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Abstract: - Laser-induced breakdown plays a crucial role in laser applications. Consequently, investigating the
influence of different parameters is important for improving and optimizing laser-based applications. This work
examines the wavelength dependence of breakdown in air using a model that couples a free-electron rate
equation with a two-temperature plasma description. The model includes multiphoton and avalanche ionization
as the main electron generation processes, as well as recombination, attachment, diffusion, and inverse
bremsstrahlung absorption, which are responsible for electron losses from the volume. Numerical results are
obtained for two representative wavelengths, 1 = 355nm and A = 532nm, under comparable pulse and
focusing conditions. We show that plasma formation at shorter wavelengths is more efficiently initiated
through multiphoton ionization, whereas at higher wavelengths, stronger inverse bremsstrahlung heating
enhances avalanche ionization, resulting in higher electron densities and more pronounced plasma
development.
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1 Introduction utilized in applications such as laser ablation,
Since the invention of high-power pulsed lasers, the micromachining, laser-lnd.uced breakdown
phenomena of laser-induced breakdown (LIB) and spectroscopy (LIBS), and medical procedures where
damage to various materials have been extensively precise and localized laser—material interaction is
investigated [1], [2]. With the increasing required.

The first theoretical predictions, confirmed by
numerical [5] and experimental [6] findings, have
shown that when a short laser pulse interacts with a
gas, electrons can be generated through multiphoton
ionization (MPI) and electron-impact ionization
(EIl) events. Multiphoton ionization (MPI) is the
initial process that generates the first photoelectrons.
Subsequently, during electron-impact ionization
(EII) events, electrons absorb energy from the laser
field through inverse bremsstrahlung (IB) collisions
with neutral particles, which consequently increases
the electron density. Conversely, electrons may also

development and application of lasers, numerous
experimental techniques have been introduced to
study the various processes responsible for LIB in
different materials [3], [4]. These developments
have allowed more precise and systematic
investigations, while also revealing the complexity
of the interconnected ionization mechanisms
involved in LIB. During LIB, a rapid increase in
temperature and pressure can cause various types of
damage, including melting, vaporization, surface
ablation, and the formation of microcracks. These
damages may limit the laser application, and that is ! ¢ : y ¢
why, in biomedical and industrial laser applications, lose energy through elastic and inelastic collisions

controlling the LIB threshold is essential to avoid with neutrals. Some electrons are additionally lost
them. On the other hand, LIB is intentionally through diffusion or recombination processes. If the

laser intensity is sufficiently high, a fraction of the
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residual electrons, despite these energy-loss
mechanisms, can acquire energies exceeding the
ionization potential. At sufficiently high fields,
ionizing collisions will cause an electron avalanche
ionization (Al) to occur, while leading to an
exponential growth of the number of electrons. It is
also worth noting that MPI can dominate Al only at
short wavelengths or low densities. According to
[7], this is because the ionization potential of most
gases is relatively high, while the probability of
simultaneous absorption quickly decreases with the
number of photons required for ionization. As a
result, the relative contribution of MPI and CI
strongly depends on both the laser wavelength and
the local plasma conditions.

Despite the long-standing recognition of the
important role of LIB and related phenomena, much
remains to be learned about the interaction of
ultrashort laser pulses with a gas target. Research
conducted in [8] and [9] introduced new approaches
to laser damage studies, which opened opportunities
for the development of novel laser systems and
optical materials. Anyway, this period marked a
transition from phenomenological observations
toward more controlled and application-driven
studies. [10] assumed that the plasma produced in
the air goes through several stages of morphological
development. Their two-dimensional temperature
model, based on the fact that electron heating occurs
on a much shorter timescale than energy transfer to
the neutral gas, leads to two essential conclusions:
first that the reverse pressure gradient propagates
radially inwards and compresses the plasma in air,
while forming a localized high-pressure zone at the
center that generates a secondary pressure wave and
second that the baroclinic torque that is generated
because of the Richtmyer-Meshkov instability
dominates the rate of vorticity. These results
demonstrate that energy deposition during LIB
rapidly translates into complex fluid-like behavior
of plasma. Findings presented in [10] can be utilized
for the control and optimization of laser-induced
plasma (LIP) applications. Such insights are
particularly relevant for tailoring breakdown
conditions in practical systems.

Although considerable advances have been
achieved in  experimental and numerical
investigations, a comprehensive model that
consistently ~ describes  wavelength-dependent
ionization processes in gaseous media is still
lacking.

