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The double ionization process of molecules driven by co-rotating two-color circularly polarized fields is investigated
with a three-dimensional classical ensemble model. Numerical results indicate that a considerable part of the sequential
double ionization (DI) events of molecules occur through internal collision double ionization (ICD), and the ICD recollision
mechanism is significantly different from that in non-sequential double ionization (NSDI). By analyzing the results of
internuclear distances R = 5 a.u. and 2 a.u., these two recollision mechanisms are studied in depth. It is found that the
dynamic behaviors of the recollision mechanisms of NSDI and ICD are similar. For NSDI, the motion range of electrons
after the ionization is relatively large, and the electrons will return to the core after a period of time. In the ICD process,
electrons will rotate around the parent ion before ionization, and the distance of the electron motion is relatively small. After
a period of time, the electrons will come back to the core and collide with another electron. Furthermore, the molecular
internuclear distance has a significant effect on the electron dynamic behavior of the two ionization mechanisms. This study
will help to understand the multi-electron ionization process of complex systems.

Keywords: non-sequential double ionization, internuclear distance, internal-collision, circularly polarized

laser field
PACS: 33.20.Xx, 42.65.Ky

1. Introduction

fields (103
10’6 W/cm?) and atoms or molecules has led to many new

Interaction between intense laser

physical phenomena, such as high-order harmonic genera-
tion (HHG),!"3! above-threshold ionization (ATT),!”'3 non-

14—

sequential double ionization (NSDI)!!*-'®1 and so on. The

core physical process underlying these phenomena is the so-

[17-191 One electron of the system is

called recollision process:
ionized and obtains energy in the laser field; as the direction
of the laser electric field changes, the ionized electron has a
certain probability of returning to the vicinity of the parent
ion and re-colliding with it. This mechanism can produce
double ionization (DI), and the curve of the divalent ion yield
with the laser intensity shows a clear “knee” structure. "]
This ionization process is called NSDI.[?!=23] In this process,
the two electrons generated by the recollision process are
highly correlated, which has attracted extensive attention from

24.251 and theoretical researchers. [26:27]

experimental|

With the deepening of research, the driving field used
in the study of NSDI has gradually shifted from linearly po-
larized light to more complex light fields, such as counter-
rotating and co-rotating two-color circularly polarized (TCCP)

[28-33

laser fields. I Strong high-order harmonic emission is ob-

served by using the interaction between the counter-rotating

fCorresponding author. E-mail: yangyj@jlu.edu.cn
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TCCP field and the atom, and different order harmonics show
circular polarization characteristics. The ellipticity of the har-
monics is related to the order. Further research has been con-
ducted on the photoelectron emission spectra and NSDI pro-
cesses of atoms or molecules under the action of counter-
rotating TCCP laser fields. For the co-rotating TCCP field,
it is generally believed that the electrons cannot effectively go
back to the nucleus, and the NSDI is significantly suppressed.
However, Huang et al. theoretically investigated the NSDI of
Ar in co-rotating TCCP laser fields with a three-dimensional
classical ensemble model. Co-rotating TCCP fields can induce
NSDI by the recollision process, while the yield is an order of
magnitude lower than in the counter-rotating case. NSDI yield
in co-rotating TCCP fields strongly depends on the peak field
amplitude ratio of the two colors and achieves its maximum
at a ratio of 2.4.534 Therefore, it is proved that the chance of
recollision between ionized electrons and parent ions can be
affected by adjusting the electric field amplitude ratio of the
co-rotating TCCP laser field.

Compared with atoms, molecules have additional vibra-
tional coordinates (internuclear distance R), which makes the
NSDI process more complicated. Tong et al. theoretically
studied the internuclear distance dependence of the electron

