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1R Wl
1L.1EA

T T BITEEEDY 0.1 205 10 THz BEDOEBIKL TH 2, 7 7~ O JEEE
X, Fig. L1ICART L o12, ~A 7 a i & RAMEDOR O JEREI LE L TR0, LD
HEEE & PRI D . ZOREND | EBHIEESC L — 2 —, FEEERE, ER, 77X~ 0
FECF I 722 ERk 2 RIS HIRE SN TV D, 2D ZFEBLT DTS FE T, 1 & JEKE
B EvEp m < AN TERBERATRER T T VY RBNBE L S D,

BE RN ED DI TNDT T~V Y ERRAETRIZITLLTO L S b Ondh 5, &E1FF
R L8R s & ch 5 B0 A7 — KL —¥% —(quantum cascade laser: QCL)[1,2]
RN RNV E A A — R[34], BEFE—LZFA LY v A1 b o [5-7]0R R IR
[8-15]72 & CTd D,

FCHEFE—LEFH U 2EE T A KIREE CORIRDBATRETH D . RMET T~
NV PRE U TREANCHFZE STV D, 2D OREE FIRZE RO E Mg E 2 W TE v
—ADTFNNFX—ZBHEIICLER L, T T~V ERAESED, HE2EVvA 1 bay

TEFE—LDOY A 71 bo o E A IRZEFN TGS Y, 77~ Ve LTI H
THOTH D, HARTIHEHKRFESIMEEFH AT 2 — D ERFELTH DT, ¥
YA ke OREBITETOSA 7 v ha R CRE S 7o E AR R IR
DRGSR EETEH ) | ZEERR S KFEEIZ 2 0 o790, 2008 1213 40 T OKRIREEWNS %
M2 1 THz T15 kW OO T v A v hr vt Sncnssl, —J7, BEFEHRS
(TG 2 O TET E— A OEE) T R )L — 2 BRI O = R L F— TS D AEE T
%, SP-FEL #£ i IE % (surface wave oscillator: SWO), %) %% (backward wave
oscillator: BWO), Orotron, Ledatron[16]72 £73% %, SP-FEL 1348 F-HIZHE L 7= )& 34
G2 AW 3EE ., JAfED 21342 E 7B — L0185 Z & T Smith-Purcell(SP) it &
4= U S8 %[17], Orotron X° Ledatron (/& MWIHEE D FIZKER AR E L, SRR & &I
EOMICHIRIR AT T 5 2 & TRAET L2EMIEDOMELZIRD L LD TH D, WH DR
REITE EITW DT, KU Tl Ledatron & FEFFT %, SWO (38 EZ i L7 =
N — NEEEICEF ARSI Y, REELESEEETH D, FEHEEDIEAIC
Jix U C BWO & #E17% %E (traveling wave tube: TWIDIZEWEN Y W B 5, ITHEOF 4 DHfF
TTIL80keV UL FOETE—LEHWT, 25 GHz @ BWO (2L Y 100 kW, 0.1 THz #r
? SWO 12XV ek 20 kW O %2R LT\ 4[13,18], SWO iZ¥ v A mhrrd k)
IRRIREERGS 2 WL L L7\ sD | BRI/ N 22 1. BALE & L CORIANIIRFTE 5, L
2> LR O JE D EIREE D HETIRE D720, 7 7~/ # TR EHIREE D M) <
720 | mERE IS T o TRYERE S MBEIC 2 5, 72 & 21X, U%EEICH 5 0.4 THz #F
BWO o JH S & ZEAHE 0.256 mm TH D, FIZEWEKRETII~A 7 mA—2—DF
—F—CRWEREENLE L 225725 5 [14],

Fig. 1.2 A EE ORI L M TOREXNRMEEZ 70y M5, ZHEHICHR



[1,2,5,6,13,15,18] # & Z |2 L T\ 5, IRV AT A2 OFEETHO OGN TWAEEEZ /R L T
W5, BV =MA1E Gyrotron X° QCL & W o 7o fhDEE 2R LT\ 5, T 7~ /L Ok
TV vy A1 hrr b QCL A RBERIEL EHL L TV DA, ZILE I RIRE O REOMRK
AL TOBMERLETHY . FERICE S/, QCL # R CHESE L8 b 23T
D W, MERZ DI 2], Fox ORFFER THWTW SR IX, FiR TEETE, 5L
0.8 T 2/ & iR F W iR E CEIfEC X %, £ OJEEHGRIE 2013 4F12 25 GHz #f BWO T
100 kW, 2016 4£iZ 0.1 THz #; SWO T 20 kW, 0.3 THz #f SWO T 1 kW 2 FEH L T\ 5,
F72, Fig. 1.21TR L7z X 512, 25 GHz #® BWO (23T SP i< Ledatron i 23
ETDHZERREINTWD8], T b Dk, [ UE S ED &3 AT 5 RimEEIE
LA AEDSEEEE TAE L TE Y mEEREIC 2 72 - A S O RER B O E %
fRR B ATREMEN B D, Loy LT R E R IC K 2 5 & X TRIEIZ FA3 Y . Ledatron
T HE O 100 43 1, SP Hthti 10000 53D 1 DT & 72 %, SP Jid<° Ledatron Ji%
FORBEAZT D Z L1Z SWO OJEFEE I ZMZ )T, @A T 53260 TH
%, & Z CAMFFETIE SWO IZ X 5 SP Hitht<> Ledatron ftht O KIRE(LZ HAE L, 2
b OIS OFHEE R~ 2,



Frequency Wavelength

100 —
—10pm
10 -
100
1EHz — X
—1nm -ra
100 — y
_0 .

