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B2 R T L DOBBICTOWTHIAT %2, £/, 82228 TIX, SHIKETF - A
F 2 — VERBEHEER 2R S 2 201 WA F > 27 — LVELROFHIITFETH
2Ry 75— KHE DR Y 3l 2T 22OV TEHHT 2, % 223 HiTld. 2405 3
VIEBRABELEI O R v 77 — KT B 251> 27 40, EIZZEM O FEAN 72
Fiffi L (EEAFRTRICOWTHBA L., 5 2.4 HiNOE 3 ZoHBIC R E LRI E2 G
T3, Bl TH 2.24 HiTlX., 25D R T 4 TEIT 2B O & L& & HEE
T 27DV B O O W THAT 2, & 2.2.5 fiTld,. AFETHWX
BIAY A NEE (LHD) ORI OWTHIBICHA L. RFETHWMEEETH 5
MR 7Y — 2 ASME (NBI) ROBETHA 70 b e Y HBMNE (ECH) IOV THHT
%, BIRIC, 5 2.2.6 HiT. AL THWT 7 X~ DS 72 F 85 X — X DEH
FEZHAT 5,
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221 = VUREFERELETA

KFZE T, BT RT —VELREE ORIEIC 2 VIRBAEGELRT 2 vz, @RI H 0L
DODDGH CIADKEBIZEA SN TELEHDD 251 AT L TH B [24,25,44,45],
Bl s 72 XA<HiZ ~ 100GHz @ 2 VI — 2% AS L. Z DRI 2 BELEE S % H
ET 5 TEFEERICIAT 2EE52NET 2, BRIEOEIHERTED O, BT
DEEBOWIANY ML kL ZET 2EELE OB PV ke R T O — T — LD
BARY MV ki W LT, k) = ke — kin DIRITT 20 2B TS V&ML ITR. ZOE
HUZ X o TREE DB OIEEN 2B IR T 2 Z e T &E %, 3 V&R THGELRT OB
MBIX, -7t —ArZETHHELHOPEN R AT 2HICH D, Z D7D BHlN;
BORSFADRSHETH %, BHIMBEICB TS, Tu0—7 — DM~ bLEZE
T AHELRDIENR 7 PV DR TAZEESA 0. LEET D . BHEBOKREZ k) 1
75 0D S by = 2k, sin(6s./2) TH 3, ZET BHELH DY — Py 133 2.6 1271
TR WCETEERIIREL (7, ;| © 2 FICHHIT 2720, ZOHOFHED S I VR
BLEHIC & o THRE D D ELTRIRE 2 R E DR A EICBWTHIE ST 2 Z E 23A[RET H
% [45],

fgczzinﬁﬁ%ﬁFAmQL?Rn (2.6)
ZZ T, re = e2/(4megmec?)s Ains L MU Py iz e, HHEBEB LR, In—T7v—
LOWE, BELENM T — T — 20T —% £ T, BTHRERIEHGND 2 HE v,
ERoTEMT 2L 2, 2nfq = ky -0, PUZETIEELROERENCS 7 b BRET
%, 77 A~ OBIRIEE TR OEMEE IZEE KT VD, BHEao S un—7
E— 220 U TRAET 2EELIRIIIAD D ZFf o T2 I AR b v e 72 %,

REFZE TRV, LHD ICEA XA TW3S 3V IERAFRELETO 71 — 7 X 90 GHz
TH3, 2, LHD TEREINSE I XD a7HEBTOET 77 X~ EEH, &
FH A4 7nm bn EEBORARRE R L 2D 2 RGO R R, SEBIRARE RSN A
ED - AED Sy bk 7 EREERTTRESATYS [45], BHEIMEICET 20— A
2MEIE ~ 4em, BELA O ~ 160° TH D, BHADEREEX AR ~ 0.1lm TH 5, #f
fMziE. b= ZANANAT IFER ST AT EREIZE D 52725, R = 3.6m OENIIZHE W
THREAHEINAET AR = 0.135m, JAIER (reg/age ~ 1.0) TAR =0.106m TH %, &
FRAT —VELRIEE D85 X — ZRIEWICOW TR T 2 BITE. T ORFEEST A DIE
AR THEERI XA =R ZEHLTHO T oTze ZORMTHBHIE N 2O XK
A ZNVFTADOEEE FZF DD LT kpor/kr = 02 TH 2, BITEROENEE
83 %729, LHDGauss 2 — FIC X 2 MH0EHNC K D B EL B0 E K& CEGEL
AEETE L, BHEEE kL ~35cm™! TH D, HIZIZETIRE 2keV OIS HE



2.2 EIFE 15

15.0GHz

Active Multiplier
vy —
X6
PLASMA steerable l L= =\
T m— |  15.15GHz
Mixer2 % 4 .“ Mixer1
x3
Signal v Reference
| IQ detection |

Isignall l Q signal

| LABCOM real-time Data Acquisition System |

2.4 LHD TEAXNTWAS I VIRBFEGELE OB,

2T ICBWVT k) pihe 02 THZ720, ZORBIIEFRAT —VICHYE T2, ZZT.
Pthe = Vth,e/Sce = W\ Uth,e = \/m&(ﬁ Qee=eB/me THH, ZH
ZTHEETY v 14 o BFREENVETFYA 70 ba VEBRERT . me. e XU
BldzhrzhEBETHR., BREENOWESZET,

IV IERTEELET ORI 2K 2.4 1R, 5 2.4.1 BiICTH AT HH. IV RERSTEK
BEtclR e — T — 2 Z2MRMCIEDZ e TER/ A XZHETE 3, BKXFD
SPST (M2 4 v F) 12k > T, Fr—7E—20D ON/OFF %2#lffl§2 2 TCZ
NEEBHLTWS, Fo—7EEEO 90 GHz &, 15.00 GHz D3RS % B BOE S 812
XoTOICLTAERLTWVWS, i IQ Bt SEEUESZ. 25 MHz TH > 7V
Y7L TWa,
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222 Fyv7S5—RE5E

Ky 75— REtEHE. BGH CADEIR Y 7 X~ h OB THERE n, ; KOEES B,
Z SR ENCFRHCHE 5 Z & ST X 2 ELIREHHIIT H 5, WAFRICEE R T RN O
fRRED = <. FRICI 70 R T — VELRADRENE W L5, BLIRERE OFHEZ B &
LTINETICZ L OBGE UADIEBICEA XN TE 7 (2940, £/, ELFHRE 25T
fifi s 2 e[ 73 fRRECREE S F, ORMZ(LZFHME S 2 Z e 23T &, #HdiANCER S iz
FE G AV AT =0V —FAFK ORISR (GAM) & I 270X 7 —LELE D
HMOMEERZFHMET 2 By — L LTHWSRTE 2, KRBV TH, A F VR
o — VELTRGR N MEE E O E D 7z DIV 2,

Ry 77— R OFEHIILIRO@ED TH %, 5 2.2.1 BiCHA L IV BRAFELE
CEBRICE Y 75 —REHD. 77 ZRELZ IS L TE W RRET I 7 v X7 — UL
MEBEILTCWS, I VIEENHEEE e DENE 0 — TRIETH 5, I VKK ITEGEL
FheBVTik, 779 X~HNDH v b A 7BICBIT 2 KETEDORER BT 2720, hy b4
7 JEEE 2 R 7 LU m O R B 53R 5, — /T Ky 75 — RGTETCIEEmL
WKhHy VATBIZBIZREEFAT 2720, Iy b 7 BEBUSE O B E RS
%, LizoT, I VIEBRGEELEHTHAN TR B vz, LhkE
RAF YR =V OFEENE EIRPNCER T 2 Z e T E 5, BEKIAICEBEIC S r—TE —
LEANRT DX Fy 79— KEFICRWEEDOREEI TR, o9 X~Da7iciiox

BFEEPEINT 310N T O — T —2DEEMER L, vy A 7BIZBWT 012
2570, 2D 0 ROKETENPLENCH 5 2 & TRBUMEREDMEL &b, Tr—7
R ER N EEFH SN T — T — 4D 0 RO KEHENZEZINZDITMA T,
IR ZE R R —VOREEN Ry o= h e LTEHEN S, Ry 77 —R&ET
BZhz#lFs7-0, 70 —7 =L ZWKHECH L TRODICATN TS 2L T0RDOK
BHEDRZE7 VT FIROERNEIIC L, —1 ROBRFBELIHE DO A% EIRPNICZET 5 2
YT I 7RELRICH LTI 7a 27 — L OERE EIRICBR T2 2 e 3 t& %, 22
T, RDOAFICEZHET, Tu—T—2@ 77 AP TRENEZT S, 2D, &
LEELRENEL 23 v M A Z7EMEICBNT I n— 7 — A K —1 ROBITEEL
DI T D VITHESE & AT AR . Lo T, B kL 13y A 7B
BWTT 7 7%M kL = 2k, TROLNZ, I VIFEEGRELET & Rk, 1Q MHE1T
FIZLWREoT Ry FI7—=T 1 fqZIET2ZEMNTE, vy =2nfq/k, DREFRAD
LIFHOERBMBERICBI 2MEELHET 2 Z e TE 5,

LHD 128V T 26-40CGHz (Ka #7) O~ A Z oz vz, O £— K AGTFIIC

BT A foo (R 2.7) By bATEHBEKTH 270, Ka #1ZF n. =
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1x10" —2x 109 m 3 ITHY L. AETHRETBE[HEDO T I X<IT@#LTW3,

1 [e2n.
e = — 2.7
fp 21 €0Me ( )

TIT. e BEZDFEREZRT, #2243 HTHRAT 2 L 512, HEOEREFB T
ZEUCIFELRZ 70 —T7 =223 5 2 8 THBD s v b+ 7 (LB T ORRFHIE 2 A 6E
BB AL Ry 77— EHWTWS, . EREOT VT F 273254 X

T4y ZEHEZFEHALTHS,
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223 (ESWEBFE

REICIE. 5 24 HOFHIY 2T ABFICOWTHHET 2 L CREREATHALATH
R4 R IQ BMHEICOWTHH L, ZEESOUHEER ETOESOREN %2 ER
T2, F/oy Pl o7—o 7 v 2HET 2ESUHOFIEIIOWTS Z ZTHIAT 5,

ATORA U

IVEBTEELER Ny 75 —REFHCBW T, I X AT 2 Fu—7 1 — A
MU Z DBATEELR I ~ 10 — 100 GHz (RF JEEE) o~4 7 vt/ ViEES (RF &
) THhH, ZORZERFESZEET—ZNEL LS T2 H 7Y v FRIBEDIE
WICE L BB 1-OEYI TRV, 22T, RF EREY B2 2500 EEE (LO A
DIES (LOEE) Zu— VIR TER L, ZThEZFERFEBEEIFS Y ILTH
HH—SRT7 4 VRITET Z T RF FABEE L LO B D AT 5 IF JFEEAH O
[FEEEG2ZeXTES, ZOXIICLTHRBEREEE FF (Xvryary—rL
) BEEZMHT 2FEEATXA VB wS, — T, LO EEED RF JEEE L
FUHE. IhEREXAL VBV,

IQ &

ANTHREXAVHELTELNALZEIFESZ. ZheFU*x VU 7REKED LO
B85 (IF-LOEE) C&»>TEXBIZE Y YyaryA—1+$5 22T, BEIEEHOD
BB ETY > T Y TREBRE RT3 2B TES, LLLEDS, ZOF
ETCIEHMNMHOHETHROBERNLEDNS Z & T, FEBEOEMIT I DIEWRDE R Ik
bNUTLED, £Z T, IF-LO EF sipror(t) = A Lo coswipt IZHMA T, £ DAL
M7z 90° ESHEES sirroqt) = Airrosinwpt ZAERL T, Zhzhic ko T
28 IF B35 sip(t) = Awp(t)[coswipt + ®(t)] ZX VY a >y N— T 5, ZODRR,
s1(t) = (Ar,LoArr(t)/2) cos ©(t) KT sq(t) = —(Ar,LoAr(t)/2)sin®(t) BZhEh
EREINDd, st MU sq 22 ZN FEES (IE5) kU BEXES (QES) MR,
AL TESE QESE X28 DL ITHET 5 Z & THEDETH M OERI MR
SN 1Q 35 siq BT E 5,

ArLo ) s a(t) + isina(p] = ATLOAED wer (o

O XS HFEE IQ Mt XU, oMU ZITS I FHERIC IQ I FH IR,

S1Q = 81 — 15Q =
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ARBEL Ky T5—27 FOSE

Wit U BEUE B R Y — ) 20T & > TRBA Y ML So(f) 10E#T 3,
Ry 75— RO S U B ABEEHC BV TIE, BB T — 2R 7 b VR ET
EEEWRED T 7 ()2 CHBIT 5. K1Y= OBFER (K 29) TREAS &
5 ICHTEEET L A7 > > v MEBD AN 2 BEREA 5 . BT EEEIREIL A
F v MEBBREICHHIT 2 L BRI EHTES,

i 9

Ne Te

il

(2.9)

ZIT. o RV kg id, BTV v MEBIRERLY < U ERE RS, BSICRE R T
FIART VI 2y MEEIDFET 22 2, ZOREDITEHROEL N TE 27D EXB RV
7 FOEIRICHEAET B, LEdio T, BT v v UERBIBRE 20 LIS E TR ERREIRE
ELIEOREICRIG T 2 e E X b, Ry 77— KRR I VIEKRTEELETOZERES
DHREZEIRE L AR T DN TE 2, ELIRMEIXRZEESOREBEARY FLOES
WWEoTRDZZENTE D, X 2.5 ITBERNBRERERBMARY MV ERLE, HER
BEERRZ P LR, IQ BHHEITS 22tk -oTESNS 0 1CB L TIEAICIENRZIE
DARY FIVTH D, TDARY FIVORBFENITICIEY 7 B X7 —VOREDFEET 5
BED 0 RIS Bl 0 IR EDREBEEET O KGR E e ns Z 8T, &
KARE T 2R — VDN DRENR DB EEN 2[R D2, 22T, 2.10D K5
W7 4NR=Dhy b A T fouorr £ D EWVREIEEBULS TOEDZ1TS 2 & THELIR
BEIE Lo ZRD 72 X 2.5 HORRE TR LR OEED Z OEMECHY T2, v
b A 7 EBEII S FEBREFIC L > TREZHE S X TWE 2, FHEICTERNZBIEE

B3,

Itur - S“ d 210
) Vﬂ»mw (f)df (2.10)

BFEERHD, Bl L TV AR LD E (£7132 o#fih %) IEIMIR
MLTWRE ZETHIHEGEEXI Ny FF7—2 7 b2, K251 &5 IR
AR AP FEHNCS 7 VT 5, Ry 7 I7—=7 ME, EBRTHE S - BEo<
7 — AT PVERE S L THY AR (R 211)18&2 74 v 74 7% 1T-o TR
SN 3 HEEE fd PHW=, 72720, ~0Hz O TlE. midb L7z B D ELTRMAN D Ry
DEEFNDGEEDD 5, 0Hz 2SN 2R Ny 75— 7 FBFET 25512,
1F| < feutoft RS v b AT LI ARZ FK UCHIES w7 2B (R 2.11) 12X 2
T4 0T 42T %iToT fd ZRD, ThEHWEZ, LaAL. &7 2355 < LR DK
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SrEBoTLES L EZLND LS Ry — AT, MH DR ZHE L7 ZIEHH v 2
BB (R 2.12) &2 74 v T4 7 &ToT, KL oHNERTD Ry 77—
7 b fao OHEEMEE VT, X512, EEDS/N KDEL AOWSNRE Ry F5—3 7
FOBHES NS HEREEL Fy 75— 7 F OB R BV VL FIQEELE (R
2.13) LN B, JHRE Y —2_ 2 M LB EABE Y U TR O FEE TS I
SXMY)w ZRFEEHVE LB TES [30], COFEEE-72013. BFEBRICK-T
B3 % 720 Z DEER AT 5,

~ 2
gg(f) - Aexp <_%>7 |f‘ > fcutoff (211)
~ 2 . 9
Sz(f) = Ayexp (—M) + Ag exp (—@) (2.12)
04,1 04,2
- 2 IS0
fa= ZS—;(JE) (2.13)

Ry 79— 7 b fold, BIIL T BIEEIOME k. ROESOERER BT 515
WokEE 7, L ORBNC, k-0 = 27fq ERINZMEERO, Fv 7T —RKEEHET T
A THRWEITZ 2T, BRI M RAKL B2 E BT, BAMOFRBIZIEE
AT RR A ZVHAOEBEBIL TW2 e ART N TES, LED>T, Ky
75— R THE I NS A 4 ¥ R 7 — VELRO X n 4 LV E ORI, BiRT 2
FIETHEI VLB k. ZHWT. vy = 2nfa/kL X oTKDL, — T, 2
VST EEL BRI S N 2 B Ry —VELRIE. AT L KA RV DR AN K
FREEOTD, ki - TL = kpvy + kpoiUpol = 27fq TH B, KB4 ZAHFNIZEY 7 b
HEREThEREN2EZ 6N S —)7 T FHANIIBESIENICHR S TR ERE
TEMT2EEZONE I h e, KFETIE vyo > v, LEP LI, ZDHEBO T,
Vpol = 27 fa/kpor = 2 fa/ (k1 cos(bsc/2)) 1T & o T, BRABOFETHE S L7 BLHITEL
ki T OHIELA g 2 FNTHRT 4 VAR IGRE 23 E L, LT AIHEEE E,
55 2.2.6 BNCTHHAT 2MERESHIAINC L > THET S E x B 70 —%E vpyp 74
L5 %, Uphase = Upol — VExB & & 2 TRz,

224 FERPEWNEICE ZBANMERKREHTE [1-4]

T AR EIRY 2 EHINIE. T XA OEFHEE, BIREN CHSIKRET 5
PR N RS EZT 5, 20L&, U— L0 ECEREBPET 3 £ ©—208
HERY PADPHIRT P e i, B IS 5 28T BB, BIRIALE N ORELA 2
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fa 4 Si(H)

0:

f cutoff

2.5 HELFHTE N2 REES O RERE IR R b,

HZEH Y WRTELT 5, 2 TR TIE. b oY VEELEHRICHIE L 72 BT E 01
NOBFRESG, 2252 HWT VMEC a— F [46,47] TRHE X7 GRS ED
i FHWWT LHDGauss 22— F [3] 12X % 3 KITONHLEI 21TV, BIHIAIE., BIHIHE
N OHELAZH#E Lz, 72, LHDGauss 2— R 55 2.2.5 HiCHHAT2E T4 70
b e HIGME (ECH) ORI T v 7 7 4 LVOFHRIZS iz,

LHDGauss 22— Fl&, ZEF2EHI 2 —20ER S ZDOMMHEEZ{LE,. WKB
(Wentzel-Kramers-Brioullin) 3 flic-2 < 3 KILD eikonal HEREZMEL 22 TR %
FiETH S, WKBLUE, BERED T T X877 X — X OZEMP R ZL AR T & 7
WIE—#R7 77 A2 5k T 2 BRI L THWO N 2 EMFETH 5, P,
SR e B R O IE— R R BT & 5 2 0%, RS 7T A= e BV TSRS O
ZERZALE AN X < CPEHRE O JE—FMEIZIEE ICEWIREICE T S O E— F AU
XE—RIWNLTZRADDITHOREELIGZR WD, BEFHEEDOIE—FRMEDIRHICEE
THh b, “@ﬁt—A@ﬁﬁk&Uﬂﬁ@X7~wEL =-—n/Vn i LTEL, >1
ThHIU, —k7R T 7 X< D N TOEMBDEMZELANCH NS Z e TE L0, <A
7 BIZBVTIZDORD TIEZRW, WKBEBIZZD X5 RIF—FRMEZEL T 5 X<
WHLUTHWS Ze D TE, IE—RHREDIRELLTH S WV IELD TN, MHEZ BN
W b3 % 2 e TIRENTT R OELEZ KD 2 FETDH 5, JF—HRMIC K o> T2HEF
AL T 2RO T 2 Z e 2E R L Tt L 722 O HZEL (eikonal) %
koS(F) LEFET 5, TI T, ko BEZEFOWBTHZ, Zorx, EHOZEMKIERT
E(@) 0FRE E(F) = Ey(Re™S0 D X512k 2, 20~V LKLY HRERIHES
Zenn, X214 TRINS eikonal HERENLN S,

IVS(7)|? = N?(7) (2.14)

Z D eikonal AIERZMRL 2T, Fu—7V—20D 75 AP TORKE. IF—Fh S5
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A<D R THZHEFDTRDZZENTE S, EITE N OFHEICEWTIX, LHDGauss
a— FTRERZWT I X< lonit Rz HwTwad, £, eikonal HFERDOEHOD
BT, 77 X9 RT X —ZPZEEINCRE SBT3 Z e 206, MEDZEM 2 B
WA D 2 FIHNTHR/ NIV ZIRELTWS (V2ES(P)] < k(7)) i
12 & o T, WKBaflogFRK 2.15 235 50, ZHUFHEE L 24X kL, > 1 D, WKB
WU B ZRETH 5, .