correlation in NSDI of H, using a strongly linearly polarized

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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laser field. It was found that the correlated electron momentum
spectra strongly depend on the internuclear distance R with
a critical internuclear distance of about 4 a.u. for NSDI of
H,, where NSDI probability reaches a maximum.*! These
results provide insight into the important role of the structure
of diatomic molecules in NSDI. Recently, Chen et al. checked
the NSDI of molecules with different internuclear distances in
the counter-rotating TCCP field.!*®! The results are similar to
those for the linear polarization field. In the counter-rotating
TCCP field, with increasing internuclear distance, the NSDI
yield of the molecule first increases and then decreases, reach-
ing the maximum at R = 4 a.u. Through examining the ion
momentum distribution under varied internuclear distances, it
was discovered that the ion momentum distribution shows an
inverted Y-shaped distribution at a small internuclear distance
and a triangle-shaped distribution at a large internuclear dis-
tance. The results indicate that the dominant behavior of elec-
tron pairs evolves from correlation to anti-correlation with the
increase of internuclear distance. In addition, the angle statis-
tics of the final emission direction of the two electrons show
that in the counter-rotating TCCP field, the two electrons from
NSDI have a strong angular correlation.

Besides the study of the ionization process in the counter-
rotating TCCP field, people have begun to investigate the ion-
ization process of molecules under the effect of the co-rotating
TCCP field. Wu et al. analyzed the DI process of hydrogen
molecules with an internuclear distance of 2 a.u. under the
action of co-rotating TCCP laser pulses, indicating that NSDI
accounted for a vast weight in the DI yield. Regulating the
peak field amplitude ratio of the co-rotating TCCP laser pulse
can effectively adjust the trajectory of electrons so that the ion-
ized electrons can recollide with the core producing NSDI. [37]
Qiao et al. explored the HHG generation process of H2+ in
the co-rotating TCCP field and the internuclear distance of
the molecule strongly affects the harmonic intensity. With the
increase of the molecular internuclear distance, the opportu-
nity for recollision between ionized electrons and parent ions
is enhanced. 8] However, there is still a lack of in-depth un-
derstanding of this process.

Thus, in this paper, with the classical ensemble model,
we systematically study the DI process of hydrogen molecules
driven by co-rotating TCCP laser fields. Our numerical re-
sults indicate that even when the SDI mechanism is dominant,
the double ionization curve also exhibits an obvious “knee”
structure. Through further analysis, it is found that this phe-
nomenon originates from the fact that a considerable part of
the DI events of molecules occurs through the internal colli-
sion double ionization (ICD) process. That is to say, in the
co-rotating TCCP laser pulse, the energy obtained by the elec-
tron is not large enough to cause ionization, but the electron
has the opportunity to be driven to a place relatively close to

the nucleus, move around the nuclear area and then be driven
back to the vicinity of the nucleus and collide with it. The two
electrons are ionized in turn under the action of the laser field.
During this collision process, the energy of the two electrons
is always less than 0.

This paper is organized as follows. Section 2 presents the
theoretical method of numerical calculations. The DI process
of hydrogen molecules in the co-rotating TCCP field and the
related physical mechanism are given in Section 3. The last
section is a summary of our research work (atomic units are
utilized throughout unless otherwise stated).

2. Theoretical model and numerical method

The method that we used in this paper is the classical en-
semble method developed by Eberly, which has been widely
used to describe strong-field double ionization processes qual-

[39-43]" Although the molecule is es-

itatively or quantitatively.
sentially a quantum mechanical system, and the interaction be-
tween the molecule and the external laser field is described by
the time-dependent Schrodinger equation of the multi-electron
system, the computational load is very large.[***8] The classi-
cal ensemble method provides a computationally efficient and
physically intuitive approach to gain insights into strong-field
double ionization problems, and its calculation results can bet-
ter explain the observed experimental phenomena. Therefore,
here we employ the classical ensemble method to study the
ionization dynamics of Hy by the TCCP laser field.
In this model, the evolution of the two-electron system is
determined by Newton’s equations of motion
d27'1'
dr?
where the subscript i = 1,2 is the label of the two electrons, r;
is the coordinate of the electron and E(t) = Ey (1) + Ep(t)
is the co-rotating TCCP laser field, where E(?) is the fun-
damental laser pulse and E,(7) is the second harmonic laser

= —V[Vne (Ti)+vee (7'177‘2)}_E(t)7 (1)

pulse. The laser pulses are written as
Ey
1+7%
+ sin (@ + ¢1) 9], 2)
YeEo
1+ 7
+ sin (20 + ¢2) g, A3)

