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Abstract: In the field of femtosecond laser physics, a phenomenon has been discovered wherein
silicon plasma appears earlier than air filaments in tightly focused femtosecond laser fields. This
phenomenon exhibits an advance time of several picoseconds. Analysis of the results reveals that the
disparity in ionization thresholds between silicon and the surrounding air is the primary cause of this
phenomenon. Moreover, the temporal contrast of the femtosecond laser pulses influences the extent
of the advance time. The findings provide valuable insights into the complex interactions between
laser-plasma and laser-material interactions, and have implications for advancements in the laser
precision machining, laser remote sensing, and related applications.
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1. Introduction

The advent of femtosecond laser technology has revolutionized the field of laser-matter
interactions, offering unprecedented insights into the ultrafast dynamics of materials under extreme
conditions[1, 2]. Femtosecond lasers, characterized by their sub-picosecond pulse durations, enable
the exploration of material responses at timescales that were previously inaccessible[3-6]. This
capability has not only expanded our understanding of fundamental physical processes[7, 8] but also
paved the way for numerous applications in fields ranging from precision machining to biomedical
science[9-14].

One of the most intriguing phenomena associated with femtosecond lasers is the formation of
plasma filaments. These filaments arise from the delicate balance between Kerr self-focusing and
plasma defocusing, resulting in the propagation of high-intensity light over extended distances[15-
17]. Within filaments, a plethora of nonlinear optical effects occur, including intensity clamping[18],
supercontinuum generation[19, 20], high harmonic generation[21], THz generation[22], light
bullet[23-25], air lasing[26, 27], molecular alignment[16], air birefringence[28], and the induction of
water condensation[29]. These diverse effects have spurred numerous ideas for practical applications
such as material processing[14], lightning protection[30], weather control[29], atmospheric
clearing[31], optical air waveguides[32], and optical communications[33]. However, a
comprehensive understanding of the plasma dynamics and laser-material interactions involved in
filamentation remains elusive. This study aims to investigate a previously unreported phenomenon
of silicon plasma preceding the formation of femtosecond filaments in highly focused laser fields.
The objective is to unravel the underlying mechanisms governing this phenomenon and gain a
deeper understanding of the associated dynamics. Our findings not only contribute to the
fundamental knowledge of laser-matter interactions but also hold potential applications in laser
remote sensing, laser beam transmission and control, and laser parameter measurement and
regulation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Experiment

To investigate the ultrafast transient behavior of silicon plasma and air filamentation induced
by tightly focused femtosecond laser pulses, we employed pump-probe time-resolved shadowgraph
imaging. The experimental setup, as depicted in Figure 1, utilized a chirped pulse amplification
(CPA) Ti: sapphire laser system (Amplitude Centaurus) to generate 50 fs pulses at a repetition rate of

10 Hz, with a central wavelength of 800nm.
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Figure 1. Schematic illustration of the experimental setup for observing the transient behavior of silicon and air
in a tightly focused femtosecond laser field. (BS: thin film beam splitter, ID: iris diaphragm, M1-M3: mirrors, M4:
90° specialty mirror, M5: retroreflector, OAP: off-axis parabolic mirrors, MO: microscope objective, F: narrow
band filter, A: neutral density filter. The image within the dashed box represents an enlarged view of the focal

area.)

The laser beam was split into two beams—the pump and the probe—using a thin-film
beamsplitter (Thorlabs BP245B2, R: T = 45%:55%). The pump beam, after passing through the
beamsplitter, had its width and pulse energy controlled by an iris diaphragm (Thorlabs ID25Z) and
its direction steered by mirrors M1 and M2. It was then focused onto a silicon wafer using an off-axis
parabolic mirror (Thorlabs MPD129-G01, £=50.8 mm) at normal incidence to excite the air and silicon,
thereby inducing air filamentation and silicon plasma. Meanwhile, the probe beam, reflected by the
beamsplitter and M3, was directed through an optical delay line consisting of a stepper motor stage
and two reflectors (M4: 90° Specialty Mirror, Edmund #47-239; M5: Gold Retroreflector, Edmund #49-
676) to precisely control the laser pulse delay time. The probe beam subsequently passed through a
BBO crystal (CASTECH) for second harmonic generation, providing illumination for the air filament
and silicon plasma, both of which were parallel to the silicon wafer's surface. To minimize broadening
of the femtosecond laser pulses due to optical elements, low-dispersion components were used
throughout the experimental setup. To reduce the broadening of femtosecond laser pulses caused by
optical elements, low-dispersion components were used throughout the experimental setup. These
components included metal-coated optical mirrors (M1-M5 and OAP), an ultra-thin beamsplitter
(BS), and a BBO crystal.

