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Fig. 1 46.9 nm laser ablation on brass surface™
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Fig. 2 ZEMAX software simulation and Si surface ablation results of a 46.9 nm laser focused by a cylindrical mirror™”
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Fig. 3 Toroidal mirror focused 46.9 nm laser ablation formed

on the Si surface'”
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Fig.4 Ablation hole with the diameter of 82 nm obtained at

7 um from the focal plane of FZP™!
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Fig. 5 Schematic diagram of the wavefront splitting achieved

by the Loe mirror™”
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Fig. 6 Nanopits and nanodots based on interferometric etching'*”. (a) Nanopits; (b) nanodots
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Fig. 7 Schematic diagram of the tubular optical element"”’
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Fig. 8 Focused interference etching by 46.9 nm laser™”
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Fig. 9 Periodic image self-healing based on Talbot effect™’. (a) Mask; (b) etched result
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Table 1 Decay depth of 46.9 nm and 157 nm laser in PTFE,
PMMA and PI and the ablation rate of the three kinds

of materials"™

Ablation ration / Attenuation

(nm/pulse) length /nm
Polymer  46.9 nm 157 nm
(p=11J/ (¢p=~300mJ/  46.9nm 157 nm
cm?) cm?)
PTFE 83 370 12 172
PMMA 87 260 19 117
PI 88 150 16 79
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Fig. 10 Ablation rate of the three kinds of materials by 46.9 nm

laser at different fluences and pulse numbers"™!
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Fig. 11 Schematic diagram of Faraday cup detection of 46.9 nm
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Fig. 13 Schematic representation of a ILangmuir probe

detecting 46.9 nm laser-induced plasma™
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Fig. 14 Nanoparticles generated by monolayer graphene-assisted 46.9 nm laser irradiation”". (a) Cross-section depth; (b) ablation of

the bare glass substrate; (c) graphene-assisted ablation of the glass substrate
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B 15 46.9 nm OB PMMA Bl K3 Py % 81 LIPSS ™, (a) 4B b &l 5 (b) = 4B ph &l
LIPSS formed by 46.9 nm laser in the ablated region of PMMA™. (a) Two-dimensional ablation pattern; (b) three-

dimensional ablation pattern

Fig. 15
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Fig. 16 LIPSS-II formed by 46.9 nm laser in the ablated region of PMMA"
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Fig. 17 LIPPS induced by single- and multi-shot 46.9 nm laser pulses in the BaF, ablation region”". (a) Ablation induce by single laser
pulse; (b) ablation induced by multiple pulses laser
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Fig. 18 Periodic structural morphology at the boundary of the BaF, ablation region”™. (a) Ablation area; (b) edge of the ablation area
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Fig. 19 Relationship between the period of micro-nano structures formed within the BaF, ablation region and laser energy density"".
(a) 230 mJ/cm*; (b) 30 mJ/cm’; (¢) 15 mJ/cm”
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Fig. 20 Schematic diagram of the 46.9 nm laser mass

spectrometerm
(a) 70.1 m/z, counts:  (b)
e o
0.08 " (o
0.16 {.—" u oo
E { oo E
0244 : 3
0.32 L s .‘"ﬁ.::“:' N
32, i
um 0

AT AR A A B T a0 L O TR
AN A R B T, O HORA R Y RE
A BT, [ 2R S OG IR B A S A Y R Y
P A HEAT W) 5T A B 1 H B BT R AG I L {EL [ 2D e A
IR R BB K H LI A e, X DL 4k 3R K A 0 3R g0 1 5L
B SE . I B AN R 46.9 nm BOG g B AT N ALE Y
o, R S R AT I ) BT A, AT 4K AT LA S B AR
T A, 3 fe A5 5T 3% A D 78 A5 58N 25 B |, [R] I B 6% I
Rl A . 34 M T B A Ak, 46.9 nm OB TE A
BE R DR R 9K R g, O BLRT RLR AT S Y
J6AE LR OGB4 R A B 100 nm PLF, B
46.9 nm G HL B AR b R T I, 2B O D R A
ann, {8 AT LASRAT 2 05 B9 B 15 B, SO XA i B9 i IR
W/l o X T 2R o3 T E L X B WA 46.9 nm Y
i R Rl NI ST R i
HL - B3 A A5 o 53 A, X — 3 B AR R Al AT R
FAH 0T DL S AR R A 0 A B A g
& 21 Fr 7 2 56 1 — /NG B9 BF 58 LR o /N AT
46.9 nm HOL AL B AL K I e AR R, BESE TP Rl BT e
Fe (m/z=70.1 Flm/2=81.1) B & F1F 4 pm X4 pm X
0.08 pm RN I3 fa i Ol o 1 21(c) i 3L B 42 B il
BE N RIRE MBS . TR FP SRR L R B9 2 PR AR Ok
T 46.9 nm BO'G 4R ETERE 5 3R T 0 £ B/ S HAE R
i R S BOTR B BT 21 TR B S E IR Ah R ET LA
FfE ) 75 nm LW 20 nm [ m A HER . A
9 [ B A 28 N BB 4R 46.9 nm O R RS £ Fh
A HLANTC AL REFEAT TR R 4 AR
T 46.9 nm BOG B E A I Y AT AT R R R T
Z .

