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Ooo0on
xE E&E (mm) EE (mm) T—F
ok $EIR X 714.025
1 -1678.761 -414 025 REFL
52 2754.233 564.025 REFL
3 350.451 -316.293 REFL
§54 590.379 906.948 REFL
5 433.060 -435.447 REFL
§86 521.283 480.767 REFL
% #EX 0.000
F1A
Ooo0oo0o0ooao
o000
T M1 M2 M3 Ma M5 MB
K -4.724690E+00  -9.830444E+(1 -3.914225E-04 -B.227088E-01 7.162282E+00 9.391806E-02
Y ¢.000090E+00 0,000000E+00 0.000000E+00 0.000000E+0C 0.000000E+00 0.000000E +00
x -1.641507E-04 -1.736185E-04 -2.373278E-04 2.451198E-05  -1.557674E-04 6.867760E-06
y? 1.752262E-04  -1.741103E-04 -9.70B884E-04 -3.430199E-058 1.398839E-04 9.008618E-06
X -2.463783E-08 -2.724028E-07 6.327587E-07 -9 301810E-08 2.5100147E-07 -5.0403116-10
y? -3.641831E-08  -1.681535E-07 -6.103587E-07 2.218271E-08 6,328282€-07 -4.521618E-10
X -1.405718E-10 1,314594E-09 -1.671620E-08 4.569574E-10 7.852021E-10 +5.450396E-14
b o' -3.301633E-10 +.790005E-09 9.953323E-00 +1.957005E-10 3.5247T19E-09 -5.B46553E-11
¥* 5.029041E-11 2.141266E-08 2.197236E-09 9,287687E-10 6,840802E-09 -6.B20886E-12
| X 2.000403E-13 4.363226E-12 -5.435284E-11 1.915106E-13 -2.016721E-11 5.660569E-15
2 ~4.1B8774E-13 4 B26497E-12 3.808642E-11 -5.874603E-12 -1.600920E-11 -1.078542E-14
¥° -3.154238E-13  ~4.239647E-12 -9.502049E-13 9.213338E-13 7.113866E-12 -1.553415E-14
x° 1.150997E-16  -5.978561E-15 1.8197558-13  1.413227E-18  -7.841517E-14 -1.105247616 {
X -1.278598E-15  -1.564797E-14 -9.716106E-14 4.491475E-15 2.5130485-14 -2.683146E-16
X! 4,862795E-15 2.34T3T0E-14 -8.086932E-14 -1.357215E-14 7.550314E-13 -1.006466E-16
Ve -2.281066E-15 6.013241E-15 -9.790347E-15 9.77T7387E-16 5.013863E-13 2221851617
xBy 1.921804E-18  -3.973144E-17 1.435292E-15 2.420914E-18 1.092143E-15 2. 493748E-20
Xhyd 1.B73466E-17  -2.704307E-18 6.491544E-16 1.627727E-18 4,414328E-15 -3.302839E-21
X2y® -1.108422E17  -6.723973E-16 1.49B678E-17 -1.880319E-17 B.552963E-15 -3.287503E-20
Y’ 1.208226E-17  -3.735856E-17 5.421342E-17 -8.994976E-19 4,804980E-15 -1.747517E-20
xt -6.560039E-22 3.733020E-20 -1.3706156E-17 -3.978807E-21 -1,9780713E-18 -3.966972E-22
xt® -2.665919E-20  -1.5T77571E-19 1.832427E-17 -2.552872E-21 -2 066761E-17 -1.153602E-21
X! -1.606232E-19 9,112068E-19 3.422045E-18 -4,011070E-20 -4,034354E-17 -0.786532E-22
xEy® -7.104780E-20 4.547933E-18 3.897160E-19 8.558317E-21 3,324806E-17 2.054121E-22
| R -2.B37115E-20 3.557864E-20 -5.077104E-20 8.925661E-22 3.480507E-17 4.0493005-23
Xy 1.837688E-23 1.0B70G4E-21 -7.BO28B3E-20 -4,154231E-23 3.418177TE-20 2.593417E25
b load 1.3260930E-22 6.381757E-21 8.816591F-20 -T.038712E-23 -1.567137E-20 3.3107D45-25
x5 5.956987E-22 4.566833E-22 3.431915E-21 A.727422E.22  -2.315754E-19 1.0625415-25
X 4.749865E-22 -1_305890E-20 -1.115108E-21 2.927898E-23 0.000000E+00 5.0839805-27
Y® 2.880675E-23 3.134161E-21 4.687247E-23 -2.354646E-24 0.000000E+00 -4,607062E-26
x® 3.263322E-27  -1.350621E-25 7.223418E-23 3.596439E-27 0.000000E+00 -1.214434E-27
Xoy? -T.476461E-26  -8.102951E-24 -1.439645E-22 -6.8424B0E-26 0.0DD000E+00 -7.130344E-27
' 2 152180E-25  -1.982086E-23 1.317953E-22 -1.078450E-25 0.000000E+00 -8.881170E-27
Xy*® -8.415305E-25 -1.821358E-26 -5.871700E-24 -1.561940E-25 0.000000E+00 -3.3788058-27
b o' -B.228B53E-25 3.7458385-24 -3.016526E-24 4.289669E-26 0.0000Q0E+00 1.4004Q1E-27
¥ 2.644302E-26 -1.118733€-23 5388015625 -3.012754E-27 0.000000E +00 9.011434E-28
Nradius 1.00E+00 1.GOE+ID 1.0GE+0DO 1.00E+00 1.00E+00 1.COE 00
YD -100.000 -84.186 100.000 19,008 11.570 24.216
XEE -7.020 -1.728 11,272 -5,323 -2.285 -1.825
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Ex 48R (mm) EX (mm) E—F
Wik AKX 788.884
&1 -651.356 -537.372 REFL
) -463.216 952.014 REFL
3 1710.243 -783.854 REFL
a4 1821.345 1032.444 REFL
@5 309.420 -306.504 REFL
##6 405.847 351.549 REFL
& MERX 0.000
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Ooo0ooao
1]

s M M2 M3 M4 [ Mg

K 5.025412E01  1.525505E+00 ~1.851822E+00  3.314097E+D0 19830295400  2.009323E-07

Y G.000000E+0C  D.0OODOOE+O0 0.000000E+00  0.0000DOE+GD 0.000000E+00  0.000000E+P0

X 2.471303E-04 6.505063E-04 7.593410E-05 2.922157E-05 4. T16078E-04  1.426720E-05

¥? 1.863347E-04 B.677442E-05 -2.86B206E-05  -7.428048E-05 -3448472E-04  5.312976E05

XY -3545204E-08  -2.801983E-06 1.0468420£-07 9.851278E-08 2. 877550E-D6 -2.714955E-08

¥? -1.873281E08  -3.078480E-06 -7.286056E-08  -3.9201B0E-DB 1.2886560E-06 -9.890583E-09

Xt " 4.180642E-11 3.342373E-10 -3.287877E-11  -A.9715B3E-11 3.862440E-40 -8.982825E-11

X 3.437144E-11 5.937123E-09 2607658541 7. 760409E-11 1.693138E-08 2.462064E-1%

y* $.663178E-11 ~2.340521E-08 -1.605207€-40  -1.80G6035E-10 -2.208217E-09  -3.089379E-11

X ~A051355E-14  1.381956E-13  -2.8985326-14  5.170900E-14 4.797213E-11 -4,214864E-14

X 2.494249E-13 2531292610 -1.637831E-13  2.916088E13 , 1D8B1281E-1¢  -3.7852B0E-14

A& -2.115401E-14  1.279409E-10 -7.226386E-14  1.273503E-13 2.97640TE-11 4.304907F-14

x* -2920211E-17  1.9407I7E-14 -L¥TATOSET  2.785422E16 8.466233E-14 -5.281246E16

X'y? 7.135583E-17 -5.187267E-13 -2 44TE53E-16  -1,857205E-1 3.521385E13 5767253618

X2y 5.606882E-16 4378172813 4812153618 4568123616 7.309790£.43 -7-53000E-17

v FH7S3IME-16  -6.710705E-13 6.002705E-19 3.331795E-16 -3.185164E-13 8186437617

X 2.455160E-20 -3.445743E-16 -3.254844E-19  -4.053237E-18 1.681642E-15 -7.344774E-20

X'y -1.325409E-18  2.205904E-15 AE37TIEG 1132243618 6.530207E-15 ~1.185827E-19

b 5 2.530976E-18 7.780251E-15 5ATIV9E-1S  9.042940E18 5.563512E-15 1.826025E.19

Y? 6.001333E-18 2. 757557615 BAZ4B04E-21  7.805993E-20 -2390583E-1S  3.562442E-19

x5 -2.140710E-22  -1.536511E-18 -5.203518E-23  -7.7S7O19E-22 1.008261E-18  -2.8712B6E.21

Xty? -2.3833438-21  -3.017606E-17 2564847821 -2.918509E-20 -1.382527E-17  -5.946767E-21

XM 4.328735E-21 ~3.407B93E17 -3.023348E-22 -6.995732E-21 2.738740E17 -2.968388E-21

b o' -4.831336E-20  -1.206126E-15 4 6T3IB6E22  5920827E-22 4.911090E-17 8.447751E-22

y* 3BUDG4TE-Z0  -6.246834E-17 S 5TS6T1E23 780174322 -4,049646E-18  ~1.438562E-21

Xy 2. 97327GE-24 ©.697817E-20 9.383Q04E-25  -1.349984E.23 8.777395E-22 -0, 763800E-25

Xy 1.179538E-23 5,2012156-19 -6.630018E-24  -8.645373E-23 -3.1998689E-19  -4.870SB1E-24

X'v5 S1.203834E-23  4.705218E-20 -4.462557E-25  -1.508808E-23 8.645321E-20 -3.00834DE-24

X2y 2.304206E-22 1.208243E-19 2,562699E-25 1,368202E-24 4 649092E-19 2 J7T5452E-24

Vi 1.4182508-22 1.077428E-19 7.645118E.27 -3.095996E-25 1.402632E-20 5.562547E-24

x* 4.0216854E-28 7141815623 -3.668876E-27  -1.991462E-25 1.059358£.22 -2.694594E-26

xy? -1.314266E-26 -8.695134E-22 L67TI744E-27  -3.158518E-26 -2.330392E-22  -7.617267E-28

Xy A -7.3564318-27  -3.8567506-21 5748164E-27  -9.264087E-26 -2A03517E-21  -6.0659508-26

X'y? 1.059736E-26 3.5643285-22 -1.527005E-28  -1.202503E.26 -3644105E-22 1. 700246E-26

Xy® -3BI7OTBE-ZS  2574506E-21 1.902672E-28 1.72826TE-27 1.5309836-21 1.267071E-26

yw 2255036525 1.804566E-21 1,428083E-29 2.7121198-28 -1.135039E.22  -1.049025E-26

Nradiws | 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1,00E+00 1,00E+00

YD -141.222 -91.036 45.162 4535 0.554 -8.496

XiEgE | 9184 -15.081 1,443 -3.30 -6.975 -1.780
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#il ¥4E (mm) FE (mm) E—F
ik SRR 1070.002
51 -2069.710 -807.121 REFL
2 1710.596 0.000 REFL
#Y R X 907.500 ‘
#3 414,111 -319.107 REFL
- (] 618.022 1223.709 REFL
§85 406.139 -436.552 REFL
{86 522 6090 461.570 REFL
& MR A 0.000
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B v v ) [ M5 Y53
K 20125436400  -7.700981E+H00  -9.061186E-G1  -A4.714659E-Dt 5.253416E+00  1.05155BE-01
Y -1,801220801  -2676895E-01  6.249715E-03 2914352602 3.699848E-02 6.762162E-04
X ATIBITTEDS  -1.568640E-04  -4.2135BBE04  -1.680785E-04 “6.132B7E-05  2.4T9T45E-08
Y? 5757281605  -1.350112E-04  -3.015850E-04  -0.90BB817E-05 -6.383717E-05  1.509227E-0B
Xy -3.263304E-08  -1421641E-07  -4.802304E-08  -4.234719E-08 5.460366E-07 -5 398408E-02
y? -7.28926TEG8  <0.447144E-08  3.TM4670E-07 1.405667E-07 2.644773E08 ~4741511E-09
X! A792148E-11 217339010 -B.TZI0ISE16  -2.377S02E~11 1.030521E-09 -~1,926536E-11
%2yt 1.0B7876E-10  5.589855E-10 5950043810  -4.401654E-10 2.045233E-02 -4.586098E-11
\al -1.237504E-1¢  2.990476E-i0 8.545602E-10 -4 022683611 5.551510E-11 -2.832086E-11
X'y 3.587007E-14  -t.02686BE-12  -8.033083F-12  1.716353F-13 5.5510266-12 -2.577816E-14
xy 8.826822E-14 4.492052E-43 “1H86636E-12  -7.545064E-13 -4.309344E12  -1.775797E-14
Y* STA23436E-14 5791518512 8.705926E-14 -2.700779E-13 -7.3022306.12  -9.300835E-15
x* 1,876363E-17 2.916278E-16 2307341614 -1.670466E-15 8.8781408-15 -3.351380E-17
X -3.009967E-16  -36206G66E-16  -2.232847E-14  1,580023E-15 4.4637588-14 -1 40842715
X 1.992400E-16 3.916129E-16 1.756497E-15 3.477833E-16 1478648615 -1.372623E-16
¥° 8315953618 £.580116E16  B.2320626-16 4253553616 3.691568E-14 3799352647
XY 2621825620 . 1257101617 -3,125465E18  -7.6E2746E-18 3.203829E-16 -1.214308E-19
x4y -1.344388E-18  3.730815E-17 1.376670E-16 5518285518 8.409538E-16 5.369262E-20
R 6157858619 3.202677E-17  4.387074E-19 2 7074B0E-18 4.875870E-16 -1.363873E-20
Y 27700095-20 8.467049E-18 2.515948E-18 1.820744E-18 1.274511E-16 2 776746521
x® 2.265356E-23 -1.851878E-20-  6.916970E-19 3.815768E-20 1030207619 -2.085793E.23
Xy -1.8480416-22  -1.667698E-12  -1.070800E-18  1.947584E-20 -BO0712056-19  -1.191227E-22
X' ASITOIE21 4471313820 2039154E-19  <1.469302E-21 8.581801€-18 -2.848570E-22
Xy 1152811621 -1 4170786-19  -4.885470E-20  8.329380E-22 2 867618E-18 8.073429E-24
Y 5.021474E-23 1.2704076-20 -2.834042E-20 -1.01187IE-21 1.61399Z€-18 5767839623
Xy C.0000QDE+00  ¢.00000QE400  7.973679E-21 2.492982E€-22 0.00000CEA00 -2.465296E-25
e 0.000000E+400  D.000000E+00  T.6I97111E-22 1401 277E-22 0.000000E+00  2.930853E-2%
X5 0.00DBODE+DD  O.00DO0DE+0D  -7.196032E-21  -4.219090E-23 ©.000000E+00  1.194833E-25
Xy 0.000000E+0D  D.ODDODOE+G0  -1.090375E-22  -3.791571E-24 0.000000E+D0  5.4125789E-25
Y 0.000000E+00  0.000000E+00  -5.080252E-23  1.076602E-24 G.00ODDOE+00  3.801200E-26
x* G.000000E+00  G.0000D0E+00  -6.120418E-25  -1.289913E.27 G.000000E+00  0.000000E+00
b 'l 0.000000E+0¢  0.000000E+00  2.285090E-23 4.078311E-25 Q.00D000E+00  0.0D0000E+00
Xy 0.000000E+00  0.CO0DDCE+00  5.9517B5E-24 1.728297E-25 0.000000E+00  0.000000E+OC
Xy 0.000000E+00  0.00000DE+0D  -1.732732E-25  -5.280557E-26 0,000000E+00  0.000000E+08
Xyt 0.000000E+00  0.00DG00E+D0  GO00D0QDE+00  -1.410594E-27 0.000000E+00  0.0DQ0ODE+0D
b 0.G00000E+00  Q.O0C0Q00E+QQ  0.QOD000E+00  3.48441BE-27 0.000000E<00  0.000000E+00
Nradius 1.00000DE+00  1.00DD00E+G0  1.000Q00E+00  1.0D0GOOE+00 7 000000E+00  1.000000E+00

X 49,734 36.609 9.442 30019 40,956
YE'D 194.936 3
X[E iz 5,944 -17.277 -6.569 0.579 0.301 0.924
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(37)
oooao
F£H & (mm) E& (mm) E~F
ik Bk 836.375
91 -614.878 -397.397 REFL
#82 -383.358 0.000 REFL
#wy |EX 656.992
3 -1204.989 -659.631 REFL
4 1885.915 909.840 REFL,
%5 302.954 -308.805 REFL
6 403.492 348.850 REFL
% mEX 0.000

goooooaon
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(38)
Ooo0ooao
% M1 M2 M3 [2] M5 M6
N N— - — —
K BO7IIZOE-01  -2.825442E.01  -1.8430B4E+400 Z078032E+00  3.340547E+00  1.990070E-01
Y 5.045837E-02  2,263660E-01 -1.277806E-01 ~3.310540E-02  -1.935522E.01  1.783092E-02
x* 1.827144E-04 1.586990E-04 9.963384E-05 5.203052E-05 -3.8498026-04  2792406E-05
y? 1.737812E-04 209399404 -1.747764E-05 -7 1B4065E-05  -3.3297055-04  1.662750E-05
Xy 4.765150E-08 -1.595887E06  -5.515151E-08 -B.752110E-10  1.213426E-08 5.552151E-08
v 5.091508E-68 -1.231638E-06  -1.204839E-07 -1.930381ED7  1.502735E-06 9,165145E-08
x! -4.718880E-11  -6.541208E-00  -7.062011E-11 -5.996832E-11  -2.342602E-09  9.552648E-12
X -4.340357E-11  -7.827867E0Y  -1.8B01185E-10 “TA2TVET -1234047E-08  -1.611525E-10
¥ 1.234053E-10 -3.130474E-09  -7.281275E-11 -1.508B50E-10  -1200604E08  .1.662004F-10
X 1.205203E-13 -6,405768E-11  -3.614883E-14 -4.344276E-14 226827011 2.930397E-13
Xy 2259661E-13 -4.304439E-11  -1.048620E-13 -7811421E-16  2.977954E-11 8.493936E-13
¥ -5.198478E-13  -1.485266E-11  5.022687E-15 -1.432450E-14  -1.55B200E-11  4.051187E-{2
» -1.306385E-16  4.159695E-14  (.000000E+00 -3.76I576E-17  1.374T7IE-14 -9.890588E-17
X2 8.830086E-17 1.462867E-14 0.00(000E+D0 -1.369883E-46  -3.320090E-13  -1.312584E-15
Xy -1.T45854E-16  4.353976E-13 0.000000E+00 -7.820443E17  -1L.D08910E-13  -Z.0GDOB8E-15
i 1.020155E-15 -1.927188E-13  0.00D00OE+00 -3.431B83E-17  -9.14B646E-14  -B.650BG1E-T6
Xy 1.0580627E-13 0.000000E+0C  0.00G000E+00 0.0GO0Q0E+00  O.000000E+C  1.607288E.18
Xt ~4.158749E-19  0.000000E+00  0.00G0Q0E+I0 0.000000E+00  Q.00DOCOE+OD  4.652411E-18
bo' -L.7587HE-1B O.000000E+00  0.000000E-+00 C.O00000E+I0  D.000000E+00  4.087290E-18
b -30B1679E-16  G.OODOOOE+00  0.0000C0E+00 0.000000E+G0  0.000DOGE+OD  9.302735E-18
x 0.000000E+00  0.000000E+00  0.000000DE+00 0.000000E+Q0C  (.0DOCDOE+D0  0.00C0COE+00
X2 0.0000G0E+D0  0.000GODE+0C  0.000000E+00 C.00D00DE+00  0.0000N0E+00  G.000DOOE+00
X G.060000E+D0  O.OCODODE+00  0.000000E+00 0.000000E+J0  Q.000000E+IR  0.00GODDE+UO
ey 0.000000E+00  (GO00DODE+D0 0.000000E+G0 0.000000E+00 000000000  0.000000E+00
¥ 0.000000E+00  0.000000E+00  0.000DONE+00 0000000E+B0  O.000000E+00  0.000G00E+00
xby 0.60N0GOE+00  O.000B0DE+O0  0.000GDDE+00 0.C00000E+00  0.00GOCDE+}0  Q.ODGDOOE+QQ
X 0.000000E+00  0.0C0000E+0D  O.QOUOBDE+00 0.00000NE+00  Q.O0D00C0E+00  0.000000E+00
X5 0.000000E+00  D.000000E+G0  0.DDDOOGE+I0 0.000000E+00  O.000000E+00  0.00000DDE+09
X 0.000000E+D0 0.000000E+08  0.0060000E+00 0.000000E+HI0  O.000000E+00  0.000000E+00
¥ 0.000000E+00  O000000E+D0 0.000000F+0G D.ODOCODE:D0  0.0G00OE+00  0.000000E+00
X' 0.006000E+0G  O.QOODEDE+QD  0.0000DDDE+0D O000000E+00  O.000000E+00  0.0DDODOE+OD
X2 0000000E+00  (.000000E+00  0.000000E+00 0.00CH00E+O0  Q.00D000E+G0  0.000000E+00
xy 0.000000E+00  O.00000DE+00  0.000000E+00 0.000000E+00  C.0ODDOCE+D0  ©.0D00ODE+D
Xtve 0.0000G00E+00  0.000000E+00  .000000E+00 0.000000E+0¢  0.0000DOE+00  0.000DOOE+00
Xy 0.000000E+D3  0.0D000OE+00  0.000000E+0D 0.C00DB0E+0  O.D00DCOE+D0  0.000000E+0D
Y 0.000000E+00  O.D00000E+(0  0.0DODOGE+00 0COCO0DE+00  O.000000E+O0  0.00CODGE+DB
. Nradius 1.00E+D0 1.00E+00 1.00E400 1.00E+0D 1.00E+00 1.00E+D0
vig ft} -118.847 -106.008 100.000 24.472 -11.760 37372
XElEE | 72 7.388 1.406 -2.140 -8.1477 6.639
#4B
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RE $& (mm) Bx (vm) | 2—F
ik REX 946,404

1 -§05.890 -364.901 REFL
0 -368.417 0.000 REFL
&Y B X 626.468

3 1202217 -556.441 REFL

$i4 1949.768 808.432 REFL
5 276.499 -313.562 REFL

§56 401.291 353,800 REFL

" RBRX 0.000

#5A
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Ooo0ooOoao
=y el 2 ™ M4 W5 M6
K B.O8606E-01  -1.82166E+00  -5.52444E01 Z3B0ABE+00 3.35320E400 1.67263E-01
Y 1.96214E-02 1.05243E-01 -1.81165E-01 -8.23536E.02 -4, 98892E-02 1.30034E-02
X 1.71425E-04 1.61788E-04 §.52106E-05 7.49004E-05 ~2.4B814E.04 3,66103E-05
¥ 1.59322E-04 1.15506E-04 -1,78602E-05 -8.207785-05 -2.00659E-04 4.01025£-05
Xy " 3.03035E-08 -8.08249E-07 -6.9B990E-08 -6.74632E-08 7.56105E-07 5.20501E-09
¥ 2.86839E-08 -3.26183E-07 -9,54345E-08 -1.51850E.07 2.5436TE-07 8.86827E-09
x* 0.00000E+0D 0.00000E+00 0.00000E+00 0.00000E+00 0.08000E+00 0.00000E+00
X2 0.00000E+00 0.00000E+00 0.00000E+C0 0,00000E+0D 0.00000E+00 0.00000E+00
\a C.0B000E+00 0.00000E+00D D.00000E+00 0.00000E+00 0.00000£+00 0.00000E+00
Xy 0.00000E-+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000£+60 0.0000DE+00
Xy ©.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.06000E+0C 0.0D0D0E+C0
¥ 0.00DODE+DD 0.00000E+0D 0.00000E+DD 0.DGODOE+OD 0.00000E+0{ 0.00000E+00
X 0.00000E+00 0.00000E+GD 0.00000E+00 0.00000E+00 0.00000E+00 P.O0000E+0D
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Wik SR K 719.154

81 -1768.086 -427 .871 REFL
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B M1 M2 M3 M M5 [T

K 591700280 1LA0TDTTEHI0 | -1.852012E+00 34346726400 T ZTGEE2E00  2.18074TE01

Y D.000000E+00  0.000000E+DD  D.0000CDE+OD 0.000000E+00 4.000000E+C0  0.00DODCEHIC

b o 2.486175E-04 6.452580E-04 B8.097144E-05 3.603509E-05 -5604837E04  1.127522E05
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XY -37043656-08  -3.06183BE-06  1.16B808E-07 1.073313E-07 3054784606  -1.901527E-DB
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x* 1.525482E-11 2.440415E-10 -2.839003E-11 -B.362784E-11 1.477727E09  -1.2319Z5E-10

XAy 4 909363E-14 1.819997E.0D -2 630958E-11 -7.953809E-11 1.884598E-08 -4.030921E-11 10

¥ 7.247758E-11 -1,924132E-08  -1.611187E-10 -1.805904E-10 Z820058E-0% -6.788132E-11
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bl TAOTEOTED  1.626025E-15 4, 175176E19 112190618 4.277704E-15  7.700209E-19

b ~3053B97E-18  -1.459850E-15  -5.190383E-19 9.702383E-19 5.157566E-15 9.414679E-19

Y 1ABTE61E-17  1.377520E-14 -2.283791E-21 9,39R478E-20 -3.053184E-15  3.954522E.18
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X! 4 347588E-22 72278617 -1.249304E-21 -5.368600E-21 1007717647 -8,7B9392E-21

b G 2 57T7189E-21 \2BB75BOE-17  -2.354061E-22 8.597809E-22 1.143003EA7  -3.545101E-21
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Xy £.592421E-24 0.0000Q0E+00  -1.921637E-23. -8 26245023 0.000000E+00  4.664360E-24
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had 0.000000E:00  0.000000E+00  1.72B076E-20 1.964512E-28 0.000000E+00  -7.204080E-27

Nradius | 1.00E+00 1.00E +00 1.00E +00 1.006+00 1DDE+D0 1.00E+00
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e Wi 77 W3 A
K -1,00E+00 5,80E-02 2,06E+00 6,72E-01
Y 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X2 3,54E-04 9,93E-06 -5,35E-04 1,23E-04
Y2 1,97E-04 1,07E-05 1,23E-05 2,97E-04
X2y -6,42E-07 -2,47E-08 -4,37E-07 2, 44€-07
v3 3,60E-07 1,89E-08 -1,34E-06 A, 72E-07
X4 2,63E-00 3,01E-12 2,94E-08 -5,08€-09
X2Y2 -1,09E-10 2,13E-11 -3,33E-08 -5,07E-09
Y4 -6,07E-11 -1,88E-11 -1,42E-08 -1,36E-09
X4y -2,66E-11 -7.36E-14 4,84E-11 -4,80F.12
X2Y3 2,64E-11 3 55614 -5,08E-11 -1,05E-11
¥5 -1,67E-12 -6,53E-15 7,86E-11 -1,06E-1
X6 -B,14E-13 -2,93E-16 7,71E-13 -1,04E-13
X4v2 1,20E-13 6,33E-17 ~1,53E-12 -4,43E-13
X2Y4 -4,50E-14 -7.40E-17 2,40E-13 -3,31E-13
Y6 1,04E-15 1,426.17 -6,88E-13 1,99E-14
X6Y 1,96E-14 3.20E-18 -6,34E-15 -1,31E-15 ]
Xx4Y3 -2,B5E-18 2,38E-19 -1,30E-14 -5,72E-15
X2Y5 -1,60E-16 -4,36E-20 1,43E-14 -9,75E-16
Y7 1,93E-18 1,20E-20 1,61E-15 2,08E-15
X8 -1.62E-17 -1,41E-21 -8,44E-19 -7.70E-18
X6Y2 -1,69E-16 -1,19E-20 1,72E-16 -1,13E-16
X4Y4 3,10E-18 5,44E-22 2,91E-16 -1,26E-16
X2Y6 -2,80E-19 8,10E-22 9,83E-18 4,36E-17
Y8 8.73E-21 -4, 31E-24 437617 3,31E17
X8Y 1,79E-19 6,79E-24 '1,76E-18 -4,84E-19
XBY3 6,22E-18 1,62E-23 8,22E-18 -2,33E-18
X4v5 -2.21E-20 -3,41E-24 -1,22E-19 -1,19E-18
X2Y7 4,10E-21 -2,28E-24 -2.47E-18 5,49E-19
¥y 9,75E-23 -5,21E-26 -5,68E-19 2,75E-19
X10 -3,20E-23 -8,73E-28 -5,00E-21 -4,71E-22
X8Y2 -4,75E-22 -7, 40E-27 -6,76E-20 -6,64E-21
X6Y4 -8,19E-22 -6,01E-27 -1,52E-19 -1,46E-20
X4v8 4,25E-23 3,34E-27 -4,79€-20 -4,03E21
X2Y8 -6,29E-24 2,20E-27 5,65E-21 1,87E-21

Jrio -3,17E-25 9,1BE-29 2,89E-21 8,49E-22
Nradius 3,06E+00 3,00E+00 3,00E+00 3,00E +00
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&y ERX -322,728
4 734,331 452,552 REFL
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o M1 M2 M3 M4 ®
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T M1 M2 3 wa
K 1,64E400 5,426-02 2.28E+00 7.41E-01
Y 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X2 3,01E-04 8,11E08 2,17E-04 3,12E-04
Y2 1.85E-04 9,90E-06 1,37E-05 3,77€-04
xzy -B,52E-07 -2,6BE-08 -8,61E-07 -3,91E-07
Y3 3,226-07 1,35E-08 ATTE06 -3,44E-07
X 1,85E-09 -4,10E-12 -3,25E-08 -3,95E-08
X2Y2 1,66E-09 2,16E-11 -4,52E-08 -3,73E-00
Y4 -2,66E-10 -2,70E-11 -1,63E-08 1,07E-09
x4y -1,09E-11 -4,58E-14 2,88E-11 -5,23E-12
X2Y3 2,591 1,36E-14 -5,03E-11 -3,04E-12
Y5 -2,08E-12 -8,16E-15 5,68E-11 9,47E~13
X6 -3,36E-13 -1,32E-18 -1,05E-12 -B,91E-14
X4Y2 4.77E-14 2,14E-18 -2,39E-12 2,67E-13
X2¥4 -1,05E-13 8.15E-17 -5,56E-13 -1,486-13
Y6 2,44E-15 1,81E-17 -8,66E-13 -9,89E-14
X8y 7.74E-15 124518 -2,94E15 6,43E-17

A xavs -1,33E-16 3,338-19 -7.B5E-15 1.50E-15
X2Y5 6,38E-17 1,05E-20 2,256-15 1,75E-15
Y7 1,76E-17 9E1E-24 5 45E-15 -1,44E-15
X8 -5,84E-18 -6,31E-22 212E-17 2,74E-18
X6Y2 B,51E-17 -4, 73E-21 2,21E17 2A49E-17
X4Y4 1,42E-18 -1,06E-21 1,03E-17 4,22E17
X2Y6 -1,87E-19 3,30E-23 -3.82E17 -1,56E-17
va -1,84E-20 235623 - 4BIE-1T 2.21E-18
X8Y 6,565-20 3,326-24 5,00E-19 -1,29E-19
X6Y3 2,32E-19 6,89E-24 2,59F-18 -5.98E-19 |
X4Y5 -7.44E-21 1276-24 2.28E-19 -4,47E-19
*2V7 2,48E-24 -3,15E-25 3,92E-19 °9,74E-20
Yo 4,79E-23 3.01E-26 -8,17E-20 7,95E-20
X10 -1,936-23 -6,80E-28 -3,94E-21°  -2.24E-22
XBY?2 1,74E-22 -4,55E-27 -2,48E-20 -2,04E-21
XBY4 2,97E-22 -4,06E-27 -4,24E-20 -4 46E-21
X4Y6 1,36E-23 1,24E-27 -3,935-21 -1,90E-21
%28 -4,52E-24 371628 9,91E-21 -3.41E-22
Y10 -2,43E-25 -8,40E-31 2,16E-21 3,64E-22
Nradius 3,00E+00 3.00E+00 3.00E+00 3.00E+00
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ODO0O0O0o
00000
FE & (mm) | B (mm) E—F
Wik WEX 2802,724
1 3724,091 -2485,218 REFL
g8 © 3395,652 2585,049 REFL
i3 968,548 0,000 REFL
#Y ERX 489,055
84 977,692 596,613 REFL
@ mRA 0,000
OD0O00D
O0Do00o
= M M2 ™3 Ma &
=0 100,324 68,520 71,277 70,971 11.261
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I, ™M1 M2 M3 M4
K T,IGE+00 T AGED2 1,91 E+00 614501
Y 0,00E+60 0,00E400 0,00E400 0,60E+00
X2 157504 -5,51E-06 -1,67E-03 726505
V2 1,91E-04 1,AE-05 2,55E-04 5,59E-04
X2y 3,33E-07 407E.08 7,06E-06 1,39E-06
Y3 TA3E07 3,00E-08 -1,85E-06 -1,26E-07
X4 3,29E-10 -1,40E-11 -3 83E-08 9,63E-09
X2Y2 -5,31E-09 4,168-11 -2 DOE-08 -9,67E-09
¥4 <1,29E-10 3,16E-11 1, 30609 -5,34E-10
X4y $.56E-11 -8,02E-16 2,62E-10 2.05€-11
X2Y3 9,40E-11 5.57E-14 1,95E-10 4,65E-11
Y3 -4 49E-12 -1LI8E-13 1,24E-10 -2,50E-11
X4 -1,02E-13 2,32E-17 -1,28E-13 201E-13
X4v2 -6,56E-13 6,60E-£6 3,35E-13 -1,T4E-13
X2Y4 2,69E-13 8.67E16 348E-12 -1,39E-12
Y6 11815 1,46E-16 4,55E-13 -6,59E-14
X6Y 1,OIE-I5 -3,25E-19 1,32E-4 -1,08E-15

X473 3,51E-15 -1,59E-18 2,19E-14 -5,45E-15
X2¥5 -LME-16 248 246E-14 -1 Q9E-14
¥? -2,06E-17 9,07E-21 1,98E-15 -L,21E-17
X3 6,20E-19 7,45E-23 -7,70E-18 -5.96E-18
X6Y2 -3,16E-18 1,52E-21 4,77E-17 -3,66E-17
X4v4 T05E-18 3 84E-21 JAZE-16 483617
X2Y6 115613 2,33B21 114647 -A,02E-17
Y8 § 47E-20 -8,87E-23 " 9,94E-17 583E-19
X8Y 0,00E+00 0,00E+00 0,00E+00 0,00E400
X6Y3 G,00E100 0,00E+00 0,00E+00 0,00E4+00
X4Ys 0,00E+00 0,00E400 0,00E+00 0,00E+00
X2Y7 0,00E300 0,00E+00 0,00E+00 0,00E400
Y9 0.00E+00 0,00E+00 0,00E+00 0,00E+00
X10 0.00E+00 0,005+00 0,00E+00 0,00E+00
X3Y2 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X6Y4 0,0DE+00 0,00E+00 0,00E+00 0,00E+00
X4Y6 0,00E+00 0,00€+00 0,006+00 0.00E+00
X2ve 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Y10 0,00E+00 0,006+00 0,00E+00 0.00E+00
Niadius 4,00E+00 4.0DE+00 400E+00 T 00E+0
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EHD

#4348 /nm

0.340392
0.548595
0.199318
0.121535
0.173787
0.182292
0.396971
0.0865557
0.265567
0.396874
0.260208
0.144828
0325397
0.534922
0.681406
0.595397
0.294088
0.566237
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0.623543
0.422096
0.742553
0.559974
0.910201
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FLEy b 13.5 nmTo
oo 7 8 Wit
0.0258308 0.017169
0.0138699 0.019794
000186948  0.024128
0.0101706 0.014148
0.0222505 0.035190
00264815 0.018897
0.0151773 0.620501
000674106  0.024708
0.0122229 0.015804
0.0233473 0.036331
0.0283526 0021433
0.0185673 0.020512
00131056 0.024535
0.0169632 0017161
0.0263743 0.038085
0.031247 0.023030
0.0231726 0.017658
0.0195923 0021537
0.022802 0.014965
0.0307906 0.038495
0.0340462 0.032248
0.0284496 0.023561
0.0261558 0.025133
0.0291262 0.020735
0.0361232 0.042244
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oooooo
ooooo
RIE #& (mm) EX (mm) T
Wtk 9 X 2102,043
1 2793,659 -1848,726 REFL.
&2 2546,311 1938,769 REFL
3 724,789 0,000 REFL
&y SRR -366,800
&4 733,040 447,458 REFL
& -3 N 0,000
oooooao
ooo0oo
i1 M1 M2 M3 M4 ™
YR 75,087 51,394 53,563 53,215 8,406
XEE -2.635 2,442 1,373 -1,503 0,000
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3 1 M2 M3 YY)

