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Abstract

With the semiclassical ensemble model, we investigated the correlated electron dynamics in the
recollision impact ionization (RII) pathway of strong-field nonsequential double ionization
(NSDI) at different laser wavelengths. Our results show that there is a remarkable time delay
(about 400 attoseconds) between double ionization and recollision for a considerable part of the
RII events. This type of event is responsible for the valley structure in the correlated electron
momentum spectra along the laser polarization direction. More interestingly, our results show
that this time delay is independent of the wavelength. This universal time delay is of crucial
importance for the comprehensive understanding of the correlated electron dynamics in NSDIL

Keywords: nonsequential double ionization, correlated electron dynamics, recollision impact

ionization

(Some figures may appear in colour only in the online journal)

1. Introduction

Nonsequential double ionization (NSDI) is a fundamental
process among the various types of intense laser-atom/
molecule interaction processes [1]. It has attracted increasing
attention since the first observation of the knee structure in the
doubly charged ionization yield curve of Xe [2]. The part-
icular interest in NSDI is the highly correlated behavior of the
ionized electron pairs [3]. During the past three decades, a
great number of experimental and theoretical studies have
been performed on NSDI [4-22] and the underlying electron
dynamics has been well explored. Generally, the mechanism
of NSDI can be understood by the rescattering picture
[23, 24], where the outermost electron firstly tunnels through
the distorted potential barrier formed by the atomic potential
and the intense laser field, and then the freed electron is

4 Author to whom all correspondence should be addressed.
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accelerated by the oscillating field and impelled back to
recollide with the parent ion inelastically after the electric
field changes sign, leading to the ionization of the second
electron. More specifically, ionization of the second electron
occurs through two different pathways [25]. When the energy
of the recollision electron is lower than the ionization
threshold of the second electron, the second electron is
excited firstly by the recollision and then ionized by the laser
field, referred to as the recollision-induced excitation with
subsequent field ionization (RESI) pathway. Usually, recol-
lision occurs at the zero-crossing of the electric field of the
laser and the excited electron ionizes around the first max-
imum of the electric field after recollision. Consequently,
there is a time delay of about T /4 (T is the cycle of the laser
field) between double ionization and recollision. With the
increasing of the recollision energy, double ionization can
occur through the recollision impact ionization (RII) pathway,
where the second electron ionizes directly after recollision. In

© 2017 IOP Publishing Ltd  Printed in the UK
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contrast to RESI, it is usually accepted that there is no time
delay between double ionization and recollision. Numerous
studies have been performed to reveal the details of the cor-
related electron dynamics in RII [26-28].

The microscopic electron dynamics in NSDI strongly
depends on the wavelength of the laser pulses. Previous studies
on NSDI were mainly focused on the near-infrared (NIR)
region. Recently, owing to the great advances in ultrafast laser
technology [29], greater attention has shifted towards strong-
field ionization in the longer wavelengths, e.g., the mid-infrared
(MIR) region [30]. It has been experimentally shown that the
microscopic electron dynamics of NSDI in the MIR region is
very different from that in the NIR region [31-35]. For example,
in NSDI of Xe by the NIR laser pulses, the correlated electron
momentum distribution (CEMD) is almost uniformly spread in
four quadrants over a wide range of laser intensity [36], while in
the MIR region the distribution is mainly located in the first and
third quadrants and appears as a pronounced cross-like behavior
[35]. For other noble gases and molecules, it has also been
reported that the double-hump structures in the ion momentum
spectra become much more obvious in the MIR region [31-33].
It was demonstrated that in the MIR region, the contribution of
the RII pathway is greatly enhanced [33, 34], which is respon-
sible for the wavelength-dependent results. Thus, the longer
wavelength is more ideal to study the correlated electron
dynamics in the RII process of strong-field NSDI. Recently,
several theoretical studies have reported to have explored the
electron dynamics in RII using MIR laser pulses [37, 38].

In this paper, we performed a more profound investigation
of the electron dynamics in the RII pathway of strong-field
NSDI. We systematically studied the -correlated -electron
dynamics of NSDI over a wide range of laser wavelengths from
the NIR to the MIR region with a 3D semiclassical ensemble
model. Our results show that at a fixed ponderomotive energy
U,, the details of the CEMD change with the change in the
wavelengths of the laser pulses. Specifically, the CEMD along
the laser polarization direction exhibits an obvious valley struc-
ture on the main diagonal in the first and third quadrants at a laser
pulse of 800 nm. This valley structure gradually becomes blurred
as the wavelength increases. Back analyzing of the classical
trajectories shows that there is a considerable part of the RII
events where the second electron does not ionize immediately
after recollision but has a ‘dwell time’ of about 400 attoseconds.
This is responsible for the valley structure in the CEMDs.
Moreover, this dwell time is universal for all of the wavelengths
we studied. It decreases when scaled with the laser period, which
results in the wavelength-dependent valley structure in the
CEMDs.