0 — Ultraviolet ray
—100 L. .
el 7} Visible light

F=14m
100 -
10 ]—Infrared
10 — -4
—100
'™ .. Terahertz wave
100 — =
—10
10 —
—100 RV F
il Microwave
-—'lm —
100 — i
—10
10 —
—100
1MHz —
F—1km
100 — .
10 — Radio wave
10 —
—100
1kHz — 5
—10 ~ km
100 — 4
—10 ~ km
10 — s
—10 " km -
1Hz —
—-wskm

Fig. 1.1 Group of electromagnetic wave based on frequency and wavelength.



® Qur devices

A Other devices T T ~ILY EE
1()6 — | | | ]
Surface wave from Gvrotron. 27-28 T
10°F G mwo 8 oLmEswo  “Gbogy -
104 B (2013) (2016). |
3 Gyrotron, 40 T

— ]0° L Ledatron from @ e 4(2008) -
= 102 Sors, PO e (2018)

— - (2013) om 0.3 -
S 10 o |
% 1 SP radiation from

= 25-GHzBWO -

A~ (2013) A
107+ QCLat 10K (2006)
1072 .
1071 QCL at 150 K (2016)4A -
104; QCL at room- A
10 5 | | temperatlure (2016)
10~ 107 107" 1 10

Frequency [THz]

Fig. 1.2 Representative values of frequencies and maximum powers of THz-devices. Plots
marked by e represent backward-wave oscillator (BWO) and surface-wave oscillator (SWO) used in our
laboratory. Plots marked by A represent other terahertz devices including Gyrotron and quantum cascade

laser (QCL).

1.2 KM I IR
1.2.1 JAHiME & qREE—

AL C A S O NEEIZ JE IR E A i L7 2 v 7 — MR 2 SWO & LTHWS,
T OIS Fig. 1.3 (T X9 RIEREEIMEEZ L TWD, £OHETH 2R
Ro, JEH zo, WEDME d, TR0E h 12XV | R OB RE SN D, JE G X BRI O
NAERE 2 N, BT 200808 H 0 | EE#EE(Slow wave structure: SWS) & & FEIE L
%o FERIZE LTI OE THIT 2, ARG D /T A — &) LERE OBRNE— FD
IYBEIRAEFECTE 5, D BIROFI L LT 25 GHz #f D SWO Tfibivd 2L 7 — ks
H D TMo1 E— RO BBIEZ Fig. 1.4 1T ¥, o BEIERITREmI2 8l 7 1A DAL, M3 &
Btz R L TWD, TMorE— RO v 83— > b4 7 J8HE#IE 25 GHz B2 TéH %5, TMor
B NI 2k 13D S LWL B L 2> T 5, BRITEIEEREICE
R LR & LTRSS, TMo E— RIEEEL 15.07 cm THEREA 012725



mpoint & 72 B EN 05 15.07em1 D & ZFEHEIFIEE 72V (15.07ecm 175 31.41ecm
VCRERENA & 2D, BERENAIC DEIT BWO, [EiZ72 55 TWT & L CEME
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Fig. 1.3 Schematic of periodic structure and size parameters.
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Fig.1.4 Dispersion relation of TMo; waveguide mode of K-band corrugated waveguide.

1.2.2 B & Fmig

FAEEo/k, 2 HE ¢ KBV AR &S, BRI IR T L 9IS, BERmIC
TEE S OWHDEI L 72 DMRE D, BRMESAPEEOREICEFTH, ZOXH 7%
FrxFRmPe, b LIRSt R 77 X€ - AR 7 U Mo (T 7~ aE Tl PR
HSIAEY - BT b)) P LEERS,



B AREN &R 5B AL FIORT, WE, BEEOREICH O M2 z @720 |
z B M MERE T 2 B A B 2 D, wi%m&*ﬁ@g{mﬁ:ﬁim&swk#ék
c> w/k, (1-1)
Thd (HHEOED, Z I CEMEREZESE LR, ZOMLIZKk, /cEmnT T HET 5
k

‘:_22 —k2<0 (1-2)

PO D, £ilo. z T RICERIE LRI R ORI 2k & F 5 & Bd L A5 O BIFR
FE<HFBNTND L DI

O = kZ+K? (1-3)
LFETBH, K12, 1-3)L0,
K2=% —k2<0 (1-4)

Tho, RA-4DRY . 2@l EE SR OWREKITEEL 25,
WEZ ZT, BEOBERN
E = Eqexpi(k,r + k,z — wt) (5)

TREINDETDH, 22 THIEEEN, tIXRTH D, EJIBROIERTH 5, k. = ik,
kL, K15

E = Eqjexp(—k,r)expi(k,z — wt)
EEETE D, BHROBRIBIZEexp(—k )& 725, RIEIL r 3 2 D12 230 CTHREEIZmI
B L, 0133 < , BAED OB BRI 3 = 0FHI CEMAMEN b - L b 2| &
M2 DIE I NDIZONT 0 ITIES Kl & 72 D,

1.2.3 ZE[H & i
NEEIC E IS 2 F OB S OB AET— NI 7 a7y OFE eV, HEZEMIcB T
JEAMRNC 725, T O kol XA IREE DM 20 TREV | ko=2m/z0 T %, I k+pko(p
=+1,£2, 3. NZAE U 208 BE%RE 7 a0 r OEi., &5 WX EMETEE SIS, 22 Th
LR R TH D, Fig. 1.5 [IZZEM @R OF 2 ~3, EIE R OBRIE— NI T
DZERIETE N E LADE > BUAS RS L E2 D,
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Fig. 1.5 Schematic of Floquet harmonic with harmonic numbers p=0, 1, —1.