K -1,18E+00 2,43E-02 1,70E400 6,25E-01
Y 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X2 5,63E-04 -4,21E-06 -1,24E-03 -5,32E-05
Y2 2.93E-04 1,06E-05 1,91E-04 4,21E-04
X2y 3,27E-07 3,3E-08 5,31E-06 1,03E-08
Y3 5,55E-07 2,25E-08 -1,34E-06 -5,45E-07
X4 -4,83E-11 -1,05E-11 -2 55E-08 -1 ,45E-09
X2Yy2 -4,43E-09 2,08E-11 -8.22(-09 -8,28E-09
Y4 ~1,07E-10 2,38E-11 597E-09 -1,14E-09
x4y 2.99E-11 -1,99E-14 2,03E-10 1,41E-11
X2Y3 6,95E-11 5,53E-14 1,56E-10 -5,12E-11
Y5 -3,40E-12 -8,87E-14 1,05E-10 <2 19E-11
X6 -3,28E-14 6,08E-18 -3,80E-13 -1,62E-13
X4y2 -3,27E-13 6,59E-16 5,90E-13 -6,77TE-13
X2Y4 -1,84E-13 8,85E-16 3,00E-12 -1,356-12
Y6 -8,30E-16 1,08E-16 3,25E-13 -5,27E-14
X6Y 2.31E-16 -3,71E-19 9,39E-15 -9.01E-16
X4Y3 1,75E-15 -1,64E-18 1,82E-14 -5,23E-15
X2Y5 -1,54E-18 -4 71EA8 2,00E-14 -1,08E-14
Y7 -1,38E-17 4,97E-21 1,64E-16 -8,50E-18
X8 4,46E.19 6,17E-23 2.58E-18 -4,70E-18
X6Y2 -8,01E-19 1,33E-21 8,08E-17 2. B7E-17
X4Y4 -3,50€-18 2,58E-21 2,26E-18 -4 A8E-17
X2Ys 9,06E-19 1,87E-21 -2 A5E-17 -4 0BE-17
Ya 6,53E;20 -4,81E-23 B,45E-17 -2,43E-19
Xay 0,00E+00 0,00E+00 0,00E+QD Q,00E+Q0
XEY3 0,00£+00 Q.00E+00 0,00E400 0,00E+Q0
X4Y¥5 0,00E+00 0,00E+Q0 0,00E+Q0 Q.00E+0)
X2Y7 D,00E+00 0,00E+00 0,00E+00 D,00E +00
Y9 0, 00E+00 0,00E+00 0,00E+00 0,00E+00
X10 0.00E+00 0,00E+00 ¢,00E+Q0 0,00E+00
xBy2 0,00E+0D 0,00E+00 0,00E+00 0,00E+00
X6Y4 0,00E+00 0,06E+00 0,00E+00 0,00E+00
X4Y86 0.00E+00 0,00E+00 0,00E+00 G,00E+00
X2Y8 0,00E+00 0,00E +00 0,00E+00 ©,00E+00
Y10 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Nradius 3,00E+00 3,00E+00 3.06E+00 3 00E+00
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0.943217
0.508069
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0.410098
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0.73987
0.378515
0.267554
0.569269
0.548099

0.488994

0.660025

0.843287
103377
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Flrevk
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0.0350766
0.0190794
0.00361184
0.0131266
0.0293362
0.0359221
0.0208196
000938223
0.0161529
00309678
0.0383664
0.0253625
0.0180672
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0.0354364
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0.023748
0.022355
0.029861
0.017655
0.037546
0.024194
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0.038828
0.025529
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0.025576
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Ooooooao
00000
E i} 44 B EF—FK
ik B 2102,043
1 2806,084 -1838,550 REFL
2 2547.909 1937,744 REFL
3 678,009 0,000 REFL
#&y \BX -321,297
f®4 724,986 451,996 REFL
& wRX 0,000
0oooooao
00000
ﬁﬁ M1 M2 M3 M4 - ]
YiRi» 50,550 48,435 58,618 51,407 8,785
XEE 2,354 2,502 23,518 -1,667 4,515
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¥ M1 17} w3 M4
K BGTEDT 310602 3. 7BE+00 8,33E-07
Y 0,00E+00 0,00E+00 0,00E400 0,00E+00
X2 5,76E-04 3,29E-05 3,77E-04 7.34E-04
v2 2,85E-04 8,60E-06 -2,80E-04 4,86E-04 |
X2y -1,58E-06 7,50E-11 2,37E-06 4,69E-08
v3 5,918-07 1,16E-08 -3,82E-07 -6,08E-07
X4 2,12E-09 2,57E-11 -2,39E-08 4,09E-10
x2v2 1,56E-08 1,07E-10 -5,48E-08 -8,60E-10
¥4 -4,86E-11 3,13E-11 -4,63E-08 -1,53E-09
X4y -3,03E-11 -5,49E-14 1,736-10 3,15E-12
X2Y3 6,10E-11 -1,55E-13 1,88E-10 -7.52E-12
Y5 -4,20E-12 -4,44E-14 1,11E-10 ~3,72E-12
X8 9,54E-15 3.01E-17 -7.68E-13 -2,46E-14
X4v2 2,14E-13 4,63E-16 2,74E-12 1,59E-13
X2Y4 1,12E-14 3,89E-16 -3,32E-12 -1,92E-13
Y6 1,65E-15 2 ATE17 -1,306-12 7.78E-14
X6Y -2,26E-18 -1,54E-19 8,4BE-15 -1,53E-16

-1 x4v3 -5,47E-16 -7.87E-19 1,15E-14 6,67E-16
Xays 5,78E-16 -3,08E-19 3,95E-15 -3,81E-16
Y7 1,296-18 -6.38E-21 -3,30E-15 4,56E-16
X8 2,436-19 3.506-23 A.57E-17 -1,17E-18
X6Y2 3,79E-19 4,92E-22 -9,74E-17 7.71E-18
X4Y4 2,03E-21 1,04E-21 1,74E-16 A,21E17
X2Y6 1,226-18 466822 -1,42E-16 -7,08E-18
Y8 1,73E-20 130E-23 -4,17E-17 1,05E-18
xay 0.00E+00 0,00E+00 0,008+00 0,00E-+00

xsv3 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X4YS5 0.00E+00 0,00E+00 0,00E+00 0,00E+00
x2Y7 0,00€+00 0,00E+00 0,00E+00 0,00E+00
Yo 0,00E+00 0,00E+00 0,005+00 0,00E+00
X10 0,00E+00 ©,00E+0D 0,00E+00 0,00E+00
X8Y2 0,00E +00 0,00E+00 0,00E+00 0,00E400
Xeva 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X4Y6 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X2Y8 0,00E+00 0,00E+0D 0,00E+00 0,00E+00
Y10 0,00E+00 0,00E +00 0,00E+00 0,00E+00 |
Nradwis 3.00E+00 3.00E+00 3.00E+00 3.00E+00
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goooao
Xobjctmms  Yobjowem B B BHD Fikrk 13.5 am T
(x¥nm {yYnm #3HE/nm Vo HERE
0 600 0 -0.166318 0.166318 0.0148053 0.053501
0 602 0 0.731572 0.731572 0.00884521 0.019284
0 604 0 -0.661487 0.661487 0.00282744 0.038268
0 606 0 -0.504836 0.504836 0.0032483 0.021472
0 608 0 -0.810627 0.810627 0.00938234 0.047628
12.5 600 -0.852021  0.132616 0.863169 0.0186158 0.052338
125 602 -0.193958  -0.398416 0.44312 0.0145478 0.024553
12.5 604 0.181685  -0.303572 0.353787 0.0121468 0.042437
125 606 0270096  -0.131573 0.300439 0012504 0.02662
12.5 608 0.0673771  -0.43138 0.436611 0.0154976 0.043115
25 600 -1.29433  0.754312 1.49809 0.0270423 0.048536
25 602 -0.101019 0323398 . 0333808 0.0247903 0.031643
25 604 0.524636  0.489914 0.717815 0.0238524 0049015
25 606 0.574789  0.705289 0.509844 0.0244236 0.033313
.25 608 0.0416169 0420711 0.422764 0.0264463 0.04856
375 500 L1433 0.871449 1.41462 0.0371683 0.044918
75 602 0363273 0.598909 0.700471 0.0359881 0.032203
375 604 0986834 0.876191 131968 0.0357827 0.049123
375 506 0744538  1.15498 137416 0.0365972 0.031801
375 608 -0.375406  0.886699 0.962894 0.0383944 0.049913
50 600 0505166 -0.901506 1.03339 0.0480691 0.060875
50 602 0879494  -0.970155 1.30947 0.0476135 0.036681
50 604 12068  -0.556047 125104 0.0479137 0.044354
50 606 0202525  -0.20714 0.289695 0.0489775 0.03033
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Oooooo
00000
®E $E LE E-F
Py mRA 1781,972
1 21581,586 -1639,081 REFL
2 4053,640 1376,461 REFL
$43 1254,488 0,000 REFL
Y IR K -1067,803
54 1733,205 1632,838 REFL
#® REA 0,000
Oooooo
00000
Es Mt M2 M3 M4 &
YEID 29,501 2,134 -5,508 0,487 5,838
XEE 0,812 0,034 2,908 1,105 6,800
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T M1 M2 M3 M4
K 0,00E+00 0,00E+00 0,00E+00 0,00E+0D
¥ 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X2 2,80E-04 1,47TE-05 -6,54E-04 -1,23E-04
Y2 1,13E-04 7,15E-05 -1,55E-04 -2,14E-05
X2y -8,62E-08 -8,59E-08 -2,20E-07 -1,32£-08
Y3 1,51E-07 5,42E-08 1,12E-07 3,86E-08
X4 2,07E-09 -1,04E-10 -6,16E-10 -7,05E-11
X2yz2 -3,64E-00 -1,00E-10 -4,18E-10 -3,95E-11
¥4 -2,70E-11 -3,46E-10 1,32E-09 5,30E-11
X4y -2,72E-11 -2,99E-13 1,86E-13 -6,90E-15
X2v3 1,528-11 2,29F13 -1,45E-12 8,76E-14
Y5 1,49E-12 4,00E-13 5,04E-12 2,356-14

| xs -2,54E-14 -8,90E-17 -3, 11E-16 -5,52E-17
X4Y2 7,406-14 1,26E-15 -2, F0E15 2,62E-17
X2Y4 -1,74E-14 -2.54E-15 1,21E-14 1,83E-16
Y8 1,69E-15 1,03E-16 -3,69E-15 8,00E-17
X6y -5,30E-17 4.44E-20 -8,25E-18 2,.20E-20
X4Y3 6.36E-17 -1,53E-18 3.51E-17 2,26E-19
X2Y5 -7,58E-17 4,16E-18 3,328-17 -8,30E-20
Y7 -9,34E-10 -2,88E-19 3,35E-17 B8,72E-20
x8 7.35E-18 3,666-21 -3,46E-20 -7.26E-24
X6Y2 3,74E-18 1,22E-20 -3,57E-20 5,68E-22
Xav4 3,71E-19 -4,7AE-21 - 3,56E-16 -5,10E-22
X2Y6 1,265-10 1,19E-21 4,63E-20 8.91E-22
Y8 3,67E-21 -8.04E-22 . 3,00E-20 1,91E-22
X8Y -6,70E-20 -B,52E-23 8,72E-23 1,96E-24
X6Y3 -1,92E-20 -1,06E-22 648522 2 15E-24
X4Y5 -4,59E-21 -2,85E-23 9,86E-22 -3,07E-24
Xx2Y7 7,55E-23 -1,72E-23 1,23E-21 -2, 45E-24
Yg 3,46E-286 3.04E-24 2,256-22 3,35E-25
X10 5,05E-23 6,75E-26 1,036-24 1,466-27
X8Y2 1,43E-22 2,53E-25 4,57E-24 4,54E-27
X6Y4 2,81E-23 2,06E-25 2,76E-24 2,39E-27
X4Y8 7,66E-24 9,23E-25 -2,58E-24 -1,86E-27
X2Y8 -1,40E-25 2,75E-26 -6,32E-25 2.02E-27
Yio 1,61E-27 -2 48E 27 6.81E-25 1,93E-28
Nradius 2,00E+00 2 O0E+00 2,00E+00 Z,00E+00
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EHD FLgrh
#3HE /nm US43
0.366434 0.0198854
0.0892875 0.0104067
0.0777646 0.0009187
0.0405964 0.0085785
0.651542 0.013085
0,366042 0.0306806
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oDooooo
oDoooao
®E g HE E—F
ik MEX 1401,362
1 2056,786 -1173,664 REFL
2 1698,638 1307,130 REFL
3 485,224 0,000 REFL
;Y R -242 471
#Ha 500,544 317,875 REFL
& MRX 0,000
Ooo0oo
ooooao
B8 M1 M2 M3 M4 ™
YD -39,335 41,119 28,409 29,500 20,214
XEF -2,559 2,218 2,171 -1,946 -3,269
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T M1 M2 M3 Md

K T,80E-01 T77E02  -1,87/6+00 4,68E-01 |
Y 2,81E-02 1,37E-02 3,55E-02 7,69E-03
x2 2,26E-04 3,48E-06 -4, 91E-04 -4,94E-05
Y2 1,03E-04 5,88E-06 4,85E-05 1,24E-04
X2y -2, BIE-07 -2,37E-08 6.97E-07 5,916-08
¥a 2,75E-G7 ©1,70E-08 1,19E-07 2,407
x4 9,82E-10 1,84E-11 4,96E-08 -2, 57E-09
X2Y2 3,256-10, 7.65E-11 1,17E-07 -1,97E-09
Y4 3,00E-10 3,51E-11 5,55E-08 -1,126-09
x4y 1,63E-12 537E-14 6,00E-11 149812
X2Y3 7,72E-12 -1,83E-13 5,58E-11 5,50E-12
Y5 -4,B9E-12 -2,87E-14 1,06E-10 -7.8BE-12
X6 7.08E-13 -2,35E-16 7.97E-13 -3,51E-14
X4Y2 " 1,80E-13 2,95E-16 2,926-12 2,27E-13
X2Y4 2,85E-14 BATE-16 3,43E-12 -8,71E-14
Y6 -6,58E-16 6,72E-17 1,51E-12 2,456-13
X6y 1,68E-14 2,27E-18 -5,35E-15 -1,05E-16
X4v3 3,03E-16 -1,68E-18 -1,54E-14 -4,92E-15
X2Y5 3,34E-17 1,58E-18 8,39E-15 -7.28E-18
Y7 6,29E-18 -9,72E-20 -1,58E-14 4,60E-15
X8 -8,43E-18 5,58E-22 © 3,34E-17 -1,03E-18
X6Y2 -1,36E-16 -342E-21 2,48E-16 4,99E-17
XAv4 1,67E-17 1,04E-20 5,35E-18 -1,22E-16
X2Y8 -1,28E-19 2A4TE-21 1,70E-16 1,96E-17
Y3 2,31E-20 212E-22  1,26E7 2,706-17
X8Y 8,81E-20 -6,83E-25 1,95E-18 2,10E-19
XBY3 4,40E-19 1, 21823 8,94E-18 -1,50E-18
XAYS -1,14E-10 24123 2,11E-18 -1,40E-18
H2YY 1,00E-21 -2,50E-24 -2,62E-18 2.58E-19
¥g 1,76E-22 1.04E-25 4,55E-19 4,95E.20
X140, 4,15£-23 1,40E-27 1,03E-21 . -3,22E-22
XgY2 -8 40E-23 8,23E-27 -2,85E-20 -3.81E-21
X6Y4 -4,40E-22 2, 75E-26 -%,15E-19 -1,913E-20
X4YE 2,15E-22 2,05E-26 -6,68E-20 -5,18E-21
X2Y8 -2,36E-24 2,35E-27 1,735-20 1.16E-21
Y10 -4,87E-25 1,60E-28 7.056-21 8,71E-23
Nradius 2,60E+00 2,00E+Q0 2 00E+Q0 2,00E+00
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Xotjeven  YOujecsims B Eh BB FlL e 13.5 s T®
(x)im )i #akHAi/nm Vol EEEE
0 400 0 -1.00949 1.00949 0.0229582 0.016806
0 401.5 0 -1.95078 1.95078 0.0133671 0.014259
0 403 0 -1.62222 1.62222 0.00369148 0.023621
0 404.5 0 -1.10626 110626 0.00606921 0.019377
0 406 0 -1 48681 1.48681 0.0159156 0.012538
12.5 400 -03809 18 -0.237177 0.912288 (.0242612 0.029659
125 404.5 -0.966915 -1.11354 1.47475 0.0158373 0.024479
125 403 -0.748386 ~-L.752973 106198 0.00983379 0.029615
12.5 404.5 -0.234325 -0.238253 0.334175 0.0114533 0.0278
12.5 400 0.369207 -0.653615 0.866723 0.0189539 0.028612
25 490 -0.712509 L.51156 L67107 0.0278372 0.041582
25 4G1.5 -1.05587 0.817705 133548 0.0216593 0.031971
25 403 -0.794449 1.26023 1.48974 0.0186545 0.033731
25 404.5 0.0563116  1.75538 1.75628 0.0204067 0.035112
25 406 1.48083 1.21794 1.91735 - 0.0260668 0.043885
375 400 0.775815 2.32893 245475 0.0330354 .035552
’ 375 401.5 0.220665 1.89815 1.91094 0.0289732 0.019017
37.5 403 -0.318211 243041 245116 0.0278179 0.018555
375 404.5 0.458907 284034 . 28718 d.02999 11 0.023281
375 406 2.08622 204109 291862 0.0349482 ' 0.041572
50 440 2.20545 ~1.61745 2.73499 0.0393365 0.049861
50 401.5 -0.163904 -1.76675 1.77434 0.0370418 0.045563
50 403 -1.35027 -1.20714 181119 0.0372211 0.042817
58 404.5 -1.38792 -1.02522 172611 0.ﬁ399036 0.036919
50 406 0.3114 231311 2.33398 0.0446971 0.041068

ooobObOOO0oo0oDoooooobboooooooobboboooooooboao

gogoobooooaoooan
oooODODObOO0000ad
oooooooooao
gooobooooooan
oo

O 0Ooo0ooo
O 0OoOooo
O 0Ooo0ooo
O O0OoOooo
O 0Ooo0ooo
O OooOooo
O 0Ooo0ooao
O OooOooo
O 0Ooo0ooao
O OooOooo
O 0Ooo0ooao
O Ooooo
O 0Oo0ooOoao
O Ooooo
O 0Oo0ooOoo
O 0Ooooo
O 0O oO0ooo
O 0Ooooo
O
O
OO oO0ooog
O 0Ooo0ooo
OO oO0ooo
O 0Ooo0ooo

O O

oo
ggaoe

O Ooo0ooooao
O O0Oooooaog
O Ooo0ooooao
O Oo0ooooaog
O Ooo0ooooao
O Oo0ooooaog
O Ooo0ooooao
O Ooo0ooooaog
O Ooo0oo0oooao
O Oo0ooooaog
O Ooo0ooooao
O OoOo0ooooaog
O Ooo0oo0oooao

O Oooo

ooocobObOoOoooooooooobbbobooooooan

OooOooooooooooooooooOoao
Oooooooooooooooooogoogoooaog
OooOooooooooooboooooooOoan
Oooooooooooooooooooooog
OooOoooooobooooooobooooOoOoaod
Oooooooooooooooooooooag



(69)

JP 2010-107988 A 2010.5.13

oooon
&E & LS E—F
4k E N 700,681
#1 1028,806 -586,789 REFL
2 849,319 - 653,594 REFL
$#3 242,363 0,000 REFL
#®y FRRX -121,170
854 250,164 158,873 REFL
& mIRK 0,000 10
0oooooao
0ooooan
B M1 M2 M3 M4 &
YED -19,604 20,562 14,248 14,754 10,066
XEE -2 5855 2217 2176 -1,945 -3,254

ooocooao



(70)

ooooao
HH Y M2 Y] M4
K 1,85E-01 1,74E-02 -1, B5E+00 4,826-01
Y 1,40E-02 6,82E-03 1,78E-02 3.82E-03
X2 1,126-04 1,78E-06 -2 41E-04 -2,19E-05
Y2 511E-05 2,94E-06 2,25E-05 B.32E-05
Xay -1,50E-07 -2,03E-09 2 40E-07 6,62E-09
Y3 1,37E-07 8,46E-09 - 9,10E-08 -1,22E-07
X4 6,14E-10 1,05E-11 248E-08  -1.21E-08
x2Y2 1,18E-10 3,69E-11 5,87E-08 -8,27E-10
Y4 1,49E-10 1,758-11 2,85E-08 -6,21E-10
X4y -4,96E-13 -4,03E-14 2,70E-11 -1,87E-12
X2v3 3,75E-12 -8,18E-14 2,66E-11 -3,21E-12
Y5 -8,45E-13 -1,45E-14 511E-11 -3,08E-12
X6 -4,48E-13 -1,55E-16 4,07E-13 -1,32E-14
X4Y2 -9,93E-14 1,76E-16 1,4BE.12 -1,34E-13
x2v4 -1,45E-14 4,26E-16 1,T2E-12 -4 41E-14
Y6 -3,27E-15 3.37€-17 5,96E-13 1,39E-13
XeY 9,85E-15 1,26E-18 -4,00E-15 9,75E-18
X4v3 2 03E-16 -B,24E-19 -7,926-15 -2,79E-15
x2vYs 21TE-17 -7.96E-19 4,39E-15 -2,79E-17
Y7 3,42E-18 -4,698-20 -7,86F-15 2,14E-15
X8 -9,51E-18 -1,06E-21 2,00E-17 -1,48E-18
X6Y?2 ~7,13E-17 7,34E-23 1,55E-16 -3 1ME-A7
X4v4 8,72E-18 5,00E-21 2,91E-16 -5,52E-17
x2Ye -6,0ME-20 1,22E.21 8,06E-17 1,24E-17
¥a 1,38E-20 1,91€-22 2.93E17 1,34E-17
xsy 8,76E-20 3,22E-24 1,62E-18 -1,88E-19
X6Y3 1,77E-18 -1,60E-23 6,77E-18 -9,63E-19
X4Y5 -8,03E-20 -1,18E-23 -5,8BE-20 -5,35E-19
X7 331E-22 -1,26E-24 -1,35€-18 1,61E-19
Yg 9,94E-23 -4 B3IE-26 9,84E-20 4,93E-20
X106 2,39E-23 5,198-28 -1,0dE-21 -2,67E-22
X8Y2 -1,62E-22 8,70E-28 -3,92E-20 -3,08E6-21
XEY4 -5,01E-23 2,68E-26 -9,03E-20 S7.21E-21
KAYE 1,13E.22 1,01E-26 -3,00E-20 -4,558-21
X2v8 -8,02E-25 1,14E-27 9,53E-21 7.07E-22
Y10 -3,08E-25 6,63E-29 3,63E-21 1,608E-22
Nradius 1,00E+00 7.00E+00 1,00E+G0 1.00E+00
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ooooao
Hobjewrmm  YObovmm TSt B EID FrErh 13.5 ny G -
(x)/nm {y¥tm o /om L2135 R
0 200 0 0.44831 0448311 0.0420146  0.030026
0 015 0 247405 247405 00235631 0.014465
0 203 0 -0.967497 0.967497 0.00387066  0.028481
0 VLR 0.932075 0.932079 00161673  0.017921
0 206 0 -0.816331 0.816331 0.0365555  0.020854
6 200 0229332 0.72028 0.755908 0.04208%  0.031915
6 L5 0764827 211395 224805 L 00241369 0015011
6 203 0727117 -0.578603 0929236 000803243 0.028531
¢ W45 0044224 128903 129708 0.018286 0.019129
6 206 0955191  -0.553491 1.10397 00378593  0.025583
12 200 0.0887838  1.34107 134401 0.0432387  0.034302
12 2015 -1.10902 -1.23729 1.66157 0.0258287 0.016652
12 20 -LI6563 0372291 122364 00146925  0.027176
12 2045 0139014 21283 2.13289 00235883 0.019707
- 12 206 L9157 -0.015856 191164 0.0416026 - 0.033254
18 200 127353 160761 205092 00437339 0.03238
13 2015 -0.903733  -0.573284 1.07023 0.0285705 0.014127
18 203 -1.38256 1.i1952 " 1.77898 6.0213489 0.02358
18 204.5 -0.254443 2.63758 2.64983 ©.0306063 0.015334
18 206 238718 -0.072959 2.38829 0.0472927 0.036701
24 200 3.13573 0.027319 3.13585 0.0445949 0.032197
24 2015 <0.646294 -1.71453 1.8323 0.0322942 0.523012
24 203 218957 0.0094815  2.18959 00293844  0.032097
24 2045 162383 108662 1.95386 00386179  0.018853
24 206 0918622 -2.54687 270747 00544894  0.035386
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0000000000000 00000000000000000000O0O0O0OO0O0OaO
0ooad
oooooao
go0000O0O0O0O0O0O0O0O0O0oO0oOoooan
oooooad
ooooag
40} 3 Bx E—F
ik EEX 2102,043
1 3086,275 -1760,111 REFL
8o - 2547,993 1960,753 REFL
83 727,984 0,000 REFL
#®Yy SREX -360,225
tha 749,971 475,405 REFL
& |IRX 0,000
oooooao
ooooad
B M1 M2 M3 M4 &
Y& 59,076 61,644 42,310 44,405 30,452
XEE -2,561 2,218 -2,136 -1,933 3,284
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ooooao

Py v NG "3 ~aa

K 5 G0E-01 TA9E-02  1.89E%00 4,805-01
Y 4,23E-02 2,05E-02 5. 14E-02 1,08F-02
X2 3,46E-04 6,56E-08 -712E-04 6,02E-05
Y2 1,53E-04 8.72E-06 8,61E-05 1,95E-04 |
X2y 4,18E-07 4,24E-10 115606 1,026-07
Y3 4,16E-07 2,56E-08 1,76E-07 4, T3E-07
X4 2,12E-00 2,92E11 7.50E-08 -3.49E-08
X2v2 5,90E-10 1.00E-10 1,776-07 -2,72E-09
Y4 4,49E-10 5,40E-11 813608 -1,87E-09
XAY -3,35E-11 -1.41E-13 9,25E-11 -4,80E-12
X2Y3 1,08E-11 2,57€-13 6,96E-11 -2,94E-11
Y5 241812 -4,00E-14 1,38E-10 5,57E-12
X6 -3,85E-13 -3,65E-17 1,18E-12 -4,06E-14
Xav2 245613 . 8,00E-16 4,59E-12 -3,0BE-13
-_XZYQ -4 13E-14 1.38E-158 5,36E-12 -5,08E-13
C -8,84E-15 1,00E-16 1,936-12 4,48E-13
X6Y 7.18E-15 472E19 -7,85E-15 1,73E-15
X4Y3 6,02E-16 A,61E-18 51814 2,44E-16
X2Y5 775617 -2,49E-18 1,58E-14 -2,98E-15
Y7 1,31E-17 -1,67E-18 2,79E-14 6,45E-15
X8 -1,06E-17 -5,96E-22 5,82E-17 5.31E-18
X6Y2 -3,13E-17 1,16E-20 2,73E-16 2.656-17
Xava 1,56E-18 3,02E-21 3,20E-16 6.02E-17
X2Y6 2,.21E-19 2,55E-21 -6,39E-18 3,505-17
¥ 1,87E-20 305622 . GAGE1Y 2.87E-17
X8y 7.61E-20 -2,02E-24 3,286-18 -4,79€-20
X6Y3 7,15E-20 4,826-23 1,05E-17 4216419
Xavs 2,92E-21 A, 16E-24 -3,75E-18 7,33E-19
x2Y7 1,11E-22 -8,50E-25 -4.58E-18 527E-19
Yo 3,34E-24 -4,27E-27 8,58E-10 1,71E-20
X10 1,71E-23 2,57E-28 2.76E-21 514622
Xay?2 -2,62E-23 1,39E-26 -1.87E-20 -3,15E-21
X6Y4 4,86€-22 5,94E-26 2,67€-20 -6,00E-21
X4Y6 -9,99E-24 -5,21E-28 B6,16E-20 3,68E-21
X2Y8 _8.99E-25 7.71E-28 3.25E-20 2,02E-21
Y10 1,70E-26 1,196-29 1,49E-20 9,56E-23
Nradius 3,00E+00 3,00E+00 3.00E+00 3,00E+00
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12.5655
12,6073
12.6492
12,6011
12733

25.1254
25.2001
352929
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600
602
604
606
608
599.868
601.868
603,868
605.367

| 607.867

599.474
601.472
603.47
605.468
607.467
598.816
600.812
602.808
604.804
606.8
597.896
599.889
601,882
603.875
605.868
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Ex
{x)nm

0
0
0
0
0

-0.463563
-0.477332
-0.257454
0.191813
0.8366074
-0.531595
-0.737092
-0.47659
0.241321
1.40777
0.166072
-0.597255
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RELATIVE FIELD: A3y

20

(X, ¥)

Y-FAN 1.00, 1.00 X~FAN
0.5 RELATIVE FTELD 0.5
{-0.22°,-5.12%)

5
-0.5 0.5
1.00, 1.00
RELATIVE FIELD
0-5 (-0.220,-5.11°) 0.5
4
0.5 -0.5
1.00, 0.99
RELATIVE FIELD
0.5 (-0.220,-5.090) 0.5
3
0.5 0.5
1.00, 0.99
RELATIVE FIELD
0.5 (-0.22°,-5.089) 0.5
2
N 0.5
1.00, 0.99
RELATIVE FIELD
0.5 (~0.22°,-5.07) 0-5

R
0.5 0.5
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(X, Y )
Y-FAN 0.00, 1.00 X-FAN
0.5 RELATIVE FIELD 0.5
( 0.00°,-5.12°)
5
-0.5l 0.5
0.00, 1.00
RELATIVE FIFELD
05 ( 0.00°,-5.11°) 0.5
— 4
.y -0.5
0.00, 0.99
RELATIVE FIELD
095 ( 0.000,-5.090) 0.5
3
-0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0.5 ( 0.000,-5.08°) 0.5
2
-0.9 0.5
0.00, 0.99
RELATIVE FIELD
0-5 (0.00°,-5.07°) 0.5
—
-0.5 -0.5
N -
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RELATIVE FIELD: #Axi#i%F
(X, Y)
Y-FAN 1.00, 1.00 X-FAN
0.5 RELATIVE FIELD 0.5
(-0.43°,~5.129)
— 5
-0.5 -0.5
1.00, 1.00
RELATIVE FIELD
0-5 (-0.43°,-5.100) 0.5
4
——
0.5 0.5
1.00, 0.99
RELATIVE FIELD
0-5 (-0.430,-5.090) 0.5
3
-o.5l 0.5
1.00, 0.99
RELATIVE FIELD
0.5 (-0.43°,-5.08°) 0.5
2
-0.5 0.5
1.00, 0.99
RELATIVE FIELD
0.5 (-0.43°,-5.06°) 0.5
1
0.5 0.5
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RELATIVE FIELD: #H5f#H%F

(X, YY)
Y-FAN 0.00, 1.00 X-FAN
0.5 RELATIVE FIELD 0.5
3 St (0.00°,-4.38°)
!
5
-0.5 -0.5
s3
0.00, 1.00
RELATIVE FIELD
0.5 ( 0.00°,-4.379) 0-5
Sy 1
3003 -0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0.5 ( 0.00°,-4.360) 0.5
e
0.5 0.5
0.00, 0.99
RELATIVE FIELD
0.5 ( 0.00°,-4.34°) 0.5
2
-0.5 -0.5
0.00, 0.99
R RELATIVE FIELD
0.5 (0.00°,-4.33°) 0.5
————— ] s =
~0.5 -0.5
N 3
EE ()
RELATIVE FIELD: fHxHRE
RELATIVE FIELD: #BAHREF Cx. 1
Y-FAN 1.00, 1.00 X-FAN
Y-FAN X~FAN 0.5 RELATIVE FIELD 0.5
0.5, 0.5 (~0.39°,-4.38°)
(-0.20°,-4.38%)
5
5 —— R
_
0.8 -0.5
-0.5! ~0.5
1.00, 1.00
1.00, 1.00 RELATIVE FIELD
RELATIVE FIELD 0.5 (-0.3%0,-4.36°0) 0.5
0.5 (-0.200,-4.370) 0.5
4
4 —
0.5 -0.5
0.l -0.5
1.00, 0.99
1.00, 0.99 RELATIVE FIELD
RELATIVE FIELD 0.5 (~0.399,-4.350) 0.5
0. (-0.200,-4.350) 6.5
3
3
-0.5 -0.5
-0.5 -0.5
1.00, 0.99
1.00, 0.99 RELATIVE FIELD
0.5 0.5
(-0.39°,-4.34%)
0-5 (-0.20°,-4.34°) 0-5
2
R— =
-0.3 -0.5
-0.9 -0.5
1.00, 0.99
1.00, 0.99 RELATIVE FIELD
RELATIVE FIELD 0.5 0.5
. (-0.40°,-4.33°)
0.5 (-0.20°,-4.33%) 0.5
—_— I —= 1
-0.5 -0.5
-0.5 -0.5
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RELATIVE FIELD: #R3$#H%F

(X, YY)
Y-FAN 0.00, 1.00 X~FAN
0.5 RELATIVE FIELD 0.5
(0.00°,-6.68%)
5
-0.5 -0.5
0.00, 1.00
RELATIVE FIELD
0.5 ( 0.000,-6.670) 0.5
L]
-0.8 -0.5
0.00, 1.00
RELATIVE FIELD
0.9 ( 0.009,-6.66°) 0.5
3
0.5l -0.5
0.00, 0.98
RELATIVE FIELD
0-9) (0.00°,-6.64°) 0.5
2
-0.3 -0.5
0.00, 0.99
RELATIVE FIELD
0.9 ( 0.00°,-6.63°) 0.5
1
0.5 -0.5
MLER 2 (Y
Sk ()
4 . g E?
RELATIVE FIELD: AHRHRE RELATIVE FIELD: AEX¢#i!
(%, ¥)
(X, ¥) Y-FAN 1.00, 1.00 X-FAN
i A XoEAN 0.5 RELATIVE FIELD 0.5
0. RELATIVE FIELD 0.5
. (-0.48°,-6.68°)
(-0.24°,-6.68%)
5 5 -
0.5l 0.
-0. -0.5 0.5
1.00, 1.00
.00, 1.00
RELATIVE FIELD 0.5 RE"LATIQVE FIEI;D 0.5
0. (-0.249,-6.67°) 0.5 (-0.48°,-6.67%)
4 4
4
-0. -0.5 -0.5 -0.5
1.00, 1.00 1.00, 1.00
RELATIVE FIELD 0.5 RELATIVE FIELD 0.5
- ~0.48,-6.650 .
0. (-0.24°,-6.66°) 0.5 (-0.48°,-6.65°)
— 5 5
-0. -0.5 -0.5 -0.5
1.00, 0.99 1.00, 0.99
RELATIVE FIELD 0.5 RELATIVE FIELD o5
0. (-0.24° ,%6.64°) 0.5 . (-0.48°,-6.64°) 0.
2 P
-0. -0.5 -0.5 -0.5
1.00, 0.99 1.00, 0.99
RELATIVE FIELD 0.5 RELATIVE FIELD o5
0. (-0.24°,-6.63°) 0.5 . (-0.48°,-6.63°) .
1 1
0. 0.5 -0.8l -0.5
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RELATIVE FIELD: 1%

(X, Y)

Y-FAN 0.00, 1.00 X~FAN
0.5 RELATIVE FIELD 0.5
{ 0.00°,-6.68°)

5
-0.5 -0.5
0.00, 1.00
RELATIVE FIELD
0.5 ( 0.00°,-6.67°) 0.5
4
-0.5 0.5
0.00, 1.00
RELATIVE FIELD
0.5 (0.00°,-6.66°) 0.5
3
-0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0-5 (0.00°,-6.64°) 0-3
2
-0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0.5 ( 0.00°,-6.63%) 0.5
1
-0.5 -0.5
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RELATIVE FIELD: fE5I#i%F
RELATIVE FIELD: #HX#EF

(%X, ¥)
Y-FAN 1.00, 1.00 X-FAN B (%, Y9
0.5 RELATIVE FIELD 0.5 Y-FAN 1.03; 1.:0 X-FAN
(-0.24°,-6.689) 0.5, RELATIVE FIELD 0.5
(-0.48°,-6.68%)
5 -
—_— P — 5 _
-0.5! -0.5
-0.5 -0.5
1.00, 1.00
RELATIVE FIELD 1.00, 1.00
0.5 - 0.5 RELATIVE FIELD
(-0.249,-6.679) .
0-5 (-0.48°,-6.67°) 0.5
4
4
-0.5! -0.5
-0.5 -0.5
1.00, 1.00 )
RELATIVE FIELD 1.00, 1.00
0.5 (~0.24°,-6.660) 0.5 o RELATIVE FIELD os
. (-0.48°,-6.650) .
3
3
-0.5 -0.5
-0.5 ~0.5
1.00, 0.99
RELATIVE FIELD 1.00, 0.99
0.5 (-0.24°,-6.64°) 0.5 0.5 RELATIVE FIELD
- (~0.48°,-6.64°) 0.5
: =
-0.5 -0.5
-0.5 -0.5
1.00, 0.99
RELATIVE FIELD 1.00, 0.99
0-9 (-0.24°,-6.63°) 0.5 s RELATIVE FIELD
(~0.48°,-6.63°) 0.5
1
-0.5l -0.5
=0.5 -0.5
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RELATIVE FIELD: A%

(X, ¥)
Y-FAN 0.00, 1.00 X-FAN
0.5, RELATIVE FIELD 9.5
(0.00°,-5.64°)
5
-0.5 0.5
0.00, 1.00
RELATIVE FIELD
0-3 ( 0.00,-5.620) 0.5
=
-0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0.5 (0.00°,-5.609) 0.5
3
0.5 0.5
0.00, 0.99
RELATIVE FIELD
05 ( 0.00°,-5.58°) 0.5
2
0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0.5 ( 0.00°,-5.56%) 0.5
1 =
-0.5 -0.5
N N
SergrE (5
RELATIVE FIELD: AI%REF )
RELATIVE FIELD: AHX4HEF
(X, Y) (x, v)
Y-FAN 1.00, 1.00 X-TAN Y-FAN 1.00, 1.00 X-FAN
0.5, RELATIVE FIELD 0.5 0.5 RELATIVE FIELD 0.5
(-0.28°,-5.64°) (—0.550,-5\630)\
5 5
-0.5 0.5 -0.5 ~0.5
1.00, 1.00 1.00, 1.00
RELATIVE FIELD RELATIVE FIELD
0-9 (-0.28%,-5.620) 0.5 0.5 (=0.56°,-5.61°} 0.5
4 4
-0.5 -0.5 -0.5 —0.5
1.00, 0.99 1.00, 0.99
RELATIVE FIELD RELATIVE FIELD
0.5 (-0.280,-5.600) 0.5 05 (-0.56°,-5.600) 0-5
3 3
—
0.5 -0.5 -0.5 0.5
1.00, 0.99 1.00, 0.99
RELATIVE FIELD _ RELATIVE FIELD
0.5 (-0.28°,-5.58°) 0.5 0.5 (-0.56°,-5.58%) 0.5
2 2
0.5 0.5 0.5 0.5
1.00, 0.99 1.00, 0.99
RELATIVE FIELD B RELATIVE FIELD
05 (-0.28°,-5.56°) 0.5 0-5 (-0.56°,-5.56°) 0-5
1 1
0.5 0.5 -0.5 0.5

