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ABSTRACT

XUV has found a wide application from the fundamental research to the
application study such as biology, materials science, industry, physics and
astronomy etc. It makes demands on high-resolution XUV optical system. XUV
optical system has the grazing structure, which produces higher level of
aberration. Gratings and mirrors are the main components of XUV optical system.

Grating aberration theory is the most important basis for instruments.

Lie transformations, as one of the methods in aberration theory, has been
developed in the optical systems with axial symmetry. It is a novel method in the
optical systems that lack axial symmetry. Goto and Kurosaki extended Lie
transformations to systems with a plane of symmetry. They derived the aberration

coefficients and image equations of spherical gratings.

The Lie method to characterize imaging of a toroidal grating is presented. A
brief introduction of Lie method is firstly given, then the five transformations to
describe the imaging processes of a toroidal grating is derived in detail. The
formulae for calculation of the coordinates and direction of light ray are obtained
with the. above Lie transformation; and its numerical results are compared with

those by ray tracing program of Shadow.

An advantage of the Lie theory of optical imaging is that the pupil (aperture)
coordinates do not appear in the Lie theory. This provide a significant advantage
when multi-element optical systems are considered. The phase space variables x

and y in the Lie theory provide for the extent of the object.

Keywords: aberration theory; Lie optics; toroidal grating;
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FEMNFEH 3 FEHERFEAZELER M,

M, =exp[:—%’(pz+q2):]exp[:—%(p2+q2)2 :] (3-21)
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EEHREMTEAIBIL

3INFRENTERR
BESHANRRNBGRENG, HRECEREBRIGUF, KHMAZEBRKK
ER, BENSERARBEALBYFRIBRFENFRR.
M= 'le'/ua"“!;"“a'/urz = ‘MrIM::m'G‘M'BMrZ (3-22)

R FRHRBZERA TN, ¥ Lk 5 M RBAHFNZHRRPSHE—E.
BANRANZZHRATUER: |

M=exp(: g; :)exp(: g} :)exp(: g} ) (3-23)

“HETF exp(: 1) -
exp(: 1) =oxp| s 2(p7+4°):[exp[: n(cos@)p Jexp i (47 +5,57)]

exp[:—ln(cos,li)xp::lexpl::—%’(p2 +q2) :] (3-24)

&?g;ﬂgﬂﬁﬁi&iﬁﬁiéﬁ\ﬁﬁ%%ﬁﬁﬁh A L+2%3. Ll #A
SH R TR E T,

x' M, 0 w, 0 |x

' 0 M 0o w

Y= ¢ o Y (3-25)

p'| |-1/F, 0 M, O0]|p

q' 0 -VF 0 M|gq

HEEFEPEMATNE 1
£1 g PRHXREK

L= 24, szcosﬂ__rz_ M =552 1 |y =cos,8rl cosarz_ﬁ
F, cosacosf cosa F, P cosp F, P cosa’ cosB ‘ F,
1 r r nr.
—=2B, M, =1-2% M =1-L W =n+r--1%
F, g y T F ! F,

M ERERED, AIBESEE:
x'=M,x+W,p (3-26) L Y'=My+W,yq (3-27)
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WP=0E§W;=0, El]

2 2 1
cos @  cos ,6=cosacos,6 (3:28) & l+_

n r F, non

(3-28)M(3-29) 7 AR FFRMIMEK T R RER .

MGB-22)XFEHF|(3-23)A L RS, TEE L= 3R B MESH =
MERBRKLZMBRER. AT REZMZRBHRAE, BaHRO=MFNHMNE
BRYEELRBERREFOZTHANITANMEFCE. AREENE, €A
Campbell-Baker-Hausdorff 75 B2 ¥ BN =Fr ZR¥A FH AR R, XFENMZER
¥, EHik, TUBHEHEN g, Mg, .

