Y32 £ 4R Acta Phys. Sin. Vol. 61, No. 20 (2012) 208402

[e] i 32 80 TR R e e e A e P B S

Lk kANE LA BIR FEE HEE B

(PR 2P B 12 e, il v B0 A8 28 B R 2 S e 2, J A 610054)

(2012 4F 1 F1 10 HWe®l; 2012 4F 4 H 5 HEME SR

WP T b Ptk 7 TR A I S AR e MBS ERY, BEY y|™ SCHLR T SR AR IR Bgad U A A 1) Ll 7, R
R 15 A A WLy~ 18 )y 75 RERAHEIRL 1, HoRE - BB 75 2 i) FLIAL 3 2 D U FLE 3. R T RIR PR, A
[ Tk P 7 LY 1 P96 A vt A 4 A, ST T S PEE A O A AL, G S T AR I R IR AR eV e AR
BREAOURE R, X [ g ) 7 TR % (R e LA T EAT TR AN 0 A I, I I FDRE 7 BB A B A v AR e PR B

FeadEAT X LERIE, P2 45 RFEA— 2L

RERIR: [Pl A UK &%, AR B IS, ROR, MU ik

PACS: 84.47.+w, 84.40.1K

1 5

(] i 3k 7 SO e A — i B A B R R S
1) 15 Th AR T 22 K, BB oK oK B
PEA R TR RACR R m G A, R R,
A — A 5, o HAERE R R, ZEml i as |
B IEERIA L R RERL NI 2% A5y T B AT F T
IR, DRHRAE [ B b 52 20 59 1 s 4 0,

[0] g 3 A 5 RO s I G S R R R B
T LA ) RV TE B (] A O AR 1
ARLE MRS P Pl — ORI U AR M HEE,
DA% 8 A K Al R R SR B B8 o — 2%
T A AR BRI AR S RS IR, 51
IR E H TR D, BRI T e T E AR
N R LTS I (S .

B 5 T S WU AULTE S0 8 e vk R A 7 rp g
Iz N, P A A A B O R I ) RORS D ok
T T F - 1l 8 R H0L RN A Ak T 1 1R R
FKHFE L =R T LT MAGYKLE,

il

I By L2 R 22 A IF R T Rl 3l R 11 % Mk 3K
P MAGY™, el 87 FH - [ g 1 A (1 e 1o 15:61,
Hh R R B L 7 S A ST T R T Bl R A B v
A £k MR AR e GKLSCU =9, Wy 7 RH% K b 4T
T Koo 3 BEIRUHE s 5« R 2% [ i 3o 1) 457 S5
gy WO=13] by 0l 7 P [ e o o 4 9 A i R
J¥* GKER. [l A& (1) [ i i A 8 v 38 B A AR
Z RS EHURE P, vT LIl e v i B AE T AR
AR, (HRA GBI RR . KA = ki
TR AT MAGIC, CST %5 fig W T IS 1 4%
PR BT, IR A — R (AR A =4
[F) P SRR K e R (1038 Bl e 5 v i 37 B 1
) (R AL o R, TR, J8 ST TR, A2 R4k
B A . BRI, SR FH — s AL 11 R 3R 7 A5 400 A
PEAE [ e 8 A AT SR AR B T R T2
W FH.

RSN T [ i T A O A IR I A A
SR BB AR G [P e S 1R A SOR s R I ELAE
HEAT T 43 M. A0 I 3R 6 Pk PR 1 R Al b, AR 4 (B
i@ HL -3 A ) P 43 ) AT B X, SR AR 2 A

= B K B ARBE RS (IS 60931001, 61071030, 10905009) Fir s @i JEAEHIRL S5 % (GEHES: ZYGX2011J040, ZYGX2010J052) ¥ 1)

(RrER .

t E-mail: libin@uestc.edu.cn

©2012 T E#YEZFS Chinese Physical Society

http:/ /wulizb.iphy.ac.cn

208402-1



Y32 % 3k Acta Phys. Sin.

Vol. 61, No. 20 (2012) 208402

AR, 45 & 0 — A4, A T ml i 1 4
(AU (R T 2 2 BB AR R T 9 5 1) v Al e
REEFRLRE > X Koo iz B J [0 T 3k ) 7 TR 4 1A T
T HAEREA, RIS R AR T AL MAGIC 5 H
W AR R P T S AE RAEAT XL, BediE 1 AR
L HAR R (1 IE A L.

