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Abstract: Temporal-spatial evolutions of transient plasma in single pulse femtosecond (fs) laser induced
microstructure in fused silica were investigated using fs time-resolved pump—probe shadowgraphy. The
relation between the spatial distribution of transient electron density and the distribution of fs laser-induced
microstructure in fused silica were also studied. In this study, the fs laser was focused by two kinds of
microscope objectives with different Numerical Aperture (NA). The results showed that the transient peak
electron density indued by focused fs laser was increased and then decreased as delay time of probe beam
increased. When the NA of the microscope objective was 0.45, the spatial position of transient peak
electron density induced by fs laser did not moved as delay time increased, which basically kept at the
nonlinear focus. The fs laser-induced microstructure in the sample was punctate. When the NA of the
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microscope objective was 0.3, the spatial position of transient peak electron density induced by fs laser
moved from the sample surface to the inside of the sample as delay time increased. The fs laser-induced
microstructure in the sample was long strips. In addition, we found that the spatial position of fs laser—
induced maximum transient electron density was consistent with the position of laser—induced
microstructure when fs laser was focused by the two different microscope objective. Those results imply
that fs time-resolved pump—probe shadowgraphy may be used for online monitoring fs laser processing
process, which can provide references for directional control of ultrafast laser—induced material
microstructure and optimization of machining parameters.

Key words: Femtosecond laser; Pump—probe shadowgraphy; Plasma; Micro—nano machining; Numerical
aperture
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Fig. 1 Schematic diagram of the femtosecond time-resolved pump-probe shawdowgraphy
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Fig. 2 Time-resolved images of plasma induced by 16.0 pJ femtosecond laser in fused silica
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Fig. 3 Time-resolved image at a delay time of 300 fs, and its corresponding transmissivity image
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Fig. 4 The evolution of the average transient absorption coefficient at nonlinear focus
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Fig. 5 Temporal-spatial distribution of the transient electron density induced by focused femtosecond laser in the fused silica
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Fig. 6 Time-resolved images of plasma induced by different pump energies and typical morphologies of microstructures
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Fig. 7 Variation of transient peak electron density and its spatial position with delay time
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Fig. 8 Temporal-spatial evolutions of the transient peak electron density when 16 pJ femtosecond laser was focused by micro-
scope objective with 0.3 NA
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Fig. 9 Spatial distribution of maximum transient electron density at each propagation depth induced by 16 pJ femtosecond laser.
The delay time of the shadow images was 150 fs. Inset: Typical morphologies of microstructure induced by 16 pJ
femtosecond laser observed under a 50 X microscope

3 #ig

P TR IR 8] 73 3 2R PR B 82 AR B AR WS T ) 5 R AR B4 LR e TR IO T Rl £ 9 b A
N 75 S 458 B 1A 14 I 2 A (1] — 2 1] 30 A A 1 B I 2 vl 1 9 A5 () 0 A 5 OGRS IS MG R AR o SRR ]
Y B R AR 0TRSO TR A il 5 IR A W (R P T R R I A I 0 28 S RS B s . 2 R B
R RE ALAR S 0.45 I, BT AT A IF T "ROADSOGTEAE i PN 55 45 B 1A 1 20 A1 15 80T 7% D ) 249 52 R, EL A%

0650104-7



P/ R

P A Tl 2 L T 2 R T I VO 1 B TR R Y R0 S R e/ o I 2 0 I R 1 R 0 2 () A I A
4 38 AR AN, SEARERTE AR LR 4R UL O TR T 10 LA RUR B9 5 2 B M B B AL AR o 0.3 1, )
PO AE A iy v 75 S I A W D Pl 1 5 2 110 2 [ 7 5 S U 119 38 0 3% 3 1) o o DY RS 80, SO & I IS
FER AR o BEAh A TR R (R FL AR 0 3 5 2R AR RO 7 B il TP 5 B R B A FL 9 Y S () S S
D T Tl A B 7 — B, o R WY ORI i) 9 2 I R IS5 AR R LA Ay A T R T R RO TR R L
5 5 Gl 4l F 02 E B H  A B A 2 T

