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Abstract: - Ultrafast laser excitation of transparent dielectric media initiates a sequence of electronic processes 
that determine the early stages of energy deposition and the resulting optical response. We investigate the 
generation and temporal evolution of free carriers in water-like dielectric media irradiated by femtosecond laser 
pulses. The carrier dynamics are described within a nonlinear rate-equation framework, while the resulting 
time-dependent electron density is used to evaluate the transient optical response through a Drude-type 
dielectric function and Fresnel relations. The analysis reveals a pronounced wavelength dependence of the 
carrier generation efficiency arising from the variation of the multiphoton excitation order across the considered 
spectral range. We have shown that wavelength-dependent nonlinear excitation governs both the buildup of 
free carriers and the resulting ultrafast optical response, providing a consistent framework for interpreting 
pump-probe reflectivity measurements in water-like dielectric systems. 
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1 Introduction 
The interaction of intense ultrafast laser pulses with 
transparent dielectric media has attracted 
considerable attention over the past decades, [1], [2]. 
In wide-bandgap materials, femtosecond laser 
excitation drives electronic transitions on sub-
picosecond timescales, long before significant 
thermal diffusion, acoustic relaxation, or structural 
modification can occur. As a result, the early stage of 
the interaction is governed primarily by purely 
electronic processes, leading to the rapid excitation 
of electrons from the valence band into the 
conduction band. The resulting generation of free 
carriers represents the initial stage of laser-induced 
breakdown (LIB) and strongly modifies the transient 
optical properties of the medium. Because these 
processes occur before the onset of significant 
thermal or mechanical effects, femtosecond 
excitation enables highly localized and controlled 
interaction with matter, which underlies applications 

in precision material processing and biomedical 
photonics, [3], [4].  

In transparent and weakly absorbing materials, 
the generation of conduction-band electrons during 
femtosecond irradiation occurs predominantly 
through nonlinear photoionization (PI) mechanisms. 
Depending on the strength of the optical field, PI 
may proceed via multiphoton absorption or 
tunnelling ionization (TI), while the initially 
produced carriers can subsequently initiate avalanche 
multiplication through impact ionization, [5]. The 
interplay between these processes determines the 
temporal evolution of the electron population during 
the laser pulse and ultimately governs whether the 
material remains weakly perturbed or evolves toward 
a dense plasma-like state. The efficiency of nonlinear 
PI depends strongly on the excitation wavelength and 
the bandgap of the material, which together 
determine the number of photons required for carrier 
generation and the probability of electron excitation. 
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A detailed understanding of this early electronic 
stage is essential for interpreting ultrafast optical 
measurements. Experimental studies commonly 
employ time-resolved pump-probe techniques to 
monitor transient changes in reflectivity or 
transmission induced by femtosecond excitation, [6], 
[7], [8]. These measurements provide direct insight 
into the evolution of the free-electron population and 
the associated modification of the dielectric function 
on sub-picosecond timescales. However, interpreting 
such signals requires theoretical models capable of 
linking the microscopic carrier-generation dynamics 
with the macroscopic optical response of the 
medium. Among the available theoretical 
approaches, rate-equation models have proven 
particularly useful for describing ultrafast carrier 
dynamics in laser-excited dielectrics, [9], [10]. When 
combined with optical response models based on the 
free-carrier contribution to the dielectric function, 
these approaches allow the calculated electron 
density to be directly related to experimentally 
observable quantities such as transient reflectivity or 
transmission. 

Biological and aqueous materials provide a 
particularly interesting context for studies of ultrafast 
laser-matter interaction, [4]. A large fraction of 
biological matter consists of water, and many such 
systems exhibit optical properties similar to those of 
wide-bandgap dielectrics in the visible and near-
infrared spectral regions. In the present work, the 
term water-like dielectric media refers to transparent 
materials whose refractive index and bandgap are 
comparable to those of liquid water (𝑛 ≈  1.33, 𝐸𝑔 ≈

 6 − 7 eV), [11]. The term is used here in an effective 
sense, referring to homogeneous dielectric systems 
with optical properties comparable to water, while 
neglecting additional complexities such as impurities 
and structural inhomogeneities that may influence 
the dynamics in real systems. Under femtosecond 
excitation, such media exhibit nonlinear ionization 
dynamics similar to those observed in conventional 
dielectric materials, where multiphoton excitation 
and subsequent carrier multiplication govern the 
initial stages of energy deposition. Understanding 
how these ultrafast electronic processes modify the 
optical response of water-like media is therefore 
essential both for interpreting pump-probe 
experiments and for improving laser-based 
biomedical techniques that rely on controlled 
microscopic energy deposition. 

In this work, we investigate the ultrafast 
generation and evolution of free carriers in water-like 
dielectric media irradiated by femtosecond laser 
pulses. Pulse durations in the range of 50-100 fs and 
wavelengths spanning the visible to near-infrared 

region (400-1550 nm) are considered. The carrier 
dynamics are described using a nonlinear rate-
equation model that includes multiphoton ionization 
(MPI), avalanche ionization (AI), and carrier 
recombination. The resulting time-dependent 
electron density is then used to calculate the transient 
optical response of the medium through a Drude-type 
dielectric function combined with Fresnel relations at 
normal incidence. This approach enables a direct 
connection between the microscopic ionization 
dynamics and the transient reflectivity signals 
observed in [12], [13]. 

The remainder of this paper is organized as 
follows. Section 2 presents the theoretical framework 
used to model the carrier dynamics and the 
corresponding optical response. Section 3 discusses 
the numerical results obtained for different excitation 
conditions and analyses the dependence of the 
electron density and transient reflectivity on the 
pulse parameters. Section 4 summarizes the main 
conclusions of the study. 
 