PALES (2.15)
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225 FSAIEBRESE
KEITIE, AWRICB T 2 75 Xv KBV KA Y HLEE (LHD) 120V TH

I % & & b ICARIZE TRV 7= MBS E T 5 2 TR T ¥ — 2 ASHINE (NBI) & OE
F4 20 baHENR (BECH) ZoWTZDLA 7Y M RHHT 5, Tk, I VikEh
BELETR O F v 75 —REFD LA 79 MZoWT b T 5.

B3R LA A DiELE

B CIAD AR TIE, 77 XA~ LIAD 2 72D ICHAH % b — 7 2RI U 72BEGHEE
MEHAWS ZEDBERTH 2, LEL, TOEEOHM N —7 A TINTOMEFY 7 b
NMUOBHGHAE RY) 7 Mk o TBETFLA A UBERICOBEL CESZHEXHE, ExBF
D7 M2 X o TR¥EEAAIMNCETFH L, 77 XK T S, 22T, K4 XL
KNI EIR S 22 T XA 28X CE A MICES 2 REIERVE I I
T3, R XVHFROBARERAFRICIEZ, KEL DT TEIS TN (RT T
L—=3&) bbb, bA=2IFHDLY LA Faf MLk 2ERFEICL->T, brAX
VAN KERZHE X TR A XS ZAERT 25, NV VIS a4 v 2D
D% 3HRITHREEICT S 2T, Ruf XSG E g XUVEGOCH 5 b 2
AN E > TERTZHRNTH %, —fIc. P I~ 2iE 2 RITHRFREIRTH 2 7= D
LDV v I HoNBRTOEENDI L HTADHREN BN ROWKE, FaA
ZNVERETRUSNT 2 7=DIZBIRTIZHRLY L /) A Faf L OEB 52 Z (L X8 kil)
FHUIB SR WD, EFREIICTNAZETH S, KL T, NYDVIEEINC S 7 X~%
TEFMERT 2 2 DHBNES TH 20, WY v TADBELRET 57D LADHE
REIZS %

KEAUAILEE (LHD). MBEERVEREHADOL 17D b

AHFED SR 77 X< ABIIE, ZREREERZERT (NIFS) THEI L T\ 5 KRB 7
NVEEE (LHD) Z Wz [48]s FHT, T Rax = 3.6 m. agg = 0.6 m, KU F OS5
SR Bax = 2.75T OBYERAL 2 W TERZIT o7, LHD EHFREKFEOANY A%
BT, FOIEE <10keV, FOLEE <1x10m 32 OERT 7 A EERT 2 Z N T
X2, 20 DAY HNLAAL ML 5 TRAAL YO CADBEEIBTER X, ZhEh 5
[EEDANY I ALV TH 520, KFEHENHOIAEN LDt a4 ZOVWiE ()
CERE T N AEMIRD ~ a4 ZOVWTTH (HERKTE) 23 10 FEg DRI h 2 58 AR
DTS IZARPERIND, NVINVEBEBTHDZehoRaf XAGEANY HLvafn
WX o TREMERTE L7290, TIXAREBERE/NIKMR B ARV =2 2 YO ATRET
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HYH., BIRBHOERELZENZIBEZ N TE S, AHFETIE. KB HEOEREEIT-
TXSICEMELRE ZEXE 2 Z T, HENELRICHIANREK 572, TR,
ITG., TEM MU ETG RLEMZERIF L 3 2 G8LIRA XM D T WT T X< &3
R Llze TITT B=0p/(B%2u0) 375 A<FEHNp EREKEHNDOHEERT, po 1ZE
EDBEWRTDH 5,

AT, EROFMR T2 AS T2 28 TF 7 A< MEAEIT S bR & —
L AEHNE (NBI) MU EFOHA 70 b o EENCHIET 2 Flk o~ 4 7 oz A4
T3 TETEERNCNAT 2E TV A 7 e e Y HENE (ECH) Wz, LHD
TIRXOMER I NBIDOL A 7Y %K 2.6 123, 158 (BL1) 55 3 5 (BL3)
b= 275 X2 DA AE T2 NBI T, B3OV v 7Lk b nE#
DEBRL T % FICHERR T 5, BL1 & BL3 &&EEHE D12, BL2 1XFREEHE D 12 AST LT
W53, 458 (BL4) MO 558 (BLS) 3R ER T 2 A AN A S 2 NBI TH %,
BKE % ASHT 2354, BL1 225 BL3 13 ~ 180keV., BL4 & BL5 13 ~ 40keV DT %
NF—%2FOL—LZERKTE 2, BL1 25 BL3 ZAA 4 Y EEHWTWS—F, BL4,
BL5 ZIEA A Y FEEHWTWS, EKEL —2DE5AE BL4 U BL5 TI3E/KEL —
LOGEIDIEVZANX —2FE LB TE 5,

ECH T, v Ambtaricko>T77 GHz U 154 GHz D~ A Zaz4tm L, &
BECEBRIBETEL LDb, LHD 77 X<ICAH LTW5E, 205 DRI,
TEHEROSEA OGN B 21835 2.75 T OB TFH A 71 b o o EIRE O A FE
2 KT ORI Y T2, K 2.7 UR L ErNIZER TN 1875 77 GHz
<A Z7aE T, TOM 3 ODHERES 154 GHz D~ A 7 i TH 3 [49,50], MZ THD
A= M 77T GHz D~ A 7 niREALTED., 5 BDY v 4 v kv Y ERHFLTIEH
W FECH X 7 —DAERICK > TASMEEZZE L, WAl SEn-0E T
DME (off-axis) MEAZATS Z L DIF[RETH %,

LHD Tid. I VIEEARBELETRE Ry 77— R&EHZHWT, RN AR ICE
A F VR — VOETUEES R HIEABEIR S R T ADFATHIRIC X o TR I N TE 2, &
NHOLA 77 2K 28 1RT, K28 (a) D LIS, +—F ZAMIDR— +IckE!
EDICHEBEPROLNTED, 3FHD 3-0 R— M I VFEEAHELG E F v 77 — KEfET
DWFEEAL TS, K28 (b) ITRLE Ry 77— KEEITIE, 56 2.2.2 HiTHHAL
e XD WEMZ A THERICA A Y A7 = VELRZRHET 2 2B TE S [39], K 2.8 (c)
R U7 I VIR ABELEHE, 2 2.2.1 EICHA L X S5 B AmoBllfiExL > a v b
BICEZDZEDTES [45], ZhoHDMEEICE D, BT - A A Y A7 —VELREE % H
CECRIFHICHES 2 Z e TE 5,

Fiz, AR TIEBROE 24 HITHHET 2 X512, I VIEBRAEEEN Ky 79— K4t
FtoznZUCERIS AT AR EIT o720 I VIEBELFT O 272> A7 2%, K 2.8 (c)
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180keV-tangential
NB injector

40keV-perpendicular
NB injector

(26 LHDIZBIF2 NBIOLA 7Y b, HE [51] & D5IH,

RS LD, 90 EAMOBRFHELKDZE X FREIC Lize Ny 77 —RGEt O 7= 7
AT A, K28 (a) ISRT XD, buA RS ENCEEN: 9-0 K— MTEA X,
FOKR—FDRy o —KEEICRIL e —TRAERE#F T, L7y 7 FHATTa—
T —L%EFETH 2T huA XUVHBEOEIE AR Lz,
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6.8m from ;!ev!ce center \

2.7 LHD B2 ECH OAFHRE 7> 7F L4 77 b K [52] & D 5IH,

1-0 o

) |
SECTION 34,3-0 | N
x=3.75m, p=0. 32%) 3900
s 1
A

......

2.8 (a) LHD 72 X~ L HHI&H972 3 U HTHGELE (BS) RO K v 75 — K43
(DBS) 0o LR, New DBS ZABIZCHINE L8 Ky 75 — Rt of
ERRT, (b) 30 F— MIBI3 K v 79— IO S L — 208 () £ 22
F 2 EEI OB (%), (c) 3-0 F— MBI 3 3 VB ARES (BS) O ASTE — 4
DHE (kfa) L Z(ET 2 HEROWIE (%) . New BS antenna T2{E7 3 BELA 90
FE 5 DB AL TR = A L e,
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226 TSAIDFEH/INT XA—XDHAIFE

AR TGN EHER L, 77 XADRERVCEEE XX vy 0T 5 FEEZNS 7
B, BIVFENREE R T XA —ROHENPERE L 25, RETIX, BIFEWNRAAT X2
LTTI7RARDEMIANF — W, BTFEE ne. BHEE T, RO F VRE T 2HlE
TH5FHEE LT, REMEL— 7. @R T e b oy VEELEHRL. EF3 A4 2o bo
VIS T O A X — Z R ORI HENCOWTEHAT 5, F7-. fAERHEEHHIT
E 77 X<DEXxB 78— vpyp DHIET HZHTE S,

RE&MEIL—F [53,54]

R 70— 7RI, 2408 LA —FTROEREHWS, 77 55— DHERH
FEDEAITIEX, BERORRIZRIIL— TR HEET 2HEEEN PV ES, Lk
Do T, N— W RC BIEO & 5 RES R EZ#ERT 2 22 T, ZOHNEEDL»S
N—T 2B BROZNME A® 2HET LB TEXS, KEMEL—TTIE, FF7X~D
Fa A ZUMIEZED BT X 5 ICERDONL— FEREB TS0, b a A XILGEOSD
ZAIC & o TRERDZILT 2, 79 2<H MHD F#iicHiug, VP =x BhHH 772
< E S DB E > TR ZENT 2, 22T, P. TROBWE TSI A<ES. 77 R<
BRNOESTH S, ZHEFALT, BRZED»S 75 A<ENOZLEHES 200
RN — T DR THZ, 7 A~DREEEZFHLTWE Z 6, KiEEL—-TL
IR T VWS, b oA RAFENORBSZLARE AN N E L (B-V)B ~0) 2
D75 AR ENPHSRENEERTIE W (P < B?/2p) £ 34UE, 216 THRIN 3
XD ICHERZAL v LS P ALl 5,

HoTTp

AP = P (2.16)

ZIZTrp 37 TR REERT, 77 AREBI AT — W, 3K 21T ITRT XS
ST S DERTERE S T 2 2D REEL— Ik > T W, ZHET 2 Z e B TE 3,

W, = / pdV = PV, = P2n*R,,1y, (2.17)
Vo

22TV, 3T I AR ORBEEERT,

ERIMR (FIR) Fibst [54-56]

LHD Tl3a7 77 X< DFFPIIEFHE ne OHEZ BN E LT, I VITHEH &R
S (FIR) THEHR O CO, TR OWR DR 2 3 FEHO TG, NRL 3 5 HHEH
Bick o THWZI SN TWS, AIFETIE, HRETZ 1. =1x10" — 4x 10 m™?
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D EREE BIE R RER FIR Tt 2 AWz, FIR T¥EHCi& LHD DMt EWimE % shiE
HIAZHEL FIR ¥ —2%2%ikR3T % 13 ch DL —%— (8.5-U/L H—F) 25, ~90mm D
MET oA ZAWEZES &S KEBINTWE D, 77 Xv2RO%EDRZ(L
DIEMA E R T 2 72D IHBICHVW ST W 5,

THEI T, BEHERICHBEBICI2EEEZZIRVWES T a—Tv— 24
OE-—FTAHTZ, O E—FAFINLET I XHNELEHT 2 BRI O EITE
No = c¢/\f (c: BZEHOINHE, \: BHRFEOMKE. f: ERIEORERE) 135X 2.18 T X
N3 EIICEFEE n, \CX->TELT %,

/ fp62 Ne
- b f2 - L= Ncutoff (218)

2T\ Newtot = dm2egmef2 /e WX f OB T 2 hy v A 7EEERT,
772?W%h%?%ﬂ32 LD ET 57280, 77 X~ AFENT DI L TE
BB 2o U 72 BRI & O E ¢ BE(T 5, K219 TREIN 2 ZDMHEZHE
THZLIEoT, 7u—T7 -8Rl LOBTFEEOEDEEHE T 2 DB TIHET
DFEHTH 5,

¢ = %:/Q—N@ﬂ_m§/mﬂ (2.19)

JFHEANCAAHRIETH 2 Z e D HAREBEEDEIM & > T 21 @B A2 NMMHALLY > 7
VY IHBATRET 22 7V OV v TN 2 JIERZESFAE L, 1IERE R 25
EDPTZIL 7%, LHD [ZEA IR TW3 FIR Ti#ETld. CH;OH 28 L 21 E
119pm D FIR ¥ =22 HWTED, 1 7V ¥ (27) 7 1.87 x 1019 m~2 2 DR 77 iR
BEWX 10ps TH B, HFLRIRD 75 XA<HDNIEEDN 1.86m TH 2 Z b, REEE
ET1x10¥m2 21 7Y IIHY T3, ZHICEk->T, MR T3 n, ~ 101%m—3
DPENAEEICR B, Ty BED T 4 — Ky ZHlEICB T 2HIHE L LTS FIR T
WEHESZ i,

b LY ERELETR [1,54,57,58]

b oy YEELEHINE. BFERE T, KOETEE ne - ZDOETHI2ETES p. =
eTone DR ZIET 27-:DI2Z L DWHACIADER T 7 A< IZBVWTHWLR TV
Gl A7 L TH B,

BELR T X —& age = kdp < 1 (k: BRHEEOBEE. \p = /eoTo/ene: THAAE) T
H 2HEET OEHHEMHEERTH D HFEREL R TE 5, 20 THELKIEETZ
nEhh o OEELK oM R EREDOE (FEHFAREL) THL2 LIRET 5 Z e TE 5,
YAG L —¥ —HDEEIZ ~ 1000nm TH D FEEIE k = 27/X ~ 1pm~ L, T4 R
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T, =3keV KU n,=2x10"m3 DL &, ~100pm TH 270 DFKMEEHT, 7
T UGNk = ke — kin TEE 210X OO ETHERH % FEMNIBH LTV 27
D, b LAY UEEFHNCBOWTZET 2 HELIRO BB fo 1E k HTEAOEFOERN X >
TRYPI—Y 7 b2, foo = fin + k-0./21r DX ICKEIND, BEARADOE

DIET L EEIRARIC D % L ARE T % & BB Z D 1 RIToEE 7 AL, 8
BIEELAR 27 bV U CERERFAANDORE v 1T 57 AT 2L« KLY~ U531
D 2XIEDIEFICE o TRD BN B 72, R2.20DXSIEKEXND,

2
. D) o me _mevk
fr(vg) = /f(vbvk)d V] = Ney | SmeT. exp( 2T, ) (2.20)

L7zDoT, BHILIZEEDOREBERARI MLEZDORHTI74 v T 4755281
FoTEFREZHNET 2 ZLDTE, £ ZORFBEARY PLOBETICE > TETF
EEEZAEST LN TES, LOLEDSL, HEEDOL ZAMEE ~ 1keV OEGHE N
IS B EEBIE ~10THz THH. ZORMRREDESZHEL T7—V AT 22 L 1d
WEETH 2, 22T, BV 27X —XZHVTEBHRBEORRLZS 74 V2 E2@- 225D
SRERHIE S 5 2 & THESHBEMOX 7 XN EIROEMEERHIE L. TCOHE 71
BEELs 2 F LTS, £/, BFEEITHEE D MEBOBEMED HKD 20, F5H
FEIZIIMEAHMERIE DS EE R T2, LAV —BELZ R L FEIC X > TEFEEOKRIER
1IToTW53,

LHD 2BV Tk, BEWE (4-0/1 K—1+) T 144 OZEMEEZBHEILTWS, ¥ AT
2E, 4ADDYAG (A Yy "MV TL - TILI=ZTL - FH—2v ) L—F— BHHFER,
144 DT 7 AN=RP 144 DRY 70X —ZLSHRE N5, RV 7 X—RE LY
YHELETHIAIIC 5 DDREF ¥ Y AV Z2Fb. 614 Y —RELZ I U 72 fon25 B
ERLVA Y —8ELRETF » v a v b o, R #REX 30Hz 3 L < 1X 60 Hz T
LU7zo BIERTHEZR T, fEIIE 5-20000eV. ne SEEUX > 10¥m =3 TH %, 2RI REEX
AELAIC Ko TR D b —F ZR5MillH & NANZ AT TRELA DY 161- 171° OFiPH T2k
T 5 M. ZEEAEEX 11.6-25.4mm & k5, BEFRERVEFEEDHEE 200 DL/
. by VEELTHDE S R E R RS LT 14 REEA KO 10 RZIHK
W EBMBRNIRT 4 v T4 VT HRITH T2 TRDI,

BFHro0OMOVHES (ECE) 524 X—4& [54,59,60]

WGP CIAD 77 X~ OE T, BHEOHEE MBI L D RET 2 -1 Y
Ko THHGICEREMN KO XH AT 2, chzd 4 ru oV EFeift, Zo)E
BRIEFVA 70 ba VEABRB Qe = eB/me THH, WHEEICL > T—RICEX
5, TOEHDINEEIC K > TETFHA 70 bo Y ERKOBMELRE XA, Zh%E
BV A 70 barid (ECE) &R, MBI K > THRBED —RITEE 2 2 b
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5. B L CREGHRED BIICEL T 2356, BIRBE SRS 5 Z & TR E

IREHEDRIRETH 5, D 2 HALAJEIIREL - BALEAE - AR YD o, JEEE f O
ECE DOBSEE Irc ONMRHE FToOMEEE. LAY — - =Y R E2ik
TREE FWT, X221 DLS RN 3,

f2eT,
2mc?
T Topt BT ZAXARDONEMNEZZRLTEB D, HHEHR EOWRIKRDESTTH
o Topt < 1 DL E HMHHOBHBINNRIEHATE 27077 X=ITEFINCHEHL
Topt > 1 D& FHERENEFREICHHIL. 77 X=IENFEEY, ZhzFHL
T, REMNEIR+DEVe &, FAERIvic7 4 V237 ECE OMEZMHRE T2 Z
Y CEARERZFT 25 27 24%, ECE 994X —&X IR,

LHD TiZ 8-O R— + O RWHTO/RER EOHMICIBNWT ECE 9 F X -2 %2E
ALTW3, LHD OFEERNRERIGSEOHDRIGE ~ 2.75 T, HRESRA O LIS
X ~15TTHD, WETBETFHA 70 bo VEEBuE. 77GHz XU 42GHz TH 5,
Z 2T, SN TEL LT 2 RERAED X T— FTOEIEEFTS 106- 156 GHz D>
AT Ly PGSR TEE LT 2 XEMAKD X E— FTo#ine HNE L7z 53-84 GHz
DY AT LR PEAEROBEZ B Lz ZOFRBEKRBOS R 75D 3 DD AT A
BiEb-oTWb, /2, ECH IZX2EEN ST R T L2 R#ET 572912 77 GHz B:AD
JoFT4NREEALTWS,

Inc = (1— e Ton) (2.21)

B FEEHAl (CXS) [61,62]

107 PR AT (CXS) ik, A A Y ORERUERR A XL - bug ZLVEEr, Rl
) (IKFED L EAY Y L) BHEORGAS %, NBL & A4 & o o855 % )
HLUTHET 2 FETH 5, NBIL THUEDKER AS LEBICHE 2 2 mESH COF +
H— C°T +HT T, C°T 0B AT 2 @D FEHR CVI (529.05nm) % B3
%2, CVIO Ry 75— 7 b, Ry F5—E0 D RUEBRED & COF o, HERS
THBEZRET 2 B TE B, MMIA F > COF oo DIKEA F ¥ DB
WEICH 5 ARETIUX, NV T DIKFEA A VRERHEET 2 Z 8 AJRETH 5, LHD
WEAZINATWS CXS Tk, baAfXuFRkcRa A ZVGROREZHET 2729
DNFZ AT LMD > TW5b, baAf XVFGRBDOET 7 4 N=1Z 7-T. 6-O kU 9-O
R— M2, Kag ZAVFAHDHT 7 4 A=1F 7-T. 6-0, 5-O (BL4 ZH\3) KT 9-0
A=+ (BL5 ZHW2) ITBAIN TV, TIAIDARBEA XN 70 —HE v,q KT b
04 X708 —HE v OEEICED, X222 ZHWTRES E, MOE xB 710 —#
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JE UE><B %?ﬁ”ij—% : 2 iﬁﬂﬁ%’f‘zﬁ 50
1
Er - mvrpimp - (vpolBtor - Utoerol) (222)

22Ty Zimps Nimp M pimp 1FZNEIURERNLT 2 YO ER, BERCE 2R
U Bior XU Bpol iE t a4 ARG KRR e 4 RS2 R T, CCD (BRifEEHRT)
ARAFICEBAMMEI NI E o TEF ¥ VIALDESFAEL, Ry FF5—T7F, Fv
T — LY RORERE T 5, 79 X< EUERICBT 352 BHEA 4 > b B
TFRIOFEREUTER T 2 ER2MH 22 LG 2o, NBLiZid ON/OFF Z#HET
»H 5, HHRINZIE 10Hz T ON Kfff 80 ms, OFF Kfff] 20ms O AR L — a ¥ 2fTbih
%, AFFETHE 3.2 8, H33HKLOE 3AHICBVWTHEBEOARL — a v 2{To 7,
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23 YZal—ayvFE

EBAERTHEONLEROREL OB ROYEBEELZER T 272D GKV a2 —
R [63,64] 10k 5V v A WEBFHT SV 7S I al— 3 v Tk, GKV 2— R,
RDOY v 4 viddEat —x) > 7 (X 2.23) iIcHEDWY v 4 mldER AR Ex, &
FE 5347 BE RO PR ) AR B C BE L2 (F = F + f). 0f SEEERICHES [65).

