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Fig. 1. Schematic diagram of spheromak formation sequences.
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Fig. 2. Schematic of experimental setup.

W RK 388 mm. E A% 83 mm Y FE IS 85 4R B £,
HSMIUEA IS A2 R 26 mm AIHESCE; R
£ 311 mm. B 54 mm B2 ODFEIE B S5 B2
54 mm F SO PERGAG R AREMTRL, P9 SP etk [a]
3R 30 mm Y S R R 40 2% IR S TN
e P22 Js PN, 388 PR RS T A LR S 37 BT e 2
PR A1 R AR R 1) i B 3. 2) FRVR AR S8 E AR
150 pF B4 S 6 mF B2 =B IE. 5N
G R A IR BT, 2 KA TRIBR T i, de Rk
FUHLHLECH 20 kV, SORAfRESS 30 kJ, T 16 AR
FREX[RIIZR 5 [Tl e AR , e A AR g
FEos (B, Se et (FHAR ); 53 00k fi e
Y Bk sh IR, e K FEHL LR R 650 V, [l i L 3t 119
PR 2RI 200 15 ms, WE(ERF 229K 2.5 ms, iX
T AR ik i UG T LRI fi 3 2 3 P LA R
TR R (R X 3R, 25 5 (i Qi R S o B AR BR ) 5
B FR (2 10 ps) tHPRFRIEE , IR TEIZ L JREK
Bl R 7 A AR I B RGBSR 2—3 mWh. 3) kb
PR RGPS TR R A — A ok b 3R s Y 41
JIG, L IR VR sy 3 S v T SO 5 A R L 1
S Lo Pt e T QLR il I AR 5l
J7 WA S A R s DR AR W R T, A2
FE2ZEAE T, 1R 3 9 AR SRR [ 4 A, 4R
SRR R Tz BIRH A, 2k A e N R 4R
FEAE I IR 52 B v e SO — A R . AR SIE6 BT
TAESRN He, B 50 EREE N 0.2 MPa, HLE
H 5 78 L L R 2.0—2.3 KV {8 B Y AT I, 6 Y

e RSB 500600 ps, £ 8N 05—
1.5 mg, PEAIRA S bR Jr AT ULSCHR [30]. 4) B
Al e SNy L I A% 08 7o L e P st R E
WEf, MR 7R O, DUERL R A i
5N UEE. B % N 666 mm, RN
700 mm, A F [ Al AR HEARS ) RO 8 i 423 —
W, LA A TR A R S A B AT
B Sk, TR R G A5 B 5 g e & AR A EAE
M. 5) #hEE R R AR RPHCE 5
ST (FPRFBHMY FI-700 BY) 44 A%, A R N
700 L/s, BURHLAT, HA5 = NAE T 2K
T 103 Pa.

2.2 VHWEHERE
TGRS W & T eSS R B 5 AREAR
WA (R, Z, 0), Kb R = 0 FR ik irfe 42
I, Z = 0 MM TT 013 7 7 il 1] 7
WS BAIE (UL 2) WF: 1) Phantom V410L
R AL E TR AL IR AR v T, 43 HEROh 128 x
128, SRAEFN 150000 Mt /&b, Mit[A]E [E] A 6.67 ps,
BOGIHE R 1 ps. 2) FERIRE 5] MP, 5 MP,
FHF R AL T 75 R S5 5% . MP, i 2 4> [aIEE
80 mm FR) B 2% P 2H i, 2 VB I B0k 10, A A mT
R 7.065 mm?, ¥ MP, P47 THE 4 Sl 2l a8 7E
FEL B (138G P, AT RIS A, B WA A B [
Yy, DS B0 He 300 B A 10 Tl 1] 43 A S AR R
A, B AabR 3 3R Z = —280 F1-200 mm.

205202-3


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

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 20 (2021) 205202

MP, Hi 5 44210 6] B 20 mm A9 28 20 ik,
AL 2 AN HHCH 20, B RTFLN 7.065 mm? (1)
TN LR, B MP, % H i EAE Z = 100 mm &b
(B2 D), nIRIASIa 5 AbAS )42 i) 57 B A A ) 5
IR R, LSS ER D semi g s i AR ) oA .

RESRAT ) ki 55 dB/dt , i f LB R 330 Q.

