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Fig. 1. (a) Schematic of the experimental setup; (b) circuit schematic.
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Fig. 2. Submicron-scale microstructure on DVD discs.
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Fig. 3. Surface roughness of aluminium before (a) and after

(b) pre-imprinting.
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Fig. 4. Typical waveforms of underwater pulsed spark dis-
charge: (a) Typical voltage and current waveforms;
(b) pressure profile calculated at a distance of 10 mmy;
(c) expansion velocity of plasma channel.
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Fig. 5. Typical morphology of the submicron structures on
the aluminum foil surface: (a) Atomic force microscopy im-
age; (b) two-dimensional depth distribution.
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Fig. 6. Imprinted area under different gap distances in a single shock: (a) Distribution of measurement points; (b)—(d) contour plots

of the imprinted area at gap distances of 2, 3 and 5 mm, respectively.
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gion as a function of the gap distance under 30 kV.

ISV Y, DA TN S B B R TR AR 452 Je 3% 1 s D
ekl

3.3 MAREENKREENHN

T3t Hs B P 2 -5 1] B 8 114 52 36 45 2R )
UL, RIVEEAEAR R 286 25 0F T REATE A B, i ik
WL PRI BEALIE, B0 B AR B B —E BEAL
P, X AREEALIE AT BE-S5 R AT | KA B BT
24 073 | R ) T R 0 1 A A S Y AL 25 DR R
Ak B L R, A LB — PRI I IR Y
RHERZR. R, KT kb K AET R 7 A 8 el 0
JE A S UTRRRE R DIAHOC, (R A SRS
FE T SUURRER I SCR TR 1T ZIBEFE. ARl
(3) A B X TE] B AN TR], OB BE B d ] 73 F
S — 2 I DU e P9 ALEOARAE R 7. 4] 8
JER T AEA R ] B AT i R AR PF T, JREN R
HEZ S MM RER A L. 45 REW, JREN
PRECE 5 AP TURRE S L IE A SC RO 3, b TR
B PR LR 5 50— A I DU e H A AR S R T A
DURRERE, 1 X — IR AR R B 5, T
EPRECRE 15 vl g I e {EL AN BE B BAT TE AR SC A,
el TR IR {ELEOR: | AR Ay, B o v i T

090803-5


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 9 (2026)

090803

0.8 0.8
(a)
-
0.6 {y=0.67513+2.7879x 105z 0.6}
g R2=0.88146
% o4 H y= —0.7574140.00374x #ﬁ( o4
X 4+ €< p2 _ A
z j R? =0.72372 5
v
._‘,»’;"V
021 HREw, ) » 0.2t
P8V y=0.10329+5.8535 X104z
{ L] R?=0.73954
o L . . . . . 0
0 200 400 600 800 1000

SRR RER /)

(b)
.A......../.’. ......................

Ay = 0.66889+
7 1.89164x 105z
v A R2=0.73989

m 30 kV, 1 mm
® 30 kV, 4 mm
A 30 kV, 3 mm

A y= —0.37275+ | Y 30kV, 2 mm
S p 5.4008 x 104z ¢ 30 kV, 5 mm
AL R? = 0.49905 25 kV, 3 mm
. i > 20 kV, 3 mm
-------- ]
‘_.’- ------ .I,-" ;
- ¥ =0.09815+5.82103 X 10~z
) R2=0.71891 .
0 200 400 600 800 1000
RUTREE R/

8 REZHE (a) 2 —F B TIR R A (b) SUTARAERE A9 A8 LR

Fig. 8. Variation of the fidelity as a function of (a)

TE Y K B 5 A e ) R Rt | A7 At kR A S RGN
T 5 SO 3 A e BGRB8 vk, wps i i A
VA R 45 B R T ) PR IK, 755 — - HL i
JERA T, TR A R, RER TR 2 kA
FEZI B (] 4(a)), AR B TR o B S B A
ERITF IR, RN, SEAEZP B A 8 Tk
I HA W BE R, T A 5N IR
SR TR R R, SRt o ke 1 7= A LA
B TR AR 4(c) B ER R S T
AR 3 2 R R I () AR 2R 0T DA, A B
FAGII LT A — K R, S — 2 Ui T pas
JE AR 5 H S — 2 R DU BB I A AH G, A
T i A L 5 50— F DT B = T A S A T
RETE.

