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Highly excited neutral molecules and fragment atoms of H2

induced by strong laser fields
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We experimentally investigate the Rydberg state excitation (RSE) process of H2 molecules induced by a
strong laser field in the tunneling ionization region. Both neutral parent molecules H2 and fragment atoms H are
observed to survive the strong 800-nm femtosecond laser fields in high Rydberg states; however, their behaviors
are quite different upon varying the laser intensity and laser ellipticity. The results are compared to single and
double ionization as well as RSE from the companion atom Ar. Analysis indicates that the H2 RSE is produced by
the recapture or frustrated tunneling ionization process, and the nonsequential double ionization of H2 induced
by recollision of the tunneled electrons plays an important role in the fragment H RSE of H2 in strong laser
fields.
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I. INTRODUCTION

In a strong laser field with intensity larger than
1013 W/cm2, an outmost electron in an atom or a molecule
can be liberated via tunneling the barrier formed by a com-
bination of the Coulomb potential and the laser electric field.
Tunneling ionization generally acts as the initial step of var-
ious strong-field physical processes of atoms and molecules.
According to the well-known three-step recollision scenario
[1,2], the tunneled electron is accelerated and may be driven
back to recollide to the core in an oscillating laser field,
inducing various highly nonlinear phenomena such as high-
order-harmonic generation [3,4], high-order above-threshold
ionization [5,6], and nonsequential double ionization (NSDI)
[7]. Alternatively, it is interesting to find both theoretically [8]
and experimentally [9] that the tunneled electron may also
be recaptured by the ionic Coulomb potential into a Ryd-
berg state, producing a highly excited neutral atom. Such a
Rydberg state excitation (RSE) process in strong laser fields,
also known as frustrated tunneling ionization (FTI) [9], pro-
vides an important complementary aspect of the picture of
strong-laser-atom/molecule interaction, and it can potentially
be applied in neutral particle acceleration [10,11] and as an
ultrafast coherent light source [12–15], thus it has been the
subject of elaborate experimental and theoretical studies dur-
ing the past decade [16–23].

Most studies are performed on the strong-field RSE of
atoms, in which capture probability has been investigated in
detail in different laser fields, and the underlying physics
of the recapture has been investigated. It is now indicated
that the atomic RSE is a coherent recapture process accom-
panying above-threshold ionization, according to the fully
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quantum-mechanical model proposed recently by Hu et al.
[22]. In addition to FTI, the frustrated double ionization (FDI)
of atoms has also been identified. A double-hump photoelec-
tron momentum distribution generated from Ar FDI has been
observed in a recent experiment [24], and it is confirmed to be
due to recollision by a three-dimensional (3D) semiclassical
perspective [25]. It has been demonstrated that the atomic FDI
is a general strong-field physical process that could be accom-
panied with NSDI in the context of a recollision scenario.

On the other hand, our knowledge about the molecular RSE
induced by a strong laser field is rather limited. By investi-
gating the corresponding kinetic energy releases of different
fragment channels, several studies have identified a highly
excited neutral atom produced from dissociative ionization
or Coulomb explosion in strong laser fields for diatomic
molecules (e.g., H2/D2 [26–29], N2 [30], CO [31], O2 [32])
as well as dimers (e.g., Ar2 [33], N2Ar [34,35]). It is indicated
that the RSE of the neutral atom is produced via the neutral-
ization of fragment ions by recapturing the tunneled electrons
into the highly excited states. Such a phenomenon, dubbed
frustrated dissociative double ionization, has been indicated
as a sequential process (e.g., D2 + nh̄ω → D+

2 + e1 +
mh̄ω → D+ + D++ e2 → D+ + D*+ e) as most of
the studies are carried out in high laser intensity over 1015

W/cm2 where sequential double ionization generally domi-
nates [28,29]. Whether the NSDI or the recollision plays a
role in the formation of the atomic fragment RSE remains
unknown. Moreover, while various studies have shown that
the structure of a molecular orbital plays a pivotal role in
tunneling ionization as well as the recollision-induced phys-
ical processes in strong laser fields [36–40], such an effect
in molecular RSE still needs to be addressed. Recent stud-
ies have shown that neutral diatomic molecules (N2 and O2)
can also survive strong 800-nm laser fields in high Rydberg
states, and their behaviors are remarkably different compared
to atoms, which can be well understood in the frame of the
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FIG. 1. (a) Schematic diagram of the experimental setup for investigation of the RSE process. (b) Typical MS spectra for direction
ionization and RSE processes of H2 and Ar irradiated by a linearly polarized 800 nm strong laser field with a laser intensity of 290 TW/cm2.
The inset shows the dependence of (Ar*)+ time-of-flight on the �T value. See text for details.

recapture picture together with their different structures of
molecular orbitals [18,41].

