
Article ID: � 1004�924X( 2001)05�0411�07

EUV Optical Design
- Reflective and Diffractive Optics

T akeshi Namioka

( T ohoku University , Japan )

Abstract:This article describes the task of opt ical designers to achieve a bet ter design. T his is

follow ed by some discussions on the necessity of total design that takes all the elements into

account from its light source to the f inal image plane. M ethods are given to simulate rays
from a bending magnet and an undulator, surface f igure errors, and thermal deformations.

Some examples are given for an undulator beamline and an EU VL opt ical system, together

w ith tolerance estimates of the f igure error and thermal deformat ion.
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1 � Introduction

� � A client often asks his designer for too much:

excessive functions in one for cost saving, unrealis�
t ic high accuracy and performance just for self�sat�
isfact ion, for example. At the same t ime, it is also

true that some clients provide excit ing and chal�
lenging opportunities to designers and eng ineers.

Fig. 1 � T ask of optical designers in achieving a better

design

Designers also fall into a t rap somet imes: the

design itself is ex cellent but it cannot be material�

ized. This is because they have paid no attention to

the present state of our technologies. In order to

achieve a bet ter design, it is important to have

good relat ionship among the client , designer, and a

group of engineers. Such a relation can be estab�
lished only through � 3C�, i. e. , � Communicat ion,

Collaborat ion, and Cooperation. � This is illust rat�
ed in Fig. 1.

Here, communicat ion means informat ion ex�
change and discussion. Collaborat ion is to w ork to�
gether in scient ific and/ or technical subject. Coop�
erat ion signifies working together for a common

purpose. These 3C facilitate a bet ter understanding

of the problems in the design w ork and realizat ion

of the best possible design under the state of the

art . Thus, the 3C w ould lead to realist ic specifica�
t ions, a bet ter design, and product ion of a desired

system w ith everyone� s sat isfaction. In other

words, the establishment of good 3C is the design�
ers� most important task.

We now turn our subject to design work. Sev�
eral good design codes like CODE V are now com�
mercially available. Therefore, anyone can design

visible/ ultraviolet opt ics, to a certain ex tent , w ith�
out too much trouble.
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� � By contrast, soft�X�ray ( SXR) optics must

sat isfy very st ringent metrological requirements not

usual to conventional opt ical elements used at

longer w avelengths. This is due to short operating

w aveleng ths. Thus, the ef fects of slope error,

thermal deformat ion, etc. of each component can�
not be ignored in the design of SXR opt ics. Fur�
thermore, special at tent ion should be directed to

the rms source size and angular dist ribut ions of

synchrot ron radiat ion ( SR) and undulator radiat ion

(U R) because these new light sources are playing

an important role in modern SXR researches.

In v iew of these facts, w e can see clearly that

in the design of an SXR opt ical system, the charac�
terist ics of all the elements of the system, from its

light source to the final image plane, must be taken

into account . This is the concept of � Total De�
sign. �We also see that it is important to have a

convenient method for estimat ing tolerances for

slope error and thermal deformat ion, besides the

method commonly used to est imate tolerances for

focal depth, assembling errors as decenter, t ilt,

despace, etc.

In the follow ing we discuss the characterist ics

of SR/ U R and the formulation of figure errors,

slope errors, and thermal deformation of an ellip�
soidal m irror. Then, we est imate tolerances for

these errors. Examples are given in the cases of

EUVL opt ics and undulator beamline opt ics.

2 � Generation of rays in tracing

� � In performing ray tracing, rays should be gen�
erated random ly in accordance with the angular dis�
t ribut ion of a given light source. For this, it is con�
venient to assume that the source comprises a num�
ber of point sources.

For a planar source radiating uniformly f rom

every point in the source to all directions, we gen�
erate a uniformly random number sequence, u1,

u2, u3, �, in an interval [ 0, 1] and select source

points in accordance w ith

si = W ( u i - 0. 5) and z i = H ( u i+ 1- 0. 5)

(1)

Here, the coordinate (0, si , z i ) of a point A i is de�
f ined in the source plane, and W andH are the to�
tal w idth and height of the rectangular planar

source, respectively. For a circular source, w e use

polar coordinates. In a similar manner, radiat ing

ang les are also determined randomly.

How ever, planar sources are not uniform in

most cases and have certain distribut ions. SR and

UR sources are good examples of this. We, there�
fore, have to take such distribut ion into account in

the design of an opt ical system on an SR/ UR

beamline.