BEAh, MR 8 IR AT LINREL S, %5 DR AE Y
BTN, FREDRELRE A AR fL R S B S e 1 i | i
Je SURIBE N, B ks T AR RO, X R I T REAF
FE— A~ SEELA RO ED 4 16 5L 8 12 B (A A — A~ 3
FEENARL AN A AN BE i B . b, S R I 5
AER B (E R 280 J, IR AIAE S H(E R 380 J, (AR
FLEEZY R 0.7, MRAIEREN 56 nm, 1200 AR B 1
T Li 55 13 3 F /KT 4 8 22 f M K v i PR ED Ik
AR SIZIG 48 T 3it A T R G R Rl B IS PR T3 LA
il R4 o AR TP AR 08220 (R I A 4 T 2 T o
7 R D40 285 W 5 75 K TR B 2 A 45 B v
PRLFITRE R (L, AT A 1 1 S B LR N i
FIHRCR.

4 £

Za

g
SRGEIEIESE, FUFK TR B KAEROR ™ 1y

t

he first cycle and (b) the total deposited energy.

P U8 AT 8 ) S BAE A 1 2% T S TR N A . AR
P AR SE R, RPN 2 mm, RN
30 kV BAMAT, AR ARG F w0 b b I R 1 i
{EAR TR 326 MPa, 1% & 77 12 LA & BR d K Ad
SRPEARTE, AT SE BN S5 44 ) FR B FE ST R FEL R
30 kV BYAHETT, Hs E AR BB R i R B I B B
I S B S 0 S 0N ) R A, A ] B
A3 mm B, BRI TR AR 20 mm () X IR P
IR EEAMET 0.4 RTRFURED, i K8
R EE TR 0.7, A SN R EDRCR; BE&
DUBRRB ARG, Fe ED R LR 22 IS8 19 in | B
Je SRR, SR T E R, I 5 5E—F
JA BT BE B AR S E R T BT & PRUEA 2L
JR QA — 21 JE U1 A R A0S 350 B A A A (5
HREFE 4390 280 J F1 380 J, 4hL FIAT A [T BV A EL
FEZ) 20 0.7.

1525 T7K T kb AR i HAT AT 8 &2 B
T IHAES SR 22 R A, T T K T & Jm 42/
FKE vhil FEENVE Y SERI L dF—2 3T T R £k
A 3 AR T T DL, R E R B R L
FU T A 57K 48 22 B KE R RS AT 24 7K.
BEAN, ARy A ks i ) e R e A mT o | AR AR
i HL A5 MUAS R BR, AH ELK R KEZg obil FRENIR B
AT PRI PR, 5Ol RENEH L,
WUAE PR ED AR L RE | 0 T AR R ol 4 B AR Ty T R B
B P Z5 L RTIR, KR Bkih kAL v
R B TR A — S B 4 R 8 TSN 45 44 v 3 i
IRARAS | R FE il 25 (B P AR A%

Ak, BEXT 2B OR LR R, — T
AT S R FH O v o 88 VAR 2 118 SR 5 W A R SR A

090803-6


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090803

H, Al FTB 2R S A BORL 9 3R S I 55
— 71T, e BRI A it L R AR e i e A BB AL
P, BRIERE AR E TR A RE R B(E DL L. fE s L
FAF AT A R — R AT RORE I, RS
DUBBESR A9 70 B/ N TR R 6 1. LA, i ] LA
S DA R AR R ST T AR 25 R e A 8 i
AR AT E S, PEWPRIE RN A R A 2 | R
e PR L BE il

S 0k

[1] Yong J L, Wu D 2024 Chin. J. Lasers 51 0102002 (in
Chinese) [FEHESR, 24 2024 PEHOE 51 0102002
[2] Wang D W, Li F Q, Huang Q C, Wang F Y 2023 Surf. Eng.
39 572
[3] Yeng Y X, Ghebrebrhan M, Bermel P, Chan W R,
Joannopoulos J D, Solja¢i¢ M, Celanovic I 2012 Proc. Natl.
Acad. Sci. U. S. A. 109 2280
[4] Zhao Y L, Wu Y L, Zheng H Y 2023 Mater. Prot. 56 1 (in
Chinese) 7052, ZK¥, FBZT: 2023 HHEMRY" 56 1)
[6] LiuJ,He YL, HuY W 2023 Adv. Opt. Mater. 11 2300143
[6] Gao T, Xu Z, Fang F, Gao W, Zhang Q, Xu X 2012
Nanoscale Res. Lett. T 399
[7] Hicks E M, Zou S, Schatz G C, Spears K G, Van Duyne R P,
Gunnarsson L, Rindzevicius T, Kasemo B, Kall M 2005 Nano
Lett. 5 1065
[8] Jiang D, Fan P, Gong D, Long J, Zhang H, Zhong M 2016 /.
Mater. Process. Technol. 236 56
[9] MuS L, LiuZ P, Ya MY, Wang N 2023 J. Shenyang Univ.
Chem. Technol. 37 222 (in Chinese) B4, XIEMS, F &M,
FI 2023 PLBIAL T I E241 37 222)
(10] Zhang B, Yang H, Pan C, Zhao P 2023 Mater. Des. 227
111743
[11] Gao H, Hu Y, Xuan Y, Li J, Yang Y, Martinez R V, Li C,
Luo J, Qi M, Cheng G J 2014 Science 346 1352