2 MEAFREERER

[P g T A A7 TR 2 P I3 19 95 A e 1 BRI A8
R E W) X R Brissh iR Bk
JiREE IR FAT AR T SO AR Iy Rk R 7R o]
e A A I R, R 513 HDIn U LT iE
BT REARHESRL T, dRL1~ BB A9 2 ) LR A
VRl HL R 7, oR e e 8 E B LA T I RE R 58
HEAIR.

21 "XHIEAE

J SCHLR 7 R SR [ A8 i 3 A A 2 ok
BB PR ME LB, KPP RGN
HLTL 79 2 DR 1) S R i) 7 4 8, AN R D et
AR 2 Se B Uy R AL, 49 B 1 3

aa% =iko (Br x e;) + V1 E,, (1)
aa'iT = ik‘o (ez X ET) -+ VTBZ — 4?7[ (ez X JT),
(2
R
1 47t
Ez = _.7VT . (BT X ez) + .7Jz7 (3)
iko iw
1
Bz = _7VT : (ez X ET)a (4)

iko
Horb v 2R ST, Jr AT SRR R AN
IR L, ko = w/c P, w RMIE, ¢ R
EHGIE.
A i 7 Y [t 35 P AR X K DT 4

ET - Z an (Z7t) €mn (TT7 Z) 5 (5)
BT - Z-[mn (Z7t) bmn (TT7 Z) 3 (6)

Fo Vi, Ty 72 50 S A3 D, BCBEASE S e i
B T S8 AR €y by A IEACIH— AT A
ALK

# (5) i (6) AN (H)—@) X, T
) 1E A H — A e MR A 22 AR PR s oL, 1527 X
ROy 414l
X TM FER

k2
1+c,mn
< k‘3>

k2
=iky | 1 — —&mn
( kﬁ)

+ Z Kmn,mlvml (Za t)

ml

oI, (z,t)
cot

Vi (2,1
0z

!
Im n

(2,1)

_ 9

z,mn

+/ din-e},, (E.+r,n-Er), (N
C
1k0V,;m (Z, t)
oI, (z,t) /
= T + %l: Kml,mkIml (Za t) +ST,mn7
(8)
% TE £
leI,;:L,n (Z, t)
v, (z,t)
=——mr’ Kmn m Vm 7t
0z %l: iVt (2,1)
— / din-e},, (E.+r.,n-Er), )
C
k”Q 7
L+ ”2"" ovy (z,t)
kg cot
. k;;/?nn 1
= lk‘() 1-— 72 an (Z, t)
kO
oL, (2, 1) "
— T - %Z:Kml,mklml (th) - ST,mn
1
—— [ AV, b, n-(Er xe,), (10)
1]{70 C

Forb, RO S 2R DX 4y, SRR 7R TM A
i, AR R TE Fa; O 2 Ja) 508 30 1 )5 3
Kl i FK o 535002 TMR TE B R 1 P4
Ko 2 HARLI B S RE A2 5 AU A R
B, ST mn S, 2 AL JE SR IR S

D] i T8 U A B 2% AR FH X A58 58 78 45 ) A
T AR 2 K. KT AR 5 ) () s T AR BT X
HLHR T B A B 0 RAB L, K g TE5EARAD
BA & sREUMRE, (1533 101X 26 B B AN IELE,
75 57 b FTARE S T AR & RAREE Kt 19,

208402-2



Y32 £ 4R Acta Phys. Sin. Vol. 61, No. 20 (2012) 208402

22 HFEHAHE

[ A o () FRL 0 Bl SR A R 815 B Uy
P, ook sh o E A R 5 S S i, BRI
IX A5 B P (KE B T Rk

d(yv) -—e 1
= — E —_
gr — (ryt) + v

X (B(r,t)+ Bg(r,2))], (11)

W, E(r,t), B(r,t) &
Wi, Wit

A, By (r,2) &5 %

By (r,z) =

Hp, By (z) st 5 4.
¥ (1) X FHABAR R T Rz 3 7 1,
M AR RIFAL KR, BB 5] 3 0B FR R T,
¥ 3)—6) Xk 7. I AN, BBl
AR AR, K I 1R) A8 B ¢ AR Sl 1m) AR AR 2, R R ARAL
BN R B AL B AR A, 2ead Ak 1, 453 2
AN

