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Strong-field frustrated double ionization of argon atoms
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Using a three-dimensional semiclassical method, we theoretically investigate frustrated double ionization
(FDI) of Ar atoms subjected to strong laser fields. The double-hump photoelectron momentum distribution
generated from FDI observed in a recent experiment [S. Larimian ef al., Phys. Rev. Research 2, 013021 (2020)]
is reproduced by our simulation. We confirm that the observed spectrum is due to recollision. The laser intensity
dependence of FDI is investigated. We reveal that the doubly excited states of Ar atoms and excited states of Ar"
are the dominant pathways for producing FDI at relatively low and high intensities, respectively. The information
of which pathway leads to FDI is encoded in the electron momentum distributions. Our work demonstrates that

FDI is a general strong-field physical process accompanied with nonsequential double ionization and it can be

well understood within the context of recollision scenario.
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I. INTRODUCTION

When exposed to a strong laser field, the outermost elec-
tron of atoms or molecules can be ionized through tunneling.
The electron is then accelerated and possibly driven back by
the oscillating laser electric field to recollide with its parent
ion [1], resulting in various strong-field phenomena such as
above-threshold ionization plateau [2], high-order harmonic
generation [3,4], and nonsequential double ionization (NSDI)
[5]. Alternatively, due to the presence of the Coulomb field
of the ion, the electron may also be captured into an Rydberg
state after the end of the laser pulse, leading to excited atoms
or molecules [6—13]. This is known as frustrated tunneling
ionization (FTI) [7]. The capture of electrons into Rydberg
states was also found when strong-field double ionization (DI)
occurs [14,15], which can be referred to as frustrated double
ionization (FDI). It has been mainly observed in atomic
fragments produced by Coulomb explosion of molecules and
also dimers [15-20], which can be explained as neutralization
during the dissociative ionization process [21,22]. Taking FDI
of hydrogen molecules for example [15,22], two electrons
tunnel ionize sequentially and one of them may be captured
by one of the protons when the molecular ions fragment,
leading to the formation of a highly excited neutral hydrogen
atom and a proton. Experimentally, the capture process is
identified by measuring the kinetic energies of the excited
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neutral fragments after molecular dissociative ionization [15].
Unfortunately, this method is not applicable for atomic targets
since atomic FDI happens without dissociation and the prod-
ucts are excited ions rather than excited neutral fragments.
Consequently, there is a lack of experimental and theoretical
studies on atomic FDI.

Very recently, FDI of Ar atoms was experimentally iden-
tified by measuring the dc-field ionized electrons from the
excited singly charged ions (Art*), the photoelectrons, and
the corresponding doubly charged ions (Ar>") in coincidence
[23]. The measured photoelectron momentum distributions
corresponding to an FDI event display a clear transition from a
double-hump to a single-hump structure as the laser intensity
is increased, quite similar to DI. The observation suggests
that the physical mechanism of FDI differs for different
intensity regions where NSDI or sequential double ioniza-
tion (SDI) dominate, respectively. For SDI occurring at high
intensities, the two electrons are ionized independently. The
narrow single-hump structure for FDI at such high intensities,
which has a width close to that for single ionization, strongly
suggests that the trapped electrons mainly arise from the
second ionization step. For modest intensities, where NSDI
dominates, it has been speculated that the electron-electron
interaction during recollision causes the double-hump mo-
mentum spectrum for FDI [23]. Yet, how exactly recollision
results in such a spectrum remains unclear.

In this paper, we theoretically study FDI of Ar atoms using
a semiclassical model. The main purpose of the current work
is to offer a transparent physical picture of FDI at modest
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intensities where NSDI dominates. We calculate the ratio of
FDI to single ionization (SI) and the ratio of FDI to DI as
functions of laser intensity. Our calculation reproduces the
experimental double-hump photoelectron momentum distri-
bution for FDI as reported in Ref. [23]. We confirm that
recollision is responsible for this structure and further show
how recollision leads to different photoelectron momentum
distributions for FDI at different intensities. By analyzing
the electron trajectories, we find that the dominant pathways
for FDI at relatively low and high intensities are doubly
excited states of Ar and excited states of Ar™, respectively.
This work indicates that FDI is a general strong-field process
accompanied with NSDI and it can be fully understood based
on the recollision picture.

The paper is organized as follows. In Sec. II, we introduce
the semiclassical model. Section III shows our main results.
Finally, we present our conclusion in Sec. I'V.

II. THEORETICAL MODEL

A well-established three-dimensional semiclassical model
(see, e.g., [24,25]) is employed to describe FDI and NSDI.
The semiclassical model has achieved great success in ex-
plaining various NSDI experiments [26,27]. Within this
model, one can trace back the electron trajectories leading to
specific features and gain intuitive physical insights into the
underlying mechanism [27-29]. The main limitations of this
model are that, firstly, some quantum effects are ignored. For
instance, the contributions of quantum transitions to interme-
diate excited states in NSDI and the coherent superpositions of
these channels are not considered [30,31]. Secondly, the semi-
classical model is based on quasistatic field approximation. It
works particularly well when the Keldysh parameter is smaller
than (or around) 1 and thus fails to describe few-photon
double ionization. Furthermore, the semiclassical model is
usually unable to quantitatively reproduce experimental ob-
servables such as DI yields [32].

