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Fig. 1. Simplified E-field of 2t mode in three-gap cavity.
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Go _ 1 fsinsly
Go  20¢

—sin (B L + 6p) cos pby + 2sin25. L + 2sin B L — sin (28 L + 0y) — sin (25.L — 6)

— sin (B.L + 6p) — sin 6]

+ (BeL — 0p) [sin 28, Leos*ply — sin (28 L + 6y) cos*ply + 2sin 23. L cos pby

—sin (28.L — 6y) cos phy + sin S, L cos pfy — sin (28, L + 6y) cos phy

— sin (B L + 6p) cos pfy + sin B L — sin (8. L — 6y) + sin28. L — sin (28, L — 6p)]

— 08 (2B L + 0) cos®phy + 2 cos 26, Leos?phy — cos (B L + 0y) cos*phy + 2 cos B. L cos pby
— cos By cos pfy — cos (28.L — 0y) cos pby + 2 cos 28, L — cos (28.L — 0y) — cos (28.L + 6p)

[—sin (28.L + 6y) cos®ply — sin (28, L + ) cos pfy + 2 sin 23, L cos pby

+2cos B L — 2cos (BeL — 0y) — cos (BeL + 0y) + 2 — cos 90}, (37)

[~ cos (2B.L + ) cos’phy — cos (28.L + 6y) cos phy + 2 cos 2. L cos pby

Go 262
— 08 (BeL + 0y) cos phy + 2 cos 208, L + 2 cos S L — cos (2. L + 6y) — cos (28.L — 6y)
—co0s (BeL + 0y) — cos b
+ (BeL — 6p) [cos 23 Lcos*pby — cos (26 L + 0p) cos*pby + 2 cos 23, L cos pby
—cos (28.L — 6p) cos pfy + cos B L cos py — cos (26, L + 6p) cos pby
— ¢0s (B.L + 0o) cos pfy + cos Se L — cos (BeL — 6p) + cos 23 L — cos (25.L — )]
+ sin (2B, L + ) cos®py — 2sin 23, Leos?ply + sin (B L + 0y) cos*pfy — 2 sin S, L cos pby
+ sin By cos pby + sin (28, L — bp) cos pfy — 2sin 25, L + sin (2. L — ) + sin (28.L + 6,)

%_ 1 {sinp&o

—2sin 8L + 2sin (B.L — 0g) + sin (8. L + 6y) — 0y + sin@o}. (38)
O =B IRIE SRR Uy = 3Um, AR R i~ 1H E BT 15
UfBGeff3 U 2Go1 + ;U Gra + %UiGbg, (39)
1, 1, 1, 1,
5 UdnBens = 5UnBo + 5Un By + 5Un Bos, (40)

R, Gy TR = BRIER I IS0 TR BT, Buy F8 —BRIER I 4300 Tl an.
i (7), (27), (37) F1 (39) = AT75

1 in p0
Gems _ { Sipvo [— sin (28.L + 6y) cos’pby — sin (28, L + ) cos pby + 2 sin 23, L cos pby

Go 202
— 2sin(B.L + 6p) cos py — 2sin28. L cos Oy + 2sin 25, L — 2sin (B.L + 6p)
+ 4sin S L — 3 sin 6y)
+ (BeL — ) [sin 28, Lcos*phy — sin (26, L + 6y) cos*pby — 2sin 23, L cos Oy cos pfy
+ 2sin 28, L cos pfy — 2sin (B L + 0p) cos pfy + 2 sin B. L cos pdy
—sin (28.L — 0y) + sin 25, L — 2sin (B L — 0y) + 2sin 5. L]
— 08 (26 L + 6y) cos®ply + 2 cos 28, Leos*phy — 2 cos (B L + 6y) cos?pby
—cos (28.L — 6y) cos pfy + 4 cos B L cos pfy — 3 cos Oy cos pfy — 2 cos 25, L cos b

—4cos (L — ) — 2cos (BeL + ) + 2cos 2. L + 4 cos B L — 3 cos By + 6}. (41)
H (8), (28), (38) il (40) 2ATHE
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Go 202

Betss 1 { sin pfg

[— cos (2B.L + 0g) cos’phy — cos (28.L + 6y) cos phy + 2 cos 2. L cos pby

—2cos (BeL + 6p) cos pby + 2 cos 2. L — 2 cos 23. L cos 0y — 2 cos (B.L + )

+ 4 cos S L — 3 cos ]

+ (BoL — 0p) [~ cos (2B L 4 ) cos*py + cos 23, Leos>phy — 2 cos 23, L cos Oy cos phy

+ 2cos 28, L cos pby — 2 cos (B.L + ) cos pby + 2 cos B. L cos pby
—cos (26.L — 6p) + cos28.L — 2cos (B L — 0p) + 2 cos B L]

