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Abstract With the three-dimensional semiclassical ensemble model, we studied the corre-
lated electron dynamics in strong-field nonsequential double ionization of Xe by mid-infrared
laser pulses over a wide range of laser intensities. Numerical results show that the correlated
electron momentum distribution exhibits the strong back-to-back pattern at the lower laser
intensity. It evolves into the side-by-side behavior as the laser intensity increases and presents
the experimentally observed crosslike shape at high laser intensity. Different from the case of
near-infrared region where recollision mainly occurs at the first returning, at the mid-infrared
region recollision dominantly occurs at the later returnings. The windows of initial transverse
velocity for the various multiple-returning recollision trajectories are different and are
unambiguously determined by this semiclassical ensemble model.

Keywords Nonsequential double ionization - Electron correlations - Mid-infrared
laser pulses

1 Introduction

Nonsequential double ionization (NSDI) has been a hot topic in strong-field atomic and
molecular physics since the first observation of the enhanced double ionization yield
(I’Huillier et al. 1983). During the past two decades, a large number of experimental and
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theoretical studies have been performed on NSDI (Fittinghoff et al. 1992; Walker et al.
1994; Moshammer et al. 2000; Rudenko et al. 2004; Liu et al. 2004; Weber et al. 2000;
Weckenbrock et al. 2003; Lein et al. 2000; Becker and Faisal 2000; Hao et al. 2014;
Maxwell et al. 2016; Fu et al. 2001; Bauer 1997; Panfili et al. 2001; Ma et al. 2016; Huang
et al. 2017; Wang et al. 2017a) and it is well known that the recollision process is the
responsible mechanism (Corkum 1993). In the recollision process, the first electron is
released by the laser field through tunneling, and then is accelerated by the oscillating field
and impelled back to the core when the electric field changes its sign, leading to the second
electron ionized directly (RDI) or excited with subsequent field ionization (RESI)
(Feuerstein et al. 2001). Because of the recollision, the electron pairs display a distinctive
correlation and the details of the correlated electron dynamics have been revealed from the
correlated electron momentum distribution (CEMD) (Weber et al. 2000; Weckenbrock
et al. 2003). For example, it has been shown that the electron correlations in NSDI strongly
depend on laser intensity. At intensities well below the recollision threshold, the CEMD
shown a back-to-back behavior (Liu et al. 2008), which was attributed to the time delay
between the emissions of the correlated electrons (Haan et al. 2008b). At moderate
intensity, the CEMD presented a pronounced V-like (or called as fingerlike) shape (Staudte
et al. 2007). Theoretical studies have demonstrated that both the nuclear attraction and
final-state electron repulsion are responsible for this structure (Haan et al. 2008a; Ye et al.
2008; Chen et al. 2010). At a much higher laser intensity, the V-like structure was also
observed in NSDI of He (Rudenko et al. 2007). However, neither the nuclear attraction nor
the final-state electron repulsion accounts for this structure. It is the asymmetric energy
sharing during recollision that results in the V-like structure at high laser intensities (Zhou
et al. 2010). Recently, this structure was also observed for NSDI of Ar and N, by the few-
cycle pulses at high laser intensity region (Bergues et al. 2012; Kiibel et al. 2013), which is
also ascribed to the asymmetric energy sharing (Kiibel et al. 2013; Huang et al. 2016a).