I
F
F72. LUTORHESNEZE I TW S,

b w
ki Qe

Y

=01 (2.23)

N
we] lloel

o VIR UIEE DRy —LEEDEEL (VF|/F < |Vf|/|f]). B sz &l
MOBNFe ST 2 e 7L — VIOFEEZR OIS .

o {5 B fHIZ & D EMEME ORI By RO B BT 2 BXMIEHE AT 5, 727
L. BBO S 777 = v 1% A 35T 5,

o PHHRIZ/NE K| vVeq K v4n TH B,

o -1 7 ﬁfﬁBﬁaﬁlciﬁFﬁEﬁtﬂ‘??xvlw i THB T2 (F = Fu =

%)%e_ 27‘“‘ _%)o

o “PHERESIE MHD Ei§ (Vp = J x B) %273

n(

INSDEHED S, §f EEEMIBWT T IV 7 « K7V Y - 7rR=VHERNEZEIhZ
N 2.24, K 2.25 LUK 2.26 D k5128, N D,

3fa é + é > S 5
o <U| B = + Ugxp + 09,0 +UF€,0> : (fg Tg Jocrcb)

MVHB 0 7 FM ,0 FM7O- 8J0,,,f1” U - -
me oy \J7 7, N O) T | T Ve (6 - v4))
—C,
(2.24)
2 1 Zseng ez
VL‘gZ 7 (1-Too) =——ZZ e | dv®*Joofs (2.25)
le = —[o ZZae/dUBJQ’U’U”f; (2.26)

ZITE. Yy A afiMFEEET Jo, = §(dE/2n)efoY = §(dE/2m)e PV K TF
= [dv}(Fymo/ne)JG, IC& 2T HOREOFEEDY v 4 wEENCH S P39
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RxhTW3, 5, = b MU/ (ZgeB) 3 v 4 BREENT PV ERT . &5 WHLS
ExB KV 7 MNEEOEINL. E = —V(Jo,6) — baA”/at By = V(JooA)) x b &

O Tpyp = b x V(Jo, ,0) THEEN 2, U555 MO vz , 1356 2.1 HiTIT TG A

Hob, Tl KEMERY 7 VEEE G _TAZwavmeg_bxwvmng
(mov)2/2 + uB — 3T, /2)V InT,]/(Z,B) THEN 3, C, FHMHLE NIk T/ s O
EZRIHEZR L TE D, KRS TIE Lenard-Bernstein @T HEHWE, 77V 775ER
(fQZQh%U%#ﬁﬁﬁﬁ%kf® ExB&UWBMB@mﬁ&U¥ﬁ\ﬁF®
E- B, MBIE»S8ET 2, AFRICBOTEHEHEDOARTo20, chdDik
TR IR L 72

WA E T, BT V> v LEE) ¢ ORISR ORERN CERBEBOBI R R F L
(wr (b, ky) TR Y (ks ky)) ZHTT B0 22T ky (ZHEKETERRN 27 MBI DI K,
IR ANERRN 27 DV OIS IS RE R SO ER T, ARFETIE. KU 7 b
WARLEWEZOWTHEMT 2720 ky = 0 1B 2RERNOEF BB OB A ~<7 b L
(wr(ky) B y(ky)) &AWz, WIHEEE vphase = wr/ky TRD20 vpnase DIED I

BT RS E RS,

BBMED T I A ERHRICLTWE s, v 77/ 737 MYz & 2 i
SR DI NEI W RE LT, BERSGEMICBITIS> I a2l —Yar®2iTol, B
ZEREGELNL 7 — X1k, LHD (281 3 BAR R BIGEAI ORFE 5 X — XA E Rax.
HUDIES TR Baxs 2 ALY Y FoF5 X — & v ROPIEMBES T By 5*5 VMEC a2 —
RiZk o> TER L7 7 — &% GKV a— FOEERICE L THWE, GKV a—Fick
BAERTE TR, BT 2T/ o Zhzhucii LT, IRE T,. B n,. BEDERKIL
WR 7 — VR Ry /Ly, ROEEOHLF R —VE Ry /Ly, 47Ty b LThE
ZBRENDHD, RBIIFLAL Y 27 RBKET I X< LRBEKES I X TIT-
Jeled, KiFHE o = (e,1) D2HEHE L1ze ZDE X, A4 F VEE ny LUOZOHIEL
WA — )V Rax/Lp, EEBRTHEST 2 2 L SRR 720, FHIRS 2 HEdhEL
: ZU# NoZy/Ne =1 ZIRE LT, ne = Zing M Rax/Lyp, = Rax/Ln, £ L7zs GKV
A—FDA Ty b LTEX2% BMHEIE B = poncdi/B2, TRDz, £z, MR T2
R OB X TR ERE Y UC reg/ag9 25X %6 Teg MU agy 1ZTHNZN, FE
SINEREMO T 7 AEBT XL E—D 99 % AT X2 BEEHE DN E DO FER NI
Y Uy 7or/age EHIBIL X N2 NERE R T,
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2.4 EHAIS X T LR

ARETIX, BETFAT —VELIROFRHM: & ~ v F 2 7 — VELTREME BAEH QLD 72 D12k
9 CITo T XIS R T A DFAFEICOWTIAR S, 5 2.4.1 @iTld. I VIEEBGHGL
FHZBIT B IEMERET R — VELMREOHEE DD DE R/ 4 AHEEFIEORFEIZ OV
Tk 2, 5 2.4.2 fiTlE, < F R —)VELIRBIMEEAER DR 2 2 BRICEZEZEE & 72
D5 3BT AT —IVELROIFEH OB Z RIREIC T 2 72D DEHAIS X 7 ABFEIC DWW T
BB, BRI, 86243 HiTRE, ZEZAFRIEDTOD ¥y 77 —RKHFTDZF ¥
> I IUBIZIANT T2 BRI DWW TR 5,

241 I VREFHEFOER/ A IMEFEOHERE

5221 BiTHALL X 5120 I VIKRRTELEHZ R EF R 7 — VELi 2 Bl 5
B27DICERBEHS AT L THS, LrLENS, I VIRBRATEELETFIH 3 2 B
X, EFVA 70 bo Vit (ECE) OREREHRE iz, I VIREABELGTD
BRRKRERTERVHREDOER A XWEENE, T2 T, I VIKEEAFREETCHlE S
BIEEHER Ins. B/ A X% nps &5 5%, BT 2B TEERHD S OBGELIERE I
L3 25558 E (BLIRRE) % L, ERBT DL, Ips = Ly, +nps ERINE, L
7eD3o T Ly OHEEIZIE nps ZHEE L. ZDORIT 2 ZLGIKBEDD 5,

B/ AXOWEDH, LHD O I ViEEABELETTIEBERNIZ e -7 — 2% 1k
DBEELEIToTWS, ZHUCE ST Ly, =08 528 T, Igs =nps ER5729,
BR/AXDOUENRETH %, K2.91F, BR/ A XZBAEBEOBT R —IVELRK
DREPEART "NV EEBRICHEL TWS I EZRLTWS, L2LERS, Ta—7
E—2% AL TWBRHDOER 4 X2HE T 2 FEGTEHELE N TVWRY, 22T
AIFFHTIE, TR/ A RE, B A RS EFENR 7 4 X ECE BBE I HH$ 2
I A ZXBXBTH 5 e HZ T, EHiHlE2 iz ECE 993 X —=2DEEH,PL. 7
0—7b—2aZ AL TWAIRHEOI VIRETREEIOE R 4 X nps ZHEE T 2 FiE
ZHFE L. BEE LTz, AREITIE. ZOMETFIEL EROFEFRTHE O NEHI1T X 2 MEEH
BRIZOWTHET 3,

T —7 v —L%IEDEREO Igs ZRIC Ips off Z DL % tgs off ERILT B,
Ly ZHEET 272D121F, TR =T =22 A L TWAREMD ngs ZHEE T 5 HED
H5, nps &, ECEICL3 /4 X nge & I VIEBRAEERTORE ETHRET I 4 X
REDEHR ) A X ng, »ORERENS LIET %, TRDB. nps(t) = ngc(t) + nm &
RET %, ngc . ECE 794 X —% [60] 251854072 ECE W& Igc % W TLH]
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Bk npc(t) = alpc(t) KXo THET %5, 22T, & & Igc 5 npc NOBRIEFHRE
DHEEMETH 2, L7z o T. nps ODHEENH fps 1. fips(t) = dlpc(t) + A 18& o T
HEETE 5, BTIRERE T, O Igs NOHFFIZOWTIE Lb & npc DAREDF —
X—THb, |T.| »lEHE. PEEFRE T, OB % RETH 32 2o ERT 2
ZENTES,

L7zdio T, Ipgs 3R 2.27 TitilB&¥N b, ECE 59 A X — RDEEEE Laqio (& 3N
228 IR XD WEHTHIS R T L DEBEHKRDEE / 4 X Lses 1L TH 7y bEh
2720, TREMIELR Inc BV S, Lo (& 77 AFEFD Lagio DFIED S
kb3,

= Liurb(t) + &Ipc(t) + Nien
= Iturb(t) + &lgc(t) + fen (2.27)

IEC(t) = radio(t) - Ioffset (228)

T — T —aRIEDBE, Ly = 0 LR 272D, K 227 25 Iggep =
alpc(tsofr) + un 7252, L7 o T, BMIERIAND Igsor & Iuc(tpson) & DHED
FIBEIFICE D & K fyy, ZHEET 5 Z & T ngs ZRD 5,

Igsonr ZAET 272, AMEEER T 100ms T2 2ms 7R -7 —20%% 7
2 Utz FEHERIGHECNT (Rax = 3.6m. Bay = 2.75T) T® LHD 25, fidoiH
A ZAHEEFIERBGE L7z K 2.10 (a) &, WRE LEBROMEB K - 2RT, 335
W ECH T X~<%4EWL., 2Dt ECH & NBI OMiFIC X > TMA Lz, 4.25 205
ECH XV —%2XF% v > LT, ECE #EZZ{tx ¥/, TIZT. Igc X 86.5GHz @
Fr AV ERLL, 2T I VIREGEGELET O 7 a — 7 EEETH % 90 GHz 12K
HILWVEFERF v VANV TH B, M ATLed O EFT—RTHIELTWS, IV 152&“75
BELEI Ty vyt r by ) £ XDBEBOZDIZ /) v F 74 VX EEALTWVWS, ZDX
5 72 INEADREFHIE X7z Tnc & ECH 8V — K8 NBI R Y —DZLIZIL L TEH)
L7zo 2,10 (b) 1Zi&. ZOMEBIZEBWT IV EBRFEELETCTHE W EBME R
BEOHEEEE KT, TITIE. Ips id fo=150kHz DNARZAT 4 VR THY b F 7 &
N7z IV IEBRATBELET OREEIES O TR ER L TV, Ipson & Ips 21T RS {HE
MTELLTBD, MYV LAEER/ A XDPUMESNTONE D05, —H T Ipsof
& Igc & X BIEAmTEL L TED, ﬁ*@%?‘()ﬁﬁ)%@1575%%%@\”1/?106 L#EZ
b d, ~ 90GHz ® ECE 23S N2 T rer/agg = 1 TH D, Z OFHBMDIEFH
JEX1X0.03 & 1 RiliTh 725, HEMTHE D, Lizh->T, I VEEGBELEIOE R
JARXKGP ECE F9FRX—=RZFEB S, rog/agy ~ 1 DEAFTHREL TSI X<

/]
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10'9 L L B S N
— Probe on

T 10710 4.903 - 5.000 s
Nz -— -Probe off
=, 10_11 4.901-4903s
a _
n
o

—

o
N
N

-13

-400 200 0 200 400
Frequency [kKHZ]

2.9 IVEHAFBEGEICTHE SN, Tu =T — L% AS L 7R o JE R E <
T —ARY MVEE (FFEM) £ -7 — 0% LD 2RO REEREOST — AR T b
JVETE (FRBHR)o

HIRIN X N T ICEERBRNTRE 2K L ECE 2B8llLTwa e Ex 6%, 77
A2 ER SN2 ATORMETIX. Igsor MU Igc D OMESINTE R/ 4 X nps. #E
INTZEF ) A X gy, ED—BLTED, ZOFERICE > TT 7 XIS WV [EEEHR
D) A4 XS RRICHEE XN Z e 0h 5, ZORE, Igc P oifEEIh-ER /A
X fips & Ipson DEMHZELUTIEFICE L~ Lz, K211 X5 THARITRL
Th, HESNT fps(tpson) LHEINLER ) A XTH 2B Ips e EHIEHITEL—
L. MHBEREZ 0.99 2D TEW, BLEED, ECE 994X —2DEEEHVWE L
T. fips DIEMERHEE R O Ipg — fips 22 HRDBND Ly, DIFHERHETICKIN LI, &
FRICED, I VEBRABEETE AV, XD IEMERET A7 — VELTRRE Ly, OHIE
DARE L 72 o 7z, AEIONEIE, STk [66] IS THRKRL
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FARX =2 THE SN ECE iBE I[oc (FRER) ORMZNZRT, (b) 7Rr—T7E—
LD AG SN OREUEBIRE Ips (FEMR). Tu—T -2k sh M
DOEELESIRE Igson (B=AM). ECE MEDISHEINLERLE R 1 X Aps
(FRFERR). s DINDEFERT fun (7L —HR) KU Ips & Aps DAL HHEE SN
ELFBREE Toun (RFER) D ZHZHORRIZAL,
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242 BFRT—IIEROIFFLMERIIZBRIE LT
= ) IRESHELET DORF

HECEMW

BFRT = VEIRDOIEFFHEE, v~V F X7 — VELREMEEEH OBEEICB W TEHEE
BRETH B, BIZIE. BT - AR —ILOHE G EELYLF A7 —ILTOIERE
Tal—YavilkoT, ITGELRDOERE§ 2 ELiRIAD. ETG &Lz ¥ AW L Tl 5
ZHEERAPIME I N TV [67) ZOBAMIZK > TEFRT —LVELIRDIFEHHEICE
fbrsEgshs e PHIN, ZO X RIFFEAEZMRIET 52 2 & TV F A7 — LELE
MEAERZMEE T Z 2 A]eMED3H %, Lo L. TERMIC I V) R AEELET T, Bl L
TWVAELRIE TR IRFEET IR A XV H e FFANCETRICR 2 LIRELTED,
FEFHOMERIITONT IR o7, LHD IZBWTIX ZNF T, MEWMH L2 //EH
W TAH LTWE Fr—7 —212x LT ~ 160° 7:7[10)?%:7:71*5@[;?52%*']% LT&E
M. ORI A LI DXETH D, Kaf XVGRONT %% GOFE 2%
MO e ROELIRE A U ECTHIT 2% MIIE > Tk o/, 22T, 378X
= VELRDOIFFE T HEMEEZ HIE LT, #7212 90 EAMOEELIE ZZETE 2 K517
YTFEENI T —RHHNCEGT R OCREL, BA L,

E£HX=S5—DRET

90 EEF M OBELIR ZARE T 2 BIE I E T HEEDMHUER~ A4 7 vl SET [68] 12
BEICHOWTWEREZFH L, ZOEEEE LHD 77 X~ OfRWE LEkic~< A
IaEELET B EIRLATY MCR-> TV (K28 () LA L., EEE DL
WO oz =PRI 7 —Tholledd, ZOF T TEIBMMEIHYTRL,
ZEDRAEIPMR N Z L DEETH o 72, £ 2T, TREOERMEBEICENLT 272D DHA L
BIE X 5 — %G - BEL., BEEHZ 2 Z 2T 90 BEAMOBELIROZEEH - 72,
REFLBNI 77— b A ZOVKIH N 02 OYERHuEZ X 2.12 1273, 2L DR
FIEI7ZZELIRD > 2 2 L= a YIS TR AINE reg/agy ~ 0.5 ZZRLTWVWS Z M
ZW, ne = 2x 1019 m ™32 DR T, Ry = 3.55m T regr/agy ~ 0.5 £/21% Ry = 3.6m
T refi/ago ~ 0.6 ZBHTEZZ X511, X—7 v 2 R=40m & L7z, ZHETOD 160
FEREL T kol /kr = 0.2 TH ol 25, 90 BHUEELTIEIHT 7202 kpor/kr = 1 DTTHED
B OREE Z BRI T 2 Z & BA[REICR 5, BNAIED R =4.0m (2 = 0m) 22D, 5T
WD SNTOWEFERI - BEMZ 2 2 2LMICL T, K212 (a) DEAR
RS KO BB R E L, ZAuc kb, BEADEENLREEIC X o TR & 704
BE (FR) IORT LI R=4.0m AERAINTVE Z LA TE S, AT, M
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2.12 (b) DIEABIE D, G () A3 1B 2 8 2 8 2Tl h L
J2RREITTETWA Z e bR L 7=,

