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K FH B UK ITRR TR RRANKE ARARIb 22 SAR DT B AR KA & T = Rl g oK & . MR & S 1 Rg BH
W5 TR  BARRGES B0« RS 35 51 AR AR 8 M DA R B O R R S5 2 AN J5 T, % EUB A T B oK B
WAL AT RIS DR B A s R SR, I TSR W B oK B B R i K 5 AR BA W R S P e ) S A T3 J A
LFRIGHE, BRAOKE B S PE e 5 B g oK B M) TG oG, 8 BE (1 TR 7 A SR R TG e B A oK R AR it R S LA
HIETTRR; BRGIKE BIRIEE 3h 3 5 20 0 B Ak 21 RIS 2/3, Ha b 28 4 [ e g oK B AR e Ak 247 K
RODEBAMEE BN A1 R 12—17 ns; BRACKE B S B SIHEAR T4 REG LR, TR AKE BRI, BEABAK
RSB TR C B 20 fE AR SIE N 6 x 1073 Pa i, BRENAKE BT B 1) — W 85 18 1<
FEAREN0.3 Pa, LN B AT KIGLRBAN I 1/5, BRAKE FE S BHAR R =R = AR &b, 108 0.042 Pa.
S5 LR, WK BIARALE BRI LT SR RURIRE G 13 Th 2 B 28 A0 EL A VB A 1 B2 AN

KHEIR]: MRGIOKE, SREL
PACS: 52.59.Mv, 52.80.Qj, 61.48.De
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M LA R, SR H 1 AR AE TN O X R | 15
PELTRAZ IRAR e T RO iz . B BB TR0
& T 5 (high-power microwave, HPM) ;=4
S 22 QU N P 7 R A 5 N AW R e U
FeAE HPM AR, DU NE K5 v B B o it 1Y)
SR LT AR — B2 BTN R ORTE. A T e
HPM 77 A4 (R IKF, SR L - SRR AEAR 22 07 1
O, X e B ) SO T 0 R S R 4
RV R SR LI AN SRR it B 12 W7 45 77 T IR N
TR R 12,

WA, DRI RIS 1) BRod K Je R - 4108 1
SRV T RIS T ALIE. 20 48 90 AR IR
4K (carbon nanotubes, CNTs), 7EHLI. H .
At | 55 T T AR AROIE S8 B MUk IS 1 R, R
T CNTs K HACE W H AL s F C 4 AR T,
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S NIA) BT LA L, §AR CNTs K& i HLii 2 B
ZI5 %105 A/em?, & — PP ELAR 37 BUR S 4 DI K
FHpEIAI] H R 9% F CNTs & SR i i 70 2 2
B2 TP EAIG R R R S R I AR 11201 e Fe
() R AL R SRR P R A S ARG B b, Ak T B BY
Bt. 2001 R I A5 221 L, Read %5 P13 iR
7R ON'Ts B FH 3 & D R Ao s, (H il T
TN L B BRI, R e AE Ik A X % F
it 2002 57 14 J FE PR R0 R 2, Ko-
renev 22 #1387 CNTs 5L A 5t 45 1 00 92 06 45 R
SEESHIRAS T 102 A BRI RS IR, FIARAE %
L9 100N k. H AT, BOh RS0 7L CN'Ts 389
REPRFPE A 95 18 4% 425258 % (air force research
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laboratory, AFRL) ff] Shiffler 5 (23] D) K Jb 50 &} 5
K5 A op [ TR ) B AT 4T B¢ (China Academy of
Engineering Physics, CAEP) 7£ 2 MeV H 2% /&5
4% (linear induction acceleration, LIA) L HJB:A
sgf 4=331 AFRL AILIA B¥SEs, BRayKE B
MR 22 IR TR VLN 22 W BRI ) 45 A5 3, RINKE Y]
B9 T [F) BB AN K T, I AR 2 ST
(CVD) i) £ BB 9 AR E B 51 A A2 AT R GERTE AR
FyAh, XF T CNTs [ 5R IR S RF P R RIF 5038 A% 1
N, XiE 2 BERRHES & (AR TR E M I
FFVESE) BB FCE R TTRE. PR, 38 D) 75 0 A
(7] i) 2% T 251 CNTs B4 F) st A e Ve R AT 2R 4t
RARIBIEFE, DA R L0 53 1 3 30RO e
AT ISR ARSI e BB SE B AR L B
WREE S KI5 1 ARG E 1 LA Rk v i U
PEEEZANTT I, X7 BRI B AL 41 R RS 4%
IFI A PR i ok o R SRR, R 4 SR AT T 1R