1
=— 3-29
3 (3-29)

8,=8 +8 +& (3-30) £ =8u+8s (3-31)
g MENXRT, g, g Mgl HRIRE M, . M F M, FERNTRES
2 L W9 SR, g W g g A g AP, g E M, K,
My, M, FM,, BTN B4
¥ gy 'y pra (i+j+k+1=3)BIMRBERTRH Al
A = Ay + A5+ 4y (3-32)
BT FEAK, 365 10 MET AT (i++k+1=3), RERERELHR 2.
g, I 19 MEST. FEEAMMTE, A4, RETR g, Try e
(i+j+k+1 = 4) IR, ABRARELMR 2. |
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BNUE REARLEEAE

4.1 BB A

CHEESEDELNE, g g BEVTELE SNSRI A
KB FEHG-23), AR H PR R S H AT,

x'=exp(g; Jexp(g; )exp(g: ) {x}
=exp(gé){x+ll![g§,x]+%[g§,[g§,x]]+ll![g2,x]}

K, ', p'MgBHHINHRER.

41

HTHESE, el g, 5[4, ]] a5,

x'=exp(g; ){x+%[g§,x]+%§,p,, [g;",[g;",x]]+ll![g4o,x]} (42)

y'BIRIER,

y’=eXP(gQ){y+%[g§,y]+%§p,-,[g;",[gs",y]]w“%[gw,y]} (4-3)

MR NI H, FAREFELNBREMT+HEE. W, =08,

4-2)F4-3) BRI,
x'=Mx+ Bl.ow-"'p + Bi;zooy2 + B(;lOlyq + Bn;ozopz + BO.OOZqZ + Bt:zloyzp (@)
+ B(;qu + Bt;oz«al’3 + B;oupqz

y'= ‘Myy + qu + C(;l 0P+ CO‘OIIPq + Cl.loo-W + Cl.oqu + C(;300y3 + C;oozqs
+ Cazmyzq + C,;mypz + C<:021p2q + C(;lOquz

E@HRE-5RF, —RBM, . M, RRTHKE. £x,y,pg IARN
ZRAMAZRATF, REE p, ¢ HRATHNREER S EAKNSGE, &
KIMAHS RBE. R, g T A4, MAERETRG2)RERB FC: x'P

(4-5)

ZRITREI A By, 5 K.Goto —HP, AR 3: y' PEBMEAELKC,, KiER
WHF 4 By RABE, B RTBHEBE, By RRERE, FIFHMF 1 A
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F2HHAXAIBENETFFREFH THRAETRN, MKR SR, SW, =0
i, BAMCHMRERSEHAR, ZRHR 3 MR 6. N TRIS LT E
KK p'q' RUEBLAERBARKUNSER, SAMKT.

4.2 B AR EIE

A BB AR@-HF@-5), TLKHAE AR EOARRET R ERRERER
FEEMSE (RERTIED. XFERE GERER) SRR 2 Fix, HER

K2 BAREHRSY

Ve FrE&E |(AHfa/REAL | E¥BR | K¥ERp

7, =200cm | ', =100cm a=Lp=86 R=1911.4cm | p=9.3cm
M KRB KA AT AR B E RE BB B HRBUETE SR, CILEATF

HRRBFRHF/EROERM . REFTRBINRBAXFTENE, 5K
FYEERIBT R4 Shadow FTfS 45 RBEIT R .
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EHERFIEF R

(1) & r, =r', =100cm

[ ——————

10r

Jﬂhf ]

0.0¢ "‘ 4

2.00¢ {

[ 1

!

05 ‘i

10 1
=0.20 =015 -0.10 -0.05 0.00

(b)
B4 BALEXFMERATIE (BAL: cm) @ (a) ZZEHBBR AR, (b) Shadow

(2) ¥ r, =200cm

i q

1 f ]

B oF !

10 | '
0.5f
o5 |
C'DE
oo I
ook
05 ,
10 -'l’.'t
L

gD -1.5 =10 -05 00 05 1.0

_ (b)
B 5 HBLBEHETARAFE (BA: cm) : (a) KB A, (b) Shadow

(3) B#Er,=r",=100cm, BHiy=02cm

DB e e e b . 0.05]
0.00 F
D05 '.l.f_l‘_-l—
0 GL
0.10 2 t
o}
015
- r.Z'J.[_ L
020 ..

| o 020 -0, (b)__ i s B
Be6 HMELEBETMENATE (BAL: cm) : (a) ZETHBHE AR, (b) Shadow

ME 4, BsaTUEY, ERETFHETETFAMNERL, BIIMZEE
BB AKX BB RIS LT MR . N TFREMOER (0E6) RIRA
5 Shadow K145 R AT & HITREF .



