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Electron-rotation coupling in diatomics under strong-field excitation
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The photoexcitation and photodissociation of diatomic molecules by intense pulse lasers has been the subject
of extensive investigations over the past decades. However, the usually employed theoretical framework neglects
the coupling between the molecular rotational angular momentum (R) and the angular momentum of the
electrons projected onto the molecular axis � = � + �, which results in the known �-doubling phenomenon
in high-resolution electronic spectra of diatomic molecules. While neglecting this coupling is an excellent
approximation in the weak-field or perturbative regime owing to the large mass difference between the rotating
atoms and the electrons, the approximation breaks down for intense laser pulses because of the repeated Rabi
cycling of the electronic transitions, which can have a significant effect on the rotational degrees of freedom
of the molecule. By correcting the transition dipole matrix elements and introducing angular basis sets based
on Wigner D functions, the conventional theoretical treatment is generalized to a universal description valid for
both the weak- and strong-field regimes. The theoretical treatment developed here is applied to the |1�〉 to |1�〉
transitions in diatomic systems. Our results reveal that, for field intensities resulting in about one Rabi cycling
for extreme ultraviolet or x-ray transitions, the theoretical predictions by the conventional theoretical frame need
to be corrected when considering observables such as the molecular alignment and the angular distribution of
the photofragments.

DOI: 10.1103/PhysRevA.102.033114

I. INTRODUCTION

Owing to the continuous development of ultrashort and
intense infrared (IR) laser sources, strong-field physics has
yielded impressive results over the past decades [1–4].
Many applications of light-induced ultrafast nonlinear dy-
namics in atoms and molecules have been discovered,
such as high harmonic generation (HHG) [5–8], molecu-
lar field-free alignment [9–12], transient absorption spec-
troscopy [13–15], resonance manipulation [16–18], and
ionization-dissociation [19–21]. Using pump-probe schemes
based on such technologies, the real-time electronic-nuclear
dynamics of molecules could be followed with unprecedented
details [2,22,23]. The more recent development of x-ray
free-electron laser (XFEL) facilities provides access to fem-
tosecond pulses of gigawatt peak intensity in the soft-x-ray
range [24–30] and extends the pump-probe schemes from
mainly vibrational and electronic excitation with IR pulses
to electronic excitation of valence and core-to-valence tran-
sitions in the extreme ultraviolet (XUV) and x-ray ranges,
thus opening the door to new opportunities to investigate the
coupled electron-nuclear dynamics in molecules [26,31–35].

*song-bin.zhang@snnu.edu.cn

The theoretical treatment of the coupling between vibra-
tional and electronic degrees of freedom is nowadays well
understood [36,37] and recent theoretical works have pro-
posed the application of transient absorption [38] and other
nonlinear techniques to probe these dynamics [39,40]. On
the other hand, the nonadiabatic coupling between rotational
and electronic degrees of freedom induced by external elec-
tromagnetic fields may need to be revised to consider the
direct interaction of the electronic and rotational angular
momenta. The coupling between electronic and rotational
degrees of freedom becomes important in the description of
light-induced conical intersections [41], which are an emi-
nently nonperturbative phenomenon, and in other phenomena
concerning the rotational degrees of freedom of molecules
in strong fields, such as in molecular alignment and orienta-
tion [9]. The usual treatment of these strong-field phenomena
involves the coupling of electronic and rotational degrees
of freedom at the level of the angular dependence of the
transition-dipole moments between electronic states in the
laboratory frame after invoking the Born-Oppenheimer ap-
proximation. In this level of description, the coupling arises
from the different potential energy of the molecule depend-
ing on the populated electronic state at a given orientation.
It misses, however, the direct angular-momentum coupling,
which has a kinetic origin. In the present paper we investigate
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strong-field phenomena related to the coupling of electronic
and rotational degrees of freedom in diatomic molecules and
show how, in the case of molecules dressed by a strong
laser field, the proper treatment of the coupling becomes
crucial for a correct description of some rotation-related
observables.