+ sin (2B, L + ) cos®phy — 2sin 23, Leos?ply + 2sin (B. L + 6p) cospby

+ sin (28, L — ) cos py — 4 sin S L cos pfy + 3 sin Oy cos pby + 2 sin25. L cos g — 2sin 2[5, L

+ 4sin (B L — 0p) + 2sin (BeL + 6p) — 4sin B L + 3sinfy — 390}. (42)

IARHE ST IR KL 0, A R Y
ML 18, AT DL 4 B AR AR A - PR RN
23 [R) LT D0/ N R B w,, AR LA U 55 2 I
R w, = Fw, = Fpw, BIRE (41) F1 (42) Kb p B
ey Fp glen] DL H 2 FRAH F - 0 1B,

2.6 IERHEZERSWN

[#i] 7€ [A] B B A B.d = m, WA TR IH—1k
B TRIIR p SR = TRIBR IR i ) — b 25
BT R T G/ Gy S5 HHERE B0 1 B
PR B.L R ML E 2 . mE 2770,
Bl B.L HE, 785 B Fl N 7 AR IR s =i At
YW CRE B, FERSEEE LT RS R R A
Wi, WS R AR S 2 (R RE R 8. L 1YAR
LRI R, OEF R B.L Yo THFES %
AN = W 2Z 6] B [ 2B A L, B L #E— 7 i FEl N
SU{EAST, PR3 3 e — () BRI s 1 B AR SR 2
T W RE i, FEHABAE LT,
T = (R BRI s 1 SRR R TR RS BB A 4G
Y, R RS S R S8 4 R i B
B, L AL S BRI WANETT LA ) f A
— A AER 8L, i H PR E s 2 R S e e
K. RE 2 T LIS, B S5 B T ARIR )
B, LT S A 22 A A e 1 B A R,
SRy A5 S A B R R R A A5 (] FEL AT RN R,
AH 23 (] H ey 35 T L TR S A 2 (R A
VEFH, B 25 (] oA % v —F A B SR 7 Ak T BELRSHAE
FH. I — A B RS 3ERR Z20W 25 [1] R 7 235017
SRR IR ZE .

0.8

0.6F ---

0.4}

0.2}

Gesiz/Go

0OF

—0.2+F

—0.4F

b 1.5n 2.0m 2.5m 3.0m
BeL /rad

K2 Al FREBT Gum/G 5 BLIHRR
Fig. 2. G/ Gy versus (,L of three-gap cavity.

[ 7 U — A6 55 B AR MR p = 0.1, AS[H]JE] Bt
BB B.d 20T = 18] B PR e i 09— b 45
B TS G/ Gy SHASSIR] B 0 0 I
W L BRI WE 3 . kK 3 A%,
AN Bod ZAF T L -1 5 3 =2 () 238 4 1) g
B B.L WS R BIR G R, ANIR] B,d XN Y
KA Wt B.L AR, B.d ik, fkhER
AT B.L BN, XN Bod B, R TR
HEFL T 5 m ik B i R R, 8L SR /).

[ 7 )3 — A6 55 B FARAIR p = 0.1, RFAHEE
] B PO B BRI A B, L A5 T =R BR I IR
MY IH— AL AF A F BT G/ Gy 5 R B LR
VA B,d Wy R ML AnE 4 Frs. B 4 AT
LB AN B.L 24 N 1 5 S 2 1 58
MIRERERH B,d (AR fL IR R BIR G e, 18 vl LI
AT B.L 25 0F F o715 @ 4 2 () 38 e 1 g
SEARAEANR], BEBAFEAEXS AT B, L (E#RRENE 4k 2
—A Bod, LT i 22 [R) A AR R R,
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Getis/ Go

T 1.57 2.0m 2.5 3.0m
BeL/rad

K3 Al FREBT Gum/G 5 BLIRR
Fig. 3. G/ Gy versus 3,L of three-gap cavity.

0.4
p=0.1
----- B.L = 2.00m
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N
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B 02K e,
2027 e N
[G] o .'u \
0.1 " N
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Tl/2 T 3n/2 2n
Bed/rad

K4 H—AbHFREHT Gup/G SHEMM B.dHXFR
Fig. 4. G5/ Gy versus f.d of three-gap cavity.

PR ZAHE VPR (] B d FIEEAZ B L.

[8] 2 1) B B AL Bod = m, AR —1EAF
BT ABR p 20T =R BRI IR M A 5 — L 222K
HL T BN Bigg/ Gy 5 AHAT ] B 0 1 L
Ay B.L BRI 5 P, ROy i T8
W Bz > 0 W, RLFIEXHERIE 2B AL, 5IA
FL O O R M i IR R AR, T R N
By < O B, B IEXS IR I S BLHLENE, 5IA
TR IR IR CR T . S T R
BoL 3G, AL BG5BT R IR Ik
WA T i, TEHELERE DL N IS IR IR FRAIC, &
B ARG FRE.