P 1 DA f Ll S5 Hh F I R S 4 1l A 41 4 v
(SEM) EI&. BIMEARY 60 mm, Jyi|F i — 4%
BTN, BRI AN BE A, v Ak
i 2 mm P ALEFRIGHRBINGE H BT EREECA
TR R BRI L SRR —, A e D 2R A U S T
2, A SOR AR BRI AE AR X LE . O 7 ox
LAl 4 T Z M5, Seis Al % 7 =4 A K
B AR AR B AR, CL AR AN KR TR B A L RN K

B 51 B A (CVD 3 il ) FHR 999 2K 5 48 BA A (B AR
EL IR

TR AR T [T A e R DK £, BRAOK K
PRI SRR DTS % (1) 2 BER YUK, 4ME
910—20 nm, KE KT 5 pm, 4 KT 97%. LA
A PR CNTs (28, A T 23 731 75 P4 7 0
R R PR B P 30 min LA i S RIS TH AL,
SR JE 253 KM AR E K SR 5 HL R
F B AR ER 44 (SDS) AF A 43 BGRI BC B HKkR.
¥ £ B F/K.SDS, CNTs #%— & thflie & i # 5
FEFE L h, PURE 1 h S ECE RS BOEAT k. 58
56 Tk B AR A B AR, 1B VK 60 V, HRH
AR (8] BE 2 cm, HELUKAS ) 2 min, PTAN A v IRER 5
EER T ERBT. BRPOKE I ZE B CVD
EEA KR ER b, S0 ariEd i1 2 Ui
JiVEAE R P58 Fe LTI ALOs R 2, 4K
IEH 755 °C, K] 60 min. BrRIIKE 4H
BT R B 05 N AR ER S 9 KA AR A
FE BRG44SR B S a6 i i
FLIBAL ML AR Sk b

B2 9 52 00 e B o B, R Ko o ) 2%
g HA HE K - = B8 (full width at half maximum,
FWHM) #4110 ns, H ¥ (B & 18 8 A 10% E T+
F| 90% IR} E]) A 25 ns, M HLIE U, T8 AE 7E
200500 kV A] . e Mk U ] 2§ AR AR 5 K
MR, IEATERE N 3—5 min. AR ARESEN
7.5x1075—2x10~* Torr (1 Torr =1.333 x 10? Pa).

Diameter: 60 mm

1 (ML) AT RIERRBRIIKE PRSP SEM B #0 LT RIEL; #1 BROUKE IR #2 Byrk

ERET; #3 BRATKE AR

Fig. 1. (color online) Macroscopic photographs of velvet and CNTs cathode and their SEM images: #0

velvet; #1 CNTs film; #2 CNTs array; #3 CNTs paper.
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Fig. 2. Schematic of experiment setup.

S8y v A H TF T J8CE S 43 i AH B (high speed
frame camera, HSFC) I B AR H 2 o A D4R 5
B (7™ JGS1 29 S 3538) 7 £E ) Cherenkov 45t
o, FRRAE B F AR SIS M. A B R I &
Koy B B 1971 (K HE PR 7 s 4, — AR iR
TR FH R N 71,4 AV DRI B E R B K
F LA .

