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Fig. 1. Equivalent circuit mode of cavity.
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Fig. 2. Equivalent circuit mode of cavity with beam.
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Fig. 3. F-field of T mode in multiple-gap cavity.
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Fig. 4. Simplified E-field of T mode in multiple-gap cavity.

B 8] RIS HR Az BB F S U IR 1B 04
TERAG ST, f SOl (18] AT, HF7E ]
Wt e 1 3 PR R G A e O R 1, AN RE T
IME SR — R BT A TR IA =X, TiHL T
TR HL TR I b A SR AL A G, R F
TERARMERR BT R B AR B T/IME T
PO B T AT BOR e A i i T RUE R 0,
HLUA Iy, BB EIR (N U, = End, T 3EA
(B A T AR TE] R 6. HELLEMIBE R s sl R

d?z (t) eUn
de? md
2 m H e 435 Ay L ) S5 A L A
RAERIIR A ¢ = 1o B, 2(t) = 0, v(ty)=wy,
lﬁllﬁémyg =elp, "5

2.1

sin(wt), 0<z(t) <d,

(3)

2(t) = v (t —to) — ‘;”0 [sin (wt) — sin (wto)]

20w

+ ‘2“7”(‘; (t — to) cos (wto),

(4)
K a = U,/Uy v la] B i e 5 B L TR Y LU AL
00 = wd /vy 2 HL 38 2 T B A 3 TR A

/MBS AT, BFTERZ ¢ 25K BR A —
AR, L SEBR R A B A = R A 2 —
AU 6, BRI

w(t—to) =¢—po=01+3, (5)

FH @ S LT A BT B AR JE ) P 37 O AR A
© N tIZIEIGIARGL, 6, = wz/iy,

B (4) XML w/vy, IR LR coss
~ 1, siné = 6, FETHR o, § YN /NE, ZIE
T =R B DL E 2, wl i

0 < Bo,

5= % [sin (wt) —sin (wt—01 ) — 6 cos (wt—0,)]. (6)

By oA HL 3 O BT B R M 4 I ]
4545 (5) 2UR(6) 3RTAT AL 73 5 o] B R s Y
SEPRIE R S BRI A Z R 221 6, M

(7)

01 = o [sin (o + Oo) — singg — Op cos @p] ,
200

HL S BB B IR IS F) VA — T g

v 1+ 2%0 [cos o — cos (¢o + o)

+d1 sin (@0 + 6o)] -

(8)
MR Ffr e e i 1, AT A
; o dty  d(wtg) . d(wt—0;—0)
i (61,1) _IOE_ 0 d (wt) 0 d(wt)
do
~10(1- 30 ©)

¥ (6) AN (9) K, ATH7
i1 (61,t) = IO+§T{2 [sin (wt) (sinf; —6; cos b7)
+cos (wt) (61 sin6y +cosfy —1)]. (10
(10) 2CnT AR & d— AL O RTAT FRLUR , AR S0 FRL U
prERLINE 15 SR 7P = KB 7110 IS N PR AL R o
71 B3 A X6 FL, T 52 728 - o [ B2 9 P~ 2 (11

084101-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 8 (2019)

084101

1 %
I g = 9*/ 11(01,t)do;
0 Jo

U,

:G—mzeg [ sin(wt)(2—2 cos §y— b sin b))
0
+ cos(wt)(2 sinfy — by cos By — 6y)], (11)

o tildeiy (01,t) M iy (01, 1) ISZAE S
SR P AL 5 P ) AR A 78 0 AR 22 o/ 2 VR
SRR TS Gy MHBTHRE g By, 1%
Gv1 2 —2cosby — tpsinty

Gy = — = 12
Gbl G() 29(2) ) ( )
_— Bbl 2sin 90 — 90 COoS 90 — 90
By = — = . 1
TN 262 (13)
HL 11 5 it 2 A A i e i
Pb:lUiGM:Ug]GOQ7200500;005m90 (14)
2 405

2.2 WER ISR B F AR ST

T T 43 B A AR BT R v L R AR
R X TP R BRI, AR — TRl
(1)iz 2 g Ol 5 Rl BRI IR I TP AR [R]. 72655 — AN R pR
th, B TR R

d?z (t) eUn

de2 md

WRIEWIGG 55 ¢ = 7 B, 2(7) = d, &6 (8) X,
CIEE:

z(t) = 1/0{1 +

sin(wt), d<z(t)<2d. (15)

(07

ST [cos wo — cos (o + 6p)

+ &7 sin (¢ +9o)]} (t—m)

aly . .