In this paper, we experimentally investigate the strong-field
RSE process of H2 molecules in the tunneling ionization re-
gion, using a pulsed-field-ionization method combined with a
time-of-flight mass spectrometer (PFI-TOF MS). Both highly
excited neutral parent molecules (H2*) and fragment atoms
(H*) are observed after H2 molecules are irradiated by strong
800-nm laser fields, which present a remarkably different de-
pendence on laser intensity and ellipticity. We compare RSE
to single and double strong field ionization as well as RSE of
the companion atom Ar [the atom with the ionization potential
(Ip) value that is similar to that of the molecule H2]. It is
indicated that the molecular RSE is produced by the recapture
process, and recollision of the tunneling electrons plays a role
in the fragment RSE process in strong laser fields.

II. EXPERIMENTAL SETUP

In Fig. 1(a), we show schematically the experimental setup
for investigation of the RSE process, which is accomplished
by PFI-TOF MS. Briefly, an atomic or molecular beam is
introduced into the reaction chamber through a 10 µm leak
value and a skimmer with a stagnation pressure at 1 atm.
The background pressure without gas injection is less than
1 × 10−6 Pa and the working pressure is around 1 × 10−4 Pa
in the reaction chamber. The laser system used in the study is
a Ti:sapphire femtosecond laser with a central wavelength of
800 nm, a pulse duration of 50 fs, a repetition rate of 1 kHz,
and a maximum pulse energy of 4 mJ. A half-wave plate and
a Glan prism are employed to continuously adjust the laser
intensity. A quarter-wave plate is used to change the polar-
ization of the laser. In the ellipticity-dependent experiments,
we fix the major axis of the laser polarization and change
the ellipticity by rotating the half-wave plate placed before
the quarter-wave plate. The laser beam is focused into the
vacuum chamber with a 250 mm focusing lens to interact with
the atomic/molecular beam. The laser intensity is calibrated
by comparing the measured saturation intensity of Ar with
that calculated by the Ammosov-Delome-Krainov (ADK)
model [42].

In our PFI experiments, any direct ionized ions (Mm+,
M = H2, Ar, or H, m = 1 or 2) after atoms or molecules

irradiated by the strong field are pushed away from the detec-
tor by a dc electric field. After a delay time �T , the remaining
highly excited neutrals (M∗) are then field-ionized by switch-
ing the voltage of the repeller plate V1, and the resulting ions
(M∗)+ are detected by dual microchannel plates at the end of
the flight of about 50 cm. In this way, the neutral Rydberg
states with principal numbers 20 < n < 30 are detected,
estimated by a saddle-point model of static field ionization
[F = 1/(9n4), F is the electric field]. In the case for detection
of direct ionization, Mm+, standard dc electric fields are ap-
plied in the TOF-MS, with the voltages kept the same as those
in detecting (M∗)+ to ensure identical detection efficiencies.
Typical MS spectra are presented in Fig. 1(b) for Mm+ and
(M∗)+ with a �T = 1 µs. The inset shows the dependence
of (Ar*)+ time-of-flight on the �T value, which exhibits an
excellent linear relationship indicating the signal is generated
by PFI of the highly excited neutral Rydbergs. While the yield
of (Ar*)+ or (H2*)+ changes slightly upon increasing �T ,
that of (H*)+ decreases dramatically at �T � 1 µs using the
PFI-TOF MS technique, thus in the intensity- and ellipticity-
dependent measurements presented in the following sections,
�T is kept at 0.5 µs for a good signal-to-noise ratio.

