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The temporal evolution of the dissociative nuclear wave packet (NWP) is intuitive for studying and under-
standing the dissociation mechanisms of molecules driven by laser fields. Yet, the time-domain information
is encoded in the phase term of the wave function and is vanishing when the wave packet is being detected.
Here, we demonstrate that the dynamic information for the dissociative NWP in the repulsive state of H2

+ can
be reconstructed using the wave-packet interference approach. In this approach, a reference pulse following the
driving pulse is applied and creates a secondary dissociative NWP for coherent interference with the target NWP.
By analyzing the modulation of the observed kinetic energy release distribution, we obtain the time-dependent
yield of the target NWP and find a delay of its peak with respect to the field maximum. The delay is reduced when
shorter or weaker driving pulses are applied. We attribute the delay to the competition between the three-photon
and net-two-photon dissociation channels of H2

+.
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I. INTRODUCTION

Laser-induced molecular dissociation has attracted much
attention in the past decades, as it provides a controllable
way for studying and manipulating chemical reactions [1–3].
In particular, the understanding of the dynamics of small
molecules driven by intense laser fields has advanced enor-
mously [4]. The dissociation of H2

+ has been mostly
described within the two-state model, i.e., the attractive
ground state 1sσg and the first repulsive 2pσu state. The typical
dissociation pathways of H2

+ in strong fields are sketched
in Fig. 1. When exposed to a laser field, the nuclear wave
packet (NWP) on the 1sσg potential curve starts vibrating. On
one hand, when the NWP extends to the critical internuclear
distance R1 for three-photon coupling, the 2pσu state could be
populated via three-photon absorption. The dissociative NWP
on the repulsive state then moves towards a larger internuclear
distance. In this case, the molecule would end up with dis-
sociation in the 2pσu state directly (three-photon channel) or
in the 1sσg state after emitting one photon at the internuclear
distance R2 of one-photon coupling (net-two-photon channel).
On the other hand, when the vibrating NWP on the 1sσg

potential curve further extends to R2, the 2pσu state could
be populated via one-photon absorption, eventually leading to
the dissociation of the molecule in the 2pσu state (one-photon
channel).

Generally, the dissociation channels of H2
+ can be identi-

fied in the kinetic energy release (KER) spectra due to their
distinguishable KER [5]. Yet, the KER spectra do not natu-
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rally provide the information for resolving the time evolution
of the dissociation reactions. In order to resolve the nu-
clear dynamics in molecular dissociation, Coulomb explosion
imaging based on the pump-probe scheme was proposed [6,7].
By varying the time delay between the pump and probe pulses
and measuring the delay-dependent KER of the Coulomb
explosion fragments, the motion of the NWP was detected [7].
In this widely used approach, the delayed probe pulse is
usually applied for measuring the dissociation process af-
ter the molecule interacts with the pump pulse [8,9]. This
method demands that the pump pulse and probe pulse are well
separated [8]. Therefore, it is not suitable for detecting the
motion of the wave packet when the laser field is not finished.
While resolving the time evolution of the ultrafast dynamics of
dissociation has become more important and interesting [10],
detecting when and how the dissociative NWP changes its
pathway within the driving pulse is desired. This process
occurs before the driving pulse is finished. Thus, it is difficult
to detect by the traditional pump-probe scheme.

In this paper, we demonstrate that the dynamic information
for the dissociative NWP in the repulsive state of H2

+ during
the interaction can be reconstructed by using wave-packet
interference. The concept of wave-packet interference has
been applied for detecting and controlling the electronic and
nuclear dynamics driven by laser fields [11–16]. In our study,
the dissociative NWP as the target one is generated by the
driving pulse. Then, a reference pulse following the driving
pulse is applied and creates a secondary dissociative NWP for
coherent interference with the target one, eventually resulting
in the interference pattern in the KER spectrum. Via analyzing
the modulation of the KER distribution, the release time of the
dissociative NWP for the three-photon dissociation channel is
extracted. Based on the scheme of wave-packet interference,
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FIG. 1. Illustration of different dissociation channels of H2
+

driven by laser fields. R1 and R2 indicate the internuclear distances
where the three-photon coupling and the one-photon coupling oc-
curs, respectively.

we find a delay of a few femtoseconds between the release of
the dissociative NWP and the peak of the driving pulse enve-
lope. We further show that such a delay is reduced when the
driving pulse becomes weaker or shorter. Our analysis shows
that the delay is associated with the competition between the
three-photon and net-two-photon dissociation channels.

