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Ab initio non-Born-Oppenheimer simulations of rescattering dissociation
of H2 in strong infrared laser fields
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We simulate the time-dependent Schrödinger equation and observe the rescattering dissociation of H2 in strong
infrared laser fields. Two dissociation pathways are identified, i.e., the dissociation of H2

+ in the 2pσu state and
the dissociation of H2 in doubly excited states. The former accounts for larger proportions as the rescattering
energy is larger. The kinetic energy release of dissociative fragments reflects the temporal internuclear distance
at the moment the rescattering happens.
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I. INTRODUCTION

Rescattering is the central process in strong field physics
[1,2]. In this scenario, an electron tunneling out the laser-
dressed Coulomb potential, followed by the acceleration in
strong laser fields, may recollide with its parent ion once laser
fields change directions [3]. Rescattering usually accompanies
several intriguing phenomena, such as high-order-harmonic
generation [4,5], double ionization [6,7], and dissociation [8].
The last one constitutes the main topic of this paper.

As the simplest neutral molecule, H2 works as a prototype
for studying the rescattering dissociation in strong infrared
laser pulses. The rescattering dissociation of H2 is sketched
in Fig. 1(a). When H2 is exposed to strong laser fields, one
electron detaches from the nuclei and the generated H2

+ starts
to stretch, since the molecular bond becomes weaker due to the
loss of one electron. When the freed electron is sent back by the
driving laser field, it may excite H2

+ from the bound 1sσg state
to the repulsive 2pσu state, followed by molecular dissociation.
If the rescattering energy is not big enough to induce such
a transition, alternatively, the freed electron may combine
with H2

+, forming a neutral H2 in doubly excited states.
Rescattering dissociation has been experimentally observed
in D2 [8,9], CO+

2 [10], CO [11,12], O2 [13], and polyatomic
molecules [14]. By checking the kinetic energy release (KER),
rescattering dissociation can be well distinguished from bond
softening [15,16] and above-threshold dissociation [17]. Since
rescattering only happens when the driving laser field is lin-
early polarized, rescattering dissociation can be confirmed by
comparing the signals obtained from linearly and elliptically
polarized laser pulses [18]. The dissociating H2

+ may further
be ionized, resulting in Coulomb explosion [19,20].

Martı́n et al. have calculated the dissociative ionization
of H2 and D2 to very high accuracies, which have been
quantitatively compared with experimental measurements,
and discovered some molecular dynamics in attosecond time
scales [21–25]. However, the ab initio non-Born-Oppenheimer
simulations of rescattering dissociation of molecules in strong
infrared laser pulses are still missing in spite of the fact
that the rescattering dissociation has been confirmed exper-
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imentally for more than a decade. Several theoretical meth-
ods are invented to circumvent the electron-electron-nuclei
correlation relating to rescattering dissociation. Gräfe and
Ivanov [26] used an effective interaction potential to describe
the rescattering excitation. de Vivie-Riedle et al. [27,28]
separated electrons and nuclei under the Born-Oppenheimer
approximation for propagation in each eigenstate base. Such
a method has also been applied by Hu et al. [29]. Tong et al.
used the molecular Ammosov-Delone-Krainov approximation
to describe the tunneling step, followed by the classical
trajectory calculations of acceleration and rescattering [30].
Different theoretical treatments lead to different explanations
for experimental measurements [31–33].

In this paper, we directly simulate the non-Born-
Oppenheimer time-dependent Schrödinger equation (TDSE)
for H2 in reduced dimensionality. Rescattering dissociation is
clearly demonstrated in our calculations. Simulation results
show that even if the rescattering energy is smaller than the
critical energy required to trigger the excitation estimated from
classical theories, considerable rescattering dissociation may
still happen attributed to the widely spatial distribution of
nuclear wave packets. The rescattering electron can be used to
read the temporal dynamics of the nuclear wave packet formed
in the first ionization in attosecond time scales.

