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Ionization of a helium atom by intense extreme ultraviolet laser pulses is investigated in a frequency regime
where the high-frequency stabilization condition is only fulfilled for the lowest single ionization channel.
Multiphoton double ionization substantially contributes to the total ionization probability for superintense fields.
As aresult, no obvious stabilization against total ionization occurs. A detailed view of probabilities into different
single ionization channels as a function of the field strength is presented. We find that the probabilities into some
ionic channels peak at field strengths corresponding to one-photon resonances between field-dressed ionic states
in the high-frequency Floquet theory. Thus we propose a sequential “ionization-excitation” mechanism in the
dressed energy picture: first, one-photon absorption causes single ionization, leaving the ion in its dressed ground
state; second, the ion is excited to a new state via one-photon absorption at the field strength where the resonance
condition in the dressed ionic system is fulfilled. To reveal the sequential mechanism in the time domain, we also
take a time-dependent view on the channel-resolved probabilities, observing the decrease of the ground-state
ionic channel probability during the laser pulse when the field strength is such that a resonance condition exists

between the dressed states in the ion.
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I. INTRODUCTION

Strong-field ionization of atoms has been the subject of
extensive theoretical and experimental investigations over
decades. Developments of new light sources and focusing
techniques have enabled the production of laser pulses with
unprecedented high intensity. Nowadays, extreme-ultraviolet
(XUV) laser pulses with femto- or subfemtosecond durations
can be generated from high-order harmonics [1,2] or free
electron lasers [3,4]. Such ultrashort laser pulses provide the
opportunity of monitoring matter on ultrafast time scales [5-7].
Besides, new dynamics and phenomena may be induced by the
extremely intense fields.

Stabilization, i.e., a decreasing trend of ionization yield
with increasing laser intensity, is one of the well-known
nonperturbative phenomena in strong-field ionization. It was
theoretically discovered for high-frequency laser fields [8,9]
and some experimental observations were reported for Ry-
dberg atoms [10-14]. One reason for choosing Rydberg
atoms as experimental targets is that the high-frequency
condition can be more easily fulfilled for Rydberg atoms than
for ground-state atoms. To observe stabilization, the high-
frequency condition requires a single photon to have sufficient
energy to ionize the atom, which for intense laser fields is
defined as the stabilization regime [10]. There have been a
number of theoretical studies on stabilization of one-electron
systems (see review articles [15,16]). Comparatively, studies
on stabilization of multielectron systems are still rare, and the
research targets are mainly restricted to two-electron systems.
For example, research on two-electron atoms in strong fields
with the high-frequency Floquet theory (HFFT) concluded that
stabilization occurs for two-electron atoms as well [17]. With
a one-dimensional (1D) model of helium, the effect of electron
correlation in stabilization was investigated in Ref. [18].
Ab initio calculations of three-dimensional (3D) helium in
superintense XUV fields were reported in Refs. [19,20] and
stabilization of the two-electron atom was observed in the
numerical experiments.
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Recently a theoretical study [21], focusing on laser-induced
dynamics of the simplest molecule H, " in the XUV regime,
reported that highly nonresonant dissociation can dominate
over ionization when stabilization occurs. Reference [21] also
briefly discussed the possible extension of the mechanism to
other molecules. In contrast to single-electron systems like
H,*, the existence of electron correlation in multielectron
systems increases the complexity of laser-induced dynamics
and causes great interest in revealing its roles in strong-field
phenomena [22-24]. In the stabilization regime, theoretical
studies for two-electron atoms have indicated that electron
correlation can suppress the stabilization effect [18—20]. This
conclusion is reached by comparing the total ionization (TI)
probabilities obtained from calculations including electron
correlation with those obtained from independent-electron
model calculations. For a two-electron system, TI means the
sum of single ionization (SI) and double ionization (DI), and
SI contains contributions from many ionic channels, i.e., the
ion can be left in the ground state or some excited states. As
a consequence, a two-electron system has multiple ionization
energies, i.e., it has SI thresholds in different ionic channels
and a DI threshold. One may consider a photon energy that is
only larger than the lowest ionization energy. In this case only
one channel is in the stabilization regime, while multiphoton
ionization into other channels is possible. The frequency
regime considered in this work is illustrated in Fig. 1 with
some energy levels of He. The physics discussed is similar to
that for multielectron molecular systems, e.g., H,. Previous
studies of stabilization in two-electron atoms [18—20] focused
on TI, SI, and DI probabilities. To our knowledge, there has
been no detailed view on ionization probabilities of different
ionic channels under such strong-field conditions. In this
work we take a look at the probabilities of reaching different
ionic channels when a helium atom is ionized by an intense
XUYV laser pulse, and show that channel-resolved probabilities
provide more information about strong-field ionization. On the
basis of the field-dressed energy levels in the HFFT [15,25],
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FIG. 1. Laser frequency regime considered in this work, illus-
trated with some energy levels of a 1D model of helium (see the text
in Sec. II). The stabilization condition is fulfilled for the ground-state
ionic channel labeled as |1e) He™, but not for the rest of the channels.

