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Fig. 4 Effects of the microstructure formed by the first 219 pulses irradiating the material on propagation and ionization of subsequent
individual pulses when the focus is on the quartz surface. (a) 20X, NA=0.4; (b) 40X, NA=0.6
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Fig. 5 Propagation of the 220th pulse when the focusing condition is 20X and the focal point is at the quartz surface
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Fig. 6 Propagation of the 220th pulse when the focusing condition is 20X and the focal point is 100 pm inside the quartz
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Fig. 8 Time distribution of maximum electron number density when the focusing condition is 20X . (a) Focal point is at the quartz

surface; (b) focal point is 100 pm inside the quartz

KB L TE MR LA T I B LSS H X 22 ik vhids R
14 45 B8 R 1% L 50 R B S B R e R LT
B . 1Y) 4 S R

BT 40X (NA=0.6) R &, X Z ik v pe il
Sk b A% 1 5 B e BT IR AE . WAL 9 10 i,
TE 2 WK b AR RN, 7 B R R BT 3T LB R Y M Bt
ghEM . TSR, G SE Ik b AT T RE R E AR O
TE BT W 5 0 A5 B8 IR A . Y S TE A D R A
A B R E A 219 A K v R BECR R T 9E 25.96 pm IR

167 fs

10 e (4 BB B G A 5 22 £ a7 A7 SR BH 3 100 pm
I, T A PR AR LB R, W 22.8 pm, RN 11.4 pm.
FE S FE R RE B AR B T R URAR B M BT A A (5
AR IBIAH L) o YL B S M B #E s
K JFE T TE i 22 22 43 A5 (83 {s B Z1| ) ; Bl 35 I 1] AiE 3R fY 384
A WG 22 BRI . A LD AT Y AR
TEM R R T J5e K L - 500% B BT 167 s Z1 L o
3.2X 10" em 75 M £E RLTEMBHA R 100 pm b B, 249 fs
B 22 B fe R A AU Ll 2.2 X 10" em Y

focus on surface

B9 40X AL H AR fUE A JE RS, 55 220 4 Bk v A2 45 1 2 1 [ 5%
Fig. 9 Shaded diagrams of the propagation process of the 220th pulse when focusing condition is 40X and the focal point is at the

quartz surface

FI10 40X B £E H A R AE A7 9 N8 100 pm &b I, 575 220 4 oo % 4 2o 72 14 B 5
Fig. 10 Shaded diagrams of the propagation process of the 220th pulse when focusing condition is 40X and the focal point is 100 pm

inside the quartz
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Fig. 11 Variation of maximum electron number density with time when the focusing condition is 40X . (a) Focal point is at the quartz

surface; (b) focal point is 100 pm inside the quartz
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Fig. 12 Propagation and ionization of the pulse when the focus is different locations (20 X focus). (a) Propagation and ionization images

of the pulse at 498 fs; (b) crater morphology formed by the first 220 pulses
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Fig. 13 Propagation and ionization of the pulse when the focus is different locations (40 X focus). (a) Propagation and ionization images

of the pulse at 498 fs; (b) crater morphology formed by the first 220 pulses
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Abstract

Objective This study investigates the prevalent process problems, such as “microcracking” and “induced streaking,” in the
femtosecond laser processing of hard and brittle transparent materials. The study employs the femtosecond time-resolved pump-probe
shadow imaging technique to visualize the electron dynamics during the femtosecond laser multi-pulse ablation of quartz glass.
Particularly, the plasma filament evolution at the early stage of laser pulse ionization (before 700 fs) is analyzed. The multi-pulse-
induced microstructures distribute the filament formation regions on both sides of the microstructure with respect to the axial direction
of the light pulse propagation. The distribution on both sides is primarily due to the refraction of the light pulse by the sidewalls of the
microstructure, while that on the axis is caused by the difference in the shape of the bottom and sidewalls of the microstructure,
creating the light range difference. The empirical results show that the pulse train induces a remodeling effect of the microstructure on
the subsequent light field during multi-pulse processing, affecting the distribution of the plasma filament formation region and energy
deposition—the core mechanism responsible for common process problems.

Methods A femtosecond time-resolved pump-probe shadow imaging setup was built to capture the propagation and ionization
process of a single subsequent pulse beneath the microstructure induced by irradiating the material with 219 fs pulses. First, the actual
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spatial location of the focus was determined by imaging the shadow of the air-ionized plasma at the focus. After that, the power
density at the material surface was obtained for different focus positions. The distinctive “V” and “inverted trapezoid” shapes were
obtained after controlling the relative positions of the laser focus and the material. Second, the ionization process of femtosecond time-
resolved propagation of the 220th pulse under different microstructures was obtained by modulating the time delay between pump and
probe beams. Finally, the ionized filament-forming regions in the transient ionization images were compared with the process defects

to reveal the formation mechanism of the process defects.

Results and Discussions The propagation and ionization process of the 220th pulse is observed using femtosecond time-resolved
pump-probe shadow imaging (Figs. 5.6.9.10). The physical mechanisms governing process problems such as “microcracking” in
micromachining of hard and brittle materials are revealed. The light-field remodeling effect, guided by various morphology
microstructures, leads to energy deposition and the mechanism of generating common process problems. In the context of multi-pulse
processing, the influence of energy deposition (propagation and ionization) is determined by the linear refractive index of the material,
a nonlinear refractive index that varies with the light intensity, plasma defocusing effect, microstructure morphology, and the focusing
conditions in conjunction with the laser fluence on the material surface. Moreover, the relaxation time of ionized free electron number

density during light field propagation is determined to be less than 300 fs across diverse microstructures.

Conclusions Under multi-pulse irradiation, the remodeling effect of different microstructural morphologies on the subsequent light
field orchestrates the nonlinear ionization process. In the case of the V-shaped structure, the formation process is accompanied by
decreasing tilt angle of the sidewalls, guiding the ionization filamentation direction of the subsequent light field and sweeping across
the sidewall region. It corresponds to the areas of “microcracks” and “induced stripes” on both sides of the microstructure.

‘

Conversely, the “inverted trapezoidal” structure yields strong ionization filament formation at its relatively flat bottom center region
owing to the ionization effect at the bottom of the structure. For the “inverted trapezoidal” structure, a strong ionization effect occurs
at the center of the relatively flat bottom, which is the root cause of the fragmentation at the bottom. Overall, the light-field
remodeling effect, facilitated by different morphology microstructures, plays a crucial role in energy deposition and governing the
common process problems. This result offers directions for optimizing machining processes, such as selecting the number of pulses
and controlling the focal feed. Additionally, the high-temporal-resolution pump-probe shadow imaging technique holds promise for
predicting fragmentation regions in different morphologies of hard and brittle transparent materials, serving as a powerful tool for

online monitoring of high-end processing equipment.

Key words laser technique; femtosecond laser micromachining; pump-probe shadow imaging; multi-pulse ablation; plasma
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