III. RESULTS AND DISCUSSION

A. Formation of the highly excited neutral molecules

In our PFI-TOF MS experiments, we observe that both H
atoms and H2 molecules survived in highly excited Rydberg
states (H* and H2*) after being irradiated by linearly polarized
800-nm strong femtosecond laser fields [see Fig. 1(b)]. The
probability of the RSE process depends strongly on laser in-
tensity and ellipticity. In Fig. 2(a), we show the measured ion
yields from PFI of Rydbergs H* and H2* as a function of laser
intensity in the range of 90–600 TW/cm2. For comparison,
the results of the companion atom Ar are also presented in
the figure. In the laser intensities investigated in the present
study, the Keldysh adiabatic parameter γ is typically less than
1 (γ = √

Ip/2Up, where Up = E2/4ω2 is the ponderomotive
energy, and E and ω are the electric intensity and frequency
of the laser field, respectively), indicating that the ionization
is dominated by the tunneling ionization.

As shown in Fig. 2(a), the (H2*)+ yield is apparently lower
than that of (Ar*)+ in the laser intensity range investigated in
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FIG. 2. (a) Dependence of the RSE yields on the laser intensity
for H2 and Ar after being irradiated by linearly polarized laser fields.
The solid line shows the calculated double ionization yields of H2

molecules. The inset shows the results of direct ionization for H2

and Ar. Error bars are standard deviation from three independent
measurements. (b) The electron recapture rate [(M∗)+/Mn+] as a
function of laser intensity. See text for details.

the study. This finding, i.e., the suppressed RSE in H2 com-
pared to its companion atom Ar, is similar to that in the case
of strong field ionization, as shown in the inset of Fig. 2(a),
which quantitatively reproduces the result reported in the
literature [43,44] and indicates the suppression in ionization
of the H2 molecule compared to Ar. The ratios of (M∗)+ to
ionization Mn+ for both the molecule and the atom are pre-
sented in Fig. 2(b), which qualitatively represents the electron
recapture rate as a function of laser intensity. Note that while
the measured ratio is around 0.05–0.15 %, the total recapture
rate should be much higher, since only those Rydbergs with
20 < n < 30 are detected in the present study, and they cor-
respond to less than 2% of the total recapture rate estimated
by the semiclassical calculations by Nubbemeyer [9]. One
can see that the ratio for the H2 molecule is apparently lower
than that for the Ar atom, indicating the suppressed recapture
rate of the molecule. According to previous theoretical studies
[45–49], the origin of the suppressed ionization of H2 could
be attributed to an interplay of three reasons, i.e., the spatial
geometrical configurations of the outermost molecular orbital,
the intramolecular interference effect, and the difference in
the vertical and ground state Ip due to the large difference
in equilibrium internuclear distance for H2

+ and H2. The
fact that the appearance of the suppression in the RSE is
accompanied by ionization indicates that the molecular RSE
is related to strong field ionization, that is, the highly excited
neutral molecule induced by strong laser fields comes from the
photoelectron that first tunnels out and then is recaptured in
Rydberg states by the Coulomb potential. Our results indicate
that the molecular structure plays a similarly important role in
the RSE process as in the strong field ionization.

We further investigate the molecular RSE in elliptically
polarized laser fields. As shown in Fig. 3(a), the probability
of H2 RSE depends strongly on the laser ellipticity ε and
is completely suppressed when ε is larger than 0.5. Our re-
sults show that the RSE of H2 molecules exhibits a similar
laser ellipticity dependence to that of its companion atom

FIG. 3. Dependence of the yields of H* (black circle), H2* (red
triangle), Ar* (green square), and Ar2+ (pink diamond) on the laser
ellipticity. (a) 200 TW/cm2, (b) 500 TW/cm2. Solid lines are the
Gaussian fitting of the experimental results. The blue dashed line is
the analytical results based on the SFA model (see text).

Ar, which has a well-defined Gaussian-type profile with a
full width at half-maximum (FWHM) of 0.45. [For Ar, the
FWHM is 0.48. See the solid lines in Fig. 3(a) for the Gaus-
sian fitting results.] On the other hand, the H2 RSE yields
present a much weaker dependence on the laser ellipticity
compared to the analytical result derived by Landsman et al.
[19] based on the strong field approximation (SFA) model
[see the blue dashed line in Fig. 3(a)]. The SFA model for
RSE is analogous to the tunneling-plus-recollision phenom-
ena, giving the distribution PR(ε) upon changing the laser