Ey(r) = f(t)[cos(wr + @) &

E(t) = f(t)[cos (2ot + @) &

where & and ¢ are the unit vectors in the x and y directions,
respectively. Ep is the maximum amplitude of the combined
laser field, y¢ is the amplitude ratio between the fundamen-
tal frequency laser pulse and the second harmonic one. Here,
we set Yg = 3. The frequency of the fundamental laser pulse
o = 0.0584, and the corresponding wavelength is 780 nm.
The second harmonic laser pulse 2@ = 0.1168, and the cor-
responding wavelength is 390 nm. The carrier-envelope phase
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01 =@, =0. f(t) is a trapezoidal pulse envelope with two-
cycle turn-on, six cycles at full strength, and two-cycle turn-
off. The potentials of the ion—electron interaction and the
electron—electron interaction can be given by

Vi (i) = ! + ! 4

\/\ri—R/2|2+a2 \/\1‘,~|—R/2|2—|—a2
1

\/ | —7’2|2—|—b2

with the softening parameters a = 1.5 and b = 0.05 to avoid

®)

Vee (Tl 77'2) =

the autoionization and remove the numerical singularity, re-
spectively.

In the calculation, we select H; as the target molecule, fix
the hydrogen molecule nucleus on the x-axis, and study the
double ionization at the internuclear distances R = 2 a.u. and
5 a.u. The ground state energies are —1.63 a.u. and —1.25 a.u.,
respectively. To obtain the initial conditions for Eq. (1), the
ensemble is populated starting from a classically allowed posi-
tion for the ground state energy of the target molecule. Given
the position of two electrons, the kinetic energy of the two
electrons is the difference between the ground state energy and
the potential energy of the system. This available kinetic en-
ergy is randomly distributed between the two electrons. Then
the electrons are allowed to evolve in the absence of the laser
field to obtain stable position and momentum distributions.
After the initial ensemble is obtained, a laser field is super-
imposed, and all electrons evolve in this laser field to obtain
the corresponding trajectory. At the end of the laser field, DI,
SDI, and NSDI yields of the ensemble are calculated based
on the positions and momenta of two electrons. When the en-
ergies of both electrons are greater than O at the end of the
laser field, we define it as a double ionization event that oc-
curs. The single ionization time is defined as the instant of
one electron achieving positive energy. After a period of sin-
gle ionization, if the distance between the two electrons is less
than 5 a.u. again, it is considered that a recollision occurs (the
selection of recollision criteria does not affect the qualitative
results). According to whether there exists a recollision during
the double ionization process, the double ionization is further
divided into NSDI and SDI.

3. Results and discussion

We first calculated the change of double ionization prob-
ability of hydrogen molecules with the laser intensity at two
different internuclear distances, as shown in Fig. 1(a). It can
be seen that the double ionization curves show a clear “knee”
structure for both R = 2 a.u. and 5 a.u. Moreover, the double
ionization yield is increased significantly at the internuclear
distance of 5 a.u. compared with that at 2 a.u. In order to fur-
ther explore the difference and connection of the double ion-
ization mechanism under different internuclear distances, we

systematically simulated SDI and NSDI yields in the double
ionization yield of hydrogen molecules, then found the change
of the parameter S = (NSDI— SDI)/(SDI+ NSDI) with the
laser intensity, where NSDI and SDI correspond to the NSDI
and SDI yields in the double ionization yield, respectively.
From the definition of S, it can be observed that if the ion-
ization mechanism is dominated by NSDI, S is positive, and if
the ionization mechanism is dominated by SDI, § is negative.
Therefore, the main mechanism of ionization can be judged by
the S value. The calculated S values are shown in Fig. 1(b). It
can be seen from the figure that for R = 2 a.u., the value of S
gradually changes from positive to negative with the increase
of the laser intensity, which means that the main mechanism of
the hydrogen molecule double ionization is switched from the
non-sequential ionization process to the sequential process. It
should be noted that when R = 5 a.u., the main mechanism of
the double ionization of hydrogen molecules is SDI with the
increase of the laser intensity, but the double ionization curve
also shows an obvious “knee” structure.