The shadow images of the air filament and silicon plasma were synchronously captured using
an imaging system composed of a long working distance microscope objective (10x Mitutoyo Plan
Apo), a narrow bandpass filter, several neutral density filters, and a CCD camera (Point Grey GS3-
U3-2854M-C, pixel size: 3.69um). The resolution of the shadow imaging system was evaluated to be
0.9um/pixel using a resolution test target (Thorlabs R1L3S5P). The image of the resolution test target
captured by the imaging system is shown in Figure 2.
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Figure 2. Shadowgraph images of the resolution test target. (a) 100lp/mm; (b)150lp/mm.

The silicon wafer was positioned on the focal plane of the lens, with the pulse energy set to
approximately 8.9m]. The transient evolution of air and silicon ionization in the tightly focused
femtosecond laser field was successfully captured using ultrafast time-resolved shadow imaging. To
vary the delay time of the probe laser relative to the pump laser, the optical path length of the probe
beam was adjusted by driving mirrors M4 and M5 along the beam direction using a high-precision
stepper motor stage. This sophisticated setup enabled us to capture transient shadow images of air
filaments and silicon plasmas at various delay times, providing a comprehensive visual
representation of the observed phenomena, as presented in Figure 3.
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Figure 3. Ultrafast time-resolved shadow images depicting the transient evolution of the air filament and silicon
plasma.

In Figure 3, the black region on the right represents the silicon wafer, while the bright gray area
on the left corresponds to air. The alternating bright and dark stripes near the surface of the silicon
wafer are diffraction patterns at the wafer's edge. The filaments indicated by the red arrow are air
filaments, and the semicircular bubbles within the dashed box, pointed to by the blue arrow,
represent silicon plasmas.

Typically, in femtosecond laser-matter interactions, the sequence of events is expected to begin
with the excitation of an air filament, which then propagates alongside the femtosecond laser pulse
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towards the surface of the silicon wafer, culminating in the excitation of silicon plasma. However,
our experimental findings reveal a significant deviation from this conventional sequence.
Specifically, we observed that the silicon plasma was excited prior to the air filament reaching the
surface of the silicon wafer. This unexpected observation suggests that the breakdown of the silicon
wafer occurs earlier than that of the air layer situated near its surface, particularly the air spanning
from the end of the air filament to the silicon wafer surface. This finding not only provides new
insights into the complex interactions between the laser and the material but also challenges the
conventional understanding of the excitation sequence in tightly focused femtosecond laser fields.

By conducting a meticulous temporal analysis of the air filament's position across multiple
instances, we ascertained that the propagation velocity of the air filament is commensurate with the
speed of light. Specifically, the maximum thickness of the air layer was measured to be approximately
900um, which corresponds to a temporal delay of roughly 3ps between the leading edge of the air
filament and the breakdown of the silicon wafer. This substantial temporal disparity not only reveals
a compelling facet of our experimental observations but also underscores the necessity for further in-
depth investigation.

Figure 4. The time-resolved shadow images of the air filament and silicon plasma at different pump energy. (a)
1.8mJ; (b)15.6m].

Furthermore, by modulating the pulse energy of the femtosecond laser through adjustment of
the iris diaphragm aperture size, we observed changes in the morphology of the air filament and
silicon plasma, as illustrated in Figure 4. Specifically, when the pulse energy was reduced to 1.8m],
the air filament became thinner, and the silicon plasma shrank. Conversely, when the pulse energy
was increased to 15.6mJ, the air filament evolved into a multi-filament structure, and the silicon
plasma expanded significantly. Despite these morphological changes, the precedence phenomenon
remained evident, and the precedence time showed no discernible variation. This suggests that the
precedence phenomenon is largely independent of pulse energy variations, indicating that other
factors may be influencing this behavior.