1.24 B E—20FO >E—FK

BT E—LTETFOEIMCERNT S 4 H>DFE— F&Hf>, Fast space charge (FSC)&—
F. Slow Space Charge (SSC)&=— K. Fast cyclotron (FC)®— K. Slow cyclotron (SC)*%
— R Thsd, FSCE—F& SSCE— NFEFE—L207 T A~KENERT HE— FTh
5, =T FCE—FLSCE—FIEFOVA 7 n bu  EHNERTLE—RTHD, £
DoHBIRIZ0 = vk + w,/y¥?(FSC, SSC E— ), w = vk + 0 /y*/*(FC, SC £— R)TX
SND, TIZTwld AR, vIZETFORE, w377 A~RIE, o iV (27 b
A JER S, yITAERERR T TH DH, SWO TIEFEIZ FSC E— K& SSC E— R 7 7~
VEDREIEHD ST 5, T DF— NITEARIITAAEE A GE KV BVEE TH
V. BEFE—L2ORMEIIEY < X IITHFET DRIEEZ LMNTE 5, B —LF— FOfL
FHEREE & O BT — ROAFEE N L 725 5 CliE OMICHAEERNBELT,
B E—LDEH TRV —NT TV ROTFNF =L MBS ND, ZOMAEMIC
(3. FSC £— N & SSC £ — NOMGPERE € — N AT 56 L. SSC £ — P
B CEREE— NEFHEERT 2560 8 R b 5, i OHEAFEHAE T 5 E0E
B — AEEMEV & X (24 U D 72D Low current regime & % V& Compton regime &
X1 5, #%3# 1% High current regime & % )X Raman regime & F-E41 %, Compton regime
7>5 Raman regime ~OZ5& [ IBMAL S 7= Bl /By 31, TR E 5[15], = Z Th=vre,
LI TNV 79 = ERE 1TKA TH D, Z Z T Fig. 1.6 IZ Compton regime & Raman regime
OBIE R D, 80 keV OB —L#RAEFD FSC £ — K& SSC E— RMFHREFE— L L b
IZRZ D> TS, ZOLE e —LnLEEEE— FOMAIEMIT Compton regime (26 %,
—HE—LZ XX =% T TN L, BY3b T o TnE, R E L THIRIE L 7B



mly /By I REL o T, TRV AAEH X Compton regime 75 Raman
regime (2> T <, 30 keV O B —A#jE SSC T — ROANEREE— N EAHAMERL

TH Y, Raman regime (ZH D E V2 5,
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Fig. 1.6 Interaction between beam modes and waveguide mode in Compton regime or

1.3 Orotron & Ledatron

Raman regime.

Orotron & Ledatron |X Fig. 17 & Fig. 18 (TR X1, AR D JE MR 1 | 28R 2 B
ELUTCRRE L EERM A TS, Orotron 1 1969 #1227 @ F. S. Russin HiZ L » Th
PN & 72[19], = D% 1973 4512 H A D K. Mizuno 512 X - T Ledatron 28 & S 4,
Ledatron <> Orotron @ X 9 72k DIEE TIE DD E— RBGFIE L, ZTNEIDERIE DO
w35 Z L afER Lz[16]l, —2DE— KL 5 OBRXKE R E— K& Fabry-Perot
HHRE— N TH 5, Fabry-Perot I4RE — NIIE S & SR ORI S i 5 22 L2
F—RT, 77V HEER D ETIRISHENTWA[20], Orotron HUEI 51T, B —
LD TF o PN Ko THRITREE N EH-T 25 Z 3@t ST sl21, 221,



Fig. 1.7 Schematic of Orotron.(Reproduced from ref. [19]).
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Fig. 1.8 Schematic of Ledatron (Reproduced from ref. [16]).

1.4 Smith-Purcell #é

SP it X Fig. 1.9 [T X 912, B FOZIXEE T —LDNMEHET 5 2 & CHERK
EREIELIHETHDH, 1953 412 S. J. Smith & E. M. Purcell |2 X > THE SN TLL
F. T T ALY EDN S AN D E TRV R TR S C & 72[17], SP Mo
FAREIIUTOXRTRES D,

f= |n|i(%— cosB)_l (1-5)

Z 2T n 3R ER. O XTSI S R oA ETH D, SPEIX BRI TH D
720, REDFHRE TR, L LZE D REN E— LD\ F o T2 L - THHRTX
BT D 1998 TG SN TH D, SP I O KBELDOIFZEN AL fThd K 91t/ - 7=



(23]

BRI 728 — N &2 bl 9 2 R B ESC Ledatron it & 1372 0  SP ik4HI0 < 9 < 180°
DELFH OBHAN S B FAT D, Z ORITES U CTHIBREO S A 2015 4212 N. Yamamoto
BIZE - TRINTWD[24], CHERTIX AIHDREID SP it L £l 77 A€ RF U b
F— ROHEIZ Fano MBIl 7= RN BHIL D & L TN 5, Fano HLE Jodifs ENT & BfEEk AL D
AL THD, RETTAELRTY Mot — RERDD R T SP KU OB H
KT 5, B2 E— REZFIAT L2 12X 0, SP U & BER 72 B BTl 2 564 ¢
XHZLAERBELTND,

Electron beam // \\ \)9

7/

Fig. 1.9 Schematic of Smith-Purcell radiation.