In this paper, we numerically solve a rate
equation describing the evolution of the free-
electron density and electron temperature generated
by intense laser pulses in air. The electron rate
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equation accounts for the dominant gain and loss
mechanisms relevant for LIB, while allowing for a
wide range of laser intensities and wavelengths. The
model is defined by key laser parameters such as
pulse duration, wavelength, energy, and focusing
conditions. Its main innovation is the consistent
coupling of wavelength-dependent ionization
processes with inverse bremsstrahlung absorption
and two-temperature plasma dynamics in a single
unified framework. In this approach, electrons and
heavy particles are treated as separate subsystems,
and their temperatures are calculated simultaneously
by solving coupled energy equations using a finite-
difference method. The model consistently links
electron production, laser energy absorption, and
energy exchange through collisions, which makes it
possible to study how breakdown dynamics depend
on wavelength. This allows a detailed investigation
of electron density evolution, temperature
nonequilibrium, and plasma channel formation
under comparable laser conditions.

The structure of the paper is as follows. Section
2 presents the theoretical framework of the model,
including the governing equations for electron
density evolution, laser propagation, and the two-
temperature energy balance. In Section 3, the
numerical results are analyzed, with particular
emphasis on the influence of laser parameters,
especially the wavelength, on the breakdown
dynamics. The main conclusions of the study are
summarized in Section 4.

2 Theoretical framework

The theoretical framework governs the axial
direction of laser propagation, where the strongest
coupling between laser attenuation and plasma
formation takes place, providing a physically
intuitive and reasonably thorough account of
breakdown dynamics and their relationship to laser
wavelength. The model describes the early stages of
LIB, clarifying the conditions that lead to
subsequent strong hydrodynamic expansion and
shock-wave formation, and consequently to LIB
applications. The model wuses the continuity
equation, which accounts for the balance between
generation and loss processes and is additionally
supplemented by electron diffusion along the
propagation axis, as follows, [11]:

Ine(x,t) a
eat = Supr T Sav — Lyec = Lage + a(

e 2€). (1)

Here, the temporal and spatial dependence of
free-electron density is assumed, n,(x, t) = n,. The
first two terms on the right side of Eq. 1, Syp; and
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Sav, represent MPI  and Al contributions,
respectively. The next two terms quantitatively
describe the dominant electron loss processes:
recombination and diffusion.

Equation 1 can be rewritten by considering the
specific expressions for each of the aforementioned
processes, [12]:

8D = G ¥y + Ing /(B (1 +
a one
(‘)ZTrzn)) - ﬁrecng - kattnenoznn + a( e E) (2)

Here oy is the effective K — photon ionization
coefficient, I(x,t) the local laser intensity, K the
minimum number of photons required to overcome
the ionization potential, n, the neutral particle
density, E; the effective ionization potential (it is
assumed to be E; = 12.1eV), w = 2nc/A the laser
angular frequency, A laser wavelength, while t,,
denotes the effective electron momentum relaxation
time typically in the femtosecond range for weakly
ionized gases. In the recombination term (modelled
as  Lrec = Precn?) Prec is the  effective
recombination coefficient, taken as frec= 2 X
10713 m3 s~ In addition, three-body attachment to
oxygen molecules is included via
kaineng,ny, where ng, = 0.21n, represents the
oxygen fraction in air and kyq ~ 107*3 m®s™1 is
the attachment rate coefficient. For the sake of
calculation, for ambient air at atmospheric pressure
and temperature T, = 300 K, the initial neutral
electron density is taken as n, = py/(kgTy), with
po = 101325 Pa. All coefficients correspond to
standard values reported for atmospheric-pressure
air plasmas under weakly ionized conditions, [13],
[14], [15].

Spatial transport of electrons is incorporated
through the diffusion term. The diffusion coefficient
is expressed as D, = kgT,/(m,V.y), where T, is the
electron temperature, m, is the electron mass, and
Ven = NpOon Ve, 1s the electron-neutral collision
frequency, with g,, ~ 2 x 1072°m? and v, the
mean  electron thermal  velocity,

+/8kpT,/mm,, [13]. The initial background electron
density is taken as n,(t = 0) ~ 108 m~3, ensuring
a physically realistic seed level for breakdown
initiation, [12]. The relative contribution of MPI and
Al is governed by the competition between the
corresponding source terms, whose characteristic
growth rates depend strongly on the laser
wavelength. This formulation ensures that both local
plasma growth and spatial spreading of the ionized
region are consistently captured within the same
framework.

