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Study on High Efficiency High Power Klystron

" Kiyoshi Yoshikawa®™, Masami Ohnishi®, Yasushi Yamamoto®,

Hisayuki Toku®, Koichiro Hiraneo**®, and Minoru Sakuma®*®

Abstract

This paper is intended to examine and establish the methods to
enhance overall efficiency of high power klystrons for the trans-

putation systenm, done collaboratively by Kyoto University and PNC.

fe examined physics models and simulation codes for following
items, and refined existing codes, and established a ne¥w algorism.
(1) Electrons in the gun under space charse and magnetic fields,

(2) Interaction of electrons with RF fields in the klysiron tube,

(3) Energy recovery from spent electron beam €nersy in collector.

The modified FEM-based KUAD code is found very effective for
advanced electron gun design, and for collectors design with
predicted recovery efficiencies as high as 70%. The FEM-based
algorisﬁ developed in this study for nonlinear interaction of
relativistic electrons with electromagnétic fields in the klystron
tube is found also feasible for gurther 3-D extention. Integration

of the individual code need to be warranted in the future.

¥ Institute of Atomic Enersgy, Kyoto University
«xFrontier Technology evelopment Section

Power Reactor and Nuclear Fuel Development Corporation
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1. 202

BEEREIAE2 IMBEBVCEROAER L LTHAFNOEDE

WenABCERT A LEEBNKBRIEBENTBD, TLTART
NEZAEBT I OAERERLOOEVWT S 3, LELBML, ZTOH
B, Lh b bIFrELRCHSIATCVWIEEENOER LRI ALY
G ORBEPPPAVDOITANF—EFa2 VT4 —OBERDVTRE,
BaRAbRETARBERHSATVRV,
EHEOHROTAN¥-BEETFHALIAE 2008 EWEREODH 3
FRUAOEH. RAHZAOTREREIREWEVWL0E, BRUTE60FE
ErREbLLATWS, ThRbE, 21 EREBNTR, TOLMHEED
FoT 20RO LIREA VY —ERMBERRTIILRTTRTS
b, XA EEOERNREr LI REELTIHAOER DHEAEL
CHERBKEPLOBEBIDBELIXDOR 3 LEX 50 3,
CDEIBRREB T~ RTANF-—D>3560%FEHEDIEH
PlLOO%EHEACKELTVWARENBRCOEDRENEREL, »
S EEERSTEIYS PREVWOREZANFE -T2 F 4 —ORRED
BPoTWd, BEILCL>TCOBEERNLVWIIHERMAELRILREOR
LRIFLrOBDARERTFLVARERITREIBE V.

EEOCANFE—EHEEICIAIE. 2010FEICR1980FEK
E&I$»¥—ﬁ32%t$m15#\Eﬁus%mﬁ%t%ib\%@
EHAEEETL LCEFH. BR, RARAAACRDERBLEZEZTTN 3o
L L, RRATALBROEHE2ERTHE., EEBAPAB=FVF-RY
@%1$»$—E%ﬁWtﬂﬁﬁ%tT%E%Wﬁﬁ#%ﬁéntmmm
EFPHLAEE22 IHEOEETA N -~FRLIsBREEAHOBOTH
WIANF—VRFLERHELX 25285, BRCEHE»PPZLES
BThiZBEAKLZOYAFLABBIUEF LTIBLILPFETH S, B L
ENWELTHINF AV - FHHERIAh A EZORKRTHARDOER
Vo
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DEDE>BRAERS>C. HAIFH2 VX -FACE, HE2sSZ2
EHIOBEAFPRDONTED, BABCRET IRANEVNEOLELHE
ELRZORBVEBERBEOVLDTH bo

aTd, TRULHEHABMOGBORKRTRET BHHK ' Cs
PUBEBOBBRRAZEL, RXORFFCIZERAEHROEIL
FOMEREIEVE VS RAEERTIFLVWABRLLT, BSTRLX
S BFR I IHBROBIANY-—BEFL LS (7. n) EHEMALE
REERACIANBSROERM AT ANFEEL LCRERECEDS
NTWa,

CABEVWTALET (BEF) MEB2EAT 34, HENEDZEH
FEPEEFEL W o kB EREE BV CHEDMNIABRVATTEL L
CHEEhTELEREDHED, BEOFELLoTHEEEORILL
BVWEHBEBEE N,

EERCBWTRAECh O MEEEREOLEALCABE LT TV 3
EXEREODTRVWNNMAE2EAHTRBEAEEZR DT P T E RN,
Lird, LEAESCHESNIC-A0BHE. BNRLOXD 2S5
PEEARCLAENEOOLKLEATED, ALK (BRF) WAL
Bni, T AAHEOL>BRE-—A0HE RN LB ZREOR (f
IHR=EWE) FPEHINIOOLEAELERS AEHBERRLTH
CBEND B,

BPAPCHRLEOMER AZEIL LS TR IIANRZWEEEWHIDOTH
2. BEHEFV - V-LILR0EXRANUASEEFIBERENDIETE
BSRDPLERLEEO7 DY IEREBFRLELTIENEA T, BEOD
LZABLSIREEZEHEBIIRLR WV,

COREMBBLIIEBRALBSFADOBRPEFEL, £, ThBEICE
FROBHELPZORIBEEDTCEFLE PO TL 3R LS5,

ZHEEBR, LEAAATFEOSHBENF - ERNBEREREEZAIEL L
fh%%%E—Am;%ﬂﬁﬁ”%n@ﬁﬁmﬂﬁﬁmiBME%;;&
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ﬁﬁﬂﬂvz%atﬁmr\%:%w¥—%%%it$ﬂk®%EWm$
NE-—BEEAEHA  BEIFARAINOVEORYERALCETILE - &
FleoWT, PROEEELRBAZRFIANF WAL TREHI 7
4 ZPEYORHEGCETIHEI LWIRBCAAMEZT EER
ERDOWTOREREHBLESDOTH 2.

.MEﬁt;a%wMEx?Atsm1ﬁ\%?&Mﬁ?%t@@i%ﬁ
s MsS4AMOYEFBUARAAEILANF - OBHEEAT R
WE-—EHEBNYRAFLRIOEDCRERTRT S 3, |
FrTC. BERDPDVEREXRRKEFTEAVWTARABAISARAIOVYEDR
BELEEDED. BFUL-—AOHBMEEMEICWMTESEFE - A
%%:—thaa%ﬁ%?wmﬁﬁ-&ﬁ\ﬁ%:~F®&E\3;6
EFVv- LEEASEREROTHEREES 5.
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2. BFE-ALAO-FUBUZYWEETNVORE - B

EFE—-LOFNVWF—HEBEZ, IVIF—RB~OAHEFOEE
(xA NV X —-EH) CRLIKEFETILED, COTHFERERIKRDZZ
LB BETH D, FIEA DR LEOBEFRABEOEFEYE— ADEA.
BFE—LADITERANVNX—REPDHBTEILARBE, EERSCO>VWTD
HEERSFERTLEZILN, EMRSBEBEBBRTIDEXIZ2CLEEBET
Hd. DR, BFL~A708O0HEBEEARZEL /422
BOYIalv—yarya—FoBERBETS 2L ELE
YIialb=YarEBWLWTR, BAAEEEEZSAI70BLEFEY—-LEOD
HEEBOE®KIC X b,

() EFHE

(b) 542 OVEF - ERBHEEASD

(¢} TVZE—
CAET A LN AETHS. (BDOISAIIOVETF  c BRBELMH
AETE., 412708 P EET I ERBRIRMEGRZEZRTZLEN
H2H, (o), ) TREFAWEZE (BD2VWEEAHENER) BELLTH
DI EMWTE B, MFTE, EHCBT2BEFE—LADORKMEFMICET S
BEEFNVEODWTHTo>EHE - REOBERT T

Fzz

2.1 EFHRE

EFHEB TR 7O0BBIEELRVOTCEFE—LORERAREE
BMBLEFLY—LESFOTETHERHILLIZ2ER LERCLIIEBICIDES
3o

EXLZLHAERXNE, UTO3IATH 3,

d(rmv)

77 = —e ( E+ vXB) (2.1.1}
V-E = p/e, {2.1.2)
VXB = uoJ (2.1,3)

r = 1/41— (v/¢)? (2.1.4)
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czic. m:BETFORILESR, v HARRK,
vt EE, e  REH,
E:=, B:%#%B, J:EREE,
o : HZEHERE, U  AEEKE

EFHEROEFI—FLLCR, RKERXFVT7A—FREV=TF 7L
Sy—%—HWEHR (SLAC) TEH8&hi Electron Trajectory
Progran (Egun) VHHb, BEHNRFEI-—FLLTESLAWSN
TVBH, ERTIISRVWL2POMEIEMIATNS. TIT. W
WA CcHEBLEKUAD (Kyoto University Advanved DART) I — F
PHELTCEWSCLEE X, Eguna—FOWBEFNV/HEFEE
BE L, TORMERZHLPIET I LS. KUADao—FO®EED
WTHEHNZT ok

2.1.1] BEFECL—LOEZ2BERBOPROMME _
MBEFNVOEMERFCAZIHNCETEFE-LOABIERBLEOY
THERFMEET > L.
M2.1 03B BaoMAREFE—L (EHRMEI) ¥EOAR LK
2L RSAEBE. DEAFBEAESE B, &

I 1 :
E, = — 1
_ Mol
Be'— 277:(_1 (2- 1.6}

LERE D, Tk, COBRBRLIVEARBOEFIRIIELESIRNO2
D HFsc (ZREEHICLIZAHAEDON) BITFs (PF—LBEHOER
LA AEOYYFAH) BB AL

el 1
F,.=—eE, = L
€ Imesa v, (2.1.7)
Fo= —ev.B, = -8l (2.1.8)

27 a



PNC TY9604 94-001

LEIoLBTE, EFE—LESFPECOER - BERELIXRTI2H0
B Fsc/F sl

Fy - eucl v, . megav,
Fsel | 2ma el
=u080U22 = (U,/C)2=ﬁ22 {2.1.9)

2. (2.1.9)R&ED, EFE—LDOEEMXAFEICERT/NINIWNWEEITIX
EHENYEIPHETHIE—LERBELEIETIN, EFE—ALODE
EFRXBCESKLLERC IZ2EBIrE—LOBEZHF T I DD
B

ML2CRTEIMRMEBOAHBOBEZALCEZTZLDE, FE27 Vv FHi
OTlk. BAEBRMEL=400nd, ¥ — AL EE a=2un, E— A2 XNV F— ¥=20
keV ©H 256, E.~44kV/n, Be ~0.4 gavss &2 %, Tk, 8. =
0,272 &b Fs/Fsc=0074 2D, COFEBETCRZEZHEFHIRDOST
DIV EBTCHEDZIHDDP D,

2,1.2 Egunz=z—RF

EgunI—FkoWT, ZORNAERTERE Y CESVIRS 2
T o 7=, |

AI—FiX. AZ7BERABEUVAGREREFE-LERDES Z 2 BAIE
THbh, BEBIZIODWTEHZ2Rm P—2HE (LE-BEEFE) B3XTO
I—FTH B

BRERFEELTCE, ROBEDHTH 3.

H)ﬁ?yyﬁﬁﬁﬂ\(r,z)ﬁﬁ%ﬁﬁm§ﬂﬁt;bﬁ<o
(2) ABEBBICODWTE., VIV A4 FREBEOZEHAEDND», E-RMGoO
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J-~FIZXBEHHEHMEDOA N,

(3) EBF Y —LHBEOEIBBIIODVWTERB OAEERT B, EL
(2.1.)R BT, ERBEIELIRFAETIETIDDARICS S
EFE—LOREODBEERMEER & 2.

DEBEgundFETH DN %ﬁﬁﬂv?:%)ﬁhtb\%tﬁx

(1) EHEETHERH T2 5, MELEZHY — FNEO@P VR
REANT A LPABTHDZORBE2RRECHMT & 2 0.

(2) BIC— AP ABT 2EBBALE - LOBALBVWROBA O X
YAV A XBRALTHIED, BUMETHBN A S 2 S ER
PHSBE HEMMEBLIZHNPLAvYae+aEMPLA
2 e

EVWSHE®D B, 0D, LVEBELREFHRBHECOE>TR, A
VYLD RBHAECT, POoAIV—FEROEPEAHNI TERI - FH
BB LR b,

Fh, THEFOHECPEAFEOFEL D, HELAROHFERKERD
HWICLB3rEDhIERIEPRE LN, SRELEREXBE 2B
EFE¥h B,

2.,1.3 KUADza—F (HEAZ2R)

KUAD:I?— F @, E—LEEREH (Bean Direct Eﬁergy Conver
ter:BDC) ORG - BWAKLHERINEBEBRTCOA T YE—LADH
EFHI—FKTHbh, AS7EREBEVCARAERZERDIES CLPARERE
B-Y—L#E (NE - FE) PHE2XRAZDOITI-FTH %o

A2 —FTl, EREHEBEC2XTEBERYE (FPinite Element Method :
FEM) 2AVWTHE), SAEREAVWICLCEERROLD @I WA
AEHBELTZEEDIT, ERXRDECRILEHSEEZEALTWSE, BD
CostETR. HENBEWE—ANR—E¥FP XD/ FYE—LDOBEATD
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ZELEHEEFTSILNTRTS >k

6. FEMZAWTW20T, Eguna—FTaNELS RN
EEARDICE RV

23 BHRAMBEBOAHBE DV IERNEROAI 2T oM ERT
(L BFERBB I EMCERTEBECHALTHB) .

Egund—Feh®LT, EMTE2LE0H 5HER.

(1) EF BB IRBORS

(2) E—LBHRE L BHBOIHE

3) E— L2 DBEEAFRETZ2-I vy YRR Y OEE
(4) E—ADOHBEHEOHE

THD I—FOHBIZODWTE, S.IFTELLRAN B,

2,2 VSAR+RVETF - ERPBEIFER (8BS E)

PI2A4AAMDYOBF - ERHBHEFHBICIODOVWT., WS 2PO0HED
I—-FEOWTHE BT 2fFok. ZOHERE. UTRRB X3,
JPN-DISK®WRYOE—LEREFARIEFTNVELTES T — K
T, BEFE—LAQEXBEFAOEHIERIATCHRVWED, 2LV I F—
BADAHEGHEBOIARVWI L HDP ok, 20D, BTEVE—F
RO FMEICLIABRAED S ATVYIal—va>odoRITEF
WERAWEFCIO—Fk 928 T32L 8Lk

L LENL, COT—-FREFRTETHIH. V=705 AH
ABIRTVWENWEDIL I ¥ —BOHECEST2EDRERLAPHEL
TARCORBMERI M T L EEETCH B L PHUMELE. 22T
FCIo—FRRBEITI2MX-BEE2EIYEESTVEEE®RF L, B3k
DEIRAEI—F~ADREL ISR LCABRERE2A VWIS A RstE T —
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FE (Kyoto University FCI ¢code:KUFCI) 2323z & Lk,
2.2,1 JPN-DISK a-—F

JPN-DISKza—FR, 1EARTFTARATEFNVNTCEFE—LZEY
L. AHZEADPOHAERNECOLHAEMCOT 4 A2 OER £ tine-s
Lepping B 2 VW CHE T3/ 54 A PO VBHFI—FTH B, COFHRT
., PSARIDVOME - ABERE - BETH20CR T ARHEDB
N3, BIE—LAQEBEFHOEBHFERSATVWRLESD, A3 -
FRILZ S —BMADAEEHEEHET 3L VWS AFROBNCRT+2
<% 3o

2,2,2 FCI —F

FCIa—FRioWT, ZO0ORX -BEBCESWTEHAZT 2%, I
[9—Fi, E—AHSOAZERALBAREARES (MTF. RIERAL
BX, ) ORZERRE. RUHNBNERBOZSSOERARSERDI RS
RELEFE-LO0EHSEBEAZHAKR 2R (EE3RT) THRWTEH
R2—FTH B,

HEERIR. ROEDTH B

(1) P—LOEBBE RV N Fa—T7TEBTORETET . EFHBO
E—A@ﬁﬁﬁmbﬁbf\FU7B?1—7«®K%%#th
TRTDONRNSZA—-F2HNEILLESEZ B,

(2) P—LA0EIERBII>DVWTE., RMIZEfloFXy v 72EBEBETENE
AEERTC, ABSBEURIIMPNWRFyY Y EZHBEITIDEL.

(3) RFZEHDEZIEHRAEIEELAE—~F (TMoi1o) OHET 3, ZOEIE
POEEZITCREFOLMEAKEZRD, SHAERICELIBEEBLT
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BRPEEXE-FOREZEZ %,

4) AR EERIEZ, BLtoF—%24A8»r A0, ChZ2EHEHR
LTHWZ%,

2.2.8 KUFCI o0—F (ff%B)

FCIaO—FOHAEFELBIIE-LOEIERAOHAELIBV T,
ZLBEORDIEFRERE (FEM) 2An2, FEMOFRRENTO
BEHTH B

(1) ZABAyYa2ZAWZ I icLbh, BEREROERE (H) &
NIET B2 LHTE D

(2}) Avyad s X 2MNBERCLoTELIBZILETED, 2OED
AriE. BFE—AOBELRVWHABTRAY a2 ¥4 XRAS <,
EFE—AOFETAEBTCRAY Va2 @PIMB I LT X D,
— RO EBEROHMNObL LTI D EEOR W B TR TS 5o

(3) BEDOIRATI—F~DRBREIPLBRNERETH %o

Eh. BFEHEBE W THEH, TNV EEZPBHEAAABEOIEUTON Y
T~ v EEZHWD.

2.3 oV y -~

AVII—BAANINIZIBEFE—LAOLERBRANICELT I, O
V7 —~BTCRETAIJDBELOHERAIPEVWDO T, BL4OBEHIEBNT
LEBRBLELIESIS W TCE2, O, HEI-FEZLBLEH
PEHEEFNVNERETFHRBLALTH 2, LPL, BROESHEBEOKE X R
BEFHEBIIEBLTCKRELS 222D, EBOHFELCLBWTRERAYy Y2 ER
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ZEEITRPBETDH %,
T, AHBNEELCTZIZRANY - - BESHERODE—LZHELCH
BE¥32-D0BEREBEEEREANACRUPERLR 5.
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3. EFE—L®@EI—FOER

HEAETEB LEEFY—A@mBEa—F (Kyoto University Advane-
ed DART Egun code: KUAD—E) OB AZUTREENIKCRE T

3.1 BFHEBE/ VI —8
&Llﬂ%VP/%Fﬁﬁwgl
ABBEBLLTREVV AL FEERZ2EZIBILEEL =

{l) BREREZAFHECHEHERRBREIF LW,
(2) BABIARTREHMABRTH 3.

