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Abstract

By numerically solving the time-dependent Schrodinger equation (TDSE), we study the
elementary excitation and ionization processes of atomic hydrogen on the same footing,
which is irradiated by the two-color laser fields composed of a strong 400 nm pulse and
a weak 800 nm pulse. We find that under different intensities of the 400 nm laser, the
ionization and excitation probabilities exhibit completely distinct modulations with the
variation in the intensity of the 800 nm laser. Electron energy spectra (EESs), including
above-threshold ionization (ATI) peaks and below-threshold bound states, indicate that
the involvement of Rydberg states and the shift of low-energy ATI peaks due to the
increase in the ponderomotive energy are the primary causes of the above-mentioned
modulation behavior. By virtue of a quantum-state-resolved numerical method, the angular-
momentum-resolved EES reveal how the addition of the 800 nm laser field perturbs and
modifies the strong, 400 nm dominated multiphoton excitation and ionization channels.
Our study provides a flexible control strategy for multiphoton excitation and ionization in
atoms and even molecules and further advances the understanding of the complex ultrafast
dynamics driven by two-color femtosecond laser fields.

Keywords: above-threshold ionization; multiphoton excitation; angular-momentum-
resolved electron energy spectra; quantum coherent control of atomic states

1. Introduction

Laser-field-induced ionization is the initial stage of many ultrafast phenomena, such
as molecular dissociation [1-4], high harmonic generation [5-8], terahertz radiation [9,10],
air lasing [11-14], laser-assisted electron—ion recollision [15], and laser-induced plasma
emission [16,17]. As such, it is a core issue in ultrafast laser physics and attosecond
science. According to the Keldysh parameter -y [18], the ionization regime can be classified
into multiphoton (y > 1), tunneling (v < 1), and over-the-barrier ionization processes.
Among them, multiphoton ionization allows ionization channels to be clearly described
using the concept of the number of absorbed photons, since the energy spacing of ATI
peaks is equal to the single-photon energy of the driving light field. Thus, the multiphoton
ionization picture remains a preferred choice for explaining related physical problems.
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Compared with photoionization, photoexcitation represents a more fundamental phys-
ical process in light-matter interactions. Semiclassical rate equations, the Fermi’s Golden
Rule, and the Jaynes-Cummings model were successively developed to quantitatively pre-
dict atomic single-photon transition probabilities [19,20]. However, with the advancement
of high-power laser technology, multiphoton excitation has attracted considerable research
interest. In this case, atomic energy levels are so severely distorted by laser fields that the
aforementioned theoretical models are no longer applicable. At present, solving TDSE or
density matrix equations is a preferable method to address this problem accurately [20,21].

Since the 1950s, the dependence of ionization probability on laser intensity in
monochromatic fields has been extensively studied. A series of theoretical models were
proposed [22-27], and all predicted that the ionization probability increased exponentially
with light intensity, yet the excitation process was often neglected. However, this is not true,
as excitation and ionization always coexist and interact with each other in intense laser
fields. As early as 30 years ago, carefully detailed experiments observed that ion yields re-
vealed minute yet reproducible modulations with small steps of intensity increment [28,29].
This phenomenon can be interpreted by the elaborate interference stabilization and channel
closing models [30]. Then, C. D. Lin et al. theoretically studied antiphase modulations
of excitation and ionization in atoms irradiated by lasers of different wavelengths based
on EESs [31-33]. Subsequently, B. Piraux et al. used a quantum-state-resolved method to
explain the probabilities of excitation and ionization driven by 800 nm and 1800 nm laser
pulses from the perspectives of AC-Stark-shifted multiphoton resonance and frustrated
ionization [34]. Recently, several joint experimental-theoretical studies on atomic excitation
and ionization processes were performed from multiphoton to tunneling regime [35-37].

Compared to the monochromatic fields, a two-color field scheme composed of a fun-
damental wave and its second harmonic can provide more degrees of freedom to optimize
the ultrafast electron dynamics. For example, both the total ionization probability and
the asymmetry of electron emission can be controlled via parallel two-color fields [38,39].
The electronic intercycle and intracycle interferences of different electron wave packets are
disentangled by using orthogonally polarized two-color fields [40,41]. However, these stud-
ies all overlook the contribution from excited states, which play a key role in interpreting the
frustrated ionization and below-threshold harmonic generation [42,43]. Thus, there is an
urgent need for a complete description of atomic electron behavior under two-color fields.