(12]
(13]

(14]

[16]

(17]

(18]
(19]

(20]

21]

22]
23]

(24]

[25]

(26]
(27]

090803-7

Hasegawa K, Tanaka S, Inao D, Nishi M, Kubota A,
Hokamoto K 2023 J. Mater. Res. Technol. 24 6730

LiX,Shi HT, Li T, Liu Z G, Wu J, Li X W 2025 J. Mater.
Process. Technol. 338 118784

Yu Y, Zhu X L, Huang K, Zou X B, Wang X X 2020 High
Voltage Eng. 46 2951 (in Chinese) [Wiik, KRZEH, ¥R, 480%
52, EHHT 2020 mid AR 46 2951]

Shi HT, Fan Y F, Yin G F, Zhang Z Y, Li X W, Qiu A C
2021 High Voltage Eng. 47 2599 (in Chinese) [{14Hil, {E = K,
B, SO0, 292430, B2 2K 2021 /& 4R 47 2599]

Lu X P, Pan H, Zhang H H 2002 Acta Phys. Sin. 51 1549 (in
Chinese) [J5# 57, WAHE, 5KIEHT 2002 P34 51 1549]

LiY, Sun Y, Liu Y, Zhang L C, Zheng J L, Huang Y F, Xu
X Z, Sun Y H 2021 High Voltage Eng. 47 753 (in Chinese) [4%
JC, INEE, XUE, SRR, KT, B L, RIHT, FMEGIS 2021
FEHLER AR 47 753)

LiX,Shi HT, HuJ L, Wu J, Li X W, Qiu A C 2024 J. Appl.
Phys. 135 033302

Jin S, Zhou Z, Sakr E S A, Motlag M, Huang X, Tong L,
Bermel P, Ye L, Cheng G J 2019 Small 15 1900481

WuM G, Liu Y, Lin F C, Liu S W, Sun J J 2020 High Power
Laser Part. Beams 32 045002 (in Chinese) [Z80T, X%k, #k
A, XY, PVEEZE 2020 SREOESRF R 32 045002]

Zhao Y, Liu Y, Ren Y J, Li H, Lin F C, Huang S J 2021 High
Voltage Eng. 47 876 (in Chinese) [ 5, X%k, {E#HE, 221k,
HARE, WA 2021 FHUEHA 47 876

Tanaka S, Hasegawa K, Bataev I, Kubota A, Hokamoto K
2021 Mater. Des. 198 109341

LiuSW,LiuY,LiZY, L XD, Zhou G Y, Li H 2018 IEEE
Trans. Dielectr. Electr. Insul. 25 1679

LiuY,LiZ Y, Li X D, Zhou G Y, Zhang Q, Lin F C, Pan Y
2017 Proceed. CSEE 37 2741 (in Chinese) [XI%k, 25iit, 225
A, H, R ARAR B, W E 2017 o E L LR AR 37
2741]

Wang X, Wen X Q, Wang L R, Yang Y T, Xue X D 2022
Acta Phys. Sin. 71 015203 (in Chinese) [E%, /N, L,
MICR, BERRZR 2022 PIFEAAR 71 015203