Sk

[1]

[2]

(3]

[4]

(5]

COUAIRON A, MYSYROWICZ A. Femtosecond filamentation in transparent media[J]. Physics Reports, 2007, 441:
47-189.
GAUDIUSO C, VOLPE A, ANCONA A. One-step femtosecond laser stealth dicing of quartz [J]. Micromachines,
2020, 11(3): 327.
SUN Ke, SUN Shengzhi, QIU Jianrong. Review on research progress of glasses used for optical storage [J]. Laser &.
Optoelectronics Progress, 2020, 57(11): 111407.
PN, PhEEZ, BEREESR . BUEE LA BOLAF T S R R AR LT ] SOt SOt T ARt 2020, 57(11): 111407.
QIU Jianrong. Femtosecond laser-induced microstructures in glasses and applications in micro—optics [J]. The Chemical
Record, 2004, 4. 50-58.
GUO Baoshan, SUN lJingya, LU Yongfeng, et al. Ultrafast dynamics observation during femtosecond laser-material
interaction[ J]. International Journal of Extreme Manufacturing, 2019, 1(3): 032004.
MAO Xianglei, MAO S S, RUSSO R E. Imaging femtosecond laser-induced electronic excitation in glass [J]. Applied
Physics Letters, 2003, 82(5): 697-699.
SUN Quan, JIANG Hongbing, LIU Yi, et al. Measurement of the collision time of dense electronic plasma induced by a
femtosecond laser in fused silica[ J]. Optics Letters, 2005, 30(3): 320-322.
PAN Changji, JIANG Lan, WANG Qingsong, et al. Temporal-spatial measurement of electron relaxation time in
femtosecond laser induced plasma using two—color pump-probe imaging technique[J]. Applied Physics Letters, 2018, 112
(19): 191101.
WANG Feifei, PAN Changji, SUN Jingya, et al. Direct observation of structure—assisted filament splitting during ultrafast
multiplepulse laser ablation[J]. Optics Express, 2019, 27(7): 10050-10057.
GAWELDA W, PUERTO D, SIEGEL J, et al. Ultrafast imaging of transient electronic plasmas produced in conditions
of femtosecond waveguide writing in dielectrics[ J]. Applied Physics Letters, 2008, 93(12): 121109.
HUANG Fengqgin, SI Jinhai, CHEN Tao, et al. Temporal-spatial dynamics of electronic plasma in femtosecond laser
induced damage[J]. Optics Express, 2021, 29(10) : 14658-14667.
STUART B C, FEIT MD, HERMAN S, et al. Nanosecond-to—femtosecond laser-induced breakdown in dielectrics[J].
Physical Review B. 1996, 53(4): 1749-1761.
MAO S S, QUERE F, GUIZARD S, et al. Dynamics of femtosecond laser interactions with dielectrics [J]. Applied
Physics A, 2004, 79(7): 1695-1709.
BULGAKOVA N M, STOIAN R, ROSENFELD A, Laser-induced modification of transparent crystals and glasses[J].
Quantum Electronics, 2010, 40(11): 966-985.
PAPAZOGLOU D G, TZORTZAKIS S, Physical mechanisms of fused silica restructuring and densification after
femtosecond laser excitation[ J]. Optical Materials Express, 2011, 1(4): 625-632.
COUAIRON A, SUDRIE L., FRANCO M, et al. Filamentation and damage in fused silica induced by tightly focused
femtosecond laser pulses[J]. Physical Review B, 2005, 71(12): 125435.

Foundation item: National Key Research and Development Program of China (No. 2017YFB1104600) , Key Research and Development
Program of Shaanxi province (No. 2017ZDXM-GY-120), Aeronautical Science Foundation of China (No. 20140870002)

0650104-8



