Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

FP-1 REMEFABR N F I RN —HEHER K S FER

R dAa#Hk HFS FEMA ER ZE TT #el EER AFFE FH IR
One-dimensional magneto-hydrodynamics simulation of magnetically driven solid liner implosions on
FP-1 facility

Zhang Yang Dai Zi-Huan Sun Qi-Zhi Zhang Zheng-Wei Sun Hai-Quan Wang Pei Ding Ning
Xue Chuang Wang Guan-Qiong Shen Zhi-Jun Li Xiao Wang Jian-Guo

5| {5 K Citation: Acta Physica Sinica, 67, 080701 (2018) DOI: 10.7498/aps.67.20172300
{E28 1% View online:  http://dx.doi.org/10.7498/aps.67.20172300
AP 4R View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/18

AT RERCL B B A L&
Articles you may be interested in

[ 17 52 A W Sy B AR s vt B LT i e P AR AU 9
Design of circular composite sputtering cathode and simulation of its discharge characteristics
Yy =4.2018, 67(7): 070703  http://dx.doi.org/10.7498/aps.67.20172576

F 5% Y Bl ] A fR] IR e i v B S SR AR 20

Magneto-hydrodynamic calculation of magnetic flux compression with explosion driven solid liners and
analysis of quasi-isentropic process

YyE=4.2015, 64(8): 080701  http://dx.doi.org/10.7498/aps.64.080701

VE LA THI P PR R0 B s 4 SEE 30 BRI 5
Experimental research on the technique of magnetic flux compression by explosive cylindrical implosion
PP 22 H%.2013, 62(17): 170701 http://dx.doi.org/10.7498/aps.62.170701


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.67.20172300
http://dx.doi.org/10.7498/aps.67.20172300
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I8
http://wulixb.iphy.ac.cn/CN/abstract/abstract71798.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract63959.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract55481.shtml

38 % 4R Acta Phys. Sin.

Vol. 67, No. 8 (2018) 080701

FP-1 R ERERABESNNFIIE—%H
RhR IR I F R

wV BE®RY BEEY EEAEY pEKD EED TFY
gal) EdmY HEgEY FHY IaEY

1) (AL R A B S5 TS AR, AT 100088)
2) (Hh E LAY BT A B i A B U, 4800 621900)
3) (P E LAY B4R, bR 100088)

(2017 4E 10 A 25 Hk#; 2018 4F 1 A 23 HUWEME R )

A SRy — b B T A T 2 SR o R S 0 P i N R, WK 2 [ (A B R N R R T2 N T e R
VIELSEIGH AT, EEXT FP-1 %6 B KB AR £ A R30I B8, L T s R ) — SRR TR ) R, FEXS
SR SEIG AT TR TR IRAR (0 2 1 PN R [ S0 45 SR BN A R BRI AE R R, 123 B AR 40 kV AR
SR, WL EAZ 3 cm, 0.5 mm M ERIINEE 1.1 ki /s, PEEEE T 1.5 km/s, [FIRARIEREE 4044
B E AR . AR 1A 5 A (R DR 5 R 8 7= A oo R 729 9 GPa. BSUR 0L fA] P 3 3 78 SR 1 g, 7T
PASRAG AN 5] PR HE 132 B 3 P I8 DA B S e A, LA AR AN [ 8 R S 6 PR B 7 75 22

KEA: MRER, MR AR, FP-1RE, Mt e

PACS: 07.55.Db, 52.30.Cv, 52.65.Kj, 75.40.Mg

1 5 =7

M FH Pk b D 2 5 B AR IR 2 R Bl HL e, W]
DK EARBUE K, JEEEZ) 1 mm <6 8 2 15 hn it &2
FEMDHON A R T S A AR A R e,
P AN R R A BRI TE 75 SR B o e I E B2k A
B 1 R AR IR BB ARTE | Bl e e
IR, 55BN BAR AR,
35 R B 07 BRAE G, ANA7 A2 BX A B R
JI BGOSR BERR f. pRAh, H I AT A B
PR NS B RARA TR B, HAS A7 UK
B3 B ANS W e 4 B 9 B A R AN 2 Ak D —
TSR A T 2 SR Bl vt i A8, P T X 30 P[]
ERI PO 2 B T RE R LB AR