Lae =

Uth =

E-ISSN: 2224-3461

60

Violeta Petrovi¢, Hristina Delibasi¢ Markovigé,
Ivan Petrovié¢

The relative contributions of MPI and Al are
determined by the relation between their
corresponding source terms, whose characteristic
growth rates are strongly dependent on the laser
wavelength. This approach consistently describes
both the local development of the plasma and the
spatial expansion of the ionized region within a
single unified framework.

The growth of the electron density is closely
linked to the spatial evolution of the laser field. As
the beam propagates through the medium, its
intensity is progressively reduced due to collisional
absorption in the partially ionized gas. This coupling
between electron dynamics and energy deposition is

described by the attenuation equation, [11]:

al
% = —aig(Me, Te, M) 1,

3)
where ajg denotes the IB absorption coefficient. In
the considered regime, this mechanism provides the
dominant pathway for transferring energy from the
laser field to free electrons. A commonly used
expression for the absorption coefficient can be

written in the form:
2

app X —

p _Ven
c w2+vZ)

4)

where wj = n.e?/(gom,) is the plasma frequency
and v,, is the electron-neutral collision frequency.
Under atmospheric conditions, typical electron-
neutral collision frequencies lie in the range v,, ~
1012-103s71, depending on the electron
temperature. For electron densities relevant to the
onset of LIB, n,~1020-1022m™3, the
corresponding plasma frequencies are of the order
w, ~ 1012-10'* s~ In this regime, the absorption
coefficient typically falls within a;g ~ 10%—
105 m™!, indicating substantial attenuation of the
laser field over sub-millimetre propagation
distances, [13], [14], [15]. The w? term in the
denominator of Eq. (3) introduces a direct
dependence of the absorption efficiency on the laser
wavelength. As a result, longer wavelengths lead to
stronger collisional heating of electrons and favor
the development of avalanche ionization (Al),
whereas at shorter wavelengths the energy gain of
free electrons is reduced and plasma formation
remains more strongly influenced by the initial
multiphoton seeding. Therefore, the interplay
between MPI and avalanche growth is governed by
the wavelength-dependent balance between electron
generation and energy absorption, which forms the
basis of the analysis presented in the following
section.
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As already mentioned, the separation of timescales
provides the physical basis for introducing a two-
temperature description of the plasma. To capture
this nonequilibrium behaviour, separate energy
balance equations are introduced for the electron
and heavy-particle subsystems. The electron energy
equation accounts for laser absorption, energy
exchange with heavy particles, ionization losses,
and thermal transport, and can be written as follows,
[13], [15]:

d (3 3
E(EnekBTe) = apl — EnekBVeh(Te - Th) -

0 0T,
E; (SMPI+SaV) + x (Ke E) (5)

Here T, and T, denote the electron and heavy-
particle temperatures, respectively. The first term on
the right-hand side represents energy gain due to IB
absorption, while the second term describes
collisional energy transfer toward equilibrium. The
ionization energy loss term accounts for both MPI
and Al processes, assuming that each generated
electron requires an average energy E;. The third
term accounts for the energy required for ionization,
and the last term represents electron thermal
conduction. For the considered plasma conditions,
the electron thermal conductivity is typically in the
range k., ~ 0.1-10 Wm~1 K™, depending on the
local electron temperature and collision frequency.
In the present simulations, the electron thermal
conductivity is treated as weakly temperature-
dependent and evaluated using representative local
plasma parameters. Further, the heavy-particle
temperature, Tj, evolves according to a
corresponding balance equation:

aTh

% (pCpTh) = %nekBVeh(Te —Ty) + % (Kh E)a(6)

where p is the mass density and ¢, is the specific
heat capacity of the gas. Under ambient conditions,
p~12kgm™3 and c, ~1005]kg"* K™'. The
thermal conductivity of the heavy particles is taken
as kp ~ 0.02-0.05Wm™1 K1, consistent with air
at near-atmospheric conditions. The coupling term
is proportional to v, governs the transfer of energy
from electrons to heavy particles; however, because
this process occurs at a finite rate, thermal
equilibration is delayed. Consequently, during the
laser pulse the electron temperature can rise to
significantly higher values, whereas the heavy-
particle subsystem heats more gradually. This
nonequilibrium thermal behavior plays a crucial role
in the efficiency of Al and the subsequent plasma
evolution. Since the electron temperature directly
affects the collision frequency, it also controls the
efficiency of IB absorption, thereby establishing a
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feedback mechanism that promotes cascade
ionization growth. At longer wavelengths, stronger
collisional heating results in higher electron
temperatures and enhanced avalanche development,
while at shorter wavelengths, weaker energy
coupling suppresses the amplification of the initially
generated electron population.