We consider a planar source hav ing

double�Gaussian distr ibutions both in the posit ion

of and the radiat ing ang les from po int sources. A

double�Gaussian dist ribut ion is expressed as

f ( x , y ) =
1

2��1 �2 1 - �
2
�

exp
1

2( 1- �
2
)

x
2

�21
� 2�xy
�1�2

+
y
2

�22
(2)

where, �21 and �
2
2 are the variances of x and y , and

�is the coeff icient of correlat ion betw een x and y .

In the case of SR/ UR, �1 and �2 are the rms trans�
verse size of the elect ron beam in the horizontal and

vert ical directions, respect ively, and �can be set to

zero.

Normal random numbers of two variables ( x i ,

y i ) that have a probability density g iven by Eq. ( 2)

are obtained by

x i = �1 - 2log eu i

{ 1��2cos( 2�u i+ 1) + �sin(2�u i+ 1) } ,

yi = �2 - 2log eu i sin(2�u i+ 1) (3)

where, u i and u i+ 1 are adjacent members of a uni�
form ly random number sequence { ui } generated in

an interval [ 0, 1] . T he positions of point sources

A i ( 0, si , z i ) are determined randomly f rom

si = W ( x i - 0. 5) and z i = H ( y i - 0. 5) .

(4)

� � When the radiat ing angles of rays have a dou�
ble�Gaussian dist ribut ion sim ilar to Eq. ( 2) w ith

��1, ��2 and �� , the 3�D polar coordinates (1, �, �)

of a radiat ing ray are determined from
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�= 2�x�i and �= �( y�i - 0. 5) (5)

where ( x�i , y�i ) are the normal random numbers

obtained from

x�i = ��1 - 2logeu i+ 2

{ 1 - ��2cos(2�u i+ 3) + �sin(2�u i+ 3) } ,

y�i = ��2 - 2log eu i+ 2sin(2�ui+ 3) (6)

In the case of SR/ UR, ��1 and ��2 are the rms an�
gular divergence of the elect ron beam in the hori�
zontal and vert ical directions, respectively, and ��

can be set to zero.

3 � Surface figure of an ellipsoidal

mirror

� � We consider the surface f igure �of an ellip�
soidal m irror with the rms figure error ��FE and

rms thermal deformat ion ��TD :

�= a - a 1� w
2

b
2 +

l
2

c
2 + ��FE + ��TD

(7)

A. Figure error

T he f igure error is often represented by the

values of slope error. We assume that the slope er�
rors sy and sz at a point P ( �, w , l ) on the m irror

are distributed randomly w ith a probability density

funct ion

f ( sy , sz ) =
1

2��1�2
exp -

1
2

x
2

�
2
1
+

y
2

�
2
2

(8)

where �1 and �2 are the standard deviat ions of sy and

sz , respect ively. We assume here that ( 1) sy and sz

have no mutual correlat ion and ( 2) their respect ive

averages over the mirror surface are zero.

T he sequence { ( sy , sz ) i } of normal random

slope errors w ith the probability density of Eq. ( 8)

are generated f rom

( sy) i �
�( ��FE)
�w i

=

�1 - 2logeu i cos(2�u i+ 1) ,

( sz ) i �
�( ��FE )
� l i

=

�2 - 2logeu i sin(2�u i+ 1) (9)

w ith the aid of the sequence { u i } of uniform ran�
dom numbers on the interval [ 0, 1] .

T he corresponding figure error ��FE is then

obtained by integrat ing

d( ��FE ) i � ( sy ) i dw + ( sz ) idl (10)

under an assumption �1 = �2 � �SE:

( ��FE ) i = �SE - 2loge ui

[ w cos( 2�u i+ 1) + lsin(2�ui+ 1) ] . (11)

Fig . 2� Schematic diagram of an EUVL optical system

� � We show an example of figure�error calcula�
t ions as applied to a double�mirror system for EU�
VL, w hich is illust rated in Fig . 2. In the calcula�
t ions w e consider a 2�D array of 0. 5�m line�and�
space pat tern on the mask ( see Fig. 3) and assume

that the space port ions of this grid pattern emit

light into the entrance pupil of the system. Rays o�
riginating f rom each one of the nine spaces are

traced through the convex ellipsoidal mirror M1

and the concave ellipsoidal mirror M 2, assum ing

various values of rms slope errors for M1 and M2.