2. Theoretical method

An accurate description of NSDI requires numerically solving
the multielectron time-dependent Schrédinger equation in an
intense laser field. However, the computational demand is too
large [39, 40]. In recent years, the classical (semiclassical)
methods have been well developed and widely used [12-16,
41-43]. Though some quantum effects, such as interference

[18, 19], can not be captured, the classical methods have been
proved to be reliable and effective tools in studying NSDI.
The classical methods succeeded not only in reproducing the
experimental results [28, 44] but also in predicting various
phenomena [45, 46]. Moreover, classical methods have the
advantage of back-tracing the classical trajectories, through
which the underlying process can be intuitively presented
[47]. Thus, in this paper, the 3D semiclassical ensemble
model [15] is used to study the NSDI of Ar at different
wavelengths. We only study NSDI at the near-infrared and
mid-infrared regions. For the shorter wavelengths, it has been
previously shown that NSDI exhibits the features of multi-
photon processes [48] where the semiclassical mode
breaks down.

In this semiclassical ensemble model, the ionization of
the first electron from the bound state to the continuous state
is treated by the tunneling ionization theory [49, 50]. The
subsequent evolution of the ionized electron and the bound
electron in the combined Coulomb potential and the laser
fields is determined by the Newtonian equation of motion
(atomic units are used throughout unless stated otherwise):

d2 r;

P —V[Vae (1)) + Vee(r1, 12)] — E(1), ey

where the subscript i is the label of the two electrons, and r;
represents the coordinate of the ith electron. E(¢) is the laser
field, which is linearly polarized along the X axis. V,,(r;) =
—2/\/rl-2 +a’ and V,,(r, ry) = 1/ (r; — 1,)* + b2 denote
the ion—electron and electron—electron interactions, respec-
tively. The soft parameters a and b are introduced to avoid the
Coulomb singularity in the ion—electron and electron—electron
interaction potentials. In the two-electron system, only the
Coulomb singularity in the ion—electron interaction potential
may occur and lead to autoionization, and should be shielded
with an appropriate soft parameter. For Ar, a is generally set
to 1.5 to avoid autoionization and b is set to 0.01 [12, 51].
The initial position of the first, i.e., the tunneling electron,
is determined by the equation in parabolic coordinates [15]:

—— - -l 2)

Here, I, = —0.58 a.u. is the ionization potential of Ar [16].
In the quasistatic approximation, the above field parameter ¢
is equal to the laser field at the tunneling time E(fy) and the
tunneling probability is evaluated by [49]

22D )2\ (—2(=21,,)3/2
(—21,1) )ﬁ exp[ (—21,) ) &

w(tg) = ( 3]

le]
The initial velocity of the first electron is set to be v,y = 0,
Uyo = V1o cos(f), v = vigsin(d), and has the distribution
[50]

_ 1/2 2 0 1/2
P p— “Lexp(““)( 2 ] )

7lel le]

Thus, the weight of each classical trajectory is evaluated by
w(ty, vio) = w(to)w(vio) [15].
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Figure 1. Electric field of the half trapezoidal laser pulse.

The initial state of the second, i.e., the bound electron, is
determined by assuming that the electron is in the ground
state of Ar T, and described by a microcanical distribution. To
obtain the initial values, the ensemble is populated starting
from a classically allowed position. The available kinetic
energy Ep =1, + 2/ Jr2 + 4’ is distributed randomly in
momentum space. I, = —1.01 a.u. is the ionization potential
of Ar * [16]. Then the electron is allowed to evolve a suffi-
ciently long time (400 a.u.) in the absence of the laser field to
obtain a stable position and momentum distribution.

After the laser field is turned off, we check the energies
of both electrons at the end of the laser pulse, and a double
ionization event is determined if both electrons achieve
positive energies. Then we back trace the double ionization
trajectories and find that all of the events experienced recol-
lision and thus they are NSDI events. Several millions of
weighted classical two-electron trajectories are traced from
the tunneling moment to the end of the pulse, resulting in
more than 10* NSDI events for our statistics.

