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Abstract: Using the classical ensemble model, we investi-
gate the effect of laser wavelength on the electron dynamics
process of nonsequential double ionization (NSDI) for linear
triatomic molecules driven by a counter-rotating two-color
circularly polarized laser field. Based on the delay time
between recollision and final double ionization, two parti-
cular ionization channels are separated: recollision-impact
ionization (RII) and recollision-induced excitation with sub-
sequent ionization (RESI). Numerical results show that with
the increase of the laser wavelength, the triangle structure
of the ion momentum distribution becomes more obvious,
which indicates that the electron—electron correlation of
NSDI is enhanced. In addition, we find that the ratio of the
RESI channel gradually decreases with the increase of the
laser wavelength, while the ratio of the RII channel is oppo-
site. However, the dominant channel is still RESI. It means
that the two ionization channels can be controlled effec-
tively by changing the laser wavelength.

Keywords: linear triatomic molecules, two-color laser fields,
nonsequential double ionization, recollision-impact ionization,
recollision-induced excitation with subsequent ionization

1 Introduction

With the development of laser technology, the interaction
of atoms, molecules, and strong laser fields has generated
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many interesting nonlinear phenomena, such as above-
threshold ionization [1-3], nonsequential double ionization
(NSDI) [4-6], and high-order harmonic generation [7]. The-
oretical and experimental work has been devoted to obser-
ving these physical phenomena. Among them, NSDI in
strong field physics has attracted much attention [4,8].
Because the electron—electron correlation plays a signifi-
cant role in the NSDI process, a large number of studies
about NSDI are related to the electron—electron correlation
[9], such as angular correlation [10-12] and recollision
[13-15].

The NSDI process can be explained by a three-step
model [16,17]. First, when an atom or a molecule is exposed
to a strong laser field, an electron can be freed by tunneling
ionization [18]. Then, the released electron is accelerated
by the intense laser field, and it can be driven back to the
parent ion when the laser field is reversed [18]. Therefore,
the returning electron recollides with the parent ion in-
elastically, resulting in NSDI [5,6,19]. Due to the recollision
of the two electrons during the NSDI process, the two elec-
trons are highly correlated. A large number of theoretical
and experimental studies have been performed to explore
the correlated dynamics of the two electrons in NSDI. Two
recollision mechanisms, recollision-impact ionization (RII)
[20,21] and recollision-induced excitation with subsequent
ionization (RESI) [22], in the NSDI process have been found.
These two recollision mechanisms can be distinguished by
the delay time. When the energy of the returning electron
is greater than the ionization potential energy of the bound
electron, the bound electron will be ionized directly [23,24].
The process for the shorter delay time is defined as RII
[18,25]. The bound electron cannot be ionized directly if
the energy of the returning electron is less than the ioniza-
tion potential energy of the bound electron [26,27] and the
process for the longer delay time is defined as RESI [18,25].

The development of laser technology has also enabled
people to achieve a lot of different laser pulses, such as
elliptically polarized (EP) laser pulses, circularly polarized
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(CP) laser pulses, and two-color circularly polarized (TCCP)
laser pulses [28]. Recently, it has been reported experimen-
tally that the NSDI is studied in counter-rotating two-color
circularly polarized (CRTC) laser fields [29-32]. The CRTC
laser field is widely used in the research of NSDI due to its
special electric field structure. In recent years, Zhang et al.
have found that the CRTC laser field is beneficial in increasing
the double ionization (DI) probability for O, molecules [33].
Few-cycle laser pulses can simplify the NSDI process by
achieving a single recollision event [21]. It has been found
that the relative phase and the polarization of the TCCP laser
field can affect the DI probability and the correlation effect
[18,34,35]. Currently, we have found that NSDI in the CRTC
laser fields for different laser wavelengths has not received
much attention.

