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Interference of nuclear wave packets carrying different angular momenta in the dissociation of H2
+

in strong circularly polarized laser pulses
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We systematically investigate the interference of nuclear wave packets carrying different angular momenta
by numerically solving the time-dependent Schrödinger equation for the dissociation of H2

+ in strong circularly
polarized laser pulses. H2

+ exposed to strong laser pulses may absorb different numbers of photons and dissociate
along different pathways carrying different angular momenta. In case dissociation pathways differ by an even
number of photons, the respective wave packets have the same parity and thus interfere with each other, leading to
spiral nuclear momentum distributions for the dissociative fragments. Inversely, by investigating the interference
structure of the angle-resolved kinetic energy release of the dissociative fragments, the molecular dissociation
pathways can be extracted. The spiral nuclear momentum distribution provides another approach to explore
ultrafast molecular dynamics.

DOI: 10.1103/PhysRevA.102.033107

I. INTRODUCTION

When exposed to strong laser fields, molecules may absorb
photons and thus chemical reactions occur [1]. In one case, the
electron takes enough photon energy and becomes free, which
is termed as photoionization and has been extensively studied.
In another case, the electron may not take enough energy
to be freed, but jump to excited electronic states followed
by the molecular bond breaking. This scenario is termed as
molecular dissociation. As the simplest molecules in nature,
H2

+ and its isotopes have worked as the model to understand
the molecular dissociation for decades [2–4]. In this paper,
we focus on the dissociation of H2

+ in circularly polarized
laser fields.

When investigating the dissociation of H2
+, the Born-

Oppenheimer approximation [5] is widely adopted, which
means the molecular wave function can be written as the
product of the electronic part and the nuclear part. Specif-
ically, the wave function of H2

+ can be expressed as ψ =∑
j χ j (R, t )ϕ j (r, R), where χ j (R, t ) is the nuclear wave

function and ϕ j (r, R) is the R-parametric electron wave
function. R and r are the internuclear distance and electron
coordinate, respectively, and j is the index of the electronic
state. In most cases the physical dynamics of H2

+ dissociation
are dominated by two lowest electronic states, namely 1sσg

and 2pσu, which makes the theoretical analysis transparent
[6,7].

In past decades, a series of dissociation pathways of H2
+

in strong laser fields have been explored. Due to the opposite
parity between 1sσg and 2pσu states, H2

+ in the 1sσg state can
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only absorb an odd number of photons and jump to the re-
pulsive 2pσu state. The corresponding dissociation pathways
are termed as the one-photon pathway [8,9], three-photon
pathway [10,11], and so on. The wave packet of three-photon
pathway on the 2pσu state may emit one photon and jump
back to the 1sσg state, in which case the net-two-photon
pathway [12] dominates the dissociation process. Besides the
pathways mentioned above, the excitation of H2

+ can be me-
diated by the electron-electron correlation. Specifically, the
ionized electron of H2 may be driven back to the remaining
H2

+ by the laser field and share its energy with the bound
electron via the rescattering process [13,14]. It is generally
accepted that different dissociation pathways can be identified
by analyzing the kinetic energy release (KER) of dissociative
fragments [15]. However, due to the broad kinetic energy
distribution of the nuclear vibrational states of H2

+ [16],
different dissociation pathways may end with similar KER,
which makes it difficult to resolve them. The interference of
different pathways with opposite parity leads to the asymmet-
ric electron localization on two nuclei [13,17]. For example,
when H2

+ undergoes one- and net-two-photon pathways, the
electron oscillates between two nuclei. The electron hopping
stops when the interatomic barrier is high enough to prohibit
the electronic movement between two nuclei [18,19]. The
preference of localization direction fundamentally depends on
the phase difference of coexistent dissociation pathways. The
electron localization can be controlled by tuning the relative
phase of dissociation pathways between 1sσg and 2pσu states
with numerous strategies [13,17–33].