9 1 s— .
002 _ L (3 i
X Z (an - ﬁz-[mn) Flmn,s}
VﬁL 01n By
SR Y (13)
a(ng) ERG{(vﬁL)SeXp(—isw)

1]{30
XZ(mnkQ S,/zmn) F||mn,s}
. 'Yﬁj_ 81nB0

28, 0z

w_1(h %
0z BZ< _fyc)

m {(7@)3_1 exp (—isy)

(14)

1
I
* 'Yﬁi_ﬂz
X Z (an - ﬂz-[mn) Flmn,s} ’ (15)

o 1 /
% - 'Yﬁz Re <Z an’YﬂJ_

mn

% [(180) exp (~is®) FL,.]

< [(80) ™ exp (~is®) L.

+(v8.) lz <I;nn _ klkO S’ mn)
< ((082)° e (i) Fl )] ).
(16)

Hrh, B, B, 2 HOGHE I — 40 1) HL 7 B ) 9 1)
EFE, Vi, Imn 72 H q¢/mc? H— 4019 & LR
PME, 20 = —eBo(2)/me & AEAH XT 18 [7] g 4
oy = £+ wt/s + 0y ML, s & T AR E
W, Fimn,s: Flmn,s & WH A 7R &
SINH— & p, + ip, = vB.Lexp (iv),

= 3., ¥ (13)—(16) Rt KRN

~ ~ e~ \s—1
b _ po { (Po — iy) vaz}
dz D=

by (ko o
Pz \ s c

P Oln By

17
5 95 (17
~ ~ e~ \S—1
dpy — Im { (px _ipy) 'YWVI}
dz Pz
Do k (9]
+€<70_g
P- \ s c
py 0In By
—= 18
2 9, (18)
dp. (P lpy)
L = Re { - Y(Qr+Qy)
_ Pa+P, 0By (19

2D, 0z
ﬂ = Re <(px _N lpy) WV
dz P

z

, iky
Z <Imn - k2’ Sz mn>

mn c,mn

X ((ﬁﬂc —ipy)’ F||mn52)D ) (20

_|_

N I:Fl’
WVI = WV - /BZW17
WV = Z (VTIVLTLFJ/_mn,s + V'r:’inFﬁmn,s)?

mn

WI = Z (I’innFJ/_mn,s + I;;mFJ/jmn,s) )

mn

QI = Z (IrlnnF|/|mn,€ + Ivgznﬂi;nn,s)v
mn
lko
Qs = L2 S,/z mnF||mn,s'
mn c,mn

208402-3



Y32 £ 4R Acta Phys. Sin. Vol. 61, No. 20 (2012) 208402

(17)—(20) N4k 1 HAE DX R HL -~k 7 F.
23 BREAE
HEL Y 2 82 EH BT A 2 B SRR s
Jr=qey  Bus8(r—r;)8(0—0;)8(z—2) 11,
J

21

J. _qCZ/BZJ 9 0; ) (Z_Zj)a
(22)
A, Ty e B 2 A
¥ 1) A1 (22) AN T T R T
ST mn = 47“ / Jr €, da, (23)
Sl =T / IV ¢ da, (24)
1w

%mzf/h’”m (25)

S HL 97 3 T3 (0 VS T 2K, I T AT LA T 3, 5
) A R
S%mn-—8ﬂ]’Fi;n<(ﬁ”fi@”>, (26)

I Dz
I e + iDy)°
S’/Tmn = 87-[7FJ_*mn <(p —|: lpy) > ’ (27)
Ia P
I /% ~ c~ \8
A

Horp, T REHFEH, [a = mdd/q.

24 BREH

(e g e A A7 TR 2 LA Y DX AR N T AL 37
WAL G AT, B 1k e ) RS ARG, H
AT T WA A AT, DRAE B F S i s it g
SR, I 4 R 126

dVin

dz v i (29)
AV (2) .