 
2 Theoretical Framework  
When a femtosecond laser pulse interacts with a 
transparent water-like dielectric medium, the earliest 
stage of the interaction is governed exclusively by 
ultrafast electronic processes. The strong optical field 
promotes bound electrons into the conduction band 
on sub-picosecond timescales, well before any 
significant lattice heating, heat diffusion, or 
mechanical relaxation develops. This separation of 
timescales is justified by the condition 𝜏𝑝 ≪ 𝜏𝑒−𝑝ℎ, 
where 𝜏𝑝 denotes the pulse duration and 𝜏𝑒−𝑝ℎ the 
characteristic electron-phonon relaxation time. Under 
these conditions, the lattice remains effectively 
frozen during the optical excitation, so that thermal 
diffusion and structural relaxation can be neglected 
on the timescale of carrier generation. In this regime, 
the material response is determined entirely by 
electronic excitation, and the key dynamical quantity 
is the time-dependent free electron density 𝑁𝑒(𝑡), 
which controls the transient optical properties of the 
medium, [3], [14]. 

In wide-bandgap dielectric media, 
conduction-band electrons are initially generated by 
PI, which can proceed through MPI or TI. The 
relative importance of these mechanisms is 
rigorously determined by the Keldysh parameter, 
𝛾 = 𝜔√2𝑚𝐸𝑔/𝑒𝐸, which distinguishes between the 
perturbative MPI regime (𝛾 ≫ 1) and the quasi-static 
tunnelling regime (𝛾 ≪ 1), [15], [16]. For the 
near-infrared excitation conditions considered here 
(intensities 𝐼 ∼ 1012–1014 W cm−2 and photon 
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energies ℏ𝜔 ≈ 0.8–3.1 eV), the corresponding field 
amplitudes yield 𝛾 ≈ 3–15, placing the system 
unambiguously in the multiphoton regime.  
Representative values are obtained as 𝛾 ≈ 14.8, 7.4, 
5.8, and 3.8 for 400, 800, 1030, and 1550 nm at 𝐼 =
1012 W cm−2, confirming the multiphoton character 
of the excitation. At higher peak intensities, 𝛾 
approaches unity, and the MPI term is therefore 
interpreted as an effective PI source capturing the 
dominant wavelength dependence through the 
photon order 𝐾. Under these conditions, excitation 
remains dominated by nonlinear PI processes, with 
the lower-intensity part of the parameter range 
corresponding to a clear multiphoton regime and the 
highest intensities approaching the intermediate 
Keldysh range. Therefore, the PI source is described 
here by an effective 𝐾-photon MPI term, which 
retains the dominant wavelength dependence through 
the photon order 𝐾. This reduced description is 
appropriate for the present rate-equation model, 
whose main aim is to analyse the coupled evolution 
of carrier density, avalanche multiplication, and 
transient optical response. Within this framework, 
ionization occurs when a bound electron absorbs 𝐾 
photons whose combined energy exceeds the 
effective ionization threshold. This threshold consists 
of the bandgap 𝐸𝑔 and the ponderomotive potential 
𝑈𝑝, the latter representing the cycle-averaged quiver 
energy acquired by an electron in the oscillating 
optical field. The minimum photon number is 
therefore: 

𝐾 = 〈
𝐸𝑔+𝑈𝑝

ℏ𝜔
〉,              (1) 

where 𝜔 denotes the angular frequency of the laser 
and ℏ is the reduced Planck constant. The 
ponderomotive potential can be expressed as: 

𝑈𝑝 =
𝑒2𝐸2

4𝑚𝜔2,             (2) 
or, in an approximate form, 𝑈𝑝[eV] ≈ 9.33 ×

10−14𝐼[W cm−2]𝜆2[μm2]. Because 𝑈𝑝 increases 
with both intensity and wavelength, it raises the 
effective ionization threshold at longer wavelengths. 
However, for the moderate intensities used here, 
𝑈𝑝 ≪ 𝐸𝑔, allowing the approximation 𝐾 ≈ ⟨𝐸𝑔/ℏ𝜔⟩, 
which simplifies the modelling while remaining 
accurate within the MPI regime.  For the considered 
intensity range, 𝐼 ∼ 1012–1014 W cm−2, and 
wavelengths 𝜆 = 400–1550 nm, the 𝑈𝑝 remains in 
the sub-eV range (𝑈𝑝 ≲ 0.1–0.5 eV), i.e., at least one 
order of magnitude smaller than the bandgap energy 
(𝐸𝑔 ≈ 6–7 eV). Consequently, the inclusion of 𝑈𝑝 
modifies the effective threshold only weakly, and the 
resulting variation in 𝐾 does not exceed one photon 
across the spectral range investigated. This refined 

justification, which is based on the Keldysh criterion, 
numerical evaluation of 𝛾, and comparison of 
ponderomotive and bandgap energies, ensures that 
the exclusive use of MPI is physically and 
mathematically consistent with the excitation 
conditions of the present study. 

