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We report on a systematic investigation of wavelength scaling strong-field double ionization of Mg in intense
laser fields. A significant decrease of nonsequential double ionization (NSDI) yield with increasing wavelength
from 800–2000 nm is observed. Our data is well reproduced by a three-dimensional Monte Carlo simulation
considering recollision impact excitation cross section. We demonstrate that the NSDI of Mg mainly occurs
via the first ionic excited state Mg+∗(3p 2P3/2,1/2) pumped by returning electron impact process. The recollision
impact direct ionization pathway plays a minor role here. The wavelength dependence of the NSDI ratio is due
to the recollision energy-dependent excitation cross section as well as the electron wave packet diffusion effects,
both sensitively depending on the wavelength. Our work represents a step towards strong-field double ionization
experiments on Mg in the long wavelength limit and sheds light on the NSDI mechanism of alkaline-earth metal
atoms.
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I. INTRODUCTION

Regarded as one dramatic manifestation of dynamical
electron-electron correlation in nature, strong laser field-
induced nonsequential double ionization (NSDI) has contin-
ued to receive intense experimental and theoretical attention
(for reviews, see Refs. [1,2]). This phenomenon was discov-
ered to exhibit a strong enhancement in the double ion yield
versus intensity curve, i.e., a characteristic “knee” structure,
over predictions by the sequential tunneling theory [3]. This
knee structure has been observed in all rare-gas atoms [4–6]
and some molecules [7–10] over a range of intermediate
laser intensities. A large number of kinematically complete
experiments, which were performed mainly on rare-gas atoms
[11–14], have offered convincing evidences that the under-
lying mechanism of NSDI is the quasiclassical recollision
model [15]. In this model, after tunneling through the distorted
Coulomb potential, the first electron may be accelerated and
driven back to its parent ion by the oscillating laser field,
where it can free a second electron by inelastic scattering. This
physical picture is also responsible for many other character-
istic strong-field processes such as high-order harmonic gen-
eration [16] and high-order above-threshold ionization [17].
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According to the recollision picture, NSDI probability
will be largely suppressed under specific laser conditions,
i.e., when using a circularly polarized light or increasing the
laser wavelength. For circular polarization, the first tunneled
electron tends to be spiraled away from the parent core by
the additional transverse electric field component of the laser
light, prohibiting the chance of recollision and thus NSDI
yield. This has been verified by earlier measurements on
rare-gas atoms using circularly polarized laser pulses [18,19].
However, later experiments on NO, O2 molecules [20], and
Mg atoms [21] discovered unexpected enhanced double ion-
ization for circular polarization. These surprising experimen-
tal observations have stimulated a number of classical or
semiclassical simulations that all incorporate recollision me-
chanics [22–28]. In these theoretical descriptions, a set of
special electron trajectories turns out to drive the recollision
process even for circular polarization and the occurrence of
these trajectories critically depends on the atomic or molecu-
lar species [23,24].

Another important influence on NSDI involves the laser
wavelength. This is due to the fact that the propagation
time of the electron related to the spreading of the elec-
tron wave packet is proportional to the driving wavelength.
Therefore, the electron recollision probability significantly
decreases when increasing the wavelength. Additionally, upon
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recollision, the returning electron possibly induces an impact
direct ionization, i.e., (e, 2e) process or an excitation with sub-
sequent ionization (ESI) [29–32]. The cross section of impact
ionization or excitation sensitively depends on the electron
impact energy, which has a maximum value of 3.17Up. Here
Up is the ponderomotive energy Up ∝ λ2I , where λ is the
laser wavelength and I is the laser intensity. Experimentally,
the wavelength (up to 2300 nm) dependence of Xe double
ionization has been investigated in Ref. [33]. The authors
showed that the ionic state excited by an electron impact
process significantly contributes to the NSDI process. Another
publication reported the intensity dependent nonsequential
multiple ionization of Xe (up to Xe6+) for even longer wave-
lengths at 3200 and 3600 nm [34]. It was revealed here that
the electron impact direct ionization mainly contributes to the
nonsequential multiple ionization of Xe. Similar studies have
also been performed on Kr and Ne for ultraviolet wavelength
[35]. Very recently, simulations accounting for both electron
impact ionization and excitation cross sections were found to
be able to quantitatively reproduce the experimental ratio of
Ne2+/Ne+ as function of intensity [36,37].