EHXZIF—DTRX

KR SRIE RO TEEDS S = F e vy R k> THEZYEIL. K 2.13 127F
XN 7 —%BE Lz, NI T —DOWRERABREX 2.14 ITRT TR PRV FT
fTolze RBHREILA 77 MCHERALZL —FRHBLEBORRERLTED., KRR R
i DR DS REET OB B K 512, EBED LHD WD + v 4 ZUKHE % 155 L T
VAT L7, EBRCMHERT 2 70— AR EFT 90 GHz @ V% 5k TR
LCEEBICAH L, NI F—TIVKE—2ZRHNSE, RENIN->TRE7 VT
FEREHPT I THEZAF Yy 352 T, HNOENMBEIZEILZI N TV S0 RS2
M RREDEGE LT\ 2 2 B MiEE L 72,
BEHEOBBEZHEPLITHN TR =3.75m N R=39m ZfAT2HELI 7K
At BLE L7z, BB T3IMOENI 7 — 2 FRI 7 —TikBRET\V, JIE L 72EE 916
#X 2.15 1TRT, BHRIBOLED7Z=DICEDRHICDHT T AT 4 v MEPIFTHLH 0
272 % KO B R AL, MENE IR AMEDY 11272 % X S ICESEEEZ B LL T ey
FLl7e 22T, MTORLAE R=40m 25T 2 I 7 TWRE—UBTETWVS
B, HIET 2 OIXEELRRE O DM OB ETH 2720, ZOXIREFTEF Y Uk
NENTEMRTE S, BETORLERI S —ICHRTHR - F - MORLEENI F—DY
MOMELEL 72 o TH D, BHINTHBIRREDWE L TVWD I BT o, FER
MEIE R I 72 —C 102 mm, R=39m AT 5I5—T84 mm, R=3.75m =5
M3T25I757—T8 mm, R=4.0m Z$MAT5I7—T69 mm ThHho7dH, &KT
68% F THELMEE L - THEM A REZ M LX 82 Z 2 Il Lz, Bg b/ EFich
BEze, MBI Ko TRFEE R EFMILDNEE reg/agg OSBRI ELR 2 H D
D Rax = 3.6m, N 2 2x 1019 M3 D75 X<T reg/agy = 0.5 ZERT 255, gL
INEREDITIRRE Aress/ag9 = 0.07 225 Areg/agy = 0.05 1IZ20EH L7z, BOCHMICIHE T
YA TH50% FTERRXEZ N TE R, T EHNEBELSLDOZILIZ R =39m
ZHATE5I7—T2mm, R=37m Z{EMAT5I7—T5mm, R=40m Zf5M
T5I7—T0mm THo//zd, U —AMREIZHRTTo/ha L, [EffRfiBIcfEst
5 7—%BUET AN TE T,

KERIER

BEL7ZI5—% LHD ITEA L, I VIKRAEEENHZ X 2EFRA 7 —VELTRBED
HERROBIZ ] 2.16 1IT7RT, #HE NBI R OFH#E NBI 2 AS5 L TV A EICKRERL v
FEAS LT 4.16 s THHFE - BRESE/-05, 4.2 »SEENBI ZAF LT, & T O
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TR RER LTz, FDA F VIRE Tip 23 HEE NBI O 87 —H 0 & K Ui,
445 s FTD ~ 0.2s DL & T 2HRLENOA A VIREL ERE L, 5.5keV AEEL
720 TOFRMTT, MELETRLUELRD, 20240 160 BN 90 EHROF ¥ > %
NTHIE L7ZELIRBETH 5, HEMRE LT, TRPNOEIRHEE X, BT EEEH DO
PRIE DHEXHMETIZ IR WV F v ¥ XOLREIT D ZEEEE 232 L2 VHEL T H D 58E D ENTHY
72 LB EE LTz, BELIRSRE ORI 2 (b2 tHiR$ 5 Z L TIFE T 2w 5 %, 4.16 s
DCRUy FORHE - BRI EoTE D S DOELBE S RRITHEAR L. ZORBEL 2,
4.2 s PIKE, HE NBI DR —HIIENHEE 5D F v V FIVDELTRE D W o < D ¥ 1
RKUZH, 4.25 s T 160 EAMOERBEILI =27 72D, ZORBEICIK Uz, — 77
T, 90 BAMOELIREEEIFER LT 72 Ledio T, CRLy MEHWHRE NBI &
HEENBIICX2E T HEIIBWT, EFRA7 —IVELTRICIEFE T DB S Z 2 230>
72o ILKFR LS AT LITE > T, BELAFTEZ 2 EHAOELTRE D ZE(LNE S
722 2o, EHES ORI RER GRS R 7 A DRI L2 Z L hR&E NIz, &
WL TR INZ AT 22 WG TR, 4 A4 ¥ X7 — VELTRDNH] X 7z B &
A7 —)VELTRSRE MU, 2D & 22D F D ELRIRSE TR 2 @RS
72 [69]e A & ¥ A7 —IVELIRIC K o TEF R 7 — VELTRIEDE AW & U THIH < L 5 3R
DG CiADER 77 AR ICBWTHHAIZ N PO TORRTH D, AFFETOEHI>
AT LFFED~NVF R — VELTREIMH B EH O DOERICER L 72 EHITH 5,
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BERER L. EERPFERED I 7 —MZRT, HAMRDCHRAO OPLE T & HIfH SR
BNERTRE 2 MG OHE L R T, RMIEREEZRHBHO—HERL TV,
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243 TRZHERAEDEOHDR Y FS5—REFADZF v > RILLICH
(T 7-F%

BRRUERN

KA RPE AT TREICHEE L TWiea o2 AU ZLy 25 4 (CHS) TIXER
FAA =7 u—7 (HIBP) Z HWTRER Y —FARZEMI L7z [70], 2Dk %,
Fa A XA AENCEER. Ra A Zov - FHEICEFAMED 2 AT HIBP Ik > TKRT >
A NEBEBALI-E 25, KEK (~ 1kHz) OEEDFE CMHETHE L2, Z0#
BIRZECEAAORT ¥ ¥ VAMAPEE 2cm OE LD, SAEEN bu 4 XL
2RTHLTWAEZ &, A A4 VEEEEEE R & R T > > 2 LEREIO[FEAA3F UK I
ZTWeZ s, CHS TEY —FAMDIFELRHEDPD HNTze L LRSS, HUDME
BN KE OBGE CIAD EIR 7 7 X< Ti&k CHS OFIlD X 5 IS DD & 1K E
V= FILTRDFED D D HALTWIRW, B ZIXEMN b — 7 LRSI (JET) T,
Ry 79— &2 W RESHEIC & > TEFIEEENTER L 2 A TRESL Y
T—WRELRD, ZOBENIDVHEL LD 600ms R TWEZ s, KA Y —
FORDIERZTER L Tz [T1]e LA L. b e A XUV % 721308 a 4 ZOUAEBEEENE
LTEHF, CHS N2 iHLEAY 72w, LHD TH, BRI S 2 KEHK Y —F
NREBHIT 272D, 43 Y A7 —)VELROME, m#EE, TRORES B, ROE
HOEXxB 70 —HE vpyp ZHETHIENTEL Ry I —REFHEZEAL TV,
ZZT. V=FLROREDO—DTH 3 buaA XVARCFEI LR T > > v L OIRSEK
EE#ZEAT 272012, 5FET3-0 K- MW HTshTWE Ry 75— k&N Z
T, FRICIOR-— PRy IS —REFAZEALL, 9-O0 R=1+D Fv 77— 5
TREAAZHETOMEDTDIZ, BEROBEPE I LNy 77— 2HB LT 27
Nas Ry 7o —REGFTE VWS HREAOTWS [72], FEEa L Ry 75— KEEHE.
BROBEREREED % GLIEERED~A 7nlkE 7n—7 V- LTARTZZ L
T, B2 28MNECHEEEEZRARICHES 2 2 e N TE24MAD Ny 7F — KGE
THb, 7I7ATICANT 2BORERIE26-40GHz THZ s, ZOEETIER
MEEESE LTHY TV I T2 eRNETH 272D, NTaXx A I K> TH
B EEL LTW5, 3-0 TEALTOWRAERBa L Ry 77— REEHCIEERECTIR
ZRFTwid oo, 0-12GHz OB E BT 2 08D o 7/2725, 40GHz %> 7
VY VAR EROF IO R a—TRRETH o7z, XEVYH A XH 256 MWords/s 12
ffR ST Z s, HERBON—EORMIETLIRIETER)P o7 73], £
T, IFHICEATS LOEEDEBEBaLEBICTT ST, IF BRBOE S R
2ECHFESINTZOBT 27 NVAL Ry T I-RFEITH2, ZNETORKEEE2 L
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Ky 77—k TIE. LO ERIEHE— AR D 2RO IELRES TH o727, IF
JAEEDFIRDIAL 7o TL E o TWzd, LO BEIEEOEEBS D 2 Fo%a.
DEMNNZ LMz SN b 7-0, IF BEBOmEE X DRI 65, Zhic k> T
RHERE < 400 MHz ICIZTH > 7V U FRBEEERRT 52 22T, X hERMEOT—
ZINERDATA D XD oTze Eizy RBMEEE LT 4 VANV IIZ XK o TED & 7Bk
LT, Fy 2 ilic IQ BHLTT —&INERITH 28T, 61 7Y v 7R
ZARIR U CHR RN ERE L7z 7 — ZINEDM TR 2 XD WX o Tz WHAMZ SNz e
5, B/ Ty <A 7 aEERENE (MMIC) 2 HWCRZERESOUEFRKE 7)Y >~k
FHMREICBETE R L5 1o 72720, aRFEEL, 2DOoH A4 XE/NXL T3]
REICHR o7z [72]0 L2 L. FAEEC AMEE I —OEARE 2 5 a 2 EKERZE U TAER S
Nz, ZNEFNDRTDRELFET 2 e PRETH S, LizDW->T, Fx¥
MTREESL LOBEDBMENT Y ANRLZ D, 5N/ 4 X (S/N ) oFEwF %
YANERWF ¥ YAADRET DI EDINETOFRETH > 7,

AR TIE, BT v > 2 NVEDEBEENT Y ZDOMBETRTER TH 72T 2 7L
ALKy I -REEHRER. —HEHR L. ZELTRF v Y IADRAEMLRT 2713
LRy T —RKHET R TR I Bz, AHITIE, ZORBRUBHFEONAE L LT, SREEHK
F v YT DIEEHRERBEDI-DORET 4 > 7 ¥ TRIER LI ZEREKORFE. 1Q
BH DEAWE D DEBNIEFEMFE, B5HEORENEHNE DD DESRE
FHEEERO7 ¥ TOESHREMEICL % S/N hodE IcOWTiARS, /2, Zh2
D LHD FEEIZBWTT R b EfTo ERICOVWTHRNS, KFOWNED—ERTH %
AIET A 27 v T eBE L2 ERBORFE KRN IQ BB DEAWE DO DESUHETF
BT, STk [74] IS TRRSU LSRR TH B,

BRBEF v oI CDESHERBOIODRAIET A > 7 > T2 B8 L - ZERIKRD
R

ZEEHSLLE LOGBBLRLVONT Y R E KB F x AV 8 ICHET 5 Z
ENTELZDIE. K217 MOK 218 IR THIED T 27 Va L Ry 77— oETO[HEE
ET K218 TR 7 4 XA 7 THRES N5 EDRAE IF 5% (signal) KO
IF-LO {8 (reference) DATH %, £ ZIWAETF 4> 7> (VGA) #EAT 22T
BF X 2N D signal K reference DIREZ TN ETNHETE S K 51T LT, AIES
A7y FE N T RERE Vgaiy 255 2 T~ 30dB OIETY 4 2T
% Analog Devices # D ADL5330 % F\\ 7z, 8YE L 7 HARIEEE O A H R o il s 2R
X 219101 F, K219 A EF AL V7 Y TDANL 7 ZAEBERE Z B0 A HRHED
ZERLTED., HRDEDICAIES 4 7 F2EBA LT\ ELETOZEH
DA TR Z B CTR Uz, MHTOMEEETIX —105dBm % RE %% —40dBm Z#x
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BB MBI EHPHINTH o7 —77. L SEWELZMERIEANA 7 REEZ 0.7V I
RELIZEE ~ -30dBm £T, N4 7REEE 1.4V ICEE L7ZBRICIE —110dBm
TDEBSLRVETHIEINE T 2HEHDILN o7 LD > T, EBEDO T X560
signal LIOVIZE D XS HYNIANAL 7 ABEZRIET % 2 & THRIPIDEO#IH D7z &

b 15dB [T 2 28BN TEZ XDk -7,

EEED signal LRIV EHEE LD DZM 2.20 ISRT, H T — N—OHIPHIZESHRE D
ZEERLTWS 0, ZOMRETIX 40dB L EDBTESLXARELEZZ R
IhB. ZDZEMIFK 2.20 DEBNITR L 7235 EB& D A 1R ORRTEEFICIN E - 720
X512, AL S, signal L-UVDIRKBIZHEART, FFASI NS LUV DORAMEZ
20dB EicdH b, AIEFA VY7 VT4 VR TS5 Z e TS/N hodEsfrEh
RGNz,

FRRIZ VGA ZHWT S/N xR E L2fl 2K 2.21 1I2RF, MK E Ry =
3.55m, WHHE B, = 2.7887T OWKETF7 A~ THb, ECH LI NBLICX- T
mEgxh, EFEED 1, =30x10"m™3, 77 AEBTRALF =2 W, =850k] D
ﬁ%m%ﬁbfméo7527@%%ﬁ@t@8@b20@%#mﬁmf\VGA@A%

REE Voan = 1.04V () MU Voan = 0.93V (FRiR) & L7z & OERFBERL
R —ARY MVEERE LTz, |f| ~ 0kHz ORI OFREE 2 DD 7 — A TlE

LAYELW—T, EEBBEIOREX Voan = 1.04 V IZHART Vgainy = 093V T
2dB KR L7z, ZOFEHR, Voamw = 1.04V T |f| < £200kHz TARZ hLDJEAD
DHRZTWH, Voarn = 0.93V TiX |f| < £500kHz £ TRARZ MLDEB Y R Z
%X 21207, VGA ZRWIEREBERF v AN D7 4 ¥ Di#Eic k> T S/N
ttEsEST 2 Z LI LT,

IQ EBDEAWED-HDESUIBFERHE

L EMELERO IQ M ORMEZHRE L 24, X 2FMEES L ERA
HESDOBERICEADELZZ DD I BT h o7, K 2.22 12 reference & signal
DEEEEZ 1 kHz I LZIERKD T A MEEZH L S BEELERICEA L B
NIQEHEDHIZRT, IQEFICA 7Ly AL, RELFELCTIERNWZ E2H, £+ 7
v bM< 1Q EEMTIRENE L VWHANZ IQ BRI E ORI o2 D00 5,
X BT, 2 0DEEEORRZIX 0.33 ms TH 525, B 1 ms DESOMMHICET &,
A~ 120° 72D, 90° ZHAH Y T2 ERMMHEICIER S R o T,

2.22 TR LNIRIELL, MHEKR T A 72y b signal DFRETAF ¥ > L72dD

ZM 2.23 1R T, ALY I TRLULERD signal BE 2 STHFT, fRIEL, (MHZEK
CF 7ty NB—EDEERD Z Dol bbb, 77X bDESHREICH
53, INHDNRT X —RIF—EME L 5,
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RIELL, MAMEENOA 72y MMEBREICH LT —ElE L2225, ZALHDR
TRX=RZEHVWTIQEEEMIET 2 2P TELEZT, X 2.29 1k 2E50EFL
ZERLT

wVI,corr(t) — ‘/I(t) - Voffset,l
VQ,corr(t)

_ AI/AQ(VQ (t) - ‘/offset,Q) + ‘/I,corr(t) Sin(AqDI—Q - 900)
cos(APr_q —90°)

(2.29)

DI EERT QIEBDERE VI(t) KU Vo(t) 2. ZOZLDIRED A, Ag. A7+t
I 23 Votiset 1n Vofiset, T IQ IEFHIDHMMEED AD_q DIEFLIKE & & 2 T, RiEHA
1. fAHZEAY 90° 2204 7k w R 0125 X 5 B AL 2T % 2 & TK 2.29 1158
bNd, ZOATIE IEBIRDVTIEZDF 7Y F Vofset1 DAT. QEBIEZZDA
7ty b Vosiset.q & 1Q 5B DIRIELL A1/Aq RUNIHHZE AD_q DATHIET 2 Z e
TE 5%, X223 DfER»HAMHEZE, RIELKOTEF 72y MEI—ETHZ DL, HBE
DIEFE SIRWEBRD signal THX 2.29 ZER S HEATE %,

EBICT A MEELLELNEZIQESD 7 2 —FRRERN 220 12X 2 IEE 2T -
IQEED7 = —HHRRZM 2.24 12, TNETNEHRE TR TR, BMTCRLEL 7 =z —F
RN IQ BE TRV DRL ULEWFEHZIR & 725 7225, fllE S 2R RO
72— RRNIEEN R IQESTHEEME R o727z, 229 IEL BT Ww3s Z
L R R T X 2,

ZZT, IQ BRIEAPEEIGEOHE LT A MEEERIES Z e THAE L, 4K
L77 A MEBDORMZNLZK 225112, IQEED 7 = —HRRZ2M 2.26 1IZR~T, K
1 kHz TIRIE 1 V B0 125 (B) 2 ofifiz 90° Bo¥ QEE () axL
T, fitHz 30° Bo¥k QES (F) . REZ 05 L QES (). —020F 7€y
FEBMLEZIES (B) KT 020471y bEBMLEZ QES (FLvY) ZHEL
Too EOEBICHEHERZE 0.1 DIERGMICND 70X 0/ 4 X255 Lz, K 2.26 »°
5. HENZIQEESD 7 = —¥FRRIEIK 2.24 DFIELZIQEED 7 = —¥FFIR & [Akk
WEMZ, MEEZZEZ 5 VB, RiELZZEZ 2 BB, £ 712y b
ZMZA 2 EHDBTNIRIGIZIR D Z B30 D %,

D&, TNZENER LT A Me5OERRPEHARS b2 2.27T 1287, H
HW2E51E 1000Hz It —27 (KR EMERZ 22T %) 2Rib. 2L O BUK
TE ~ —65dB D/ 4 XLUZiE B 7z, NHEEZEZGE CIRELLZZE 2 72856813,
@ﬁﬁiﬁkﬁt?kb&m%®®\—mezk$£ﬁﬁn($%ﬁtﬁ$)#%$b

o BHAHI ¥ IEAD RN DMBICHAET 2 AEKIE. Fvy I —7 POHEEEZIR - T
/J\é CHFED 2R 5720, RIFLE MHENDIRPEETH 2 Z LD o 7,
—HT, A7ty bEMRAGEZ 0 He ICAREEDFAE Lz, 0Hz (IO IS ELIRHR
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FE R CMEWORE DTEICH VRN 2 £ X7 e LTI S 72, F 71 v b OFRAET LR
BB NE W,

IRIELE e M DA DR ER AR D 2720, HARICHT 2 REROESHRED T
. IRMELLE IMHATAF v Y LR EZZNZNX 2.28 X 2.29 1TR LTz, X 2.28
DN Z D F FIRIELLZ . K 2.29 OfEL, IQ E5DNitHAE 90° 25 DiEER R LT
W3, X228 &b, IRIELAD 125802 & BHICARERR P KEL 2D, 0.8 % RHE
570 1.25 % kAl o7z & 2 A TAER OB F 5 hhY —20dB 282, AT Xig
WMEE 25 Z e ah oz, o ZOMEIFEBKOBEICKS RN 0 o7z, K
2.29 THRIBEDMEAD D D, MAHZEDIRFED £10° B X T2 & 2 2 TAER O FEAH 125
T5L23-20 dB 28X 5 Z 2. ZOEIHAFEOREIKS NI &0 h o Iz,