FRETBE, VIV A RIANVEEIZABBREETAN (2B a) 2ER
ds PO RAWPESABERIANOEREDLDELLTXRDEZIELNHT
&3,

RZIVRFyIyVEAVAE, (r, 6, z) BERTEAMNAR
HA DHERE POBRABSEAVWIROLITERR 2,

As(r,z) = J'J Tk (1---—-)K(k)~ (k)}ds (3.1.1)
a4 L
(k) = | 3.1, 2
J «/l—kzsm ¢ ‘ ( )
E (k) =J T—Fisin's d¢ (3.1.3)
0
pr— __ 4ar (3. 1. 4)

(a+r)2+z?
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ZZit, J B4 NVKHEHTOVIL AL FER

i BMAHEEE (B :

Fry¥¥ ViR

—F{E) OHOBAICEEFHRNOARZ PR

r B '
ud ..
9 (3 5)

Agz
THEZDBIEHTE B,

3.1.2 FTEAEBEGEFEICIZSVAEEOEA
(r—zHEOEOEHFERA DL BE)

R LINERLEISLEBERBICERQER DHERNTOEDSER
(FEMEANmN) &

dlmo) _ (E+ oxB) (3,1, 6)

dt
LB, —BEEQ.(i=1,2,0 LSSy Y FRAILD. &
FOEBERT b

d 8L oL _
it 5a, 9@, ¢ (8. 1.1

L=%mv2+qv-fl~—q¢ (3.1, 8}

&7 B,

AEEER (r, 6, z) 2—REEBEEELCRAL, BIfitRABLE
FOCMAMABRBTCHE, 4, =A,=0, Ao = A (r,z) THBZL2Z
THET D L.

(3.1.8)

L::%m(fuqdét+£)+qréAe—q¢

B, BEFHEH /2 V iy —8BTEH., BEBELREREIFELRZRWD S5,
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®(31L1LT) LIHEEAEHBORFINLD AL B,

P9=a—.= mr28 + qrAs; = const. (3,1, 10)

ae

THbh, OBEZHRHBEN (cyclic)Tdh 3. 7 v AEE.

8L

; (3.1.11)
aQ'tc)

R=L._.th)

2EVWHhE, AENR2EEBICFREANZEBERCHALTIEEZLZALUT
DEB/PED LD,

dP© &R

T H"—BQ(") =0 (3.1.12)
{e) R

d 8R _ @R

it 50, _ 0Q: (3.1.14)

(3.1, 11y R iy (3.1.9), (3. 1,10}, (3. 1.12)~ (3. L. 14) R &K b,

R =-§-(£L+22)—u (3. 1. 15)

u=u+ g¢ : (3.1.186)

wo = (Be_oa,yc (3.1.17)
2m r s

b, SOIMERE (rz,r,z) OZOEHKERZD, 3UTHEEES
CHABEICLBET A EDNTE D,
ZoRE (3.1.12)R0oBE3IRL D, RFOEHSFEIR. &F

- _ _Ou :
mr = e (3.1.18})
my = Y (3.1, 19)

QD
N
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m 6 =i(-P—"—qu) (3.1.20)
r r

2B, CrT. PoBHEERE 6 (t=0) ROAHACBYIMETr,
Ade B BH(3.LLINDKNEOKRD BN 5,

3.1.3 & T & O HEH

M2k mlirBBMEEOARBE>VWT, LROBREZT->RLKUA
Da—F2HVvCiTohitEA2ZRS. 1(ad~(e)RART .
BE & F RN

3 v FERE Vo:=1.50kV, V,2=20.0kV, V,2=200kV
EFr—2s28H [=100 mA

CH D, AWoMmBE (B.) B—HureFm#HE L LTEE 0, 100, 20
0, 300, 400 Gauss® &5 & T,

HEERRIAE. BEEEVEARRRHBLIVABTFE 23BN
WMSOMM XV HBRB-> TELTHT RCBBRAERL & - THFETH
ORWBRENTIRF VI 3, Fh, ChoOHMEHHEID, HOKT
ODE—LZ I v I VARHRZ2ABRERD B EHTE DS,

3.2 754 2tuvET-EWMEHEFAR

y 3542 teviRBUISEIr—aoEHE2rHETIRCR, EFE—
ALRFEFRISDEEREOMEFAREBELRS0T, ETOEHARE
REEHAFBAZABEEI» BT RER L TV,

bbb, BEEAFy TREVI, BTE—20BHEEe . EHE
EJleXoTEULSEHRMAE, B2k, SR CARRFEAAOHFI R
HARABSIXUCADBHAZMATEMRE . B, 0O TETOEBHTERR
WE, WOBMBMAFy 700 JR2HEL, CORVELHEZAMESR
BREBLNDIETHTII LN S,
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PSAAMNOAVYHOERRE, BiZ,. E20EBERIKATDTCEXBZZI LN

TE3 ((IEGBE1I1ESE) .

E=E,+E. (3.2.1)
B=Bb+Bc+Bf (3.2.2}

Z iz
Evv Bs : E—LOEZ2ERR
Ec. B. :RFZEHOEZIBERR
B.f 'ﬂ"gﬂlﬂﬁ@%

Ty Eov B, BRIZERIFIFELRWRHEY—ADFELIERATHD.

RF22

WOXY vy 72 HETCHUUAABGERIIBV T, Naxwel |l FBREX 2BV TH
B3z, 227, B3—VYYVHFP YO0 ETORABSBLTERY PR

FYIYYNICHTIREHATRERR (MAKERZERZ) .

V%r§2f$=“; (3.
wwAmf—{g’—:;a;ﬂ2’=—ou, (3.
V2A,, o= A:'; - 012 a;’i‘;‘ =—1oJs (3,
v‘*Ab.,-% a;’?:" =—itoJ; (3.

ZFEMZRWTEE,

dA,
at

Ey=—Vé,—

Bbzvab (3.

(3.

. 3)

. 4)

. 5)

. 6)

.1

. 8)
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TE, . B, RHE T2 (FRBH2ESH) .
MZEFOESBRAE . B. koWTilk, NEROEHE— K E,. H
EFHRDTBNT, ZOEMe, . h EEBMRT Yy 7 THAL,

Ec=$enEn (3.2.9)

BczuoHc=ﬂ0;han (3- 2- 10)

XhE.., B. 2X® 5o EiEe.. ha @, EI2CRT XS BRRIZEHOSF
FEHBOEFEvBITERI LAYL, EAEBABRZEVT BT
i ZRDBZLIEL2TC e, BLTh. BHLHN Do

EEEBROEZBRA YT I VAL, F¥YNAYYRAC, AT I7I VR
RPERDBIILDBTE B,

@ (3.2.11)
Qu=22" (3.2.12)
Q;=-(—1%é—‘ | (3. 2.13)
%=;J_i__c_ (3. 2. 14)

Tk, NEROEHP. I 86 LELVWAREODRWELELRHETH
BAINZ2EHEAHACL>TEEEN . L2 T,

_l 1 (I,
P”_Zﬁc(z ) (3.2.15)

LAB-TCoORPL, P OBEEZAVWTEMHERO i, 2RD B L
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HTE3 (FEBE3IBBE).
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4. BEFL-LEEREERRBOTHEAY

E_l?:

41,1l ERAEEISAA MR YOHERE - R
S ICEERORENISAR IOy (EXE3718) oRELERN
BRERETRT,

g4 lickhif, YU L0 BB ETCERBRFTOEERENZIFA A O
Vide AAAT 1. 8THW (= 85keV x 224) OS> BHARHOEFE~ LD
ET322VE¥—IX 0.65H¥ERoTW3B, Th&ED, BLAANT—DS
BHARABIE—LOBBTANE—UAOEERBL, TATIF B
CRB3EEETHhE. 754X POYOERBEDE? K&

7ov = (1.87 - 0.65)/1.87 = 0.85

tmB, TEDB, BRELTRELTLWIARGREI LIS —TOR

MEEFS>BATCOERBAYELALL, UTFLELICRTSEIER
BN BATORLEEEEANCECEVEE LEBD TRREORY
75 4ZAMDYEERELTVWEZEHDP 3,

TP, VISARPOVIEBIEIEBEET D WTHRET 3, H4 1 AL
Gilonore It kB3PS ARV REESHCESRREFE—_LETCONRN Y —7
D-0BANERT, BEZXZTh2ZhUTOLBDTH 3.

Py EHEOE —F — D —

Po = HYDPLOBEFEY-ANT-—

Pine = Y—AERB|ENT —

Peir = RFBERERNUT— (EF3IvI7HABEXEZST)
Pre = BHEHE 4AVYF¥—E—FOBRERBERN T —
Psor = VUV I2AFEEBEIY —

Poue = RFMWHHNRT —

Pap = *‘Jﬁ?ﬁ%‘t‘.‘—bﬂ?-—'
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Phoat= :11/95“ﬁ§¥1“7—'
Prac = EJR%jJ}‘U"—

CTOYEZTENF-—NELD, FSARAPIPOVOBERNEY LERATE

BE R
7 ev = Poue / Pin
= Pout /(Pot - Prac) (4- 1¢ 1)
Pin = Pot - Prsc = (Po + Ph + Psol} = Prac (4- 1-2)

TR, P ISARIMOVEBBESEICHERENT-TH D,

4. 1.DRED, BEDEZLE Poc2 /I L, BRNAT—DP o 2HME
HBHLICXDHEMIEZIENTERER %

Fh, AVII—EBFE2RAFEREFLC-—ANT— P, POLEEBHTR
WE-—~AQE®R (AR) HE7 car BRRATERET L B,

7 co1 = Prac / Psp (4.1.3)
IREb, ERAT— P ARRATCEZH D,
Proe = ﬂcol(Po - Pine = Pose - Pre - Pcut) (4-1-4}

ST, BFE AN —DEBEBRBENT — (Poue t PrelNODEEHE
(BEFHE) o BICREBARN T -0 bENLT2SAROHN
NT—~ADEHAL2EITEAREBYE 7 .- 2B AT HIE

Pout + Pcir = 779 Pn (41.5)
Pout = 77 cir(Paut '}' pcir) = 77::1:-779 Po (4-1-6)

EEIh 3. —BE, 7.HEBADPL0% 2B ITEBEITE > T BN,
—ﬁncir‘iﬁ% (75~90) %@ﬁﬁc:%%o

Chs0HEZ2AVIERERS LILINROEEGHE? JEROIIICHR
= h B
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7 ov = ncir.ﬂ B/EPot/Po - 77-::01{1'77 e'(Pint+Prf)/Po}] (4-1-7]

i 2 AW EROEFYHER7 AT HKEE, ThZhonzA—-F(C
HLTMET,

REBERTOISA4 X by (E3718) B 2RZHEME (CW) (R
4,2) AP EHERZUTOISITHFHMET & %,

77 e = 64-2%, 7 esr = 98.90 %

chEb, BREYE7 . .OBPRPE7N x"DEFEXLIOX ST S,
TRobb, AVIF-TOHRHIINSNOROEBEFRREANESHEIZLIL.6%
tRb, EERAYE XU LEER TR, BRHAEZ 60U LI
TEHLEND B

4, 1.2 av ¥ —-BER

FHREREFCAWSIERELTE., REACWIZZS4 X0y EEITISOHE
EERBRME2D L. BERAVWLATWR OV —-—LEEFR—OKRKEETE
T2 2ERELT. M4 4 0XS52%FEIlen, EX68.5croHERS
V2 y—RBELULTERL =,

BEFHFEPLBEHINZLEQOE—LA RN —D 60 keV TH B
EDPLE, YA BRLEOMEEFRABEOE—LO T RN ¥ —iF 60X 35 keV
BEHze#Ezsh ®, WVHADODIBROIV I —2BEEL = £ /=
BEOAELLTE, #EXOE-LEERBERCOHE V22FCHEL
L.

60 keV OBEBEFE—AZAHFLEBAEE 60235 keV Db w TNy
PETAVNX—ER DV ODIEFE—L2AH LEBAOSERZR 22
2PhELS, MALSIKFRT. 2B, BEFE—LOBERBEEIVATS D, ¥ -—
LAAHKOHRLEIIETZ2AEELTLIELELE. Thid, #O0EETE
ERPBMETTTCHIED, AFAEER D URVBACRBASEMICLY
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EHIhEE—ADRSTEo2T ¢S5 4R OV ERACRS 2RI LD
5 B EBOTANE—ANBrBVWTR, BERUVSRANEERE
BYPAWTH IO —ARZERSALCHITIILPILETD 3, '

BEAP—AZAHLEES (K45 ) TR, E—LAPFZEFHEHRICIDX
ECENLEHDEARNOE—LPEBONELLIERLTIN D, 2,
ERBrRET22REFHEBICLIINBESIANITV-—HEZDIELTOD
TEZE LR W, '

g =, %i%i:ﬁéa‘éh'cﬁ?-‘i'{z rOYERICESZ WD B backstrean
EFHEH i kErdbortRroTW3, ZChERE&ZGNE TRV IS
AN OEALTOEE BTV ERMEY, EHEETFLEA TR
MEBLR->TW2Z s, COFATRHAFELZIE-—LEFTLEEFD
SWEHESTTVWIEDLEI BN S,

COZLERDPOIDEDECEEEEIDERPIIENT keVOEBE — A
EOWTOHE2Z2F>%. EREZEBEGTOREZRDPEIEZ DDA
CRALELTWVWD, MiTERTEIIEIVIZTAZAbaryERARBENIE
FARBRoTBI, BLAYOEFREEEALIDEREBEICAHFLT
W2, COBE, 2HEFILIZ2EEXZ2EETRVZINF —BEHHFIRE,
3% P HTIRBICKREIZIH ELTWY 2,

EEOBACREREECSLVWIA VY — 2RO —ARD R, £k
EBEEORECIIDORITEILELONDY, SEHEHILV IS
CAOBEHLCRBEONEL R LS BEEBREIXTALENS B2
LS B L . |

o, HERRCH-—Sor— AP EENCREE2AERLTANEA
PoTWd, COBACREBERRTIUREDBIOTEFE— A0
BADNHEHSh LS CBREIXTILEDD 3.

BRI ZZNX—EBEbEESDY—ALHTZHE (HiL.6) Tl E—

AP TR NVF-—L IV SAEIACEARERTCARTNZI LS TETEN
T3, B— X VX¥—0BALAHREAErDZLbDP B, £H L
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LT, STFANF—DEC—ABTREZEF>TWBHOERL, BN
¥—DBEFE—LADOEBLDAPR+LTH P, T0d, Z2REFZEITR
LEVWBRBTCORBYRRATYN TH D, SBEILCERBLEZRIDDEZR
HEBERD D

L13 2REFHEHAE T X

IV —BEFPLOBETOBELLIORMENZ2REFHS, IV 7
F—HOBBI LV METNDILETANF—BA LR . TOED, 2K
ErPOMBEEY R A NF—ANCRFRTRTES 3. RBAETHo
CTEREV-LEEREROER - Y32l —Ya VTR EEMOBER
POBBEML LD EICELOBEVWAY Y2 RETFERINT B LEE
b, EHNW 2R BFHLEBOEREFVIANF—EANSHROAERRS
KRIILTWS (T,

SEOISARA MDY BE B 3EFE—LAANSRHTCO2RETH
HAEROEALLTH, BFU—A2RAEBMC LYV RESEHASTHM
I EBLENT Z2ILICXD. BEThE2RETFHERCIDEHERL
BLRENIRERALE. 2O LTHEOB B ALODWTRE—LE
ERBEEARO 2 REFOHE L RIONRETH B LEL LA B,

4, 1.4 BBaV Iy —BEfBREARX (F&C, DBE)

BHEle. TANY L BRIDAHE—AKBUBTIALY—HHRK
f(B) =dI/dE $ 52BNkt ATOE—ANFHREZOTANE -
RO ELPOBEVWEN S 3EEER S LT3, NBEOENRE
B EIZ2AWZIALMLF—PREREKXTCEZIDN %,

N Vs
P= > V.| s(B)dE, EB'=E/(Ze) (4.1, 7)
m=1 Vm
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Vl = Enim VN+1 = & (4- 1. 8)

ch&b, PE2RBALTZEEBEEV., (k=12.,N) . 2bbEEIV
7y -—BHR

6P/8V,=0 , k=12.,N (4.1.9)

PoERBIAERALIKRE 3o

L1 ~WLNREZRAVWESA, A NVF-—ARYRLENEEOR
PHPUANEERZBELTIILTCHETRZILHTE S, LAL, EH
NEERZEZBMIVTI LIV Iy —RPEELBRIERDP EBREEORE
- ARBEROFERR L ERABORI»ENT 200, AXEBOTR
MEEZESOTERBELETSILEEDH 2.

