R%k%
RSO7- 01

RSO7-05~RS07-08
—Far Ii**_t%*i

RS07-09~RS07-10

o
o

[E_'J:L,\*ij(-?, RE
RSO7—11'vRSO7—1
IR, HE v
RSO7

-




2008 ‘EFEBEHRAEMAEEER R

<TERE19FSF24B8>
RS07-01 HR&ER—#4, Hilsli—., BRRE (FHIZHMUEKRD)
"SUELGERMBDHDAMET L—T 1« I 50 TE FEKREREL"

RS07-02 ERI|A. hRRE. BHET (KRKXE)
"BIEAAWICE ST L1 EBNEDOERMRE"

RS07-03 £MMIEE. MFEFK. MNED*, FHEEs, LB GIHAD)
EHELETE)
"ELYEET / BEOEERBA L

RS07-04 KRFIEFE, lRELEH, ik F (RIWKF)
"UWB 7V R L—F D7 DD EtEResr e HEE R k"

<ER19ETH208>
RS07-05 BHESN. RAESE  (KIRAD)
" BEEEERDT S AL YSE"

RS07-06 #EBIEF GE&KXE) . LR (MLEKE)
"WIEEEE LESBIRED Y 5 XS HIHT B
EMEERIEIC DT

RSO7-07 4k HM. It REB (MILRITALS)
BRI R 5 1 5 ARG —HEE BB BRE"

RS07-08 rhiffkif+, EF+, FHE+ (KEREKF, =hEEBRXE)
TINBUEIRKE A — T DORRBR
- AU ORFEROERL L BRUGEHROBE"

<FEp19%£10F238>
RSO7-09 #&ih B (=Fa ERHEASH)
IR/ L RAER”



RSO7-10 #FHF ¥ (=Fa EFEHKKXE)
“International Linear Collider IE/\ILR IS4 R O VERORER"

<ER19F128128>
RSO7-11 AKZEEE, HOEZ, ARB (ABLKRPEIEER)
 "ARANLY SORHOREF v ET ¢ &
ZE— Fik— > DIEE "

RS07-12 BEMRAE, HOlEZ, 858 (ASFSHKREISEE)
"BEREOATL—F T4 NEORTY 7 ZAMHAIZDINT”

RS07-13 3REZEE, bl (REBKFETIFER)
"ERYRDITK SHEREESHEAOHT"

RS07-14 7 (REKEEGEETER)
"SIUSAF—ICLBBE - KEKEDYE— b

<TR19438278>
RSO7-15 thE{R1E (EEBBRZFEXRERR)
“AZTTFYFNICE BEBERME—-ERHT To—F"

RS07-16 /ML (XK FHKS FY—)
"AEANKVIP R TEER FRVEHAREEESE"

RSO7-17 AT, B, Pulifi— CRABTEMMAE)
Ry Y TYF—Ik BERMBOKEE"

RS07-18 /MESiEA CREBRFEFERTR)
"FPEREMICETSH TS X REER"



RS07-01 7 ¥ L2 RMaD b B HTMRT V—T 4 7o D TE FhBEHEL RS et ol FIHHK

TR ET SRR R
| BRLES | RS 07-01 |

S5 8 LERMEDH 5 ,
FREISL—T 42550 TE EHEEEE

ARE—# 1 Pusi—2  ARNRES
(K%Ixﬁﬁ#&k%jﬁ%% Ixﬂ%ﬂ?%ﬂ)

1 kazuhirin@nifty.com
2 nakayama@kit.ac.jp
3 ytamura@kit.ac.jp

200745 H 24 B (K)

ENRENRES
(B FBRFEEBF ¥ 28R THE 3 FHALS 2F & I 7 —%)



RS07-01 T > & KhI2RMaD b B HWES V—T 4 ¥ 7 inb D TE FHBAREL RS et al FKIHK

1 oI

TLJ hr=7 RAOEKTIE, ATV —F o 7RLCD EBDO LI TEEDOT L % HTICERE LR T
£<HY, BETRCORMBOBRERERRZIEL 2oTWVS. 0L 5 REFHTREBSNES A VIi3E
PSS CEFMETE B LB bNS. KBTI, HTREBT A v OXME, FAHECKMRODDEF L
LLTHER, RLORLTWS & RANMCRES W HHIRY L —F 1 Y 71T v ¥ A RBais b bR %
ZxB. 20X REW@H,DOBEMTL, KHEOUEPREDONFHFELRNT S LCEETHS.

FRER—2b D RAPHBENERE D 558, REREBCEHNREEY V—T 1 ¥ 75 b OHELCE
FIZOVTIHEL OFER SN TWVWS [1-8]. EH DI, Fv—F 4 v 7 OBERDONMBIZKKEN H DHEORFNR
r—2ZE LT, m—k%ﬁbaﬁ%ﬁyv_74/ymgoxm&oﬁﬁ%@ﬁbtp1mﬁ RGO F
U BTHBBERITOVTIESR bOMB R Y BEFSEN.

 ABFRRTI, 7/ﬁA&xm%ﬁo~&mmﬁ%ﬁyv—r4/ymeoTExﬁ&mﬁﬁ&&a iﬁmm
LSBT, FHESEYBICRBESITRBY, IV 7 ARRBOBIICITESED. RBOMBERT VF AT, K
MO ZMROLBEMTHIBERELEZLTWS. FUF ARRMOS BHHHS V—T 14 T IEE 2 R
RANLERSND & L, REEER 2 ERINCE 2T AM BRSNSV RFE LTRRT 5. TE EREHEA
FER B OB T 2 UENR & HONROREIS Y, REEERT S ER 2 ERFAIONERE LTERET
5. Thbb, BOMBICIT S EEEHIER 2 [R50 binary B3SHA T binary BRI L [11], HONEEO
BEETE— FEBE [12) 2AVT, BOWBOREEE, RIELREKE LLEKE— FTERTS. 2ok
HIRETHILITLY, EOMRICHT BREBHMHET L ANEEBROME RS L 2RT. ZORH
EHBRITEEERRFITCLHS. £, BOWBOEEELIMEET & EEEERFORL 5.

OB DERIC I T BB OEEED DI OSRICRT 5 BB & ORI OBBNIS ORI ARy 8L .
binary BB 1 & ¥ T binary %R, BILEHRL AFEHEHE LS 7 7ITRLTVAS.

2 BEOERE

21 SVFLBRMOBZIAMEITL—FT120T

SV H ABRRMDBBF RS V—T 4 7 LY, FRBRHIEFLENENT Sy FREFINRT v F AT
BhA3XHTHD. STORFIICHFEERD D L&, ZEIAYMRI VT4 7ERE. 0L, RN
(53] 2 MEWN HELLNPORERORB-LEEEEZELHHE, 2ERIPLREANERSNDLELDD
LRTEB.

—REDT o F DRRMEDHDHHRS V—T 1 v T %, 1 BBV -1 DEZLIEER2ET V¥ LEK
DFRF {by(w)} POERSNEAHRELELS (M 1). ZOLIRFVFLARKMDHDHHES L —F 4~
TEUTO LD SRR T 5.

z=flz,w) = —d Z (l:—%@)u(x—ngw), (o0 < T < ), (1)

g=—00

- -d(l;%&ﬂ)u@mm (~Lj2 <z < L}2). @)

2T, LAY, w BEXGdIXENTRIEDIELEETHS. w iXRAZH Q NRORASEZRTHER . T A—
ZTHD. ulzjw) iX HREZRTERT, UToLSERShS.

w(zjw) = { Lo el <w/2, @)

0, |z > w/2.
LERITI. fr,w) CRIBROMEZER L TOHRWERRATHS.
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¥i(z, 2)
1/)8(37: Z)

1 Geometry of the problem. L is period, w and d are width and depth of the groove, 6 is
the angle of incidence and ¢ is a scattering angle.

TOLXDRHHEITEREEFH > TS,
w(z — gLlw)u(z — ¢'Ljw) = dggru(z - gLlw), (9,9 =0,+1,4£2,...). 4)

Z I T, &gy i Kronecker DFNVE THS.
2T ¥ ¥ 2EH by(w) RATO LI 1 HBVIE -1 2L 5.

by(w) = { L )
PR =0="3E, Plh=-D=13 -1sps, @
OES - N
(by(w) = ) by () — ) = (1 = W)y, » e

TIT, P() BREE, () REHERT. by(w) OVER p, KN 80, R T 2 F ARFIOH
BEREZEZITVNS. 2TV FIEK by(w) PEELRERE LT, HRTDLHBEMEL L25.

bz(w) =1 ©)

{RIZ by(w) 2% Gauss 7 ./w@s;&-%mf b2(w) LIVFATHS. LoT, (9)ik2 5 v 3 DRI
HHTHHLWVWIS. ZOWEND, FiHDW b XN 2HRFITEH L ONIFEOMELE OMFHEIL Gauss 7
| FARFIOHE LATMIC RS Z L REINRS.

W) kY, 7¥H BRRMOH DI V=T 1 /mxiaamasaﬁ Ry(z, x’) RETFOLS 25,

e = ~a(15E) 35 ot = e+ L.e), W)
g=—c0. -
’ ’. 1-p ’ ’
Ri@s) = (i@ )= (25) ¥ ue-sbhu - o)
g9=-00
= Rf(.'z:+gL,:z:'+gL) (g=07:{:11i2"“) (11)

(10)(11) Bz B L CT/AH L ORYEIKTHB. LoT, EH f(z,w) EROFAMERBRTHEZ LADMS.
RAZH QNOBIMERR T 2BAL LS. RAZH QIERKT=2—7 Y v FENTHILL, EK%W
w%ﬁ$§mno¢®ﬂm&ﬁ&?bwa$&¢

W= ( s, W-1, W, W1, * “)’ Wy = Bg(w)' (12)
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binary sequence : {bg(w;)}

. b.—]_(wg') bg(wi) bl(w,;)

ol

w aes --1, 17 ' —17 1) 1; —11 17 —1) ‘_17 1

B 2 Generation of surface from bmary sequence {by (w)} A groove is formed when bg (w) =
—1, and not formed when bg(w) =1. ' = Tw is obtained by shifting w with T*.

TIT, witw D g BAOERTHS. RFERA w B n EiFV7 F’Ef’“’ﬁ‘é Thbb, by(w) — g+n(w)
X, BAKE w BRAZH Q NOBOREE o' = (-, Wno1,Wn, Wni1,- ) KBBTAHZ LICHYTS. Z0X
5 2 RAZE Q NOBBERFBEIEART 2H-oT o =Tw LFRT. K2 2ERFINLDOFFARXK
MaDdH B FHIES V—T 4 YT DERE, 2ERFIOY 7 VR IXBRED Y7 bOFIERT.

{bg(w)} BEHFRFITHEZDT, Tﬂklé@ﬁ;&%ﬂl%&k&é

Pw) = P(T"w) ' - - (13)
¥, T &iﬂﬂ?ﬁﬁ%fr‘s" -9“;’;}315 HEEOEH n, n LE@L'EREWWEDTZO

ba(w) = bo(T™w), o o T
T =t T0=7 (Identxty) [ Lo (15)

_om@sﬁw @ﬁELJ: D, f(z,w) ;mﬂmwﬁxﬁ&ﬁo Thbb, (z,w)— (z+gL, T-%) OBE

; flz,w) = f(z+ gL, T'yw) (16)
LRB. REHIT, flr,w) PEBOBEREE (16) 21T, BEIFEAR T ORI : P(w) = P(T"w) K&
9, flz,w) IAPEFBERL RS [11].
—HT, tOLICERBINDET U ARRMDHDHHES V—T 1 V7, BHERS {b (w)} T AMZEH
SRSV AFIEEX B LR TEBDT, g KELTEREERIITLHS.
S IZIT, 7, w DEBROBEK O(z,w) KIEATEARV—F D" ZUTOX I CEET 5.

D"®(z,w) = ®(z +nL,T~™w), (n=0,+1,%2,--2). , oan
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f@,w) DX A2 —F Dn KR LTRETHS.
D" j(z,w) = flz+nL,T™"w) = f(z,w). (18)

X 1 OBEERIC TE FEESART 2585252, BRO y S E, % U(z,2,w) TRT. WIS U(z, z,w) B
- HHEZEICRVT 2 KT Helmholtz FRARZ W3

*? 9
| [@ + 322 +k2] ¥(z,2,w)=0. (19)
TIT, k=27/ARHBAZEROEE, N BERTHD. U(z,2,w) HEEEFERDOET f(z,w) EIZIBVT Dirichlet
SRlEE W

Y(z, z,w) =0. (20)
z=f(z,w)
ASEEE iz, 2) ZEATO L H1IIEL.
Vi, 2) = ePTe™PoP)2 = _Ecosd, (21)
Bo(N) = Bo(A + k) = VEE — (A+ gkz)?, ki =2n/L, (22)
Im[B,(N)] 20, (g=0,%1,%2,--.). ‘ (23)

T, 0IRAEA, kL AH L oEHA RN, Im REERORRTHS.

z > 0BT DEEIEE Ui(z, z,w) EFEL. Vi(z, 2, w) AT ¢i(z, 2) k7/ﬁA§ﬁiuJ:5ﬁm¢s(z 2,w)
DTEHEEERINS. . ,

Ui(z,2,0) = iz, 2) +ds(a, 2,w) (24)
—H. TV T ARGFBIBROWNE (2 < 0) DEEEE Ua(z, 2,w) EFHL. HELE ¢s(z, 2, w) BLTHEORIBORKE)
B Vy(z, 2,w) BTV FARE f(z,w) ODTBRIPEDD LENTS. TRbb, flz,w) ZERTDER 2 HRF
w= {Bg(w)} @%B@ﬁf’&)é. ,

—HT, 2> 0OWEI Uy(z, 2,w) BL P grad¥y(z, z,w) iX z B LG 2 OEEBIKTHS. (18) &Y, f(z,w)
BARL—% D" TR LTRETHEDT, b ¢,(r,z,w) BEEBFER (19) LEREE (20) OMTHNIZT,
D™py(z, 2,w) = s(x + nL, z, T~"w) EAKE D ;(z, 2) = ePrleirze=hoP)z Izt 3 BMERB. LoT,

D™p(z, z,w) = Ps(z +nL, 2, T "w) = eip"l"(,bs(a:, z,w) - (25)
285, sz, z,0) B '
(T, 2,w) = PV (x, z,w) » (26)

EEL &, Uiz, z,w) 1 (25) 5

D"Uy(z,z,w) = Ui(z+nL,2, T ™w)
= e e Ly (z+nL,z,T "w)
e P(, 2,w) = Uy (z, 2,w). ' ‘ (27)

T Uiz, 2,w) Bz BT8R L ORMEFERTH Y. BEEHE D" T3 5BHAEEEZFOZ L %
FT, LoT, WELH ¢, (z, 2) ITHERRA Floquet DBZ . T72bb, WEIHET 7° L&Y 2 HERFIO
B TH 5 AR TR U (z, z,w) OFITRD [11,13). Ui(z, 2 w) DI 2 B L TAN L ORIk e
235.

; (Ui(z + nL, z,w)) = (Ui (z, z,T"w)) = (U1(z, z,w)) (28)
(21)(24)(26) 25 z > 0 ITB T D EEE U, (z, 2,w) BREMHEET LEAHNEHAROBTE LT 5.
Uy (z,2,w) = P” (e"iﬁ°(")" + Us(z, 2, w)) (29)

(29) FXEHHE FIZBE3 5 Floquet DREDIKIEIC 725 TWV3.
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2.2 EHEORE -RAREBREEEEER-

%P, 2> 0 OFEROMELIEIE ¢, (z, 2,w) = eP°Us(z, 2,w) EHXB.