ellipticity ε as PR(ε) ≈ PR(ε = 0) exp(− 1.25
√

2IpE

ω2 ε2), which
well reproduces the Ar NSDI results [see the Ar2+ results
in Fig. 3(a)]. The apparent difference between the ellipticity
dependence of H2* and that of the SFA model indicates that
the molecular RSE is not a tunneling-plus-recollision process
as NSDI. Indeed, the weaker ellipticity dependence of RSE
compared to recollision-induced processes like NSDI has also
been observed in atoms (Ar and Kr), as investigated in detail
by Zhao et al. in their joint experimental and theoretical study
[50]. Their analysis indicates that the Coulomb effect plays
an important role in the strong-field atomic RSE process, and
more importantly, instead of understanding it in the frame-
work of the tunneling-plus-recollision scenario, the strong
dependence of the RSE probability on the laser ellipticity is
explained by the fact that the yields of electrons with low
kinetic energy that can be captured in Rydberg states decrease
in elliptically polarized laser fields [50]. The similar ellipticity
dependence of H2* versus Ar* observed in the present study
further implies that the molecular RSE is also produced by
recapture of the tunneled electrons with low kinetic energy
into highly excited Rydberg states.

B. Formation of the highly excited fragment atoms

We now turn to discuss the RSE of an H fragment atom
induced by strong laser fields. The experimentally measured
(H*)+ yields are also presented in Figs. 2 and 3 upon varying
laser intensity and ellipticity, respectively. It can be seen that
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the strong-field RSE of the fragment hydrogen atoms behaves
quite differently compared to that of the parent H2 molecules.
As shown in Fig. 2(a), the intensity dependence of the (H*)+
yields presents a kneelike structure (i.e., a weak dependence
on the laser intensity) at around 200 TW/cm2. Such a knee
structure in the intensity-dependence curve is a signature of
NSDI induced by linearly polarized strong laser fields. Note
such a structure in the intensity-dependence curve of Ar2+

shown in the inset of Fig. 2. To further reveal the relation
between the H* formation and the NSDI process, we per-
form a theoretical calculation using the 3D classical ensemble
method instead of experimental measurement, since doubly
charged ions H2

2+ are unstable and cannot be detected by a
mass spectrometer. A detailed description of the theoretical
method of the strong-field double ionization of H2 is presented
in the Appendix. The calculated H2

2+ yield as a function
of laser intensity is plotted in Fig. 2(a) as a solid line. It
can be seen that the intensity dependence of the (H*)+ yield
resembles the calculated H2

2+ result, indicating that the RSE
of the fragment H atom could be related to the dissociation of
H2

2+ in strong laser fields.
The probability of the fragment H RSE exhibits a much

stronger dependence on the laser ellipticity compared to that
of the molecular RSE at a laser intensity around 200 TW/cm2,
as shown in Fig. 3(a). Interestingly, the ellipticity dependence
of H* is consistent with the analytical result based on SFA as
well as that of the measured Ar2+ results at ∼200 TW/cm2.
Note that at this laser intensity, NSDI would be the dominant
process in the strong field double ionization of Ar. Such a
strong dependence on the laser ellipticity is in accordance
with the tunneling-plus-recollision (or three-step recollision)
scenario, in which the probability for the recollision dimin-
ishes with increasing laser ellipticity due to the greater drift
momentum spread of the returning electron wave packet. On
the other hand, as we have mentioned above, the FTI process
is unlike the tunneling-plus-recollision phenomena since the
tunneled electron does not need to return to the tunneling
exit to be captured into Rydbergs, thus it presents a weaker
dependence on the laser ellipticity [see the results of H2* and
Ar* in Fig. 3(a)] compared to recollision-induced phenomena
such as NSDI. The fact that the ellipticity dependence of H*
resembles the SFA prediction and the Ar NSDI result strongly
indicates that the H RSE is produced via a frustrated dissocia-
tive NSDI of H2, that is, after NSDI in strong laser fields, the
unstable doubly charged ion H2

2+ immediately dissociates,
and one of the product H+ captures an electron in the way
it goes out to form H*. Thus, as in NSDI, the H* yields show
a much stronger dependence on the laser ellipticity, which is
well reproduced by the prediction of the SFA model as shown
in Fig. 3(a).