3. Results and discussion

With this semiclassical model, we first calculated the NSDI of
Ar by laser pulses at the fixed U, = 0.40 a.u. with different
wavelengths. Here the laser pulses have the half trapezoidal
shape with a constant amplitude for the first eight cycles and a
linear turning off at the last two cycles, as shown in figure 1.
In these pulses, all of the NSDI events occur at the same laser
intensity. In our calculations we only consider the NSDI
events where tunneling of the first electron occurs during the
first cycle of the laser field, as indicated by the green shading
area in figure 1. Figure 2 presents the CEMDs along the laser
polarization direction, where the laser wavelengths are (a)
800 nm, (b) 1200 nm, (c) 1600 nm and (d) 2000 nm, respec-
tively. At first glance, the correlated electron spectra have
roughly the same distributions, exhibiting prominent corre-
lated behaviors, i.e., the electron pairs prefer to emit into the
same hemisphere. Further inspection shows that there are
visible differences among these spectra. At the shortest
wavelength, the CEMD displays a clear valley structure on
the main diagonal p,; = p,, in the first and third quadrants, as
shown in figure 2(a). When the laser wavelength increases,
the distribution comes closer to the main diagonal, as shown
in figure 2(b) for the 1200 nm pulse. The valley structure is

10.6

10.4

0.2

P /u'?
x1 p

Figure 2. Correlated electron momentum distributions along the laser
polarization direction for the NSDI of Ar by multicycle laser pulses
with the ponderomotive potential U, = 0.40 a.u. The wavelengths of
the laser fields are (a) 800 nm, (b) 1200 nm, (c¢) 1600 nm and (d)
2000 nm.

0.8
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Figure 3. Correlated electron momentum distributions along the laser
polarization direction for the NSDI of Ar by multicycle laser pulses
with the ponderomotive potential U, = 0.69 a.u. The wavelengths of

the laser fields are (a) 800 nm, (b) 120 nm, (c) 1600 nm and (d)
2000 nm.

very faint at 1600 nm and almost disappears at 2000 nm, as
shown in figures 2(c) and (d), respectively. This wavelength
dependence phenomenon also occurs at a larger U, = 0.69
a.u., as shown in figure 3.

In order to explore the origin of the wavelength
dependence of the CEMD, we trace the NSDI classical tra-
jectories and perform statistical analysis of the recollision and
double ionization times. Here, the recollision time is defined
as the instant of the closest approach of the two electrons after
the tunneling of the first electron, and the double ionization
time is defined as the instant when both electrons achieve
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Figure 4. Time delay (z,) between double ionization and recollision at 800 nm, 1200 nm, 1600 nm and 2000 nm. (a) and (b) correspond to the
NSDI events in figures 1 and 2, respectively. Section A: 7, < 0.24 fs, section B: 0.24 < #; < 0.72 fs and section C: z; > 0.72 fs. The data in

each curve have been normalized so that the maximal value is one.

positive energies, where the energy of each electron contains
the kinetic energy, potential energy of the electron—ion
interaction and half of electron—electron repulsive energy. In
figure 4 we show the time delay between the double ioniz-
ation and the recollision. Surprisingly, for most of the NSDI
events there is some time delay (z,) between double ionization
and recollision. In figure 4 we have divided the NSDI events
into three sections according to the time delay, i.e., section A:
t; < 0.24 fs (10 a.u.), section B: 0.24 < t; < 0.72 fs, and
section C: t; > 0.72 fs (30 a.u.). In section A, the second
electron ionizes immediately after recollision, which is the RII
trajectories [25]. For section C, the peak of curve moves
towards a larger time delay as the wavelength increases.
Dividing this time delay by the laser cycle, we can find the
peaks are located around 7; = 0.2 ~ 0.37. This is the typical
time delay in a RESI pathway [25]. The most interesting
result is the peak around 7; = 0.44 fs in section B. It does not
move with laser wavelength. This time delay is so short
(0.15T for the 800 nm field and 0.06T for the 2000 nm field)
that the transient electric field at the ionization of the second
electron is almost zero and thus this cluster of trajectories
should be classified as RII events. For these RII events, the
second electron does not ionize immediately after recollision,
but dwells near the core for several hundreds of attoseconds
and then gets ionized. For the case of the larger U, as shown
in figure 4(b), this type of RII trajectories also exists and the
dwell time almost does not change.

