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100 nm (1 Ge J2E R U2 AR5 43 51 Ak 24 DT R
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BEHEZIER. Ni/CuB G ZZBRAZEIHNIZ
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38 o I A B AR Y & 5O S, FTH Boltzmann
PR T O e R S B TR TR . AR
B URAE W R TR A T 22 F- 17 (Local Thermodynam -
ic Equilibrium, LTE) " 44 F , 45 & 71k b % ki 7 7¢
H A Ge 2% I % Boltzmann 43 i , [a] — 1 25 2% 6 450
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Table 1  Physical parameters of Cul emission spectrum
lines!"”]

wavelength /nm  E /cm™ A/ 10757 &

458.697 62948.260 3.2 6

510.554 30783.697 0.2 4

515.324 49935.195 6 4

570.024 30783.697 0.024 4

Note: E_ is the energy of upper level. A_ is the transition probability. g is

the partition coefficient associated with the excited level.
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FXRIEEY B SRR 2,
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Table 2 Physical parameters of Nil emission spectrum
lines!"”)

wavelength /nm  E_ /cm™ Ann /10757 8

438.287 54251.308 0.15 7

452.314 22102.325 3.2e-8 9

463.303 49158.480 0.0078 11

483.118 49777.569 1.6 7
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Fig.1 Schematic diagram of the plasma emission spectrometry acquisition
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Fig.3 SEM micrographs of the Ni/Cu multilayers
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Fig.4 XRD patterns of the Ni/Cu multilayers
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Fig.5 Pictures of the (Ni,,,Cu,,,), exploding foil
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Table 3 The electrical resistance of the Ni/Cu composites,

pure Cu and pure Ni exploding foil

. . average standard
exploding foil number ) o
resistance / mQ  deviation / mQ
(Niy00CUsg0)4 15 34.0 2.1
(Ni300CUyg)5Niq 14 34.0 1.7
Cu 13 20.2 1.5
Ni 12 75.9 8.9

3.2 EBETFEES TN

e MR HEAT OB AR T A R R R SO i
B LR % N 1.5 KA L 2.0 KA 1 2.5 kA, R ARG
I 220 AF X5 50 HL RO 2 A B 220 ) SRR Sy SiE 3R B ]
R BIF 5 52 R K S T IR ) 43 B R S G, A A [
BN, 43 Bk $% 4E R A [ 1000 ns. 1200 ns Fll
1400 ns, BB PTTE B 4 200 ns. Ni/Cu & & 1 HE
A 4l Cu 2 1 98 LAl NI KR 96 19 & 55615 K 45
MK 6 iR .

K6 AT LA H 2 (NiyeoCUyee) s AT (NispoClygg) sNisgg
SO e B4l Cu F 4l Ni il 3 £8 45 A0E 5 BE 25 i L il
TR DU R K T A S R O T G 0 R T
R TR] 5 ERL H 900 R AEE 3R R BT D g A 9 R N &
SO T T 4 B A AR 5 ) A R R [RD B 8RR RO
1.5 kA, R IHGIETE L 38 BEHET 24 Cu=(Niyp0Cu,pe)sNisee™
(Niyo0Clsgg) o >Ni, BN 2.0 kA, & 5 b ik i35 2k i
B HEF M Cus (NiyeoCusgy) 5> (NispeCle) sNisee>Ni, B
HLOFR U R 2.5 kA, & 9 o6 1% % &R B HE R N
(N0 CUsge) s> (NiyoClyoo) sNiyee>Cu>Ni,

R T HE R M LA R B R SRR b R S
oo R AR AL B A, E X T (NiyCluygg) 6-
(Niy00CUy00) sNiyoo FTEL Cu & 56 185 i A5 1 JL AR 1 £k
(Cull 461.966 nm.Cu I 510.554 nm #1 Cu 1
515.324 nm) , 45 5 W3 4 iR .

M4 T LA W T T (N Cuyg,) o B FE S, 24K
HL L A 1.5 KA FHE %) 2.0 KA Cu T #1Cu 1T %2k 58
B2 T i K, 29 300% LA b5 % (NiypeCuygg) sNis B
YESE L 24 50 HL B N 2.0 KA THE5 3 2.5 KA I Cu 1 Al
Cull jEksm B TR K, 24 100% L I 5 F 46 Cu ki
YESE L 24 5 H B N 1.5 KA THE5 3 2.0 KA B Cu T Al
Cu Il 5 26 FE 4R T e K, 29 150% DL o DA 25 i
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Fig.6 The plasma emission spectroscopic curves of the (Ni,o,Cuys0)s, (Niy,Clyg)sNiyee, Cu and Ni
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&4 Cull 461.966 nm .Cul 510.554 nm Al Cul 515.324 nm {52k b i [|] 22 1
Table 4 The spectral line strength of Cull 461.966 nm, Cul 510.554 nm and Cul 515.324 nm changes with delay time