—flE LT, A2V 5 - EHUOBEERED)-IeFRCEREBGFROD
REFFFPUI754VFET7SACVEERERORFEBVT, BHREER
BHOoENYE - 7S AVERERERRIAOHR2Z2NLIER T,

CofoBE BNEERKESEALICLCHDARSEOHEZR &b
EP1IUBETCHIRLRD 7S ATERZRERRE /A BEBOEMEEREL
TOROEBREEBZEBRL TNV 3, SEDIZZAA DY EORNF
—EARBOBHICBVWTCIEAROFM - BERZ2TIEPTTARTH S
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5. EE

FELAHNFERICBERTO 7S 12> (R3718) 2miEeetd 3%
BDicik, TV ¥y —EAEHEEZ %M EThiE, REOHBEETH IR
AETARANVNE - AL THESIENBLU LCDIDRETIILHTET
BB, EHLEEHEELETELE, EEVLRERIVIF-—TOHERY
XRIN%OR, SHABECARANX - ~OERBAEBRYXRZI %&b,
HEABYZIFLAREAGARELERT BN TE Do

ThEEZBET220ER. HEOBVWETE - AMBRITVERHED
—FBRARARER B, EFE—LOZANF-EARGREFE, IV IF—8
ADAHBEFOEE (32 ¥— - ZH) CREKFET DD, b
BEEFERIRDDICEPLEBELRS, EE~A70BEOHEEMRR
BOBETE—LOBE. BEFE—LOZRNVNF—LCEPDBTEILRR
iy, BEERAEC 2 WTHHELRAAGERTEELLNZ20T, EMRAS
BBICIDPEXZCEIRIEETDH 3,

Ok, EFELAOBOHEEABESCISA AR 2HKO
YIaVb—yarya-—FORBRAMEENLCEILALR %

YIiav—yarviBunwilE, FEEBRE~ADRECEFE—-LEOD
HEfEHROARIZ X b, {a) BEFHEH, (b)) VS A APV EF -EBHR
BHEERAS, BLUT (¢ av sy —%, 4R T3 LPIRINT,
POTETH 2, B, Bor>34 XAt rEEF - ERBHEFRRT
., SAVORDPEETI2-DERBOBBELEERT I2LEY S 5,
(), ) TREANCEE (B3 VWRBAPNEE) BELLTEHES ¥
TEZ2DT,. EFE—-LOBMEEFEMWIT2PETT NV, GFREI-FED
WTHBEBKER B, |

EFSSLaOLV 75 -HAOI—FCTE. EBHBECZ2XRETRERE

(Finite Element Method: FEM) CL3SAEREAVSICLTEER
ROoLbHIPWASL (LEHLE) PAREERD, FLEBRHEVHWE—LA
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NR=ET7vy20E— 20, BEFEROBATIERELLHERZITI C & A
AfETH B,

ok, BN A2EEHRETFH 5500, FEMR2AWTWVWAEOTE ¢
unﬁ-Fmﬁﬁﬁagﬁ%ﬁ%maoﬂ%wmmoan@ﬁ%m%ﬁ?
50, SHKENOHEHIETDOPTAREVEWR B,

FRa—-F2AVEIV IS -BREIIEFE—20=3 0 ¥ - BN
FHEHABECLIAE, BRI FAMF-OBATHEEORRBERTEC. &
XS RER BUSERCoR#ELLIY, ZEENTETFY—-2kHL
THHUFVWERDEORBENBRTETE 5,

e, EEREOzAAMF-EKMRVEZFH2BEFE-L0HB4, FREEBELR &
VRS IR —2RTESIFI25 42 e vERIEZC 2B 3
By FEMEX 2V 7y ANDBREHLULICEROB LIRS LIS EEBER
2LRTHIBENRD D, JIHk, HEBERECER—Hovr—-—223BEHD
BHZEBLCANEEAD - TWEHN, COBARREEBLRBT 3B
KRS B0CEFE—L0BANTEEN B I SENEEBEREZIRT 5
REMRD B, |
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B. &M

AEFHFETCHTH >R TAEN 2542 voEHERI KBELT, &
77542 v vERHAYIaVv—vzva-rF2HALTCaV Y & -
AORBYBEFC—200HMEHLERD, B2V 7 ¥ —ORELRES
B5ERET. TORD, BEI-FORED, HHRE?BRECES « B
HLich, TOo0&R, HELHRIAVLDEHDHAIIENHLIHIRENR » 7=,

Sk, BREBVIBIIAA PO v EOABNHEREXHRER
Sh3n®n, BEOI-FRVBRVAEE2EA33 KT I - FAOKES
BHEEHLEI - FERETOSEERS 5,

CRLOEMEER T AR D, URXOI-FCRETOERNEETS
REMANESE, SHERZHALAEREX R RN ERAT S &
E L. EHoR, F3-FORHBUELZHE I LHIITERBIOYE A VI
BERYI 2~y a2va—-FOER. WBEZ2L00800 %k,

EZHEZHVYVEESuUunNaI - FREERDAVEFE-2BRLBY B
FHEHORFTEHEINTVWS, LA2AL, EHNEHRBSUE O HE
MEROBEFHERARLBAET, FHRRATCREBAZXHARELALFRER
BRIBKUADI-FORBTINEERL I,

BTz aVF -0 PRYRERAREREERZRET 754 A ruvERLS
UB3ETFTE—-2tEBREERBLOHEFAR AHECREERESEA
RPESERIBFCIa-F22FER, JVEHE " 3KRxRBBHEOFW
FREFEI-TFTHROLDPOEBERHEEFNV s HETHVLI VI &2
SER IR, Lk, HEBE IR EZ2ZRLEALAERBIDE: 7
NEERELRBRIEIZ LISEED I,

EFV-L2EEREEREZRCELC, EFE-2HEZRBEOTHO
BHZTWV, 705 CO3BETHFVEH LA VL —EARKNTETS B & %
Bhdih, SHEONIBRBEERBECH B M, REHH IMEB R & 3
MBMEY 272 EPVCEERGANZES CEMNBRIHE TN 3,
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L0 BEHE LT, Pro@ila—-F2H%REL, 754X PR VERR
P 2LBEHNEEFr- L8ROI NEIBENLIh R a—-FHRMR
o kS
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7. HE
EHEBEOTNLIYZARDVWTIRHLCEVWREEFNY XA 720N

BIPIACBRBELEY, Eeuna— FOF— O RERUVEFHERNTOF
ERHCBALCEHVWEEEERARZOLBREREEH LI,
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#£#4. 1 RHHWIZZAXPVE(E3718) OBBLEAER

B O®
LAY FDODCWISARAMPDYRFERSR
O #E 65%LLE
O BH IMWHLE (1. 2MW)
CRFRODBLEERORE>U A ZRABREE
O AWHRFEOHER
s X)W R EETRE
O BERARLELIZBIANVY—BHNESE

£ B (CWE—ER)

- BRE 1249 MHz
- E—FEE : i2 Vv
e —F - -YVER 24 A
CE—ABE | 85 kV
AV —F (CW) &% . 22 A
-BXRXav i yBEE 800 Lkw
- BFSWR 1. 5
- HABLZIVvIXEBEELR 80 ° C
- BHAKEKER
RF 148 100 2/ min
HAOR, HOEHEES 6 0/min

L2758 (B00KkKkWAFHR) 30 ¢/min
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®4. 2 E3718 (CW=E—F) B#&

Px = ~250 W

Po. = 1. 87 MW
Pins = ~170 W

Peir = ~14 kW

(ZOHRES Iy 2 AHIEBEEN7—=2KkW)

P < 1 kW
Pou: = 1. 20 MW
Ps» = 780 kW

Prec = 0 kW

YXFBWARFNT—= ~12 W
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2.] AEREFC-AKELZRETRS

st grid  2nd grid Anode
w=2mm w=2mm r=dmm w=3mm
- 200kV
Wehnelt Vg1 V92
oV
| 67.5 |
Cathode B | l '
r=2mm ’ l R | .
200mm

Omm 4mm 20mm

B2.2 BRETFHIFEEX
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--—-_--_.-_-
|
e
b ———— ——
— ] | — N —

®3.1(2) BMETFHBTOETHE (B.-0)

E3.1(b) MBFHBTCOEFME (B,=100Gauss)
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M3.i(c) BBEFHBCOHOEFHE (B.=200Gauss)

H3.1(d) BIMEFHEHTCOEFHE (B.=3000auss)
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M3.1(e) BIMBEF B TOEFHE (B.=400Gauss)
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)( _(
Imput Cavity Idler Cavity OQutput Cavity
Is
External RF gemerator
( > /{?\/ External load
BG
N\ P...
prob T : A
NN\ NN N\
— - —

Beam

K3.2 RFZEFED Sl H K
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) )HH)HH) P

‘-..-'."

Pr = heater power
Po =beam power from gun
Pint = interception loss

Pcir = circuit losses

P,f =harm's, intermod, etc.
Psol = solenoid power

Pout = rf output

Psp = power in spent beam
Pheat = heat in coll.

Prec = power rec. by colil

Hi.] ERREBEFE-—LEZIZBT A7 —70—(A.5. Gilmore ¢3?)
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60T

wn
o

]
o

Overall efficiency, N,
D
o

0 720 25 30 a5 40

Electronic efficiency, Ng

Hi.2 REMEROTTIHEEKE
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100

Efficiency
S

Q
<o

Overall

60 1 1 A 1 A 1 1 | 1
0 20 40 60 80 100

Collector Efficienc_y

H4.3 E3718EREHEDIL LY —BERYDEKE
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O Wb

OkV -20kV - -40kV -60kY -80kY
/ -100kV
/ /. Y% % / ...........
10 48 5354 5859.5 64 68

18 21 24 28 31 34 38 42 44

BMi.4 E3T1I8EEMaLIsY —ERD—H

100-76 ¥096AL ONd




& 4.

5

1l

ALY -HOWRE TRV FE— (60keV)E T

100-¥6 ¥096AL ONd




OkV -20kV ~40ky -60kY -80kV
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DEVELOPHENT OF A TWO-DIHENSIONAL SIHULATION CODE (KUAD) INCLUDING
ATOMLC PROCESSES FOR BEAM DIRECT EMERGY CONVERSION

Yasushl Yamamoto, Klyoshl Yoshlkawa, and Yoshlo Hattort™
Institute of Atomle Energy, Kyote Unlversity
UjtL, Kyoto 611, Japan

Abstract

A two-dimensional simylatlon code for the beanm
direct energy conversion called KUAD {Kyoto University
Advanced DART) {oncluding varlous loss mechanisms has
been developed, and shown excellent anreement with our
experiments using He* beams., The heam direct energy
converter (BOC) Ls the device to recover the kinetle
energy of uvnneutrallzed lons EIn the neuvtral bean
Injection {HBI) system dlirectly into electricity. The
BDC Is very Important and essential not only to the
improvements of NBL system effliclency, but also to the
telaxation of high heat flux problems on the beam dunp
with lncrease of injectlion energles. So far no simyla-
tion code could have successfully predicted BDC experi-
mentel results, The KUAD code applies, an optluized
slgocithm for vector processing, the finite element
methed {FEM) for potentlal ¢alculati{on, and a semi-
automatic method for spatisl segmentattons. Since
particle trajectories in the KUAD code are analytleslly
solved, very high speed tracings of the particle could
be achleved by introducing an adjscent element matclx
to identify the nelghboring triangle elements and
electrodes. lon space charges are also analytically
calculated by the Cloud in Cell {CIC) method, as well
a5 electron space charges. Power losses duve to otomlic
processes can be also evaluated [n the KUAD code.

Intreduction

Uith lncrease of beam energles and power In the NBI,
efficlent disposal of unnevtrallzed particles becomes
Important te increase the system esfficlency, to reduvce
heat fluxes, fusion reactions on the beam dump, and
damages of beam dump materials due to bombardment of
enecrgetle partleles. For solving these problems, beam
dlrect energy converters of varlous types have been
proposed so fagx'r&rd,

The BDC we treat here was proposed by LLeL! wnteh
uses negative high potencisls for preventlon of elec—
trons from flowlng out of the neutrallzer cell, and the
scheme of lon beam blowup by Lts own space charges for
separatlon from neutral beams {Fig.1). The BDC of this
type has advantages of compactness aligned f{n lIne vith
the beam axis, no magner reguired, snd slmple struc-
tures.

Neutralizer Collector Fuslon Plasma

lon Source Suppressorl Suppressor I
| (T
o) S DN
c““—,.__," o
e- “\ _t"

-

Flg.l Schematic view of rthe LLNL-type beam

dirvect energy converter

* deceased
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Fig.2 Flow chart of the KUAD code

To make the optimum design of a DDC, computer-alded
studies are funevitable as wall as experiments. Verlf!-
cation of the simulactlon code by comparing with experl-
ments ls also essential for these studles. 5o far
parametecric deslgn scudies were made ' 717 and losse
due to atomle processes were estilmated analytically®’
and by numerlcal simulatlens® However there has been
no successful BDC simulations wvhich could predlet ex-
perlment results quice well,

To analize experlmental resvlts, we have developed
the KUAD code, vhich can evaluate also losses due to
varlovs mechanisms, and comparlsons are wmade with the
expecimental results uslng 15.6 kv, 100 ma He beams?.

Calculacti{en Methods

The motlon of beam lons and the self-consistent
potentlal are described by the aquetion of motlien and
Polisson equatlon,

# d2c/de? - wq To )
Vzdi = -pleg (2)
e = Zen) - n.pexpl-e(d- ¢p/kT,] (3)

where M, q, &, », and ¢ are the mass of charged
particles, the electroule ehacge, the potential, the
charge fdensity, and the permlittivity of vacuum, respece
tivery, and k, T,, n;, n,q4, ®g are doltzmann's
constant, the electron temperature, the number density
of lncident lens, of electrons at the reference poten-—
tial ¢, where charge neutrallty i{s assumed, and the
reference potenclal, respectlvely. Also paramerecs are
sssumed wnlform in the azlmuthal directlon.

The KUAD code can treat B0OC's In clther slab er
axlsyametrical geometrles. We have applied the FEN for
solving Polsson equation, and analytlcal expresslens
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for perticle trajectorles within the FEH elements. The
KUAD code also treats losses due to atomlc processes,
and in the space charge calculatlons, those slow
particles produced are treated as perturbation and are
not taken Into account in potential calculatiens.

The followlag schemes are adopted (n the calculstions
{see Flg.2);

[1] apply the finlte
segmentation.
calculate vacuum potentlal distributlons,
caleulate lon beam trajectorles analyrically lm
the filelds, and lon space charges,
calculate space charges of electrons with
Boltzmann distributions assumed, and solve Polsson
equation of Eq.(2}) untll the potential converges.
judge the consistency of the potential distclby~
:1o?s}ulth particle trajectories, otherwise veturn
o [3
caleculate s number of slow charged particles
generated through atomic processes, and thelr
trajectories,
calculate secondary electron emissions f{rom elec—
trodes or walls by lon bombardments, and thelr
trajectories.
evaluyate recovery efflciencles as a functlon of
gas pressures facluding varlous stomic processes.
calculate heat fluxes to each electrode, and X-ray
emlssions.

element methed for spatlial

b3

{

13
[4)
[5}
[6)
t7l

(8]

191

In the followings, details of caldulation methods
ate described.

Coleulation of Potential Distributions

In solvlng Polsson equation expressed by Eq.{2), the
appllicacion of FEH to Eq.{2) reduces to the [orm
expressed by

[k ]I+l = IF] )]
uhete B, K and F are, respectively, the potential
vectotr of the element @; at the node 1, the matrix of
the clenents k? determined solely by spatlial segmenta-
tion, and the vector of the element fi determined by
the space charges and boundary conditlons. They are
expressed, respectively, Lin terms of the cylindrical
coordinates {r,8,z), by '

N BN,  ON 3N
Ky = —1=j 4+ —=L— jrdrdad 5
Y v(car 9r dz dz Jrdrdedz )
£ - L(:/eo)Ni rdrdedz + fs(ennno)ni ds

= (dgon,t * dele, 1/ 0 +‘£;En/‘0)“£ ds (8}
wihere p, q y Q , b, and N

chacge denslt#ogﬂ{: (aki'én the elemen%, the nllocated
ion, the elecron space charges at the node i, the
electric displacement normal to the boundaty of the
element of a volume V%, ‘and of a surface 5%, and the
{nterpolatlon functlieons of potentials in the clement,
respectively.

Using the trtangle ilnear element shown In Fig.3, the
potential ts expressed by

ate the local

Pm(fm, ®m) Beam trajectory

Pn{rm, ®n)

P,(rl,q:,)

Fig.3 Particle trajectory in the trisngle elemeant
6 6 -
6 6
: v
5 |
/Ns/
L~ 18 & \
- - .L1p2—18-- - -

Sup.1 Colt Col.2 Sup.2

Flg.4 Schematle of semi-automatle segmentation of
the LLNL-type BDC

With these notations, the matrix [K)] becomes a large
sparse matrix with only 8 nen-zero values In the row at
most. The ICCG (Incomplete Chelesky Conjugate Gradient)
method has been adopted to solve Eq.{4).

For the segmentation of calculatlon areas to a2
number of triangle elements, we have developed a seml-
asutomatle segmentation scheme inherent {n 8 LLNL-Cype
BUC, which ls made by giving just basic line data and
the number of divisions between the lines as shown in
Fig.4. in each block the number of divisions in the
radial{r) direction can be changed as 2“'1, where n ia
the number of divislons in the axial(z) direction.
Althoupgh elements c¢lose to regulor trlangle are
preferable from view polnts of computatlon erctors, the
varlatlon of the divislen number in the z direction
sccordlng to the veriation of the division number in
the ¢ directlen temds to Inctease the band width of
matrix {K) to great extent, and thus the divislon
aumber n 1s fixed in thls version:

Using thls scheme, the regloas vhere parameter
variatlons are large can be divided to s number of
increased smeller slements, and also a variety of BDC
configurations can be calculated easily.

Analytical Expression of Beam Trajectories

To shorten the computatlen time, particle trajecto-
rles are calculated analytically in the triangle
elements of the FEN. Since the potential, d, is assumed
to be a linear functlon of the space coordlnates, T and

¢= ar + bz + ¢
z, and thus the electric Eields are constant, trajecto-
= ¥, ¢ + N_.¢ + N_@ (7) cies and velocities of the particles can be immed iately
1¥1 ioom o'n
expressed snalytlcelly as a function of time, t, by
N lr,z) = [(r.—r )ztlz -z )+(z r -z,r }1/D  (8)
1Y :
o non men TAm r = (-a/2H)t2 +ev gt T (10)
zl £y 1 o ’
D = T r 1 {9) z = {-b/2HILT + v, b+ 2y {11)
i, Ly 1
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ve = (-a/H)c

-+ Vrl

{12)

v, = (~b/H)t + v, (13
vhere Pi(‘lrzi) and v (v, 'Vzl) are the entrance point,
and the incident velocity of the pacticle in the
element, respectively, With three equations specifying
three sides of & triangle e¢lement together with the
above equatlions, six solutions with respect to the
resldence time of a particle i{n the element are
obtained, and mmong vhich the smallest positive solu-
tion t,. Is the real residence time. With thls residence
time, the exit point P, and the velocity at that polnt
¥, ¢an be fmmediately obtalned from Egs.(10)-{13),

For the identificactfon of the next element which the
particle enter, ve have Introduced an adjscent matrix R
which traces in vhich element the particle exists, and
2lso {dentifles particle’'a bombardment at the elec-
trodes and the walls., The R matrlx fs a two-dimenslonal
matrix with elements of 3 by the total trlangle element
number, With intreductlion of the matrix R, together
vith analytical trasjectory calculatlons, a deastle
rteduction of the computation time could be achleved.

Calculation of Space Charges

Ion Space Charges : The CIC method £s applied to
distribute space charges of the lons in the element to
each node. Since lons carry speclfic values of the
current given, and also trajectorles (r;,z,) and the
residence time ¢t are snalyt{cally kuoln in the
element, the lon space charge, q , 8t the nodal
polnt P, is analytically expressed as’ the summation of
contributes from loms carcylng specific currents of 1
in the adjacent elements including the common node Py

as
[rj
Qon,1 -Eijnl(rj,zj) de
e 7

Electron Space Charges : The electrons In the BDC
are assumed to be in Boltzmenn's distributlon with a
temperature of T,. Slnce the BRC has potential ainimum
in the beam(z) direction crested by negative-high
electren suppressors, low energy electrons are trapped
by -the potential barriers, resulting in the existence
of a number of electron groups having dLfferent number
densitles and temperatures. They are written by

{14}

nel#) = n, exple( s~ d‘zo)/k'[‘el (15)

Yicth Eq.(15), 9e1e.y in Eq.{6) ts expressed as the

summation of cgntflbutions from ‘electrons [n the

adjacent elements having the common node P, as

9ele, ™ ¥y e ne(¢i) {16}

where V} ts volume assigned to the node {, vhich is one
L

third of the total volume of the elements having the
common node P,

Fig.5 Diagram of loss current due te atomic processes

Pover Losses by Atomic Processes

Loss Mechanlisms

There axlst tuo kinds of major mechanlsms vhich
reduce the recovery powver, thus eventually, the tre-
covery efficlency of & BDC, The one !5 the losses
inherent In a BDC consisting of the following three
tecms;

{a] residusl kinetie energy of the lons recovered by
the callectors, '
[b] kinetie energy of the unrecovered lons,
fe] acceleratlon of the emitted secondary electrans
from the electvodes or walls at lowar potentfal
csused by bombardments of uncecovered primary
lons.

