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ABSTRACT. In this research, we delve into the ionization dynamics of neon, focusing on
the transitions 3s, — 2p, and 3s; = 2ps. Employing the Landau-Dykhne approximation,
we elucidate how variations in laser intensity, atomic charge, and wavelength influence the
ionization rates. Our study unveils a detailed dependency of the ionization process on these
laser parameters, affirming the laser's pivotal role in atomic excitations. We discover that
while the ionization rates are markedly affected by laser intensity and atomic charge,
wavelength variations also significantly alter the transition dynamics. This work
emphasizes the minimal impact of relativistic effects in neon, thereby establishing it as an
excellent system for examining laser-atom interaction nuances. Our findings provide
valuable insights into the quantum mechanical underpinnings of laser-induced ionization,
enhancing the theoretical framework and informing future experimental inquiries into such
interactions.

Keywords: transition amplitude, ionization rate, laser parameters.

INTRODUCTION

The evolution of laser technology over the past decades has not only revolutionized our
understanding of the interplay between laser fields and atomic and molecular systems but has
also unraveled the complexities of the ionization processes (PETROVIC et al., 2023; BORREGO-
VARILLAS et al., 2022; PETERS, 2021). These advancements have propelled theoretical physics
into new frontiers, notably in applied sciences, such as laser-induced breakdown (LI1B) and the
precise manipulation of free-electron densities (DELIBASIC et al., 2020; ZHANG and YANG,
2020). A pivotal aspect of this scientific journey is the nuanced comprehension of ionization
rates, a fundamental parameter that significantly affects the dynamics of free electron densities
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and, consequently, influences the optical and physical properties of materials subjected to laser
irradiation. At the core of this area of study lie the seminal contributions of Landau and Lifshitz
(LANDAU and LIFsHITZ, 2013), who laid the initial theoretical groundwork for atomic ionization
within electromagnetic fields. This foundational work set the stage for the landmark
contributions of Keldysh, who introduced a model that categorized ionization mechanisms into
tunnel ionization (TI) for y << 1 and multiphoton ionization (MPI) for y > 1 (KELDYSH, 1965).
The Keldysh parameter y thus emerged as a critical factor in bridging these ionization regimes.
Keldysh's model has been pivotal in deepening our understanding of the response of atoms and
molecules to varying laser intensities, facilitating a broader exploration into the dynamics of
nonlinear photoionization. Building upon this theoretical foundation, the Perelomov-Popov-
Terent'ev (PPT) model (PERELOMOV et al., 1966) introduced substantial refinements by
meticulously incorporating the effects of Coulomb interactions and the impact of variably
polarized laser fields. This refined approach has been important in providing a more intricate
and accurate depiction of ionization dynamics, closely aligning with experimental data, and
enriching our theoretical tools for examining laser-matter interactions. Concurrently, the
development of the Ammosov-Delone-Krainov (ADK) theory (AMmosov et al., 1986)
presented an alternative methodology for assessing ionization rates, particularly within the
tunnel ionization regime for complex atoms and ions. Despite its limitations under specific
scenarios, the ADK model's simplicity and practicality have cemented its importance in
theoretical considerations, enabling a pragmatic evaluation of ionization processes across
various laser intensities.

Central to the theoretical exploration of ionization dynamics is the Landau-Dykhne
adiabatic approximation (DYKHNE, 1962), a concept that has significantly influenced the field
by offering a robust method for calculating transition probabilities in quantum systems
subjected to slowly varying external fields. This approximation, integral to our understanding
of adiabatic processes, underpins the theoretical analysis of ionization rates, especially in the
context of strong-field ionization. By employing this approximation, we gain valuable insights
into the adiabatic nature of electron dynamics, allowing for a more comprehensive
understanding of ionization mechanisms under high-intensity laser fields. The Landau-Dykhne
approximation forms the cornerstone of our theoretical investigation in this paper, enabling a
detailed analysis of ionization rates and contributing to the broader discourse on laser-matter
interaction dynamics.

In this study, our paper aims to contribute to the field by presenting a theoretical
framework specifically designed to calculate the ionization rate for the 3s, —» 2p, and 3s; —
2ps transitions of neon (Ne) atoms under adiabatic perturbations. This work, which situates
itself within the broader discourse initiated by predecessors like Landau and Dykhne, seeks to
elucidate the role of laser intensity and wavelength in strong-field ionization, while also
considering the impact of additional ionization processes on the transition rate. Our findings
not only engage with the established theoretical framework but also offer new insights,
particularly highlighting the non-relativistic domain where magnetic field effects are negligible
- a distinction that sets our work apart and provides a nuanced understanding of ionization
dynamics influenced predominantly by the electric component of the laser field.