So far most previous atomic NSDI investigations con-
centrated on rare gases. Strong-field double ionization of
alkaline-earth metal atoms offers an interesting alternative
to those studies. They can be regarded as nearly ideal two-
electron systems and contain a manifold of doubly excited
states exhibiting a high degree of electron correlation. Among
them, Mg has continued to attract significant attention in ex-
periment [21,38–40] and theory [22–25,41–44], partially due
to the interesting feature of NSDI with circular polarization.
However, these studies were performed mainly for 800 nm
or shorter wavelengths with the commonly used Ti:sapphire
laser. The wavelength-dependent NSDI of Mg is less studied
(see a theoretical publication [25] for an exception). Although
the simulations based on recollision model reproduce the
experimental results for 800 nm quantitatively or qualitatively
[22–25], the influence of detailed electronic states on NSDI
is generally ignored. To which extent the recollision scenario
can be applied to NSDI of Mg is still far from understood.
Considering the fact that Mg+ has a pretty rich electric struc-
ture, a central question is whether and how the ionic excited
states are involved in NSDI of Mg.

Very recently, a joint experimental and theoretical inves-
tigation of the wavelength-dependent NSDI of Xe has been
reported [45]. It was demonstrated that the wavelength scaling
ratio of Xe2+/Xe+ at fixed Up can be explained by the
interplay of wave-packet diffusion, Coulomb focusing, and
a closely related Coulomb defocusing effect. In the current
paper, we present a systematic investigation of wavelength
scaling strong-field double ionization of Mg by linearly polar-
ized light. We find a decrease of double ionization yield with
increasing wavelength from 800–2000 nm, which is similar
to Xe. Our data is well reproduced by a three-dimensional
(3D) Monte Carlo simulation including recollision excitation
cross section. The current work clearly identifies that the
NSDI of Mg mainly occurs via the first ionic excited state
Mg+∗(3p 2P3/2,1/2) pumped by returning electron impact ex-
citation process. While the direct ionization pathway plays
a minor role here. Our work extends the strong-field double
ionization experiments on Mg to the long wavelength limit

and is beneficial for interpreting NSDI dynamics of alkaline-
earth metal atoms.

This paper is organized as follows. In Sec. II we intro-
duce the experimental apparatus. The theoretical model is
described briefly in Sec. III. In Sec. IV we present and discuss
the results, and the conclusions are drawn in Sec. V.

II. EXPERIMENTAL SETUP

In our experiments, the wavelength tunable midinfrared
femtosecond laser pulses are generated by an optical paramet-
ric amplifier (OPA, TOPAS-C, Light Conversion, Inc.). The
OPA is pumped by a commercial Ti:sapphire laser system
(2.5 mJ, 40 fs, Legend, Coherent, Inc.) operated at 1 kHz
[46]. The pulse durations are ∼35 fs for 1250 ∼ 1500 nm
and ∼45 fs for 1600 ∼ 2200 nm. Before focused into the
vacuum chamber, the pulse energy is variable by means of
an achromatic half-wave plate followed by a polarizer. A
homemade time-of-flight (TOF) mass spectrometer is used for
measuring the ion signals. The details about the apparatus are
described elsewhere [47,48]. By means of a turbomolecular
pump and a cryopump, the base pressure achieved in the
spectrometer is below 10−8 mbar. A collimated Mg atomic
beam is produced by an electrically heated stainless atomic
oven. The atomic density in ionization volume maintains sta-
ble during the measurements by continuously monitoring the
temperature of the oven. Ions created in the ionization volume
are detected by a microchannel plate located at the end of the
spectrometer. The ion signal is then amplified, discriminated,
and finally recorded by a multihit time digitizer to generate
TOF mass spectra. The integrations of the counts detected for
Mg+ and Mg2+ have been normalized to per laser shot and
the ratio of Mg2+/Mg+ is then determined. For high statistical
accuracy, up to 106 laser shots are taken for lower intensities.
The laser peak intensities for each wavelength are determined
by comparing the measured saturation intensity of Xe+ yield
with the Ammosov-Delone-Krainov (ADK) calculation [49].
The uncertainty of the intensity is estimated to be about
10%.