100 +
(a)
107'{ <4 R=2
o A R=5
x
= 10-2
z 10
3
2
8 10-3
[a W
104
107° 44 . .
1013 1014 1015
Laser intensity (W/cm?)
14 ®) ¥ R=2
—»—R=5
W e X
—1

1‘013 10‘14 101‘5
Laser intensity (W /cm?2)
Fig. 1. (a) Double ionization yield as a function of the laser intensity;
(b) double ionization asymmetry parameter as a function of the laser
intensity.

To comprehend this unique feature, we tracked classical
trajectories in the double ionization process at R = 5 a.u., as
shown in Fig. 2. The double ionization mechanism includes
not only NSDI but also ICD in the SDI process. In Fig. 2, we
selected a laser intensity of 4 x 10'3 W /cm? and traced NSDI,
SDI, and ICD typical trajectories respectively. Figures 2(a),
2(c), and 2(e) display the function of the distance between the
two electrons of NSDI, SDI, and ICD with time. Figures 2(b),
2(d), and 2(f) present the function of two electrons’ energies
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with time, which corresponds to Figs. 2(a), 2(c), and 2(e). For
Figs. 2(a) and 2(b), it can be found from the trajectory infor-
mation of the two electrons that an electron is first ionized by
the laser field and driven away from the core, and then the
ionized electron returns to the parent ion and collides with an-
other electron. After the recollision process, the two electrons
are ionized in turn, which is a typical NSDI recollision pro-
cess. From Figs. 2(c) and 2(d), it can be seen that the two
electrons are gradually driven away from the nuclear region
and ionized in turn under the action of the laser field, and the
two electrons have no correlation, which is a classical SDI
process. Meanwhile, a discernible recollision phenomenon
has been observed within the context of SDI, as depicted in
Fig. 2(e). The difference from NSDI is that the electrons of
SDI do not undergo the ionization process before the recol-
lision occurs (as shown in Fig. 2(f), the energy is less than
0). The two electrons in the bound state always move around
the nuclear region, but the electrons also have the opportunity
to move relatively further away from the nucleus and move
around the nuclear region and then collide with another elec-
tron. Notably, the energy exchange resulting from this recol-
lision process remains modest, insufficient to induce electron
ionization. Subsequent ionization of the two electrons is fa-
cilitated by the ensuing laser field. In this collision process,
the energy of two electrons is always less than 0, prompting us
to term this particular SDI process as internal collision double
ionization (ICD). There are recollision processes after the sin-
gle ionization time in NSDI, but not in SDI. If two electrons
collide before the single ionization time in SDI and there is
obvious energy transfer, it means that ICD exists in the double
ionization process.

40 (a)
2 l
0
0 8
Time (o.c.)
5 40} (<) N
& 3
g 2 g
5] 3
Z o0 2
A A
2 4 6 8 1
Time (o.c.)
401 (e)
20
NS

0 2 4 6 8 10

Time (o.c.) Time (o.c.)

Fig. 2. Left column: The sample distance trajectories between the nu-
cleus and each electron for different DI events. (a) NSDI mechanism
of DI event; (¢) SDI mechanism of DI event; (e) ICD mechanism of DI
event. Right column: The sample energy trajectories of the two elec-
trons, which correspond to the electron distance trajectories of the left
column. The recollision time is marked by a pink arrow. The single
ionization time is marked by a blue arrow.

100 4
e SDI (R=2)
—&—- NSDI (R=2)
_, ] SDI (R=5)
107" 4 NSDI (R=5 1
Z
2 1023
2
o
-
[al
1031
104
1013 1014 1015
Laser intensity (W/cm?)
0.6
—A— NSDI/DI (b)
—— ICD/DI
0.4 1
g
ge]
<
~
0.2 1
0l —

1013 1014 1015
Laser intensity (W/cm?)

Fig. 3. In the case of R =2 a.u. and R =5 a.u., the yield of SDI and
NSDI is a function of the laser intensity. (b) The ratio of NSDI yield
and ICD yield to DI yield as a function of the laser intensity.