we identify an “ionization-excitation” sequential mechanism
in the considered frequency regime.

This paper is organized as follows. In Sec. II we introduce
the theoretical and numerical methods used in this work. In
Sec. III we present and discuss the results of the calculations.
Finally we give concluding remarks in Sec. IV. Atomic units
are used throughout.

II. THEORETICAL MODEL AND METHODS

We consider a 1D model of helium in the presence of a
linearly polarized laser pulse, in which the two electrons are
allowed to move along the direction of the laser polarization.
This 1D model reduces computational difficulty, and allows us
to perform calculations for a wide range of laser parameters,
which is essential for the questions addressed in this work. We
numerically solve the time-dependent Schrodinger equation
(TDSE)

10,V (x1,x2,0) = HOW(x),2,0), )
with the Hamiltonian
2 ﬁz
LIGEDY [7’ +AWp; + ven<x,-)} + Veelx1.12). (2
j=1
Here x; and p; = —idy, (j = 1,2) are the electron coordinates

and momenta, respectively, and

Ven(xj) = ——
\/sz‘ + den
1
Vee(x1,X2) = >
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are the electron-nuclei interaction and the electron-electron
interaction, where a., and a.. are softening parameters used
to avoid the Coulomb singularity. The laser interaction is
described in velocity gauge by the vector potential A(z)
within dipole approximation, and a time-dependent energy
shift from the A2(¢) term in the Hamiltonian has been unitarily
transformed away. In our calculations, a vector potential with
a Gaussian envelope is used:

F 2\
A(t) = . exp ( —4 1In 2;) sin(wt), (@)

where Fj is the maximum field strength related to the peak
intensity by I = FOZ, w 1is the angular frequency, and 7 is the
full width at half maximum (FWHM) of the envelope. The
pulse duration is described by the number of cycles within
T,N, = wt/(2m).

We express the Hamiltonian and the wave function in
a finite-element discrete variable representation (FEDVR)
[26,27] basis set, and solve the TDSE with the Arnoldi-
Lanczos time propagator [28,29]. The initial wave function
is obtained by imaginary time propagation [30]. By choosing
softening parameters a., = 0.50 and a.. = 0.33, we obtain
the He ground-state energy —2.90 and He™ ionic ground-state
energy —2.00, which are both good approximations to the
values for the 3D systems.

The time-dependent surface flux (t-SURFF) method [31,32]
allows one to extract photoelectron spectra (PES) by moniter-
ing electron flux through some surfaces (see also Ref. [33]
for an extension of the t-SURFF method to the molecular
case and Refs. [34,35] for other recent applications). So the
PES is calculated with good accuracy, and at the same time
the outgoing flux is absorbed to avoid unphysical reflections
at the boundaries of the simulation box. The advantage of
the t-SURFF method is that we can obtain the PES with
a relatively small simulation box. In our work, a complex
absorbing potential (CAP) [36]

Veap(x1,x2) = —i[ feap(x1) + feap(x2)] (6)

is added to the Hamiltonian in real time propagation, where
feap(x) is a function of the form
1 — cos [ w(x|=re) ]
= 2rmax—re) 4’
X) =

feapr(x) {0’ | < e,

rC < le <rmaX7

)

We set up a simulation box rp, = 120 with 120 equal-size
finite elements and 9 DVR basis functions in each element.
The t-SURFF surfaces are placed at |x;[,|x2| = 60 and the
CAP radius is r. = 65. In real time propagation, we use a
time step of Ar = 0.005. The convergence is checked with
computations using a larger box (rn.x = 150 with 150 finite
elements, the t-SURFF surfaces placed at |x;|,|x;| = 80, and
the CAP radius r, = 85).