- 3. mnvmn = 0, 30

e iB (2) L (30)

I:F‘ Ymn (Zin) = k% mn (Zin) - k%, ﬁgm = k‘g —

k2

c,mn-’

3 mESBHER
s

T TR B s A e P R AR, X [ ik

B TBOR A W B AR AT BB, Ak 1 046
AT BEE P AEAE R I3 S o A3, U AE [
VB SRR AR RS R, o i 7 AG A S H R [ i
L AN S8 A% IR 25 58 IR 1) S R s Bl 1,
T A7 PRS2 23 5. [ g a6 1) A D
B, R E AL AR A i S A
U SR AR R, BR8], T 51
S RVHEZR. DRI, 5 7% R [ gk A P 3 58 73 RO
DAL 73 B 1) T P32 0 O L BEIF SR 5. 38 50
{143 73 A17 bR K 5 R 3 73 TR e 2 A Ok
Posg D781 gl v N R A T R 2
HT LT AR A T 73 1S B AR AR T A AN 2 S R g
v Wk o A AN 2 51 I, AR X HUR ] mil e
A PR BOR A, BB 7 AR R L B AL
Wrop A, XTBEHLAR R B,

1 81— B.)°
JIAR, eXp{_(Q(AﬁL)Q) }, 31
o, £ (BL) WRH—E&ME [ f(8L)dBL = 1,81
IEBL (R~ ME, & @i A RN, A, 2T
AR ) T RE 4 R 38 R, s HL 1 TR T RE 4 1
FREE, FoV-J7 (8 72 b 3 A 1) 7 72
15 8] i 3 U A I BOE B, v R
P R — o M A SR F ok R R, O TR
L 73 BB % R DL HH B2 ) R 5, X (31) 2K
R e A f () F AN R O A R AR,
WE 1 s, A g A DT IR ) s R A [A]
B [BL — 1.5a; 81 + 1.5a] A, f W [ A 1) 5 J5 1
BERHCH

ﬁJ_(O) S [BL — 0.3a, BL + O.Sa] ,

f(Br) =

fo=7F(BLo)

Bi(-1) € [BL —0.9a, 8. —0.3a],
f-1=F(BiLn)s

Bia) € [BL +0.3a, 81 +0.94], &)
fi=F(BLw)

Bi(-2) € [BL — 1.5a, 31 — 0.9q],
f=2=F(BL=2)

B2 € [BL +0.9a, 8L + 1.5a],
f2=F(BLa)

Hort, a RAMI AT T, a = V2ABL. LTI

208402-4



Y32 £ 4R Acta Phys. Sin. Vol. 61, No. 20 (2012) 208402

TR AR 2 04016 X 50— (26 T
o
[ronas = an =1 63

1 [P T A A O EAE R BBl R, XA e
TOBCFBIME A B AR R, Al 2 (33) X
A A2 A BRI AT 5 ) NP 3 5. G A 1) 3k S 1) 4
BC 5 ARV 298 S R A ik 9101 R (32) Ui
i) 88 43 AT DR ), S TRI 2 TR e R 1 0 AT T
W

BL=pL ALk (k=0,1,2,--), (34)
Hh ABL =S 31, S R 4 .

RV AFAE— W A B e R A
T IR B REHSAH S, R R ~3d 5 5 T ) 2= HUOANL
AEAE T IO R 0 RS, I A7 A0 T FL 1~ 19 In) L
G ) R TG R A F:

1
S =1- 2~ A )- (35)

Fo R (34) 2198 A AT JU, 625 RE e B Ay i
AR R AT 3 o fic. BIAE B AE N E Ak, X
[W]—AHAL, FAAE 2 AN TR, TR — AN,
ZARLF R RALE.

£(BL)

—92 2

»
»

b1
AT g T A R A

4 FEBIE

LA Ko P B IR Jigads o TR 8 o B 3k 4T 1
VE I EL AT P AR AUL, A fs [ gkt 4 45 ) T el 2
IR, 2 1 0P IRl gsds il i R 25 i S 40

AT T R s L b v R LA T
UL, B 3 45 T ARFALEAR A T R R AT
FERNJEEN I b, HL 1289 50 o3 A A2 R [ g 3]

ARG L, W R AR 25 € (1 0 A A 23 S fiE
2o g B NI A R A HL I AR A U AR e
PR, RS A DAL, BT TR ISR, R
73206, W& 3(b); LI TR BRI AH AL ), A 1)
SRR, A% ks, b7 L s g B AT o,
K 73 LT e BEAT U AU, WL T RE R PRI,

Wik 3(d) frow.

el .