II. NUMERICAL MODEL

The governed TDSE for H2 is written as (atomic units,
e = m = � = 1, are used unless indicated otherwise)

i
∂

∂t
�(R,x1,x2; t) = [T + V (R,x1,x2)]�(R,x1,x2; t), (1)

with the kinetic operator

T = p2
R

2μ
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2
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2
, (2)
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−

∑
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FIG. 1. (Color online) (a) Calculated potential energy surfaces of
H2 and H2

+ (solid curves). The dashed curves obtained from [35,36]
are shown for comparison. The single ionization of H2 gives birth to
H2

+, which will stretch and then be excited to 2pσu by rescattering
electron wave packets, followed by molecular dissociation. (b) The
laser field used in the simulations.

In Eq. (2), μ is the reduced nuclear mass, and A(t) is the
laser vector potential and A(t) = − ∫ t

0 E(t ′)dt ′ with E(t)
being the electric field. pR , p1, and p2 are the relative
nuclear momentum operator, and the first and second electron
momentum operators, respectively. The R-dependent soft core
parameter α(R) and β(R) [34] are adjusted for producing the
potential surfaces, shown by the solid curves in Fig. 1(a). For
reference, the actual potential curves [35,36] are also shown
by dashed curves. The four potential curves from bottom to top
are respectively for the ground state of H2 (X 1�+

g ), the ground
state of H2

+ (2�+
g ), the doubly excited state of H2 (Q1, 1�+

u ),
and the first excited state of H2

+ (2�+
u ). The comparison of

solid and dashed curves shows that our reduced-dimensional
model can describe the main physics well. In simulations,
spatial grids are �x1 = �x2 = 0.3 and �R = 0.04, and the
time step is �t = 0.2. Simulation convergences have been
tested by using denser time-spatial grids. The ground-state
X 1�+

g energy is −1.2 atomic units (a.u.), and the equilibrium
internuclear distances of H2 and H2

+ are 1.3 a.u. and 2 a.u.,
respectively. Because of spin selection rules, the transition
between X 1�+

g and the first excited state of H2 (3�+
u , not

shown) is prohibited. The energy gap between 1sσg and
2pσu at R = 2 is 0.4 a.u. In the following simulations, we
adopt a three-dimensional simulation box x1 − x2 − R having
the grids 3000 × 3000 × 250, which is large enough that no
dissociative wave packets reach numerical boundaries during
whole simulations. Some ionized wave packets are absorbed
in simulation boundaries by a mask function [37]. The similar
numerical model has been used to study the double ionization
of H2 [38,39] and high-order-harmonic generation [40].

To watch the rescattering dissociation clearly, we expose
H2 to an ultrashort laser pulse, as shown in Fig. 1(b), which is
expressed as

E(t) = E0 cos(ωt)e−4 ln 2 (t/τ−1/2)2
, (4)

where τ equals half an optical cycle, and ω = 0.057 a.u.,
corresponding to a laser pulse with a wavelength of 800 nm.
Rescattering happens only once in such an ultrashort laser
pulse. As sketched in Fig. 1(b), according to the classical
estimation, the electron tunneling out at t = 115 a.u. will gain
the maximum rescattering energy at t = 175 a.u. In this paper,
we limit the IR laser intensity such that the rescattering energy
is too small to induce nonsequential double ionization [38,39].

III. SIMULATION RESULTS

Following the wave-function propagation (see Ref. [41]
for a supplemental movie), one may analyze all physical
processes triggered by the laser pulse. Figure 2 shows the
snapshots of wave-function distribution in x1 − R space
W (x1,R) = ∫

dx2|�(R,x1,x2; t)|2 at (a) t = 120, (b) t = 168,
(c) t = 240, and (d) t = 324 a.u. In (a), one may see the
first half optical cycle pulls out the electron along the −x

axis, at the same time, H2
+ with bound nuclear vibrational

states is formed. This ejected electron wave packet is sent
back to the nuclei by the second half optical cycle, as shown
in (b), where the rescattering between the freed electron and
H2

