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Using a classical ensemble method, we have investigated sequential double ionization (SDI) of Ar
atoms driven by elliptical laser pulses. The results show that the ion momentum distribution of the
Ar atoms depends strongly on the pulse duration. As the pulse duration increases, the ion momentum
distribution changes from two bands to four bands and then to six bands and finally to an eight-band
structure. Back analysis of double ionization trajectories shows that the variation of the band structure
originates from pulse duration dependent multiple ionization bursts of the second electron. Our calcu-
lations indicate that the subcycle electron emission in the SDI could be more easily accessed by using
elliptical laser pulses with a longer wavelength. Moreover, we show that there is good correspondence
between the scaled radial momentum and the ionization time.
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1 Introduction

Double ionization (DI) has been a hot topic in strong-
field physics during the last decades. According to the
character of the DI process, there are two different DI
routes: nonsequential double ionization (NSDI) [1-11]
and sequential double ionization (SDI) [12-17]. In NSDI,
the second electron is ionized by the recollision of the first
ionized electron with the parent nucleus [18, 19]. Because
of the recollision, the two electrons in NSDI exhibit a
strong correlated behavior. In SDI, the two electrons
are emitted sequentially by the laser field. Usually, SDI
dominates in either linear laser fields with a high enough
intensity or in elliptical laser fields. The SDI process is
relatively simpler than the NSDI. However, SDI by el-
liptically polarized laser pulses can provide considerable
ionization information that is unavailable in NSDI, e.g.,
the release time of the electrons [12, 20, 21].

In recent years, SDI in elliptical laser fields has at-
tracted increasing attention and revealed some new in-
teresting phenomena. In Ref. [13, 14], the two electrons
from SDI show a strong angular correlation. In Ref. [15],

the measured electron momentum distributions display
a conflict with the prediction of the independent elec-
tron model, where the ratio of the parallel to antiparallel
emissions of the SDI events shows an oscillating behavior
as a function of the laser intensity. In Ref. [16], the mea-
sured release time of the first electron agrees well with
the prediction of the independent electron model, while
that of the second electron is much earlier than the pre-
diction of the independent electron model; the measured
doubly charged ion momentum distributions depend on
the laser intensity, such that they evolve from a three-
band structure to a four-band structure with the increase
of the laser intensity. The classical ensemble method has
excellently reproduced these experimental results and in-
tuitively shown the sequential nature of double ioniza-
tion [17, 20]. Classical calculations also show that the
ion momentum spectrum for multiple ionization will ex-
hibit more bands. For example, it was predicted that the
ion momentum spectrum for sequential triple ionization
will exhibit eight bands [21]. This prediction has been
observed in a very recent experiment, where the ion mo-
mentum spectra for the triple ionization of Ne™ show a
six-band structure [22]. From these structures, the sat-
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uration ionization intensity and the ionization time for
each ionization step are successfully extracted [22].

In SDI generated by the elliptically polarized laser
field, the ionization of each electron usually lasts longer
than one optical cycle and there is one ionization burst
during each half cycle. Therefore, there will be multiple
ionization bursts for each electron. However, the sub-
cycle ionization bursts of SDI have not been observed
in previous experiments. This may be because the wave-
length of the laser pulse in previous experiments is about
800 nm, where the subcycle ionization bursts could not
be resolved. In this paper, we theoretically investigate
SDI by elliptical laser fields with longer wavelengths.
Our calculations predict that, depending on the pulse
duration, the ion momentum spectra of a doubly charged
ion exhibit different numbers of bands. With the pulse
duration increasing, the spectrum evolves from a two-
band structure into a four-band structure, then a six-
band structure, and finally into an eight-band structure.
Our analysis shows that these phenomena are the mani-
festation of the subcycle ionization bursts of the second
electron for both short pulses and long pulses and that
of the first electron only for long pulses. Our calcula-
tions indicate that the subcycle electron emission in SDI
can be more easily observed by choosing elliptical laser
pulses with longer wavelengths.