II. NUMERICAL METHOD

The photodissociation process of H2
+ is mainly governed

by the 1sσg and 2pσu electronic states, which are energetically
well separated from other higher states. Therefore, as long
as the applied laser field is not too high (�1014 W/cm2),
the calculation based on the two-level model for H2

+
yields reasonable results [17]. Here, we solve numerically
the two-dimensional, two-level, time-dependent Schrödinger
equation (TDSE) [18] for H2

+, which is written as (in the
length gauge)

i
∂

∂t

(
ψg(Rx, Ry, t )
ψu(Rx, Ry, t )

)

=
(

P̂2
x +P̂2

y

2M + Vg(Rx, Ry) D(Rx, Ry) · E(t )

D(Rx, Ry) · E(t )
P̂2

x +P̂2
y

2M + Vu(Rx, Ry)

)

×
(

ψg(Rx, Ry, t )
ψu(Rx, Ry, t )

)
, (1)

where Vg(Rx, Ry) and Vu(Rx, Ry) are the potential surfaces
of the 1sσg and 2pσu states, respectively. D(Rx, Ry) is the
transition dipole moment between two states. E(t ) indicates
the external electric field. In the present study, the dissociation
is driven by the circularly polarized (CP) laser field, which is
given by

E1(t ) = E1 sin2
(πt

L1

)
[cos(ω1t )x̂ − sin(ω1t )ŷ], (2)

for 0 � t � L1, with ω, E , and L1 being the frequency, the
electric field amplitude, and the full duration of the laser pulse.
For the approach of wave-packet interference, the delayed

counter-rotating CP laser pulse as the reference one is given
by

E2(t ) = E2 sin2

[
π (t − t ′)

L2

]
×{cos[ω2(t − t ′)]x̂ + sin[ω2(t − t ′)]ŷ}, (3)

for 0 � t − t ′ � L2. Note that t ′ should be no less than the
full duration of the driving pulse so that the reference pulse is
well separated from the driving one. In this paper, t ′ is set
to be 35 fs, except for the calculation in Fig. 9. In Fig. 9,
we discuss the effect of delay on the reconstruction results
and the delays are set to be 35 and 20 fs, respectively. In
the present demonstration, the same wavelength of 400 nm
is adopted for both pulses, i.e., ω2 = ω1. In addition, the full
duration of the reference pulse is fixed at four optical cycles.
We vary the intensity and the duration of the driving pulse in
our calculations, while we always keep E2 = E1.

In our simulations, the wave function is propagated in
an 168 a.u. × 168 a.u. box with 2048 grids in each dimen-
sion. The time step is δt = 0.2 a.u. After the laser field is
over, we keep propagating the wave function until the dis-
sociative NWPs reach the region where R > 20 a.u., while
the simulation box is large enough to avoid the reflection
of the NWP at the boundary during the propagation. Fi-
nally, by filtering out the well-separated bound NWP, one
can obtain the two-dimensional momentum distributions for
the dissociative NWPs on the 1sσg and 2pσu potential sur-
faces, respectively, by applying the Fourier transformation.
The angle-resolved KER distributions can be obtained as well
from two-dimensional nuclear momentum distributions via a
coordinate transformation.