R AR Uy (s, 2,w) REE 2 ERF {by(w)} ORERNBEEKTHSDT, binary BB (A.15) ILL > TEHA
+ B LRTES. binary BE (A15) %, Ui(z,2,w) = Ui(z + mL,z, T"™w) Wl L, 2, ¥s(z,2,w) =
ePoUy (2, 7, w) BWBHE (19) & 2 — +oo KB BHNFEEZMIT & 5 ICHMAMRE (1] TELLE, 220
BT AAWEE U, (2, 2, w) HEFO X 5 2BF 5. BT, Bi[l, Baf] @ by(w) KB L THERNRT 2 —F
wEHLLTh EHE VTS,

N ,
Uy(z,2,w) = €P® (e“w“(”)z + Ul(x,z,w)) = ¢'P® (e"iﬁ"(” )z 4 Zeiqk"zUl(q) (e, z,w)), (30)
g=—o00
) o . [ke/2 ) )
U (z,2,0) = CP @)@+ 3 Bilby] / C (A, [p)er (eI ibalptidz g,
g=—00 —kr /2

o kL/2 S _ o
+ ZBg[bg,bgl] / / . /g'é‘l) (A1, s — ,\1|p)61(>\.-—«\x)(m—gfz)+=>u(z—g L)+iBaPHAa)2 g\ d), +- - - .(31)
kL : -

9,9'=-00

2T, Bl At A TEESNS binary SER, €2 (p), CP(Nslp), - -+ 13/ Vil ky, RIS 7z Fourier
B REO binary B CHEEERTHS. ¢ IANMROLT—F—2RL TS, ZORRBYRNIIME O
EER L REROTTENTVS. £, AR Uz, 2,w) F g CELUTEEBRERIIL 2o TV 5.
Kz, BOWBOEDE Us(z,z,w) 2E2 5. ©— FERE (12 12XV, HONBORESEZHET— FOM
TEERT.
Uo(z, z,w) = z (l"—%g—g(-ul)u(a:—‘gL)eiWL Z D,(S) (p, T9w) sin (mkw(a:+%—gL)) _SlI_l._(’Y,;_(Zj:d_)) (32)

g=—00 © om=1

c ¢, DQ(p,Tow) 3HEE— FORE, ym it m ROBFEE— FOBRERTHS. TEBEAROBSE, H
' ib‘i-‘{E‘— FOREE m=1 7))6?&&5. (32) DL HRHETDHLITLY, (32) AR y—% D™ IZH LT

D™Wy(z, z,w) = P Uy(z, z,w) ; - (33)

B LT3, £, DO (p, T9w) i g KB L CERREERFIL RoTOB DT, HONKOEEE Us(s, 2,w)
B, g IKHE U CRERERRS Uy(w) LAMET el ORLRoTVS.

2.3 BEAaO#HEE
2.3.1 FHEBE

binary ZIHR Bplbi,,- -, bi,,]| PEHEIK (A8) KE>o2Tn2>1 DEE (Bylbiy, -, bi,]) =0 THHDT,
(30)(31) 5B FHBBBHKD L > i 5.

o«
(U zw) =€ [e-“’ofv)w > cé‘”@)eikmewq(wz]. (34)

- g=—o00

(34) IEHFHTFICBIT S Floquet OMEDHDTHS. 0T, ab—L v MEEBICH LT, 2{ERFIND
ARENDEPOAHAUREIZLRBHMEL LTEAL, BREOZGTROZICERIND. '

2.3.2 kLEE
JersE, RBINREEIRE NS 02t — Ly MNEfTE L 4 V3 b— L MEEROT XA ¥ —BIRE 5 %
5. BB U(z,z,0) RASIEZIERCHAVE, Tgadl BRMEHBRICES. S5, TORATY
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(U*grad) KIEH L © 7 B 3EMEKICRS. ko7, (ImlU gadVl)/k &—RMIc oV C T
LBI LI TUTOL S IChEEREES.

o kr/2
b _ 1 [Rewq(pn]oé"’(p>|2+nkb [ . pReluo+ )

g=-o0

2
O lp)| ax,

kr /2
+2lk2 f /  JRelBi )
—RL

kL /2
—2lkr, Re [By(p+ Aq)]
/2 :

—kr

2
S0 = M1, lp)| Daars
- 2

kr/2 )
[ 2002 nipan dAs+---] (35)
~kr/2 .

Re HERBEOERTHSD. ELRAREOZILX—2R L, AOFEHIat—L Y MNEFEOZ I —
E, FTHEUTRAVab—vy MEELEOZ XA X — 2R LTV 5. ,

ab—LY MEER G 1 ROA > ak— Ly MEROEE, REDOHSORED EH Gauss 727 AEED
LELEBITHBN (13,14], 2EMREL EEHOBAN 2RO at—L Y MEEBOTZ A ¥ — %R TH
Iz FIQE AEENDL. (20 BIIE LoV Tik 2.3.3 B, )

2.3.3 HEWES ;
FeZEER (35) EANA 0 LEEA ¢ TRAVWTEERTL,

o= 3 Relsing, @) |cO@) + L [ o(e0)d 36
sind = 3 Refindo)] |00 + 3 |} otoioras (36)
L%, o(gld) A>3 — Ly MEELORAEST (MRS 7= » ORETER) T, AR 0 1k LTI
£ ¢ FINCHET SRAARELI Y DL Yot — Ly MEAKTHS. o(g)) A —F—0 binary s 0
HEORTHT 5. |

o($l6) = 01(416) + o2(410) + - - - (37
1%k E 2 ROWENTER 01(4)0), 02(4)0) BETFOLS1ck3.
a(@l6) = 2nksin?g 3 ki |G (kcosd - p— kralp)| Skeosg-p-hia) @)
q—;oo . kL/2 2
o2(¢l0) = 4mksin®p [k,% / C$P(\, kcos p—p—krg—X|p)| S(k cos p—p—krq)dA
gq=—co —kr/2 .
kL/2 o _ 2
— kL / ) /ZC§q)(A1,kcos¢r—p—qu—)\1|p)S(kcos¢—p—qu)d)\1 } (39)
1, (I < kr/2) 2 :
S(A) = SA+krl)=1. 40
oy { 0. (N > £2/2) l:;oo (A+kel) (40)

ZZT, S()\) i gate HETHB. 02(p|0) OF 1 HE 2 ROWEMTEHOEER, H2HEAAHLIEEZ L
L, ENEN oam(4]0),024(4]0) LEL.

A 024(4|0) &, 2TV FIEROBRIBERE 1 L25HH (9) ITHKTD. 01(4l0) BT 0am(4]0)
i3, RADOHIDOWHENR Gauss R TEX LNBHER LRIABLTHDNE, HNAH 024(¢0) HREDWLE
R 2ERFITELBNIBAREERETHY, Gauss BHID & XITRTFELRV. ZOMAEOEEICL>T,
2 ROWELWTERITD B EH Gauss RFADFHF L RELRRY 53 [11]. :

L3R EEDWTY ‘BIKH 1TTL 3.
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2.4 BEEARIOZ[H LELHE

= OHITH, ERAME (20) 2 TEBBEROS. HIAEOM 0 LOBOAEOFRE - = 010851 5E
REBROESBHEIIRO L S5 ITEIT 5.

(U1(z, z,w) — Ua(z,z,w))] =0, ’ (41)
. . : z=0
— [0¥;(z, z,w) _ 0Us(z, 2,w) 1—by(w) _ _
g;«, ( Bz 5% ) x( )u(a: gL) > =0. , (42)
h ‘50%{4:%%@2?“"1@?‘ Ui(z, z,w) B J:U?i"f%"ﬁé$¥§ﬂ Us(z, 2,w) Bk [11]
1 [y ' :
leweell= [ (o oPe @
oﬁl;kﬁﬁm,n\z)a L, B8 =0 LARL, | gL/zﬂ)ﬁﬁfC’ﬁK. 13T, ROBEREED.
L fRe2
14 Z eikr (C(()q)(p)-l- Z Bl[bg]/ C(Q)(/\ lp)e iXs (m_g[')d)\s
g=—o0 g——oo —kz/2
+Z Balbg, by'] f / C(")(As M, /\1[p)e‘(>‘ A1) (@-gL)+id (e’ L)dAldA . )
g9,9'=—00 _
(2. (m);mm(p,w) sin (mkw<x+ )) B0nd) o, (44)
<] kL /2
[—iﬁo(PH > ewkw(w (p)cé"’(p>+ S Bilb / o+ 20 (alp)e™ o),
g=—0c0 Tg=—0R .
+ Y Balbobo) | [ Balp A A=, M) OISR I DDy - )
9,9'=—00
- 7112:1953) (p,w)sin (mkw(a: + %)) cos('ymd)] (..:-’;-"-(“’—)) u@)=0.  (45)

(44)(45) iX |z] < L/2 DERED z TOVWTREILTWEDT, ZHHORFO z BT ARFEUTOLIIT
Fourier RIXE$ 5. '

ikLTgida , er[-A+ (G — @)kL] ;
u(z)eiquIei)“,Bq(p+ A) _ i fw["‘p -2+ (.7 - q)kL] eidkLe (46)
u(z) sin (mky(z + %)) cos(1md) Plameit 7S [mkylikL]
u(z) sin (mkw(z + §)) sin(vmd)/¥m - Y5 lmky|ikL]
XoT, BEEj=0,+1,42,--- IZ%$ 5 Fourier RN H>WTDOBEFER /D,
S Oeslibal+ Y [eL[(j—q)mos“’(p)
g=—oco® . '
+ 3B / exl Ao =IO lp)e ™ dr,
g=—00
kr/2 ' : ' o e T T
‘ +Z 32[39,39'1 / / 5L[“>\s+(j,—Q)kL]C§Q)(As—/\la)‘1 [p)e—* e AL T LN N - ]
9,9'=—00 —k/ : e
(ﬂ‘i‘i’l) Z 72 [mkw|jkL) D(")(p w)= 47
m=1

1 ik, Ua(z,z,w) KOV g =0 O ESLER RS 2 Licksd.
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k=1
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I RE(L 5K Al GayIni N 1, BEEBREEEMETSH " dan T oo
b, & DIZHRESMAING 2eV)[1]22 DI ARSME(IN0.7eV)[2] £ S | =
TOBEWERBICBIT 587 /51 2B E LTS 200 £
T 1), . InGaNGaN/ALGa, N REHAEDOFEL 58407 g 1’° %
FoA ADBFILES, A %K. F. R K. AARES 1 S30) \\ ~Ja0 &
#— F(Light emitting diode: LED)[3,4]. X UES, %, HE& §z.o_- 1700 §
L4 A — F(Laser diode: LD)#SEF LI[5,6], GaN R¥: T 10] \lr:)N 31600
BT, BTRAT SLERBES RS, BFEROEY L 3200
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T GaN ZRET B, GaN &9 7 7 4 7 ORBIFIEEC ggwgﬁfggﬁggggw
XV, BRETEHEZTITAHIC. GaN PILIEFITEWEE T
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AR S~6 b EVEZF OO L b 57, InGaN &
FHFZIEHEE &35 LED i, &K 400~460 nm DEHN1H
HAFAIRICBW TRV RO/ R TGRS O &E L
VT 30%, BFFEDERE LUV T 60%)% EH L TV 5 BBRE
MERTHB(E 2)[7], 5%. InGaN 5% LED OIS B2 —
BBARBANET OV 20icit, BER 553k - sk YO PERLE
BURATHD, b 2T, BT OHEZEET 52 LH5—> CBERE ,
DEETHY ., ZTDHITIIAE LED OIMBEFHERE 60% 400 500 600
LLEIZBl X EIF B ERZETHNS, © . Wavelength (nm)

DX BRBRADPG, BIEE TIZ, InGaN EFHFHEED [92: nGaNRI & 1 A — FOFIEER
L Tz uRay 7 REANPDE L OBFERT EREDIBRTHE L ORG
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ARETIE, vV 7OIRKIC L D245
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B—07Fa—7TfF5 AVIRx—Yar-a 57 g
L ¥ a vE— FIC mod) DERE TITo7- § =
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1. Introduction

Artificial complex media for radio waves such as chiral media [1], double negative materials [2]
- etc. have attracted attentions in recent years. The effective medium parameters have been analyzed
especially for chiral ones by the quasi-static Lorentz approach [1],[3]-[6], the method of multiple
scattering [7], methods of inverse scattering [8] etc. considering the particles’ structures and mixing
manners. In the fields of carbon microcoils (CMC), helical structures such as chiral materials
-interacting with radio waves have been of interest because of the fine absorption properties of CMC
at frequencies of tens through hundreds GHz [9]-[10], although the bulk of CMC is usually
composed of racemic mixture of coils. Sometimes they are used in clustering forms embedded into
acrylic beads or foams. Even if coils are scattered in a homogeneous host materials, possibility of
forming clusters here and there is to be admitted. Investigations of complex media composed of
clustering particles including these cases are significant. Effects of electromagnetic coupling
between clustering helices have been investigated [6]. For such structures to be realistic, dispersion
of dimensions of particles and clusters should also be taken into account. The non-cluster cases of
helices with their frequency characteristics variously shifted accordmg ‘to several kinds of
distributions have been reported [5].

In this work, distributions of randomly oriented clusters of perfectly conducting helices
considering deviations of elastic structures in free space are analyzed by quasi-static Lorentz
approach to determine the effective medium parameters. Currents on wires of clustering helices are
calculated by the method of moments (MoM) with thin wire approximation utilizing Numerical
Electromagnetics Code 2 (NEC2) [11] to obtain the polarizabilities. Sizes and spacmgs of clusters
should be small compared to a wavelength for quasi-static approximation.

2. Description of the Problem

Only right or only left-handed N, classes of perfectly-conducting wire helices in free space are
considered in this work. The /th class of helices are assumed to be ‘distributed with. number
density p,, (helices/m’) and have dimensional parameters of number of turns 7;, radius 4, pitch A

and radius and length of wire W, and I, respectively. The dimensions of the pitches are assumed to
be deviated from the means p¥ as ;, = B¥ +5,, |5|< 5, Where D, = D(3) = (ifo27 Yexp(-6] [267)
(1=1:-,N,,), i-e. approximately obeying the Gaussian dlstnbutlons with means p* and standard
deviations o . The radius 4, varies with the pitch £, on condition that wire length 1, is fixed. Media
realized by homogeneous distributions of randomly oriented N, classes of clusters of different
helices are considered. The number density of the k th class of ‘clusters is D (clusters/m®).
Randomly sampled v, helices form each of the kth class of clusters so that the external spherical

o ‘regions of radiuslz are filld with w, circumscribed spheres i.e. individual regions of helices to the

utmost limit on condition that the distances between them are not shorter than the maximum wire
gauge. They are rotated for random angles with respect to their axes which are also randomly
oriented.

3. The Method of Analysis

Time harmonic depencence e’“" is assumed, and the permxttmty and the permeabxllty in free
space are denoted by g, and p, respectively hereafter. The effective relative permittivity

&, =&+ jely » the effective relative permeability 4., = ), + jul, and the effective chirality (Lindell-
Sihvola notation) ., =« + jxf, are assumed for the effective medium realized by homogeneous

- distributions of randomly-oriented clusters -of helices. They are defined in the macroscopic
constitutive relations between the average electric and magnetic flux densities and the fields D, B,
E and H respectively:



D =£ogwE—ij,/£0poH, B =y(,/1¢.H+jKeﬁ. el E ’ O

where the effective medium is assumed to be remprocal Flux densmes can be expressed by electric
- and magnetlc polanzatronsl’ P ,P and P :

ee® “em?