~ %ow [sin (wt) — sin (wTy)]

+ 20 ¢ 1) cos (wr) + d. (16)
26,

MBS AT, AR Z ¢ 580U B iR
i ol 511748 B S i NG 2o g 151 0 RS
PR S E A Z AR 22— DU &, B

wt—7)=p—p1="02+8&2, &2<b, (17)

2 ) S HL 1 AOBURI BRI IR I 5 — A TRI R Y
RN, 0y = w(z — d) /.

¥ (16) LT L w /vy, RHITRIE coss, 5
1, singes = &y RN a, & BN,
ZW eI =k XL E 2RI, i 1S

§22 = 2 [sin (wt) — sin (wt — 65)
“ 260

—05 cos (wt — b3 — )] . (18)
BRI 7o A HE 5 T R[] B9 i s A8 B 1D, F
(17) ZUH (18) 2 AT 75 H 38 4o X ] B e s 55 —
A TE) B 7 S B B B AR 5 U A 2 R Y 251
&N
§2 = 2%0 [sin (o + 26p) — sin (¢o + 0o) — 0o cos wo] ,
(19)
FEL 3 o O B i T I B 174) 5% B Y0 A A 5 U
FAZ B ZEME 6, N
0y = (51+§2=% [sin ((po =+ 290) — sin Yo — 20 cos (po] .
’ (20)
¥ wir —to) =260+ 0, 1UA (15) X, WJHHH
F B TR B EIR B 0 U — AL TR

v (7o) o
= 1 —_—
Vo + 2%, [cos ©o

Z/(Tg) =

— COSs ((po + 290) + 67 sin (SDO + 290) ] (21)
AR LTSI E A, TS0 N B B b B R
LI

iz (02,t) =11 (6o, 1) % = i1 (6o, 1) dd(;:j;))
= i1 (6o, 71) <1 - (ffif)) : (22)
¥ (10) R0 (18) ARA (22) K, T4

i (02,t)

=1+ %O [sin (wt — 62) (sinfy — g cos )
0

+ cos (wt — 05) (6 sin By + cos Gy — 1)]

— cos(wt) + cos (wt — b3)

—0 sin (wt — 3 — 6p)] . (23)
KT R I 565 1 TR Bt 14 SRR FL 3

1 [P
I3 ing = 9*0/ i2(02,1)d0y
0

_ UnGo
202

{ sin(wt) [2 cos B+ 6, sin g — 26, sin(26,)

— 2c08(200)] + cos(wt)[2 sin(26,)

— 205 cos(200) — 2sin By + 0 cos Oy — 0o }
(24)

K ip (62,8) Hig (02, t) BISAE T34t

084101-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 68, No. 8 (2019)

084101

X TE] B T I s 114D S JER N FEL 3
D ind = 11 ind + I22,ind

_ UnGy
o202

{sin(wt) [2 — 2 cos(26p) — 20, sin(26y)]

+ cos(wt) [2sin(260y) — 260 cos(26) — 26]} ,
(25)

P O 78 L B 00 — o T § s S
Al r T 2L A
_ Gr2 _ 2 —2c0s (26) — 26, sin (26,)

= ) (26)

G2 = 7, 262

B — B2 _ 2sin (260) — 26, cos (26) — 20
b2 — GO = 298
LT S e U Z RIS i A e
— cos (26p) — 6 sin (26y)
202 :

, (27)

1 1
B, = 5U;Gb2 = UG
(28)

2.3 N ERRIEIRIEBEF AR

R B ) B 3 % Jae AR UL ] B S5 4R s v el -
A A AR g IR AT RE R
38 HFRA . AREECA A8, BB T RIBREL
1< ns< N-10&ERE, HCSHAEAWM
(29)—(35) ik

HL TR 2 ¢ B3k n B BIS IR n AR BR
T Ab R, L TAESS o AN RIS PR A S
ELTE A Z AR 22— N €, B

W(t—Tno1)=p—Pn-1=0n+E&nn, Enn<bo, (29)

7, T BT o 1 )RR A e ]