Figure 4 shows images of the mask pat tern con�
st ructed by ray tracing for �SE( M 1) = 0. 05, 0. 1,

0. 2�rad w ith �SE ( M2) = 0. The values �SE ( M1)

= 0. 05, 0. 1 and 0. 2�rad correspond to the rms

figure errors ��FE ( M 1) = 0. 56nm, 1. 13nm, and

2. 24nm, respectively. Figure 4 clearly show s the

effect of slope errors on the pat tern resolut ion.

More details w ill be discussed in Section 4.
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Fig . 3 � Source pattern on the mask

Fig. 4� Mask�pattern images constructed by ray tracing

B. Thermal deformation

T he heat load exerted on beamline opt ics by

UR can distort their surfaces. T he ef fect is the

greatest on the f irst element , usually a mirror.

We can calculate such a thermally deformed

mirror surface in four steps:

( 1) calculat ion of pow er density output of the

assumed undulator for indiv idual harmonics by UR�
GENT, a code for calculat ing UR properties,

( 2 ) calculation of absorbed harmonic power

densit ies on the mirror surface by URGENT,

( 3) calculat ion of thermal deformat ion of the

mirror subst rate by means of a finite�element

method ( ANSYS, a commercial code) , and

( 4) curve f it t ing of the deformed surface figure

to a polynom ial of the form

��TD ( w , l ) = �
i, j

A ijw
i
l
j
, 0 � i + j � 6

(12)

where A�ij s are the deformation coef ficients.

U sing URGENT and ANSYS we simulated

the thermal surface�deformat ion of a w ater�cooled
Ni�coated spherical GlidcopTM mirror exposed to

UR at an angle of incidence of 87�. URGENT cal�
culat ion show s that the mirror receives a total pow�
er of 209W and absorbs 127W on its surface. The

result of ANSYS calculation are curve f it ted to Eq.

(7) upon substitution of Eq. ( 12) and ��FE = 0.

This yields the thermally deformed surface of the

spherical mirror as

�= R - R 1 - ( w
2
+ l

2
) / R

2
+ 3. 09499 � 10�4-

3. 39872 � 10�8w 2
- 8. 21102 � 10�8 l 2+

4. 75112 � 10�12w 4
+ 4. 833510 � 10�11w 2

l
2
-

4. 880480 � 10
�7
l
4
- 3. 812470 � 10

�16
w

6
-

1. 569350 � 10�14w 4
l
2
+ 5. 484390 � 10�12w 2

l
4
+

2. 030340 � 10�8 l 6, (13)

where R = a = b = c is the radius of curvature of

the mirror. Figure. 5 show s the deformation of the

mirror surface due to U R pow er loading. With the

aid of Eq. ( 13 ) w e can carry out ray t racing

through an optical system on an undulator beamline

whose f irst mirror is thermally deformed and evalu�
ate the performance of the beamline opt ics.
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Fig. 5� Deformation of the mirror surface due to undu�

lator power loading

4 � T olerance estimation

� � It is important in any design w ork to est imate

the tolerance of various quant it ies. In this sect ion

w e describe, as an example, the tolerance est i�
mates for f igure errors of an EU VL double�mirror

system and those for slope errors and thermal de�
format ions of the first mirror of an SXR monochro�
mator on an undulator beamline.

A. EUVL double�mirror system

We consider the opt ics of Fig. 2 and the mask

pat tern of F ig. 3 and est imate the tolerance for f ig�
ure�errors/ slope�errors of the ellipsoidal mirrors M1

and M2. Square�wave MTF ( Modulat ion Transfer

Funct ion) calculations made for this system w ith

ideal M1 and M 2 indicate that the system w ould

prov ide 0. 1�m spat ial resolution if the modulat ion

in the pat tern profiles exceeds 45% at a spat ial fre�
quency of 5000 cycles/ mm. We therefore adopt

45% modulation in the prof iles of spot diag rams as

a criterion for 0. 1�m resolut ion.

T o est imate the tolerance for the f igure error,

w e construct spot diag rams by tracing rays through

the system with various values of slope errors for

M 1 and M 2. Then, the intensity profiles of im�
aged pattern are constructed from the spot dia�
g rams, and the deg ree of their modulat ions is ex�
amined.