In this model, we consider the interaction of a two-active-
electron atom with a linearly polarized laser field:

E(t) = f(t)Eo cos wt 2, (1)

where o is the laser frequency and Ej is the peak amplitude
of the laser electric field. The pulse envelope function f(t)
is a constant equal to 1 for the first ten laser cycles and then
reduced to zero with a three-cycle ramp in the form of cos?.

Following the same procedure as used in previous studies
[32-34], the outermost electron e; is assumed to be ionized
by quantum tunneling through the field-suppressed atomic
potential. The tunneling process can be described by the
Schrodinger equation in parabolic coordinates (atomic units
are used throughout this paper) [35]:

d*¢ Ly 1 1 Ep
L —)¢ =0, 2
dn+< > Ty +42+4>¢ @

where 1, is the first ionization potential of atoms. Note here
that the Stark shift of the ground state energy of atoms has
been neglected. This is a good approximation for Ar due to
the small static polarizabilities (11.08 a.u. for Art and 7.2 a.u.
for Ar, respectively) [36,37]. Equation (2) describes the tun-
neling process for an electron with energy of —1,;/4 within

an effective potential U (n) = —1/4n — 1/8n> — En/8. Thus,
the tunnel exit point 7 is determined by solving the equa-
tion U(n) = —1I1 /4. The corresponding initial positions of
e; are xo =yo =0, zo = —no/2. This slightly differs from
the widely used tunneling exit derived in the Cartesian co-
ordinates zo. ~ —I,1/E [8,13,38]. We have found that the
calculated photoelectron momentum distribution from FDI
agrees better with the experimental result when using the
tunneling exit derived in parabolic coordinates.

A nonzero initial velocity perpendicular to the laser po-
larization direction is introduced [39]. The initial longitudinal
velocity is reasonably assumed to be zero [27-29,40], which is
consistent with the Keldysh theory (for a review, see [41]). As
we will show below, the good agreement between our calcula-
tion and the experiment suggests that the longitudinal velocity
spread plays a negligible role here. The corresponding initial
velocities are thus v,o = v cos 6, v,0 = v sinf,and v =0,
where 6 is the angle between the transverse velocity v, and
the x axis. For the bound electron e,, its initial conditions
are determined by assuming this electron in the ground state
of singly charged ions and the corresponding positions and
momenta are depicted by a microcanonical distribution [42].

After setting the initial conditions of e; and e;, the prop-
agation of the two electrons is governed by the classical
Newtonian equation of motion:

dzl'i

dr?
until the end of the laser pulse. The 1ndex i=1,21in Eq. (3)
denotes e; and ey, respectively. V!, = _ﬁ and V,, = m
are the Coulomb interactions between the nucleus and the ith
electron and between the two electrons, respectively.

In our model calculation, 10% initial points are randomly
distributed in the parameter space —7 /2 < wty < 7w /2, v) >
0, and 0 < 6 < 27 for e; and in the microcanonical distri-
bution for e, at each laser intensity. Here 7y is the tunnel-
ing ionization instant. The laser frequency w is chosen as
0.056 42 a.u., corresponding to a laser wavelength of 800
nm. Each electron trajectory is weighted by W(z, vy) =
Wo(to)W, (to, v ), where

3/2720" = 3/2
2(21,1) ] exp [_2(21p1) } @
|E (10)] 31E(10)]

= —E@) — V(Vy, + Vee) 3)

Wo(to) = ,,lc%,[

is a

is the tunneling rate [43,44]. Here C,» = (fl—f)n

constant with the effective principal quantum number n* =

\/;’_ and the e constant. W;(ty, v, ) denotes the distribution
Pl

of the transverse velocity v, , which is given by

va @) ex |:_ Ui(21p1)1/2i| 5
|E (to)|7 E)l |

As shown in Fig. 1(a), different groups of electron tra-
jectories can be identified, depending on the final energies
of the two electrons. Here we choose Ar as the target. DI
events are identified when the final energies of both electrons
are larger than zero. FDI events are identified when one
electron has positive final energy and the other is captured
into highly excited Rydberg states Ar™* after the end of the
laser pulse. The corresponding quantum number n of Ar**

2mn*

Wi, v) =
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FIG. 1. (a) Schematic diagram of different types of electron
trajectories for Ar. E, na and E,, s are the final energies of e; and
e,, respectively. See text for details. (b) Typical time evolutions (in
laser cycle T') of the two-electron energies for FDI1 (upper panel)
and FDI2 (lower panel).

is larger than 6 (the energy of Art* is Ep = —2/n?).
We note that the analysis and main conclusion presented in
this work also hold true if we choose even higher quantum
numbers (e.g., n > 10 or 20). Depending on which electron
is recaptured, FDI events can thus be distinguished into FDI1
events: E,, final > 0 > E,, fina > —0.05 a.u. and FDI2 events:
E,, final > 0 > E,, fina1 > —0.05 a.u., respectively. Here FDI1
and FDI2 correspond to the rescattered electrons e; and the
initially stuck electrons e, being captured after the laser
turnoff, respectively. Such separation is particularly useful for
interpreting FDI dynamics.