Enn 2;70 {sin(wt) — sin (wt — 6,,)
—90 Ccos [wt - 92 — (n — 1) 90]} (30)
FL 3l ek () R T A s %) 52 o Y0 1 5 L I O
FAZ R 2EME 6, H

Op = % [sin (900 + n@o) — sin g — nbp cos 900} )
0

(31)
HLF BT n (B BRI A U — A R TR
o v(Tn)
v(Th) = ™
=1+ 2(%0 [cos g — cos (g + nby)
+6,, sin (¢o + nby)], (32)

P 7, LT BT n (A BRI 4 P )

n [B) BT IR s A SR FEL T A

Iy ind
 UnGh
202

+ [2sin(nby) — nby cos(nby) — nby] coswt},
(33)

n BRI R I B U — f L S 3 S A — e 1
Uik R

Gy 2—2cos(nfly) — nbysin (nby)
Go 202

{[2 — 2 cos(nby) — nby sin(nby)] sin(wt)

_ Byn  2sin(nfly) — nby cos (nby) — nbo
Gy 202 ’
(35)
AR AR B B PR I OS] BRI R I (B n =
1, 2) BIHESER, 2RS40 2 EidFikst.
XFF N BRI, AR N BRI R 1
B N - 1B Rz EpRES N - 1 RBIE R
JEAHIR]. 7E55 NASWIBE R, T ris sl il
d?2(t)  eUnp

dt2 = m sin (wt),

(N—-1)d < z(t) < Nd.
(36)
HLFAERTZ) ¢ B35 N [E] BRI RS N A TE
B B — &b i, HL TSRS N A ] ) S B I B
15 BB Z (B AH 25— MU N o, ED
En.v < 0o,
(37)
R oy FHETIEA NI BRI N A F B
BN, Oy = W[ 2— (N - 1)d |/vy.
SR FH 55 U 1R) B 18 5 i v 28 A ] B AR BL Y 4
S, Alfg

W(t*TN—l) = PY—@CN-1 :9N+€N,N7

ENN = > {sin(wt) — sin (wt — Ox)
’ 20,

—(90 COs [wt — 92 — (N — 1) 90]} . (38)
LTl NV IR B IR I A 28 NV TR B A S5 i B
5 BRI Z R 2EE v N
v = % {sin (¢o + Nto)

—sin[pg + (N —1)6p] —Opgcospp}, (39)
HL 0l V() BB R 1 S o U8 A A 5 L I O A
AR 2EMH 6 N
oN =0n-1+&N

= 2% [sin (@9 + N6p) — sin g — Ny cos o] ,
(40)

084101-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 68, No. 8 (2019)

084101

FLF BT NV BRI IR B0 U —f 5 3

=1+ = [cos o — cos (o + Nbp)
26,

+dn_1sin (g + Nbp)], (41)
A 7y LT BT N [ BR ISR S A i 1]
AR R <7 TELE A, AT AR N A T B A
T A

dry 1
dt

in (On,t) =in—1 (00, TN-1)

=in—_1 (00, 7TN-1) d(j(z;)l)

-G

do = &
—ho (1 " 4wl —> 1 (1 " dw)
dén,
<(1-ae)
¥ (6) 2. (30) AN (38) RACA (42) R, Al

HT a, 6, &2, &3, 0, Evon PRV, ZBKE
T8 =R e L Lk, wi1s

=in—1 (0o, 7TN-1) <1

t_'rn>

(42)

in (On.1)
dé T de dén N
= Io(ldw) . *7;2 d(wt) t_ﬁ) (1- d(wt) )

=1I— @{ [ cos @, — cos g + (N — 1) cos o]

t=

+ [ cos(wt) — cos(wt — On)

+9Nsin[wt—(N—1)90—9NH}

=1Iy— O%O{(cos(wt —0nN)
—cos[wt — (N —1)60g — 0n]
+ (N — 1)y sin[wt — (N — 1)8y — On])
+ { cos(wt) — cos(wt — by)

+ O sinfwt — (N — 1)0p — QN]}},

N RIS R I (050 NV A ] B P R R 37

1 %
INNind = %/ in (On,1)d0N
0

=G0t inut) [~2cos(V0o)
202

— N6y sin(N6y) + 2cos((N — 1) bp)
+ (N —1)6sin((N — 1) 6p)]
+ cos(wt) [2sin(Nby) — N6y cos(Nby)
— 6 — 2sin((N — 1) bp)
+ (N —1)6pcos (N —1)6p)]}, (44)
K tildein (On,t) Min (On,t) ISTAS S5
N T B A 114 S 2y F 3y