The above flrst two sce evaluated from the trajecto~
ty calculations of the primary Incident jons, and |[c]
from the data of the secondary electron emission coef-
ficlents together with the trajectory calculatlons of
secondaty electrons to specify the destinatlon tn siml-
lar manner to those of primary ions,

The second 1s due te the presence of resldual gases
In @ BDC®., Since incident lon beams and neutral beams
undergo atomic processas with residual gases, the
tesultant produced low energy lons and electrons are
accelerated, and particularly, those fons tend to
muleiply the losses due to secondary electron enisslon
slmilar to the above [¢] (Flg.5).
The major atomic processes betuveen the p:lmarles(xg,
Xg) and the gases(Y) in o BDC are;

[i] ¢harge exchange X; + Y -—=> Xg + vt

[2) tonizatien H X; +Y ---> x; +¥t e e
ey - xQ eyt e
[3) relenizarlon : xg + Y -—-> K; +Y + e”

where the superscripts -+, 0 and the subscript b denote
fons, neutrals, and energlic pacticles, respectlively.

Loss Caleulation

The reactlon rates of these processes are calculated
In each element vsed for potential calculations. The
rate [n the m~th triangle eclement Rk(m) 1s calculated
In terms of the beam cutrent of the [n¢ldent lons Iy,
the charge of Z,e, the gas denstty n, and the ernsds
section of the speciflec k-th acomlc protess oy by,

Ry (m) = J.Ebnsckv rdrdédz
v

-Z(Ij’zbE)ng"kpj,m (17)

where &y . ls the trajectory length of the j-th
particle” ln the m-th element.

Uslag obove notations, fol lowlng caleulation schemes
are adopted for the power less evaluatlons,

[1] ealeunlate Rk(m) from beam trajectorles,

[2] caleulate the trajectory of a neuwly produced
particle per element having a curcent Z.eRy{m)
starting from the center of gravity of the
element, where Z_ e is the charge of the newly
produced particle -

[1]) from potentlal difference between starting (g
and avriving (@a) points of trajectories, calcu-
late losses expressed by

Fp(m) = 2, e Rydm) ( &,~4, ) (18)
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{4) caleulate the emisslon rate of secondary electrons
on the solid surfaces,

[5] ecalculate trajectory of one secondary electron per
surface element, and losses similackly as ions.

Iinltlal energies of low-energy lons and elecirons
are token to be rypically L eV, and thelr dicections
are determined by rzndom numbers. Secondary clectrons
are assumed, on the other hand, to emlt in the dlrec-
tion normal to the electrode surface with the energy of
typleally 1 eV,

Calculatton of NHeat fluxes on Electrodes

From tra)ectorles of lons, neutrals, and electrons of
any xinds, heat depositlion on the electrode surfaces
are calculated by assumlng that all the kinetlc
energles of particlas become heat.

Experimental Setup and Results of the noc’

Te examine the valldity of the simulation code KUAD,
beam divect energy recovery experiments vere made. The
schematlie view of the BDC and mensurement polnts ate
shown In Flg.6. This BDC of LLNL-type consists of two
collectocs, set up {n a cuble of a slze of 46 cm. The
etecrrode materials are all stalnless steel, expect for
the molybdenum entrance aperture of a & cm diameter.
The 8DC is suttounded by the stainless steel mesh made
of 0.29 mm wires with a 0.81 mm pltch mainly for the
purposes of shielding te prevent atmospheric elecirons
from flowing into the BDC, and of providing good
conductance for pumplng at the same time.

The BDC is set In a 3 m3 vacuum chamber (1.2m dia. x
2.5m length}) wlth 2 5,000 1/s THP.

Other speclfic features of the BOC are,

{1] to make further rceductlons of the loss due to
secondary electrons, secondary electton suppres-
ston grids (5.G6.) are Installed all over the
walls, instde the BDC, which [s found te occupy
almost half of the total losses due to atomic
processes through the analyses by the KUAD code,

[2] collector potentials are sustained by zlne-oxlde
varisters by thelr own collected currents, Com~
pared with conventional reslster loads, collector
potentials could be kept almost constant independ-
ent of collecrtor curcents.
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Fig.6 Deam dlrect energy converter with Rogowski-Coil

sensot and secondary electron suppression grids
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Experlments have been made usling a He¥, 15.6 kev,
100 ms beam. The incident lon currents were measured by
three different metheds, f.e, by a in~sltu Rogowski~
coll sensor”, by a micre-Faraday-cup, and by the methed
utliizing the space charge effect of the incldent lon
beam on the minimum potential tequlred for the electron
suppression, They gave the lon current of 866 mA vhen
the draln current of a Duo-PIGatron lon source was
920 mA.

From BDC experiments, the maxlnum recovery efficien-
cy of 856 %X was evaluated at the collector potential
V.o1 of 14.9 kV when the potentlal of the S.G. was kept
at -90 V.

Simulation Results

Comparlsens of simulation results with the above
experimental results vere made for the case of the 5.6
potenzlal of -90 Vv, to avold unfavorable unknown
effects of the electron influx to the DDC as described
above.

The conditlons used for simnlatlons are
beam : species lie
enecgy 15.6 keV

fon and neutral current 90 mA each with the
same Gaussian dlstributicn ( ¢ = 3.05 cm)

gas pressure ; 1.0 x 1074 Torr (He)

potential : first suppressor —5.0 kV
secend suppressor —L.B kv
5.G. ~90 v

first collector = second collector

Slmulatlon vas executed Including losses due to
atomic processes. In the loss caleculations due to
secondary electrons, since there is no sultable data
on the secondaty electron emisalon coefflciants for
stainless steel, and furthermore the chavacteristies
of T vs. lon energles are less dependent on the
mateclals In the energy ranges of present Lnterest, the
data for molybdemum were adopted. The effective value
Yopg were virtually used tn the calculatlions to take
{nto account the effects of Incldent angles and of the
surface conditions.

Flgures 7 to 10 show ryplcal examples of simulation

resul ts. They ave, incident fon trajectorles and equi-
potential 1lnes, some trajectories of low energy lons,
of subsequent secondary electron trajectories ln case
of Vg o~ =0V (F1g.9) and Vg o =-90¥ (Flg.10), respec~
tively, for the collector potential Vg of 10.0 kV.
It is clearly seen that secondary electrons are
conslderably suppressed for Vg o af =90 V without
tnfluenclnp trajectories of incident beams and
partleles produced theugh atomie processes.

Figures !l and 12 show several comparisons of simu-
latlon cesults vwlith experimentsl wilth respect te, such
as, characteristics of collector currents, Icol vs.
Yool and fivst coilector current, I.. 3y VS Vegle
respectlvely. Flgure 1l shows £lat characteristles of
I both focr experiments and slmulations with excel-
lent agreements between them. Figute 17 also shows very
good agreements.

Compatisons of first suppressor currents Teupl with
v are further made to result in good agreements
(Flg.i3). Since tncident beams are consldecved not to
nit the first suppressor In the BDC experlments, and
1oy will be zers when no atomlc processes occur, the
figure Implies the simulatlons including atemic proe-
esses are Indispensable in the BDC analyses. From the
stmulation results, the values of ¥ pp 3C¢ found to lie
between Y and 2¥, whleh ls qulte reasonable.
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Conclusions

The KUAD code, a two-dimensional slmulatlon code for
particle transport [ncluding various atemle processes
has been developed, and comparisons with bean dlcect
energy conversion experlments have shown excellent
agreements in varlous charactecistics of the BLA.

Acknowled gments

The suthors wlsh to thaank Nr. K. Yeshida and Hr.
K. Heeda for thelr prelimlnary calculations of atomlic
processes and heat fluxes, and also members of BDC
experiments for thefir discusslons and carrying out the
experiments, of the Reserach Sectlon of Corpusculac
Engineering, Insitute of Atowic¢ Enecgy, Kyoto
Unfversity.

References

{1] w.L. Barr, R.W. Holr, and G.Y, Hamilton, "Experl-
mental Results from a Beam Direct Converter at 100
kV®, J. Fuslon Energy, 2, 13}-143 (1982).

WU.L. Stirling, J. Kim, 1.H. Nasel ton, 5.G. Barber,
R.C, Devis, W.K. Dagenhart, W.L. Gardner, N.S.
Ponte, C.C. Tsal, J.H. Whealton, and R.E. Wright,
“"Posttive~lon recovery scheme based on magnetic
blocking of electron™, Appl. Phys. Letter, 35, 104-
106 (1979).

M. Fumelll and Ph. Raimbault, "A Scheme for the
Energy Recovery of the Charped Beam Fraction In
Neutral Injeectors™, Proc., of the %th Symp. on
Fusion Technology, 8&3(I976G).

"Design Study of a Heutrel Beam Injection System
for JAERI Experimental Fusion Reactor™, JAERI-
MB473, 1980.

J. Pamela, “Computer Study of an Enetrgy Recovery
System for Tore Suppa Weutral Ream Injeccion
Lines™, EUR=FC-1322 {1987).

K. Hasimoto, and T. Sugawara,"Powver Consumption in
Positive lon Beam Converter with Electrostatic
Electron Suppression™, J. Nuclear Sclence and
Technology, 22, 38-46 (1985).

K. Yoshlkawa et al., in preparatlon for submitral
to the journal of Fusion Technology.

K. Yoshlkauva, H. Toku, S. Kohda, A. Xobayashi, T.
Wada, Y, Hattorl, "Application of Rogowski-Coil
Senser to In-Situ Measurement of Incident Ion Beam
Current tv Beam Direct Energy Converter”, to be
published iIn Proc. 12th Symp. on Fuslon Engineer-
ing, Honterey, 1987, IEEE,

(2]

(3}

(4l

{5)

(6]

(7]

1

—

100 T T T T

Fig.? Trajectorles of incldent

potentlal contours

lons and equi-

Flg.B Tra)ectotrles of slow ions produced through
atomic processes :

for Vg o =0 V¥

N "
: .
et LT A\ e

Y
b/

for VS.G. = -0 V

100 T

sopo F B @B BFF

Q
GO} -

80r

{mA)

60~

({mA)

40 o exp. —

o 401

}eol
| colt

O cal (yon=y)

20} & cal{ys=2y} © | 20k

e}

o cg@éb

o exp.
o cal (yert=1y)
& cal (ye=2y)

gg@op%) ] 10 %‘5 -

o} -

o exp.

|sup1
E .Y

(o]

— 0 I (yett=
o 2l cal. (ysu.= y) |
a cal {yen=2y)

o} 1 ' ) 1 0 1
0 4 8 12 16 20 0 4

8

I 1 0 1 L 1 1

12 16 20 0 4 8 12 16 20

Fig.l11

Veol (kv )

Comparlison with respect

I vs., V

col col

to Fig.12

Comparison with respect

Veol {kv}

te

Teaa) ¥s- Vel

1226

Veoi

Fig.13 Comparison with respect to
Tsupl ¥8+ Vead

(kv)



PNC TY9604 94-001

% B

9342buv%m565%¥-%ﬁﬁﬁﬁﬁmﬁﬁ:—F(KUFCI)

HBAEEFx 2 VE-FHENR
B H B

BiR

1 ¥3 = I/--‘/g/GDfEE O G IR 1|
1.1 TROBEETHE - OO . .
1.2 Eﬁﬂﬁ%ﬁk&%ﬂamellﬁfi'ﬁ@@&ﬁ S PR - 1.
1.3 RFEROBFHFE—F -~ . <vevse--. DB
1.4 awﬁmﬁﬁ(twA@ﬁa%mﬁangmmﬁaﬁmﬁ).“”“58

2 P—bLODEBREBEHA PSP OUPUPRIPPIPNI 1
ﬁvw#/ﬁﬁ%%&k&%*ﬁ%ﬁwﬁﬁw PP 1
H5—xVvEBRESRLPYLRFEESLBENRY o 6T
TR ZE R D BB e e 69
B AFFI DR EL oo o s e 16
BHRHEXZ PV FOHEA R L IL Y . -

LI e
NN NN W NN

3 RF%V@@{’E%%EE% e 97
3.2 RF%?@&%%@%&@%% e L L I 100

5 BERE 109



PNC TY9604 94-001

1 VYIa2alb—varVolE

P53 AR VRIBYBEFE—L20EHE2HEITIBRLR, EFE— 4 ERFERK
UDEHBEOCOHE/ERABMAEBEREZZ D, EFOEHAERN L Haxwel | FER 2RI E
PRGREBRLR W, FHRDLDE, BHERAFy7RBVT, BFE—2p0, JR&EoT
HECZ2BHWAE., BR2Naxwel I BN 2B VWTKD, RECOBHRAE, BOb L TER
FERAZBVWCKROBHAFy 70p . T2HEL. COBVELHE*RBYUESEMN
BohbdFETITS.

275342 vROBBEBARE, B, ZE20BFERDYTEABIENTE S,

E=E,V1E. ' (1.0.1)
B=Bb+B;+B_f (1.0.2)

Evs, By t E—LODELBEHE
E.\ B, RFEFOCIESBEHER
B; AN ERE

Eoy Bo BRIZEBBELE LS VWEBRE -2 RBEIBHFETHY., FEFOF »v 728
#HETH U HEES Claxwel | FBERXNE2HEVWTEONRS, RFERHOEIERARE., B I
DPWTE, RFEROBRE—VE,, H2FD KD TEWVWT, 2O0EIBen. h, 288
MAFy 7CEHEL.

Ec=;e"E,1 (1.0.3)
Bc:uC)Hc:JuO;han (1.0.4)

CTEc\ B 25X5%, lRlEea hanld, H1.IERT LI BRAEHOSHMBIBOEBREDL &
VERKEYE T 3, Hl.2EEXNR 7o —F y— b 23T,

BEREATy 7CTE, BR2HETHAIRDLDVIE, . BoBLUPe, ho2iEIT B &
REOD, Haxwel | AR 2 EEENNSITE L, HERB2ERT 3 2 &M
TEB, 3ok, RFEMON]] loss2FMOBoERSTCRIIENTE, COBHE
PQOHAIFEEMSEXBT LW LD, Fall lossOYR2BE R ERTIIENTED,

FETE, LEBRLFETCERAE, BRELL BN L2H2HBIRRT. 4
HWUHBEBB, R2WTR, 7542 bavyHRRYV—2ZIHMHEL, SORLSBRIBTCHI0
Ty (LLO2DDADSB, 2BVWELOR2HDTE (H) tEELHEixT 3,

B=Bs+B.= loHy+ noH .= jioH (1.0.5)

Z73A4AA P A VYHREBOVTEHMAE . HRKONaxwel | F B2 Wiz 3.

— 0H
VXE= ,U.Dat (1.0.8)
VXH":J‘FEQZE; (107)
— P
vV E= - : (1.0.8)
V- H=0 (1.0.9)
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[, 1 RFEROHFEA

1.3 R LS BEFOBLIUEBAEI=N U EB80VT, ROBHLFBAB LU
BREERB TR VVERE(r) 225,

V2E+R2E=D (1.1. 1)
T, : nXE=0 (1.1.2)
T :n+E=0 (1.1.3)

LR, nRTONREEBERI N CHE, COBFTFEEEOR (E.) KBREREH
Bt 5, RigL3 5 &

IoEn'Em dv-_—'Snm (1-1.4)

. 1B RREREMNALTE, TEDL. CACRANUERCIRES ML
EEOXY P VEMX 2, |

vin[ (X—3"F.f X+ E. av) dv=0 (1.1.5)
BAEERT,
X=3_E.[ X E. dV (1.1.8)

EEETED, iy {(Ear B

(i)  UXE.2D V- Ea=0 (1.1.7)
(i) VXE.=0 (1.1.8)

DVWITNHPRETHBISTERS,
—H. QUTROBLSFBRKBIVEREA 2L I NI bVEBH(r) 28X 5,

V2H+k2H=0 (1.1.9)
Ty :n-H=0 ' (1.1.10)
> ¢ nXH=0 (1.1.11)

COBEEHEEEOR (Ha) RbEXH S I UCRBLENRILUT S, £, {(Ha %

(1)  VXH.#0 ,V - H.=0 | (1.1.12)
(ii) VXH.=0 (1.1.18)

DVWTNHMREETELIRENS,

TS LTEBoRIL{Ed v {Had @3B, (DRBETHDBORBREVWRKREZETHEK
ERoTVW3, (DRET 3 {Ent OD—2E. 2> T,
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ko H,=VXE, (1.1.14)

THEAONZH. RN BIT2EFEER2 OBFETH 3, ¥z, (DRBITHH, &
- Th

R.E,=VXHi (1.1.15)

THIAIOAAZE.BRURETHIEFTER2OBEFTWRTH 3, T T, L2 LS5 &
BV (DEBT3EHEREIEVWE(.1.14), Q. LIDRX2E LT LIS ERS, (iD)K
ZTA3ERHEABCRFI Y+ XFOREFER2DPUTIRB TSI D EEKH T 3, :

VXE,=0 (1.1.18)
VXH;=0 (1.1.17)

Ok R LTCEINEBEETEYEY {(ELE} 7l {HLH:) T Raxwel | FER O
ZEPEHRHLCZTOREA2KRDNE, EENaxwe | AR 2B L EEMTH 5,

1.2 EEEHNL el IFBAOER

B CHEWIBTFEK {ELE R {HuH THaxvel | FRRNOZBEX2EBL.,
TOEHBHE2RDBI L 2ELD, BB (ELE.} BEU{HLH:) BuwTFhb#
NETNTELTHH5OTELL2AVCEHLT R VY, HARAEEORKLFTERYT 3
FARRERBEV, E. HEZ2ZhTh {EnE.} « {(HoH:} TRET 5,

E=5_E. E-E. dV+3E,  E-E., dV

=2_¢.E.+2_.¢e.E,

=E.,+E- (1.2.1)
H=3_H.| H-H. dV+>_H,[ H-H: dV

=S hoHa+32haHs

=H+H, (1.2.2)

MaxwelIQ%ZK(I.O.’?)ECIZOM’C\ VXH B {ELE,} EDEBEREZEL2HET RO
T\ {(EnE,} TEBMHT 5.