III. THEORETICAL MODEL

As mentioned above, the returning electron can induce an
impact (e, 2e) ionization or an ESI. Due to the diffusion of
the electron wave packet, the recolliding wave packet can be
very broad, especially for the long wavelengths used in the
present work. The recollision-induced excitation or ionization
probability thus depends on the impact parameter b. As pro-
posed and experimentally verified in Ref. [34], the NSDI ratio
is proportional to an effective, energy-averaged cross section
and can be described by

R =
∫

dEσ (E )Wret (E ) e−b2/a2
0

πa2
0∫

dEWret (E )
, (1)

where σ (E ) is the field-free impact excitation or ionization
cross section, which can be found from previous measure-
ments on Mg with electron guns [50,51], Wret (E ) is the
return energy distribution, and a0 = √

2/�E , where �E is the
excitation or ionization energy [31,32].
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To calculate Wret (E ), we have performed a 3D Monte Carlo
simulation. For each wavelength, an ensemble of 106 trajec-
tories is randomly distributed in the time interval −π/2 �
ωt0 � π/2 for a Mg atom, Ip = 0.2811 a.u. (7.646 eV).
The electron trajectories at each time step during the laser
pulse are calculated by solving d2ri

dt2 = −F(t ), where F(t ) =
F0 f (t ) cos ωt (ω is the laser frequency) is the laser field and
the pulse envelope function f (t ) is a constant equal to 1 for
the first ten cycles and reduced to 0 with three-cycle ramp
in the form of cos2. We collect the trajectories return to
the ionic core to obtain Wret (E ). To simulate the recollision
impact excitation (ionization), the excitation (ionization) cross
section, as a function of returning energy, for pumping ionic
excited states (direct ionization) and the effective current

density e−b2/a2
0

πa2
0

are taken into account [34]. For recollision-
induced ESI, the excited states are assumed to be ionized
subsequently with unity probability by the following laser
fields [33,34]. The double ionization probability is thus related
to the probability of the returning electron trajectories that
induce efficient excitation or direct ionization. To this end,
the impact parameter b and energy E for each returning
trajectory is calculated and the weight of each trajectory is
then multiplied by the corresponding excitation (ionization)

cross section σ (E ) and effective current density e−b2/a2
0

πa2
0

. A large

number of these trajectories (about 5 × 105) are summed and
thus the NSDI ratio can be calculated according to Eq. (1).

The initial conditions of the trajectories are defined accord-
ing to tunneling ionization theory [52]. The tunneling exit
point is determined by z0 = −Ip/F (t0), where Ip is the first
ionization potential of atoms and t0 is the tunneling ionization
instant of the electron. The electron is assumed to have zero
initial longitudinal velocity and an initial transverse velocity
vper in the current studies. For each trajectory, the weight is
evaluated by w(t0, vper ) = w(0)w(1) [53,54]:

w(0) = IpC
2
n∗l

(
2(2Ip)

3
2

|F |

)2n∗−1

exp[−2(2Ip)
3
2 /3|F |] (2)

and

w(1) = (2Ip)
1
2

|F |π exp
[−v2

per (2Ip)
1
2 /|F |], (3)

where Cn∗l = ( 2e
n∗ )n∗ 1√

2πn∗ with the e constant and the effec-

tive principal quantum number n∗ = Z/
√

2Ip, where Z is the
nuclear charge.

IV. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) display the measured yields of
Mg2+ and Mg+ as functions of intensity for 800 nm and
2000 nm, respectively. The intensity dependence of the results
at 800 nm is in good agreement with previous experiments
[21]. The Mg2+ yield increases continuously above ∼1.5 ×
1014 W/cm2 due to the depletion of the Mg+ for such high
intensities, which is not seen for 2000 nm. This is probably
because of the focal volume effect. In our experiments, the
focus waist for 800 nm (∼12.7 μm) is approximately equal
to that for 2000 nm. Therefore, the focal volume is larger

FIG. 1. (a) and (b) Measured Mg2+ and Mg+ yields as functions
of laser intensity for 800 nm and 2000 nm, respectively. (c) Ex-
perimental ratios of Mg2+/Mg+ as functions of laser intensity for
various wavelengths. The dotted vertical lines mark the flat regions
of the well-known knee structures for different wavelengths, which
are suitable for studying the wavelength scaling.

for 800 nm, which results in the depletion of Mg+ around
1.5 × 1014 W/cm2 for 800 nm but not yet for 2000 nm.