[ 5 A — AL B TSR p = 0.1, AIF]EIE
FLUL A Bod 2515 T = 8] BRI IR JEs 19 5 — 10 55
RO T AN Bogy/ Gy 5 AR SR TRI B O 1 L3
Bl 0.0 IS R IZNE 6 . ikl 6 aTLIA
i, AR Bod 20 T TN IR IR IR A 572

B3/ Go

I 1.57 2.0m 2.51 3.0m
B.L/rad

Bl 5 H—fbHFREAD Byy/Gy 5 B.L IR
Fig. 5. B/ Gy versus (.L of three-gap cavity.

T 1.57 2.0m 2.5 3.0m
B.L /rad

Fig. 6. B3/ Gy versus (3,L of three-gap cavity.

AR, RN L T B FL 4 Bl MBE B X R Y
S LT S A A =22 ) 5 4 ) D JE 3 P9 S & 1)
TR, R Bod 5545 T oS @570 HAE
FHREEANTE], PR oI DR AN, o -4
PRI VIR AR A5 i AN ).

[ 5 — A 45 B AR p = 0.1, AN[FFHER
] B P B LRI A B L A5 F T =R BR I IR
B IA — LS55 T R Bogs/ Gy 5 AR EL
WEREA Bod R IR 7 B, & 4 FfEl 7
AU, R RIS P, A R AT
BL XL F T T Gy HRE IR LG LT 7 2R L A0
Biggs 52N HL K.

PR SCR L F i IR B T T AR B A
2k 5 3k [32] HoR 2 (A1 H far e TR R
TR, (R BRECA = [RIB, B[] Bt L I
Mo, SERIE S8 FE 9 k. i 8 I 9
ATLUE ), M THREEHE T p = 0 B, PR
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WA — IS, BE 8y BE. X =R s
TR RA— L T RS G/ Gy BEAAE IR
UL ELRIE A 0.0 iR —E, X B0 AR
NI, =BT A R B R S 22 AR,
oA A R e e R M S T A R R R i T
ARG IR, S s Z AR g
S 2 TA] H AT O Y O R AN A
4 B L HRB|—E (I, AR IR IE TP A
AT R BEVRIT, T L A TR BEYA R o A
(EECIENapAPS LIS RER S IR I o N AT1p- AL
LR S g 2 ) R RE R e T ELFE T
R (B p KR, 25 1] L A 280N Al , = Fof

1.0

0.8 1

0.6

Begtz/Go

0.4

0.2 1

0Fr

—0.2 L L
/2 T 3n/2 2n

Bed/rad

B 7 H— A TR B/ Gy SIS B.d ISR
Fig. 7. By/ Gy versus (3,d of three-gap cavity.
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(a)
0.6

o4 | I RS [
etk TR A

g 0.2}
2
O
0OF
—-0.2
—0.4

T 1.5m 2.0m 2.51 3.0m

Gb/Go

2.2n 2.3n 2.4m
B.L /rad

K8 WRMELETHER G/ Gy H B.L IR H
Fig. 8. G,/ G, versus (3L of three-gap cavity.

THEAAT 2 B0 1 SR AR 22 O[] s 3 o 22 S i
& BoL WIHGKIMTINE], PN 8L R FEAE IR
Ji P A e SR ey, s T L £ A0 IO )5 M A
K. N 8 T 9 i nT LI H, 4 v g 9 | e B2 AR
/NI, AR Tz g e, IR G B TR
S5 B H T S (8] H AT I R A AR G U AR
JEBRI, AT 25 Ta] f far I8, H IR B
WHTHR AR EE Tz g HHE R ZR. N
TR 5 BRIE 112 Bl BRIS R 25 (1] F i B8 22 [)
AT TP, B AT EERIIEOL R, S2E0
R BCIE — 2L HARIX SEESIRHY T S R AR S AL
AKITFHEFREEARMRK (1 -p* = 1).

0.5
S
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Q
Ik 2SRRI
o5 | S TG
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B.L/rad
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Q
0.45 -~
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B9 WFEISIEN B,/ G5 8. LIWKR
Fig. 9. B,/ G, versus f3,L of three-gap cavity.
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M AJDISK J13 & 7 ] £ 3] Fp = 0.0266, 1A
(41) =X, WIS F RN LT HREE T G/ Gy
Wi 15D B0 AL A AT B, d AR [1] PR VA% B L It
WA B.L WIS, nE 11 FFR. A 11 Rl
M B.d = 1.1xn, B.L = 2n i}, BTz i SA 3 &
FAEL, BB XoF 7 (4 ] Bt 9 R 0.46 mum, AH 4 [E] R
R B A 0.84 mm.