III. SCHEME AND RESULTS

For the dissociation of H2
+ driven by the circularly polar-

ized laser pulse, the target dissociative NWP can be written
as [17]

ψtarget = A(K, φ)ei[mφ−K (t−t0 )], (4)

where A(K, φ) is the amplitude depending on the kinetic en-
ergy K and the angle φ. m is the angular momentum of the
NWP; m will be increased (decreased) by one by absorbing
one photon from the right (left) CP field. t0 indicates the time
when the target NWP is generated. The distribution of the
KER is given by |A(K, φ)|2. Here, by measuring the KER
spectra in a single driving pulse, one can obtain the informa-
tion regarding the amplitude term of the wave function, but the
information regarding the phase term is vanishing. In order to
decode the information in the phase term, a short, counter-
rotating CP pulse is applied at a delayed time to generate a
reference NWP, which is written as

ψref = A′(K, φ)ei[m′φ−K (t−t ′
0 )]. (5)

Then, the coherent superposition of the target and reference
NWPs yields the KER distribution given by

P(K, φ) = |ψtarget + ψref |2

= |A|2 + |A′|2 + 2AA′ cos(	mφ − K	t ), (6)

with 	m = m′ − m and 	t = t ′
0 − t0. From Eq. (6), we can

see that the phase information has been encoded in the in-
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FIG. 2. The physical meaning of P′(	t ) given by Eq. (8) is
illustrated. tref is at the center of the reference NWP. P′(	t ) is the
reconstructed yield of the target NWP at the time tref − 	t .

terference term, which will lead to the modulation of the
KER distribution. In a previous study, it was shown that one
can extract 	m from the modulation of P(φ) and determine
how many photons have been absorbed at a given kinetic
energy [17]. In the present study, we will demonstrate that
one can also extract the information regarding 	t from the
KER distribution at a given angle. Here, we choose φ = 0 and
define

P0(K ) = P(K ) − |A(K )|2 − |A′(K )|2
2A′(K )

= A(K ) cos(−K	t ).

(7)
Then, by applying the Fourier transform to P0(K ), we can
obtain the distribution as a function of 	t as [14].

P′(	t ) =
∣∣∣∣
∫

P0(K ) exp(iK	t )dK

∣∣∣∣
2

. (8)

The physical meaning of P′(	t ) is illustrated in Fig. 2. If
the reference pulse is short enough that the secondary dis-
sociative wave packet (DWP) is distributed narrowly in time
and approximately peaks at tref corresponding to the maxi-
mum of the reference pulse envelope, then P′(	t ) in Eq. (8)
can be understood as the relative yield of the target NWP
generated at t = tref − 	t . In experiment, P(K ), |A(K )|2, and
|A′(K )|2 can be measured by the commonly used detec-
tion apparatus [velocity map imaging (VMI) or cold-target
recoil-ion-momentum spectroscopy (COLTRIMS)] [19–22].
Therefore, the time-dependent relative yield of the tar-
get NWP during the interaction can be reconstructed
from the observables using the wave-packet interference
approach.

To demonstrate our scheme, we solve numerically the
TDSE given by Eq. (1) and obtain the KER distributions. The
electric field of the right CP driving pulse [given by Eq. (3)] is
depicted in Fig. 5(a). The corresponding angle-resolved KER
distribution is shown in Fig. 5(b), where the right panel shows
the KER distribution at φ = 0. The KER spectrum within
the given energy range (from 5.5 to 7.5 eV) peaks at around
6.7 eV, corresponding to the NWP dissociating through the
three-photon channel. This NWP is our target wave packet
and our goal is to decode when it is generated during the
interaction. To this end, a short CP pulse [given by Eq. (3)]
is applied following the driving pulse. The electric field for

FIG. 3. (a) The electric field of the driving pulse. The wave-
length, intensity, and pulse duration of the driving pulse are 400 nm,
1014 W/cm2, and 33.36 fs, respectively. (b) The angle-resolved KER
distribution corresponding to (a). The KER distribution at φ = 0 is
show in the right panel. (c) The electric fields of the driving pulse and
the reference pulse. The wavelength, intensity, and duration of the
reference pulse are 400 nm, 1014 W/cm2, and 5.34 fs, respectively.
(d) The angle-resolved KER distribution corresponding to (c). The
KER distribution at φ = 0 is shown in the right panel.