2 I R R R

ARG H

L

R PIEREE R 45 25

ESL e ZHfli/em
LN R 0.57
A s At 0.53
ERE A 0.40
i AR 1.36
K 1.20
v A 2.20
EREKRE 1.72

B 4 & — ANl iE R GE L IH— 16 L 7 R B H
) {7 B AR, KT 4 el DUE W, T RE R A
IR ASAIR/N, T3 H AR P 99, e d s,
HL R IR AR RS 45 i, LT e AR AR
K, TEHTAR B LT R S A AL AR 45 0.

Bl 5 45t 7T AEH P R 72 kV I, HLR
10 A B E) 14 A, BOR BEAR )R B, A
K5 nT LLA Y, Bl FO 3G OK, SR B AE K,
T TAESCR A AT R E S B 6 & 7EA R
W N BCR BRI AR, FERE N 1.30 T 1Y, 3k
13 21%HCR, XN 3-dB F %6 8 410 MHz; 241
Y0 1.325 T i), 3-dB iy 5815 £ 550 MHz , 200%
KA 20%. i i R A W3 16738 455 [ T ek o
TR A HH T2 GR) Rvy 56 Z [RI P4l O &,
TRy, 717 5 A AE 38 0, (E RO 2% 1) B RV A 4
D& (G LERRAIK.

208402-5



Y32 £ 4R Acta Phys. Sin. Vol. 61, No. 20 (2012) 208402

[ (2)
041
HI"EH 0.3 |0000000000000000000000000000000000000000
§mg
H_,
# 0.2
0.1}
o 10 20 30 40
T
[ (0
0.4}

mg 0.3 '.....'....................'...Ooooo.....

# o2}

0.1¢

0 10 20 30 40
HTH

(b)
0.4
i 0.3 ...o'..o""'.............'°"O00-o...o-
31]%—]_’
N>
® 0.2
0.1
0 I 1b I 2IO I ?)IO I 4IO
BT
(d) o.'.
0.4 . ®e
1 0.3 * ..,
M ¢ ..
-EJ 0'2 '. L ]
0.1 .o.....o'..
0 10 20 30 40
T4

B3 ARACELLIE AT RERE T (a) B AL; (b) S I FAL; (o) it N VAL; (@) itk ks 4k

o T AR A ) 4 AT L,
i T BUIK P MAGIC 3 2 FR £ HET T 1)
it

HFALE /cm
Bl4 —ANEERGE B4k T B b A7 AR 1k

=2 ESSL VNS P S NI ES PN
ANPE TRl R R R, TR, A
AN TG I, A REAE S s T8 i AR 2R, 4921
I R AE AN TN H R 0.2—0.4 kW I, KB

455 MAGIC 45 R H L . ¥ 8 Ko
T O BRI RS, Y R R, AL
AW LG, B R 3O, 2% K, e KRR
H 26.3%, {HBEE HL 13 B R 4R S0 K, o TR
IY B LA R, R T T B, MAGIC b 714 45
EER LR RSP N

21+

B %

34I.7 I 34‘.9 I 35..1
iFE /GHz
Bl5  RORAEAF M T REsR AL

K 9 KORRCEN LAEREA AR N9
A LLE H, 7F TAERE 13.15kG (1 G = 1074 T) It
BORIE B T A, BEIAE 13.0—13.2 kG N1 %%

208402-6



Y32 £ 4R Acta Phys. Sin. Vol. 61, No. 20 (2012) 208402

KT 21%, FEAT LI IR BE0G K, 2% F BRAR R, AT
W, BLAE IR 130 28 AR RBURK, TR A TBOK s 1)
TARRESAYGE T PR SRMR, AT RE T
- EAE SR B 10 i i E R FELE o
X HAE IR N o b 1.2 TFIR, HAEHIHCE
BIAT o IS KPR BT, 8 o O 1.5 I, AR
RIKFN K, B BAFHIECR TR B 10 /T LUE
ti, MAGIC L 40 (1 &5 SR b5 BB R AU 25 2R AE 5
(BRI R 220 11.9%.