' D:30E+118+Pm', B=yH+P, +P,, P=Y “'Dd’pyk @
(i J ?e or m) denotes electric(i = = e) or magnetic (i =m) polarization i.e. dipole moment: density
due to electnc (j=e) or magnetic (j=m) field. p, (k=1--,N, i,j=eorm) denotes dipole

moment of the kth class of a smgle cluster and is related to the Lorentzian fi elds E or H,bya
- polarrzabrhty tensor &, : ,

Pk =Ty Ep, Py _almkHL’ S
E, —E+(P +P, )3, , H, H+( ,+P )/3,uo

’Dlpole moments Py and p of a cluster excxted by E(j=¢) and H ,_( j= m) can be obtained
from the currents J(r) on the wires of helices : : ;

| (3);

Py fJ(r)ds pwk——jrxJ(r)dS . o o f N O

where j=e ormand S in Eq. (4) 1mp11es mtegral on the wire surface The elements of the 3x3

polarizability tensors can be obtained from Eq.(2) - through Eq.(4). In this paper, scalar
polarizabilities for isotropic media realized by randomly-oriented clusters are obtained by taking the
averages of diagonal elements of the tensors, discarding the:off-diagonal ones as in.-[4]. These
. polarizabilities are used to determine the effective medium parameters from the Lorentz-Lorentz
~ formulae [1] derived from Eq.(1) through Eq.(3). Calculatlons of Eq.(4) in the Cartesian coordinate
for the excitations of fields £, =(£,,E,, E,) and H,=(H_,H,H ) are performed in the following

procedure as in [3],{4]. The contrlbutlon of £, in general is obtamed by taking the average of the
contributions of i -polarized waves propagatmg in +; and & directions where i, j, k correspond
to different characters of x, y and z. For the same meaning of i, j and k, the contribution of 77, is
v obtained by taking the average of half of the drfference of the contnbutlons of j -polanzed waves
» propagatmg in +k directions and that of —polanzed waves propagatmg in +; directions. In this case,
‘ »«1f G, j,k)is erther of (x 5¥:2)(y>2,%) and (z,x, ) the difference of the contrrbutlons of brlateral

 waves should ‘be obtained by substmctmg those of posmve directions from the negative ones, and

otherw1se vice versa. The size of a cluster should be less than around one tenth of a wavelength for
a certain accuracy of solutions [3]. The currents on the wires of helices i in Eq. (4) are calculated
utilizing NEC2 code [11] where only axial components of currents on the wire surfaces are
considered neglecting the circumferential variations for the thin-wire approximation in the moment
method.

4. N umencal Study

In the- followmg calculatlons left-handed helices with 1, =7, w, =0. 0675(mm) and I,
=28.667(mm) (! =1,---,N,, ) are assumed. Angles of rotations of helices with respect to their axes,
orientations of the axes are given by the uniform quasi-random numbers. Twenty basis functions
-are used: for one turn of a helix in MoM. Dimension of the pitch of the /th class of helices is

* assumed as p¥=0.303(mm), 5, =0.1P¥and o=¢,_ /3 (I=1:--,N,,). The number density of the
ith class of helices D, = D(5,) is given by the quasi-random numbers by Gaussian distributions



with the exception of the non-cluster cases where the values of D(5)= (I/o~27)exp(~52/262), 5,=
[20-1)/(N,, =D=1]6, » I=1,---,N,, are adopted. As for the number density of the x th class of
clusters, an identical value D = (z:’: D",) /N,, (k=1 N,) is assumed. Figures 1 through 4 show
the real part of the effective chiral parameters for the cases of separate helices (non-cluster cases),
2 throuhg 4-helix clusters i.e. N,=N=1, 2, 3 and 4 (k=1,---,N,, ) respectively for different values
of N, andN,,=N-N,, where y ™ p, =5X 10° (helices/m®). Results for non-cluster cases (Figure 1)

converge to the curve of the authentic Cotton’s effect as ¥, (and ¥, =N~ ) increases. As for the

clustering cases (Figures 2, 3 and 4), results gradually approach certain curves which could be
superposition of effects of electromagnetic coupling between neighbouring helices [6] added on to
the simple Cotton’s effect. Calculations at the vicinity of or higher than resonant frequencies given
by the lengths of wires of helices are less accurate than those at lower frequencies because of the
limitation of the quaS1-statlc approximation. :
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Figure 1: Real part of the effective chiral parameters for non-cluster cases (N, =N, ).
(a) N,,=20 (b) N,.,=40 (c) ~,.=100
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Flgure 2: Real part of the effective chiral parameters for 2-helix cluster cases. R, =2.88(mm)
(k=1--,N,), (a) N, =40 (N, —80),, (b) ~,=100 (~,,=200), (c) N,=360 (N, =720)
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Figure 3: Real part of the effective chiral parameters for 3-helix clustér cases. R, =3.15(mm)
(k=1--,N,), (a) N,=40 (N, =120), (b) N,=120(nN,, =360), (c) N,=240 (N, =720)
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Figure 4: Real part of the effective chiral parameters for 4-helix cluster cases. r, =3.3(mm)
(k=1,-,N,), (a) N,=40(n,=160), (b) N ,=120(n, =480), (c) N, =180 (N, =720) -

5. Conclusion

Calculations demonstrate that models with finer dispersions of deviations based on the increased
classes of clusters enable us to observe the authentic Cotton’s effect and to study the effects of
clusters. Treatment of the models with greater variety woud contribute to the research on artificial
media and the fields of biomimetics in material science. More rigorous analysis to avoid the
dimensional limitations due to the quasi-static approximation is being considered.
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1 FANEZE

FEDY V757 4 — bz o F U VBYEBIROES T, ARBERICHATEVEANE b OBREETFO
BUERTIEEL R o TE 7. AMDEOBERICHARTHIEWEN 2 bOEBR L U — 7RIS EREFIE, Bk
BURYT & PHEN SEERFIETRL, RO 1 MRFHEE A UHEE boZ EAMBR TS O, AREORH
K (BROAE) B, BFCETREEE, —FRER L AERREREEOZMTHEL O D, KT
LEERBAE, PR EROEMEHEE —FRERBELOWLD, FHRL Y —THFEEEFOS
BHRSEERIIESLONE O, $#£oT, ERFEICL-T, TRODOEMEBFERNR D0, BRAFHEEL
LCIEZEN O, BFORLHEET 59T, ATHICEFEEEORENTEEL 25, ZOBBIERAL
FEEPEEHRF IR T A V2, BERT 4 R 7~y FOBRETF, BT A AT vA OEREa—F 1 TR
VIZRI SR B 7o), BEICERTHIEWENE b OBERE T OREITCETIRENSEREATY
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TH5 @, BEERTE, RECARNRMMERT LY —7RE, BHOCHEERIELT 5 ERREHR
Bz kBl Sh O, BHifeEFEETFICEOTD, BECERCERFOESIEA+2EV 5, SHEHkE
R ERERSh, FOEESERSATNS O, LaLAand, HBexREEHE %ﬁﬁf%énéﬁﬁi
BRI 2 SMHRERE, EELOMBRY, HOMCERTHARVE I THS.

e, 15T, AEAERCHARTEVEREEAEEFOSER Y, SEFERERT KT
BRIz LY, FARBFEEOVWTERS. ¥9°, AHSEEICERTEVERBRERE L Y — 7HROBITES
WER T OEMBER LR TAANLE—BEER OO pigR L, ElE, =A%, EIHREAKRRUIES
HEWEOFERS ML ET 2B EEAEETICEA L, FEIRsEFcaREe, BERGEICHT
ZEMBERL TR TH, BHT5. KT, ShbDEMHERL, BITRETHEEFIC X 5 EREOME
RRATRIC L o TROEFBERCHY T AHEOENETARZ 2 LItk Y, —HEELROEHEERL, 5%
BRERVCEL TS ABAMAEZRNTS. $ir, SMEBERLELHEHR O 2RV CGEBESHT L
BRE, EFFREICOVTHEICHN LR e L, —RELROAIEY ST 5. ETRERAET

Xk B EWRIEORE RN L LT, AHNNBERNAOT— ) THIER G010 L EBRARS 02 MEH

EREZITV, w7 2Tz LOFBRRAN LB LN TABY HFRROTFIEAEREICFES S5z AV
3. &bz, FhEROEEFACHTA2EERERLAVT, FHEEERKICHEY TS MERITROR T
DEAERHEL, Be RBEERIMLET I BINEERAUETFOFMRFEEZALNITTS.

—%, ERBFIEBNT, B FORSHREZERICHRTHINELTH2 LIy, IEOREENEZ
AT 5 EAREASMOCBs LR TES. fixiE, 1/4 BREEREIUKICHA Sh 5 KEROEHEIK
X, ERIRES TRV, 1 EEOEREFREZEFRICES LIERSENREREBELE LTEDR
BLRHB D, 0T, FAHFRSERICHARTH/NEWEROTREBIRZEES LRSI TS,
EREHMARREA v E—F VABSEOIE X bh, BEOFREC ko TENRFERZTTZ EREXD
AR, AbhTnhRNnESThsd. Ibie, REA > E—F U ABAHMUELTILRERIZBVTY,
A L E—F VARER SRS, LELERD, ThbDSRBFIRCERTROFES v E—F A 2R
FTHANZ—HRELER, A%%&&@ﬁ&ﬁﬁ%&&mﬂ?é~%ﬁ&ﬁ®ﬁmmﬁ%%BmtLtﬁ&M
b, EEXELOMBRY, BHESTHS.

ZIT, B 2HTIL, %M4/E—Y/XE§#mm%&—§ﬁMﬁmmm%&%L RifiA v E—Fv
2EETS 2 BHOTRRTFEREICIED 2bE BRI L, RHEA Y E—F VANERE, =A%, st
HEARRICELT2EBERICEAT S 2 LItk Y, REFASEFIEETRES, BEAHACHTIE
flif vy E—F A EEBT 5. RiZ, 2 BREOEREKFH LR BIERKINICONT, Fiif yv—F R LR
BB AWV CECEICAT LR L B2 ZR L, BRECATLEERZHETS LY, &R
RPN BT %44 v —F  AOBRRKEZALMCT . HBLDD, [V E—F Y RAZEHAZDHO
BALYT I H U AROHOBEIST, RNET). AYEEZEE LR TORAEFERC, £ROXR
A =X AR EREICATRABEORKE LTRL, ERERBEROEMEUANRY M SRR ZH
ALEBAEOAL v E—F  ABEREERITARY PSSR VAR EM 2RAT 5.
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2 FEHREFICETI—HEMK
2.1 BEXETOEFRE

y ?ﬁlﬁﬁk“ﬁf z B FINCAR A, (I8 2 OB CTRENIUFER (2) 2FTIES d DBITRER
BT ofEE R 11T _Dﬁ%lhi&-ﬁ A DRFEBRAHA 6; ’C]\%Téﬁﬁf’ﬁ%%%xé R, I
ITERAEEL L, HBER €1, 6'3 &35,

z Incident \ 05 _}
Wave i

X1 Eéﬁ%k"% &

AR, W, A, IR = A O %ﬁﬁ%ﬁ?é%%ﬁ%%%%i;&K@lﬁtﬁ?.

| | s(z)=€{1+6oos(g£-z)} . | (ERE) R (1)
d@#?{lf&(L—%p0} ‘(3ﬁ&) o
| g(z)zg(u«s%z) | e ) : - | @)

EALIBHREERENELT, V)~7&k£%£®EAW@®@10&%&?_&m1%6#ﬁﬁAﬁw
@k%%%ﬁﬁ%%z,&ﬁ@iokm?

. ~§%ﬁﬁ(L+%0} —%szgo) \

&(z) = - : A , (4)
E(A+9) ngga) h

LL'EH%?®%§%$®WkE%¢®¢HE S BEEETHS.

- BT OHER BT, SRR (2, ¥, 2) BETHEEK ko = wy/Eofio &2 T, ko =z, koy = > koz — 2
» DE> Lﬁ%ﬂ: L'C’ﬁ:’:\.ﬂ:éﬁ '3 iﬁ%’fbéhtgﬁﬁﬂiﬁkﬂfévﬁ AT =V OFHFRERIE

VTE = —ip/ZH , Gly/ZoH = iey/ToE . ®)

DESIESND. TIT, Zo=1/Yo = Joles THY, p. € FTNTR, WHRENT, KHEEST
THY, FUYNTREND. cud iZ ko T%Fﬁﬁ%&i)*ﬂ?&ibéhﬁ@ﬁﬁ (rotation) %77 l,'Cb\ZJ

2.2 %m*%$§§¢ %ﬁMﬁL;éﬁﬁ%

iﬁ@Mﬂ&E A Lﬂ:wc Hﬂﬁf‘ﬁﬁ%z’ﬁ‘ﬁﬁﬁnﬁ FEEBFIIAD L é&kfﬁ*aak%ﬁiﬁf;ﬁz’g&%% A
- HEABKRTCEHTRES (TERK) 123, Eﬁ%%ﬁ*ﬂs&%ﬁﬁiﬁmw ER E(¢ ==, y) E—kkE Y, BRE
BEOYEME D, 1,

—AJ2

erE €0 FEp = x f e(2) €0 dz E, : (6)
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TEZbh3. AREASKTFICEERES (TM ) IZiX, BFAOEREE D, ii—fHKLiy, EROYY
& E, 1%, '

D, 1AM
e (K /_ NECr dz) D, @)
TEXBNS. o T, HEEFERIRROL S KRSh, FRXTHE, HEAETICRT 2RANR—R
AR E LTIRET . . '

€ =1 M2 e(z)dz LS M1
R W AP " erm A J_ppe?) “

ERREELV Y —T7EFEEETORE, HEOLFERE, SRAFRE fLT5HL

e (el A
) = { e (FA/2< )2l <A/2) R

DLORESNBED, R (9) 2R (8) KRATIE, X< Bbh—REERR @® S¥shD. RHRLT
5 TR EROEBEBTFICENT, BEEMHERTR 1) ~ () 2R 6) KRATBZ itk Y, KRO
X5 REMEHERRRD b, |

®

TEHLNE:
. erE =%, &rMm =EV1—4§2 (10)
A - FEAH AR | | .
286 '
ETE=E, ETM = ——% (11)
‘ log T3
FERTRETIBL:
' ) 4 +0
€TE=§(1+—2-) y ETM = o1+ )1+5 (12)
26+ (1+6)log T3

TE BAHOHE, BFOFERHMICEDL T, FMLHFERIT, FHELRY, HERHEHEDOHEEDH
B L » CEMEFERIETS. TMEAROEES, 2 TOFEREHMHICONT, ERERL-TH
HHRERNETS. £, SARLERFZAROERES, SELFERBRACIKRoTVS. #oT, A
HEoREEFC L > T, SMERFEERNERY, I.Eﬂl%jﬂﬁi%i 5.