Through tracking the classical trajectory in the double
ionization process, it is known that the double ionization
mechanism includes the ICD process in addition to the gen-
erally considered NSDI process. In order to further explain
why the double ionization mechanism with the large internu-
clear distance of 5 a.u. is dominated by SDI, and its double
ionization curve also shows the obvious ‘“knee” structure, we
calculated the yield of NSDI and SDI under different internu-
clear distances as a function of the laser intensity, and the ratio
of NSDI yield and ICD yield to the double ionization yield
at R =5 a.u. as a function of the laser intensity. Figure 3(a)
shows the SDI and NSDI yields as a function of the laser inten-
sity in the case of R =2 a.u. and 5 a.u. It can be found that the
non-sequential double ionization yield of hydrogen molecules
is significantly enhanced in the case of the large internuclear
distance of 5 a.u., indicating that the chance of recollision be-
tween the ionized electrons and the parent ions is increased,
which is consistent with the results of Qiao et al.[33! More-
over, the sequential double ionization yield of molecules at
a larger internuclear distance is also significantly enhanced, as
due to the decrease of the molecular ionization energy with the
increase of internuclear distance, it is easier for the electron to
be ionized by the action of the laser field. Figure 3(b) exhibits
the ratio of NSDI yield and ICD yield to the double ionization
yield at R = 5 a.u. as a function of the laser intensity. It can
be observed that as the laser intensity increases, the ratio in-
creases first and then decreases. The ICD yield in the double
ionization mechanism is always higher than the NSDI yield.
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With the increase of internuclear distance, the initial distribu-
tion range of hydrogen molecules is larger, and the probability
of electron collision will increase, resulting in the ICD process
being more likely to occur. This phenomenon shows that for
the small internuclear distance of 2 a.u., the double ionization
mechanism changes from NSDI to SDI with the increase of
the laser intensity, which is similar to the case of the atom.
The larger internuclear distance of 5 a.u. is always dominated
by SDI, but the individual SDI still shows the “knee” struc-
ture characteristics, which are derived from the existence of
the ICD process.

To clarify this process more clearly, we observed the po-
tential difference between the NSDI and ICD mechanisms
based on the ionization delay time of the recollision process.
For each NSDI and ICD event, we recorded the single ioniza-
tion time (7s1), the recollision time (#), and the double ioniza-
tion time (7py). Here gy is defined as the time when the energy
of the first electron (including kinetic energy, ion—electron po-
tential energy, and half of the e—e potential energy) just be-
comes positive, and #py is defined as the time when both elec-
trons obtain positive energy after the collision. For NSDI, ¢,
is defined as the time when the two electrons are closest af-
ter the first electron is ionized. For ICD, ¢, is defined as the
time when the two electrons are closest after the first electron
is relatively far away from the nuclear region (the distance cri-
terion is 2 a.u.). After analyzing all DI events, the statistics of
these feature times can be obtained. In Fig. 4, we statistically
analyzed the characteristic time of the DI event in the case of
R =5 a.u. Figure 4(a) shows the delay time in the process
of the two recollision mechanisms, to put it another way, the
difference between the single ionization time and the recolli-
sion time of the NSDI electron (#; — ts1), and the delay time
between the ICD electron being far away from the nuclear re-
gion and the internal recollision moment (¢, — ;). And #; is
defined as when the electrons are in a higher excited state be-
fore the single ionization time (the distance between the two
electrons is greater than 6 a.u., and the slight fluctuation of
this criterion does not affect the final qualitative result). In the
case of R =5 a.u., the most likely value of (¢ — fs1) reaches
a peak at about 1.2 cycles, and the possible values are mainly
distributed in 0—4 cycles. However, the most likely value of
(tr —11) reaches a peak at about 1.8 cycles, indicating that the
recollision process of ICD has a longer delay time than that of
NSDI. Figure 4(b) shows the difference between the recolli-
sion and the double ionization time (fpy — #;) of the NSDI and
ICD processes. The results display that the (fp; —#) of NSDI
is mainly distributed in 0-2 cycles and peaks at 1.0 cycles,
while the (fpy —#;) of ICD is mainly distributed in 0-6 cycles,
and the most likely value reaches a peak at about 1.75 cycles.
Therefore, compared with NSDI, ICD has a longer delay time
between the double ionization and the recollision.