+ already happens. In (c), besides the single ionization,
we observe the part distributed in the area with a relative
larger R. This part continuously propagates towards the area
with even larger R, as shown in (d) marked by the dotted
rectangle. We identify this part as molecular dissociation.
The electron wave packets ejected around two optical peaks
superimpose, resulting in the intracycle interference [42–44].
The corresponding interference pattern may be clearly seen
in the dashed rectangle in the panel (d). We parenthetically
point out that the photon energy is shared by the photoelectron
and the nuclear vibration in the single ionization of H2 [45].
The wave-function propagation movie in the Supplemental
Material [41] may show more details about the rescattering

FIG. 2. (Color online) The snapshots of wave-packet distribution
in x1 − R space at (a) t = 120, (b) t = 168, (c) t = 240, and (d)
t = 324 a.u. in logarithm scale. The single ionization with bound
H2

+ and rescattering dissociation in (d) are marked by dashed and
dotted rectangles. The laser intensity is 4 × 1014 W/cm2.

053423-2



Ab INITIO NON-BORN-OPPENHEIMER . . . PHYSICAL REVIEW A 90, 053423 (2014)

FIG. 3. (Color online) The snapshot of wave-packet distribution
in x1 − x2 space at t = 456 a.u. in logarithm scale. The internuclear
distance is R = 7. The dashed circle with the radius R =

√
x2

1 + x2
2 =

10 is used to distinguish the doubly excited state of H2 and the
ionized dissociative state of H2

+. The four dots represent the nuclear
positions.

dissociation. Most rescattering electron wave packets finally
propagate along the +x1,2 axis, which is in coincidence with
classical expectation. A very small part of the rescattering
dissociation displayed in the lower half space is attributed to
the back rescattering [46].

The rescattering-induced dissociation channels may be
extracted by capturing the wave-packet distribution in x1 − x2

space. Figure 3 shows |�(x1,x2,R = 7)|2 at t = 456 a.u., when
the mainly dissociating wave packet is passing through R =
7 a.u. The four dots in Fig. 3 represent nuclear positions,
and the circle with a radius

√
x2

1 + x2
2 = 10 is used to

roughly distinguish two dissociation channels. In the area√
x2

1 + x2
2 > 10, one electron is ionized and the other one

has the maximum distribution on the lines x1,2 = ±3.5, which
confirms that the bounded electron in the dissociating H2

+ is
in an atomic ground state, and thereby H2

+ is dissociating
along the 2pσu potential curve. On the contrary, in the
inner part (

√
x2

1 + x2
2 < 10), both electrons are bound. The

electron probabilities on points x1 = −x2 = ±3.5 are very
small, indicating neither electron is in the atomic 1s state, and
thereby H2 in doubly excited states is formed. The asymmetric
distribution on x1 = x2 = ±3.5 shows a temporary H−H+ is
formed, which has been mentioned before [38]. The temporary
H−H+ may be regarded as the superposition of several doubly
excited states of H2. Due to the electron-electron correlation,
the doubly excited H2 slowly decays into dissociative H2

+ plus
a free electron [24].

To further confirm the above molecular dissociation is
indeed caused by electron rescattering instead of by the laser
directly excitation, we omit the laser action on the second
electron [in Eq. (2)] and therefore the only way to excite
the second electron is the rescattering excitation. By doing
that, we have observed similar molecular dissociation and
the dissociation probability is reduced by half, as well as the
ionization probability.
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FIG. 4. (Color online) The probability ratio of ionized dissocia-
tive H2

+ and doubly excited H2 (solid line with stars), as well as the
the rescattering energy (dashed line with open circles), as a function
of laser intensities.