We apply this theory to the case of a diatomic molecule
interacting with a strong laser resonant with the transition
between the |1�〉 and |1�〉 states [42,43]. Typically, the
molecular rotations are conventionally described in a basis
of spherical harmonics and Legendre polynomials [9,10].
This approach, however, fails to properly describe molecular
dynamics in the strong field due to the missing coupling
between the molecular rotational angular momentum (R) and
the electronic interior angular momentum projected onto the
molecular axis, � = � + � (R-� coupling). Instead, the ex-
act theoretical description based on the use of Wigner D
functions has to be applied [44]. As we show in the present
paper, this treatment is also important for the case where the
|1�〉 and |1�〉 electronic states are coupled via strong vacuum
ultraviolet (VUV) fields. Our work illustrates the importance
of R-� coupling for photoexcitation and photodissociation
processes associated with intense laser pulses in molecules.
Note that the coupling of angular momenta in atoms is quite
general, the decoupling of them causes the changes of selec-
tion rules in high electromagnetic field [45,46].

The numerical results compare the usual theory ignoring
R-� coupling and using spherical harmonics (or Legendre
polynomials) with the theory using the correct transition
dipole operators and Wigner D functions. Non-negligible
differences are found in various observables such as excited-
state populations, molecular alignment, and the angular
distribution of the photofragments, as soon as the applied
UV field is strong enough to induce more than one Rabi
cycle.

II. THEORY AND COMPUTATIONAL DETAILS

In the dipole approximation, the photon-matter interacting
operator O in the space-fixed (SF) axis (indicated by super-
script s) is Os = �ε s · �μs, where �ε is the electric field and �μ
is the dipole operator consisting of transition dipole matrix
elements [48]. For molecular systems, �μs is not equal to �μm in
the molecular-fixed (MF) axis (indicated by the superscript m)
but can be transformed as �μs = D(αβγ )�μm, where D(αβγ ) is
the rotation operator connecting the SF and MF frames, α and
γ are the Euler angles representing rotations around the SF Z
axis and MF z axis, respectively, and β is the Euler angle be-
tween the SF Z axis and MF z axis (see Fig. 1) [48]. With the
tensors defined as T1

0(�ε s) = εs
Z , T1

±1(�ε s) = ∓ 1√
2
(εs

X ± iεs
Y ),

T1
0(�μm) = μm

z , and T1
±1(�μm) = ∓ 1√

2
(μm

x ± iμm
y ), Os can be

explicitly written as [48,49]

Os = T1(�ε s) · T1(�μs)

=
1∑

p=−1

1∑
q=−1

(−1)qT1
−p(�ε s)T1

q(�μm)D1
p,q(αβγ ), (1)

where D1
p,q(αβγ ) is the Wigner D function, the matrix el-

ements of the rotational operator D(αβγ ). In the case of a

L
S

z

M

J

R

Z

FIG. 1. Schematics of Hund’s case-(a) coupling. The same con-
vention as in Zare [47] is used to name the various quantities.

linearly polarized laser with polarization in SF Z axis (the case
of p = 0), Eq. (1) simplifies as

Os(p = 0) = εs
Z

(
μm

x + iμm
y√

2

sin β√
2

eiγ + μm
z cos β

+μm
x − iμm

y√
2

sin β√
2

e−iγ

)
. (2)

Using Hund’s case-(a) (see Fig. 1) and the Born-
Oppenheimer approximation, the total wave function
of a diatomic molecule can be explicitly written as

 = |φχ ; J, M,�〉 [47–49], where M is the projection of
the total angular momentum J onto the SF Z axis and
R is the rotational angular momentum; the projection
of J onto the molecular axis (MF z axis) or the total
interior angular momentum about the z axis is � = � + �,
where � and � are the projections of the total orbital
angular momentum L and spin angular momentum S
onto the molecular axis, respectively; and |φ〉, |χ〉, and
|J, M,�〉 = ( 2J+1

8π2 )1/2DJ
M,�(αβγ ) represent the electronic,

vibrational, and rotational parts, respectively [47,50]. For the
electronic transitions from |φi〉 to |φ f 〉, when �� f ←i = 0,
only the second term of Eq. (2) is nonzero and the transition
dipole moment is μ�

f ←i = 〈φ f |μm
z |φi〉; the first term of

Eq. (2) describes transitions with �� f ←i = +1 and the

transition dipole moment is μ⊥
f ←i = 〈φ f |μm

x +iμm
y√

2
|φi〉; the
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reverse transitions with ��i← f = +1 or �� f ←i = −1
and the transition dipole moment μ⊥

i← f = (μ⊥
f ←i )

† =
〈φi|μm

x −iμm
y√

2
|φ f 〉 correspond to the third term of Eq. (2).