two sequential pulses is shown in Fig. 3(c) and the resulting
KER distribution is shown in Fig. 3(d). We show on the right
panel of Fig. 3(d) the KER distribution at φ = 0 as well.
In experiment, the driving laser pulse can be generated by
the frequency doubling crystal and the reference laser pulse
can be generated by the method in Ref. [23]. The H2

+ on
the ground vibrational state can be created by resonance-
enhanced multiphoton ionization [24].

In Fig. 3(d), we can see from the KER distribution the tilted
interference pattern, which is associated with the interference
term of Eq. (6). By selecting the KER distribution at φ = 0
and applying Eqs. (7) and (8), we obtain the relative yield
of the target NWP as a function of 	t , i.e., P′(	t ). The
distribution, together with the pulse envelopes, is shown in
Fig. 4, where tdri, tref , and ttar indicate the times when the
driving pulse envelope, the reference pulse envelope, and the
distribution P′(	t ) reach their maxima, respectively. We find
that there is a delay between tdri and ttar. For the given pulse
parameters, the delay is about 4.5 fs. The result indicates that
for the NWP eventually dissociating through the three-photon
channel, its maximal yield is generated after the peak of the
driving pulse.

We further apply the wave-packet interference scheme for
the dissociation driven by the pulses of different parameters,
focusing on the dissociative NWP of the three-photon chan-
nel. The time-dependent yields of the NWPs with respect to
tdri are shown in Fig. 5(a) for three pulse intensities and in
Fig. 5(b) for three pulse durations, respectively. The vertical
dashed line indicates the time corresponding to the maxima of
the driving pulse envelopes. It is shown that the delay of the
maximal yield with respect to tdri is reduced for weaker pulse
intensities and for shorter pulse durations.
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FIG. 4. The reconstructed yield distribution of the target NWP.
The envelopes of the pulses are shown for comparison. tdri, tref , and
ttar indicate the times when the driving pulse envelope, the reference
pulse envelope, and the distribution reach their maxima, respectively.
The laser parameters are the same as those in Fig. 3(c).

IV. DISCUSSION

The delayed generation of the NWP for the three-photon
dissociation channel seems counterintuitive, as the maximum
of the resonant population transfer from the ground state to
the first excited state most likely takes place at the peak of
the pulse intensity. In the following, before discussing the
underlying mechanism leading to the delay, we verify the

FIG. 5. The reconstructed yield distributions of the target NWPs
as a function of t − tdri for the driving pulses of different pulse
intensities (a) and different pulse durations (b).

FIG. 6. The temporal evolution of the R-dimensional probability
distributions in the 2pσu curve for pulses of (a) 25 optical cycles
and (c) 10 optical cycles. The intensity and wavelength of laser
pulse are 1 × 1014 W/cm2 and 400 nm, respectively. The dashed line
indicates R = 20 a.u. In (b) and (d), the envelope of driving pulse
(dashed dotted curve), P′(	t ) (thick solid curve), |ψu(t ; R = 20)|2
(solid curve), and |ψu(t ; R = 20)|2 shifted forward by 	tc (dashed
curve) corresponding to (a) and (c) are shown. 	tc is the classi-
cal propagation time for the nuclei moving from R = 2.3 a.u. to
R = 20 a.u.