1IN ind

=IN_1ind+ INN,ind

= UmC;O {sin(wt) [2 — 2cos(N6y) — N6y sin(N6y)]
202
+ cos(wt) [2sin(N6y) — Ny cos(Nby) — Nbp]}.
(45)

N ] BRI 4R 1 B U — A - S o S A —fe
ERUE- TR

—— Gobny  2—2cos(N6by) — Nbysin (Nby)
GbN = = 2 )
Go 202
(46)
_ BbN 2SIH(N00) —N00 CcoS (Neo) —N00
By = = ~

Go 262
(47)

A ECE IRk I HE T 0, R SRR T
(46) XA (47) 2Ry N [A]BRTESHR 1 HE - 17 480 S A
FL - 67 28 FL A0 )3 P ek

LTS NV RIS R s s 4 o 2 () 58 36 1) g
K

15
Gr1/Go
— == Gy3/Go
10 ~§: ———Gbg,/Go T
~ % v Gyr/Go
(=] : -
SO P
> 5rr A
=}
S AN
=/ :_\~¢o
~ . N N
o %\ ‘2 s
0 i P Mo Ml o e
o~
AN
x
_5 .
0 2 4 6

0o/rad

K5 HA—fblRF B S5ESRMANXER
Fig. 5. Gyn/ Gy versus 6 of multiple-gap cavity.
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Fig. 9. Model of the extended interaction cavity.
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Fig. 13. Qo1 versus U of each mode in middle cavity.
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Fig. 18. Picture of extended interaction klystron.

e

K19 oA AR R AL R 5

Fig. 19. Test system of extended interaction klystron.

FEARTIORAR 55 IS T A% Sk R BORA  — %
85 MR A AR g T R, o — B T A B AR
A kI R A VE AR F 5 W R SR
EBAE T B R AR . & 20 SAHLE 20.8 kV,
HL U 300 mA I A I3 45 3 Y A fE 5 0K
95.37 GHz, #i AMM55 2% 30 mW B, 153 175 W
ik i DR BT 21 Ay R R B TR A S
KRR ML hK 20 \TLLE I, YA G S0
ol 95.37 GHz B, Hi i DRk, 3 dB a5 K
T 90 MHz.

R

Y

Bl 20 BRI A 45
Fig. 20. Test result of extended interaction klystron.

200

150
~

3 100

50

85.30 95‘.35 95‘.40
f/GHz
21 S ARURE A i DR S AR SR R

Fig. 21. Measured output power vs input frequency.
4.2 MWXERHH

TAESR T, DR B R K D5 s e B
NG5 4i% 95.37 GHz Ab, T BAS 2 1) fi Kok
IR S AR AMS SR 94.77 GHz &b, 2347, &
SR 2 B SRR RN TR IR iR 2. i)
Ry, FEAH R A SR, 05 B4 25 o %
443 W, MAAS 2] 0% th D)8 175 W, j7 A fh
SR R A2 BT B W, — R S P A
F| 83% MYHLFIi R, 5T R G5 HATE
100% HL Il R 22 AR, X FEEL I R
o 505 ERER Lo 22 K, BT DL R

084101-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 68, No. 8 (2019)

084101

P AL S0 43 o R P R S 1 67 G 2 o
(I B S0 BT SO B 22 R, I T8
i TRA AR, IR TR AT 25 R R R S
PR RS, X B AR R s R A AR A T
VEFE S TR W98 7, AEAH IRl S A SRR T,
i EA5%) 3 dB 96 KT 150 MHz, MiXf58] 3 dB
T2 90 MHz, #1543 H7 i 5] 5 % Hh )y o3 7 A 2
SR T R A, 2 FR T R T D R A 2 RN A 4
FA A fi S B S 4T 0.