The combined treatment of electron density
evolution, wavelength-dependent absorption, and
two-temperature  energy  exchange therefore
provides a self-consistent framework for analyzing
the LIB dynamics discussed in the following
section.

3 Results and Disscusion

In Figure 1 we present the axial distribution of the
peak electron density n,(x) for two wavelengths,
A=355nmand A =532 nm.

The peak electron density is defined as the
maximum value of n,(x, t) reached during the laser
pulse at each axial position, and it shows how
strongly the gas is ionized locally. The coordinate x
is taken along the direction of laser propagation,
with x = 0 corresponding to the focal position
where the laser intensity is highest. The shown
interval £0.5 mm, covers the region around the
focus where the laser beam is sufficiently intense to
produce ionization. Outside this region, the intensity
rapidly decreases due to beam spreading, and the
electron density falls to its background level. In this
way, the profiles in Figure 1 show how the electron
population is built along the propagation axis and
how the balance between MPI and avalanche
growth determines both the magnitude and the
extent of the plasma channel.

= A=355nm

— A =532nm

Peak electron density (m~2)

-04 -03 -02 -01 00 01 02 03 04
Axial position (mm)

Fig. 1: Axial distribution of the peak electron
density n,(x) for laser wavelengths of A = 355 nm
and A = 532 nm.

Source: created by the authors.
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The axial profiles shown in Figure 1 reveal a
pronounced wavelength dependence of both the
magnitude and spatial development of the electron
density, reflecting the underlying balance between
seeding and energy-driven amplification
mechanisms. As a direct consequence of the more
efficient IB absorption at the longer wavelengths at
532 nm, the electron density rises by several orders
of magnitude relative to the 355 nm case, resulting
in a broader and more smoothly distributed plasma
region around the focal area. The lower laser
frequency at 532 nm enables a more efficient
transfer of energy from the laser field to the electron
population.  Consequently, even a  small
concentration of seed electrons can gain enough
energy to initiate EIl, leading to an Al process that
rapidly increases the electron density over a wider
axial region because the increased -electron
temperature enhances the collision frequency and
sustains efficient energy absorption while the laser
intensity remains sufficiently high. At 352 nm, the
higher laser frequency reduces the efficiency of
collisional (inverse Bremsstrahlung) absorption, and
electrons gain energy less effectively despite
stronger MPI seeding. Although MPI provides an
initial seed electron population, its energy is
insufficient to sustain significant EIl, and the Al is
largely suppressed. As a result, the electron density
remains low and more tightly confined around the
focal region.

In Figure 2 the temporal evolution of the
electron temperature T, and the heavy-particle
temperature T}, at the focal position (x = 0) for the
two wavelengths is considered.
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Fig. 2: Temporal evolution of the electron
temperature T, and the heavy-particle temperature
Ty at the focal position (x =0) for two laser

wavelengths: (a) 355 nm and (b) 532 nm.
Source: created by the authors.

Time (ns)

As shown by the curve shapes, a characteristic
sequence emerges: rapid electron heating, followed
by delayed gas heating and a subsequent relaxation
of the system. The 532 nm case exhibits a stronger
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overall thermal response, as this wavelength more
efficiently supports electron heating and, in turn,
enhances energy transfer to the surrounding gas. For
both wavelengths, the electron temperature T, rises
rapidly and reaches its maximum, with T, . =
3783.58K near t = 8.23 ns (Figure 2(a)) and
Te max = 4013.22 K near t = 8.58 ns (Figure 2(b)).
The heavy-particle temperature T}, by contrast,
responds more slowly and attains its maximum,
Ty max only several nanoseconds later, at t = 12.18
ns for 355 nm, Tj g, = 1359.56 K (Figure 2(a))
and t = 12.38 ns for 532 nm, T}, 14, = 1632.64 K
(Figure 2(b)). The delay between the maxima of T,
and T, response is characteristic of a two-
temperature plasma system: electrons absorb the
laser energy first, while the gas temperature
increases only after successive collisions transfer
this energy to neutral and heavy particles. This
behavior is fully consistent with the expected
dynamics of weakly ionized plasmas, [16]. Both T,
and T} are higher at 532 nm, and that is consistent
with the more efficient IB heating at longer
wavelengths, [12]. The difference between the two
temperatures remains large in both cases, with
ATpax = 2424.02 K for 355 nm (Figure 2(a)) and
ATax = 2380.57K for 532 nm (Figure 2(b)),
showing that the plasma does not approach thermal
equilibrium during the main stage of energy
deposition.

