions of the direction
cosines (L,n,, M’ n, N/n) of the ray P»B, Egs.
(16) with i = n, we can calculate the coordinates
of the spot B from Eqgs. (12)- (14). Theresulted
expressions for Y and Z are given by

Y= wa(Cu) oo+ s(Cn)ooro+ win(Cn)ao+

was( €+ Lol C)om+
Lz (C)owor+ s°(Cu)ooro+ 2°( Cu) ooz +
wél(Cn)3ooo+ W%S(Cn)ZOlO‘l'
wiln( Cn) 200+ widnz (C)1101+ 1w s ( Cn)1020+
w2 2(Cu)rom + Las( Ca)oio+
Lisz(Co)ori+ s°( Cu)ooso+ s2°( Cu)oor

(19a)

Z = 1Lu(Dn)owo+ z(Dn)ooot + waln(Dn) 1100+
wnz(Dy)iwoot + Lns(Dy)orio+ sz(Dn)oonr +
wila( Do)+ waz(Dn)wo + walns(Du)iiio +
wnsz (Dn)1o11+ li(Dn)o3oo+
12z (Dn)owi+ Ls*(Du)oizo+ Lnzof Dn)oroz+

s’z(Dn)omi+ 23 (Du)ooss  (19b)
Equations (19a, b) are the spot— diagram formu-
las, and (C.) kg and ( Dy )ik are the aberration
coefficients of the system. The subscript ljkqg indr
cates that ( Cn) hikg and ( Dn) hikg are the coefficients
of the w'Vs"2" term.

Repeated substitutions of Eqs. ( 18a, b) into
Egs. (19a,b) by taking ¢ from n to 2 yield the re-
sult that the spot diagram formulas of the system
can be expressed as functions of w ; and [; of theith
element that have the same form as Egs. (19a, b)
with coefficients ( Ci)hjtq and ( Di)hkq in place of
( Cr) hikg and ( Dy ) pikg. This is the important con-
clusion in treating multielement systems. In other
words, if we obtain the spot— diagram formulas for
double element system, we can express the spot—
diagram formulas for a multielement system in the
same forms as those for the double— element sys
tem. For example, suppose we found a relation
(Ci)20m0 (Ci)wio = (Ci)owo = (Ci)oron
(Ci)oow (Ci)ow2 = (Di)uow = (Di)woon
(Di)oio= (Di)ooii= Owith =1, 2 for an axial-

ly symmetric double— mirror system ( mi= mj=
a= = B= B=0 Ri= Pi, and Ry =
). Then, we can immediately write dow n spot
diagram formulas for an axially symmetric multi-

mirror system as

Y= wi(Ci)iwo+ s(Ci)ooro+ wi(Ci)smo+
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wis( Ci)aoro+ wili( Ci)nw+
wiliz (Co)ro+ wis’( Ci)iom+
wiz*(Ci )+ Lis( Ci)ono+
lisz (Ci) ot + S3(Ci)0030+ Szz(Ci)()()lz
(20a)

Z= li(Di)ow+ z(Di)ooor+ wili(Di) oo+
w iz (Di)wo + wilis(Di) 1o+
wisz (Di)1o1 + l?(Di)OSOO +
Lz (Di)oor + lisz(Di)0120+
lz*(Di)ow+ s*2(Di)omi+ z°( Di)ows
(206)
Explicit expressions of the coefficients in Egs.
(15) ((19) have been obtained for the single grat-
ing! (n = 1) and double— grating system''™ *(n
= 2). However, an extension to n > 2requires an
incalculable amount of time and effort even using
M athematica . A possible solution to this prob
lem is to combine the versatility of ray tracing with
the capability of analytic expressions in giving
physical insight. We employed this approach™ to
make the geometric theory practical for the design
and aberration analysis of a multielement optical
system.

For a chosen set of s and z we determine the
values of wi, li, Y, and Z by tracing N ( > 18)
rays through the system and make N equations up
on substitution of these values into Egs. ( 19a, b)
T he probable values of ( C;) iz, and

(Di) iy are determined as the regression coefft

withn = 1.

cients of Egs. (19a,b) when N > 18 or as the so
lution of the simultaneous equations when N = 18.
Then, the spot diagrams (Y, Z) are represented
analytically as functions of w; and /; with numerical
coefficients. The equations of individual aberration
curves are then formulated in a similar manner to

Seidel aberrations of lens systems.