Note that, in Eq. (2), only one term is nonzero for any matrix
element between two electronic basis functions [49].

Let us now consider a diatomic molecule of reduced mass
μ whose two well-separated electronic states |11〉 and |22〉
with potential-energy curves V11(q) and V22(q) are resonantly
coupled by a linearly polarized laser, and where q is the
internuclear distance. The nuclear Hamiltonian H(q) for the
system can be written as

H(q) = T(q) + R2

2μq2
+

(
V11(q) + μ11(q)ε(ω, t )κ11(βγ ) (V�−�′ )†

V�−�′ V22(q) + μ22(q)ε(ω, t )κ22(βγ )

)
, (3)

where T(q) is the kinetic operator, R2 = J2 − �2 [47,48],
V�−�′ = μ21(q)ε(ω, t )κ21(βγ ) (the subscript � indicates
the electronic states |�〉). κ f i(βγ ) = cos β or sin β√

2
eiγ

for �� f ←i = 0 or +1, respectively [see. Eq. (2)]. The
off-diagonal term V�−�′ of Eq. (3) corresponds to the
photon-molecule transition dipole interaction (coupling). The
potentials are far away from each other, the diabatic coupling
between them is small and not included in the off-diagonal
term. The linear Stark effect (Stark-shift term in the diagonal)
is small for UV or x-ray transitions due to the rapid oscillating
averages and can be safely neglected [51–53]. The linear Stark
effect can be important in high-frequency fields when the
interaction time is less than the field period, as the tunneling
ionization of molecules [54,55]. The dynamics of the nuclear
wave packet �(q, t ) = [�11 �22]T of the system can be found
from the numerical solution of the corresponding Schrödinger
equation with Hamiltonian (3) and initial conditions �(q, t =
0) = [�11(t = 0) 0]T and |�11(t = 0)〉 = |χ11; J0

11, M,�〉
using the basis expansions, in particular the L2-normalized
Wigner D functions |J, M,�〉 = ( 2J+1

8π2 )1/2DJ
M,�(αβγ ) for the

angular part.
For the initial nuclear wave function |�11(t = 0)〉

on |11〉, the electronic state (labeled as 2s0
11+1|�0

11|) is
� doubling with (2 − δ0,�0

11
) degrees of degeneracy,

the spin projection (�) and quantum number (M)
have (2S0

11 + 1) and (2J0
11 + 1) degrees of degeneracy,

respectively, so the total degeneracy for the initial state |11〉 is

D11 = ∑
�

∑
M = ∑S0

11

�=−S0
11

∑�0
11

�=−�0
11

∑J0
11

M=−J0
11

= (2S0
11+1)

(2 − δ0,�0
11

)(2J0
11 + 1) [56]. An operator for the physical

observables generally should be varied with respect to
q, β, and t as O(qβt ) in order to predict its expectation
value Oii(��M) in the electronic state |ii〉, the final
numerical results must be averaged over the degenerate

initial states as Oii = 1
D11

∑
�

∑
M Oii(��M). The universal

theoretical framework proposed for the strong-field mediated
coupling of electronic and rotational degrees of freedom
consists of the solutions of the Schrödinger equation
with Hamiltonian (3) together with the averaging over
the initial degenerate states. For a thermal system with a
finite temperature, the model can be easily extended by
averaging the rotational states from different J involving
the Boltzmann weights. For experiments at large rotational
temperatures, thermal averaging of the initial J states must be
taken into account in the standard way [57–59]. In the rest
of the work, we suppose the molecular temperature is quite
low.