HBERERT > IV o= diagllios tyy Moz)s HHEBET VIV € = disgleas ey €22] OHAT I VEHN
ey AT = AOFER (5) PEET 5 L EHEE TE B, TM BICH LT

Bt = Fo taz(Eyy — B phaz) s MEE = Fyfez(pyy — 53/E0z) (13)

DL S, BHA L E—F VR Zophe [Pk, Zo ME[es: DE DI, TNENEZDNS. BL, rp =&y =eT8)

€2z = ETM> Moz = fyy = Mzz =1, AFEOD z BHMOBURLEREL s = \E1prsing; THD. &1, p &

ZhEh, ARESSRORSEESR, WERETHS. #-T, TE HE TM BEAR TEAEENRRS Z L2330

5. BEE, BEAVE—FUrRAERWTEREHEERICLY, BEFEEENTTS. 5 WIiE, KEOET

BIEEOMERAEIC BV T, ZHEARRHOT LIV RE M =0 LRETI LIk, HESELRE
HTE, MEOREMFRRIE —KTITLEZRRLTVS.

2.3 FEHEEEE L-BETEITE

RITRE TR T & 2 EIFREO M 2 RS, RPINFHEERE(LO 7 — Y TRERMH & BRI IO
ZEMIE PSRN £ EA L TE b 1TSS FRROTABER M I E S S HEREZAVS.
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HEEOREBHEND, HHEE c(z), WBHR u(2) IREREN, BEURK En, fim 2V, THH10 KN,
D7 — Y KB k> TRRTEENB.

(o) 2 {0)m0)

f&i'o %?ﬁﬁﬁ@bﬁﬁ%#—ﬁ?ﬁ@7—) T REMREL &, 13, J/J\'F@J: S5KIE% Bhé

TER%E:
R . ES -
0=F%, &= 1=5 Em =0 (m#0,£1) (15)
ZA%: ‘
. = . 486 .
8=F, En=_55 (M=LIBE5,), &n=0 (m==2%4,26,) (16)
FEXH =T . o
. ) , L =
§0=EF, Em=-— (m==£1,43,45,--1), &n=—-—— (m==%2,%4,46,.-) 17)
immT : mmw . M »
- IERF AR o
. )
: €0=E(1+§> , (18)
~ 226 56 - )
Em= st — (M=iLE3,E5,), En=—p— (m=2,44,46,-) (19)

L, §=1D%%, TMBICBT BEBHHERIL, £(z) =0 LARBATHEAL RS, {oT, MEMLRD
DESICIEERSETHS I ENRESNTEY 19, 77—V oEEBHEICEOTE, FlxT, Wb R
RBLTWAFERICHRELZAMT 3548 2EATIIE, BERBIACEEELONS. LHLEY
b, MATEXRWI=1DBEERATIZLIE, ARXOEENDAND LD, EHAECHEZ 0<6<1
£45. VYEs VZoHy t% eom(w), hem(z) ZBRBGERETHITHE Y K M OZMERKIZ LT,
J%m@ﬂ) wd em@) .

= - —ism ‘ (20

D> Liﬁﬁﬁﬁ‘réﬂ’bé {51, 2 iﬁlﬁﬁ@ﬁ%{tﬁﬁfb’ﬁ Sm ii S = so—!—ms g§= /\/A 'Cﬁ)é s

Yz ADFBRR (5) OHBREEST p WBEEENF ¢ BTNTN, u(2), o(z) LREN, BRROERR
By 2 BHCHLUTEETIE, KROL 5 BRAFEASELND.

TE-waves: p . : e
d | e | _. ey e ] =
dx{hz}‘zm{hz]’ [C]_v—[—[alﬂs}{u]'l[s] ¢ } &y
dfe] _.iale 0] [~ [ I5 |
E[hy}"[cl[ } el= [[1 o ] P

BL, BRARS er, he (0= y,2) i, (2M+1) BOFINY bATHY, HEATH [C] RS B/MTFIR
m AT n FIOERRREZANT, [6 = Eaomb ] = [inom) [5] = [smémn] P& dCRENS. [0] ILBATH,
[e]™! 1 [e] PEATH, [p]~t 1% 1] ORFFTH, 6mn X7 BX Y HTAF ChD. WAFBRREREATI [C] ©
BEAEAEICRE S THEL DI, 2(2M +1) TTOFIRT ML a(z) EHALT, BREROBERRS y, 2z K

% F(z) £ LT,

F(z)=[Tla(x) " 7‘ (2
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— Sinusoidal —— Sinusoidal 0.
30 b il‘%nglﬂar =08/ N | | eeeeee- Triangular P —
0 [ ——— A-Triangular — — —— ATriangular -
— T Trapezodal 7 = 28 [ —-— Trapezoidal /v
28 F © Approximation 7 X 4 /,
g 24 =y
= S g
20
16
0.01 0.1 1 10
A/X : A/
(a) TE-wave (b) T™-wave

B2 0 KROBEEIEEMy OEt (0; =45°, £=5)

D & S CRBIATH [T] 2 BOTERTIME, F(z) BERO X S RD B,

N T B a*(a0)
F(””)‘m[ o Wee—ao) ] [a'(xo)] @)

BL, [U(s*, )] = [6mnexp (icEz)] THY, zo BAABEERTHD. Ky BRI RS T 5% AW TERES
RS, FURI, I OWEEETIX, 175 [C] PEHE km LXAATH [T1], (T3] 3FEFTICKRD HNS.
FERE LCERRENEE LRI T, SRR e, he (=1y,2) 8L 20D, HREMHLY, R
HCHHERL, ORI of (4), a3(0) XRETED. m KEHENTHE, FRESFHRRTHTH
KATHRIND.

r_ |Re{si Hlotm (@) it = |Re{rzm Hlazm (01
" |Re{ro}] o |Re{r1o}

(25)

2.4 HEFERVEREH

AECIE, BERHHNERE, SAN, BIHSAR, EAHREHENME b OBFTREFELTFIToOn
T, BFRAHRAREEICERTHIEVESI, ARBEOREFMIZL>T, X (10) ~ (12) OSMEHFEE
# (erp,eTv) CEESNBEMBEFELTTZ L EWALMITT S, HEATA—F1L, £TOFROLERSE
¥u—pp=p =1, SR OUBHERE o =1 KRELE. ANMEEZRE LICRERIRIETE, MO
L ERHOBGE,»D, MTOMNETH, EMERKEORMEEY TEBEAROEAL, 2M+1=81 &L,
TM BEAROHER, EXE, SARIMTBOT 81, IHHSHBAMITHT 161, FEXHLBEIMFIC
BT 301 & LTHAEZIT->TWA.

, if-auaw%ﬁm%%$&mwr*wtaﬁﬁﬂmnaﬁ@@@&ﬁmuﬁwno&whﬁﬁﬂmm
DEBEE 2 17T, | (a) (b) BEhEh, TE §, T™M BAHOHETHS. BHME EMk 1%, ZHE
BPOERLBERODHE e, BHRE 6, ANHA 0; OHITKET 5 Z LEHR LTS, TEEAROES,
Ey, AR, ENHRSARSH TR, SRECHEDLTEEEFERARCICRSD, RALECEAH
WWIESL. JERFEHESH T, EHECE U TSMEHEERATD Y, REZEFEIESVTNS
CBTADSS. TMBEANOSRA, BMES L CSEEBERSEDS LY, RRIEFEIESNTNS
BIFHRb»5. TEH, TMREARORSR, FERSMHEDLL Y, £RE § BRE<2d L, @EOHE
BEMZE—BT BRFEMIEL 2EMCHS. BFEMRENE &, KEMCRDE 0 ROBHE
i, SERERS AN TROEBRAEICFS—RKL, —BEEREMCRBHETFRDNS. fEoT, BEM)E
2R (13) © M ZRATNE, BIRSEHARTFORBERICEY T 5l egre, grm HE, KREZAV
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(a) TE-wave
Resistive grating Reactive grating
Rs1/Z3 =0.1 Xa1/Z=0.1
K=10 K=100 K=10 K=100
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DEVELOPMENTS OF LONG-PULSE KLYSTRON MODULATOR FOR
INTERNATIONAL LINEAR COLLIDER

Hitoshi Mori, Katsuhiko Furuya, NICHICON (KUSATSU) Coi'poration

Abstract

NICHICON (KUSATSU) CORPORATION and KEK
have developed a novel long-pulse klystron modulator for
both of single-beam tube (136kVp*100A) and multi-beam
tube (120kVp*140A).

The main features are; - crowberless system with
optimized IGBT snubber circuit, - compact and highly
reliable Self-Healing capacitors, - HV & LV twin pulse
transformers of laminated steel core for reduced tank
volume.

INTROD_UCTION

KEK had constructed first Long Pulse Klystron
modulator for ILC SC (super-conducting) RF cavity, and
now RF experiments are performed. [1] The authors have
developed the second modulator, newly designed, aiming
economical efficiency for future mass production. Figure
1 shows the side view, and figure 2 shows typlcal
waveform of primary voltage and current ‘

Figure 1: Side view of the modulator.
Tek EXTH 100kS/s , 251Ags 0

A 21.4
@: 21.2

v
v

L

i H i i
Ch3 200V 10.0V

SRR
T g [ 2 AP May 2007

11:23:04

Figure 2: Typical Output Waveform.

- CROWBER-LESS SYSTEM BY HIGHLY
- RELIABLE IGBT SWITCH
The modulator main switch is composed of IGBT
switch units; those are stacked into one row of 20 .
elements in series and 4 rows in parallel. Similar IGBT
switch system has experienced long-term performance in
nuclear fusion experiments in Japan: Figure3 and Figure4

_ show the both side views of the IGBT switch plate, where

2 IGBT elements in series are installed.

Figure 4: snubber side view of IGBT switch plate. -

Optimal Snubber design

When the IGBTs are turned off; a spike voltage appeats
across the collector and the emitter electrodes. If the spike
voltage is not appropriately treated, it rises beyond the "
IGBT's maximum rating voltage, then it damages to the
IGBTs. ‘

The authors selected specific values of the snubber



resistance and capacitance in the following manner,

-At first, the main current is commutated from the IGBT
to the snubber. The voltage is approximately the product
of the current and the snubber resistance. The resistance
value was determined so that the spike voltage would not
rise beyond about half of the maximum rating voltage of
the IGBT elements.

-After the commutauon, stored energy in residual
inductance of the primary circuit is absorbed into the
snubber resistors and capacitors. Therefore we determined
the capacitance value using numerical simulation. Here,
the leakage inductance of output pulse transformer is short
cut by tail clipper circuit.

As the result, the optimized snubber design allows
moderate value of residual inductance in the primary
discharge loop, approximately 5 micro H.

IGBT driver power feeding

The power into the IGBT driver electronics is fed from
the main citcuit; while the IGBTs are OFF the power inlet
part of the electronics, composed of resistors and constant
current CII‘Clllt, functions as a voltage balancer. ﬂ ’

Semz—double control and fault detectzon 5

The IGBT driver electronics receives two optical
control signals to turn on/off the IGBT elements, ‘and the’
transmitting circuits are composed as semi-double
conﬁgmatlon, two logic circuits and driver circuits, and.
single power supply and timing control.

~ One optical signal is transmitted from each IGBT dnver
electronics, while the power is fed. The control logic
detects failure if one of the signals turnéd off; it indicates
the failure of the IGBT element or the driver electronics.

COMPACT AND HIGHLY. RELIABLE

SELF-HEAL]NG CAPACITORS

NICHICON supphes various types of customized -
capacitors especially for high voltage and high'current
dlscharge application. The current waveform and
repetition rate for the Klystron’ modulator is not so severe,
that Self-Healing type capacitors made of metalized'
plastic film are applicable, with smaller size and }ugher
* energy density. The speclﬂcatlon is shown in table 1. -

Table 1: Spec1ﬁcat10n of main capacitor

Specification . - Unit = [Value-
Capacltance‘, o micro F’ 440
Number of Capacitor units . | - 4
Rated dc Voltage S IkV . ) 11
Energy Storage 13 26.6
Weight ke 140
Volume/100k) . m™3 0.415,
Weight/kJ : kg 5.3
Lifetime ‘ hour 90000

MASS-PRODUCTION ORIENTED
TRANSFORMER DESIGN

EHRAEMRS
Yrk1 94108238
(RS07—10)

In order to minimize the tank volume, the step-up
pulse-transformer is divided into two transformers; one is
for full withstanding voltage and the other is for half,

- Because the size of wound magnetic steel core is limited
by winding machine, the authors has preferred laminated
core, suitable to mass-production. The transparent

-diagram is shown in Figure5.

..

]
L = I

. Figuré S: Transparent diagram of the pulse transformer.

o SUMMARY
The second klystron modulator for SCRF KEK has
shown its economical efficiency. They has started the

aging and high power tests of multi-beam klystrons under
development.

REFERENCE

[1] 'S. Fukuda et al., “Status of RF Sources in Sﬁper-
Conducting RF Test Facility (STF) at KEK”, Proc. L
INACO06, Knoxville, TN, USA, pp.613-615,2006.
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DEFDOIRBDOX v 1337 Co, 4 V57 ¥ Lo, HRRAFE R wo = 1/VLoCo 13 HIfT LRI L
K =25mH, Ly = 10mH, Cy = 1 uF,wp = 10kHz &5 5. RF ¥ v VEENCHY 3 5 34HR
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2L23%THD, > Ialb—a Vil24%E IE—BT 5.

D RVEIRIL BREFNTEZS LERELYTV. BRESORERw X, X7
vy VMEEEDS DA D RT V¥ v Vwe X Y KRE L, 2D &9 REETRIEFIIHREE I
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T AVY I YV ABRDBERWNIC S, CORTFEEAGCR LD, K 50b) TH 5.
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DEEHA VT I IV ARRY, 204 ¥ ¥ 7 5 ko THESNIBEFEIENICED
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BF Ve ABENT 3 L RENEZ 2008 —BNTH 5, THOBRRESITLHE
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| 2Kw—wy . : -7r ‘ T :
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THBZDT, mITEDREE Lt ¥, 85 vy v VOBICHY T 3 BB OBEH An = 4m
DEEIZ, 0An =mr L ) EERFM 2T, ‘ ‘

X 7(a) I2 An = 8 DBE, B 7(a) IZ An = 10 DIFATR L. An =8 DEFIZTEL TR R
WHREEIMER L T3 Z 825, BRIV, A YE—FVAPBRRZER
EEB L L B, EEEMIOEHFCRER LS R LR E(AGNTEY, A v E—
VAR FrTOREBELLTHRAINTYS.
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HEREF VY » VOBEERELEREE L CHBRICRETE S, BROBEIEIN=21 L
L, TRCOEBTHEAA VI 7R3 K=mH s L. n=1REBE n=21KHICEL
LG IERINERC L LOLRBZEBLL. ZOLEHFOEARIZ20THY, HFD
HORF VT v MCHYS T 3EEED AT A—FI1X L=10mH,C = 1uF (wo=10kHz) £ L
Fo AARAE L LT, #HRBOX v 32 ¥ C OBICRD & ) BYEEZ S 2 7.
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EEEDRLE R =1 L LT, 'n&ﬁ DERE DR FER w, %
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ETHIEEO. LB L, n=npp DL B, w, =wy (F¥80 P C = Cgl, A5 % L=Ly
L3, CORRAER w, ZmE2EITICERT 20, n BREDEROCB XU L% 2
NENCy, Ly D Jwowa 5T 5. % Lr@ﬁﬂﬁ&timh—- MEAB Hn(8) TEZ 5N 5.
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én) = /g 6
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X10: Quantum revival ISR o

BRI bORMEHEL LTS ERERI0) T T. RF Vo v VREB X Z 97Hz
O A CRMIRE)S 51&3%?73@?3 ni. %ﬁ‘fz@}ﬁﬁ = ‘100 Hz TH5DT, +ﬁ3frb>‘
fHHE &6 Tz, ,

BB, BHEE—F&LD m%a)ﬁéwﬁﬁxﬁsﬁ%%ﬁmﬁa L'(%xt%%%lo IRy, Z
OEEU, FHEROBEHEROELRADLE TR M>TWBE DT, KHEIEET 3 L EWIC
BodHoT, MELRBICE>TL )23, BHEERSHROMRE, = 0HE 2 = 200Hz, O
BERT 31ms & & i, BUERD AL D BROEET 5. Th3, ETJE% T Quantum
Revival & MBI 2B L YBWICA LS TH 5.