Figure 1(b) displays typical time evolutions of the two-
electron energies for FDI1 and FDI2. In our calculation, the
returning electrons do not directly populate the high-lying Ry-
dberg states of Ar™ associated with FDI via impact excitation.
Instead, the energies of the two electrons can be larger than
zero after recollision and one of them is captured at the end of
the laser pulse, as shown in Fig. 1(b).

III. RESULTS AND DISCUSSION

For Ar, SDI dominates when laser intensity is higher than
~3 x 10'* W/cm? [45]. To explore FDI in the NSDI regime
we here choose the intensity range from 4 x 10'* W/cm?
to 3.1 x 10'* W/cm?. Figure 2(a) shows the calculated ratio
of FDI to SI and the ratio of DI to SI as functions of laser
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FIG. 2. (a) Calculated ratios of FDI to SI and DI to SI as
functions of laser intensity. (b) Same as (a) but for the ratios of FTI
to SI and FDI to DI. (c¢) Calculated ratio of FDI1 to FDI (the sum of
FDI1 and FDI2) and the ratio of FDI2 to FDI as functions of intensity.

intensity. The intensity dependence of the ratio of DI to SI is
similar to previous experiments on NSDI [45]. Interestingly,
the ratio of FDI to SI shows a similar dependence on the in-
tensity. The intensity-dependent ratio of FDI to DI is shown in
Fig. 2(b). For comparison, we also calculate FTT events, which
are identified when E,, fing < 0 and E,, fina = —1,, where I,
is the second ionization potential of Ar. We find that both the
calculated ratios of FTI to SI and FDI to DI decrease with
the increase of intensity. Most FTI events are contributed by
directly ionized trajectories rather than recollision trajectories
because recollision tends to increase the drift momentum of
e; [8,46]. As the intensity is increased, the directly ionized
e obtains larger momentum and the distance between e; and
the ionic core becomes larger. Correspondingly, its kinetic
energy becomes larger and the Coulomb attraction between
e; and the core becomes weaker. As a result, it is harder
for e; to be captured and the ratio of FTI to SI decreases
as the intensity is increased. In our calculation, the ratio of
FTI to SI decreases from 0.3 to 0.077 when the intensity
is increased from 4 x 10" W/cm? to 3.1 x 10" W/cm?.
This is in excellent agreement with the theoretical derivation
in Ref. [8] that this ratio will decrease from 0.3 to 0.072

[Ar*/Art o¢ 7z (1 — %)“, where I is the laser intensity]
for the same range of ipntensities. As for FDI, all the events
are due to recollision in our calculation. When the intensity is
increased, the returning energy of e; becomes larger and the
energies of both e; and e, right after recollision thus become
larger. Hence, it is harder for any one of the two electrons to
be captured at the end of the laser pulse and the ratio of FDI
to DI decreases.

Figure 2(b) shows that the electron trapping probability
after SI is higher than the probability of FDI, which is in
contrast with the observation mainly in the SDI regime [23].
As explained in Ref. [23], this can be understood because for
the intensity region where NSDI dominates, the probability of
FDI is suppressed due to the momentum offset of the electrons
caused by recollision. When the intensity is increased to

023103-3



CHEN, CHEN, PAULUS, AND KANG

PHYSICAL REVIEW A 102, 023103 (2020)

0.5

E,, (a.u.)

FIG. 3. Electron-electron energy distributions at different times
for the intensity of 4 x 10'* W/cm?. The two dashed lines in (c) for
E. =—-0.52 au. and E., = —0.52 a.u. are used to confine the
region for doubly excited states of Ar. Here —0.52 a.u. is the energy
of the first excited state of Ar. The two dashed lines in (d) for
E. =—0.05 au. and E., = —0.05 a.u. are plotted to confine the
regions for FDI1 and FDI2, respectively. The color scale of each
panel has been normalized for comparison purposes.

the SDI regime, many more DI events occur sequentially
and this leads to the rapid increase of the probability of
FDI. The difference between our calculation and experiment
around 3 x 10'* W/cm? may be due to the uncertainty of
the experimental intensity and also that the semiclassical
model can reproduce experimental DI and SI probabilities
only qualitatively [32].

Figure 2(c) shows the ratios of FDI1 to FDI and FDI2 to
FDI as functions of laser intensity. In the relatively high inten-
sity regime (I > 7 x 10'> W/cm?), the probability of FDI2
is significantly higher than the probability of FDII. In the
low intensity regime (I < 5 x 10'> W/cm?), the probability
of FDI1 is close to that of FDI2. For even lower intensities, the
probability of FDI is extremely low and it is very challenging
to calculate.