JepgE (B0

JepgE ()




(89) JP 2010-107988 A 2010.5.13

goooano gogooano

RELATIVE FIELD: FHXf#REF

(X, ¥)
: 'd Y-FAN 0.00, 1.00 X-FAN
3o g 0.5 RELATIVE FIELD 0.5
( 0.00°,-11,2°)
5
0.5 -0.5
3o,
S 3
0.00, 1.00
RELATIVE FIELD
03 (0.00°,-11.1°) 0.5
——
4
0.5 -0.5
Sh 0.00, 1.00
RELATIVE FIELD
0.5 ( 0.000,-11.10) 0.5
3 oo
-0.5 0.5
0.00, 0.99
RELATIVE FIELD
0.3 (0.00°,-11.1%) 03
2
-0.5 -0.5
0.00, 0.99
RELATIVE FIELD
05 (0.00°,-11.1°) 0.5
1
0.5 -0.5
R VA N
SegFE ()
RELATIVE FIELD: #IXf#REF
RELATIVE FIELD: HIAHREF Cx. v
(i, w Y-FAN 1.00, 1.00 X-FAN
Y-FAN 1.00, 1.00 X-FAN 0.5, RELATIVE FTELD 0.5
0.5 RELATIVE FIELD 0.5 (=0.73°,-11.2°9)
(-0.37°,-11.2°) —— 5 .
5
0.5l -0.5
0.5 -0.5
1.00, 1.00
RELATIVE FIELD
0-5 (-0.73°,-11.1°) 0-5
05 (-0.370,-11.10) [
4
1
~o.5 0.5
0.5 -0.5
1.00, 1.00
RELATIVE FIELD
Liowve rie 0.5 (-0.730,-11.10) 0.5
RELATIVE FIELD -73°,-11.
0.5, 0.5
(-0.37°,-11.10)
3 —
3
0.5l -0.5
-0.5! =0.5
1.00, 0.99
RELATIVE FIELD
1.00, 0.99 0.5 (20,730, -11.19) 0.5
RELATIVE FIELD - ’ -
0.9 (-0.37°,-11.1°) 0.5
2 =
2
0.5 -0.5
-0.5 -0.5
1.00, 0.99
" RELATIVE FIELD
1.00, 0.99 0.5 0.7 ,-11.1°) 0.5
RELATIVE FIELD A . -
0-5 (-0.37°,-11.1°) | 0-5
1
— 1 —
/ -0.5! -0.5
-0.5 -0.5

A 2 3
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RELATIVE FIELD: #Hx3R%F

(X, YY)
Y-FAN 1.00, 1.00 X-FAN
0.5, RELATIVE FIELD 0.5
(-0.33°,-6.05¢)
S 5
— /
-0.5 -0.5
1.00, 1.00
RELATIVE FIELD
-3 (-0.34°,-6.03°) 0.5
4
~0.5 -0.5
1.00, 0.99
RELATIVE FIELD
0-5 (-0.34°,-6.01°) 0-5
3
-0.5 -0.5
1.00, 0.99
RELATIVE FIELD
05 (-0.32°,-5.99°) 0.5
5 =
0.5 -0.5
1.00, 0.98
N RELATIVE FIELD
0-3 (-0.349,-5.97°) 0.5
1
-0.5
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RELATIVE FIELD: #H%#3%F

(%X, ¥)
Y-FAN 0.00, 1.00 X-FAN
0.5 RELATIVE FIELD 0.5
€ 0.00°,-6.05%)
5
-0.5 -0.5
0.00, 1.00
RELATIVE FIELD
0.5 ( 0.00°,-6.030) 0.5
4
0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0-5 ( 0.00°,-6.01°) 0.5
3
~0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0-3) (0.00°,-5.99°) 0.5
2
~0.5! -0.5
£.00, 0.98
RELATIVE FIELD
09 ( 0.00°,-5.97°) 0.5
1
—o.s -0.5
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RELATIVE FIELD: AH%HEE
Y-FAN X-FAN
0.5 0.5
5
0.3 -0.5
1.00, 1.00
RELATIVE FIELD
0.5 (=0.67°,-6.03°) 0.5
4
0.5l “0.5
1.00, 0.29
) RELATIVE FIELD
0-5 (=0.670,-6.019) 0.5
3
-0.5 -0.5
1.00, 0.99
RELATIVE FIELD
09 (-0.67°,-5.990) 0.5
2
~0.5 -0.5
1.00, 0.98
~ RELATIVE FIELD
0-5 (-0.67°,-5.96°) 0.5
1
=0.5 -0.5
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RELATIVE FIELD: #ExtiR%

(X, Y )
Y-FAN 0.00, .00 X-FAN
0.5, RELATIVE FIELD 0.5
( 0.00°,-6.06%)
5 e
0.5 0.5
0.00, 0.99
RELATIVE FIELD
0.5 ( 0.00°,-6.030) 0.5
ooy 4
0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0-5 ( 0.00°,-6.00°) 0.5
, = _
-0.5 0.5
0.00, 0.98
RELATIVE FIELD
09 (0.00°,-5.97°) 0.5
2
-0.5! 0.5
0.00, 0.97
RELATIVE FIELD
0.5 (0.00°,-5.94°) 0.5
1
-0.5 -0.5
A 3
e (B
RELATIVE FIELD: #H#H%F RELATIVE FIELD: #EX#H%F
(X, ¥) (x, ¥)
Y-FAN 1.08, 1.00 X-FAN Y-FAN 1.00, 1.00 X-FAN
0.5 RELATIVE FIELD 0.5 0.5 RELATIVE FIELD 0.5
(-0.32°,-6.06°) (-0.64%,-6.06°)
5 _ 5
m—— —_
-0.5l -0.5 -0l -0.5
1.00, 0.99 1.00, 0.98
RELATIVE FIELD RELATIVE FIELD
0.5 (~0.320,-6.030) 0.5 0.5 (-0.64°,-6.03°) c.5
4 4 -y
-0l -0.5 -0.5l 0.5
1.00, 0.99
RELATIVE FIELD
05 (-0.320,-6.00°) 0.5 05 (-0.64°,-6.000) 0.5
ER—— 3
0.5 -0.5 0.5 -0.5
1.00, 0.98 1.00, 0.98
RELATIVE FIELD RELATIVE FIELD
0.5 (-0.32°,-5.97°) 0.5 0-5 (-0.64°,-5.96°) 0.5
2 2
-0.5 -0.5 -0 -0.5
1.00, 0.97 1.00, 0.97
RELATIVE FIELD RELATIVE FIELD
0.5 (-0.32°,-5.94) 0.5 0.5 (-0.64°,-5.93%) 0.5
1 1
0.5 -0.5 0.5 -0.5
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RELATIVE FIELD: {HAHEF

(X, Y)

Y-FAN 0.00, 1.00 X-FAN
0.5 RELATIVE FIELD 0.5
( 0.00°,-6.03°)

0 0.5
0.00, 1.00
RELATIVE FIELD
05 (0.00°,-6.01%) 0.5
4
0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0-9) ( 0.000,-6.00°) 0.5

5 S
o 0.5
0.00, 0.99
RELATIVE FIELD
0. ( 0.000,-5.990) 0.5
2
0.5 -0.5
0.00, 0.99
RELATIVE FIELD
0.5 ( 0.000,-5.979) 0.5
1
N 0.5
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MICROLITHOGRAPHY PROJECTION OPTICAL SYSTEM, METHOD FOR MANUFACTURING A DEVICE
AND METHOD TO DESIGN AN OPTICAL SURFACE

This disclosure relates to a microlithography projection optical system, in par-
ticular to a projection objective, a microlithographic tool comprising such an
optical system, a method for microlithographic production of microstructured
components using such a microlithographic tool, a microstructured component
being produced by such a method and a method to design an optical surface in

such an optical system.

Projection objectives are widely used in microlithography to transfer a pattern
from a reticle to a substrate by forming an image of the reticle on a layer of a
photosensitive material disposed on the substrate. In general, projection objec-
tives fall into three different classes: dioptric objectives; catoptric objectives;
and catadioptric objectives. Dioptric objectives use refractive elements (e.g.,
lens elements) to image light from an object plane to an image plane. Catop-
tric objectives use reflective elements (e.g., mirror elements) to image light
from an object plane to an image plane. Catadioptric objectives use both re-
fractive and reflective elements to image light from an object plane to an im-

age plane.

Objectives, in particular for use in projection systems, are known from

T. Jewell: “Optical system design issues in development of projection camera
for EUV lithography”, Proc. SPIE 2437 (1995). Other objectives are known
from EP 0730 169 A, EP0730179A,EP0 730 180 A, EP0 790 513 A, US S
063 586 A, US 6577443 A, US6 660552 Aand US 6710917 A.
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It is an object of the present invention, to improve an optical system which can
in particular be used as projection objective in a microlithography projection
exposure apparatus with respect to its resolution with a given illumination
wavelength. Further, the optical systems according to the present invention

should have a high light throughput with respect to illumination light.

This object is met by an optical system having the features of claim 1.

In the following specification, a rotationally asymmetric surface according to
the invention also is referred to as a freeform surface. Unlike spherical or
aspherical mirrors, freeform surfaces do not have an axis of rotational symme-
try. Freeform surfaces according to the present invention differ from known
aspheric rotational symmetric mirror surfaces for EUV projection objectives
in that such known aspheric mirror surfaces are described via a mathematical
Taylor expansion, i.e. having a sag being given by a rotational symmetric
polynomial of grade n. The center point of this Taylor expansion for all these
polynomial terms is defined by a common optical axis. Known mirror surfaces
are described by such an expansion, because the Taylor expansion is easy to
calculate, easy to optimize and there exists a lot of experience in manufactur-
ing such mirror surfaces. However, it was realized by the inventors that the
known Taylor expansion with common center leads to an unwanted distortion
which cannot be lowered below a certain level. This distortion limitation be-
ing inherent to rotational symmetric optical surfaces is avoided, when accord-
ing to the invention one of the optical surfaces is embodied as freeform or
rotationally asymmetric surface. Using freeform surfaces it is possible to
overcome limitations with respect to numerical aperture and distortion being
inherent to rotational symmetric surfaces which in particular is advantageous
in the field of EUV microlithography protection. In a special embodiment, a
freeform surface may be a surface being mirror symmetric to a meridional

plane of the optical system. A meridional plane is a plane being defined by the
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normal of the object plane and the center points of the object field and the ap-
ertures of the optical components of the optical system. Advantageously, the
projection objective according to the present invention is a catoptric projection
objective. In general, the image plane of the optical system is parallel to the
object plane. The optical system may have a field at the image plane having a
minimum radius of curvature of 300 mm. In the optical system, the chief rays
may be at an angle of about 3°, 5°, 7° or more with respect to the object plane
normal at the object plane. The optical system may have an entrance pupil
which is located more than 2.8 m, in particular more than 10 m from the ob-
Ject plane. In general, in an optical system with freeform surfaces, an exactly
defined puptl plane does not exist. In a pupil plane of the optical system, the
chief rays corresponding to different field points meet. In the pupil plane, the
ray bundles from each field point superpose. The term pupil plane is used to
characterize a region perpendicular to the light beam guided in the optical sys-
tem where an intensity distribution corresponds to an illumination angle dis-
tribution in the object plane. The imaged radiation may be reflected from an
object positioned at the object plane. The object positioned at the object plane
may be a reticle that is imaged by the plurality of elements to the image plane.
The optical system may have a demagnification of 4X. The optical system
according to the present invention may comprise four or more reflective ele-
ments. In particular, the optical system may comprise six or more reflective
elements. A plurality of elements may be arranged to image the radiation to an
intermediate image plane between the object plane and the image plane. In
this case, a field stop may be positioned at or near the intermediate image
plane. In particular, the plurality of elements may comprise five elements and |
the intermediate image plane may be located between a fourth element and a
fifth element along the path of the radiation from the object plane to the image
plane. The object and image planes may be separated by a distance L being
about 1 m or more. The optical path length of the radiation from the object

plane to the image plane may be about 2 L, 3 L, 4 L or more. The plurality of
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elements may comprise at least one pair of adjacent elements in the path of the
radiation, where the pair of acjacent elements is separated by about 0,5 L or
more. Advantageously, none of the plurality of elements causes an obscuration
of the exit pupil. The plurality of elements may comprise a first mirror and a
second mirror, the first and second mirrors having a minimum distance from
the object plane of d, and d,, respectively, where d,/d, is about 2 or more. Al-
ternatively, d,/d; may be smaller than 2. In that case, the optical system as a
rule has a large working distance at the object side. The plurality of elements
may include a first element in the path of the radiation from the object plane to
the image plane, where the first element has positive optical power. The opti-
cal system may comprise an aperture stop positioned between the object plane
and the image plane. The plurality of elements of the optical system may
comprise three elements and the aperture stop may be positioned between the
second and third elements in the path of the radiation from the object plane to
the image plane. Alternatively, the aperture stop may be positioned at the sec-
ond or at the third element. The radiation may pass through the aperture stop
once or twice. A radiation source which is used with the optical system ac-
cording to the invention may be a laser radiation source having a wavelength

of about 300 nm or less, 200 nm or less, 100 nm or less.

A mathematical expansion of the freeform surface according to claim 2 gives
a good and reproducible manufacturing of the reflective surfaces. In this ex-
pansion, a may be 66. Further, m may consist of even integers . Further, m + n

may be equal to or bigger than 10.

A deviation according to claim 3 or 4 provides for a proper reduction of the
objective’s distortion below the limit which is reachable using rotationally
symmetric optical surfaces. The rotationally asymmetric surface may deviate
from the best-fit rotationally symmetric surface by about 100 X or more at the

one or more locations. The rotationally asymmetric surface may deviate from
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the best-fit rotationally symmetric surface by about 50 nm or more, by about
100 nm or more, by about 500 nm or more or by about 1000 nm or more at the

one or more locations.

A mirror symmetric freeform optical surface according to claim 5 lowers the

requirements for production of the freeform optical surface.

Two reflective elements with freeform optical surfaces according to claim 6
lead to the possibility of a better aberration minimization on the one hand and
give the possibility to meet certain aberration minimization requirements with
less complicated to manufactured freeforms. The optical system also may

have three, four, five or six freeform elements.

An optical system having no more than two reflective elements with a positive
-chief ray angle magnification according to claim 7 exhibits relatively low in-
~gident ray angles on the mirrors, thus causing lower aberrations at the outset.
~This holds in particular using an optical system including only one reflective

element having a positive chief ray angle magnification according to claim 8.

A numerical aperture of the optical system according to claim 9 allows a high
resolution. The image-side numerical aperture may be as high as 0.25, 0.28,
0.3, 0.35, 0.4 or more.

An image field dimension according to claim 10 enables an effictent use of the
optical system in a microlithography projection apparatus. As an aberration
correction is improved with freeform surfaces, now designs with rectangular
image fields are possible which by use of rotationally symmetric surfaces
would exhibit aberrations being too high to meet demanding requirements.
The rectangular field may have a minimum dimension of about 2 mm and may

have a first dimension of about 1 mm or more and a second dimension of
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about 1 mm or more where the first and second dimension are orthogonal.

This second dimension may be about 10 mm or about 20 mm or more.

A distortion according to claim 11 and a wavefront error according to claim 12
lead to a projection quality which only may be limited by diffraction, i.e. by
the wavelength of the projection light. An optical system with such low distor-
tion in particular is optimized for use with EUV light sources in the range be-

tween 10 and 30 nm.

The optical system may have chief rays which are non-parallel to the object
plane normal at the object plane. A chief ray angle according to claim 13 gives
the possibility to control the distribution of illumination angles in the image
plane by controlling an intensity distribution in the illumination optics in front
of the projection objective with a low number of optical components. This is
not possible using an optical system with a convergent set of chief ray angles
as this would result in the requirement of additional components to give ac-
cess to a manipulation plane to control the distribution of illumination angles
via an intensity distribution in this manipulation plane. In an optical system
with diverging chief rays according to claim 13, the object plane is positioned

between the plurality of elements and an entrance pupil of the optical system.

Maximum angles of incidence according to claim 14 help to avoid high aber-
rations at the outset. The maximum angle of incidence on a surface of each of

the elements may be less than 18° or less than 15°.

A telecentric optical system according to claim 15 tolerates height variations

of a substrate arranged in the image plane.

An optical system according to claim 16 leads to a very high resolution. The

ratio 9/NA may be about 60 or less or 50 or less.
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An optical system with an object-image shift of about 75 mm or less accord-
ing to claim 17 leads to a slim optical design of the optical system. The object-
image shift may be about 50 mm or less or about 25 mm or less. In case of
zero object-image shift, the optical system can be rotated about the axis inter-
secting the center field points in the object and image fields without the cen-
tral field point translating. This is in particular advantageous where metrology'

and testing tools are used requiring rotation of the optical system.

Freeboards of the elements according to claim 18 give a compact design with
small incidence angles of the chief rays. Four or more elements of the optical
system may have freeboards of about 5 mm or more. This lowers the require-

ments regarding holder and substrate design of the optical elements of the op-

‘tical system.

-An optical system having a radiation source according to claim 19 exploits

“advantageously the aberration minimization by use of the at least one freeform

surface, as aberrations and distortions in the range of the wavelength of such a
radiation source are possible. Preferably, the wavelength is in a range from

about !0 nm to about 15 nm.

The advantages of én optical system according to claim 20 and a microlitho-
graphic tool according to claim 21 correspond to those mentioned above with
respect to the optical system according to claims 1 to 19. The same holds with
respect to the manufacturing method according to claim 22 and with respect to

the component according to claim 23.

A design method according to claim 24 gives a reproducible design instruction

to create freeform surfaces which can be produced in a controllable manner.
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Furthermore, embodiments can include one or more of the following
advantages. For example, embodiments include catoptric projection objectives
that are telecentric at the image plane. This can provide for constant or nearly

constant image magnification over a range of image-side working distances.

In certain embodiments, catoptric projection objectives have extremely high
resolution. For example, projection objectives can have the capability of
resolving structures smaller than about 50 nm. High resolution can be
achieved in projection objectives that have a high image-side numerical
aperture that are designed for operation at short wavelengths (e.g., about 10

nm to about 30 nm).

Projection objectives can provide images with low aberrations. In certain
embodiments, projection objectives are corrected for wavefront error of about
30 m or less. In certain embodiments, projection objectives are corrected for

distortion below values of about 2 nm or less.

Embodiments include catoptric objectives that have a high numerical aperture
and provide imaging with low image distortion, low wavefront error, and
telecentricity at the image plane over a relatively large image field. These

features can be achieved by use of one or more freeform mirrors.

In some embodiments, projection objective metrology can be easily
implemented despite rotations of the projection objective about a rotation axis.
For example, embodiments of projection objectives {e.g., high NA projection
objectives) may have relatively small or zero object-image shift which result
in little or no translation of an on-axis field point when the projection
objective rotates about the axis. Thus, when the projection objective is subject
to rotation, metrology can be repeatable performed in the same field position

without having to relocate that field position.
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Embodiments also include catoptric projection objections that have no field

dependent pupil obscuration or no central pupil obscuration at all.

Embodiments of projection objectives can be adapted for operation at a
variety of different wavelengths, including visible and ultraviolet (UV)
wavelengths. Embodiments can be adapted for operation at Extreme UV
(EUV) wavelengths. Furthermore, embodiments can be adapted for use at

more than one wavelength, or over a range of wavelengths.

Embodiments of catoptric projection objectives can be used in lithography
tools (e.g., lithography scanners) and can provide relatively low overscan.
Low overscan is accomplished, for example, by using projection objectives
with rectangular image fields. In such embodiments, the image can be aligned
so that an edge of the rectangular field is parallel to the leading edge of the die
sites, avoiding the need to scan the leading edge of the die sites beyond the
edge of the image field in order to scan the site corners, as is typically the case

when rectangular or square die sites are scanned relative to arcuate fields.

Embodiments include lithography tools with relatively high throughput. For
example, embodiments having relatively low overscan are more efficient than
comparable systems that have larger overscan. Accordingly, these low
overscan systems can provide higher wafer throughput than the comparable

systems.

In some embodiments, catoptric projection objectives are provided that have
low or no field dependence of shading effects. For example, catoptric
projection objectives can have their entrance pupil located far from the object
plane (e.g., at infinity) providing uniform illumination angles of the chief rays

on the object field. This can reduce or avoid field dependent shading effects
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that occurs where chief ray angles vary across the object field. Alternatively,
or additionally, projection objectives can have relatively small values chief ray
incident angles and/or smatl variations of incident angles for rays in the
meridional section for each mirror in the projection objective, resulting in an
increased average reflectivity of each mirror, given a respective multi layer

reflecting stack being optimized for such incident angles.

In certain embodiments, projection objective can include features that allow a
reduction in the complexity of the illumination system. For exampie, the
location of the entrance pupil of projection objectives may be in front of the
object plane. In other words, chief rays starting at different field points are
divergent with respect to each other. This can make the entrance pupil of the
projection objective/exit pupil of the illumination system accessible without
using a telescope in the ililumination system to relay the illumination system’s

exit pupil to the location of the projection objective’s entrance pupil.

Other features and advantages will be apparent from the description, the

drawings, and the claims.

FIG. | is a schematic view of an embodiment of a

microlithography tool.

FIG. 2A is a schematic view showing a portion of the

microlithography tool shown in FIG 1.

FIG 2B is a cross-sectional view of a rotationally asymmetric
surface and a corresponding rotationally symmetric

reference surface.
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FIG. 3 is a cross-sectional view of an embodiment of a

projection objective shown in meridional section.

FIG 4 is a cross-sectional view of a portion of a mirror from a

projection objective shown in meridional section.

FIG. 5A is a schematic view of a ray path at a mirror having a

positive chief ray angle magnification.

FIG 5B is a schematic view of a ray path at a mirror having a

negative chief ray angle magnification.

FIG 6A is a view of a mirror’s footprint.

FIG 6B 1$ a cross-section view of the mirror shown in FIG. 6A.
FIG 7A 1s a plan view of an embodiment of a ring segment field.
FIG 7B is a plan view of a ring segment field relative to a pair of

wafer die sites.

FIG 7C is a plan view of a rectangular field relative to a pair of

wafer die sites.

FIG 8 is a schematic view of the projection objective of the

embodiment of microlithography tool shown in FIG. 1.

FIG. 9 is a cross-sectional view of a projection objective shown

in meridional section.
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FIG 10 is a cross-sectional view of a portion of a projection

objective shown in meridional section.

FIG 11 is a cross-sectional view of a projection objective shown

in meridional section.

FIG 12 is a cross-sectional view of a projection objective shown

in mendional section.

FIG. 13 is a cross-sectional view of a projection objective shown

in meridional section.

FIG. 14A is a cross-sectional view of a projection objective shown

in meridional section,

FIG 14B is a cross-sectional view of an optical system that
includes the projection objective shown in FIG. 14A and

of an illumination system.

FIG 15 is a cross-sectional view of a projection objective shown

in meridional section.

FIG. 16A is an x-y vector plot showing calculated distortion as a
function of position in the image field for the projection

objective shown in FIG. 15.

FIG 16B is an x-y vector plot showing calculated chief ray angle
as a function of position in the image field for the

projection objective shown in FIG. 15.
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FIG 17 is a cross-sectional view of a projection objective shown

in meridional section.

FIGS. 18 to 20 are plots showing lateral aberrations as a function of
position in the image field for the projection objective

shown in Fig. 17.

FIG 21 is a cross-sectional view of a projection objective shown

in mertdional section.

FIGS. 22 to 24 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig,
21.

FIG 25 1s a cross-sectional view of a projection objective shown

in meridional section.

FIGS. 26 to 28 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.
25.

FIG. 29 is a cross-sectional view of a projection objective shown

in meridional section.

FIGS. 30 to 32 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.

29.

FIG 33 is a cross-sectional view of a projection objective shown

in mendional sectton.
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FIGS. 34 to 36 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.
33.

FIG. 37 is a cross-sectional view of a projection objective shown

in meridtonal section.

FIGS. 38 to 40 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.
37.

FIG. 41 is a cross-sectional view of a projection objective shown

in meridional section.

FIGS. 42 to 44 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.
41.

FIG. 45 is a cross-sectional view of a projection objective shown

1n meridional section.

FIGS. 46 to 48 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.
45.

FIG 49 is a cross-sectional view of a projection objective shown

in meridional section.
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FIG. 50 is a plot showing aberrations as a function of position in
the image field for the projection objective shown in Fig.
49,

FI1G. 51 15 a cross-sectional view of a projection objective shown

in meridional section.

FIG. 52 is a cross-sectional view of a projection objective shown

in meridional section.

FIG. 53 is a flowchart showing steps in the manufacture of a

semiconductor device.
FIG. 54 is a flowchart showing steps in a wafer process.

In one aspect, the disclosure relates to catoptric projection objectives that have
one or more mirrors having a freeform mirror surface (referred to as freeform
mirrors). Catoptric projection objectives with freeform mirrors can be used in
microlithography tools. Referring to FIG. 1, a microlithography tool 100
generally includes a light source 110, an illumination system 120, a projection
objective 101, and a stage 130. A Cartesian co-ordinate system is shown for
reference. Light source 110 produces radiation at a wavelength A and directs a
beam 112 of the radiation to illumination system 120. [llumination system 120
interacts with (e.g., expands and homogenizes) the radiation and directs a
beam 122 of the radiation to areticle 140 positioned at an object plane 103.
Projection objective 101 images radiation 142 reflected from reticle 140 onto
a surface of a substrate 150 positioned at an image plane 102. The radiation on
the image-side of projection objective 101 is depicted as rays 152. As shown
in FIG. 1, the rays are illustrative only and not intended to be accurately depict

the path of the radiation with respect to reticle 140, for example. Substrate 150
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1s supported by stage 130, which moves substrate 150 relative to projection
objective 101 so that projection objective 101 images reticle 140 to different

portions of substrate 150.

Projection objective 101 includes a reference axis 105. In embodiments where
projection objective is symmetric with respect to a meridional section,
reference axis 105 is perpendicular to object plane 103 and lies inside the

mendional section.

Light source 110 is selected to provide radiation at a desired operational
wavelength, A, of tool 100. In some embodiments, light source 110 is a laser
light source, such as a KrF laser (e.g., having a wavelength of about 248 nm)
or an ArF laser (e.g., having a wavelength of about 193 nm}. Non-laser light
sources that can be used include light-emitting diodes (LEDs), such as LEDs
that emit radiation in the blue or UV portions of the electromagnetic spectrum,

e.g., about 365 nm, about 280 nm or about 227 nm.

Typically, for projection objectives designed for operation in lithography
tools, wavelength A is in the uitraviolet portion, the deep ultraviolet portion or
the extreme ultraviolet portion of the electromagnetic spectrum. For example,
A can be about 400 nm or less (e.g., about 300 nm or less, about 200 nm or
less, about 100 nm or less, about 50 nm or less, about 30 nm or less). A can be
more than about 2 nm (e.g., about 5 nm or more, about 10 nm or more). In
embodiments, A can be about 193 nm, about 157 nm, about 13 nm, or about
11 nm. Using a relatively short wavelength may be desirable because, in
general, the resolution of a projection objective is approximately proportional
to the wavelength. Therefore shorter wavelengths can allow a projection
objective to resolve smaller features in an image than equivalent projection

objectives that use longer wavelengths. In certain embodiments, however, A
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can be in non-UV portions of the electromagnetic spectrum (e.g., the visible

portion).

IHumination system 120 includes optical components arranged to form a
collimated radiation beam with a homogeneous intensity profile. Illumination
system 120 typically also includes beam steering optics to direct beam 122 to
reticle 140. In some embodiments, illumination system 120 also include

components to provide a desired polarization profile for the radiation beam.

Typically object plane 103 is parallel to image plane 102. However, in certain
embodiments, image plane 102 is tilted with respect to object plane 103. For
example, image plane 102 can be tiited by an angle being about 1° or more

(e.g. about 2° or more, about 3° or more, about 4° or more, about 5° or more).

‘Object plane 103 is separated from image plane 102 by a distance L, which is
-also referred to as the lengthwise dimension, or tracklength, of projection
objective 101. The tracklength is defined by the distance between two parallel
planes. The first plane is the object plane, the second is defined as the plane
parallel and closest to the object plane such that the object field, the image
field and the optical components are located between these two parallel
planes. In general, this distance depends on the specific design of projection
objective 101 and the wavelength of operation of tool 100. In some
embodiments, such as in tools designed for EUV lithography, L is in a range
from about 1 m to about 3 m (e.g., in a range from about 1.5 m to about 2.5
m). In certain embodiments, L.is less than 2 m, such as about 1.9 m or less
(e.g., about 1.8 m or less, about 1.7 m or less, about 1.6 m or less, about 1.5 m
or less). L can be more than about 0.2 m or more (e.g., about 0.3 m or more,
about 0.4 m or more, about 0.5 m or more, about 0.6 m or more, about 0.7 m

or more, about 0.8 m or more, about 0.9 m or more, about 1 m or more).
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The ratio of the optical path length of imaged radiation to the tracklength
varies depending on the specific design of projection objective 101. In some
embodiments, the ratio of this optical path length to tracklength can be
relatively high. For example, the ratio of this optical path length to tracklength
can be about two or more (e.g., about 2.5 or more, about three or more, about

3.5 or more, about four or more, about 4.5 or more, about five or more).

Projection objective 101 has a magnification ratio, which refers to the ratio of
the dimensions of the field at object plane 103 to the corresponding
dimensions of the field at image plane 102. Typically, projection objectives
used in lithography tools are reduction projection objectives, meaning they
reduce the dimensions of, or demagnify, the image. In some embodiments,
therefore, projection objective 101 can produce a field at image plane 102
whose dimensions are reduced by about 2X or more (e.g., about 3X or more,
about 4X or more, about 5X or more, about 6X or more, about 7X or more,
about 8X or more, about 9X or more, about 10X or more) compared to the
dimensions at object plane 103. In other words, projection objective 101 can
have a demagnification of about 2X or more, (e.g., about 3X or more, about
4X or more, about 5X or more, about 6X or more, about 7X or more, about
8X or more, about 9X or more, about 10X or more). More generally, however,
projection objectives can be designed to provide a magnified image or an

image the same size as the object.

Referring aiso to FIG. 2A, rays 152 define a cone of light paths that form the
reticle image at image plane 102. The angle of the cone of rays is related to
the image-side numerical aperture (NA4) of projection objective 101. Image-
side NA can be expressed as

NA=n,sin8

max ?
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where n, refers to the refractive index of the immersing medium adjacent the
surface of substrate 150 (e.g., air, nitrogen, water, or evacuated environment),
and &, is the half-angle of the maximum cone of image forming rays from

projection objective 101.

In general, projection objective 101 can have an image side NA of about 0.1
or more (e.g., about 0.15 or more, about 0.2 or more, about 0.25 or more,
about 0.28 or more, about 0.3 or more, about 0.35 or more). In some
embodiments, projection objective 101 has a relatively high image-side NA4.
For example, in some embodiments, projection objective 101 may have an
image-side NA of more than 0.4 (e.g., about 0.45 or more, about 0.5 or more,
about 0.55 or more, about 0.6 or more). In general, the resolution of projection
objective 101 varies depending on wavelength A and the image-side NA.
Without wishing to be bound by theory, the resolution of a projection
objective can be determined based on the wavelength and image-side NA

based on the formula,

R=k2,
NA

where R is the minimum dimension that can be printed and k is a
dimensionless constant called the process factor. £ varies depending on
various factors associated with the radiation (e.g., the polarization properties),
the illumination properties (e.g., partial coherence, annular illumination ,
dipole settings, quadrupole settings, etc.) and the resist material. Typically, & is
in a range from about 0.4 to about 0.8, but can also be below 0.4 and higher

than 0.8 for certain applications.

Projection objective 101 is also nominally telecentric at the image plane. For

example, the chief rays can deviate by about 0.5° or less (e.g., about 0.4° or
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less, about 0.3° or less, about 0.2° or less, about 0.1° or less, about 0.05° or
less, 0.01° or less, 0.001° or less) from being parallel to each other at the
image plane over the exposed field. Thus, projection objective 101 can
provide substantially constant magnification over a range of image-size
working distances. In some embodiments, the chief rays are nominally
orthogonal to image plane 102. Thus, a non flat topography of the wafer
surface or a defocusing of the image plane does not lead to distortion or

shading effects in the image plane.

In certain embodiments, projection objective 101 has a relatively high
resolution (i.e., the value of R can be relatively small). For example, R can be
about 150 nm or less (e.g., about 130 nm or less, about 100 nm or less, about
75 nm or less, about 50 nm or less, about 40 nm or less, about 35 nm or less,
about 32 nm or less, about 30 nm or less, about 28 nm or less, about 25 nm or
less, about 22 nm or less, about 20 nm or less, about |8 nm or less, about 17
nm or less, about 16 nm or less, about 15 nm or less, about 14 nm or less,
about 13 nm or less, about 12 nm or less, about 11 nm or less, such as about

10 nm).

The quality of images formed by projection objective 101 can be quantified in
a variety of different ways. For example, images can be characterized based
on the measured or calculated departures of the image from idealized
conditions associated with Gaussian optics. These departures are generally
known as aberrations. One metric used to quantify the déviation of a
wavefront from the ideal or desired shape is the root-mean-square wavefront
error (Woms). W is defined in the “Handbook of Optics,” Vol. 1, 2™ Ed.,
edited by Michael Bass (McGraw-Hill, Inc., 1995), at page 35.3, which is
incorporated herein by reference. In general, the lower the W, value for an
objective, the less the wavefront deviates from its desired or ideal shape, and

the better the quality of the image. In certain embodiments, projection
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objective 101 can have a relatively small W, for images at image plane 102,
For example, projection objective 101 can have a W, of about 0.1 A or less
(e.g., about 0.07 A or less, about 0.06 A or less, about 0.05 A or less, about
0.045 A or less, about 0.04 A or less, about 0.035 A or less, about 0.03 A or
less, about 0.025 A or less, about 0.02 X or less, about 0.015 A or less, about
0.01 X or less, such as about 0.005 1).

Another metric that can be used to evaluate the quality of the image is referred
to as field curvature. Field curvature refers to the peak-to-valley distance for
the field point dependent position of the focal plane. In some embodiments,
projection objective 101 can have a relatively small field curvature for images
at image plane 102. For example, projection objective 101 can have an image-
side field curvature of about 50 nm or less (e.g., about 30 nm or less, about 20

nm or less, about 15 nm or less, about 12 nm or less, 10 nm or less).

A further metric that can be used to evaluate the optical performance is
referred to as distortion. Distortion refers to the maximum absolute value of
the field point dependent deviation from the ideal image point position in the
image plane. In some embodiments, projection objective 131 can have a
relatively small maximum distortion. For example, projection objective 101
can have a maximum distortion of about 50 nm or less, (e.g. about 40 nm or
less, about 30 nm or less, about 20 nm or less, about 15 nm or less, about 12
nm or less, 10 nm or less, 9 nm or less, 8 nm or less, 7 nm or less, 6 nm or

less, 5 nm or less, 4 nm or less, 3 nm or less, 2 nm or less, such as I nm).

Further, in certain embodiments, distortion can vary by a relatively small
amount across the image field. For example, distortion can vary by about 5 nm
or less (e.g., about 4 nm or less, about 3 nm or less, about 2 nm or less, about

1 nm or less) across the image field.
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Being a catoptric system, projection objective 101 includes a number of
mirrors arranged to direct radiation reflected from reticle 140 to substrate 150
in a way that forms an image of reticle 140 on the surface of substrate 150.
Specific designs of projection objectives are described below. More generally,
however, the number, size, and structure of the mirrors generally depends on
the desired optical properties of projection objective 101 and the physical

constraints of tool 100.

In general, the number of mirrors in projection objective 101 may vary.

Typically, the number of mirrors is related to various performance trade-offs
associated with the optical performance characteristics of the objective, such
as the desired throughput (e.g., the intensity of radiation from the object that
forms the image at image plane 102), the desired image-side NA and related

image resolution, and the desired maximum pupil obscuration. l

In general, projection objective 101 has at least four mirrors (e.g., five or more
mIrTors, Six or more mirrors, seven or more mirrors, eight or more mirrors,
nine or more mirrors, ten or more mirrors, eleven or more mirrors, twelve or
more mirrors). In embodiments where it is desirable that all the mirrors of the
objective are positioned between the object plane and the image plane,
objective 101 will typically have an even number of mirrors (e.g., four
mirrors, Six mirrors, eight mirrors, ten mirrors). In certain embodiments, an
odd number of mirrors can be used where all the mirrors of the projection
objective are positioned between the object plane and image plane. For
example, where one or more mirrors are tilted at relatively large angles, a
projection objective can include an odd number of mirrors where all the

mirrors are positioned between the object plane and image plane.
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In general, at least one of the mirrors in projection objective 101 has a
rotationally asymmetric or freeform surface. Unlike spherical or aspherical
mirrors, freeform mirror surfaces do not have an axis of rotational symmetry.
Generally, a freeform surface deviates from a rotationally symmetric reference
surface (e.g., a spherical or aspherical rotationally symmetric reference
surface), which refers to the rotationally symmetric surface that most closely

matches the rotationally asymmetric surface.

Rotationally-symmetric reference surfaces can be determined for a freeform
mirror surface as follows. First, one obtains information that characterizes the
freeform mirror surface under consideration. In embodiments where optical
data of the mirror is known, this information includes determining the basic
radius of the mirror (e.g. 1/c, where ¢ is the vertex curvature), a conic constaﬁt
of the mirror, k, and polynomial coefficients characterizing the mirror.
Alternatively, or additionally, the information characterizing the mirror can be
obtained from a surface figure measurement of the mirror surface (e.g.
obtained using an interferometer). A surface figure measurement can provide a
function z’(x’°, y’) describing the mirror’s surface, where 2’ is the sag of the
mirror surface along the z’-axis for different (x’, y’) coordinates, as illustrated
in Fig. 2B. The initial step also includes determining the footprint for the
mirror, which refers to an area of the mirror surface that is actually used to
reflect image-forming radiation in the objective. The footprint can be
determined by tracing rays through the objective using a ray tracing program

and extracting the mirror area contacted by the rays.