VXH=3_Ea| (VXH) - E. dV+Z_E.[ (VXH) - E, dV (1.2.3)
(1.2.D\ (L2.)XEU0ODRERAT 5 LRXRELN B,

S_E.f (VXH) - En dV+Z_E.[ (VXH) - E, dV

_ de, de,
—J+SD(; dt En'!'g dt‘Eu) (1.2.4)

E.ZHUTQATHERSTSL. {(EnE) OBRBILESTHE2ZES T,
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den,

[ (VXED - En dV =[ Ear T aVieo (1.2.5)
2185, T Ty ELRDOWVT,
[ (UxH)-E. aV =[ H (YXEa dV+[ V- (HXE) dV
a . Q Q
=Ra| H-H. dV +| (HXE.) +n dS
Q r
(v (11,1450
=Roha +[ (HXE.) -n dS (1.2.8)
ct")fs
de, _ .
Rohn =80 " =[ EaJ dV —[ (HXEw -n dS (1.2.7)
Fhy (L2ZOHRARE. 2HUYTQATERRST S &
[ wxH)-E, aV =[ B,- T dV+e dev (1.2.8)
Q v a v a di N
8%, 22Ty ERQEDOVT,
[ (VxE) - B, dV =[ H- (VXE.) dV+[ V- HXE.) dV
9] Q Q
=[ (HxE)-m dS (v (1.1.16)30) (1.2.9)
& o T,
de, _
—go " =[ B, 7 aV ~[ (HXE) - n dS (1.2.10)
Haxwel IDE—R % {HoH,} TEMT3E, ARELTKRANRBLN B,
dhn __ .
knen +uo— " =—[ (EXH.)-n dS (1.2.11)
dhx _
o~ ==[ (ExH: -n dS (1.2.12)

[. 3 RFZHOEGE-V

gificiBehi, E. HOEH&R e, h. kB3 3#HAFBXU.2.7), (1.2.1D%
HDTEL &
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de,

kaha—go—"=[ Ea+J dV~[ (HXE.) -0 dS (1.3.1)
dha_ |

knentuo_ = (ExH.)-n dS | (1.3.2)

(1.3.DNOBFBDE_BIto0T,

[(HXE)-n dS =[ (HXE.-n dS +[ (HXE.)-n dS

=[ _(HXE.)-n dS (1.8.3)
(v Th ETnXE.=0)

73420 Y TRFEFOERTE—FRFIZFFa—TOZhEHERL TS OT,
e ZRFEFAP S T REET LR Lo T2 LTOE RNISTB3ENTED, &5 T,

[ EXE - n ds=0 (1.3.4)

— A (U3 2D)XN0EFAEDWVWT, CZTCREEDOLESD, 2248 AT LT3 L,
Fi ECnxXE=Q, Fhlao b CnXH.=0 THBh 5,

[ (ExH) - n dS=0 (1.3.5)

Uk do Ty (1.3.1)s (1.3.2)R &V, RREES,

den _
knaho—go_-=[ En- 7 dV (1.3.6)
dhy
entito———=0 (1.3.7

INLEEUICTHEVTENGE e,y ha 2RDAE (1.2.1), (12DRKR LT
Ei\ H ¥85h5, 22T

U=Raean (1.3.8)
i=—kah, (1.3.9)
_ Ko
L==2 (1.3.10)
=0
c=° (1.3.11)
iina=—[ EavJ dV | (1.3.12)

EBTE (1.3.8)F L T(1.3.DKE
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dv
+C——=1i:ia (1.3.13)
i Cdt {ina |

adi

L (1.3.14)
u— Ldt ={)

P, Ml AR LA EOROoRRAFBERER 2TV 3, TOERAFARG 0. &y

wn= l :Ckn (1-3-15)

JLC

AT, BEEEE Fn2H o THRATCHEAORBABEFE. HRE, 0=0, J=0 &
BiF s Haxwel | FERXEZRHAT,

=

E= Enexp(j wat) : - (1.38.16)
f\/an

H=——————H.exp(j wat) : (1.3.17)
—Jjialo

CDE, H (243 E.y H.) ZRFEHOBHE—FEE S,
CrCR, BEo»T 22eHEL LAN, EBRCRBEOHELERFEOETS
57T, FCaXE=0 RNESHTV, COHRKOP2VTE BIHTHEULIBIE S,

L EBRONE (v-s03EEALRF 2RO EHA)

BHEOBB T, E\« HiHo=0 ., J=0 REYBRFE FOBHEE—FE, H ORE
SEATERE, FORBOGESe. hoREBRAR KB w.=ck,. OEXRABOBELERHET
BEINBCEMNDh ol LENST, 23542+ vOoBHERBEBEEVYw.=CR. O
E—FOHEOHTE,  Hi 252 hE, +oLRBEERBELL S,

Ezs HaltoWwTd, (1.2.10), (1.2.12)AH» 5 e, ~ hx%‘:}?bbﬂﬁf\ (1.2.0), (1.2,
VKB Ea HaMBONB, LALERBRRE, Exv Ho B {EL} v {(Hi} 053508
o (Y3 ab—YavVvE3d3RiCeYRER) OATRTALBETEMTELR N LE
EbLNBDT, COFETE Ho2HET20RBETRE Y, 2T T, Haxwell TR
X2 (B H))) RBET2HDE (Eay Hp) R T 5HBLREHBBELT, E2\ H2 O
{Eﬁ’;}ﬁﬁ—t%:&&b\ Th2EEHRL.

:hmﬁ.fk’)hfﬁ\ (1 2. 7)\ (1 2. 10)“\‘.#@6}75\52:%‘0\ J % €EmE } ?E
ﬁbf@&%ﬁ%ﬂ%ﬂ@%—}@v~z%km91m5 FLT, BRRE. HEH
B, JR2ROEIR 20 B ST S,

J=J1+T2=3Eof E.-J dV+ZEJ E.c T dV (1.4.1)

Maxwel |l F NI
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c’:?Hl aHz

VXEi+VXEz2=—Uo 51 — Mo 51 (1.4.2)
BE
VXH|+VXH2=]1+12+80 aaEt‘l'['Su 6‘t2 (1.4.3)
VB4V - Ezs—— (1.4.4)
o

V - H{+V » H2=0 (1.4.5)
oty Ey\ H BRFERAOBEEE—FO3IBORMBETERE S tRETBEHROT L
MEZX B,

V- E.=0 (1.4.6)

vV H,=0 (1.4.7)

nXE,=0 (r. & (1.4.8)

nxXH,=0 (2 k) (1.4.9)

FF, (1.4 OD~1.4DKED,

V. Ep=— (1.4.10)
o

V « Hx=0 (1.4.11)

—F. Haxwel IFERZEBLAR. (1.2, 10XR>0T, GAB_HE

[ (HXE) -n dS =[ (H.XE.) -n dS
(" Ty kenxE,=0, Iz ECRXH=0)
=[ V- (HoXEv) dV

=[ B, (VXHz) dV (" UXE=0)  (1.4.12)

chnE(.2.10RCRAT B &,

de, _ . '
“Ze=[ E.- 7 av-[ B (VXH AV (1.4.13)

—Ea

E,PBUTrR2OVIRME LS LRARED,

aEz
ot

—&o =J>~VXH> (1.4.14)

ZORE(1.4.3)X LD,

0 E,
at

VXH \=Ji+¢€o (1.4.15)
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(1.2.12)s (1. 4.8)&ES &, AR LT, Haxwel IO —X(1.4.2)X% (E,\ H)) &
B84 (FEoys Ho) RETARB L REDYBEHBTES, DLOEREZI LD

% &

( 0H,

- 1.4.18
VXE, Mo PY; ( )
VxH.=J,+su%€‘ (1.4.17)

1V E.=0 ‘ (1.4.18)
vV H,=0 (1.4.19)

LV J,=0 (1.4.20)

(

VX Ea= = j10222 (1.4.21)

3 ¢

VXH2=J2+802E;2 (1.4.22)

Vv Eo=P- (1.4.23)

Eo ‘

V + H>=0 (1.4.24)
8o _

VT ot —-=0 (1.4.25)

N

DETCE:, HxOBFBR (L. 4.2~ . 4.2 Bohichd, 2542 bnvD2fE
BWAEMA Y Y 2T TCZhoORA2HERERECHRIZTE  Ho BB M, £
NTRE, HOHaxwel | FBAZ22EECROOEHERRBFALCCHY. AEAY » PR
Y, ULHAL, RFEFHOE vy v 7 (H1.30Z ) RBYBE, H2 OB REHEBASH,0O
s iohhid, HEFEXKBREIRTE 5, :

7542 VORFEROFE » v 73, BIFARBOBRERERATTS4EVWOT, X
J:'E:ls:En\ Hn\ Eu\ H.l Eié&ti—ﬁ‘@é%&%iéﬂ%o ?-'El&\

VXE,=0 (QH) (1.4.28)
nXE,=0 (r'y B (1.4.27)

0. E’.J:@&Jﬁ&ﬁ FER LT B EN

n’ X Ex%0 (Z k) (1.4.28)

ER N
VoH:=0  (QW) | (1.4.29)
n « H=0 (') £) (1.4.30)
SN
n’ » Hy=0 (Z k) | (1.4.81) .
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Lidio Ty (1.4.28)s (1.4.31)& V. E2ay HoRDWVWTRRFIFEHOF v+ v 72BET
EVWHFEALOMHEET(1.4.200~(1.4. 20X 2RI ERVI ERDH B, TS5, RFER
OEEE—FOBRE.BE+ vy 7RIVWTCHLBEEELFTHS (K1.5) 0T J, BF -
RHY2BHRARSE  HH BEEAZ R L-TEBINZ LD, (142D TBVT IO
EPORTEBOVTHEELIEANRWV, LAMNST, RFEFAOF v+ v 7TRHBEAETCEVWLEDH
EeEE CHaxwe | | FBRNZ2BUE, Ez2, Ho2RNEBLh B LTS,

P, AEOBHETRALLEBY, 54X ryROBEREME, « Hy (B8R
F%jﬁ@#%%ﬁ%ﬁ‘c\ Hc &[E]E.S{) h) Ea- HE (JZ{"&\ E—AUJFFZ;'%Hﬁ-Eb\ Hb &
FER) BLUABPNRBBB, oY TCHEIbhBZENRIM, B2ELUET, T
FTRHOBHRABRIOHHEOTERZHEL (BN,
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2 Y —LODOIEDIEHRE

E—2p, JOESEHFEE » Bo 2 EHENavel I FBRXN 2BV KD 3RDY I, 2
HEIBIUVRIPNERF VS v NMdoy AvOBDABRRNEHEE, Boh3RFY Y o i
DB Esy By 2K® 5, dos A OBBABAREN (r,2z) BIUCEEt 0ORBSH
BEXRRZEN, FREFEZ2AVIEHNER2HREITNE., ZEHA v v 088 Sw
BUISéo Av QEORKM t CHT3EHIFERANELR, 0, JBLUROEE
T ov7Ddo A HMOIRDAT 9o 7T Dds A 2 KDBZENTE 2,

0. 1 BAHER

E—~ 2D BRAE,  Bo & RFEROF v » FE2HBTCEVWFEFGERT. ko
Maxwel I F B2/ d (B1ESE) .

@B,

VXEp=~— 3t (2.1.1)1
1 GE,
VXB"=F 31 +unJ (2.1.1);
P
V. Ep,= (2.1. 1),
€n .
vV« By=0 (2.1.1),
EEDOA NS . BLURZINVA, ZHWT
JdA
Eo=—~T ¢,— atb (2.1.2),
Bb=v><Ab (21.2)2

THEAONBE, By GHaxwel | FBROFE~ABLVEWER 2T, DEo, By
CERBEI, =3 (2.1 Dy 2U1L1D):R) KRATZEHRAMNELINS,

1 824, , & ( 1 am) 0

2 — ) — e

M e A N -~ (2.1.3),
1 824 1 84s)_

VEdAe——s at;-—v(v-Aw P )——uaJ (2.1.8)2

LicMasT, (21X Z2H-T &, BLUT A, %ﬁﬁb‘f(Z.l.Z)ﬁ?%iéﬂ%Eb\ B,
EMaxwel | AR 22 THEL T,
Gy boy A BQUILDRNDBETHB EFT B L, EEOZA RS AW LT

¢b'=¢b—§i‘ (2.1.4),

o =A,t+VA (2.1.4)»

THILBNE 6" v A 3 Q2. 1.DRNOBTHY, C.L2ARRBVWCHULEs Bo 25
B, ZCT

_'65._..
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1 82A 1 dde
2V e —_— — . —_
VEA (U Ab+6‘2 Py, (2.1.5)

%ﬁ%t?légﬁiﬁéb’ VA BRAEETT.

1 84,

V‘Ab’+—c—5 5 f =0 (2.1.6)

b\ Ay BEDT oy A BT ERTHE, (2 LDBIVR.1L.OX LV KRAN
Boh 3.

1 32¢b fo .

20 -

Vide =2 512 - : (2.1.7),
l 32/'1:: : ’

V2Ao“?§—a‘2—=—ﬂo-f (2.1.71)2

Lo Ts (2.1.DRNERBVWTEBLIND 65 Ab 2HWT(2.1.2)XATE,\ By 23K
DRI, TDEs By EMaxvel I FERZ R, AHMEERZ2EAL TEHNKEEREY
5, Q1I.DRBLUTOLITNR S,

V24— 612 f;f;f— 8"0 (2.1.8),
VZ2As, = A)j"a’ - 612 "”;“;g' =—ioJ - (2.1.8)2
V2As s— A?f;'— 612 a;ﬁ’; =—ti0J s (2.1.8)s
| VEAb.,—%E—%i=—u'on (2.1.8) 4

CRLRITNTNOBEREBOGETHARESE, B0 3¢, 4, 2. 1.OXNERKA
THhHIFE— 20 ERRE. . B. BB N 3, .

2. 2 RRHzk

¢b'\ .Ab.r A Y Ab,a b Ab,z @ﬁﬁ%{*%\ l’f""-“@]\,gﬂ.ﬁ\ }?l) 7 ]‘7‘;“7@%{4‘
B, P—A@HO, BLUBLE (z8) T2V IRAT, PLBEYENRIE
Bophuh, HELRIERERIOTCI I CREREFHELTE S

0.8 #7-+vABELER LD EREROREL

STy o BPETAvr ~ Avs v An: RDOVWTENRETNHXOREBOSFTRAZYE
Wi chd 22 2OBRAZKBEOBETINTNRIWE 0, AcDBF LN, E— 204

DEWRE, Bo 21835, :
TR, ChoOEMAFRARRFIS—+VvEREREZEAL T, EHER2
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Bk 2 HER2R T, THEHZERAEIZCLRIVFERB, EMAvyv.0&
CEHEIEB T By TR A\ As e An: DHOKRE I RETHIERSFERN LN S,
MU ERELTVIDOT, BREIA v Y2 LTRr—2z BHOZABEZRHE 22
2B, EBEB., r—z HHOZAK2z8BOEIROEIYTCTCERF-FVvEHESR
waELREc 3 (K2.2) .

2, 8. 1 Hi-+vERERER BV IRFER L BEHR

COMTE A7—FvAREFBECIIZEHEBBARIEOTEORFOEFE LT,
BREESICEBEHERE>VWTHET 3,

HI3—FVETR, XD2HEERV>2»OBRANO0EEBRBO—REEGTHRINB &
REL. TORBACHIAIANQAEA 2R HEREZ®RAS, COEERHEELT
PLTRHPAT HHEBEZAVALIONTRERETS D, FRHCBI» N RYEFERXE,
ABEBORNHEBEL L TRBEAINITRERELLIALCARARL 3,

(1) RBER
(1-a) BREE

r—-z LYHELOH3=ZREERcHT, KAOEBEREEHZT S,

1 1 1 1U&, '
[r}=[r1 rz'r%[ée} (2.3.1)
Z z2, 22 23l €3 :

gl b} &2\ 53;:9L\Tﬁ< &\

£, a, b, ¢, ] l
£a2]=|az b2 c2|| 7 (2.3.2),
£3 asz by c3llz

{aith 61} [Tzzs“razz Zo—Z3 Y3—7To2

2 C2 Y221~ 7123 23— 21 I'1—7T3 (2.3.2),
36‘3 Y182~ 7T28) 21— 22 V2T

1 1
Y1 7273
Zy) Z2 Z3

s=1lr  ERe W - (2.3.2);

CORFeHATEBEBINTLFLRBRELS  §2. §:&. H2.3@QOB=ZAFOEHE D
B BRADOBEFHMER YLD,

g,==" (i=1,2,3) - (2.3.3)

COZENS, CORFEEE, | £, LA REREELEEN S,
EFeHNTEEEIN, (x,y) O—RATEINSBEHuE, BEEREEL2HVTHRR
TcRENS,



PNC TY9604 94-001

u=u,§,+usfatusts (2.3.4)0
u;su (ri, z:) (i=12,3) (2.3.4),

it\ﬁﬁ%%ﬁiéﬂtﬁﬁ@%ﬁeﬁf@ﬁﬁﬁ%m\&@ﬁ%ﬁﬁ%ﬁofﬁg
WHETES., _

Ilm!n?

ﬂ'egllfzmgs" d.rdz=25 T mtntd ! | (2.3.5)
(1-b) £3BE ,
r#i L0 BN EFe AT, &K@Et—??&%ﬁﬁo
[rlHrl. LJE] (2.3.6)
Eiy L2l DWTEL &,
{‘é;_,]=[g; gl][rl] | (2.8.M0
a1 bil=gl2 1Y @.5.7),
dExs—x, t EFXeDEZ . (2.3.12

CPERe R CEESNEFLBERL, . Lo HLIMOERAOES LOMRE
RRDODBEZEMNEVILD,
a

r‘:a=—d'— (i=12) (2.3.8)

COTEME, CORFEEL (2 BRIEREFEND.
EReNTCEZEIN, xO—RATCHFINHBuR RIBFFZHVTIRATRS.

Nnd,

u=u & +u=8z2 (2.8.9)0
u;=u (r;) (i=12) (2.3.9),

ESHECEINHROEXcATOEMAR., ROBIAXNEE > TEREHEAT
&5,

I !m!

