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Fig. 1. The distribution of multi-beam in the hollow

cylindrical waveguide.

S OL 5T RS bR T R R B
RN, N T TR 5, AR RS o b 25 1A) B g 6 %2
T HL T AR A FH IS 220 A v 1 SR RUSE, BIACHY
FER TR AALBEMEE. Rt CEtiERT
W) FIL RT3 N pr, N I, HREA O B4
JE P T BE R B A (B = 0, BN Ha fif
HZBERI ), p KB B LR N e, B
A pjt = —pt, riro = o, FH a R FEREN AP
12, ro, r1 4 R 22 HL T SRORVBE A% R AT B0
FIERE S MONY WS i i R RS i i TS e e T
2 O BIAER S R, R R LA 52
T FE T SRR AL To S5 A A HLE, X 5 R K 2
O BIAEE TR, B E R T B R L0 T 5%
(B, = 0, BIEEH I X Z 2R MK 1), I 5%
HIRA L, BA I = — 1L, S S R i n 2
) o7 B 5% 22 RN 1% Hi i 5 S5 Hb i ) 2 TR o B 5% &R
— . BT AR A ) BRI T R R A B S
WtRF, = Fip + FipiH5E, 84 HR ¢ 25008
B, MR R pj, BT L, S M
fHAE .

27 TR AR AL S R T R = I
YER: H R 7 (B 7 o052 30 HoAth v 1 R 1
WL 1)~ B AR W3 70 (BHE W T IR 2 B 5OR
(1 L RE I F7) PR AN INBE 7 3R AL I I A 2% 7 (20
LT RSR[5 30 52 B0 77). B St B H i
JIRVGAG BRI 1A T 0 AT, ARG AR 52 J P it
HHZ T RS sl . Rk, T

P AT 7T 1B BT R 1 ) R Is Bk R B
PN ZIERAVIRE.

2.2 BHHEaH

WEZERTIRER LA A B 1N
F\ = Fig + Fip, X1 Fig, Fig A2 R T
WAEW 1A =AM H B3 I A/ 7. Bt &
H #3777, 25 R L R LA R A [ 1) 1
O, BTSRRI 1AL B g ) RAE AR 1R 7 R
oy &, MRAE O E AN 2 R 8] LR &R, 7]
BBV AR 1A AR H B RR &N
Pt (t— 1)4 e,

(t;l)(p} Sm{ 2

Erlt =

4n50rosin{

N 471507’0711)26“ (1)

Ho, WA ZEBRTFRSHBER, v, ST R

Him B, eo NE TR EEE, MR ERMm

TR Uo i 2 B, ARG (v — 1)moc® = eUy 7] 15
2

v, = C\/l— ( <Uo +1> , oy AR X A

moc2
T, mo N TFHEIERE, c NEZSTHIEHE, e H—
AR EE. (1) X e ER T IRAER W
H I E E 8
Ip(n—1

B = 472207“0%)71 " 2)
—elp(n —1

Wer (3)

i (3) ANFT AL H T Ty NAUE, BTAR 1% 3
H 37 A ECfR R AN, B I 75 0 S R
bE, 5 R R L.

Xt T B TR, 25 R ERE T AU ]
FIEOL, BTSRRI R 1 AR B s 7 R A A2 18] 43
B, MR 22 5 IR RK 8 RN 2 VR AR A ) JUAAT K &R,
RIS B ¢ FE W 1AL AR B W3 0 A 1) Gy A

MO(I;_ 0 sin [(tQ l)gp] eg
4mrg sin [24

tolo
= 4
4ﬂr0ne'9’ (4)

po NEA PGS A, LU S n T HRAER
LAEF AR B RGN

polo(n — 1)
By = ————ep. 5
01 4mtrgn ¢ (5)

Fg=

By =

044102-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

32 % R Acta Phys. Sin. Vol. 66, No. 4 (2017) 044102

12BN E R 1A K, EEE T E, 2T RS TR
ﬂBzﬂmme=“MﬁM‘”@.<m T 22 7 H T SRR R RO % 22 v HR T S
dmron O REE B ro S SR, BT RS %, f9 0

H1 (6) 2RI HHT To N 0fE, FrBAR 1 32 3 oL SR B 1 R IR, TSP E Tok
Qﬁﬁiﬁﬁjﬁﬁ‘b; H 3% 775 s H A0 S R E‘ﬁ%fﬁﬁ?i@, SoF AN 2 B 37 e SRk

SREESS R L, BRES 7107 S B W AR, I
(B9 E B I (v, /)2 45, ATERMXT RIS T 2.3 $BIEERIAH
(5 T 77 916 AN 220, 61 (3) 1 (6) AT 433 1