To explore the manifestation of these types of RII events
in the experimentally accessible observations, we separately
show the CEMDs according to the time delay between double
ionization and recollision. The first, second and third rows in
figure 5 display the CEMDs for the NSDI events with time
delay #; < 0.24 fs (panel A in figure 4(a)), 0.24 < t; < 0.72
fs (section B in figure 4(a)) and #; > 0.72 fs (panel C in
figure 4(a)), respectively. In the laser field with U, = 0.40
a.u., the maximal energy (3.170},) of the recollision electron is
larger than the ionization threshold of Ar*, and consequently
both the RII and RESI pathways occur in the NSDI processes.

In the first and second rows, the NSDI events are well con-
fined in the first and third quadrants in the CEMDs, showing
the characteristics of RII [25]. In the third row, the CEMDs
exhibit an almost uniform distribution in four quadrants,
which is the typical distribution of the RESI pathway [25].
Close inspection shows that an obvious difference exists
between the CEMDs in the first and second rows. In the first
row, the distributions are clustered around the main diagonal,
while in the second row the distributions exhibit a apparent
minimum on the main diagonal. These valley structures can
be understood as follows. In the first row the time delay
between double ionization and recollision is approximately
Zero, i.e., the two electrons ionize almost simultaneously after
recollision. To the first-order approximation [12], the elec-
tron’s final momentum is determined by the ionization time.
Thus, the two electrons achieve nearly the same final
momentum for the NSDI events in the first row. For the laser
parameters in our calculations, usually the energy of the first
electron remains positive during the recollision process and
thus the recollision time can be considered as the ionization
time of the first electron after recollision. The time delay of
about 0.44 fs in the second row makes the two electrons
acquire different momenta from the laser field and results in
the minima on the main diagonal in the first and third quad-
rants in the CEMDs. Moreover, when scaled with the laser
period, this time delay decreases with the increasing of the
laser wavelength. Thus the width of the valley becomes
narrower as the wavelength increases. We note that the
minimum on the main diagonal was observed in previous
studies where it was referred to as finger-like shape [12, 52].
There, the finger-like shape comes from the NSDI events
where the two electrons ionized simultaneously after recolli-
sion and the final-state electron—electron repulsion and elec-
tron—ion attraction were responsible. In our case, the two
electrons escape one after the other, and thus the ionization
time is responsible. Figure 6 shows the separated CEMDs for
a higher recollision energy (with U, = 0.69 a.u.). The dis-
tributions and the wavelength dependence show behaviors
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Figure 5. Correlated electron momentum distributions along the laser polarization direction for the NSDI in figure 1 with the time delay
between the double ionization and recollision in the range of #; < 0.24 fs (first row), 0.24 < #; < 0.72 fs (second row) and #; > 0.72 fs (third

row). The wavelengths of the laser fields from the first column to the
respectively.

fourth column are 800 nm, 1200 nm, 1600 nm, and 2000 nm,
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Figure 6. Correlated electron momentum distributions along the laser polarization direction for the NSDI events in figure 2 with the time
delay between double ionization and recollision in the range #; < 0.24 fs (first row), 0.24 < t; < 0.72 fs (second row) and #; > 0.72 fs (third
row). The wavelengths of the laser fields from the first column to the fourth column are 800 nm, 1200 m, 1600 nm and 2000 nm, respectively.

similar to those in figure 5. It should be noted that the type of
RII events with a time delay of about 0.44 fs makes a con-
siderable contribution to the total NSDI yields, as shown in
figure 4. Figures 5 and 6 indicate that this type of NSDI

process has a visible imprint in the experimental accessible
observations. This type of NSDI event is responsible for the
valley structure in the CEMDs in figures 2 and 3, and their
wavelength-dependent details.
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Figure 7. CEP-averaged correlated electron momentum distributions
along the laser polarization direction for the NSDI of Ar by five-
cycle laser pulses with the ponderomotive potential U, = 0.40 a.u.

The wavelengths of the laser fields are (a) 800 nm and (b) 2000 nm.