5 Third- order aberration curves

We give in this section the equations of aber

ration curves for coma, spherical aberration, and

resultant aberration of a multigrating system.
A. Coma
Coma of a multigrating system is represented
by
Yeoma = (¢i)2000w T+ (Ci) 2010w 3 +
(Clownlis+ (Cuowidiz  (2la)
Zeoma= (Di)1woowili+ (D;)inoilis +
(Di)amiw iz + (Di) ool (21b)
Here, the subscript “coma” signifies the contribu-
tion from coma only, assuming all the other aberra-
tions are absent. Introduction of polar coordinates
(22)

in the tangent plane of G; at its vertex O; trans

w; = rcos0, I = rsn0

forms Egs. (21a, b) into

%— {( Ci)oo+ s/[(Ci)20+ (Ci)o2o/}

= {(Ci)ww+ s/(Ci)20- (Ci)o2o//

cos20+ z( C;)11015in20 (23a)
2Z(Om£l
2 - z[(Di)oor+ (Di)oxo1/
= z[(Di)zom— (Di)(yzo1]00526+
[(Di)1100+ S(Di)1110]Sin29 (231))

where 0 is measured counterclockwise from the
positive y; axis.
Eliminating sin20 and cos20 from Eqs. (23a,

b), we obtain

2Y oma

a ~2 —
r

=+

2
{(Ci)2000+ s/(Ci)2010+ (Ci)(mo]}}

2
2Z(‘,0Yna
b[—Nz — z[(Di)wo + (Di)ozolj] -
r

X

zh{%‘— {(Ci)amwo+ s[(Ci) w0+ (Ci)(mo]}}

{ 2 Zcoma
~? -
r

where
a= [(Di)nw+ s(Di)uwo] +
22[(Di)woi = (Di) woi]*
b= {(Ci)awo+ s[(Ci)ww— (Ci)nn])>+
22 [(Ci)roi]?

z[(Di)2001+ (Di)m01]] = ¢’
(24)
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c= {(Ci)ro0+ s[(Ci)2010— (Ci)o2o]}
[(Di)iwo+ s(Di)ino)-z%(Ci)rion
[(Di)oo— (Di)owi]
h= z{(Ci)roi/(Di)rwoo+ s(Di)io] +
[(Ci)2000+ s((Ci)ow— (Ci)onw)/
[(Di)201 — (Di)oor])} (25)
Equation (25) represents an ellipse because h*~ ab
< 0. Therefore, for fixed values of s, z, and T,
the point B describes an ellipse twice as 0 runs from
0 through 2T
We consider an axially symmetric multimirror
system as a special case of the multigrating system.
We further consider a case where radiating source
points in S are localized around a point A (0,0, z4)
on the Zs axis and the ray originating from A im-
pinges on Gat a point Q1(&, 0, 1) in thex1y121
coordinate system. T he chief ray A Q1 goes through
Giat Qi(&,0, %) in thex y;z; coordinate system.
In this case, Egs. (22) should be replaced by
wi;= rcosO, ;= &+ rsin0 (26)
where 0 is measured counterclockwise from the int
tial line parallel to the y; axis and the pole of the
polar coordinates is at the projection of (); onto the
tangent plane of G; at O; . In this case, Egs. (23)
— (25) must be modified accordingly. Note here
that ( Ci)2000 = (Di) 1100 = 0 and coma curves are
not ellipses. Projection optics for EU V lithography
is an example of such a case.
B. Spherical aberration
Spherical aberration is described by
Yiph = (Ci)zmow i+ (Ci)imowili (27a)

Zsh = (Di)osooli+ (Di)200wili (27b)
Here, the subscript “sph” signifies the contribution
from spherical aberration only, assuming all the
other aberratios are absent.
Substitution of Eq. (22) in Egs. (27a, b)
yields

Ysph: r3COS 9[( Ci)3ooocosze+

(Ci)1zoosi1129] (28a)

Zph = r3sin9[ (D;) o3oosin29+
(D;)2100c0s” 0] (28b)
This aberration curve takes a com plicated form that
( Ci) 1200,
(D)oo, and (D;)2100 In case of necessity, use
Egs. (26) with Egs. (27a,b).
C Resultant aberration

T he resultant aberration of the system is given

depends on the values of ( C;)3o0,

by the sum of the individual aberrations. It is prac-
tical to express this aberration in terms of the last
element Gn, i.e., by Eqs. (19a,b). Substitution
of Egs. (22) in Egs. (19a, b) yields the equation
of the resultant aberration curve. When necessary,
use Egs. (26) with Eqgs. (19a,b).