discharge current /kA sample delay time /ns Cull 461.966 nm Cul 510.554 nm Cul 515.324 nm
1000 2515 1892 4233
(NiyoClypo)g 1200 1434 2290 2822
1400 613 1029 1308
1000 2193 2374 2798
1.5 (Niy00CUg0) sNisgo 1200 3745 4908 5712
1400 1412 1746 2043
1000 2970 3136 3731
Cu 1200 3877 4583 5509
1400 1012 2069 2603
1000 8156 8308 8824
(NiyoClUson)s 1200 10171 1171 11958
1400 7351 9152 11127
1000 5756 6030 6616
2.0 (Niy00CU0)sNisgo 1200 6650 7016 7673
1400 3106 4501 5133
1000 10603 10613 11698
Cu 1200 9835 11688 13380
1400 4988 8651 9876
1000 19306 16929 17509
(NiyoCUsgo)s 1200 20474 19720 20491
1400 14486 15127 14842
1000 17834 15105 15214
2.5 (Ni300CUg0) sNisg0 1200 14641 13946 13659
1400 14486 15030 14842
1000 17003 13995 15402
Cu 1200 12108 12229 13003
1400 10416 11577 12659

T (N500Cgo ) sNisoo MIZETE 2.5 KA I 45 & L3S FE 57 o

HE— 2 X T T (N Csgg) s (NispoCUyee) sNisoo
FUNGH N2 BE T ] AR A . BT (Niyo0CUyee)se
(Ni300CUyp0) sNisoo M Cu I SRR K T K53 Ni |
L AU Ni 1 463.303 nm F1483.118 nm £k ] L)
G HE K P 2R 2 Bl N ] 7Y AR AR B0 AN 2R 5 TR o

5 LLE X4 T (NiyCuygy) o B KETH L 24K
FHL P AN 1.5 KA THE 2] 2.0 KA B NG T 3% 2k 5 )3 2 7
K, 25 400% LA L5 3 T (NiyClyeg) s Niyoo K8 KT8 , 24
JCH LI N 2.0 KA THE £ 2.5 KA B N T 3% 28 56 2 2
T K, 29 200% Ph b5 %5 T4l NiB e, 247808 i
M 2.0 KA FHE 3 2.5 KA BT Ni T 3% 2k 38 B 52 FH i K, 24
300% LA b o PAEZE R BT, (Niy,Cusyy), 7E 2.0 kA B
W& R FE 8, T (Niyg,Cuyg,) sNiyg, AT4ALE N §6 ) J2& 78
2.5 KABFER R W47, SR 4 45—

MRl %2 5 63 3 2, ) DA 45 B A A L IR
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AT A Mo LAZEIR B[] 24 1200 ns ki, AR 4 X (2)
PLCul 515.324 nm 3 AR B, 25 1 3R 1 Thi & Al
X i B AE 5 X W ik 2k BR A [ B 2% A i A9 Boltzmann
K, B /D AR IE AR B, 817 HAEIR 1200 ns
BF R R OB B 25 R (NiCuyy) o & B 6 3% 19
Boltzmann A .

Kl 7a. [ 7b FIE 7 c it B (- 1/KT) 5350 h
(=7.4105%10") (=7.20316%x10'"")FI(-7.05056%10"),
] e IR 43531 9773.9 K. 10055.3 KA110272.9 K,
LA BE 3K 90% L E

SR FAAR IR 71 aT LASRAS AN [A] 23R B (B AN ] FRL O
(Ni,00CUs00)s(Niy00Cee)s Niyoo M1 Cu & F1HE1E Boltzmann
FIELA LA, W, LINIT 463.303 nm ik
VEFEE , 2 3% 2 7P s 20 A X 5 3 (5 % 0 3 4% K A
BB BE & 1Y Boltzmann &, i /N Z e = L& 15 2|
RER . MR G B MR (=1/KT) /T HE R AT 5 5
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Table 6 Results of calculated electron temperature