3 #R5T®
3.1 SEmASTIERE

H A, SCHRFRIE 1820 K B AR s & 59 rL
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B3 DU RFIRR xS I e H R LR
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SR L AOUR 7 O A 3 S B B AR IR B A
2.5 cm I, A [E] B AR B2 AR R M R AT T S
56 o ORFF K TR R GUK LT RS AL, EE
TEIFRNAGFI R, &5 BB ERE
2 (NT4%). WEFHRTLE ), £ ARE HLUE (4
300 kV) JUFAHF B 18 BT, AS R BAARAE i ) 4
B LI IR BT AR A7 AE TR Z2 00, B A #2 AN
B 3 B FL L IEAE 20 790 04 2.75 A1 3.1 KA, i@ K+
TREF RBEGRIAM (£91 kA). HL Bk 4 I RE 41
L IR B 55 A AT R G G =2, (EL D Wy A ™ B
JUTBA I 534k, SCi bR i 4138 H B —
ERGFIER, bTHERARE, FHAHESS
XFEE.

100 . - T T T 0.5
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0 . v A0
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> O
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—400 e 54
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(a) #0 HEFREEL; (b) #1 BRAPKEEREL () #2 RGPUKEFES; (d) #3

Fig. 3. Experimental diode voltage and current pulse of the four cathodes: (a) #0 velvet; (b) #1 CNTs film;

(c) #2 CNTs array; (d) #3 CNTs paper.
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SEEG 25 FR I, AN [F ] 4% T XA K A B AR
() R 5 RE B AR DR S me, AT T P K v o)
W1 SDS (1) FH 2 32 B 9 oK B T B A P e 22
(IR R — 75 T s o 1K) SDS 15 1 5 4 J8 5K
Fefb e BEAR K. ML T A RE il #1 () SEM EHZ AT A
RN, BT Rl BR KR, 43 H ON'Ts 38 JE AOW %
ST, F AT 7E T bW ROHEARR TE I B N 5 1T
SEM Bk Bk, 5—J7 1, HT RKERRIK
BB R B SDS HEH (40 P 1 AR S #41), BRGVKE
e 57 (037 RS 1 R TGV AR B 3K 7 5 THI AR 3 i 4
KA R T A B0 R PR 3 1 K, S AR I [A] A G
T LKV 1) 2 R0 B 40 oK A8 BRI A 37 U S AR 1P S B v
R BZRALLA L, SDS Xt CNTs 5 1) 78 2 (15 &
S REPRAIG, 7 20T B UK TR ) £ I B g oK o T
FRHEAT J5 AR B G138 K L O A5 B T A Ak B 4 99,
BRI BB RO R A K B AR I AR R S B 0 A 4. A
1R S A2 FIFE O #3 1 SEM BIE AT A1, /&
RGN E LR E B A P B A, 15 & RG9K

B4 LI B B 7 A, AT 40K
B BB % 5 R 0,

3.2 [ARFEEN

A ke v e A8 8 BR AR P o i, S AR A e
H T 2R 3 SR X B R T TN 2% 2 £ AR T
LSS B TR, R T TR &L
BRI A, 2R B B R AR TR A 1 1
7. AR ARSI R, BB SR8
WHWASEBTRIE: —2IF R0, W RE
P JAEAES s T X IS 14 B B 2 ) 402 A 58, e [ R
A PP S FEL s 5 I IS A% ) P B AR, — 2 SR I T,
R M LA A5 KT TRD 22, O 375 5 B AR A R
RIMH 224K, SZRARAT R SRR AR 15
Wi, 5 7 RS, AR [ EL T B A (14 5 E 70t
RO, MR A S R A 50 S IR IR [A] R E AR AT 2K
FIF RIS 8], BETTRAE T R AR,

F1 ARSI
Table 1. Onset characters of the three cathodes.
G HLB) 7 JEIR (7] R oy F R R A
‘ E;/kV-cm™1 Atq/ns dE;/dt/kV-cm~1ns! Uac/kV
[EBR d/cm

#0  #2  #3 #0  #2  #3 #0  #2 #3 #0 #2 #3
2.5 99 67 68 27 8 19 9.4 21 6.3 297 322 232
2.5 100 61 66 28 11 13 10 16 13 294 309 301
2.5 98 65 68 26 11 16 9.5 13 12 291 309 298
2.5 98 67 61 27 12 8 9.0 14 20 288 322 298