In this article, we investigate the effect of the laser
wavelength of NSDI for CO, molecules in the CRTC laser
field with a classical ensemble method [36,37]. It is shown
that the laser wavelength influences not only the yield of
DI but also two particular channels (RII and RESI) in NSDI.
In addition, we study the electron—electron correlation
in NSDI at different laser wavelengths. Control between
the two channels can be achieved by varying the laser
wavelength.

2 Theoretical model

In this work, we apply the two-dimensional (2D) classical
ensemble model to investigate the effect of the laser wave-
length in NSDI by the CRTC laser field. The classical
ensemble model has been widely used in strong laser field
electron dynamics. The underlying recollision processes
and mechanisms in NSDI can be presented intuitively by
tracing the classical trajectories [38,39].

In our calculation, the CO, molecule is arranged on the
x-axis. The two oxygen atoms are placed at coordinates
(-R,0) and (R,0). The Hamiltonian of the CO, molecules
without an electric field can be written as follows (in
atomic units):

He. =T(p) + V(ry, ()

where the kinetic energy T and potential energy V of the
CO; molecules can be represented as follows:

2
T(p) = %, 2

i=1,2

DE GRUYTER

2/3
VO =-2 o
=124 X{ T Y7+ ag
2/3
Z 2 2 2
i=12 \/(xi -R)¥+y’ +a;
_y 2/3
1206 + R)? + y? + a?
1
+ bl
J0a =) + (3 = y,)? + b?

©))

the Hamiltonian of the CO, molecules is the total energy
without an external electric field (the sum of the first ioni-
zation potential energy and the second ionization poten-
tial energy). Here, p; and r; represent the momentum and
the position of the two electrons [34]. The internuclear
R =219 a.uu.. In this article, a. = 1, a, = 0.8, and b = 0.05
(a. and a, are the softcore coefficients used to adjust
the bond potential of the atom, shielding the attraction
of the atomic nucleus to electrons, and b is the softcore
coefficient used to adjust the Coulomb potential between
electrons, that is, the Coulomb repulsion of electrons to
electrons). Then, we switch on the external laser field. The
Hamiltonian of the two electrons in the laser field is
expressed as follows:

H = He + (ry + ry) E(O), 4)
where E(t) = E.(t) + Ep(t) is the CRTC laser field, where E.(t)

is the fundamental (red) laser pulse, and Ep(t) is the second
harmonic (blue) laser pulse [28]. It is expressed as follows:

E) = T Oleos(dx + sin@ityl, 6
E
E

Ey(t) = fiﬁf(t)[cos(wht)x— sin@ptyl. (6
E

With the maximum combined electric field amplitude Ej,
Yg is equal to 1, which means that the laser intensities of
two CP laser fields are the same. w, is the fundamental
frequency (corresponding to the laser wavelength of the
fundamental laser field), and wy, is the second harmonic
frequency (corresponding to the laser wavelength of the
second harmonic laser field). f(t) = sin’(nt/NT) is the
pulse envelope function. T is an optical cycle (o.c.), and
the number of optical cycles is four optical cycles (N = 4).
The motion of two electrons in the laser field needs to solve
Hamilton’s equations, which is written as follows:

dr,_oH dp, __oH

dt  op’ dt  on’
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The aforementioned equations can be solved by the
standard fourth to fifth Runge-Kutta algorithm. In order
to ensure that the total energy is positive, the initial posi-
tions and momentum distributions of the two electrons
satisfy the Gaussian distribution. Then, let the electrons
evolve freely for a long enough time (100 a.u.) to obtain the
initial ensemble when the electron position and momentum
distribution are stable after getting a stable initial ensemble
through screening. Then, the laser field is added, and all
electrons begin to evolve under the action of the Coulomb
potential and electric field until the pulse finishes. If the total
energy of the two electrons is greater than zero at the end of
the pulse, a DI event is recorded [29].