In the multicycle laser fields, the recollision repeats every
half cycle, and there are many NSDI events where recollisions
occur at the second and third returns [37, 38, 53]. The NSDI
signals are the composite contribution of these trajectories. To
see the RII pathway with a dwell time and its influence on the
CEMD more definitely, we shift to NSDI by a few-cycle laser
pulses, where the recollision process is much simpler [54, 55].
Figure 7 displays the CEMDs for the NSDI of Ar by five-
cycle sin’-shaped laser pulses at U, = 0.40 a.u. Here, the
CEMDs are averaged over the carrier-envelope phases (CEP)
from 0-27, and the wavelengths of the laser pulses are
800 nm and 2000 nm in figures 7(a) and (b), respectively. It is
clearly shown that both CEMDs exhibit obvious valley
structures on the main diagonal in the first and third quad-
rants, and the width of the valley at 800 nm is broader than
that at 2000 nm, which is similar to the results for the mul-
ticycle pulses shown in figures 2 and 3. To identify whether
these phenomena are the results of the dwell time in the RII
process, we traced the NSDI trajectories and in figure 8 we
present the distributions of the time delay between the double
ionization and recollision. Figures 8(a) and (b) display the
CEP-resolved time delay for the cases of 800 nm and 2000
nm laser pulses, respectively. It is shown that there is also a
very strong peak around 0.44 fs, and this peak does not
change with CEP. Figure 8(c) shows the CEP-averaged dis-
tributions of the time delay for the 800 nm and 2000 nm
fields. The peak around 0.44 fs hardly varies with the
wavelength. It indicates that the RII pathway with a dwell
time of several hundreds of attoseconds makes the dominant
contribution to the NSDI, and the dwell time is universal.

Similar to figures 5 and 6, we separate the CEMDs in
figure 7 into three parts according to the time delay. Figure 9
presents these separated CEMDs. In the first column
(t; < 0.24 fs), the CEMDs are almost the same for the 800 nm
and 2000 nm fields, largely restrained in the first and third
quadrants and clustered around the main diagonal. In the third
column (#; > 0.72 fs), where NSDI occurs through the RESI
pathway, the distributions spread to the second and fourth
quadrants. In the second column (0.24 < t; < 0.72 fs), the
electron pairs exhibit a clear minimum on the main diagonal
in the first and third quadrants and the width of the valley at

2000 nm is much narrower than that at 800 nm, similar to the
case of the multicycle laser fields. We mention again that this
type of NSDI trajectory should be identified as the RII
pathway because in the RESI pathway the second electron
ionizes by the laser field at about 0.25T after recollision when
the peak of the electric field of the laser arrives. Thus, the time
delay in RESI depends on the laser wavelength. However, for
the NSDI events we have shown here, the time delay is about
0.44 fs and is universal for all of the laser wavelengths we
studied.

The microscopic electron dynamics of NSDI, including
both the RII and RESI pathways, has been well explored in
previous studies [S6-58]. However, the time delay revealed in
this paper has not been explored before. We note that in [57],
a group of NSDI events with a time delay of about 0.15 laser
cycle was observed for the NSDI by 800 nm laser pulses.
There, this type of event was regarded as the RESI pathway
because it was deemed that the second electron was ionized in
assistance of the laser field after recollision. Identifying the
role of the laser field in the ionization of the second electron is
important. Our calculations show that this time delay does not
change as the laser wavelength increases and thus it should be
classified as the RII pathway, i.e., the laser field after recol-
lision is not necessary for the ionization of the second elec-
tron. In a recent study [16], it was shown that at intensities
well below the recollision threshold several optical cycles are
required for the recolliding electron to thermalize the second
electron through multiple recollisions. In our case, this time
delay could probably be considered as the thermalization
time. For the laser intensity near and above the recollision
threshold, the thermalization takes about several hundreds of
attoseconds.

4. Conclusion

In conclusion, we have systematically investigated the elec-
tron dynamics in the NSDI of Ar using a linearly polarized
laser field with different wavelengths. We found that there is a
dwell time of several hundreds of attoseconds for a con-
siderable portion of the RII NSDI events. Moreover, this
dwell time does not change with the laser intensity and
wavelength. We have demonstrated that the dwell time has an
obvious manifestation in the experimentally accessible cor-
related electron momentum spectrum. The wavelength
dependence of the valley structure in the correlated electron
spectra could be employed to indirectly confirm the electron
dynamics revealed here.

In strong-field processes, the time information of ioniz-
ation is of fundamental importance [59]. Considerable efforts
have been made to identify the ionization time, particularly
with the attoclcock technique [60]. For double ionization,
knowledge of the ionization time of the two electrons after
recollision is crucial to revealing the electron correlations.
Recently, this time in the RESI pathway has been probed with
the circularly polarized two-color pulses [61, 62]. Our results
suggest a remarkable time delay for the ionization of the
second electron in the RII pathway, in contrast to the previous
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normalized so that the maximal value is 1.
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