For SI, the PES Sg; .(E) describes the probability in which
one electron is freed with energy E; and the ion is in state ¢
(SI channel ¢). The eigenstates of He™, which are essential for
calculating Ssi.(E}), are obtained by diagonalizing the ionic
Hamiltonian in the FEDVR basis. For DI, the PES Spi(E1, E»)
describes the probability in which two electrons are freed
with energy E; and E,. A detailed discussion of the t-SURFF
method used for calculating Ss; .(E1) and Spi(E1, E>) can be
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found in Ref. [32]. With the PES SSI,C(EI) and Spi(Eq,E>),
the probabilities for SI channel ¢ and DI are readily obtained,

Py = / Sevo(EVdE), ®)

Ppr = // Spi(Er, E2)dE\dE>. )

Since the outgoing flux is absorbed by the CAP, we describe
the total ionization probability as

Pr=1 —// Wt — o0)dxidxs, (10)
[x1],]x2[|<60

where the integral is restricted to the inner region defined by
the t-SURFF surfaces. The inner region should be much larger
than the amplitude of the electron quiver motion, which is
essential for the theoretical methods used in this work. Notice
that the largest quiver radius oy = Fy/w? in our calculations is
A3, which is much smaller than the extent of the inner region.

Due to the 1D model used here, a given electronic state
wave function can be classified as even or odd. For the ion
He™, we use the notations |1e) , |20), |3¢) , |40), ..., for the
ground state and the excited states. These notations are also
used later for dressed energy levels [see Eq. (15) in Sec. III].
The eigenstates of the dressed Het are also obtained by
diagonalizing the corresponding Hamiltonian in the FEDVR
basis.

III. RESULTS AND DISCUSSION

Figure 2 shows SI, DI, and TI probabilities versus field
strength Fy, for fixed w = 1.80 and N, = 20. The TI and DI
probabilities are calculated with Egs. (10) and (9), respectively;
and then the SI probability is obtained by Ps; = P — Ppy. In
the considered frequency regime, only the |1¢) He' channel is
open by one-photon absorption, while two-photon absorption
can open all the SI channels and the DI channel, as shown in
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FIG. 2. SI (dashed line), DI (dotted line), and TI (solid line)
probabilities of ground-state helium vs field strength Fy, for a20-cycle
pulse with w = 1.80. Inset: log-scale plot of bound probability
(1 — Prp) for field strengths 1.0 < Fy < 10.0, with its minimum
corresponding to the maximum TI probability.
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Fig. 1. The behavior of these probabilities can be roughly
classified into three regimes. First, for low field strengths
(Fp < 1.0), Py increases dramatically with Fj and the main
contribution is from SI. At Fy = 1.0, Py is quite high (> 0.9).
Second, with increasing field strength 1.0 < Fy < 5.5, DI
starts to contribute and Ps; decreases. There is also a small
increase in Prp (see the inset of Fig. 2). Third, for very
strong fields (Fp > 5.5), both SI and DI probabilities vary
slowly with Fy and show a small oscillating behavior. The
oscillating behavior in the ionization probability was reported
and discussed for one-electron models [37,38], and is not the
focus of the present work. From the inset of Fig. 2, one finds
a slight decreasing trend in Pry in this very high field-strength
regime.