Smlth Purcell
Radiation

S5®FE—LDNNSTF T
@%EHALﬁ%@&ﬂibélk%EHA®ﬂy?yﬁﬁ$o%%EHA%NV?V
745 Z & T SP iR Ledatron i OFREE SR T 5 Z ENWE SN TND, NUrF v
7 OIEE UTRIEINESR AR 2546 £ [25,26], £k & OMEERIZE D N F o
JENDLEENRH H[27, 28], REHEEBTE—LOMAEANELDL X, BT E—AK
FKEPE ORI TN F o7 E3Nd, N F o T INE B — MTE O BRI T
T < T DEEULE D BRI I, T ORI OBEAE OBy D Z & %, i
B OIRFRIF R & M5, BRI R & —209 % AT SP A S° Ledatron it O EE
< 72D, RIMPIT KD F o 712, F—OEEIE TR F o 7 %217 TR 2584
SEDENTNF T e NUF T EAT O G & 254 S D A IS A 5
FH TR TF U TN S B[29],
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2.1 FEFILER K

ARFZE TRV D FEBEEE ORI % Fig. 2.1 (RT, BEEFHRNICH Y —REbE—2AY
Iy — FEE AR ROaLS — MERENRE SN TN D, B Y — RZF UL AR —
VAT AEMINSBEENP B SN TR, Y — NV AEELZAHINT 2 2 & CF
TE—LERESED, B—LU I vE =7 /— e LTHAESND, BT E— L1380
BFNZE TR L, BEEIEE EAHAEERT 2 2 & CRMEEMRE L BAE ST D, AL
T BRI T B E 2@ > THH OB O S, BT AT Ak v Bl En 5, H2E
ReNIZIZa TIAF—a/ LRRESNTEY, EFE—20EREEZNDHZ LN TX 5,
BLZERIROIMANTIE 10 B OREES 2 A L RE S TRV | Si7 I — k22 R & 6 4
S5, BEFREEDIRF—a (L BHV AT AX 10 m OfF#EHr —7 VT4 n A a—
TR SN TV D,

Cathode
Beam Limiter ~ Rogowski Coil Magnetic Field Coils

@%@g@& XXX
Pulse ﬂ ]

x 2
Power _D=,=1 D Detecting
System | o Systom
> Antenna
»AMX XX

Periodic Structure Output Window

Fig. 2.1 Schematic diagram of the experimental setup.

2.2 /N)VAINNT — AT A

AREBRCIE RO/ VAR T — AT K HWD, 100kV £ TO/ LV AEBEZFBAES
AT~V AV =% L—# (Marx Generator: MG)Z SV AT 3 —I T T4
(Pulse Forming Line: PFL)IZ#%#t L7= b D& /L AR T — 2 27 K& LTl 9, Fig. 2.2 12
MG OEE % Fig. 2.3 12 PFL 05 H%Z /9, MG X227 258k Lz ETF
BL, B~V EX D LT UV AGEBEELRESELIEETH D, YIFRED
MG iZ=F = AH IG-H200 #fEH L T\ 25, 2D MG 135K T 200kV #1552 LR T
&5, PFLIZMG IZ LV RESET-A VNV ABEZTM LSV ARY —(ZEHT 5728
DEIETH D, FEEEIC /> TRV | ANFER & NEREROMISHK 2 I8 8 S Tk L
TWD, MIKITAR Y 72 TRREE SH, A 4 U MR 28 L C AT 5 2 & Clagasr:
Z—EILR-> T 5, PFL OHEIZ2EN 1 m, SMNBERONED 261.4 mm, NEREERD
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SEIE 89.2mm TH D, PFLICIEX ¥ v 7 AL v F R ENTEBY . Xy v 7 WO M
05055 mmOE TEFETLHZ L THY— RICHMENDEBEEZLEZDZ ENTE D,

30 kV £TD MG & AR TRWELE K T/ MPC IR Z SV ANRT — AT Ak
LCTHWS, /N MPC BIROEE % Fig. 2.4 12~ T, /N MPC EIFIZE AR E 1 REFT
filo> MPC3010S-25LN T 5, Rk /L A Efi(magnetic pulse compression: MPC) /55
BT 22 LT MG &N EZREBERNK TE ., 7 7~ RO /N ITHED
BBE,

TNHNRNNVANRYT = AT Kb B Y — RICHI SN &I pEEETZ W T
1/13000 (ZJHFE L CA v r A a—7 TRl S 5,

(L

L

—
—_—
—_—
—_—
 S—
T—
—_—
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—
=

Fig. 2.2 Photo of Marx generator.
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Fig. 2.3 Photo of pulse forming line.

Fig. 2.4 Photo of MPC voltage supply.

2.3 B E—AJK

BFE—LJHE L Ta— L FF 4 A7 B Y — FEHNWTW5([30,31], Fig. 2.5 127 Y —F
DEBEZTT, BV —FOFZI26mm OH DL 29 mm O DAL EIOFERTIIFES, &
V= RORRITIINNRy b EMEIN O ERRMEZ ISV AT TR Y, BFE—LBLEL
THELDEIICLTWDS, 7T/ —RiZiFAT v 2floe—a) 2 v Z—%2HHA LT3,
ZONEITL 266 mm OHLOE 29.7mm O LD EAROFERTITAWS, 2.2 H Tt L7z
PSWVANRT =V AT KDY — RNBEZXHINT 52 & CETE—LABRET D,
FHETHETFE—AE, Y —FAMELEE VekVIE Ll E, =2 LF—T,
[keV]IZFFD, B — AT RLF—05IXET B — L DM E Ty RS b S 7ol R A K
oD, BFOHIEPEEOT X NLX—% 511 keV &35 L, B Y— FHWIEE Ve [keV]
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CXVINE SN BN O 2R =L 511+ Ve [keV] & 722 5, A 7K I30E % O =
FNX—=LFHIEPEREOT XX —Dhy = (511 +V,)/511Th b, /=, f=1A -y ?)?