Most of previous works on NSDI are done in the near-infrared (NIR) region, the
fundamental wavelength of Ti:Sapphire laser systems. The development of ultrafast laser
technology has pushed the wavelength into the mid-infrared (MIR) region (Agostini and
DiMauro 2008; Liu et al. 2016; Tanaka et al. 2016). For the case of longer wavelengths,
the microscopic dynamic of correlated electron in NSDI is different from the case of NIR
region (Herrwerth et al. 2008; Alnaser et al. 2008; DiChiara et al. 2012; Huang et al.
2016b; Li et al. 2016). It was observed that at longer wavelengths, the dip of the char-
acteristic double-hump structure in the longitudinal momentum spectrum of Ne?* and N%+
becomes more pronounced (Herrwerth et al. 2008; Alnaser et al. 2008). Especially for Ar,
in which the double-peak structure is very faint at 800 nm field (Liu et al. 2008; Rudenko
et al. 2008), it becomes as clear as that in Ne at 1300 nm (Herrwerth et al. 2008; Alnaser
et al. 2008). These results indicate the contribution of RDI pathway at longer wavelengths
is strongly enhanced, as compared to the case at 800 nm (DiChiara et al. 2012; Tang et al.
2012). More remarkably, for NSDI of Xe by MIR pulses at 3100 nm, the CEMDs of
electrons is mainly distributed in the first and third quadrants and displays a crosslike shape
(Wolter et al. 2015; Pullen et al. 2016). This is totally different from the case by the 800
nm fields where the electrons are almost uniformly located in the four quadrants and show
nonstructural distribution (Sun et al. 2014). Theoretical studies based on a semiclassical
model have discussed that this nonstructural distribution at 800 nm field might be due to
the electron shielding effect in the high-Z atoms (Yuan et al. 2016). However, the details
of microscopic dynamics of NSDI driven by these long wavelength laser pulses remain
unclear.
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In this paper we perform a systematic investigation on NSDI of Xe by the 3000 nm
pulses over a wide range of laser intensities. With a three-dimensional (3D) semiclassical
ensemble model (Fu et al. 2001), the experimentally observed crosslike structure in the
CEMD is well reproduced. Back analysis of the classical trajectories shows that the two
electrons prefer asymmetric energy sharing at recollision in the MIR region, which is
responsible for the observed crosslike shape. Our calculations predict that the crosslike
shape disappears when the laser intensity decreases and finally the CEMD evolves into a
back-to-back emission behavior at low laser intensity. More surprisingly, back tracing of
the classical trajectory shows that in the MIR region recollision mainly occurs at later
returnings. This is different from the case in the NIR region where recollision dominantly
occurs at the first returning. In the multiple-returning recollision process, the Coulomb
focusing effect plays an important role. In addition, the initial transverse velocity windows
of the first tunneling electrons are found with this semicalssical ensemble model.

2 The semiclassical ensemble model

Accurate description of the two-electron system in the strong laser field requires numerically
solving the time-dependent Schrodinger equation. However, the computational demand of
this method is huge (Parker et al. 2006; Hu 2013), especially for the wavelengths at MIR
region. In the past decades, a multitude of theoretical approaches have been developed (see de
Morisson Faria and Liu 2011 and the references therein). Among the existing methods,
classical (semiclassical) method (Fu et al. 2001; Haan et al. 2006; Mauger et al. 2009; Zhou
et al. 2012; Tong et al. 2017; Xu et al. 2015) has been proved to be one of the most effect
approaches in studying NSDI, though some quantum effects, such as the interference in NSDI
(Maxwell et al. 2016) cannot been captured. It has been shown that the classical methods are
very successful not only in interpreting the experimental results (Ye et al. 2008; Zhou et al.
2010, 2011a; Wang and Eberly 2009) but also in predicting new phenomena (Zhou et al.
2011b; Tong et al. 2015). For instance, with a classical model we have predicted the back-to-
back electron emission in NSDI by orthogonal two-color fields which has been confirmed by
the recent experiment (Zhang et al. 2014). The subcycle electron emission in sequential
double ionized predicted by a classical model has been successfully observed in experiment
(Schoffler et al. 2016). More importantly, classical methods have the advantage of back-
tracing the classical trajectories, through which the underlying process can be intuitively
presented (Ho et al. 2005). Thus, in this paper we employ the 3D semiclassical ensemble
model (Fu et al. 2001) to study the electron dynamics of NSDI in the MIR laser fields.