DOTI: 10.7498/aps.67.20172300

Ve IR AR ) 3 R0 P R AR R 2 5 TR S AU

T 20 £E2K, 3. M 1S E R Bk b T R AR B
RGUHTT & T 22 FhAS [F) 28 2L 1 [ 4k 25 £ N R 2 560
PRAE TAE R R, X LR zh %8 B F 55y 3 3 1
1) Z ambadt. B NI 2 E80a R Pk
I E R A A (5 BT R AL 2R) I, Nk
Sandia 5255 % ] Z-Refurbishment (ZR), fif GEZ)
22 MJ, K 26 MA (1 MA = 10° A), &
i LT A2 75 ns P %% B O sl N TP
) 2R P S5 000 48 0 b o 3 ) 2 S WS AR
2500 GPal’l, [ 4 g« 3 43 km/s [
H 2012 4F PAK, Lemke 2 561 F F £ 3 8 %5 7 ZR
B E I IEE (20 MA, 200 ns) FE T [k 48 &
7 1) P R B 7 2 S5, RN FUR R — R A
B Hugoniot (off-Hugoniot) tRA& M TErp i i T

w [EK ARBIERES S 11405012, 11675025, 11471048, U1630249) RHEPk & M (kS JCKY2016212A502) Fit+54

TS 5 R G PR B R AR
T #E/E#F. BE-mail: zhang yang@iapcm.ac.cn

© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

080701-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20172300
http://wulixb.iphy.ac.cn

Y118 Z R  Acta Phys. Sin.

Vol. 67, No. 8 (2018) 080701

B HEHTHARS B (W12 23 mm, &
fE < 1 mm), ¥ MERCEI R Esh 15505
WEIE. 2) HR B TR N ERD 18 R A 2% (B N
A ), W3EHE Los Alamos 3256 = [ Atlas 2%
B9 B 22 9250 = 1 Shiva Star 2% B 4. BE3E
& B0 HLIR K b i TR G, ORI 2 O K B
G, & H TR B N RS )R T 3 S
Fa. KT RS E RIS R AR T S0
AU R, 3) RAYBRSEWE 40 rm K A 4%, sk E
) Ranchero 3¢ B A Z 1 (1) (5 5 B 14 R A2 4% (disk
explosive magnetic generator, DEMG), % Hi B i
CiAg+ZE—EIk%, v HT EEIKE)EE 20 cm
PLbEERZRNERER LI 10 km/s 15
HAEE. AFE P s B BE T 58 HL R X
Jhk i LR, O 2R B ) SR R IR D FRLIR SR IS
AT AR, 3 T 345 HAth -~ 6 3 LUK 2 A%
Uity 0% ok A, JF @ BE R B Bl 2% A4 T 1 36 F 1 S
i 5T 7).

% [E Los Alamos S5 2 7F 14 K ) [ A £ {7 N
IREOR N R R AN T AR 7 K2 B R &
5%, JeJa Wi T Pegasus 1/I1, Atlas fl PHELIX —
At F T 104 3K 20 [8] 1 2 87 on 48¢ S 36 1) T R ik v 1
RILE (HAA). Pegasus 28 E M E# T 20 H41 80
FA, IR E RIEE L 6.5 MA, EFATH
4 us. JEAY HBOE TN Pegasus 113 H, e
Hi1.5 MJ§ A% 4.3 MJ, K% 12 MA, 9K
HIEAERE 510 km/s B0 FF ) SLi6 A
FLAE AT TS 4a LA 2% 2F R 1) Rayleigh-Taylor (RT)
F1 Richtmyer-Meshkov (RM) ANF& € 1 556 FT
SRP AT R S5 A [FIAORE ) e T EE PR SR A
) JZ 2R 575 S 56 DA K 38 R AN ) S it JEE 2 e
&5 FH Pegasus 24 8, Los Alamos 3256 %= 342 T
R SIS AL BT v, #EidE T 2 MR T AN
YIEHIT SR I A2 B ORI R R, BE5E T HESKB)
Ii] 4 25 R PN AR AE 0 e B BE B DA R B AR )
S IO ST R R R AL, T 2000 4 FT S G 1)
Atlas %% B it fiE 23 MJ, F K 53R A 32 MA,
EFAWALS5 us, BB H T+ wENEBEERM
WA 20 km/s KRB AE Sy, i /1N 2—5 TPa
(1 TPa = 10'2 Pa). Atlas %% 32 H TH#ATEE
“Hb T AL SE IS TR (AGEX)” A 1 28 4 & A4 R [
P 1] FL B A R S, T 9 R R E IRAA BN )
] @, LG DU T A8 7 SO0 kAT s 4