Trm+n T (2.8.10)

[ giger ar=a

(2) ZEER

o, 8. 2HiDBROBHECAVIHNEEmMBEOETENEY: (r,2) 2RUTO XK
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ERT B TRRED

il WETHIERUATR
P:=0 :

s figi TR
P (rz:) =1

'Eﬁ.@-:i itg?égﬁﬁﬂ'?&i\ Y.,z @ﬁ?kitﬁﬁgﬂéo
p:=a+br+cz

COEIREZEINLEBEHEEY: OSEERNBSLIUCBHER 2, B2.4(a), ()R FT,

CITH2 AR BY B EZFek2WVWT, HiHi, J\ REHLTEFGAESD., @,
QESUCTELZc R BYLI2RFEE (GEEE) 215, H2 BT B3EFEeNT
Li\ T,bi biﬁ%g*g%m h‘(ﬁl?@ﬂ"@i‘%éﬂ%o

Pi=§, (r,z) ¢e (2.8.1D)

Th, M2 ABT 58 LEZ2VC, [ BB EFEREEHLINVEIEELEZ S,
Bal LR, v BRIEROEEEEZE2HAVCHUTORNCREh B I3,

Y=, (r,z) €1 (2.8.12)

TROLPEZEZARBVTR, EEHYEY. BRFEECRsSN S, LiM-T, 53
(e fn) BEAEREERY: O—REASTRINDLIThE, TOBERD (b
By r—z BATOEERS) 3. BHREEOR 42X ((2.3.5),(2.8.10)X) 2HWw
TEBRHETE %,

2. 8. 2 EHERORAL

ZAAFTEF VY e N BEUERIIMNEF VYL VA OZEBRBI2VWT, TNER
EHEHOEHILOFEEZRT, ds EAn: K2V TR, BOFBRROFE L EREHEMN
L2 A—DbDTHBZ3DT, Ap: ROVWTDHTRT,

LZTR EXZTVWAEER2QELZOER 2T &5, BREAT OS5 E—20A
S sEAa2r, . BEREST, P—20H0O%2 T 23 5% (K2.50(2)) &

T=FIUF2UF3
BERO=0 R BUYZQ0lE (r—2z H) 22 ¢ L. ZO0EREE2CLTE, BRC D
By IM'ys | Faiitééﬁ‘ﬂé}%%ﬂ%’ﬂclx Cay Ca &L, Zgﬂizzéégﬁ%%
Ca3 3 (K2.5(b))

C=C1UC2U 03UC4
C;CI‘,- (Z=1,2,3)
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(1) Ab,z (éb)

A : OBBFHBRNEERAZHRZ2LDTE L,

I 82%A., .

Vaﬂb.z'—F 6‘t2 =—'11.0Jz (2.3.13)
'

r,(Cy) aA“:o (2.3.14),

gz
Jd '>{Cz) : A, =0 (2.3.14) >

. aAb_z-_—i aAb,a P

s (Cs) : 5z ¢ ot - (2.8.14)3
Ca : E”]”"’=0 | (2.3.14) .,

L gr

s a'égt’éﬁ%a’fﬂ\

F2(Cz) 1 v=0 (2.3.15)

BT EK(r,2) 2EXD, TOUVERA,: OBASFEX (2.3 1)DAOELRHT
TQLTHEEEST %,

1
[ov2as. av——5[ vAu. dV=—uof vI. av (2.3.16)

EHE—HBII2WT, Green®DER LU

(EBE—R) =[ vV24, . aV

_ aAb.z : - .
-frv St ds IQVU VAs:dV (2.3.17)

;1@F@&ﬁﬁﬁ®ﬁ%%ﬁ?aéem\ﬁﬁ%#QJJUn(&&Mhﬂﬁ

FU(2.3.18)R%EHES &

Z

(]

(ERF—F) ==+ vhu. dS—[ Vv VAu. av (2.3.18)

(2.3.18)RX2 (2.8 1B )ARRKATE L IRAMNELN B,

[ Vv V4. dv+-cl-jr3u}1.,.2 ds+%jov;élb.z

=uof vJ. av (2.8.189)
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BohzQI3IDVDARKEDPWTCLTOTERELS, $§2RL, 3LOERENE ((2.3.1
3L@AJ@E)&K®%%&@%%?&6O

BEAHE
3. 1XNZ2HALIEECESERY (r,z) KHFLT,
(2.3.19)5K
(2.8.14)K
%ff%tj‘Abz %;}2&50

BEAMEBICOEREMBCH LIROITHIN TS %,
s KD B A, DAPBREERSh 3B AREN., DLORFEMETRIHT
550k LT, BEAHBETRER—ETS 3,
s MA&EH ((2.3.14)K) © F B NeunannFEH R BEABECITWIREHNIK
WicdInsd, '

Ty Av: BIUUVRZIIGTEBLAMBOERENM Y O—REATRING
ERET B,

Avz(7,2,t) =220 (1) ¥ (r,2) (2.3.20),
v (r,2)=$£;ws(r,z) (2.3.20)»

BB LAED Qe A OFIKI CTOEZODIORN S, £ Ty (2.8.14)2, (2.3,
I)REMAITLDEHAL Hr2(C) EkdBLER

Az :=8:=0 {ri,z;:) €2 ' (2.3.21)

E3 B, (2.3.20), XN TCRINBZFEFEOVRHFLTR.IDAMBFE LIS DX, £
BojrulLT, 2.3.19)RkPwT

U=,
ELEABBE LI BRThRhERLE W, TRbb

for ¥
1 . 1 .
J’QVI[),- cVAb dV—[-'?frBIJJ,-Ab,z dS+FIQ¢;’Ab,z av

=uof $:7. AV (2.3.22)

Zhic(2.3.20) XAERAT B &,
for v j
1 .
an f VY Vi aVHSSda] wiv: as

+5oda | $i%e AV =pof $iT. AV (2.3.28)
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REBEND. Qo ZHRHEAERIRTZ VB2, LT, RPYIZRATRT L

L.a.+M.a.+N.a.=f. (2.3.24)0
s : '
Las=[ VY-V, av (2.3.24),
_ 1
Jme = f v ds (2.8.24)2
_ 1
nz.is=—c';fn?f’i?ﬁ; av (2.3.24) %
fai=uof Wils dV (2.3.24).
~

CEC BYMTHNL \ Mo\ N BEROEBEEOHACEZTAIRNHBIPY IATES, &5
NEEBNY: OBENGE NI OB VUATROTHB S, BETIHOZES s
Ma i5 ~ Nai; WHEI EHE ABASH»P—EI 528G 0HADERLED, £h
PADHREOESIBZITH D, T L.3.20RNOBAHER2.3.IfitRAALLEIFTAR
PHAVWVTESRHETE 5,

(2)  Aus

Av e OBSGHBRNELEREH R,

As, s 1 82A, 5
VZ2As, ¢ — 2 Y IYE =~—JiaJ s (2.8.25)

~
'y (Ch) '“a“—AI,J:O (2.3.28),
dz
JT2(Ce) 1 Ay =0 (2.3.26);
' 9Abe_ 1 8Ans
I's (Ca) 5z ¢ ot (2.3.28)3
L Ca : Av s=0 (2.3.26),

Av: OBELAKRTLE, Q320X FAKOANBILNB, L2 L(2.8.20)H 0K
WEZHERESWS, COFZHEFEN T z8E (r=0) TRV THERSBHBLRR
B, FLT, COROMARr 2H YT

rV2As 8= Ab's-%T}ib.e?:—}lnrJa | (2.8.27)
CORODOMIL I
[2UCs & v=0 | (2.3.28)

BAEAEAHBvRBHITCQ LTHEBEES TS &,
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UAb )

[ ruv24s e av-[ —* dv——cl—z—jnru}é,,,s dv

=—pof rvJ. dV (2.3.29)

(ERHE—H) =] rvVede, dV

=f Ty 0 Ao ¢ dS—IV(ru) s VA, dV
r in !

y aA
2“%"'1_37‘:1)14.5.9 dS—Ianv *VAs e dV —Iﬂv 22 dv
f rIv Vs dV+f v aA; J dv+j”A" . 4V
+—C__J’r3?”v.f:1b.s dS+FJ’Q7’U.;’-;la.£ dV=,UDJ’nTUJa dv (2.3.30)

TZTy Avs BLUV M2BIMCEBLAMBEOEENE Y. O—REATRIN I L

RES %
Ab,B(r’z9t):Za8.i(t)wi(rsz) (23.31)1
v(r,z) =228:%:(r,2) (2.8.31).

Uy Ane BPEU U R(2.3.26)e (2.83.268)ay (2.3.200K2WEART DI, =G
[UC, Litd 3 & 2R

qs, :=8:=0 (r,z) € TUC, (2.3.32)
L F B, An: OBALERR, EEOJ RHAUVTRANBED LD,

for ¥j

Zae. iJ’Q(TVt,'), Vi, 6‘1}) w P

r

) av
+%Zae xL_aT‘Lb;TPz dS +?2—Zi:&a. EJ’QT'&i’:‘Tpi av

=gof rsTe dV (2.8.33)

Qs : PHEHAREZRZ bV Eas 2 LT TPYZATRT L

Leag’i‘Mg(.Zg‘l‘JVeég:fa (2.3.34)0
”

L. u—-j (va Vit alb, w':b: av (2.3.34),

m --—lj rip; dS (2.3.34)

ﬁ 8.::—C rs [ P I 2
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_1
ne u=—g[ r¥ids dV (2.8.84)5

foiSuof T#:iJs AV (2.3.34).

( 3 ) Ab,r

Ao, OBBABRNEERELAE,

.Aa r 1 aeAb.rr

V24, =S = o (2.8.35)
(T1(Cy) 1 As.=0 o (2.3.386),
ro(c) : ety (2.3.36):

< s (Cs) : %=—% a;l't’" (2.3.36)s
 Ca : As =0 (2.8.86) .

Avs OBAEFIL S, Q.3.3)ROENE"HROWVT, COXZHBERIT B & 2 8
F(r=0) B WCTHBESHUENRE T 2. TIT, COAOHMARr 28T

Ab'r—"l—?".}ib.r='—}.!.o?’fr (2.3.31)

rvab.r_ 2
c

ééi:\ > (Cz2) lt%‘ﬁZ:Neumanns’?%'f#ﬁi?‘Ab.rm?f%iji.l‘ﬁ]%ﬁé}f“fril’oi’t‘t\\é@?
PLToXZEE2T9, $hhbb,

VE(rAb. A=V VI(rA ) .
=V (rVAs r+As NVT)
=rV2A, ,+IV7r VA, » (" V2r=0)

=TV2Ab, r+2 aAb, T
ar
S rVEAL L=VE(r Ap, )2 a;l;' r, (2.3.38)
ZhE(2.3.3DAAAL TS
VAT TR RCEC LS. S S vy ST § (2.3.39)
ar r c
Z O OMD T
T,uC, : u=0 (2.3.40)
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uaﬁ&%ﬁv%ﬁwfgifﬁﬁﬁ%T5&\

aAbr UAbr

av

[ 0v2(ras 0 av-2f v av—|_

—Fjgrvjéb,, av =—uojnrujr av (2.3.41)

(ZRHE—B) =[ vV2(rie,) dV

=}' v g{r A,
r

S dS=[ Vv - V(rdea dv

=—L( rva..as-f (er -V An 4224, ) av
cirs Q or
L [rve v+ R K34
a ér ér r
L rvds, dS+5[ rvAe, dv=uof rui. dv (2.3.42)
c Jra: b r C2 a b, T DQ r eV,

Z Ty Avr BLXUOUM2B I TCERBLEAMBOBRENEY: O—REGTRIN B L
RET 5,

Ab.r(r!z)=Zi:ar.i(t)¢i(r’z) (2.3.43)|
) (r,z)=ZIﬁ';d)a(r.z) (2.3.43)>

FEHEUAs, BEXU U H(2.8.36) 1+ (2.3.38)4 (2.3. 40K EWA T DR, BRI
TyUCs Fled b & &l

(Ir,i=.35=0 (T,Z) € THHucC, : (2.3.44)

B, FEO U TRAMNED LD,

for ¥j
>a, ;fn(rvw, v, +—‘Zﬁzp +2%; r" +¢"’”f) dv

r

1 : .
+?Za . ;Lsr i dS+—C;ZiI_ar, ;IQ?‘ Y;¥: dV

=Jiof T;7, dV (2.3.45)

A, : BHIEENRFTERZ b VvE2a, LTy TPV Z2ATRTE

L.a.+M,a.+N,a,.=f, (2.3.46)¢

8 3’/: pebi) Ly (2.3.48),

Leoii=[_ (er,b T AT .
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- ! '
mf.i;—?jrsrﬂhlf’s as . (2.3.48),
1
J =g rpies av (2.3.46)5
froo=aof THiT, AV (2.3.46).

.

9.3, 3 EHEHOHE

FEicH Ve b 7 XEBSABR ((2.8.24). (2.3.34), (2.83.46)K) O{EHIT
FloEa%, 2LLIMTCRLARFERORAANZAVYTHET 5. ARTHAE, 64
DEFEOHTHEALGN, BAL KEKL LW, :

(1) Ay (40)
(1-1) L.0iE

L:3(2.3.24),RTHEX SN, TRDB,
Laes=[ V-V dV
=[ V. V¥, drdodz

_ 0%: 0%;, 39: 3¥,
—2zj'zr(ar St drd s (2.3.47)

HESEKE, IRl cHS] BESIP BRI H55QUNATEROTD 3. bbb,
Lz ;=0 (i#j T fiKI EAIRT BBESG-TWVWEY) (2.3.48)

i+ ] CTHSI LHS) ABEG-TVEEAR, M2.6()0e e ATRERLE
HIZ0TH 5D 5

o 8%: 0y; , 0y: Y, — .
zz.‘,—ngjekr(ar S S drd s SamEiis (2.3.49)

EFXe B2V TH2. (O EIRBEFARESL, 2, 3220 5%&, e HTRHEHHEER
(2.3.180&8) 2HW T,

P:=§, ., Yi=&> , r=r §,1+7r82trsfs (2.3.50)
ERINBHh S, '
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8v: 8¢, , 0¥ a?ﬁs)
1) =
bay= IIT( 8r 8r + 8z 8z drdz
— : 8§, 8§, 8§, 0§2
=f (rigtratitrsge) (S-S5 SELEEE grg
=Ll(?’1§1+?’2§2+7’3§3)(btbz‘l‘ClCz) drdz (v (2.3.2)5)
=(b\batcicaiorsf &xdrdz
S
=(b1b2+6102)(?’1+?’2+7‘3)? (0 (2.8.5)%)
1 . .
='1—2-§'{(2'2—23)(23"2'1)']'(7’2“"?’3)(?’3—?"1)}(7’14‘?‘24"?’3)
_ (r;+r,-+r;){(r;—r1)1(7‘[1—7'1;)-{-(2,-—2.)(z,—z;)} (2.3.51)
Bir: r; ri
Z: Z; 2
HFe e 2o2WThREZFIK LT,
1@, = (ri+ri+rllri—r)(re—r)+(z—z)(z1—2;)} (2.3.52)

6

11 1
r; i T
zZ -4 4

wic, BISi CHATR—BIBHEER H2.60)Dei~es LATRERIREREO
THDH5Hh 5.

lz,l—Znéij {(a¢‘]-+(awf]1-dw‘az =23l & (2.3.53)

dz

FlAE EFelk2WVTH2. 6(b)®Jl'Dkﬁ—ﬁﬁ”5§?1\ 2\ 322 3¢. e ATH
HEEELZH VT,

Pp:=§&, , r=r,§,+7r262t7rsfs (2.3.54)

EREINBH D,

([T {52) eres

:Iﬂ(r1§1+r2§2+r3§§{(Zf}){k(%i’r}cirdz

=[ (rigi+refatrata)(bi®tc,® drdz

=(b,\2+c 23 rsf &a drdz

=(012+C12)(7’1+?’2+?’3)'§*

='—{(22—23)24“(?"2—3;"3)2}(T1+T2+?’3)
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- 1 1 i (2.3.55)

6|7 Yy T
Z: Z)1 2y
M. 13(2.3.28) . ATcH Ao, THRDBE,
=L w.p, ds
mz.ii"‘cha i Wi

1

==[ ro; drde

=2z rp; dr (2.3.56)

c Jes

BRAEMAE, WA LA XRRC ETREIP—BI B HEUATRITE B,
THRbBE,

Mz, ;=0 (Bili LHIG ] BRI Czs T
BESh—FITBEELUHN) (2.8.57)

i#] THSEI LHR] RERCs LTCESA-TVEEAR, H2.7(a)0ES ! LEH
TREETEBBOTES2 5.

e =2 g, dr (2.3.58)

B2V THK2.7T(@)ODEISCPFHAESI, 2220 5¢, | LTCHEIERE (2.3.
1fiz®B) 2HVT,

=, , Yi=%z: , T=?’|Z[+l?’2€2 (2.8.59)
ERENBHDE, |

ma =2 (11 L et Ei e dr

=22 (rf e125e drerafriga dr)

—%(rﬁra)i

2
27 1
=it ra) (re= )

=2—ﬂi(r;+r;)(r;—re) (2.3.80)
¢ 12
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wKic, i=) CCza b dsBER, R2Z.TWHOES L [ PATCRERIERIC
THEHI 6.