In many cases, individual aberrations can be
balanced one another to yield a small resultant
aberration. The purpose of optical designs is to
achieve this aberration balancing as much as possi-
ble, besides making individual aberrations small. It
is therefore im portant to define a merit function ap-

propriate to a given design goal.
6 Merit function

Since Egs. (19a,b) include all the aberrations
of the system up to third order, these equations
would provide an effective means of optimizing
aberrations in the design of a multielement system.
To utilize Egs. (19a, b) i the design work, we
define a merit function so as to incorporate (1) the
variance of the spots formed when an infinite num-
ber of rays are traced and (2) the dimensions of the
source and the last optical element in the system.

The merit function () thus defined is expressed as
0= 250(}) (29)

P
where }» is a design wavelength chosen in the re-
quired scanning range and its vicinity, & is a

weighting factor, and

L /2 B/2 /2
Q(») = wlth‘- W/zdwfuzdl —B/stfﬁ/Z

[Y(N)- Y(M) P+ BZ())*dz (30)
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Y(A) =
Ww/2 /2
wlbh.[ W/zdw.[L/zle.BB/zder/z Y(¥)dz

(31)

In Egs. (30) and (31), W and L are the width

and length of a ruled area of G, illuminated by the

through rays, H and B are the height and width of
the source S, and H, is a weighting factor.

Carrying out the integration in Egs. ( 30) and

(31) after substitution of Egs. (19a,b) in Y ()

and Z( } ) in Egs. (30) and ( 31),

O(d)= q¥( )+ Wai(d) (32

w e obtain

where

1
0y = WZ[EC%()O0+ 7_2[ Clowo+ €100 Cro20+
H’ |
Coom@ouﬂ + EC10m01002+

4 2.2
9BF)( Cimo+ 2C2010Cono) + Bgéi +

4
( C210Co012+ Ciro02C1020) + %)C%om

T= o+

B? H?
L 2[7_2(5001(>Co210+ 144

4 2y
MC(YZIOCOO3()+ 1728(C0111+ 2CU210C0012)]
WA[—l-C + L ConCimot
130 G200+ 75 € 1000 C3000

2

" ]+
960(C201o+ 26300061020)+ C3000C1002

2
WL 2[7%010006'1200+ %‘(Czo106m1o+

2
Ci1200C1020) + 113_28(6'%10& 2C1200C1002)] +

C 0200 B~
180 960

6
COZI(J"' ‘Z Clo00+

4,2 w24
%630006’1200+ 960 C1200+

2 2
2| Cooo sl Cooo  Cooro Cooso
AR [ 180 * 40
4

2

BZHZ[;_szloCoou + f@

H? H*
96060‘”";]'*18000‘“yz

Co012C w030 +

(33a)

e
gt = Wz[ m(D%om + 2D o001 D2oo1) +
H4 2772
480D 2001 Doz + S50 1728

(D1101+ 2D2001D 0021)] +

2
L2|: éD(%100+ 5‘__4_(D%110+ 2D0100D0120) +

2
E(Domol) otez+ Dooo1D oo1) +

B* B’H*?
%D%IZO + W(DOZMD 0021 +
H4 2
Do102D o120) + %(Domﬁ 20020100003)] +
2
L4[ﬁ)0010000300+ A%DomoDo120+

(D(ml + 2Do300D 0102)]

960
W2 [144(01100+ 2Do100D 2100) +
1728(D 110+ 2D 200Do120) +

2
ga(DzomDozm + Dz100D01(rz)] +

whooa s 212
9H)(L D300+ H"D3yo1) +
6

D} B’
w0, B 2D w0 Do) +

2 B
ED 0001 Dooo3 + 960
2.2 4

345{) D ooz Dooz1 + fTSD(Z)oos]

2
Do +

(33b)

In Egs. (33a,b) we have abbreviated, for sim plic-
ity, qv(¥), qz(¥),  (Cu)hitg( }), and
(Dn)hitg (%) to gy, gz Chjg, and Dijig, respec-
tively. If the last element is circular in shape, inte-
gration should be carried out with respect to P and 0
after replacing wn and In» by P cos® andP sinf , re-

spectively.

7 Conclusion

We have developed the geometric theory of a
plane— symmetric multielement optical system that
consists of a planar light source, an arbitrary 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 section 3 and gives analytic
formulas for spot diagrams, aberration curves, and
a merit function. To make the theory practicable,
the aberration coefficients of the spot — diagram
formulas are determined numerically with the aid of
ray tracing that takes into account the angular dis
tribution of rays originating from a given light
source. The spot— diagram formulas and the equa
tion of aberration 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 infinite number of rays are traced

and when we take into account the dimensions of
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