3. Discussion

In this section, we delve into the implications of the timing discrepancy observed in the
experimental results. The unexpected observation that silicon plasma is excited prior to the air
filament challenges the conventional sequence of events in femtosecond laser-matter interactions.
This finding provides new insights into the complex interactions between the laser and the material.

Several potential mechanisms have been proposed to explain this phenomenon. Initially, flying
focus was considered a plausible explanation[34]. However, upon careful analysis, it was discovered
that the experimental phenomenon cannot be explained by the theory of flight focus. Typically, the
movement direction of the flight focus remains consistent (either forward or backward). In this
experiment, silicon is initially ionized to generate plasma, followed by the subsequent ionization of
the air near its surface, suggesting that the focus moves backward. Nevertheless, the propagation
direction of the filamentation is forward. This suggests that the ionization processes of the two are
independent events.

Cascade ionization may also be the mechanism behind this phenomenon. However, it is
important to note that in gases at one atmospheric pressure under femtosecond laser conditions, there
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is generally a minimal occurrence of inverse Bremsstrahlung and cascade ionization. This is mainly
due to the fact that the mean free time of a free electron released from an atom or molecule through
multiphoton/tunnel ionization is longer than the duration of the femtosecond laser pulse itself[15].
These limitations highlight the need to explore alternative mechanisms that could account for the
earlier breakdown of the silicon wafer compared to the air layer near its surface.

One potential explanation for the observed phenomenon is the significant difference in
ionization thresholds between air and silicon in the femtosecond laser field. Previous studies have
established that the ionization threshold for air, when subjected to femtosecond laser pulses, is
approximately 50TW/cm?[15]. In contrast, based on experimental data[35], the ionization threshold
of silicon is estimated to be around 2.6 TW/cm? for a 50fs laser pulse. The ionization threshold of air
is nearly 20 times higher than that of silicon. To further explore this possibility, we conducted an
analysis of the spatio-temporal distribution of the optical field generated by the focused femtosecond
laser and compared it with the ionization thresholds of both air and silicon.

The intensity of a tightly focused femtosecond laser can be articulated through the following
equation:

I(z,7,t) = EgFr(z,t)Fs(z,71) 1)

Herein, E, signifies the pulse energy, Fr(z,t) characterizes the temporal profile, and Fs(z,7)
delineates the spatial distribution of the laser. The temporal and spatial profiles are detailed as:

_ 2
Fr(z,t) = \]4;—712% exp (—4ln2 #) (2)
D D
and
2 2r?
Fs(z,7) = T2 P (— m) 3)

In equation (2), t, denotes the pulse duration, c is the speed of light, and t represents time. In
equation (3), r is the transverse spatial coordinate, z is the longitudinal spatial coordinate, and w(z)
is the radius of the laser beam at position z, which can be determined by:

w@)? = o} + (HL;) @

Where A is the laser wavelength and w, is the radius of the beam waist, calculated as:

_AF

Wy =
Tw;

5)
Here, F is the focal length of the lens, and w; is the radius of the laser beam at the front surface of the
lens.

Employing a femtosecond laser with a pulse duration of 50fs, a pulse energy of 8.9m], and a
wavelength of 800nm, we determined that the beam radius at the anterior surface of the lens is 1.5cm,
with the lens having a focal length of 5cm. The laser propagates along the positive z-axis within the
laboratory reference frame, with the focal plane of the lens defined at z=900um to facilitate direct
comparison with experimental outcomes. Equations (1) through (5) are utilized to ascertain the
temporal distribution of light intensity along the optical axis at discrete axial distances z, as depicted
in Figure 5(a).
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Figure 5. Spatio-temporal distribution of the tightly focused femtosecond laser field and the breakdown region
of air and silicon. (a) tightly focused femtosecond laser field. (b) breakdown region of air (white) and silicon

(orange plus white).