_2x _2r
Ma, ai—-Tki_Jm?" w2 dr =T§m§.’“’aa (2.3.81)

Bl 20w CTH2.TWMO LI LFAFRHEAESL 2220 53E, W LTREESEES:
HwWwT,

Y=, , Tr=Er&+7rais ' (2.3.82)
ERENBH S,
mz‘.”uEI”rti);? dr
=J‘”(7’131+?’252)512 dr
=rif, & dr+ref, £12gz dr

_d d
=T 4 +?"212
1
=E(3T1+T2)(T2"'T1)
=‘i‘12—(37’;+7’1)(?’1—7’i) (2.3.83)

Bolkw2o0wTsEBERL T,

mz‘?’ii:'%@?"i'i‘?’n)(Ti"Tu) (2.3.84)

N:13Q@.3.20)sATHEAbhic, T§Rdb,

_ 1
2, ii—"’c“z“J—nTl’fwi av

=L rév:Y; drdedz

c?’a

27
==Z[,rvvs dradz (2.3.65)

BEESBEBE, il R ABE2—B I3 5A0ATRITE B, Thbdb,
N ;=0 (i+) T, i8I EHAT BBES-TOVRY) (2.3.68)

I#] THIRAI LHRTABEETWAEEAR, M2.6(a)0e eI TREBERSYE
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0T H % > o

2z ijekrﬁ)id’; drdzE%gnéﬂs (2.3.87)

n"i5="é_2n=|
Efe, k2w TH2.6(a)D& 75 wEFRSSABS1, 2, 322003, e RTREHER
PHWT,

v,=&, , P;=§2 , r=r &1+ 7282+7r3s (2.3.68)

ERENDH BN

né.’%;EIe[rwaw; drdz
=[ (riufi+refatrafsi§ifadrdzs

=r\f §28cdrdzref £182° drdztrs| §6:8adrdz

—y S S, .5
—T-‘I 30+7‘230+?‘360

1 11
=L or 4oy 4rolr rs T (2.3.69)
120 : Zi Z; 2
EFe, 2V ThREEE LT,
1 1 1 1
nf,=—=@r;+e2ritro|r; T T (2.3.70)
120 Z2; Z: 21

Wiz, BN LHAIA-RTAEAE. H2.6()0e~es UATREHAEBIEO
THBH o

nz.a;=—2£-if i drdzEz%inz‘F’u (2.3.71)
ek C < k=1

c2k=1

B, BRe, koWTH2.6(BO LS FHRMAESL 2. 32205, et HTH
HEEZEZHWWT,

=&, , rv=r & +ra2fatrafs (2.83.72)
ERINBZINE.

ns=[ ryi2drdz
=J’91(?’1§1+T2§2+T3§3)§12 drdz

=r;fe1§13 drdz+rgjelé,2§2 drdz+rsfelﬁ,2§3 drdz
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S S S
Tigt e T ey
1 1 1 1
=—@rctriFro)|r: 71T (2.8.78)
60 Z2: 2y 21
(2) Ao
(2-1) L,0i%
L 32.3.34), XCcExXohl, §H8dbB.
Lois j(rvw Vit azp, 'p“b") dv
_ ( . aw,
_f Vb: - Vo, +71 % + 9 zﬁ,)drd@dz
6‘1!’,
=27zj( Y VT it tﬁ,) drdz (2.3.74)

BROENE, A SN BRI A—FHTHBAUNATRICTH B, THDB,
ls :3=0 (i#] T, BiHi &M BESG-TOVREW) (2.3.75)

i#+] THSAL LA XBEEG-TVWHHGE, H2.6(e)0 e, e PATRERSHE

la.i5=2%’§je ( NP Vp;+7r; %-!-;b t,b,] drdz

szzgzm,- (2.3.76)

ERXRe 1ROV ITHZ2Z(DDEIS EBFHRESL, 2. 32205 &, e, NCRHEREL
(2.3. 15 8) £ HVT,

=8, , $;=5 , r=r §,+r.ftrafs (2.8.71)
EREINBZHM S,

32!%

vings] (reve-verr s 2 pip) dra.

zfel(7’1S1+T2§2+7“3§3)2(b;b2+c;cg) drdz

+H (g bretetraagibadrdz + 162 drdz (2.8.78)0
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S S
(BF—1E) =(b|bz'i'ClCz){Z(T1T2+T2?’3+73T1)E+(T12+T22+T32)“6—}
=%S(b1ba+c102)(r12+r22+r32+r;rz+rzrs+r3r1)
(ro—ra){rs—r)+{z,—z3) (23— 21)
- 1 11
12lr: i 71
Z: 25 Z1
‘X(7"12+T22+T32+T:T2+T2T3+T3T|) (2.3.78),
S S S]
EIE) =boviT Ve, Ty
(5 _1H ba( 16 212+T312
=-£—sz (2T1+T2+T3)
12
%(27‘ +ri+ri)(z—z;:) (2.3.78)2
—gy =S =L 7 (2.3.78)
(%:Iﬁ)—m = 21 Z:;j ?z’: .3.78)3

EHe, ko CRBRTRE., 52, 2.3, 78)|~(2 3.1 REBVTIi—=>]
jeri | I 2 LERTEHEALGN S,

e, Mg LESR—BTEHEE, H2.6(b)Dei~es PR3 ERSBEEEO
‘Cééff“b\

Lot (rove verre Ly e dras

Ezzgzéf’u (2.8.79)

Blzg,. EXe, w20 TH2.6MOLSEHHAESL 2, 3220 5&. & HTi
mREEERZHVT,

%be:g.i , T=r1§ trz€et+rsfs | (2.3.80)

LERENDZH O,

[§0= (2v¢ AR +r¢—’1’—+¢ )drdz

—I (r €1+ 1282+7383)2(bi°+c\®) drdz

+f (rigibrefatratagibi drdz +f §:2drdz (2.3.8D0
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(%—*‘E) =(b|2+Ci2){2(T|T2+T2T':-3+T'3T'1)—1‘%'}'(?’124‘7’224“?’32)%'}

=éS (r12+ 71224+ rs2+riretraorstrary)

_(ry=ro2+(z,—2,)2

111
Y: T\ T
Zi Z) Zg

X(ri2+r2+r2+r rotrarstrar) (2.3.81),

12

S S S
- Y = — —— —
(FZ®) 91(7‘164'?"212-!-7’312)

=—1—b18(2‘r1+r2+r3)

12
=%(2r;+r;+rn)(z[—2u) . (2.3.81)-
S 1 1 ,
(B=ZE) =—/—=—|r: 71 T (2.3.81)3
6 12 Z2: Z1 Z1q

(2‘2) Mfi@%g
M: 3(2.3.30) . RTH Aok, THhbB,

1
Ma, “—'_-C_IFBT lf)izf)s ds

1 2
= ersr v:p; drdz

=.2l

200 . 2 '
c ca’ vibs dr (2.3.82)

EESEBR R CHR] AERC LTCREI A —RITIHELUATIROCS 5,
THDB,

Mg, : ;=0 (i LHig] BIEWRCs T
BEE&I>h—HT2HELM) (2.3.83)

i#] CTHAEI tHAE] BERC; L TBA--TWAEAR, H2.7()oB45 ! LD
TREFSEKRBOTHIBHh 6.

m3-ii=—2—é£_1zr2¢iwi dr ' (2.3.84)

BMAOLEOVWTHZ.TQO I RBEHERES,2220 58, | LCREIEZER2AV
T
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v.=¢, . ¥i;=C2 , rv=r181t7282 (2.3.85)
EEBENAEID.
ms.i;='2—:" (riZ1+re8228182dT
271.' d a d
= (T’; 20+2T1T230+T2 70
_2% d o 2iar rat3T o)
c 60
2z 1 2 2
=22 2 gretArir;H3rAri—ra) (2.3.86)
¢ 80

e, i=j TCs Lk d3E&R. H2Z.TMOHT L1 PN CcRERSERRD
THaHrH o,

me, =22 repe? dr=EEmin, (2.3.87)
BAl, koVTETDOES> REFHAESL.22°0 5, [ ECRESEREZA
WwTy _

P.i=¢ , r=Eri&itrelea (2.8.88)

ERINDHM oS

méii=| rE#p2dr

“In
=J’”(7’151+T2?§2)2Ct2 dr

d d d
2 2 =
=7 5 +2T1T220+T2 20
1
=30 87 12+37 ro+ra®)d

=-§0—(6'ri2+3rsrl+?’|2)(r:—r;) (2.3.89)

wal k2w ThbEBER LT,

Tn,2);;=%(67"52+3T;?’n+?’n2)(?’i—?’n) (2.3.90) .

(2-3) Ny Oitg

No l3(2.3.34) . RNTE XN, THRDB,
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Ta. i;E‘:—zIQTIIJN/)s av

=#L}T2?f’s¢; drded:z

_2z

= _r2pip; drdz (2.3.91)

EEoEBR S ¢HAT b‘ﬁéﬁi»~&‘§‘5%élﬁﬂ'ﬂi0'@bée FThbb,
Tig, ;=0 (i%j] T, fii LHid] MESG->TVWREW) (2.3.82)

i) THHIEA] PESG-TWAEE4GR, H2.6(a)0e, e AR ERSHE
HMBOTHBa3HhoH. '

2z
ns.;,-=——2z2i: reyP;; drdzE—zin 2 (2.3.93)
c2k=1Jer c 2 k=1

EZe, KOVWTH2.)DEICEFHEAESL, 2. 82203, e HATRHEHEE
2HWT, '

v:=§, , ¥;=8, , r=r & t+ra282+rzfs (2.3.84)-
ERINB3D S,
ndd; =l rev; drdz

el

= (71§ +ragatrafa)?f s drds

%(3?’12+3T22+T32+4T1T2+2T2T3+2T3T1)

|

=%(3T;2+3T52+7’[2+4?"i7";+2?’;7‘1+27"1?’;)

EXe it 20V TbhREFEC LT,

né?’i,-=-3é—0(3r,-2+3r52+Tu2+4r,-r;+2r;rn+2ru'r,—)

(2.3.96)

Ric, Bidi LHRT] H—RTE2EH5EE H2.8(b)De~es DA TRERSERIO
THBEHI O, '

_2x

e 1= r2gp,2 drdzs%’%;_j;nm.- (2.3.97)

c2e=1) o

FlZE, BFEe, R2oVWTH2.8MOE > AHHTAEE], 2, 3220 3&, e, ATR
EEEZLZHAV T,
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vi=§&, , r=r & +ra§atrsfs
EEINDIHI L,
nii=l rey.2drdz

el

=[ (rigi+regatrsa)?E® drdz

=§10—S(6r;2+r22+r32+3r1r2+r2r3+3r3r1)
| 1 1 1
——(Br 24 r 2t r@rir ity g s Y T
180 Z2; Z1 Z

(8) Ab,r
(8-1) L.0HE

(2.8.34), B L 1r(2.3.48) & D,

I, 5= [e;,'*'[(aw' aw:)dv EIB.E:‘-"T:'.:‘:'
e (aw‘ a¢,)dv
a
_=27zj'z ( aw,) drdz

(2.3.98)

(2.3.99)

(2.3.100)

(2.3.101)

BRESEMNIE., NSl FHS RBEIHA—RIIHAUATCRITH B, THDB,

~

{. ;=0 (i+)j] <, fiid i_ EHig ] BBEE - TWVIEW)

(2.8.102)

i#j CHiIAI LEET BB TVEBAR. HM2.6(a)D e, e M TRERSH

(2.3.103)

?r.;;=2x§f”r(a¢' a¢’ drdz EZnét s ¥
EFe, koVCTH2.6()OE> REFHABS], 2. 32205 &, e ACREREE
z2HWT,

Pi=§, , P;=F, , r=r,§,+r2fatrifs

ERENBZN S,

(2.3.103)
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Nr.ijEJ- (aaf,zif’;'i'@b. aad”) drdz

=LI(T1§1+T2§2+T3§3) {(b.1§2+b281) drdz

1—;"3{ b\ +2ba)r 1+ @b+ ba)re+ (b +b2) s}
=E{T;(-22i+2'5+2:)+T;('—z;+225—2’r)+7’|("2i+z;)}
(2.3.104)

EFe2 2oV THREKIZLT,

4\4

3= {r (=2z;+zi+z)+ri(—z;42zi~z)+ro{~2;+2z)}
(2.3.105)

i, Sl LR BA—HT35463, H2.6(b)De,~es DA TRERS BRI
THBHBIL,

z,,.~2nﬁﬁf 2r¢,-—-dr11z_2zg;?¥ﬂ; (2.3.106)
FlAE, EFe  ROWTHZ.6MOL>LFAFGLIESL, 2. 3%203&, e, ATH
HEEE2HWT,

¥i=§; , r=ri§trfatrafs (2.8.107)
ERINBEM S,

sl 2r w2 aras

T

=I912(r‘§1+r2§2+T3§3)§1b: drdz

:éb|S(2r1+7‘g+r3)

=é(27’i+7’|+7’n)(21—2u) (2.3.108)

(2.3.34) 25 & 0¥ (2.3.46). K & Y,

M, =M, (2.3.109)
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(2.3.34)s 8 £ U (2.3.48)sX & D

N =N; (2.3.110)

9.8, 4 HEER7IV]OHE

C(2.3.24), (2.3.34) (2.3.46)ROBHERI PN F(Fo)  fon fr i RALE
BUBo JTEXLEND,
F:ROWT, (2.8.20. K&

fz.iE}J-OIQTJ’iJz dv

=27 pof r¥iJs drdz

K2.6(b)D e ~es PATRERSBERIIOTDH 225,

for=tmuoSs| rvil. drdz=2muciif St (2.8.111)
BlziF, Efe, R2WTH2LEMWOLS LEHHGXABESL, 2. 3220 5%¢, e/ ATR
EEEEEZHWV T,

P;=§&, , r=r,§itrz§a2trsfs ' (2.8.112)

ERENB IO,

Fmsf ryJ.drdz

=f r&J.drdz (2.8.118)

crT, BEXe ARKTFY (Bfe. E (ruz))  EFE (VunVueau:) ) B3
H5EF B &, EIWztﬁlﬂ'fai\

J = Qzu:Uu.zﬁ (T_ru) o (Z_zu)

& o T

fz(.ni=qzu:rv§i (Tw zv) Uu. 2
=q;ruvu.z{(r;zm—ruz|)+r.,(zx—2u)+zy(rn—r;)} (2.3.114)

fa) B i
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Fo =il sm

€ =1
fFi=aZiririza—raz)+rulzi—zo 20 (re- )

Fe =27 uggféf”;

fé.”;=q§2ruvu.e{(rjzu-'ruz|J+ru(z.—2n)+zu(rn-—r|)}

Fr z=2nuo§fﬁf%

fﬁ%:qz;ruvm;ﬁrIza—rnzlrkrdz,—zupyzdrn_r]”

(2.3.115)

(2.3.118)

(2.8.117)



_06_

Bz AT

dAp.g_OAbz_

oz  dz

d(rAy)
Pp=—gp — =Ap g =Ap = 0

2.1

Beam

) - 0Ay
—%—:Anr-— b.a= 37— =0

100-¥6 ¥096AL ONd
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7 38 (rs, z3)

o
2(rz, z2)
(a) MEREE
o——> 1
< d >
- d2 > di ——
e
11_([‘1) (;‘) 2(r2)

(b) RIEE

®2.3 RBFEE
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(b) EREK

2.4 EEREY
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I(3)

YA
v

(a) HifisHs|gheSEe
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I(3)

ez
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Z
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3 RFEFZWRDIESLBHA

RFEFBIESERRE. . B. BRFEHOB®T=— FE. | H, DHREEETET &N
TED5: TORBERFERAOSMHEROEES XCERCTHS R, EMEREFERX 2R
WTZOREDSIVERZRODNIRFEHOEIZTHANREL LS (BlToRBirc-ow
TREFLIEEZH) ,

BRE-FE(r)  Ho(7) BROBEEHNEOBRERE L2 ORTH 5,

V2E+R2E=0 , V+ E=0 (O R)
nxXE=(0 (' &) (3.0.1)
n - E=0 (T2 k)

VEH+ER2H=0 , V-H=( (Q W)

n - H=0 (T &) (3.0.2)
nXH={ (I'z B) .

A ol U Qa“a‘J:U*F=1"|UI‘2Gi3.1#:%1;7‘:{15%%‘&6%0)?%%@?3‘5%0 COBEFHE
RMEFEST, FEROEZIBHAE. . H. BRRXNTCEZLH 3,

Ec(r,t)=%:en(t)En(r) (3.0.3)
Hc(r,t)=;hn_(tJHn(r) (3.0.4)

L2ALEBRE, wa=ck, 7 54 2 DY OBEREBRo BRI EVESE—FO A
TE.\ H: 25X h3I+5T5307T, B0.NBITGONROKD Y I,

Ec(r,t)=e,(t) E.(7r) (3.0.5)
He(r,t)=h.(t)H.(r) (3.0.86)

TE.s Ho 2523, B8e.(t) « halt) i, ROBAFRR2HT,

de,_

Rnha—go——=[ E.o J dV—[ (HXE.) - n a8 (3.0.7)
dha_ -

knent o2 =~[ (EXH.-n ds (3.0.8)

ARTR, GODHFLVG.UORDOEBEHCEBREET /™ 2REL T RFEFE O Z(H
EHEZE, ZROYIav—v v 0BKE. SHAEROZS (L. C%H) BQES
OERMUE»S5 X 3,

3. 1 EmEX

(3.0.7):163:U‘(3.U.S)Eméﬂwtﬁﬁjﬁwﬁﬁﬁﬁkom'C\
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[ (HXEn -n dS =[ (HXE.)-n dS S (3.1L.D
r ra

[ (ExH) -m dS =[ (ExH) - dS (3.1.2)

HEI1ETHO BRARLED GB.1.DREeBWVTT: ZRIEFE» > TARET LR LTS
Co ECE=0 £T&EBODT, B3.0.NROELE_HIBERTE B, THDLE

d
d

eﬂ_ .
Raho—go g =[ Ent T AV (3.1.8)

BEEFe ™ (o REBEFERR) 2RHET DL

Roho—jwgoen=| Ea+J dV (8.1.4)

—H, 3. 1.2)0 R WCHHEFe™ 2RES 5 &, EBOBHRAVE—F VA
En & :

_ . [wou
Zm—'(l'*‘]) 20 (3.1.5)

(7L LBLUCRSEBEOERMEI IVHER) TRENSDT, 't Ee®RAMER
LT B,

nXE=(1+7) -‘%’“—Htm (3.1.8)

Z e, Huan BERHOEZEEE S TD 5D, Fall lossbiyf&b\&%ﬁﬁwiﬁﬁﬁﬁé}bi
INEWVWD T,

Htani:H':han' (3.1.7)

rE} S, (3.1.0)B LG LDAEES & (3.1.2)KE

[ (ExH. -n dS=[_(nxE)-H.dS
r ri

NN L) 2
=(1+7 )y 55 he  He? dS (3.1.8)

LhsoT, 3.0.)RBKOLI LD,

; (1 ) A 2 '
knentiouohs=—(1+7 )yl 5o hof Hd? dS (8.1.9)

:af\%ﬁﬁmﬁéﬁﬁwﬁﬁmécmwmﬁﬁ?éﬁﬁ(ﬁ&®§é)

_98._
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[ 2
“Nawno (3.1.10)
%‘975\'9 Ta
5
7= H? dS (3.1.11)
EBRE, (3B.1.OFXE
3 —— 3 ﬂ_ 2
kneat ] ©ltohn ==(1+] )4/ 225 hof H.? dS
=—u+j)wuh-§ff12d8
n2 r n
=—(l+jlourh,
S—(1+j)wion ha (3.1.12)
PEY B, B.1L.OBICG.LIDREBW T,
v=Veivt=k @, (3.1.13)
i=Jeit=—k_h, (3.1.14)
=22 (147)
& (3.1.15)
_ %o
C=-2 (3.1.18)
s Mo
R =, w7 (3.1.17)
i;nd=I;n485“‘=—ann-J av | (3.1.18)
B
I+jwCV=7I 4 (3.1.19)
V—(R'+jwlL’)I=0 (3.1.20)

EBD, ThEORNEHS.2()RARLAABOHEKARRNEL - TV B, F3.2(a)DH
B, FMERT B EE2DOLSREE, 2T,

M 7 \?
L= k:(1+77){1+(-—~1+??)} (3.1.21)
Il _u 1+ 7 \2
E_kij{H_( 7 )} .12

THd, $UBE. HREELOESEAEV T4 PS> EROSHEEIZNS. 2(b) D1 IER
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Bicisb, cORRABKOETFAFRB wo .