HINIE v

| plalfEl el | |
T EE HE =

P10 BRI EL AR S R A e A A 7 AR
Fig. 10. model of the sheet beam extended interaction klys-
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Fig. 11. G.g43/ Gy versus f.d and 3,L of three-gap cavity.
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Fb, R A0 36 F O A A S B R R AR AR, A 12
AR — b 20 98 55 - AR 3 B T A PR R 3G KT
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Fig. 12. Fp versus U of three-gap cavity.
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Fig. 13. G, versus U of three-gap cavity.
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FUEJE IR E R & R, R/ Q iR IR I REIE
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[i] FEL ST R ) N2 T SE PR ] H 37 T A ) HE o —
A7 IR AUARAS | ABAE ST —A 7 W IR &) —
IS TR RHME ISR B AT L3, SEBR BT
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Gy = (43)
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_— \/ 8P (R/Q) Qex
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(44)
o, £ AR RO f S A 1 PR A
s R/ Q MIEPRIE I RFERST; Que A JETTHE
B FERIIFE; Q, MIEIRIEA A ARIFE, tAGE
PRI AT HAE Qy NG I A FIEMIFE @,
_ Qo+

Qa QoQy (45)
HL S DERYIHE @, t1 T =Urf s B
1
Qb = m (46)

HR A = 4 R 4 0 LR A5 R T8 R/ Q =
23.8 2, Q) =562, KR 195kV, LN
3.5 ARF, @, = 5402, i (44) X ATH, Y Qu =
Q. = 627 Wi A i S e/ ).

I BT AR FE D i B AT FH S ] A e A 45
FTHRIE Z BRI ke 1 ).

R 1 W BB R AR R S S5

Table 1. Structural parameters of W-band sheet beam extended interaction klystron amplifier.
TR Y1) TAERA IR /GHz A7 it BT AR Qg S BT R Qe AR HLE /mm
LgN 4 2t 94.52 562 627 0
ezl 2mp 94.56 555 w 3.04
Hh a2 2l 94.56 555 oo 6.08
it JE 2t 94.52 562 627 9.22
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B, ZI BRI AT RE A AR A AR R R R
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] () o A & 14 Fros, i 14 FTRUE T &8
P I 1 TARREAE A A T BRI (B A AR A, TR )
TR bR B 15 5B m i g Al
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Fig. 20. Waveform of input microwave.
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Fig. 22. Waveform of current at the entry of output cavity.
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Fig. 24. Instantaneous waveform of output microwave.
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Theoretical analysis and simulation of W-band sheet beam
extended interaction klystron amplifier”
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Abstract

The sheet beam extended interaction klystron is an important kind of millimeter-wave and sub-millimeter-
wave vacuum electron device, which has extensive applications such as in high resolution radar, imaging system,
satellite communication and precision guided missiles. Compared with conventional pencil beam klystron, the
sheet beam extended interaction klystron, in which a thin rectangular sheet beam is used, can generate higher
power by obtaining higher current and reducing space-charge-effect of electron beam. Kinematical theory and
space charge wave theory are extensively used to analyze the bunching process of electrons. Kinematical theory
is precise when electron beam is especially small because the influence of space charge effect is ignored, while
space charge wave theory is accurate when the modulation of electron beam is small since it is based on the
premise of small amplitude. Electron flow oscillatory theory is a compromise between kinematical theory and
space charge wave theory, which adapts to the bigger modulation of electron beam than space charge wave
theory, while it is inaccurate in the case of big bunching parameter. Based on electron flow oscillatory theory
under the small signal condition, the influence of electron beam on standing wave electric field of 2r mode in a
three-gap cavity is analyzed, and the expressions of beam loading conductance and beam loading susceptance in
a three-gap cavity are obtained. The influences of plasma frequency, transit angle of single gap and transit angle
of drift on the interaction of beam and wave in a three-gap cavity are discussed. The results show that space-
charge-effect of beam is unbeneficial to the interaction between beam and wave, otherwise beam loading
conductance and beam loading susceptance fluctuate with the increasing of transit angle of single gap and
transit angle of drift. A W-band sheet beam extended interaction klystron is designed by theoretical analysis
and 3D PIC software. The output power of 5773 W at 94.47 GHz is obtained with an efficiency of 8.46%, a gain
of 37.6 dB and a 3 dB bandwith of about 140 MHz, when beam voltage is 19.5 kV, current is 3.5 A and focus
magnetic field is 0.85 T. This research is important for the engineering of the W-band sheet beam extended

interaction klystron amplifier.

Keywords: W-band, sheet beam extended interaction klystron, electron flow oscillatory theory, beam-wave

interaction
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