HIA R 1 uF BSR4 T I ] AR 43S A5 38
Yif55. 3) Mt %% (Thorlabs PDA-10A)
PD, 5 PD, 43 BHCE 7E FL28 6 % b7 I AN [ il )
fLE, X AR BRAR Z = 20 #1120 mm ({7
H CM E), iz sy 5 s TR gt UL E ik
BB, G A A A 2 B g R — 22 e (L E A
5, RAEPDGH A R m Rl AZ MG S
BRI E] 22 A, AT TS B4 B IR I AR
4) =W RS, ERH =HRER 05 mm, K
5.0 mm, [8]F% 1.5 mm H SRR 0 B8 22 B
SN, A R L R S 0.5 Q BUFERLH (FH T
WM ARAET B ) DA SIS T L A A . e
—HIREHE S B AAARET BB, Tl A AR AR
BN S O RS R4, A FLAE 43 51 k-3 A
~10 V. B¢ = HEHHR AR FOICE TS EEN, )
HLEE T EALEAL, AT [F Ak 5 v i i
W SIREE. 5) il H HL A I Al b R R i 4 LR
43591 308 3ok 2 A S e 2 B 5 e e 2 A Sk R A T
. R EARHLLASN, HARIZ Wi s R A5 5
— & VUTEE R P A (Tektronix MDO3054) Fl—&
JGHIBEECF R A% (PicoScope 4828) #4711 5%,

3 #R 53
3.1 HIOmHT&E
3.1.1 G H e R A

AL [R) AR 7= A2 BR T o 1) o A ] 2 LY Sk v
B IR, Ho R RSk BTz T e
3738k % N R T 5K T, W BT Ve R Sk
32 FE R R 5K 71, S LR e g T
WEINE ST B KN, 255 R G 8K T o 1 7= A [ A AE
LAY BB, I Hx — BE N 5 g AL R Sl
PRI RS A OG. BR 5 o 1 p= A R S5 RS2 2| Y
W 71 K T B G WG aK o, TiRE ) FRg sk 7
A3 55 ik R B SR R A S BB L, A RE
L LB LA ERE /N R, AT LS

B\, RRH

1.
Aoun = 10— 1
& Ho ¢bias ( )

Horpuy HEZ TR Ly, AHCBHIL; P A
G . PTG RN SR TR LY Agyy 1 ER
g RTE RUBIE Ay, BEALIFIAIAR AT TE A > A,
A LR E S A R 7 R BR E e
AFRNBIH Ay, ASCT AL Y BRARS: ik

iy GV (eS| 0 et DO - % S 7 N 3 2 N el 0] 3
FEJTIRTH A BTG G R 22, LEFR b &
W Z A, ARG R 2555 T A A IR 3% By X
N G g Py (WL 1), P

B2 polZ,
- ﬁ - 87:2?“2 ' 2)
T Pp AEAEAR MRS BE, 46 AR H G Fp i
P 75 U ()38 38 1 PR AR T AR A3 e 15 2

Pgp

Tin

Tou pol, g2un Tout
FB:27'C PB’r‘d’I"ZTln s (3)

by, T g AP RICARE BN AN EAR. T
Z B RE R 1 55 TGSk 18, BEE ) Fp AR SRR
i B 1 S ) T AP 1), 5 T O G 3 R e 1S
1, Hfl:

Fp-dZ = gimos(mﬁl)dz, (4)
Ht Boias = Poias/ (mrd)) MR BEREWIE, B,/ (210)
Ry B RG SRe RE, A7 ki R Y ) el ) TR A
¥ (3) MCAE (4) P8R N, N

:uolgun 1 2
A = = —\ - 5
. Dpias Tin ln(rout/rin) ( )

AT L3R 5 T B (B2 AN 5 W AR TR AR R R
FH G B o 8. C AR SCRT FH TR) il el 1) RSH S48
THEAFRIER D ST P B BI(E R 79.89 m .