Although there are lots of studies focusing on the nu-
clear energy, few investigations pay attention to the angular
momenta of dissociative fragments. Recently, we studied the
dissociation of H2

+ in a circularly polarized laser pulse, and
found that the coexistent one- and three-photon pathways
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interfere with each other, resulting in the spiral nuclear mo-
mentum distribution [34]. In this paper, we systematically
study the interference of different dissociation pathways in
molecular dissociation. Under the irradiation of one or two
strong circularly polarized laser pulses, H2

+ may dissociate by
absorbing net-zero photon, one photon, net-two photons, three
photons, five, or even seven photons. Dissociation pathways
with the same parity may interfere with each other and thus
produce abundant angle-resolved dissociation scenarios. The
paper is organized as follows. In Sec. II we briefly introduce

the theoretical method used in our calculations. Main results
and discussions are presented in Sec. III. Finally, a summary is
given in Sec. IV. Atomic units are used throughout the paper
unless otherwise stated.

II. NUMERICAL METHODS

Since the dissociation of H2
+ is mainly governed by the

two lowest electronic states, we therefore numerically solve
the two-channel time-dependent Schrödinger equation [32,35]

i
∂

∂t

(
χg(Rx, Ry, t )
χu(Rx, Ry, t )

)
=

(
P2

x +P2
y

2M + Vg(Rx, Ry) D(Rx, Ry)F (t )

D(Rx, Ry)F (t )
P2

x +P2
y

2M + Vu(Rx, Ry)

)(
χg(Rx, Ry, t )
χu(Rx, Ry, t )

)
, (1)

where χg(Rx, Ry, t ) and χu(Rx, Ry, t ) are the nuclear wave
packets associated with the electronic states 1sσg and 2pσu,
respectively. Considering that along the laser propagation di-
rection there are no important physical dynamics except for
some trivial nuclear wave packet expansion, we concentrate
on the nuclear movements in the laser polarization plane. M =
918 a.u. is the reduced nuclear mass, Px and Py are the nu-
clear momentum operators, and Vg(Rx, Ry), Vu(Rx, Ry) are the
potential surfaces for the 1sσg and 2pσu states, respectively.
D(Rx, Ry) is the transition dipole moment representing the
coupling action between the two electronic states. F (t ) is the
laser electric field to be used. In our simulations, the ground
nuclear state of H2 is used as the initial state χg(Rx, Ry, t = 0)
according to the Franck-Condon approximation, and we set
χu(Rx, Ry, t = 0) = 0. Physically, such an initial state may be
produced by ionizing H2 with a circularly polarized attosec-
ond pulse [36,37]. Numerically, such an initial state can be
obtained by searching for the ground nuclear rovibrational
state of H2 using the imaginary-time propagation method [38].
After freely propagating the initial nuclear wave packet on the
1sσg potential surface for time t0, we introduce the laser field

F(t ) = F1(t − t0) + F2(t − t0 − �t ) (2)

with

F1(t ) = E1[cos(ω1t + α1)x̂ + sin(ω1t + α1)ŷ]

× sin2(πt/L1), t0 < t < t0 + L1 (3)

and

F2(t ) = E2[cos(ω2t + α2)x̂ − sin(ω2t + α2)ŷ]

× sin2(πt/L2), t0 + �t < t < t0 + �t + L2 (4)

to dissociate H2
+. F1(t ) and F2(t ) are left- and right-circularly

polarized, respectively. E1 and E2, ω1 and ω2, α1 and α2,
L1 and L2 are the field amplitude, angular frequency, carrier-
envelope phase (CEP), and pulse duration of the two pulses,
respectively. We set t0 = 5 fs and α1 = α2 = 0 throughout
the simulations. �t is the time delay of the two pulses. The
split-operator algorithm is used to propagate the wave packet
in the laser field [39]. The spatial steps in simulations are
dRx = dRy = 0.02 a.u., and the time step is dt = 0.2 a.u..
The simulation box is big enough (−100 a.u. � Rx/y � 100
a.u.) to avoid the nuclear wave packet hitting the boundary.

The convergence of the simulations has been verified. After
the laser field is over, we keep propagating the nuclear wave
packet until the dissociative parts have separated from the
bound vibration states. By Fourier transforming the dissocia-
tive wave packets χg/u(Rx, Ry) (in the area R > 10 a.u.) of
1sσg and 2pσu states, we obtain the nuclear wave packets in
momentum representation

χ̃g/u(Px, Py) =
∫∫

dRxdRyχg/u(Rx, Ry)

× exp[−i(PxRx + PyRy)]. (5)

The nuclear momentum distribution is thus expressed as [40]

W (Px, Py ) = |χ̃g(Px, Py)|2 + |χ̃u(Px, Py)|2. (6)

The angle-resolved KER distribution can be obtained by toss-
ing the probability at (Px, Py ) into the bin at (φ, K ), where
φ = arctan(Py/Px ) is the nuclear emission angle and K =
(P2

x + P2
y )/2M is the KER.