FLULEE L ZEORIER TRy 77— 7 b BUETEZ20E 50, MiEICL->T
ELWRY 5= 7 bDHEETZ 200 I 0ZRBR LTz, 7 A MU FOREAXZX
23012, BEZX 231 1R F, Fua—7Y—A1ZiE, EEREZ 15.86 GHz T, ZIZ»
LRDLENZEBDHERE N =1.89cm O~ A 7 ajFb —2r2 MWz, HEE KT AFERZR
50cm T, 154 ARDPIHDHE I HERBRIC I NKGT CER SN TE D, 2D a ~ 1cm
THb, 2T, KA O ZHNVTE RARXRT 4 v ZICREEZEBI T2 20757
GZHridh s s, EEOEHEZ m £ LT 2asin(be) = m\ iR TEX 272D, m=1
TNz &, KA 0, = 69.2° LEIR XNz 1 = 0.25m OEEE N F 4 % [AlH5
B Nyoy = 400 rpm TRNIRT XS ICHERIHE e X, ZIholEoNb Ky o7 —2 7
M fy = Ko - v/27 = TNrot SSsinb THET 2 ZEMNTE, fq=518Hz THb, Z
2T kpe ERETEOBEANZ bL%E, §IXEE RS ARBOIUROEEN Y ML EET,

FTRAMRYFEREHLTHELERFFEOEEFEES R 229 12k > THIELEED
LERFETRBART b vERDTZ, K232 1 CFNERFREA L VI TRT, 500-
1000 Hz DFEBICARY MV DTEEDH B Z 06, HEEEDIZY 7 b LI-ERE AR
RZ MPELNTz, TIT. EEBLHIEESOBERE A RY L TIRIEDEEE
I ZELDS 720 H, A D EEEBS T BIEE B TIEMENMEL R o7z 7 A MEST
THINZED ., fHIEI X o THMHZ R CIRIEHDSE L 2 81T X o TEBIIEFEL
ROVEREBS T DREME R Lz EZI N3, Fv 7= 7 b DIELLHIE
S, K22 W KBMEDENTH 2 Z DT h o7,

LHD TRIE LESICH T 3 ESNIEDEH

LHD TEBICHIE SN 72E5 (#178529 D 4.00-4.08s) DEBF AR ML EK
2.33 1R F, TDT 7 A<iX, WK E R,y = 3.6 m THAEOBIGRE Bay = 2.75T
THEE NBI L #5E NBLIZ X o TIMAX NP ETFEE fe =4 x 109 m3 075
AR TH3, fle LT, 7u—T7REK33.4GHz DF ¥ ¥ 2L THLNTD D%V
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72o 229 ZHOWTHIESNZETDREEBARY PUVIEOHEETIIZE A EZMD
o tzb DD, IEDEETHEPAIRIZK - 72, X 2.32 2R IQ EEOMIIEICX -
TARZ PAPEDIELLHEESNMMREEZ NS, FHCHEFEBARY bLOEAIT
B (R 2.13) ITHETZeEZONE D, TAMELTRy 77— 7 bRELE
WKW EoTRD:, #HESINSZF Y 57— 7 MIIZHERZEDE ST,
EEBLMEESICLE Ny 57— 7 FOHEEMED 7 v — TREEHRAOKFEEZ K
2.34 2R T, FiIZ 33.4GHz & 348GHz OF ¥ Y AV THEGBELMIEEBICLS Fv
TS5 =27 MEEEDENKEL D, 29.1GHz ¥ 30.5GHz TREREREZR >N%
holze ELBED Ry 75— 7 VIERBIZX s THREENAL Ny 5= T b
LU T, 33.4GHz ®F ¥ ¥ 3V TlE 16%. 34.8 GHz OF ¥ > 2 ATl 25% K& L
2ol
IQEFEOEADFEHR e MIEFREOBEMMZHEM T 2. fid & LT, 29.1 GHz,
30.5GHz., 33.4GHz MUX 34.8 GHz OF v > )LD 513 HE M SO MHz, 160 MHz,
200 MHz KU 240 MHz I2X T > ayN—hEh3, K235 (a) XF v >N T D IQ
EEOIRMELLE fiMHZE., (b)IXA 7ty FEmRd, Tu—T7REREHENS % . itEE
D 90° 7225 DFAEHEM L, RELIZ 1 20D EMET. 71y FEBP L, %
7z X2.23 TR X511z, [UHZEEMEF T < signal DIEE LX)V TH - 7=,
Z A, 218 1R L7 1Q S FHHTIQ BEZNEFNDNHEENEL > TW/DT
H2EEZD, [55DRPEDEMT 2 L [HEE EORREDIRL 572D, (X LD E
DENIDKRERMNBEL L EDTH S, —&%IZ. 200MHz K 240 MHz O 8T
WBIRER ~1m TH 5720 MMIC DRKZXITIIMHEEZXIZEACEELLZVWEEZ DS
NTVEH, HEIHI Ko TIRFEBEENKEZ RS Z e THNHEENET L Z 2R LT,
S, RETZBIELTIQ BEONKEDZE L BRSO 4 Xb/NE T 20568
»H5,

EEREOREAPEHRED-DHDEESLEFEESE
EBERENRECEE T2 LWVWT a7 Las Ry 7o —RGEICHRIEL ko
TW/z, X236, LHD ICEAZINTWET a7 las Ry 77 —KEFFOT X7 LK
PHERT, KD Mixer 2 £ Mixer 3 @ IF HAESXEFNEFNT v S THIEXN., 17—
RAT 4 NRERFETET =706 LHD RO N H 28 L < BIEL 722 B[
BAINS, X 23712, reference DIET — TN IERDIEFEE D EREHIE DR Z R
T, OGBS HMEAIIIRE R BAMHEZX 954 mV., F/MEK 819mV T, T
HEL TBWEE HOBEOMIG L D, 10.7-9.5dBm OE(LITINE -7z, — /T,
20 MHz OEEMEIFIEFICKE K EL L. mAMEIZ 280 mV., F/MEIX 6.6 mV T, %
7 —IZET  —2.3--22.3dBm & 20dB OIETEE) L7z, HERBANTIE Y I X~ &S
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WEBER SN TRV, ZOREREDEIEZI AT LZHKT 2 E8MmDFRIC
otz o EZI NS,

COERRmPHEL TV E0RHFANRSE /2D, X236 D chl—ch 7TIZBIF2E5RES
FRREE U7z #ERZR 2.38 12T, Ty —7UREITHS ch 5 XU ch 6 THIESH
EoZEEPR NI, ZERRATIERL XD ERMoSRPHEETH 2 Z ey
Motz TIT, INHDF ¥ Y ANVDEHED ch 1, ch 2, ch 7 IZBI 2 EEHEDLH)
CEEALTW 2 e oz, ch 4 EFBREOZEIFINZIVDDD, —HHFRBIL T
Weo =T N =N ZHWERWESIREE LT, SG 1 XU SG 2 ZE#H BNC 7 —
70T LHD AEBICEE L, 7 v T2 o THIEX B -E50EEBE DL 2 2.38
D ch 8 R ch 9 IcEh2IuRT, BNC 2REHL BB —7 L 2 id B> TiFL
AEEB Loz, ZNLOMERDPS, METH > EEEEDOEHNE SG 1 & SG 2
DEBELELTOVWAINRT —TNVIZH DB R 7=,

X 2.38 DEEFEE X T, EEHREMILALYEL LD > BNC 7 —7 0% H0
TSG1MUSG 2IMEIET D2 EIFELEE L, EHERD reference DIEBHRED R
REREAPERE R 2 X 2.39 1R T, X 2.37 & R L TR0 MEIIIRA L L TESHRED
ZALD/NE WD, 20 MHz OEEHE b IEFICHREZ(I/NE (IR o7z, 3.5 KEE#REE L
TeROABARZENE, SG 2 DEERELZZ(LL/DIRI > T DTEAZEL &,
ZHETIX 10dB M EHICELL TV 25 550-700mV OZ1LIE (8.8-10.0dBm)
DEALEICINE 57z LEDZ 225, T —T7 5 BNC 7 — 7 AANDERFHETEIC
Lo TEEREORAMELTH ZNET 2 Z AT,

7T DIESEEEIRICE S S/N thoE

F ¥ VAN T EDESHEEIIESOENDH D, S/N EAENF ¥ 3V TR, EFHE
PRV ERELIZ D B DDFHWIGEIEFTBEN T2 TR L. ELIRMES OHEED T 28
WF X VIR DH D EPFRETH o7z, FEEOT a7 VAL Ry 77— RGO
BF v 2NV OREDH %K 2.40 ICEZEPBARY PADIETRT, TOMER. #
SN B Ry = 3.6 m, BEAKUORIGEE By = 275 T TECH IC K> THKk LY
7 A~ %, BKE 5.2 MW O AS O] NBI & #kZR 3.6 MW O /1A At D
FEAR NBIL TINBAL, BKEH AN T The =2.0x 109 m™3 127 4 — KN ZHlfHI L 72
METH2, 77 XATENE 391 s TW, =558k] ThHhot, ZDLE, HUDEREI
27.7GHz, 29.1 GHz, 30.5GHz, 32.0GHz, 33.4GHz & 34.8 GHz D 7 u— 7 — A
WKRF 2%2ZEF1Q EE5D S/N Higzhzh, 23dB. 11dB, 13dB. 9dB, 7dB & 4dB
THDH., 36.9GHz MU 38.3CGHz IZBVWTIEZEIQEHE /A XLV B2 2HE%
=3, BLREBOHENTER1 o7z, 22T, S/N KM DEE5RE IS 2 2
RZ MVDIEW Y 2 SHET 2 0MOTHADOEEEE Y . RIFHOES L L DL THE
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ELTW3, 0kHz DY =27 RUPZDH A4 RO =213 3 71 27 — )L OELR & 13 %
B THZEEZOND D, BRI OBV, KT v > 2B S/N o
> ay MckoTZEbET, 27.7GHz. 30.5GHz, 29.1 GHz. 32.0GHz. 33.4 GHz.
34.8 GHz. 36.9 GHz, 38.3 GHz DJEIZ S/N LEAHE L L 7=,

Mixer 3 N4 ¥ 7 v F TN ZEEMEFT KL signal DEFEEART M Z2K 2.41 (a) &
& (b) KZENZIRT, BEMEEIEIOEBEEARY bR 5, R S/N s
B 27.7GHz &0 30.5 GHz IHIG T 2 F ¥ ¥ 2Tl Mixer 3 N4 ¥ 7 v b ZINLBH
BLIEE N signal DIEFRED EV, 72 S/N MK RT3 HFICKFDRART FL
DESHEEDERFLTVWEZ 26, &R S/NEtZ&ED 51217 -7 —LD(F
BHEE P20 ERDH L EZOND, I T EERKEr— 7145 BNC 7 —
TNV EBLIBEOBRE EHEEEDEKRT A VITKo T, Hr—IMEEEZHOTY
7B XD S EBMEOEIBEMRNE SN, BEOEMBERIMIETELI T —Th b,
1km 720 500 dBIEET 2 BNC 7 — 7L 60 m IOz 72729, 152 ~ 30dB
BET2EZLND, TRZMO7DIC, BNC =7V RIT5 4 38dB D7 v
(Mini-Circuits # @ ZHLO812HLN) ZE A L7720, [EKT 4 2 K o TESREDH
MU7. ZOfEER. K 241 R LESREHERD signal DEEEE 2 L7 DES
FEEIE. 20 MHz XX 60 MHz OF % ¥ FATERRLTWE —5T. ZOMDF v > L
TIHEML, F v Y RLEDOEEANT ¥ 2DWE LT,

EREAEEEBEL, 7Y TRBMLEBRDOT 27 Va bRy T —RKHEFHC X 5428 ch
DESHEZKX 2.42 1ITRT, ZOMEIX. K 240 1R L7#181120 iF A LRI LS
HFTH . WKEINIE Ry = 3.6 m. BWKHEIOBIGHRE B,x =2.75 T TECHIZL 5T
RAK U T I X=%, BKHE 6.9 MW ORI AAS OHERE NBI & k3% 4.1 MW 075
B AST DEERRE NBI THIEA L, BKBEH AT Thie =20x10m 31274 —Fv 2
HIE L 72METDHZ, 77 X<ENE3.91 s TW, =594k] Thote ZDL X, HI
AL 27.7 GHz, 29.1 GHz, 30.5 GHz. 32.0 GHz, 33.4 GHz. 34.8 GHz. 36.9 GHz &
X 383GHz D7 m—T7 b — 241203 2%2(EIQE5D S/N gz ez, 28 dB UL,
15 dB. 25 dB, 13dB., 12dB, 9dB, 7dB U4 dB Th o7, ETDF ¥ ¥ FX LT
S/N leAeE S 3 v iz, 36.9GHz MU 38.3GHz DF ¥ Y AN TIEZDHRIZE - T
BEZMETSZIENTEE LI o7, REXLLT369GHZz DF v > XNV DIr—7
WA - 7 v TR RO ARY ba 2o 4 %K 2.43 (a) RO (b) iIKZ2hEh
R, BN/ A X707 ICHINTESPRAIARP o, HBRIFARY LA
PDODBHUETETNWEZ L, ¥ZD Ry 7= 7 bDBETETWS Z e PHERTE
oo TR—TVE—LDEEEERHIEXEZZ  TRAKRBF v > * LT S/N thEkE
XHDZZENTERLD, 2TOF ¥ YAV TESEHZ I T2,
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KERER

ARDWBEHAEIC L > T IO R=tANBALLT 27 Vas Ry 77 —RHEHT XS
8 ch DELIREBDORIRFHER K 3-0 K—rD K v 77— KHEHT & 2 ELTRIE S O [FIREH]
TENZRIN Uz FERR L 72 LHD B OF % X 2.44 12" 3, 8 NBI & HEE NBI 0#E A
WED ITGELRZME L., 20 L TEFREARZHIEL TA 4 > X7 —VELRDOINE
PBAT 2 2HBLEERTHS, 2O ay MZBWT, REMNIZT v — 7 EE
36.9GHz OF v > 3D 3-O K— b, 9-O K— FTHIE LBELIREEL Ky 77— 7
F ORFEIZ L E T 2hX 2.44 (b) KT (¢) WWRT . ELIRGEEE IZHD BRI L C
ORI R T 2@ H D, 3-0 & 9-O TEDOE(LDOMHEENILUE > TWe, Ky 7
Z—¥ 7 MiZ9-0 ¥ 3-O ThMMEL 20D, ENRE(LE BB/, X2.45 12 4.35
sIBIFE30OR=IRFIOR=-IFZENZTND Ry 7 =7 b OEEAELLEHD
B EEY 7oy b L7z, B2EIC CXS THIELZEXxB 70 —#E vgypg D72 v b
L7z 36.9GHz OF v ¥ 2T ENPS 2 RETH D, BIIME rog/age = 0.6 TH 5,
Ry 75— KEEICHIE LR EOmHEE » CXS THIELZ Ex B 7 —#EMZe
AYTRICLTHR e, ZOFRFTE RNy 77 —RFHIREHICEZ2 ExB 70—
HEZHETETWEZEEZOLNDS, LD >T, 3-0KR— P2 9SOR—1rDKRy FT7—
7 FNOMNMHEDFED, S, RBEHR A XVE—RFin =0 TIERVE—-FTHS
WTW3 EHERTE %, $£7/2K2.45 2 5H1%. 36.9GHz DIAD 7T ODF v > 3T, 9-0
By 75 —RHEFHZ K 2T DIEMEEIHETEZTE D, 3-0 Fy I —RHEITR Yy
TS5 7 EBHITEZ3200F v LT 2 2. 36.9GHz AN DF ¥ > 2L
THIEEAYHUEHEENS SN, TD LT, BBOF v XNV TA XY R T —
BLIRD b r A4 XVE— FEEEMEETE 2 X5 1T o7z, F/z, 9-O R— F TEFHEEA
LTW38ch®RTTRy 5=y 7 2HIEST S Z e TERLD, K245 DEhEh
DHROFEZMBIFEONT VWS Z o, BETHERHOLIMEEDREEFD XY X Fr—L
DR RIGD DT E, refr/agy = 0.82,0.91 DETIE K v 75— KEFH 53R D7
WD 3.5km /s 4 4 ¥ KA T TV Z 26, BIE T ITG ELIRAM
XN TWzZ e biEEIND, 9-O R—+rD Ky 77— RHETORBHEEITo/22 8
T, BF A4V - XY =707 —)VZELREBE ZFRFICHIE L, BESEH M E T
EERFEIO b a A XL - FHAMEEMAES 52 28D TE ST R T LDOREFITHII L7z,
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Comb BPF

Generator 1 (12-20GHz) Multiplier to p lasma

f=26.27GHz

LPF
SG2
(730MHz)  Generator 2 (DC-14.6GHz)

mixert from plasma

LPF
(DC-400MHz)

(0C-400Mz)

reference signal

Filter Bank & 1Q detection circuits |

X217 Fa7rasRy7o—REEtO~A 7 nEEts > a0 X7 LK,
SG. BPF. LPF BZZNZHHRE. N AT 4 LR, 0—RRAT 4 LRERT,
reference ¥ signal 13 Z 124 Mixer 2 & Mixer 3 6 DH 2R,

Filter Bank VGA IQ Mixer
_10°
> =T QT |
4-way +0° LPF
2tz BPFs - (DC-5 MHz)
reference > %;—l; > 0
—> +90°
signal - '. '. 0. 0. o. o. o.
- L

218 #ULSEELZZERRDO S X T LK, reference KU signal 13K 2.17 1
D reference KU signal IZZENEFNMIET 5, ZEMEEIE T 1 L &Z ANV T (Filter
Bank). AIZ% 4 > 7> 7 (VGA) & 1Q 3 %% (IQ Mixer) 5% 2, 1 & QE2h
ZHFAMHE ERMHEEEEZERL TWD, ZHZhDNY RS8R 7 4 L& (BPF) O
FHDAEED ~ 10% TH D 7z& 23, HLEBE 80 MHz DN FoRZ T 4 VR
THIEE 6 MHz TH %,
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reference: V =11V

GAIN
U T T T

T
>~ -20F
®
T -40r
>
=
m
T 60}
=
£ 80 /

T/ ——Previous Ver.