Figure 5(a) illustrates a pronounced enhancement of light intensity at the focal plane. A
comparative analysis of the light intensity with the ionization thresholds for Si and air is conducted,
delineating the spatiotemporal regions where the intensity exceeds the Si threshold in red and those
surpassing the air threshold in white within Figure 5(b). The lower ionization threshold of Si, as
compared to air, results in a more extensive red-marked area, which overlaps with the white-marked
region at the center but extends beyond it at the periphery. This distinct pattern reveals that at the
focal plane (z = 900um), the light intensity sequentially surpasses the thresholds of Si and air with the
progression of time. Consequently, this sequence initiates the formation of Si plasma prior to the
generation of air plasma. The leading edge of the femtosecond laser pulse effectively ablates silicon,
thereby initiating silicon plasma formation. In contrast, the higher ionization threshold of air limits
ionization to the air molecules in the immediate vicinity of the pulse's peak intensity.

Moreover, the simulation outcomes indicate a lead time that is remarkably brief (dt=tz-ti=12fs),
aligning with the pulse duration and diverging from the experimentally observed several
picoseconds. This divergence is likely due to the temporal contrast of the femtosecond laser pulses.

To substantiate the hypothesis regarding the impact of temporal contrast on laser pulses, this
investigation takes into account the actual temporal contrast of the laser pulses. For a more accurate
depiction of the temporal contrast of laser pulses, the pulse time distribution formula (2) has been
refined, yielding formula (6).

— 2

4In2 1 (t - E)

Fre(z,t) = |——|exp | —4In2———
Tty b

ci

\ (6)
+ Z Ciexp| —4In2

i=1
Within the equation, C; represents the temporal contrast measured at t.;. The calculations have been
refined based on the temporal contrast parameters furnished by the laser manufacturer, which are
specified as 3x10 at 1ps, 6x10-¢ at 5ps, 2x108 at 20ps, and 5x10-10 at 50ps. The modified computational
outcomes are illustrated in Figure 6.
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Figure 6. Modified spatio-temporal distribution of the tightly focused femtosecond laser field and the
breakdown region of air and silicon. (a) tightly focused femtosecond laser field. (b) breakdown region of air
(white) and silicon (orange plus white).

Figure 6(a) elucidates the broadening of the temporal distribution of the leading and trailing
edges of the femtosecond laser pulse prior to the focus. At the focal plane, the focusing action of the
lens maintains a higher level of intensity over a more extended duration. By comparing the
spatiotemporal distribution of the light intensity with the ionization thresholds of Si and air, we
delineate the ionization regions for Si and air, as depicted in Figure 6(b). Notably, at t1=0.12ps, air at
z=-960um and Si at z=Opum can both be ionized to produce plasma, while the intervening air remains
un-ionized as the laser intensity has not yet reached the ionization threshold. This indicates that,
relative to the air near the Si wafer surface (e.g., at z=-30pm), Si ionizes nearly 3ps earlier.
Subsequently, as time progresses and the pulse propagates along the positive z-axis, the region of air
ionization gradually approaches the Si wafer, reaching the surface at t>=3.33ps. These computational
results effectively account for the experimental observation of Si plasma preceding air plasma
excitation.

The results of the preceding discussion have revealed that the distinct ionization thresholds
between silicon and air are primarily responsible for the intriguing phenomenon where silicon
plasma forms prior to air filamentation. Furthermore, it has been observed that the temporal contrast
of femtosecond laser pulses plays a significant role in determining the lead time of this process.

4. Conclusions

Our study has uncovered a phenomenon whereby silicon plasma emerges before air filaments
in tightly focused femtosecond laser fields. We have successfully demonstrated that the disparity in
ionization thresholds between silicon and air serves as the primary catalyst for the observed
phenomenon, wherein silicon plasma precedes the air filament. Additionally, the temporal contrast
of the femtosecond laser noticeably influences the duration of the leading time. These findings
contribute to a more nuanced understanding of laser-plasma interactions and may offer value in areas
such as laser remote sensing, beam transmission and control, and laser parameters assessment.
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writing—review and editing, Xin Li, Qing Ye and Yuntao Xie. All authors have read and agreed to the published
version of the manuscript.
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