Since the effective ionization threshold is 
determined by both the bandgap and the 
ponderomotive energy, the probability of PI becomes 
highly sensitive to variations in the instantaneous 
laser intensity. In the perturbative regime identified 
above, 𝛾 ≫ 1, the electron-field interaction is well 
described by a coherent 𝐾-photon transition, leading 
to an ionization rate that scales strongly with the 
field amplitude. The resulting MPI rate is therefore 
expressed in the standard form: 

𝑊𝑀𝑃𝐼(𝐼) = 𝜎𝐾𝐼𝐾.                          (3) 
where 𝜎𝐾 denotes the generalized 𝐾-photon 
absorption coefficient associated with the relevant 
virtual transitions and the electronic structure of the 
medium. For water-like dielectric media, the 
magnitude of 𝜎𝐾 can be constrained using 
experimental observations from nonlinear 
spectroscopy and multiphoton microscopy, where 
similar excitation pathways are dominant, [14], [17]. 
Because the photon order for near-infrared excitation 
of wide-bandgap dielectrics typically lies in the 
range 𝐾 ∼ 3–8, the multiphoton rate exhibits an 
exceptionally steep intensity dependence. Therefore, 
𝑊MPI(𝐼) ∝ 𝐼𝐾 becomes highly localized in time, 
with the vast majority of conduction-band electrons 
generated in a narrow temporal window around the 
peak of the femtosecond pulse. Even the smallest 
variations in peak intensity arising from energy 
fluctuations or nonlinear propagation can therefore 
lead to orders-of-magnitude changes in the produced 
electron density. This extreme sensitivity is 
characteristic of the intrinsically nonlinear and 
threshold-like nature of multiphoton excitation. The 
electrons produced through MPI represent the seed 
population required to initiate subsequent 
carrier-multiplication mechanisms. Once a nonzero 
conduction-band density is established, these carriers 
may gain additional energy from the driving field 
and trigger impact-ionization events, giving rise to 
AI growth. Thus, the MPI process not only governs 
the initial carrier injection but also determines the 
temporal onset and efficiency of the nonlinear 
amplification dynamics that follow. 

 
Once a seed population of conduction-band 

electrons has been produced through multiphoton 
excitation, additional carriers may be generated 
through avalanche (impact) ionization. In this 
secondary process, conduction-band electrons 
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acquire kinetic energy from the oscillating optical 
field between successive collisions. During electron-
phonon or electron-impurity scattering events, part of 
this acquired energy may be transferred to a bound 
electron. When the transferred energy exceeds the 
impact-ionization threshold (typically comparable to 
the bandgap energy 𝐸𝑔), a new conduction-band 
electron is created. Repetition of these events leads 
to a cascade-like multiplication of carriers. This 
mechanism exhibits the same mathematical structure 
as classical Townsend amplification in gases, where 
the electron-impact ionization coefficient 𝛼T depends 
exponentially on the ratio of threshold energy to the 
energy gained between collisions. In condensed 
dielectrics, similar reasoning leads to an effective 
ionization coefficient that increases with intensity 
and decreases with increasing scattering rate. A 
commonly used phenomenological representation for 
the avalanche contribution is: 

𝑊𝐴𝐼(𝐼, 𝑁𝑒) = 𝛼𝐼𝑁𝑒,               (4) 
where 𝑁𝑒 denotes the instantaneous free-electron 
density, and 𝛼 is the avalanche coefficient. The 
dependence on both 𝐼 and 𝑁𝑒 captures, respectively, 
the rate at which electrons acquire kinetic energy 
from the field and the multiplicative nature of the 
cascade. The coefficient 𝛼 is, in general, intensity-
dependent through microscopic transport processes; 
here, it is treated as an effective parameter evaluated 
at the characteristic intensity scale 𝐼0, consistent with 
the nondimensional formulation where the temporal 
variation is captured by 𝐼(𝜏). The parameters are 
treated within an effective framework, with values 
constrained by literature, reflecting average 
microscopic processes and enabling a consistent 
description of the dominant ultrafast dynamics. In 
addition, the coefficient 𝛼 subsumes microscopic 
transport parameters, including the electron-phonon 
collision frequency, the mean free path, and the 
critical energy 𝐸𝑔 necessary for impact ionization, 
[3], [10]. In analogy with Townsend theory, 𝛼 
increases approximately as 𝛼 ∝ exp[−𝐸𝑔/Δ𝐸(𝐼)], 

where Δ𝐸(𝐼) is the cycle-averaged kinetic energy 
acquired between collisions, which itself grows 
monotonically with the field amplitude. The 
multiplicative 𝑁𝑒 dependence in Eq. (4) introduces a 
nonlinear positive feedback mechanism into the 
carrier dynamics. A simple linear-stability 
consideration shows that avalanche growth becomes 
self-sustaining when: 𝛼𝐼 > 𝜏eff

−1, where 𝜏eff is the 
effective electron lifetime determined by 
recombination and trapping. When this condition is 
satisfied, the AI term dominates over carrier-loss 
mechanisms, and the electron population exhibits 
exponential growth on sub-picosecond timescales. 

Otherwise, when 𝛼𝐼 < 𝜏eff
−1, AI contributions remain 

subcritical and do not significantly amplify the seed 
population. This threshold behaviour is a defining 
feature of impact ionization in dielectrics and 
explains the rapid growth of electron density that 
may occur even within a small fraction of the 
femtosecond pulse duration. Because both 𝛼 and 𝐼(𝑡) 
vary temporally during the pulse, the onset of 
avalanche growth is confined to a temporal region 
close to the maximum of the pulse envelope. Under 
such conditions, the electron density can evolve from 
a weakly ionized state to a high-density plasma 
regime within tens of femtoseconds, provided that 
the seed population generated through multiphoton 
excitation is sufficient to trigger the avalanche 
feedback. 