It should be mentioned that at high laser intensities (�500
TW/cm2), a sequential DI (SDI) process in which two elec-
trons are released one by one would be dominant in double
ionization of atoms Ar and molecules H2. As shown in
Fig. 3(b), for the results measured at a laser intensity of
500 TW/cm2, the yield of Ar2+ from SDI exhibits a weak
dependence on the laser ellipticity, and that of H* deviates
from the SFA prediction, which is unlike that in Fig. 3(a) and
is consistent with the results of H2* and Ar*, indicating that
H RSE resembles the FTI mechanism without any relation

to the recollision, as already discussed in both experimental
measurements [28–30] and theoretical investigations [27].

It is well known that there are two pathways for NSDI in
strong laser fields. In the recollision impact ionization (RII)
pathway, the second electron in an atom or molecule is di-
rectly ionized upon collision with the returning first electron,
while in the recollision-induced excitation with subsequent
field ionization (RESI) pathway, the recolliding electron re-
turns to the core and transfers energy to the second electron
to excite to an excited state, which is subsequently tunneling-
ionized at a delay of more than 0.4 optical cycle. To examine
which pathway contributes to the frustrated dissociative NSDI
of H2, we analyze the trajectories of all NSDI events in our
3D classical calculations. We present in Fig. 4(a) the calcu-
lated momentum distributions of the correlated electrons from
double ionization of the H2 molecules. The results indicate
that both RII and RESI pathways contribute to the NSDI of
H2. The momenta distributed in the first and third quadrants
with a clear fingerlike structure are due to the RII process
[51,52], while those in the second and fourth quadrants could
be attributed to the RESI process. Two typical types of energy
evolution of electrons in NSDI as a function of time are pre-
sented in Figs. 4(b) and 4(c). Here the direction of the linearly
polarized laser field is arranged along the molecular axis.
E1, E2, and Ep represent the energy of the first electron, the
second electron, and the Coulomb repulsive energy between
two electrons, respectively. A sharp peak in Ep appears at
the time of recollision, which is due to the electron-electron
correlation in the NSDI process. We can see from Fig. 4(b)
that electron 1 is ionized immediately after recollision, and
electron 2 is first excited and then ionized after about half
of an optical cycle, which represents the RESI process. In
Fig. 4(c), both electrons 1 and 2 are ionized immediately
after recollision, representing the RII process. It is noted that
those electrons with low final kinetic energy Ek (typically
0 < Ek < 0.4 eV) are preferred to be captured in Rydbergs
[50]. We find that among all the NSDI events with a final Ek

of an electron less than 0.4 eV, over 87% of the trajectories
present a similar energy evolution to that shown in Fig. 4(b).
This finding indicates that the frustrated dissociative NSDI of
H2 is related to the RESI pathway.

The above results strongly indicate that the recollision
plays an essential role in the H RSE process in the NSDI
region, that is, the H RSE observed in the present study
is produced via the frustrated dissociative NSDI of H2. It
is worth mentioning that for H2, dissociative ionization via
bond softening (BS) and charge-resonant enhanced ionization
(CREI) could be a dominant process over NSDI to produce
H+ at a laser intensity below 300 TW/cm2. This could be the
reason that the H+ signals show no knee structure (a signature
of NSDI) in the intensity-dependent measurements [see the
inset of Fig. 2(a)]. On the other hand, the relatively minor
recollision-induced channels can be distinguished in multi-
cycle strong laser fields by selecting molecular alignment
perpendicular to the laser polarization, a case in which both
BS and CREI channels would be greatly suppressed, as dis-
cussed in previous studies on strong field ionization [53–55].
In our study on the RSE process, considering that the atom
fragments carry kinetic energy typically higher than 0.5 eV,
only those aligned close to the perpendicular direction can be
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FIG. 4. (a) Calculated momentum distributions of the correlated electrons from double ionization of the H2 molecules. (b), (c) Two typical
types of energy evolution of electrons in NSDI as a function of time.

detected by the delayed-field ionization TOF-MS method (a
typical delay time �T of 0.5 µs for H RSE measurements)
according to the SIMION simulations. Thus, by choosing
the laser polarization along the TOF axis, our experiments
are performed with the alignment close to the perpendicular
direction, thus they can largely eliminate the contribu-
tions of dissociative ionization and CREI channels to the
H RSE.