2 Theoretical model

In the classical model of two- or multi-electron systems
with the coulomb potential for the ion-electron interac-
tion, the atoms suffer autoionization and are unstable.
This problem can be solved by employing the classical
model with a soft-core potential [23-29]. In the past
decade, the soft-core potential classical model (SPCM)
[26-29] has achieved great success in exploring the cor-
related electron dynamics in NSDI, where the crucial
ionization process is insensitive to the second ionization
potential. However, the SPCM is deficient in describ-
ing strong-field SDI. This is because the SPCM cannot
match the first and second ionization potentials with
those of the investigated target, yet the ionization prob-
ability of both electrons depends sensitively on the ion-
ization potential. This deficiency can be avoided by
the Heisenberg-core potential that can not only prevent
autoionization but also give ground-configuration ener-
gies of the multielectron atoms [17, 20]. This potential
has been extensively employed to classically investigate
atomic and molecular collisions [30-33], and strong-field
ionization [34, 35]. Here, we employ this model to study
SDI by elliptical laser fields with different pulse dura-
tions. Its accurate description of SDI has been previously
confirmed [17, 20].

113202-2

In the Heisenberg-core potential classical model
(HPCM), the evolution of the two-electron system is
determined by the equations (atomic units are used
throughout this paper unless stated otherwise):

d’l“i o oH dpi - _8H (1)
dt o ap17 dt o 8ri’

where H is the Hamiltonian of the two-electron system
in the presence of the laser field and is expressed as

H=_ ! +Z[2+p’2+V(r- )
|'I”1—’I”2| = r 2 H\TisPi

+(ri+72) - E, 2)
where r;, p; are the position and canonical momentum of

the ¢, electron, respectively. E(t) is a circularly polar-
ized electric field, which is given as

cos(wt+p)i+

£
sin(wt+p)y| ,
Ver+l e2+ t+e)d

—_

where f(t) = Fysin® (1\%1) is the field envelope, and w,
e,p, By, T, N are frequency, ellipticity, carrier-envelope
phase (CEP), amplitude, period, and period number of
the laser pulse, respectively. Vg (r;, p;) is the Heisenberg-
core potential, which is expressed as Vi (ri,p;) = &2/
(4ar?) exp{a[l — (r;p;/€)*]}. The parameter « indicates
the rigidity of the Heisenberg core. For Ar, the rigidity
parameter « is set to 2, then the parameter £ is chosen
to match the second ionization potential of Ar (—1.01
a.u.) and ¢ is set to 1.225 [17].

The ground-state energy of Ar is set to the sum of
the first and second ionization potentials (—1.59 a.u.)
and the initial distributions of the ground-state atom in
phase space are obtained with the approach in the SPCM
[26-29].

Once the initial state is obtained, the laser is turned
on. The evolution of the two-electron system follows
Eq. (1) above. In our calculations, the laser intensity
is 6 x 1015 W/cm?, the wavelength is 1600 nm, the ellip-
ticity is 0.75, and N ranges from 4 to 14.

At the end of the laser pulse, we examine the energy of
the electrons. We define that the electron is ionized if its
final energy becomes positive for the first time. Double
ionization is defined when both electrons possess posi-
tive energies at the end of the pulse. The energy of the
electron is composed of kinetic energy, electron-ion in-
teraction energy, Heisenberg-core potential energy, and
half of the electron-electron interaction energy. In our
calculations, all of the DI events are SDI since recollisions
are completely suppressed because of the large elliptical
laser pulse employed in our calculations.
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3 Results and discussion