For the weak-field case, first-order perturbation theory
can still be applied. In this case, the nuclear wave func-
tion of the excited state |22〉 is given by the product
of the electronic transition dipole and the initial wave
function of state |11〉 as |�22(t )〉 ∝ κ21(βγ )|J0

11, M11,�11〉.
Hence, it is easy to get the quantity O22(��M) ∝
〈J0

11, M,�|κ21(βγ )†O(qβt )κ21(βγ )|J0
11, M,�〉. By using the

summation relationship between the Winger D func-
tions and the spherical harmonics as

∑
M |DJ

M,�〉〈DJ
M,�| =

4π
2J+1

∑
M |YJ

M〉〈YJ
M|, this results in the relationship

O22 ∝ 1

D11

∑
�

∑
M

〈
J0

11, M,�
∣∣κ21(βγ )†O(qβt )κ21(βγ )

∣∣J0
11, M,�

〉
(4a)

� 2π

2J0
11 + 1

∑
M

〈
J0

11, M
∣∣κ21(βγ = 0)†O(qβt )κ21(βγ = 0)

∣∣J0
11, M

〉
(4b)

� 2π
〈
J0

11 = 0, M = 0
∣∣κ21(βγ = 0)†O(qβt )κ21(βγ = 0)

∣∣J0
11 = 0, M = 0

〉
, (4c)

after averaging over the degenerate initial states, where
|J, M〉 = YJ

M(βα) is the spherical harmonic and |J, M = 0〉 =
PJ(β ) is the Legendre polynomial [47]. Equations (4a)–
(4c) show mathematically two consecutive approximations
[Eqs. (4b) and (4c)] of the exact theoretical treatment
[Eq. (4a)]. Note that the approximations come from the minor
different rotational level shifting between the two electronic

states, which would result in little difference in the rovibra-
tional transition strength.

In Eq. (4b) the R-� coupling is neglected (letting
� = � = � = γ = 0 and J = R) and spherical harmonics
|J = R, M〉 are employed [Eq. (4b)]. In Eq. (4c) Legendre
polynomials |J = R, M = 0〉 are used as the angular basis
sets for the special initial case of J = M = 0, resulting in a

033114-3



YAN RONG LIU et al. PHYSICAL REVIEW A 102, 033114 (2020)

degeneracy of the initial state of the system for the approxi-
mate treatments of (2J0

11 + 1) and 1, respectively, independent
on � and � or �. These two simplified treatments letting
γ = 0, decoupling R and � and using spherical harmon-
ics to describe the rotational dynamics [60–62], especially
the latter one using Legendre polynomials to describe the
rotational dynamics, have been conventionally employed by
many groups to study photoinduced transitions in molecules
for electronically resolved quantities, even for intense laser
pulses [41–43,63–71]. Apparently, such conventional treat-
ments can be safely implemented for weak-field interactions,
since the weak field hardly alters the rotational state of |11〉
after averaging over its initial degenerate levels D11, and only
the direct-interaction energy resulting from the β-dependent
transition dipole moment contributes to the rotational excita-
tions for the system in the excited electronic state |22〉.

For the intense pulse interactions, especially when involv-
ing Rabi cycling, perturbation theory cannot be employed
and the approximation of Eqs. (4b) and (4c) to (4a) does
not remain valid any more. The transition between states
|11〉 and |22〉 involves a direct coupling with the molecular
rotation in addition to the one arising from the β-dependent
transition dipole moment. The accumulated coupling effect
during the Rabi cycling driven by the intense field becomes
non-negligible and cannot be captured anymore by the usual
conventional theoretical treatments that neglect this type of
coupling, so the universal treatment of Eq. (3) should be fully
employed.

In a short summary, for the transition from state |�〉 to
|�〉, in the conventional theoretical treatment, the electron-
rotational coupling is neglected, the term of transition dipole
interaction does not depend on �, �, and γ , the angular basis
functions are described by Legendre polynomials [50] as{|J = R, M = 0〉 = PJ(β ),

V�−� = μ21(q)ε(ω, t ) sinβ√
2

, (5)

and the present full treatment includes the electron-rotational
coupling, �, �, and γ fully involve the transitions and the ro-
tational dynamics are described by the L2-normalized Wigner
D functions [50] as{

|J, M,�〉 = (
2J+1
8π2

)1/2
DJ

M,�(αβγ ),

V�−� = μ21(q)ε(ω, t ) sinβ√
2

eiγ
. (6)

By carefully studying the results from different theoretical
treatments, the next section discusses the effect of electron-
rotation coupling in diatomics by strong field.