To further confirm this issue, we measure the angular dis-
tribution of the ionization and RSE at ∼200 TW/cm2, i.e., the
dependence of the yield on the angle between the direction of
the laser polarization (E) and the TOF axis. The results are
presented in Fig. 5(a). To measure the angular distribution of
direct ionization, a small silt is placed in front of the MCP
detector to ensure that ions carrying kinetic energy can only
be efficiently detected along the TOF axis, while for delayed
ionization to detect RSE, no slit is used. One can see from
the figure that unlike the near-isotropic angular distributions
of the parent molecules H2

+ and H2* (and the atoms Ar+

and Ar*), the angular distributions of fragments H+ and H*
present strong anisotropic behavior. For H+ fragments, the
maximum distribution appears at E// TOF, since they are
mainly produced via BS and EI channels, and they prefer
to eject along the laser polarization. On the other hand, the
angular distribution of H* exhibits the maximum at 90◦ and
the minimum at 0◦. Since energetic H* fragments can only
be efficiently detected at large angles in our PFI experimen-
tal setup, the results in Fig. 5(a) indicate that H* produced
via the BS or EI process is greatly suppressed by choosing
laser polarization E// TOF. We then measured the ellipticity
dependence of RSE by fixing the major axis of the laser po-
larization parallel or perpendicular to the TOF axis. As shown
in Fig. 5(b), while there are no apparent changes for H2 RSE
for both cases, the H RSE shows a much stronger ellipticity
dependence when the major axis of the laser polarization is
parallel to the TOF axis than that in the perpendicular case.
This finding strongly indicates the different behaviors of H
RSE with different alignments. In other words, the important
role of recollision in the process of H RSE is revealed in the
present study by the delayed ionization method and with the
laser polarization parallel to the TOF axis, the experimental

FIG. 5. (a) Dependence of the yields of Ar+ (black solid square),
H2

+ (red solid circle), H+ (green solid triangle), Ar* (black hollow
square), H2* (red hollow circle), and H* (blue hollow triangle) on
the angle between the laser polarization direction (E) and the TOF
axis. The angles 0◦ and 180◦ represent E// TOF. (b) Ellipticity
dependence of RSE by fixing the major axis of the laser polarization
(E) parallel or perpendicular to the TOF axis. Each solid line is the
Gaussian fitting result of the experimental data. The laser intensity
of (a) and (b) is kept at 200 TW/cm2.
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setup of which is analogous to those that isolate the recollision
process in strong field ionization [53,54,56,57].

We note that in addition to NSDI, another recollision-
induced process could also be a possible mechanism to
produce H*, that is, the returning electron excites H2

+ to the
repulsive excited state, followed by dissociation to produce
H+, which may be able to capture the electron forming the
highly excited atom H*. Recollision-induced excitation in H2

molecules has been demonstrated in previous studies [53,54].
In the present study, while we cannot distinguish the atom
RSE from the NSDI and recollision-induced excitation pro-
cesses, we may tentatively exclude the latter based on the
different ellipticity dependence of H* for different laser inten-
sities shown in Figs. 3(a) and 3(b). The SFA prediction shows
a stronger ellipticity dependence at 500 TW/cm2 than that at
200 TW/cm2, which is opposite to the results of the H RSE.
This can be easily understood as the H RSE is a frustrated
dissociative DI process, which turns out to be a sequential one
when the laser intensity is increased to 500 TW/cm2, as we
have discussed in the above sections.

The frustrated dissociative DI of molecules can be an anal-
ogy to the FDI process of atoms. For Ar atoms, a recent
theoretical study has demonstrated that at moderate laser in-
tensities, the FDI process is accompanied by NSDI, and the
second electron prefers to be captured in a Rydberg state [25].
Our study indicates that recollision also plays an important
role in the fragment RSE of a molecule. The results support
the idea that the RESI pathway would be contributed to the H*
formation in a laser intensity around 200 TW/cm2. Further
studies would be of interest to reveal the mechanism of the
coherent capture of electrons during breakup of the molecular
bonds as well as the electron correlations in the fragment RSE
formation of molecules.

IV. CONCLUSIONS

For summary, we present an experimental study on the
RSE process of H2 molecules in the tunneling ionization re-
gion. We observe that the neutral H2 molecules can survive
the strong 800-nm femtosecond laser fields in high Rydberg
states. The H2 Rydbergs generally behave similarly to its
companion atom Ar, indicating the recapture mechanism of
the molecular RSE. The RSE of the fragment H atoms is
also identified. The dependence of H* on both laser intensity
and ellipticity strongly indicates that a frustrated dissociative
NSDI process (i.e., upon NSDI the unstable doubly charged
ion H2

2+ breaks up and one fragment H+ captures a low-
energy electron to form the highly excited H atom) is related
to the fragment RSE of H2 in strong laser fields. Our study
shows that it is a general phenomenon of forming highly
excited neutral parent molecules and fragments in strong
laser fields, and it should stimulate further investigations to
reveal the molecular orbital effect as well as the important
role of recollision in the strong-field-induced RSE process of
molecules.