In this semiclassical ensemble model, the first electron is ionized through tunneling with
a probability according to tunneling theory (Ammosov et al. 1986). The tunneling electron
has zero parallel velocity and a Gaussian transverse (with respect to the direction of
electric field) velocity distribution (Delone and Krainov 1991). For the second electron, the
initial position and momentum are depicted by microcanonical distribution. The subse-
quent evolution of the two electrons in the combined Coulomb potential and the laser fields
is described by the classical Newtonian equation (atomic units are used throughout until
stated otherwise):

dzl’l‘

0 (1) = V[Vaelr) + Veelrs, 1), o
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where the index i denotes the label of the two electrons, and r; refers to the electronic
coordinates. &(t) = eof (¢) cos(wr)X is the laser field, with &, o the amplitude, frequency of
the laser electric field, respectively. f(¢) is the pulse envelope which has a constant

amplitude for the first eight cycles and is turned off with a two-cycle ramp. V,,.(r;) =

—2/\/*2+ a2 and V,,(r1,15) = 1/4/(r] — 1r;)* + b? are the interaction potential between
the nucleus and electrons, and between two electrons, respectively. The soft parameter a is
set to 2.0 to avoid autoionization and b is set to 0.01 (Haan et al. 2008b; Zhou et al. 2010).

The weight of each trajectory is evaluated by w(to, V', ) = w(to)w(v',,) (Fu et al. 2001),

in which
v —
2(_21p1)l/2 =201 _2(_2Ip1)3/2
_ LA 2
(o) ( L R 2

v o )2 (—21,,)"?
W) = mexp<_< Lo (=2Lp1) ) 5

le] ¢

w(tp) is the instantaneous tunneling probability and w(v’ ) is the distribution of initial
transverse velocity v/ ;. In our calculations, the first and second ionization potentials are
chosen as I,; = —0.45 a.u. and I, = —0.78 a.u., respectively, to match those of Xe. The
laser frequency is w = 0.015 a.u., corresponding to the wavelength of 3000 nm. Several
million weighted classical two-electron trajectories are traced from the tunneling moment
to the end of the pulse, resulting in more than 10* DI events for statistics.

3 Results and discussions

Figure 1 presents the CEMDs along the polarization direction for NSDI of Xe, where the
laser intensities are (a) 0.06 x 10'"*W/cm?, (b) 0.1 x 10" W/ecm?, (c) 0.4 x 10" W/cm?,
and (d) 1.0 x 10"¥W/cm?, respectively. At the low intensity, as shown in Fig. la, the
spectrum exhibits an anticorrelated behavior, i.e., the electron pairs prefer to emit into the
opposite hemispheres. When the laser intensity increases, the electrons are mainly dis-
tributed in the first and third quadrants, displaying a prominent correlated behavior, as
shown in Fig. 1b. At the higher intensity, as shown in Fig. lc, the distribution is also
mainly located in the first and third quadrants and shows a clear crosslike shape. This
crosslike shape has been observed in recent experiments (Wolter et al. 2015; Pullen et al.
2016), confirming the validity and accuracy of this semiclassical model. As the intensity
further increases, the crosslike shape becomes more obvious, as shown in Fig. 1d. It is
worth noting that at the NIR region, this transition from anticorrelated to correlated
behavior has been observed for Ar (Liu et al. 2008). However, for Xe, this transition has
not been observed and it was found that the CEMD shows a universal nonstructural
distribution over a wide range of laser intensities (Sun et al. 2014).