Considering the laser frequency w = 1.80, there exists a
decreasing trend in the SI probability with increasing field
strength. However, the DI probability increases with increasing
field strength, indicating that the atom is not actually stabilized.
In extremely intense fields, one finds that multiphoton DI
contributes substantially, leading to very high TI probabilities.
This means that the coexistence of one-photon ionization
of the lowest channel, which is in the stabilization regime,
and multiphoton ionization into other channels results in
no obvious stabilization against TI. So the mechanism of
dissociation proposed in Ref. [21] may not be observed
for multielectron molecules in the laser frequency regime
considered here. In Ref. [18], it was also concluded that
stabilization would not be achieved in such an intermediate
frequency regime and that the slight decreasing trend in the TI
probability should not be seen as real stabilization. Our results,
however, can provide more information about the ionization in
different channels (see also the later discussion). In addition,
we have performed calculations for 20-cycle laser pulses with
frequency w = 4.00, which is above the DI threshold. Our
results for w = 4.00 (not shown) are similar to those obtained
from numerical simulations of 3D He [19], i.e., stabilization
against TI is clearly observed. This conclusion agrees with
Ref. [18] as well. It implies that the mechanism of dissociation
proposed in Ref. [21] may be observed for multielectron
molecules, if the laser frequency is high enough to cause
substantial stabilization in all the ionization channels.

In Fig. 3(a) we take a detailed view on the lowest eight
SI channels contributing to the dashed curve in Fig. 2. For
comparison, we perform calculations for a 20-cycle pulse
with a lower frequency @ = 1.70, and present the results
in Fig. 3(b). As seen from Figs. 3(a) and 3(b), the lowest
eight SI channels comprise the majority of the SI probability
(> 67% over the considered field strength range) and show
some representative behaviors. In both Figs. 3(a) and 3(b),
we find that all the even-wave-function channels, except the
|le) He™ channel, contribute little to the SI probability over
the considered field strength range. For low field strengths,
the |1e) He™ channel dominates the SI probability (compare
Psi,j1e) with Psy in Fig. 3). In Fig. 3(a), Psyjie) increases with
the field strength up to Fy = 0.5; after that it shows some
oscillations and an overall decreasing trend. In Fig. 3(a), one
can also find interesting peaks of Pg; |60) and Psy |30) at Fp = 1.1
and Fy = 1.8, respectively. For v = 1.70, similar peaks of
PSI,\40), PSI,|60), and PSI,\S()) appear in Flg 3(b) There is a
common feature that these channels are odd-wave-function
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FIG. 3. (a) Probabilities of the lowest eight SI channels (solid
lines in different colors) vs field strength Fj, for a 20-cycle pulse
with w = 1.80. The SI probability vs Fj is plotted with dashed line
(the same as Fig. 2). (b) Results for a 20-cycle pulse with w = 1.70.

ionic states. Also, the probability of a higher ionic channel
peaks at a larger field strength. To understand these notable
peaks, we resort to the Kramer-Henneberger (KH) frame [39]
and dressed energy levels on the basis of the lowest-order
HFFT [25].

By applying a space translation a(t) = [ "A(r")dt' to the
electron coordinates x; and x, in Egs. (1) and (2), the TDSE
and the Hamiltonian in the KH frame are obtained,

i0, Pxu(x1,x2,1) = Hgn(t)Pxu(x1,x2,1), (11)
2 p\Z
ﬁKH(I) = Z |:71 + Ven[xj + Ol(t)]i| + Vee(xl’x2)- (12)

j=1
The use of the KH frame is essential for the formulation of the
HFFT. Note that in our calculations, we do not perform real
time propagation of the TDSE in the KH frame, so there is no
absorbing boundary such as Eq. (6) used in the KH frame.
In the long-pulse limit, with o= Fy/w?, the quiver
motion can be simply expressed as «(f) = o cos(wt). We then
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perform a Fourier expansion of the oscillating potential Vg,
Venlx; + g cos(wt)]

=ZVn((x0,xj)exp(—ina)t) (j=12. (13)

The zeroth components Vy(og,x;) and Vy(wg,x2), together
with Vi.(x1,x7), represent the time-averaged potential in the
presence of high-frequency laser fields, which is called the
dressed potential in the HFFT [15,25]. Considering a laser
pulse, we see ag as a time-dependent quantity varying with
the pulse envelope and assume that the dressed energy levels
follow the pulse envelope (see the discussion below).

To the lowest order, the HFFT gives the structure equation

[15,25],

- 2
j=1

= W(ap)P(x1,x2).