In the previous theoretical study [14], it was demonstrated
that the recapture of the initially stuck electrons e;, corre-
sponding to FDI2 in the current work, mainly contributes to
atomic FDI. In contrast, our calculation shows that FDI1 also
plays a significant role in FDI.

In order to understand the dependence of FDI on intensity,
we investigate the energy distributions of the two electrons
at 4 x 101 W/ecm? and 3.1 x 10 W/cm?, respectively.
Figures 3(a)-3(c) display the electron-electron energy distri-
butions of both DI and FDI events around the recollision time
(denoted as t,) when the two electrons are closest to each other
for 4 x 10'3 W/cm?. Right before ¢, the returning energy of
ey has a cutoff of 0.33 a.u., which is slightly larger than 3.17U,
(U, is the ponderomotive energy) due to the existence of the
tunneling exit and the Coulomb potential. The energy of e; is
around —1.02 a.u. (—I). At t,, e transfers some energy to
e>. We find that doubly excited states (DESs) of Ar are largely

FIG. 4. (a) and (b) Electron-electron energy distributions at dif-
ferent times for the intensity of 3.1 x 10'* W/cm?. The dashed lines
have the same meanings as in Fig. 3(d). The color scales have been
normalized for comparison purposes.

populated shortly after 7, and the binding energy of e is close
to that of e, [Fig. 3(c)], which is consistent with a previous
study of NSDI [47]. As e; and e, share the energy evenly
during recollision and experience the same laser electric field
afterwards, one can expect no preference for each electron
with higher final energy than the other one. Hence, the proba-
bilities of FDI1 and FDI2 are close to each other, as shown in
Fig. 2(c).

As seen in Fig. 4(a), the energy of e; shortly after recolli-
sion is larger than zero for most DI and FDI events at 3.1 x
10'* W /cm?, which indicates that the DESs are no longer the
main pathways for producing DI and FDI events for such high
intensity. At 3.1 x 10'* W/cm?, DI of Ar proceeds mainly via
recollision impact ionization (RII) [48]. Despite the formation
of Art* shown in Fig. 4(a), the excited electron e is ionized
quickly after recollision for DI. It has been recently shown
that, both theoretically [34] and experimentally [49], there
exists a time delay lasting for a small fraction of 7" between
t, and double ionization time for RII. Here we show that a
significant time delay between ¢, and ¢’ occurs for both FDI
and DI events [Figs. 5(a) and 5(b)], where ¢’ is the instant
when both the energies of e¢; and e, are larger than zero for
the first time for FDI events [see Fig. 1(b)] and the double
ionization time for DI events. In accordance with Ref. [34],
the time delay distribution shows three pronounced peaks
for DI events [Fig. 5(b)]. As for FDI events, our calculation
reveals five pronounced peaks, denoted as P1-P5 in Fig. 5(a).
The substantial probability distributions for the time delay
longer than 0.25T7 indicate that FDI is closely related to
recollision excitation with subsequent ionization mechanism
for NSDI. This is consistent with the previous work with a
comparable intensity [14]. In the following, we will show
that this time delay distribution is the key to understand the
relative contribution of FDI1 (FDI2) at high intensities shown
in Fig. 2(c).

Firstly, we discuss the mechanism of FDI events corre-
sponding to the first peak (P1) in Fig. 5(a). The sum energy
of the two electrons right after recollision is E,, — I, where
E,, is the returning kinetic energy of e; at recollision time.
We have found that the energy of e, right after recollision
is close to zero for most FDI events corresponding to P1.
Neglecting Coulomb potential, the final kinetic energies of the
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FIG. 5. (a) and (b) Time delay distributions for FDI and DI
events at the intensity of 3.1 x 10'* W/cm?, respectively. (c) and
(d) Probability distributions (black curves) of 7, and ¢’ for FDI events
corresponding to P1 in (a), respectively. Corresponding distributions

of |\/2(E, — I») — A(t,)| (red dotted curves) and A(¢') (red dashed
lines) are also shown. See text for details. (e) and (f) Same as (c) and
(d) but for FDI events corresponding to P2—P5 in (a), respectively.

two electrons can thus be expressed as

o P+ Pat)l _ [2E, —T,2) — AP
ey, final 2 )
(6)

and

b B _Awy
ez,hnal 2 - 2 ’

respectively, where p,(¢,) is the residual momentum of e;
right after recollision and p, is the drift momentum obtained
from the laser field subsequently. Note that in Eq. (6), the
transverse component of p,(¢,) is negligibly small, which has
been validated by the examination of recollision trajectories.
In Fig. 5(c) we show the probability distribution of ¢, for P1
and the corresponding distribution of | /2(E, — I,p) — A(%,)l,
predicted by the simple-man theory [50]. One can find that ¢,
is mainly distributed from 0.57 to 0.757 where the value of
[/2(E;, — I») — A(t,)] is close to zero, indicating that j,(z,)
is canceled out by p,(#.). According to Eq. (6), E,, final is
thus close to zero. As shown in Fig. 5(d), the probability
distribution of ¢’ is similar to that of 7, and the vector potential
A(t") is nonzero for most trajectories. Consequently, for P1, e
is more likely to be captured after the end of the laser pulse,
leading to FDI1.