Liu Q M, Zhang Y M 2014 J. Appl. Phys. 116 153302
Timoshkin I V, Fouracre R A, Given M J, MacGregor S J
2006 J. Phys. D: Appl. Phys. 39 4808


https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.3788/CJL231364
https://doi.org/10.1080/02670844.2023.2239552
https://doi.org/10.1080/02670844.2023.2239552
https://doi.org/10.1080/02670844.2023.2239552
https://doi.org/10.1080/02670844.2023.2239552
https://doi.org/10.1080/02670844.2023.2239552
https://doi.org/10.1080/02670844.2023.2239552
https://doi.org/10.1073/pnas.1120149109
https://doi.org/10.1073/pnas.1120149109
https://doi.org/10.1073/pnas.1120149109
https://doi.org/10.1073/pnas.1120149109
https://doi.org/10.1073/pnas.1120149109
https://doi.org/10.1073/pnas.1120149109
https://doi.org/10.1073/pnas.1120149109
https://doi.org/10.1073/pnas.1120149109
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.16577/j.issn.1001-1560.2023.0103
https://doi.org/10.1002/adom.202300143
https://doi.org/10.1002/adom.202300143
https://doi.org/10.1002/adom.202300143
https://doi.org/10.1002/adom.202300143
https://doi.org/10.1002/adom.202300143
https://doi.org/10.1002/adom.202300143
https://doi.org/10.1002/adom.202300143
https://doi.org/10.1186/1556-276X-7-399
https://doi.org/10.1186/1556-276X-7-399
https://doi.org/10.1186/1556-276X-7-399
https://doi.org/10.1186/1556-276X-7-399
https://doi.org/10.1186/1556-276X-7-399
https://doi.org/10.1186/1556-276X-7-399
https://doi.org/10.1021/nl0505492
https://doi.org/10.1021/nl0505492
https://doi.org/10.1021/nl0505492
https://doi.org/10.1021/nl0505492
https://doi.org/10.1021/nl0505492
https://doi.org/10.1021/nl0505492
https://doi.org/10.1021/nl0505492
https://doi.org/10.1021/nl0505492
https://doi.org/10.1016/j.jmatprotec.2016.05.009
https://doi.org/10.1016/j.jmatprotec.2016.05.009
https://doi.org/10.1016/j.jmatprotec.2016.05.009
https://doi.org/10.1016/j.jmatprotec.2016.05.009
https://doi.org/10.1016/j.jmatprotec.2016.05.009
https://doi.org/10.1016/j.jmatprotec.2016.05.009
https://doi.org/10.1016/j.jmatprotec.2016.05.009
https://doi.org/10.1016/j.jmatprotec.2016.05.009
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.3969/j.issn.2095 - 2198.2023.03.005
https://doi.org/10.1016/j.matdes.2023.111743
https://doi.org/10.1016/j.matdes.2023.111743
https://doi.org/10.1016/j.matdes.2023.111743
https://doi.org/10.1016/j.matdes.2023.111743
https://doi.org/10.1016/j.matdes.2023.111743
https://doi.org/10.1016/j.matdes.2023.111743
https://doi.org/10.1126/science.1260139
https://doi.org/10.1126/science.1260139
https://doi.org/10.1126/science.1260139
https://doi.org/10.1126/science.1260139
https://doi.org/10.1126/science.1260139
https://doi.org/10.1126/science.1260139
https://doi.org/10.1126/science.1260139
https://doi.org/10.1016/j.jmrt.2023.04.248
https://doi.org/10.1016/j.jmrt.2023.04.248
https://doi.org/10.1016/j.jmrt.2023.04.248
https://doi.org/10.1016/j.jmrt.2023.04.248
https://doi.org/10.1016/j.jmrt.2023.04.248
https://doi.org/10.1016/j.jmrt.2023.04.248
https://doi.org/10.1016/j.jmrt.2023.04.248
https://doi.org/10.1016/j.jmatprotec.2025.118784
https://doi.org/10.1016/j.jmatprotec.2025.118784
https://doi.org/10.1016/j.jmatprotec.2025.118784
https://doi.org/10.1016/j.jmatprotec.2025.118784
https://doi.org/10.1016/j.jmatprotec.2025.118784
https://doi.org/10.1016/j.jmatprotec.2025.118784
https://doi.org/10.1016/j.jmatprotec.2025.118784
https://doi.org/10.1016/j.jmatprotec.2025.118784
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20190915
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.13336/j.1003-6520.hve.20200448
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.7498/aps.51.1549
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.13336/j.1003-6520.hve.20210156
https://doi.org/10.1063/5.0187919
https://doi.org/10.1063/5.0187919
https://doi.org/10.1063/5.0187919
https://doi.org/10.1063/5.0187919
https://doi.org/10.1063/5.0187919
https://doi.org/10.1063/5.0187919
https://doi.org/10.1063/5.0187919
https://doi.org/10.1063/5.0187919
https://doi.org/10.1002/smll.201900481
https://doi.org/10.1002/smll.201900481
https://doi.org/10.1002/smll.201900481
https://doi.org/10.1002/smll.201900481
https://doi.org/10.1002/smll.201900481
https://doi.org/10.1002/smll.201900481
https://doi.org/10.1002/smll.201900481
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.11884/HPLPB202032.190356
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.13336/j.1003-6520.hve.20201713
https://doi.org/10.1016/j.matdes.2020.109341
https://doi.org/10.1016/j.matdes.2020.109341
https://doi.org/10.1016/j.matdes.2020.109341
https://doi.org/10.1016/j.matdes.2020.109341
https://doi.org/10.1016/j.matdes.2020.109341
https://doi.org/10.1016/j.matdes.2020.109341
https://doi.org/10.1016/j.matdes.2020.109341
https://doi.org/10.1109/TDEI.2018.007027
https://doi.org/10.1109/TDEI.2018.007027
https://doi.org/10.1109/TDEI.2018.007027
https://doi.org/10.1109/TDEI.2018.007027
https://doi.org/10.1109/TDEI.2018.007027
https://doi.org/10.1109/TDEI.2018.007027
https://doi.org/10.1109/TDEI.2018.007027
https://doi.org/10.1109/TDEI.2018.007027
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.13334/j.0258-8013.pcsee.160417
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.7498/aps.71.20211162
https://doi.org/10.1063/1.4898141
https://doi.org/10.1063/1.4898141
https://doi.org/10.1063/1.4898141
https://doi.org/10.1063/1.4898141
https://doi.org/10.1063/1.4898141
https://doi.org/10.1063/1.4898141
https://doi.org/10.1063/1.4898141
https://doi.org/10.1088/0022-3727/39/22/011
https://doi.org/10.1088/0022-3727/39/22/011
https://doi.org/10.1088/0022-3727/39/22/011
https://doi.org/10.1088/0022-3727/39/22/011
https://doi.org/10.1088/0022-3727/39/22/011
https://doi.org/10.1088/0022-3727/39/22/011
https://doi.org/10.1088/0022-3727/39/22/011
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090803