To explore the responsible electron dynamics, we take advantage of the semiclassical
model by back-tracing the NSDI trajectories, which enables us easily to determine the
recollision time and double ionization time. Here, the recollision time is defined as the
instant of 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 positive
energies (Haan et al. 2008b; Zhou et al. 2011b). Back tracing of the classical trajectories
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Fig. 1 The CEMD in the parallel direction (parallel to the laser polarized direction) for NSDI of Xe by the
3000 nm laser pulses. The laser intensities are a 0.06 x 10'* W/em?, b 0.1 x 10" W/cm?,
¢ 0.4 x 10" W/cm? and d 1.0 x 10 W/cm?. (Color figure online)

shows that usually double ionization does not occur immediately after recollision. For most
of the NSDI events there is some time delay between double ionization and recollision.
Figure 2 shows this time delay. According to the simple-man model, the maximum rec-
ollision energy in NSDI is about 3.17U,, (U, is the ponderomotive energy) (Corkum 1993).
At the low laser intensity of 0.06 x 10'* W/cm?, the maximum recollision energy of
3.17U,, is about 0.59 a.u., which is much smaller than the ionization potential of the second
electron. Thus, NSDI can only occur through the RESI pathway. As shown in Fig. 2a, the
time delay between the double ionization and recollision is about 0.25 optical cycle (o.c.),
indicating the main process indeed is RESI (Feuerstein et al. 2001). In this process, the first
electron is usually ionized before the first peak of the electric field after recollision and the
second electron is released after the first peak of electric field. In this case, the two
electrons achieve final longitudinal momenta with different directions, resulting in the
anticorrelated behavior in the CEMD (Haan et al. 2008b; Zhou et al. 2011a).

At the intensity of 0.1 x 10'* W/cm?, the maximum returning energy 3.17U, =~ 0.98
a.u. is higher than the second ionization potential of Xe. Figure 2b shows that still there is
time delay between double ionization and recollision, meaning that RESI dominates the
NSDI events. Even for higher intensities, a significant part of the NSDI events occur
through the RESI, as shown in Fig. 2c, d. For most of the events, the time delay is within
0.25 o.c., indicating that both electrons are ionized before the first peak of electric field
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Fig. 2 Time delay between double ionization and recollision. a—d correspond to the events in Fig. la-d,
respectively. (Color figure online)

after recollision. In this case, the two electrons emit into the same hemisphere and the
CEMD exhibits the correlated behavior (Zhou et al. 2011b), as shown in Fig. 1b—d.

The crosslike (or V-like) structure in Fig. Ic, d has been experimentally observed in
NSDI of He, Ar and N, by NIR laser pulses with very high laser intensities. Theoretical
studies have revealed that asymmetric energy sharing at recollision is responsible for this
structure (Zhou et al. 2010). To identify the mechanism for the crosslike structure in NSDI
of Xe by the MIR laser pulses, in Fig. 3 we plot the energy distributions of the two
electrons at time 0.02 o.c. after recollision. Here, the energy of each electron is defined to
contain the kinetic energy, potential energy of the electron-ion interaction, and half of
electron-electron potential energy (Haan et al. 2008b; Zhou et al. 2011a). Figure 3 shows
that for all of intensities the distributions are away from the main diagonal, indicating the
asymmetric energy sharing during recollision. Especially for the high laser intensities
(Fig. 3c, d), the first electron only excites the second electron though its returning energy is
much higher than the ionization potential of the second electron. While the first electron
itself possesses most of the returning energy. This process can explain the remarkable
crosslike structure in Fig. 1c, d. We note that the asymmetric energy sharing in the MIR
region is much more extreme than the case in the NIR region. The reason might be due to
the spreading of the electron wave packet. For the laser pulses with longer wavelength, the
electron wave packet spreads more widely and thus the impact parameter is larger. Con-
sequently, the soft recollision where the returning electron only transfers a small part of its
energy to the bounded electron, is more prevalent.