This paper presents a methodical investigation of the ionization dynamics in neon,
focusing on the 3s, — 2p, and 3s; — 2ps transitions. Our manuscript is organized into distinct
sections for clarity and depth of analysis. The section "Theoretical Framework™ lays out the
foundations of our study, where we derive the ionization rate equations for the neon transitions
using the adiabatic Landau-Dykhne approximation. This is followed by "Results and
Discussion,” where we analyze our theoretical findings, shedding light on the nuances of atomic
response to laser manipulation. Finally, in "Conclusion,” we synthesize our insights, reflect on
the significance of our research within the broader context of atomic physics, and outline
potential directions for future research.
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Theoretical framework

In the framework of quantum mechanics, the analysis of a two-level Hamiltonian system
under the adiabatic approximation is a fundamental approach to understanding how quantum
states evolve when subjected to slowly varying external conditions. This approximation allows
us to explore the system's dynamics through its energy eigenvalues, E;(t), which are solutions
to the Schrédinger equation, H(t) ¥;(t) = E;(t) ¥;(t) (MILOSEVIC et al., 2022). Here, H(t)
represents the time-dependent Hamiltonian of the system, and ¥; () denotes the eigenfunctions
corresponding to each energy eigenvalue. The physical picture becomes clearer when we
express the eigenfunctions as W;(t) o Exp[—i [ E;(t) dt']. This expression encapsulates the
phase evolution of the quantum state over time, where the integral of the energy eigenvalue
over time gives the phase accumulated by the state. Such a representation is crucial for
understanding the coherence properties of quantum states and their temporal evolution under
the influence of external forces.

The concept of transition amplitudes, A,,,, plays a central role in quantifying the
probability amplitude for a system to transition from an initial quantum state n to a final state
m due to adiabatic perturbations (DYKHNE, 1962). This transition amplitude is derived by
considering the overlap integral between the initial and final state wave functions (¥,,, ¥,,),
which mathematically represents how much these states 'overlap' or share in common. The
calculation of A,,,, is guided by the equation:

A = LExp [0 [} on ()], ®

where t, is any point on the real t —axis and w,,, (t) denotes transition frequency, defined as
wmn(t) = Ep, (t) — E, (t), reflecting the energy difference between states m and n, and thereby
governing the dynamics of the transition. Furthermore, the parameter 7, a classical turning point
in the complex t plane, emerges as a critical factor in the adiabatic approximation. It is defined
by the condition E,(t) = E,,(t), equating the energies of the initial and final states at the
turning point. This turning point is essential for understanding the non-linear dynamics of
guantum transitions, particularly in determining the most probable path for a state transition
within the complex time plane. Delone and Krainov's insights into selecting the appropriate z-
value (DELONE and KRAINOV, 1998), closest to the real t-axis, underscore the importance of
choosing the path that minimizes the action and, hence, maximizes the transition probability.
This selection is not merely a mathematical convenience but a profound insight into the physical
processes governing quantum transitions under adiabatic conditions. It highlights the interplay
between the quantum states and the external environment, elucidating the conditions under
which quantum systems exhibit significant transitions.

Building upon the foundational concepts of quantum transitions within the adiabatic
framework, we delve further into the specifics of transitioning between quantum states under
slowly varying external conditions. The transition from an initial state n to a final state m,
pivotal in understanding quantum system dynamics, is quantitatively explored through the
adiabatic Landau-Dykhne approximation (DYKHNE, 1962). This approximation is a cornerstone
for calculating the ionization rate W,,,, which quantifies the probability of a quantum state
transitioning from one energy level to another due to adiabatic perturbations and can be derived
as:

Winn = |Amn|2 = Exp [_2 Im {ftrl wmn(t)dt}]- (2)
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where |4,,,|? signifies the square modulus of the transition amplitude, providing a direct
measure of the transition probability. Moreover, Eq. (2) encapsulates the essence of the
observed approximation, indicating that the ionization rate is exponentially dependent on the
imaginary part of the action integral between states n and m, calculated over a path in the
complex time plane from ¢, to 7. It is important to stress that this formulation, as highlighted in
Egs. (1) and (2), is particularly relevant when considering transitions between adjacent quantum
levels n and m. However, the scenario becomes more complex with the introduction of a third
level positioned between the initial and final states. In such cases, the system faces a choice: a
direct transition from n to m or a cascaded transition through the intermediary level. This
competition between direct and cascade transitions introduces an additional layer of complexity
in calculating ionization rates, as both pathways can significantly influence the overall
transition dynamics. The interplay between these transition pathways has been the subject of
extensive research (AUGST et al., 1991; TsiBIDIS and STRATAKIS, 2020), revealing that the
presence of an intermediate level can either facilitate or inhibit the transition, depending on the
system's specifics and the external conditions. This area of study is rich with insights into the
mechanisms of quantum transitions, offering a deeper understanding of how quantum systems
navigate the landscape of their potential energy states under adiabatic perturbations.

The research presented in this study marks a significant milestone in atomic structure
calculations and experimental methodologies. We focus our analysis on the 3s, - 2p, and
3s3 — 2pg transitions of the Ne atom (Fig. 1), motivated by the aim to calculate the
corresponding transition rates and to explore the effects of varying laser intensity and frequency
on these rates. The choice of Ne is strategic; for most noble-gas atoms, the lifetimes of the 3s,
and 3s; states are significantly influenced by electron correlations and relativistic effects
(LiLLy and HoLMES, 1968). However, Ne stands out as relativistic corrections have a minimal
impact on its atomic transitions, rendering it an ideal candidate for rigorously testing theories
of electron correlations.
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Figure 1. Simplified energy-level scheme for Ne where the 3s, — 2p, and 3s; — 2ps transitions are
of interest (adapted from LiLLY and HOLMES, 1968).

In our theoretical exploration, we subject the 3s, — 2p, and 3s; — 2ps transitions (see
Fig. 1) to a monochromatic perturbation, represented as V = VY Cos[wt] = zF Cos[wt],
where z denotes the atomic charge and F the electric field strength of the laser. This perturbation
leads us to the formulation of the Schrodinger equation in the energy representation for the
observed two-level system, resulting in the equations:

E,(lo)an + zFa,, Cos[wt] = E,(t)a,, 3)

E,(,?)am + zF a, Cos[wt] = E,,(t)an,. 4)
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where w is the angular frequency of the laser field, while E,(lo)and E,(,?) represents the
unperturbed (or zero-field) energies of the initial, n, and final, m, states, respectively. Those
are the energy levels of the atomic system when there is no external electric field applied.
Coefficients a,, and a,,, are the amplitudes of the quantum states n and m, respectively. They
indicate the probability amplitude for finding the system in either state. Finally, E, (t) and
E,,(t) are the instantaneous energies of the states n and m under the influence of the oscillating

electric field. Unlike the unperturbed energies E,So)and E,(,?), these values vary over time as the
external field changes. The left-hand side of each equation (see Egs. (3) and (4)) combine the
unperturbed energy of a state with the interaction term that arises due to the external field. The
right-hand side relates this combined energy to the time-dependent energy of the state,
modulated by the external field's influence. These equations essentially capture the dynamics
of quantum states under external perturbations. The presence of the cosine term indicates that
the interaction is periodic, leading to the possibility of resonant phenomena when the frequency
of the external field matches or comes close to the natural frequencies of the system.

Following the Landau-Dykhne formulation, as detailed in the referenced literature, we
adopt the assumption that the zeroth-order energy levels of the states involved in the transition
satisfy relation (DYKHNE, 1962): E,(,?) = —E,(lo) = Wyy/2 > 0. This condition implies a
symmetrical distribution of energy levels about the zero-energy point, where w,,, represents
the energy separation between these levels in the absence of external perturbations. Utilizing
this assumption allows us to express the energy eigenvalues E, (t) and E,,,(t), in the presence
of an external electric field as:

En(©) = ~Ea(0) = [Eopn? + [212F2Cos2 o], ©

which encapsulates the dynamic modulation of the energy levels induced by the oscillating
electric field, where the square root term accounts for the combined effect of the static energy
separation and the field-induced energy shifts.