Lately, a simultaneous study of two-color-field-driven excitation and ionization dy-
namics was reported [44]. They confirmed that ionization reduction in atoms independent
of the relative phase between two-color laser fields is induced by the modification of ex-
citation channels. Furthermore, the modulation of ionization and excitation probabilities
by the relative phase was investigated based on the interference between different chan-
nels [45]. In addition to the relative phase, the relative intensity between the two-color
components also serves as an important control parameter for atomic excitation and ion-
ization. Nevertheless, the relevant control strategies have rarely been reported and the
excitation dynamics remain to be investigated.

In this paper, we carry out TDSE calculations to study atomic excitation and ionization
on an equal footing driven by two-color laser fields with wavelengths of 400 nm and
800 nm over a wide intensity range. We focus mainly on 800 nm light-intensity-dependent
excitation and ionization probabilities, and attempt to reveal the underlying physical
mechanisms. Firstly, we find that under different 400 nm laser intensities, atomic ionization
and excitation probabilities show completely distinct changes with the 800 nm intensity.
Then, based on multiphoton ionization picture, the EES containing bound states is used
to intuitively explain the reasons for the modulation of ionization and excitation. More
importantly, the spherical harmonics expansion method adopted for solving TDSE makes
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it possible to resolve quantum states of bound and ionized wave packets. On this basis,
it is revealed how the multiphoton excitation and ionization channels of atoms vary with
different laser intensities.

The rest of this paper is organized as follows. In Section 2, a short summary of numer-
ical model and method used for solving TDSE will be described. In Section 3, simulation
results are discussed, and the corresponding channels of excitation and ionization are
revealed clearly. Section 4 presents a summary and outlook of our findings.

2. Numerical Models and Methods

The interaction between atoms and femtosecond laser pulses can be described by
TDSE within the electric dipole approximation, which is written as (atomic units are used
in this article unless otherwise indicated):

i—=Y¥(rt)=[-—+V(r)—iA(t) - V|¥(r,t), (1)

where the velocity gauge is adopted, ¥(r, t) is the total wave function of the system
including both bound and ionized states, V(r) = —1/r is the Coulomb potential of the
hydrogen atom, and V and V?, respectively, are the spatial nabla and Laplace operators.
The collinearly polarized laser vector potential A(t) is defined as follows:

A1) = £(6) |~ 2 sin(wsot) — - sin(ws) |2 @
w400 w800

where wygo/800 denotes the angular frequency of 400 or 800 nm laser fields, f(t) =
sinz(mf/ Ty) is a laser pulse envelope with a duration of T, = 10Tgq, and Tgoo = 277/ wsoo-
¢is a unit vector along the z-axis. The initial phase difference between the two-color fields
is set to zero. E4q0/500 denotes the peak amplitude of 400 nm or 800 nm laser pulses, which
is related to laser intensity via E = /I/(3.51 x 1016) with I in unit of W/cm?. In our sim-
ulations, the 400 nm laser intensity Iy varies from 5.0 x 103 W/cm? to 1.5 x 10 W/cm?,
and Igg is scanned from 0 to 8.0 x 1012 W/cm?.

To trace excitation and ionization channels in atoms driven by intense laser pulses,
TDSE is solved using angular momentum eigenstate expansion method. The time-
dependent total wave function consists of B-spline functions and spherical harmonics:

¥(1,0,0.0) = Tey) 21010 0,9), ®
jr

where B;(r) denotes B-spline functions and Y},,(6, ¢) are spherical harmonics with or-
bital angular momentum quantum number / and magnetic quantum number m, which,
respectively, describe electronic radial and angular dynamics. The time-dependent c;(t)
are undetermined expansion coefficients, and their initial value is obtained by diagonaliz-
ing the field-free Hamiltonian. For collinearly polarized laser fields, magnetic quantum
number m is conserved. Thus, to accelerate numerical simulations, m is fixed as 0 since the
hydrogen atom is initially populated at the ground electronic staten =1,/ = 0, and m = 0,
where 7 is the principal quantum number. j and [ are both integers ranging from zero to
N; — 1 and from zero to N; — 1, where N, and N; denote the numbers of B-spline functions
and [ partial waves, respectively. n satisfies the following equation n = j + I + 1. Detailed
information about this numerical method can be found in Ref. [46].
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At the end of the laser pulses (f = ff), the quantum-state-resolved probability is
extracted using the projection method:

Pur = (@ (r) | ¥ (r,t0)%, (4)

where ,,;(r) denotes the eigenstates of the hydrogen atom with an energy eigenvalue E,;,
and ¥ (r, tf) is the final-state wave function of the system. The remaining probability for the
ground state is given by P§ = P,_; ;_o. Then, the total excitation probability P¢ excluding
the ground state is obtained by P® = }_,; P~ ;. Thus, the ionization probability is obtained
by P! = 1 — P& — P° since the total probability of the system’s wave function is normalized
to unity.