81.1 m/z counts: (c)

0.08y—""¢

275
© I
LN Y R1es
B - N
92
0

B 21 46.9 nm OGRS B 5 48 FE = 4 s e ™ o (a)m/2=70.1; (b)m/2=81.1; (¢) FEA By I 't 11 B £ 13 i i

Fig. 21 High-resolution three-dimensional mass spectrometry imaging achieved by 46.9 nm laser mass spectrometer”™. (a) m/2=70.1;

(b) m/z=81.1; (c) confocal microscopy image of the sample

B 17X A= R il BEAT BB AT I A L 46.9 nm #OE A
AE A% JH R 58 DNA S5 A= 1) 73 1 1 WL B 0 S i 4 o %
A=) F A S AR A5 A BIE S A0 T A0 L L 2H ORI
PR B AR AR O LAY SR Al . o DNA Z» T2 5
20 0L A5 405 1 B B E AR . 46.9 nm OB RE S DL T

LB (1) 7 20 5 DNA, H I BE 98 4 8 20 BT DNA 2 7
FH A S R LB A A R T

46.9 nm Ot LA B 42 A 42 90 A 5 XX DNA 43
FreEgm, v J 3 7 U DNA H i R £ S0 1)
W HL - B ST I R 5 a4 T SXGE o B R Oy O

0701009-11



®E 5145 £ 7H/2024 £ 4 B/HRE#N

AR IE Y B SE PN DNA 20 TRy 4 o X Wi Rl o7
AR 5 T 2 fh 27 5 T 24 LA K Bt IS 9 DNA BALBE 7 24
(SSB) 1 XU 5E Wi 24 (DSB) o 46.9 nm #0619 % K 1R
T, AR X AR A A W s 2R B A R L AE A R P AR N 1Y
T TR A A O B B TR TERE S R 2 N T R
A5 X R DR S A S R . TR R AG I ) I Ak
8, 46.9 nm #4068 0% H2 = X A2 84 1R I Y 4 R
L, A 46.9 nm SOGHE5E DNA 2> T84 i A
B F 8 B DNA B8 W 24 (SSB) B K7 24 (DSB) 1)
LB, IR A W0 0 F 19 1 3 B R AR WF 55 4T JE il

X B I A A% G il BE IO O TR HE DLk B A

[ 22 fr 7n S 46.9 nm 0% 19 R IR ) i 5 DNA 4> 1
SSB.DSB 7 & [ ¢ & , I 19 DNA 40+ k& 3 1)
DNA # & | B pBR322 K i #F 1 DNA Ji k. . B T
46.9 nm ¥O% (19 8 BR , DNA 4r T 19 SSB #l DSB ¥ 1]
B AS IR L FF AR B SSB W 46.9 nm O X DNA
I3 F 3 I Ak 2 AR AR VR T B AR A X 5 R S5 Ak
SR B DNA 43 r i il i 458 405 HAT AR B X 5. Y
46.9 nm F#OG AY R R 538 R BT, DNA B 8% /9 2% % b

ZHEE

(a) 300 f——F+H—+—F+—+—"F+—+—1++ (b) 3o f——F+—+—+—+———
I 1 sl
S 2807 . 1 § 28 1
= 240 + + - " +
g 2001 o 1 2 20 . I
m . 1
B 1ot & T D 16

o 10T > 1 2 4pf = 1
& 80 =E m 11 Gy/pulse 1 2 s m 11 Gy/pulse ]
= L X A 7.1 Gy 1 = A 7.1 Gylpulse 1
2 . 1 CypIes 2 41" > 1.6Gylpulse

z 40 Ty » 1.6 Gy/pulse T z -0 Layrpulse
-+ 0 [ 2 a A -+

L N e ————+

0 10 20 30 40 0 10 20 30 40

Dose (kGy) Dose (kGy)
22 46.9 nm#OE M 4E 5 R 5 DNA 47 SSBRHIDSB =i Y X R () fa 41 7l i 5 SSB Pt 19 C % 5 (b) fa 41 ) 2t 5 DSB /=

12K 2
Fig. 22 Radiation dose of 46.9 nm laser in relation to SSB and DSB vyields of DNA molecules”. (a) Radiation dose in relation to SSB

yield; (b) radiation dose in relation to DSB yield
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Fig. 23 46.9 nm laser Gabor holographic device diagram and side view'™
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Fig. 26 Diffraction patterns and reconstructed images before and after correction”
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Fig. 28 Nano tip single shot image and oscillation in the period"”
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Abstract