The classical turning point, z, crucial for calculating the transition amplitude, is
determined by equating the initial and final energies, E,(t) = E,,(t), and employing a
Maclaurin series expansion for the ArcCos[x] zg—x—m (Guo et al., 2022). The
approximation yields:

=24 i‘*’m_n‘/i_ (6)
2w 4Fz

By substituting Egs. (5) and (6) into Eqg. (1), one can calculate the transition amplitude at the
point t as:

i3
(2Fnz+iV20wmn ) (2F2 2%+ Wmpn?) —4F323Sin [*2mL
Amn = Exp |i [ . )

4Fzw

This complex expression integrates the effects of the electric field's strength, the frequency of
the laser, and the intrinsic properties of the atomic system.

Finally, the ionization rate, W,,,, encapsulates the probability per unit time for the
transition between states n and m. By incorporating Eq. (7) into formula for W,,,,, (see Eq. (2))
and applying a Maclaurin expansion for the sine function, Sin[x] = x, when x — 0 (Guoet al.,
2022), we obtain:
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nF?z?2  mwmn?  ©Omn°

Win = |Amn|* = Exp [_2( w + 20 zﬁFz)]’ (8)
This equation ties together the parameters governing the system's dynamics, offering a direct
pathway to quantifying the transition rate in terms of measurable quantities like the field
strength, F, the charge, z, laser frequency, w, and the transition frequency, w,,,. Specifically,
for the Ne atom transitions 3s, — 2p, and 3s; — 2ps, with transition frequencies of 6328.2 A
and 6313.7 A respectively (LiLLY and HoLMES, 1968), this formulation allows for a precise
calculation of ionization rates, shedding light on the impact of laser intensity and frequency on
atomic excitation processes. The consideration of these specific transitions, chosen due to their
sensitivity to electron correlations and minimal relativistic effects, underscores neon's
suitability as a testbed for exploring fundamental aspects of quantum dynamics and electron
interaction effects in atomic systems.

RESULTS AND DISCUSSION

In this section, we present the findings from our study on the 3s, — 2p, and 3s; = 2ps
transitions in Ne, employing the adiabatic Landau-Dykhne approximation (DYKHNE, 1962) as
our analytical cornerstone. Our investigation meticulously explores the ionization rate W,,,,,
which is given in arbitrary units (as shown in Figs. 2-4), focusing on its sensitivity to an array
of laser field intensities, I - from the relatively modest 0.01 PW/cm? up to the more intense
1.00 PW/cm? - alongside a spectrum of atomic charges z varying from 1 to 5, and a
comprehensive range of laser wavelengths, A, from 100 nm to 1100 nm. Anchored in the realm
of atomic units, our approach provides an insightful examination of the fundamental
interactions at play within the laser-atom interface, highlighting the dynamics that drive these
specific Ne transitions.

First, we focus on the transition rates, W,,, (see Eg. (8)), for neon's 3s, — 2p, and
3s3 — 2pg under diverse laser intensities, I, and atomic charges, z. The adiabatic Landau-
Dykhne approximation provides a sophisticated perspective on how these parameters influence
the atomic ionization processes. Presented herein are graphical representations that distill the
essence of our theoretical insights into observable trends. These plots chart the course of the
ionization rate's response to a sweeping range of laser intensities, from 0.01 PW/cm? to an
intense 1.00 PW/cm?. Fig. 2 presents a comparative analysis across three distinct scenarios:
the comparison of ionization rates (under various laser intensities) for both transitions of interest
at a single atomic charge (Fig. 2(a)), the behavior of the ionization rate for the 3s, — 2p,
transition across a range of atomic charges (Fig. 2(b)), and a similar examination for the 3s; —
2ps transition (Fig. 2(c)). Understanding this dependency is crucial, not merely for the sake of
theoretical completeness but also for its practical implications. The interplay presented by these
graphs not only substantiates the theoretical model but also underscores the importance of
parameter control in experimental setups. By elucidating the effects of laser intensity and
atomic charge, we not only enhance our comprehension of neon's atomic structure but also
contribute to the broader understanding of atomic behavior under extreme conditions.