Thbd, KL TlE, E—LZ3/LF— 100 keV L FOE T B — L %5\ FExERAVE T
E— LA, 10keV UL FOEA B — L& IEHXFRIIE T £ — A LS, 100 keV O & & B ~ 0.26,
10keV D L X ~0.093ThH L5 BT OHENHIEDK 25 %LU T % 55\ VR FRf0 fE g
# 10 %L T & HAH R AEIR & T 2,

7Y — RIPDIET D E— LOBIRITEEMRICHEE 175 Z & TR L2, 29 mm D7
Y — RIZOWTORE R % Figs. 2.6(a) & (DIZR”T, ()X PFL Z&EJHIC L TR 1772
DTH D, HEIROIENE SN, 20RO D Y — REIIEE & ©— LER ORI 79
kV & 358 A TH %, (b)Z/M MPC B A AWVTEN L7z v — ADREF T Cch 5, I
DNWTIE5EIE—AZER TR ITLZ L TBMIL. 5 El@ﬁ’ﬁﬁ 126.5+0.5kV,
WR)FEEIL 48.1 £ 23 A TH D, 7o, BEMKITZT / — F XY 228 mm = S 7oL B
B L7z, BETBRIE S & DN 29 mm TH D,

7 ) — K&V — RO 0 75 25 mm % £ CTHEi2AH T& 5, AT
FRIZWr 0 3722 iuX, 7/ — K - 1 Y — FREIE#EZ 10 mm (ZEE L TEREZIT I,

Fig. 2.5 Cold disk cathode whose diameter is 29 mm. (Reproduced from Ref. [32].)

Fig. 2.6 (a) Form of electron beam printed on thermal paper with about 79 keV and (b) 26 keV.
(Reproduced from Ref. [32].)
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2.4 FMEES IR
IS 2 AESEDT-OICT 7 ) BERLERRED Y L ) A RaA 10 ERRE ST
W5, £OEE% Fig. 2.7 \Z77, aA VIR TEIREZ AR H I & CHAREEZEET
. KR TIT (B00ARF) ETHTZLEBHKRD, A W Eif &I = A /L EIR
DREHEEZ D Z & THIET 5, BIRHEEIC S 5 D ERRE B & & H1ER, BET D
W35 DG AU FEIE Table 2.1 \ZR" 98 Th D, AiaCIZBWTIIH ETRE H K% 8.5
IZEE L, Bz 0.82 TIZLTEREZIT I, B Vid—RIOEECISE, 2 RS
ERAESHELRELR>TEY, BIFRITI60OA o Z— L& TS,

w

{ L ;., H" .:'.I oy

pasRaBRRES

Fig. 2.7 Photo of magnetic coils.

Table 2.1 Coil current and generated magnetic field.

HAOBERRE | BB IAMVITRN S EREIA] B ) DHE R B[ T]
1 36.6 0.0789
2 86.7 0.177
3 138.4 0.276
4 188.6 0.375
5 242.7 0.473
6 291.6 0.572
7 345.2 0.67
8 398.6 0.769
9 449.6 0.868
10 501.4 0.986
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2.5 LT — MR

AW TIINEEICHIE R I E 2 /oM 2 v 7 — MEERE 2R IR E L THW S,
Fig.2.8 |Z W-band(0.1 THz) & K-band(25 GHz)?D =2 /L /47— NERE DG H, JE WS D
K Z#HE D, VT — VERFEITAVIMTH D, £z, BARNCHA 7B S O ~F
5% Table 2.2 IZ/RT, SHED/NT A —2 XL NEI, RoSEWE OWLPEE, 2o D3 A
WEO—HHOR S dMEOR S, AP EHIEOIRIE TH 5, HHREEDOHEZ XKD,
F IR DR PR E D, ARG I BRI O AERE L T 50R 03 HY . 207
A% (slow wave structure: SWS) & & FHEILS

Table 2.2 Size parameters of K-band and W-band corrugated waveguide.

Ro Zo d h
K-band | 146 mm | 2.0mm | 1.0mm | 1.3 mm
W-band [ 151 mm | 0.5 mm | 0.3 mm | 0.3 mm
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Ro I d

F 3
h J

L

©
Fig. 2.8 (a) Photo of W-band corrugated waveguide. (Reproduced from Ref. [32].) (b) Photo
of K-band corrugated waveguide. (c) Schematic of corrugated waveguide with the size

parameters of periodic structure. (Reproduced from Ref. [33].)
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2.6 BT AT A

SWO IZ & » TRATHHMFIIMIEY AT M k> THRHEN D, BT AT ATk —r
TUTF v NATEEE BEs. RIESETHER SN TS, REBRTHE S BRI AT

DITJEREG T S L. EE N K-band, U-band, F-band, D-band, G-band, Y-band T& 5%,
Z V51X ElAstandard I2E 9, R—2 7 7 FDO—4HE LT D-band & Y-band DFE—2 T
%%@EE%ngmmﬁ@éom~y7y%+®%uﬁiﬁﬁ%’&ofwé FRT
X T™M E— RO ZBIIT 272 OICRAEHHC L TRET 5, {FH-—r 770N
AIfEIE Table 2.2 D X 912725, wy%ﬁ7%&£1m@m$mHkbfﬂ%én DA
> N7 AR L0 B U 7 BRI O JE R N IR A O H Z L3k, EELO KD
Y-band ETDOH v b A 7 - D17, 151-GHz high-pass filter & AL TIIAIHAT 5, &
v NATERE DT v S A7 JE R Table 2.3 (2730 Th D,

S 27 A3 Fig. 202 1285 £ 91, BEARMITIIE BN AL o, HRE D O
IZRRTET Do AR SCH TIIFFIZIH Y 2372056 D=600 mm IZEET D, A ¢ 13-90° 5
90°D TEETE L, HNEND DS OMEITEEE— FOE— FEICL > TRES
NH1D, RS AT AOAEEZELTTHZ LT, FIHZHFGE L TNWDE— REFRL &
MK 5 (34,351,

Output window  Horn antenna
\? (90 <9 <90)

A N—

D

A

Fig. 2.9 Position of horn antenna.
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Fig. 2.10 Photo of D- and Y-band horn antennas