R 1 NBHBEAR A RN 2.5 cm B AN [F] B AR 2 21
REIE RS EE. AT DUR IR, BT R4 K A 1) s i B A,
P E IR 4N 66 KV /cm, A& E AL LT KRG
2 2/3. R EARIEUMEERELT, BT
A RIGGRE B I 9 R, HAE IR I 8] B R AN K
IR 12—17 ns. 7 Ak, BIASE A — PR AR, 228
I [A] AN 2 e fE, 77 Z2 5 R 7 R 2 — =&k
ik, 1£ By I FU U R RS LT, 3
SRER/N, SEIRIN AT, R TR, R
SRITAUAR R IGO0 R, g BT EEOR, AE IR i [A]
A, X5 Krasik 25 P71 5256 451840 — 2L

3.3 MARFBETFIREAK

EEROE IR RN Su i g g NET SR i
AT, SRR HAFAE ) 1) R Y — Fe it

. HTHE TR, SLhrr g Sl ek
AR, SRR RS N P8

T (Re + vth)2 3/2
o )
Hor, vy Jo R IR L, vy AR I KO
Re NN 4%, Pushkarev 25 BT\ %5 B8 14 i
M & — AR S 2 R, S5 B TR R AL BRI LA
[l R BE I AMEAR, Bl opt = vy = vp. BB S
FREHE L, 1R

Kd,. — R, I
= e Ko (2
v (8 t(K +1) 2.33nU3/? @)

Forp, BT I BRALN pA, Uy AR V. T
(1) 215 2 (0 45 B TR IR vy, MARA 110 7
PR, B A ] v, B A SEE T R AR
ARARIS 2 I 20 )P B . 540, (1) S

Po1, =233
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TG IR 1 AR B, T A PR RS Y
ST AR 4 R A W 22
X T4 BR R ST ISP T AR, AR LR AL
2 4 C-1 e 19
4mey | 2e (1 daC>R§U3/2
4R.) 2.

1

I(t)

3)

9 me

RSB TR, 7R B0 525 5 (2
WLk AR R, W o) = vy, = vp, T (3) R
WS A

BE— D HE AT, S5 T A IR B

d

vp(t) = di

8Idse — R, (CUS/ 21 \/C?UB + 64C’IU3/2>
81 + CU3/2 + /C2U3 + 64CTU3/?

(5)
Hrp,
C = (4me0/9) - (2¢/m)Y? = 2.331 (uA/V?/?).

(5) 45 31 (1) 55 B T A I K FE o, () ¢ I
Z0 Tk I Tl B2, [ % R TH AR A R RS 1Y
PR SRT FBR R S, A4S 45 SR BN AT S

Bl A BT (5) 215 21 1 A 7] B AR 55 88 144
JHC T FEE B B[] A A, AR E B BH A (8] B e 9
2.0 com. MEIHRTBLR I, A 4F R RG-S Bk 4
KA B AR I 45 B8 1R 2 K o 52 e i A HL A A [
%, #al Lo =B B PO K B B
I 3 PR T B BORIAS E I KB B AE R AR B
Bt (8—15 ns), HLAF RRGGRPANR S &5 1R K i
Je O PRE EF-2 250 cm/us, B 5 (1540 ns) R
BN PR 12 cm/ps; 40 ns UUE, HEKEERAH
B AR AL, PREFAE2—7 cm/us. BRATKE FEFIFI
TR g KE AR A 5 & T R I S 2 L P 58 A A 1),
I B Bt (8—23 ns) Ho I ik B2 A 0 PRk | Tt 2]
56 cm/ps, FEJE (23—82 ns) 2212 N PRI 7 cm/us
I — B ORFF BRI K &5, 5 SR [27) 153311

A5 B T IR B 8.17 em/us AH 2. BRI,
FERIIR I B, BRNKE B S & T AR A IR A 2
EF RIGLEIN 1/4, B G 510 EF RIEELLBIRAR 24 I
— ELRRE R H R kP AR

250

200 -

#0 velvet

#3 CNTs paper
#2 CNTs array

I /1 ! A, 8 > Fon
0 20 40 60 8 100 120 140
Time/ns
4 =PRI TR IEIOE E vp B [
Fig. 4. The theoretical expansion velocity of the cath-

ode plasma of the three cathodes.