-100 ' ' I

-120 -100 -80 -60 -40 -20 0
signal power (dBm)

2.19 #HLSRELZERBO AHORE. FH. v 7mf, o LR, Fr >
UH=M, BEAR TR TN, T RAERE Voan Z 0.7, 0.9, 1.1, 1.2, 1.4V IZ&E
Lo A NRETH 5, BTFREENTTEAL TV, AIES A V7 v T Rfik
NZASE R O A IR 2 R T



2.4

SIS 27 ABEFE

55

= §f
' a5 O
*
1000 i
‘s 20k
= 500 e,
~ O+
g -50 L::': 4
g =z 40}
g 0 U a I/ | 1
[ = : i 1
- 60 3 ; ]
@ 3 60 ! ma—
(C -500 65 § 1 T 1
= | |
=70 |
-1000 _75...‘;8‘0'; | ‘
400 425 450 475 -120 -100 -80 -60 -40 -20
Time (s) signal power [dBm]

¥ 2.20 LHD THIE EhFERORELESOH, 1Q EEoRMZ(\ (£ L) . HERE
BARZ var o n (EF) e ARTRE () 226 signal X7 —ZH#E LT, FD
FERRE AL P OWRR TN TNIEE L Q BEEINT 2 AHNFEERL TV 5,
R ERANZ signal 37 — DKM L B/ MEDHEE DTN T2 NEKL TV 5,
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f =200 MHz (33.4 GHz)  361s
50 ——

——177491|
— 177484 1

Power Spectral Density [dBV/Y HZz]

70 S e
600 -400 -200 O 200 400 600

Frequency [kHZ]

221 VGA o7 4 VB X 285 S/N LLodEHl, H0 &% 200 MHz ©
F v YT, HBEDP LOEE5D VGA O NS4 7 ZEIE Voain = 1.04 V., FREED
VGA D4 7 ZEE Voain = 0.93 V OHED 1Q 55 % Z N ENERF AR Y
FMLOBIZLT2% D,
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0.4
0.3} Adq F]—1 —ali
0.2 '

01 AN

oL/ Aol K AN
AR WARN  offset,

017 7 2 1

ol 4 | % 1 offsetq

et / ]
03 M \ /N
O A
0.4 b

0 0.2 04 0.6 0.8 1
Time (ms)

M|

Voltage {V)

g
w

2.22 reference & signal DEEZER 1kHz & L7z, TNENIERKD T R M
S MLCEELLERICATN LB IQ E5 00, HeA Ly ofnzh
FRIGEEE QEEERLTED, A1 & Ag 202N IQ BEDIRIEE. Votiset 1
& Vofiser,g BDENETNIQEBEDOA 7Ly b2, AP B IEFD QES1HDA
MHiEN 2R,

(@) (b) 120 — (€) o2

3 ]
150 0.15
120 L B N .

o o S 0.05

<\( 1 S 9 (2] 0

£ 08 < =

< O 005

06

60 gl —
04 30 t
-0.15 t

0 | 02 | i i
-120 -100 -80 -60 -40 -20 O -120 -100 -80 -60 -40 -20 O -120 -100 -80 -60 -40 -20 O

signal power (dBm)  signal power (dBm)  signal power (dBm)

X 2.23 (a) IEERIED Q BEEIREICH T 2iRIELE Ar/Aq (RFR) . (b) IE5D
Q BRI F 2 UMHEN AD_q (fki#R) KT (¢) IEEDA7Xy b (%) L QfEE
DA 7ty b (Kt) D signal ENOEFE, 22T, AL 2P D#iflIdN 2.20 T
MUz, 7 a— 7R 33.4GHz OF v ¥ # )L THEENC LHD TO%(E 1Q 55 E
DRNE D LHEE X NTz signal X7 —DHEIFTH 5,
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0.4 e

——raw signal

0.3}

processed signal |

0.2 ¢

0.1¢

Q (V)
o

0.4 "
0.4

224 IQEED7 =
ELGEEEZRT,

0.3 -02-01 0 01 02 03 04
(V)

— PR, BVEBET. FHMEELH (X 2.29) 12X o> THI
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Ideal

VI: 1 % cos(2m x — 10008) + Noise(ND(0,0.1)
VQ: 1 x cos(2mx = 1000t = 90°) + Noise{ND(0, 0.1)

Voltage (V)
=
(=]

Ideal VI |
059 Ideal VQ

Phase -30" in VQ
-1.0 Amp. VAQ=0.5

—— VI Offset VOSI=-0.2
-1.54 —— VQ Offset VOSQ=0.2
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
Time (5)

225 AR LT A MESORMZ( L, EM 1 kHz TIRIE 1 V 0SB0 RES
() ¥ 2ofiifiE 90° Eotr QEE (F) IR LT, QEEDfE 30° # ot
(FE (H) . QEEOREE 05 LAREE (). 13212 —0.20F 74y EEH
L35 (5) RUQEBIC02 04 7y FEBMLEEE (41 V) 2HELE,
Y O(EEIC B RS 0.1 ERSTRICHES 7 ¥ X0 ) 4 RBME L,

Ideal

VI: 1 x cos(2m x — 1000t) + Noise(ND(0, 0.1)
VQ: 1 x cos(2m x — 1000t —90°) + Noise(ND(0, 0.1)
d)

— lIdeal

—— Phase -30° in VQ
—— Amp. VAQ=0.5
—— VI Offset VOSI=-0.2
—— VQ Offset VOSQ=0.2

(@) (b) (c)
1 1 14
S s s s
g 07 g 07 o 7 o
4 4 4 4
-1 -1+ -1
T T T T T T T T T
40 1 4 0 1 4 0 1
VI (V) VI (V) VI (V)

M 226 ERL7ETFANIQERDT = —¥ETR. (a) BED IQ EE () .

VI (V)

(b) Q

(EEONE 30° BoEEE (). (o) QEEORES 0.5 1 LEEE (). ()
12812 —02 04 7y FEBMLEEE (%) KT (¢) QEEIC 02047+ y b

ZEMULEES (AL vy),



60

¥
1

Blam & F&

Ideal
VI 1 X cos(2n x 1000t) + Noise(ND(0, 0.1)
VQ: 1 x cos(2mx 1000t —90°) + Noise(ND(0,0.1)

_20 —

_30 —

-40 -

PSD (dB)

_50 —

60 -

_?0 —

anfle Ideal

e=fe= Phase -30° in VQ
= Amp. VAQ=0.5

—}— VI Offset VOSI=-0.2
—}— VQ Offset VOSQ=0.2

-2000

T T T T T T T
-1500 1000  -500 0 500 1000 1500 2000

Freq. (Hz)

X 2.27 HERL7T A MEEOBEZBEFBARY Mv, HED IQ E5 (F) . QfF
BSOMH%E 30° EHELES () . QESORIEZ 0.5 1CLLES (K) . 15K
—020F 7%ty bEBMLEES (8) KO QESIC02D0F 71y F2EMLKE

B LYY,
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_10 =
— =20 -
[ea]
z
£E —8~ Ideal VA=1V
E= =8~ Flawed in VQ amp. VA=1V
g@ —e— Ideal VA=3V
& % -40 +— Flawed in VQ amp. VA=3V
®
-50 -
~— ——
60 - '
F\(//V\: -

L L] 1 1 1 1 L 1
10"
Amp. Ratio AIIAQ

2.28 HMDES (1 kHz) D —27 LAIHT 2 RER (-1 kHz) OB —2Z LA
VEARIBLICH L TR F ¥ LRER, RIE 1V O5E () CIRIE3 V o5& (FL
VYY) BRLT, B3F L LT, AEBEORVEENZESORIE 1V O5E (R) 2k
83V OEE (8) 2R, FEEORVEHBNZRESICBWT, REREO LAV
J A XL OIS T 5,
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_10 -
_zn —
@
=}
%E =30 1 8= Ideal VA=1V
= —8— Flawed in phase VA=1V
5@ o Ideal VA=3V
é% —40 #— Flawed in phase VA=3V
@
_50 —
-60 . .
. - -« e—
. — "‘\-_.d" —y—%
T T T T T T T T T
-40 <30 =20 =10 0 10 20 30 40
Phase err (deg)

2.29 HHDES (1 kHz) D —27 LUt s 2 L8 (-1 kHz) O —27 LA
N NHAZEDBRAIIH L TAF v LR, IRIE 1V O5E (§) tiRIE3 V 0%
G F VYY) BRLE, B2EL LT, AEBROZVHENZESORE 1V O5E
() HRIE 3 V DG (%) 2R L. AMEBEDRWCHBNZESICE VT, AEED
LARIE S 4 R RIUVIZHY S 3,

500 mm
1250 mm e

X230 FERFZLZHWERYy 77— 7 MIETAFDT A MRYFORERK,
£ 250 mm DEEE K 5 A OHUIMIHF LT 500 mm #i4r, 175 mm EWEICIEZ(E
D7 T FEBEL T,
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X231 FEERFILZHAVWERY PS5 7 MUETATFTDTAMRYFDEE, £
D2DODT7VTINYA 7 RBOEGKRIZEEZITO> 7> TF,. BIORLEPRO =
DRI LTEIRD D ODMEEL R T L,

—+— raw
—}— processed

PSD [dBV/VHZ]

1
-20 -15 -1.0 -05 00 05 1.0 15 20
Frequency [kHz]
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3.1 EFBELREEY (Ru/ L, &EHY)
3.1.1 EERFE

%21 B TRRZZ LK ICEF R — AL, EFRENEIEE S 2 ETG A%
EMEPRROBEIRIETH 2720, ZD Ray/Lr, FHITEERFEO—DOTHE, —
7T, ETG RLEMDORERE T, /T, K IKFET 2 e PHSNTWE 2D, Rax/Lr,
WIFEEORHAE BV TIE, T, OEZLZMH T2 Z e PBETH S, £ 2T, AWHT
& ECH Zexh ofin B IS AR T 2 off-avis ECH ZHIH L7 Rux/Lr, A¥ %
YEITo 7 [T5]e ZOFHEIE DD 2D A~ 2B 3 EFRESHOBEEMED
MEEICD HWSLNTELFIETH S [76), LHD T8 2% off-aris ECH TIIFHRRE
(dW,/dt = 0) IZBWT, ZDHENLIE K D & ARITHIA & OBREL & 44RO BT
BIhEV, ETRESMIFEBIRCKR S Z e ohTWD (77, ZOMEEZRAL
T, off-axis ECH ZEAHNFE D ODALE (inner; reg/agy ~ 0.2) L EF AT D DALE
(outer; reg/agy = 0.6) IZHLT 5 Z & T, M AT TIEEMT ZRVHIZELREFRED
Mz B RETIRETMZE 2 FEREZITo7%. outer ECH 2VEFREDMICADE
BLZER L. inner ECH BIEOHELZIEM T 5720, inner & outer O TIEWHEIFH
DEFRENLHIESNDD, EBFREN—EILR D I 2R LT,

AREFRIZBWTIE, MEVUSY — 0.723 MW, 0.799 MW & X 0.986 MW O 3 5@ ECH
EHWTEKZES 7 AR ER L. R 3.1ITRT LS5 inner XU outer ~\DIES
T —BLT D 6 KM T Rax /Ly, ZAFX ¥ ¥ LTze MEAEZ—VD—flE LT, £3.10D
cond. 2 XU cond. 3 1B 5. MEAY —DRFHZL & ZHUSHES W, ORFREIZE 2 X
3.1 (a)—(c) WWRT, THCHEL. ERIREEIC D 2 ELIRRE 2 X 5 72912 600 ms M |
D—EDMEE BEMETITV, AW, /dt =~ 0 LR 2 TOT 2 T o7, £/ ZOMR
MR D ERRIC 20 ms B, BWEAFICEE AN NBI ZAS L. 77 XD A F ViRED
1 Ti(rer /ag9) MU E x B 70— vpxp(rer/agy) DHEEZIT o 7. NBI IS
7 —7%3 ECH N7 —IZHARTEL . W, ORHZLS NBI MY —DZITH S HE
BREVD, NV REZTELMROEL & 58T, DIEOBTIREIADEZE L Z 7,
F7. Rax/L1, DAF v VD ne MU Rax /Ly, DZEAEIZ 2720, EHIKFEH R R
TOWMEIZT 4 — KN ZHl{HlZE21F2 22T, K31 (d) IWRT X SIZ ne &—EIk
Fel7zo £72. 3.1 (e) I3 £ 512, LHDGauss 22— K [78] TEHHE L 7% inner ECH
DIILIENE refr fage = 0.2, outer ECH OWINNIEIX reg/agy ~ 0.6 . FFHEHIDED
ECH O off-axis AT L 7=,
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ZhENM 3.3 (a)—(c) ITRT. K320D4L Y IETHY F ¥ 7 EIhBHIERMICE
BN L o TET — X ZRDo Rax/Lr, 1T —1-12 DJRVHIFTOR T v~
PFEHNT VDB =T, Rax/Ln, 1& —3-2. Rax/Ly 13 4-5 ¥ HERPOEIFIZINE -
Too ETow Tow ne RU T L TH ZNZH, 2.2-2.7TkeV, 1.7x 1019-2.0 x 10 m™3
KT 0.95-1.05keV LIZL A Y —EICHEIF T2 2 B TE T2,

DL E refi/agyg ~ 0.5 IZBVWTEFRT —VELRESOWECHII L7, BT R
T — VELIRFRE D Ray/Lr, MEFNEKR FETFRRKRD Rax/Lr, EEZM 3.4 () MO
(b) ITRT, BFAF —ILELIRAE r 58T, I VEBRABEGO T n -7 v —2o %1t
DREOEERELER /A X LTI 34 (a) X TTay b LTz, BFRT—IL
ELIRBRE O ERFICIE~ 7 0 A7 —URED & D ) 4 AOHEERET 272D, vy b A
7 JEEEL fo = 150kHz DA SR T 4 VR %Y Tz dW,/dE ~ 0 ORFR % AT I
TW3 s, EFRVURIEFEIREO RFERIC o TRz 2 e fREL. 3.1
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I Ty g WETAFHE KkW/m2., dV/dre [m®] R N O R 0 E 8N LR
FADMI T, WRHEOEEERT, £/, ¢(FP BV v A uR—2HTHD, ¢¢8B =
neTecsp? /R, TRDIzo s = /To/mi KT ps = mics/(eBax) T BT — < EEKRT
A F v ERERT [12]s cond. 6 T Pipper =0 TH D, dW,/dt =0 DHE e =0 &
EZoND, BEM [T7] TRD o N7HREFRE & STARECE FHWT Xk [77) o (1)
ZHWTRD7ZETFERREZ cond. 6 D g IHWZE ZAEBRIGREZDHFATIZIEAY
0 izor,

B R — VELHIREE S Raw /Ly, OWINCEE - TR L. Roo/Lr, ~ 8 %182 % &
AEIZHEMNT 2, 2O TEBFERADE T R — VELTRIRE & [FHE O EH A T 212
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ME2Zehirotz, ZOLEDEBTF R — VELROMMEE D R, /L1, R1FE%X
34 (c)ITRT, Ry Fo7—y 7 MEZEHATVR (KX 2.12) 8k o TKRD%e Rax/L1, X 8
WHBWTHAHEEX ~ 1km/s TEFREEAAZAL, 2o 0BHEIKRIZ. ETG L
MOBMEZEZ THEMT 22 ko TEFRRKRZEMNZ 2205 PHICFE LR
W [26] —/5C. BfED S Rax/Lr, DD T 2 DIPE> TET R — VELFGRE A5
TBD. Rax/Lr, = 0 ICBVTH /) A ALV R BRI REDEF R — VELTRATFAE
T2ZEBTD o720 Rax/Lr, S 8 TIXNHHHEE DHEE I 0 123 < NAHEE oA % 1%
THEETH D, BTFREAENSFELZWVICHEOLOLTERMBFET 222256, 2D
iy ETG &L T H % Algethid R, ELTRSERE K O E D R,y /L1, HAFHEIIE. Z
D &SRO\ HN., AR R OE W Z KM L TV A R[REED D 5,

313 EE

EETHROLNZODMEHADBZNZNE D X 5 RYEEHIC X > TR E LfhER I
EI0EERT DD, GKV a— FICX3EHEERIT- 72, MEFHEDOAL VT v b
R 32WCRT LI, REBRTHEONLT I ADAT X=X EH W, Ra/Lr, 28
DFEIRT Rax/Lr, ZAF ¥ ¥ L THIERT R 21T o AR, 156 7 HERER K OAHE
EOHREMARY bADOZEEK 3.5 (a) BT (c) ITRT, BHEIL TV 2 R8O REFER
0.1 < ptneks <0.2ICEBT %, MEFRIE Rax/Lr, DM THMU., (AR X
~ 0.7km/s TEFREESTATD o7z MERD Rax /Ly, BEFHEIFEETE 5 NLALR
D Rax /Ly, MEERIHETH D, MHBEZ DS REZILDIIF—HTs L
Doholee TNEDBE Rax/Ly, DFEIKTIE. ETG ELIRA XN TH 2 L EZ 51
%, BB, ¥Ial—YaryERTHUZINZFBIITERCHEA—TERVWI LICHET
5, ¥YIalb—a YTBHS B k, 3RTE & PAT TROBICERE T H % 0120
L. EBCHAINLEE b 3Ra 4 ZAhRE RSO % &, RAEZTIZ,
DT FEE U BE, BAAm e Ra 4 X ANCE T RERIESETF R 7 — L TE
MENBEREL TS, T, MEHBELCBOWTIDLET,/T, DAF % bfioi
R, K35 (b) MU (d) WWRT &S, T./T; IS % L ERPBD T2 Z & 135
Dole, ZOMEMDBH, TEM ALEELD H ETG ALEMEDSEHICHA TV S &
FEZBMND, RIT Rax/Lr, $ 8 DTEIBICB 2 XL YIEEOERZ D01z, Fi¥
FTEIC X B REWDIRN 21T 5720 Rax/Lr, RO T, )T} DA% v Y HiFH % [LF, ZET
HHPEARRETHZHEIITHHNT 5, ZOMREEK 3.6 17T, K 3.6121& FEBICE
BRCHIE S N7z Ray/Lr, R Tp )T, D—#8% 70 v b UL7ze Rax/Lr, > 8 DEMETIE,
TSI RIS BV T O ARLENL 5 25U H 5, BEIITREERICB T 21
ZEACDBMEIE Rax /L7, =8 XD LT DICEVEBICH 2728, v — Y FILRFEKT
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BH%. —HTy Rax/Ly, # 0 KBWTIIMIBLETDH 2 Z Dot Ldio TR
Rox/Lr, B OELTRE. ETG GIRICR ST, ETFRA 7 — VOB EN ZELIRTIRE §
2 ELIRTH 2 AIREMEDMER V. ZOFEICBIT 2 E L. H4.1HICTER 5, AHIOAE
. [79] GRSk E T,

# 3.1 BEBKZMICEBIT S inner XU outer ~NAH L7z ECH RV — (Zh£iL,
Pinne'r &U‘ Pouter)o

condition
. Pmner [MW] P(')H/,('i?' [MW]
index
cond. 1 2.508 —
cond. 2 1.522
cond. 3 1.522 0.986
cond. 4 0.799 0.723
cond. 5 0.799 1.709

2.508

% 3.2 GKV a— FiZXa8IEa R D&M,

T 1.0 keV
Ne, N 2.0 10" m—3
T./T; 1.0, 2.0, 2.5

Rox/L7. 10, 15
R.x/LT, 6
Rax/Lne7 Rax /Ly, -2

B 0.05 %
Rax 3.6 m
B,y 27 T

~ 1.254

B, 100 %

Teff /a99 0.5
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outer ECH (&) OME AT —DORFEZ 2R3, (b) & NBI <7 —ORFEZAL
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DIFEZ L Z RS, FRDA L Y OB, R R e LR TH %, 4.35-4.58s
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S
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34 (a) TR —VELFMED 25 [20 pign s (FH) RUZOER 4 X (FiH
#) O Rax/Lr, WEMETT. (b) Vv A4 0 R— 2B SN ETFRRAE ¢ /¢S°
D Rux/Lr, BENZTT, ¢ 13 ¥ A 0R— LB EERT [12]. (c) EFRIF—1
ELR D BAEE vphase D Rax /L1, WIFIEETT,
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x’
Ef
S
Q
©
£
2
o
Q)
electron-
diamag.
— direction
) .
€ I
=,
g O
= .05 | 1t .
_1 | | | |
0 0.1 0.2 0.30 0.1 0.2 0.3
ky pth,e ky pth,e

3.5 GKV a— R X2 AETHE LN (a) HER v ORMART P LD
Rax /L7, 17, (b) v DAY v D T, /T; 7. (¢)Rax/L1, = 15 DA
FHE vpnase DA RZ bv, (A)Te/Ti = 1.0 D vphase DA RZ b v, F L
¥ Y OHEBE, ELROBIIEEE RS, (a) KT (c) ITBWTIE T./T: = 2.0, (b) &
U (d) CBWTIE Rax /L7, = 10 TH 3,
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3 —
’ Experiment
25 | S ° Measured
l\-_ L L/ 4
o L e ‘.%" | Simulation
21 *°f * Unstable
, e Stable
-5 0 5 10 15
Rax/LTe

3.6 GKV a— FCHESNABIBRES Rax/Lr, RO To/Ts D4 (H) R
S RZE AN (SE0A), FAUT. 2 DOREIRIIREN (cond. 3 LK cond. 6)
CHFE XN Rax /Ly, RO To)T; %57
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32 BFEE/AAVREKEY (1,/T &1F1E)
321 EHEBRFE