Table 2.2 Aperture of horn antennas

77+ |mEmm?)
K-band 2692
U-band 1623

F-band 292
D-band 188
Y-band 11

TABLE 2.3 Frequency bands of the detecting system

Detector Cutoff Recommended
frequency Frequency
K-band 14 GHz 17.6 — 26.7 GHz
U-band 31 GHz 39.3-59.7 GHz
F-band 74 GHz 90 — 140 GHz
D-band 91 GHz 110 - 170 GHz
G-band 116 GHz 140 — 220 GHz
Y-band 137 GHz 170 — 220 GHz
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$3F 0.1 THz FRERFEREER

3.1 EHrEE &

ZOFEERTIEL 0.1 THz WHK 2V — NEEEICHOHEXERE T E— L E AH L, &
T ot 2 3828 S 5, BWO 83k & TWT fEIk O i 5 CHd 2 a8 L, € OFRHEZ TR 5,
BFE—L2DTF/LX—|E 10 75 100 keV OB TELSE S, E—LEHEIT 10 225
100 A —# —0DHTh 5,

2.4 HiCHl AR FIREED XT A —Z 5 2 — NEEE IR SN D BB E— R
DI BEMRNFHE TE 5D, LUF Fig. 3.1 12 TMo1 &— RO BEFRA#HE 5, 2 2 THAUT
FNZEIOEHRR L 30 keV D E—LHREZER L TS, KWEHRD TMor T — ROy Ehi# <
b5, TMor & — ROMAHEEITEGH I VIBVIER E 2> TWAHZ L™ 5, LEERn-T
TMo1 &— RiZany— FRENCEFREDET T LRMEEZINT DL BN, £z,
FHPE T n-point (62.83 cm—) THREBEEN 0 & 725, 7. 62.83 2>5 125.6 cm! CTHEHE

WHEE 72D BWO S8, 0705 62.83 cm-t THEHENIE & 705 TWT fEI AT 5, B —

LA E S BBIREIARE DR D L R CE B — L L REEOMITHAIERNA U, RKifmk o
DRATDHEEZEZOND, 30 keV O B —AF408 n-point {117 TH#BIRIER & 2> T
HZEMD, BE— AR X =2 30 keV LA FCix BWO, 30 keV LA ETiE TWT & LCH)
BT %, MVERIZZNZEN F-band & G-band MY 2T LD v M4 7 @iz R~ LT
W5,
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% N O):kV

> . (30 keV)

e " G-band cutoff
- 100r ‘ .

F-band cutoff

Wave Number[cm ™]

Fig. 3.1 Dispersion relation of 0.1-THz corrugated waveguide TMo: mode. Dashed line is 30

keV beam line which intersects TMo: mode at z-point.

3.2 EERHER

3.21 BWO fEiIZHIT5HEER

1% U I/ VR MPC B R & F O 72 SEBR S A D Tk ) B, MPC &R Z VT Y — RiZ
JEAZFIINL., A LTEE v —L0% a/Lr— NEREICARNT 5, JEJ,E;%%JE@HE%&:I 40
JEA#ITd %5, F-band & D-band DFEHIT AT AT Ko TR S V725 5 ORFF R E % Fig.
3.2 TR T, Emb Yy — RHNERE, B —A®Ej, F-& D-band O~ A 7 B i{5 5 D¢
Bl ThD, BER, o IAF—aA )L, <A 7 aERBH XA 4— NI LR X O
HRIEE A I Lfﬁ/mz:—ﬂ%héﬂﬂ\ét&b Fig. 3.2 DEBJE, B, v A 7 vz

FIEREZNCHI SN b DEEE 25, F-band TORBESOEY—27I2BWTH Y —F
FIINEEITK 15 kV TH D, KIZ D-band % G-band (2 H LIZfE R % Fig. 6 1TRxT, ~A
7 v M G-band THERIIL2WNWZ LD, BAELE~A 7 a0 LD G-band OF
NAZJEREE L VRN EB3 00D, ULEDORERNG, BAELTE~A 7 v o ERHRET 91
M 116 GHz O CTH D, Fig. 7TI2iEx. Y — FEUNELICKT 5~ 7 vt & e—

LEMOEAFEEZ RT, v A4 7 o iF 12 75 20 kV RETHAEL TWD, Fig. 3.1 05
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BEIREIAR L 0 . Z OBIEEKIZIS T SWO 1 BWO & UCEME L. ZIEREIEEIT 93 725 100
GHz F2ETH 5,

0 100 200 300 400 500
Time [ns]

Fig. 3.2 Time evolutions of applied voltage, electron beam current, and detected

signals by F- and G-band detecting systems. (Reproduced from ref [32]).
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Fig. 3.3 Dependence of electron beam current and detected power on

applied voltage in BWO operation. (Reproduced from ref. [32]).
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3.22 TWT MEiICH T 5HEER