S 6 B 31 5 i A R R TS L LR 650V,
BT 5 K 70 B B ok ] AR Bk T A
B, B TR B H R (29 1000 A) KR B fi -k
WA 2.7 mWh, 258 LS EOR T ER D 58 i
(L, DUXT 7 R L A 5 B 5 171.60 KA.
3.1.2  AE AP

] 3 BT AR IR A i e L | PR D O
WS S, W R AT ER
15 kV, £S5 K 0.5 mg, WITCHRHARDLIH, 2558

205202-4


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

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 20 (2021) 205202

BB o IR ES RO, WS | R BOE
KB, BRSSO R a1 52 0, B

SRR S — MO 2, Al (F)3hZk

KAETE R T AR A5 ) SR AL IRV RAR AL B P &
[l #% T % 550Ch RLC KBHJE 3R f . Hor R Aok
MR R, 555 8 IR R, ZH1, L Rg5hml
UK L, 555 FIRHUEK L, Z M, C NHZ R4l
5. Mo IR A AR T L R S R S,
BRH B SHRSHEZ 21k, SHMRIEAE L, 7
FL B S A P T B o BN BY, BEE R4
B=R/2L)S5MEHGEIM T =2r/\/1/LC — B>
BRGNS . CAIR BHIE 4R35 Fi I 1) Fi A e (R
VeT/(2rL)B2, Vo i Zsdedl st iU, 35 R0
JE Vi B, T3 F 0 068 1 il 22 15 5 M0 Rk R
B, 50 EEL P R AR AR PR AN AR . 5 LA i
TRVEE, JoOGR U, R hl A 4l s i i
RITT. ASEHRHS S A4 SRR L R 11—15 kV,
Xof 7 P EEL L SR (L 24 A 182253 kA, k77 A ]
PREEN (47 £ 0.5) ps, ZHESEIS Tl 2 Bk
S Y R

300 10 .8
wn
b1

’.' =}

150 Ff / 5 14 7

' 2
<
] %
= 0 0 ] 0 {z
el s Hn
=
—150 | -5 1—4 1]
&
R

—300 L . . . . -10 1-8

0 20 40 60 80 100

8] /ps

B3 REAL TR AR O R L S DL RO R (S S
BB R
Fig. 3. Representative gun current, voltage and photodi-

odes traces.

3.1.3 Ao HKE

TEBKE I8 S (E A 4 S A, (B U [
WIE NAFTE— R IX I (R AR, BliE
SR B TARER, (2) 2ST A A S 8 2 55 B A
PRER T AR L. 7E R (R BBk 5 v
BCESRAETHRE T, HA Mg ik, mT LA
il 25 B RS2 3 RS SR FE AR T e, A
TR ERE DE BB & A DA RO ST 33 260 i
DA PP SR 1 A A B X H U B AR AR T R L
FUE PR AE PRI R SRR, AR K

JE 2RI (FRAARTE A SE T AR LR 1 s
[]) i, 26 IR, AR 8 3 P 1 43
RIE), M ) T2 AU B R R R
IR, 25 = HA B TR s
(A B TR AR SHR B, SR S i Ab 4L,
HRBAE T T BREIT, A AR ) T B RS X (50)
JCHL, BB P E X R R SRR, R T e A R A
Ve AT R (A B TR X TR S IR T o, B
BLLRUFAR P 45 B 7R 32 B J 0 560 J3E 1 1 e g ok 58
T Ol B A PO B, 38 B RO IR R T VA ) ot
FR, LAGH B s b I B R 37, DL B IE 225 AL
W3 B AR 2 B RO A, R AT g
HIER SRR, (EAR SRS Hk A8
TELASMG KR, 75 WP 2 ek o 7o iR A 28 2 1) o
PR, A5 B TR 5 v R 22 ) 2 b flf 4
W41 S LIRS B RRATG LA R 37 i . MR 2 114
P FEHL B0, T I 28 45 3R T 5 1) i (24

18 Bly bk me 7 R L AR %A% (PCB 113B21, I
FrEFE] < 1 ps), WA T 3 A ST E A (R 15 P
1 Sh AP B R K 9 % R H AL SRR A T
PEA P B RS B, AR IR E R T,
0 3 A T e A R 15 5 B E, 45 31 He 3
T P AR BIOR 200 1.14 km /s, 2R S5 RS
IR T He B4 HEAK 3R B0 Vi = \/2kTy /mie =
1.24 km/s (T, MR ) M224L 8%, #UAE 1%
AR, TR0 55 P A Sk 30 iy o S
BR 19 em, B ARSI AL TMIE LN
X IR, T SRR A B K I 290 160 ws. 53 4h
SRR ST 2 Rk A AR A G B R I T S LA
e e (S5 B T ARBE P s, NS4
R RAAEN S, f TR 05 W% R R
BRI FEBS 218 12 cm, I BT Fo i il R 6 K
AR E LY 100 ps. R ERIE R A K B Rk
MIRTHE T, P 100 ps BESIHE, BERS(E He 7£
TR T o B T A BE Y 3/4, AT LA PR AR AR
HH R 2 R T A A5 S AR