Figure 1 displays the ion momentum distributions in the
polarization plane for the SDI of Ar by elliptically po-
larized laser pulses with different pulse durations, where
N is the period number ranging from 4 to 14. The ion
momentum of Ar?*t is obtained by the negative sum of
the two electron momentum vectors because the momen-
tum of the absorbed photons is negligibly small, i.e.,
Dojon = —(Dzel + Dze2). In these calculations, CEP
is random for each atom, corresponding to a phase-
unlocked experiment. Figure 1 shows that the ion mo-
mentum distributions in the direction of the minor el-
liptical axis (¢ axis) exhibit a band structure and the
number of the bands strongly depends on the laser du-
ration. For the pulse duration N = 4, the distribution
shows two bands. When the pulse duration increases to
N = 6, two more bands appear even though they are rel-
atively weaker. For N = 8, the outer two bands become
more obvious. Moreover, two more bands between the
inner and the outer bands appear, displaying a six-band
structure. This six-band structure is also very clear at
N = 10 and 12. However, with the pulse duration in-
creasing further, the two inner bands gradually disappear
and almost vanish for the case of N = 14. Meanwhile,
one can find that the fourth pair of bands (marked as
B,) start to appear, showing the eight-band structure in
Fig. 1(f).

This change of ion momentum distributions with pulse
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duration can be more clearly seen in Fig. 2, where the
distributions of Fig. 1 are integrated over the p, jon axis.
Figure 2 shows the ion momentum distributions in the
direction of the minor elliptical axis (y axis). For the
pulse duration NV = 4, the spectrum exhibits two sharp
inner peaks, which are labeled as P;. There are also two
flat outer peaks (P2) whose corresponding bands in Fig.
1(a) are not obvious. As the pulse duration increases,
the two outer peaks (P2) become stronger at N = 6.
For the case of N = 8, two P, peaks are even stronger
and two more peaks (P3), between P; and P, appear.
The spectrum exhibits a very clear six-peak structure
[Fig. 2(c)]. As the pulse duration increases further, the
peaks P1 become gradually weaker. Finally, the P; peaks
almost disappear at N = 14. Meanwhile, two more peaks
(P4) start to appear for N = 14 [Fig. 2(f)]. Additionally,
one can see that the separation between the two P, peaks
decreases when the pulse duration increases.

In order to understand the physical process for the de-
pendence of the ion momentum distributions on pulse
duration, we fix CEP at ¢ = 0 and recalculate the SDI
with the same elliptical laser pulse as in Fig. 1. The
ion momentum distributions in the polarization plane
are shown in Fig. 3. Seen in Fig. 3, the ion momen-
tum distributions also show a band structure and the
number of bands also depends sensitively on the pulse
duration. However, the distributions are asymmetric for
short pulses, which is due to the asymmetry of the elec-
tric field of the short pulses. For example, at the pulse
duration N = 4, only one band with negative momentum
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Fig. 1 Ion momentum distributions in the laser polarization plane for different pulse durations. The ellipticity
of the laser pulses is 0.75, the intensity is 6.0 PW/cm?, and the wavelength is 1600 nm. The CEP is randomly
chosen for each trajectory. The ensembles are 400 000.
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Fig. 2 Ion momentum distributions along the minor elliptical axis (§ axis) for different pulse durations. The

laser parameters are the same as those in Fig. 1.
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Fig. 3
Other parameters are the same as those in Fig. 1.

appears and the band with positive momentum is absent.
The absent band will appear for other CEPs. This is the
same situation for pulse durations up to N = 10. For
longer pulses, the distributions become gradually sym-
metric.

The results above show that the ion momentum dis-
tributions in the polarization plane for the SDI of Ar
by elliptically polarized laser pulses depend strongly on
the pulse duration of the laser pulses. As we know, the
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Ton momentum distributions in the laser polarization plane for different pulse durations with ¢ = 0.

ion momentum is a good reflection of the ionization dy-
namics of the electrons. In order to explain the origin of
the above pulse duration dependence of ion momentum
distributions, we trace the history of the two electron
trajectories and find the ionization times of the two elec-
trons. The ionization time of the first electron is defined
as the instant when the energy of one electron is positive
for the first time, while the ionization time of the second
electron is the instant when both electrons have positive

Ai-Hong Tong and Ying-bin Li, Front. Phys. 11(6), 113202 (2016)
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energies.

