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Abstract

By solving the three-dimensional time-dependent Schréodinger equation accurately, the ionization process
of a hydrogen atom under the action of a laser pulse with a frequency of 0.3 a.u. was investigated. The
study revealed that with the increase of the driving laser intensity, the ionization probability of the atom
declined after rapidly increasing, exhibiting a characteristic of ionization suppression. It is noteworthy that
the dynamic interference disappears in a certain range of laser intensities in the ionization suppression zone.
Through the analysis of the excited state of the system, it is found that the reason for the disappearance
of the dynamic interference phenomenon is that in addition to the direct ionization of electrons from the
ground state, there is also the excitation to the excited state first and then ionized from the excited state,

the laser intensity for which has not yet reached the ionization suppression requirement in the meantime.
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1. Introduction

With the progress of laser technology, especially the development of high harmonic generation [1-6]
and free electron laser techniques, it has become possible to experimentally obtain a coherent light source
at high frequencies (including XUV and X-ray bands) [7—11]. The interaction between these light sources
and atoms can lead to ionization [12-18]. Generally, it is expected that the ionization probability would
increase with the laser intensity. However, ionization studies of the interaction of high-frequency laser fields
with atoms have revealed a counter-intuitive phenomenon, in which the ionization rate of atoms in high-

frequency laser fields decreases with increasing laser intensity above a critical value. This phenomenon is
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known as atomic stabilization [19-22], and it has been experimentally observed through the ionization of
Rydberg atoms [23-27].

The understanding of the stabilization phenomenon is usually explained using Floquet theory: the
ionization suppression is related to the generation of eigenfunctions of the electronic wave function or the
Kramers-Henneberger potential during the interaction process. Under the Kramers-Henneberger transfor-
mation, for a single-frequency laser field, the time-dependent motion of the electron can be transformed
into an eigenvalue problem. However, for ultrashort high-frequency laser pulses, this model is no longer
valid and requires dynamic analysis [28]. For the single-photon ionization process, the electronic ioniza-
tion from the atom under the condition of a high-frequency laser pulse at lower intensities mainly occurs
throughout the entire pulse duration. With the increase of the laser intensity, the ionization suppression
process is generated, and atomic ionization primarily appears during the rising and falling edges of the
laser pulse. The distribution of ionized electrons can exhibit subpeak structures due to the coherence of
ionized electrons from different moments [29]. The generation of this interference structure is typically re-
garded as a signature of ionization suppression. Baghery et al. studied photoelectron emission from single
photon ionization and found that dynamic interference can occur during the ionization of the excited state
of the hydrogen atom, but not during the ionization of the ground state of the hydrogen atom [30]. Jiang
et al. clearly observed the pattern of dynamic interference on the photoelectron spectrum of ionization of
the ground state of the hydrogen atoms and did not confirm the results of Baghery et al., and the study
also pointed out that the atom stabilization phenomenon is closely related to dynamic interference [31].

Tonization suppression has also been investigated for the two-photon ionization process. Su et al.
found suppression of two-photon ionization of atoms by one-dimensional numerical simulations [32]. Pont
et al. used circularly polarized laser pulses to interact with hydrogen atoms and ionization suppression
was proved for the ionization of the atoms as the enhancement of the laser intensity [33]. Under non-
ionization suppression conditions, Miiller et al. investigated the influence of laser pulse intensity with a
frequency of 0.375 a.u. on the hydrogen atom’s photoelectron emission spectrum. The presence of resonant
transitions from the ground state to the 2p state, when the pulse intensity is high enough to induce the
Rabi oscillation, results in a distinct multi-peak structure in the photoelectron emission spectrum, which
is further explained by the dynamic interference [34]. However, the effect of ionization suppression on the
photoelectron emission spectrum in the case of two-photon ionization was not discussed in these works.