A W % T L SR 0 B R 1 1 1
—elp(n —1) evpolo(n — 1) Wi 1A Fj = Fjip + Fpp, XW Fjip, Fjp

Fi= Frey = et O NIRRT 1 AL A 0 s R (R
(Vg o, R TR AT R R
‘[ ( )}1” () o, R B sh 1 b6 (e b S

AL VER T ORE H B )5 B i 16 7 i) o 6, AR G S R 22V SR A 1] T LT 5%
], I s s b, 5 R rR SR B IR L &, ARRIBRAER AR LGRS
LR 37 7048 22 VE LT R AR Y OR, T f ) ok R R | [ 7> N
B = —pPjt ricos[(t — 1)p] — 7o
2meg/12 + 17 — 2rgry cos[(t — 1)] /12 + 13 — 2rgry cos[(t — 1)¢]
Io{rycos[2m(t — 1)/n] — ro}
T 2meqnu.{rZ + 12 — 2rory cos|2n(t — 1)/n]}er’ ®)

ERPESEIE LR RWATSCTIR. S GRTE R 1 b= B4 g
B — zn: Iop{ri cos[2m(t — 1)/n] — ro} ©)

€r,
2megnu, {rg +r? — 2rory cos[2m(t — 1)/n]} "

T

t=1

W1 ZFIRSBEBES N

n

B —elg{ry cos2m(t — 1)/n] —ro}
Fie = ; 2meonu, {rg +r? — 2rory cos[2m(t — 1)/n]} (10)
A B, AR ¢ FE SR 1 AL AR BAR A (0 A 1 70 By
B wolo{ry cos[2m(t — 1)/n| — ro}
Bowe = 2rn{r2 + r? — 2rory cos[2m(t — 1)/n]}e€7 (11)
SBERAE R 1472 BB Wi N
B -~ polo{ry cos[2m(t — 1)/n] — o}
Bior = ; 2mn{r3 + r? — 2rory cos[2m(t — 1)/n]}eg’ (12)
W1 Z B BB G TN
B - " —ev,puolo{ri cos[2m(t — 1)/n] —ro}
Fijip = —ev: X Bjo1 = tz:; 2mn{r¢ + r? — 2rory cos[2m(t — 1)/n]}er' (13)
|
1 (10) A1 (13) AT RIBRAR L D Z MR RS i b AR Wt 7 5 BRI 1 R 1),

LRSS A, BLRBR S BRI IR, sk FER R L, 5 R E L T
WENGRIIAIIN (0o 5, BROMIATIN gk, oigisn HRETE, 20T

Uy 2

Fj1 = Fjie; = [1 - (?> }Fle- (14) s TRE.

044102-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3R Acta Phys. Sin.

Vol. 66, No. 4 (2017) 044102

2.4 BHPHh

TEA MR R 5] 5 0 23 B WAL &
gurf, B Wi I ER Wi 1S R AR R E
R b, X B ERAG s 1S B Riis iz
FAE W 71, & M E S R, @it
HUE TR TT LN B L7 1 AR B TR
AN J s B AT A M. AR S B B F g B 2 4
BN LR Uy N 620 kV, &L Ip N —7 kA: f£
B 3212 0 N 40 mm AAR, AR ro A HLF RO EL
n, ZVER S R G K 2 (a)—(d) Pis; £/

6.0 +Tg:0.020
—E—1r;=0.025
Z 5ok —¢— 7= 0.030
B —6—1=0.035
‘S 1ok —&— ) =0.038
~
.R
N 3.0
E
o 20f
(a)
1.0 . . . . . ,
0 10 20 30 40 50 60
10.0
z
T o80f
o
—
~
R 6.0F
2
m 4.0
=
@ a0t
0 . . . . . ,
0 10 20 30 40 50 60

FF 21 BT AR B O AR o A 25 mm, 203 o A
n IR RWE 3 (a)—(d) Fis.

M EERTULEH: BEHEEES 5B HE
Wi 1R ), 2 n BN, AR i JIbEE B
DRORIRE 3 B ) A ek /N T 3 o, R/ T A
R T B 1 (BREET > 1), w2 (d) A
Bl 3 (a) o, RIS 9 22 33 HL 1 2R (0 45 [ 32 3 F
BEORES,; BE MR, BT SBHREHEHK
THAEH, S5 gy ks g (a1, W
K2 (b) FIE 3 (a) B, BEI 23R H s 7

R T R A E 5).