1.0 —~NSDI  (a) 1.0 — NSDI  (b)
5 0.8 —— ICD 0.8 —— ICD
£ fohe
Z 0.6 Z 0.6
8 )
204 504
= —
* 0.2 & 0.2
A
00 2 4 6 8 10 OO 2 4 6 8 10
Time (o.c.) Time (o.c.)

Fig. 4. (a) The delay time distribution between the single ionization and
the recollision in the NSDI mechanism, and the delay time distribution
between recollision and being far away from the nuclear region in the
ICD mechanism. (b) The delay time distribution between the recollision
and the double ionization of NSDI and ICD.

The above result indicates that when the internuclear dis-
tance is 5 a.u., the ICD process has a longer delay time than
the recollision process of the NSDI process, and there is also a
longer delay time between the double ionization and the recol-
lision. Due to the larger internuclear distance of the molecule,
the distribution of the two electrons is farther away from each
other, which will lead to a large difference in the ionization and
nucleus-return behavior of the electrons. In order to explore
the influence of internuclear distance on the electron recolli-
sion behavior under various mechanisms, we selected the laser
pulse with the peak intensity of 2 x 1014 W /cm? and analyzed
the characteristic time of the DI event in the case of R =2 a.u.
Figure 5(a) gives the delay time in the process of the NSDI and
ICD recollision mechanisms, namely, (¢ —ts1) and (¢ — 7). It
can be observed that at R = 2 a.u., the most likely value of
(t: —ts1) reaches a peak at about 0.27 cycles, and the possible
values are mainly distributed in 0-2 cycles. Compared with
the case of R =5 a.u., there is a shorter delay time between
the single ionization and the recollision. The most likely value
of (#; —11) reaches a peak at about 0.12 cycles, and the possi-
ble values are mainly distributed in 0—1 cycle, indicating that
the re-collision process of the ICD process has a shorter de-
lay time compared with the NSDI process. Compared with
the ICD process in the case of R = 5 a.u., the delay time of
the re-collision process is extremely short, indicating that the
ICD electron returns to the nuclear region with a smaller in-
ternuclear distance. Since the initial distribution of electrons
is close when the nuclear distance is small, it is easier for the
electrons in the NSDI and ICD processes to return to the nu-
clear region in a shorter time after ionization. Figure 5(b)
shows the difference between the recollision and the double
ionization times (7p; — #) of the NSDI and ICD processes. It
is obvious that the (fp; —#:) of NSDI is mainly distributed in 0—
6 cycles, and the peak appears at about 0.25 cycles. The peak
value of (tp; — ;) of ICD appears in about 0.75 cycles, and
the possible values are mainly distributed in 0-8 cycles. Com-
pared with the NSDI process, the ICD process has a longer
delay time between double ionization and recollision, which
is consistent with the case of R =5 a.u. It can be found that in
the ICD mechanism, the delay time between the double ioniza-
tion and the recollision is longer when R = 2 a.u. than when
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R =5 au. Because the second ionization energy is larger at
a smaller internuclear distance, the ionization of the second
electron mainly depends on the driving laser electric field, so
(tp1 — 1;) is longer.

1.0f1 (b) —— NSDI
—— ICD
f? ? 0.8
7 Z 0.6
& &
o 5 0.4
i -
~ ~ 0.2
0 0
0 0.5 1.0 1.5 2.0 0 2 4 6 8 10

Time (o.c.) Time (o.c.)

Fig. 5. Same as in Fig. 4 but the internuclear distance is 2 a.u.