In this paper, the effect of excited states on the photoelectron emission spectrum in the case of two-
photon ionization suppression was discussed. We have investigated the ionization process of a laser pulse
with a frequency of 0.3 a.u. interacting with a hydrogen atom by numerically solving a time-dependent
Schrédinger equation (TDSE) scheme, and observed a clear ionization suppression phenomenon. Under
a certain laser condition for ionization suppression, it is found that the photoelectron emission spectrum
does not show a clear dynamic interference structure and this phenomenon is caused by the ionization of
the electron transfer to the excited state. The ionization suppressed laser intensity of the ground state and

different excited states are different, so the photoelectron emission spectrum does not show clear dynamic



interference structure due to the interference from different ionization channels.

2. Theoretical Methods

In order to study the photoelectron emission process of atoms under the action of a laser electric
field, it is necessary to numerically solve the time-dependent Schrodinger equation. Usually based on the
coordinate space, after the atom is ionized by the laser pulse, the ionized electrons will move far away
from the nuclear region, the calculation requires a lot of space and a very large number of grid points for
obtaining the convergence result. Therefore, in this paper, the time-dependent generalized pseudospectral
(TDGPS) method of the momentum space is used to solve the time-dependent Schrodinger equation of
the system [35,36]. This scheme can obtain accurate calculation results, and at the same time reduce
the requirements for computing resources. Under the dipole approximation and velocity gauge, the time-
dependent Schrodinger equation in momentum space is (Unless otherwise specified, atomic units are used

in the paper):
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The momentum space potential is expanded in partial waves as
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where p = |p|, lmax is the maximum number of the partial waves used in the calculation, ¥;,,(6, ¢) is the

spherical harmonics, and
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Here, @, is Legendre function of the second kind [37].

If the linearly polarized laser field is along z direction, the time-dependent wave function ®(p,t) is
expanded in the partial waves as [38,39]
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where, ¢;(p,t) is the momentum space radial wave function. Applying Egs. (4) and (6) to Eq. (1), we

can obtain an integro-differential equation for the momentum space radial wave function
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where oy = ——L .

There is ;2110(;;;211‘5111)11& singularity in the potential V;(p,p’) [40]. To remove this singularity, the Landé
’s subtraction technique is used [41]. A singularity-free TDSE is obtained for the radial wave function
after removing the singularity.

To solve the singularity-free TDSE, the TDGPS method [42] is extended to the momentum space

computation [43]. The momentum space domain [0, 00| is mapped to a new finite domain [—1, 1] by a

mapping function
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where 7 is a mapping parameter chosen as 1.8, and z,, = 27/pmes Wwith the maximum momentum

Pmaz = 2 a.u. The smaller the value of =, the denser the grid points at small momentum p.
By projecting the continuum state on the time-dependent wavefunction at the end of the laser pulse,
one can obtain the continuum state and the corresponding single differential cross section is
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where t;,, is the end moment of the laser pulse and b;(e, t) is continuum state population amplitude.
The population of bound states is produced by projecting the wave function of the system at the end

of the laser pulse onto the bound states
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By calculating the population of bound states, the ionization probability of the system can be deter-

mined
Dion = 1- an,l (11)
n,l

3. Results and Discussion

We used the laser vector potential in the form of A(t) = £ f(t) sin(wt+ ¢) and the electric field in the

form of E(t) = —839(; ) where Ej represents the peak amplitude of the laser electric field, ¢ is the carrier

envelope phase (CEP) of the incident laser pulse, we set ¢ = 0. Here, w = 0.3 a.u.is the frequency of the

s9L)  elsewhere

incident laser pulse, f(¢) is the pulse envelope function, when 0 < t < 2“%, f(t) = sinz(%ﬂ?

f(t) = 0. The duration of the laser pulse is about “27" (T" is the optical cycle, o.c.) and chosen to be 15
o.c.. Figure 1(a) gives the variation of atomic ionization probability with the peak electric field amplitude
of the driving laser pulse. From the figure, the atomic stabilization phenomenon can be observed, i.e.,
with the increase of the peak electric field amplitude, the ionization probability of atoms is enhanced, and
reaches the maximum value when the peak amplitude of the electric field is 0.144 a.u. (here, the strength
of the electric field where ionization suppression occurs is referred to as the ionization suppression critical
electric field strength F..;), and then with the further enhancement of the peak amplitude of the laser

electric field, the ionization probability of atoms no longer increases but rather decreases.