III. RESULTS AND DISCUSSIONS

First, we consider the dissociation of H2
+ in a single

infrared (IR) laser pulse. In calculations, we set F2 = 0 in
Eq. (2). Figures 1(a), 1(b) show the nuclear momentum
distributions and Figs. 1(c), 1(d) show the corresponding
angle-resolved KER distributions. All the figures in this paper
are logarithmic with the base of 10. 800 nm and 1600 nm
laser pulses are used in the left and right columns, respec-
tively. In both columns, the laser pulse has the peak intensity
1014 W/cm2 (corresponding to E1 = 0.0377 a.u.) and pulse
duration four optical cycles. Archimedes spiral structures ap-
pear in the momentum distributions. We parenthetically point
out that similar interference structures have been numerically
predicted and experimentally observed in photoelectron mo-
mentum distributions [41–45].

The spiral nuclear momentum distribution can be well un-
derstood in the angle-resolved KER representation. Once H2

+

absorbs mj photons from the laser pulse, the molecular wave
packet of this pathway carries the angular momentum mj h̄.
For two coexistent dissociation pathways both from either
1sσg or 2pσu state, the superimposed wave packet can be
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FIG. 1. (a), (b) The dissociative nuclear momentum distribu-
tions. (c), (d) The angle-resolved KER distributions corresponding to
(a) and (b), respectively. Laser pulses with the wavelengths 800 nm
and 1600 nm are used in (a), (c) and (b), (d), respectively. The laser
intensity and duration of both pulses are 1014 W/cm2 and four optical
cycles.

expressed as

χ̃g/u(φ, K ) =
∑
j=1,2

Aj (K )ei[mj (φ+α j )+η j (K )], (7)

where Aj (K ) is the amplitude for the jth pathway and η j (K )
is a KER-dependent phase term. The interference structure
contributed by these two dissociation pathways could thus
arise in the angle-resolved KER distribution according to

|χ̃g/u(φ, K )|2 = A2
1(K ) + A2

2(K ) + 2A1(K )A2(K )

× cos{�m[φ + (m2α2 − m1α1)/�m]

+�η(K )} (8)

with �m = m2 − m1 and �η(K ) = η2(K ) − η1(K ). The
cross term in Eq. (8) produces the interference pattern oscil-
lating as φ with the period 2π/�m. The constant phase term
(m2α2 − m1α1)/�m indicates that, variation of the CEP of the
two laser pulses will induce the rotation of spiral momentum
distribution and horizontal translation of angle-resolved KER
distribution [42,43]. This constant phase term equals α1 in the
single-color field case in Fig. 1.

As reported in Ref. [34], the spiral nuclear momentum
distribution shown in Fig. 1(a) is due to the interference of
one- and three-photon dissociation pathways carrying the an-
gular momentum h̄ and 3h̄, respectively. Consequently, for a
given KER the dissociation probability oscillates as φ with the
period π for the range KER ∈ [1.2 eV 3 eV] in Fig. 1(c). The
dissociative fragments with the KER below 1.2 eV in Fig. 1(c)
is purely contributed by the one-photon dissociation pathway.

The momentum distribution shown in Fig. 1(b) for the
1600 nm case also presents the Archimedes spiral structure.
More complex structures can be found in the angle-resolved

KER in Fig. 1(d). We have confirmed that almost all dissocia-
tive fragments still dissociate along the 2pσu state, and thus
the dissociation could be one-, three-, and five-photon path-
ways. In Fig. 1(d), the angle-dependent KER distribution can
be roughly divided into two parts below and above the energy
1.1 eV, respectively. For the part above the energy 1.1 eV, the
interference pattern guided by the black dashed lines varies
as φ with the period π/2, indicating four-photon difference
of the two interference pathways according to Eq. (8). One
may conclude that this part is induced by the interference
of one- and five-photon dissociation pathways. The stripes
below 1.1 eV guided by the white solid lines and white dashed
lines vary as φ with the period π , indicating that they are
produced by the interference of pathways differing by two
photons. Two possible interference paths contribute to them,
i.e., the interference of three- and five-photon pathways or the
interference of three- and one-photon pathways.