As one can conclude from the results presented in Fig. 2(a), the comparison of ionization
rates between the 3s, — 2p, (brown solid line) and 3s; — 2ps (brown dashed line) transitions
at a constant atomic charge z = 1 unfolds a narrative that is corroborated by existing research
(Beckeret al., 2001). The brown solid line illustrates a characteristic saturation behavior as the
laser intensity reaches higher values, echoing the predictions of strong-field ionization theories
(PERELOMOV et al., 1966; AMMosov et al., 1986; MAJETY and SCRINzI, 2015). The brown
dashed line, while following a similar trend, delineates a subtly distinct trajectory, indicative of
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the delicate interplay between the atomic charge distribution and the external electric field's
influence on electron ejection.
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Figure 2. Variation in ionization rate, W,,,,,, as a function of laser intensity I from 0.01 to
1.00 PW/cm?, across distinct atomic charges z, for key Ne atom transitions. (a) Compares the
ionization rates for the transition 3s, — 2p, (brown solid line) with the 3s; — 2pg transition (brown
dashed line) at a constant atomic charge z = 1, (b) examines the 3s, — 2p, transition's ionization rate
across atomic charges 1, 2, 3, 4, and 5, (c) analyzes the 3s; — 2pc transition under the same range of
atomic charges.

Furthermore, Figs. 2(b), (c) extend this analysis across a wider spectrum of atomic charges z,
from 1 to 5. Here, with the blue line, z = 2, orange line, z = 3, cyan line, z = 4, and purple
line z = 5, each increment in atomic charge elucidates a shift in the ionization threshold and
efficiency. This is completely consistent with the theoretical model that describes the scaling
of ionization rates with effective nuclear charge (RisTiC and STEVANOVIC, 2007). Fig. 2(b),
depicting the 3s, — 2p, transition across varying z, shows a systematic increase in ionization
propensity with the atomic charge - a trend that has been well-documented (RisTiC and
STEVANOVIC, 2007). In addition, Fig. 2(c) offers a complementary view for the 3s; — 2pc
transition, providing a comparative perspective on the charge dependency for this distinct
electronic transition. Notably, the behavior across different charges for both transitions
showcases a non-linear increase in ionization rate, potentially pointing to a more complex
interaction between the laser field and the multi-electron structure of Ne beyond a simplistic
linear Stark effect (MAJETY and ScRrINzI, 2015). This nuanced understanding of ionization
dynamics, as a function of both intensity and atomic charge, is not only critical for the
advancement of laser-driven applications but also for a deeper insight into the fundamental
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processes governing atomic ionization. In essence, the data presented in Fig. 2 not only confirm
the theoretical predictions made in this paper but also enrich our understanding of the atomic-
scale phenomena underpinning ionization.

Building on the compelling narrative from Fig. 2, which highlighted the saturation
behavior and the charge dependence of ionization rates, Fig. 3 aims to broaden our
understanding of these phenomena across an extended parameter space. In Fig. 3(a), we dissect
the behavior of ionization rates, W, at a constant laser intensity, I = 0.01 PW/cm?, for the
two Ne transitions 3s, — 2p, (brown solid line) and 3s; = 2ps (brown dashed line), which
may offer insights into the selection rules and electronic structures unique to each transition.

(a) 0.300f

0.300

6‘(/
S
0.240 N
7 3 N
: = 0.600( o
£ 0.180 s 00T
=, = *
© P
3 o
o -4
g 01200 F
: :
5 E

0.060f

3s,-2p,
————— 3s,-2p,
1.0 20 30 20 5.0 10 20 30 40 5.0
Atomic Charge Atomic Charge
(c)
‘{‘(/
Qe
\-(’“w2
0.600 o
05“?\}]

0.10 PW/em' =
0.300 :

lonization Rate [arb. u.]

i\

0.05 pwfcm:

S
/w pw/em

1.0 20 3.0 30 5.0
Atomic Charge

Figure 3. Variation in ionization rate, W,,,,,, as a function of atomic charges z from 1 to 5, across
distinct laser intensities I, for key Ne atom transitions. (a) Compares the ionization rates for the
transition 3s, — 2p, (brown solid line) with the 3s; — 2ps transition (brown dashed line) at a
constant laser intensity I = 0.01 PW/cm?, (b) examines the 3s, — 2p, transition’s ionization rate
across different laser intensities, 0.01 PW/cm?, 0.05 PW/cm?, 0.10 PW/cm?, 0.5 PW/cm? and
1.00 PW/cm?, (c) analyzes the 3s; — 2ps transition under the same range of laser intensities.