FIG. 6. The molecular structure of H2.
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APPENDIX: THEORETICAL METHOD
ON DOUBLE IONIZATION OF H2

To explore the double ionization mechanism of H2

molecules in intense laser fields, we utilized the classical
ensemble method [58,59]. The structure of H2 is shown as
Fig. 6.

In the non-Born-Oppenheimer approximation, the classical
Hamiltonian of 2D H2 molecules in an intense laser field
can be given by (atomic units are used throughout unless
otherwise stated)

H0 = Pa
2

2mp
+ Pb

2

2mp
+ p1

2

2me
+ p2

2

2me

+ 1

R
− 1

ra1
− 1

ra2
− 1

rb1
− 1

rb2
. (A1)

Introducing the center-of-mass coordinates, since the mass
of the nucleus is much larger than the electrons, we can
approximately set the center of two nuclei as the coordinate
origin, and the x-axis is along two nuclei. Thus, the Hamilto-
nian can be written as

H = P2

2μP
+

∑
i j

pi j

2μe
+ Vc(x, y, Rs) + Vex(x, t ) + Vey(y, t ),

(A2)

where the first and second terms are the kinetic energy of
the nucleus and two electrons, μP = mP

2 , μe = 2mPme
2mP+me

are the
reduced mass; mp and me are the masses of protons and elec-
trons, respectively; Rs is the internuclear distance; i = 1, 2,
j = x, y, x1, x2, y1, y2 are the electron coordinates; Px1 , Py1 ,
Px2 , Py2 are the corresponding momentums; Vex, Vey are the
laser fields; and the Vc(x, y, Rs) is the potential energy, which
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can be expressed as

Vc = Vsc(x, y, Rs) = 1√
Rs

2 + αn
2

− 1√
(x1 − 0.5Rs)2 + y1

2 + qe
2

− 1√
(x1 + 0.5Rs)2 + y1

2 + qe
2

− 1√
(x2 − 0.5Rs)2 + y2

2 + qe
2

− 1√
(x2 + 0.5Rs)2 + y2

2 + qe
2

+ 1√
(x1 − x2)2 + (y1 − y2)2 + be

2
. (A3)

The soft parameters are αn = 1, qe = 1.25, be = 0.8. By
using the center-of-mass coordinates, Newton’s equations can
be transformed into Hamiltonian canonical equations

dri j

dt
= ∂H

∂Pi j
= pi j

μe
, (A4)

d pi j

dt
= −∂Hi j

∂qi j
, (A5)

dRs

dt
= P

μp
, (A6)

∂P

∂t
= −∂Vsc

VRs
. (A7)

The symplectic method is the difference method, which is
suitable for the long-time many-step calculations. We chose
a set of initial stable states by the Monte Carlo method and
solved the above canonical equations numerically in order to
obtain the time evolutions of the electron positions and the
corresponding momenta. Since the Hamiltonian system (2) is
a separable Hamiltonian system, we may use the four-stage

fourth-order explicit symplectic scheme to solve it [59]. In our
calculation, we assumed that the initial ensemble has the same
energy equal to the ground-state energies of the H2 molecule
(1.16 a.u.) with the equilibrium nucleus distance R = 1.4
a.u. We utilized a microcanonical ensemble that consisted of
2 × 106 two-electron trajectories.

The external laser pulse can be expressed as follows:

Ex = E0 f (t )
1√

1 + ε2
cos(ωt + ϕ )̂ex, (A8)

Ey = E0 f (t )
ε√

1 + ε2
sin(ωt + ϕ )̂ey, (A9)

f (t ) is the laser envelope, the pulse duration T = 10T0, with
T0 = 2π/ω0 being the period of the pulse, and E0 is the
peak intensity, with the frequency ω0 = 0.057 a.u. (800 nm
in wavelength), which is in accordance with the experimental
condition. ε = 0 and 1 presents the linearly and circularly
polarized laser fields, respectively.
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