The photoelectron energy spectra (PESs) are very useful for analyzing the ionization
channels. In analogy with Equation (4), the PESs can be calculated by projecting the final
wave function onto scattering states:

Pi(e) = V2e [ [(@; (1) | (7)) Pac, ©)

where @, (r) is the electronic scattering state with the outgoing momentum k = (k, (). k
and (), refer, respectively, to the magnitude and direction of momentum, and the former
corresponds the electronic kinetic energy via ¢ = k? /2. Alternatively, P!(¢) is the summation
of the populations of all I partial waves, and thus, the [-resolved energy spectra can be
obtained by:

Pj(e) = 22827} (k), (©6)

where Z;(k) is the | partial wave projection with a given momentum k [46].

In analogy with the PESs in continuum, the energy density in bound states is instruc-
tive to consider excitation and ionization on the same footing by defining P(e) = (¥ Py)n°.
Note that a hydrogen atom with the energy ¢ = —1/(2n2) has n-fold degeneracy for given
(n, m = 0) quantum numbers. Here, our EESs contain both the above-threshold ionization
peaks and energy density distribution of bound states.

Equation (1) is solved in a spherical space with a radius rmax = 1500 a.u., which is
large enough to retain all ionized wave packets. The converged results are obtained with
N =40, 1500 B-spline functions, and time step At = 0.008 a.u. That means # ranges from
1 to 41 and I ranges from 0 to n — 1. Therefore, a total of 861 bound states are taken into
account in our numerical simulations.

3. Results and Discussions

Figure 1a,b show, respectively, the ionization and excitation probabilities in hydro-
gen atoms irradiated by bichromatic fields composed of 400 nm and 800 nm laser pulses.
The y- and x-axes correspond to the laser intensities at 400 nm and 800 nm, respectively.
As expected, the atomic ionization probability rapidly increases with increasing 400 nm
laser intensity in Figure 1a because I is one order of magnitude higher than Igyg. How-
ever, for a given Iy, the ionized atoms do not increase monotonically with the 800 nm
laser intensity, especially for the low 400 nm intensity case indicated by the red dashed
line. In contrast to the ionization case, the excitation phenomena display completely
different behaviors in Figure 1b. The excitation probability always reaches a maximum
near Igop = 2.0 x 1012 W/cm? when Iy is lower than 1.0 x 10

green dashed lines. However, when I499 becomes higher, the excitation minima always
012

W/cm?, as encircled by

appear around the same 800 nm peak intensity of 2.0 x 102 W/cm?, as indicated by yellow

dotted lines.
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Figure 1. Dependence of the ionization (a) and excitation probabilities (b) in hydrogen atoms, on the
laser intensities I499 and Igpg. Both laser pulses are linearly polarized and have a duration of 10Tggg
with phase difference ¢ = 0. The data marked by horizontal dashed lines correspond to Figure 2.
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Figure 2. The ionization (red lines) and excitation (blue lines) probabilities of hydrogen atoms as a
function of Igpg. The 400 nm laser intensities are fixed at 6 x 1013 W/cm? in (a), 1.2 x 101* W/cm?
in (b), and 1.5 x 10 W/cm? in (c). Other laser parameters are the same as those used in
Figure 1. The data marked by vertical dashed lines in panels (a), (b), and (c) correspond to
Figures 3, 4, and 5, respectively.