3 ROBREHHEBEFERTYIaAL—FTS

VEAE, BT YEHALEINIC X o CREEE 2B L T, 6 SV R 2 E P CHER X DB
WX [14,15], HEh X D AHFOEEL, 5K Z DBV VA ZEENTRELICHIE
XRBZILEBTELLIRAESTEL. BIFIIEREI R c 2BA B ERAVEVLIR
OB WERZERIC X > TR 3 D TH 3. —77, ERFEZERIL (Electromagnetically
Induced Transparency, EIT) [16] Z T, XOEEEZ 107 BEZEC LY [17], 6
SISk (FRE N EZWAR THEOREZFETOEMA Yy ORBICEKEE) ¥ 3 41k
LR IN[18,19], EBBMTHI TV 3 [20,21]. KV A DRI T, BEFRE
ELHEFOACVREE LTHRETAIENTES L, HEL L ZICHEXE LD H
3 [22,23]. D) LEHIZEACY —REFXAEY —~OGABMEINTVS

DL % NORBEERIBFEBTELS LAESDL» YR T V. UT ¢, EFE
BEHOESORBEHHOY S 2L —Ya Vi ThHE L EBRER2@EHT 5.



B 11: EEOREEHMHOY T 2L —va /@t&mgzzlﬁl% @ =227 4N HL(w)
(b) EJ@L@% Hy(w), (c) ZA—ISART 4 11/5’ Ha(w).

3.1 EZI:EJ% -
Z T, YX@ X 9 LFEEHOTERICEET 3 | RO HBAZEZ 3.
v | o
5 Tz =0 (35)

vy DEEHEE B2 2 B4, vg PERDGE, R (35) DIEY f(t —3/v) TH B LIBRIHE
POHB T EHNTES. THL, SRRITHEEZTINEE v, THERLCWB I LERT..

ZOHBERE, ZREAH (z HE) KB, BB CEEMZI 3 I L 2EZ 5. BEBILE
BAr L L7L B ER—BS7) Ac/v, KT OREOEELZ ERT 3 ERIISDEL 2 5.
BUSRIAOBIER D AN via(t) & HAT vour (£) DEIRIZ

vour(®) = (b * 1) (€) = via(t — ta), (36

LETZENTES [3]. ho(t) = 6(t — ta) IFFDA VNNV RIBETT IV T B BITER
Mt ZFTS5LbDTHS. “ BEAABIERT. BRE6)Z7—Y LE&?% 3
Viut (W) = HD(w)Vm(w) BELNB. T

Hp(w) = / at ()6 = exp(—jtaw). " 67

BROBBEBICEERTH . BEEN j= -1 2HA L. ZHIC L > T, BERHERD e
& BEEIERO itk BIRKICEIL & 5 ICiREES S Lick s,

EDMEIE tg > 0 I8 LTA VUL RIS ho(t) RERM, $Abbt<0 UQ‘LT-EU'G
5. EOBEREUEEIOEE (L =) BHONEBEZICERTHI L TES. Ly

43R (35) DABRREH R OBRH A BRI ERBENZAVE Z Lo h 5 [4].
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Bz X o3 —F, MHEEESEEBICHAI L TWw B, ZOHBIREK ¢ NEEEEZE5 X 5.
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Hi(w), Ha(w) & Hy(w) B33 T 05 IcET s HN0ZBEE L 5 L, £PERF
CEERELT ZHEAICEBVTY, ELADEBERNE TR a5, S



IOV AFRET

N | L @@ @)

AL vF  FEBALR B—2T7 40
S i

B 12: EOBIEDEEREIRE. AL /%%iﬂi?‘& tt’dJ@ LEDrb SAJIDLED & b kicS4TT 5.

3.2 EBEELRR: MWEDYZalb—yay
321 AHINILRORR |

SEehE AR E FV T, MR EEIE (B % 7213 8) BEBTE 32 Lok, 22T
BETE110) 2RA LT, EERERICHID T 3 SEERE 2 1F h,% @Hﬂﬂm‘zﬂ%fkﬂ
W& D RIS RT3 2 LR EIET 5 [2,3].

FIzDRI LI 1T, Hy(w) = 1 + jwT HIEZIERRR & L‘Cﬁi)f’??‘% i3 ABEEOR
R7 PABHBENT |w| < 1/T OHEINE>TRS Z EBBETH 5. ETFHEHTI
HEANVAZELOBRDBETH 5D, ZDARY PIVIIERBZEVWE ~ 1/|w| 28>
Tw37), O—RR7 4NV 2ET L CRRABBES 2T 2468855, 7415
DAy VA 7R, 31T & EL ZTNEE Sk, 74407 1RTRT2TR%
L,EBRm) BT ILENHS. TITRE Uﬁﬁ&@&hn—)\}(? .24 }_ LRy x
W7 4VvF 241 Z e

3. 2 2 ﬁﬁﬁmiﬁ

B 12 it EEERDO 7Ty 7!21%:3"5‘ Eﬁkﬁ’atxlﬁl%m [2] %%ﬁaéhm) viiﬁx
WMIEW S VAREER L 2ROT—NSAT7 4 VY HP (W) 2B (m = 4) THRIh T |
2. ALy F 2T E, SNV ARERNIE 15s DIEBANVAZRETS. 0 —RAT7 4 NVE
DHy A 7AERIZ035/T TH 5. BITREKE T 570, BIEEMEE Hy(w) Z2B
AnTws n=2). "VAREETHERTESZ LH IS, ANRTFEHIRTFICBRZNLTH
FY 4 4 — F (LED) B S TV 5. LED REEI 1.1V 285 L RKTT5.

HBRERZR 13 ICRT. AHEHAZFCIANALRRAa—-TTRELLLDTHS.
R DESE (¢ = 0) RIEBAVADY LD, $hbb AL v F2H LRETH 3. BN
WARABAT N R HART 0455 BEE (230 AR D 20%2E) BT LT 5. ThIRREHE
9T = 2CR = 0.44s & & { —B LTV 5. HHBTBIRPREA TV 348, THIZEEINE
Lﬁ&an#%wfhot&v%%



Y RN
[/ 1\
N

RIE/V

t/s

X 13: BBEDOKBR . AWt HADOBIH2A YR a—7TaR&Li. ALy
045sBfTLTw5.t =01k R4 /‘7"2#[«&%%"@5)5

33 Eb\i’étltiofuﬁ'éw/\:b—Ja
331 HEEOHE

J@bw’ﬁ"?’ﬂ:i of‘fﬁ%%x.%i%‘*k&i Vg ’2%?5!39 ﬁ%ﬁﬂ@tux{héﬁéﬁﬁbﬁ)6 E?E‘ _
OBHIASNABAH TS L ED L) I, HEEIGHT OB vg(:z:) THh %%A@ﬁ@ti '
b B HR zo '@@%%@ﬁ@%(& v(zo, t)=o(t) %ﬁﬁ%ﬁ: LT ‘

'u(:r:,t)= ( -—/ 'vg(:z:) 1d:z:), : I G E
DEHICEZBILNTES. BOEHS, EOHRITB T O /SN ORREHHRT S
NEBSERT 22 L3005, —H, b ERATO N ADEMEIGE vy(r) DERDTE
DEER )T 5. vy(z) WHIVEBICB TR ANV RADOEBAFIZETEE N, v(z) BKE
WEBIZBO TR ANV ZADEBAFIZHRINS. '
HHEOEZ RIS CTHEE 2RO v,(t) & LTJ%A@%&;W) Zaﬂ%i?"ﬂ
to @/\bewwﬁﬁﬁﬁ v(:z: to) = z,b(x) DEIB L L,

- u(ta)= 1/)( /vg(t’)dt' - 7» @)

NEIiEIN3B. T @%Am FNADEENTEPREI NI if&ﬁﬁ?‘é & 25305

—F, b BHEICEE U TR ORMIEE & 6 2/ & 2T, vg(t) 2V E wﬁﬁﬂ%ﬂi "

TBOBHEIZEPDICED, uy(t) PKRE wﬁﬁ'&]’%’ﬂiﬁ i 5. 7R A @Jﬁz&%{xd\’
9bwb%erL1Am?5 &LEET%

3. 3 2 E@#ﬁﬂ’é%ﬁ?%@%

auﬁméb R1l@ D) a—rRR74 nz&-?@ IHOX2P W) 7:;:7r——1w\x EvZ4
ZHOCC EOHEER2EBTIILNTES. WThoBR&b, ANT2E50REEA



14 ﬁﬁﬁﬁfﬁl Sal—¥avDEBREE

X7 b VAR dw B8
wivg=(w)T K1 (=1/T) (43)

DREIRZ#T & ) ICHIBHR SN TV 2 HEBH D, ZD L EHNIZE T = RC DEIL%:

Lo THLERBHAZ NS, LcdioT, Az DRI OEER T = Az/v, DIEEERE [K

11(@) R 11(c)] KB E#A 5 2 L0, HEERZS S 2L —FT&ES. ZOLE 1y =1/T

DITLA DEBHER (35) DREEE v IKNIET 337 A —2122o T 3. yg DRIGIZFEE

DUHT, BHOBEDKIL L 3R 55, KD 7 D ISV 2588 T 5 @%o&uﬁ%
T 30T, BENIC SHE LRI LICT S,

333 (BEEEORR

B 14 127 F & 9 I, BREREE (A — V3R 7 4 V) 40 B2 kit L. B0/
A= BEPDPAHADHITRNL T 5. TRTOHMEFICIEFES 4 4 — F (LED) 48
ERINTOT, 2 NV ADEBRBEXRBETIHRD & ) Llofin: LTHHTE . FROE
B vy = 1/RC BIERICO BRI TWB 22D 7 Fu /R4 v F (DG441) SW1, SW2 % Fl
ALT =135 =67s"113=062s" DI 1:1/2:1/20) icEFHICEL
TEBLHIIEH>T0E. ANESRIRB1IV, VAR = 1.0s DIF S pREEHE AW,
ARRNVADARY FVIRIE bw ~ 4/67 = 4.0Hz L AEb o h 3. FROBHBEZ TS
FNFTURa—TCEREREL I

25 v BEAT 0 IKET 2 REEFARS DI, 40 BROEIREZ 2 o@ﬁiﬁx n < 25 (IR
D &n > 25 (@RI ITHTT, TNTNDTXTOREEZ vy = 13571, 1, =6.757H(~ 1/2)



X 15: SNV ZADFHEE SV AESE. FEE 1y =13/s(n < 25) 50 > 25 THE 1, =6.7s71 1T
BHEL T35,

X 16: ﬁﬁ%ﬁ?ﬁﬁﬁﬁkﬁzti%‘* AWXL:}: t= 4513§§ v = 13/s oy = 6. 7/s uﬂzﬁ
'3’5 |

LESE LT B 15 B2 HAOME (RIROEE) n LR t OB# L LT3 RILTRE
LEbDTH2. HRIZESE S8 % BT I X 32 EFEEFESEZ2Z IS, COoFER
BOHROEBRZEPE T I 2L — 1+ T305DEWVE S, :
FRI TR, ¥IRABDANVAB 1 BHY) BROEICTHEZEAT ICHBRZEAL T
WBZERTPDE. ZOBA, dw/ry ~ 031 BRDTARY FIVELSF (43) B2H-LTCVR3D
T, 7NV ABEHOEBIZR S ik v FIROER n = 25 TNV A DEREEIFIFTIC R -
T3 I L3005, 24 BH & 25 BHOBRIBEOER T OV X IZRRMICEEERIC DR 25>
T hiEhR s RO T, NV AR EREE) 7 12 EL S DFETHEDL L V. AT
M A RZTERCHET S L, 0w/ =031 <1, 0w/, =060< 1 %D, FIRITHE
f 43) 2L TE Y, BN S Z Lidkv. 2OV AR 6n IEHHIR T ony = 1161 ~ 13
B, IR I T ony = uzé"r ~BTEBDEHIIZZ>TE ‘9 izt Al 'C/\)lxzﬁéﬁ‘”%ﬁaﬁlﬂ@h_ 1/2 Iz
EfEIhTtwns, _
DEI 1y ﬁiﬁ%ﬁkﬁtﬁ?%%‘*ééﬁ«étm ﬁ‘:m@ﬁqﬂ? :Eﬁud 2E z.'caz» i
Ht=4sTHEEZ 1 =1351D25 1, =067 ILEZA - L TOEBRERIIE 16 DX H I
Bot. Bt =4s TNV ASEOFEN 12 ITHEINTWS, ZORKE, VAR (ZH



vn(t)/V

17: ANV RADHEE. Bt =4s» 5t ="Ts i—emﬁﬂmvzmmﬁl,fs D, Z DHEMEHE
ZHEL T3,

1Y) on 13ZDH & 8, SOV AR (B 07 151> TV B, BB 1 31/2 128 5T H,
ZUICHES T, 2NV ADARY VB 6w b 1/2I% 3 DT, dw/yg IF—ETH Y, AR }+
WEME (43) BF7- INEET 5. 2D &) RGZ, SEDFHREERIEIDEETIZ, EIT #E
RNV AEEBA> T OHEEEZEZLS 2 LICHYT 5.

CDE I, HRENGEE 1y 2B X252 8T, AR PUVESEREFLET 2 2 LHsTlag
L. LT, E5IBWER, Z LTANVAZIED S Z LS XTRE L 4%, HRSAF
BOLEZ, 1y =135 1 o HEZRAt =4s Ty = 0625 L ICEZ, KAt = 7s TH
Uuny =135 D) RRLEEREZK 17 IR Y. BEBBIRICOE, RSt =4s»5t="Ts
DETHRNVABIEIZIEZ > TR 2 L3095, LFE> TSNV RIRERL = 7s TEHl
ZEET 3. ROEY, LOBATD dw/y; IZ—ETHBDTARY FNEHBEREENT
W3 Z2hWi, TODLIBRBERIZBVLTANVADEZR >, VADEBEB LT
BESTELLS. _

EIT 2BV 279V ABRETIX, BZ Db DEREL T3 DTk % L, BEDOREE (HEAR
ab—LYR)ELTEIONTWE Z LIERETZ. EFRIEBICBWVLTIR, SVRIZaY
FrIOBMOHGTHEINTED, L OHEBRYIZE> T3,

4 FTED

AT, BFERIC L > CHEBIGREZ S S 2L —>a v T3 52BN L. 12,
SHIREINZAOCTI a2V T V- ABRRZS S ab—Ya v T35 TH-. ZDFH
B, ¥ al—yav2BE LTI KREROBRENIEHICE R L w) HEXd 5
bOD, BEICE T 3 YEE L BT BT 5 WEERONICHIHR C, RN LESE2E
BT BDICRKRBGICERINDETIVTH S. b9 121, BIRO b OMEREL S AT
3 Z LT, ADEELIEDEIE 2 EKH L, fEENEHS, SEI R i i % v
Sal—tT3bDTHotz. Ihik, BEEFHORE 2 EEICHHE LTV T, ER

WERLBEHTH 5.