3.4 ZRHHI5M

RS 489 S P A B e e A R AR A )
ZEZ TR A A TAEVERE BAT &
SO BN AR R SINE RS, AN R ey Th
TR e ) i 1 o R, I 2 R L
I8 i Hh e AR R T SR P A 2 [0 —240,
TE VR SR R 5 SRR B R PR K e AL B 2
KE LT R I 2 R THT TN 4%, S B B4 FL 7 SRS 2 A
R T PR A5 8 A PRIk, R MR A T 45 B AR TR
AT EAERGE TR A, IR
LT R S B 5. 1B 5 O A BLARH I T 4 35 2
(K =B S B AR ROt R, e R 4 S
6] 79 30 ns (LA HL TR 46 RO IR TE)ES A3, HER D' 1]
925 ns. WEIHETBUE Y A0 2R R RE9K I R K i
F AR 32 AR thE L GO A2 KT 5. M
2N, BRENARE B AR T A AR B0 A B N 2, e
HoR oK B2 B A AR I, S5 8 MO
Bus H¥%), AR Rt ol 45a K5 M
G518, 3.3 711 P HTAR IS ZI4K 27 R AE SR B B I K ke
B T KA A, A3 250 cm/us, T RESE
H A 21 R R 98 B A3 25 L 300 R 8 v Tk P 46 B 4
JGDE (PR BE) 38 . 53 4h, X HESCHR [24—28]
HR R AN K B A R T A B AR RO B AT DU,
CVD ¥ il 2 BB 2 K6 [ R AN B 40 KA AR B A L
22 [ BV R % 7 12 ) 6 RO B AN K8 P AR LA S 0
RS 3 531
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(a) (b) (c)

K5 =MAREE THIOEE  (a) #0 LT RIELK;
(b) #2 BALKEFES; (o) #3 BAPRE AR

Fig. 5. The light emission from the cathode plasma of
the three cathodes: (a) #0 velvet; (b) #2 CNTs array;
(¢) #3 CNTs paper.

P 6 2y ey 3 A WL I T 9 5% 2 10 = Fof B B 14 )
ERRARSHOEHE. AR ER 40 B [R5 40 ns(A
HL R R R I RS 5, BRGNS TR) D 25 ns. A
AT BLUR L, ALET R IG SR A AR S e LB s v, A
PR, BRAIKAE B 51 A B 44 K AR T A B R
PR NI L), 6 AR #2 N 7 B B i
A REAE A SRR RER T N 2% S 2L Bz, SkeT
RIEGRIFIRAR L, He T BRAK A 1 9m T A M B A
O (RS 5, XS BRI 45— 5

(c)
K6 =FrRIRmUnER KSR (a) #0 LEFREE
2 (b) #2 RYPUKEFES; (c) #3 BRIPRE U
Fig. 6. Cherenkov radiation spot of the three cath-
odes: (a) #0 velvet; (b) #2 CNTs array; (c) #3 CNTs
paper.

3.5 RMREM

el IEE)E TR EN D) 7 N = g 1 )
FEIBAT I RE T I 2 R AR A0k, AR rELR I K, B
PO, T ARE BEPUR BE 2 PR AR AR o i i 2 5
B, I A 38— AU
N, BB RO TR %R
IR S B TR P A i, A P U S
K, LRI, dF e A, AR s B )
TR, B AR BRI, R Rk R 4 e
WABOLT, RIEZHE AR E R ZEH A,
B AR BT, PR AR — 8 1 B AR E 1 IR
A, Rk A RIS AR E V. —HRE BT
RIRN
2
b=Vt (5 ) WO O
(6) I, A BHPT S A S5 A
AR, A, AT A R s, AR
SRR AR “E BHPTR M K. 5 A BT
AR, ZHRE SRR N