For most FDI events corresponding to P2-P5 in Fig. 5(a),
the energy of e; is larger than zero while the energy of e;
is slightly smaller than zero right after #,, which is similar

)
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FIG. 6. (a) Calculated photoelectron momentum distributions for
FDI1 and FDI2 at 3.1 x 10'* W/cm?. (b) Comparison between the
calculated photoelectron momentum distribution with and without
intensity averaging (IA) for FDI at 3.1 x 10" W/cm? and corre-
sponding experimental result in Ref. [23].

to Fig. 4(a). As shown in Fig. 5(e), p,(¢,) and p,(¢.) do not
cancel each other out for multiple returning trajectories, which
contribute to FDI significantly. Consequently, the final energy
of e can be quite large for most FDI events. As for e, it stays
in the excited state of Art until ¢'. Figure 5(f) displays the
corresponding probability distribution of #'. One can find that
the distribution peaks close to %T (n=1,2,3,...) where
the vector potential A(¢') is around zero. This is different
from the case for P1. Therefore, e, tends to be captured
after the end of the laser pulse [Eq. (7)], leading to FDI2.
Due to the greater contribution of P2-P5 as compared with
P1 [Fig. 5(a)], the probability of FDI2 is larger than that of
FDI1, as shown in Fig. 2(c). This is consistent with the time
delay distributions for FDI1 and FDI2 shown separately in
Fig. 5(a).

To compare with the experiment, we further calculate
the photoelectron momentum distribution for FDI at 3.1 x
10'* W/cm?. As shown in Fig. 6(a), the photoelectron mo-
mentum distribution for FDI1 displays a double-hump struc-
ture. For the calculation of FDI2, two additional “shoulders”
around p, = %2 a.u. can be seen. For FDI2, the photoelectron
(e1) has the final momentum approximately equal to p,(¢,) +
Pa(t,), which is close to zero for the first-returning trajectories
[Fig. 5(e)], leading to the shallow dip around p, =0 a.u.
shown in Fig. 6(a). The sum of j,(¢t,) and p,(¢) is much
larger for even-order-returning trajectories [Fig. 5(e)], leading
to the shoulderlike structures around p, = £2 a.u. For FDII,
e is captured at the end of the laser pulse. The momentum
of e, right after recollision is close to zero. As shown in
Fig. 5(d), the distribution of ¢’ peaks around 0.67 and the
corresponding vector potential A(z') is 0.97 au. [A(t') =
—% sin(wt’)]. Therefore, the final momentum distribution
of the photoelectrons peaks around £0.97 a.u. considering
the laser polarization direction along the z axis, which is
consistent with the position of the double-hump structure for
FDI1 in Fig. 6(a).

Figure 6(b) compares the calculated photoelectron momen-
tum distribution (black solid line) for FDI (the sum of FDI1
and FDI2) and the experimental result in Ref. [23]. The calcu-
lation is in good agreement with the experiment, confirming
the above analysis based on the recollision picture. Assuming
that the spatial distribution of the intensity is Lorentzian in the
propagation direction and Gaussian in the transverse direction
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FIG. 7. Calculated photoelectron momentum distributions for
FDI at different intensities.

[51], we also perform calculation including the focus intensity
averaging effect [see the red dashed line in Fig. 6(b)] and find
no obvious changes of the electron momentum distribution.
Note that both the calculations are wider than the experimental
result. One possible reason for the disagreement is that in the
semiclassical model the rescattering effect can be overesti-
mated. This results in a broader momentum distribution than
the experiment [26].

A similar double-hump structure of photoelectron momen-
tum distribution from ST has been revealed experimentally and
theoretically, which is coined as a very-low-energy structure
[52]. It can be fully understood with the single active electron
approximation [52,53]. Differently, the two-hump structure
for FDI here is due to recollision. The electron-electron inter-
action therein is indispensable to understand the mechanism
of FDI.

Finally, we show the calculated photoelectron momentum
distributions for FDI at different intensities in Fig. 7. The
intensity dependence can be understood as follows. For FDI2
events, with the decrease of the intensity, |p,(¢,)| becomes
smaller than |p,(#,)| so that the final momenta of the pho-
toelectrons (e;) are no longer close to zero. This suppresses
the FDI2 events around p, = 0 a.u. As a result, the dip of
the electron momentum distribution for FDI becomes more
pronounced. When the intensity is further decreased to the
regime where the DESs of Ar are the dominant pathways
leading to FDI (I < 5 x 10'* W/cm?), the two electrons stay
in the DESs for a while and one of them is then ionized
around the maximum of the laser field where the vector
potential is close to zero. Therefore, the final momenta of the
photoelectrons peak around zero, resulting in a single-hump
distribution with a much narrower width. The photoelectron

momentum spectra thus provide access to identifying different
pathways leading to FDI. The predicted intensity-dependent
spectra can be verified by further experiments.