2005 T 446 S 56 AN 1R R A5 5 R T D8] e
14 3% By FEL IR AN T 390 6 ) ) L ART R SE F
B, SRR, OS2 kT R N #K
RN T R DL 2001—2002 4, B A
Atlas 2 B 8 T 10 RIXFE L5, 20044, %%
B WL % Nevada il 56037 1 e 5 Qe bk B & S8 5
ses U, PHELIX 35 B2 —Fhfehs 5 57 A G B
(pRad at LANL LANSCE) £ I /N A 5 o 75 2%
“H (a portable capacitor bank), 12 Los Alamos 5k
56 5 F T 2R A 5T 10 BB — AR IR Bh 2%, 78 /% 100 kV
I} i fiE 340 kJ, WEAE FLRZ0 5 MA 9], PHELIX %%
B FEB /NI 2 G RE I IR 21T, @it
TN R E B R, ST S K Y 2 S
BN PN T RN 7, TR B pRad 6 IEIRTS
21 43 W = 43 HE R HE A ) B a2 Wi e 7. £E 2016
SESE AR E PSR, PHELIX 2% B WKZh B8
fA1 LA 3.6 Lem /s f 3 F5F 48k o5 45 0, P R T 1 8k &
SEAMEAIRES, phf K It 35 GPa, AR
SESAME FEMRA T FEER L4t 1 2% [0,

H 10 X 5[] 4 25 ] P o S W U ) B RAE T
IR A SE R = 2 R A Ak, 3R
1335 & P BRI AL T SR BN BOR S L D i@ il
DA AT RRIR S, R B CRAIE DG ) B i A2 A4 3
REISWERIVE. v TR R NS ) AT
NV FIRAS, B IEM R Y 8T N
LKA R i BE I RE M. S H AR 2 3L IR
B EREE REER/NESHREGRE/EEE
P, B o AR S0 T BEAE N R T N E 4R
fo )2 LR b R 7. FE KR B I o A i
i SEEFE R OEL. — 5, B3 R
JE 28 8] oy A MY BB E R 1052 11 183 LA K
YIBOIRES, T Ho2x o B B e 847 8. 5 — T
T, PRI FE IR B A0 A T B AR A, #RE
{1 JeE IR 8 T AR R S AT D R 06 20 B ) E )
B HAr, B 32 2R S AR50 1 L E
g AR )12 B (resistive MHD with strength) £
LT 90X 0 ] 4 25 05 1D PR R ) ) AT . i 2N
W3 ARFIR Rl BE 3 A E FH A HLLE &, R4
JCIR 25 R0 BT Ak 1R B 855 1) 7 % TR A R AEAE AL
n, 27 A AL AR R A5 BAN ) [ 4 288, R
IEAGG, B BT R i, R
EAERT, 384822 I FEEEINATA RIE/ER. Los
Alamos 5256 %5 R 12 AR 8 2 J5 @ 57 7 Rl DK B 2k 4

080701-2


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

Y118 Z R  Acta Phys. Sin.

Vol. 67, No. 8 (2018) 080701

LR A ) — 4E 2 A R Raven F2F 17 DA K — 4k
LA FRRKRFEFE B B K ) S gt B 45 S b
XF, IZA Y B0 48— i IR ] A2 1 P R ) B A )
D12 RE HBE G T 43 DX S v AR SR Y B
Raven F2 7 3 B2l i A0, — 4 ]y 130 7 0 7%, i
S GERMNENSE E RS 5% 1 55 5
AP, [N 45 H S0 T 45 R 158 AR E
it Steinberg-Guinan s #) 8 % 1191 F1 Lindemann %%
PR L 1200 R 15 00 2 () b RL SR B S 40, IR A D R A
HiBH % fH SESAME %4 R $2 4. R B4 DU i 7%
WA 1) 4k 2 A 5 kR 2 7 B 5 Raven F2 /7 28
AR B GRS, LR SS7E T RE A R A LB B AR
Aib B 5 P9 AR I R T RE S R 1K 2 A SRR T 1) R
Bower 25 8 FI| F KRB A2 2 VELH 04T 7 HUBR AR L 3¢
FiE DA K 22 25 5 o0 2 A W A7 R A R R 1 52
M. Keinigs %5 '8] #E—B3He T WBRER A2
o8, DL RIS xR R R B AR /SR 58
AR, UTAER, WK AR il p TR A &
i B -RR A - AR =R A PR LA
TR 5] R B AR K XN B FE RS, X L
Wt 9 38 I B D A T 78 45 FRSLAUL 3 B, 2 Hh G B 5
SRR 77 2, AR m SE AR 4 R T SR
AL T AR