The joint action of MPI and avalanche growth 
governs the temporal evolution of the 
conduction-band electron density during ultrafast 
excitation. In addition to these generation channels, 
carriers are depleted through recombination and 
trapping, which can be incorporated into an effective 
recombination time 𝜏𝑟. Under these assumptions, the 
electron density obeys the nonlinear rate equation: 

𝑑𝑁𝑒

𝑑𝑡
= 𝜎𝐾𝐼(𝑡)𝐾 + 𝛼𝐼(𝑡)𝑁𝑒 −

𝑁𝑒

𝜏𝑟
, (5) 

revealing the competition between a high-order 
multiphoton source, a density-dependent avalanche 
term, and recombination losses. To expose the 
nonlinear structure of this equation, it is convenient 
to express the dynamics in nondimensional form by 
introducing the normalized density 𝑛 = 𝑁𝑒/𝑁𝑐, 
where 𝑁𝑐 is the critical plasma density at the probe 
frequency, and the rescaled time variable 𝜏 = 𝑡/𝜏𝑝. 
With the Gaussian pulse envelope written as 𝐼(𝑡) =
𝐼0exp [−4ln 2 (𝑡/𝜏𝑝)2] = 𝐼0 𝐼(𝜏), the normalized 
intensity is defined as 𝐼(𝜏) = exp [−4ln 2𝜏2]. The 
governing equation then becomes: 

𝑑𝑛

𝑑𝜏
= 𝐵 𝐼(𝜏)𝐾 + 𝐴 𝐼(𝜏) 𝑛 − 𝜌 𝑛, (6) 

where the dimensionless parameters 𝐴 = 𝛼𝐼0𝜏𝑝, 𝐵 =

𝜎𝐾𝐼0
𝐾𝜏𝑝/𝑁𝑐, and 𝜌 = 𝜏𝑝/𝜏𝑟 characterize, 

respectively, the strength of avalanche amplification, 
multiphoton seeding, and carrier loss relative to the 
pulse duration. This form follows from the 
substitutions 𝑁𝑒 = 𝑛𝑁𝑐 and 𝑡 = 𝜏𝜏𝑝 in Eq. (5), 
which introduces 𝐼0 and 𝜏𝑝 as the characteristic 
intensity and time scales of the problem. Within this 
scaling, the avalanche term 𝛼𝐼(𝑡)𝑁𝑒 reduces to 
𝐴𝐼(𝜏)𝑛, indicating that 𝐴 represents the 
characteristic avalanche growth relative to the pulse 
timescale, while 𝐵 quantifies the efficiency of 
multiphoton seeding with respect to the critical 
density. The coefficients 𝛼 and 𝜎𝐾 are thus 
interpreted as effective parameters defined at the 
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reference intensity scale, whereas the temporal 
variation of the excitation is fully captured by the 
normalized envelope 𝐼(𝜏). The presented compact 
form (Eq. (6)) highlights the dynamical roles of each 
process: the MPI term establishes the initial seed 
density; the avalanche term introduces multiplicative 
feedback; and recombination provides a linear decay 
channel. The condition 𝐴 𝐼(𝜏) > 𝜌 defines the 
instantaneous threshold for self-sustained avalanche 
growth. Below this threshold, the electron density 
relaxes toward zero, whereas above it, the system 
exhibits exponential growth until limited by pulse 
duration or depletion mechanisms. Because 𝐼(𝜏) is 
sharply peaked around 𝜏 = 0, this threshold can be 
surpassed only within a narrow temporal interval 
near the pulse maximum, ensuring that the rapid rise 
of 𝑛(𝜏) occurs on tens-of-femtoseconds timescales. 
Consequently, the combined effect of the highly 
localized MPI source and the intensity-dependent 
avalanche gain leads to the characteristic sharply 
asymmetric temporal buildup of the free-electron 
population, ultimately driving the transition from a 
weakly perturbed dielectric to a dense plasma-like 
state during femtosecond excitation. Moreover, the 
appearance of 𝑁𝑐 in the normalized density, 𝑛 =
𝑁𝑒/𝑁𝑐, naturally highlights its physical significance. 
The critical plasma density, 𝑁𝑐, is defined as the 
carrier concentration at which the plasma frequency 
equals the probing angular frequency, and within the 
Drude formalism is given by: 𝑁𝑐 = 𝜀0𝑚∗𝜔2/𝑒2. 
Since 𝜔 = 2𝜋𝑐/𝜆, the critical density scales 
inversely with the square of the probe wavelength, 
implying that longer wavelengths require much 
lower electron densities to drive the material into a 
plasma-like optical state. As the simulated electron 
density approaches or exceeds 𝑁𝑐, the dielectric 
function undergoes strong modification, and the 
reflectivity increases sharply. Thus, comparing the 
evolving carrier density 𝑁𝑒(𝑡) with the critical 
density 𝑁𝑐 provides a direct physical criterion for 
identifying the onset of strong optical perturbation 
during ultrafast excitation. Finally, it should be noted 
that the present approach is based on a mean-field 
description and neglects spatial inhomogeneities, 
carrier-carrier correlations, and nonlocal transport 
effects. Accordingly, the model is expected to remain 
valid primarily in the weak-to-moderate excitation 
regime, 𝑁𝑒 ≪ 𝑁𝑐, while deviations may arise as the 
carrier density approaches the critical plasma 
density. 