T.)T, # 2% v T 37DI3 T 2 —EIX T, 2230 ERDHZ b, K
B TITRT XD ICETEEIRINTIMAT 2 ECH RV —2AF v v E{Tol, TOERBRICE
WT TR - UIADKE 5 1. dW,/dt ~ 0 & &5 FhiREIcEWT, KX 3.2 2H
WTEITET 2L 75 ~60ms TH - 7=,

_ Wp

Pheating — AW, /dt
Z 2T\ Pheating BMEARY — 2453, —FH T, BT - 44~ H O ERARHIZ.
Teft /@99 & 0 T ~ 500ms, 7Tef/ag9 = 0.9 T~ 50ms THH, BEFREDA L VREL
BOPENICE S RIICET ORI ANV F =2k I s, L7z o T, ECH X7 —DXF* ¥
VI o T, A A VIREN—EIHRINL ATEFREZXAX v L, T,/T KR
¥y TEDILERT, s AAVIBESMMOIE XxB 70 —#E0MOHE D7D
2 NBL 2z, W, B—EIC# 3 & 512 NBI IE ST — 2 A& 4 3 > 7% HGIfIL T
W3, BYBEREICHERT 2729, LHD OMINEIZB VT FIR T X - THlE
INTWVBROEEEEN—EIZIL D & 5 ICBIKREHN R 7RED PID #lf#li %217 - 72, J&
AEZBRL TV B 72D, FFRKEX A N—=2a 4L [80] I &k - TiREMSG T ¥ ¥ >~
LT BEIEITS 2 8T, R OMSKEZMHI L T2 o EEEH L2,

TE (32)

3.2.2 EERER

R L TR oNLETFREDM,. BEFEEIMKROA F VIRETMOZLZX 3.8 12
Y, BTRESREE HICKEJHEMT 2 —HT, EFEERCA A VIREIRIZLAY
—EICHERF S N7z, 3.7 () 1R T L 512, ELIRDBIRHINIE 1o /age ~ 0.9 IZBWT, A
FUlRE, BEFEEN—EDRNT, BFREDORXX ¥ V2o, 2ot =, BlHINE
WBFLHARDOZEER 3.9 1TRT, FitbIn#fRr — VR TRLUZHA Rax/Lr,
FZDRAF Y YOM—ETH D, 72y Rax/Lyn, KU Rox /Ly, BFEDHPHT—ETD
%, frik& LT 3.10 ITRT K 51T, MBRY —ZHINSE TN Z T 1.5-2.5 Ol
BTO T, /T; DR F % YIZKI LT,

ZDOFEBRICBVT, BRI kL pmi ~ 3 (kLpine ~ 0.13) DFEF AT — VELTR O BRI
WK LTze A F VIRED—EIR 20TV B 728 po; THIS L S N7 RS B —E
TH2, FoNTEF AT — VELRIRE K CAHEED T, /T KEEZK 3.11 2R3,
ELURGEEIX. H v M A 7B E f. = 200kHz ¥ U CEREEBUL S OESMETRD &



84

B3E TIXYHETEROMR

Nz R 75— 7 MEZEAYR (R2.12) T&>TRkDBNTZ, ZORE, BT

o= VELTRGREE T /T DSEINT 2 Do THEMT 2 Z e 3 h oz BFRT—IL
LR ONAEE I S DD D, To /T3 L2 1BV TE 01 < MM X 1z
otz To/Ti 22 CBWTE ~ 1km/s TETKEMEAATH - 72,

323 EE

AR DR X N2 ETF A7 — VELIR O 2R 272, GKV 2— FZHu
TRREET A 21T o 720 MIERTREDOZEM 2K 3.3 IR,

TR LTHELNLEFRT —VOMERERKOMMHREED T, /T EEZX 3.11
WRT . Dz, FEBTHIE SN2 EF AT — VELTRRE K S EEEICER TS
0y b Ui, EBRTHEINLEFRAr —VEIRBED T, /T IEE e K LT, #EHE
TIRONZE TR —VORERIEZ T, /T DEIM o THAT 2 e Bbbh o7z, fif
MHE I, EREK OB REOMRLICETFRIEESTTH 5, ZOMEL S, FIEFHE
THEONLALERDOFRHEX. ETG A ELEMORMEIC—KT %, — /T, WEHEOM
R EBRRDEEINC R 2720, FEREOELTRITIZTROCIFIEEDIEIE T 2 AlREED H
%o ARIFFETIEZ D & S RELRO I DORED 72D A A ¥ Ao —VELTMES & DA
RHPE 2T o7z 85 34 HICTZ DA Z R L, AEIICBVWTHRINLEMICOWTHE
BEMZ 5,

# 3.3 GKV a— FiZ X 2B E D&M

T 045 keV
Ne, T 1.1 x 10" m™3
T./T; 1.0, 1.5, 2.0, 2.5, 3.0
Ra.x/LT, 31
Rax/Lr, 27

Rux/Ln,, Rax/Ln, 14

B 0.013 %
Rax 3.6 m
Bax 275 T

v 1.254

By 100 %

Teff /@99 0.9
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192781 (R =3.6m,B =275T)

(a) 6 — B 600
z >
sS4 400 s
(O] [ 1 —
gz/ 1200 Z
o [ 1

0 o 10
(b) 3 - 3
ok ]
o_;E 2: 4:2.3
o - c
= 1L < 11~
1<t *
(c)
>
@) ’ ]

=, i ]

~"05FC 1 0.

I i ]

07\”‘ L1 \\70
4.4 4.6 4.8 5 52
Time [s]

3.7 T.)T EWEBICBT 2 WEOBEE (#192781), (a) NBI I <7 — (2

L—).

ECH <V — () RO T 7 Re &R 3L F— W, (R) OREZ(L, (b) T

JETEE ne () ROA AR T TEFIEES (Fk)o (c)res/age = 0.9 IZB1F %
FIRE (). 44 ViRE (F) RKOBEFEE (f).

(a) #192781

25

—— 45837 s |

0.5 06 0.7 0.8 09 1

K38 T./T KEEEBRICBT 5 (a) T. 5.

ref! a99

(b) (c)
3 F T T T ] 3 [
r 7458373:
S -—-4.9837s] 2.5
8 - --5.1837 s E
20 = 2
e [0]
5F ool 1%.15
=
:m 1F B 1
05 105
Il Il Il I Il | O

.
05 0.

6 0.7 08 09 1

ref! a99

(b) Ne éj\ﬁ\

0.5 06 0.7 0.8 09 1

reﬂ/ 699

() T, 5315 OBSREIZEAL,
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(a) 40 (b) 40 EIOR

30 - & 4 30 T30 ]
2 %% i g 1_F %

.| o q 1d

~%20 | 1 ~x20¢ 1 820 ¢ ]

x r 1 X i 86 1 r ]
10 | 1 10f 410t .
0 :‘ P R B O:‘ PR B B O :‘ P R B

0 05 1 15 0 05 1 15 0 05 1 15
T [keV] n, [107m™] T [keV]

3.9 To/Ti FFMFEBRICHBT 2. BUNLE reg/age = 0.9 D (a) Rax/Lr, KU Te
DZALDHEF, (b) Rax/Ln, KU ne DZ{LDHEF N (¢) Rax/Lr, MO Ty DZELD
i,

1927814.4-52s

37‘
| #
2 o ]
<
[ T
1F .
O:\\\‘\\\‘\\\‘\\\‘\\\

0 2 4 6 8 10
Heating Power [MW]

310 MBS — R X BIBED regr /age ~ 0.9 1B 2 T /T, DZAL, FEflo
# 7 —1E, NBI JIZVS 7 — & ECH <7 — D& 3HE,
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0.001 [~
(a) [
"~ 0.0008 * 36
S, . ° ]
~ 0.0006 [ = o
5 i e f
c L i
50.0004 [ _ N
3 [ \ 1
0.0002 [ ~
: qui 3 \\
| | | | | L | | L N
0
4T
(b) . A electron-
w . | diamag. ]
£ 27 direction O
ﬁ L |
X r ./QIO"/H
< O 520 R 7
= I
¢ I
£.2r O measured -
= I —e— calculated
_4 I | L L | | L | | | L |
0 1 2 3

X 3.11

¥ OBf%R,

BfRz "9,

BFRA7Z— 2B LT,

TIT
e |1

S o
A 8)elyimols

(&)

o

Xe

i

- |

(a) FBRCE & N=FLIRME (ktl) & O EFaE
TR NEER (B kypms = 3. 7L —F8E kypons = 2.5,3.5) © To/T;

(b) BT & 7= (AR (K Etl) & SRR & AU R
(EFEEUZ kypins = 3 TH B, kypuns = 2.5,3.5 DR S —HFT ) O To/T; £ O
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3.3 BF - 1 T UREIOERERBMKRENE () RkEH)
3.3.1 RERFE

B2 THHALI L IR T, Ax v Tk 2 T,/)Ts AF ¥ iZBwTid, 3.3 TH
INDET - A4V HOBEREEE ve [81] bENEZ T2, 2D, T.)T: % —EIC
Vei ZAF XY VT H5ZLIEoT. TOHORENZDEEL Tikam s 52 Z e kD b 3,

8/ niZ2e* In Ay
Vei = 3\/5 mé/QTeg/Q
ZZT, InAy B3EBTF - A A VHOMEERICBIIZ 7 —a o BTH 5, Xk [82] 12T
InAg OFFEFENHTHIN TV EH, ZOREMRTFEER < log, T BEEMKFMEZ
o logion V2 BRETH D, vy NOHFGIE T/ NE WV, 22T, AMFETE InAy %
B L Thole T=1keV. n =1 x10"m 3 DL EInAy = 165 TH o272,
InAg =20 & L7e K 33D026700 %D WERHMEDELD LOHE. Ve lE ne 12K o
THHIFAITE S, 22T, T Z— Wl ne EAXF ¥ VT 52L&k TT, /T Z—EK
Voi B AF ¥ VT B3EBREITo72, K312 (b) IWRTEIIC. BFEEDRAF v IIH R
NRT7DMBZHMEIBEZLIE o TUUTo e T I TMERY =2 —EITH R 7 % A4t
T3, BAREYZD DTS5 XhbDIRNF —BEB—ETHIULT 5 X~ DIRE
MERLTLE S, BHINEICBY 277 ADREE —EIROHIC, K312 (a) 12
AT LI, HVICECH RV —%2 X% ¥ LoD, ¥3.12 (b) I&RT XS WELTD
ECE EERELHIHEL LT, TOUD—EIRR2 LT, TARTZR|ED T 4 — F vy
Il ZIT o0 2D T 4 — KNy ZHilENZ. BRI, 40 Hz OJEEECT 15 ms D%
L AMBOHIEEE %25 250, #ilffiETdH 2 ECE F5MEN HIEEZE R - 72551208
A Z% OFF., LAl 72881I200 2% ON IZF 3 2 WHHIETH 3,

(3.3)

332 #ER

X 3.12 (b) IZRT & D1 ne ZIME DD ECE ME % J&UER (rog/agy ~ 0.7) T—
EWT AR LIz R L TR LN HOE R 3.13 ISR, FEUHTD
BIREN A F VRES—EIEIoD, BTEEOHMMIELN, K3.12 (c) &
BT AT — VELROBIIINIE 7o /agy ~ 0.95 ICBI 2B TFIRE, 4 A VIRERVETE
EORMZLEZRLTED, BFRERUAF VREND —ED FTEFEEDRF ¥ VI
RIILTWE Zennh b, BHIGLELEAETH 2 2 L h b RiNR A 4 Y IREMERW
728, [ 3.14 (¢) ISR LT Rax/Ly, DIESOEMKE, L LAENS, ELFHEEL O
MBIRECTIX —0.02 4+ 0.11 &, ZHFELROZ L 2 IXEARRIESDOETH S, —JT T,
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X 3.14 (b) IR T L WCHHPINMEICBWT, 1.5 x 1012-2.7 x 10 m~3 O#ifT n, ®
2F v VM LTz ZHUE. BTONY Y R wy . THIBLINZET - 44>
[ D I ZE AP v T 0.16-0.38 IHET 2, ZTI T, v FRDA 34 12&-TK
D7z FEINE LRI vog (IR F2INF FHBIOLMED HHN DS L 5 Ry FAZL(LLE
C AR OMEBICHYE L, M1 E% 1rad X 2R OBEITHY T2 v 225HI1E7
AT b6 WK BBIEERRZIT S [83] T DEMEZEEKBMD, NFFEBHDANY VR
JERBUIH T 2HTH 5 vi & NFFHEINC L ZEERY 7 b OREMfFEEIN S D
KBRS 2720, IOUEBT - 44 VEOEEEDOEZEE L THW .

V:i = Veff/wb,e = Vei/et/wb,e (34)

%72, BTBESHIIKERENDD 2 DDOHEILR T —VE Ray/L,, ZIELAY—
EMEZH - 720 RIFTHIZ2 6 EIE 0.05% TH D, EEREALELTRIS IS U 7-585R 03 Al RE7R 7
FAXTH 5,

R LTSN ELIRBE D v RIFMEZ K 3.15 (a) 1T, MHEEED vk KENEZ N
3.15 (b) 1T T, X 3.15 (a) DM DHMEENZ, B S N ELTRE S | f| > fo = 500 [kHz]
DA ISR T 4 VR E2PT G5 DU E B FEETH o2, EFHEETHBILINE
ELIRIRETH %, SLIRDEEE AV — AR VVEED Ky 75— 7 M, BIHOA Y
2B (3K 2.11) 1K o TRD ., ZOFER, BRI, v OBEIMIHEVWED T2 Z
W ote, —H T, MHEEE v BZL L THREDHHTIZIL AL —ETHD,
3+ 3 km/s] TEFREMETRZRL ZEBDh o7,

333 EE

GKV a— FiZ X 2 #ERI R DGR & EERIR & OLLE 21T - 72, MR ORMFE2R
341TRF, K 31512, FEBRTHR N ELIREE K CMARE D vk REFHIC LT 7
TR THE O N R R I ONAHERED v} IFEEZERTRL T, #MIEITRTE LN
PRI vl OIS HE - TR S B HADE 5N, EERTE o NELTERE D v} MKTF
MHEBENTDH o7, MEAETHE ONIAMERER vphase ~ 0.3km/s TEF M7
MZENTHE D, FERR IFFREOHT L Twa, UEXD., BUBAREEYE
PRIZENC B U 72 LIRS EBRANIC S XL TH o 7o e ZE X B S,
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194058 (R. =3.6 m,B_ =-2.75T)
ax ax

@ 6 - ‘ —rr———r——— 800
s 71600
=40 T T =S
T ¢ 1400 °_
=20 ] ral
& et EoH| || T 1200 —
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— 14 ] Co
ES ] N&Z
0 HLIE d0
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> i
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" K
o 0.2 : f
0 I TR B ARSI BV PR R 0
44 46 48 5 52 54 56

Time [s]

X 3.12 v BAFHEHEBRICE T 2 B OME, (a) NBIIE ST — (ZL—), ECH <

U — (H) MO T I XEBEIRLX— W, (B) OREZ{, (b) fFEEE

() Terr/ase ~ 0.7 125 3 ECE (EEHE () RUH A7 FREIES (#i),
(C)rerr /ase ~ 0.95 2B 2BETHE (F). A+ VIRE (F) ROBTEE (),

4

@ 4 44837 s
3l -—-4.8837 s]
% Eomsg el
= AN ]
1r B 1

0 b

0 05 1

ref/a99

313 v EEHEBICB T 5. (a) BTRE.

73 DZEA Lo

4 —
N, © " ——447s |
S 3t -— 487 s 1
: SN EO -~ 527s
F——4.4837s N\ =% 2 - 5.57s
| -—-4.8837s R S ]
L s N ]
- ---52837s 1F \\\\ ]
R 5.5837 s [ N
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refJaQQ refJaQQ

(b) EFHEEKRL (c) 4 A VR D
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50 50 50
@) %F () 50 © Or¢
40}% 1 40 - 1 40 - 9
T I |
S ot S ont i 1B ]
x 20 ] 20 %ﬁ;@? © 20+ ]
10 1 10 F 1 10 1
ol B ob . B 0l B
0 1 2 3 0 1 2 3 0 1 2 3
T, [keV] ne [1019m-3] T; [keV]

3.14 vl FMEFERICB I 5, BUHINLE reg/age ~ 0.95 TD (a) Rax/Lr, XU
Te DZALOHEF, (b) Rax/Ln, XU ne DELOHEHF KR L (c) Rax/Lry XU T, DE
b #ipH,

(a) [ ]
—. 0.0006 |- 210 g)
s | & | Z
=® 0.0004]- %‘\'\ 3
\_~< : O% O 1 5 CFD'.
- g % %
< 0.0002 0 1o
i i | <
0 Jo
10
(b) f ]
I | electron-
T 5| T | diamag.
IS g o O | direction
=3 o 1
0 ]
>-S_ 0L =—s—a—un—=na|
O measured
I —s— calculated
_5 PR S i B M|
01 02 03 04 05
v .*
el

3.15 (a) E TR — MBI 5., FEERTH O NELIRIRE OKEUL) RORREEET
FoNTRER (RERPBIBEL kypin,i = 20 7V —FEERD kypen,i = 1.5,2.5) D v
WEMEZRT, (b) BETFRT—MIIBF 5. ERTHELNLNAAEEE OKEAL) K OHR
IR TR ST AEEE (RERRDBIEEL kypin; =2 TH 3D kypen,i = 1.5,2.5
b—HT2) D v IFEEERT, (b) ITBWTIEDNEE vphase > 0 D3 TSN
FiAzEmRS,
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# 34 GKV a— FiZ X 2B E DM,

T; 0.28 keV
Ne, N 1.0, 1.5, 2.0, 2.5, 3.0 10 1/m?3

T, /T; 1.6
Rax/LT, 44
R.x/Lt, 43
R.x/Lyn,, Rax/Ln, 24

B 0.015 %

Rax 3.6 m

Bax 275 T
¥ 1.254

By 100 %

Teff / Q99 0.95
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34 BBF - 1A= ILELARBEBEIER
341 RBRFE

BTFRAT—NVELRE 4 F Y 27 — ViR O OMHEERZRANS 72012, BEFAT —
NELTRIEE R A A ¥ R — VELRIG B Z FIRHICHIE 3 2 21T o 7oo AEBRTIE.
TRA7—NVETRE A 4 Y 27— VELRD T, /Ty ~NOREREOENEISH T 2729, T,/T;
A¥ v o ®i{Tole ZOWBIFHE 32HTHHL BB LRI —DMETH 5, K 3.7I1CF
TIRLIEED I, TIRREBIANT — W, OLEN IR 57D — 2L 7
NBI li#% 52 TA A+ VIRmERIZEF—EIRHDOD, ECH AV —%2X* x> 352 T
BEFREZZMNZIETT/T, ZRA*x Y > Lz, Ry 77 —HEHTBElZNIz4 4> R
r—IVELIRICOWTI, |f| > 500 kHz 23/ 4 X707 TH2Zeh 5 100 < |f| < 500
kHz O TNY FAXR T 4 VR BT A F VAT —NVEIRO ¥y 5 =27 ME
Z“EA R (KX 2.12) ZHWTKRD e, F72. HESKHE—EICHRFIND X512 h
ARTRED 7 4 — ENy ZHlEIZIT o720 4 F Y A — VELRO BRI EIXX 3.16 T
R EXIICEFRT = VELTROBIRINLE & [F— D reg/age =~ 0.9 TH D, 3D N
NI RXA—=ZDEIEIK 3.8 UK 3.9 L[A—Td %,