Figure 1(b) presents the photoelectron emission spectra at peak electric field amplitudes Ey of 0.1
a.u., 0.15 a.u., 0.2 a.u., and 0.3 a.u., which corresponds to peak amplitudes at a, b, ¢, and d in Fig.1(a).
From this figure, it can be found that the photoelectron emission spectrum shows a single-peak structure
when Ey = 0.1 a.u.. In the ionization suppression region, i.e. Ej is greater than 0.144 a.u., the width
of the photoelectron emission peak at Ey = 0.15 a.u. is wider than that in the case of Fy = 0.1 a.u.
and some traces of the interference structure are seen. It is worth noting that when Ey = 0.2 a.u., the
photoelectron emission spectrum appears to have a single peak rather than a multi-peak structure, as
FEy = 0.3 a.u., the photoelectron emission spectrum has a multi-peak structure. To better understanding
of this photoelectron emission spectrum feature, we systematically investigated the photoelectron emission

spectra of different peak amplitudes of the laser electric field.
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Fig. 1. (a) The total ionization probability of a hydrogen atom as a function of the peak amplitude of the
laser electric field. (b) Photoelectron emission spectra at peak amplitudes Ey of 0.1 a.u., 0.15 a.u., 0.2

a.u., and 0.3 a.u..

Figure 2 displays the change of the photoelectron emission spectra with the peak amplitude of the
incident laser electric field. From the figure, it can be seen that the first photoelectron peak is mainly
caused by the ionization of electrons absorbing two photons from the ground state. When the peak electric
field amplitude is small, the energy of the photoelectron peak is 0.1 a.u., which satisfies 2 x 0.3 — I,,. As
the increase of the peak amplitude of the laser field, the energy of the ionization peak decreases (e.g., at
the black dashed line in Fig. 2) because of the AC-Stark effect of the driving laser, and the position of
the energy of the peak can be determined with the energy conservation equation Ey = nw — I, — U, (I,
is the ionization energy, U, = E?/4w? is the ponderomotive energy acquired by the electron) [44]. The
main peak of the photoelectron emission spectrum is a single peak structure. When the peak amplitude
of the laser electric field is large enough, ionization suppression occurs, and the energy position of the
first photoelectron peak is near 0, which is characterized by a multi-peak structure (e.g., Ep = 0.3 a.u. in
this figure). However, it is worth noting that, when Ej is greater than F..;, the photoelectron emission
peaks in the region (the white dashed box in the figure) are still single-peak structures, and the multi-peak

structure of dynamic interference in the photoelectron emission spectrum is not observed. In contrast,



when FEj is further enhanced, the photoelectron emission spectra show the multi-peak structure of dynamic
interference. As can be found from Fig. 2, in the ionization suppression region, the photoelectron emission
spectra for Fy from 0.16 a.u. to 0.23 a.u. do not show a clear dynamic interference structure, which requires

an in-depth analysis of its generation mechanism.

04 1.5

=Y

o o

N w
o
0bgoy

S
(3P/dP)

Energy (a.u.)
=

o

0.2 03 04
E0 (a.u.)

0.1 0.5

Fig. 2. Photoelectron emission spectra of a hydrogen atom as a function of the peak amplitude of the

incident laser electric field.
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Fig. 3. (a) Partial wave photoelectron spectra of the hydrogen atom at an incident laser electric field peak

amplitude of 0.2 a.u. and (b) partial wave photoelectron spectra of the hydrogen atom at an incident laser

electric field peak amplitude of 0.3 a.u..

In the following, we checked the partial wave photoelectron emission spectra of hydrogen atoms in

electric field with peak amplitudes of 0.2 a.u. and 0.3 a.u., as shown in Figs. 3(a) and (b), respectively.