Application of underwater pulsed spark discharge in
the fabrication of metallic surface micro/nano structures’

WU Jian LI Xingwen
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Abstract

Metallic micro/nanostructured surfaces exhibit significant application potential due to their distinctive
physicochemical properties. However, conventional fabrication techniques often suffer from a trade-off between

production throughput and structural accuracy. To address this challenge, this study presents a novel shock

Application of underwater pulsed spark discharge in the
fabrication of metallic surface micro/nano structures
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imprinting method based on underwater pulsed spark discharge (UPSD)-induced shock waves. In this approach,
a polycarbonate (PC) film on digital video disc (DVD) with nanostructures on its surface serves as the mold,
and an aluminum foil acts as the workpiece. During the shock imprinting process, the foil is compressed into the
mold by the shock wave of ultra-high strain rate (~107 Pa-s') generated by UPSD, thereby replicating the
nanostructures onto the foil. Experimental results confirm the successful fabrication of micro/nanostructures on
aluminum foil using the proposed method.

To systematically evaluate the imprinting performance-characterized by structural fidelity and imprinting
area-the influence of the water gap distance is first investigated. At a fixed charging voltage of 30 kV, both the
imprinting area and fidelity exhibit a non-monotonic trend with increasing gap distance, peaking at 3 mm.
Under optimal conditions, the proposed method achieves large-area imprinting (20 mm diameter) with a
maximum fidelity of 0.7. Meanwhile, repeated experiments under identical conditions reveal stochastic variation
in imprinted height, attributed to the randomness of the discharge dynamics, likely associated with stochastic
streamer initiation and propagation. To further elucidate the dominant factors governing imprinting fidelity, the
correlation between fidelity and deposited energy is analyzed using data from experiments with varying gap
distances and charging voltages. Results indicate that imprinting fidelity correlates more strongly with the first
half-cycle deposited energy than with the total deposited energy. Furthermore, imprinting fidelity follows a
piecewise-linear relationship as the first half-cycle deposited energy increases: below a threshold energy
(~280 J), the imprinted height remains negligible (<0.2); beyond a saturation energy (~380 J), fidelity plateaus
at ~0.7 despite further increases in deposited energy. Maintaining the deposited energy slightly above the

saturation threshold is essential to achieve high-fidelity imprinting with enhanced energy efficiency.
Keywords: pulsed spark discharge, shock imprinting, micro/nano structures, deposited energy, gap distance
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