The interference structures along the KER direction in
Figs. 1(c) and 1(d) are induced by the phase difference �η(K ).
�η(K ) contains the time information about the molecule re-
laxing to a certain internuclear distance. By extracting the
phase term �η(K ) from the interference stripes in Figs. 1(c)
and 1(d), one can evaluate the time difference between one-
and three-photon or five-photon pathways.

Above we have shown the spiral interference patterns
created by the superposition of nuclear wave packets from dif-
ferent dissociation pathways initiated by the same one pulse.
In the sections that follow, by using two-color laser pulses we
investigate the interference of nuclear wave packets released
by two pulses sequentially. First we use two counterrotat-
ing circularly polarized extreme ultraviolet (XUV) pulses to
dissociate H2

+. The left and right columns of Fig. 2 show
the nuclear momentum and corresponding angle-dependent
KER distributions, respectively. In Figs. 2(a) and 2(b), the
used laser parameters are E1 = E2 = 0.0377 a.u. (i.e., peak
intensity I1 = I2 = 1014 W/cm2), ω1 = ω2 = 0.4 a.u. (i.e.,
wavelength λ1 = λ2 = 114 nm), L1 = L2 = 1.52 fs (four op-
tical cycles) and �t = 2.28 fs (six optical cycles). The used
photon energy ω1 = ω2 = 0.4 a.u. is close to the resonance-
transition energy gap (0.43 a.u.) between the potential curves
of 1sσg and 2pσu states at the equilibrium internuclear dis-
tance of the 1sσg state (R = 2 a.u.). One-photon pathway
dominates the dissociation process and the KER is centered
at around 7.0 eV. The two counterrotating pulses excite two
dissociative nuclear wave packets carrying angular momenta
h̄ and −h̄ respectively, whose interference results in two spi-
ral arms in the nuclear momentum vortex in Fig. 2(a). As
expected, the corresponding angle-resolved KER shown in
Fig. 2(b) presents the interference stripes varying as φ with
the period π .

In Figs. 2(c) and 2(d), the used laser parameters are
E1 = E2 = 0.0377 a.u. (I1 = I2 = 1014 W/cm2), ω1 = ω2 =
0.13 a.u. (λ1 = λ2 = 342 nm), L1 = L2 = 4.56 fs (four op-
tical cycles) and �t = 6.84 fs (six optical cycles). Three
distinct interference signals are observed. In the range KER
∈ [1 eV, 3 eV] in Fig. 2(d), the fragments dissociate along
the 2pσu state and the interference stripes show the π -
periodical variation as φ. Similar to Fig. 2(b), this interference
is contributed by two dissociating wave packets absorbing
one photon with the left and right helicity, respectively. By
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FIG. 2. (a), (c), (e) The nuclear momentum distributions and (b),
(d), (f) the corresponding angle-resolved KER distributions. In each
row, two counterrotating pulses are used for dissociation. (a), (b) The
wavelength, intensity and duration of the both pulses are 114 nm,
1014 W/cm2 and 1.52 fs. (c), (d) The wavelength, intensity and
duration of the both pulses are 342 nm, 1014 W/cm2 and 4.56 fs. (e),
(f) The wavelengths, intensities and durations of the first and second
pulses are 114 nm and 342 nm, 1011 W/cm2 and 1014 W/cm2, 1.52
fs and 4.56 fs, respectively.