At 2000 nm, for the first time, we observe a less pro-
nounced knee structure indicating of NSDI below ∼8 ×
1013 W/cm2. It is well known that the intensity dependence
of the ratio between doubly charged and singly charged ions
offers a more convenient criterion for discriminating NSDI
and sequential double ionization (SDI) channel. In Fig. 1(c)
we show the measured ratios of Mg2+/Mg+ as functions of
intensity for various wavelengths ranging from 800–2000 nm.
For each wavelength, an obvious knee shape can be identi-
fied at intensities below ∼8 × 1013 W/cm2, indicating NSDI
channel mainly contribute to the production of Mg2+. In
the high-intensity region above ∼8 × 1013 W/cm2, the ratio
curve increases fast with increase of the intensity, which
means SDI channel dominates in the yield of Mg2+. Further-
more, the NSDI yield decreases with increasing wavelength,
which is similar to rare-gas atoms [45]. This feature implies
that our observation might also be understood in the context
of the recollision picture widely applied for rare gases, where
the diffusion of the returning electron wave packet becomes
stronger for longer wavelengths and suppresses the NSDI
yield. To explore the wavelength scaling, we choose fixed
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FIG. 2. (a) and (b) Experimental Mg2+/Mg+ (the magenta dots)
versus wavelength at fixed intensities of 5 × 1013 W/cm2 and 6 ×
1013 W/cm2, respectively. The calculations considering recollision
induced ESI (the solid triangles) and (e, 2e) (the empty triangles)
channels are shown separately for comparison. To compare with the
data, the focal volume effect has been considered in the calculations.
Note that a linear scale of the wavelength is employed.

intensities of 5 and 6 × 1013 W/cm2, corresponding to
the central part of the knee region, and plot the ratio of
Mg2+/Mg+ versus wavelength in Figs. 2(a) and 2(b), respec-
tively. For other intensities located in the knee regime, we find
similar dependence on the wavelength.

To simulate our data, we performed the model calculations
as described in Sec. III. In our model, double ionization
proceeds via either recollision impact (e, 2e) ionization or
ESI channel, as shown in Fig. 3. For the latter case, we
only consider the lowest excited Mg+∗ 3p states and they
are assumed to subsequently ionize with unity probability
during the following laser fields. For multicycle pulses as used
in our experiments, the recollision-induced double ionization
shows no obvious dependence on the pulse duration [30,55].
Although we did not experimentally test the dependence of
Mg2+/Mg+ on the pulse duration, one can expect no such
dependence because NSDI of Mg in our present work can also
be understood by the recollision picture.

The calculated results are shown in Figs. 2(a) and 2(b). One
can find good agreement between the calculations considering
recollision impact ESI channel and the experimental results
for both intensities. The small discrepancies possibly arise
from the errors caused by fitting the experimental excitation

FIG. 3. Diagram of (a) recollision-induced ESI and (b) (e, 2e)
ionization channels leading to Mg2+. For simplicity, only Mg+∗ 3p
state is considered in (a). The relevant energy levels are taken from
NIST atomic database [56].

FIG. 4. (a) The returning energy distributions for various wave-
lengths at 5 × 1013 W/cm2. The excitation (Mg+∗ 3p) and ionization
cross sections used in our model simulations are shown for reference.
The diamonds are the experimental measurements inferred from
Refs. [50,51] while the lines are corresponding fittings. (b) The
impact parameter distributions for various wavelengths at the same
intensity as in (a). Each rate has been multiplied by a factor of 1.7 ×
10−5 for comparison purposes. The focal volume effect has been
considered in above calculations. Also shown is the effective current

density of the returning electrons e−b2/a2
0

πa2
0

for excitation (the purple

solid line) and (e, 2e) process (the purple dotted line), respectively.

cross sections [Fig. 4(a)]. While the calculations considering
(e, 2e) process are much smaller than the experiments.

In Ref. [34], it was shown that the recollision impact direct
ionization mainly contributes to the nonsequential multiple
ionization of Xe leading to highly charged ions from Xe3+ to
Xe6+ for two close wavelengths of 3200 nm and 3600 nm. For
NSDI channel, it was found that the simulation for recollision
impact ESI alone overestimates the experimental results. One
possible reason is that the excitation cross section used in
their calculation was scaled from the Lotz formula [57],
which could introduce a minimum error of 25% [34]. In the
current work we study the dependence of NSDI of Mg on
the wavelength between 800 nm and 2000 nm. Following the
simulation method in Ref. [34], the excitation and ionization
cross sections used here are obtained from the experiments
reported in Refs. [50,51]. Our simulation considering recol-
lision impact ESI alone reproduces the observation well. We
thus conclude that the observed NSDI of Mg is mainly due
to the recollision impact excitation via the first excited states
of Mg+. This clearly justifies the key role of the ionic excited
states during the double ionization of Mg.