Figure 4 shows the distribution of the first ioniza-
tion time (¢;1) versus the second ionization time (¢;2) for
N =4,8,10, and 14. For the pulse duration N = 4, the
ionization time distribution is clustered in two regions,
which are labeled “1” and “2”. When pulse duration
increases, a third clustering region “3” and fourth clus-
tering region “4” start to appear in turn at N = 8 and
N = 10. For even larger pulse durations, more concen-
trations appear. For example, the clustering region “5”
is obviously distributed at N = 14 [Fig. 4(d)]. Addition-
ally seen in Fig. 4, for short pulse durations (N = 4 to
N = 10), there is only one ionization burst for the first
electrons, meaning that the first electron is completely
ionized within a half cycle at this high laser intensity. For
the long pulse NV = 14, there are two ionization bursts for
the first electron. For the second electron, there are two
to many ionization bursts. These distributions directly
show subcycle electron bursts of the second electron for
both short pulses and long pulses, and that of the first
electron only for long pulses. By projecting these clus-
tering regions to the ¢;; axis and t;5 axis, one can find
that the delay time between t;5 and ¢;; is integer multi-
ples of the half cycle. In Fig. 4, the marks “17, “27” “3”,
“4” and “5” are also used to represent the regions with
a delay time (t;2 — ;1) of one, two, three, four, and five
times of the half cycle, respectively. Furthermore, the
population in region “1” decreases as the pulse duration
increases.

Since the initial momentum at ionization is negligible,
the final momenta of the electrons are p.; = A(t;) =
_ tj'oo E(t)dt, where t; is the ionization time of the iz,
electron and E(t) is the electric field. As a result, the
direction of the final momentum of an electron is perpen-
dicular to the electric field at the instant of ionization.
Seen from Fig. 4, both electrons are emitted around the
field extrema of the major elliptical direction, thus, the
electrons are emitted in the minor elliptical direction.
When their ionization time delay is even (odd) multi-
ples of the half cycle, the two electrons will emit in the
same (opposite) directions. For the events with ioniza-

@4 (OB
3 4
D) 3
1 2
0 1
1 2 3 4
t; (T) £ (T)

tion time distributed in the regions “2” and “4” in Fig.
4, the two electrons emit in the same direction and the
corresponding ion momentum distribution is located at
peaks Py of Fig. 2. For the concentrations “17, “3” and
“5” in Fig. 4, the two electrons emit in opposite direc-
tions, and result in the inner peaks Py, P3 and P4 of Fig.
2, respectively.

Based on the above relation between the ionization
time and the ion momentum, the evolution of the ion
momentum distribution with pulse duration can be eas-
ily explained as follows. For N = 4, the ionization time
distribution has a strong concentration in region “1” and
a weak concentration in region “2”, so the ion momentum
distribution notably dominates at peaks P; [Fig. 2(a)].
When the pulse duration increases to N = 8, region “3”
emerges in the ionization time distribution, correspond-
ing to the appearance of the ion momentum peaks Pj
in Fig. 2 (¢). For N = 10, DI events related to the
ionization time concentration “4” also contribute to the
outer ion momentum peaks Ps. As the pulse duration
increases to N = 14, the emergence of region “5” lead
to the appearance of peaks P4 in Fig. 2(d). Since the
population of the ionization time in region “1” gradu-
ally decreases, peaks P; become gradually weaker, and
almost disappear at N = 14. Thus, the multiple band
structure in the ion momentum distributions comes from
the subcycle electron bursts.