wave-packet interference scheme by comparing P′(	t ) ob-
tained from the KER spectrum with the one extracted directly
from the time-dependent wave function [25]. To this end, we
calculate for the driving pulse alone the time evolution of the
probability density |ψu(t, R)|2, which is shown in Fig. 6(a).
Then, we select the time-dependent distribution of the proba-
bility density at R = 20 a.u., as cut by the horizontal dashed
line in the figure. The selected distribution |ψu(t ; R = 20)|2 is
shown in Fig. 6(b) by the thin solid curve. Note that the kinetic
energy of the dissociative NWP at R = 20 a.u. is already
stable. By taking the mean kinetic energy known from the
KER spectrum for the target NWP and the potential curve of
the 2pσu state, we calculate classically the time 	tc that the
nuclei take to dissociate from the three-photon coupling point
(R = 2.3 a.u.) to R = 20 a.u. The distribution |ψu(t ; R = 20)|2
shifted forward by 	tc (approximately 20.2 fs from the clas-
sical calculation) is then depicted in Fig. 6(b) with the dashed
curve. It is worth noting that the wave packet is not launched
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FIG. 7. The sketch of the dissociation process in (a) a long driv-
ing pulse and (b) a short driving pulse. Note that the shape of the
DWP in this figure does not represent the real shape. See text for the
details of the discussion.

at a certain “coupling point,” but in a “coupling region.” This
leads to the fact that the propagation time of the wave packet to
R = 20 a.u. is not a single value, but a distribution. Therefore,
we use a single time (20.2 fs) to calculate the time when the
wave packet is launched to the 2pσu state will introduce the
error. We can estimate the value of this error by the KER
distribution. From Fig. 3(b) we can obtain that the KER of
the wave packet is mainly distributed in the range of 6.5–7 eV.
This means that the initial internuclear distance distribution of
the wave packet is about 2.26–2.34 a.u., and the propagation
time ranges from 19.72 to 20.36 fs. We use a “shift time”
of 20.2 fs for the whole wave packet, which results in an
error of less than 0.5 fs. This error does not affect our main
conclusions.

By comparing with P′(	t ) (thick solid curve) recon-
structed from the KER spectrum based on the wave-packet
interference, we found fairly good agreement between the
peak locations and the widths of two distributions. In addition,
we repeat the procedure for the driving pulse of a different
duration and the results are shown in Figs. 6(c) and 6(d)
correspondingly. The reconstructed distribution and the cal-
culated one are in good agreement as well, which further
confirms the justification of the proposed wave-packet inter-
ference approach. Note that we have applied the assumption
that the wave packet is launched to the 2pσu curve at R = 2.32

FIG. 8. (a) The time-dependent normalized yield of DWP from
the net-two-photon channel with different laser intensities. The yield
of dissociative fragments from three-photon channel and net-two-
photon channel in different laser durations (b) and intensities (c). The
laser parameters are the same as those in Fig. 5. The yield has been
normalized so that the total yield is 1.

a.u. to calculate the propagation time. If the bandwidth of
the laser pulse is quite broad, the NWP will be launched
to the 2pσu state at a large range of internuclear distance,
which will increase the computational errors. For a laser pulse
of 10 optical cycles, the error of the propagation time is
not more than 1.3 fs. This error is acceptable for our main
conclusion.

Next, we discuss the reason for the delay between the peak
of the reconstructed distribution and the peak of the driving
pulse envelope. First, we assume that the population pumped
to the 2pσu state at the internuclear distance corresponding
to the three-photon coupling is a Gaussian distribution as a
function of time and peaks at the electric field maximum,
i.e., at tdri, as shown by the thick curve in the inner figure in
Fig. 7(a). Then, we further assume that the distribution is
the sum of two sub-NWPs that peak before and after tdri,
respectively. As the dashed one is pumped earlier, it reaches
the one-photon coupling point first when the external field
of the long pulse is still strong enough to dump it to the
ground state. In contrast, the sub-NWP indicated by the thin
solid curve passes the one-photon coupling point at a de-
lay time when the field is already weak, so it dissociates
directly through the three-photon channel. In this case, the
latter sub-NWP is the target being reconstructed, and thus
there is a delay of the reconstructed NWP with respect to the
field maximum. If the pulse is short enough or weak enough,
as illustrated in Fig. 7(b), both sub-NWPs would pass the
coupling point as the pulse would become weak by that time.
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(units of (units of

FIG. 9. Angle-resolved KER distributions with delay = 35 fs
and delay = 20 fs are shown in (a) and (b), respectively. The recon-
structed wave packet (blue solid curve) and the shift wave packet
(red dashed curve) with delay = 35 fs and delay = 20 fs are shown
in (c) and (d), respectively. The dotted black curve represents the
envelope of the laser field.