After obtaining the information characterizing the rotationally asymmetric
surface, a local coordinate system for the surface is established for which
decentration and tilt of the surface is zero. Setting the tilt and decentration of
the surface gives a well defined starting point for an optimization algorithm to

determine the reference surface and also define an axis, z°, along which the
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sag differences between the mirror surface and the reference surface can be
determined. Where optical data for the mirror surface is known, the z’-axis is
determined based on the conic constant, k, and basic radius, 1/c. For the
rotationally symmetric portion of the optical data, the z’-axis is the symmetry
axis for the rotationally symmetric part of the rotationally asymmetric surface.
In embodiments where the mirror surface is characterized from a surface
figure measurement, the z’-axis corresponds to the metrology axis (e.g. the
interferometers optical axis). Fig. 2B illustrates this for a two-dimensional
section of a rotationally asymmetric mirror 201, where the local coordinate
system is denoted by the x°, y'and z’ axes. The boundaries for the footprint of
the rotationally asymmetric mirror 201 are shown as x,;; and X, for the

cross-section shown in Fig. 2B.

An nitial reference surface is then established with respect to the coordinate
system. The initial reference surface has zero tilt and zero decentration. The
initial reference surface is either a sphernical surface or a rotationally
symmetric aspherical surface. The initial reference surface is established by
one designating a rotationally symmetric surface that approximates the
rotationally asymmetric mirror surface. The initial reference surface represents
a starting point for an optimization algorithm. Once the initial reference
surface is established, a local distance, b; (i = 1...N) between a number of
points of the initial reference surface and points on the surface of the
rotationally asymmetric surface footprint measured along the z’-axis of the
local coordinate system are determined. Next, the rotationally symmetric
reference surface (surface 211 in Fig. 2B) is established by determining a
minimal value for the local distances (d;) using a number fitting parameters
and a fitting algorithm. In the event that the rotationally symmetric reference
surface is a spherical surface, the parameters include the location of the center
of the sphere within the local coordinate system, the radius, of the reference

surface. In Fig. 2B, decentering of the sphere center from the coordinate
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system origin is shown by coordinates x. and z. (decentration along the y’-axis
by an amount y, is not shown in Fig. 2B). The radius of the spherical surface
is designated as R. The parameters R, X, y. and z, are optimized to provide a

minimal value for the local distances, d;, based on the equation:

=R - (X - x -y~ ¥ A" - 2,

which is the equation for a spherical surface of radius R, centered at

coordinate (X, Y, Z.).

Where the rotationally symmetric reference surface is an aspherical surface,
the parameters can include decentration and tilt of the reference surface, base
radius, conical constant and aspherical coefficients. These parameters can be

determined based on the equation

= c'h? +2A'h21
1+ l-(+kye e T 7
which is an equation describing conic and aspheric surfaces. Here, h* =x? +
y2,and A ' are coefficients characterizing the deviation of the rotationally-
symmetric reference surface from a conic surface. Generally, the number of
aspherical coefficients, 4, used to fit the reference surface to the mirror
surface can vary depending on the computational power of the system being
used to calculate the surface, the time available, and the desired level of
accuracy. In some embodiments, the reference surface can be calculated using
aspherical coefficients up to third order. In certain embodiments, coefficients
higher than third order (e.g., fourth order, sixth order) are used. For additional

discussion on parameterization of conic and aspheric surfaces see, for
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example, the product manual for Code V, available from Optical Research

Associates (Pasadena, CA).

In general, fitting can be performed using a variety of optimization algorithms.
For example, in some embodiments, a least squares fitting algorithm, such as a
damped least squares fitting algorithm, can be used. Damped least squares
fitting algorithms may be performed using commercially-available optical
design software, such as Code V or ZEMAX (available from Optima
Research, Ltd., Stansted, United Kingdom) for example.

After the rotationally-symmetric reference surface is determined, the local
distance between additional points on the mirror surface can be determined
and visualized. Additional characteristics of the rotationally-symmetric
reference surface can be determined. For example, a maximum deviation of
the rotationally-symmetric reference surface from the rotationally-asymmetric

mirror surface can be determined.

A freeform surface can, for example, have a maximum deviation from a best
fit sphere or a rotationally symmetric reference surface of about A or more
(e.g., about 10 A or more, about 20 A or more, about 50 A or more, about 100 A
or more, about 150 A or more, about 200 A or more, about 500 A or more,
about 1,000 A or more, about 10,000 A or more, about 50,000 A or more). A
freeform surface can have a maximum deviation from a best fit rotationally
symmetric asphere of about A or more (e.g., about 5 A or more, about 10 A or
more, about 20 A or more, about 50 A or more, about 100 A or more, about 200
A or more, about 500 A or more, about 1,000 A or more, about 10,000 A or
more). In some embodiments, a freeform surface can have a maximum

deviation from a best fit rotationally symmetric asphere of about 1,000 A or
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less (e.g., about 900 A or less, about 800 A or less, about 700 A or less, about
600 A or less, about 500 A or less).

In certain embodiments, freeform surfaces have a maximum deviation from a
best fit sphere by 10 nm or more (e.g., about 100 nm or more, about 500 nm or
more, about | pm or more, about 5 um or more, about 10 pm or more, about
50 pum or more, about 100 pm or more, about 200 pm or more, about 500 um
or more, about 1,000 pm, about 2,000 um or more, about 3,000 um or more).
Freeform surfaces can have a maximum deviation from a best fit sphere by
about 10 mm or less (e.g., abcut 5 mm or less, about 3 mm or less, about 2

mm or less, about 1 mm or less, about 500 pm or less).

Freeform surfaces can have a maximum deviation from a best fit rotationally
symmetric asphere by 10 nm or more (e.g., about 100 nm or more, about 500
nm or more, about 1 tm or more, about 5 pm or more, about 10 pm or more,
about 50 pm or more, about 100 pm or more, about 200 pum or more, about
500 um or more, about 1,000 um). Freeform surfaces can have a maximum
deviation from a best fit rotationally symmetric asphere by about 10 mm or
less (e.g., about 5 mm or less, about 3 mm or less, about 2 mm or less, about !

mm or less, about 500 pum or less).

The curvature of the mirror surfaces is characterized by a first and second
mean principal curvature, which are determined at the point on each mirror
surface that reflects the chief ray of the central field point. First and second

principal curvatures are calculated as described in Handbook of Mathematics

by I. N. Bronstein, et al., 4™ Ed. (Springer, 2004), p. 567. In general, the first
principal curvature for a mirror can be different from the second principal
curvature for that mirror. In scme embodiments, the absolute value of the

difference between the first and second principal curvatures can be about 107
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or more (e.g., 10”7 or more, 5 x 10”7 or more, about 10 or more, about 5 x 10°¢
or more, about 10 or more, about 5 x 10°° or more, about 10~ or more, about

5 x 10™ or more, about 10”? or more).

In general, the first and/or second principal curvatures can be positive or
negative. The first and/or second principal curvatures for a mirror surface can
be relatively small. For example, in some embodiments, the absolute value of
the first principal curvature for one or more mirrors in projection objective
101 is about 107 or less (e.g., about 5 x 107 or less, about 3 x 10 or less,
about 2 x 10~ or less, about 107 or less). The absolute value of the sum of the
first principal curvatures for the mirrors in projective objective 101 can be
about 107 or less (e.g., about 5 x 10 or less, about 3 x 10, about 2 x 10 or

less, about 10™ or less, 5 x 107 or less, 107 or less).

In certain embodiments, the absolute value of the second principal curvature
for one or more mirrors in projection objective 101 is about 1072 or less (e.g.,
about 5 x 10 or less, about 3 x 107 or less, about 2 x 10 or less, about 1073
or less). The absolute value of the sum of the second principal curvatures for
the mirrors in projective objective 101 can be about 10 or less (e.g., about 5
x 10™ or less, about 3 x 107, about 2 x 10™ or less, about 10™ or less, 5 x 107

or less, 107 or less).

The sum of the first and second principal curvatures of the mirrors in
projection objective 101, 1.e. the sum of the first principal curvatures of all
mirrors in projection objective 101, the sum of the second principal curvatures
of all mirrors in projection objective 101 or the sum of all first and second
principle curvatures of all mirrors in projection objective 101, can be
relatively small. For example, the absolute value of the sum of the first and

second principal curvatures of the mirrors can be about 10~ or less (e.g., about
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5 x 10 or less, about 3 x 10™*, about 2 x 10 or less, about 10™ or less, 5 x 107

® or less, 107 or less).

In certain embodiments, freeform mirror surfaces can be described

mathematically by the equation:

56
= +>C,x"y"
1+ 41— (1 + k)c?r? ,Zz: !

2
cr
Z

where

,_(m+n)2+m+3n
2

+1

and Z is the sag of the surface parallel to a Z-axis (which may or may not be
parallel to the z-axis in projection objective 101, i.e. in general is decentered
and tilted to the z-axis in projection objective 101}, ¢ is a constant
corresponding to the vertex curvature, & is a conic constant, and C; is the
coefficient of the monomial X™Y". Typically, the values of ¢, &, and C; are
determined based on the desired optical properties of the mirror with respect
to projection objective 101. Further, the order of the monomial, m + n, can
vary as desired. Generally, a higher order monomial can provide a projection
objective design with a higher level of aberration correction, however, higher
order monomials are typically more computationally expensive to determine.
In some embodiments, m + » 1s 10 or more (e.g., 15 or more, 20 or more). As
discussed below, the parameters for the freeform mirror equation can be
determined using commerciatly-available optical design software. In some
embodiments, m + » 18 less than 10 (e.g., 9 or less, 8 or less, 7 or less, 6 or

less, 5 or less, 4 or less, 3 or less).
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In general, freeform surfaces can be described mathematically using equations
other than those presented above. For example, in some embodiments,
freeform surfaces can be described mathematically using Zemike polynomials
(such as presented in the manual for CODE V®, commercially available from
Optical Research Associates, Pasadena, CA) or using two-dimensional spline
surfaces. Examples of two-dimensional spline surfaces are Bezier splines or
non-uniform rational Bezier splines (NURBS). Two-dimensional spline
surfaces can be described, for example, by a grid of points in an x-y plane and
corresponding z-values or slopes and these points. Depending on the specific
type of spline surface, the complete surface is obtained by a specific
interpolation between the grid points using, e.g., polynomials or functions that
have certain properties with respect to continuity or differentiability (e.g.,

analytical functions).

In general, the number and position of freeform mirrors in projection objective
101 can vary. Embodiments include projection objectives with two or more
freeform mirrors (e.g., three or more freeform mirrors, four or more freeform

mirrors, five or more freeform mirrors, six or more freeform mirrors).

Projection objective 101 generally includes one or more mirvors with positive
optical power. In other words, the reflective portion of the mirror has a
concave surface and is referred to as a concave mirror. Projection objective
101 can include two or more (e.g., three or more, four or more, five or more,
six or more) concave mirrors. Projection objective 11 can also include one or
more mirrors that have negative optical power. This means that one or more of
the mirrors has a reflective portion with a convex surface (referred to as a
convex mirror). In some embodiments, projection objective 101 includes two
or more (e.g., three or more, four or more, five or more, six or more) convex

MiITTOrS.
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An embodiment of a projection objective that includes six mirrors is shown in
FIG. 3. Specifically, projection objective 300 includes six freeform mirrors
310, 320, 330, 340, 350, and 360. Data for projection objective 300 is
presented in Table 1A and Table 1B below. Table 1A presents optical data,
while Table 1B presents freeform constants for each of the mirror surfaces.
For the purposes of Table 1A and Table 1B, the mirror designations correlate
as follows: mirror 1 (M1} corresponds to mirror 310; mirror 2 (M2)
corresponds to mirror 320; mirror 3 (M3) corresponds to mirror 330; mirror 4
(M4) corresponds to mirror 340; mirror 5 (M5) corresponds to mirror 350; and
mirror 6 {M6) corresponds to mirror 360. “Thickness” in Table 1A and
subsequent tables refers to the distance between adjacent elements in the
radiation path. The monomial coefficients, C;, for the freeform mirrors, along
with the amount the mirror is decentered and rotated (or tilted) from an initial
projection objective design, are provided in Table 1B. R, the radius, is the
inverse of the vertex curvature, c. Decenter 1s given in mm and rotatton is
given in degrees. Units for the monomial coefficients are mm7*'. Nradius is a

unitless scaling factor (see, for example, the manual for CODE V).

In FIG. 3, projection objective 300 is shown in meridional section, The
meridional plane is a symmetry plane for projection objective 300. Symmetry
about the meridional plane is as the mirrors are decentered only with respect
to the y-axis and tilted about the x-axis. Further, the coefficients for the
freeform mirrors having an odd degree in the x-coordinate (e.g., x, x*,x°, etc.)

are zero.

Projection objective 300 is configured for operation with 13.5 nm radiation and
has an image-side NA of 0.35 and a tracklength of 1,500 mm. The optical path
length of imaged radiation is 2,833 mm. Accordingly, the ratio of optical path
length to tracklength is approximately 2.56. Projection objective has a

demagnification of 4X, a maximum distortion of less than 100 nm, W, of 0.035
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A, and a field curvature of 28 nm. Additional characteristics of projection

objective 300 are presented in the discussion of projection objective 101 that

follows.

For example, the first mirror in the radiation path from object plane 103,

mirror 310, has positive optical power. Mirrors 320, 340, and 360 are also P

mirrors. Mirrors 330 and 350 have (N) negative optical power. The sequence

of mirrors in the radiation path in projection objective 300 is thus PPNPNP.

Surface Radius {mm} Thickness {(mm) Mode
Object INFINITY 714,025
Mirror 1 -1678.761 -414.025 REFL
Mirror 2 2754.233 564.025 REFL
Mirror 3 350.451 -316.293 REFL
Mirror 4 590.379 906.948 REFL
Mirror 5 433.060 -435.447 REFL
Mirror 6 521.283 480.767 REFL
Image INFINITY 0.000

Table 1A
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Coefficient M1 M2 M3 M4 M5 Me

K -4 724630E+00  -9.830444E+01 -3.914225E-01 -8.227088E-01 7.162282E+00 9.391806E-02
Y 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E +00 0.000C00E+00 0.D00000E+00
x2 -1.641507E-04 -1.736185E-04 -2.373278E-04 2,451198E-05 -1.557674E-04 -6.667760E-08
¥? -1.752262E-04 ~1.741103E-04 -9.708884E-04 3 130199E-05 1.388839E-04 9.098616E-08
Xy -2.463783E-08 -2.724028E-07 6.327587E-07 -8.301810E-08 9.519017E-07 -8.040311E-10
y? -3.641E831E-08 -1.681535€-07 -6.103587E-07 2.218271E-08 6,329282E-07 -4.521618E-10
x4 -1.405718E-10 1.314584E-00 -1.671620E-08 4,569574E-10 7.852021E-10 -5.450396E-11
xy® -3.301633E-10 1.799995E-09 9.953323E-09 -1,857005E-10 3.524719E-09 -5.846553E-11
A 5.028041E-14 2 141266E-09 2.197236E-09 9.287687E-10 6.348802E-09 -6.829886E-12
xY 2.090103E-13 4 363226E-12 -5.435284E-11 1.915106E-13 -2.016721E-11 5.660560E-15
xXP? -4,188774E-13 4.826497E-12 3.808642E-11 -5.874603E-12 -1.600920E-11 -1.079542E-14
y® -3.154238E-13 -4.2309647E-12 -9.502849E-13 9.213338E-13 7.113886E.12 ~1.553415€-14
x* 1.150897E-16 «5.978561E-15 1.819755E-13 1.113227E15 -7.841517E-14 -1.105247E-16
xhy? -1.278506E-15 -1.564797E-14 -9.716106E-14 4.491475E-15 2.513048E-14 -2.683146E-16
X! 4,862795E-15 2.347370E-14 -B.086932E-14 -1.3572156-14 7.550314E-13 -1,006466E-16
y® -2.281966E-15 6.013241E-15 4.760347E-15 0.777397E-16 5.013963E-13 2.221561E-17
XY 1.931804E-18 -3.973144E-17 1.435292E-15 2.420914E-18 1.092143E-15 2.493748E-20
Xhyd 1.8734B6E-17 +2,704307E-16 6.401544E-16 1.627727E-18 4,414326E-15 -3.302939E-21
x*y® -1.108422E-17 -6.723973E-16 1.496578E-17 -1.880319E-17 8.552963E-15 -3.287503E-20
¥ 1,.208226E-17 “3.735956E-17 5.421342E-17 -8.994976E-19 4.894980E-15 -1.747517E-20
x® -6.B60939E-22 3,733020€E-20 -1.370615E-17 -3.878807E-21 -1.975913E-18 -3 966972E-22
x&¢? -2.665919E-20 -1.5775T1E-19 1.832427E-17 -2.552872E-21 -2.066761E-17 1. 153602E-21
X -1.606232E-19 9,112068E-19 3.422045€-18 -4.011070E-20 -4.034354E-17 -0 7B6532E-22
X2y® -7.104780E-20 4.547933E-18 3.897160E-19 8.558317E-21 3.324B06E-17 -2.054121E-22
Y -2.837115E-20 3.557864E-20 -5.077104E-20 B.825661E-22 3460507617 4.040399E-23
By 1.837688E-23 1.087991E-21 -7.892883E-20 -4.154231E-23 3.418177E-20 2.593417E-25
X%y 1.326930E-22 6.381757E-21 8.B1B591E-20 -7.838712E-23 -1.5671376-20 3.310704E-25
x'rs 5.956987E-22 3.566833E-22 3.431915E-21 1. 727422622 -2.315754E-19 1.062541E-25
X7 4.749865E-22 -1,305899E-20 -1,115108E-21 2.927808E-23 0.000000E+00 5.083980E-27
¥® 2.BBOB7SE-23 3134161E-21 4.687247E-23 -2.354646E-24 0.000000E+00 -4.697062E-26
x* 3.263322E-27 -1.350621E-25 7.223418€.23 3.506430E-27 0.000000E+00 1, 214434627
X% -7.476461E-26 -8.102951E-24 -1.439645E-22 -6.842489E-26 0.000000E+00 -7.139344E-27
x5! -2.162180E-25 -1.982986E-23 1.317953E-22 -1.079450E-25 0.000000E +00 -8.881170E-27
Xy -8.415305E-25 -1.821358E-26 -5.97170CE-24 -1.561840E-25 0.000000E+00 -3.378805E-27
X2y® -8.228853E-25 3.745838E-24 -3.016526E-24 3.280669E-26 0.000000E+00 1.400401E-27
Yy 2.644302E-26 -1.118733E-23 5.389015E-25 -3.012754E-27 0.00GO00E+00 9.011434E-28
Nradius T.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+0D 1.00E+00 |
Y-decenter -100.000 -84.188 100.000 19.008 11.570 24.216
X-rotation -7.020 -1.728 -11.272 -5.323 -2.205 -1.825

Table 1B
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For the mirrors in projection abjective 300, the maximum deviation of the
freeform surfaces from a best fit-sphere for each mirror is as follows: 154 pm
for mirror 310; 43 pm for mirror 320, 240 pm for mirror 330; 1,110 pm for
mirror 340; 440 pm for mirror 350; and 712 pm for mirror 360. The
maximum deviation of the freeform surfaces from a best fit rotationally
symmetric asphere is 47 pm for mirror 310; 33 pum for mirror 320, 96 um for
mirror 330; 35 pm for mirror 340; 152 um for mirror 350; and 180 pm for

mirror 360.

The first and second principal curvature for mirror 310 are 9.51 x 10™* and
9.30 x 10 respectively. Respective first and second principal curvatures for
the other mirrors in projection objective 300 are as follows: 2.76 x 10’3 and
1.56 x 107 for mirror 320; -2.38 x 10 and -2.17 x 10™ for mirror 330; 1.79 x
107 and 1.75 x 10° for mirror 340; -2.64 x 10° and -2.10 x 10°® for mirror
350; and 1.93 x 10 and 1.91 x 107 for mirror 360. The sum of the first prin-
cipal curvature for projection objective 300 is -3.19 x 10™. The sum of the
second principal curvature is 3.29 x 10™. The sum of the first and second prin-
cipal curvatures is 9.97 x 10°® and the inverse sum of the first and second prin-

cipal curvatures is 1.00 x 10°,

In certain embodiments, the arrangement of mirrors in projection objective
101 images radiation from object plane 103 to one or more intermediate-
image planes. For example, projection objective 300 images radiation from
object plane 103 to an intermediate image at a location 305 near mirror 360.
Embodiments that have one or more intermediate images, also include two or
more pupil planes. In some embodiments, at least one of these pupil planes is

physically accessible for the purposes of placing an aperture stop' substantially
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at that pupil plane. An aperture stop is used to define the size of the projection

objective’s aperture.

Coma at an intermediate image in projection objective 101 can be relatively
large. Coma can be quantified by the distance between the chief ray and the
upper and lower rays at the point where the upper and lower rays cross. In
some embodiments, this distance can be about 1 mm or more (e.g., about 2
mm or more, about 3 mm or more, about 4 mm or more, about 5 mm or more,
about 6 mm or more, such as about 7 mm). Coma at an intermediate image in
projection objective can be relatively small. In some embodiments, the
distance can be about 1 mm or less (e.g., about 0.1 mm or less, 0.01lmm or

less).

In general, mirrors in projection objective 101 are formed so that they reflect a
-substantial amount of radiation of wavelength A normally-incident thereon or
ancident thereon over a certain range of incident angles. Mirrors can be
-.formed, for example, so that they reflect about 50% or more (e.g., about 60%
or more, about 70% or more, about 80% or more, about 90% or more, about

95% or more, 98% or more) of normally incident radiation at A.

In some embodiments, the mirrors include a multilayer stack of films of
different materials arranged to substantially reflect normally incident radiation
at A. Each film in the stack can have an optical thickness of about A/4.
Multilayer stacks can include about 20 or more (e.g., about 30 or more, about
40 or more, about 5¢ or more) films. In general, the materials used to form the
multilayer stacks are selected based on operational wavelength A. For
example, multiple alternating films of molybdenum and silicon or
molybdenum and beryllium can be used to form mirrors for reflecting

radiation in the 10 nm to 30 nm range (e.g., for A of about 13 nm or about 11



(132) JP 2010-107988 A 2010.5.13

-36-

nm, respectively). Generally, multiple alternating films of molybdenum and
silicon are preferred for A = 11 nm and multiple alternating films of

molybdenum and beryllium are preferred for A = 13 nm.

In certain embodiments, the mirrors are made of quartz glass coated with a
single layer of aluminum and overcoated with one or more layers of dielectric
materials, such as layers formed from MgF,, LaF,, or, ALO; . Mirrors formed
from aluminum with dielectric coatings can be used, for example, for radiation

having a wavelength of about 193 nm.

In general, the percentage of radiation at A reflected by a mirror varies as a
function of the angle of incidence of the radiation on the mirror surface.
Because imaged radiation propagates through a catoptric projection objective
along a number of different paths, the angle of incidence of the radiation on
each mirror can vary. This effect is illustrated with reference to FIG.4, which
shows a portion of a mirror 400, in meridional section, that includes a concave
reflective surface 401. Imaged radiation 1s incident on surface 401 along a
number of different paths, including the paths shown by rays 410, 420, and
430. Rays 410, 420, and 430 are incident on portions of surface 401 where the
surface normal is different. The direction of surface normal at these porti0n§ is
shown by lines 411, 421, and 431, corresponding to rays 410, 420, and 430,
respectively. Rays 410, 420, and 430 are incident on surface 401 at angles

0410, 9420, and O30, respectively. In general, angles 04,9, 0429, and 8,39 may

vary.

For each mirror in projection objective 101, the incident angles of imaged
radiation can be characterized in a variety of ways. One characterization is the
maximum angle of incidence of meridional rays on each mirror in a

meridional section of projection objective 101, Meridional rays refer to rays



(133) JP 2010-107988 A 2010.5.13

-37-

lying in the meridional section. In general, 8,,,, can vary for different mirrors

in projection objective 101.

In some embodiments, the maximum value of 8,,,, for all the mirrors in
projection objective 101 is about 75° or less (e.g., about 70° or less, about 65°
or less, about 60° or less, about 55° or less, about 50° or less, about 45° or
less). Bmax can be more than about 5° (e.g., about 10° or more, about 20° or
more). In some embodiments, the maximum value of 8, can be relatively
low. For example, the maximum value of 0,,,,, can be about 40° or less (e.g.,
about 35° or less, about 30° or less, about 25° or less, about 20° or less, about

15° or less, about 13° or less, about 10° or less).

As an example, in projection 6bjective 300, 8,,,, for mirror 310 is 8.22°, 8,.,
for mirror 320 is 10.38°, 8, for mirror 330 is 22.35°, 0,,., for mirror 340 is

7.49°, 0, for mirror 350 is 24.58°, and 0,,,,, for mirror 360 is 6.15°.

In some embodiments, the ratio of the maximum value of 0,,,, (in degrees) to
image-side NA can be about 100 or less (e.g., about 80 or less, about 70 or

less, 68 or less, about 60 or less, .about 50 or less, about 40 or less, about 30 or

less).

Another characterization is the angle of incidence of the chief ray
corresponding to the central field point on each mirror in a meridional section
of projection objective 101, This angle is referred to as 0 cg. In general, 8 cx
can vary. For projection objective 300, for example, mirror 310 has 0 cg of
6.59°, mirror 320 has 0 cg of 7.93°, mirror 330 has 6 g of 20.00°, mirror 340
has 0 cg of 7.13°, mirror 350 has © ¢g of 13.06°, and mirror 360 has 0 ¢ of
5.02°. In some embodiments the maximum value of 8 cg, 8 cr(max), in

projection objective 101 can be relatively low. For example, 6 cr(max) can be
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about 35° or less (e.g., about 30° or less, about 25° or less, about 20° or less,
about 15° or less, about 13° or less, about 10° or less, about 8° or less, about
5° or less). For projection objective 300,0 cr(max), which is 0 ¢, for mirror

330, 1s 20.00°.

In some embodiments, the ratio of the maximum value of Ocremary (in degrees)
to image-side NA can be about 100 or less (e.g., about 80 or less, about 70 or
less, 68 or less, about 60 or less, about 50 or less, about 40 or less, about 30 or

less).

Each mirror in projection objective 101 can also be characterized by the range
of angles of incidence, A, of rays for a meridional section of projection
objective 101. For each mirror, AG corresponds to the difference between 0.,
and 8,,;,, where 8,;, 15 the minimum angle of incidence of rays on each mirror
in a meridional section of projection objective 101. In general, AG may vary
for each mirror in projection objective 101. For some mirrors, AQ can be
relatively small. For example, AD can be about 20° or less (e.g., about 15° or
less, about 12° or less, about 10° or less, about 8° or less, about 5° or less,
about 3° or less, 2° or less). Alternatively, for some mirrors in projection
objective 101, AB can be relatively large. For example, AO for some mirrors
can be about 20° or more (e.g., about 25° or more, about 30° or more, about
35° or more, about 40° or more). For projection objective 300, AB,,,,, for
mirror 310 is 3.34°, AD,,,,, for mirror 320 is 4.92°, A8, for mirror 330 is
5.18°, AB,,., for mirror 340 is 0.98°, AQ,,., for mirror 350 is 24.07°, and A0,
for mirror 360 is 2.77°.

In some embodiments, the maximum value for A, AB,,,, for all the mirrors in
projection objective 101 can be relatively small. For example, A8,,,,, can be

about 25° or less (e.g., about 20° or less, about 15° or less, about 12° or less,
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about 10° or less, about 9° or less, about 8° or less, about 7° or less, about 6°
or less, about 5° or less, such as 3°). For projection objective 300, A8,,,, is
24.07°,

Another way to characterize the radiation path in projection objective 101 is
by the chief ray magnification at each mirror, which refers to the quotient of
the tangent of the angle between the chief ray (e.g. in the meridional section)
and reference axis 105 before and after reflection from each mirror. For
example, referring to FIG. 5A where a chief ray 501 diverges from reference
axis 105 prior to reflection from a mirror 510, and reflects from mirror 510
back towards reference axis 105, mirror 510 has a positive chief ray angle
magnification. Referring to FIG. 5B, altermatively, where a chief ray 502
diverges from reference axis 105 both before and after reftection from a mirror
520, mirror 520 has a negative chief ray angle magnification. In both cases,
the chief ray magnification is given by tan(a)/tan{B). In certain embodiments,
having multiple mirrors with positive chief ray angle magnification can
correspond to relatively large incident angles on one or more mirrors in the
projection objective. Accordingly, projection objectives having only one
mirror with positive chief ray angle magnification can also exhibit relatively
low incident ray angles on the mirrors. For projection objective 300, mirrors
310, 320, 330 and 350 have negative chief ray angle magnifications, while

mirror 340 has positive chief ray angle magnification.

The relative spacing of mirrors in projection objective 101 can vary depending
on the specific design of the projection objective. Relatively large distances
between adjacent mirrors (with respect to the path of the radiation) can
correspond to relatively low incident ray angles on the mirrors. In certain
embodiments, projection objective 101 can include at least one pair of

adjacent mirrors that separated by more than 50% of the projection objective
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tracklength. For example, in projection objective 300, mirrors 340 and 350 are

separated by more than 50% of the projection objective’s track length.

In certain embodiments, having a large relative distance, d,p. |, between the
object plane and the first mirror in the radiation path compared to the distance,
dop-2, between the object plane and the second mirror in the radiation path can
also correspond to relatively low incident ray angles on the mirrors. For
example, embodiments where doy1/dop.2 is about 2 or more (e.g., about 2.5 or
more, about 3 or more, about 3.5 or more, about 4 or more, about 4.5 or more,
about 5 or more) can also have relatively low incident ray angles. In

projection objective 300, dg,.1/dop.2 is 2.38.

In general, the footprint size and shape of the mirrors in projection objective
101 can vary. The footprint shape refers to the shape of the mirror projected
onto the x-y plane. The footprint of the mtrrors can be circular, oval, polygonal
{e.g., rectangular, square, hexagonal), or irregular in shape. In embodiments,
the footprint is symmetric with respect to the meridional plane of projection

objective 101,

In certain embodiments, mirrors can have a footprint with a maximum
dimension that is about 1,500 mm or less {e.g., about 1,400 nm or less, about
1,300 mm or less, about 1,200 mm or less, about 1,100 mm or less, about
1,000 mm or less, about 900 mm or less, about 800 mm or less, about 700 mm
or less, about 600 mm or less, about 500 mm or less, about 400 mm or less,
about 300 mm or less, about 200 mm or less, about 100 mm or less.) Mirrors
may have footprint that has a maximum dimension that is more than about 10

mi (e.g., about 20 mm or more, about 50 mm or more).

An example of a mirror 600 with an oval footprint is shown in FIG 6A. .

Mirror 600 has a maximum dimension in the x-direction given by M,. In
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embodiments, M, can be about 1,500 mm or less (e.g., about 1,400 nm or less,
about 1,300 mm or less, about 1,200 mm or less, about 1,100 mm or less,
about 1,000 mm or less, about 900 mm or less, about 800 mm or less, about
700 mm or less, abbut 600 mm or less, about 500 mm or less, about 400 mm
or less, about 300 mm or less, about 200 mm or less, about 100 mm or less).
M, can be more than about 10 mm (e.g., about 20 mm or more, about 50 mm

or more).

Mirror 600 is symmetric with respect to meridian 601. Mirror 600 has a
dimension M, along meridian 601. For mirror 600 M, is smaller than M,,
however, more generally, M, can be smaller, the same size, or larger than M,.
In some embodiments, M, is in a range from about 0.1 M, to about M, {e.g.,
about 0.2 M, or more, about 0.3 M, or more, about 0.4 M, or more, about 0.5
M, or more, about 0.6 M, or more, about 0.7 M, or more about 0.8 M, or
more, about 0.9 M, or more}. Alternatively, in certain embodiments, M, can
be about 1.1 M, or more (e.g., about 1.5 M, or more), such as in a range from
about 2 M, to about 10 M,. M, can be about 1,000 mm or less (e.g., about 900
mun or less, about 800 mm or less, about 700 mm or less, about 600 mm or
less, about 500 mm or less, about 400 mm or less, about 300 mm or less,
about 200 mm or less, about 100 mm or less). M, can be more than about 10

mm (e.g., about 20 mm or more, about 50 mm or more).

In projection objective 300, M and M, for mirror 310 are 303 mm and 139
mm, respectively; M, and M, for mirror 320 are 187 mm and 105 mm,
respectively; M, and M, for mirror 330 are 114 mm and 62 mm, respectively;
M, and M, for mirror 340 are 299 mm and 118 mm, respectively; M, and M,
for mirror 350 are 9% mm and 71 mm, respectively; and M, and M, for mirror

360 are 358 mm and 332 mm, respectively.
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In some embodiments, the base of the mirrors may extend beyond the mirror
surface (i.e., the portion of the mirror that reflects imaged radiation) in one or
more directions. For example, a mirror’s base can extend about 10 mm or
more (e.g., about 20 mm or more, about 30 mm or more, about 40 mm or
more, about 50 mm or more) beyond the optically active surface in the x-
and/or y-directions. Mirror base extension can facilitate mounting the mirror
in projection objective 101 by providing surfaces that are not optically active

that can be attached to mounting apparatus.

Preferably, mirror base extensions should not be in a direction that occludes
the radiation path in projection objective 101. The distance between the edge
of a mirror and the radiation path as it passes the mirror is related to a
parameter referred to as the “freeboard,” which is the minimum distance
between the rays closest to a mirror’s edge and the rays nearest the mirror’s
edge that are reflected by the mirror. In some embodiments, projection
objective 101 can include one or more mirrors with freeboards of about 20
mm or more (e.g., about 25 mm or more, about 30 mm or more, about 35 mm
or more, about 40 mm or more, about 45 mm or more, about 50 mm or more).
Large freeboards provide flexibility in mirror fabrication as the projection
objective can accommodate an extended mirror base without occlusion of the
imaged radiation. However, relatively small freeboards can correspond to low
incident ray angles on the mirrors in the projection objective. In some
embodiments, projection objective 101 can include one or more mirrors with
freeboards of about 15 mm or less (e.g., about 12 mm or less, about 10 mm or
less, about 8 mm or less, about 5 mm or less). In centain embodiments,
projection objective 101 includes one or more mirrors having a freeboard
between 5 mm and 25 mm. For example, in projection objective 300, mirrors

310, 320, 330, 350, and 360 have freeboards between 5 mm and 25 mm.
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In general, the thickness of the mirrors in projection objective 101 may vary.
Mirror thickness refers to the dimension of the mirror normal to its optical
surface. Mirrors should generally have sufficient thickness to facilitate
mounting within the projection objective. Referring to FIG. 6B, the thickness
of mirror 600 can be characterized by a maximum thickness, T,,.,, and a
minimum thickness, T,;,. Typically, the difference between T, and T,,;, will
depend on the curvature of the mirror surface and the structure of the mirror’s
base. In some embodiments, T, is about 200 mm or less (e.g., about 150 mm
or less, about 100 mm or less, about 80 mm or less, about 60 mm or less,
about 50 mm or less, about 4G mm or less, about 30 mm or less, about 20 mm
or less). In certain embodiments, T, is about 1 mm or more (e.g., about 2
mm or more, about 5 mm or more, about 10 mm or more, about 20 mm or

more, about 50 mm or more, about 100 mm or more).

‘In some embodiments, the maximum dimension of any mirror in projection
-objective is about 1,500 mm or less (e.g., about 1,400 nm or less, about 1,300
-mm or less, about 1,200 mm cr less, about 1,100 mm or less, about 1,600 mm
or less, about 900 mm or less, about 800 mm or less, about 700 mm or less,
about 600 mm or less, about 500 mm or less, such as about 300 mm). In
certain embodiments, the maximum dimension of any mirror in projection
objective is about 10 mm or more {(e.g., about 20 mm or more, about 30 mm
Or more, aBout 40 mm or more, about 50 mm or more, about 75 mm or more,

about 100 mm or more).

In general, the shape of the field of projection objective 101 can vary. In some
embodiments, the field has an arcuate shape, such as the shape of a segment of
a ring. Referring to FIG. 7A, a ring-segment field 700 can be characterized by
an x-dimension, d,, a y-dimension, d,, and a radial dimension, d,. d, and d,
correspond to the dimension of the field along the x-direction and y-direction,

respectively. d, corresponds to the ring radius, as measured from an axis 705
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to the inner boundary of field 700. Ring-segment field 700 is symmetric with
resbect to a plane parallel to the y-z plane and indicated by line 710. In
general, the sizes of d,, d,, and d, vary depending on the design of projection
objective 101. Typically d, is smaller than d,. The relative sizes of field
dimensions d,, d,, and d, at object piane 103 and image plane 102 vary
depending on the magnification or demagnification of projection objective
101.

In some embodiments, d, is relatively large at image plane 102. For example,
d, at image plane 102 can be more than 1 mm (e.g., about 3 mm or more,
about 4 mm or more, about 5 mm or more, about 6 mm or more, about 7 mm
or more, about 8 mm or more, about 9 mm or more, about 10 mm or more,
about 11 mm or more, about 12 mm or more, about 13 mm or more, about 14
mm or more, about 15 mm or more, about 18 mm or more, about 20 mm or
more, about 25 mm or more). d, can be about 100 mm or less (e.g., about 50
min or less, about 30 mm or less). d, at image plane 102 can be in a range
from about 0.5 mm to about 5 mm (e.g., about 1 mm, about 2 mm, about 3

mm, about 4 mm).

Typically, d, at image plane 102 is about 10 mm or more. d, can be, for
example, about 15 mm or more {e.g., about 20 mm or more, about 25 mm or
more, about 30 mm or more) at image plane 102. In some embodiments, d,
can be extremely large (e.g., about 1 m or more, about 5 m or more, about 10
m or more). In certain embodiments, the field is rectangular in shape and d, is
infinite. Projection objective 300, for example, has a rectangular field.
Specifically, projection objective 300 has a rectangular field with a y-
dimension of 2 mm and an x-dimension of 26 mm, measured in the image

plane.
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More generally, for other field shapes, projection objective 101 can have a
maximum field dimension of more than 1 mm (e.g., about 3 mm or more,
about 4 mm or more, about 5 mm 6r more, about 6 mm or more, about 7 mm
or more, about 8 mm or more, about 9 mm or more, about 10 mm or more,
about 11 mm or more, about 12 mm or more, about 13 mm or more, about 14
mm or more, about 15 mm or more, about 18 mm or more, about 20 mm or
more, about 25 mm or more) at image plane 102. In certain embodiments,
projection objective has a maximum field dimension of no more than about

100 mm (e.g., about 50 mm or less, about 30 mm or less).