8.0
z ——7=0.020
2 —E—ry = 0.025
o 60r ——ry = 0.030
S —e—7)=0.035
K 4.0 —A—7r, = 0.038
=
£
& 20

n ({£)

600
—&— 1, =0.020

500 —B—1ry=0.025
—>—1r7=0.030

X L
w 400 —6—1y=0.035
so0 b —&— 7y =0.038
&
®

200

100

0
0 10 20 30 40 50 60

n (1)

2 (MTIRE) HHEEER (a =40 mm)  (a) HE#HIZTIE ro Fin K R; (b) BREHS 15 ro I n FIKR; (o) G

Wl 715 ro Ml IR R; (d) BHRET5 ro Fln KRR

Fig. 2. (color online) The results of calculation: (a) Self-electromagnetic force vs rg and n; (b) mirror-image

electromagnetic force vs ro and n; (c) synthetic electromagnetic force vs ro and n; (d) mirror-image factor vs ro

and n.
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Fig. 3. (color online) The results of calculation: (a) Electromagnetic force vs a and n; (b) synthetic electromagnetic

force vs a and n.
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Fig. 4. (color online) The results of calculation:

(a) The angular speed vs a and n; (b) the angular

speed vs rg and n.
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Fig. 5. (color online) The construction of multi-beam

system.
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Table 1. The results of calculation.
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30 16 4.66 4.98 0.52 0.56
38 6 11.41 10.55 1.62 1.50
38 16 4.79 4.69 0.68 0.67
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Fig. 6. (color online) Spot of multi-beam: (a) Experiment; (b) simulation with rod emission; (c) simulation

with no rod emission; (d) 3D image.
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Fig. 7. (color online) Beam-spot in simulation: (a) R = 1 mm, Ra = 50 mm; (b) Rc = 2 mm, R, = 50 mm;
(¢) Re = 3 mm, Ra = 50 mm; (d) Rc = 1 mm, Ra = 70 mm; (e) Rc = 2 mm, Ra = 70 mm; (f) Rc = 3 mm,
Ra =70 mm; (g) Rc =1 mm, R, = 100 mm; (h) Rc = 2 mm, Ra = 100 mm; (i) Rc = 3 mm, R, = 100 mm.
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Abstract

Multi-beam klystron (MBK) is a promising high power microwave device with the traits of high power, high
efficiency, high frequency, etc. For the high power relativistic MBK, the multi-beam rotation around an axis may reduce
the transmission efficiency obviously due to the effect of space electromagnetic field. In previous researches, the influence
of mirror-image electromagnetic field is ignored, which can play a leading role in some cases. In this study, we present a
method by taking into account the mirror-image effect to analyze the angular drift of multi-beam in the hollow cylindrical
waveguide. The hollow cylindrical waveguide is a part of relativistic MBK such as input cavity and transition section,
which is just behind the diode. In this method, the equation of the multi-beam angular drift is deduced and analyzed
quantitatively. Based on the equation, the expression of the angular velocity about the multi-beam in the waveguide is
derived, meanwhile the minimum equilibrium magnetic field, called Brillouin magnetic field, is obtained. To verify the
effectiveness of the method, numerical simulations are carried out by the three-dimensional (3D) code and the results
show good agreement with the theoretical results. The theoretical analysis and simulation results show that the mirror-
image electromagnetic field can dominate the multi-beam angular motion in some conditions, especially when the number
of the multi-beams and the distance between the conducting wall and the multi-beam are both small. In this case, the
mirror-image electromagnetic field can be much higher than the self-induced electromagnetic field. Nevertheless, as the
the number of the multi-beams or the distance between the conducting wall and the multi-beam increases, the mirror-
image electromagnetic field decreases and approaches to zero rapidly and the self-induced electromagnetic field controls
the angular movement. Interestingly, in general cases, it is found that the change rate of the angular speed is not related
to the number of multi-beams, nor the radius of waveguide, nor the distance between the multi-beam, nor waveguide,
etc, except for the accelerating voltage. In addition, we experimentally investigate the angular drift of the multi-beam at
a voltage of about 670 kV, current of about 7 kA and length of waveguide about 100 mm. The experimental results show
that the multi-beam distorts obviously, which changes the beam spot shape from circle to ellipse. To solve this problem,
we simultaneously investigate the multi-beam emission and transmission in simulation experiment. The analogue results
not only reveal that the distortion is mainly caused by the emission of the multi-cathode rods, but also provide a new
phenomenon that the angular drift distance in the accelerating gap of the diode is twice as large as that in the cylindrical
hollow waveguide due to the low beam speed along the axis and high electrostatic field in the accelerating region. It
is also found that the distortion is more evident as the rod radius decreases. Furthermore, we propose an optimization
design to improve the relativistic multi-beam system by inclining the multi-cathode rods, which is proved to be effective

by simulation. This study could provide theoretical basis for studying the relativistic MBK.

Keywords: intense multi-beam, mirror-image beams, angular drift of multi-beam, spot distortion
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