Significance laser development represents a significant leap forward in the history of human science. The aggregation of billions
(or potentially more) of photons in the same mode makes the laser the “brightest light”, “fastest knife” and “most accurate ruler”.
Rapid laser source development and related technologies have promoted numerous breakthrough advances in the military, civilian and
fundamental scientific fields. The lasers application areas are related to the laser source output parameters. When the laser output
wavelength is shortened to extreme ultraviolet (EUV) and X-ray bands, the high photon energy produced by the light source and the
extremely small diffraction limit make these short wavelength radiation sources favorable tools for exploring the microscopic world
through cutting-edge scientific research. This includes micro-nano scale imaging and measurement, high-temperature, high-density
plasma diagnostics, and high-resolution nanostructure generation.

Wavelength shortening has introduced many laser generation difficulties. To achieve short-wavelength laser output, scientists
worldwide have invested significant effort into constructing large-scale short-wavelength laser sources, such as LCLS, LCLS-II in
the USA and SXFEL, DCLS in China. Current research on such laser sources represents humanity’ s exploration of the material
essence forefront and the deepest understanding of nature. Large-scale short-wavelength laser sources generate high-quality laser
outputs, leading to significant scientific research achievements. However, some drawbacks exist including high operating costs and
complex operation processes, thus, making it difficult to address the high demand for laser utilization in fundamental scientific
research. In this situation, how to miniaturize short-wavelength laser has gained attention. Capillary discharge pumping is a proven
mechanism for achieving miniaturized EUV laser output. International research groups have been studying this field since Rocca
demonstrated this type of laser output in 1994. In 2004, the Zhao group from the Harbin Institute of Technology self-developed this
laser, which remains the only EUV laser source in operation that uses capillary discharge pumping in China. Subsequently,
capillary discharge 46.9 nm wavelength EUV lasers have made significant improvements in output energy, coherence and multi-
wavelength output, which have already become an ideal light source for EUV laser application research. Meanwhile, capillary
discharge EUV lasers have been applied in micro/nano-structure processing, material composition detection and high-resolution

imaging fields.

Progress In the micro/nano-processing field, the 46.9 nm laser is capable of creating ablation patterns of PMMA photoresist of 82
nm diameter by the third order diffraction focusing of a freestanding Fresnel zone plate (Fig. 4). The ablation pattern walls are
extremely clean. The results demonstrate the feasibility of utilizing focused EUV lasers for nanoscale direct writing processes. The
EUYV laser interference effect is another approach for creating micro/nano-structures. With a tubular optical element, the 46.9 nm
laser is focused and split to trigger light interference simultaneously, and focused interference fringes are formed and recorded on the
PMMA with the period of ~150 nm (Fig. 8). Nano-structures self-formation is also particular surface behavior which is triggered by
46.9 nm laser irradiation. With given material, the ablation process could be modulated and create novel phenomena. With single-
layer graphene assistance, self-formed nanoparticles could be created all over the ablation area using single laser pulse exposure
(Fig. 14). The advantage of these self-formed nanostructures is that the scale of the structures is not dependent on the radiation source
diffraction limitation, which increases the flexibility of nano-processing technology. This suggests significant potential for the 46.9 nm
laser in this particular field. Recently, the 46.9 nm laser has been predominantly utilized in spectrochemistry. Because of high photon
energy, this laser is capable of ionizing atoms or molecules using single photon-ionization. By coupling the time-of-flight mass
spectrometer, the 46.9 nm laser analyzes the target surface composition. Furthermore, high-resolution imaging with the composition
contrast can be achieved by scanning the surface (Fig. 21). Therefore, this research connects EUV lasers with biology, chemistry and

physics applications at the atomic and molecular scale.

Conclusions and Prospects The capillary discharge EUV laser is a miniaturized laser source. Compared with short-
wavelength light sources, such as free-electron lasers and synchrotron radiation sources, capillary discharge lasers have the

advantages of low operating cost, high single-pulse energy and sufficient user time. Superior laser characteristics and the flexibility

0701009-18
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of miniaturization make it a suitable radiation source for EUV laser applications. This study presents cutting-edge applications for
this laser in the micro/nano-structure processing, material composition detection, biological disciplines and high-resolution
imaging fields, to date. Hence, it can be confirmed that the capillary discharge EUV laser is a powerful tool for probing and
processing micro/nano-structures. Currently, the demand for short-wavelength light sources is increasing, thus indicating, that

in accordance with its potential application value, multiple future advantageous development opportunities are expected to
emerge.
Key words laser technique; extreme ultraviolet laser; capillary discharge; laser micro/nano-processing; high-resolution imaging;

mass spectrometry detection
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