In some embodiments, the image field shape can correspond (e.g., in one or
more dimensions) to the shape of die sites on a wafer that is exposed using
projection objective 101. For example, the image field can be shaped to
reduce overscan when exposing the wafer. Overscan refers to the need to scan
the image field beyond the edge of a die site to expose the entire site,
Generally, this occurs where the shape of the image field does not conform to

the shape of die site.

Overscan can be characterized by the ratio (e.g., expressed as a percentage) of
the maximum distance between the leading edge of the image field and the
trailing edge of the die site at the position where the corners at the trailing
edge of the die site are exposed. Referring to FIG. 7B, overscan corresponds to
the ratio of d to d,, where d, is the distance between the leading edge of
image field 700 and the trailing edge of die sites 720 at the position where
comers 721 and 722 are exposed. In certain embodiments, projection
objective can have relatively low overscan. For example, projection objective
can have an overscan of about 5% or less (e.g., about 4% or less, about 3% or

less, about 2% or less, about 1% or less, about 0.5% or less, 0.1% or less).
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In certain embodiments, projection objective 101 can be used with zero
overscan. For example, referring to FIG 7C, in embodiments where an image
field 730 is used to expose square die sites 740, scanning can be achieved with

Zero overscan.

Referring to FIG 8, in general, projection objective 101 introduces an object-
image shift, d,;, that varies depending on the specific design of the projection
objective. The object-image shift refers to the distance of a point in the image
field from the corresponding point in the object field, as measured in the x-y
plane. For projection objectives that have an optical axis {(a common axis of
rotational symmetry for each mirror in the projection objective) the object-

image shift can be calculated using the formula:

dm'.\' =ho(]—M)

where 4, refers to the distance in the x-y plane of the central field point in the
object field from the optical axis and M is the projection objective
magnification ratio. For example, for a projection objective have a
demagnification of 4X (i.e., M= 0.25) and where the central field point is 120

mm from the optical axis, d,; is 90 mm.

In some embodiments, projection objective 101 can have a relatively smail
object-image shift. For example, projection objective has zero object-image
shift. Projection objectives having relatively small object image shifts can be
have a relatively slim optical design. Furthermore, in embodiments that have
zero object-image shift, projection objective 131 can be rotated about the axis
intersecting the central field points in the object and image fields without the
central field point translating with respect to, e.g., stage 130. This can be
advantageous where, for example, metrology tools (e.g., detection optical

systems, such as those disclosed in U.S. 6,240,158 B1) for inspecting and
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aligning wafers with respect to projection objective 101 are placed at a
nominal position of the central field point because the central field point is not
translated with respect to this position when the projection objective rotates.
Accordingly, zero object-image shift can facilitate easier metrology and
testing of projective objective 101 where the projection objective is subject to
rotations during the course of operation. This is illustrated in Fig. 8 showing a
testing or metrology tool 150a located with its detection surface, e.g. a two-
dimensional CCD array, within the image plane 150. The testing and
metrology tool 150a is arranged such that a reference axis coinciding with axis
105 intersects a central point of the detection surface. The lateral extension of
the detection surface of the testing and metrology tool 150a is larger than the
object-image shift d,;. Due to the small object-image shift d,;;, the metrology
and testing tool 150a is able to measure the projection quality of projection
objective 101 irrespective of a rotation of the projection objective 101 around

the reference axis 105.

In some embodiments, projection objective 101 has a d,,;, of about 80 mm or
less (e.g., about 60 min or less, about 50 mm or less, about 40 mm or less,
about 30 mm or less, about 20 mm or less, about 15 mm or less, about 12 mm
or less, about 10 mm or less, about 8 mm or less, about 5 mm or less, about 4
mm or less, about 3 mm or less, about 2 mm or less, about 1 mm or less).

Projection objective 300, for example, has a d,;; of 57 mm,

Embodiments of projection objective 101 can have a relatively large image-
side free working distance. The image-side free working distance refers to the
shortest distance between image plane 102 and the mirror surface of the
mirror closest to image plane 102 that reflects imaged radiation. This
definition of a free working distance differs from that in conventional optical
systems having rotationally symmetric surfaces where the free working

distance is always measured in the optical axis. The free working distance
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with respect to the definition according to the present application is illustrated
in FIG. 9, which shows a mirror 810 as the closest mirror to image plane 102.
Radiation reflects from surface 811 of mirror 810. The image-side free
working distance is denoted d,,. In some embodiments, d,, is about 25 mm or
more {e.g., about 30 mm or more, about 35 mm or more, about 40 mm or
more, about 45 mm or more, about 50 mm or more about 55 mm or more,
about 60 mm or more, about 65 mm or more). In certain embodiments, d,, is
about 200 mm or less (e.g., about 150 mm or less, about 100 mm or less,
about 50 mm or less). Projection objective 300, for example, has an image-
side free working distance of approximately 45 mm. A relatively large
working distance may be desirable because it can allow the surface of
substrate 150 to be positioned at image plane 102 without contacting the side

of mirror §10 facing image plane 102.

Analogously, the object-side free working distance refers to the shortest
distance between object plane 103 and the mirror surface of the reflective side
of the mirror in projection objective 101 closest to object plane 103 that
reflects imaged radiation. In some embodiments, projection objective 101 has
a relatively large object-side free working distance. For example, projection
objective 101 can have an object-side free working distance of about 50 mm
or more {€.g., about 100 mm or more, about 150 mm or more, about 200 mm
or more, about 250 mm or more, about 300 mm or more, about 350 mm or
more, about 400 mm or more, about 450 mm or more, about 500 mm or more,
about 550 mm or more, about 600 mm or more, about 650 mm or more, about
700 mm or more, about 750 mim or more, about 800 mm or more, about 850
mm or more, about 900 mm or more, about 950 mm or more, about 1,000 mm
or more). In certain embodiments, the object-side free working distance is no
more than about 2,000 mm (e.g., about 1,500 mm or less, about 1,200 mm or
less, about 1,000 mm or less). Projection objective 300, for example, has an

object-side free working distance of approximately 300 mm. A relatively large
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object-side free working distance may be advantageous in embodiments where
access to the space between projection objective 101 and object plane 103 is
desired. For example, in embodiments where reticle 140 is a reflective reticle,
it is necessary to illuminate the reticle from the side that faces objective 101.
Therefore, there should be sufficient space between projection objective 101
and object plane 103 to allow the reticle to be illuminated by illumination
system 120 at a desired illumination angle. Furthermore, in general, a larger
object-side free working distance allows flexibility in design of the rest of
tool, for example, by providing sufficient space to mount other components
(e.g. an uniformity filter) between projection objective 101 and the support

structure for reticle 140.

In general, projection objective 101 can be designed so that chief rays either
converge, diverge, or are substantially parallel to each other at reticle 140.
Correspondingly, the location of the entrance pupil of projection objective 101
with respect to object plane 103 can vary. For example, where chief rays
converge at reticle 140, the entrance pupil is located on the image plane side
of object plane 103. Conversely, where the chief rays diverge at reticle 140,
object plane 103 is located between the entrance pupil and image plane 102.
Furthermore, the distance between object plane 103 and the entrance pupil can
vary. In some embodiments, the entrance pupil is located about 1 m or more
(e.g., about 2 m or more, about 3 m or more, about 4 m or more, about 5 m or
more, about 8 m or more, about 10 m or more) from object plane 103
{measured along an axis perpendicular to object plane 103). In some
embodiments, the entrance pupil is located at infinity with respect to object
plane 103. This corresponds to where the chief rays are parallel to each other
at reticle 140. For projection objective 300, the incident angle of the chief ray
at the central field point at object plane 103 is 7° and the maximum variation

of the chief ray angle form the central field point chief ray is 0.82°. The
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entrance pupil is located 1,000 mm from object plane 103 on the opposite side

of object ptane 103 from image plane 102.

Illumination system 120 may be arranged so that the exit pupil of the
illumination system is positioned substantially at the entrance pupil of
projection objective 101. In certain embodiments, illumination system 120
includes a telescope subsystem which projects the illumination system’s exit
pupil to the location of the entrance pupil of projection objective 101.
However, in some embodiments, the exit pupil of illumination system 120 is
positioned at the entrance pupil of projection objective 101 without using a
telescope in the illumination system. For example, when the object plane 103
is between projection objective 101 and the entrance pupil of the projection
objective, the exit pupil of illumination system 120 may coincide with the
projection objective’s entrance pupil without using a telescope in the

illumination system.

In general, projection objective 101 can be designed using commercially
available optical design software like ZEMAX, OSLO, or Code V. Typically, a
design is started by specifying an initial projection objective design (e.g.,
arrangement of mirrors) along with parameters such as the radiation
wavelength, field size and numerical aperture, for example. The code then
optimizes the design for specified optical performance criteria, such as, for

example, wavefront error, distortion, telecentricity, and field curvature.

In certain embodiments, the initial projection objective is designated by
rotationally symmetric mirrors (e.g., spherical or aspherical mirrors} that are
centered on an optical axis. Each mirror is then decentered from the optical
.axis to a position where the mirror satisfies some pre-established criterion. For
example, each mirror can be decentered from the optical axis by and amount

which minimizes the chief ray angle of incidence across the mirror for
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particular field. In embodiments, mirrors can be decentered by about 5 mm or
more (e.g., about 10 mm or more, about 20 mm or more, about 30 mm or
more, about 50 mm or more). In certain embodiments, mirrors are decentered
by about 200 mm or less (e.g., about 180 mm or less, about 150 mm or less,

about 120 mm or less, about 100 mm or less).

Alternatively, or additionally, each mirror can be tilted to a position where the
mirror satisfies some pre-established criterion. The tilt refers to the orientation
of each mirrors symmetry axis with respect to the optical axis of the initial
configuration of the projection objective. Mirrors can be titled by about 1° or
more (e.g., about 2° or more, about 3° or more, about 4° or more, about 5° or
more). In some embodiments, mirrors are tilted by about 20° or less (e.g.,

about 15° or less, about 12° or less, about 10° or less).

After decentering and/or tilting, a freeform shape for each mirror can be
determined to optimize the projection objective design for specified optical

performance critena.

In addition to mirrors, projection objective 101 can include one or more other
components, such as one or more aperture stops. In general, the shape of the
aperture stop can vary. Examples of aperture stops include circular aperture
stops, elliptical aperture stops, and/or polygonal aperture stops. Apertures
stops can also be positioned so that the image radiation makes a double pass
or a single pass through the aperture stop. Aperture stops can be interchanged

in projection objective 101 and/or may have an adjustable aperture.

In some embodiments, projection objective 101 includes a field stop. For
example, in embodiments where projective objective tncludes an intermediate

image, the field stop can be positioned at or near the intermediate image.
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Embodiments can include baftles (e.g., to shield the wafer from stray
radiation). In some embodiments, projection objective 101 can include
components {(e.g., interferometers) for monitoring changes in the position of
mirrors within the projection objective. This information can be used to adjust
the mirrors to correct for any relative movement between the mirrors. Mirror
adjustment can be automated. Examples of systems for monitoring/adjusting

mirror position are disclosed in U.S. 6,549,270 Bl.

Referring to FIG. 10, an embodiment of a projection objective 1000 includes
six mirrors 1010, 1020, 1030, 1040, 1050, and 1060, and has an image-side
numerical aperture of 0.35 and an operating wavelength of 13.5 nm. Mirrors
1010, 1020, 1030, 1040, 1050, and 1060 are all freeform mirrors. Projection
objective 1000 images radiaticn from object plane 103 to image plane 102
with a demagnification ratio of 4X. The tracklength of projection objective
1000 is 1497 mm and the optical path lengih of imaged radiation is 4760 mm.
Accordingly, the ratio of the optical path length to tracklength is approxi-
mately 3,18.

The entrance pupil of projection objective 1000 is located 1,000 mm from
object plane 103 with object plane positioned between the entrance pupil and
the mirrors. Due to the reflective reticle positioned at object plane 103, illumi-
nation optics can be positioned at location 1070, corresponding to the entrance
pupil. The chief ray angle of the central field point at object plane 103 is 7°.

The maximum variation of chief ray angles at object plane 103 is 0.82°.

Projection objective 1000 has a rectangular field. The image-side field width,
d,, is 26 mm. The image-side field length, d,, is 2 mm. Projection objective

1000 has an object-image shift of 13 mm.
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The performance of projection objective 1000 includes an image-side W, of
0.021 . Distortion is less than 10 nm, and image-side field curvature is 19
nm. Projection objective 1000 provides an intermediate image between mir-
rors 1040 and 1050. Coma at the intermediate image is relatively large. In par-
ticular, the distance between the chief ray and the upper and lower rays at the

location where the upper and lower rays cross is 7 mm.

The optical power of the mirrors in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1010 has positive optical
power; mirror 1020 has negative optical power; mirror 1030 has positive opti-
cal power; mirror 1040 has positive optical power; mirror 1050 has negative

optical power; and mirror 1060 has positive optical power.

The dimension of the footprint of each mirror, given as M, x M,, is as follows:
323 mm x 152 mm for mirror 1310; 107 mm x 59 mm for mirror 1020; 297
mm x 261 mm for mirror 1030; 277 mm x 194 mm for mirror 1040; 99 mm x

72 mm for mirror 1050; and 268 mm x 243 mm for mirror 1060.

The maximum deviation of mirror 1010 from a best fit sphere is 475 pm.
Maximum deviation from best fit spheres of mirrors 1020, 1030, 1040, 1050,
and 1060 are 1,234 pm, 995 pm, 1,414 pm, 170 um, and 416 pm, respec-
tively. The maximum deviation of each mirror from a best fit asphere is 236
pm, 102 pm, 102 pm, 148 pm, 54 um, and 372 um for mifrors 101G, 1020,
1030, 1040, 1050, and 1060, respectively.

The first and second principal curvature for mirror 1010 are 1.16 x 107 and
1.05 x 10 respectively. Respective first and second principal curvatures for
the other mirrors in projection objective 1000 are as follows: -3.02 x 10~ and -
1.13 x 107 for mirror 1020; 5.97 x 10 and 4.96 x 10 for mirror 1030; 5.50 x
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10" and 3.63 x 10" for mirror 1040; -2.24 x 10” and -2.04 x 10 for mirror
1050; and 2.57 x 10~ and 2.48 x 10°* for mirror 1060. The sum of the first
principal curvature for projection objective 1000 is -3.78 x 10™. The sum of
the second principal curvature is 1.22 x 10”. The sum of the first and second
principal curvatures is 8.45 x 10 and the inverse sum of the first and second

principal curvatures is 1.18 x 107,

The chief ray angle of incitdence for the central field point is 3.40°, 9.86°,
6.48°, 10.13°, 13.66°, and 7.00° for mirrors 1010, 1020, 1030, 1040, 1050,
and 1060, respectively. The maximum angle of incidence, 6, on each mirror
for the meridional section is 3.94°, 10.42°, 7.45°%, 14.34°, 24 28°, and 8.61° for
mirrors 1010, 1020, 1030, 1040, 1050, and 1060, respectively. AO for mirrors
1010, 1020, 1030, 1040, 1050, and 1060 are 1.13°, 2.74°, 3.42°, 9.96°, 23.69°,
and 3.95°, respectively.

Mirrors 1010, 1020, 1030, 1050, and 1060 have freeboards that are more than
5 mm and less than 25 mm. Mirror 1030 has positive chief ray angle magpnifi-
cation while mirrors 1040 and 1050 have negative chief ray angle magnifica-

tion.

The image-side free working distance of projection objective 1000 is 45 mm.

The object-side free working distance is 252 mm.

In projection objective 1000, d,.1/dgp.; is 3.14. Furthermore, adjacent mirror
pairs 1020 and 1030, 1030 and 1040, and 1040 and 1050 are separated by
more than 50% of the projection objective’s tracklength. Further, the distance
between mirror 1010 and object plane 103 is more than 50% of the projection

objective’s tracklength.
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Data for projection objective 1000 is presented in Table 2A and Table 2B be-

low. The parameters and units for the parameters for Table 2A and 2B and

subsequent tables are the same as the corresponding parameters and units pre-

sented in Table 1A and 1B above. Table 2A presents optical data, while Table

2B presents freeform constants for each of the mirror surfaces. For the pur-

poses of Table 2A and Table 2B, the mirror designations correlate as follows:

mirror | (M1) corresponds to mirror 1010; mirror 2 (M2) corresponds to mir-

ror 1020; mirror 3 (M3) corresponds to mirror 1030; mirror 4 (M4) corre-

sponds to mirror 1040; mirror 5 (MS5) corresponds to mirror 1050; and mirror

6 (M6) corresponds to mirror 1060.

-56-

Surface Radius {mm)  Thickness (mm)} Mode
Object INFINITY 788.884

Mirror 1 -651.356 -537.372 REFL
Mirror 2 -463.216 952.014 REFL
Mirror 3 -1710.243 -783.854 REFL
Mirror 4 1821.345 1032.444 REFL
Mirror 5 309.420 -306.504 REFL
Mirror 6 405.847 351.549 REFL
Image INFINITY 0.000

Table 2A
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Coeffi- M3 M2 ™3 [vn) T3 7T
cient
K 5925412501 1.5255056+00  -1.851822E+00  3.314097E+00 T.983029€+00  2.000323E-01 |
¥ 0.0D0000E+00  0.000000E+00 0.000000E+00  0.000DODE+00 0.000000E+00  0.0D0OOE+00
x* 2.471303E-04  6.505863E-04 7.593410E-05  2.922157E-08 -4716078E-04  1.426720E-05
¥ 1.86334TE04  G.6TT442E-05 -2.868206E-05  -7.428048E-05 3446472604  5.312976E-05
X .3.545204E08  -2.891983E-06 1.048420E-07  9.891278E-08 2877558E-06  -2.714855E-08
¥ -1,873281E08  -3.07B4B9E-08  -7.206056E-08  -3.920160E-08 1.28B660E-06  -B.898583E-09
x* 1.180642E-13  3.342373E-10 3.2B7B77E-11  -B.971583E-11 3862440610  -8.982825E-11
X3y 243714E11 5.937123E-08 -2.687658E-11  -7.769409E-11 1.603138E-08  2.462084E-11
¥ 9.863178E-11  -2040521E-08  -1605207E-10  -1.80503BE-10 2208217609  -3.099379E-11
Xy 40513556-14  1.381985E-13 .2.805532E-14  5.170800E-14 4.797213E-11  -4.214964E-14
X7y 21442109E-13  -2S31Z32E-10  -1.637BINE-13  2.016068E-13 1961281E-10  -3.785260E-14
v 2415407614 1.279499E-10 7.226386E-14  1.273503E-13 2876407E-11  4.394092E-14
x 2.920211E-17  1.949737E-14 AT74TISEAT  -2.785422E-16 B.466233E-14  .5281246E-16
Xv? 7.135583E-17  -6.187267E-13  -2.447653E-16  .1.867205E-16 3921385613 -5.767253E-16
Xty 5.606882E-16  4.378172E-13 -4.812153E-16  4.588123E-16 7.300790E-13  -7.534000E-17
v .7.879310E-16  -5.710705E-13  G.992795E-18  3.331795E-16 31B5164E-13  -9.186437E-17
Y 2.435160E-20  -1.4457T43E-16  -3.254B44E-19  -4.050237E-18 1.681642E-35  -7.144774E-20
Xy -1.325466E-18  2.205904E-15 -4B3TTNEAND 1132243618 6.530207E-15  -1.155827E-19
X 2.538976E-1B  7.780251E-15 -5473994E-19  9.042940E-19 5.583512E-15  1.B26925E.19
4 6.001333E-18  7.757557E-15 8424804621  7.805893E-20 .2390583E-15  3.562442E-15
x* -21407T10B-22  -15IESTIENS -5.203518E-23  -7.757919E-22 1.098261E-18  -2.871286E-21
Pt -2,383343E-21 -1.017606E-17 -2.564847E-21 -2,.918509E-20 -1.382527E-17 -5.948767E-21
Xy 4.328736E.21  .3.407B83E.17  .3.023348E-22  -6.895732E-21 2738740E-17  -2.96B388E-21
Xy 4.831336E-20  -1.206926E-16  -1.6731B6E-22  5.920827E-22 4911090E-17  B.1ATISIE-22
v -3.800647E-20  -5.246834E-17  -5575611E-23  -7.681743E-22 4.049646E-18  -1.438562E-21
X'y 2 973276E-24 £.697T817E-20 -9.383904E-25 -1.349984E-23 8.777395E-22 +9.763800E-25
Xy 1179538623 5.209215E-19 SE30018E-24  -5.645373E-23 -3.199889E-18  -4.878981E-24
x'Ys 1.203834E-73  -A.70521BE-20  -1.46255/E-26  -1.50880BE-23 864592120  -3.90834DE-24
X! 2IDA206E-22  1.208243E-19 2.5626909E-25  1.368282E-24 4849002E-19  2.276452E-24
v 1.418250E-22  -1.077428E-19  7.645118E-27  -3.895996E-25 1402632E-20  5.582547E-24
X 4021654E-28  2.141815E-23 _3.B6B876E-27  -1.991462E-26 1056358622  -2.694594E-26
x*v? 1.314266E-26  -3.696134E-22  .1.671744E-27  -3.15851BE-26 -2.330392E-22  -7.61726TE-26
xv 7356431627 -3.656759E-2) S.74BVGAE-27  -0.260087E-26 203517621 -6.065950E-26
e 1.05736E-26  3.56432BE-22 1527905628  -1.292503E-26 -3.644105E-22  1.700246E-26
Xty .3.817918E-25  2.574506E-21 1.902672E-28  1.72B2B7E-27 1.530993E-21  1.267011E-26
¥ -2.256036E-25  1.B04566E-21 1.126083E-28  -2.712119E-28 1.135939E-22  -1.048025E-26
Nradiss | 1.00E+00 1.00E +00 1.00E +G0 V.C0E+00 1.00E+00 1.00E+00
Y- 141222 791.036 25162 4535 0554 5.455
decenter
X- 9,184 15081 1.443 330 £.975 -1.780
rotation

Table 2B
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Referring to FIG. 11, an embodiment of a projection objective 1000 includes
six mirrors 1110, 1120, 1130, 1140, 1150, and 1160, and has an image-side
numerical aperture of 0.35 and an operating wavelength of 13.5 nm. Mirrors
1110, 1120, 1130, 1140, 1150, and 1160 are all freeform mirrors. Projection
objective 1100 images radiation from object plane 103 to image plane 102
with a demagntfication ratio of 4X. The tracklength of projection objective
1100 is 2000 mm and the optical path length of imaged radiation is 5337 mm.
Accordingly, the ratio of the optical path length to tracklength is approxi-
mately 2,67. Projection objective 1100 has an aperture stop 1106 positioned at

mirror 1120.

The entrance pupil of projection objective 1100 is located at infinity. The
chief ray angle of the central field point at object plane 103 is 7°. The maxi-

mum variation of chief ray angles at object plane 103 is less than 0.06°.

Projection objective 1100 has a rectangular field. The image-side field width,
d,, is 26 mm. The image-side field length, d,, is 2 mm. Projection objective

1100 has an object-image shift of 31 mm.

The performance of projection objective 1 160 includes an image-side W,,,; of
0.025 A. Image-side field curvature is 10 nm. Projection objective 1100 pro-

vides an intermediate image between mirrors 1140 and 1150.

The optical power of the mirrors in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1110 has positive optical
power; mirror 1120 has positive optical power; mirror 1130 has negative opti-
cal power; mirror 1140 has positive optical power; mirror 1150 has negative

optical power; and mirror 1160 has positive optical power.
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The dimension of the footprint of each mirror, given as M, x M,, is as follows:
291 mm x 195 mm for mirror 1110; 159 mm x 152 mm for mirror 1120; 157
mm x 53 mm for mirror 1130; 295 mm x 66 mm for mirror 1140; 105 mm x

86 mm for mirror 1150; and 345 mm x 318 mm for mirror 1160.

The chief ray angle of incidence for the central field point is 4.38°, 4.03°,
18.37°, 7.74°, 12.64°, and 5.17° for mirrors 1110, 1120, 1130, 1140, 1150,
and 1160, respectively. The maximum angle of incidence, 8,,,,, on each mirror
for the meridional section is 6.48°, 6.44°, 20.05°, 9.12°, 21.76°, and 7.22° for
mirrors 1110, 1120, 1130, 1140, 1150, and 1160, respectively. A8 for mirrors
1110, 1120, 1130, 1140, 1150, and 1160 are 4.27°, 4.92°, 4.09°, 3.12°, 19.37°,

and 4.61°, respectively.

Mirrors 1110, 1150, and 1160 have freeboards that are more than 5 mm and
less than 25 mm. Mirror 1140 has positive chief ray angle magnification while
mirrors 1110, 1120, 1130, and 1150 have negative chief ray angle magnifica-

tion.

The image-side free working distance of projection objective 1100 is 25 mm.

The object-side free working distance is 163 mm.

In projection objective 1100, d,,1/d,,» is 6.57. Furthermore, adjacent mirror
pair 1040 and 1050 are separated by more than 50% of the projection objec-
tive’s tracklength. Further, the distance between mirror 1110 and object plane

103 is more than 50% of the projection objective’s tracklength.

Data for projection objective 1100 is presented in Table 3A and Table 3B be-
low. Table 3A presents optical data, while Table 3B presents aspherical con-
stants for each of the mirror surfaces. For the purposes of Table 3A and Table

3B, the mirror designations correlate as follows: mirror 1 (M1) corresponds to
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mirror 1110; mirror 2 (M2) corresponds to mirror 1120; mirror 3 {M3) corre-

sponds to mirror 1130; mirror 4 (M4) corresponds to mirror 1140; mirror 5

{MS5) corresponds to mirror 1150; and mirror 6 (M6) corresponds to mirror

1160.

Surface Radius (mm) Thickness (mm) Mode
Object INFINITY 1G70.002

Mirror 1 -2062.710 -807.121 REFL
Mirror 2 1710.596 0.000 REFL
STOP INFINITY 907.500

Mirror 3 414111 -319.107 REFL

Mirror 4 618.022 1223.709 REFL

Mirror 5 406.139 -436.552 REFL

Mirror 6 522.609 461.570 REFL
Image INFINITY 0.000

Table 3A
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Coefh M w2 3 M4 73 773
cient
K —ZO01Z543E+00  -7.790081E+00  -D.061166E01  4.714B93E-01 5.253415E+00  1.051556E-01
¥ -1.801229B-01  -2.676895E-01  B.246715E03  2.014352E-02 369984BE-02  6.762162E-04
x 3718177605  -1.568640E-04  -4.213586E-04  -1.8B07B5E-04 £.132674E-05  2.479745E-06
vz 5757281805  -1.350112E-04  -3.015850E.04  -5.908817E-05 6.3B3717E-05  1.009227E-06
XY -3.283304E-08  -1.421641E-07  -4.802304E-08  -4.234719E-08 5460366E-07  -5.398408E-09
v -7.280267E-08  -U44T144E-08  3.7146TOE-G7 1.405667E-07 2644773608 -4.741511E-09
x -3.792148E-11  2173390E.10  -B.723035E-10  -2.377992E-11 1.030821E-09  -1.926536E-11
Xy -1.087876E-10  5.680855E-10  -5.950943E-10 -4, 401654E-10 2.045233E-08  -4.586698E-11
'al -1.237594E-10  2990476E-10  B.540602E-10  -4.022663E-11 5.5515106-11 -2.632066E-11
Xy -3587007E-14  -1028888E-12  -B.033093E-12  1.716353E-13 5551826612  -2.577816E-14
X 8.925822E-14  4.492052E-13  -1.18663BE-12  -7.545064E-13 4.3093ME-12  -1L775797E-14
¥ -7.423435E-34  5791519E-13  B70S923E-14  -2700779E-13 -7.302230E-12  -9.309635E-15
X 1.876383E-17  2.916278E-16  -2.307341E-14  -1.670466E-15 B.B78140E-15  -3.351380E-17
vt -3009967E-16  -3.62066BE-16  -2.232847E-14  1.589023E-15 A4B37SBE-14  .1.408427E-16
xv 1.892400E-16  3916129E-16  1.756497E-15  3.477633E-16 1.478648E-13  -1.372823E-16
¥ 8.315053E-18  -6.580116E-16  8.232062E-16  1.253553E-16 3.601569E-14  -3.799352E-17
X L2B21825E-20 1237101617 -3125465E-16  -7.682746E-18 3293820616  -1.214309E-19
xv -1.344388E-18  3.7308156-17  1.376670E-16  S5.018289E-18 8.400538E-16  5.369262€-20
Xy -6.157858E-19  3.202677E-17  43BTO74E-19  2.7074B80E-18 4.875870E-18  -1.363873E-20
¥ 2770009E-20  S.487049E-18  2.51B948E-18  1.820744E-19 1274511616 2.776746€-21
x 2265356E-23  -1.881878E-20  6.916970E-19  3.815768E-20 -4.030207€-19  -2.085793E-23
Xy? -1.84B041€-22  -1.66789BE-19 +1.070800E-18 1.947S84E-20 H0T1205E-19  -1.191227E-22
X -1.617081E-21  4471313E-20  -2.039154E-18  -1.469302E-21 8.581801€E-18  -2.848570E-22
Xy 152811E21  -1.417078E-19  -4.B85470E-20  B.329380E-22 2.867618E-18  B.073429E-24
el 5021474E-23  -1.270497E-20  -2.834042E-20  -1.011971E-21 1.813992E-18  -6.757BI9E-23
Xy 0.0CODODE+O0  O.00CO0DE+00  7.973679E-21 2.4029826-22 0.000000E+00  -2.465296E-25
Xy 0.000000E+00  0.000O00E+0D  7.629111E-22 1.401277€-22 0.000000E+00  2.930653E-25
X'v5 0.000000E+00  O.0DDOOOE+00  -7.19B03ZE-21  -4.219800E-23 0.000000E+00  1.194933E-25
X! 0.000000E+00  0.000000E+00  -1.08037SE-22  -3.791571E-24 0.0DDODOE+D0  5.412579E-25
' 00000CCE+00  0.00000DE+00  -5.080252E-23  1.076602E-24 D.0000C0E+00  3.8912B0E-26
x'e 0.00DO00E+Q0  D.O0DDDOE+O0  -6.1209418E-25  -1.289913E-27 D.ODOOCOE+CD  0.000000E+0Q
xty? 0.000000E+00  D.0O0OCDE+Q0  2.265090E-23  4.078311E-25 0.000000E+00  0.000D0DE+00
Xy 0.000000E+00 00000005400  5951785E-24  1.728297E-25 0.000000E+00  0.000000E+00
Xt 0.000000E+00 9.000000E +00 1, 7327A2E-23 .5.280557E-26 0.000000E+00 0.000000E +00
XMt 0.000000E+00  0.000000E+0D  0.00CODOE+00  -1.430994E-27 0.000000E+00  0.00CO00E+00
L 0.000000E+00  0.000000E+00  0.00D00DE+QD  3.484416E-27 0.000000E+00  0.000000E+00
Nradius 1.0000006+00  1.000000E+00 1 DODODDE+CO  1.000000E+00 1.000000E+00  1.00000CE+D0
Y- 194.936 45734 36.609 9.442 30019 0,956
decenter
X-rotation | -5.044 -17.277 -5.569 0579 0.301 0924

Table 3B
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Referring to FIG. 12, an embodiment of a projection objective 1200 includes
six mirrors 1210, 1220, 1230, 1240, 1250, and 1260, and has an image-side
numerical aperture of 0.35 and an operating wavelength of 13.5 nm. Mirrors
1210, 1220, 1230, 1240, 1250, and 1260 are all freeform mirrors. Projection
objective 1200 images radiation from object plane 103 to image plane 102
with a demagnification ratio of 4X. A reference axis 1205, orthogonal to ob-
ject plane 103 and image plane 102 intersects corresponding field points in the
object and image fields. The tracklength of projection objective 1200 is 1385
mm and the optical path length of imaged radiation is 4162 mm. Accordingly,
the ratio of the optical path length to tracklength is approximately 3,01. Pro-

jection objective 1200 has an aperture stop positioned at mirror 1220,

The entrance pupil of projection objective 1200 is at infinity with object plane
positioned between the entrance pupil and the mirrors. The chief ray angle of
the central field point at object plane 103 is 7°. The maximum variation of

chief ray angles at object plane 103 is less than 0.06°.

Projection objective 1200 has a rectangular field. The image-side field width,
d,, is 26 mm. The image-side field length, d,, is 2 mm. Projection objective

1200 has zero ohject-image shift.

Projection objective 1200 provides an intermediate image between mirrors

1240 and 1250.

The optical power of the mirrars in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 121Q has positive optical
power; mirror 1220 has negative optical power; mirror 1230 has positive opti-
cal power; mirror 1240 has positive optical power; mirror 1250 has negative

optical power; and mirror 1260 has positive optical power.
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The dimension of the footprint of each mirror, given as M, x M,, is as follows:
250 mm x 153 mm for mirror 1210; 70 mm x 69 mm for mirror 1020; 328
mm X 153 mm for mirror 1230; 325 mm x 112 mm for mirror 1240; 87 mm x

75 mm for mirror 1250; and 269 mm x 238 mm for mirror 1260.

The chief ray angle of incidence for the central field point is 6.13°, 10.61°,
8.65°, 8.26°, 14.22°, and 5.23° for mirrors 1210, 1220, 1230, 1240, 1250, and
1260, respectively. The maximum angle of incidence, 8,,,,, on each mirror for
the meridional section 1s 6.53°, 11.63°, 8.91°, 11.39°, 24.26°, and 7.44° for
mirrors 1210, 1220, 1230, 1240, 1250, and 1260, respectively. A® for mirrors
1210, 1220, 1230, 1240, 1250, and 1260 are 1.07°, 3.64°, 1.74°, 7.44°, 21.70°,

and 4.51°, respectively.

Mirrors 1210, 1220, 1250, and 1260 have freeboards that are more than 5 mm
-and less than 25 mm. Mirror 1240 has positive chief ray angle magnification
while mirrors 1210, 1220, 1230, and 1250 have negative chief ray angle mag-

nification.

The image-side free working distance of projection objective 1200 is 40 mm.

The object-side free working distance is 439 mm.

In projection objective 1200, d;.1/dgp.2 is 1.91. Furthermore, adjacent mirror
pair 1240 and 1250 are separated by more than 50% of the projection objec-
tive’s tracklength. Further, the distance between mirror 1210 and object plane

103 is more than 50% of the projection objective’s tracklength.

Data for projection objective 1200 is presented in Table 4A and Table 4B be-
low. Table 4A presents optical data, while Table 4B presents aspherical con-

stants for each of the mirror surfaces. For the purposes of Table 4A and Table
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4B, the mirror designations correlate as follows: mirror 1 (M1) corresponds to

mirror 1210; mirror 2 (M2) corresponds to mirror 1220; mirror 3 (M3) corre-

sponds to mirror 1230; mirror 4 (M4) corresponds to mirror 1240; mirror 5

{M5) corresponds to mirror 1250; and mirror 6 (M6) corresponds to mirror

1260.