As can be seen from the figures, the photoelectron emission peak is a single-peak structure when Fy = 0.2



a.u., and the photoelectron emission spectrum shows a multi-peak structure as Fy = 0.3 a.u.. It can be
found that the [ = 2 partial wave mainly contributes to the first photoelectron emission peak. According
to the angular momentum conservation, the ionization of electrons requires an even number of photons.
Meanwhile, according to energy conservation, the ionization of electrons requires two photons under the
action of the laser pulse with a frequency of 0.3 a.u.. The [ = 3 partial wave accounts for the major
contribution in the second photoelectron emission peak. Due to angular momentum conservation, the
ionization of electrons needs to absorb an odd number of photons. At the same time, electrons need
to absorb three photons for ionization because of energy conservation. Such photoelectron production
is possible either by direct photon ionization of electrons absorbing photons from the ground state, or
by electrons jumping from the ground state to the excited one and then being ionized. To prove this

mechanism, we analyzed the excited state’s population of the atom at the end of the laser pulse.
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Fig. 4. (a) Ground state population and total excited state population as a function of the peak amplitude
of the incident laser field. (b) Excited state populations as a function of the peak amplitude of the incident

laser field.

Fig. 4(a) presents the variation of the populations of the ground and total excited states with the peak
amplitude of the electric field at the end of the laser pulse. From the figure, with the increase of the peak
electric field amplitude, it can be seen that the ground state population decreases rapidly between Fy = 0
a.u. and E..; = 0.144 a.u., while the total excited state population of the system is unchanged and the
population is almost zero. The ground state population is almost depleted when the peak amplitude of the
incident laser electric field is larger than that of ionization suppression critical field strength F..; = 0.144
a.u.. Moreover, the excited state population increases significantly and reaches 0.15 a.u. at the end of the
laser pulse. Therefore, one can deduce that ionization suppression does not occur when the peak electric
field amplitude is represented by the vertical dashed line in Fig. 4(a), but only the ionization reaches the
maximum value, and the photoelectron emission peaks generated by the peak electric field amplitude can
be mainly observed. With further increase of the peak amplitude of the laser field, the generation of a
multi-peak structure of the photoelectron emission spectrum associated with the ionization suppression

can usually be observed, such as at the peak amplitude of the electric field of 0.3 a.u. in the Fig.2. In



contrast, due to the effect of the excited state, we observed the generation of only single-peak structures
in the peak electric field amplitude range of 0.16 a.u.-0.23 a.u..

To verify the above conjecture, we further investigated the variation of the populations of more bound
states 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, bp, 5d, 5f, and 5g states with the peak amplitude of the electric
field at the end of the laser pulse, as shown in Fig. 4(b). From the figure, it can be found that when
Eqy > E..;, the populations of the 5d and 4d states are relatively large compared to those of the other
states. To further test the inference that the single peak in the photoelectron emission in the ionization
suppression region may be related to the excited state, we then calculated the photoelectron emission

spectra when the initial state is the excited state.
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Fig. 5. Photoelectron emission spectra from the initial (a) 2p, (b) 4d, and (c) 5d states as a function of
the peak amplitude of the incident laser electric field. (d) Ionization probabilities from the initial 5d and

4d states as a function of the peak amplitude of the incident laser electric field.

Since the 2p state energy level is more likely to resonate with the 1s initial state to produce resonance
excitation followed by ionization, we next investigated the photoelectron emission spectra when the initial
state of atoms is 2p, 4d and 5d states under the same laser parameters, as shown in Figs. 5(a)-(c). From
Fig. 5(a), it can be found that when the 2p state is the initial state, there is almost no photoelectron
emission peaks near the energy of 0 in the photoelectron emission spectrum. Instead, the energy position
of the first photoelectron emission peak is near 0.2 a.u., which does not overlap with the photoelectron
emission spectrum near energy 0 in Fig. 2. Therefore, the photoelectrons in this energy range are not from
the ionization of electrons in the 2p state. However, in Figs. 5(b) and (c), it can be found that, when the
5d and 4d states are the initial states, the generated photoelectron emission spectra produce significant

peaks near the energy position of 0, which overlap with the energy position of the first photoelectron



emission peak near 0 in Fig. 2. As a result, the reason for the disappearance of the dynamic interference
is not the influence of the 2p state but the excited nd (n>3) state. The photoelectron emission spectra
from the higher excited states such as 6d, 7d, etc. are similar to those of the 4d and 5d states as the initial
state, and results for the 4d and 5d states are presented here. The roles of higher-lying excited d states
and a more detailed analysis are provided in the supplementary material.

