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Angle-resolved Rabi flopping in strong-field dissociation of molecules
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Rabi flopping is a paradigm of two-level quantum systems in the presence of an oscillatory driving
field. Different from atoms, the Rabi flopping in a molecule depends on its bond length and orienta-
tion with respect to the light polarization direction. Here we explore the Rabi flopping in the strong-field
dissociation of H,™ in which the two lowest electronic states are photon coupled. H,™ aligned along
different angles experiences different laser intensities, building the Rabi flopping with angle-dependent
frequencies. During the laser-H," interaction, the electron completes different fractions of Rabi flopping
for Hy™ aligned in different directions, leading to the angular nodes and maxima in the dissociative
proton momentum distribution. Our study reveals that one-photon dissociation undergoes the alternation
of absorbing and emitting one photon, instead of the one-off photon absorption. This study also pro-
vides a universal explanation for the angular distribution of the dissociative fragments in strong laser

fields.
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I. INTRODUCTION

The exposure of a two-level quantum system to an oscil-
latory driving field leads to the formation of Rabi flopping
[1], which plays a significant role almost everywhere, such
as building the architecture of quantum computation [2],
controlling the state of a single quantum dot spin [3],
reshaping the transmitted light pulses in atoms [4], and
realizing the quantum circuit in a superconducting res-
onator [5]. With the advent of ultrashort laser pulses, one
is able to watch in real time the ultrafast Rabi oscilla-
tions [6] between excitons and plasmons or reconstruct the
full temporal dipole response in atoms [7]. While Rabi
flopping is a paradigm in light-matter interaction, surpris-
ingly, it has not been extensively discussed in molecular
dissociation.

As the simplest molecule, H," offers a perfect plat-
form to study the ultrafast correlation between electrons
and nuclei and has attracted a great deal of attention in
past decades [8,9]. The dissociation of H,™ has been exten-
sively studied, and a series of dissociation pathways has been
explored, such as zero-photon [10], one-photon [11,12], three-
photon [13,14], net-two-photon [15], and rescattering-assisted
[16,17] dissociation. Different dissociation pathways can be
well recognized by coincidentally measuring the ejected elec-
tron and nuclear fragments [18]. The dissociation dynamics
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of Hy* is mostly determined by laser coupling between the
two lowest electronic states, i.e., the 1so, and 2po, states.
We expect to observe the Rabi flopping in such a very neat
two-level system.

In this paper we study the dissociation of H,™ in a linearly
polarized few-cycle laser pulse and explore the angle-resolved
Rabi flopping. The Rabi flopping significantly modifies the
angular distribution of the dissociative fragments. The proton
angular distribution after the dissociation of H, ' has been
investigated in the past two decades. It is believed that the
transition amplitude between the lso, and 2po, states is
proportional to D(R) - E(¢), where D(R) is the dipole, R is
the internuclear displacement, and E(¢) is the driving laser
field. Hence, for a linearly polarized driving laser pulse, it
is intuitive that the coupling is strongest if the direction of
D(R) is parallel to the direction of E(#). Several experiments
[19-24] measured proton angular distributions and found that
proton angular distributions can be approximately fitted by
cos?" @, with n an integer and @ the crossing angle between the
molecular axis and the laser polarization direction. Though
the exactly angular distribution depends on the dissociation
pathway, kinetic energy release (KER), and laser intensity,
one common characteristic is that the angular probability
peaks at & =0 and gradually decreases with an increase
of 6 from 0 to m/2. However, our study shows that the
dissociative proton momentum distribution presents multiple
angular nodes and maxima, which are determined by the 0-
dependent Rabi flopping between the 1so, and 2po, states.
It is the focal-volume intensity average in experiments that
smears out the angular structures and results in the cos?" 6
distribution.
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II. NUMERICAL METHODS AND RESULTS

The dissociation of Ho* in strong laser fields is gov-
erned by the time-dependent Schrodinger equation (TDSE)