III. RESULTS AND DISCUSSIONS

To illustrate the importance of the proposed theoretical
approach, we consider the case of photoinduced transitions
involving the electronic states |1�〉 and |1�〉 of a diatomic
molecule in both the approximated conventional and the
proposed full theoretical treatments. For comparison, com-
mon physical quantities such as electronic state populations,
molecular alignment, kinetic-energy release (KER) spectra,
and the angular distribution of photofragments are analyzed.
We show how, in the case where the laser field is strong
enough to drive more than one Rabi cycle on the consid-

ered molecular transition, the nuclear dynamics predicted
by the conventional treatment differ from the improved the-
ory. The difference is especially pronounced when the upper
state has dissociative character: the angular distribution of
the photofragments shows clearly different profiles, and the
differences become more significant with the increase of the
laser intensity.

Figures 2(a) and 3(a) show the model potential-energy
curves of the diatomic molecule (μ = 1 AMU) for the two
typical cases of bound-bound and bound-dissociative |�〉 ←
|�〉 transitions, respectively, along with a schematic represen-
tation of the ground- and excited-state nuclear wave packets.
In the present calculations, the terms of dynamic Stark shift
in Hamiltonian (3) are neglected and the transition dipole
moment is considered within the Condon approximation to
be constant μ21(q) ≡ μ21, which more clearly highlights the
effects of the R-� coupling. The resonant laser field consists
of a 50 fs sin-squared pulse with central frequency ω = 10 eV
and the peak of electric-field amplitude envelope ε0 defined
by the Rabi frequency �Rabi = μ21ε0 [18,72] varied from 0.01
to 0.6 eV. Note that the Rabi period for �Rabi = 0.165 eV is
about 50 fs.

The simulations are performed by using the multiconfig-
urational time-dependent Hartree method (MCTDH) [50] as
implemented in the Heidelberg package [73]. For the vibra-
tional degree of freedom, 91 and 291 sin-DVR basis elements
were distributed in the internuclear coordinate range [1.0,
10.0] and [1.0, 30.0] a.u. for the cases of bound-bound and
bound-dissociative transitions, respectively. A complex ab-
sorbing potential (CAP) with form −iW (q) = −iη(q − q0)3

was applied to calculate the photodissociation in the bound-
dissociative case through flux analysis [42], with intensity η =
2 × 10−4 a.u. and q0 = 20 a.u. The rotational degree of free-
dom β was expanded by using 51 Legendre polynomial basis
functions in the conventional treatment, and by L2-normalized
Wigner D functions in the improved theoretical framework;
11 exp-DVR for γ and one k-DVR for α in the Wigner
D functions were used. For the case of the bound-bound
transitions, we consider the electronic states populations
Pii(t ) = 〈�ii(t )|�ii(t )〉 and the molecular alignment defined
as 〈cos2〉ii(t ) = 〈�ii(t )| cos2 β|�ii(t )〉P−1

ii (t ), where ii stands
for 11 (�) and 22 (�) states, respectively. For the case of
bound-dissociative transitions, the KER spectra P22

KER(E ) and
the angular distribution of photofragments P22

angle(β j ) of the
upper dissociative state |�〉 were calculated from the CAP
as [50,74]

{
P22

KER(E ) = 1
π

{∫ ∞
0

∫ ∞
0 〈�22(t )|W |�22(t ′)〉e−iE (t−t ′ )dtdt ′}

P22
angle(β j ) = 1

w j

∫ ∞
0 dt〈�22(t )|Wβ j |�22(t )〉 ,

(7)

where −iWβ j = −i[w1/2
j χp(β j )]∗W [w1/2

j χp(β j )] is the
projection of the CAP to a specific angle β j of the angular
DVR χp(β ) with the associated weight w j to this grid
point [42,74]. The DVRs satisfy the relations of discrete
orthonormality