Note that Ref. [23] reported the transition of electron
momentum distribution of FDI from the NSDI to the SDI
regime. The width of the momentum distributions of electrons
from FDI and SI measured at 7.9 x 10'* W/cm? are very
similar. This represents solid experimental evidence that the
electron trapping for FDI happens during the second ioniza-
tion step of SDI. Here we focus on the intensity dependence
of FDI in the NSDI regime. Although the electron momentum
distribution at 4 x 10'> W/cm? in Fig. 7 shows a similar
single-hump structure, the electron trapping is closely related
to the recollision-induced DESs. The underlying mechanism
of FDI is different from that at 7.9 x 10'* W/cm? (SDI
regime) in Ref. [23].

IV. CONCLUSION

In conclusion, we theoretically investigate intensity depen-
dence of the FDI process of Ar atoms. The calculated ratio of
FDI to SI as a function of intensity shows a pronounced knee
structure and the ratio of FDI to DI decreases with the increase
of intensity. In the relatively low intensity regime, we demon-
strate that the DESs of Ar are the dominant pathways for
producing FDI. The probabilities of FDI1 and FDI2 are close
to each other and the photoelectron momentum distribution
shows a single-hump structure. For the relatively high inten-
sity regime, the excited states of Ar are the dominant path-
ways leading to FDI. The probability of FDI2 is significantly
higher than that of FDI1 and the photoelectron momentum
distribution exhibits the double-hump structure, which is in
good agreement with the recent experimental result [23]. Our
work confirms that this observation stems from recollision and
explains how recollision results in different photoelectron mo-
mentum distributions for different intensities. The predicted
intensity-dependent electron momentum spectra encode infor-
mation of the pathway leading to FDI, which is experimentally
accessible. The current work demonstrates that atomic FDI
generally exists as a companion with the strong-field NSDI
process and offers novel physical insights into its dynamics.

ACKNOWLEDGMENTS

We acknowledge useful discussions with YanLan Wang,
YueMing Zhou, and XinHua Xie. This work is supported
by the National Key Research and Development Pro-
gram of China (Grants No. 2019YFA0307700 and No.
2016 YFA0401100), the National Natural Science Foundation
of China (Grant No. 11974380), and the German Science
Foundation (PA 730/6).

[1] P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993).

[2] W. Becker, F. Grasbon, R. Kopold, D. Milosevic, G. Paulus, and
H. Walther, Adv. At., Mol., Opt. Phys. 48, 35 (2002).

[3] A. McPherson, G. Gibson, H. Jara, U. Johann, T. S. Luk, 1.
Mclntyre, K. Boyer, and C. K. Rhodes, J. Opt. Soc. Am. B 4,
595 (1987).

[4] M. Ferray, A. L’Huillier, X. Li, L. Lompre, G. Mainfray, and
C. Manus, J. Phys. B 21, L31 (1988).

[5] W. Becker, X.J. Liu, P. J. Ho, and J. H. Eberly, Rev. Mod. Phys.
84, 1011 (2012).

[6] B. Wang, X. Li, P. Fu, J. Chen, and J. Liu, Chin. Phys. Lett. 23,
2729 (2006).

023103-6


https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/10.1364/JOSAB.4.000595
https://doi.org/10.1088/0953-4075/21/3/001
https://doi.org/10.1103/RevModPhys.84.1011
https://doi.org/10.1088/0256-307X/23/10/029

STRONG-FIELD FRUSTRATED DOUBLE IONIZATION OF ...

PHYSICAL REVIEW A 102, 023103 (2020)

[7] T. Nubbemeyer, K. Gorling, A. Saenz, U. Eichmann, and W.
Sandner, Phys. Rev. Lett. 101, 233001 (2008).

[8] N. I. Shvetsov-Shilovski, S. P. Goreslavski, S. V. Popruzhenko,
and W. Becker, Laser Phys. 19, 1550 (2009).

[9] H. Liu, Y. Liu, L. Fu, G. Xin, D. Ye, J. Liu, X. T. He, Y. Yang,
X. Liu, Y. Deng, C. Wu, and Q. Gong, Phys. Rev. Lett. 109,
093001 (2012).

[10] U. Eichmann, A. Saenz, S. Eilzer, T. Nubbemeyer, and W.
Sandner, Phys. Rev. Lett. 110, 203002 (2013).

[11] H. Zimmermann, J. Buller, S. Eilzer, and U. Eichmann, Phys.
Rev. Lett. 114, 123003 (2015).

[12] H. Lv, W. Zuo, L. Zhao, H. Xu, M. Jin, D. Ding, S. Hu, and
J. Chen, Phys. Rev. A 93, 033415 (2016).