From Figs. 5(b) and (c), it can be found that, especially when the peak amplitude exceeds 0.2 a.u.,
the corresponding ponderomotive energy is very large. Consequently, the photoelectron spectra for both
the 4d and 5d excited states as initial states show a single peak structure. With the enhancement of the
peak electric field amplitude, the width of the photoelectron emission peaks in the photoelectron emission
spectra becomes broader, and the multi-peak structure of dynamic interference appears, which changes
from one main peak to multiple peaks. Combined with the analysis of Fig. 2, it can be found that the
first photoelectron emission peak is shifted below the threshold due to the shift of the ponderomotive
energy. The electron absorbs two photons population onto discrete states d states which are just below
threshold. It continues to absorb a third photon ionized to an energy position near 0.3 a.u., which is the
mechanism that generates the 2nd photoelectron emission peak. Since this mechanism cannot contribute
to the photoelectron peak near the energy of 0, the 2nd photoelectron emission peak is accompanied by
the stimulated emission of one photon near this peak, the depopulation of which induces the photoelectron
emission peak near the energy of 0. The appearance of photoelectron emission peaks near energy 0 from
Figs. 5(b) and 5(c) also indicate the occurrence of the above physical process.

We further investigated the ionization probability of the atom with the initial state of 5d state and
4d state with the peak amplitude of the laser field, as shown in Fig. 5(d). As can be observed from the
figure, with the increase of the peak amplitude of the incident laser electric field, the ionization probability
of the initial 5d state gradually increases and the ionization rate reaches the maximum when the peak
amplitude of the electric field is 0.2 a.u., and then decreases instead of increasing. For the 4d initial state,
the ionization probability gradually increases with the increase of the peak amplitude of the incident laser
field and reaches a maximum when the peak amplitude of the incident laser electric field is 0.23 a.u., and
then begins to decrease. Therefore, in the electric field peak amplitude range of 0.16 a.u.-0.23 a.u., the
reason for the single peak in the ionization suppression region in Fig. 2 is due to the effect of the excited
state when the excited state is the initial state, it doesn’t belong to the ionization suppression region,
which thus leads to a single-peak structure generated by the ionization from the ground state.

Based on understanding the mechanism of the excitation effect on the low-energy photoelectron
emission, we further analyzed the effect of excited states under different laser peak amplitude conditions.
In the following, we calculated the change of the ground state population of the system with time and
analyzed the change of the photoelectron emission spectrum under the condition of constant ground state
population. We first simulated the change of ground state population of hydrogen atoms with time for
peak amplitudes of the electric field of 0.1 a.u., 0.2 a.u., and 0.3 a.u., as shown in Figs. 6(a), 6(d), and 6(g).

The horizontal axis of the figure represents time, and the color represents the variation of the intensity
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Time evolution of the ground state population of hydrogen atoms for different laser field peak

amplitudes: (a) peak amplitude of 0.1 a.u., (d) peak amplitude of 0.2 a.u., and (g) peak amplitude of 0.3

a.u.. The photoelectron emission spectra produced by the coherent superposition of the ionized electron

wave packets at each cycle from 0 to N optical cycles (N=1, 2, 3...30) for different peak amplitudes: (b) peak

amplitude of 0.1 a.u., (e) peak amplitude of 0.2 a.u. and (h) peak amplitude of 0.3 a.u.. Furthermore, (d),

(f), and (i) show the photoelectron emission spectra resulting from the coherent superposition of ionized

electrons within 23 optical cycles, 26 optical cycles, and 29 optical cycles for a peak amplitude of 0.1 a.u.;

15 optical cycles, 20 optical cycles, and 25 optical cycles for a peak amplitude of 0.2 a.u.; and 15 optical

cycles, 20 optical cycles, and 25 optical cycles for a peak amplitude of 0.3 a.u., respectively.
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of the photoelectron emission spectrum obtained by coherent superposition of the electron wave packets
ionized in each optical cycle from time 0 to N optical cycles.