Similarly, the structure equation for the He™ ion reads

+ Vo(ao,xj)] + Vee(x1,x2) ¢ ®(x1,X2)

(14)

)
[p— + V()(Olo,x)}@c(x) = Wo(a0)®(x).  (15)

2
We solve Egs. (14) and (15), and plot some selected dressed
energy levels in Figs. 4(a) and 4(b) for the two frequencies
o = 1.80 and w = 1.70.

With increasing field strength, the rise of the ground-state
He energy and the |le) He™ energy can be clearly observed
in Fig. 4, while the energy shifts of higher ionic states are less
pronounced. With one photon energy, the dressed |1e) He™
state can be coupled with dressed odd-wave-function ionic
states at resonance for some specific field strengths. Here we
also consider the spectral width of the laser pulses, as the
dotted curves in Fig. 4 indicate.

On the basis of these dressed energy levels, we propose
a sequential “ionization-excitation” mechanism to understand
the notable peaks in probabilities of some odd-wave-function
ionic channels in Fig. 3. We take the peak of Pg |6,y at Fp = 1.1
in Fig. 3(a) as an illustrative example. First, the ground-state
He atom is ionized into the |le) He™ channel, which is
the dominant process for low field strengths. For @ = 1.80,
there exists a resonance condition between the |1e¢) He™ and

|60) He™ states on the dressed energy levels, around the

field strength Fy = 1.1. Such a resonance allows the dressed

[le) He™ to be efficiently excited to the dressed |60) He™

with one-photon absorption mediated to the lowest order by

the n = £1 terms in Eq. (13). With the assumption that the
system can adiabatically follow the dressed energy levels, the
resonant excitation from the dressed |1e) He™ to the dressed
|60) He™ can explain the decrease of Psj |1, and the increase
of Psr 60y It can be seen from Fig. 3(a) that Pgy e, is much
higher than Pgy i,y at the field strength Fp = 1.1. A view of
Psij1¢) and Psy j60) in the time domain will be discussed later
in this paper. Similarly, the sequential ionization-excitation
mechanism can also explain the peak of Py s, at Fo = 1.8 in
Fig. 3(a). The field strength corresponding to the Psj |3,y peak
is larger than that corresponding to the Psy 6, peak, since
the resonance condition between the dressed |1e) Het and
|80) He™ states appears at a larger field strength Fy.

043412-4



IONIZATION OF HELIUM BY INTENSE XUV LASER ...

T T T T
(@) =1.80
05 | Fo=11 Fy=18
o5} I I |40y He* |
5
s
> -1 F .
2 |20) He*
@
15 F E
2 -
25 '—M
3 1 1 1 1
0 1 2 3 4 5
1 T T T T
(b) w=1.70
5+ Fo=18 Fy=24 -
05 0 0 w+|1e) He"
0 T T 6) He
I60) He”
. -05F | | |40) He™
5
s
3 r '
g |20) He™
&
15 F
2 -
2.5 Ground-state He —
3 I I I I
0 1 2 3 4 5
Fy(a.u.)

FIG. 4. Dressed energy levels vs field strength Fy for laser
frequencies (a) @ = 1.80 and (b) w = 1.70. The solid curves, from
bottom to top, correspond to ground-state He (black line), |1e) He™
(red line), |20) He" (green line), [40) He' (cyan line), |60) He™
(orange line), and |80) He™ (gray line). The dashed red and dotted
red curves are W)y + w and W),y + @ £ Aw, respectively. Here Aw
is the FWHM in frequency domain for a 20-cycle pulse, and W),
is the dressed ionic ground-state energy [see Eq. (15)]. The arrows
indicate the field strengths corresponding to the peaks of Psy 5y and
PSI,\SO) in Flg 3.

Turning attention to Fig. 4(b), for @ = 1.70, one finds
that the resonance conditions between the dressed |1e) He™
and |60) He" states and between the dressed |1e) He™ and
[80) He' states agree well with the Ps1,160) peak and the
Psy 30 peak in Fig. 3(b). Although we cannot completely
explain the complicated behavior of Psj 40y in Fig. 3(b), the
large yields of |40) He™ at low field strengths are reasonable
since the one-photon excitation from the |le) He™ state to
the |[40) He™ state exists at low field strengths, as Fig. 4(b)
indicates.