IR ASETF AT L 2SS EITH E 1 i & )
7R m BRI R ZEE A Ty = 0, B
TE Ts = 2.3 ms I fil % AL BE R AL S, IR 16 T =
2.5 ms W fil & KRBT G HLIR, LR & 375
FERIEF R BIEEAE. DU TA il 2 el — & £2iEiE
A PR AE B il & 2 (B NPT RS BE 1 ps) S8 K. LR
18] 5 A 18] BT 56 ) ik 22 s [7] [ B 15 52 4 200 ps,

205202-5


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 2 3R Acta Phys. Sin. Vol. 70, No. 20 (2021) 205202

JE T AL R IR AT I 7 B RE IR R], 0o L T R
URE FL L T, PR R ) 3 R SO R[] 24554 100 s
FEKAERIBRIF G LY 1 ps ZJa, S 2280
IS B TR I

314 RGFAHBIE

BREEAIE RN, AT F SRR A
HHMZER, TR | 20 4l 4675 BT
SRR AL B3 295 S DL AN I R R
T ATE A SCHE R 485 VA 1) R 30 -5 T 156 AW [m] 308 1) K
4 WENRTE R A WAR S R NS s R A
HLVEN BRI A B R, RIS ot 7 (7). gt
A] DAFE PR FF R AN 1 R s S Dl SR, DA
XSS AR M, st B S R s e TG
TRV x B=AB, XN BRI ART-fi r
BBl J x B=VP =0, BIZ5 IR 550
Y5 1 AT AR 1 R A5 B AR 5 B BR
By, Al AT A 0 2 5 TG
P2

WE 4 Fis, BEET RS MP, I8 T 8 g
SRS A PN A AR TR A5 i 57 5 i ) VA 6]
Y, RERIALRR N R =0, 2, 4, 6, 8 cm. BHITCT)
WE 3 )7 FEAEFE AL bR R T U f# A Bo(R) ~ J1(AR) FI
Bz(R) ~ Jo(AR), Hor J, A1 Jo 435 — B fZE By
D1 ZESR PRB. B 4 HR RS2 A = 39 mL B
(4 Jy F Jo, B FI L ECE 2 5 LG A A
AT DABAE B A B AR A Bk e Y, BT
iR F R = (4, 6 cm) BYAE R X [E]P, [R A re)

W AR X B R T RO .
o 08f
§ 04f /—\.\.
2 o
Z —04}
£ _oslh — J1 (39R)
0 2 4 6 8
42 /cm
o 08f
& Or
F —04}
F _osl — Jo (39R)
0 2 4 6 8
42 /cm

K4 BRSSO SR anaEm s (1G=101T)
Fig. 4. Radial profiles of toroidal and axial magnetic field in
spheromak (1 G = 10+ T).

3.2 WAL RHEHBFE
3.21 ZwRBZIAL

BRI 5 (I8 M T IR S T 5 — 42 JR 41
FL AT 7 A R v R 2 F I 1) 55 S TR, (HOR BB 1L
HH A5 B AR A 2 F AR [ 3 3 PR M — P R SR B A
i T NI At R DI, BAh S I 55 T4 A
BTIRERE R, PR TR ER B T A R RE SR
T AN SR Ay 56 T R A [ A 75 P 3 ) 5 A7
Fe bR RIS ) FE RGP T %o A P ) R AR 0 A
AT T