Figs. 3(b) and (c) extend the scope to encompass a dynamic range of laser intensities
I =0.01 — 1.00 PW/cm?, providing a comparative analysis that underscores the versatility of
Ne as a probe for strong-field physics. This comprehensive examination of ionization rates
serves not only to corroborate the predictions from the Landau-Dykhne model but also to shed
light on the broader implications of these findings. It reinforces the necessity of precise control
over experimental parameters and deepens our understanding of the quantum mechanical
principles that govern ionization under intense fields. The insights gleaned from these studies
are poised to inform future investigations, guiding the strategic design of experiments and the
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interpretation of their results in the pursuit of advancing our command over ionization
processes.

Fig. 3 provides a quantitative representation of how ionization rates, W,,,,, evolve as a
function of atomic charges z across distinct laser intensities I for the neon transitions 3s, —
2p, and 3s; — 2ps. The data portrays a clear trend: as the laser intensity escalates, so does the
ionization rate, yet this increase is not uniform across different atomic charges. The solid and
dashed lines for I = 0.01 PW/cm? in Fig. 3(a) start to diverge as the atomic charge increases,
revealing how the 3s, — 2p, transition responds differently compared to 3s; — 2p<. This
divergence, particularly noticeable for higher values of z, reveals the complex influence of
atomic charge on ionization dynamics. The higher the atomic charge, the greater the effective
nuclear attraction on the electron cloud, which in turn alters the ionization potential of the atom.
Furthermore, Figs. 3(b), (c) extend the study to a broader range of intensities, showing a more
pronounced increase in ionization rates for higher atomic charges. Here we observe that at the
lowest intensity of 0.01 PW/cm? (brown line), the ionization rate for both transitions begins at
its minimal value. As the intensity augments to 0.05 PW/cm? (blue line), the rates rise,
following the established theory that higher fields correlate with an increased probability of
ionization events (RISTIC and STEVANOVIC, 2007). This trend continues as we examine higher
intensities of 0.10 PW/cm? (orange line), 0.50 PW/cm? (cyan line), and up to 1.00 PW/cm?
(purple line), with each line representing an incremental step in intensity and a corresponding
increase in ionization rate. This behavior aligns with quantum mechanical principles, where an
increase in effective nuclear charge leads to a decrease in ionization potential, thus requiring
less energy to liberate an electron (ZHAN et al., 2003). The data across the various intensities
and atomic charges underscore the relationship between the external laser field and the internal
electronic structure of Ne atom.

Moving beyond the primary effects of laser intensity and atomic charge on ionization
rates, we now turn our attention to the role of laser wavelength, A1 - a parameter of critical
significance in tailoring electron dynamics during ionization. Fig. 4 is dedicated to elucidating
the dependence of the ionization rate W, for the transition 3s, — 2p, on the laser wavelength
A within the range of 100 to 1100 nm, across a series of atomic charges z for Ne (brown line
z = 1, blueline, z = 2, orange line, z = 3, cyan line, z = 4, and purple line z = 5). A thorough
comprehension of this wavelength dependency is pivotal for several reasons. Firstly, the laser
wavelength directly influences the electric field's oscillation period, which in turn dictates the
timescale over which the electron can respond to the field - a key factor in strong-field
ionization regimes where tunneling ionization prevails. The ability to predict how ionization
rates vary with laser wavelength is indispensable for the precise control of this ionization
mechanism. Fig. 4 systematically explores this dependency at fixed laser intensities, providing
a rich dataset to analyze how atomic ionization adapts to varying electromagnetic field
conditions. In panel (a), we observe the ionization behavior at a lower intensity I =
0.01 PW/cm?, serving as a foundational comparison point for the panels (b) and (c), which
address moderate I = 0.10 PW/cm?and high I = 1.00 PW/cm? laser intensities, respectively.
Each panel offers a distinct glimpse into the ionization rate's sensitivity to wavelength
variations, which is crucial for understanding the energy absorption process within the atom
and the subsequent electron release. This aspect of wavelength dependence is especially
relevant in the design of laser systems for applications such as attosecond pulse generation and
high-harmonic generation, where control over the phase and amplitude of the laser-electron
interaction is paramount. Moreover, the knowledge of how ionization rates vary with
wavelength can significantly impact the development of laser-induced breakdown spectroscopy
phenomena, enabling more accurate and controlled analysis of observed materials.
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Figure 4. Variation in ionization rate, W,,,,,, for the transition 3s, — 2p, as a function of laser wavelength A from
100 to 1100 nm, across distinct atomic charges z, for key Ne atom transitions. Each panel represents a different
fixed laser intensity, I, and details how the ionization rate changes across a range of z: (a) demonstrates the
ionization rate at a low laser intensity of I = 0.01 PW/cm? for atomic charges 1, 2, 3, 4, and 5; (b) depicts the
ionization rate at a moderate laser intensity of I = 0.10 PW/cm?, again for charges 1, 2, 3, 4, and 5; and (c)
shows the ionization rate at a high laser intensity of I = 1.00 PW/cm?for the same range of atomic charges.