¥ KEMFEAHB T

BLE FRERE

5.1 &

F IR T ZFRBM T ERG BRI AR, MBS 2 R A
Bt R, RUBMIEAMNNFZ SR BENEANFRRAOTERMEHT
BHAMO =B ERER . HARLBT KA TURENZRERBAEHE
EHEER, D ERRGTERBLERBTRIE, RAFRHRITELIEFRR.
KR HOBR AR T B LIRSV FEAAR. T7 [ R5XZ 6 KR
¥X R, AXNPHRFHIAMRELIFZ KNFTEEER, GRTYERAEZES
BRERX MR BZ RS KR BELREREREFR, BIECHAIREL
REBEREXTTHBRBERIEAREXT N HRER, & K. Goto M T. Kurosaki
AR —B. LROBIURSTRY T SRR ENAEREBRNTA
BB

(1) EFRHROAHIOCBAIT. ELBELTOMNERERN, RALEX
FATHRCEARE, AREZ BB XESIFE—RR. R, TR
BEERERX, BENTERANBRERIE.

(2) BW Chrisp B EE L Rt RH B PHAERAMENGELN, #R
T E A ER, HOERFRRERE, METRATETUBIITAR
PHEAHRERER, MRK AR AR USRI REEE LR AL
THREER.

(3) Chrisp HEEERRFHMARBARXNRNINEAZH KL, BB
ShEE— YIS AR . TR BRI EN— TS EYR 4N, ATLIRH—
st B ER.

FXRBHEBIN—ERERKT URRAEBEERTRENREL A,

E$§&7J—&¢y Wp:cosﬂyi+cosar _HZ_ ﬁl:F_l__z 2A’1 , AZ%J

’
cosa ' cosp’ F, F, cosacosf

B3% 1 FHREIRE.
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TERFWLFALET

cos’a cosa

, T(Bor) =L _csh

*T@n)==—"3 n R
1

nr,
cosacos B

——[(fzoo (@.1)+ fon (Bo1;)) +2mAo, ]

cosacos [

W =

p

[(T(@.r)+T(B.n,))+2mic, ]

EFERHE, Wy=ren -0, K-8, B WWR | RN RE

y

+5(a, r)_:l_co;a . §(8, ’z)-z"w;ﬂ
W, =rr, (§(a,n)+.§(ﬂ,r'2)+mlaz)
=11, (fo (@R)+ Fo (B3 + mAc, )
ETFREEZHT,
o __ 3r’r, [1 (smacosa+smﬂcos,8] sinacos’ a smﬂ'cos B 2m10'J
% 2cos’acos | R n r r r; ?

3r’r, sina sin B
T(a,r)+——=T(B,r,)+2mAc:
" 2cos? acosﬂ[ (e.5) r (B:r) }

3 2
= Seot B fon @)+ S (B + 2]

ETFREFHT,

2
By =- rlr, 1 cosasma+cosﬂsmﬂ 1 sina+l 1= sin ~2mig,
2cosB | p hoo n n F,

-1

1 s 1 cosa g N » cosf
er=l———| ., S(a,n,n)=—- » S(Bor,r)=2%-

(.F,}(”)rlp (’)r.zp

. r'r | sina g
B, =—1— S(a,n,n)+——
0002 ZCOSﬂ[ ( 1 1)

__nn

B 2cos 8
LRz P, [, ABEBREBRPNRERY.

'B (/3 n, ,)+2m,10'4j|

n

[ Jio (@1, 1)+ frao (ﬂ:rz’ )"'2””1‘74]
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Mty i J 049

5.2 ¥

ZE AR P09 77 10T AR SRR 2 T R AR . ERARRITHH L, B
WAEBRITE: —RIEBFRHETEFFOCFRAN B, HELELTIoH
HWAEFA LI BROFRHRIER, FHXEFRRRIER, K5 R ZHRE
Ha¥H, BRRBARURGEREREY, —RAMH & T4 RR A XTI
R UZTREHFRG NG, KB TeAERIRAAR LK 3 YELR 7 [ R AE
AR AT EICIR AR U R LRI TT R, X RABRANBATIEAR, BA]
UBBBANAREAMRBEAR, HPEZRTHRBRARBNRENEED. &
WHHHLHEB T, "TLEER ERKTTEE S HE TN RB AR ERIE.