3 Results and discussion

In order to obtain the maximum recollision, we investigate
the DI probability of CO, molecules as a function of the
laser intensity in the CRTC laser field with different laser
wavelengths, as shown in Figure 1. We can find the “knee”
structure, which means a significant electron—electron cor-
relation effect in NSDI. The DI probability is changed with
different laser wavelengths under a certain laser intensity,
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Figure 1: The DI probability of CO, molecules as a function of the laser
intensity in the CRTC laser field. The curves of red circle, green triangle,
and blue square represent laser fields at laser wavelengths of 800 nm/
400 nm, 1,200 nm/600 nm, and 1,600 nm/800 nm, respectively.
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which indicates that the laser wavelength can affect the DI
probability of CO, molecules in the few-cycle CRTC laser
field. However, it is a little bit different for linearly polarized
and EP laser fields [21,40] because their curves of DI prob-
abhility versus laser intensity twist together. Meanwhile, we
choose the laser field intensity of I = 2 x 10 W/cm?.

One of the important significances of NSDI is to explore
the electron—electron correlation. Since there is no simple
and clear polarized direction for the CRTC laser field,
we explore the correlation between two electrons through
recoil momentum distributions of the ion [18]. Because the
net momentum of the electroneutral ion-electron system is
zero, the relationship Pcg,2+ = —(Pyq + Py) can be obtained
[29]. Therefore, Figure 2 shows the ion momentum distribu-
tion of CO, molecules under different laser wavelengths in
CRTC laser fields at the laser intensity 2 x 10 W/cm? We
can find that the shape of the negative vector potential of the
electric field is a triangle structure. The shape of the ion
momentum distribution is consistent with the shape of the
negative vector potential of the electric field. Similar struc-
tures have been extensively studied both experimentally
and theoretically [19,22]. In these studies, the results and
analysis show that the RII is an important reason for the
structure. Therefore, the RII forms ion momentum distribu-
tions far from the origin due to the short delay time and
strong electron—electron correlation. The RESI forms ion
momentum distributions near the origin due to the long
delay time and weak electron—electron correlation. Figure 2
also shows that the ion momentum distribution gradually
spreads out from the origin as the laser wavelength increases,
which allows us to infer that the ionization channel has been
changed. We will continue to analyze the details and separate
the ionization channels by the delay time.

We investigate the DI time (tpp) and the recollision time
(tge) in the CRTC laser field with different laser wave-
lengths. When the recollision of the two electrons occurs,
the Coulomb repulsion energy increases instantaneously
[21]. We define tzc as the moment when the Coulomb
potential energy between two electrons reaches its max-
imum [18]. Since the two electrons are indistinguishable,
we define the final ionized electron as the second ionized
electron after the recollision. Therefore, the corresponding
tpr is defined as the second ionization moment after the
recollision. The delay time (tp;—tgc) is defined as the time
interval between the recollision and the final DI [21,40].

Figure 3 shows that tp; versus tyc for different laser
wavelengths in CRTC laser fields. The white diagonals of
the pictures represent the moments when tp; and tyc are
equal, and regions close to the white diagonal are marked
by red dashed boxes. Therefore, the part far from the white
diagonal means that the delay time is longer, corresponding
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Figure 2: Ion momentum distributions in the CRTC laser field. The laser intensity is 2 x 10" W/cm?, and the laser wavelengths are chosen as (a)
800 nm/400 nm, (b) 1,200 nm/600 nm, and (c) 1,600 nm/800 nm, respectively. The solid red line represents the negative vector potential —A(t) of the

CRTC laser field.

to the RESI channel, whereas the part near the white diag-
onal means that the delay time is shorter, corresponding to
the RII channel. As shown in Figure 3(a), when the laser
wavelength of the combined laser field is 800 and 400 nm,
the whole cluster is far away from the diagonal, and the
proportion of the time distribution in the red dashed box
is about 17.15%. As shown in Figure 3(b), when the laser
wavelength of the combined laser field is 1,200 and 600 nm,
the whole cluster is close to the diagonal, and the proportion
of the time distribution in the red dashed box rises to 24.22%,
which means that the delay time and the ionization channel
have been changed. In Figure 3(c), we can also see that more
of the whole cluster is close to the diagonal when the laser
wavelength of the combined laser field is 1,600 and 800 nm,
and the proportion of the time distribution in the red dashed
box rises to 33.46%. From Figure 3, we can conclude that the
laser wavelength will affect tp; and tzc. The underlying
mechanism of tp; versus tzec means more RII channels and
fewer RESI channels.

