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Using a classical ensemble model, we investigate the correlation behaviour of electrons originating from nonsequential
double ionization (NSDI) of argon atoms by the elliptically polarized laser pulses. Because of the ellipticity, not only the
first electron to return but also the later return of tunneled electrons contribute significantly to NSDI. We mainly discuss
two kinds of events of NSDI originating from the first and the second return separately. For the NSDI resulting from
the recollision of the first return, the correlated electron momentum spectrum along the long axis of the laser polarization
plane reveals an obvious V-like shape, located at the first and third quadrant. However, for the NSDI resulting from the
recollision of the second return, the momenta of two electrons are distributed in the four quadrants uniformly. By analysing
the trajectories of these two kinds, we find that the recollision energy and the laser phase at recollision are different for
the first and second returning trajectories, which are responsible for the difference in the correlated behavior of the final

electron momentum.
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1. Introduction

Nonsequential double ionization (NSDI) of atoms and
molecules in intense laser fields has become one of the cen-
tral and most controversial topics in the past three decades,
and has also induced a great number of experimental and the-

I-13] because it reveals very high electron cor-

oretical studies,
relations. Recent experiments>’-) have provided convicting
evidence that the rescattering picture is the mechanism respon-
sible for NSDLI!4 According to this model, the first electron
is ionized via tunneling the Coulomb barrier which is tipped
down by the laser electric field. Secondly, the electron is
carried away and then driven back to the parent ion as the
laser field reverses its phase. Thirdly, the energetic return-
ing electron returns to the parent ion and kicks out the second
electron.!>! This rescattering process is also responsible for
high-order harmonic generation.['¢-2?]

According to the three-step recollision theory, there are
few or no NSDI events when the laser field is elliptically po-
larized or circularly polarized because the tunneled electron
cannot return to its parent ion. This picture was confirmed by

[23]1 However, it is incon-

previous experimental measurements.
sistent with the results of subsequent experiments. Character-
istic NSDI events have been observed for the molecules NO,
0,423 and atomic magnesium®® under circular polariza-
tion. On the basis of a semiclassical model, Shvetsov et al.l*"]
investigated various distributions of ion and electron momenta

in NSDI by an elliptically polarized laser field, and they found
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that the main contribution to NSDI comes from longer orbits
for the sufficiently large ellipticity. On the basis of a classi-
cal ensemble model, Wang and Eberly®®! have found that the
degree of elliptical polarization in an intense short laser pulse
is related to the timing of a strong-field NSDI, and the higher
ellipticity pushes the initiation of double ionization (DI) into
a narrower time window, and they also found that all of the
successful NSDI events come from recollisions at the end of
an elliptical trajectory.[!]

In the present paper, applying a classical ensemble model,
we examine the correlation behavior of the electrons in the
NSDI of argon atoms by 800-nm, 2.0x 10'4-W/cm? ellipti-
cally polarized laser pulses. Because of the ellipticity, not
only the first returning (FR) but also the later returning tun-
neled electrons contribute significantly to the NSDI. For the
first returning trajectories (the recollision leads to DI occur-
ring at the first returning), we find a V-like structure in the
final-state momentum spectra of two electrons along the long
axis of the laser polarization plane, which is because the tun-
neled electrons have higher recollision energy and NSDI oc-
curs through recollision ionization (RCI).*®! For the SR tra-
jectories (the recollision brings about DI at the second return-
ing), the final-state momenta of two electrons along the long
axis of the laser polarization plane are distributed in the four
quadrants uniformly. This is because the recollision excitation
with a subsequent ionization (RESI) mechanism dominates the
NSDI?! We also analyse the microscopic dynamics of the
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later returns (LR) which correspond to the third, fourth, and
subsequent returns of the tunneled electrons. In the direction
of the short axis of the laser polarization plane, the final-state
momentum distribution of Ar>* ion for the FR trajectories is
broader than that of the SR trajectories.