tracing the time-dependent molecular wave packets we know
the fragments with KER ∈ [4 eV, 6 eV] dissociate along
the 1sσg state, indicating that the net-two-photon pathway
dominates the dissociation process in this energy range. Con-
sequently, the KER varies as φ with the period π/2. The
fragments with energy higher than 7 eV are contributed by the
three-photon dissociation. Therefore, the interference of two
wave packets carrying angular momenta 3h̄ and −3h̄ gives
rise to the angle-resolved KER with the period π/3 in the φ

direction.
In Figs. 2(e) and 2(f), we use the laser parameters E1 =

0.0012 a.u. and E2 = 0.0377 a.u. (I1 = 1011 W/cm2 and I2 =
1014 W/cm2), ω1 = 0.4 a.u. and ω2 = 0.13 a.u. (λ1 = 114 nm
and λ2 = 342 nm), L1 = 1.52 fs and L2 = 4.56 fs (four optical
cycles) and �t = 6.84 fs (six optical cycles for 342 nm). Note
that the three-photon pathway of 342 nm and the one-photon
pathway of 114 nm give almost the same KER. In the range
KER ∈ [7 eV, 9 eV] in Fig. 2(f) clear interference patterns
induced by these two pathways are observed. Since the two
pulses have opposite helicity, the interference with the period

FIG. 3. (a) The dissociative nuclear momentum distribution and
(b) the angle-resolved KER distribution initiated by two counterrotat-
ing 800 nm laser pulses. Both pulses have the intensity 1014 W/cm2

and the duration 10.67 fs. The time delay between two pulses is
16 fs.

π/2 is present. To achieve clear interference fringes, the inten-
sity of 114 nm is three orders of magnitude weaker than that
of the 342 nm pulse. The key to observing clear interference
vortex of two dissociation pathways is that they have overlap
in KER and comparable probabilities. The signal presenting
as a horizontal band in the range KER <4 eV comes from the
one-photon channel of 342 nm.

In Fig. 3 we examine the interference structure when
two time-delayed counterrotating IR pulses are used to
dissociate H2

+. Figures 3(a) and 3(b) show the correspond-
ing nuclear momentum and KER distributions. The applied
laser parameters are E1 = E2 = 0.0377 a.u. (I1 = I2 = 1014

W/cm2), ω1 = ω2 = 0.057 a.u. (λ1 = λ2 = 800 nm), L1 =
L2 = 10.67 fs (four optical cycles), and �t = 16 fs (six op-
tical cycles). The dissociation along the 2pσu state contributes
to almost all the signals here. One may expect that the interfer-
ence of one- and three-photon pathways initiated by the same
one pulse, and the interference of two pathways initiated by
two pulses sequentially, may arise together, which is indeed
the case as shown in Fig. 3(b). Overall, one can see two sets
of interference fringes, i.e., one with positive slope and the
other with negative slope. According to the discussions about
Fig. 1(c), one is informed that the stripes with negative slope
(as guided by the black dashed lines) are contributed by the
interference of one- and three-photon dissociation pathways
initiated by the same one pulse. The stripes with positive
slopes, which can be divided into two parts, are due to the
interference of two wave packets initiated by two pulses se-
quentially. For the part with energy below 1 eV, the stripes
with positive slope and large probability are contributed by
the interference of two nuclear wave packets carrying angular
momentum h̄ and −h̄ by absorbing one photon with left and
right helicity from two pulses, respectively. For the part with
energy above 1.5 eV the stripes with positive slope show the
period π/3 as φ, indicating that this interference is induced
by two three-photon pathways by absorbing three photons
from two pulses, respectively. The superposition of two sets
of interference fringes with positive and negative slopes gives
rise to the gridlike pattern in the range KER ∈ [1.5 eV, 3 eV].

In above discussions, the nuclear wave packets along the
2pσu state dominate the dissociation, and the fragments from
the 1sσg state have low probabilities. However, by construct-
ing the two-color laser field with proper pulse parameters,
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FIG. 4. (a), (b) The dissociative nuclear momentum distributions
and (c), (d) the corresponding angle-resolved KER distributions. (a),
(c) Counterrotating 800 nm and 400 nm laser fields are used. Both
the pulses have the intensity 1012 W/cm2 and duration 27.67 fs. The
time delay of them is 0. (b), (d) Counterrotating 800 nm and 266 nm
laser fields are used, and other laser parameters are the same as those
in (a), (c).

the dissociation along the 1sσg state such as zero-photon
and net-two-photon pathways may have non-negligible con-
tributions. Here we dissociate H2