AR, A kb D R R RS T R
B, H AT S A £ S 16 E I 100 kA—10 MA,
EFFHATAY 70 ns—10 ps, A A [R] A90 48 R} 2
FU ik b T IR S B PG bR BRI 5T A
BELH70 58 UL Bk i e 28« s — 57 3 B (12 MA,
70 ns) 21221 6 22 288 K2R UK R B A% “ZR-17
% E (800 kA, 170 ns) 29 DL R i # K214 400 kA
2 PPG-1358 P 2 FH RS Z 40 A X §iE
95 FH 2% 1 ) BE Bh 1 SRR S EEAT , HoR &R
2. | o2 [ A7 AR S B 1 24T R, RN Z i 4 0
X i A S R PR A BRAR, $h R FCAE SR ST B AN W
e AR TT T R, E TR YA AR CQ-1.5
I CQ-4 %5 B N b T+ i 6] 400—800 ns A HL 2 HL
R, MR N 1.5 MAFI4 MA, A& T
SEPLPTH 418K 110 GPa 9 #E S5 46 1115 km/s
()% M 42 % R R 7T, BT T R i 25 A R ()
WRE B 7 R AR S 7 R 7T 2227 2013 4K,
TR ER O T B R R RN ) <R e —
SR EEREE G 2B S Rk E,

FH 45 P40 A 7] 1) 24 B% AR ERL 2 B, ] LUK 3 A 90 75 oK
BB e 2 [R] (TR, DASR AR AN () R R 3L 9
. fER K TAERR, W R 8—10 MA,
THEFA12 100 ns, F2 2T IF FE Z 4 46 IR 3l 15 14 2
AR (Z-pinch ICF) ¥EHF 7T 8], 1543 JiC s T
VERER, 3k FRRD b TSR] 23 T3 E 4—6 MA A
300—600 ns A, 32T T4k} 1) AT 4% 8% 45 4
DL O R G ST AT, S KT SR R &)
140 GPa, KH B 15 km/s 29301 5 FiktR
Jik i 3K B g8 AR, FP-1% B & rf 1 TR A 72
e 22 36 P T [ 72 6 o 5 A7 B S B0 WF 9 P AR 2%
ik o 245 8 2 H A A A — AT K 4 [
PR R BN ) 2 SEEG T FE 1 IR 2 S re AR A 2 Y
IR 4%, fif e 50 B 216 5 MCF50-4 ik ol L 75 2%
PR, #00E FLE 100 KV, B KfERE 1.08 MJ. X5
TR i K HLL ik 4 MA, EFFRTVEZ) T ps.
ZE B O T T R FE [ R 2 1] P9 AR O S R
B 772 it 255 Y I 22 il i g B,

BRFOURE 7 1) R PR AR N A 2 v 51 36 12 U1 G
(ARG ST FP-1 XK /N E | UK Eh
TAE AR, AT R 1) 47 3 S B0 BB A R,
DAT b 004K 5 T 5 190 5 ASE 0L FUA 43 A A A7) 3
it SRR S B2 RSk g e 45 3 R % e B A R
FEE AN AT e 448 2 B 28 43 Tl i T M ) SR R HE
AL VR %o EL 0 X 2 [ 2 R A Jd R 1 s, it
TR ARG E % BRSSP — DR
T T R P R e R M AL — R R A )
B S FP-1 %5 B ) S2 6 45 Bk AT 7 AL
HTRA T RAEA, B R REFER. 5
Foedr g s, Bt E 4 RFERAZE 4. Hil
TV AR R EEAE R, AR A IR ] R
R IRAT NI A e 3. Rk, ASCEESL T 3T
P B H A R 2 50 T3 VA I B g — YR R RAAR 1 2
5 MADEID. % 7% i o B & iR
B iy R A5 B AR A 19 B DOIR 25 J7 2 00 el FH 22 45
MRS (BE) BEM (E6) AN Z N
GO —4E % P FEEAT AL, JE RS T
55250 45 BRI SE 3 AR T GRS [
TS 1 AR () B AR TR A MADE1D F8 5 (1047 3 22
B SR FP-1 B B SLIR g 51, /it 7 G
IR ZERE RN RS 1 E AR, DB
a1, XS A B A SR R 4 AR

080701-3


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

) I8 % 3R Acta Phys. Sin.