Figure 4 shows the counts of the delay-time distribu-
tion with different laser wavelengths in CRTC laser fields.

tR C/o.c.

tR C/ o.c.

We can find that the counts of delay time reach their first
minimum around 0.120.c-0.20.c. with the increase of the
laser wavelength, which clearly separates shorter and
longer delay time [21,40]. Therefore, we define the RESI
channel with a delay time between recollision and final
DI longer than 0.160.c. The others with a shorter delay
time are classified as the RII channel.

The ion momentum distributions shown in Figure 2
can be separated into two ion momentum distributions
(RESI and RII). Figure 5 shows the ion momentum distribu-
tion of RESI (RII) with the increase of the laser wavelength in
the CRTC laser field at the laser intensity of 2 x 10 W/cm?.
In Figure 2, the ion momentum distributions consist of two
parts: the ion momentum distributions of the RESI channel
and the ion momentum distributions of the RII channel. We
simulate the above two parts separately and then obtain the
ion momentum distributions ionized by the RESI channel, as
shown in Figure 5(a)—(c), and the ion momentum distribu-
tions ionized by the RII channel, as shown in Figure 5(d)-(f).
As shown in Figure 5(a)—(c), although the ion momentum
distributions of RESI gradually diffuse to the surroundings

tRC/o.c.

Figure 3: The DI time (tpy) versus the recollision time (tzc) for different laser wavelengths in the CRTC laser field. The laser intensity is 2 x 10 W/cm?,
and the laser wavelengths are chosen as (a) 800 nm/400 nm, (b) 1,200 nm/600 nm, and (c) 1,600 nm/800 nm, respectively.
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Figure 4: Counts of the delay time for different laser wavelengths in the CRTC laser field. The laser intensity is 2 x 101 W/cm?, and the laser
wavelengths are chosen as (a) 800 nm/400 nm, (b) 1,200 nm/600 nm, and (c) 1,600 nm/800 nm, respectively. The RII and RESI channels can be

distinguished by the first minimum of the statistic results.

with the increase of the laser wavelength, they are still
mainly distributed in the central area of the triangular
structure. This is because when the first electron is ionized,
the second electron is not ionized immediately. Therefore, it
means a weak electron—electron correlation in NSDI. In
Figure 5(d)-(f), we can see that the ion momentum distribu-
tions of RII are mainly distributed in the edge region of the
triangular structure with the increase of the laser wave-
length. In this case, two electrons are ionized from the

-1 0 1 2 3 -3 -2

3 2
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core at almost the same time. And it means a strong electron—
electron correlation in NSDL

To distinguish the RESI channel and RII channel clearly,
Figure 6 shows the typical energy trajectories in the com-
bined laser field of 800 and 400 nm. Among them, the black
solid line is the repulsion energy of two electrons, and the
red dashed line and the blue dotted line are the energies of the
two electrons, respectively. In Figure 6, the recollision occurs
when the repulsion energy is maximum. From Figure 6(a),
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Figure 5: Ion momentum distributions for different laser wavelengths in the CRTC laser field. The laser intensity is 2 x 101 W/cm?, and the laser
wavelengths are chosen as (a) and (d) 800 nm/400 nm, (b) and (e) 1,200 nm/600 nm, and (c) and (f) 1,600 nm/800 nm, respectively. The upper row
shows the RESI channel, and the lower row shows the RII channel.
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Figure 6: Two typical energy trajectories of (a) RESI channel and (b) RII
channel. The laser wavelength is 800 nm/400 nm, and the laser intensity
is 2 x 10 W/cm?. The black solid line marks the repulsion energy
between the two electrons. The red dashed line and blue dotted line
mark the energies of the two electrons, respectively.