Then, the full NWP would be the target and the delay of the
reconstructed distribution should be close to zero. It explains
the results shown in Figs. 5(a) and 5(b), where the peak of the
reconstructed NWP distribution is closer to tdri when the pulse
intensity is lower or the pulse duration is shorter.

To verify our interpretation, we have calculated the time-
dependent yield of NWP from the net-two-photon channel
with different laser intensities and show it in Fig. 8(a). After
the maximum of the driving laser, the NWPs on the 2pσu

state begin to drop to the 1sσg state. In the stronger laser
field, the process where the wave packet drops to the 1sσg

state lasts for about 28 fs, but in the weaker laser field, the
process lasts for about 24 fs. This leads to a relatively higher
yield from the net-two-photon channel in the stronger laser
fields. This is consistent with our explanation in Fig. 7. We
also calculated the yields with different laser durations and
intensities and show them in Figs. 8(b) and 8(c). In the weaker
or shorter laser pulses, we can see that the yield from the net-
two-photon channel decreases as the duration becomes shorter
or the intensity decreases. This is due to the net-two-photon
channel closing earlier in the shorter or the weaker laser pulse
[see Fig. 7(b)]. The calculated result is consistent with our
interpretation above.

In order to verify the applicability of our method to differ-
ent delays, we perform the calculations with the same scheme
but adopting the delay of 20 fs, as shown in Fig. 9. The
angle-resolved KER distributions with delays of 35 and 20 fs
are shown in Figs. 9(a) and 9(b), respectively. The interference

fringes are denser for a delay of 35 fs. This is due to the
fact that the period of K is determined by 	t , as in Eq. (7).
The reconstructed wave packets for delays of 35 and 20 fs are
shown in Figs. 9(c) and 9(d). We can see that they are similar,
which demonstrates that the wave packet can be reconstructed
with different delays. It is necessary to note that the delay
between the driving pulse and reference pulse should not be
too short or too long. If the delay is too short, the reference
pulse will overlap with the driving pulse. In this case, the
pump pulse and probe pulse have been combined into a new
laser pulse and interference cannot occur. If the delay is too
long, the interference fringes are too dense to be resolve,
because of the limitation of the detector’s resolution.

In fact, the dissociation processes mentioned above have
been discussed in the literature [26–30], and one can iden-
tify whether or not the above-threshold dissociation channels
open simply from the KER spectra. Nevertheless, in the
present study, we have shown that the dynamic information
of the underlying process can be further revealed by apply-
ing the wave-packet interference approach. Since there is a
time difference of a few femtoseconds between the disso-
ciative fragments generated by the three-photon channel and
the net-two-photon channel, we can further control the two
channels by manipulating the pulse width and intensity of the
laser pulse, or by tailoring the pulse shape. Our findings have
potential applications in manipulating the reaction pathways.

V. CONCLUSION

In conclusion, we theoretically study the laser-induced
dissociation dynamics of H2

+ based on wave-packet interfer-
ence. We demonstrate that the release time of the target NWP
can be reconstructed by extracting the phase information from
the interference fringes of the KER distribution. In the present
study, we find that the NWP corresponding to the three-photon
dissociation channel is released at a delay time with respect
to the peak of the driving pulse. It is shown that the delay de-
pends on the pulse duration and the intensity. We attribute it to
the competition between the three-photon dissociation chan-
nel and the net-two-photon one. In experiment, our method
can be implemented by probing the two-dimension momen-
tum distribution of H2

+. In addition, our approach does not
require scanning the time delay between the driving pulse
and the reference pulse, and thus it does not rely on high
acquisition efficiency in experiment.
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