( a)

( b)

Fig. 6� Spot diagrams and their pattern profiles

( a ) �S E ( M1, M2 ) = 0, ( b) �SE ( M1, M2 ) =

0�05�rad

Fig. 6 shows the spot diagrams and their pat�
tern prof iles thus obtained in the cases of ( a) �SE

( M1, M2) = 0�rad ( i. e. , ideal case) and ( b) �SE

( M1, M2) = 0. 05�rad. The modulation of the pat�
tern prof iles in case ( b) is est imated to be ~ 40%,

a value slightly less than the criterion. It w as also

found that the pattern prof iles const ructed for �SE

(M 1) = 0. 1�rad and �SE ( M2) = 0. 05�rad w ere

almost indist inguishable from those of case ( b) .

This and other similar results indicate that the pat�
tern profiles are governed by the rms slope error of

M2, but not much by that of M 1. Considering

these findings together w ith the result that the

modulat ion w ell exceeds 50% for �SE ( M1, M2) =

0. 04�rad, w e adopt �SE ( M 1) = 0. 1�rad and �SE

( M2) = 0. 04�rad as the tolerance. With the aid of

Eq. ( 11) , the rms surface figure errors are est imat�
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ed to be ��FE ( M1) = 1. 2nm and ��FE ( M2) = ~

1. 5nm.

T he surfaces of the fabricated M 1 and M2

were measured w ith an interferometer, and their

rms figure errors were found to be ~ 1. 8 nm for

M 1 and ~ 1. 5 nm for M2. From these values the

rms slope errors w ere derived as �SE ( M 1) = 0.

1�rad and �SE ( M2) = 0. 06�rad. Our simulat ion

values, if valid, indicate a fair chance of gett ing a

spat ial resolut ion close to 0. 1�m with this EUVL

optics. Experiment performed w ith this system

showed a resolution much bet ter than 0. 5�m all

over an area of 10mm � 10mm on the w afer, sup�
port ing the adequacy of our tolerance estimation.

Fig. 7 � Effect of the rms figure err ors o f M1 and M2 on

t he spatial r esolution of the system

For the readers� interest , F ig . 7 is attached to

show the effect of the rms f igure errors of M 1 and

M 2 on the spat ial resolut ion of the system. In the

figure, spot diagrams and pat tern profiles are given

for ��FE ( M 1) = 0, 1. 0, 1. 8nm and ��FE ( M2) =

0, 1. 0, 1. 5nm.

B. Undulator beamline optics

We evaluate the effects of slope errors and

thermal deformations by taking a M onk�Gillieson
monochromator on an undulator beamline ( see Fig.

8) . A concave mirror M accepts radiat ion from an

undulator U and produces a converg ing beam onto a

plane grat ing G. The thermally deformed mirror M

is assumed to have the surface figure expressed by

Eq. ( 13) . In performing ray t racing through the

monochromator, the same machine parameters as

those used to derive Eq. ( 13) are employed.

Fig . 8 � Schematic diagram of a Monk�Gillieson

monochromator on an undulator beamline.

U , undulator ; M , water�coo led metal con�

cave mirro r of 75m radius of curvature; G,

varied line spacing plane gr ating having a

groove density of 2400 lines/ mm; S, exit

slit; r = 17 m; �= 87� ; D= 200mm; r� =

2032mm; 2K = 170�.

Fig . 9 � Spot diag rams and line profiles. The mirror is

assumed to have ( a) a deformed surface of Eq.

( 13) , ( c) a deformed surface of Eq. ( 13) w ith

�SE = 1�rad, ( d) ��TD = 0 and �SE = 1�rad, or

( e) ��TD = 0 and �SE = 2�rad.
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� � Figure 9 illustrates the result of ray t racing

made under the assumption that M has ( a) ideal

surface, ( b) a deformed surface of Eq. ( 13) , ( c) a

deformed surface of Eq. ( 13) w ith �SE = 1�rad,

(d) ��TD = 0 and �SE = 1�rad, or ( e) ��TD = 0

and �SE = 2�rad.

It is evident f rom Fig. 9 that M would not

cause significant deg radation in spect ral images re�
gardless of thermal deformat ion, so long as it s slope

error is kept smaller than~ 1�rad. T his suggests

that the performance of the monochromator is

nearly source size limited. T hus, the w ater�cooled

metal m irror M would withstand heat load exerted

by the undulator w ithout affect ing the image quali�
ty.

For the undulator considered here, w e may

take, therefore, 1�rad as the tolerance for the rms

slope error of M . When the undulator is operated

with different machine parameters so as to g ive a

source size several t imes smaller than considered

above, the resolv ing pow er and throughput of the

monochromator no longer become source size limit�
ed. This results in t ighter tolerance both for ther�
mal deformat ion and for slope error.
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