[13] L. Zhao, J. Dong, H. Lv, T. Yang, Y. Lian, M. Jin, H. Xu,
D. Ding, S. Hu, and J. Chen, Phys. Rev. A 94, 053403
(2016).

[14] K. N. Shomsky, Z. S. Smith, and S. L. Haan, Phys. Rev. A 79,
061402(R) (2009).

[15] B. Manschwetus, T. Nubbemeyer, K. Gorling, G. Steinmeyer,
U. Eichmann, H. Rottke, and W. Sandner, Phys. Rev. Lett. 102,
113002 (2009).

[16] T. Nubbemeyer, U. Eichmann, and W. Sandner, J. Phys. B 42,
134010 (2009).

[17] B. Ulrich, A. Vredenborg, A. Malakzadeh, M. Meckel, K. Cole,
M. Smolarski, Z. Chang, T. Jahnke, and R. Dorner, Phys. Rev.
A 82,013412 (2010).

[18] B. Manschwetus, H. Rottke, G. Steinmeyer, L. Foucar, A.
Czasch, H. Schmidt-Bocking, and W. Sandner, Phys. Rev. A
82, 013413 (2010).

[19] J. McKenna, S. Zeng, J. J. Hua, A. M. Sayler, M. Zohrabi, N. G.
Johnson, B. Gaire, K. D. Carnes, B. D. Esry, and I. Ben-Itzhak,
Phys. Rev. A 84, 043425 (2011).

[20] J. McKenna, A. M. Sayler, B. Gaire, N. G. Kling, B. D. Esry,
K. D. Carnes, and 1. Ben-Itzhak, New J. Phys. 14, 103029
(2012).

[21] E. Lotstedt, T. Kato, and K. Yamanouchi, Phys. Rev. Lett. 106,
203001 (2011).

[22] A. Emmanouilidou, C. Lazarou, A. Staudte, and U. Eichmann,
Phys. Rev. A 85, 011402(R) (2012).

[23] S. Larimian, S. Erattupuzha, A. Baltuska, M. Kitzler-Zeiler, and
X. Xie, Phys. Rev. Research 2, 013021 (2020).

[24] J. Chen, J. Liu, and S. G. Chen, Phys. Rev. A 61, 033402 (2000).

[25] X. L. Hao, W. D. Li, J. Liu, and J. Chen, Phys. Rev. A 83,
053422 (2011).

[26] J. Chen, J. Liu, L. B. Fu, and W. M. Zheng, Phys. Rev. A 63,
011404(R) (2000).

[27] D. F. Ye, X. Liu, and J. Liu, Phys. Rev. Lett. 101, 233003
(2008).

[28] H. Kang, K. Henrichs, M. Kunitski, Y. Wang, X. Hao, K. Fehre,
A. Czasch, S. Eckart, L. P. H. Schmidt, M. Schoffler, T. Jahnke,
X. Liu, and R. Dérner, Phys. Rev. Lett. 120, 223204 (2018).

[29] G. P. Katsoulis, A. Hadjipittas, B. Bergues, M. F. Kling, and A.
Emmanouilidou, Phys. Rev. Lett. 121, 263203 (2018).

[30] X.L.Hao,J. Chen, W. D. Li, B. Wang, X. Wang, and W. Becker,
Phys. Rev. Lett. 112, 073002 (2014).

[31] A. S. Maxwell and C. F. d. M. Faria, Phys. Rev. Lett. 116,
143001 (2016).

[32] Y.L. Wang, S. P. Xu, Y. J. Chen, H. P. Kang, X. Y. Lai, W. Quan,
X.J. Liu, X. L. Hao, W. D. Li, S. L. Hu, J. Chen, W. Becker, W.
Chu, J. Yao, B. Zeng, Y. Cheng, and Z. Z. Xu, Phys. Rev. A 95,
063415 (2017).

[33] A. Chen, M. Kiibel, B. Bergues, M. F. Kling, and A.
Emmanouilidou, Sci. Rep. 7, 7488 (2017).

[34] Q. Li, Y. Zhou, and P. Lu, J. Phys. B 50, 225601 (2017).

[35] L. D. Landau and E. M. Lifshitz, Quantum Mechanics: Non-
Relativistic Theory (Elsevier, New York, 2013), Vol. 3.

[36] M. P. F. Bristow and I. I. Glass, Phys. Fluids 15, 2066 (1972).

[37] N. L. Shvetsov-Shilovski, D. Dimitrovski, and L. B. Madsen,
Phys. Rev. A 85, 023428 (2012).

[38] S. P. Goreslavski, G. G. Paulus, S. V. Popruzhenko, and N. L.
Shvetsov-Shilovski, Phys. Rev. Lett. 93, 233002 (2004).

[39] B. Hu, J. Liu, and S. G. Chen, Phys. Lett. A 236, 533 (1997).

[40] Y. Liu, D. Ye, J. Liu, A. Rudenko, S. Tschuch, M. Diirr, M.
Siegel, U. Morgner, Q. Gong, R. Moshammer, and J. Ullrich,
Phys. Rev. Lett. 104, 173002 (2010).