COXIHIT, ETRIBZHAVS L TCRBGIROAHZHBIT I LBCEEI LD

ol ¥, EFERBEOMD S, RERLBIHEREAROFER L EDHFTESL LEI TS,



B |
[1] M.W. Mitchell and R.Y. Chiao: Am. J. Phys. 66 (1998) 14.
[2] T. Nakanishi, K. Sugiyama, and M. Kitano: Am. J. Phys. 70 (2002) 117.

[3] M. Kitano, T. Nakanishi, and K. Sugxyam& IEEE Joumal of Selected Topxcs in Quantum Electronics,
9 (2003) 43.

[4] T. Nakanishi, K. Sugiyama, and M. Kitano: Am. J. Phys. 73 (2005) 323.
[5] ALEF IERE, TP I8 FEFR%EE 72 (2003) 556.

[6] G.Kron: Phys. Rev., 15 (1945) 39.

[7] J.J. Sakurai, TEROBTHE (b)) (FHENE, 1989)

[8] A. Lai, C. Caloz, and T. Itoh: “Composite right/left-handed transmission line metamaterials,” IEEE
Microwave Magazine, September, (2004) 34.

0] FEER, '&¥ N (EBHNE, 1994)

[10] R. Ww. Robmett, ”Quantum Mechanics,” (Oxford, 2006)

[11] L. Brillouin: Wave Propagation and Group Velocity (Academxc Press, 1960).
[12] J.A. Stratton: Electromagnetzc Theory (McGraw-Hﬂl, 1941)

[13] S. Chu and S. Wong: Phys Rev. Lett. 48 (1982) 738..

[14] L.J. Wang, A. Kuzmich, and A. Dogariu: Nature 406 (2000) 277.

[15] M.D. Stenner, D.J. Gauthie, and M.A. Neifeld: Nature 425 (2003) 695.

(16] S. Harris: Physics Today 50 (1997) 36.

[17] L.Hau, S. Harris, Z. Dutton and C. Behroozi: Nature 397 (1999) 594.

[18] M. Fleischhauer and M Lukin: Phys. Rev. Lett. 84 (2000) 5094.

[19] M. Fleischhauef and M. Lukin: Phys. Rev. A 65, (2002) 022314.

[20] D. Phillips, A. Fleischhauer, A. Mair, and R. Walsworth: Phys. Rev. Lett 86 (2001) 783.
[21] C. Liu, Z. Dutton, C. Behroozi, and L. Hau: Nature 409 (2001) 490.

[22] M. D. Eisaman, A André, F. Massou, M. Flelschhauer, A. 8. Zibrov and M. D. Lukin: Nature 438
(2005) 837.

[23] T. Chanehere D. N. Matsukevxch S. D. Jenkins, S. Y Lan, T. A. B. Kennedy and A. Kuzmmh
“Nature 438 (2005) 833

[24] U. Tietze and Ch. Schenk, Electronic Czrcuzts Deszgn and Applzcatzons (Springer-Verlag, 1991)
[25] http:/ /www—labls kuee.kyoto-u.ac.jp/wave/



C EANETRA TR

RS07-16

| g—%i@fﬂ/ VIP(%‘ﬁEﬁ&"[ﬁlﬂ E%) fa% wz v
o HEERS o

ﬁirectional | Coupler using VIP
(Vertlcally Installed Planar Circuit
~with Loaded Capacﬂ;ors)

s A BRI
(R TAIRIFY—

~ Yoshihiro KOIllShl Dr..
K Laboratory Co LTD

- -r228 0802 *EF%‘%J HkﬂFﬁ’fﬁE" 'r’ﬁJ:%Fa'i 1 29-
©o1- 29-4 Kamltsuruma Sagamlhararshl Kana.agwa, JAPAN



REEWT VIP(%HT/:FEIE%) % A b\ﬁ_ |
| - AmiEESsE |

THEE /J}@EEA '

) r 4IRS L Y—
72280802 AL LR 1:29-4

| 1%% VIP@mmmﬁéﬁ%mm%ﬁ:mm, WECTA 7R T
@Eﬁ%ﬁLtﬁwf %ﬁéﬁﬁﬁﬁAﬁ%ﬁa &ﬁ?%% $mi?ﬁ;®ﬁ%®ﬁﬁkﬁi?éin_
V%h/b&E&k%(ﬁﬂ@é%%%Lf FEERABERET 2, P D1y ORRYEE
| ORIUCRINT B BENB B L LB, FiChic kD, BEEROHSERLMOSR R I
Lt%@ib&étﬁkbtﬁhﬁ&é&w$%TLrwa _né%%§L£%% WAH% 0.2dB B FC
74vv—ya/&UAﬂSﬁ#@MBHT@&BﬁﬁﬁﬁAﬁwaﬁﬁ%%%Tha

F—T— R HEEREEE, RAE, mm@%

1 BUAtE o [ .

R Ak B AT A, mm%& (Broads1de coupled) & F U v 7B, X5
KESABRBEAE 7Y v MR B ERL, BE— bﬁﬁﬁﬁ%g<?5tbL%%¢§ﬁLtbo FHEG
@ﬁbbervz7ﬁ%K@§ﬁ%%§ﬁLt%®t8#%%k:bﬁ%énfwaHﬁ&ﬂm_unEﬁ
ﬂh%LTﬁﬁfﬁ%tbﬁﬁﬁkﬂbﬁﬁéhkﬁmﬁ%éﬁ%k?é —ﬁv%?nzbvz7ﬁ%%ﬁ
CRLETBEAIKI, %#%ﬁxuo<ent¥n%Av47uxru;7ﬁ%oikézk§w%%¢§ﬁ‘
BBVLTHE— b@EA%ﬁ<?5%&@@@@#%@?6i—n~v4%ﬁ%pLﬁLﬁ@ﬁ%%Tka_

3Y LY F IV (3] LIRS bOMF Skt (1] 4], Shs ARG EEROEANKEHRLS

L) RTHESEETS 3. %u?uhé%@%?atbkﬁﬁﬁEklD%%éht@ﬁvméﬁwt
ﬁﬁﬁﬁAﬁféamH][H& $7 IS RBUERR R DEE S I 7Y ¥ FER L BhOEBO—8
ELTHEHWmAmtméﬁiﬁéLtﬁﬁﬁ$5o»hé@&#ﬁi&%%ﬁ@ﬁ*ﬁ%@%Awﬁ&U
HE—-FORBERTICA v E— #/z&fmﬁ%A%®M§&?a%@Kt%;vkzﬁmﬁ%kLriﬁt
%@?%b[LAﬁﬁ?ﬁ®74vv—va/%AﬂSHWﬂﬁ—%mqﬁo@ﬂuTkmﬁﬁL&%lv
R, ®%Aﬁ%k%é?%E&L§0<%m ROBEZ bERL TR LA TREES Y, 22
TEBLTR. COSMAREHEL L0 OBELERRICHE > Tk FHEEREL. BERREHE
TELOTHE, FIERWHBRY T 21— 3 VeBEETbRIER S R b ORMBICT 51cd, QUE
BB o BERAREHEL, E@%ﬁétﬁatbk%ﬁ/wav—va/t—ﬁéﬁétb@ﬁﬁﬁ
BEBE LI, MO 2 AIABXOBNTHS,

2 HRE VIP ﬁ%m%ﬁ@%a%mﬁwﬁ :

'WP%Ehféuﬁﬁﬁmﬁwﬁﬁ%Aﬁéaﬁbtg BIC 26, OREBCHIBTFHEOT AV L—
>3 ¥ LAAREDS 99 X — 5~ 20dB HIES FIcliA 3 B0 s S B L 7e. — B D5
%&ﬁ%uamrﬁyfmﬂﬁﬁfén& %h?ﬁwﬁ%&&bm%%é?%%?&% ZITHLETFI
%mma%@ﬁ&%%w&nwuangwgmu z&?ﬁ%nakléﬁﬁﬁﬂ%ﬁ?%v§é Z0k3



HBHERTH2DXY &%ﬁ@%i) %z. 513,
T, ARESROMRCTIRER (Y470 A FY.y 7 G\.ﬁﬁ’?‘%}")ﬂi B 1(a) D & ) il
30T, AX (a) XU (b) D& 5 KBRD VIP BEHEICE) B BehsFedk L, x_i’uia’-)\z -Iz VMET

BBicw, MW IXENESMERERETS [ Loy

_ <A &*B%H /hf"ﬁ% (ﬁ%%)
(a) VIP % & [HEAIC B D E B HD
BRON :

‘_"_’EE : ;EiEi

(b) BEOBOBRAT (L 65
R 1))

 E1WPﬁ%%%%ﬁ®X}

Yy TEREBICEEE S BB
DERSE

. Z
_Ze=-

(a) REEDROBADH (L 55
- l) '
B 2 AR VIP S50 SmE
T &
- L\JL/AA,%m‘
o sk '
@)ﬁ%b%@%%gﬁﬁtbsﬁ;

@3FA%%®ﬁ%~F4/
Y=Y 2 2HET 20D
. %Aﬁ%‘%ﬁ

. OEENHRSNBH,
CZERT S, BLC=0TH5%5IE, 2o BREOMRRBERICSEL

;O)ﬁ-ﬁ%ﬁbfiﬁhé ZE R
Bz ) o7, ﬁ%ﬁ%kjﬁﬂh_ﬁ)\éﬂé !:Lt;:% ﬁéo‘t‘ R

‘vaﬁﬁm%mﬁ%uﬁz@&7kﬁ%®ﬁ%kcw%me§#ﬁ

AghzrIticih, B2 OFMREITRS,. O C ORWEILKE, B

B OS5 BRI EEL THET 5

WETH B, wiﬁ% Fo5E, 2$®%Aﬁ%%@3®m<ﬁﬂk
LT, 1$@ﬁﬁ4/t y/xz._edzéﬁoﬁﬁi&ﬁ%bL

T2 G)Eﬁzﬂugb‘ﬁﬁ Ry %Eﬁ Ll &, ERTFHEAT 3R

 fa ’5_’5&&) &l\—@Q V)#\:ﬁﬁ?ﬁ&fl ERD B, %L"C fg/_f]_ =nt
'3-5&

oAz \
T+ tan—?! oy
. _ n2A 2 Zew —-1+—=’—2-
n=. :
24,72 —1" :
1 ev
7r+t _—_—A2Z'2—1 .; L (1)
Aa 27rf10R : '
| Ty - . e
1 eV .
Lew = R, 22 . )

PBEND, o, Zoy(lBE— KA Y E—FVR) & R(BIRA Y E—
FyR) LBEINRSN, nBWETES L (1) Rd>d CARES, (1)
K%777w6$®6tbk,%@@%%Z@@ﬁ%ﬂﬁx y—icl
TR4®kRLE: :
%u?,au%wﬁ?éﬁ§ﬁ%b,:nﬁ®3®m<%éﬁ%®ﬁ
PEAN=HLRETERL, NERICTE— FRAOREEH CR

g.?kLT HM@W&%%%&& ,ﬁb@%%ﬁﬂ&ﬁLtﬁ?f

AN ve— fvx%M$?% WE, 204V E-FYRABRED
%&&ﬁﬁ?ﬁﬁ&%Af%ﬁéﬁt&%@U?&&/xﬁmAx%ﬂ

.ﬁL (2)5t-t*ze,,>2>k&)6 &izﬂ:ﬁ;{%a [&1]

4AX

 Zey== vt muﬁﬁﬁgmLtﬁ@ﬁk¢@ﬁww @

: 1;{.!:’0375‘?2_‘5“(' 3 Eﬁﬂ) ’\I_IP:,‘G;O\_,)—cﬁgng%%%ﬁl ,:,3?.3-. :




AN
Al ‘ .
1.0 . = : 7ev=4502 ..., e
. . - Zzg"fgggg Zev=4909
Zev=0600 %?":22283
4 Zev=20Q £8V=2AU%
o e R
. Zev=180Q: -
: PRev=160Q’ . -
Zev=140Q -
~ fev=120Q
0.6} - fev=1010
0.4} :
0.2 - .
O'Q.O 1.2 1.4_ 1.6 1.8 2.0 .
H4 ()ROALn LOBFE
- o _ R1COMET—Y [g1=60.=217,n = L5mm] -
dom] Jafmm] | R | i | fo | n | 4 [CRFI|Z.0] | wE ..
' . 5 | 240 | 2901|1215 023 | 014 |. — E®
0.8 24— S : 014 1 920 o xd
| T—=28—1265| 288 |.1.09 [ 013 | 0.07 _ Srlﬁ ‘i"i
o8 | 33 L Fafy | 2.38 | 3.166 | 1.33 | 0.205 | 0.20° w0 | T
T [ 7es—l2sa 3302 122 (0215 | 0aa | | eges Fese— Wl
08 i ¥ | 2.38 | 3.30 | 1.39 | 0.32.] 032 | 173 ‘”‘ﬂ FFa_S\k
) | 7—ss—|251|308¢] 128 | 021 | 015 | B




5 1] %‘%ﬁﬁﬁ#ﬁ%é&ﬁ%@%ﬁ% Y-V ADREE
WER N1-1(a) DEFD C z:d:a*_olm N1-1(b) D < ik f v E— 5' VA Zo CREA O DHTRESIRE
ICEE#Z 93, & :r- 9' i3 (3) ROMEE b0,
(3)
Vg I+Al=V r¥5E, | @r/N = 7/2 TREBOEB L VERRKEY TS ¥ YA X BRBERB. o7
6 DD 6 EERIA YE—F YR 1/wC > X DEETIHEE A Y X Offilc C @%@l;tmx _
- : wE (3) it:soa tan~1 A I

wC = = Yo tan g’ 9.¥=_tan'-1wa'zc-= tan—1 4’ )
ML A’ =wC'Z]

I - I'=I+.AI

O . © 43, 5. . - | o
x, ol o x & tan-lA'=A'—%—+%--\; @
(;)' T " ,(b)' 7 Lﬁsﬁﬁiame(@ﬁ;bA'2/3<<1o>ﬂ#ui
BINI-L ' A sl (o 3) & : A A |
BEfiiN

a 7:cz> f&ﬁ:@i% 3(a) @%ijc‘bz% k5, VIP ﬁ%o
ﬁ%“ﬁﬁ}kv——z\—%‘ob‘t%'“k it A’ < 0.15THBDT ‘ o

tan~! A’ = tan~10.15 = 0.0075 < 0.3

B, %, B L o
. AI o . . . .