∑
j w jχp(β j )∗χq(β j ) = δpq and discrete

completeness
∑

p(w jw j′ )1/2χp(β j )∗χp(β j′ ) = δ j j′ [50].
Obviously, the total yield of the photofragments
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FIG. 2. (a) Potential-energy curves for the electronic transitions from the ground state |1�〉 to a bound excited state |1�〉. (b) The dynamics
of the upper electronic state population simulated by the conventional (“� − �”) and full (“1� − 1�”) theoretical treatments with respect to the
Rabi frequency �Rabi are shown by blue and red-dotted curves, respectively. The ratio of the population difference [(P1� − 1� − P�−�)/P1� − 1�]
between the two treatments is shown in black. (c), (d) Dynamics of time-dependent population and alignment of the upper electronic state for
selected cases with �Rabi = 0.01, 0.18, and 0.52 eV, respectively.

equals P22
diss = ∫

P22
KER(E )dE = ∫

P22
angle(β ) sin βdβ =

2
∫ ∞

0 dt〈�22(t )|W |�22(t )〉.
Figures 2(b)–2(c) and 3(b)–3(c) show the photoexcitation

and dissociation properties for the cases of bound-bound
[Fig. 2(a)] and bound-dissociative [Fig. 3(a)] transitions, re-
spectively. The curves labeled “� − �” correspond to the
conventional calculations that ignore the R-� coupling and
use Legendre polynomials as the angular basis from ini-
tial state |�〉 with |R0

� = 0, M� = 0〉; the curves labeled
“1� − 1�” indicate the calculations with the improved treat-
ment considering the R-� coupling and employing the correct
angular basis |J, M,�〉 for the initial state | 1�〉 with |J0

1�
=

0, M1� = 0,�1� = 0〉. It is worthwhile to note here that,
for the | 1�〉 initial (ground) state taking into account R-�
coupling, an averaging over its six different initial angular
states [|J0

1�
= 1, M1� = (0,±1),�1� = �1� = (±1)〉] is re-

quired; if the initial state is a triplet |3�〉, averaging over
its nine degenerate initial angular states [|J0

3�
= 1, M3� =

(0,±1),�3� = �3� = (0,±1)〉] is required for the full
treatment.

Figure 2(b) shows the variations of the upper state popula-
tion after the pulse with respect to the Rabi frequency in the

two different theoretical treatments. The difference between
the conventional and full treatments is not very significant
(see the black curve), having a periodical dependence with
respect to the Rabi frequency and meeting the local maxima
at full Rabi cycles. The conventional treatment has an about
10% inaccuracy compared with the improved treatment for
�Rabi = 0.52 eV (≈3.0 Rabi cycles). Figure 2(c) illustrates
details of the time-dependent dynamics of the upper state pop-
ulation for three selected values of the Rabi frequency �Rabi =
0.01, 0.18, and 0.52 eV. The small difference in the electronic
population shows that the R-� coupling does not affect very
much the averaged electronic dynamics induced by the pulse.
However, the degree of molecular alignment, presented in
Fig. 2(d), is much more sensitive to the level of theory, and the
difference between the two models is clearly visible already
for �Rabi � 0.18 eV (about one Rabi cycle). This is consistent
with the fact that the R-� coupling directly affects the angular
dependence of the transition matrix elements, especially for
the upper 1� state. Besides the direct effect from the transition
dipole moment (related to sin β), the molecular rotations are
also affected cumulatively for each electronic transition in
connection with the γ angle and � angular momentum. This
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FIG. 3. (a) Potential-energy curves for the electronic transitions from the ground state |1�〉 to a dissociative excited state |1�〉 and snapshots
of the dissociative nuclear wave packets for �Rabi = 0.52 eV at t1 = 10 and t2 = 25 fs. (b) The total fragment yield simulated in the
conventional (“� − �,” blue curve) and improved (“1� − 1�,” red-dotted curve) theoretical treatments with respect to the Rabi frequency
�Rabi. The black curve shows the difference between the two models (results of the improved one minus the conventional one). (c), (d) The
KER spectra and angular distribution of photofragments of the excited dissociative state for selected cases with �Rabi = 0.01, 0.18, and 0.52 eV,
respectively.

illustrates the importance of the R-� coupling for an accurate
account of the physical processes and quantities related to
the molecular rotation and angular distributions. Note that the
differences in the degree of alignment at the end of the laser
pulse between the two models are about 15% and 11% for
�Rabi = 0.18 and 0.52 eV, respectively; for a longer time of
propagations, the overall difference becomes larger for the
latter case.