The nondimensionalized form of the rate equation 
makes clear that the temporal evolution of the 
conduction-band population is governed by a balance 
between nonlinear generation, avalanche 

amplification, and carrier loss. Since the 
free-electron density evolves on the same ultrafast 
timescale as the driving field, the resulting 𝑁𝑒(𝑡) 
profile captures the complete electronic response of 
the medium during excitation. Importantly, the 
accumulation of carriers not only modifies the 
internal electron dynamics but also alters the 
macroscopic optical properties of the dielectric. 
Because the dielectric function of a wide-bandgap 
medium is highly sensitive to the presence of 
conduction-band electrons, even the smallest 
increases in 𝑁𝑒(𝑡) can produce measurable changes 
in reflectivity and transmission. When the electron 
density approaches a significant fraction of the 
critical plasma density 𝑁𝑐, the optical response 
transitions from dielectric-like to plasma-like. For 
this reason, the time-dependent electron density 
obtained from Eq. (6) serves as the fundamental 
input for modeling the transient optical behaviour of 
the laser-excited medium, motivating a Drude-based 
description of the dielectric response. 

The temporal evolution of the free-electron 
density, determined by the coupled MPI and AI 
processes under the finite pulse envelope, directly 
governs the ultrafast optical response of the medium. 
As the conduction-band population increases, the 
electronic structure of the dielectric is modified on 
femtosecond timescales, producing measurable 
changes in macroscopic observables such as 
reflectivity. To describe this behaviour, the dielectric 
response of the excited medium is modelled within 
the Drude framework, which provides an effective 
plasma-like description of the free-carrier 
contribution to the permittivity, [10], [18]. Within 
this approximation, the time-dependent dielectric 
function is: 

𝜀(𝜔, 𝑡) = 𝜀𝑏(𝜔) −
𝑁𝑒(𝑡)𝑒2

𝜀0𝑚∗ ∙
1

𝜔2+𝑖𝜈𝜔
,           (7) 

where 𝜀𝑏(𝜔) denotes the background permittivity of 
the unperturbed medium, 𝑚∗ is the effective electron 
mass, taken equal to the free electron mass within the 
present Drude-type approximation, and 𝜈 is the 
collision frequency describing carrier-phonon and 
carrier-defect scattering. In the present model, 𝜈 
parameter is treated as an effective constant 
parameter representing the average carrier scattering 
rate in water-like media. Experimental and 
theoretical studies typically place this quantity in the 
range 1014–1015 s⁻ ¹ for femtosecond laser 
excitation, which is adopted here as a reasonable 
order-of-magnitude estimate, [3], [10]. As the 
free-electron density grows, this contribution 
substantially modifies both the real and imaginary 
parts of the dielectric function, eventually driving the 
material toward a plasma-like regime. The strength 

WSEAS TRANSACTIONS on ELECTRONICS 
DOI: 10.37394/232017.2026.17.2 Violeta Petrović, Hristina Delibašić Marković, Ivan Petrović

E-ISSN: 2415-1513 15 Volume 17, 2026



of this modification is governed by the ratio 𝑁𝑒(𝑡)/
𝑁𝑐, where 𝑁𝑐  is the critical plasma density 
introduced earlier. As 𝑁𝑒(𝑡) approaches a significant 
fraction of 𝑁𝑐, the real part of the dielectric function 
decreases toward zero and the reflectivity increases 
sharply, marking the onset of strong optical 
perturbation. Because 𝑁𝑐 ∝ 𝜆−2, longer probe 
wavelengths require lower carrier densities to reach 
this regime, making them particularly sensitive to the 
earliest stages of electron generation. Assuming 
normal incidence, the instantaneous reflectivity is 
computed from the Fresnel relation: 

𝑅(𝑡) = |
√𝜀(𝜔,𝑡)−1

√𝜀(𝜔,𝑡)+1
|
2

,                  (8) 

which links the evolving electronic population 
directly to the macroscopic optical response. The 
experimentally measured observable is the transient 
reflectivity change: 

Δ𝑅(𝑡) = 𝑅(𝑡) − 𝑅0,                  (9) 
where 𝑅0 denotes the reflectivity of the unexcited 
medium, [3], [19]. Because 𝜀(𝜔, 𝑡) is explicitly 
dependent on 𝑁𝑒(𝑡), the shape of Δ𝑅(𝑡) reflects both 
the rapid rise associated with multiphoton seeding 
and avalanche amplification, and the subsequent 
relaxation governed by recombination and 
carrier-scattering dynamics. Coupling the nonlinear 
rate-equation framework with the Drude optical 
response thus provides a consistent description of 
how microscopic carrier dynamics translate into 
macroscopic ultrafast reflectivity signals. 
 
 
3 Resalts and Discussion 
In this section, we present numerical simulations of 
ultrafast free-carrier generation and the resulting 
transient optical response in a weakly absorbing 
wide-bandgap dielectric with properties comparable 
to water, [2], [3], [10], [19]. Using the nonlinear rate-
equation framework introduced in Section 2, we 
follow the time-resolved evolution of the conduction-
band electron density under femtosecond excitation 
and quantify how the interplay of MPI, avalanche 
multiplication, and recombination shapes the carrier 
dynamics. Unless otherwise stated, the simulations 
are performed for Gaussian pulses with durations of 
50-100 fs and excitation wavelengths spanning the 
visible to near-infrared spectral range (400-1550 
nm). By combining the calculated electron density 
with a Drude-type dielectric response, the model 
allows the transient reflectivity change to be 
evaluated and directly related to observables 
measured in ultrafast pump-probe experiments, [6], 
[7], [8]. The simulations reveal pronounced 
wavelength-dependent differences in the efficiency 

of carrier seeding through MPI and its subsequent 
amplification through avalanche processes, which in 
turn strongly influence the magnitude and temporal 
structure of the optical response.  