FIZE 2B 77 T GO R R R A A — L2 .

(1) FRRLE) “TEL”

77 [ R AT LU s 3 BRFORILAE B P LA, Wl 7. 7 FRE
T, ZAHTy St REHER AR P T 75 R ILRIE L.

(@ (b)
7 BALETFA/EOTARZLIIE (B cm) :
(@ZFZH B ARX, (b) Shadow HISIR
AXBTRAN, T5 B RIZLKISRABE A R G KR T B Bl S22 f - (B2
EFRBITEFBEIN T ARERERT, FAREZESBRERRK. MARNFEF
FtERESH, TUARARGEELKN T MREHH (NE 8
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WA FTALF R

o i am T B TTaomm oo oms

0018 e o e i

2504

2o

2% Y T T S T T T S T T

© (d
B8 REMBREEr 207 MRZLAFIE (BAL: cm)

(@ r,=0cm,(b) r,=50cm, (c) r,=100cm (FF£&FHA), (d) r =200cm

Wl 8 FiR, HRARZE SRS BT A E R TH k. B,
XX G RAE B A REF HIRERE
(2) FLEfMEPRE
SH ERIFERGE, FLBARE— MRS, WTFFITENA 0.0696, WK
TiE% 0.05, HibRESHAZR, REIAETFREFE L. BRI LA L5]
B LA K 7 8 R 5% s 5 B 5354 B shadow IS5 SR A H R ZE 5.
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LR A B

(a) (b)
Eo BXLEXRERMASIE (BA: cm) :
(a) ZZEHBB AR, (b) Shadow KIS R

(a) (b)
B 10 mALEDHET AR ATIE L cm) :
(a) FEZHBBLARK, (b) Shadow G R

B2 45 R B RS . B, BB TERESER TLRMA N
EI R HRBOTEE A, BHXAEEGR0ERRRFERL, TR —
BMEE, FETHROTEEATRABAOERT.

A BT RTS8, R AT, 8RBT R
HABe BT O — R v, PR B M 45 T LARHR SRR R AT 07, FEIXHT T
EH R — SR . BN BRI TSR3, MO0 e
ERANS LB, (B SR BIEAR R R B, XA
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E#REFLFEARI

R 1 AR ERATH FERR PR RBBEHEXRY

A2=Eos—az—+;ﬂ—mla, Bz=c—os—a"z':)ﬂ'q—mMr2
A,:—%tanaumla, B,=—i;2—tanae+mka'4
C3,=—51E(tana—tan,3) C,2=—i(tana—tanﬂ)

A, =%[—8%(cosa+oosﬂ)+ ta::;aAz +c0:3 - 4 +%(tana+tanB)A,]+mla,
B‘=—4Rp2 (coso:+cosﬂ)+tan2aA2+ ! 2, 1 g

2Rp pcos’ a Rcosa *

1 3
+|—B, +-— tan @ +tan §)+mio,
(4R 3 4pA3)( ﬂ) mAO
1 1 tan’ @ 1 1
C,=—|——(cosa+cos B)+ +-—— B2 +—(cosa +cos ) B, |+ mAo.
=2 i aon )+ B g s cosarcos )8, s
1 { cos’ a+cos’ B 1 (cos’ a+cos® f
D, =—|—5—7~ Do=—|"F 5
4R\ cos’acos’ B 4p\ cos’acos’ f
_ 1 (cosa+cosf £ __1 [cosa+cosf
4R\ cosacosf “ " 4p\ cosacosB
1{ cos’a—cos’f . 4, 1{ cos’a—cos’ B . 4,
Fy=— 2 15T T3 Fp=— 2 2ot 3
R\ 4Rcos" acos" B cos a p\4Rcos*acos” f cos’a
— BZ G = BZ
44 = 42
Rcosa pcosa
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Pis% 2 g: ’ gs ’ g: ﬁ]gwq:‘ﬂgﬁﬁ

gl hx'y p'q (i+j+k+1=3)BMRRRRN 4,

Ay (i+j+k+1=3)