2. Classical ensemble model

The classical ensemble model was introduced in Ref. [30]
and was successful in understanding the physical process of
the NSDI.>'-34! Our classical ensemble contains 2.0 x 10° ar-
gon atoms. The ellipticity € is set to be 0.1 because there are
less NSDI from SR trajectories for € = 0 (linear polarization
laser pulse) and less NSDI from FR trajectories for € > 0.1.
In the classical model, the evolutions of the two electrons
are governed by Newton’s classical equations of motion/3%-33!
(atomic units are used throughout unless otherwise stated),
which is expressed as

d?r;/dt? = =V [Vae (1) + Vee (r1,72)] — E(1), (D)

where i is the electron label which runs from 1 to 2, r repre-
sents the two-dimensional (2D) space coordinate, and E(t) is
the electric field of the laser pulse and is given by

E@l)= le,cos(wt) +eyesin(wr)] f(1). (2)

E
Vet
The laser field is elliptically polarized and has a trapezoidal
pulse shape with two turn-on cycles, six cycles with full
strength, and two turn-off cycles. The € is the ellipticity, and
o is the laser frequency. The e, represents the long axis of the
laser polarization plane, and e, represents the short axis of the
laser polarization plane. The potentials are

Vae(ri) = =2/ riz +a?,

Vee(r1,m2) = 1/1/ (r1 —12)% + b2, 3)

which represent the ion—electron and electron—electron inter-
actions, respectively. In the classical model, we employ the
softening parameter a to prevent one electron from dropping
into the Coulomb well and transferring enough energy to the
second electron for it to escape from the atom.’>! For the
ground-state energy of the argon atom, i.e., —1.59 a.u., a must
be above 1.26. There is also an upper limit for a. In order to be
able to place the two electrons into a classically allowed region
with a total energy of —1.59 a.u., the softening parameter must
satisfy a < 1.63.1%9 In the present paper, the soft parameter a is
set to be 1.5. The softening parameter b in the e—e interaction
is included to avoid the mathematical singularity in our calcu-
lations. We set 5b=0.05. A higher value of b can reduce the DI
yield because of the weaker recollision.!*>! Hence, these two
softening parameters can be chosen arbitrarily so that they can
satisfy the above condition.

To obtain the initial value, the ensemble’s population
starts from a classically allowed position for the argon atom
whose ground-state energy is —1.59 a.u. The initial position
of one electron is set to be (0.85, 0), and the other is set to be
(—0.85, 0). The available kinetic energy is distributed between
the two electrons randomly in momentum space.*°! Each elec-
tron is only given a radial velocity with random directions.
Then the electrons are allowed to evolve for a sufficiently long
time (100 a.u.) in the absence of a elliptically polarized laser
field to obtain stable position and momentum distributions.[*"!
Then we turn on the elliptically polarized laser pulse. At
this moment, both the Coulomb field and laser field govern
the evolutions of the two electrons. When the laser field is
turned off, we determine the DI if both electrons gain positive

energies.3"!

3. Results and discussion

Figures 1(a) and 1(b) display the final-state momentum
distributions of correlated electrons along the long axis of the
laser polarization plane (x axis), and along the short axis of the
laser polarization plane (y axis), respectively. The V-like shape
has been observed in previous experiments.1*®37] For instance,
at 4.5x10'" W/cm?, Staudent et al.?0 investigated the mo-
mentum distribution of two electrons freed by the NSDI of he-
lium, and found a figure-like (or V-like) structure in the longi-
tudinal direction (along the direction of laser polarization). At
a much higher intensity, 1.5x 10> W/cm?, Rudenko ef al?}
observed a pronounced V-like shape from the correlated elec-
tron momentum distribution. In our results, we also observe a
V-like structure located at the first and the third quadrants, as
shown in Fig. 1(a). The asymmetric distribution in the first and
the third quadrant results from the fact that part of the trajec-
tories are doubly ionized during the turn-on stage of the laser
pulses. In Fig. 1(b), correlated electron momenta along the y
axis are mainly distributed in the second and fourth quadrants,
which indicates that most of the correlated electrons are emit-
ted into the opposite hemisphere in the final state due to the

repulsive electron interaction along the y axis.>*!
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Fig. 1. Correlated electron momentum distributions for the NSDI of
argon atoms in the directions along (a) the long axis, and (b) the short
axis of the polarization plane.