Through detailed comparison, it was observed that when the electric field peak amplitude is 0.1 a.u.,
as depicted in Fig. 6(a), the ground state population decreases with increasing time, and after the 22nd
optical cycle, it remains constant. Meanwhile, from Fig. 6(b), it can be noted that the photoelectron
energy spectrum resulting from the coherent superposition of ionized electrons after 22 optical cycles is
consistent with the spectrum generated at the end of the laser pulse, and the main peak is a single-peak
structure. To understand clearly the impact of excited states on the photoelectron emission spectrum in
the time range, during which the ground state population remains constant, we provided the photoelectron
emission spectra resulting from the coherent superposition of ionized electrons in each optical cycle within
23, 26, and 29 optical cycles, as presented in Fig. 6(c). It is evident from the figure that the photoelectron
emission spectra from ionized electrons within 23, 26, and 29 optical cycles are nearly identical because
the excited state has no effect on the photoelectron emission spectrum at this time.

When the electric field peak amplitude is 0.2 a.u., as shown in Fig. 6(d), the ground state population
rapidly decreases with increasing time and stabilizes after the 12th optical cycle. Meanwhile, Fig. 6(e)
reveals that the photoelectron emission spectrum resulting from the coherent superposition of ionized
electrons from 6 to 20 optical cycles exhibits a multi-peak structure, differing from the spectrum generated
at the end of the laser pulse. However, the photoelectron emission spectrum resulting from the coherent
superposition of ionized electrons after 20 optical cycles is consistent with that produced at the end of the
laser pulse. Therefore, it is due to the appearance of a new ionization channel after 20 optical cycles that
the dynamic interference phenomenon in the photoelectron emission spectrum disappears and becomes a
single-peak structure. In the following, we displayed the photoelectron emission spectra resulting from
the coherent superposition of ionized electrons within 15, 20, and 25 optical cycles, as shown in Fig. 6(f).
From this figure, it can be found that the photoelectron emission spectra resulting from the coherent
superposition of ionized electrons within 15 and 20 optical cycles exhibit a multi-peak structure, while
the spectrum within 25 optical cycles turns into a single-peak structure. At this point, the contribution
of excited states leads to a single-peak structure in the photoelectron emission spectrum.

When the electric field peak amplitude is 0.3 a.u., as exhibited in Fig. 6(g), the ground state popu-
lation rapidly decreases with increasing time and stabilizes after the 10th optical cycle. From Fig. 6(h),
it can be noticed that the photoelectron emission spectrum resulting from the coherent superposition of
ionized electrons in the time range of 6 to 30 optical cycles is a multi-peak structure. To see more clearly
the effect of the excited state on the photoelectron emission spectra when the ground state fabrication is
kept constant. We provided the photoelectron emission spectra resulting from the coherent superposition
of ionized electrons within 15, 20, and 25 optical cycles, as shown in Fig. 6(f). From the figure, it can be
found that the photoelectron emission spectra obtained by coherent superposition of ionized electrons in
each optical cycle within 15, 20, and 25 optical cycles are multi-peak structures with obvious differences.

It can be reflected that the excited state still has an influence on the photoelectron emission spectrum at

11



this time.

4. Conclusion

In summary, by numerically solving the time-dependent Schrédinger equation scheme, this paper
theoretically and systematically investigated the ionization process of the hydrogen atom irradiated by
laser pulses with a frequency of 0.3 a.u.. It is found that as the peak amplitude of the incident laser
electric field increases, its ionization probability enhances to a certain value and then decreases, and the
phenomenon of ionization suppression occurs. When the driving laser electric amplitude reaches the laser
intensity conditions in the region of dynamic ionization stabilization, a single-peak structure is observed
in the photoelectron emission spectrum. This structure is analyzed and demonstrated to be produced by
the effect of the electron in the ground state jumping to the excited states. This study shows that one

can modulate photoelectron emission under few-photon ionization conditions through the excited states.
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