To clarify the changes in ionization and excitation probabilities, we extract three typical
results (marked by horizontal dashed lines) from Figure 1, as shown in Figure 2. Panels (a),
(b), and (c), respectively, correspond to Iy = 6 x 103, 1.2 x 10'4, and 1.5 x 10'* W/cm?.
As can be seen, ionization and excitation probabilities exhibit distinct trends with varying
Iggp for different 400 nm laser intensities. In Figure 2a, the ionized probability first decrease
and then increase, while the excitation probability shows an initial increase followed
by a decrease. This anticorrelation phenomenon is similar to the reports in previous
research [32,44]. In contrast, in Figure 2c, the ionization yield first increases and then
remains nearly constant and the excitation probability initially decreases and then shows
no significant variation. Moreover, the excitation probability in panel (c) is much larger
than those in panels (a) and (b). In Figure 2b, the ionization yield exhibits a similar variation
trend to that in Figure 2c. However, the population in the excited states shows a slow
continuous increase.
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Figure 3. (a) The EESs including bound and ionized states at different 800 nm intensities. The 400 nm
intensity is fixed at Iygp = 6 X 1013 W/cm?2. The red solid, blue dashed, and green dotted lines,
respectively, correspond to Iggo = 0, 1 x 10'2, and 3 x 102 W/cm?. (b1), (b2), and (b3) are the
angular-momentum-resolved EESs for the red solid, blue dashed, and green dotted lines in (a),
respectively. The [-resolved ionization and excitation channels (c1), (¢2), and (c3) correspond to
(b1), (b2), and (b3), respectively. Note that only the main channels are labeled. For clarity, angular
momentum labels in (c1-c3) are assigned the same colors as the respective peaks shown in (b1-b3).
The same applies below.

Varying the relative intensity of the two-color fields can affect atomic ionization and
excitation processes, thereby controlling its ultrafast dynamics. Next, we will investigate
the excitation and ionization channels from the perspective of multiphoton absorption.
We first analyze Figure 2a. For a fixed 400 nm intensity of 6 x 10'> W/cm?, we calculate
the EESs including bound and ionized states at different 800 nm intensities, as shown in
Figure 3a. When the 800 nm laser field is turned off, there exists a set of typical ATI peaks
with energy intervals of wygg, as represented by the red solid line. The corresponding
angular momentum-resolved EESs in Figure 3(b1) shows the population of bound states is
mainly concentrated in the energy level with n = 3, and | = 2; the first ATI peak includes
the partial waves with [ = 3 and 1, while the second one mainly consists of the components
with I = 2 and 4. Notably, the peak for [ = 3 is much higher than others. Next, we will
explain the origin of this angular momentum distribution.
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Figure 4. (a) The EESs at different 800 nm intensities, and Iy is fixed at 1.2 x 10 W/cm?2. The
red solid, blue dashed, and green dotted lines, respectively, correspond to Igpo = 0, 1 x 10'2,
and 3 x 1012 W/cm?. (b1), (b2), and (b3) are the I-resolved EESs for the red solid, blue dashed,
and green dotted lines in (a), respectively. (c1), (c2), and (c3) are transition channels for (b1), (b2),
and (b3), respectively.

According to the transition selection rule, when an atom absorbs a photon, the parities
of its initial and final states must be opposite, and its angular momentum must satisfy
Al = +1 [4748]. As such, if a ground-state hydrogen atom absorbs an even (odd) number
of photons, its angular momentum will become even (odd). Here, ground-state atoms first
absorb four 400 nm photons to reach the resonant energy level with n = 3. According to
the aforementioned transition rules, only the sublevels with [ = 0 and 2 can be populated.
However, the | = 2 partial wave dominates over the I = 0 component because atoms prefer
to transition to a state with a larger angular momentum [36,49], as shown by the blue
(I =0, n =3) and yellow (I =2, n = 3) lines in Figure 3(b1). Subsequently, these atoms with
I = 2 absorb an additional 400 nm photon and are ionized, forming the ATI peaks with
I =1 and 3. Similarly, the latter is far greater than the former because of its larger I value.
These processes are described by Figure 3(cl).

Once an 800 nm laser pulse is added, the ATI peaks induced by the 400 nm laser
decline obviously, and the below-threshold population increases significantly and is mainly
distributed at energy levels with n = 5 just below £ = 0 a.u., as depicted by blue lines in
Figure 3a, which leads to a reduction in ionization and an increase in excitation, further

https:/ /doi.org/10.3390/photonics13030236


https://doi.org/10.3390/photonics13030236

Photonics 2026, 13, 236

8 of 13

implying the involvement of Rydberg states. Meanwhile, a new set of ATI peaks with wjgg
energy difference emerges.
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Figure 5. (a) The EESs at different 800 nm intensities, and I is fixed at 1.5 x 10'* W/cm?. The
red solid, blue dashed, and green dotted lines, respectively, correspond to Igpp = 0, 1 X 1012, and
4 x 1012 W/cm?. (b1), (b2), and (b3) are the I-resolved EESs for the red solid, blue dashed, and green
dotted lines in (a), respectively. The transition channels (c1), (¢2), and (¢3) correspond to (b1), (b2),
and (b3), respectively.