Our observations are closely related to the returning en-
ergy distributions and the diffusion of the electron wave
packet upon recollision, both depending on the wavelength
sensitively. In Figs. 4(a) and 4(b) we present the calculated
returning energy distributions and the impact parameter b
distributions for various wavelengths at 5 × 1013 W/cm2, re-
spectively. The calculations for 6 × 1013 W/cm2 show similar
features. The used excitation and ionization cross sections
taken from previous experiments [50,51] are also shown for
comparison in Fig. 4(a). The excitation cross section is about
one order of magnitude larger than the ionization cross section
for energies above 25 eV. For lower energies, the ionization
cross section becomes even smaller by several orders of
magnitude. This is the reason why the calculation for (e, 2e)
process is much smaller than that for recollision-induced
ESI. For every wavelength, the energy distribution in the
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high-energy region arises continuously to a peak with a cutoff.
Due to the existence of the tunneling exit, the cutoff position
is slightly larger than 3.17Up. From Fig. 4(a), one can see that
the excitation cross section continues to decrease for higher
energies above 10 eV. The returning energy distributions get
broader and peak at larger values well above 10 eV for longer
wavelengths. This gives rise to the decrease of the recollision-
induced ESI with increasing wavelengths.

Another key factor is the diffusion effect of the returning
electron wave packet, which gets stronger when the wave-
length is increased [Fig. 4(b)]. The recollision-induced excita-
tion process depends on b2 exponentially [Eq. (1)]. The term
e−b2/a2

0

πa2
0

in Eq. (1) describes the effective current density of the
returning electrons, which defines a window of b for efficient
impact excitation or ionization, see Fig. 4(b). The density of
the returning electrons within the excitation window decreases
for longer wavelengths, indicating that the ESI ratio drops
monotonically with increasing wavelength. This also holds
true for (e, 2e) process. However, the recollision-induced
ionization cross section increases extremely fast when the
wavelength is increased from 800–1250 nm, and becomes
flat when the wavelength is further increased [Fig. 4(a)].
Consequently, the calculated Mg2+/Mg+ for (e, 2e) process
first increases very rapidly until 1250 nm and then decreases
slowly when the wavelength is further increased [Fig. 2(a)].

So far we have shown that NSDI of Mg mainly occurs
via the recollision impact ESI channel. This mechanism is
expected to be valid for other alkaline-earth metals due to their
similar electronic structures. While a number of experiments
on other alkaline-earth metals performed with visible ns or
ps laser pulses has been reported [58–60], there is a lack of
strong-field double ionization measurements with fs pulses.
We hope that the current work will prompt further researches
along this direction. In particular, the double ionization of
Ca atoms by fs laser pulses was shown to be enhanced by a
resonance control scheme via a transient excitation of doubly
excited states [61,62]. In our current work, NSDI of Mg
mainly occurs via the transient excitation to the intermediate
excited states of Mg+. Similarly, it is promising to control
the Mg2+ production by adjusting the transient population of
Mg+∗, which can be done by varying laser parameters.

Very recently, a laser-induced inelastic diffraction scheme
based on the NSDI occurring through (e, 2e) process has been

proposed [63]. It was realized in the kinematically complete
experiments on Xe and Ar. The doubly differential cross sec-
tion can be reliably extracted from the two-dimensional pho-
toelectron momentum distributions from the NSDI process.
This scheme can also be applied to Mg. Here the information
on the differential excitation cross section is possibly accessed
by similar methods. Since the NSDI of Mg is relevant to the
recollision ESI mechanism, the emission angle resolved elec-
trons coincident with Mg2+ possibly encode dynamical infor-
mation of the intermediate excited states involved. To this end,
the differential measurements on double ionization of Mg are
required. This holds a promise to resolve the ultrafast evolu-
tion of the ionic excited states during NSDI process of atomic
or molecular targets with complex electronic structures.

V. CONCLUSION

In conclusion, we report a systematic investigation of
wavelength scaling of strong-field double ionization of Mg
by linearly polarized light. We find a decrease of double ion-
ization yield with increasing wavelength ranging from 800–
2000 nm, which is similar to rare-gas atoms. Our observation
is satisfyingly reproduced by a 3D Monte Carlo simulation
considering recollision excitation cross section. The current
studies clearly identify that the NSDI of Mg mainly occurs
via the ionic excited state Mg+∗(3p 2P3/2,1/2) pumped by
returning electron impact process, while the direct ionization
pathway plays a minor role. The wavelength dependence of
NSDI ratio is due to the recollision energy-dependent excita-
tion cross section as well as the electron wave packet diffusion
effects, both depending on the wavelength crucially. Our work
represents a step towards strong-field double ionization exper-
iments on alkaline-earth metal atoms in the long wavelength
limit and sheds light on the underlying mechanism of NSDI
for such atoms.
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