Kl 5 BT7R N BER AT BES MP, 7ESEIE N A, B
WL BRI M BEIAES. 1) S5 —AF R
B IF AR, PREIRET YR RIS R A5 5, RIHA
R ZE R A e A D& R BUE (I ) XIsm R
WA AL, URHE A BB R b SR B E i
U, AN T IR A RS BN, R
R 22 R 5 K A e AL . 2) TS g Ry B4 3l
T, B PRI 00 BT R e 18 Tl (O
D7 1)) JnHEE Bl YISt MEEREN B, BREF R
W55 By SN IER M iR TIE L,
Bl By = (po/2nRwp) - I, HoH Ryp AREARET BT EEN
BRFE A ARER. 3) FIF_ LR Be-1 K&, Al LIITHEAR
[ Bt 220 F) T AEBICHRL LT L, TR O LE, S5 2R R R
1E 4.9 pus Z AT, ALL T i s om BE Ty 78 Ly,
H 7 LGN BTSN, 2 W AR B RN R 8 A 4
it AGb; 7E 4.9—5.5 ps WAL, 1, 5 HUARFEARAR, 2
h91%, FHEE TFRIFC B Lt A4k, %R
R EAS 2 A7 70 HAth H 9 B 42 B9, 13 B B R 2%
T 91% MR LR, R 9% i A Kb iR
HL 704 7E 5.5—9.3 ps AL, 1, o5 AWMU )N, 45
BT RIRE I L TRTE L, TS Ho R 91% R %
73%, A AL T UF A R B A BT ISR . 5) Y A,
B WAL REAE 5 7E 11.0 ps 5 X, BAEMI#ELS 5
SR EE R A RE B R, B Be-I G R AT,
AR TR I, /NT B AL R Ui AY L 3
JE Tp. R0 H H A D A Y IR, T A
L F BB, B L, N T 1 s, HEE
YWITE A, BZIIAFAE Y L, 77 [l AH B2 H 3L B8
2. T IR A S R PR B I T B S s e, B
B TR RS, HHL AR5 NI4T R
W, S5 B TURIR T LA, S gEREIE L I
TEE, T R A L 2 T B, 7 R
AR AEAE.

205202-6


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 32 2 3R Acta Phys. Sin. Vol. 70, No. 20 (2021)

205202

300 1.6
561 m—
} ---WHA
.......... - Wi B
150 |
] B
g 0 ®
S i
—150
_300 1 1 1 1 1 _1.6
0 20 40 60 80 100
B E) /ps

Pl 5 HLRE]E A A B EF [6] 3% B8

Fig. 5. Toroidal magnetic field traces inside the gun channel.
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Fig. 6. Image sequences of discharge inside the gun channel.
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Fig. 7. Spheromak propagation speed versus capacitor-bank

charge voltage and gas-puffed mass.
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Fig. 8. Electron density versus capacitor-bank charge
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Effects of magnetized coaxial plasma gun operation on
spheromak formation and plasma characteristics”
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Abstract

Spheromak plasma formed by a magnetized coaxial plasma gun possesses high propagation velocity and
electron density, which has been extensively investigated, for it has a variety of applications, such as fueling of
fusion reactor, magnetized target fusion, and labratory simulations of astrophysical phenomena. Formation and
optimization of the gun-type spheromak are studied by investigating the discharge characteristics of the gun
and the scaling of plasma parameters with various operation conditions. Based on the spheromak formation
mechanism, several significant operation parameters are identified, including peak value of gun current, bias
flux, gas-puffed mass and the length of neutral gas distribution inside the gun channel: this length can be
controlled by adjusting the time delay between gas injection and discharge of the capacitor bank to initiate gas
breakdown and for a long time delay the current path distribution inside the gun channel can be characterized
by a moving plasma ring which carries almost all of the gun current. Under a sufficient pressure of the self-
generated field, the moving plasma ring with freezed toroidal field pushes the bias field into the vacuum
chamber, the twisted field lines are then broken, reconnected, and thus forming a free spheromak. The injected
gas is desired to exist only in the gun channel: if downstream region of the gun is filled with neutral gas, a
weakly ionized and cold spheromak will be formed, which is not beneficial to practical applications. The
multiple current path phenomenon is observed using two spatially separated magnetic coils inside the gun
channel, excepting for the plasma ring, there are a stagnant current path and a reversed current path separately
located in upstream and middle region of the gun channel. Development of the upstream current path is due to
the residual charged particles deteached from the tail of accelerated plasma ring and the unswept netural
particles, which reduces the energy injected into the plasma ring from capacitor bank, and thus having a
negative effect on the performance of spheormak. The axial propagation velocity of spheromak, electron
temperature and density are shown to increase with the capacitor bank voltage rising, which can be attributed
to the elevation in energy injected into the plasma ring. Only higher electron density is obatined by increasing
the gas-puffed mass, and the propagation velocity and electron temperature are observed to decrease. The
energy injected into the plasma ring is independent of the gas-puffed mass, and electron density is elevated with
gas-puffed mass increasing. Since the frequency of electron impact ionization increases, electrons undergo more

collisions and transfer more energy to other particle species, thus the thermal energy of electrons decreases.

Keywords: magnetized coaxial plasma gun, spheromak, plasma, magnetic field
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