How are the Rydberg states and new peaks formed? Figure 3(b2) shows the I-resolved
EESs. The below-threshold peaks are mainly distributed at / = 3, 2, and 1. Since the energy
gap between the states with n = 5 and 3 is approximately equal to wgp, it can be deduced
that the ground-state atoms undergo an excitation process of 4waoy + wggo to reach these
Rydberg states. Although Rydberg states are relatively hard to be ionized due to their
quasi-bound state properties [32,33,44], they can still absorb a wypy photon to be ionized,
giving rise to a new peak with | = 4, as indicated by the green line near € = 0.1 a.u. in
Figure 3(b2). Figure 3(c2) depicts the corresponding quantum-state-resolved transition
channels. In principle, the electron in the ground state could also first absorb five 400 nm
photons and then one 800 nm photon to reach this | = 4 peak. However, our analysis of
quantum-state-resolved populations does not support this scenario, so the probability of
this process is extremely low.

Next, we analyze the transition channels of Figure 2b. If I increases to 1.2 x 104 W/cm?,
the total number of EESs changes significantly, as shown in Figure 4a. The typical 400 nm-
dominated ATI peaks exhibit an enhanced yield and move entirely to lower energies due
to an increase in the ionization threshold induced by a considerable ponderomotive energy
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U, ~ 0.066 a.u. Thus, the multiphoton-resonant transition to the n = 3 excited states
no longer occurs. Notably, nearly half of the first ATI peak has become bound states,
indicating that the formation of Rydberg states no longer requires the participation of the
800 nm component in this case. Figure 4(b1) presents the corresponding I-dependent EES.
By adding an 800 nm pulse with 1 x 102 W/cm?, another significant peak emerges near
€ =0.05 a.u. and consists of partial waves with [ = 2, 3, and 4, as shown in Figure 4(b2).
The peaks with | = 2 and 4 are formed via the absorption of an additional 800 nm photon
by the I = 3 partial wave of the first 400 nm-dominated ATI peak. The same energy peak
with I = 3 can be produced via absorbing six 400 nm photons followed by emitting one 800
nm photon, i.e., the 6w4go—wsgpo process. These specific transition channels are labeled in
Figure 4(c1,c2).

When Igo increases to 3 x 1012 W/cm?, the angular momenta [ of the initial 400 nm
ATI peaks exhibit remarkable changes, as shown in Figure 4(b3). [ varies from 3 to 4
for the peak spanning the zero energy, and from 4 to 5 for the one with energy close to
0.1 a.u. Additionally, a significant number of highly excited Rydberg states (n = 5 and 6)
are populated, as shown by the purple line with | = 3 near e = —0.025 a.u., which leads to
a slow increase of the total excitation probability in Figure 2b. These Rydberg states are
directly populated via 4wasgg + wggp transition process without intermediate states, then
become the ATI peak with [ = 4 at the zero energy point by subsequently absorbing wgy.
This peak with I = 4 cannot only absorb wgyy again to form the ionization peak with [ =3
around ¢ = 0.05 a.u., but also produce the peak with I = 5 near ¢ = 0.1 a.u. via absorbing a
400 nm photon. Certainly, the Rydberg states can also be ionized by absorbing a 400 nm
photon, generating the I = 2 and 4 partial waves in the continuum. The relevant channels
are summarized in Figure 4(c3).

Finally, we analyze Figure 2c, which corresponds to Iyg0 = 1.5 x 10'* W/cm?. In this
case, the multiphoton picture is still applicable since the Keldysh parameter 7 is approx-
imately equal to 1.75 and the ponderomotive energy U, equals 0.082 a.u. The actual
ionization energy rises to 0.582 a.u., which implies that the hydrogen atom cannot be
ionized by absorbing five 400 nm photons. Therefore, the peak induced by the 400 nm
five-photon process dives below the ionization threshold due to a larger ponderomotive
shift, as shown in Figure 5a, leading to the formation of a large number of Rydberg states.
The corresponding [-resolved distributions in Figure 5(b1) are almost identical to those in
Figure 4(b1).

When the 800 nm pulse with an intensity of 1 x 10'> W/cm? is introduced, the number
of ATI peaks increases significantly, as indicated by the blue dashed line in Figure 5a.
Figure 5(b2) reveals that the increase in ionization probability is due to the depletion of
more Rydberg states. In other words, these Rydberg states with I = 3 and 1 can form the
ionization peaks with I = 4 and 2 by absorbing an 800 nm photon. Interestingly, the ATI
peak with [ = 4 near ¢ = 0.1 a.u. disappears because it evolves into the | = 3 partial wave
with a lower energy near 0.05 a.u. by emitting an 800 nm photon. These ionization partial
waves at € = 0.05 a.u. can continue to absorb a photon with energy wygy to form the
ionization peaks with I = 2, 4, and 5 near ¢ = 0.15 a.u. These related transition channels are
depicted in Figure 5(c1,c2).