We begin by examining the temporal evolution of 
the free-electron density for several representative 
excitation wavelengths. Figure 1 shows the simulated 
electron-density dynamics 𝑁𝑒(𝑡) obtained from the 
rate-equation model for femtosecond excitation in 
the wavelength range 400-1550 nm at a peak laser 
intensity of 𝐼0 = 6 × 1013 W cm−2. These 
wavelengths correspond to multiphoton orders 𝐾 =
3, 5, 6, and 9, respectively, for a bandgap of 𝐸𝑔 ≈ 6.5 
eV. The simulations illustrate how the efficiency of 
the initial multiphoton seeding and the subsequent 
avalanche amplification depend strongly on the 
excitation wavelength. 

 

 
Fig. 1: Temporal evolution of the free-electron 
density for femtosecond excitation of a water-like 
dielectric at wavelengths of 400-1550 nm. The 
curves correspond to multiphoton orders 
Source: created by the authors. 

 
The temporal evolution of the free-electron 

density shown in Figure 1 reflects the strongly 
nonlinear character of ultrafast ionization dynamics 
in wide-bandgap dielectric media. Although the 
overall shape of the curves broadly follows the 
temporal envelope of the laser pulse, the magnitude 
and growth rate of the electron population are 
determined by the interplay between MPI, AI, and 
carrier recombination. In this framework, MPI 
provides the initial seed electrons in the conduction 
band, while AI subsequently amplifies this 
population through impact processes driven by the 
laser field. Because MPI is a high-order nonlinear 
process, its instantaneous rate depends steeply on the 
laser intensity, scaling approximately as 𝑊MPI ∝ 𝐼𝐾, 
where 𝐾 is the number of photons required to bridge 
the bandgap. This strong intensity dependence 
implies that efficient ionization occurs only in the 
central portion of the pulse where the instantaneous 
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intensity approaches its maximum value. In the early 
wings of the pulse, the intensity is too low to drive 
significant MPI, and the electron density therefore 
remains essentially negligible. As the pulse 
approaches its peak, the steep 𝐼𝐾 dependence leads to 
a rapid rise in the electron population, marking the 
onset of the seeding stage of free-carrier generation, 
[10], [20]. Once a sufficient seed population has been 
created, AI becomes increasingly efficient. In this 
regime, free electrons accelerated by the laser field 
gain sufficient kinetic energy between collisions to 
ionize additional bound electrons through impact 
processes. This multiplication mechanism produces 
the steep growth of 𝑁𝑒(𝑡) observed around the peak 
of the laser pulse and typically leads to a slight delay 
between the maximum of the laser intensity and the 
maximum electron density. Such a delay is a 
characteristic signature of the transition from primary 
PI to impact-driven carrier multiplication and has 
been reported in numerous studies of femtosecond 
laser excitation in dielectric and biological media, 
[2], [3], [10]. A pronounced spectral dependence of 
the carrier buildup is observed across the considered 
wavelength range. This behaviour originates from 
the variation of the multiphoton order 𝐾, which 
determines the efficiency of the initial MPI seeding, 
[14]. For the shortest wavelength considered, 𝜆 =
400 nm, the bandgap 𝐸𝑔 ≈ 6.5 eV can be bridged by 
the absorption of three photons, 𝐾 = 3. The 
relatively low nonlinear order allows efficient 
generation of seed electrons early in the pulse, 
enabling strong avalanche multiplication and leading 
to peak carrier densities of approximately 𝑁e,max ≈

1.2 × 1019 cm−3. As the excitation wavelength 
increases, the multiphoton order rises significantly, 
which strongly suppresses the MPI rate and reduces 
the seed population available for avalanche 
amplification. Consequently, the maximum carrier 
density decreases to 𝑁e,max ≈ 2.8 × 1018 cm−3at 
800 nm (𝐾 = 5), 1.5 × 1017 cm−3 at 1030 nm (𝐾 =
6), and 2.7 × 1015 cm−3at 1550 nm (𝐾 = 9). This 
systematic reduction illustrates how the increasing 
multiphoton order strongly limits the efficiency of PI 
in the near-infrared regime. Following the peak of 
the laser pulse, the electron density gradually 
approaches a saturation plateau. This saturation 
arises from several physical mechanisms acting 
simultaneously, [10], [21]. First, as the laser intensity 
decreases after the pulse maximum, both the MPI 
and AI rates drop rapidly, reducing the generation of 
new carriers. Second, the recombination term 
included in the rate equation continuously removes 
electrons from the conduction band, counteracting 
further growth of the carrier population. Finally, as 

the electron density increases, the avalanche growth 
becomes less efficient because the available energy 
from the optical field is distributed among an 
increasing number of carriers. The combined effect 
of these processes leads to a gradual flattening of the 
curves and the formation of a quasi-steady carrier 
population after the pulse. The plateau values, 
therefore, represent the cumulative number of 
electrons generated during the laser pulse and 
effectively determine the strength of the transient 
optical response of the medium, [9]. Even at identical 
peak intensities, the strong wavelength dependence 
of the multiphoton order leads to variations of 
several orders of magnitude in the final carrier 
density. The obtained electron density range remains 
within values commonly reported for femtosecond 
excitation of dielectric and aqueous systems. It 
should be noted that a rigorous comparison with 
breakdown thresholds would necessitate extending 
the model to include additional processes such as 
energy transport and post-pulse dynamics, which are 
not considered in the present ultrafast electronic 
description. This sensitivity of the electron 
population to the excitation wavelength plays a 
crucial role in shaping the optical response of the 
medium, as will be demonstrated in the following 
section when the corresponding transient reflectivity 
signals are analysed. 