J
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(atomic units e =h=m =1 are used throughout unless
otherwise stated)
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Here the electron dynamics is confined in the (x,y) plane.
The molecular axis is placed within this plane and the nu-
clear dynamics is confined along the molecular axis. The
crossing angle 6 between the molecular axis and the x axis
in the model is a parameter instead of a dynamical variable
and thus the molecular rotation is not allowed. In addition,
M =918 a.u. is the reduced nuclear mass, Py is the nu-
clear momentum operator along the molecular axis, and p,
and p, are electron momentum operators along the x and y
directions, respectively. We introduce the R-dependent soft-
core parameter B(R) in order to ensure that the 1so, and
2po, potential curves in this model are good enough [25].
In the later simulation using this model, the initial state is
the superposition of first ten vibrational states weighted by
Frank-Condon coefficients and each vibrational state is nu-
merically obtained by using the imaginary-time propagation
algorithm [26]. The Crank-Nicolson method [27] is adopted
to propagate the nuclear wave packet in real time. Since
we focus on the dissociation, the ionized wave packets in
the calculations are absorbed by setting a mask function in
numerical boundaries. The spatial axes x, y, and R span the
areas [—30, 30], [—30, 30], and [0, 16] a.u., respectively. The
spatial steps are dx = dy = 0.2 a.u. and dR = 0.02 a.u. and
the time step is df = 0.1 a.u. The KER of the dissociative
fragments is obtained by Fourier transforming the dissociative
molecular wave packet after it enters the area R > 10 and
has clearly separated from bound states. By scanning 6, the
nuclear momentum distribution in the two-dimensional plane
(Pryx, Pry) = (Prcos 0, Pgsin6) is formed. The convergence
of the simulations has been approved by using smaller spatial-
time steps. The free propagation of the initial state gives rise
to the molecular bond vibration, followed by wave function
collapse and revival in the lso, potential curve [28]. We
propagate the nuclear wave packet for Ar = 8 fs before the
following laser pulse is introduced:

, 2[ t— At:|
E(t) = Eycos [w(t — At)]sin” | . [

At <t < T+ At. 2)

Here w is the laser frequency, Ey is the electric amplitude,
and 7 is the pulse width. In addition, e, is the unit vector
and the laser pulse is always polarized along the x axis.
For H,™, the free propagation of 8 fs leads to the nuclear
wave packet mainly being distributed in the area 3 a.u. < R <
8 a.u., assisting the one-photon transition but suppressing the

Vo(x, y, R 1). (1

(

three-photon transition between the 1so, and 2po, states by
the forthcoming laser pulse, since the one- and three-photon
transitions mainly happen at R = 3.8 and 2.3 a.u., respec-
tively, if the driving laser wavelength is 400 nm. Figures 1(a)
and 1(b) present the nuclear momentum distributions when
the laser wavelengths are 400 and 800 nm, respectively. Other
parameters are given in the caption. One may clearly see that
multiple nodes and maxima appear at different angles. The
cos? @ distribution law is completely broken. The calculated
ionization probability is less than 1%.