- Al=AS . | G) -

' @Es BMATV =1+Al @%@Eiﬁ%ﬁﬁ&bt%@hﬁ%&x sn g_zh%:r Ltomflil N-l(b) ThH35. '

- =%, Z¢ o)mli&i}%‘ﬁﬂﬁg%%s%ﬁkbtﬁ‘é U~A/4 @fﬁ%@ﬂ@ﬁﬁiﬁ(#%ﬁt ‘) T 5’ VR %ﬁﬂ%l, Z

@ﬁﬁ?@%ﬂ&%&AfLﬁ?%ﬂ??&/X%MAXﬁ> : ‘

CBo=zE R - ®
k& bmﬂ%ﬁ'a TLHTES, TTT Sy ox)ﬁi&wﬁmt k 3@Ek¢*@%wﬁ§t@%a [9]

3 'Fﬁﬁﬂ)hb?ra&egg e,.l’ 73‘%\% ?:ﬁbttﬁ GEE e,.,eff %5 %71_675031'5 B €;q cl: D %/J\éfa
/&, VIP DEEERICAE C.g EAWLTHRETES. :

th%?é% er,eff @ﬁﬁf?ﬁtéhtﬁﬁ»{ vE— &'/z €ev @Ef—f l[m] @ﬁ%@%ﬁ Cr eH[F] i,

-

Cr,eff =

L "Er'ef [/, voi'ﬁﬁ o (7)

<H5, ﬁéo'c ﬁbﬁﬁﬁﬁﬁr e'l ff @ﬁ’ﬁ'@?ﬁ%kéhhﬁ%aﬁ c', eff i,

Ve,e e
rel! :

eff =

&&6,&m'

Oad = Cr,ef_f - Crl‘,eff Zev'Uo s Py
. € N

@



L3, Cu %{ﬁz%uﬁﬁwa i, TROBREMEMUAD 1/2 T3 a:&v‘%ﬁ%ﬁ% y) mud\%
TH5, Zhizi@#s% CL-Cr @%@ﬁéﬁ&ﬁkﬁ%&i") BEPBTES &7§=6e2kﬁﬁ?3 LIS
Tal—vavTOERTE S, o7, DHHN3 OBAR, s % Caafd, EAFITI Cad/z o
eﬁ%%ﬁ?hw;w éﬁwvmﬁﬁ%ﬁA%®ﬁ+Tb#%;7k,C_—M&ﬂwﬁﬁﬁévmrﬁ
By 503, FSICASERCE2E5ARVE, 2% C=0 DRI TEROBS h=1. 5jmm] A Va7
N2 DOHREER ¢ = 4.5 CHERICIIHFEERE ¢, = 2.17 TES 0.37[mm] Db D2 HE o = 3. 675[mm] -
BRBEERD 5. OB, eepp =217 LB 5. hi'FE&L 1 = 21T 23 LEBD (22) a.‘ip
€ effev = 145(< e,,gf = 2 17) L2 3DT, WEI=0. 05[m] DLDREXBE, (O)RKY.

005V (. 145\ _ . 4, -
Caa [PF] = 55 o1a x 3 x 108 (1 2.17) x 10 [?F] ‘
=074 [pF] g

t:a ﬁc&;ﬁﬁ%@ﬁﬁaﬁ Cix Gad/4 -0.18 [pF] T, Ebﬂhmﬁﬁﬁﬁm 2C = 0.337[PF] & t:a WE
R1dobdsLIk, Wﬁﬁ@ﬁﬁ C HRR VIP ﬁ%@lﬂm iKbbt ERICET WCEET B bom‘ﬁ
AcE, ﬁﬂ%ﬁ%%liﬁ%ivéb#% LS RABADF 8T 0.14 ~ 0.32 [pF] DHEZRETE 3, 0T,
| T I AT 5@5&:%14»%'& E/ﬂ?@ﬁﬁeﬁo&%#?Eﬁ@#%h&ﬁ?mf; v, & @%ﬁ@ »
EE0K, FREFHEFHIE) RY () T, S

4 mﬁﬁﬁ%ﬁ%ﬁw%ﬁ‘;%%@%&@ﬁ{wﬁ

AU TR EED SEMAEAED, FIPRY S 21— 3 Y CROLKIL MBI, BET 5%
DOAREHELL. Thidy Ial—vavOREs LRERERZET 30T, %ﬁaﬁﬁaé%xtaiv
TTE zat IRV EERD, %zh%%u%{rﬁ& LTvsa v—y a /%?‘571&5&:{’?971%)0)@55

' (a) “{%%-—Ivf /t—&’/x Zew &’%’&-—F/f/l:——&’/z Zod | : :
B 5 iR Lk VIP %Aﬁﬁﬁ@mw.m:r e.,l =€oa=1% Lt’z)ayzs'&! 6(a.) L—.r?' 3 L'CJ)
BE-FLvE—Fr2% zg, ¥ 5. cheRw s, Be—FoBa, ﬁ%‘*ﬁ%ﬂ%&ﬁk%ﬁﬁ’ﬁ'
ELvr 5, B6(b) 0 &Y, TR (c) of< H%@ﬁk.ﬁﬂ;lﬂﬁk%&'é% 5 [10] [11] [12].
: ﬁa;&ﬁmb)‘m‘?zzr A—=PEW>T, FIE (d) 0); kg z«;bﬁh%‘éﬁ?‘% Z 0keEA /I: 5’/
R Z: XY, 78, =7, OBRT, 25 #Bohs [13] aéor (10)(11) :—&@E@%M%Eh%
i%é%bﬁ\&7ﬁ% .
L~ €12

P

.2
b . h

B 5 VIP g afiiko @ ® © . @
S HiEE S TR AEPR T R
[266,1:6,2?1@V1Pﬁ,‘éﬁ%0)%m
doi‘—’g{l'l-i(l-l-lnfl;—a)} g - (10)

28 =120cosn™1 2 1@

(1)

0



(10)(11) R BT, bja BEL BN L, sz;@ﬁﬂﬁnthaqdamﬁﬁaLrﬁia

Mic Zg & dfa 2 E5XBE, (12)RER3,
‘a ’ . ‘A. 4

T, d 4ra .z
{1+-——(1+ln d)}cos 190 2

(12)

»ﬁ @5@%&@2&%%ﬁ/\lv—va/?ﬁwtﬁ%ﬁzﬁa @7&7? %2@2&&

-unarﬁtﬁM@z;a%w&Lt#%#eﬁ@_ B,

§2 ®5 @%ﬁ%%’(ﬁ/\ 2b—a Vv CROEME
o/h d/h=0.1 . dfh=03 |, 6 d/h=05 | d/h=10
1 28 |afd| 25 | o/d -zg,,‘ a/d | 22 |a/d
0.1 | 41427 | 1 |360.86 | 0.33 | 333.37 | 0.2 | 297.63 | 0.1
05 {31410 | 5 | 282.27| 1.67 | 260.98 | 1.0 | 228.39 | 05
1.0 | 266.27 | .10 | 244.43 | 3.33 | 228.60 | 2.0 | 201.52 | 1.0
2.0 |221.24 | 20 | 207.06 | 6.67 | 196.00 | 4.0 | 175.83 | 20 |
3.0 | 197.65 | 30 | 186.34 | 10.00 | 177.42 | 6.0 |.160.92 | 3.0
40 | 181.69 | 40 | 172.21 | 13.33 | 164.65 | 80 |'150.40 | 4.0
5.0.| 160.71 | 50 | 161.45 | 16.67 | 154.80 | 10.0 | 142.04 | 50"
.6.0 | 160.05 | 60 | 152.69-| 20.00 | 146.74 | 12.0 | 135.24 | 6.0
7.0 | 151.96 | 70 | 145.24 | 23.33 | 139.84 | 14.0 | 129.30 | 7.0
8.0 | 144.82 | 80 | 138.70 | 26.67 | 133.01 | 16.0 | 123.99 | 80

6 z QZ&ﬁ de&ﬁbh&%@éhth

(1) 28,/28 18, hjalk DBBER, hATNE CRBL, 25, < Z8 A3, SHSFRLy ~LE
BHETO TGO EANES 527, BRI 3 LEBIOEHOL Y SCEHIEET S
T, B DEEPRICL BERIML, 42Uy Y AWIE BB E L RERT B, . chas

%LTV\;V—Va/&®74/T4/7@%%

ga Za. ! ’
. 2
E=1+ 0.027-2— -{-0_,0006 (%) } :

. 5%, fo T, (12) R 22 RbY i VEeTFEZew EANT (1}1_') REIB.

a S L. 4 S
B d ima mfzev .
(o (o) P

(13)

(14)

@@ﬂ@@u@ ﬁxfu;fﬁ%ﬁm#?zv%#k@ﬁ?%év aaﬂmﬁi6ﬁf%‘

€r2 €r2

a 1885 ERREE R\
g \/Gr,eff"—‘ (Z; - 2:;) {1112 -+ €r1 ln (1 + qoth.z>} :

(15)



& 2]

o #He— FTREINL ORI R3PS, |
cCeld . 1 1 1 1 1

- D o L, 16
) /81‘2 . . Zod Zp,od Zd’f2 ] Zf‘ . Zev_ ) ( )
_ ¥ } ? S
& | TIT Zppa=1885- —,V refr (17)
...................... _-Cin - T © €z : .
d " - T . ’
ol = . ) Zf2 2. 1112 Y E"':ef o . (18) .
. , . SR . 3w ereif -
BNl FE-FoSE Zgo= - Ynel] (19)

21n(1+coth ) €p1

' (16)(17)(18)(19) ﬁ%ﬁﬁwc (15) ﬁiﬂﬁana

®)

57, BAEOREE, FTT S REOERITHRO 7 ) /)ﬁlﬁfgﬁ*%ﬂ%&‘.bkl R
kYRS 0L, BE=FORAUBERS crers kﬁﬂﬁ‘%ﬁm?

2 €. reff (%Fglie,. eff ‘iﬁr,zJ: ')ﬁd\) ' o (20

BB, 2IT, O (15) EQLRJW‘Z, X, (14)(15) A0 2 mﬁm rett BEANUL, 2 7

DFRAB a/h & an(E i3 d/a) zzsa‘zi 5. (- dfa= (d/h)/(a/h)) oot b>6uT®$}ﬂE'c$+

T&3, ~ '

[FIE1] o 2525% (15) AROE 1 (82 lﬁtw V¥ o)%%tc 5&%&@12&?—5 ¢ ) P56
afd¥SKED, . :

[FIE2] Z., LFIE1 TRE D% dfa % (12) RERALT a/h k03,

[FR3] MEREon a/d BT af/h EWE (15) ART (14) RERALT? ) v SOBGE DI
EERDS, chk i D B, Fitgc ofh, dfhHRE D, U LiEE 1 EOEYEL
Tk, ik (14)(15) R0 2 vmﬁuﬁ&ﬁ%ﬁwa%ﬁlﬁfﬁ%& BT 3.

SERLHER

CBE—-FoBa, iﬁﬁizﬂ:ﬁ%& 1 RROEREBEAT, FE— b@%&jﬁh%%%& (6r2 &b M‘M\

SDNEE) IKELL Lt;h‘mﬁ;rstrw Jéi?‘ fEe— Pw%fbmﬁ%%&a‘t&rcaa ‘
BE—FoFaIix, X6(b) RRWT, B &%m%&%%& DRI ey DBBEIFWAINS T L iz

' 3575”3 ES@%E%&&&% b>§a/h<<1®5%"'¢s.id:‘?4?nzb‘)/7%5%2:7.‘:') if:.d<<h
. DA - ‘

: €1+1 - .
Ei,mff— '2 - A (21)

:‘:tc% ZZTHS @%ﬁ%%ﬁk/ fab—va -/'(‘Ské?)t%ﬁlﬂ:%%$ Erev,eff &U%h%: (21) =

' 2 e:,eff *C%Ltﬁ%j"é"&i% 3(2) 9363 (b)- o %5,

T, #3(2)(b) 0)1’1‘5’2%67&.&)0)74 VT4 /yit%:mbt%%
e+l 1
er,ev,eff = 0.22
cosh [0 28262157 (h) } .

z2/ik. ﬁéo?f’ﬁﬁ@%@ L 2 Ta/h DEBKED, ZOBALE e,.eff(_ 6,2) ’5’: (22) RicHw
BE, BEn e 3MICRED, s_i’ui"fﬁﬁ'fi&bé E:iP'C'% 5, T {EE 2] DEIN2-1 & hbd»

(22)



20(5

150

100

50

a .
Ze"T ’ | a/!J=05 .
| / ‘ 11-_0 RN
: A Co : /f/"’.i’LIAI -18
- / /_,——f’ T 11, 2(!2.42’6
Pg _ //:/.,::_é/ VP as
AN AT = 1T
et g e ——
| == e,
=== 1
ab=36 | P —_
i Bmm—— ey g JHggee — ’./
ey "/”’/’—’j:;;;=f
64| //. '
: 10 !.0/

0.1 ' E 1 o 10 : ’ 100
o o S - —pald
EZ]HK&/\:LV»—/Q /&‘.J: ‘)*&)f‘ VA (a/d a/h) 0)11'5 :

&1 T ' e
~ht
@8@%—?@%@%@ '

3X91, AROLBOLy VER Oy 0 32ROl % 5. —ﬁﬂa 13 TRD I bDIRET

Ereff = €r2 ELTw3i®H, =95 LT*@K%&@%&%@&@ € X bbfﬁ‘d\f—f ¢ 7‘3:6 _‘@]
ERTE, R[5 KRENTVB L9 Ken =2 BMALT C = —3dB KT ~1.6dB 2ok & &,
NN ererf = LR KU L98 LOTPIBH LTS, ZITIhHE XYRETHERE YK

3, FIH 18 RRTELAT, (29 A0 e,,e;f @ﬂmur%mﬁ%ﬁrf Crets £ LTEIR

1~3 @m‘%%ﬁizixm

e,-zg-l-'-lg-g+&lh:i(1 +coth§)
d 7 T - a

Z-&-l {1+1n(1+cothh)} o o | . ".(23)

Ereff =

- _ﬁmwﬁm&ﬁmgﬁm—cﬁmmaﬁﬁ7%&m« %mmuirpaﬁ@m_am«tm |
L EEIC R (14)(15)(28) RRY (22) R: ) UTOM BERETRD B 2 L TH 3. FL (14)(15)

KU (23) RO 3 DOMYHBRK Zeo, Zoats eBees £ERI L ¥, 3DORAM afh, d/h BT



z=§ 3 ﬁ-*é'— F@%ﬂlﬂiﬁ%g er,ef_f(}ffﬁ/ fal—¥a ./h_J: Z)fﬁ) RU €r eff/e . ﬁ.;ef}, DfE
' (a.) {%-E— 3 0%5@11115’%%3 €reff V)ﬁ V |

TN A“/hf o1.| 1 | 2_. 3,_' &1 5 | 61 § 7. | 8
€rl: Jd e " R B Sl -
2.17 1575 |-1.446 | 1.395 |.1.363 | 1.339 | 1.320 | 1.304,| 1.200 | 1.227
2.60 . - | 1.776 | 1.591 | 1.520 | 1.470 | 1.445 | 1.420 | 1.400 | 1.380 | 1.363
3.00 - |'1.960 | 1.722°| 1.632 | 1.578 | 1.53¢ | 1.507 | 1.481°| 1.459 | 1.458 |
© 450, 1| 2.637 | 2.188.| 2.028 | 1.934 |-1.868 | 1.816 | 1.773 | 1.736 | 1.703
6:00 3.302 | 2.634 |'2.404 | 2.272 | 2.180 | 2.107 | 2.047:| 1.997 | 1.960
1000 " | 5.053.| 3.786 | 3.369 | 3.135 |'2.974 | 2.850 | 2.748 | 2.663 | 2.586
NG IR B t3 | e 5 |.6 |7 ] 8-

v 217 | 0.994 | 0.912 | 0.880 | 0.860 | 0.845 |-0.823 | 0.823 | 0.810 | 0.800
' 260  |-0.987 | 0.883 | 0.840 | 0.820 | 0.800 | 0.790 |.0.780 | 0.770 | 0.760
13.00. - | 0.980-| 0.860 | 0.820 | 0.790 | 0.770 | 0.750 | 0.740 [-0.730 | 0.720 | -
450 | 0.960 | 0.800 | 0.740 | 0.700 | 0.680 | 0.660 | 0.650 | 0:630 | 0.620
6.00. | 0.940 | 0.750 | 0.690 | 0.650 | 0.620 | 0.600 | 0.580.| 0.570.| 0.560 |
10.00 | 0.920 |'0:690 | 0.610 | 0.560 | 0.540 | 0.520 | 0.500 | 0.480 | 0.470 |

eret (= ercaers) BR®, T35 LTRD a/h % (22) RERAL TRE erevers PME (O RO

ress ERALTAMER Coy EBROBTLTHS.