WIZEEPR & LT PFL &2 W@ EEBRA1T 572, F-& Yband XV L72E5D
R R ORE R % Fig. 3.4 17T, Enbh Y — FHNEE & v — 478, F-}% 0 Yband
TR Sz~ A 7 alEEFORBELTH D, K~A 7 alERbEFOY—7 1385
e S T D, F-band TOREHEDOE—7IZBWCEEMITN 60V TH D, /T
—IRIEZ STl G 5 2 R A % & 4156 W Th 5, Y-band TR S 72575
X, =2 HOE—=ZIZBWTKHTTKV THY, “2HOE—Z7IZBWTHTIKV Th 5,
FEromx, —2HOE—271385.11mW, —SHOE—773261.35mW ThbH, il
SO =728 HBIEMEICK L SWO 12 TWT & LTEfET S, TWT BifEIck\V TRl
BIZEOREREZRD, 74— Ry BRI SRV EDEFEIE~A 7 ka2 E LR, L
2 LAROER S 2 F> SWS O CREME AN T2 2 & T, ADREHE 2 FFORmEKIC
EHIh, ~A 7 alEziAl S8z tE 2 5 5[36], F-band OfF7%51%, Yband ® —-5H
DIEH L RIFFIINE B HAR > T D23, SE TV I1X Yband £ V4 30ns #Vy, F-& Yband ®
BEECTRIHENARESCH IR R 2 Z &35 F-band TR Sz~ 7 v iid Y'band
TR ENTE LT, ENENRRDERETEO~A 7 nEABRE L TnDEER LR
%, Z DO F-band THER S vz~ A 7 v OB EEIT F-band O v b4 7 JH 1% 74 GHz
Evm<, Yband ®F v A7 A EK 137 GHz L 0 KV, Fig. 3.1 Oy EBaRrAR L 0 |
80 keV LA F D B —AHR T 74 725 137 GHz % CTOJEREH T 0.1-THz 78 HiHEE o K
W(TMo)E— R &b 5, ZDOZEMNE, F-band THIH SNz~ A 7 o f(E 5 13Emik o
I L VAL D EE X BND, —J7 Yband TEIMI SN~ A 7 a3y A7
JAW 137 GHz L0 L EEESE L. ZHUE TMo T— ROT v 38— v b A 7 J&i 5k &
DREV, Ko TYband THEREI N~ A 7 B IFRAEEICLHEOTIEHRNEZ X B
%,

ZZT ™™o E— RIZE b~ A 7 ol ORiEERE S L TRERE— FORBENE XD
N5, EkE— REatesyiBff 4 Fig. 3.5 (R, mkT— RIINAEREE A L 0
W FEEITAFAE L TR Y | R & L CERENICER S LD, 26 OmmIRE— NITHE
FEN 0 & 725 2npoint ThHhiEE T& . Ledatron it #3845, A#IE Yband DF v b
A7 AR TH 5, Yband T—2H ORIENHR SN/-HIC F-band TEREIICL H1EE
DB SN2 0Dk, FELTe~A 7 vl 2.6 HilZR L7z F-hand & A A4 — K OHELEE B
Bx EEoTnHZ L, FEBERICLIVABRRETREGEON ) oTcld B BN,
F£7-. F-band DIEEDIH TNV A Yband D > HDES LV EVWDIL, EKRE—FD
JHEIC & 0 R E— KA bNiiob EBEx b5, 22T, Fig. 3.4 OEEFE L [FH
—DFMTIT o T2 FEBRIC I T DI EOF R4 Fig. 3.6(@)27”" 7, F-band DfEH5E—7
& Yband OfE5E— 7 X[ URRICRHH ENTB Y | F5 DN F Y OEIUTR LR,
Fig.3.6(b)i%. Fig. 3.4 & Fig. 3.6(@IZBIF HHMEE & & — AERORFEELZ TN
ER7-HDOTH D, Fig. 3.4 OFEREER, Fig. 3.6(@)DFEREMMR TR LIZ, &R CE
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£, EitE HIZIFT L TEBY ., Fig. 3.4 1Z81F 5 F-band 1§ 5 DL F Y OBEAIZHIINGE
£ & B — LIS BEWU;M\ EMynD, =2 CFig. 3.4 & Fig. 3.6 DfEREE DT 4 [A]
OEMEEBROFERIZOWT, F-& Yband (550 v —27 1) OBfR% Fig. 3.7, £
FULEEIERR CH 0 | HZX23-107.3, BI2Y 831695.3 TH 5, Yband 550 —7 1281
% H Y — REHINEED YL 79.35+1.18 kV, b — LB O AL 451.00+27.17T A T
H%, Yband G50 —27 MM KEL7251ZE Fband FHOE—7 AR/ EL 725
ZENNID, 72 Fig. 3.8 T DX Yband 155D ' — 7 HAEIZK L, Y-& F-band
RO —7 NI NDREROEZ R LTZLDTH D, Yband DIEFMNHL 72 51T L,
F-& Y-band ©'— 7 HOEMZENKE < 2> TW05b, LLE2 S, F-band (55D F Y 2312
NT=DIX, @IRE— FORNENIEE > 721, 12 TV 2RI E— FORIE i T
FoltlzbEEZBND, ZOHSLITICEI16]0 K. Mizuno K% @ Ledatron AFZEIZFW
T, mode pulling & FEEGH L BTN 5,

>
=3
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>
<C -200F ]
= -400F .
= '600__ L . I . I L | . | ]
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Fig. 3.4 Time evolutions of applied voltage, electron beam current and detected signals by F-
and Y-band detecting systems with high pass filter 74 and 137 GHz. Signals of microwave due

to surface wave and higher order mode are detected. (Reproduced from ref. [32]).
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Fig. 3.5 Dispersion relation of surface wave (TMo1) and higher-order modes (TMoz and

more) based on reduced zone scheme. (Reproduced from ref. [32]).
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Fig. 3.6 (a) Time evolution of experimental result with same condition as Fig. 8. Peaks of
F-band signal and Y-band second signal are detected at same time. (b) Time evolution of
applied voltage and beam current of Fig. 8 and Fig. 10(a). Solid line is of Fig. 8 and dotted
line is of Fig. 10(a). These are almost fitted. (Reproduced from ref. [32]).
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Fig. 3.7 (a) Peak values of Y-band signal versus Peak values of F-band signal. The

solid line is linear approximate line. (b) Peak values of Y-band signal versus Time

lags from Y-band peak to F-band peak. (Reproduced from ref. [32]).
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RThD, VT — NMEEEIINEBC AR EAROZ b, BTE—AICK-> TSP
Ft& 34 &9 5, Ledatron /ithti% Fabry-Perot 1£iEZRT— R&E A — L0 EiL 45 =
ETALDIHBRNTH D, 25— NEREITITREELIMN b @ik E— N EFETN 2 B
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Fig. 4.1 Dispersion curves of surface wave (TMo1) and higher-order modes (TMoz and more)

based on reduced zone scheme. See Fig. 4.2 and Section 1V for explanations on points Q, R,
SandT.
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WD 245, 3%, 4fFEdEERL TV D,