5 % @

AR SCHEETHE S F G | TN H AL B L fep ST
fEEH, BRI T LTI Z BB IR IE n i i
TR (BRI, HE T T 22 ] BSR4 i B 2R
FEIR, A3 T IRI BRI B s ) 55500 B
M. Z5 SR I, SR 22 RIS e A7 ) 1 8 e o 0]
BROE, I B AT DA R I i A 48 Q A 7E 3 K3l
RISk, o] DA R A ANl 3 5 | A B nbire
I TAER 6. BeAh, AR e 2R g i 35
SEAATT LIS, 5 R BRI AE L, BT
5 Z (A1 BRI 4R s v S SV FH s 2 (T I s 1) 145
PRAR K A R B RS . Fe LT HHE A AU
B, BT T —3K TAET W BB 4 A 4 F i 3
EHORAR, IS8T 43 AR R A R A% (4 in T
FISLIRIFST, SEnA7E A 95.37 GHz b5
AP 2 175 W, 3 dB H56KT 90 MHz,
SRy it — A B g SRR e O ) R A B
TR, N BEAIRFSE TAE EENLUT A7 1
HF: — RN LT, S A Ve F
R RSSO R 1 TR TR Y RN R S
Wi, VR AR AR FH RS W R TR Rt
FHFRGRTT, S AR T, JfH
TG 0 IR e 2., B e F A A AR P R A
HH PRI 3 5 DU A VIR s P R AT 25 4, el R
s O AT R ] BB SR YT AR A BT
R FHAS IR I A 6 2 25 3 A0 (9 5 1%, B4 0 43 A/
FHE R AE 7 T

S7% 30k

[1] Toreev A I, Fedorov V K, Patrusheva E V 2009 J. Commun.
Technol. Electron. 54 952
[2] Brian S, Albert R, Peter H, Mark H, Richard D, Dave B

(10]

(11]

(12]

(13]
(14]
(15]
(16]

(17]

(18]

(19]

20]

(21]

22]

23]

084101-11

IEEE Pulse Power Plasma Science Conference Albuquerque,
USA, June 17-22, 2007 p1049

Brian S, Albert R, Peter H, Mark H, Richard D, Dave B
IEEE Radar Conference Pasadena, USA, May 4-8, 2009 p1l
Toreev A I, Fedorov V K 2011 Appl. Phys. 52 109

Wu Y, Xu Z, Zhou L, Li W J, Tang C X 2012 Acta Phys.
Sin. 61 224101 (in Chinese) [ZR¥, VPM, K, 22 3CH, fEf%
F 2012 YA 61 224101]

Liu Z B, Zhao Y C, Huang H, Jin X, Lei L R 2015 Acta Phys.
Sin. 64 108404 (in Chinese) [XIHRH, BEXAKHE, B4, &%, &
FRES 2015 YRR 64 108404]

Ding Y G 2010 Design, Manufacture and Application of High
Power Klystron (Beijing: National Defense Industry Press)
pp8—17 (in Chinese) [T AR 2010 KT BAAE 1Bl 1 A0
N (b5t G Tk pAt) 558—171)

Albert R, Dave B, Brian S 2005 [EEE Trans. Electron
Devices 52 895

Brian S, Albert R, Peter H, Mark H, Richard D, Dave B 2011
41st European Microwave Conference Manchester, UK, Oct
10-13, 2011 p984

Peter H, Dave B, Brian S IEEE International Vacuum
Electronics Conference Kitakytushu, Japan, May 15—17, 2007
pl49

Wei Y, Yin L, Yang J T, Zhou J, Li D F, Ouyang J J, Dou
Y, Zhong Y 2018 The Chinese Institute of FElectronics
Conference on Vacuum Electronics Pingliang, China, Aug.
23-26, 2018 p218 (in Chinese) [F %, k7w, HakiE, %, 2
AR, BRPHEER:, SR, #0585 2018 il T2 & AL F22 )
SR ARES hEE 201848 H 2326 H 4521851
Fan Z K, Liu Q X, Liu X S, Zhou C M, Hu H'Y 1999 High
Power Laser and Particle Beams 11 633 (in Chinese) [{ii1d
I, XUPAR, X =, FfER, HIH 1999 MEOL SR TR 11
633]

ZhaoY C, Li S F, Huang H, Liu Z B, Wang Z L, Dan Z Y, Li
XY, WeiYY, Gong Y B 2015 IEEE Trans. Plasma Sci. 43
1862

Marcum J 1946 J. Appl. Phys. 17 4

Marder B M, Clark M C, Bacon L. D, Hoffman J M, Lemke R
W, Coleman P D 1992 [EEE Trans. Plasma Sci. 20 312