It is hard for the above ab initio calculations to illustrate
clearly the physical mechanism. In order to get an intuitive
understanding, we compare the above results with the two-
level model below. Since in most cases the dynamics of Hp™
dissociation is confined within the 1so, and 2po, states, we
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FIG. 1. Proton momentum distributions calculated by (a) and
(b) the full TDSE model and (c) and (d) the two-level model for
(a) and (c) laser wavelength 400 nm, intensity 5 x 10'* W/cm?, and
duration of six optical cycles (8 fs) and (b) and (d) laser wavelength
800 nm, intensity 6 x 10'* W/cm?, and duration of four optical cy-
cles (10.7 fs). The distributions are normalized by their own maxima
in each panel.
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thus use the simplified two-level model
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Now R is confined in a two-dimensional plane constructed
by the molecular axis and laser polarization direction, and the
molecular rotation is now allowed. Here V¢(R) and V,,(R) are
the potential surfaces for H,™ in the Iso, and 2po, states,
respectively [29]; x,(R, ) and x,(R, t) are the nuclear wave
packets associated with the electron in the 1so, and 2po,
states, respectively. The spatial-time steps are dR, = dR, =
0.02 and dt = 0.1 a.u.; R, and R, span the area 0 < R, < 30
and 0 < R, < 30. The two-dimensional simulation box is big
enough to hold all dissociative wave packets during the inter-
action and thereby no absorbing boundary conditions are used.
Initially, x,(R,# =0) =0 and x,(R,? = 0) = xg,, with xg,
the nuclear ground state of H, with an isotopic distribution
in space. Strictly speaking, the single ionization of H, de-
pends on the orientation of the molecular axis with respect
to the laser polarization. However, the initially anisotropic
nuclear wave-packet distribution of H,* does not noticeably
modify the Rabi flopping, which is mainly determined by
the relative populations of 1so, and 2po, states. Figures 1(c)
and 1(d) show the nuclear momentum distributions, where
the laser parameters are the same as those used in Figs. 1(a)
and 1(b), respectively. The two models give very similar sim-
ulation results, especially for the location of angular nodes
and maxima. The small discrepancies are due to the slightly
different 2po, potential curves in the two models. The dis-
sociation probabilities are around 10%. The similarity of the
two rows in Fig. 1 indicates that the molecular rotation, higher
electronic states, and ionization do not play noticeable roles
for the observed multiple nodes and maxima in the nuclear
momentum distribution. The main dynamics is solely gov-
erned by the photon-couple dipole transition between the
Iso, and 2po, states. The Stark shift and Raman scatter-
ing are included in the two models, but do not govern the
dynamics.

Since the two-level model already describes the disso-
ciation correctly, we analyze the dynamics based on the
two-level model in the following. By tracing the nuclear wave-
packet propagation, we learn that all dissociative fragments in
Figs. 1(c) and 1(d) dissociate along the 2po, state and the
ultimate KER peaks at 1.5 eV in Fig. 1(c) and at 0.7 eV
in Fig. 1(d). Thereby, we conclude that H," dissociates via
the one-photon (bond softening) pathway, though the angular
distribution is far away from the cos?* @ distribution. Fig-
ures 2(a) and 2(b) show the time-evolved angular distribution
of |x.(R,1)|>. A movie of the nuclear wave-packet propa-
gation on the 2po, state can be found in the Supplemental
Material [30] (the laser parameters are shown in the caption
of Fig. 2). For the calculation of Fig. 2(a), the 400-nm laser
field turns on at r = 8 fs and vanishes at + = 16 fs. During
this interaction, the probability of the 2po, state fluctuates
significantly, indicating that the electron is transiting between
1so, and 2 po,, states. The population on the 2po,, state reaches
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FIG. 2. Time-evolved angular distribution x,(R,?), calculated
by (a) and (b) the two-level model, (c) and (d) the simpler two-level
model by assuming transitions solely happen at R, without using
the rotating-wave approximation, and (e) and (f) the rotating-wave
approximation for (a), (c), and (e) laser wavelength 400 nm, inten-
sity 5 x 10'> W/cm?, and duration 8 fs and (b), (d), and (f) laser
wavelength 800 nm, intensity 6 x 10'* W/cm?, and duration 10.7 fs.
The distributions are normalized by their own maxima in each panel.

the maximum at ¢ = 11 fs; however, this part is not necessary
to dissociate because it might dump to the 1so, state and stay
bound. The alternation of absorbing and emitting one photon
[31] and swapping the probabilities of two states are the typ-
ical Rabi flopping in two-level systems. The Rabi frequency
wr = /[Vu(R) — Vo(R) — 0] + [EoD(R) cos 6]* depends on
the crossing angle 6 between D(R) and E(¢). For example,
in Fig. 2(a), at & = 0, two full Rabi oscillations are formed
within the laser pulse duration and thus H,™ returns to the
lso, state, leading to a local minimum in the dissociative
fragment momentum distribution. However, at 6 = +0.2m,
the molecule experiences a weaker laser intensity and thus the
molecule finishes 1.5 Rabi oscillations, ending on the 2po,
state and creating a local maximum in the angular distribu-
tion. At & = +0.47r, the molecule experiences a very weak
laser intensity (about 10% of the peak intensity /y) and no
Rabi flopping is formed. Besides the Rabi flopping, another
faint flopping with the frequency 2wsgy is also presented
in Fig. 1(a). Such a 2w4y flopping has few contributions
to the ultimate angular distribution and is generally filtered
out under the rotating-wave approximation, to be discussed
below. A similar scenario happens in Fig. 2(b); however,
the 2wggy frequency is close to the Rabi frequency and the
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FIG. 3. (a) Proton momentum angular distribution as a function
of the laser intensity. (b) Maxima (black solid curves) and minima
(red dashed curves) formulated by I cos? # = const detailed in the
text. (c) Focal-volume intensity-averaged proton momentum angular
distribution as a function of the laser peak intensity. (d) Proton
momentum angular distribution driven by uniform laser intensi-
ties, extracted from the intensity-integrated data in (a). The laser
wavelength is 400 nm and the pulse comprises six optical cycles.
The distributions are normalized by their own maxima in (a), (c),
and (d).