[41] S. Popruzhenko, J. Phys. B 47, 204001 (2014).

[42] J. S. Cohen, Phys. Rev. A 26, 3008 (1982).

[43] M. V. Ammosov, N. B. Delone, and V. P. Krainov, Sov. Phys.
JETP 64, 1191 (1986).

[44] N. B. Delone and V. P. Krainov, J. Opt. Soc. Am. B 8, 1207
(1991).

[45] S. Larochelle, A. Talebpour, and S. L. Chin, J. Phys. B 31, 1201
(1998).

[46] Y. Zhao, Y. Zhou, J. Liang, Z. Zeng, Q. Ke, Y. Liu, M. Li, and
P. Lu, Opt. Express 27, 21689 (2019).

[47]1 Y. Liu, L. Fu, D. Ye, J. Liu, M. Li, C. Wu, Q. Gong, R.
Moshammer, and J. Ullrich, Phys. Rev. Lett. 112, 013003
(2014).

[48] B. Feuerstein, R. Moshammer, D. Fischer, A. Dorn, C. D.
Schroéter, J. Deipenwisch, J. R. Crespo Lopez-Urrutia, C. Hohr,
P. Neumayer, J. Ullrich, H. Rottke, C. Trump, M. Wittmann, G.
Korn, and W. Sandner, Phys. Rev. Lett. 87, 043003 (2001).

[49] H. Kang, Y. Zhou, and P. Lu, Opt. Express 26, 33400 (2018).

[50] G. G. Paulus, W. Becker, W. Nicklich, and H. Walther, J. Phys.
B 27, L1703 (1994).

[51] T. Morishita, Z. Chen, S. Watanabe, and C. D. Lin, Phys. Rev.
A 175, 023407 (2007).

[52] C. Y. Wu, Y. D. Yang, Y. Q. Liu, Q. H. Gong, M. Wu, X. Liu,
X. L. Hao, W. D. Li, X. T. He, and J. Chen, Phys. Rev. Lett.
109, 043001 (2012).

[53] A. Kiéstner, U. Saalmann, and J. M. Rost, Phys. Rev. Lett. 108,
033201 (2012).

023103-7


https://doi.org/10.1103/PhysRevLett.101.233001
https://doi.org/10.1134/S1054660X09150377
https://doi.org/10.1103/PhysRevLett.109.093001
https://doi.org/10.1103/PhysRevLett.110.203002
https://doi.org/10.1103/PhysRevLett.114.123003
https://doi.org/10.1103/PhysRevA.93.033415
https://doi.org/10.1103/PhysRevA.94.053403
https://doi.org/10.1103/PhysRevA.79.061402
https://doi.org/10.1103/PhysRevLett.102.113002
https://doi.org/10.1088/0953-4075/42/13/134010
https://doi.org/10.1103/PhysRevA.82.013412
https://doi.org/10.1103/PhysRevA.82.013413
https://doi.org/10.1103/PhysRevA.84.043425
https://doi.org/10.1088/1367-2630/14/10/103029
https://doi.org/10.1103/PhysRevLett.106.203001
https://doi.org/10.1103/PhysRevA.85.011402
https://doi.org/10.1103/PhysRevResearch.2.013021
https://doi.org/10.1103/PhysRevA.61.033402
https://doi.org/10.1103/PhysRevA.83.053422
https://doi.org/10.1103/PhysRevA.63.011404
https://doi.org/10.1103/PhysRevLett.101.233003
https://doi.org/10.1103/PhysRevLett.120.223204
https://doi.org/10.1103/PhysRevLett.121.263203
https://doi.org/10.1103/PhysRevLett.112.073002
https://doi.org/10.1103/PhysRevLett.116.143001
https://doi.org/10.1103/PhysRevA.95.063415
https://doi.org/10.1038/s41598-017-07635-5
https://doi.org/10.1088/1361-6455/aa9009
https://doi.org/10.1063/1.1693827
https://doi.org/10.1103/PhysRevA.85.023428
https://doi.org/10.1103/PhysRevLett.93.233002
https://doi.org/10.1016/S0375-9601(97)00811-6
https://doi.org/10.1103/PhysRevLett.104.173002
https://doi.org/10.1088/0953-4075/47/20/204001
https://doi.org/10.1103/PhysRevA.26.3008
https://doi.org/10.1364/JOSAB.8.001207
https://doi.org/10.1088/0953-4075/31/6/008
https://doi.org/10.1364/OE.27.021689
https://doi.org/10.1103/PhysRevLett.112.013003
https://doi.org/10.1103/PhysRevLett.87.043003
https://doi.org/10.1364/OE.26.033400
https://doi.org/10.1088/0953-4075/27/21/003
https://doi.org/10.1103/PhysRevA.75.023407
https://doi.org/10.1103/PhysRevLett.109.043001
https://doi.org/10.1103/PhysRevLett.108.033201