Surface Radius (mm) Thickness {(mm) Mode
Object INFINITY 836.375

Mirror 1 -614.878 -397.397 REFL
Mirror 2 -383.358 0.000 REFL
STOP INFINITY 655.992

Mirror 3 -1204.989 -659.631 REFL

Mirror 4 1885.915 909.840 REFL

Mirror 5 302.954 -308.805 REFL

Mirror 6 403.492 - 348.850 REFL
Image INFINITY 0.000

Table 4A
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Cocfh- M M2 W3 M4 M5 M6
clent
K 6673029601 -2.825442E-01  -1.843864E+00 2.07G93ZE+00  3.340547E+00  1.990879E-01
¥ -5.0458376-02 2263660501  -1,277806E-01 -3.310548E-02  -1.935522E01  1.783092E-02
x? 1.827T144E-04  1G6BE900E-04  5.963384E-05 5.203052E-05  -3.B40892E.04  3.7924D5E-05
v 1737812604 2003984E-04  -1.747764E-05 -7AB4095E-05  -3.329705E-04  1.662759E-05
XY 4765150E-08  -1.595967E-06  -5.515151E-08 B752119E-10  1.213426E06  5.552151E-08
v 5091508608  -1.23153BE-06  -1.294839E-07 -1.39381E07  1.5027356-08  9.165146E-08
X 4.TIBSB9E-11  SO41239E00  -7.002011E-11 -5.996837E-11  2.342602E-09  9.55264B8E-12
x?y? 4.340357E-11  -7.827B67E-09  -1.801185E-10 TAOMTE-N 1.234047E08  -1.611525E-10
¥ 1.234053E-10  -2130174E-08  -7.201275E-11 1.5G8850E-1C  -1.206604E08  -1.662004E-10
Xy 1,205203E-13  6.495768E-11  -3.614B83E-14 -4.244276E-14  2.2B8270E-11 2.930397E-13
xoy? 2259661E-13  -4.304439E-11  -1.048629E-13 STB11421E-16  2877954E-¥1  8.493936E-13
v 5158478613 -1.485266E-31  5.022687E-15 -1.422459E-14  -1.556209E-11  4.051187E-13
x -1.306385E-16  -4.159695E-14  0.000DODE+00 -3.767576E-17 1374773514 -9.69058BE-17
x*v? 8B38986E-17  1462867E-14  0.000000E+00 -1.360883E-16  -3.320990E-13  -1.312584E-15
Xty -1.745854€-16  4.353978E-13  0.000000E+00 7.820443E-17  -1008910E-13  -2.069868E-15
¥ 1.0204556-15  -1.827189E-13 0 ODDDOOE+00 -3.4318886-37  -0.148646E-14  -6.650B61E-16
Xy 1.090627E-19  0.000000E+00  6.00DOODE+00 0.060000Z+G0  0OUODDDE+00  1.607288E-18
X'y -4.158749E-19  0.0D0000E+00  0.000000E+00 C.000000E+0C  0.0DOD0DE+00  4.652411E-18
X A.758721E-18  0.000000E+00  0.000000E+00 0.000000E+00  0.000000E+00  4.087290E-18
¥ -30B1679E-18  0.000000E+00  0.000000E+00 0.000000E+00  D.000000E+00  9.802736E-19
x 0.000000E+00  D.000DD0E+00  0.00D0GOE+00 0.000000E+00  0.000000E+00  0.000000E+00
Xty? 0.000000E+0D  0.000000E+00 0.000000E+00 D.00D000E+00  0.D00DQ0E+00 0.000000E+00
Xy 0.000000E+00  0.000000E+00  0.0000DOE+00 C.00000CE+0D  O.000000E+00  0.000000E+00
Xyt 0.000000E+00  0.000000E+00  0.000000E-+00 0.000000E+00  0.000000E+00  0.0DDOVOE+00
¥ 0.000000E+00  0.000000E+D0  0.000000E+00 0.000000E+00  0.000000E+00  0.00000GE+00
X'y 0.000000E+00  0.000C00E+00  0.0000C0E+00 0.000000E+00  OO00OD0OE+00  0.000D00E+G0
Xy 0.000000E+00  O.000000E+00  0.00000DE-+00 0.000000E+00  0.000000E+00  0.000000E+00
X5 0.000000E+00  0.000000E+00  0.000DDDE+00 0.000000E+00  0.000000E+00  0.00DOCOE+00
Fod 0.000000E+00  0.000000E+00  0.0C0000E+00 0.0D00COE+QD  D.DOODGOE+00  0.00DCOOE+DD
A 0.000000E+00  0.000000E+00  0.000000E+00 0.000000E+00  O.0D0CO0E+00  0.00DDODE+00
X 0.000000E+00  0.000D00E+Q0  0.0DG000E+00 C.000000E+00  0.000000E+00  0.000000E+00
xtv? 0.000000E+00  O.0D0D0OE+GO  0.00000CE+00 0.000000E+Q0  0.000000E+0D  0.000000E+00
X 0.00D0D0E+00  0.0DOOOOE+00  D.00000BE+D0 G.00000CE+D0  0.000000E+00  0.0UDO0CE+00
Xy 0.000000E+0D  0.000000E+00  0.000000E+00 0.000000E+00  O.0DDOUOE+D0  0.0OCOO0E+00
Xty 0.000000E+00  C.000000E+00  0.000000E+CO 0.000000E+00  0.000000E+00  0.000000E+00
ye 0.000000E+00  0.000000E+00  0.000000E+00 C.000000E+00  0.000000E+00  0.000000E+0D
Nradius 1.00E+00 1OUE+00 TO0E+G0 1,00E+00 1.00E+00 " 1.00E+00
Y- 1B.847 ~100.000 100.000 24.472 1,760 37772
decenter
X-rotation | -7.782 7.388 1,406 -2.140 8177 6.989

Table 4B
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Referring to FIG. 13, an embodiment of a projection objective 1300 includes
six mirrors 1310, 1320, 1330, 1340, 1350, and 1360, and has an image-side
numerical aperture of 0.35 and an operating wavelength of 13.5 nm. Mirrors
1310, 1320, 1330, 1340, 1350, and 1360 are all freeform mirrors. Projection
objective 1300 images radiation from object plane 103 to image plane 102
with a demagnification ratio of 4X. The tracklength of projection objective
1300 is 1500 mm and the optical path length of imaged radiation is 4093 mm.
Accordingly, the ratio of the optical path length to tracklength is approxi-
mately 2,73. Projection objective 1300 has an aperture stop positioned at mir-
ror 1320.

The entrance pupil of projection objective 1300 is at infinity. The chief ray
angle of the central field point at object plane 103 is 7°. The maximum varia-

tion of chief ray angles at object plane 103 is less than 0.1°.

Projection objective 1300 has a rectangular field. The image-side field width,
d,, is 26 mm. The image-side field length, d,, is 2 mm. Projection objective

1000 has an object-image shifi of 119 mm.

Projection objective 1300 provides an intermediate image between mirrors

1340 and 1350.

The optical power of the mirrers in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1310 has positive optical
power; mirror 1320 has negative optical power; mirror 1330 has positive opti-
cal power; mirror 1340 has positive optical power; mirror 1350 has negative

optical power; and mirror 1360 has positive optical power.
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The dimension of the footprint of each mirror, given as M, x M,, is as follows:
271 mm x 173 mm for mirror 1310; 69 mm x 65 mm for mirror 1320; 290
mm x 115 mm for mirror 1330; 272 mm x 66 mm for mirror 1340; 81 mm x

67 mm for mirror 1350; and 274 mm x 243 mm for mirror 1360.

The chief ray angle of incidence for the central field point is 9.66°, 12.15°,
9.10°, 5.45°, 13.31°, and 4.60° for mirrors 1310, 1320, 1330, 1340, 1350, and
1360, respectively. The maximum angle of incidence, 0,,,,, on each mirror for
the meridional section is 11.20°, 15.46°,9.63°, 8.64°, 23.31°, and 6.17° for
mirrors 1310, 1320,-1330, 1340, 1350, and 1360, respectively. A® for mirrors
1310, 1320, 1330, 1340, 1350, and 1360 are 3.25°, 7.32°, 1.57°, 6.92°, 21.18°,
and 3.63°, respectively.

Mirror 1340 has positive chief ray angle magnification while mirrors 1310,
1320, 1330, and 1350 have negative chief ray angle magnification.

The image-side free working distance of projection objective 1300 is 40 mm.
The object-side free working distance is 582 mm. This large object-side free
working distance allows insertion of additional components, in particular of
the illumination system, e.g. an additional grazing incidence folding mirror or

a uniformity filter.

In projection objective 1300, d,p.1/dop; i 1.63. Furthermore, adjacent mirror
pairs 1340 and 1350 is separated by more than 50% of the projection objec-
tive’s tracklength. Further, the distance between mirror 1310 and object plane

103 is more than 50% of the projection objective’s tracklength.

Data for projection objective 1300 is presented in Table 5A and Table 5B be-
low. Table 5A presents optical data, while Table 5B presents aspherical con-
stants for each of the mirror surfaces. For the purposes of Table 5A and Table

5B, the mirror designations correlate as follows: mirror 1 (M1) corresponds to
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mirror 1310; mirror 2 (M2) corresponds to mirror 1320; mirror 3 (M3) corre-

sponds to mirror 1330; mirror 4 (M4) corresponds to mirror 1340; mirror 5

{MS5) corresponds to mirror 1350; and mirror 6 (M6) corresponds to mirror

1360.

Surface Radius (mm)  Thickness {mm) Mode
Cbject INFINITY 946.404

Mirror 1 -605.890 -364.901 REFL

Mirror 2 -368.417 0.000 REFL
STOP INFINITY 626.468

Mirror 3 -1202.217 -556.441 REFL

Mirror 4 1949.768 808.432 REFL

Mirror 5 276.499 -313.562 REFL
Mirror 6 401.291 353.600 REFL
Image INFINITY 0.000

Table 5A
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Coeff- M1 M2 M3 Ma M5 M6
cient
K ~5.95606E-01 1.B21BBE+00  -5.02444E.01 -2.3B94BE 00 3.35329E+00 1.67263E01

1.96214E-02 1.05243E-01 -1.91165E-01 -6.23536E-02 -4,996926-02 1.30034E-02
x? 1.71425E-04 1.61788E-04 8.52106E-05 7.45004E-05 -2.4B914E-04 3.88103E-05
¥ 1.593226-04 1.45806E-04 1.78602E-05 -9.20778E-05 -2.00659E-04 401025605
Xy 3.03035E-08 -8.06245E-07 -6.U8909E-08 -6.74632E-08 7.561056-07 5.29501E-00
¥ 2.86899E-08 -3.26183E-07 -8.54345E-08 -1.531650E-67 2.54367E-G7 8.86827E-09
x 0.000COE+00 ©.00000E+00 0.00000E+00 0.00000E+00 0.06000E+00 0.00000E+00
Xty 0.00000E+00 0.00000E +00 ©.00000E+00 0.00000E+00 0.00000E+00 0.00000E +00
N 0.00000E+0D 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E +00 0.00000E+00
xv 0.00000E+00 0.00000E +0D 0.00000E+00 0.00000E +00 0.00000E+00 0.00000E+00
Xy 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E +00 0.00000E+00 0.00000E +00
Y 0.00D00E+00 0.00000E+00 0.00000E+00 0.00000E+0D 0.00000E+00 . 0G0ODE+0
x* 0.00000E+30 0.00000E+0Q0 0.00000E+DQ 0.00000E+00 0.00G00E +30 0.00000E+00
x*y? 0.00000E+00 0.00000E+00 0.00000E+00 0.000G0E+00 0.00000E+00 0.00000E+00
X 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E +00 0.00D00E+00
Nl 0.00000E+00 0.00000E+00 0.00000E~00 0.00000E+00 0.00000E+00 0.000COE+00
Xy 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
Xy 0. 00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E +30 0.00000E+DD
xy* 0.0C000E+00 0.00000E +00 0.00000E+00 0.00000E +00 0,00000E +00 0.00000E+00
¥ 0.00000E+00 0.00000E +00 0.00000E+00 0.00000E+00 0.00000E +00 0.00000E+00
X 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
x*y? 0.00000E+00 D.00000E+00 0.00000E+00 0.00000E +00 0.00D00E+00 0.0D0C0E+00
X' 0.00000E+0D 0.00000E+00 O.00000E+00 G.00000E+00 0.00000E +00 0.00000E+00
X7y 0.00000E +D0 0.00000E+00 ©.00000E+00 0.00000E+00 0.00000E+00 ©0.00000E +00
\al 0.00000E+00 0.00000E+00 0 80000E+DO0 0.00000E+00 0.00000E +00 0.0000DE +00
XY 0.00000E+00 0.00000E +00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
b o'sd 0.00000E+00 0.00000E+00 0.00000E+00 Q.00600E+00 0.00000E +00 0.00000E +00
X*Y5 0.00000E+00 0.00000E+00 0.00000E +00 0.00000E+00 0.00000E-+00 0.00000E+00
X 0.00000E +00 0.00000E+00 0.D000GE+00 ©.00000E+00 0.00000E +00 0.00000E+00
el 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+G0
xe 0.00000E+00D 0.00000E+00 0.00000E+00 0.00000E-+D0 0. 00000E +00 0.COD00E +0D
xy? 0.00000E+00 0.80000E+00 0.00000E+00 G.000G0E+00 0.00003E+00 0.00000E+00
Xty ¢.00000E+00 ©.00000E+00 0.00DODE+00 0.00000E+00 0.00000E +00 0.00000E+00
Xyt ©0.00000E+Q0 0.00000E +00 0.0000GE+00 0.00000E+00 ©.00000E+00 0.00000E+00
X 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E +00 0.00000E+00 0.00000E+00
L4 0.00000E+00 0.00060E+00 0.00000E+00 0.00000E+00 0.00000E +00 0.00000E +00
Nradius 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 .0DE+Q0 |
Y- ~200.000 62208 200.000 44,996 23759 Fa0ez |
decenier
X-rolation -11.492 5153 4904 0,817 -84 7.081

Table 5B
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Referring to FIG. 14A, an embodiment of a projection objective 1400 includes
six mirrors 1410, 1420, 1430, 1440, 1450, and 1460, and has an image-side
numerical aperture of 0.40 and an operating wavelength of 13.5 nm. Mirrors
1410, 1420, 1430, 1440, 1450, and 1460 are all freeform mirrors. Projection
objective 1400 images radiation from object plane 103 to image plane 102
with a demagpnification ratio of 4X. The tracklength of projection objective
1400 is 1498 mm and the optical path length of imaged radiation is 3931 mm.
Accordingly, the ratio of the cptical path length to tracklength is approxi-
mately 2,62, Projection objective 1400 has a pupil plane positioned between
mirrors 1420 and 1430.

The entrance pupil of projection objective 1400 is located 1,000 mm from
object plane 103 with object plane positioned between the entrance pupil and
the mirrors. The chief ray angle of the central field point at object plane 103 is

7°. The maximum variation of chief ray angles at object plane 103 is 0.82°.

Projection objective 1400 has a rectangular field. The image-side field width,
d,, is 26 mm. The image-side field length, d,, is 2 mm. Projection objective

1000 has an object-image shift of 38 mm.

The performance of projection objective 1000 includes an image-side W, of
0.083 A. Distortion is approximately 100 nm, and image-side field curvature is
36 nm. Projection objective 1400 provides an intermediate image between
mirrors 1440 and 1450.

The optical power of the mirrors in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1410 has positive optical

power; mirror 1420 has positive optical power; mirror 1430 has negative opti-
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cal power; mirror 1440 has positive optical power; mirror 1050 has negative

optical power; and mirror 1460 has positive optical power.

The dimension of the footprint of each mirror, given as M, x M,, is as follows:
326 mm x 159 mm for mirror 1410; 210 mm x 123 mm for mirror 1420; 120
mm x 66 mm for mirror 1430; 312 mm x 119 mm for mirror 1440; 112 mm x

83 mm for mirror 1450; and 405 mm x 379 mm for mirror 1460.

The chief ray angle of inctdence for the central field point is 6.70°, 8.08°,
20.41°, 6.68°, 14.52°, and 5.67° for mirrors 1410, 1420, 1430, 1440, 1450,
and 1460, respectively. The maximum angle of incidence, 8,,,,, on each mirror
for the meridional section is 8.61°, 10.91°, 21.98°, 7.41°, 27.19°, and 6.86° for
mirrors 1410, 1420, 1430, 1440, 1450, and 1460, respectively. A8 for mirrors
1410, 1420, 1430, 1440, 1450, and 1460 are 3.92°, 5.69°, 3.82°, 1.79°, 26.83°,
and 3.20°, respectively.

Mirrors 1410, 1420, 1430, 1450, and 1460 have freeboards that are more than
5 mm and less than 25 mm. Mirror 1440 has positive chief ray angle magnifi-
cation while mirrors 1410, 1420, 1430, and 1450 have negative chief ray angle

magnification.

The image-side free working distance of projection objective 1400 is 45 mm.

The object-side free working distance is 291 mm.

In projection objective 1400, d,.1/d,,.; is 2.47. Furthermore, adjacent mirror
pair 1440 and 1450 is separated by more than 50% of the projection objec-

tive’s tracklength.

Data for projection objective 1400 is presented in Table 6A and Table 6B be-

low. Table 6A presents optical data, while Table 6B presents aspherical con-
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stants for each of the mirror surfaces. For the purposes of Table 6A and Table

6B, the mirror designations correlate as follows: mirror 1 (M1) corresponds to

mirror 1010; mirror 2 (M2) corresponds to mirror 1020; mirror 3 (M3) corre-

sponds to mirror 1030; mirror 4 (M4) corresponds to mirror 1040; mirror 5

(MS) corresponds to mirror 1050; and mirror 6 (M6) corresponds to mirror

1060.
Surface Radius (mm) Thickness {(mm) Mode
Object INFINITY 719.154
Mirror 1 -1768.086 -427.871 REFL
Mirror 2 2334.525 575.634 REFL
Mimror 3 352.553 -347.888 REFL
Mirror 4 610.853 933.638 REFL
Mirror 5 431.588 -434.965 REFL
Mirror 6 521.464 473.940 REFL
Image INFINITY 0.000

Table 6A
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Coeffi- M M2 M3 ™Ma M5 M6
cient
K 77353056400 -B.005769E+01  -3.761432E.01 “8.758413E-01 6.60454TE+00 8.612526E.02 |
¥ 0.000000E+00  0.000000E+00  0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
x? 1.4B5060E-04  -1263679E-04  -2.624294E04 1.347023E-05 -1.388138E-04 -6.931036E-08
¥? 726040604 -17VIB14E-04  -1.005287E-03 -3.665045E-05 1,205215E 04 8.615161E-06
XY 5.200823E08  4158617E-07  7.6G9496E-07 -5.478449E-08 9.580682E-07 -4.043887E-09
¥ 3734302608 4637041608  .5.212076E-07 4.563436E-08 1.158899E-07 -6.370253E-09
x* -1.602036E-10  1.0B0674E-09  -1.7B4900E-08 3.290440E-10 2.227159E-09 -4,223672E-11
xv? -5.655636E-10  1.150736E-09  9.356049E-09 -1.772824E-10 7.086270E-09 -1.548540E-11
¥ 7.840007E-11  1.516508E-09  1.947612E-09 9.043201E-10 3.962050E-09 5.321857E-12
X B204024E-14  2366005E-12  -2.677935E-1 -8,314555E-13 -1.528996E-11 2.788263E-15
X3 1.079182E-12  3.100338E-12  3.7DBOAGE-11 -5 930044E-12 -2181691E-1 -1366047E-14
\& 457T9479E-13  -GATOBA0E-12  4.466462E-13 9 529833E-13 -2.295402E-11 -2.906642E-14
x* 6.241273E17  .3820664E-15  1.521283E-13 1.087127E-15 -3.501249E-14 -6.862154E-17
x*v? 1.666766E-15  1.243647E-14  5.320614E-14 7.533431E-16 8.852054E-14 -1.407857E-16
X2y -2345440E-15  2.162639E-15  -5.453363E-14 -1.396841E-14 4036247E13 1131588617
v 3012261615 -1.224080E-34  -1.034267E-14 9.519542E-16 1.105527E13 2923271E7
v 3.4B4859E-18  -O.656515E-18  -5.882044E.16 7.124323E-18 8.790794E16 2.032080E-20
X'y -2.997302E48  .1.020453E-16  -4.147276E-16 1.059357E-17 9.581262E-16 -B.784820E-20
X2y 3.436846E-18  2303887E-17  -1.104525E-16 -1.635704E-17 181907415 -2.001426E-18
Y 1.247D42E-17  1.643B41E-16  4.675424E-17 -7 809508E-19 -3.824576E.15 -5.405817E-20
x* 6.566049E-22  4.616940E-20  -8.583253E-18 1.135128E-21 -4.651481E-18 -3.000479E.22
Xty -1.894284E-20  -20B4017E-19  -4.140672E-18 3.271179E-20 -2.096088E.17 -7.550033E-22
Xy -4.2168B3E-21  -3.236553E-19  .3.670B56E-18 4.46D462E-20 8.776559E-17 -1.201625€-22
X7y -2.826171E-21  -3.920562E-13  3.151001E-20 7.969094E-21 -5.615799E17 3.016401E-22
v 1315593620 -3.058425E-19  2.418437E-20 B.284460E-22 -1.006196E-17 1.724317E-22
X 0.935149E-25  -5.1687T1E-24  -2.316832E-20 -2 523681E-24 1.540486E 20 -3.155606E-26
x*v 3001708E-23  1.226818E-21  -ZB12B19E-2) 3.078069E-23 -1.510545E-19 -4.450182€-25
x'YS 7.941504E-24 1371327621 -5.440197E-21 3.362723E-23 £.912241E.18 -2.930215€-25
x2y! -0.1940456-25  7.MN398E-22  4.152263E-22 1.093452E-23 -4.418575E-19 3.377883E-25
Y 0.000000E+00  0.000000E+00  0.000000E+00 0.000000E+00 0.00000CE+00 0.000000E+00
x® 0.000000E+00  0.0000D0E+OC  0.000000E+00 .00000DE+00 ©.000000E+00 0.000000E+00
Xyt 0.000000E+00  G.000000E+00  0.000000E+00 0.000000E +00 0.000000E+00 0.000000E +00
X 0.000000E+00  0.00D000E+00  0.0000D0E+00 0.000000E +00 0.000000E+00 0.000000E+00
Xy O0.0U0000E+00  ©.O00DO0DE+00  0.000000E+00 ©.000000E +0¢ 0.000000E+DG 0.000000€ +00
X2y 0.000000E+00  C.00CO00E+D0  0.D00000E+06 0.000000E+00 0.000000E+00 0.000000E+00
Ve 0.000000E+00  C.C00000E+00  {.000000E+00 0.000000E +00 0.000000E+00 0.000000E+00
Nrodivs | 1 00E+0D T.C0E+00 ~ 700E%00 1.00E +00 1.00E +00 1.00E+00
Y- ~182.329 ~165.907 121.386 20.437 21,141 28.282
decenter
X -10.857 0974 13,067 5217 .2.314 0850
rotation

Table 6B
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Referring to FIG. 14B, projection objective 1400 can be used in an optical
system 1401 that includes a light source 1405 and illumination optics includ-
ing a collector unit 1415, a spectral purity filter 1425, a field facet mirror 1435
and a pupil facet mirror 1445. Light source 1405 is an EUV light source con-
figured to provide radiation at 13.5 nm to the projection objective. Collector
unit 1415 gathers radiation frem source 1405 and directs the radiation towards
spectral purity filter 1415 which filters incident radiation at wavelengths other
than 13.5 nm and directs the radiation at 13.5 nm towards field facet mirror
1435. Together with pupil facet mirror 1445, field facet mirror illuminates a
reflective reticle positioned at object plane 103 with radiation at 13.5 nm. The
radiation is provided so that the chief rays diverge from the reticle. The radia-
tion is provided to the reticle in this way without the use of additional compo-

nents, such as a grazing incidence mirror.

Referring to FIG. 15, an embodiment of a projection objective 1500 includes
six mirrors 1510, 1520, 1530, 1540, 1550, and 1560, and has an image-side
numerical aperture of 0.40 and an operating wavelength of 13.5 nm. Mirrors
1510, 1520, 1530, 1540, 1550, and 1460 are all freeform mirrors. Projection
objective 1500 images radiation from object plane 103 to image plane 102
with a demagnification ratio of 4X. The tracklength of projection objective
1500 is 1499 mm and the optical path length of imaged radiation is 4762 mm.
Accordingly, the ratio of the optical path tength to tracklength is approxi-
mately 3,18.

The entrance pupil of projection objective 1500 is located 1000 mm from ob-
ject plane 103 with object plane positioned between the entrance pupil and the
mirrors. Due to the reflective reticle positioned at object plane 103, illumina-
tion optics, in particular a mirror having pupil facets, can be positioned at lo-

cation 1501, corresponding to the entrance pupil. The chief ray angle of the
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central field point at object plane 103 is 7°. The maximum variation of chief

ray angles at object plane 103 is 0.82°,

Projection objective 1500 has a rectangular field. The image-side field width,
dy, is 26 mm. The image-side field length, d,, is"2 mm. Projection objective

1500 has an object-image shift of 7 mm.

The performance of projection objective 1500 includes an image-side W, of
0.040 A. Referring also to FIG. 16A, distortion is less than about 3 nm across
the image field. Image-side field curvature is 35 nm. Projection objective 1500
provides an intermediate image between mirrors 1540 and 1550. Referring to
FIG. 16B, the chief rays are orthogonal to image plane 102 to within about
0.001 rad (0.06°) at the image field.

The optical power of the mirrors in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1510 has positive optical
power; mirror 1520 has negative optical power; mirror 1530 has positive opti-
cal power; mirror 1540 has positive optical power; mirror 1550 has negative
optical power; and misror 1560 has positive optical power.

The dimension of the footprint of each mirror, given as M, x M,, is as follows:
253 mm x 162 mm for mirror 1510; 105 mm x 66 mm for mirror 1520; 227
mm x 301 mm for mirror 1530; 182 mm x 220 mm for mirror 1540; 111 mm

X 85 mm for mirror 1550; and 289 mm x 275 mm for mirror 1560.

The chief ray angle of incidence for the central tield point is 3.96°, 12.21°,
7.51°, 11.98°, 15.82°, and 8.08° for mirrors 1510, 1520, 1530, 1540, 1550,
and 1560, respectively. The maximum angle of incidence, 6,,,, on each mirror
for the meridional section is 4.47°, 12.81°, 8.55°%, 16.91°, 27.68°, and 9.96° for
mirrors 1510, 1520, 1530, 1540, 1550, and 1560, respectively. A9 for mirrors
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1510, 1520, 1530, 1540, 1550, and 1560 are 1.10°, 3.61°, 4.19°, 12.12°,
27.17°, and 4.79°, respectively.

Mirrors 1510, 1520, 1540, 1550, and 1560 have freeboards that aré more than
5 mm and less than 25 mm. Mirror 1530 has positive chief ray angle magnifi-
cation while mirrors 1510, 1520, 1540, and 1550 have negative chief ray angle

magnification.

The image-side free working distance of projection objective 1500 is 45 mm.

The object-side free working distance is 260 mm.

In projection objective 1500, dyp1/dep.2 15 3.05. Furthermore,' adjacent mirror
pairs 1520 and 1530, 1530 and 1540, and 1540 and 1550 are separated by
more than 50% of the projection objective’s tracklength. Further, the distance
between mirror 1510 and object plane 103 is more than 50% of the projection

objective’s tracklength.

Data for projection objective 1500 is presented in Table 7A and Table 7B be-
low. Table 7A presents optical data, while Table 7B presents aspherical con-
stants for each of the mirror surfaces. For the purposes of Table 7A and Table
7B, the mirror designations correlate as follows: mirror 1 (M1) corresponds to
mirror 1510; mirror 2 (M2) corresponds to mirror 1520; mirror 3 (M3) corre-
sponds to mirror 1530; mirror 4 (M4) corresponds to mirror 1540; mirror 5
(MS5) corresponds to mirror 1550; and mirror 6 (M6) corresponds to mirror
1560.
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Surface Radius {mm)  Thickness (mm) Mode
Object INFINITY 793.452

Mirror 1 £52.351 -533.717 REFL
Mirror 2 -459.234 946.263 REFL
Mirror 3 -1711.458 -789.999 REFL
Mirror 4 1814.404 1037.812 REFL

Mirror 5 31013 -304.837 REFL

Mirror 6 407712 349.882 REFL
image INFINITY 0.000

Table 7A
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Coeffi- M1 M2 M3 M4 M5 M8
clent
K 5617992601 1.G01977E+00  -1.852312E+00 3.134672E+00 .276852E+00  2.1627476-00 |
Y 0.000000E+00  0.000000E+00  0.0000CQE+00 0.000000E+00 0.000000E+00  0.000D00E+00
X2 2.486175E-04  G.462500E-04  B.0DT144E-05 3.8835B0E-05 -5.604507€-04  1.127522E-05
v 1.796052E-04  -1.218131E05  -3.272168E-05 -7.479058E-05 79800804  5.142215E-05
XY -3.704365E-08  -3.061838E-06  1.166808E-07 1.0733136-07 3054784E06  -1.901527E-08
N -8.473076E-09 -4 336504E06 -6.831514E-08 -2.680B50E-08 1.944165E-06 2.077407E-09
x* 1,525402E-11  2.440415E-10  -2.8390993E-11 -8.352784E-11 14TI72TEDD -1 2N925E-10
XMy 4909383611 t.BI99G7E-D9  -2.639958E-11 -7.953809E-11 1.88459BE08  -4.030921E-11
¥ T.241758E-11 -1.924132E-08 -1.611187E-1¢ -1.805904E-10 2.829058E-09 -6.788132E6-11
XY 3.944773E-14  -3.384346E-12  4.534420E-14 1.086774E-13 4.746215E-11  T7.082901E-15
X -2 48501 9E-13 -1.985647E-10 -1.749321E-13 2.706968E-13 1.878106E-10 7.623271E-14
A'ad -8.222758E-14 1.546404E-10 -7.306272E-14 1.121470E-13 2-713089E-11 1.059625E-13
x* 2.8530B0E-17  1.480373E-14  -3.327224E-18 -3.396117E-16 1.422966E-13  -7.14199BE-16
X'y 5.428060E-17  -4.560635E-13  -2.720510E-17 1.058645E-17 4575385643  -1.157245E-15
X §.034205E-16 4 633694E-13 -4 B03414E-16 4.337124E16 9.650331E-13 £.079561E-16
¥ 9.726812E-16 -1.5687936E-12 -9.119815E-19 3.224937E-16 4134 E3 +1.910957E-16
b w's 7.541120€-20 -5 491590E 16 -3.248735E-18 -4.999870E-18 1.809992E-15 1.533877E-19
X -7.407407E-19 1.626025E-15 -4 175176E-19 -1.12190GE-18 4.277T794E-15 7.7092059E-18
aht <A.053897E-18 -1.459850E.15 -5.190383E-19 9.702383E-19 5 157566E-15 9. 414675E-19
v’ -1.167661E-17 1.377526E-14 -3.283791E-21 9.398679E-20 -3.053184E-15 3.954522E-18
x* -1.128385E-22 -2.091289€E-19 “1.560172E-21 -2.941200E-21 2.054965E-18 -3.788563E-21
xy: -2.4241ME-1 -5.485841E-18 -1.205000E-20 -3.180366E-20 8.911569€-18 -9.560283E-21
xv 4,347588E-22 -3.722786E-17 -1.249304E-21 -8.368603E-21 1.007777E17 -8.789392E-21
Fas 2577199E-21  -26B7580E-17  -2.354061E-22 8.597809E-22 1.143993E-17  -3.345101E-21
v 5.215288E-20 -7.369027E-17 -4.229309E-23 -6.689468E-22 -7.495429E-18 -1.703637E-21
X T.702174E-25 0.000000E +00 -7.813621E-24 -2.516130E-23 0.000000E-+00 8.396981E-25
X £.992421E-24  (ODOONOE+00  -1621637E-23 -8 262460E-23 0.000000E+00  4.6643560E-24
X5 4714974825  0.000000E+00  -1.610571E-24 -1.778199E-23 0.000000E+00  9.308752E-24
Xy 6.059892E-24 0.000000E+00 3.848059E-26 1.222213E-24 0.000000E+DD 1.0422738E-23
v -8.700880E-23  0.000000E+D0  B.365781E-27 -2.288415E-25 0.000000E+Q0  7.789109E-24
x"* 0.000000E+00 0.0000D0E +00 -5.411923E-27 -1.603639E-26 0.000000E€ +00 -3.920816E-26
Xy 0.000000E+00  0.000000E+00  -8.609678E-27 -4.538477E-26 0.000000E+00  -1.453897E-25
Xy 0.000000E+00  0.000000E+00  -1.127835E-26 -7.710578E-26 0.000000E+00  -1.839705E-28
Xy 0.000000E+0D  0.0000D0E+00  -8.495275E-28 -1.413845E-26 0.000000E+00  -8.230974E-26
x* 0.000000E+00 0.000000E+00 4.740792E-29 1.022008E-27 0.000000E +00 -B.755648E.27
Y 0.000000E+00 0.000000E +00 1.728076E-29 1.964912E-28 0.000000E+00 +7.204080€E-27
Nradlus 1.00E+00 1.00-E400 1.00E+00 1.00E+0Q 1.00E+00 1.00E+00
Y- 134 660 98,223 42.173 14,449 2.956 10,929
decenter
X -8.858 -16.235 1.500 -3.658 -7.600 1635
rolation

Table 7B
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FIGS. 17 to 20 show another embodiment of the invention having four mirrors

being all designed as freeform surfaces. Depicted is the object plane 3000, the

image plane 3002, a first mirror S1, a second mirror 82, a third mirror 83, a

fourth mirror S4. All subsequent tables with optical data refer to the mirrors

S1 to S4 as M1 to M4. For the embodiment according to FIGS. 17 to 20, the

following data are given:

Numerical aperture:
Imaging factor:

Form of object fields:

Width of scanning field on the object side:

Height of scanning field on the object side:

Length:

Tilt of image plane:

0.26

1:4
rectangular
100 mm

8 mm
2360 mm

- 3,084°.

This embodiment shows a system having a balanced combination of numeri-

cal aperture, field size, system size, wavefront and distortion correction.

The optical data can be seen from the following tables:

Surface Radius Thickness Mode
Object INFINITY 2102,043

Mirror 1 3004,821 -1812,311 REFL
Mirror 2 2545,365 1957,316 REFL

Mirror 3 706,710 0,000 REFL
STOP INFINITY -338,980

Mirror 4 741,656 453,302 REFL
Image INFINITY 0,000
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Coefficient M1 M2 M3 M4 Image
Y-decenter -65,523 54,692 48,905 47,778 23,755
X-rotation -2,620 -2,374 -2,706 -1,585 -3,084
Coefficient M1 [¥7] M3 Ma
K -1,09E+00 5,80E-02 2,06E+00 6,72E-01
¥ 0,00E+00 0,00E +00 0,00E+00 0,00E+00
X2 3,54E-04 9,93E-06 -5,35E-04 1,23E-04
Y2 1,97E-04 1.07E-05 1,23E-05 2,97E-04
x2Y -6,42E-07 -2,47E-08 -4,37E-07 -2,44E-07
¥3 3,69E-07 1.89E-08 -1,34E-06 -4,72E-07
X4 2.63E-09 3,01E-12 -2.94E-08 -5,08E-09
X2Y2 -1,09E-10 2,13E-11 -3,33E-08 -5,07E-09
Y4 -6,07E-11 -1,88E-11 -1,42E-08 -1,36E-09
X4y -2,66E-11 -7,36E-14 4,84E-11 -4,80E-12
X2Y3 2,61E-1 3,55E-14 -5.06E-11 -1,05E-11
Y5 -1,67E-12 -6,53E-15 7,86E-11 -1,06E-11
X6 -B,14E-13 -2,93E-16 -7.71€-13 -1,04E-13
Xdy2 1,29E-13 6,33E-17 -1,53E-12 -4,13E-13
X2Y4 -4, 50E-14 -7, 40E-17 2,40E-13 -3.31E-13
Y6 1,04E-15 1,42E-17 -6.BBE-13 1,99E-14
X6Y 1,96E-14 3,20€-18 -6,34E-15 -1.31E-15
X4Y3 -2,85E-16 2.38E-19 -1,30E-14 -5,72E-15
X2Y5 -1,60E-16 -4 36E-20 1,43E-14 -9,75E-16
Y7 1,93E-18 1,20E-20 1,61E-15 2,0BE-15
X8 -1,62E-17 1,41E-21 -8,44E-19 -7,70E-18
X6Y2 -1,69E-18 -1,19E-20 1,72E-16 -1,13E-16
X4va4 3,10E-18 5.44E-22 2.91E-16 -1,26E-16
X2Y6 -2,80E-19 8,10E-22 9,83E-18 4,36E-17
Y8 8.73E-2% -4,31E-24 437E7 331617
xgY 1,79E-19 6,79E-24 1,76E-18 -4,84E-19
X673 6,22E-19 1,62E-23 6,22E-18 2,33E-18
X4Y5 -2,21E-20 -3,41E-24 -1,22E-19 -1,19E-18
xX2v7 4,10E-21 -2.28E-24 -2.47E-18 5,45E-19
Y9 9,756-23 -5,21E-26 -5,68E-19 2,75E-19
Xx10 -3,29E-23 -8,73E-28 -5,00E-21 -4, 71E-22
X8Y2 -4,75E-22 -7.40E-27 -6,76E-20 -6.64E-21
XBY4 -8,19E-22 -6,01E-27 -1,52E-18 -1,48E-20
X4Y6 4,25E-23 3,34E-27 -4, 79E-20 -4,03E-21
X2Y8 -6,20E-24 2,20E-27 5,65E-21 1,87E-21
Y10 -3,47E-25 9,18E-29 2.89E-21 8.49E-22
Nradius 3,00E+00 3,00E+00 3.00E+00 3,00E+00




XObjecymm

o o o o ©

12.5
12,5
12.5
12.5
25
25
25
25
25
375
315
315
375
375
50
0
50
50
50

YObjecirmm

600
602
604
606
608
600
602
604
606
608
600
602
604
606
608
600
602
604
606
608
600
602
604
606
608

Distortion

{x)/nm

[ = T = R = A - ]

-0.702813
-0.506161
-0.21482]
0.161171
0.611783
-0.828473
-0.613329
-0.210678
0.359349
1.07663
-0.079109
-0.207297
-0.058849
0.335888
0.946577
1.28921
0.261464
-0.405953
-0.753775
-0.82272

Distortion

(y¥nm

-0.960073
-1.46082
-1.14157
-0.708422
-0.868087
-0.349919
-0.815296
-0.491402
-0.084304
-0.300692
0.99338
0.633853
0.966257
1.28961
0.89729
1.6231
1.40928
1.73794
1.90321
1.1986
-0.96207
-1.00092
-0.714664
-0.80%016
-1.99027
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Absolute Value
of Distortion/nm

0.96G073
1.46082
1.14157
0.708422
0.868087
0.785105
0.959639
0.536306
0.181888
0.681685
1.29736
0.832011%
0.988958
1.33874
1.40152
1.62502
1.42444
1.73893
1.93262
1.5273
1.60861
1.03450
(.821914
1.10575
215361

Telecentricity/

Degrees

0.0196465
006111602
0.00258716
0.00607316
0.01438213
0.0226563
0.0159931
0.011916
0.0132822
0.0190686
0.0299227
0.025487)
0.0234105
0.0243974
0.028208
0.0391462
0.036144
0.035006
0.0359723
0.0389452
0.0492443
0.0471202
0.0466375
0.0476858
0.0502807
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Wavefront Ermor

at 13,5 nm

0.027195
0.019766
0.015522
0.01395
0.032279
0.026075
0.018251
0.01476
0.014764
0.032953
0.025603
0.014924
0.012561
0.016745
0.035061
0.033551
0.015412
0.008795
0.018708
0.038658
0.056489
0.03219
0.018965
0.02652
0.047096

Xobjecvmm anNd Yopjecymm denote the x- and y-coordinates in the object plane. The

values Distortion{x)/nm and Distortion(y)/nm denote the distortion at the re-

spective coordinate. Absolute Value of Distortion/nm denotes the absolute

distortion value at the respective coordinate measured at the image plane.

Telecentricity/Degrees denotes the chief ray angle at the respective coordinate.

Wavefront Error at 13,5 nm denotes the RMS wavefront error in units of the

illumination wavelength A = 13,5 nm. As the optical system is mirror symmet-

ric with respect to the yz-plane it is sufficient to give data for fieldpoints hav-

ing positive x-coordinates in the object plane.
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FIGS. 18 to 20 show lateral aberrations in the coordinate system of the exit
pupil of the objective according to FIG. 17. These aberration plots show the
wavefront error for 15 fieldpoints, i.e. for five equidistant y-coordinates be-
tWeeN Yoin and Y., at the center of the object field at x = 0, at X = X.x/2 and at

X= xmnx-

FIGS. 21 to 24 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the
image plane 3002, a first mirror S1, a second mirror S2, a third mirror 83, a
fourth mirror $4. All subsequent tables with optical data refer to the mirrors
S1 to $4 as M1 to M4. For the embodiment according to FIGS. 21 to 24, the

following data are given:

Numerical aperture: 0.3
Imaging factor: 1:4

Form of object fields: rectangular
Width of scanning field on the object side: 100 mm
Height of scanning field on the object side: 8 mm
Length: 2354 mm
Tilt of image plane: - 3,798°.