25
—— 130T —eo— 1.315T
—4— 1.305T ) ——1.32T
20} > 1.31T ——1.325T
X
~
M 157}
S
10 ¢
< LY
5
34.6 34.8 35.0 35.2 35.4

i [ GHz

6 UEAEAFR I OUT B A1

24
-/. -\-\.
22 f v \-\.\.
o ‘; ~~
T 90f \
i \\\
=
18
—n— HUERRIL R
16 k —a— MAGIC#R
0.0 0.2 0.4 0.6 0.8 1.0
WA [kW
K7 HCRBEHI N TR AL
30

T

“ / Tt

X
~
10l
- HERSR \
ol T MAGIC #R
50 60 70 80 90 100
R/ kV

8 CREE AT AR

25

"

207 .Z;:‘ —

15t
10 \
—=— HUEELER

—a— MAGICZR

e

Gy

12.8 13.0 13.2 13.4 13.6
e

9 HIEHEN T2 KV, IERRUY 13 A I, ACREE AR
WinmAe

22

/.’.—l—l—l—-l\-

o I

18 t ~.

16 |

14l —n— B EAE L R
—— MAGIC% R

B %

12
1.2 1.3 1.4 1.5 1.6 1.7

YL

K10 SRR L Ae i

SR &y F) T 2 73 TRORE R, B9F 9 T 3 58 7
X IRl 38 VA B JBOR A8 28R I 5% . i MAGIC H
I AN RE FLARAE [P L33 P 5 R 88 7 SO 23,
B Rl T B E R R, i 11 PR, ok
W T 32 3P 48 K T S8 3 ARG, 28 1) 2 2 FSCRE
id 4%Irf, RORN BRI, AR R 8L 23 B 4% 06 2%
HRNFE T AL 22.3%. 53 b Ui T LA T I RE XS )
R BRURK.

— —n— YEERIE R
22t
sl
& I
H \-\-\
10
0 2 4 6 8

BAIEE B/ %

BT R BN R R S

208402-7



Y32 £ 4R Acta Phys. Sin. Vol. 61, No. 20 (2012) 208402

VAR R, BUERAU 4 R 5 MAGIC R 54l
45 R 22, IR & 2 07 . 1 58, MAGIC Ki-f
BEFUL 25 G 1 25 1A H A 22800, 1T A SC PR I ek Al 2 vk 2
VAR U 1 7 A] A PR 5 s UK, MAGIC i1
BN 18T i AR T 38 N TR BFE, AR SC IR I IR
LRk B B AR s R rpol I @ R R s 14
FE, VR IE N R %, B S, MAGIC J& T
Al HUAE HRL T RSB, I AR ST L AR
PRI JE TR AT 1 B 1 5 v, P AR
T A B AR EAE 5 TG A AT A TR, 3
LG IR 2L A AT T R R A e 2, (E2, T
T DA S e 8 A PN A2 E IR i T4 R AR, T A
FOBAEFEAR— B, A Re S Weas A N A )
LIPS

5 %

NS & T e U U [E1D ST R G NE 3 2 W | 5
PEER AR, FE IR (Y Al b, 8T ik
X VR B AR F S . N AT S R o B
F BV AR ERAURE T, X Koo % B 1 s [ T ik i
EHAT T BUE S, 8 T AR b
(1 RE AR A, N R B A MAGIC 5 A% AE
LR P AT L AT TN TR, AR, T
YERE < RN P LE 2556 0K 1) 5 . MAGIC it
SR EVRAE IS e | BN E T B B N N
BOAIE T I S AR 2 PR HS (0 IE A . BB &Y IR
5 MAGIC i1 R0 25 B i 22, B T Fak g i A
b, I AR L B AR i B B g R A
2% TA) HL A (1R 5% WA 30, L, T i ok 1 2.

[11 Liu P K, Xu S X 2003 J. Electron. Inform. Technol. 25 683 (in
Chinese) [XIIEAR, 13752 2003 ML 7515 244K 25 683]

[2] Liu S G 1987 Theory of Relativity Electronics (Beijing: Science
Press) p324 (in Chinese) [X& 44 1987 MIx 8 H 72 (b st &
L) 28 324 1]

[3] Latham P E, Lawson W, Irwin V 1994 [EEE Trans. Plasma Sci.
22 804

[4] Botton M, Antonsen Jr T M, Levush B, Nguyen K T, Vlasov AN
1998 IEEE Trans. Plasma Sci. 26 882