Next, we analyze the reason for the decrease of the
separation of the two P; peaks with an increasing pulse
duration. The separation of the two Py peaks is deter-
mined by the momentum difference of the two electrons.
For this pair of peaks, the ionization time delay between
the two electrons is a half cycle. For a fixed laser in-
tensity, the momentum difference decreases as the pulse
duration increases. Consequently, the separation of the
two P peaks decreases with an increasing pulse duration
[Fig. 2].

It has been demonstrated that the radial momentum
is an injective function of the ionization time with the
condition that the electrons are ionized before the peak
of the pulses [17]. Here, we clearly display the relation-

(© 6 @7

i (T) t; (T)

Fig. 4 Time distributions between the first ionization time (¢;1) and the second ionization time (¢;2) for different

pulse duration with CEP ¢ = 0.

Ai-Hong Tong and Ying-bin Li, Front. Phys. 11(6), 113202 (2016)

113202-5

»
&
*
7
>
-
[~
i
(=)
w
o
*]
05
=
=)
St
=




»
9
o
7
>
=
="
[
=]
»
e
2
.5
=
=)
R
=

RESEARCH ARTICLE

(2)

electron 2 (a.u.)
S

’
r

p

0
0 5 10 15 0 5 10 15
p,.¢electron 1 (a.u.) p,.¢electron 1 (a.u.)

Fig. 5 The electron correlation spectra for the scaled radial momentum with CEP ¢ = 0.
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Fig. 6
nm. Other parameters are the same as those in Fig. 1.

ship between the scaled radial electron momentums with
ionization time. In Fig. 5, we display the electron cor-
relation spectra for the scaled radial momentum p/. for
N = 4,8,10, and 14, where p/. is defined as

Pro = /(€2 + DR, + (2 + 1) /2, (4)

where ¢ = 1,2 is the electron label. These spectra are
symmetric with respect to the diagonal because we do
not distinguish the first and the second electrons here.
For the high laser intensity in our calculations, both
electrons are ionized within the rising edge of the laser
pulse, and thus the earlier ionized electrons will achieve a
smaller final momentum. Therefore, we can distinguish
which electron is ionized first based on the final momen-
tums. In the following, we denote the electron with the
smaller final momentum (thus ionized first) as the first
electron and the other electron as the second electron.
As shown in Fig. 5, for short pulse durations (N = 4
to N = 10), there is only one concentration of scaled
radial momentum for the first electron. However, for the
second electron, the concentrations of the scaled radial
momentum depend on the pulse duration. For N = 4,8,
and 10, the number of the concentrations are 2, 3, and
4, respectively. For long pulses N = 14, there are two
concentrations of scaled radial momentum for the first
electron and many concentrations for the second elec-
tron. Comparing Fig. 5 with Fig. 4, it is easy to build a
good correspondence between the scaled radial moment
and the ionization time.

We further calculate the SDI of the Ar atoms driven

113202-6
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Ton momentum distributions in the laser polarization plane for different pulse durations with A = 3000

by the same elliptical laser pulses except that the wave-
length is even longer (3000 nm). The ion momentum
distributions in the polarization plane for N = 4,6, 10,
and 14 are displayed in Fig. 6. Seen in Fig. 6, the
influence of the pulse duration on the ion momentum
distributions in the minor direction is same as the case
in Fig. 1. However, in the multiple band structure, it is
more obvious that the separation between the bands is
larger, which will be favorable for the observation of the
subcycle multiple ionization bursts in experiments.

4 Conclusion

In conclusion, using the HPCM, we investigated the
SDI of Ar by an elliptical laser pulse. We resolved the
multiple-band structure in the ion momentum spectra.
This structure originates from the multiple ionization
bursts of the second electrons and directly reveals the
subcycle electron emission nature of the SDI in the el-
liptical laser field. Our calculations confirm that longer
wavelengths will be more favorable for the observation
of these subcycle multiple ionization bursts. Moreover,
our results display a good correspondence between the
scaled radial electron momentum and the ionization
time.
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