L LRSS AMO & 3 KERBITG OB, %o@gfaﬁﬁsﬁg?é Lick, @BE— Fox
' ﬁ%%&%aﬁ%m%m m%mﬁwa az;wgwc-ga

5 %Mt% | o ,
xr7vayv 4‘f'ii‘l\t?1ﬂ5%7u—9’-~v—l~'(@9kz“§‘ itwﬁmwéggua)&mb) RL,
B 1(a) @%ﬁ%l 11 R, H T (% 3) W BRI R T

. @R
b ——ay ——(0525)—» d(078mm) HRE (0762mm)

C(L5mm)
ARG e 2 (2.45) =2 (3:675 im) %ﬂﬁ G.67mm)

R
217) - (22)5&
o o N
¥ L’EE‘?‘ZQ &*

*Ervavs aﬁe

 VIPOAMAD

&1 (217) =—» C;=0.18 (pF)- E{HART
. Cy= 06_74@1:) E%&xé
L I— 7Yy VEIRT
: I (35

@97n—%? b

3 L'Cz%&btfﬁ&i €2 & Eepp & Lri@ti» %eht{ﬁ%ﬁﬁ (22) RIERALT Creff 2R, E&‘.
, —Ejfw " —-5-«»- %'cﬁbﬂmﬁ: bﬂ%ﬁiﬁ%%h% Li»l,%%k Gi%@@? n—F p— I~ *fwﬁ“*f*c



+aicHiRe . e
RIC €r1 & €peps & blj\émﬁ%&fﬁm‘ﬂzﬁmﬁgmxvc ) U Cad BRD, Kic C (AHHD
E WIS SER 2HELEXOY Cy -~ (C/4) @ﬁﬁ”ﬁ-“ﬁ%ltﬂﬁh, E 3 oad/z DEREEAHAD

BEIKTA 7B R Yy FRECTHEAT S, B8 Cua - C’/4 0 2P LT—)\—%T c %9’3%‘3‘31!;?
Atﬂb@ﬁﬁe—ﬁtﬂ‘ Bedhs,

EX1 VIP Aﬁ%’&ﬁht 3dB 7’5[’3‘[&%’“’%&

ol / B ; e : -
10} - . .
/ T 5\ e
a -2 SSI— 3.12 dB 1 ) : a = . / . A~
fo =1.05 GHz —— . w2 NN [
-38 ' - . : \ sl!_ ] \ /
T S _\ ' ,\v!»
40 05 Ty 15 20 - R T R TR
[GHZ) . ‘ GHzZ]
P ' (a) S21 & Sa o o - (b)Sa &S
115 1 o AR |
6 3’6&73‘%

HRE VIP 0):’%‘4@%0) 3RTLY 2 v—v 7 /%LJ: 6&%%:2%&)5 &:bft@i L, BRI, ¥Sa
V= aviRiRTY ‘/ 7 Mﬁ:@ Q3D EXTRACTOR 2Hv, it \.h’i'ﬁbl'fv'— —o)tﬂj:uz AR
tK&k#&%]:#"%ﬁﬁaeﬁ&RU%@TX#%%%?I#?J@%’F%)‘C& kmﬁ%i?‘ %,



sER | _ |
[1] /N, "%m‘?/f » U?ﬁ@%ﬁ’f?.—:ﬁi’ib C Qtﬂﬂﬁ 2008513 PP. 188—190 : A
: [2] K.C. Wolters, et.al.” Analyms and Expenmental Evaluatmn of Dlstnbuted Overlay tructures in Mi-_
‘ crowave Integra,ted ercults , 1968. G—MIT Internatmnl Microwave ngposmm PP.123-130.-
3] Ré,je S.Mongia, ” RF of Microwave Coupled Line Circuits” Artech House, 1999, PP.415-445
4] ANEE,” BB - 24 7 0 4 05— LIBFEIE", 4 7 KRR, 2007 45,
[5] AN, %Fa 24 7 nEITRE 5 5 %s” 4 7 ﬂ’{ﬂhﬁ 2002 ﬂa PP.22-26.
[6] Y. Komsh1 a.nd K Konno, Us. Patent 4757286 ' . S
[7] Y. Komsh et. al ”Newly Prosposed Vertlcally Installed Planar Clrcmt and Apphcatlo IEEE 'Ifrans
on Braodcasting, March, 1987. - L |
[8] Y. Komsh1 L Awaa, F .Fukuoka and M. Naka.'}lma’, ”A Dn‘ectlonal Coupler of a Vertlcally Installed«
Plana:r Clrcmt Structure IEEE Tra.us on Mlcrowave Theory Tech., June, 1988, PP. 1057—-1063
[o] ANEH, “SERI< A 7 mBCATIREE % 157, 74 3R, 20014, P.250-260 KU P34,
[10] T'.8.Saad,” Mlcrowave Engmeer s Handbook vol. 1 Artech House, Inc. PP.119.
[11] Y.T.Lo, ”A Note on the Cyhndncal Antenna. of Noncircular Cross-sectlon” J. Appl Phy, vol.24;
1953, PP.1338-1339. .
[12] E.Crystal, Proc.IEEE, Oct, 1964. - :
[13] d\ﬁ %ﬁ‘?'f ?Uﬂ&fiﬁ%@ BB, 749 HIR, 20013E PP.18 | -
[14] Tsung—Shan Chen ”Determmatlon of the Capacitance, Inductance, and Characteristic Impedance
of Rectangula.r Lmes” ]ZEEE 'Ikans on M1crowa.ve Theory Tech Sep. 1960 PP. 510—519



R I

(1) WEREAT R ARR

—i Wie—

’GTQ

b

e

wamsssw n- (1]
TLILIT] --c-

Y g

-

& a
Al BE2ER OB T ONTERE

xbU&7ﬁ%ﬁﬁﬁ%ﬁ$

(2) %8 @%ﬁ%ﬁﬁﬁ‘*ﬁﬁﬁ%ﬁ%

A2 BEAEHUNAEEER Yy T

BETAREAROME
(3) BRESEAGNER AT AS

(4) A=t

(a) SHEE
mAs@Eﬁ%&ﬁMthrUv7ﬁ%ﬁnﬁﬁAﬁoﬁﬁ

VARRRY VY 5y

HEeMA Y o

h

w4
R

B Ad(a) A—S—L A LTk am

En

<A 7RR LY yTEE

pdolia et

HFFEB
—qu-—4<”““ii&aiii

ﬁ W

AREOEE

4 444
HBROFE

‘

BIH AL bja=1.0 OBYER

#£ Al E@@Eﬁ%%@k@khﬁ%$ &% ﬁ‘iﬂ)lﬁﬁ d DBIR

i) c=~3dB .ﬁ)c——(idB m)c——-lOdB
b=0.50 b=a b=0.5a b=a "b=0.5a b=a
W/b=0.443, | W/b=0.364, W/b=0.608, | W/b=0494, | | W/b=0626, | W/b=0.540,
S5/b=0.098 | S/b=0.080 S/b=0229 | S/b=0.179 5/b=039%. | S/b=0.306
€ry d/b e} d/b €r1 d/b €r1 d/b 1 €1 d/b €r1 d/b
4 0.354 4 0.386 4 0.288 4 | 0338 4 0.221 4 0.280
6] 0324 .6 |-.0.362 6 0262 -| 6 | 0315 [ 0.200 ] 0.259
10 | 0305 | 10 | 0344 10| 0245 | 10| 0.208 10 | 0185 | 10 | 0.243

s

nig

@)tb%ﬁt@

MY (PYF—14) o4 7Rzt Yy TAAEEAE

tiWai W :
- - S-_—.—. . -
d b T e s Aty sk

S Y mUHY P MRS
RRTAIF

B A4(b) iiﬁﬁﬁsﬁﬁ@%'ﬂ’ﬁo T (a) &
J:‘Fiﬁkfxo w3




EHR SRR
| &5HES [ RS 07-17 |

A /7‘/7"—L-J:6|aﬁ‘f_L @*ﬁi

kWl omeE L2
| (E{%KI:smn‘ﬁjt% TR %%fﬁ#ﬁl%ﬂ)

1 asa_omote@yahoo.co.jp
2 nakayama@klt ac.jp

200843 A 27 H (71<) ,

()?‘ }Rﬁik%ﬁ%’f VA A1 001 E%%’é‘)




RSO7-17 Ry ¥ 7 I F—IC LD ERMBEOHEE Fetal FIHK

1 [XLC®HIC

BELE LooH5 EFTE#H TR, RR3BHICMET 5EEOBMEORNPLREEEZROTEL, 20D
REZERCCTIIATOESRZEDEILERDS. TOEETIE, AT EERETIABBDRI LB —A
UEKRETHY, KEFHBHNS. BETHIAZLEL LN, b L RARZXREBZHES IO, BED
WETIINRy VT F—2 RV TERILEB O M & ERELZHET VAT ABME Sz [1). £ I TABFAET
XX [1] o FEEZAWT, ZERICERLBEH#HEDOEREZ B 2, Y AT ADFEE, i, FERKOSTZ2R T
25, -

AR TIXERMBEHEE TS HFEOTI L, BREELE AW ERBHREEZEA L. RHEEhE A
WEBBAMBEHEERARE S Zo0BRBIAT B I N TE S, B—BETIE, FENORATHEERN, i
LhpeA I a T VIZEET S ETORBEFOMD~A I a7+ IZBETHETORBE L OERZRAET
- B FREOMBEHEET S I XA THRLEELRI LI, ZOBMBROESZ CE AT ERCAETZZLTH
5. L LERORECHREBOMERSH Y, TNEMBRTINEFELZERTIZLBARETHS. £ZTH
EAIEER % AV B 2] ROV, TRERD~A 7 0 7 4 U iRRE LB OMEEE AV 3], o0
[EEDA VIV ARE R HEET D adaptive eigenvalue decomposition algorithm(AEDA ¥)[1] % v = 50
ZoDFEERAE. ELEETI, TORE LEREEBIAOEL <A 7 e 7+ OMNERFREAVTEERD
MBEHEET . FEMBOHEICE, B/ %% AV /- spherical interpolation locater(SI #) & one step
least squares locater(OSLS ) D =205 [1] Z AW THEZBZ 2ok,

XER[1] TiX6 AP~ 707+ & 3RTERERE L TEREZRBIRoTVWEY, AER T 8EAD~A 71
THUE4x2D2RTDT L—RIZEE LT, # 7[m] x 8.2[m] x 2.7[m] DIEI DFE T, FIRMIB O L
 BERERETERMELEE L. FRIIAC—I—hoRBAEIEB L L L, FBLAER—DI I X
ZEMOERETHELZ B o, BRI TEXR #R/\RCEORN] 2, KIER—2 Vi X 53
X I'The carpenters THE CARPENTERS| Z MW /-, ' '

IRODOEREROTE - S EBI R L 5, APFFRTHRELEVAT AIIwA 70T 3T L—D
ERFMICH D FROMNBHEIIBE LTI, EENLOAENKRELRIZIEHENE LI LD Ry
ote. TOREEZELRTHLE LB, FRUBHFELZRETS.

2 M |
2.1 HREhAESE

AT T2 R ETHLE 2 HET B HEOHND, v A 7 173 7 U—ic k 5E R EBEORHEEN
R SR B M L. BREELE AV SR B ERIIA S { ToDBBICYT B = L ASH
%5, BBRETIE, TESORETHEEN, BELRE~A 7 07+ VBT 5 E TORM L Z0Mmo~
A7 u T+ VREET A ECORMELMET 5. BoBETIE, TOMELEBIELDEL ZhEho~
A 707 OREBESEANTSIEL OSLS B TERMBOFMCERLHETS. o TRE—BHO
RSB DR RIET 5 FIEIC OV TERT 5. . |

RSB R AV B E RO~ A 7 0 74 VAR ETH S, TROMBERERTS 92T, B
TS D ENENDTA 7 07 4 ICEET 5 E TORBENOES T 5 ERCHET 5 - L REEL 2
3. L LEBORE CRREBSHES ORESTEET 5. |

RBHREE 5k 5 REER EOBENH 2 RVERIREMNRD B LIETS. TOEMICERL 200~
4707+ RbEREEZE 1(a) IORT. BEPLRAETBESE s(n) LBVWELEDiER (1=1,2) O
A4 7075 U BRIET BIEF zi(n) B (1) TRERS.

zi(n) = a;s(n — ny,) + bi(n) (&)




RS07-17 Ry ¥ TV F— LA FFNEBOHE Ketal HIHEK

Sound Source

(o) FCESA 72\ EARRD AR TS (b) REDH BB

¥ 1 EEELEROESEMEEEEOETTVE (2¢h OEHAR). zi1(n),z2(n):1 FH L 2 FH
a)v»f 707 x UBRZE LEES, s(n):FRERMOBELEES, b;(n) bo(n):1 BE & 2 FHO~
AT FVBRRELEIAX

o; EEEEE N G:Hnﬁm, DRFIDFEZ b 13ZE LI/ £ X ) N ﬁiﬁﬁ#% iBEDwA Y v T4 EEY
BE TP D ERIBEICHY TS g; ORFIFSTHS. FRIPLFHOVAIH TxEETHETIC
DB % L R LI L 50 1R & 2BBDYA 7 n 7 4 VBT 5 % COMMBROEL KO
ok T. '

’1‘12=T1v—1'2 , ' (2)

K (1) @ s(n),bi(n) iIT¥ T, FRETHY, & HIKEBEIED D —RBOFEHEICE TN A ERIIFHANICT
ECHBATANHICR-TNEEELBNS. ZTOk), 2O 5 RRKENEZ baaVEARNRZER T, 3
Bl mo ZVETH T EHHES [1].

L Liess b, EEICHIE Sh 3BT, B0l K OBEMIC K> TRBRRE I 572D, B b)) PES I
5. COLSIKEMET BEET, TENORETHESE s(n) LWL EDiEH (1= 1,2) DA
sa7+ /#ﬁd’éhvﬂﬁt 3) & 7‘;6 (1.

zi(n) = gi * 8(”) +bi(n) = Zgz,kS('n k) +bi(n) , (3)
k=0 :
TIC R Bl HABERT. g BERENOBELES sn) ZEANCLELEDIFBROTA I 0T F
NG LIRS 1i(n) DA VNV RIEETHD. DED iBEDOVA 7 u T x U BRELEES z:(n) 13, =1
W HRE LIAES s(n) A Y SVRIBE g, Dlclcdidd &, ZIELIZ) A Xbi(n) O THS. ZfELE/
A R bi(n) BEELBRWEGEEX DL, iFROYA 707 % vRE(E LTJaﬁm,(n) 04#&%1/( VIV ARG
B g Lo TRATES LV 4.
BARMARZE LBV, FEOBE CHABhOEZRET 3 DI03, KEBICHES ﬂfxb‘iﬁjﬁjiﬂi%ﬁﬁi

F B LREERBEL RS, AFECREEBROZERZNET S LDIc, MEMBEBEKERVWHE 2] &
T, FRERD<A 7 07 4 Y RRE LEEROMEEE AV, Zo0EE0A VSV AREZHEET
% adaptive eigenvalue decomposition algorithm(AEDA 8) 2 FlV\ e HED 3 DD HEERAIE. WM
AEDA BIZoWTHRRT 5.




RS07-17 Ry v T V= L 3 ERMEBEOHE FKetal RIHEK

2.1.1 Adaptive Eigenvalue Decomposition Algorithm (AEDA k)
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