Fig. 4(a) displays the ionization rate at the lowest considered intensity, I = 0.01 PW/cm?, for
atomic charges z = 1 to z = 5, depicted by brown through purple lines, respectively. At this
lower intensity, the energy per photon is insufficient to induce ionization via tunneling, and
thus, the ionization rate is low across the entire range of wavelengths. As the wavelength
increases, we do not observe a significant change in the ionization rate for any charge state,
suggesting that at this lower intensity, the electron dynamics are not strongly perturbed by the
variation in the laser field oscillation period. In Fig. 4(b), at a moderate intensity of I =
0.10 PW/cm?, we begin to see a more discernible variation in the ionization rate with
wavelength and atomic charges. This can be attributed to the increased energy per photon,
which allows for the excitation and subsequent ionization of the electron, a process that
becomes more efficient as the wavelength decreases and the photon energy increases
(BErRTOLINO et al., 2020). This observation is consistent with the established understanding that
shorter wavelengths can facilitate stronger electron-field interactions due to the higher photon
energies involved. Furthermore, Fig. 4(c) captures the behavior at a high intensity of I =
1.00 PW/cm?, where the ionization rate markedly increases across all wavelengths for each
atomic charge state. This regime is where tunneling ionization becomes a dominant mechanism,
and the ionization rate's dependence on wavelength becomes particularly pronounced. At
shorter wavelengths, the increase in photon energy significantly boosts the ionization rate, while



55

at longer wavelengths, despite the intense field, the energy per photon may be below the
ionization potential, leading to a lower ionization rate. Understanding the intricate dependence
of ionization rates on both laser wavelength and atomic charge has profound implications. It
informs the design of laser systems for precise electron dynamics control, critical in applications
such as attosecond pulse generation, where the timing of electron release must be manipulated
with extreme precision. Furthermore, these insights are invaluable for tailoring the wavelength
of lasers used in high-harmonic generation, where ionization rates must be optimized for
efficient conversion to higher frequencies. Lastly, the ability to predict and control ionization
rates across a spectrum of laser wavelengths and atomic charges is pivotal for enhancing the
resolution and sensitivity of laser-induced breakdown spectroscopy, enabling the accurate
characterization of materials and detection of trace elements.

CONCLUSION

In conclusion, our comprehensive study has systematically elucidated the ionization
dynamics of the Ne atom, particularly within the 3s, - 2p, and 3s; — 2ps transitions.
Employing the adiabatic Landau-Dykhne approximation, we have quantified the ionization rate
across a broad spectrum of laser intensities and atomic charges and extended our investigation
to encompass the influential role of laser wavelength. Our findings illustrate a complex
dependency of the ionization rate on laser intensity, atomic charge, and wavelength. At low
intensities, the ionization rate remains relatively insensitive to the variations in wavelength,
indicating that other factors dominate the ionization process. As the intensity increases, we
observe a pronounced influence of both atomic charge and wavelength on the ionization
dynamics, indicative of the transition from a regime where the field strength is paramount to
one where the photon energy becomes increasingly significant. The non-linear increase in
ionization rates with atomic charge, particularly notable at higher laser intensities, underscores
the importance of electron-nuclear interactions and the potential barriers within the atom. These
findings are consistent with and extend existing theoretical models, offering new insights into
the nuanced physics governing strong-field ionization. Practically, this study's insights have
significant implications for the advancement of laser-driven applications. The precise control
over ionization that these findings suggest is crucial for optimizing processes in high-precision
spectroscopy, advancing the frontiers of attosecond physics, and enhancing the capabilities of
laser-induced breakdown spectroscopy. These applications rely on a detailed understanding of
how atomic systems respond to laser fields, a topic to which our study makes a substantial
contribution.
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