342 HERER

BRI NIEF - 44 Y A7 = VELTREE ORI 2L 2 X 3.17 1IR3, EFRT —b
ELIMDOBIANRENE ki pih; = 3 TH D =T, A A Y RT —VOBRIBHENI k1 pen,i ~ 0.2
THolzo ECH RV —%2Z{LSBLERLR, TIATEBEIANLTF— W, & ~ 70ms T
BRI L, E—BIR D, TN HICFHCEFRA T —VELTEELS K E S ELL, 7
FAREBHEIAINF —DRIFANI > TEFR 7 — VELRBE D IZE A Y —EIfRN S,
A F Y RT = VELTREEZ 5.0 @ ECH 7 —OHNERICOAZH R ZLE N, [
FRICT 7 A EBIZ A NF —ORIFNIH - T—EWMRTN D, 26 DMED ML,
DS Z B (~ 70ms) 1Z., ECH TrEE b Nz m#HE T (~ 100keV) O, NIV E
HLABEANTAF e DERICK MG FABEETH S, Lido>T. 20 ECH
R —HWINEZOELIREE D ZEbIX, ECH TEdbINEFIC X 2 EHEDHBEKOE
AIZHRT 2 ATREME (84, 85] SR IFRARI R ELIR RO E RTINS [86], Lo L&D
5. AR TIEEROEEML NVDOEIICER T 578, K 3.17 (b) ICEDOHEMTRL
7oo dW,/dt ~ 0 OFFEICEHT %, ECH @ 1 BEH» S 2 BEHOMTA 4 > 27 — )L
TRELEINS 52—/, BT A7 —VELBREEHIr WEHEZD 2 6 0D, FEHRIRL X
MIF e AEZL L WEAN R SNz, —/7 T, ECH @ 2 &H» 5 3 BRH DRI T,
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AF YRy = NVELRBERZL LR w—T7, BFRr — VELTRER KR E ST 2, &
NODMEREF LD THHAHMNR LD DHK 3.18 TH %, BT AT — VELIRERE & A
* ¥ A — VELTRIRE IR Rk DA T (L 3. BRI TENT 2 2 eh
o7z,

BTRAT —NVEIRE A A Y R — VELROBE N CAMHEE D T, /T; %X 3.19
RS, BFRAT —VELTREBEL T /T, OIS E - TS 2 HAs R e s, —7
T A F VY RT —VELGREE T /T, ORI L T—EICR S, TDEE, A4~
R = VELR ORI, To/T S 2 8BWTA A YK mEmE, T,/T; 2,2 T
ZE TS AN ZT 2, BTR7 —VELROMAHREE X, T./T S 2 KBV TIE
FEAY 0L HAMR D6 0—)7T, Tc/T; £ 2 IXBWTE, BB H
THBZeDVDhoTze MHEEDHEHNZL TWEZENHRT, T./T ~ 2 125
DORMED D D, GRS T 2 2 e BRI N5, EFR T — VELTRERE OB
. ZOELTIREEDZEICHE > TR > TWB Z e 0h o T2,

343 EZR8

IS DEIROMRE - LT ER T 2720, GKV a— R 38EFEZITV.
FEERER LB Uz, K319 BT R OMREER ORT, F32HTHELEL LS
W, EBRTEONLETRAr —VELRBRED T, /T ENE L BEE TR A LET R
T —VORRERD T, /T, KRS ERINCEIT R 2 Z e ol —HTAA VAT —
NELTRICOWTIE, T /T; =~ 2 il 2 7B EERCTHIE X L= MHEE N R Cf5
SNTAMEEILXE S & b A 4 VKA D & B RKEEME A AN & 203 2 @ RS
Nieo MMHEEOZUEAN - T 5 —77. EBRTHRONTA VA7 — VELTRBEIZ—
EL R DB LI— AT, TR TE O N4 A VAT —VORERIIENT 5, 4
F YR = MZBOVTD, KB REHEORERPEWEMNCERZ e ol T
ZT. HEN3ITITRLEETRT —VELRRE K A A ¥ R o — )VELTRIRE O R 2
tEEET 2, 1 BRART 2BEHD ECH 7 —#INEZICIZE TR 7 — VELTRRE X
KRELSZBT B0, A4 YA —VELIRBEIXIZ L A CINEE THRL L REBH TG
ThHb, —HT, 3EED ECH RV —HMERIITE TR — VELREBE K A 4 > R
F—NVEIRBEDO EH 5D INEND %, 2BHH,S 3EHEHD ECH 7 —Z1{ticfEoT
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Abstract

By measuring high wavenumber turbulence in the Large Helical Device, we found that (i) electron-scale turbulence
(microscopic turbulence with a scale of about the electron Larmor radius) steeply increases with normalized electron-
temperature gradient Rax/Lte under widely ranging Rax/Lte from -2 to 12 and a constant electron temperature and (ii) the
turbulence exists even with zero local Rax/Lte. In addition, to investigate the interaction of electron-scale turbulence with ion-
scale turbulence, we enabled measurement of electron-scale and ion-scale turbulences simultaneously at the same position
and attained a relation between both. (iii) Correlated changes in the electron-scale turbulence intensity and the ion-scale
turbulence intensity were observed with additional ECH power injection. The result suggests that the ion-scale turbulence is
dominant and the electron-scale turbulence is influenced by the former.

1. INTRODUCTION

It is expected to understand the physical properties of electron-scale turbulence because it is thought to have
adverse effects in future nuclear burning plasmas where electron heating by alpha particle will dominate. In
some tokamaks, such as JET, TCV, and AUG, it has been known that electron heat transport deteriorates rapidly
when the electron temperature gradient exceeds a certain threshold [1]. This is thought to be due to the
excitation of the electron temperature gradient (ETG) mode [2], but the experimental growth of the ETG mode
itself has not been confirmed in their experiments. Breaking through the stiffness of this temperature gradient is
expected to extend the plasma parameters to a higher temperature range [3-5]. It is important to experimentally
verify whether electron-scale turbulence actually intensifies as the temperature gradient steepens. We have
developed a turbulence measurement system in this electron-scale regime, applied it to the Large Helical Device
(LHD), performed experiments with controlled local electron temperature gradients, and observed the response
of turbulence intensity in detail.

On the other hand, the magnitude of turbulence with higher wavenumbers may be affected not only by the
growth of instability in those wavenumbers, but also by turbulence with much lower wavenumbers. In addition,
recent progress in theoretical simulations using super computers have pointed out the importance of a cross-
scale response [6]. To experimentally investigate how turbulence responds in different wavenumber regimes,
each turbulence observation system must be installed in the same location. In this study, this was accomplished
by installing the relevant instruments.
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In this paper, we show the results of the investigation of electron-scale turbulence properties. These properties
and the normalized electron temperature gradient dependence are described in Section 2. The cross-scale
interaction with ion-scale turbulence is described in Section 3 and summarized in Section 4.

2. INVESTIGATION OF NORMALIZED ELECTRON TEMPERATURE GRADIENT DEPENDENCE
2.1. Method

Investigated plasma experiments for clarifying electron-scale turbulence characteristics with varying normalized
electron temperature gradient Ra/Lte were carried out, where Rax = 3.60 m was the major radius of the magnetic
axis, Lre = Te / (-VTe) was the electron-temperature scale length, -VTe = -0Te/dresr, and resr was the effective
minor radius. In these experiments, only the electron temperature gradient was tried to vary under the constant
electron temperature T. to reduce the influence from varying Te/Ti, (here Ti was ion temperature). Several
combination patterns of Electron Cyclotron Heating (ECH) injection power of on-axis ECH at ref/age ~ 0.2 and
off-axis ECH at rer/age ~ 0.6 were scanned, as shown in Table 1. The magnetic field strength was By = 2.75 T on
the magnetic axis. We succeeded in controlling the ECH power within six conditions in four discharges
(#184508, #184509, #184514, and #184516). Peaked, flattened, or hollowed electron temperature profiles were
observed at location resi/age ~ 0.5, as shown in Fig. 1 (a), where ago represented the effective minor radius where
99% of plasma kinetic energy was enclosed. In addition, after sufficient ECH time (400 ~ 600 ms), neutral
beams were injected perpendicularly for 20 ms to measure ion temperatures and ExB velocities by charge
exchange spectroscopy.

As a result, we achieved widely ranging - VT, from -2 to 9 keV/m with relatively narrow ranges of Te = 2.3 +
0.3 keV, as shown in Fig. 1 (b). Its range corresponded to that of Ra/Lte from -2 to 12. The following other
parameters were also constant: electron density n. = 1.8 + 0.2 x 10*® m™, electron density gradient - Vne=-1+1
x 10 m*, T; = 0.95 + 0.02 keV, and ion temperature gradient - VT; = 1.3 + 0.3 keV/m, as shown in Fig. 1 (c)
and (d).

TABLE 1.  Experimental conditions of on- and off-axis ECH injection power

On-axis ECH Off-axis ECH
power power
cond. 1 2.508 MW -
cond. 2 1.522 MW -
cond. 3 1.522 MW 0.986 MW
cond. 4 0.799 MW 0.723 MW
cond. 5 0.799 MW 1.709 MW
cond. 6 - 2.508 MW
(b) (© (d)
10 10 10
—cond. 1 T b - T
——cond. 2| S i § 3 £
——cond. 4| 5 o - 5 e
S o[ 1 s of 8 S 0
S IS ¥ 5
1F ) ECH b '
AA position & /\ N 7 3 A 2 s ° 1 2
0 L L T [keV] n_ 1010 m] T [keV]
02 04 06
IefilAgg

FIG. 1. (a) Electron temperature profiles under each different ECH injection power condition shown in Table 1 and
schematics of on- and off-axis ECH injection positions. Orange hatched area stands for turbulence observation position. (b)
Observed electron temperature gradient as function of each electron temperature, (c) electron density gradient as function
of each electron density, and (d) ion temperature gradient as function of each ion temperature at turbulence observation
position.
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2.2. Result

We obtained dependence of electron-scale turbulence intensity and gyro-Bohm normalized electron-heat flux
e = Ge / (NeTeCsps2/Rax?) ON Rax/L1e, Where g is the electron heat flux, cs = /T,/m;, ps = micd/eBy, and e is the
electron charge. Figure 2 (a) shows electron-scale turbulence intensity dependence on Ra/Lte. The red flat line
means the background levels of the signals. Here the electron-scale turbulence intensity is measured by the
millimetre-wave backscattering (BS) system [5]. 90 GHz millimetre waves are injected from the horizontally
outboard port to the torus centre and the corresponding electron scattering wave is received. The observed
wavenumber is k. ~ 34 cm™ (k. pe ~ 0.14, where pe is electron thermal gyro radius). The perturbation amplitude
of the frequency spectrum of the BS scattered signal integrated over 150 - 490 kHz is used as an indicator of the
electron-scale turbulence intensity. Figure 2 (b) also shows g.®® dependence on Ra/Lre. It is found that the
electron-scale turbulence intensity increases steeply with increasing Rax/Lte. Qe®® also increases steeply with
increasing Ra/Lte. These steep increases from the range of Ra/Lte > 7 seem to match the ETG turbulence
threshold physics phenomenon. In addition, since a finite turbulence intensity is observed even when electron-
temperature gradient is zero, it indicates that electron-scale turbulence significantly exists even in a zero local
electron temperature gradient.

We investigated the linear instability growth-rate by linear gyrokinetic simulation using GKV code in these
experimental conditions [10]. Experimental observations of ne = 2 x 10°* m3, Ti = 1 keV, Ra/Lne = -2, and
RadLti = 6 and vacuum magnetic field configurations were used as the input parameters in the GKV code
calculation. The parameters of Te/T; and Rax/Lte Were scanned to investigate the characteristics of the instabilities
and determined to be unstable with a positive growth-rate and stable with a negative growth-rate at the observed
wavenumber k1 pe = 0.14 + 0.05. Figure 3 shows the estimated stable and unstable conditions, by green solid
circles and purple solid squares, respectively, and representative measured conditions, by red open circles. The
smaller T¢/T;, the smaller the Rax/Lt. threshold for instability becomes, and vice versa. These threshold properties
indicate that this instability is the ETG instability. The experimental observed point encircled by the pink circle
is within the unstable region. Therefore, the experimental results are consistent with the ETG instability
properties predicted in the high Ra/Lte region. On the other hand, electron-scale turbulence in the low Rax/Lre
region exists, shown in Fig. 2 (a) and it seems not to be ETG turbulence because the point encircled by the light
blue circle is within the stable region in Fig. 3. Therefore, further analysis is needed to determine the origin of
the turbulence in this low Ra/Lte region.
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FIG. 2. Dependences of (a) electron-scale turbulence intensity and (b) gyro-Bohm normalized electron heat flux on
normalized electron temperature gradient Rax/Lte, where red open circles, red bars, and green open triangles stand for
turbulence intensity, background signal intensity, and electron heat flux, respectively. Data surrounded by light blue or pink
circles corresponds to that surrounded by same color circles in Fig. 3.
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FIG. 3. Unstable and stable region estimated by results of linear gyrokinetic simulation with representative measured
conditions of Te/Ti and Rax/Lte, where green solid circles, purple solid squares, and red hollow circles stand for stable
conditions, unstable conditions, and representative measured conditions, respectively. Whether stable or unstable,
determined by whether linear growth-rate positive or negative at observed wavenumber k ; oe = 0.14 +0.05. Data
surrounded by light blue or pink circles corresponds to that surrounded by same color circles in Fig. 2 (a).
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3. CROSS-SCALE INTERACTION WITH ION-SCALE TURBULENCE
3.3. Method

In order to study the cross-scale interaction between electron-scale and ion-scale turbulences, newly enabled
measuring electron-scale and ion-scale turbulences were used simultaneously at the same point, by the
combined operation of a BS and Doppler backscattering (DBS) system [6,7]. Since the receiving antenna of the
BS is steerable to control observed positions radially, while the DBS takes a multi-frequency channel system to
observe multiple positions radially, we steered the receiving BS antenna shot by shot and then attained a
simultaneous measurement at the same position. Experiments were conducted in the magnetic axis Rx=3.60 m
and the magnetic field strength B, = 2.75 T. As shown in Fig. 4, to exploit the difference in the Te/T; dependence
of electron-scale and ion-scale turbulence and to investigate the interaction between them, on-axis ECH was
controlled to increase only core Te significantly, while keeping ne, Ti, Rax/Lte, Rax/Lne, and Ra/Lti constant.
Simultaneous observations of the electron-scale and ion-scale turbulence intensities at the same location res/age
~ 0.9 allowed us to observe spontaneous changes after additional ECH injections. The observed wave numbers
were ki pi ~ 5 and k1 pi ~ 0.5 for the electron-scale and ion-scale turbulence, respectively, where p; was the ion
thermal gyro radius. Here the ion-scale turbulence intensity was estimated by the perturbation amplitudes of the
frequency spectrum in the DBS signal integrated over 30 - 150 kHz. Note that the integrated frequency range
had little effect on the following results.
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FIG. 4. Temporal behaviours of (a) NBI (grey) and ECH (yellow) input power, (b) ion-scale (pink) and electron-scale (light
blue) turbulence intensities, (c) electron temperature (lines), ion temperature (open circles) and electron density (x symbols),
(d) normalized electron temperature gradient, (e)normalized electron density gradient, and (f) normalized ion temperature
gradient. Electron-scale and ion-scale turbulence measured at reii/ass = 0.9. Red lines or makers in (c) ~ (f) mean measured
at reifage = 0.9 while green lines or makers mean at rer/ase = 0.6 for reference.
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3.4. Result

The intensities of the two turbulences were observed to begin changing in synchrony just after additional ECH
power injection. The relationship between the two turbulences is plotted in Fig. 5 (a). Initially, the electron-scale
turbulence intensity increased with the ion-scale turbulence intensity (4.30 - 4.32 s). Then, it increased while the
ion-scale turbulence intensity decreased (4.32 — 4.46 s) and decreased while the ion-scale turbulence intensity
increased (4.46 — 4.70 s). The correlation coefficients between electron-scale turbulence intensity and ion-scale
turbulence intensity are 0.74 in 4.30 — 4.32 s, -0.60 in 4.32 — 4.46 s, and -0.57 in 4.46 — 4.70 s, respectively. The
relationship clearly changes from a positive correlation to a negative one at 4.32 s. The responses as a function
of Te/Ti, as shown in Fig. 5 (b) and (c), are that the electron-scale turbulence intensity increases monotonically,
while the ion-scale turbulence intensity increases and then decreases. We also carried out linear gyrokinetic
simulation also in this experiment. As a result, the linear growth-rate y decreases with increasing Te/T; under the
constant Ra/Lte in the electron-scale whereas there is no significant change in the ion-scale growth-rate, as
shown in Fig. 5 (b) and (c). Contradictory Te/T; dependence between the growth-rate and the observed
turbulence intensity will be examined by further numerical analyses.

Next, we explored the origin of this phenomenon. Figure 6 shows zoomed temporal behaviours of electron-scale
turbulence intensity and ion-scale turbulence intensity from 4.3 s to 4.5 s. The electron-scale turbulence and the
ion-scale turbulence show a relation which the ion-scale turbulence intensity changes first, followed by the
electron-scale turbulence intensity. Near 4.32 s, the ion-scale turbulence intensity first starts decreasing. Just
after that, the electron scale turbulence intensity increases after a moment of stagnation. This increase occurs 8
ms after the ion-scale turbulence intensity starts decreasing. Near 4.46 s, the ion-scale turbulence intensity first
starts increasing too. Then, the electron-scale turbulence intensity starts decreasing with a delay of 16 ms.
Therefore, in this condition, the ion-scale turbulence is dominant, and the electron-scale turbulence is thought to
have been affected by it. In addition, the time delay when the electron-scale turbulence intensity increases is
smaller than the time delay when the electron-scale turbulence intensity decreases.
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FIG. 5. (a) Relationship of electron-scale turbulence intensity to ion-scale turbulence intensity, (b) relationship of electron-
scale turbulence intensity (left axis) and electron-scale linear growth-rate estimated by linear gyrokinetic simulation (black
diamond, right axis) to electron to ion temperature ratio Te/Ti, and (c) relationship of ion-scale turbulence intensity (left
axis) and ion-scale linear growth-rate estimated by linear gyrokinetic simulation (black diamonds, right axis) to Te/Ti. Blue,
green, and red points represent ones measured from 4.30 s t0 4.32 s, 4.32 s to 4.46 s, and 4.46 to 4.70 s, respectively.
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FIG. 6. Zoomed temporal behaviours of ion-scale (pink) and electron-scale (light blue) turbulence intensities. Orange and
green curves moving averaged curves of electron-scale and ion-scale turbulence intensities, respectively.

4. CONCLUSION

Since understanding of electron-scale turbulence characteristics whose adverse influence is worried about for
future nuclear burning plasmas, in which electron heating by a-particles will be the dominant process, we
investigated electron-scale turbulence characteristics at the LHD. To investigate the electron-scale turbulence
behaviour with changing Rax/Lre, widely ranging Ra/Lte from -2 to 12 under constant Te, ne, Ti, Rax/Lne, and
Rad/Lti were attained by controlling on-axis and off-axis ECH power injection. As a result, electron-scale
turbulence intensity steeply increased with increasing Rax/Lte together with the gyro-Bohm normalized electron
heat flux. These turbulence characteristics in the high Ra/Lte region are consistent with the nature of the ETG
mode. Moreover, it was found that even at Ra/Lte = 0, electron-scale turbulence (not ETG turbulence)
significantly existed but further analysis is needed to determine the origin of the turbulence in this low Ra/Lre
region. To investigate the influence of cross-scale interaction with ion-scale turbulence, the simultaneous
observations of electron-scale and ion-scale turbulence intensity at the same location were carried out. After the
additional ECH injection, both electron-scale and ion-scale turbulence intensities showed positive and negative
correlations. From the time response, it is suggested that the ion-scale turbulence is dominant and electron-scale
turbulence is influenced by the ion-scale turbulence in this plasma condition. Because the importance of multi-
scale interaction between electron-scale and ion-scale turbulences has been pointed out by recent progress in
theoretical simulations using super computers, this research promises further progress on micro-scale turbulence
study.

This research suggests that at least two perspectives are needed to characterize and understand electron-scale
turbulence: 1) the effects of ETG instability due to the growth of electron-scale turbulence and 2) the possibility
that cross-scale interactions due to ion-scale turbulence can affect the suppression and the excitation of electron-
scale turbulence.
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