[5] Choi J J, McCurdy A H, Wood F N, Kyser R H, Calame J P,
Nguyen K T, Danly B G, Antonsen Jr T M, Levush B, Parker R
K 1998 IEEE Trans. Plasma Sci. 26 416

[6] Garven M, Calame J P, Nguyen K T, Danly B G, Levush B, Wood
F N 1998 IEEE Trans. Plasma Sci. 26 882

[71 Xu S X 2004 Ph. D. Dissertation (Beijing: Institute of Electronics,
Chinese Academy of Sciences) (in Chinese) [& 73 % 2004 ¢+
LR SC (BB T ERR B T AT SN ]

[8] Liang X F2004 Ph. D. Dissertation (Beijing: Institute of Electron-
ics, Chinese Academy of Sciences) (in Chinese) [%2 i 4 2004 ¥
F2AALR S BT TP EBEE T AN

[91 GengZ H 2005 Ph. D. Dissertation (Beijing: Institute of Electron-
ics, Chinese Academy of Sciences) (in Chinese) [k #% 2005 1
FAAALR ST BT TP EBREEB T AT SUIN]

[10] Liu Y H2008 Ph. D. Dissertation (Chengdou: University of Elec-
tronic Science and Technology of China) (in Chinese) [XI] 1! #
2008 T8 27 18 30 (A L RHEOR %))

[11] Liu Y H, Li HF, Li H 2006 Acta Phys. Sin. 55 1718 (in Chinese)
DA, 4= 48, 43 2006 PR 55 1718]

[12] XuY,Luo Y, Xiong C D, Li HF, Deng X, Pu'Y L, Wang H, Wang
I X, Yan R 2011 Acta Phys. Sin. 60 757 (in Chinese) [ 55, 2 5,
REREAR, 7R, XS4, i AR, I, g, B4R 2011 )32
i 60 757]

[13] Liu D W 2009 Ph. D. Dissertation (Chengdu: University of Elec-
tronic Science and Technology of China) (in Chinese) [XI] i &
2009 b2 18 30 (A WP RHEOR %))

[14] Reiter G 1959 Convention on Long Distance Transmission
by Waveguide (Philadelphia: Institution of Electrical Engineers)
pp54-57

[15] Neilson J M, Latham P E, Caplan A, Lawson W G 1989 [EEE
Trans. Microw. Theory Tech. 37 1165

[16] Kartikeyan M V, Edith B, Manfred K A T 2004 Gyrotrons: High
Power Microwave and Millimeter Wave Technology (New York:
Springer) p33

[17] Gregory SN, Hai L 1992 IEEE Trans. Plasma Sci. 20 170

[18] Khanh T N, Gun S P, Jin J C, Soo Y P, Robert K P 1996 IEEE
Trans. Electron Dev. 43 655

208402-8



)3 2 #Rk  Acta Phys. Sin. Vol. 61, No. 20 (2012) 208402

A time-dependent nonlinear theory and simulation
for gyroklystron amplifier*

Ma Jun-Jian Zhu Xiao-Fang Jin Xiao-Lin Hu Yu-Lu
Li Jian-Qing Yang Zhong-Hai Li Binf

( National Key Laboratory of Science and Technology on Vacuum Electronics, University of Electronic Science and Technology of China,

Chengdu 610054, China )

(Received 10 January 2012; revised manuscript received 5 April 2012)

Abstract

A time-dependent nonlinear theory for gyroklystron amplifier is presented. The theory includes a time-dependent description of
the electromagnetic fields and a self-consistent analysis of the electrons. The generalized telegrapher equations represent the electro-
magnetic fields. The equations of motion of the electrons are described in the framework of the guiding-center approximation. All
trajectories are calculated and used as current sources for the fields. The nonlinear theory of interaction is investigated in which mode
coupling is taken into account in varying wall radius. Transverse velocity of the electrons from the gyroklystron amplifier satisfies
Gaussian distribution. Distribution model of the velocity spread in the gyroklystron amplifier beam-wave interaction is established.
A code for the self-consistent nonlinear beam-wave interaction is developed based on the presented theory. The electron beam-wave
interaction of a Ko band gyroklystron amplifier is thoroughly studied and analyzed by the code. Numerical verification using MAGIC

simulation is also given. The numerical results are in good agreement with the self-consistent nonlinear simulations.

Keywords: gyroklystron amplifier, nonlinear theory, efficiency, velocity spread
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