This embodiment shows a system having an increased numerical aperture.

The optical data can be seen from the following tables:



(178)
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-83.

Surface Radius Thickness Mode

Object INFINITY 2102,043

Mirror 1 3030,572 -1827,768 REFL

Mirror 2 2546,206 1949,851 REFL

Mirror 3 689,344 0,000 REFL

STOP INFINITY -322,728

Mirror 4 734,331 452,552 REFL

Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -60,435 53,835 51,299 48,788 20,674
X-rotation -2,524 -2,393 -2,965 -1,494 -3,798




(179)
-84 -

Coefficient M1 M2 M3 M4

K -1.64E+00 5.42E-02 2.28E+00 T.41E-01
Y 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X2 3.01E-04 8,11E-06 -2,Y7E-04 3.12E-04
¥2 1,85E-04 9,90E-06 1,37E-05 3,77E-04
X2y -8,52E-07 -2,68E-08 -8.61E-07 -3,91E-07
Y3 3,22E-07 1,35E-08 -1,77E-06 -3,44E-07
X4 1.85E-09 -4,70E-12 -3,25E-08 -3,95E-09
X2Y2 1,66E-09 2,16E-11 -4, 52E-08 -3,73E-09
Y4 -2,66E-10 -270E-11 -1,63E-08 1,067E-09
X4y -1,09E-11 -4,58E-14 2.88E-11 -5,23e-12
X2Y3 2.59E-11 1,36E-14 -5,03E-11 -3,04E-12
Y5 -2, 0BE-12 -8,16E-15 5,68E-11 9,47E-13
X6 -3,36E-13 -1,32E-16 -1,05E-12 -8, H1E-14
X4y2 4,77E-14 2,14E-18 -2,39E-12 -2,67E-13
X2Y4 -1,05E-13 -8,15E-17 -5,56E-13 -1,48E-13
Y6 2,44E-15 1,81E-17 -8,66E-13 -9,89E-14
X6Y 7.74E-15 1,24E-18 -2,94E-15 6,43E-17
XayY3 -1,33E-16 3.33E-19 -7.65E-15 -1,69E-15
X2Y5 ) 6,38E-17 1,05E-20 2,25E-15 -1,75E-15
¥7 1,78E-17 -9,61E-21 5,45€-15 -1,44E-15
X8 -5,84E-18 -6,31E-22 -2,12E-17 -2,T4E-18
xX6Y2 -6,51E-17 -4, 73E-21 -2,21E-17 -2,49E-17
xX4yY4 1,12E-18 -1,06E-21 1,03E-17 -4 22E-17
X2Y6 -1,87E-19 3.30E-23 -3,B2E-17 -1,56E-17
Y8 -1,84E-20 -2,35E-23 4,83E-17 -2,21E-18
XBY 6,56E-20 3,32E-24 5,90E-19 -1,29E-19
XBY3 2,32E-19 6,89E-24 2,59€E-18 -5,99E-19
X4Y5 -7,44E-21 1,27E-24 2,28E-19 -4, 47E-19
X2Y¥7 2.48E-21 -3,15E-25 3.92E-19 -9 74E-290
Y9 4,79E-23 3.01E-26 -8,17E-20 7.95E-20
xi0 -1,93E-23 -6,89E-28 -3,94E-21 -2,24E-22
X8Y2 -1,74E-22 -4,55€-27 -2, 48E-20 -2,04E-21
X6Y4 -2,97E-22 -4,06E-27 -4,24E-20 -4,46E-21
X4Y6 1,36E-23 -1,24E-27 -3.93E-21 -1.90E-21
X2Y8 -4,52E-24 3,71E-28 9,91E-21 -3,41E-22
Y10 -2,43E-25 -8,40E-31 2,168E-21 3,64E-22
Nradius 3.00E+00 3,00E+00 3,00E+0D 3,00E+00
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X Objecymm

o Qo 9O o o

12.5
12.5
125
12.5
k2.5
25
25
25
25
25
37.5
375
37.5
375
375
50
50
50
50
50

YObject/mm

600
602
604
606
608
600
602
604
606
608
600
602
604
606
608
600
602
604
606
608
600
602
604
606
608

Distortion

(x)nm

o o o0 o o

-1.08427
-0.470847
0.0397523
0.437494
0.712381
-1.45171
-0.473724
(.296494
0.838851
1.13332
-0.729082
0.11279%
0.637771
0.815622
0.616222
0.775128
0.722695
¢.238001
-0.719402
-2.18934

Distortion

(yMam

-2.20023
-1. 79021
-1.28717
-0.891336
-0.739202
-1.2700}
-0.877877
-0.421226
-0.10014
-0.110954
0.861628
1.1945
1.50628
1.59734
1.27182
2.21013
2.42562
247706
2.163558
1.29608
-0.556886
-0.544482
-0.8968614
-1.81183
-3.48335

(180)

-85-

Absolute Vsalue
of Distortion/nm

2.20023
1.79021
1.28717
0.891336
0.799202
1.66991
0.996175
0.423098
0.448809
0.72097
1.68815
1.28501
1.53518
1.80421
1.70351
232728
242824
2557835
2.31408
1.43512
0.954435
0.904847
0.927904
1.94942
411454

Telecentricity/

Degrees

0.0179382
0.0109101
(.00378722
0.00343113
0.0107455
0.0239704
0.0193253
0.0164496
0.016432
0.0163876
0.0365032
0.0337094
4.0322325
0.0323169
0.0340121
0.0509314
0.0490538
0.0481478
0.0483103
0.0495729
0.0660057
0.0646623
0.0640826
0.0643192
0.0653953
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Wavefront Error

at 13,5 nm

0.046052
0.026756
0.023987
0.047834
0.043696
0.043224
0.026959
0.0242)2
0.020337
0.642811
0.04072

0.021812
04.025914
0.027051
0.041958
0.052463
0.021672
0.026628
0.033809
4.044712
0.083092
0.633187
0.022442
0.040278
0.058456

FIGS. 22 to 24 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 21.

FIGS. 25 to 28 show another embodiment of the invention having four mirrors

being all designed as freeform surfaces. Depicted is the object plane 3000, the

image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a

fourth mirror S4. All subsequent tables with optical data refer to the mirrors

S1 to S$4 as M1 to M4. For the embodiment according to FIGS. 25 to 28, the

following data are given:



Numerical aperture:
Imaging factor:

Form of object fields:

Width of scanning field on the object side:
Height of scanning field on the object side:

Length:

Tilt of image plane:

This embodiment shows a system having parallel object and image planes.

(181)

-86-

0.25

1:5
rectangular
100 mm

8 mm
3030mm
0°.

Further, this embodiment exhibits a different imaging factor of 1:5.

The optical data can be seen from the following tables:

Surface Radius (mm}) Thickness {mm}) Maode
Object INFINITY 2802724
Mirror 1 3724,091 -2465,2138 REFL
Mirror 2 3395,652 2585,049 REFL
Mirror 3 966,548 0,000 REFL
STOP INFINITY -489,055
Mirror 4 977,692 596,613 REFL
Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -100,324 638,520 74,277 70,971 11,261
X-rotation -2,639 -2,442 -1,362 -1,500 0,000
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(182)
-R7 -
CoefTicien Ml M2 M3 M4
K -1,16E+00 246E-02 1,91 E+00 6,14E-01
Y 0,00E+00 0.00E+00 0,00E+00 0,00E+00
X2 71.57TE-04 -5,51E-06 -1,67E-03 -7,26E-05
\# 391E-04 1A1E-05 2,55E-04 5,59E-04
X2y 3,33E-07 4,07E-08 7,06E-06 1,39E-06
Y3 7,43E-07 3,00E-08 -1,B5E-05 -7,26E-07
X4 -3,29E-10 -1,40E-11 -3,83E08 -9,63E-09
X2Y2 -5.31E-09 4,16E-11 -2,00E-08 -9,67E-09
¥4 -1,29E-10 3,16E-11 1,30E-09 -5 34E-10
X4Y 5,56E-11 -8,02E-16 2,62E-10 2,05E-11
X2Y3 9,40E-11 5.57E-14 1,.95E-10 -4,65E-11
Y5 -4 49E-12 -I,18E-13 1,24E-10 ~2,50E-1t
X6 -1,02E-13 -2,32E-17 -1,28E-13 -2, E-13
X4Y2 -6,56E-13 6,60E-16 3,35E-13 -7,74E-13
X2Y4 -2,69E-13 8,67E-16 348E-12 -}.39E-12
Y6 <1,18E-15 1,46E-16 4.55E-13 -6,59E-14
X6Y LLOIE-15 -3,25E-19 1,32E-14 -1,08E-15
X4Y3 3,51E-15 -1,59E-18 2,19E-14 -5,45E-15
X2vYs5 -1,34E-16 -2, 11E-18 246E-14 -1,09E-14
1y7 -2,06E-17 9.07E-21 1,93E-15 -1,21E-17
X8 6,20E-19 745E-23 -1, 70E-18 -5.96E-18
X6Y2 -3,16E-18 1,52E-21 4,77E-17 -3,66E-17
X4Y4 -7,05E-18 2.84E-21 242E-16 -4,83E-17
X2ZY6 1,15E-18 233E-2t -1,14E-17 -4,02E-17
h i 3.47E-20 -8, 82E-23 994E-17 6.83E-19
X8Y 0,00E+H30 0,00E+0Q 0,00E+00 0,00E+00
X6Y3 0,00E+00 0.00E+H00 0,00E+H00 0,00E+H30
X4Y5 0,00E+00 0.00E+00 0,00E+00 0,00E+00
X2v7 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Y9 0,00E+00 0,00E+00 0,00E+00 0.00E+00
X10 0,00E+00 0.00E+00 0,00E+00 0,00E+00
X8Y2 0,00E+00 0,00E+00 0,00E+00 0,00E+HO0
X6Y4 0,00E+H)0 0,00E+00 0. 00E+OD 0,00E+00
X4Y6 0,00E+00 G,00E+D0 0,00E+30 000E+00
X2Y8 0,00E+00 000EHOD 0.00E+00 0.00E+00
YI0 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Nradius 4 DDE+H00 4 00E+00 4.00E+00 4 00E+H00
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XObjecrm Yosjeevmm  Distortion  Distortion Absclute Value Telecentricity/ ~ Wavefront Error
(x)/om (y)¥nm of Distortien/nm  Degrees at 13,5 nm

0 800 0 -0.340392 0.340392 0.0258308 0.017169
0 802 0 -0.548595 0.548595 0.0138699 0.019794
0 204 0 -0.199318 0.199318 0.00186948 0.024128
0 806 0 0.121535 0.121535 0.0101706 0.014148
0 808 0 -0.173787 0.173787 0.0222505 0.035190
12.5 800 0.0450163  -0.176646 0.182292 0.0264815 0.018897
12.5 802 -0.0866232 -0.387405 0.396971 0.0151773 0.020501
12.5 804 -0.0707759 -0.0498264 0.0865557 0.00674106 0.024709
12.5 806 0.0891365  0.250161 0.265567 0.0122229 0.015804
12.5 808 0.389682 -0.0752142 0396874 0.0233473 0.036331
25 &OO 0.154298 0.201778 0.260208 0.0283526 0.021433
25 802 -0.143816  -0.0170961 0.144828 0.0185673 0.020512
25 804 -0.157147  0.284935 0.325397 0.0131056 0.024535
25 806 0.117459 0.521867 0.534922 0.0169632 0.017161
25 808 0.673133 0.105856 0.681406 0.0263743 0.038085
37.5 800 0.382136 0.456584 0.595397 0.0312476 0.023030
37.5 802 -0.192076  0.222698 0.294088 0.0231726 0.017658
37.5 804 -0.324591 0.463967 0.566237 0.0195923 0.021537
375 806 -0.025688  0.594265 0.59482 0.022802 0.014965
375 808 0.694325 0.0256282 0.694798 0.0307906 0.038495
50 800 0.623063 0.0244512 0.623543 0.0349462 0.032248
50 802 -0.351568 -0.233592 0.422095 0.0284496 0.023561
50 304 -0.738167  -0.0805832 0.742553 0.0261558 0.025133
50 806 -0.550452  -0.102823 0.559974 0.0291262 0.020735
50 808 0.197816 -0.883445 0.910201 0.0361232 0.042244

FIGS. 26 to 28 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 25.

FIGS. 29 to 32 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the
image plane 3002, a first mirror S1, a second mirror 82, a third mirror S3, a
fourth mirror S4. All subsequent tables with optical data refer to the mirrors
S1 to S84 as M1 to M4. For the embodiment according to FIGS. 29 to 32, the

following data are given:



Numerical aperture:

Imaging factor:

Form of object fields:

(184)

-89 -

Width of scanning field on the object side:

Height of scanning field on the object side:

Length:

Tilt of image plane:

0.24

1:5
rectangular
100 mm

8 mm

2273 mm
0°.
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Compared to the embodiment of FIG. 25, this embodiment has a somewhat

lower numerical aperture and somewhat higher residual aberrations, but the

length of the systemn according to FIG. 17.

The optical data can be seen from the following tables:

Surface Radius {mm)  Thickness {mm) Mode

Object INFINITY 2102.043

Mirror 1 2793,659 -1848,726 REFL

Mirror 2 2546,811 1938,769 REFL

Mirror 3 724,789 0,000 REFL

STOP INFINITY -366,800

Mirror 4 733,040 447,458 REFL

Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -75,087 51,394 53,563 53,215 8,406
X-rotation -2,635 -2,442 -1,373 -1,503 0,000




(185)
=90 -

Coefficient M1 M2 M3 M4

K -1,18E+00 2,43E-02 1,79E+00 6.25E-01
Y 0,00E+00 0,00E+00 0,00E+00 0.00E+00
X2 5,63E-04 -4 21E-06 -1,24E-03 -5,32E-05
Y2 2,93E-04 1,06E-05 1,91E-04 4,29E-04
X2y 3,27E-07 3. 31E-08 5.31E-06 1,03E-06
Y3 5,55E-07 2.25E-08 -1,34E-06 -5,45E-07
X4 -4,83E-11 -1,05E-11 -2,55E-08 -7,45E-09
X2vy2 -1,43E-09 2,08E-11 -8,22E-09 -8,28E-09
Y4 -1,07E-10 2.38E-11 9,97E-09 -1,14E-09
Xay 2,99E-11 -1,99E-14 2,05E-10 1.41E-11
X2Y3 6,95€-11 5,53E-14 1,56E-10 -5,12E-11
Y5 -3,40E-12 -8,87E-14 1,05E-10 -2,19E-11
X6 -3,28E-14 6.98E-18 -3,80E-13 -1,62E-13
X4v2 -3,27E-13 6,59E-16 6,90E-13 -6,7TE-13
X2Y4 -1,84E-13 6,85E-16 3,09E-12 -1,35E-12
Y6 -8,30E-16 1,08E-16 3,25E-13 -5,27E-14
X&Y 2,31E-16 -3,71E-19 8,39E-15 -9,01E-16
X4Y3 1,75€-15 -1,64E-18 1.82E-14 -5,23E-15
X2Y5 -1,54E-16 -1,7T1E-18 2,00E-14 -1,08E-14
¥7 -1,38E-17 4 97E-21 1,64E-16 -8,50E-18
x8 4,46E-19 6,17E-23 2,58E-18 -4,70E-18
X6Y2 -8,01E-19 1,33E-21 8,08E-17 -2,87E-17
X4Y 4 -3,59E-18 2.58E-21 2.26E-16 -4 48E-17
xX2Y6 9,06E-19 1.87E-21 -2,45E-17 -4 08E-17
Y8 6,53E-20 -4,81E-23 8,45E-17 -2, 43E-19
xXBY 0,00E+00 0.00E+00 0,00E+00 0.00E+Q0
X6Y3 0,00E+00 0,00E+00 0,00E+00 0.00E+00
Xx4Y5 0,00E+00 0,00E+00 0.00E+Q0 0,00E+G0
xX2y¥7 0,00E+0Q0 0,00E+00 0,00E+00 0.00E+00Q
Y9 0,00E+00 0,00E+00 0,00E+30 0,00E+00
X0 Q,00E+0Q0 0.00E+00 0,00E+QD 0.00E+00
XBY2 0,00E+00 0,00E+Q0 0,00E+00 0,00E+00
x6Y4 0,00E+00 0,00E+00 0,00E+00 0,00E+C0
X4Y6 0.00E+00 0,00E+00 0,00E+00 0,00E+Q0
X2Y8 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Y10 0,00E+00 0.00E+QQ 0,00E+00 0.D0E+Q0D
Nradius 3,00E+00 3.00E+00 3,00E+00 3.00E+30
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XOgjecvmm  YObjeewmm  Dislortion DBistortion Absolute Value Telecentricity/  Wavefront Error
{x)/nm (y¥nm of Distortion/nm Degrees at 13,5 nm
0 600 0 -0.303712 0.303712 0.0350766 0.023748
0 602 0 -0.943417 0.943417 0.0190794 0.022355
0 604 0 -0.50806% 0.508069 0.00301184 0.029861
0 606 0 0.00377447 0.003775 0.0131266 0.017655
0 608 0 -0.4 10098 0.410098 0.0293362 0.037546
12,5 600 -0.0976702 -0.0197139 0.105436 0.0359221 0.024194
12.5 602 -0.336727  -0.658804 0.73587 0.0208196 0.021336
12.5 604 -(0.305426 -0.223582 0.378515 0.00938223 0.028592
I2.5 606 00115266  0.267305 0.267554 0.016152% 0.016575
12,5 608 0.531176 -0.188439 0.569269 0.0369678 0.038828
25 600 0.0740798  0.543069 0.548099 0.0383664 0.025529
25 602 -0.488733  -0.0159655 0.488994 0.0253625 0.019218
25 604 -0.511562 0.417058 0.660025 0.0180672 0.025576
25 606 -0.00993471  0.843229 0.843287 0.0229845 0.014322
25 608 1.00055 0.259991 1.03377 0.0354364 0.042367
375 600 0.635211 0.816881 1.03479% 0.0421854 0.027832
37.5 602 -0.420855 0.35196 0.548629 0.0315907 0.018948
315 604 -0.668773 0.775246 1.02385 0.0269974 0.023314
375 606 -0.131864 1.0873% 1.09535 0.0312502 0.013747
37.5 608 L. 16644 0.285392 1.20085 0.0418989 0.047139
50 600 1.40779 -.264954 1.43251 00471254 0.033617
50 602 -0.396014 -0.610703 0.727863 00387971 0.027129
50 604 -1.12571 -0.213831 1.14584 0.0360974 0.028277
50 606 -0.812445  -0.0743145 0815836 0.0402623 0.020092
50 608 0.512487 -1.19576 1.30095 0.0496609 0.052034

FIGS. 30 to 32 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 29.

FIGS. 33 to 36 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the
image plane 3002, a first mirror S1, a second mirror 82, a third mirror 83, a
fourth mirror S4. All subsequent tables with optical data refer to the mirrors
S1 to S4 as MI to M4. For the embodiment according to FIGS. 33 to 36, the

following data are given:



Numerical aperture:

Imaging factor:

Form of object fields:

(187)

-92 -

Width of scanning field on the object side:

Height of scanning field on the object side:

Length:

Tilt of image plane:
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0.30

1:5
rectangular
100 mm

8 mm
2332 mm
-4,515°.

With this optical system, a very high numerical aperture without obscuration

of the optical components is realized.

The optical data can be seen from the following tables:

Surface Radius Thickness Mode
Object INFINITY 2102,043
Mirror 1 2806,084 -1838,550 REFL
Mirror 2 2547.909 1937,744 REFL
Mirror 3 678,009 0,000 REFL
STOP INFINITY -321,297
Mirror 4 724,986 451,986 REFL
Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -60,550 48,435 58,613 51,407 8,786
X-rotation -2,354 -2,502 -3.5616 -1.667 4515
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Coefficient M1 M2 M3 M4
K 9,07E-01 3.10E-02 2.78E+00 8,33E-01
Y 0,00E+00 0,00E+00 0.00E+00 0.00E+D0
x2 5,76E-04 3.20E-05 3,77E-04 7,34E-04
v2 2,85€-04 8,60E-06 -2, 80E-04 4.86E-04
X2y -1,58E-06 7,59E-11 2,37E-06 4,69E-08
Y3 5.91E-07 1,16E-08 -3,82€-07 -6,08E-07
X4 2,12E-08 2,57E-11 -2,39E-08 4,09E-10
X272 1,66E-08 1,07€-10 -5,49E-08 -8,60E-10
Ya -4,86E-11 3.13E-11 -4,63E-08 -1,53E-09
xay -3,03E-11 -549E-14 1,73E-10 3, 15E-12
X2Y3 -8,10E-11 -1,55E-13 1.88E-10 -7.52E-12
\& -4,20E-12 -4,44E-14 1,11E-10 -3,72E-12
X6 9,54E-15 301E-17 -7,BBE-13 -2,4BE-14
XaY2 2,14E-13 4,63E-16 .2, 74E-12 -1,59E-13
X2Y4 1,12E-14 3,89E-16 -3,32E-12 -1,.92E6-13
v6 1.656-15 2ATE-17 -1,30€-12 -7.78E-14
X6Y -2,26E-16 -1,54E-19 8,48E-15 -1,53E-16
X4Y3 -5,47E-16 -7.87E-19 1,15E-14 -6,67E-16
X2Y5 5,78E-18 -3 98E-19 3.95E-15 -3.81E-16
24 1,29E-18 -6,38E-21 -3,30E-15 4,66E-16
X8 2.43E-19 3.50E-23 -1,57E-17 1.17E-18
X6Y2 3,79€-19 4,92E-22 -9,74E-17 -7.71E-18
X4Y4 2,03E-21 1,04E-21 -1,74E-18 12117
I x2ve -1,22E18 4,.66E-22 -1,42E-16 -7,08E-18
vs 1,73E-20 1,30E-23 -4,17E-17 1,058-18
XBY 0,00E+00 0,00E+00 0,00E+00 0.00E+00
Xx6Y3 0,00E+00 0,00E+00 0,00E +00 0.00E+00
X4Y5 0,00E+00 0,00E+00 0,00E+00 0.00E+00
X2Y7 0,00E+00 0,00E+00 0.00E +00 0,00E+00
Y9 0,00£+00 0,00E+00 0,00E+00 0,00E+00
X10 0.00E+00 0,00E+00 0,00E+00 0,00€+00
X8Y2 0.00E+00 0.00E+00 0,00E+00 0,00E+00
X6Y4 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X4Y6 0,00E+00 0.00E+00 0,00£+00 0,00E+00
X2vs 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Y10 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Nradius 3.00E+00 3,00E+00 3,00E+00 3.00E+00 |

JP 2010-107988 A 2010.5.13



XObjecymm

o o o o o

12.5
12.5
12.5
12.5
12.5
25
25
25
25
25
3715
375
37.5
315
37.5
50
50
50
50

YOtjecvmm

600
602
604
606
608
600
602
604
606
608
600
602
604
606
608
600
602
604
606
608
600
602
604
606

Distortion

{x)/nm

(=20 = T = R = T o |

-0.852921
-0.193958
0.181685
0.270096
0.0673771
-1.29433
-0.101019
0.524636
0.574789
0.0416169
-1.11433
0.363273
0.986834
0.744538
-0.375406
-0.505166
0.879494
1.12068
0.202525

Distortion

(y)nm

-0.166318
-0.731572
-0.661487
-0.504836
-0.8 10627
0.132616
-0.398416
-0.303572
-0.131573
-0.42138)
0.754312
0.323398
0.489914
0.705289
0.420711
0.871449
0.592909
0.876191
1.15498
0.886699
-0.901506
-0.970155
-0.556047
-0.20714

(189)
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Absolute Value
of Distortion/nm

0.166318
0.731572
0.661487
0.504836
0.810627
0.863169
0.44312
0.353787
0.300439
0.436611
1.49809
0.333808
0.717815
0.909844
0.422764
1.41462
0.7004T1
1.31968
1.37416
0.962854
1.03339
£.30947
1.25104
(.289635

Telecentricity/

Deprees

0.0148053
0.00884521
0.00282744
0.0032483
0.00938234
0.0186158
0.0145478
0.0121468
0.012504
0.0154976
0.0270423
0.0247303
0.0238524
0.0244236
0.0264463
0.0371683
0.0359881
0.0357827
0.0365972
0.0383944
0.0480691
0.0476135
0.0479137
0.0489775
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Wavefront Error

at 13,5 nm

0.053501
0.019284
0.038268
0.021472
0.047628
0.052338
0.024553
0.042437
0.02662

0.048115
0.048536
0.031643
0.049015
0.033313
0.04856

0.044918
0.032203
0.049123
0.031801
0.049913
0.060875
0.036681
0.044354
0.03033

FIGS. 34 to 36 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG 33.

FIGS. 37 to 40 show another embodiment of the invention having four mirrors

being all designed as freeform surfaces. Depicted is the object plane 3000, the

image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a

fourth mirror S4. All subsequent tables with optical data refer to the mirrors

S1 to S4 as M! to M4. For the embodiment according to FIGS. 37 to 40, the

following data are given:
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Numerical aperture: 0.20
Imaging factor: I:4
Form of object fields: rectangular
Width of scanning field on the object side: 100 mm
Height of scanning field on the object side: 8 mm
Length: 2084 mm
Tilt of image plane: + 6,890°,

This embodiment shows a mirror arrangement, giving high chief ray angles
with respect to the normal of the object plane. This facilitates a separation of a
not shown illumination ray path and the imaging ray path at a reflective mask
or reticle. Further, the maximum angles of incidence on the mirror surfaces are
somewhat lower in this embodiment, facilitating the manufacturing of multi-

layer reflective structures.

The optical data can be seen from the following tables:

Surface Radius Thickness Mode
Object INFINITY 1781,972

Mirror 1 21581,586 -1639,081 REFL

Mirror 2 4053,640 1376,461 REFL

Mirror 3 1254,488 0,000 REFL
STOP INFINITY -1067,803

Mirror 4 1733,205 1632,838 REFL
Image INFINITY 0,060
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-06 -
Coefficient M1 M2 M3 M4 Image
Y-decenter -29,501 -2,134 -5,508 -0,487 5,838
X-rotation -0.812 0,034 2,908 1,105 6,890
Coefficient M1 M2 M3 M4
K 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Y 0,00E+00 0,C0E+00 0,00E+00 0,00E+00
X2 2,80E-04 1,47E-05 -6,54E€-04 -1,23E-04
Y2 1,13£-04 7.15E-05 -1,55€-04 -2,14E-05
X2Y -8,62E-00 -9,59E-08 -2,20E-07 -1,32E-08
Y3 1.51E-07 5,42E-08 1,12E-07 3,86E-08
X4 2,07E-09 -1.04E-10 -6,16E-10 -7.05€-11
X2Y2 -3,64E-09 -1,00E-10 -4,18E-10 -3,95€-11
Y4 -2,70E-11 -3 46E-10 1,32E-09 5,30E-11
X4y -2.72E-11 -2,99E-13 1,B6E-13 ~6,90E-15
X2Y3 1,52E-11 2,29€-13 -1,45E-12 8,75E-14
Y5 -1,49E-12 4,09E-13 5,04E-12 2,35E-14
X6 -2,54E-14 -8,99E-17 -3,11E-16 -5,52E-17
X4v2 7,40E-14 1,26E-15 -2,70E-15 -2,62E-17
X2v¥4 -1,14E-14 -2,54E-15 1.21E-14 1,83E-16
Y6 1,609E-15 1,03E-16 -3,69E-15 6,00E-17
XY -6,30E-17 4 44E-20 -8.25E-18 2,20E-20
XA4¥3 6.36E-17 -1,53E-18 -3,51E-17 2,26E-19
X2Y5 -7.58E-17 4,16E-18 33267 -8,30E-20
Y7 -9,34E-19 -2,88E-19 3,35E-17 8,72E-20
xB 7.35E-18 3,66E-21 -3,46E-20 -7,26E-24
XBY2 3.71E-18 1,22E-20 -3,57E-20 5,68E-22
Xdy4 3,71E-19 -4, TAE-21 3,56E-19 -5,19e-22
X2Y6 1,26E-19 1.19E-21 4,63E-20 -8,91E-22
Y8 3.67E-21 -8,04E-22 3,00E-20 1.91E-22
Xx8Y -6,70E-20 -8,52E-23 8,72E-23 1,96E-24
X6Y3 -1,92E-20 -1,08E-22 8,48E-22 2,15E-24
X4Y5 -4,58E-21 -2,BSE-23 9,86E-22 -3,07E-24
X2Y7? 7.55E-23 -1,72E-23 1,23E-21 -2,4BE-24
Yo 3,46E-26 3,04E-24 -2,25E-22 3,35E-25
X10 5.05E-23 6,75E-28 1,03€-24 1.48E-27
XB8Y2 1,43E-22 2,53E-25 4,5TE-24 4,54E-27
X6Y4 2,81E-23 2,068E-25 2,76E-24 2,39E-27
X4Y6 7,66E-24 9,23E-26 -2,58E-24 -1,86E-27
X2va -1,40E-25 2,756-26 -8,32E-25 -2,02E-27
Y10 1,61E-27 -2, 48E-27 6.81E-25 1.93E-28
Nradius 2,00E+00 2 GOE+00 2,00E+00 2.00E+00
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XCvjecmm  YOvjeewmm  Distortion  Distortion Absotute Value Telecentricity/  Wavefront Error
(x)nm (y)am of Distortion/nm  Degrees at 13,5 nm

0 800 0 -0.366434 0.366434 0.0198854 0.093978
0 802 0 -0.0392875 0.0892875 0.0104067 0.015958
0 804 0 -0.0777646 0.0777646 0.0009187 0.032744
0 806 0 0.0405964 0.0405964 0.0085785 0.042489
0 808 0 0.661542 0.661542 D.018085 0.028159
12.5 800 0.0955838  -0.333342 0.366042 0.0306806 0.091554
12.5 802 -0.0573173  -0.0687788 0.083531 0.0256084 0.020828
12.5 804 -0.106637 -0.0760641 0.130985 0.0234513 0.03637
12.5 806 -0.0613664 -0.00241775 0.061414 0.024986% 0.044044
12.5 308 0.0696061 0.548237 0.552638 0.0296558 0.030805
25 800 0.115633 -0.279658 0.302621 0.0507857 0.08257
25 802 -0.184329 0.0221776 0.185658 0.047943 0.024249
25 804 -0.278855 -0.0466988 0.282738 0.0468785 0.040154
25 806 -0.1860 -0.112547 0.2174 0.0477167 0.043512
25 808 0.0763955  0.221706 0.234499 0.050368 0.032565
375 800 0.146594 -0.0521759 0.155602 0.072869 0.065923
37.5 802 -0.292306 0.261705 0.392342 0.0709743 0.020204
375 304 -0.42743 0.0728035 0.433586 0.0703175 0.037534
375 306 -0.28602% -0.243519 0.375651 0.0709367 0.034303
37.5 808 Q.104968 -0.288511 0.307012 0.0728031 0.030384
50 300 0.555156 0.451152 0.715358 0.095576 0.062457
50 802 -0.0193915  0.746217 0.746469 00941997 0.044595
50 B804 -0.197219 0.352291 0.403738 0.0937666 0.049527
50 806 -0.0149766 -0.352951 0.353268 0.0942927 0.040252
50 808 0.491125 -0.968364 1.08579 0.0957648 0.053486

FIGS. 38 to 40 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 37.

FIGS. 41 to 44 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the
image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a
fourth mirror S4. All subsequent tables with optical data refer to the mirrors
S! to 84 as M1 to M4. For the embodiment according to FIGS. 41 to 44, the

following data are given:
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Numerical aperture: 0.22
Imaging factor: 1:4
Form of object fields: rectangular
Width of scanning field on the object side: 100 mm
Height of scanning field on the object side: 6 mm
Length: 1610 mm
Tilt of image plane: - 3,269°.

This optical system has a full object field width of 100 mm combined with a

high numerical aperture and a length being distinctly below 2 m.

The optical data can be seen from the following tables:

Surface Radius " Thickness Mode
Obiject INFINITY 1401.,362
Mirror 1 2056,786 -1173,664 REFL
Mirror 2 1698,638 1307,130 REFL
Mirror 3 485,224 0,000 REFL
STOP INFINITY =242 471
Mirror 4 500,544 317,875 REFL
Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -39,335 41,119 28,409 29,500 20,214
X-rotalion -2,559 -2,218 -2,171 -1,946 -3,269
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Coefficient M1 M2 M3 M4
K 1,99E-01 1,77E-02 -1,87E+00 4,88E-01
Y 2,81€-02 1.37€-02 3,55E-02 7 69E-03
X2 2,26E-04 3.48E-06 -4,91E-04 -4,94E-05
¥2 1,03E-04 5,88E-06 4,66E-05 1,24E-04
X2y -2,82E-07 -2,37E-09 6,97E-07 591E-08
Y3 2,75E-07 1.70E-08 1,19E-07 -2, 41E-07
X4 9,82E-10 1,81E-11 4,96E-08 -2,57E-09
X2Y2 3.25E-10 7.65E-11 1,17E-07 -1,97E-09
Y4 3,00E-10 3,51E-11 5566-08  -1,12E-00
X4y 1.63E-12 -5.37E-14 6.00E-11 -1,49E-12
X2Y3 772612 -1,83E-13 5,59€-11 -5,50E-12
Y5 -1.69E-12 -2,.87E-14 1,06E-10 -7.08E-12
X6 ~7,06E-13 -2,35E-16 7,97E-13 -3,51E-14
X4y2 -1,89E-13 2,95E-16 2,92E-12 2 27E-13
X2v4 -2,95E-14 B 47E-18 3.43E-12 -8,71E-14
Y6 -6,58E-15 6,72E-17 1,51E-12 2,45E-13
X6Y 1,66E-14 2,27E-18 -5,35E-15 -1,05E-16
X4Y3 303E-16  -1,68E-18 -1,54E-14 -4,92E-15
X2Y5 3,34E-17 -1,58E-18 8,39E-15 -7,28E-18
Y7 6,29E-18 -8,72E-20 -1,68E-14 4,60E-15
x8 -843E-18  -558E-22 3.34E-17  -1,03E-18
X6Y2 -1,36E-16 -3,42E-21 2,48E-16 -4,99E-17
x4ay4 1,67E-17 1,04E-20 5,35E-16 -1,22E-16
X2Y6 -1,28E-19 2.47E-21 1,70E-16 1,96E-17
Y8 231E-20 2,12E-22 1,26E-17 2. 70E-17
X8y 6,81E-20 -6,83E-25 1,95E-18 -2,10E-19
X6Y3 4,40E-19 -1,21E-23 8,94E-18 -1,50E-18
X4Y5 -1,14E-19 -2,41E-23 2, 11E-18 -1,40E-18
x2Y7 1,00E-21 -2,50E-24 -2,62E-18 2,58E-19
Y9 1,76E-22 -1,04E-25 4,55E-19 4 95€-20
Xi0 4,15E-23 1.40E-27 1,03E-21 -3,22E-22
x8Y2 -8,40E-23 8,23E-27 -2,65E-20 -3,81E-21
X6Y4 -4,40E-22 2,75E-26 -1,15€-19 -1,13E-20
X4Y6 2,15E-22 2,05E-26 -6,68E-20 -5,18E-21
X2Y8 -2,36E-24 2,35E-27 1,73E-20 1,16E-21
{1Y10 -4,B2E-25 1,60E-28 7.05E-21 6,71E-23
Nradius 2,00E+00 2,00E+00 2,00E+00 2,00E+00
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XOpject/mm

(== = =]

12.5
i25
12.5
12,5
125
25
25
25
25
25
375
37.5
37.5
375
315
30
50
50
50
50

¥ Otjecvmm

400
401.5
403
404.5
406
400
401.5
403
4045
406
400
4015
403
404.5
406
400
401.5
403
4045
406
400
401.5
403
404.5
406

Distortion

{x)/nm

L= - -

-0.830918
-0.966915
-0.748886
-0.234325
0.569207
-0.712509
-1.05587
-0.794449
0.0563116
1.48083
0.775815
-0.220665
-0.318211
0.458907
2.08622
2.20545
-0.163904
-1.35027
-1.38792
03114

Distortion

(y)nm

-1.00949
-1.95078
-1.62222
-1.10626
-1.486381
-0.237477
-1.1t354
-0.752973
-0.238253
-0.653615
151156
0.817705
1.26023
1.75538
1.21794
232393
1.89815
2.43041
2.84034
2.04109
-1.61745
-1.76675
-1.20714
-1.02622
-2.31311

(195)

- 100 -

Absolute Value
of Distortion/nm

1.00949
1.95078
1.62222
110626
1.48681
0.912288
1.47475
1.06198
0334175
0.866723
1.67107
1.33548
1.48974
1.75628
1.91735
2.45475
1.910%4
245116
2.87718
291862
2.7349%
1.77434
181119
1.72611
2.33398

Telecentricity/

Degrees

0.0229582
0.0133671
0.00369148
0.00606921
0.0159156
0.0242612
0.0158373
0.00933379
0.0114533
0.0189539
0.0278372
0.0216593
D.D186545
0.0204067
0.0260668
0.0330354
0.0289732
0.0278179
0.0299511
0.0349482
0.0393365
0.0370418
0.0372211
0.039%036
0.044697]
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Wavefront Error

at 13,5 nm

0.016806
0.014259
0.023621
0.019377
0.012538
0.029659
0.024479
0.029615
0.0278

0.028612
0.04§582
0.031971
0.033731
0.0351142
0.043885
0.035552
0.019017
(4.018555
0.023281i
0.041572
0.049861
0.045563
0.042817
0.036919
0.041068

FIGS. 42 to 44 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 41.