In the above discussion, the sequential ionization-excitation
mechanism based on the dressed energy levels should be
understood as the main contribution to some specific SI
channels. In the dressed energy picture, all the possible
transitions between the dressed states occur together with the
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adiabatic following of the dressed states. In fact, the sequential
ionization-excitation mechanism proposed here is only part of
the complicated dynamics, and it becomes prominent for some
specific laser parameters.

We perform an additional investigation about this sequential
mechanism by taking a time-dependent view on the channel-
resolved probabilities at two selected field strengths showing
representative behaviors, as Fig. 5 displays. All the time
sampling points ¢, in Fig. 5 correspond to A(#;) = 0. To obtain
the channel-resolved probabilities at each time sampling point
ty, we turn off the laser interaction from #; by simply replac-
ing A(t) with 0(t; — t)[A(t) — A(t;)] in the time-dependent
Hamiltonian [40], and carry out real time propagation with the
t-SURFF method as mentioned in Sec. II. For a field strength
of Fy = 0.5, both Py 1) and Ps |60) increase with time during
the pulse, and Psy|i.y is much larger. This field strength
Fo = 0.5 corresponds to the peak of Psy 1) in Fig. 3(a). For
a field strength of Fy = 1.1, Psy 1) grows with time in the
beginning, then it starts to decrease around the center of the
pulse. Meanwhile, Psj |6,y shows a dramatic increase with time
during the pulse. This field strength Fy = 1.1 corresponds
to the peak of Psy 60 in Fig. 3(a). The decrease of Psyie)
around the center of the pulse reflects the excitation from the
|le) He™ state to the |60) He™ state in the dressed energy
picture.

In closing this section, we mention that strong-field
phenomena induced by near-infrared (NIR) laser pulses in
multielectron systems have attracted considerable interest over
decades [22-24]. In the NIR regime, both ionization and
excitation are usually multiphoton processes, so there is hardly
any one-photon resonance condition between the involved
states. Unlike in the XUV regime where the coupling between
only a few states can be easily identified with one-photon
resonance conditions, in the NIR regime many states may be
coupled with each other via multiphoton processes, resulting
in more complicated dynamics.

T T T
Gaussian envelope ——

Fy=0.5,|1e)He" —o—_|
Fo=0.5, |60y He"

Fo=1.1,[1e) He' —e—
Fa=1.1, |60) He" -

Prob.

t(a.u.)

FIG. 5. Time-dependent view of Pg;i) (red lines) and Psy )
(orange lines) for a 20-cycle pulse with frequency w = 1.80, at
two different field strengths Fy = 0.5 and F, = 1.1. The Gaussian
envelope (with maximum set to 1) is also plotted with solid black
line.
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IV. CONCLUSION

In this paper, we studied the ionization of He by intense
XUV laser pulses by performing numerical simulations. We
considered a frequency regime where the lowest SI channel is
expected to be stabilized and ionization into other channels
requires absorption of two or more photons, as illustrated
in Fig. 1. We found that there is no obvious stabilization
against TI in this frequency regime, due to large yields of
multiphoton DI for superintense fields. We took a detailed
view of probabilities into different SI channels as a function of
the field strength, observing interesting peaks of probabilities
into some odd-wave-function ionic states. To our knowledge,
such research on channel-resolved ionization probabilities
has not been reported previously. We showed that it can
decode more information about strong-field ionization of
multielectron systems. From the dressed energy levels based
on the lowest order HFFT, we found one-photon resonance
conditions between the dressed ionic ground state and excited
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states at the field strengths corresponding to those peaks. Thus
we proposed a sequential ionization-excitation mechanism in
the dressed energy picture: after the atom is singly ionized
into the lowest ionic channel, the ion is further excited
to another state at the field strength where the resonance
condition between the dressed ionic states is fulfilled. Finally,
a time-dependent view of the channel-resolved probabilities
was also presented to further reveal the proposed sequential
mechanism.
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