The two dissociation channels described in Fig. 3 depend
on rescattering energies. Since the energies of some doubly
excited states of H2 are lower than the energy of H2

+ in
2pσu at a same internuclear distance, the dissociation through
doubly excited H2 will have larger proportion if the rescattering
energy is smaller. Figure 4 plots the ratio of probabilities for
dissociating H2

+ and for doubly excited H2, as well as the
maximum rescattering energy, as a function of laser intensities.
Here the maximum rescattering energies are calculated by
solving the Newtonian equation. The probabilities are counted
by integrating the probabilities distributed within or out of the
ring

√
x2

1 + x2
2 = 10 just after all the dissociative wave packets

propagate into the area R > 7. As expected, the ratio increases
with the increase of rescattering energies. Even though the
rescattering energy is not big enough to conquer the energy
gap between 1sσg and 2pσu at the equilibrium internuclear
distance, H2

+ can still be excited to 2pσu because the nuclear
wave packets have wide spatial distribution.

One may note that the lifetime of the doubly excited
H2 is only a few femtoseconds [47,48]. Hence, a part of
doubly excited H2 has already decayed into H2

+ plus a
free electron before the internuclear distance increases to 7
a.u. Therefore the dissociation through doubly excited H2 in
Fig. 4 is underestimated.

Once H2 is tunneling ionized, H2
+ starts to relax and the

internuclear distance increases. The time interval between the
tunneling ionization and rescattering directly relates to laser
periods or laser wavelengths. For longer wavelengths, H2

+ has
longer time to relax before it is excited to 2pσu; therefore the
rescattering dissociation will start from a larger internuclear
distance and finally dissociative fragments gain smaller KER.
Figure 5(a) shows KER spectra when driving laser fields with
different wavelengths are applied. The intensities for 600, 800,
1000, 1200, and 1600 nm pulses are 7.5 × 1014, 4 × 1014,
2.5 × 1014, 1.7 × 1014, and 1 × 1014 W/cm2, respectively, for
ensuring the corresponding maximum rescattering energies
are all 0.6 a.u. As expected, the peaks of KER spectra shift
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FIG. 5. (Color online) (a) The KER spectra when laser fields with
different wavelengths are applied. The laser intensities for 600, 800,
1000, 1200, and 1600 nm pulses are 7.5 × 1014, 4 × 1014, 2.5 × 1014,
1.7 × 1014, and 1 × 1014 W/cm2, respectively. (b) The calibrated
time-resolved internuclear distance.

towards lower energies as driving laser wavelengths are longer.
Since the laser pulses with longer wavelengths trigger smaller
ionization probabilities, the total rescattering dissociation
probabilities decline when wavelengths increase. Even when
the rescattering energy is quite small, considerable rescattering
dissociation may still happen. Therefore we support the
explanation in [33] that the first rescattering has been used
to read the molecular dynamics in attosecond time scales.

KER spectra can be used to calibrate the internuclear
distance at the moment of rescattering, considering the fact
that 2EKER = E1sσg

(1.3) − E1sσg
(R) + E2pσu

(R) − E2pσu
(∞)

(we assume the dissociation along 2pσu is dominated), where
R is the internuclear distance where dissociation starts, and

E1sσg
(R) and E2pσu

(R) are potential energies of 1sσg and 2pσu

states at R. Recall that 1.3 a.u. is the equilibrium internuclear
distance of H2. Figure 5(b) plots the calibrated internuclear
distance as a function of time intervals between ionization and
rescattering. Here, the time intervals are two-thirds of laser
periods. As already demonstrated experimentally by Niikura
et al. [33], we are able to read the time-resolved internuclear
distance.

IV. CONCLUSIONS

In conclusion, we demonstrate the rescattering dissociation
of H2 in strong laser fields by ab initio non-Born-Oppenheimer
quantum simulations. Two dissociation channels are identified,
i.e., the dissociation of doubly excited H2 and the dissociation
of H2

+ along the 2pσu state, whereas the latter channel has
a larger proportion for a larger rescattering energy. The KER
spectra of rescattering dissociative fragments shift towards
lower energies if the time interval between tunneling ionization
and rescattering is longer. This rescattering dissociation is
a platform for further studying the electron localization in
the rescattering dissociation [8], charge resonance enhanced
ionization [49] with moving nuclei, autoionization of the
doubly excited H2 [35], and some other ultrafast dynamics
in small molecules.
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