Vol. 67, No. 8 (2018) 080701

2 B A

W 1 (a) B, T S 2l [ 4 £ fa] Y R S 1Y
TBGET BANEE RN Z LR ALK, SR AR
A HR A 7 2 ST P, AR T LR e A ek
8= IOV AR o = A Il N A | RS e B ]
BB AN SE AR AR . R IR T Bt 2 FR I 7 A A v SRR
With B. 1Ei12%571J x BIAER T (J AR %
JE), BRI A 7 1 R R R SR R
P, BB A AN AE R FL A AR T AL L A,
KA 5y W4 BHER AR BOE TR 3C, U5 OR$ [ 4R
& NIRRT, A RBLREM ] T R4 A
EAVEARIE. X T UK AR FP-1 4 B, IXFh#E
HIHLEE NS Bl 77 24 R i B A R JE 9 W, AN R A
2. IR R I RERS, BRoR A R BRI
AU Gb, 3 N FE AR5 E (520

Kk R =

(b)

1 (a) BEOKBIE KL R SOERE R RIEAT (b) i —
YR

Fig. 1. (a) Schematic of a magnetically driven, liner-
on-target experiment, and (b) load configuration used

in the 1D simulation.
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Fig. 2. Effective circuit model for the FP-1 facility.
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Fig. 3. Measured current Jexp and inner surface veloc-
ity uexp of an imploding aluminum liner on the FP-1
facility (solid lines). Simulated inner surface velocity
Usim, acceleration gsim and radius rgim of both surfaces

are shown as well (dashed lines).
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Abstract

As an important cylindrical-convergent drive technology, magnetically driven solid liner implosion has been widely
used in the high energy density physics (HEDP) experiments for different researches, such as the properties of condensed
matter at an extreme pressure, the hydrodynamic behaviors of imploding systems, and the properties and behaviors
of dense plasmas. On the 2.2 MA FP-1 facility (with a rise time of 7 ps), implosions of aluminum liners and their
impact on target liners are studied experimentally for exploring the applications of instability and ejecta mixing. A
one-dimensional Lagrangian code—MADEI1D is developed to study liner implosions numerically, which is based on
magneto-hydrodynamics model with material strength, wide-range equation of state, Lee-More conductivity, and SCG
(Steinberg, Cochran and Guinan) constitutive model. The code is based on the finite difference method. The finite
difference equations are written in the covariant form for both Cartesian and cylindrical coordinates which enables the
accurate simulation of different load geometries. Numerical results, such as the simulated velocity and radius at inner
surface of the liner and target, agree well with the measurements. It shows that FP-1 has the ability to accelerate a 0.5
mm thick aluminum liner with an initial radius of 1.5 mm to a speed of more than 1.1 km/s, and the corresponding
velocity of inner surface is more than 1.5 km/s due to the cylindrical convergence effect. In our calculation, most of the
liner keeps solid throughout the implosion, though its outer surface is melted due to the Ohmic heating. A cylindrical
converging shock about 8-10 GPa can be obtained by setting a target with an initial radius of 8-11 mm inside the liner
coaxially. The numerical results show that since the imploding liner is fully magnetized when it impacts the target, the
shock and the corresponding reflect release wave run faster than in the unmagnetized target. This means that the target
will spall near the liner-target interface, though they are impedance-matched acoustically. The movement of the shocked
target can be affected by the pre-filled gas inside. Increasing the gas pressure makes the target lose its velocity quickly,
and the rebound radius increases as well. By adjusting the load design and gas pressure appropriately, we can obtain

the right implosion process to meet the study requirement.

Keywords: solid liner, magneto-hydrodynamics simulation, FP-1 facility, high energy density physics
PACS: 07.55.Db, 52.30.Cv, 52.65.Kj, 75.40.Mg DOI: 10.7498 /aps.67.20172300
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