mixture of these two frequencies blurs the distinct Rabi
flopping.

Assuming that the Rabi flopping is driven by a plane wave
and it mainly occurs at the internuclear distance R, where
Vu(R,) — Vo(R,) = w, we calculate the time-dependent angu-
lar distributions in the 2po, state and show them in Figs. 2(c)
and 2(d). Furthermore, if the rotating-wave approximation is
adopted, the time-dependent angular population in the 2po,
state can be analytically formulated as [32]

“4)

EoD(R
P.(0,1) = sin? (M,)

2

as shown in Figs. 2(e) and 2(f). The rotating-wave approx-
imation eliminates the 2w flopping in Figs. 2(c) and 2(d).
Such a very simple analytical formula reproduces the overall
structures in Figs. 2(a) and 2(b) very well, which gives a
solid confirmation that the angular nodes and maxima are
indeed induced by Rabi flopping. Note that in the derivation
of Eq. (4), a continuously electric field is assumed. Using the
laser field expressed by Eq. (2) in the Rabi flopping model,
better agreement with the numerical simulation results can be
achieved.

Since the Rabi frequency depends on the laser intensity,
one may expect that the angular distribution should also de-
pend on the laser intensity. By scanning the laser intensity
between 1 x 10!2 and 2 x 104 W/cmz, we show the angle-
resolved dissociation probability as a function of the laser
intensity in Fig. 3(a). It is clear that the momentum angular

distribution can be fitted by cos? @ if the laser field is too weak
to initiate the Rabi flopping. However, when the laser inten-
sity is higher than 10'> W/cm?, which is a modest intensity
in many experiments, distinct Rabi flopping determines the
angular distribution of the dissociative fragments. According
to Eq. (4), the angle-dependent dissociation probability ap-
proaches maximum when wt =m- %)T(, with n an
integer starting from 1. Therefore, after the interaction with
the laser field, the locations of maxima in Fig. 3(a) can be
fitted by I cos? 0 = [(';3_(11?{ ?;” 12, in which we have assumed the
transition happens at R, and ¢t = t/2, i.e., only the central
half-width of the laser pulse is strong enough to trigger the
Rabi flopping. On the contrary, the minima are located at
Icos?6 = D("lg )T]2. The maxima and minima of the angle-
resolved dissociation probability are shown by black solid and
red dashed curves in Fig. 3(b). Actually, the curves I cos’> § =
const mark the effective laser intensity experienced by the
molecule aligned along 6. On the three black solid curves,
H,* undergoes %, %, and % Rabi oscillations and thus the
population on the 2po, state and the dissociation probability
reach maxima. On the contrary, the angle-resolved dissocia-
tion probability reaches a minimum when full Rabi flopping is
accomplished.

The dependence on intensity implies that the angular nodes
and maxima could be smeared out by the focal-volume in-
tensity average in experiment. Assuming Hp ™ is dissociated
by a focused Gaussian laser beam having the spatial-intensity
distribution V' () [33], to get the final momentum distribution,
one should integrate the dissociative fragments in Fig. 3(a)
weighted by a factor f(ly, Iy, ), which is the volume propor-
tion of a certain intensity /y,, when the peak intensity is Iy, i.e.,

W (P, Pyilo) = D |%u(Pes P lon) P f o, Tom), (5

where %, is the dissociative nuclear wave packet in momen-
tum representation and m is the index marking the intensity
ingredients in the focused pulse. Incidentally, if the single
ionization of H, and the later dissociation of H,™ are driven
by the same pulse, the tunneling ionization rate of H, should
be incorporated into f(ly, Iy, ). After doing the focal-volume
intensity average, we show the proton angular distribution
in Fig. 3(c), where the nodes disappear and the probability
peaks at & = 0. We thereby conjecture that the Rabi flopping
has already happened in many experiments; however, the
unavoidable focal-volume intensity average in experiments
may prohibit the direct observation of multiple nodes and
maxima.