+ with the 800 nm laser
pulse plus its harmonics. The nuclear momentum distributions
are shown in Figs. 4(a), 4(b) and the angle-resolved KERs
are shown in Figs. 4(c), 4(d). In the left column, the used
laser parameters are E1 = E2 = 0.0038 a.u. (I1 = I2 = 1012

W/cm2), ω1 = 0.057 a.u. and ω2 = 0.114 a.u. (λ1 = 800 nm
and λ2 = 400 nm), L1 = L2 = 26.67 fs (ten optical cycles
of 800 nm), and �t = 0. In the right column, the 400 nm
pulse is replaced by a 266 nm pulse and other parameters
are kept unchanged. Two counterrotating pulses are applied
here. The three parts showing horizontal bands around KER
≈0.9 eV, 2 eV, and 3 eV in Figs. 4(c) and 4(d) are solely
contributed by the one-photon pathway of 800 nm, 400 nm,
and 266 nm pulse, respectively. Next we focus on the parts
with interference structures.

With the two-state numerical model we are able to identify
that the stripes with the energy less than 0.8 eV in Fig. 4(c)
are all from the 1sσg state. This part varies as φ with the
period π , indicating that the interference is contributed by two
pathways differing by two photons. Considering the relatively
weak laser used in this calculation, we thus conclude that the
interference is induced by the following two pathways. One
is the direct pathway, also known as the zero-photon process
in which some high-energy wave packet of the initial state
can directly dissociate along the 1sσg state without absorbing
any photon, and the angular momentum of this part is 0.
The other pathway is the net-zero pathway [46], for which
H2

+ first absorbs a left-circularly polarized 400 nm photon
and emits a right-circularly polarized 800 nm photon later,

FIG. 5. The angle-resolved KER distributions when (a) counter-
rotating and (b) corotating two-color pulses are used. In (a) and (b),
λ1 = 800 nm and λ2 = 114 nm, I1 = 2 × 1014 W/cm2 and I2 = 1010

W/cm2, L1 = 10.67 fs and L2 = 1.52 fs. The time delay between the
two pulses is 16 fs.

ending with dissociation also along the 1sσg state with very
low KER. The nuclear wave packet dissociating through such
a net-zero-photon pathway carries the angular momentum 2h̄
since the 800 nm and 400 nm photons have opposite helicity.
In Fig. 4(d) similar interference structure can be seen in the
range KER ∈ [1 eV, 2 eV], and the physical mechanism behind
it is the same as that described in Fig. 4(c). By the way,
we point out that the angular momentum of the dissociative
wave packet given by the net-zero-photon pathway is 0 if two
corotating pulses are used. In that case one would expect that
no φ-dependent interference structures appear. Our numerical
tests have proved that it is indeed the case.

Though one-, net-two-, and three-photon dissociation
pathways have been studied extensively, the high-order above-
threshold dissociations (HATD), i.e., pathways involving four
or more photons have been discussed in only a few studies
[14,47,48]. It was not until 2018 that the work [14] reported
the unambiguous experimental observation of the HATD path-
way of H2 in strong laser fields. In this section, we pursue a
theoretical route to observe the HATD pathway by taking ad-
vantage of the interference of different dissociation pathways
discussed above. In most of the current research the HATD
process of H2 is mediated by the electron-electron correlation.
Here we identify the direct HATD pathway in a simpler sys-
tem, i.e., H2

+, where the electron-electron correlation is not
present.

The results are shown in Fig. 5. Here H2
+ is dissociated

by the XUV + IR two-color field. The laser parameters
are E1 = 0.0534 a.u. and E2 = 0.0004 a.u. (I1 = 2 × 1014

W/cm2 and I2 = 1010 W/cm2), ω1 = 0.057 a.u. and ω2 =
0.400 a.u. (λ1 = 800 nm and λ2 = 114 nm), L1 = 10.67 fs
and L2 = 1.52 fs (four optical cycles) and �t = 16 fs (six
optical cycles of 800 nm). In Fig. 5(a), the 800 nm pulse and
114 nm pulse are left- and right-circularly polarized, respec-
tively. In Fig. 5(b), both pulses are left-circularly polarized.
The 114 nm pulse can only initiate the one-photon pathway
because its photon energy is so large that other high-order
dissociation processes can be ignored. The 800 nm pulse can
possibly bring about the high-order, such as five- or seven-
photon dissociation pathways. Our simulation results show
that ignoring the ionization process here in our numerical
model is reasonable. Once H2