To further characterize the breakdown dynamics
beyond the spatial snapshots discussed previously,
we examine in Figure 3 the temporal evolution of
two key quantities derived from the model: the on-
axis electron density n,(0,t) (Figure 3(a)) and the
effective width of the plasma channel wgg(t)
(Figure 3(b)). The quantity n,(0,t) is the solution
of the continuity equation, Eq. (1), evaluated at the
focal point x = 0, where the laser intensity reaches
its maximum, and the interplay between generation
and loss processes is most pronounced. In Figure
3(b), the effective channel width is introduced
Werr(t) as a characteristic measure of the spatial
extent of the plasma along the propagation axis. The
introduction of wes(t) makes it possible to monitor
not only the local plasma growth at the focal region,
but also its expansion along the propagation axis.
This provides deeper insight into the formation and
temporal evolution of the plasma channel under
different laser wavelength conditions. Such
understanding is particularly important for practical
applications involving laser—matter interaction,
including laser micromachining, filamentation
control, plasma-based light guiding, and
optimization of laser-induced material processing.
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Fig. 3: Temporal evolution of: (a) the on-axis
electron density n,(0,t) and (b) the effective
plasma channel width weg(t) for laser wavelengths

of 355 nm and 532 nm.
Source: created by the authors.

The temporal evolution of the on-axis electron
density in Figure 3(a) illustrates the nonlinear
interplay between ionization, avalanche
amplification, and loss processes. Initially, the
electron density remains close to its background
value, since ionization is insufficient to overcome
recombination and diffusion. As the laser pulse
approaches its peak, avalanche ionization becomes
dominant, causing a rapid increase in electron
density followed by saturation and a gradual decay.
This behaviour is much more pronounced at
532 nm, where the sharper rise, higher saturation
level, and slower decay indicate a strongly
developed avalanche regime. In contrast, the
355 nm case exhibits a smoother increase and faster
decay, characteristic of a weaker, seeding-controlled
regime.

The evolution of the effective channel width in
Figure 3(b) reflects the coupling between ionization
and transport. Before the breakdown, wegs remains
nearly constant, corresponding to the laser beam
size. During rapid avalanche growth, a sharp
reduction of weg occurs due to the localization of
the plasma near the focal region, particularly at
532 nm. This is followed by re-expansion of the
plasma channel driven by diffusion and sustained
ionization. The recovery is stronger at 532 nm,
indicating enhanced transport and secondary
ionization processes. Overall, the results show that
longer wavelengths produce denser and more
spatially extended plasma channels, while shorter
wavelengths lead to weaker and more localized
plasma formation.

4 Conclusion

We use a two-temperature model to numerically
analyze the wavelength dependence of LIB in
ambient air. The obtained results show that LIB is
driven by the complex nonlinear interaction between
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the initial creation of free electrons and their later
energy uptake from the laser field. For the 355 nm
wavelength, MPI effectively generates the initial
seed electrons, but the acquired electron energy is
insufficient to maintain efficient EII. Therefore, the
increase in electron density remains limited, and the
resulting plasma stays relatively confined in space.
In contrast, at 532 nm, the stronger collisional
absorption produces more efficient electron heating,
which significantly enhances EII. This establishes a
positive  feedback loop  between  electron
multiplication and laser energy deposition, leading
to rapid plasma amplification and the development
of a dense plasma channel. The calculated temporal
behaviour of electron and heavy-particle
temperatures also demonstrates that the breakdown
process evolves under strongly nonequilibrium
conditions. Electrons respond almost
instantaneously to the laser field, while the heavy-
particle subsystem heats more slowly, producing a
long-lasting temperature imbalance that affects the
overall plasma energy dynamics. Furthermore, the
simultaneous evolution of electron density and
plasma radius indicates that the breakdown exhibits
threshold-like behaviour. Once the ionization level
exceeds a critical value, the plasma becomes highly
localized around the focal region and subsequently
expands because of diffusion and ongoing energy
transfer processes. These findings collectively
suggest that the laser wavelength governs not only
the prevailing ionization mechanism but also the
effectiveness of energy coupling and the resulting
temporal and spatial evolution of the plasma
structure.
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