012 W/cm?, the EESs in Figure 5(b3) become more complex.

When Igg increases to4 x 1
The Rydberg states with | = 2 and 4 are formed via a 4wygg + 2wsgg transition process. They
can absorb another photon with energy wgyy or wago to produce the I = 3 and 5 partial
waves near ¢ = 0.025 a.u. or 0.1 a.u. This ATI peak with I = 3 can continue to absorb wggy or
wagp to reach the I = 4 ionization peak near e = 0.1 a.u. or 0.15 a.u. Because the 800 nm laser
is involved in both excitation and ionization, a dynamic equilibrium between them can be

achieved. Thus, the ionization and excitation probabilities remain essentially constant in
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Figure 2c when Igyy exceeds 4 x 10" W/cm?. These transition channels are illustrated in
Figure 5(c3).

4. Conclusions and Outlooks

In this paper, we investigate the multiphoton excitation and ionization of atomic
hydrogen in a dichromatic field composed of 400 nm and 800 nm lasers by numerically
solving the three-dimensional TDSE. Based on the multiphoton ionization picture, we
carefully analyze the effects of laser intensity variations on ionization and excitation via the
evolution of EESs. Furthermore, using the quantum-state-resolved numerical method, we
clearly reveal how the transition channels are tuned by varying the intensities of the two-
color fields: the intense 400 nm laser determines the dominant excitation and ionization
channels, while the weak 800 nm laser component perturbs these dominant channels.
Depending on the intensity of the 400 nm fields, we identify three typical scenarios with
distinct characteristics.

When the 400 nm laser is relatively weak, the four-photon resonant excitation and
further five-photon ionization arise simultaneously. The population in excited states is
intercepted to the Rydberg states by the introduced 800 nm laser, leading to a decrease in
ionization probability and an increase in excitation yield. With a further increase in the
intensity of the 800 nm laser field, the Rydberg states are depleted, thereby leading to a
subsequent increase in ionization and a decrease in excitation probabilities.

If the 400 nm laser is further increased up to 1.2 x 104 W/cm?, the EES peaks shift
toward lower energies such that the first ATI peak is centered at the ionization threshold,
directly generating high-lying Rydberg states. Then, the addition of an 800 nm laser
depletes this ATI peak, forming a series of new peaks in the continuum. If the intensity of
the 800 nm laser is further increased, some new channels emerge, such as 4wy + wspp and
4wygp + 2wsggp processes.

When the intensity of the 400 nm laser pulses reaches 1.5 x 10'* W/cm?, the original
first ionization peak becomes fully converted into bound states due to an increase in
ponderomotive energy, resulting in a higher excitation probability. These bound states are
ionized by a newly introduced 800 nm laser. Consequently, with increasing the intensity of
the 800 nm laser pulse, the ionization probability increases, while the excitation probability
decreases. With a further increase in the intensity of the 800 nm laser, the 800 nm component
participates in both excitation and ionization via various processes, such as 4waoy + 2wsgo,
4wyno + 3wsgy, and 4wygy + 2wsggy + wapo- A balance between ionization and excitation
makes excitation and ionization probabilities keep basically constant as g increases.

In summary, by continuously tuning the intensity ratio of the two-color laser pulses,
we can control the multiphoton excitation and ionization channels of hydrogen atoms,
thereby modifying their ionization and excitation probabilities. In addition to the intensity
ratio, the relative phase of the two-color field is another key control parameter. Although ad-
justing this phase does not change the transition channels, it still modifies the transition
probability due to quantum interference effects [45]. Thus, the phase-control method serves
as an excellent complement to the intensity-based control approach. Their combination
enables precise control over strong-field excitation and ionization. In principle, these strate-
gies are also applicable to other atomic and molecular systems, and can be extended to
other wavelength combinations. Our research has promising applications in strong-field
laser physics, including optimizing the high-order harmonic generation and the terahertz
radiation, as well as enhancing the preparation of Rydberg states. Our studies could also
help improve the quality of femtosecond laser-induced breakdown spectroscopy data, thus
offering potential for hydrogen detection in future planetary exploration (e.g., searching
for life traces in Mars exploration [16]).
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