In Figs. 2(a)-2(c), we separate the trajectories that are
shown in Fig. 1(a) given that the recollisions lead to DIs at the
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first return, the second return (SR), or the later returns (LRs),
i.e., the third, fourth, and subsequent return of the tunneled
electrons. For the FR trajectories, the correlated electron mo-
menta along the x axis are mainly distributed in quadrants 1
and 3, and exhibit obvious V-like shapes, as shown in Fig. 2(a).
For the SR trajectories, in the direction of the x axis, the mo-
menta of the two electrons are distributed in the four quad-
rants uniformly, as shown in Fig. 2(b). For the LR trajectories,
the V-like shapes still exist in quadrants 1 and 3 as shown in
Fig. 2(c). In Figs. 2(d)-2(f), we present the number of DI

trajectories versus the laser phase at recollision. Figures 2(d)—
2(f) correspond to the trajectories shown in Figs. 2(a)-2(c),
respectively. In Fig. 2(d), recollisions mainly occur just after
the extremum of the field. However, in Figs. 2(e) and 2(f), rec-
ollisions mainly occur around zero crossing of the laser field.
In order to understand the results shown in Figs. 2(a)-2(c), we
display the energy distributions for the FR, SR, and LR tra-
jectories (see Fig. 3). The time delays between the recollision

and the DI are shown in Fig. 4 for the FR and SR trajectories.
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Fig. 2. Correlated electron momentum distributions along the x axis for the trajectories corresponding to the (a) FR, (b) SR, and (c)
LR. (d)—(f): NSDI rates versus laser phase at recollision for the events given by (a), (b), and (c), respectively. The solid black curves

represent laser fields along the x axis.

According to the simple-man model,l'*! the electron with
a much higher recollision energy returns to the parent ion
near the zero crossing of the laser field. However, this pic-
ture is contrary to our result, i.e., the electrons which return
to their parent ions near the extremum of the laser field pos-
sess a much higher recollision energy (see Fig. 3). This is
because the recollision energy values of the FR trajectories
are much higher than those of the SR trajectories, though the
recollisions collectively occur just after the extremum of the
field. Here, the recollision time is defined as the instant of
the closest approach after the first departure of one of the two

33,34

electrons.?334 The DI time is defined as the instant when

both electrons achieve positive energies for the first time af-

33341 The recollision energy E; is defined as

ter recollision.!
the kinetic energy (v% /2+ v% /2, where v, and v, represent the

velocities of the returning electron) just before recollision.
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Fig. 3. The recollision energy distributions of the FR trajectories, SR
trajectories, and LR trajectories.

In order to explore the responsible dynamics for the V-
like shape in Fig. 2(a), we analyze the process of the NSDI.
The final-state velocities of electrons along the x axis can be
approximately described as'!>!
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1
Vx’i = VOxi — EE Sin(a)t()i), 4

where @ is the frequency of the laser field, Vq,, represents
the initial velocity along the x axis at emission after recolli-
sion, and fg; is the ionization time. It is clearly seen from
Fig. 4 that for the FR trajectories, most of the time delays
are located at 0.1287 (T is the laser cycle), which shows
that two electrons will be ionized almost simultaneously after
recollision.!””! This indicates that the RCI mechanism dom-
inates the NSDI. Thus, most of the correlated electrons are
emitted into the same hemisphere and the final-state momenta
are mainly distributed in the first and third quadrants (see
Fig. 2(a)).[*”! Hence, in Eq. (4), the second term on the right-
hand side is the laser-induced drift velocity, which is approx-
imately equal for the two electrons. The final-state velocities
(V}.) are determined by the initial velocities (Voy, ). Therefore,
it is easy to understand the V-like structure in Fig. 2(a). For
the high recollision energy (the solid black curve in Fig. 3), the
recollision electron passes through the parent ion very quickly.
Thus, the time of the e—e interaction is so short that the recol-
liding electron can transfer only a small part of its energy to
the bound electron, resulting in serious asymmetry for the ini-
tial velocity.?® As a result, the final-state velocities of two
electrons are asymmetric, resulting in V-like shapes in the first
and third quadrants.
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Fig. 4. Rate versus time delay between the recollision and DI for the
FR trajectories and the SR trajectories.