Having established the wavelength-dependent 
buildup of the free-electron population, we now 
examine how this carrier dynamics translate into an 
observable optical signal. Figure 2 presents the 
corresponding transient reflectivity change ΔR(t) 
calculated from the time-dependent electron density 
using the Drude dielectric response combined with 
the Fresnel relations at normal incidence. Because 
the free carriers modify the dielectric permittivity of 
the medium, the transient reflectivity provides a 
direct probe of the evolving plasma density during 
and after the laser pulse. The curves shown in Figure 
2 therefore illustrate how the wavelength-dependent 
carrier populations identified in Figure 1 manifest 
themselves in the measurable optical response. In 
particular, the magnitude and temporal structure of 
ΔR(t) reflect the combined influence of the 
multiphoton order, avalanche amplification, and the 
resulting peak electron densities generated during 
femtosecond excitation. 

The curves in Figure 2 exhibit a rapid increase 
during the central portion of the laser pulse, 
corresponding to the steep growth of the electron 
population produced by MPI and subsequent 
avalanche multiplication. As the electron density 
increases, the plasma contribution to the dielectric 
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permittivity becomes stronger, leading to a 
measurable modification of the surface reflectivity. 

 

 
Fig. 2: Transient reflectivity changes for 
femtosecond excitation of a water-like dielectric at 
wavelengths of 400-1550 nm. The response is 
calculated using a Drude model and Fresnel relations 
at normal incidence (Eq. (9)) for a peak intensity of . 
Curves correspond to multiphoton orders 
Source: created by the authors. 

 
The maximum reflectivity change occurs slightly 

after the peak of the laser intensity, reflecting the 
delayed buildup of the electron population associated 
with AI, [22], [23]. This temporal shift mirrors the 
behaviour of the carrier-density dynamics and 
represents a typical signature of ultrafast plasma 
formation in dielectric media. A pronounced spectral 
dependence of the optical signal is observed across 
the considered wavelength range. For the shortest 
wavelength (𝜆 = 400 nm), the efficient multiphoton 
seeding (𝐾 = 3) and strong avalanche amplification 
produce the highest carrier density, reaching 
𝑁e,max ≈ 1.2 × 1019 cm−3. This results in the largest 
reflectivity change, with a peak value of |Δ𝑅|max ≈
6.8 × 10−5. At 𝜆 = 800 nm (𝐾 = 5), the reduced 
efficiency of MPI lowers the peak electron density to 
𝑁e,max ≈ 2.8 × 1018 cm−3, producing a slightly 
smaller reflectivity variation of |Δ𝑅|max ≈ 6.1 ×
10−5. A much weaker optical response is obtained 
for 𝜆 = 1030 nm (𝐾 = 6), where the peak carrier 
density decreases to approximately 1.5 × 1017 cm−3, 
leading to reflectivity changes on the order of 5 ×
10−6. In the near-infrared regime (𝜆 = 1550 nm), 
where the multiphoton order increases to 𝐾 = 9, the 
ionization process becomes strongly suppressed, and 
the maximum carrier density remains relatively low, 
𝑁e,max ≈ 2.7 × 1015 cm−3. Consequently, the 
corresponding reflectivity change is extremely small, 
with |Δ𝑅|max ≈ 2 × 10−7. Following the peak of the 
pulse, the reflectivity signal gradually decays as the 
electron density decreases due to recombination 
processes and the diminishing avalanche 

amplification. Because the recombination time is 
typically longer than the pulse duration, the optical 
signal persists after the laser intensity has vanished, 
producing the slowly decaying tail visible in the 
curves. This behaviour reflects the relaxation of the 
laser-generated free-electron plasma and is consistent 
with transient reflectivity measurements reported for 
dielectric and biological media, where the optical 
signal directly traces the temporal evolution of the 
carrier population, [2], [3], [10]. These results 
demonstrate that the transient optical response is 
highly sensitive to the excitation wavelength through 
its influence on the underlying ionization dynamics. 
Variations in the multiphoton order lead to 
substantial differences in the generated carrier 
density, which in turn produce significant changes in 
the amplitude of the transient reflectivity signal. It is 
also important to mention that in the weak-plasma 
regime considered here, where the electron density 
remains well below the critical plasma density 𝑁𝑐 
(see Section 2), the reflectivity perturbation remains 
small, and the optical response scales approximately 
with the ratio 𝑁𝑒/𝑁𝑐 , [24]. Since 𝑁𝑐  itself depends 
on the optical frequency, the magnitude of the 
reflectivity change is influenced both by the 
generated carrier density and by the excitation 
wavelength, [25]. As a result, the spectral 
dependence of the carrier populations obtained in 
Figure 1 directly translates into the variation of the 
transient optical signal shown in Figure 2. 

To further quantify the wavelength dependence of 
the excitation dynamics, we now examine two global 
characteristics of the simulated optical response. 
Figure 3 summarizes how the threshold conditions 
for carrier generation and the resulting optical signal 
vary across the considered spectral range. Panel (a) 
shows the threshold intensity 𝐼th required to produce 
a detectable plasma response in the medium, while 
panel (b) presents the corresponding peak transient 
reflectivity change |Δ𝑅|max evaluated at this 
threshold. By reducing the full temporal dynamics of 
𝑁𝑒(𝑡) and Δ𝑅(𝑡) to these characteristic quantities, 
the Figure 3 highlights the systematic trends 
associated with the increasing multiphoton order as 
the excitation wavelength moves from the visible to 
the near-infrared region. 