32



30, 60 keV beam line
(zo/C)w =k, B

0.8\ 4f, 4k, of TM, - l
O
% 06p SPR ,* .*" PR ]
> I n=-1¢ /2~ n=-2 |
e 0 and 180 degree, 4/\ 0 and 180 degree
(<] " o’
=z 0.4 " \¢
L
L
0.2
0
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Normalize Wave Number

Fig. 4.2 Normalized dispersion curve of K-band slow-wave structure based on periodic scheme.
Red and blue lines indicate the SP-radiation lines for angles ¢ = 0 and 180° with n = -1 and -2,
respectively. Green curve corresponds to the quadruple of wavenumber and frequency of the TMn
mode. Fourth temporal harmonic of surface wave is induced at the intersection between green
curve and beam line. Points S and Q denote operation points of surface-wave mode. Points T and
R represent quadruple frequencies of S and Q, respectively. These points are discussed in Section
4.4.2.
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Fig. 4.3 Dependence of normalized frequency of SP radiation for n = —1 on beam energy at radiation angles
of 0, 90°, 180°. Dotted lines indicate frequencies of temporal harmonics of TMg: mode. See Fig. 4.1 as

regards points R and T.
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Fig. 4.4 Time evolution of cathode voltage, beam current, and detected siganals

of K- and U-band. Detection angles are 5° for K-band and -5° for U-band.
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Fig. 4.5 Power detected by K- and U-band detecting systems as function of cathode voltage. Detection

angles are 5° for K-band and —5° for U-band. Anode-cathode distance is 10 mm.
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Fig. 4.6 Dependence of peak powers of U-band signals on beam current for average beam energy
of (a) 30 keV and (b) 66 keV. Detection angle is 5°. Anode-cathode distance varies from 7 to 12
mm. Solid fitting line (a) has form P = 7.9x101,%, and while that for (b) has form P = 1.8x10"
"Ix%. Dashed fitting lines have forms P = 1.0x10*l, for (a) and P = 2.3x1073I,, for (b), respectively.
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Fig. 4.7 Dependence of K- and D-band peak power on cathode voltage. Angles of horn
antennas are 0 for K-band and 10° for D-band. Anode-cathode distance is 10 mm. K- and
D-band data around 30 kV are generated at points Q and R in Fig. 5, respectively. Around
60 kV, K- and D-band are generated at points S and T, respectively.
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Fig. 4.8 Dependence of D-band peak power on cathode voltage for average beam energy
of 60 keV. Detection angle ¢ is 10° and anode-cathode distance is 10 mm. Solid fitting
line has form P = 3.4x107*?I,*. Dashed fitting lines have forms P = 5.5x10751,. Detected

signals are generated at point T in Fig. 4.3.
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Fig. 4.9 Time evolution of cathode voltage, beam current, and K-, D-, G-band signals.
Detection angles are 0 for K-band, 10° for D-band, and —10° for G-band. Anode-
cathode distance 10 mm.
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Fig. 5.1 Dispersion relation of TMg: mode and SP radiation with @ = 0 and 180°. Red and blue
lines are indicate dispersion relation of SP radiation n = -1 and -2, respectively. Dashed and dot-
dashed lines are 55 and 40 keV beam lines. Points A and B are intersections between beem lines
and TMp mode. Green curves indicate fourth and sixth temporal harmonics of TMg1 mode.
Temporal harmonics are generated at intersections between green curves and beam lines, such as
points A4, As, B4, and Bg. Dotted lines are cutoff frequencies of detecting systems. (Reproduced

by [33].
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Fig. 5.2 Dependence of normalized frequency of Smith-Purcell radiation with |n| =1 and 2 on

beam energy. Regions of |n| = 1 and 2 are indicated by orange and blue stripe, respectively.

Upper and lower bounds of regions indicate frequencies of Smith-Purcell radiation with 6 =0

and 180°, respectively. Dot-dashed and dashed lines respectively indicate fourth and sixth

temporal harmonics of surface wave. See Fig. 5.1 for points A4, As, B4, and Be. (Reproduced

by ref. [33].)
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Fig. 5.3 Time evolution of cathode voltage, beam current, K- and F-band signales with 30-
period corrugated waveguide. Angles of horn antennas ¢ are 0 for K-band, -10° for F-band, and
10° for D-band. Distance D is 600 mm for K-, F- and D-band hone antennas. At 169 ns, F-band

signal arise due to SP radiation at point As. At 213 ns, F-band signal arise due to SP radiation

at point Ba. See Fig. 5.1 for points Asand Bs. (Reproduced by ref. [33]).
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Fig. 5.4. Time evolution of cathode voltage, beam current, K-, Y-, and G-band signals
with 30-period corrugated waveguide. Angles of horn antennas ¢ are 0 for K-band, 10°
for Y-band and -10° for G-band. Distances D are 600 mm for K- and Y-band and 100 mm
for G-band. At 193 ns, Y-band first peak is due to SP radiation at point As. At 250 ns, Y-

band second peak is due to SP radiation at point Be. See Fig. 5.1 for points As and Bs.
(Reproduced by ref. [33]).
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Fig. 5.5(a) Dependences of F-band power on cathode voltage with 30- and 60-period
corrugated waveguides. Angle of horn antenna ¢ is 10°. (b) Dependences of Y-band
observed power on cathode voltage with 30- and 60-periods corrugated waveguides.

Angle of horn antenna ¢ is 10°. (Reproduced by ref. [33]).
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