2
P=— (}ZC) . (7)
P 7 S = AR 1) AR BELOR A, F R H
WP E 3 frs. BIFEAREIEE R 2.5 cm. BRgNK
B BB RV 40 K A AR B A A BB T LT 5%
BB, M 2F R RESE A B PLE I aa B B
N REARTR, FHEWT AT RE L T HIERY B 4T R RS 2%
RN St S TN L W A 1 R
B4 K BH A BE B A% e s TR0 AH 24 (£9°8 100 ns), {H
R i A BR LR R, 298 300 Q, X 2 7EHF]
TR R TR A £ R IR R R S LA S A T B A K
BRI R A
B8 S =AM T R . M LT Rk
BRI, VI M B2 RIS HR I 500 R4 B THER
PRI 5 LA AE B B S B TR K R A %
I (8] 7E 30—125 ns B, Begh K B T 90 R B0 AU
B BT, WAL RIS YRR AR R R E T, X
i BRI — [ B A0 K A I A — B 5 A AR AR
H1 (7) AT, 5 AR 3G KT RE R R R S T
B R B A [ MR T 8 IRIE R s P
TR K P it 2 T A4S 3] =R B AR AE 6—130 ns
PR P R TR R AR ) A R RE SR B % 174 T Bt
VI A BB g K AR . TRk, AT DA B 3 i o
KA AR 5 30 2R B0 T 1 6 R DR R A R S T
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I, S35, AR5 AT BUR I, BRANAKAE IR
S R R Ry HA 50, TR S B ) A S AR B BOK,
I B2 B 1] )5 A 2 2 B A £ R RS GR I B 59, Tt
BRI KT A AR A S e 77 ) i A

1000
. — #0 velvet
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Abstract

So far, the investigations of carbon nanotube (CNT) cathode have been focused on the field emission with low
current and voltage. However, the properties of the intense pulsed emission of CNT cathode have not been discussed
deeply and comprehensively. In this paper, the intense emission properties of velvet and CNT cathode are studied
in various aspects, such as emission capability, cathode plasma expansion, cathode initialization, emission uniformity,
operation stability, outgassing property, and so on. Three different CNT cathodes are made by using electrophoresis
deposition, chemical vapor deposition and also CNT paper (or buckypaper) gluing. Results show that the emission
capability of CNT arrays and CNT paper cathode is definitely better than the velvet cathode. At the same diode voltage
(~300 kV), the amplitudes of diode current of CNT array and CNT paper are 2.75 and 3.1 kA respectively, which are
bigger than that of the velvet cathode (~1 kA). The orientation of CNT should not affect the emission capability of
CNT cathodes. And the small radius of the tube wall and the existence of defects are suggested to be the reasons for
the emission of electrons from the body of the tubes. The threshold electric field strength of intense emission of CNTs
is about two-thirds of velvet cathode. The onset delay time of CNT cathode is shorter than the velvet cathode by
about 12-17 ns at the same electric field growth rate. The time-evolution processes of the plasma expansion velocity
of CNT and velvet cathodes are similar, which could be divided into three phases (rapid rising, quick decreasing and
stable phase). In summary, the plasma expansion velocity of CNT cathode is less than one fourth that of velvet at the
end of the first phase. During the stable phase, which sustains until the end of the voltage pulse, both cathodes have
the same plasma expansion velocity (7 cm/ps). The emission uniformity of the cathode has been studied by analyzing
the distributions of cathode plasma spots and Cherenkov radiation light, which are captured by the high speed frame
camera. The emission uniformity of CNT cathode is much better than that of the velvet cathode. Especially, the cathode
plasma spots on the whole surface of CNT array cathode are very dense and uniform. The peak outgassing pressure of
the CNT paper cathode is 0.3 Pa, which is one fifth that of the velvet cathode; while the peak outgassing pressure of the
CNT array cathode is 0.042 Pa, which is the lowest, and the outgassing pressure of the CNT cathode is related to the
fabrication methods. Volatile such as epoxy should be avoided in the fabrication processes. This CNT cathode appears

to be suitable for intense emission source and high-power microwave device applications.

Keywords: carbon nanotubes, intense current
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