+ directly absorbs multiple

033107-5



ZHEN CHEN AND FENG HE PHYSICAL REVIEW A 102, 033107 (2020)

800 nm photons or a single 114 nm photon, the wave packets
propagate along the 2pσu state and interference may occur if
the two pathways end with the overlapped KER. According
to the analysis above, one can identify how many 800 nm
photons are absorbed by counting the interference stripes in
the angle-resolved KER distribution. The peak intensity of
the 114 nm is smaller than that of 800 nm here to make the
probabilities of these two pathways comparable to form clear
interference fringes. The expected interference does appear
in Fig. 5. Both of the 114 nm pulse and 800 nm pulse ex-
cite the nuclear wave packets with broad KER distributions,
and they interfere in the range KER ∈ [4 eV, 8 eV]. The
interference fringes in Figs. 5(a) and 5(b) can be separated
into two parts, which are brought about by two different
interference mechanisms. For the higher-energy region KER
∈ [6 eV, 8 eV] in Fig. 5(a), the interference stripes vary as
φ with the period π/4. It is generated by the interference of
one 114 nm photon pathway carrying the angular momentum
−h̄ and seven 800 nm photon pathway carrying the angular
momentum 7h̄. While for the lower-energy region KER ∈
[4 eV, 6 eV] six interference stripes are present, which in-
dicates the interference of one 114 nm photon pathway and
five 800 nm photon pathway. Similarly, in Fig. 5(b) when two
pulses are corotating, the interference of one 114 nm photon
channel with the angular momentum h̄ and seven 800 nm
photon channel with the angular momentum 7h̄ brings six
stripes and π/3 interference period in the range KER ∈ [6 eV,
8 eV] when φ changes from 0 to 2π . While for the range
KER ∈ [4 eV, 6 eV], the interference fringes have four stripes,
which are given by the interference of one 114 nm photon
channel with the angular momentum h̄ and five 800 nm photon
channel with the angular momentum 5h̄. The inhomogeneity
of the interference structures in the range KER ∈ [4 eV, 6 eV]
is possibly due to some minor contamination, such as the
interference of five- and seven-photon pathways both from the
800 nm pulse. In short, by investigating the interference struc-
ture in the angle-resolved KER distribution, we identify the
direct five-photon and seven-photon dissociation pathways. In
experiments the direct observation of five- or seven-photon
pathway is difficult. It is because the five- or seven-photon
absorption occurs near the equilibrium internuclear distance,
where the initial nuclear wave packet has a broad kinetic
energy distribution. Besides that, the nonresonant excitation
may also shift the energy peaks. All these factors make it
difficult to identify the HATD pathways merely by analyzing

the KER distribution. Our method of looking into the angular
momentum has the advantage over the conventional method.

The observed interference structures in nuclear wave pack-
ets given by our two-state model are reliable. Including more
electronic states in the numerical model does not bring no-
ticeable changes for the interference structures [12,32,49].
By changing the laser peak intensity for a wide range, it is
verified that the presented interference structures are robust to
the field intensity, and can survive the focal volume averaging
effect [50]. With the CEP-stable few-cycle pulses they may be
observed in future experiments.

IV. SUMMARY

In conclusion, the angle-resolved dissociation of H2
+ in

circularly polarized laser fields is studied by solving the time-
dependent Schrödinger equation. Archimedes spiral nuclear
momentum distributions and interference stripes with differ-
ent slopes in angle-resolved KER distributions are observed
when one or two circularly polarized laser pulses are in-
troduced. With the help of angular momentum analysis, we
clarify that the observed structures are contributed by the in-
terference of two dissociation pathways with the same parity.
This interference is fundamentally different from the one well
accepted in the explanation of electron localization, where
the interference of two pathways with opposite parity is nec-
essary. By counting the interference stripes the dissociation
pathways can be identified, though different pathways may
have overlapped KER and are thus not possible to be resolved
by only the KER distribution. Some optical strategies can
be designed to extract the temporal information of molecular
dissociation and time the ultrafast molecular dynamics with
the assistance of nuclear angular momentum.
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