At a relatively low laser intensity, theoretical studies have

demonstrated that the final-state electron repulsion’’!

con-
tributes to the V-like shape. In order to examine whether the
final-state electron repulsion is responsible for microscopic
dynamics in our result (see Fig. 2(a)), we calculate the final-
state momenta of two electrons in the case of excluding the
e—e interaction from 0.067 after recollision. In other words,
two electrons are allowed to evolve only under the nuclear
Coulomb and laser field. Figure 5 shows the final-state mo-
mentum distribution of two electrons, the V-like shape is visi-

ble but is more obscure than that in Fig. 2(a). Thus, our result

confirms that the electron repulsion also contributes to the V-

like shape.
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Fig. 5. Correlated electron momentum distribution along the x axis for
the FR trajectories. Two electrons are allowed to evolve in the case of
excluding the e—e interaction from 0.067 after recollision.

From the above analysis, we know that both asymmetric
energy sharing (AES)®! and the electron repulsion contribute
to the V-like shape. The two facts are also responsible for the
LR trajectories, as shown in Fig. 2(c). For the SR trajecto-
ries, most of the time delays are located at about 0.3787, as
shown by the black columns of Fig. 4. This indicates that the
RESI mechanism dominates the NSDI. Thus, the final-state
momentum of the correlated electron will be distributed in the
four quadrants uniformly (see Fig. 2(b)).>!

Finally, we display two sample trajectories in Fig. 6. Fig-
ure 6(a) shows that two electrons are ionized almost simultane-
ously after recollision, and emitted into the same hemisphere
in the final state (see Fig. 6(c)). For the SR trajectories shown
in the right column, one electron (the gray curve in Fig. 6(b)) is
ionized before the first maximum of the field after recollision,
while the other electron (the black curve in Fig. 6(b)) is ionized
before the fourth maximum of the field. They are emitted into
opposite hemispheres in the final state, as shown in Fig. 6(d).
These results are consistent with that in Ref. [39]. For the
FR trajectories, one electron will achieve a much higher ve-
locity along the y axis in a final state than the other electron
(see Fig. 6(e)). This is because the electron possesses a much
higher energy after recollision, leading to a higher velocity in
the direction of the y axis. However, for the SR trajectories,
two electrons will achieve much lower or even close-to-zero
velocities of the final state in the direction of the y axis (see
Fig. 6(f)), as a result of much lower energy after recollision.
Hence, the final-state momentum distribution of the Ar*t ion
along the y axis is much broader for the FR trajectories, as

shown in Fig. 7.
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Fig. 6. Two sample trajectories selected from Fig. 2(a) (left column) and Fig. 2(b) (right column), respectively. (a), (b) Energy versus
time; (c), (d) momentum of one electron along the x axis versus time; (e), (f): momentum of the other electron along the y axis versus
time. The black dashed curves in (a) and (b) represent the laser fields along the x axis.
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Fig. 7. Ar** ion momentum spectra along the y axis for the trajectories
in Figs. 2(a) and 2(b), respectively. The solid curve represents FR; the
dotted curve represents SR.

4. Conclusion

In this paper, we investigate the electron correlations in
NSDI of argon atoms by the elliptically polarized laser pulses
with a classical ensemble model. We mainly discuss the tra-
jectories of NSDI from FR, SR, and LR trajectories. For the
FR trajectories, the RCI mechanism dominates the NSDI and
the momentum distributions of the correlated electron along
the x axis and show obvious V-like structures in quadrants 1
and 3. Both electron repulsion and AES contribute to the V-
like shape, and are also responsible for the LR trajectories.
For the SR trajectories, the RESI mechanism dominates the
NSDI, and the momenta of the two electrons along the x axis
are distributed in the four quadrants uniformly. In addition,
the final-state momentum distribution of the Ar>* ion along
the y axis is much broader for the FR trajectories because of

the relatively high recollision energy.
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