discharge . \culated electron t ture / K
Table 5 The spectral line strength of Ni I 463.303 nm and sample current calculated electron femperature
483.118 nm changes with delay time / kA 1000 ns 1200 ns 1400 ns
discharge Delay 1.5 8608 9773.9 9276.9
Ni [ Ni I
current sample time I I (Niy00Clygo)g 2 10203.5  10055.3 9827.3
463.303 nm 483.118 nm
/ kA /ns 2.5 10624.1  10272.9  10242.4
1000 892 1176 1.5 9804.6 9888.5 9797.5
(NiyoCls)s 1200 668 917 (Niy00CUy0)sNisgy 2 10466.9  10391.9  10126.7
1400 406 491 2.5 11327.5 10990.6 10966.1
1000 975 1412 1.5 10128.7 10053.9 9442.1
1.5 (Niy00CUy0)5Nise, 1200 1392 2437 Cu 2 10471.1  10360.4 9994.8
1400 640 995 2.5 10532.7 10308.9 10166.5
1000 375 372 1.5 2943.7 2870.3 2856.7
Ni 1200 931 660 Ni 2 2847.5 2859.2 2865.1
1400 448 384 2.5 2859.3 2846.2 2855.2
1000 3586 4694
(Ni,,,C ) 1200 4051 5817 \ . N -
00 thooTs H1 3% 6 T LU 2 N R g 0 45 B 1 1R /1 il 3 55
1400 2710 3802 ) .
000 2911 13 fik(<3000 K), Ni/Cu % & bRk 858 HE 55 B 7 s il
= =N 4 o
2.0 (Ni;00Clyg)sNigy, 1200 2746 4178 JE5 Cufelil —1 8 (10° K), HAE1.5 kAR 2.0 kAR,
1400 1152 1986 Nl/CUEé*ﬁ*’i%%i’ﬁ%%?ﬁgﬁ%ggﬁgtt CU'fE,E,%/I
1000 2386 1678 LU e 3 2.5 KA BT, Ni/Cu & 6 B REHL 3 0 55 88+
Ni 1200 2190 1427 RJRJE AR 1 Cu s
1400 1654 1095 NN e T E TR VNS NN R S (D)
1000 9730 12224 . .
(1.5 kA F12.0 kA) , Ni/Cu & 5 5 X 06 P A9 Ni FL AR AR
(Ni,oCuyyy) 1200 8780 12205 . .
e 400 soes 5937 ANFESr M N 7y g i, AT B NI/ Cu B &
i R G755 9 TV 0 i B Cu I BT R O B
2.5 (NiypoClUye)sNisee 1200 7147 9931 %H%%$1ZI:EE;¥/D%&F%B tl:t CU'fEE,%/IﬁJIEEEEY}IKLﬁ%H‘T
1400 5968 8937 (2.5 kA) , Ni/Cu & G H8 FE 76 P 09 N HLUR K FE 378 47
1000 10181 6759 N I i 119 BE 5 BT Mk 21 Ni/Cu & A IR FETE S5 8 ik,
Ni 1200 9095 6481 fdE Ni/Cu 52 & FE A 55 B TR I RE B 1L 4 Cu iy, B
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Fig.7 Boltzmann diagram of the (Ni,,,Cu,,,), emission spectrum when the delay time is 1200 ns
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Fig.8 PDV test curves of theflyer speed at different discharge current
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Plasma Spectrograph and Driving Flyer Properties of Electrically Exploded Ni/Cu Multilayers

YANG Shuang , SUN Xiu-juan , WANG Wan-jun, FU Qiu-bo
(Institute of Chemical Materials, CAEP, Mianyang 621999, China)

Abstract: To explore the exploding mechanism of composite multilayers, the properties of Ni/Cu multilayer exploding foil were
studied. Ni/Cu composite multilayers (modulation period 200 nm/300 nm and 300 nm/400 nm, respectively), pure Cu and Ni
films with the same thickness were prepared by electrochemical deposition. The plasma emission spectroscopy was measured.
Under different discharge current conditions, the electron temperature of electrically exploded plasma of Ni/Cu composite multi-
layers with different structures, pure Cu and Ni films was calculated, respectively. After matching barrels and flyers with explod-
ing foils, the velocity of flyer driven by different exploding foils was measured by PDV method. The performance of the explod-
ing foils driving flyer under different discharge current conditions were obtained. The results show the plasma emission spectros-
copy intensity and electron temperature of (Ni,,,Cu,y,), and (Ni,y,Cuy,g,)sNiyg, is higher than pure Cu and Ni at discharge current
of 2.5 kA, indicating the Ni/Cu composites have higher electrically exploding energy density at the same condition. The Ni in
Ni/Cu composites promotes the plasma to push flyer forward, resulting in the accelerating time and final velocity of flyer driven
by (Ni,0,Clse)s and (Niy Cu,y,)sNiyy, are both higher than those of flyer driven by pure Cu.
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