A more interesting issue is manifested in the transverse momentum distribution. In the
semiclassical ensemble model, the two electrons are distinguishable. In Fig. 4 we sepa-
rately plotted the final transverse momentum spectra of the first and second electrons. At
the relatively low laser intensities, as shown in Fig. 4a, b, the spectra of the two electrons
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Fig. 3 Distributions of the energy of the bound electron versus the recolliding electron at time 0.02 o.c.
after recollision. a—d correspond to the events in Fig. 1a—d, respectively. (Color figure online)

are almost the same. While for the higher laser intensities, shown in Fig. 4c, d, the spectra
of the first electron are much broader than those of the second electron. These behaviors
can be understood as following. At the relatively low laser intensities (Fig. 4a, b), both
electrons are ionized through excited states or leave the ion with near-zero initial
momentum after recollision. Due to the small initial transverse momentum and Coulomb
focusing effect, the final transverse momentum distributions are narrow and exhibit a cusp-
like structure (Zhou et al. 2009; Ivanov et al. 2016). For higher laser intensities (Fig. 4c,
d), because of the dramatic asymmetric energy sharing during recollision, the second
electron can only be excited or ionized with a very small initial momentum. Thus the final
transverse momentum distributions are narrow, similar to the case of the lower laser
intensities. However, the first electron possesses a larger energy after recollision, and it can
obtain a considerable transverse momentum during recollision. Because of the larger initial
momentum after recollision, the first electron passes through the core more quickly and
thus the Coulomb focusing effect is negligible. Therefore, the final transverse momentum
distribution of the first electron is wider. Because the transverse momentum is not covered
by the large momentum taken from the laser field, it keeps more subtleties of the recol-
lision dynamics in NSDI. Therefore this difference in the transverse momentum distri-
butions of the two electrons is a convincing evidence of asymmetric energy sharing and we
hope it could be confirmed in future experiments.

To reveal more details of the recollision dynamics of NSDI, in Fig. 5 we present the
distributions of the traveling time of the tunneled electron, which is defined as the time
delay between recollision and tunneling ionization of the first electron. Here the recollision
time was obtained by back tracing the trajectories. According to the recollision picture, the
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Fig. 4 a—d The final transverse momentum distributions of the first (red circle) and second (blue square)
electrons for the events from Fig. la—d, respectively. Here the first and second electrons refer to the

returning and bounded electrons, respectively. (Color figure online)
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Fig. 5 a-d Traveling time distributions for the NSDI trajectories in Fig. 1a—d, respectively. The traveling time is
defined as the time delay between recollision and the tunneling ionization of the first electron. (Color figure online)

traveling time is about 0.7 o.c. if recollision occurs at the first returning (Corkum 1993). In

the NIR region, it is the first-returning recollision that dominates the recollision phenomena
(Zhou et al. 2016; He et al. 2016; Zhai et al. 2016, 2017; Zhu et al. 2016; Qin and Zhu
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2017; Li et al. 2017; Zhang et al. 2017; Wang et al. 2017a; Liu et al. 2017). However, in
the MIR region, as shown in Fig. 5, the distributions exhibit several peaks located at 0.7
o.c., 1.2 o.c,, 1.7 o.c. et al., which correspond to the recollision occurring at the first,
second and third returnings, respectively. The later peaks are much stronger than the first
peak, meaning that the multiple-returning recollision dominates over the recollision
occurring at the first returning in the MIR region. The proportion of the multiple-returning
recollision trajectories is larger than 95 percents. This is totally different from NSDI at NIR
region where the recollision mainly occurs at the first returning (Ye et al. 2008; Haan et al.
2006; Zhou et al. 2011a). It is worth to mention that the multiple-returning recollision has
been observed in the previous experiment on above threshold ionization (Hickstein et al.
2012). However, it was shown that multiple-recollision only appears at the low-energy part
of the photoelectron spectrum, which corresponds to the near-zero energy recollision. In
NSDI, the recollision energy is much higher. Our results indicate that multiple-returning
recollision has a dominant contribution in this two-electron process, which has not been
observed in the above threshold ionization experiment.

Figure 5 shows that the traveling time distribution changes with laser intensity. At the
lowest laser intensity (shown in Fig. 5a), the peak corresponding to the third returning
dominates, while at the higher laser intensities, the peak of the second returning is stronger.
This is due to the fact that at low laser intensities the recollision energy is the main factor
effecting NSDI. The maximum recollision energy of the second returning is about 1.54U,
(Lewenstein et al. 1994), which is not high enough to induce the ionization of the second
electron at the lowest laser intensity. The third returning, which possesses higher recolli-
sion energy, has the main contribution to double ionization. At the higher laser intensities,
the recollision energy at the second returning is high enough to ionize the second electron,
and thus the second-returning recollision is more prevalent.