FIGS. 45 to 48 show another embodiment of the invention having four mirrors

being all designed as freeform surfaces. Depicted is the object plane 3000, the

image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a

fourth mirror S4. All subsequent tables with optical data refer to the mirrors

St to S4 as M1 to M4. For the embodiment according to FIGS. 45 to 48, the

following data are given:



Numerical aperture;
Imaging factor:

Form of object fields:

Width of scanning field on the object side:
Height of scanning field on the object side:

Length:

Tilt of image plane:

(196)

0.2

1:4
rectangular
48 mm

6 mm

805 mm
-3,254

JP 2010-107988 A 2010.5.13

Having a somewhat smaller object field, this optical system is very compact.

The optical data can be seen from the following tables:

Surface Radius Thickness Mode
Object INFINITY 700,681
Mirror 1 1028,806 -586,789 REFL
Mirror 2 849,319 653,594 REFL
Mirror 3 242,363 0,000 REFL
STOP INFINITY -121.170
Mirror 4 250,164 158,873 REFL
image INFINITY 0,000
Coefficient M1 M2 M3 M4 lmage
Y-decenter -19,604 20,562 14,246 14,754 10,066
X-rotation -2,555 -2.217 -2,176 -1,945 -3,254
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Coefficient M1 M2 M3 M4

K 1,85E-01 1,74E-02 -1,85E+00 4,82E-01
Y 1.40E-02 6.82E-03 1,78E-02 3,82E-03
X2 1,126-04 1,78E-06 -2.41E-04 -2,19E-05
Y2 5.11E-05 2,94E-06 2,25E-05 6.32E-05
X2y -1,50€E-07 -2,03E-08 2,40E-07 6.62E-09
Y3 1,37E-Q7 B.46E-09 9,10E-08 +1,22E-07
X4 6,14E-10 1,05€-11 2,.48E-08 -1,21E-09
x2y2 1,18E-10 3,69€-11 5,87€-08 -8,27E-10
Y4 1,.49E-10 1,75E-11 2,85E-08 -6,21E-10
x4y -4,96E-13 -4, G3E-14 2,70E-11 -1,87E-12
X2Y3 3,75E-12 -9,18E-14 2.66E-11 -3,21E-12
Y5 -8,45E-13 -1,45E-14 5,11E-11 -3.08E-12
X6 -4,48E-13 -1.85E-18 4,07E-13 -4,32E-14
X4Y2 -9,93E-14 1,76E-16 1,48E-12 -1,34E-13
xXay4 -1,45E-14 4,25E-16 1,72E-12 -4 41E-14
Y6 -3,27€-15 3,37E-17 5.96E-13 1,31E-13
XeY 9,85E-15 1,26E-18 -4,00E-15 9,75E-18
X4Y3 2,03E-16 -8,24E-19 -7,92E-15 -2,79E-15
X2Y5 217€-17 -7,.96E-19 4,39E-15 -2,79E-17
Y7 3,42E-18 -4,69E-20 -7.86E-15 2,44E-15
X8 -9,51E-18 -1.05E-21 2,00E-17 -1,48E-18
XeY2 -713E-17 7.34E-23 1,55E-16 -3,11E-17
XaY4 8,72E-18 S.00E-21 2,91E-16 -5,52E-17
X2Y6 -6,01E-20 1.22E-21 8.06E-17 1.21E-17
Y8 1.39E-20 1,11E-22 2.93E-17 1,34E-17
X8y 8,76E-20 3.22E-24 1.62E-18 -1.88E-19
X6Y3 1.77E-1¢ -1,60E-23 6,77€-18 -9,83E-19
X4yYs -6,03E-20 -1,18E-23 -5,88E-20 -5,35E-19
xXay? 3.31E-22 -1,26E-24 -1,35E-18 1,61E-19
Y9 9,94E-23 -4,83E-26 9.84E-20 4.93E-20
X10 2,39E-23 5,19E-28 -1,04E-21 -2,67E-22
X8Y2 -1,62E-22 8,70E-238 -3,92E-20 -3,09E-21
X6Y4 -5,01E-23 2,68E-26 -9,03E-20 -121E-21
X4Y6 1.13E-22 1,01E-26 -3,00E-20 -1,58E-21
X2Y8 -8,02E-25 1.14E-27 9.53E-21 7.07E-22
Y10 -3,08E-25 6.63E-29 3,03E-21 1,68E-22
Nradius 1,00E+0Q 1,00E+00 1.00E+00 1,00E+00

JP 2010-107988 A 2010.5.13



XObjeetfmm YObject/mm

0 200
0 201.5
0 203
0 204.5
0 206
6 200
6 2015
6 203
6 204.5
6 206
12 200
12 201.5
i2 203
12 204.5
12 206
18 200
I8 2015
18 203
18 204.5
18 206
24 200
24 2015
24 203
24 2045
24 206

Distortion

(x)Ynm

f=T = = R = ]

-0.229332
-0.764827
-0. 727117
-0. 144224
0.955191
0.0887838
-1.10902
-1.16563
-0.139014
1.91157
§.27353
-0.903733
-1.38256
-0.254443
2.38718
313573
-0.646294
-2.18957
-1.62383
0.918622

Dristortion
(yYnm

0.448311
-2.47405
-0.967497
0.932079
-0.816331
0.72028
-2.11395
-0.578603
1.28903
-0.553491
1.34107
-1.23729
0.372291
2.12835
-0.015856
1.60761
-0.573284
1.11952
2.63758
-0.07295%
-0.027319
-1.71453
0.0094815
1.08662
-2.54687
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Absalute Value

of Distortion/nm

049831
2.47405
0.967497
0.932079
0.816331
0.755908
2.24805
0.929236
1.29708
1.10397
1.34401
166157
1.22364
2.13289
1.31164
2.05092
1.07023
1.77898
264983
2.38829
3.13585
1.8323
218959
1.95386
2.70747

Telecentricity/

Degrees

0.0429146
0.0235631
0.00387066
0.0161673
0.0365555
0.0429396
0.0241369
0.00803243
0.013286
0.0378693
0.0432387
0.0258287
0.0146925
0.0235883
0.0416026
0.0437339
0.0285705
0.0218489
0.0306063
0.0472927
0.0445949
0.0322942
0.0293844
0.0386179
0.0544894

JP 2010-107988 A 2010.5.13

Wavefront Error

at 13,5 nm

0.030026
0.014465
0.028481
0.017921
0.020854
0.031915
0.015911
0.028531
0.019129
0.025583
0.034302
0.016652
0.027176
0.019707
0.033254
0.03238

0.014127
0.02358

0.015334
0.036701
0.032197
0.028012
0.032097
0.018853
0.035386

FIGS. 46 to 48 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 45.

All embodiments shown in FIGS. 17 to 52 show optical systems having a rec-

tangular object field.

FIGS. 49 to 50 show another embodiment of the invention having four mirrors

being all designed as freeform surfaces. Depicted is the object plane 3000, the

image plane 3002, a first mirror S1, a second mirror S2, a third mirror $3, a
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fourth mirror $4. All subsequent tables with optical data refer to the mirrors

S1 to S4 as M1 to M4. For the embodiment according to FIGS. 49 to 50, the

following data are given:

Numerical aperture:

Imaging factor:

Form of object fields:

Width of scanning field on the object side:

Height of scanning field on the object side:

Length:

Tilt of image plane:

0.22
1:4

ring segments having a

radius of 600 mm and an

azimuth angle of
-48°<op<+438°

100 mm
8 mm
2418 mm
- 3,284°.

This embodiment shows that the design advantages are transferable to optical

systems with non-rectangular object fields.

The optical data can be seen from the following tables:

Surface Radius Thickness Mode
Object INFINITY 2102,043
Mirror 1 3086,275 -1760,111 REFL
Mirror 2 2547 993 1960,753 REFL
Mirror 3 727,584 0,000 REFL
STOP INFINITY -360,225
Mirror 4 749,971 475,405 REFL
Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -53,076 61,644 42,310 44,405 30,452
X-rotation -2,561 -2,218 -2,136 -1,833 -3.284
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Coefficient M1 M2 M3 M4

K 2,00E-01 1,89E-02 -1,88E+00 4,80E-01
Y 4,23E-02 2,05e-02 5,14E-02 1,08E-02
X2 3,46E-04 4,56E-06 -7,12E-04 -6,02E-05
Y2 1,53E-04 8,72E-06 8,61E-05 1,95E-04
xX2Y -4,18E-Q7 4,24E-19Q 1,15E-06 1.02E-07
¥3 4,10E-07 2,56E-08 1,76E-07 -4,73E-07
X4 2,12E-09 2,92E-11 7,50E-08 -3,48E-09
X2Y2 5.90E-10 1,00E-10 1,77E-07 -2,72E-09
Y4 4,49E-10 5,40E-11 8,13E-08 -1,B7E-09
X4y -3,35E-11 -1.41E-13 9,25E-11 -4,80E-12
x2Y3 1,08E-11 -2,57E-13 8,96E-11 -2,94E-11
Y5 -2.41E-12 -4,00E-14 1,39E-10 -5,57E-12
X6 -3,85E-13 -3, 65E-17 1,18E-12 -4,06E-14
Xayz 2,15E-13 8,00E-16 4,50E-12 -3.08E-13
Xav4 -4,13E-14 1,38E-15 5,36E-12 -5,08E-13
Y6 -8,84E-15 1.00E-16 1,93E-12 4,4BE-13
XeY 7,18E-15 -4 72E-19 -7,85E-15 1,73E-15
X4Y3 -6,02E-16 -t 61E-18 -1,51E-14 2,44E-16
xX2Y5 7,75e-17 -2.49E-18 1,58E-14 -2,98BE-15
Y7 1.31E-17 -1,67E-19 -2,79E-14 6,45E-15
X8 -1,06E-17 -5.96E-22 5.82E-17 5.,31E-18
xX6v2 -3,13E-17 1,16E-20 2,73E-16 2.65E-17
X4v4 1.56E-18 3.02E-21 3.20E-186 6.02E-17
X2Y6 -2,21E-19 2,95E-21 -6,39E-18 3,59E-17
Y8 1,87E-20 3,05E-22 6,46E-17 2,87E-17
X8Y 7.61E-20 -2,02E-24 3,28E-18 -4,79E-20
X8Y3 -7.15E-20 -4 82E-23 1,05E-17 -4,21E-19
X4Y5 -2,.92E-21 -1.16E-24 -3,75E-18 7.33E-19
x2y7 1,11E-22 -5,59E-25 -4,58E-18 5.27E-19
Y9 3,34E-24 -4 27E-27 8,5BE-19 1.71E-20
xX10 1.7ME-23 2.57E-28 -2,76E-21 -5,14E-22
x8y2 -2,62E-23 1,39€E-26 -1,87E-20 -3,15E.21
X8Y4 4,86E-22 5,94E-26 -2,67E-20 -6,00E-21
X4Y6 -8,99E-24 -5,21E-28 6,16E-20 3.68E-21
X2Y8 6,99E-25 7.71E-28 3,25E-20 2,02E-21
Y10 1,70E-26 1,19E-29 1.19E-20 9,56E-23
Nradius 3.00E+Q0 3,00E+00 3,00E+00 3.,00E+00

JP 2010-107988 A 2010.5.13
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Xobjecvmm  Yobjecumm  Distortion Distortion Absolute Value Telecentricity/ Wavefront Ermor

{(x¥nm {y)nm of Distortion/nm Degrees at13,5nm
0 600 0 -0.882917 0.892917 0.0133679 0.012256
0 602 0 -0.841667 0,841667 0.00534092 0.016933
0 604 0 0.0201694 0.02016%4 0.00275272 0.021805
0 606 0 0.379474 0.379474 0.0109134 0.010404
0 608 0 -1.08242 1.08242 0.0i91416 0.02706
12.5655  599.868 -0463563  -0.551102 0.720142 0.0164908 0.01867
12,6073 601.868  -0.477332  -0.590644 0.759412 0.0108284 0.018161
12,6492  603.868  -0.257454  0.245037 0.355423 0.0095748 0.022897
12.6911 605.867 0.191813 0.643426 0.671409 0.0140875 0.014667
12.733 607.867  0.866074 -0.713531 1.12215 0.0209974 0.029184
25.1254 599474  -0.53i595  0.291324 0.606187 0.0234981 0.028751
25.2091 601.472 -0.737092 -0.0428674 0.738337 00195942 0.018248
25.2929 603.47 -0.47659 0.691569 0.839884 00185603 0.0228
253766 605468  0.241321 1.18393 1.20828 0.0209057 0.018522
25.4604 607467 1.40777 0.117965 1.4127 0.0257861 0.030662
37.6743  598.816  0.166072 1.07231 1.08509 0.0319492 0.037305
37.7999 600.812 -0.597255 0.172817 0.621755 0.0258103 0.012352
37.9255  602.808  -0.665059  0.662666 0.938845 0.0277044 0.017593
38.0511 604.804 -0.0504098 1.23414 1.23517 0.0289218 0.01636
38.1766  606.8 1.23319 0.573939 1.36021 0.0322511 0025322
50.2067 597.896 1.97056 0.813316 2.13181 0.0409886 0.048287
50.3741 599.889  0.0758373  -1.03135 1.03613 0.0381837 0.020354
50.5414  601.882  -0.898661 -1.045 1.37827 0.0369215 0.027327
50.7088 603875 -0.970685  -0.525246 1.103568 0.0374078 0.03097
50.8761 605_868 -0.159467 -1.30833 31801 0.0398057 0.030246

FIG. 50 shows lateral aberrations in the coordinate system of the exit pupil of

the objective according to FiG. 49.

FIG 51 shows another embodiment of the invention having six mirrors being
all designed as freeform surfaces. Depicted is the object plane 3000, the image
plane 3002, a first mirror M1, a second mirror M2, a third mirror M3, a fourth
mirror M4, a fifth mirror M5 and a sixth mirror M6. This projection objective
has an image side numerical aperture of ,40. The field shape is rectangular

with a width of 26 mm and a height of 2 mm. The operating wavelength is
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13,5 nm. The sequence of optical power of mirrors is PNPNNP. This optical
system has one intermediate image between mirrors M4 and M5. The entrance
pupi! of this projection objective is located 1000 mm from object plane 3000,
with the object plane 3000 positioned between the entrance pupil and the mir-
rors. The tracklength 1s 1736 mm. The object image shift is 65 mm. The opti-
cal path length is 4827 mm.

The performance of this projection objective includes an image-side W, of

0,037 A. Distortion is smaller than 12 nm. Image-side field curvature is 25 nm.

The chief ray angle of the central field point at the object is-7°. The maximum

variation of chief ray angles at object plane 3000 is 0,82.

The dimension of the footprint of each mirror, given as M, x M, is as follows:
323 mm x 215 mm for mirror M1; 131 mm x 102 mm for mirror M2; 267 mm
x 183 mm for mirror M3; 70 mm x 52 mm for mirror M4; 124 mm x 109 mm

for mirror M5; 447 mm x 433 mm for mirror M6.

The chief ray angle of incidence for the central field point for the mirrors M1
to M6 is 4;06"; 11,34°; 12,20°; 31,60°; 12,27° and 7,64°. The maximum an-
gles of incidence in meridional section for the mirrors M1 to M6 is 4,96°;
12,38°, 16,54°, 41,24°, 29,42° and 9,25°. The bandwidth of angle of incidence
in meridional section for mirrors M1 to M6 is 1,08°; 2,71°; 9,83°; 22,72°;
29,13 and 4,28°. Mirrors M2 and M4 have freeboards that are more than
Smm and less than 25 mm. Mirror M3 has positive chief ray angle magnifica-
tion while mirrors M1, M2, M4 and MS have negative chief ray angle magni-

fication.

The image-side free working distance of this projection objective is 45 mm.

The object-side free working distance is 400 mm.
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In this projection objective, dgp.;/dop.2 18 2,67. Further, reticle and mirror M1

as well as mirrors M2 and M3 are separated by more than 50 % of the projec-

tion objective tracklength.

Data for the projection objective of FIG, 51 is presented in Tables 8A, 8B be-

low. Table 8 A presents optical data, while Table 8B presents aspherical con-

stants for each of the mirror surfaces.

Surface Radius Thickness Mode
Object INFINITY 1067,761
Mirror 1 -1219,687 -668,241 REFL
Mirror 2 -747.811 1291,054 REFL
Mirror 3 -969,893 -374,588 REFL
Mirror 4 -549,105 374,588 REFL
Mirror 5 470,063 -502.811 REFL
Mirror 6 618,025 547,811 REFL
Image INFINITY 0.000

Table 8A
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[Coafiicient M1 2 M3 M4 M& MB
< 5,078166E-01 2,515234E+00 4,458912E-01 -5,135256E+00 3.705497E+00 1,305537E-01
Y 0,000000E+00 0,000000E+00 D.,002000E +00 0.000000E+00 0,000000E+00 0,000000E+00

-4,229616E-06 4,423002E-05 -1,137338E-04 6,243736E-04 -4, 439433E-04 1,714681€-05
\f4 -2,042693E-D5 -3,200090E-04 -1,4801B3E-04 4,230330E-05 -3,941063E-04 1,368711E-0
2y -2,456512E08 -1,681122E-06 1,278695E-08 1,438095E-06 1,108021€-07 -7,066857E
Y3 -1,017618E-08 -1,0844DE-06 -9,040764E-08 -8,248306E-07 6,038369E-07 -8,198184E-09
X4 2,532488E-11 -4,655202E-10 -6,082020E-11 -7 879275E-08 -9,475896E-10 -9,236663E-1
[X2Y2 2.917327E-11 -4,8753162E09 -7.951092€-11 -6,384830E-09 -2,626820E-09 -1,778520E-11
& 1,118055E-11 9,584332E-10 -1,259862E-10 2,921876E-09 -8,367567E-10 +1,3482687E-11
X4y -7.018800E-15 -8,924549E-12 -5,700215E-14 -7,337153E-11 -3,015573E-13 -5,05T127E-15
P23 -2.588767E-14 -2.065300E-11 -1,623609E-13 ~4,830483E-11 -3, 421535E-12 -8,177430E-15
Y& -5,631482E14 1175099E-13 -3.257076E-14 2,800148E-11 -5,156003E-12 -7,754T40E-16)
X6 2.507037E17 T181890E15 -5,970398E-17 1,896541E-13 +2,402650E-14 -1,687347E-17
[X4Y2 1;805398E-16 2,845435E-14 -1,726885E-16 -3.660328E-13 -3,460882E-14 -5,258270E-17
X274 3,234883E-16 4,275982€14 -3,443645E-16 -+, 119940E-13 -2,515640E-14 4, 418332E17]
] 5,139221E17 1.240058E-14 -4.807$13E-19 2,66544BE-14 -3,989968E-14 -9,7297T92E18
[X6Y -1,655261E-20 2,112846E-16 -6,490967E-20 2,297817E-15 3,565159E-17 -2,533468E-214
X4Y3 6,406762E-19 7.287537E-16 -1,578781E-19 -1,022968E-15 -2,246920E17 -9,556211E-21
[X2¥5 1,095531E-18 4,084428E-18 -1,899934E-19 8,581644E-18 -4,609677E-16 -8,095322€-21
b7 3,534107E-19 -1,118501E-16 -5,32310BE-20 -1,566387E-16 -4,089322E-16 7.022083€-21
ht] -2,127654E-23 5,631762E-20 -1,.845304E-22 -2,809082E-18 -2,426092E-19 -2,519698E -2
X6 2 -2,911239€-22 1,595162E-18 1,240419E-22 8.883017E-18 -3,1313ME18 -1.169336E»2q
[x4av4 2,052045E-21 3,313410E-18 -2)644748E-22 -1,248599E.18 B8,074234E-18 -1,413514E-
P(2Y6 2,303292E.21 8.331439E19 -5.379641E-23 2,833584E-19 -8,B91166E-18 -6.9821345-:1
Y8 7.915735E-22 -4,485038E-19 -9,241853E-23 -3,000322E-19 -2,367T176E-18 «1,381196E-23
[xaYy -3,633622E-25 -1, 145501E-22 -8,423039E-26 -1,268652E-20 2,592047E-21 4,570116E-27]
[KEY3 «1,500591E-24 1,545859E-21 6,330084E-25 1,171733E-20 1,459272€-21 1,1682789E-2
XaY5 2,954523E-24 3,997308E-21 1,050127E-26 -4,257185€-23 -1,756358E-22 I.419|31E-Zj
[X2Y7 1,472672E-24 3,951572€-22 8,889089E-29 7100170E-25 5,863402E-23 6,095900E-27]
Y9 4,2685712E-25 -3,958881E-23 -1,136961E-30 -9,034885€-27 7,298215E-25 4,531322E.28)
X10 1,301003E-29 1,.955419E-24 0.000000E+00 0.000000E+Q0 0.000000E+00 0,000000E+00;
X8Y2 -5,199954E-28 $,094414E-25 0.000000E+00 0,000000E+00 €, 000000E+00 0,000000E +00|
XGYa -1,564267E.27 -8,554437E-24 0,000000E+Q0 0,000000E+00 0.000000E+00 0.000000E +00]
XAYE 2,214563€-27 1,149257E-24 0,0000C0E+00 0,000000E +00 0,000000E+00 0,000000&+0Q)
ﬁ(ZYB -5,083137E-29 6,386629E-26 0,000000E+00 0.000000E +00 0,000000E+00 0,600000E+00)]
Y10 1,486303E-30 1,060932E-26 0,000000E+00 0,000000E+00 0,000000E400 0,000000E+00]
Nradius _1,00E+00 1,00E+00 1,00E+00 1,00E +00 1.00E+00 1,00E +00)
Coeficlent M1 M2 M3 Md M5 M6
Y-decenter 248,450 92,818 -2,826 26,445 -4,759 29,811
X-rotation 8 882 -0,938 1,151 -1,082 ~3,174 -3,333]

Table 8B
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The projection objective of FIG. 51 differs from the embodiments of FIGS. 3,
10, 11, 12, 13, 14 and 15 mainly in the shape of mirror M4. In contrast to
these earlier described embodiments, mirror M4 of the embodiment of FIG. 51

is convex,

FIG. 52 shows another embodiment of the invention having six mirrors being
all designed as freeform surfaces. Depicted is the object plane 3000, the image
plane 3002, a first mirror M1, a second mirror M2, a third mirror M3, a fourth
mirror M4, a fifth mirror M5 and a sixth mirror M6. This projection objective
has an image side numerical aperture of 0,35. The field shape is rectangular
with a width of 26 mm and a height of 2 mm. The operating wavelength is
13,5 nm. The sequence of optical power of mirrors is PPNPNP. This optical
system has one intermediate image between mirrors M4 and M5. The entrance
pupil of this projection objective is located on the image plane side of the ob-
ject plane 3000 in a distance of 1749 mm. An aperture stop is positioned on
mirror M2. The tracklength is 1700 mm. The object image shift is 41 mm. The
optical path length is 4156 mm.

The performance of this projection objective includes an image-side W, of
0,020 A. Distortion is smaller than 1,1 nm. Image-side field curvature is 17

nm.

The chief ray angle of the central field point at the object is 6°. The maximum

vanation of chief ray angles at object plane 3000 is 0,58.

The dimension of the footprint of each mirror, given as M, x M, is as follows:
169 mm x 148 mm for mirror M1; 159 mm x 136 mm for mirror M2; 120 mm
x 61 mm for mirror M3; 265 mm x 118 mm for mirror M4; 101 mm x 77 mm

for mirror M5; 345 mm x 329 mm for mirror M6.
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The chief ray angle of incidence for the central field point for the mirrors M1
to M6 is 8,11°; 9,49°; 21,03°; 8,01°; 13,67°; 5,03°. The maximum angle of
incidence in meridional section for the mirrors M1 to M6 is 10,31°; 12,06°;
21,56°; 8,45°; 24,59°, 6,36°. The bandwidth of angle of incidence in merid-
ional section for mirrors M1 to M6 is 4,56°; 5,34°; 1,85°; 1,23°; 22, 98°; 3,16°.
Mirror M4 has positive chief ray angle magnification while mirrors M1, M2,

M3 and M5 have negative chief ray angle magnification.

The image-side free working distance of this projection objective is 45 mm.

The object-side free working distance is 441 mm.

In this projection objective, dop__;fdop_z is 1,89. Further, mirrors M4 and MS5 are

separated by more than 50 % of the projection objective tracklength.

Data for the projection objective of FIG. 52 is presented in Tables 9A, 9B be-
low. Table 9A presents optical data, while table 9B presents aspherical con-

stants for each of the mirror surfaces.

Surface Radius Thickness Mode
Object INFINITY 831,483

Mirror 1 -2519,280 -390,700 REFL

Mirmror 2 1736318 0,000 REFL
STOP INFINITY 510,700

Mirror 3 353,216 -404,591 REFL

Mirror 4 691,089 1108,132 REFL

Mirror 5 454,789 -432 650 REFL

Mirror 6 522.649 477,625 REFL

Table OA
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(Coefficlert M1 M2 M3 M4 Ms M5
K |-5,620176E+1 l{,OTQSZQE*OO BHMB1E-O1 -1,320517E+00 4,540035E+00 8.058603E-02
v 0,000000E+00  0,000000E+00  0,060000E+00 0,006000E+D0  0,000000E+00  0,000000E+00
X2 L8.081674E-05  -2.443257E05  -2,909041E-04 -5,514277TE-05  -2,176416E-04  -1,4B1415E-05
[v2 |-1,409006E-04 -8.B53894E-05 -5,146801E-04 -2,59330tE-05 1,796509E-04 7.215641E-06
P2y 1932586807 4504714E08  S96U292E-07 A8017T7EGT 1153365606  5,683301E-09
£ F1,223280E-07 -1,884204E-08 -4 877028E-Q7 1,179942E-07 -2, 117705E07 -5,600182E-09
X4 [-7.040228E-11 7.425419E-11 2,136430E-09 4,622733E-10 =1,333652E-09 ~5,926598E- 11
x2Y?2 L1,318594E-10  1.067519E-10 9622356609 -4,928633E-10  1322772E08  -2,89427BE-11
va [pssemise-11  159874sE-10  ©.875E06E-10 8,018BB4E-10  3,024061E-09  1,500250E-11
[(aY 1.333049E-12 9.551370E-14 4142100E-11 7.245185E-1) -2,333334E-11 8,26917BE-15
X2v3 |- 7.486772E-12 -5,7444188-13 2.57T1945E-11 -5,121409E-12 -4,081436E-11 -1,142259E.14
v5 |-7,859762E-14 -1,146786E-12 1.015135E-12 7.149204E-13 -3,284173E-141 -6,514010E-14
?(6 -1,349693E-17 -2,090126€E-15 5,786287E-14 7.466343E-16 J,666869E-14 ~1.312132E-16
pray2 |4,117907E-15 3,600153E-15 197870E-13 4,761724E-15 1,666994€E-13 -1,600140E-16
X2 4 2, 686652E-14 2,433374E-14 1,452311E-14 -1,001928E-14 1.713311E-12 4,528614E-17
[v6 H6,985464E-16 -1,574024E-15 -4,040479E-15 1,285725€-15 3,233877E-13 1,795344E-16
X6Y 6,324870E-18  1.672791E-17  6,548813E-16 7.580577E-18  1,109670E-1S  7.389864E-20
X4Y3 [1,633680E-16 -5,475448E-17 2,838607E-16 1,219368E-17 1.040774E-15 -3.001601E-20
X2Y5 [2,.57B083E-17 -2,114042E-17 -3,191058E-17 -1,Y12382E-17 -4,281639E-15 -8,922758E-19
Y7 }5,352170E€-18 -4,852332€E-17 -3,778735E-18 1,658598E-18 -1,041652E-15 -5,361021E-19
X8 .930907€-20  -3041873E-20  1.620835E-18 3142617621 -2,0446T1E-18  -3,471237E-22
[X6Y2 2. 642712E-19 1,926793E-19 2,461846E-18 4,103145E-20 9,498169E-18 -5,398836E-22
XaYa |1,209256E-18 7.815308E-19 2,461216E-20 2,400889€-20 2,006336E-17 4,153767E-23
X2Y8 5,242330E19  -2,3450086-19  -1,129636E-20 4 5TMYGE-22  B,505126E18  2,958769E-21
Y8 5, 723961E-20 -4,523191E-19 2,359743E-20 2,441528E-21 2,039563E-17 1.076978E-21
By [5,843186E-22 4,059084E-22 1,256052E-20 1,926104E-23 -6,28340E-20 B8.511910E-25

6Y3 L1,7256846-21  -312288BE-21  2334258E-21 9,320420E-23  -1.729457E-19  2.027556E-25

AYS 4,331458E-2% -1,961697E-29 8,015847E-22 2,907419E-23 2,503851E.19 -5,006594E-24

Y7 1,628473E-21 -1,153132€-20 2 742066E-22 8,412546E-24 -3,184177E-19 -1 V33872E-24

g [ 2,174037E-22 -5,641899E-21 6,405172E-23 1,117517E-24 1,693513E-18 -7.896547E-25
10 ,042480E-26  -1,611784E-24  -3,181193E-25 1,249724E-27  -2,648224E-23  -6,952534E-28
Pxay2 [2,02676G0E-24 2,715637E-24 2,416966E-23 3,491430E-26 -5,242301E-22 -5,078551E-27
XG4 [3,177651E-24 1.517348E-23 -1,829381€-24 8,815740E-26 -7,406490E-22 -1,604907E-26
[X4Y6 16,08933TE-24 -2.527074E-23 Z,506522E-24 2.875808E-26 3,978023E-21 4,391294E-28
X2ve [1.609759E-24 -7.803424E-23 1,588355E-25 1,072608E-26 -2,7V6665E-21 4,652881€-27
10 GES00BE-25 _ 1,428174E-23 _ 2353314E-25 5234756E-28  1.510394E- 11  -1,026184E-27
Pradius E,OUE'DU 1,0GE+00 1,0GE+00 1,00E+00 1,00E+00 1,00E+00
Coafficient M1 M2 M3 M4 M5 MB
[Y-decemer 107,723 -48,244 142,711 9,140 15,331 1,453
P-rotation 13,086 0,713 -20,000 -1,900 0,245 2,474

Table 9B
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The projection objective of FIG. 52 has chief rays converging to each other

while starting from the object plane 3000.

Miérolithography tools, such as microlithography tool 100 described above
and shown in FIG. 1, can be used in the fabrication of semiconductor devices,
such as semiconductor chips, liquid crystal display (LCD) panels, or arrays of
charge coupled device (CCD) detectors, for example. Generally, the sequence
of process steps used in the fabrication of semiconductor devices varies
depending on the specific device being fabricated. FIG. 53 is a flow chart that
shows an example of a sequence of steps in the manufacture of a
semiconductor device. Initially, in step 5310 the producer designs the
integrated circuit to be manufactured for the semiconductor device.
Subsequently, in step 5320 masks (i.e., reticles) are produced based on the
design of the integrated circuit. Prior to actually building the integrated circuit,
wafers (e.g., silicon wafers) are prepared as indicated in step 5330. Next, the
integrated circuit is formed on the wafer using the masks in a wafer processing
step (step 5340). Details of wafer processing are discussed in greater detail
below. After forming the integrated circuit in the wafer, the wafer is diced,
bonded, and packaged to produce individual microchips (step 5350). These
assembly steps are often referred to as post-processing. After assembly, the
chips are inspected {step 5360). For example, the chips’ operability and/or
durability may be tested. Those devices that pass inspection step 5360 are

subsequently shipped to the customer (step 5370).

FI1G. 54 is a flow chart showing details of the wafer processing step.
Generally, wafer processing involves forming a number of layers of various
materials (e.g., conducting materials, semiconducting materials, and/or
dielectric materials) on a wafer {Step 5410). One or more of these layers is

patterned using a lithographic process (Step 5420). The layers can be formed
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in a variety of ways. For example, forming the layer can involve oxidizing a
surface of the wafer in an oxidation process step (Step 5411). In some
embodiments, forming the layer involves depositing a material on a surface of
the wafer, such as by chemical vapor deposition (CVD), for example (Step
5412). In certain embodiments, forming the layer involves an electrode
forming process for forming electrodes on the wafer by vapor deposition, for
example (Step 5412). Forming layers can involve an ion implanting process

for implanting ions to the wafer (Step 5414).

After forming a layer of a material, the layer can be patterned using a
lithographic process. This typically involves a resist process for applying a
resist to the wafer (Step 5415). Step 5416 is an exposure process for printing,
by exposure, the circuit pattern of the mask on the wafer using a lithography
tool, such as lithography tool 100 described above. Step 5417 is a developing
process in which the exposed resist is develop. Afier developing, portions of
the wafer exposed by the developed resist are etched in an etching process
(Step 5418). Finally, the remaining resist material is removed from the wafer

in a resist separation process (Step 5419).
Steps 5410 and 5420 are repeated forming integrated circuits on the wafer.
Embodiments can include additional process steps, such as wafer polishing,

for example, before or after pattemning a layer of material.

Other embodiments are in the claims.
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Claims

I. Microlithography projection optical system, comprising:
a plurality of elements arranged to image radiation at a wavelength A from
an object plane to an image plane, at least one of the elements being are-
flective element that has a rotationally asymmetric surface positioned in a
path of the radiation,
wherein the rotationally asymmetric surface deviates from a best-fit rota-

tionally symmetric surface by at least A at at least one location.

2. The optical system of claim 1, wherein the best-fit rotationally asymmet-
ric surface deviates by about 0.1 A or Iess from a surface corresponding to

the equation:

cr2

_ + 3 C.xﬂiyﬂ
1+ J1- (1 + k)c?r? ?'; !

F4

where

. (m+n)? +m+3n
2

z is the sag of the surface parailel to an axis, ¢ is the vertex curvature and

+1,

k is the conical constant, C; is the coefficient of the monomial x™)", and @

is an integer.

3. The optical system of claim 1 wherein the rotationally asymmetric surface
deviates from the best-fit rotationally symmetric surface by about 10 A or

more at the one or more locations.

4. The optical system of claim 1 wherein the rotationally asymmetric surface
deviates from the best-fit rotationally symmetric surface by about 20 nm

or more at the one or more locations.
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The optical system of claim ! wherein the plurality of elements define a
meridional plane and the elements are mirror symmetric with respect to

the meridional plane.

The optical system of claim 1 wherein the plurality of elements comprises
two elements that are reflective elements that have rotationally asymmet-

ric surfaces positioned in a path of the radiation.

The optical system of claim | wherein the plurality of elements includes
no more than two reflective elements that have a positive chief ray angle

magnification.

The optical system of claim 7 wherein the plurality of elements includes
no more than one reflective element that has a positive chief ray angle

magnification.

The optical system of claim I wherein the microlithography projection

optical system has an image-side numerical aperture of about 0.2 or more.

The optical system of claim | wherein the optical system has a rectangular
field at the image plane and wherein in each of the orthogonal directions
the rectangular field has a minimum dimension of about | mm or more in

both directions being orthogonal to each other.

The optical system of claim 1 wherein static distortion at the image field

1s about 10 nm or less.

The optical system of claim 1 wherein a wavefront error at the image field

i1s about A/14 or less.
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The optical system of claim | wherein the chief rays diverge from each

other at the object plane.

The optical system of claim 13 wherein, for a meridional section of the
optical system, the chief rays have a maximum angle of incidence on a

surface of each of the elements of less than 20°,
The optical system of claim | being telecentric at the image plane.

The optical system of claim 1 wherein a path of the radiation through the
optical system is characterized by chief rays and, for a meridional section
of the optical system, the chief ray of a central field point has a maximum
angle of incidence on a surface of each of the elements of 6 degrees, the

optical system has an image side numeral aperture, NA, of more than 0.3,

and the ratio O/NA is less than 68.

The optical system of claim 1 wherein the optical system has an object-

image shift of about 75 mm or less.

The optical system of claim 1 wherein the plurality of elements comprises

four or more elements that have freeboards of about 25 mm or less.

The optical system of claim 1 further comprising a radiation source con-

figured to provide the radiation at A to an object plane.

The optical system of claim 19 further comprising an illumination system
comprising one or more elements arranged to direct radiation from the ra-

diation source to an object positioned at the object plane, wherein the il-
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lumination system comprises an element positioned at a location corre-

sponding to an entrance pupil of the optical system.

A microlithography tool, comprising:

the optical system of claim 20;

a first moveable stage configured to position a reticle at the object plane
so that the optical system images the reticle to the image plane; and

a second moveable stage configured to position an article at the image

plane so that the image of the reticle at a surface of the article.

Method for microlithographic production of microstructured components

comprising the following steps:

- providing a substrate having at least a layer of radiation sensitive ma-
terial,

- providing a mask having a structure which is to be projected,

- providing a microlithographic tool according to claim 21,

- projection at least a part of the mask on an area of the layer using the

microlithographic tool.

Microstructured component being produced by a method according to

claim 22.

Method to design a rotationally asymmetric surface in an optical system

according to one of claims | to 20, comprising the following steps:

- start from a design being rotational symmetric with respect to the path
of radiation;

- decenter the rotational symmetric design by translating the axis of ro-
tational symmetry with respect to the axis defined by the path of ra-

diation parallel to this path axis;
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-
- tilt the rotational symmetric design by tilting the axis of rotational
symmetry with respect to the path axis;

- minimization of optical aberrations by implementing a freeform de-

viation from the decentered and tilted design.

Abstract

In general, in one aspect, the invention features a microlithography projection
optical system (101) that includes a plurality of elements (310-360) arranged to
image radiation from an object plane (103) to an image plane (102), at least one of
the elements being a reflective element that has a rotationally asymmetric
surface positioned in a path of the radiation. The rotationally asymmetric surface
deviates from a rotationally symmetric surface by about 10 nm or more and the

optical system is a microlithography projection optical system.
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Feg. 119 Fig.20

(X . v) (X, YY)
Y-FAN 1.00, 1.00 X-FAN Y-FAN 1.00, 1.00 X-FAN
0.5 RELATIVE FIELD 0.5 0.5 RELATIVE FIELD 0.5
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s 5
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4 4
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2 _ 2
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RELATIVE FIELD RELATIVE FIELD
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1 1
-0.5 -0.5 -0.5 -a.s
13.5000 NM —————————  13.5000
OPTICAL PATH DIFFERENCE (WAVES) OPTICAL PATH DIFFERENCE (WAVES)
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2
-0.5 -0.5
0.00, 0.99
RELATIVE FIELD
05 ( 0.00° -4.339% 0.5
1
-0.5 -0.5
13.5000 nM
OPTICAL PATH DIFFERENCE (WAVES)
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