Figure 3 shows that the threshold peak intensity 
𝐼th increases systematically with the excitation 
wavelength. For excitation at 𝜆 = 400 nm, 
corresponding to a multiphoton order 𝐾 = 3, the 
threshold intensity is approximately 2.8 ×
1013 W cm−2. As the wavelength increases to 800 
nm (𝐾 = 5), the threshold rises to about 5.0 ×
1013 W cm−2. A further increase to 1030 nm (𝐾 =
6) leads to a threshold of approximately 8.2 ×
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1013 W cm−2, while in the near-infrared regime (𝜆 =
1550 nm, 𝐾 = 9) the required intensity reaches 
roughly 1.2 × 1014 W cm−2. 

 

 
Fig. 3: Wavelength dependence of the excitation 
threshold and optical response for femtosecond 
excitation (400-1550 nm) in a water-like dielectric. 
(a) Threshold intensity . (b) Peak reflectivity change 
at . Multiphoton orders correspond to 
Source: created by the authors. 

 
This monotonic increase reflects the fundamental 

scaling of MPI with the excitation wavelength, [7]. 
As the photon energy decreases, a larger number of 
photons is required to overcome the bandgap of the 
medium, which significantly reduces the efficiency 
of PI at a given intensity. Because MPI provides the 
initial seed population of free carriers that 
subsequently drives avalanche multiplication, higher 
laser intensities are required at longer wavelengths to 
generate enough seed electrons capable of initiating 
the breakdown process, [6]. The threshold, therefore, 
marks the transition at which the MPI-generated seed 
population becomes large enough for AI to dominate 
the carrier growth during the pulse. Additionally, 
Figure 3 shows the peak transient reflectivity change 
evaluated at the threshold intensity. The calculated 
values reveal a systematic increase in the optical 
signal with excitation wavelength. At 𝜆 = 400 nm, 
the peak reflectivity change is approximately 
|Δ𝑅|max ≈ 5.9 × 10−6, while at 𝜆 = 800 nm it 
increases to about 2.4 × 10−5. For excitation at 𝜆 =
1030 nm, the signal reaches |Δ𝑅|max ≈ 4.9 × 10−5, 
and for 𝜆 = 1550 nm it attains a value of 
approximately 7.5 × 10−5. It should be noted that 
these values correspond to the reflectivity evaluated 
at the wavelength-dependent threshold intensity 𝐼th, 
rather than at a fixed excitation intensity as in Figure 
2. Although the threshold intensity increases 
substantially with wavelength, the optical signal 
remains clearly observable once the breakdown 
condition is reached. This behaviour reflects the fact 
that the threshold corresponds to the onset of 
avalanche-supported carrier growth, which produces 
a comparable level of plasma perturbation of the 
optical properties of the medium across the 
considered spectral range. Once this regime is 

reached, the optical response becomes primarily 
determined by the collective free-carrier contribution 
to the dielectric function rather than by the details of 
the initial PI stage. Taken together, these results 
highlight the dominant role of the multiphoton 
excitation order in determining the onset of ultrafast 
plasma formation. Shorter wavelengths favor 
efficient carrier generation because fewer photons 
are required to bridge the bandgap, whereas longer 
wavelengths require significantly higher intensities 
to compensate for the reduced photon energy and the 
higher nonlinear order of the ionization process. This 
interplay between multiphoton seeding and 
avalanche amplification ultimately governs the 
wavelength dependence of the LIB threshold in 
femtosecond laser-dielectric interactions. 

 
 

4 Conclusion 
In this work, we investigated the ultrafast generation 
of free carriers and the associated transient optical 
response in water-like dielectric media under 
femtosecond laser excitation. The carrier dynamics 
were described using a nonlinear rate-equation model 
incorporating MPI, avalanche multiplication, and 
carrier recombination. The resulting time-dependent 
electron density was subsequently coupled to a 
Drude dielectric model to evaluate the corresponding 
transient reflectivity response. The simulations show 
that the buildup of the free-electron population 
depends strongly on the excitation wavelength 
through the multiphoton order. For shorter 
wavelengths, where fewer photons are required to 
overcome the bandgap, MPI generates seed electrons 
efficiently and enables rapid avalanche amplification 
during the laser pulse. As the wavelength increases 
toward the near-infrared region, the higher 
multiphoton order significantly reduces the 
efficiency of PI. This limits the initial seed 
population and suppresses the subsequent avalanche-
driven growth of the carrier density. The calculated 
optical response follows the carrier dynamics 
closely. The transient reflectivity exhibits a rapid 
increase near the peak of the laser pulse and reaches 
its maximum slightly afterwards, reflecting the 
delayed buildup of the electron population associated 
with avalanche multiplication. The magnitude of the 
reflectivity change is therefore directly linked to the 
wavelength-dependent carrier densities produced 
during the excitation. The analysis of the excitation 
threshold further clarifies the influence of the 
wavelength. The peak intensity required to initiate 
significant carrier multiplication increases 
systematically from the visible to the near-infrared 
spectral region. This behaviour reflects the decrease 
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in photon energy and the corresponding increase in 
the nonlinear order of the MPI process. Once this 
threshold is reached, avalanche multiplication leads 
to a comparable plasma-induced modification of the 
dielectric response across the investigated spectral 
range. Overall, the results presented in this study 
highlight the importance of the excitation wavelength 
in controlling both the efficiency of ultrafast carrier 
generation and the resulting optical perturbation in 
water-like dielectric media. The combined analysis 
of carrier dynamics and transient optical response 
provides a consistent physical picture of wavelength-
dependent breakdown processes under femtosecond 
laser excitation. 
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