we can find that the energy of the returning electron is greater
than zero, and the bound electron oscillates at the excited
bound state after recollision. Then, the DI occurs at the max-
imum of the field (the energy of both electrons is greater than
zero). There is a longer delay time in this process, corre-
sponding to the RESL From Figure 6(b), we can find that two
electrons are ionized directly after recollision (the energy of
both electrons is greater than zero), which means that the
returning electron collides strongly with the bound electron
and transfers enough energy to make the bound electron
ionized. The delay time is shorter in this process, corre-
sponding to the RIL

In addition, the delay time is different in the two ioni-
zation channels, so there must be different trajectories.
Figure 7 shows two typical classical trajectories in the com-
bined laser field of 800 and 400 nm. Among them, the red
solid line represents the trajectory of the returning electron,
and the blue solid line represents the trajectory of the bound
electron. In Figure 7(a), we can see that the returning elec-
tron has a shorter trajectory in the CRTC laser field, and then
it collides with the bound electron. At this time, the bound
electron oscillates at the excited bound state. The bound
electrons ionize in the opposite direction to that of the
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Figure 7: The trajectory of the two electrons in the 2D plane for (a) the
RESI channel and (b) the RII channel. The laser wavelength is 800 nm/
400 nm, and the laser intensity is 2 x 101 W/cm?. The red curve repre-
sents the trajectory of the returning electron, and the blue curve
represents the trajectory of the bound electron.

returning electrons after a period of time. It corresponds
to the RESI in Figure 6(a). However, in Figure 7(b), we can
see that the returning electron has a longer trajectory in the
CRTC laser field, then the returning electron collides with
the bound electron. Due to the shorter delay time, both
electrons are ionized in the same direction. It corresponds
to the RII in Figure 6(b).

Finally, we discuss the ratio of the two ionization channels in
the total ionization channels as the laser wavelength increases.
We define the ratio of the RESI as Nrgsi/(NVgest + Nri) and the
ratio of the RII as NRII/(NRESI + NRII)~ Nrgst and Ny are the
counts of RESI and RIL In Figure 8, we can see that when
the laser wavelength of the combined laser field is 400 and
200 nm, the ratio of the RESI channel is much higher than
the ratio of the RII channel. We can also see that the two
ionization channels show different trends with the change
in the laser wavelength. As the laser wavelength increases,
the ratio of the RESI channel decreases gradually while the
ratio of the RII channel increases gradually. It means that
the two channels can be controlled effectively by changing
the laser wavelength. In addition, we find that although the
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Figure 8: Ratio between different ionization channels and total ionization
versus laser wavelengths. The laser intensity is 2 x 10™* W/cm?, and the
dominance of the RESI is obvious.

RII channel increases with the increase of the laser wave-
length, the dominant channel is still RESI.

4 Conclusions

In conclusion, the two ionization channels in NSDI of CO,,
molecules in the few-cycle CRTC laser field are investigated
with the 2D classical ensemble model. The numerical
results show that the shape of the ion momentum distribu-
tion is consistent with the shape of the negative vector
potential of the CRTC laser field, and the ion momentum
distribution gradually spreads out from the origin as the
laser wavelength increases. In addition, the delay time
decreases gradually with the increase of the laser wave-
length, but the electron—electron correlation is stronger. To
further investigate the effect of the laser wavelength, we
separate the ion momentum distribution of the RII channel
and the RESI channel by the delay time. Finally, the ratio of
the two ionization channels can be influenced by the laser
wavelength, while the dominance of the RESI channel is
obvious. This article further complemented the research of
the NSDI electron dynamics process of linear triatomic
molecules in CRTC laser fields, and the results also provide
references to explore the electron—electron correlation in
experiments.
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