To experimentally observe the multiple angular nodes and
maxima, one is required to extract the dissociative fragments
driven by a uniform laser intensity from the intensity-
integrated momentum angular distribution. We develop here
an algorithm to extract the uniform-intensity triggered dis-
sociative fragments. Provided a series of experiments with
the peak intensity Iy, has been performed and the intensity-
integrated proton momentum distributions W (P, P,; Io,,) are

043122-4



ANGLE-RESOLVED RABI FLOPPING IN STRONG-FIELD ...

PHYSICAL REVIEW A 103, 043122 (2021)

measured, one may write the matrix
W(sz Py;IOI)
W(P,n Py;IOZ)
W (P, Py; 1o3)

W(Px’ Py;l()m)

where the matrix T is written as

Sfot, Ior)  fo1, lo2)

0 fo2, In2)
r—| o 0
0 0

Note that Iy; > Ipy > - - > Iy,,. By multiplying 7! from
the left side, | %, (P, P_V;I()m)l2 is obtained. Figure 3(d) shows
the extracted |j, (P, Py;Io,,,)|2 by assuming that 40 experi-
ments are performed with the highest peak intensity Iy =
2 x 10" W/cm? and the lowest peak intensity Ipgo = 0.01 x
10" W/cm?. One may clearly see that the Rabi-flopping-
determined structures can be extracted. More simulations
show that if the laser intensity has an uncertainty no more than
5 x 10'> W/cm?, one may still extract the Rabi flopping using
the above algorithm.

Experimentally, in contrast, if one ionizes H, using an
isolated attosecond pulse and controls the Rabi flopping by
a time-delayed femtosecond pulse, the focal-volume intensity
average can be avoided since the tiny focal spot of the attosec-
ond pulse can be located in the center spot of the femtosecond
pulse focal volume. Another advantage of using such an at-
tosecond pump pulse is that a spatially localized nuclear wave
packet produced in the ionization step will be streaked by the
femtosecond pulse uniformly.

In this study, it is the integration of the Rabi flopping that
determines the final proton momentum distribution. If the
two levels participating in Rabi flopping have significantly
different energies, the Rabi flopping can be viewed in real
time by introducing an extra attosecond pulse to ionize the
target, since the upper and lower states have different ioniza-
tion rates. The time-resolved Rabi flopping may be mapped
onto the time-dependent ionization rate. We would also like
to point out that the Rabi flopping is fundamentally differ-
ent from the mechanism of light-induced conical intersection

= T| |7u(Ps, Py Io3)1?

|XM(P.X1 Py;101)|2
|7 (Py, Py Ioo)I?

, (6)
|XL¢(P):7 Py;IOm)lz
for, Io3) for, lom)
Sfoz, 13) Sfoz2, Iom)
f o3, Io3) f o3, Iom) 7
0 <o fom, Tom)

(

[34,35], since the molecular rotation is not involved in this
study.

III. CONCLUSIONS

To conclude, we have explored the Rabi flopping in the
one-photon dissociation. For molecules aligned along dif-
ferent directions, they experience different effective laser
intensities, leading to angle-dependent Rabi flopping between
the 1so, and 2po, states. When the laser pulse is turned off,
H,™" aligned in different directions may stay either in the 2po,
states, followed by the dissociation, or in the 150, state, ending
with the bound H,*. The well-known cos? @ distribution is ac-
tually generated by the incoherent summation of all dissocia-
tive fragments driven by different intensities in the pulse. To
experimentally observe this angular structure, an attosecond-
pump and UV- or infrared-probe strategy is suggested.
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