B @ "
wo Jic 'ﬁ-*-m{“-(ﬂ%;)z} (3.1.23)

EEV. ¥all loss2ZRLEVEERERTNELIL S, 2, Qo (unloaded Q) &

Qp=—L =@ 1*7 (3.1.24)

" wolG T wo 7

LB, QoW TEBBLZOHEERD2UBZ L

w 1+7
Qo=—"—"
wo 7

. 147

7

) -g—fﬁan dS+| Ha? dV

—‘;—IHH,,?— ds
. [ He2av

. _ (3.1.25)
jAHna dv

(ARSOESOERBEORRBOKRE) 15, 2%, QuREFLBETOH.? O
5. REBTOH2 OBBLOERRBEFLY,

3.2 RFBRLAGEELOES

RFERCRESER. BREL E@E{%ﬁ%fﬁﬁﬁ‘éhfvé%%%%ié (13.3) &
cOBE. RFERAOEEE— FEy B3 BROBEaRBWT

n-E.,=0 (Ts B _ (3.2.1)
nXH.,=0 (I's k) (3.2.2)

RAEREREREXTEKD 5, B E— FREBLOBERABEVEGLZ DRI,

BO0.DNHITGB.0ORNOBREDLS T, (3.0.8)X» 5 &, BBELOEENEVES

(3.1f) ¢EER LT, B.LIDRLELALARBLN S, THbE
Roe.+iwidohn=—(1+jilwion ha - (3.2.3)

—Hs BODKOEABFB _HEPWVWT

— 100
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[ (HXE. -n dS=[ (HXE.) -n dS
r rs

=[ (nXHian) - Ea dS (3.2.4)

CT e LOBHBOBEH T MBS 2EBOERE—FE(w . Hin TRET 3,
Etan.:enEn:ngEtmejwm: (3.2.5)

Heon=3_InZonHine " =31 nk XE 1ne o (3.2.6)

ZCiE, VaBb kUl .BEBOBEREE—VFPOSHEBEETB IVER, Zon BEZE—-FO
REA VY E—FT VYR THDB, 2, RREBBROBHBOETFOOBL RS F LT, A

ERATCRE=~-nT53 (HHZERTRIE=n ), S5, RFEROBE®EE— FE, %
HEOE—VYE:( TEBHT 5,

En=§lnmEtm (3.2.7)

lon BEn b Ein OBAOEAVERT. B3.2.6)BETG.NNEG.2.0RERAF
5 &\ '

[{HXE) - n dS = (AXIakXEw) -3l amEen dS eiont
=;£ﬂmlmeimxt (3'2'8)

Ch2@ODALRKALTRAEES,

Ruha—J ©E0en=[ En+J dV—~31enlnei*™ (3.2.9)

Xy B.2.8)BLUR.2.IX&EY

€nl im=Vne it (8.2.10)

BB B, :
BEBBLE—20E#E—Fm (0.50) OZBERLTVS & LT, (3.2.3),
(&&M\@iJwﬁmme\@JJ@~@JJM®&5K$(&

I+jwCVH+ ! pnIn=1T:na (3.2.11)

V~(R'+jwl")I=0 (3.2.12)
1

V= Vn (3.2.13)

lﬂm

LB, Li#ioT, SMEABKBVT, EEGHLEOBARKS. 4(2)0& 5 BEAE
ERCREND, $5i, 8. 18 & AR 4(a) 5 SEEHTS - 3. 460 & 5 & &
5.

—101-
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3.3 RFEROSHERH

SIS BEUS OB LY, BRFERAOSMERRIRI.0L5XERE. ANEHOD
8G REFEEOHBTFIZVvALERBBORETFIIy 20, HAZEHRC LG &,
AWMEEREROBRBETFIZ Y 20MTH S, 2y G BEOi, t3H3. 408 E
EFROBEETER Ll VEEELTS 5,

SHEEBEOEEL, Cy Gy 81, RFEROQ: (loaded Q) + Qo woy RAQ O
EZRAEEPHCWCROR PS> KDB I EHBTE B,

wg=4/Li.C_ (3.3.1)
Qo= wéc (3.3.2)
Q,:ﬁc—; | (3.8.3)
g—: w;C (3.3.4)

Fi, RFEBEOEHPi &\ 8C EZFLVAFRODBVWELERAFTHRINI FY
BEARE-TEEENS. X277\

puml L (L) 6.8.5

LMo TZ AN S Pin @iﬁﬂﬁ@%}ﬁ“f%‘{[ﬁ@ﬁ%@ i, 2 RDDBEHBTE D,

RFZEROEZBHAE. . B.OHEAERLDVWTELDBLUTOLSRRE S,

H9 (3.0.1)y B O0.DXOBEFAHEBEZRVTEEET—FE., B.2FOKDTH
Qo BEBAF s 7RBVTE, E—ap JH5 i 2K T 25 THI.5D
SHEBEOETV (Skaen) BEUEBRI (E—kah,) Z2RDTCEREBTSen.
hn %ﬁ-‘{béo 31’93'&\ Eﬁ“:&—F‘Erg\ Bn%en\ hnﬁ:ttL'CEc\ Bc %?&éo
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-.—-—-—-—.1-.'—-—-—.—-_-—-—-—-—.—--—-—--—-—-_..—‘unn:n:.:nr:m:;wsns—..—...—.p—-..

3. 3 RFEEROBEAE—NOHERES
(SR & DB 5 B B

V.
I-l V.

I.| 1 e
4"6‘6—-\ ana _FU‘O"\
T 1

1 \
v
L' ! R' _/\/\/G_
T—"VNV— = ]
c T
H
L s
.e—
J- . Tiae
Tiaa -
_/

(a) (b)
X 3. 4 IERE L OEREOH D REZEE O ME B
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4 BFOEEHFEIN

WY (LEr, BE?) oENARNREFGHENR

C\rY) 9 (p(r,t)+vXB (T, 1))
m

?%50 (‘:—:l:\

m:RTORLER

g - RFOEH
*E=;Eb+ﬂEc-‘.B=?Bb4nBc4aB, T ERA
1
=
e e e e
c o Y _

'C-z!é %o (4.1):5&@25521

dirv) _dv dv
a1 —dt T4

RoWwT, KFOBHz 2 NVF—(2KEBL &
my c?=mc2+K
THhHI LMD

dy _ 1 dimc?+K)
dt mc? dt
1 dK
“mc2dt
a

=mczE- v

THB, LitHoT BHFABRUDABROIIRR S,

cir_U

dt

dv a E-v
dt mr E+vXEB pE v

ki, (ULEOORDEBERBEOPVTEL B, £F\ (4.6, ANk>0T

—106—

(4.1),

(4.1)
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(4.8),
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(47 )= (GF ) e GT) e

=-g—’t‘-cosa+%sin9

_d (zcc;s@) cos O+ d (7(’15;?‘!3) sin@

=(g—;cose—rﬁ—?sine)cose+(%sin9+r-g~—?-cose)sin6

=_’t; (4.7),
(3—:)9=-— g—:)xsine-i-(%)ycose

=—(%cos€—-r%sine)sin9+(%sin9+r§—f—cose)cose

=r% 4.7z

&9,
%:v, . | (4.8),
%: e (4.8)2
_g_':*_=vz (4.8)s
EW5B, ey (4.B)RiTDOVT

(g—?)r=(g—?)xcose+(-§—?—)ysin9

= C;Utx cos 0 + CZT';” sing

_d(v.cos6 —vesing) 058+ d(v,sin@+vscos0) sing

dt dt
=( C;vt’ cosa—vr%sina— i’? sin@—v, ‘dif cose)cose
+( il;'sin“?)'%m_sw’ Cai:il:fe cos@—uvs gfsina)sine
_dv, v, ag
dt dt |
=%L_l’?‘f v (4.8)23) (4.9),
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(%)e=—(%]x5‘in6+(—g—?—)ycose
=—( Géivt' cos@——vr%sina— c;vta sin@—v. g? cosB)sinB
+( c;vt,. sin9+v,—g—*§—cosf)+ i? cos@—1vs gf sina)cosa
s,
=°;”t*’ ”'r”s o (4.8):R)
( dv ) — dv.
dti/. dti
&9
dv, Ve?

=9 (E.40eBi—vV.Bo—(E+B,+Esfe+E B2 B} +—
di mr r

dYs _ 9 (g 4 y.B~0,Bs—(E+Br+EsBotEsBs) B} —22
dt mr r
d'Uz =""Q—{Ez+vrB&"'U&Br_{Erﬁr'l"Esﬁ9+Ezﬁ2)182}

dt my

(4.8)2

(4.9)3

(4.10),
(4.10)2

(4.10)s

B, MAHEEELTCVE LD, 02RDBIVDEZBRVOT, BIANZERHEKX

=
dr —
dt 7
dz -2
dt :
dv,_ 4 _ _ : Ve
dt —m')’ {Er+U8Bz 'UzBa (Erﬁr+EeﬁS+E2B2)ﬁr}+ r
d ' r
Vo 9 (g, 4v.BrmU,Ba=(ErBrtEsBe+EB2) Bo) -t
dt my r
dv. q
=_""_{Ez+vrBe_'UeBr_(Erﬁr+Eﬂﬁﬂ+E2ﬁz)ﬁz}
dt mr
THbdo

- 108 -

(4.11),
(4.11)2
(4.11)s
(4.11).

(4.11)s



PNC TY9604 94-001

5 KHRFEE

EoHETCR, E—20DEBSBRRAE BoDPAATBIUERIMVAVERT VY v vy

CAorn Avs s Av s ORBAFEN (2.1.OORA) OXEHMEMEN -V HBRERE
FHVTEHSELT, ZMA Yy Y 0HERBT B é0 Aor ~ Avo ~ As: OED T
FUZAEHMSARREE L, TRDB,

La+Ma+Na=f ‘ (5.1)
Ty
1=a | (5.2)
EBL &,
{cf 7 (5.8),
N=N'f—=N'La—-N'Mpy . (5.3):

EBD, BRcUET 2 —RBoZEREFLFERACHRFENSE, TZTCV L .M\ NE
BRECEFELBZVWTH T Y, FRIEFEFORI PV TH L, FRELXAOKNTOME
Tu\ EE'U]‘: %{ﬁof
J=q;vu3(7’—7’9)3(2—2’u) (5.4)
o=q2;8(r—ru)6(z—zd (5.5)

PHET R LILIORDEND (2.3.4Hi8H) ,
(5. RFOEDHAHAEAU.IDK, BLUNEFOSZMORBFER (EF3EER)
BV -7 v FET IV,

TV BEREHAIBLOSFELUTON Y- T v FEOTAMTY AR, UTO
L5 HALNB,

MTEIEHIFTER ——L=f; (y) (5.8)

S Eo B y: (to) =¥ 10 (5.7)
y:' ETEMRKDONTLLLT, ¥ 2

yitt=y Ay, (5.8)

Elfcl &, HaAy:' &

Ayi'=—(Riot2k1F2Rizst k:3) (5.8)

1
6
THEILBND, T2, Rios Rev s Rizy Ris i3
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Rio =hf:(¥*) ‘ (5.10),

koo =hfi(yird 5.10);

kRiz =hf: (}""l'_kz‘l_) _ (5.10)=

kis=hf:(y‘+ka) (5.10) .
CcHEEN S,
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& C

BT AR TSN ERT

REAFET =+ ¥ -PIRFAR 2798 (1991)

FRRERFT T 74 > FR7IXYERERBRICK T 2 BRI B LA

1. F
AEPHBE L7 F X=DEB =2 A ¥~ L LTHEL
BrLEETS (|1)., ELt0=FAF¥-—SHEE
1Dk 5Iicd. - OFORBITPETREIPIV(5
YLT) oThEFIEET3RHEOMEIRECE
T, HORBHTFOLSIHERKEVIHERS
YH L EDEEERTBENCAELI ETHD.
FIT, BEOHEREREYHENL LD, SRNFF
Twrs4 v X~EEREE (PDC)BHELH
ErRARREE RN OFELT -
2. BoEENREEEG

#ik 7 5 XS s (=D, p, T, *He, He)hrbic
D, TRtoRE 6, TOLUKARERLMIC Y 2ME
DT ARN=FZAF - Eap bRESEI - T—#
WAL EiD. Wi, ] BRSO OBEMS (d) % shifted
Maxwellian 4% & {EET L,

%= ,-(E)=%";- exp (— £ 6_E ) (1

)
tEXhA. chaxFv-T N BoBRER (B V.,
-m=12,  N)%F> PDC 0EREN P KO LHILE
ERE. L, FIAA A VRIERBCHLTEE
EEL, HhoBEEEREC L AEEEORMNIVEE
E L.
5 N Ym+1
P=3 % Va [ HEN dE*, E*=EAZe)

Vu

Vi=Emin®, Vs = 2)
hih, PEEACTS Vik=12, -- N1
aFPlaV,=0, k=1,2, -,N (3)

NHIEAFBERALDRES.

D—3HeFRC LBAt&PRITC L, SMLima S
SA W 2BHEORLHRE @) eFosrr—Ts
Al FTihdbb,

D+p+T: I, =661 A, ef=265 keV, Ey =90 keV

SHe-+4He: I;,=731 A, 2e0=175keV, E;=180 keV
“hHIb, oa B oy BIU ¥ é=Fule=90kV &
LT, :

a=i—‘; exp (%) (3
. $

= 2e0 exp(F"-) “)

r=0/8 (5)

n=V/8 (6)

TERTE, Vilk=12,- N} &AL RIS,

Kiyoshi Yosuikawa: Estimation of Optimal Potential of Multi-
Stage Collectors in a Venetian-Blind-Type Plasma Direct
Energy Converter

D-? He FRC £EBRAIF T, #50% OEME =+ -

5 M ®

- Table 1 Fraction of Energy Carrier
(Total fusion power 1.4 GW)

proton (14.67 MeV) 260 MW
other products {a, 3He, T, p} 30 MW
thermalized plasma 725 MW
neutron 65 MW
radiation 320 MW
T LR Ilt ] LI SIS ll T
P (x10%)

bt 3 4]

W

dI/dE (ArkeV)

1 13l

vy v aaanlb

1 rotaregl [}

0! 2 5 10" 2

E/z(keV)

R1 D-<He FRC &XBILIFHHOWE®T 7 X
= D= FFE —%

Caexp (—z) (142, —x)
B exp (=) (1+72—720)
—a exp {—Zp41)— P exp (—2z41) =0,
(h=23,--, N—1) (8)
@ exp (—xp) (1 +xy-y~—2zp)
+8 exp (—rxy) (1 +ray- —rzEp) =0,
(Vg1 =02) (9)
SHNRAFTUTSA v IRF S A-EHERTEC, (8)
@) TEXBFRALTBoRCERLLTIZRT.
Vi= 90.0kV, V,=1529kV, V,=243.2 kV,
V,=386.7kV, V;=643.5kV
oL, EEBo PDC @A TBER 77 XA7E—4A
DASBLERONREYEETHLENH DY

2 E X R

1) RETHHER (AEXLE SREHAR) PHE8E
£ (1989) .

| 2) WAk b5 RAFEFHRR, 79, 36 (1991).
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T&D

RBASETF =54+ -FIRARE HI9E (199])

D-3He FRC BBAFHARRXF T 774 » RS IXVEERRBRORET (1)

T 4

D-3He FRC #EEF T, WEIRE 7 7 X =1L, &
BAERIGERSD 14.7MeV BB F 2, BILBER7 X~
mbirh, BEX 2EEORLIREYF O/ -TR
BrhB o3 BREBRTFXvo=RAF—E
WA Fo%B~a+7 v754 v FE PDC oFitiRE
YTt OTHRETS.

2. P{EFE
Z PDC 12, REERFLTEALD-T g v7Fais—
RZEAH PDC LB+ 5 &, UTOR#EYE".
(1) AEELEC X 5B 0kV)H, 45 vORE
(265 keV BT 175keV) i~ ThE e, B
Ry EF aicnicit, SEETHISLENSS.

(2) MeV 7 5 A 0RISERMCoOVWTHE, PDC A
PEBEEEE, ERBLOHEAEERYAVT=
FAFXF-EIRYT 5, BRBROBEBLSFF7
VIS4 v EETHRHENSD, BLBET TR
PEUET BB TSEEIALELELD (B
1).

v, BRESRECHTAHE - PDC EOEL
TPAT, BEERELL.

HEKL, PDC SEFHOKT=2— V2 A &
FEMEHEY, BEEHET 2 77 2 HAEhETR
Hicsi+ BB 25, DRTERETHT LR
- PDC BT L7,

HERr BT N B PDC 05 BHORE L,

I~N-1B kBl ESHIhANTONTE

FHERE Ty=0
NEY : 3 MeV LU FolFioid 245 AF
Tp~= 0

D&M L bRy, TEREBL, EY SkViem &L

TEEMEA L hRDT, PDC oFE+FHELA. &

B v it o &ER N TOE Y TES.
BR7SSAX-0AHE a,=8.0°

ERERE Bz D=0.25¢cm
iS5 H=24.75cm
HE Bgi=0.0°
EFEIEREN Ve=—10kV
ZKEFOHERERN V,=Vi—20kV
3. HEER

2IEREREEY 3~ T ROTWETHE - &%

Yasushi Yamamoro, Kiyoshi Yosuikawa: Design of a Multi-
Stage Venetian-Blind-type Plasma Direct Energy Converter for
D-*He FRC Fusion Reactor (])

112

mF %, s &8

5B~_x57 754 v FE PDC DBE-S
54—z (BEHERE)

=1

Vo (kV) L; (cm) d; (cm)

—e

19.7
16.3
21.7
32.1
54.4

88.2 65.8
149.9 66.7
238.5 66.7
379.2 68.2
631.0 1371.8

N B L B e

YooY, VaVu VoW Var
895, C:5 C:28: C, .

S = =
i x Q =
o ey
f ple=as

" H]::: .

L-f-e.—l-n..-lf-u.—i-u.,-l a1 —

D-'He FRC BilAFRARFF7 v 774V
F& PDC OEIE

0 T T T 7= 25

==
o= *
===

B 1

]
@

[
@

24

o
=

PFOC Lenglth

Efficiency (%)
o
Ay
T

PDC Length (m)

o
o

. . : :
3 4« 5 B 71
Number of Staoges

B2 EREERRCHTHRHE-PDCE

HELEESYRT. RLbH, OREEREOMMC L
DR - £ ROYEH, SHRU LTIV Edbh
5. ENEEEKOMML, PDC #Eofil, BR
BHONXHTRRHOEME Y kES Ers, B
PDC #5BRT5. 5 A PDC D25 4 — 2% FE 1 Rk,
BEN%HIEIL, 65.9%TH 5. '

PDC OAHMERTAOOENEEOCHEHANTT
gBxh, | MWm? &35 E2EF0SmABELED.
MIEE L - HASMARICOVTIL, AHFR =P —
Uy vEDERELEEDTELERENTHLENDD.

2 & X W

1) FETHWED [AEE L ARERR) PRRE
. & (1989).

2) BE : RS IEHREEMELRI (1986).

3) F: AARFER, 79, 22 (1991). ‘