The semiclassical model enables us to determine the initial transverse velocity of the
first electron at tunneling. We first classified the NSDI events according to the number of
the returning at which recollision occurs. In Fig. 6 we separately present the initial
transverse velocity (Ulo) distributions for the NSDI events where recollision occurs at the
first, second, third and forth returnings. It is shown that the corresponding initial transverse
velocity increases with the number of returnings. To understand this issue we display an
illustrative trajectory in Fig. 7. Figure 7a—c show, respectively, the time evolution of the X-
component of coordinates, the y-component of coordinates, and the transverse velocities
vy. The red and gray lines denote the first and the second electrons, respectively. Because
of the initial transverse velocity, the tunneled electron misses the core during the first and
the second returnings (see Fig. 7b). However, every time when it passes by the core, the
Coulomb attraction exerts a transverse momentum toward the core to the electron
(Fig. 7¢), which makes the electron move gradually to the core and the effective recollision
finally happens at the third returning. For a larger initial transverse velocity, the electron
can be focused to the core and result in an effective recollision only after it passes by the
core several more times. This is the reason why the corresponding initial transverse
velocity increases with the number of returnings. This implicitly indicates the important
role of Coulomb focusing in the transverse motion of the returning electron in the MIR
region.

Another interesting feature in Fig. 6 is that the corresponding velocity decreases as the
laser intensity increases. For example, for the third-returning recollision events, the initial
transverse velocity is about 0.08 a.u. at the intensity of 0.06 x 10'* W/cm? and it decreases
to 0.04 a.u. at the intensity of 0.4 x 10'* W/cm?. This can also be interpreted as the effect
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Fig. 6 The initial transverse velocity v/, distributions at tunneling ionization. Here we separately plotted
the NSDI events where recollision occurs at the first, second, third and forth returning, respectively (as
indicated by the legend in a). a—d correspond to the events in Fig. 1a—d, respectively. (Color figure online)

Fig. 7 An illustrated classical 1000 ;
trajectory. The red and the gray
curves represent the first and the
second electrons, respectively.

a and b display the time
evolution of the coordinate X and
y of each electron. ¢ shows the
time evolution of the velocity vy.
The laser pulse is polarized along
the x-axis. The inset in

(c) enlarges the left part of the
main panel. In the trajectory the
effective recollision occurs at the
third returning, as indicated by
the blue arrows. (Color

figure online)
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of Coulomb focusing. For the higher laser intensity, the electron returns back with a larger
momentum and passes by the core more quickly. Consequently, the action time of coulomb
interaction is shorter and thus the focusing effect is smaller compared to the case of lower
laser intensity. In other words, for the trajectories with the same number of returnings, the
Coulomb focusing effect can only compensate a smaller initial transverse velocity, as
compared to the lower laser intensity.

4 Conclusion

In summary, we have investigated NSDI of Xe by the MIR laser pulses with the semi-
classical ensemble model. Our calculations well reproduced the experimentally observed
crosslike shape in the CEMD and predicted its dependence on the laser intensity. The
responsible mechanisms are explored by back tracing the classical trajectories. Most
interestingly, our results show that recollision of NSDI is more likely to occur at the later
returnings than the first returning in the MIR region. This is very different from NSDI by
NIR laser pulses where recollision dominantly occurs at the first returning. A proper non-
zero initial transverse velocity of the tunneled electron is necessary for these multiple-
returning recollision induced NSDI events. The windows of the initial transverse velocity
for the various multiple-return recollision trajectories are determined by this semiclassical
ensemble model. In addition, we demonstrated that in these multiple-returning recollision
processes, the Coulomb focusing effect plays an important role.
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