Yuan Y S, Li K W, Wang N, Yoshiro I, Wang S 2015 Chin.
Phys. C 39 047003

Zeng 7 J 2014 M. S. Thesis (Chengdu: University of
Electronic Science and Technology of China) (in Chinese) [
14 2014 2R SC ORER: HFRMHE R

Xie J L, Zhao Y X 1966 Bunching Theory of Klystron
(Beijing: Science Press) p33—37 (in Chinese) [ifff Z B, #X K FH
1966 FEIHE RIS Lt Bl igt) 45333711

Li R J, Ruan C J, Zhang H F, Haq T U, He Y B, Shan S Y
2018 IEEFE Trans. Electron Devices 65 3500

Ding Y G 2008 Theory and Computer Simulation of High
Power Klystron (Beijing: National Defense Industry Press)
p75 (in Chinese) [T HEMR 2008 KI5 3 J# 35 ( BLi 5114
BLCLEE: FIB Tk ) 5575 1)

Zhang Z H, Shu T, Zhang J, Qi Z M 2013 Acta Phys. Sin. 62
040701 (in Chinese) [FKiFiHF, SFHE, TKZZ, JBUAHLAL 2013 3
% 62 040701]

Chen Y D, Jin X, Li Z H, Huang H, Wu Y 2012 Acta Phys.
Sin. 61 228501 (in Chinese) [Bfik7R, 4xWh¢, ZIELL, #fe, =
T 2012 YRAEH 61 228501]

Bi L J, Yin Y, Xu C P, Zhang Z, Chang Z W, Zeng F B,
Peng R B, Zhou W, Rauf A, Ullah S, Wang B, Li H L, Meng
L 2017 IEEFE Trans. Electron Devices 64 4686


http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.1134/S1064226909080117
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.7498/aps.61.224101
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TED.2005.845799
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1109/TPS.2015.2427792
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1063/1.1707635
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1109/27.142833
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1088/1674-1137/39/4/047003
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.1109/TED.2018.2846580
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.62.040701
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.7498/aps.61.228501
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://dx.doi.org/10.1109/TED.2017.2749878
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 8 (2019) 084101

Design and experimental analysis of W-band extended
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Abstract

Beam loading is an important parameter in extended interaction klystron, which can be used to analyze the
influence of beam on resonant frequency and ohm loss ), and study the match condition between input cavity
and external power source, etc. Based on the kinematical theory, law of induce current, principle of charge
conservation under the small signal condition, and one-dimensional (1D) mode, the transit time effect of
electron in © mode standing wave electric treld in a multiple-gap resonator is analyzed, and the expressions of
electron load conductance and electron load susceptance in the multiple-gap resonator are presented. The
results show that the electron load conductance of extended interaction cavity can change in a bigger extension
than that of traditional single gap cavity, which means that the loaded @ of extended interaction cavity can be
adjusted in a bigger extension to realize a desired . And the results also show that the electron load
susceptance of extended interaction cavity can change in a bigger extension than that of traditional single gap
cavity, which means that the loaded frequency of extended interaction cavity can also be easily adjusted to a
desired value. The influence of gap number on the power exchange between beam and microwave is also
investigated, which shows that the maximum power exchange between beam and microwave electric field
increases with the number of resonator gaps increasing, and so does the efficiency of klystron. A W band
extended interaction klystron amplifoer is designed by the above theory analysis and three-dimensional (3D)
PIC code. The simulation results show that when beam voltage is 20.8 kV, current is 0.28 A, input power is 30 mW
at a frequency of 94.77 GHz, the extended interaction klystron can produce 443 W output power. The
responding electron efficiency is 7.6%, the gain is 41.7 dB, and the 3 dB bandwidth exceeds 150 MHz. The
extended interaction klystron is machined and tested, and the experimental results show that the maximum
output power of 175 W is obtained with a beam of 300 mA, a voltage of 20.8 kV, and an input microwave
power of 30 mW at a frequency of 95.37 GHz in a magnetic field of 0.62 T. The responding electron efficiency is
2.8%, the gain is 34.6 dB, the 3-dB bandwidth exceeds 90 MHz. This study is meaningful for designing and

developing greater power extended interaction klystrons.

Keywords: W-band, extended interaction klystron, transit-time effect, beam loading
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