» _ Sina » _. B » _
Ao 5 F}Z cos B w = 3 Ao =0
» _M,sina » _ 2nB,
A = w0 =7 ot =0
F, cos ,B cos B
M’sina . _1B 1
1* ¥y 2 3*
= =—tan
*2 " 2cos B A = cos ,6 Aoz 2 A
A‘; = .___"Z_Sin_g.__ /4:2. - rzBa +C.. cos /3 Ag; 0
107 2 0="_ 7 Lln =
2F} cos B cos 10
" nM sina . 2r'B .
Ay == 2F - cos o = ;Sl;""zrzcazcosﬂ o =0
2 .2 3
" nM;sina 2 r, B, 3 r,
=—2r =——223 4 p2C_ cos =—-2tan
12 ZCOSB 1400!2 cos ﬂ 2v32 ﬂ AOOII 2 ﬂ
' A __nMlsina A = r 4, +rZZC3l £ =-"tan g
%0 2cos 8 7 cos’ B cosfB 2
" nM sina Mlsina 5, 3 Ag Gy » 1
= + =—tan
Ao F.cosp  2cosf Ao = cos’ B cosfB 20 A
o sina > _ Ag » _ 0
000 ZF;Z cosﬂ 000 0053 ﬂ 000
» _Msina nsina » 3A,r2 -0
010 = F,cosfi 2F2cosf % Gos ,6 cos ﬂ 0 =

Ay RETR g, XY p'q" (i+j+k+1=4)FiRL

Ay (i+j+k+1=4)

2 2 [ ]
r'B, nM nM_sin‘a
Ay =2+ D,, cos® B—r,F,, ~- : —
cos” B 4F; 4F cosacosf
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LRREMLFAIRIT

. 2r;B 2 ) 7G, nrM!M, MM, sin’a
Aoy =——5==21,D,, cos” B+2r, F, + 25— +
cos’ B cos’ B 2F,  2F,cosacosf
. N 2 3 rM’M? M M?*sin’a
Ay = r2123 +rD,, cos’ f+—254L ZE" —r;F;z—rz(z“ A io? SR . 2.
cos” g cos’ B cos" B 4 4cosacos
__n
4cos’ B
. ‘4 ', nM! nMsi
=r2_44_+,.22 1 — ) il M, n sin’ & _h_n % tan? g
os” B cos# 8 4cosacosfS 8 4
_ sin’ a 4
Ao = cos ,B 4F3cosacosﬂ 8F}
. =C __]_
A0400 4 81‘}‘
. 4 2 1 4
Aws =Ciry +Eyry -G,y _er 8
B,, sin’a n

A = cos’ B 4F,F} cosacos 4F2F2

4F?

x

Ly = 6Ar2 +p. _3Fun 3M, sin’ a Ly _3nM;
™ "cost B " cos’ B 4F,cosacos B\ F, *
2 1.2 2
M sin"a _r,My
4F, cosacos B 4F;

. 1
Ay =m(34r22 +E, "Gurz)-

3rM2

Aozoz =6C, "2 +E, -3G,r,~ 4F2

. M  sin® MM
Auu 45 rz -2 42"2"26421’.2 + e (E—Mx]'rl 2
cos’ cos” f 2F, cosacos B\ F, FF,
Az, 23;-2 N G“ _ M, sin @ nM,
101 —

cos’ B cos’ B 2F,F,cosacosf 21"'2

. 2B,r, sin’ @ r, nM,
Ao =- ;2 +Fy+— L-M, |-= 2
cos” B 4F; cosacos B\ F, 2FF,

+F,r +

cos’ B 4cosacos B\ F,

o _ 234"23 2k, 2 2G“r22+ M;sinza (rz M)_’iMxMyz

2F,

x
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. 44  F,  sin'a (Ir; M,)—r'M'

oo == cos’ Jij cos® B 4F,|,2 cosacos 3 2F3

x

. rlMy
AOBOI = —4C4r2 '?'G‘z —_2__

3
y

. 44,r)
Aigzo == 00544 ,25 =2D,r, +

3F4;rzz+ Mfsinza 3—'-2——Mx _'1M3+3“2
cos° B 4cosacos B\ F, 2F, 4
3

* nM
Az = _4’C4rz3 -2E,n, "':"’Gaz"z2 - IZF )

y
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fiF 3 x'p

ERMRL B,
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|010'2M[ Am”_MxAWNJ

=~M, 4o + My Aom
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*

FZ

y

=30 A
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izj
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izj
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izj
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