The above analysis shows that different molecular nuclear
distances have a great influence on the electron recollision in
the ICD process. That is, when the nuclear distance is small,
the ICD electrons are more likely to return to the nuclear re-
gion in a short time. To visually observe the potential dy-
namic behavior of NSDI and ICD mechanisms, we analyzed
the motion behavior including the two electrons in two ion-
ization mechanisms, as presented in Fig. 6. For R =5 a.u,,
figures 6(a) and 6(b) are statistical distributions of the elec-
tronic position of the NSDI electron from the single ioniza-
tion time to the recollision time and the ICD electron from the
laser pulse start time to the single ionization time, respectively.
For NSDI, the electron motion trajectory is different from that
in the linearly polarized laser pulse. Under the action of the
co-rotating TCCP laser, the motion behavior of electrons af-
ter the ionization is mainly rotated around the parent ion, and
the motion range is far from the parent ion. After some time,
it returns to the nucleus from a position far from the nuclear
region. Compared with the recollision process of NSDI, the
electron in the ICD process also rotates around the parent nu-
cleus under the action of the light field before the ionization,
but its motion range is relatively close to the nuclear area. Af-
ter a while, the electron can return to the nucleus from the
position near the nuclear area. Meanwhile, we calculate the
results with R =2 a.u., as presented in Figs. 6(c) and 6(d). It is
also found that, for NSDI, the range of the motion of electrons
after the ionization is far away from the parent ion, and after
some time, it returns to the nucleus from a position far away
from the nuclear region. The electron motion range of the ICD
process is relatively close to the parent nucleus, and the elec-
tron will return to the nucleus from the position closer to the
nuclear area. It is also found that, for NSDI, the dynamic be-
havior is similar either for R =5 a.u. or R =2 a.u. For the ICD
mechanism, the range of electron motion is relatively small at
the small internuclear distance of 2 a.u.

In the ICD mechanism of the co-rotating TCCP laser
field, the two electrons in the bound state always move around
the nuclear region before ionization occurs. The electrons will

move to a higher excited state with the laser field, and then
return to the parent ion to collide with it. Finally, under the
action of the light field, the two electrons will be ionized in
turn. The electron collision trajectory in the ICD process is
different from the internal collision process driven by linearly
polarized laser pulses.[*”! In the linearly polarized field, the
electronic movement is mainly limited to the one-dimensional
space. After the electrons obtain energy, it is easy for them
to move directly from one nucleus to another nucleus, collide
with another electron, and then ionize successively. However,
in the co-rotating TCCP laser field, the electrons are more in-
clined to the elliptical trajectory, and it is not easy for them to
move directly from one nucleus to another nucleus for colli-
sion. Instead, after rotating motion to a higher excited state,
the electron returns to the parent ion and collides with it. In
essence, both collisions occur before the two electrons are de-
ionized, but due to the polarization of the laser field, the tra-
jectories of the collisions are significantly different.

-40 20 0 20 40 -40  -20 0 20 40
z (a.u.)

y (a.u.)

-40 20 0 20 40 -40  -20 0 20 40

z (a.u.) z (a.u.)

Fig. 6. The position distribution of NSDI electrons between the single
ionization time and the recollision time (a) R =5 a.u., (¢) R=2 a.u.
The position distribution of ICD electrons before the single ionization
time (b)) R=5au.,(d)R=2au.

4. Conclusions

In summary, we have theoretically studied the strong-field
double ionization process of hydrogen molecules under the ac-
tion of co-rotating TCCP laser pulses. We show that the double
ionization curves reveal the same “knee” structural character-
istics under the corresponding two different internuclear dis-
tances, but the double ionization mechanisms are significantly
different. Analysis of its classical trajectory shows that the
double ionization mechanism includes ICD in addition to the
generally considered NSDI. Owing to the existence of the ICD
process, the “knee” structure characteristics of the double ion-
ization curve are obvious under the large internuclear distance.
The analysis of the two ionization mechanisms of NSDI and
ICD shows that the dynamic behaviors of the NSDI and ICD
mechanisms with different internuclear distances are similar.
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The NSDI electrons have a relatively large range of motion af-
ter the ionization. After some time, they return to the nucleus
from a position far away from the nuclear region, while the
ICD electrons have a relatively small range of motion, and the
electrons will return from the position near the nuclear area
after a while. In addition, the molecular internuclear distances
have a great influence on the electron recollision behavior of
the ICD process. That is, when the internuclear distance is
small, ICD electrons are more likely to return to the nuclear
region in a short time. Moreover, the ICD has a longer de-
lay time between double ionization and recollision than the
NSDI process under the two different internuclear distances.
Therefore, the ionization time behavior of the ICD process can
be regulated by changing the molecular internuclear distances.
The ICD process contains rich dynamic information and has a
significant impact on molecular double ionization yield, which
is helpful for further understanding the strong field ionization
mechanisms.
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