The effect of R-� coupling in photodissociation processes
coupled to molecular rotations is illustrated by considering the
KER spectra and angular distributions of the photofragments,
as shown in Figs. 3(b)–3(d). These figures reveal that both the
total yield of photofragments and the KER spectra obtained
by the two treatments with respect to �Rabi do not present
significant differences [see black curve in Fig. 3(b)]. For the
intense case, �Rabi = 0.52 eV, both treatments predict that the
total yield of photofragments reaches about 0.96 and the KER
spectra split into double shoulders. It can be noted in pass-
ing that the peak splitting of KER spectra is a consequence
of the interference between the photofragments appearing at

different times during the laser pulse, similar to the effect ob-
served in photoionization spectra in intense laser pulses [75].

The yield of photofragments is proportional to the popu-
lation of the excited state, and the striking difference in the
effect of the R-� coupling for the bound-bound [Fig. 2(b)]
and bound-dissociative [Fig. 3(b)] transitions deserves a spe-
cial mention. There are two main reasons for the much smaller
effect in the latter case. First, the effective Rabi frequency
of the molecular system is defined, in the Born-Oppenheimer
approximation, by an electronic contribution �Rabi multiplied
by the nuclear part. The nuclear contribution to the transition
dipole moment is the overlap of the ground- and excited-state
vibrational wave functions (Franck-Condon factors), which
are significantly different in the two discussed cases, being
about 1 and much less than 1 for the bound-bound and bound-
dissociative cases, respectively. This makes the effective Rabi
frequency, and thus all strong-field effects, much smaller for
the bound-dissociative transitions.

The second, but related, reason for a significantly smaller
R-�-coupling effect in the bound-dissociative case as

033114-6



ELECTRON-ROTATION COUPLING IN DIATOMICS UNDER … PHYSICAL REVIEW A 102, 033114 (2020)

compared with the bound-bound transition arises from the
qualitatively different dynamics of the nuclear wave packet
in these two cases. For the bound-bound case, the excited
wave packet is confined near the equilibrium distance and
is continuously driven by the intense pulse; the wave packet
mostly remains in the Franck-Condon region during the pulse
duration. In contrast, in the dissociative case, the wave packet
quickly moves away from the Franck-Condon region, as il-
lustrated in Fig. 3(a) for �Rabi = 0.52 eV, and so it escapes
the region of overlap [see Fig. 3(a) of the wave packets at
t2 = 25 fs] with the ground-state wave function, thus sup-
pressing the Rabi cycling driven by the laser pulse. Due to
this, effectively only “a half” Rabi cycle takes place resulting
in a much reduced effect in the total fragmentation yield and
KER spectra.

In striking contrast with the small contribution of the R-�-
coupling effect on the total fragmentation yield and KER
spectra, the angular distribution of the photofragments shows
a very significant difference between the two compared the-
oretical treatments, which is qualitatively different for small
angles β � 30◦ between the laser polarization and the molec-
ular axis [see Fig. 3(d)] . This is due to the fact that the
evolution of the rotational wave packets depends strongly on
the molecular rotation induced by the laser pulse with strong
contribution from the effect of R-� coupling. The angular
distribution presents also a much stronger modulation than the
alignment discussed previously, because the latter is an aver-
aged property. Indeed, the full treatment with R-� coupling
has zero spectral intensity at β = 0 for any field amplitude,
in contrast with the conventional treatment, which wrongly
describes the increase of spectral intensity at small angles with
the increase of the pulse intensity. This is in line with recent
results that neglected the R-� coupling for MgH+ [43]. The
node at β = 0 is caused by the orthogonality between the elec-
tronic transition dipole moment from states |�〉 to |�〉 with
respect to the molecular axis, indicating that the transition
element has to be zero at β = 0, which is in perfect agreement
with the results of the improved theoretical treatment. Note
that, in the weak-field limit, the intensity at small angles for
the conventional model is not significant, so that the inac-
curacy of the approximated description could be within the
precision of measurements. For the interaction with intense
laser fields of �Rabi � 0.18 eV, the R-� coupling becomes of
crucial importance: the ratio of the signal at β = 0 and β =
π/2 varies from 10% and up to 100% when �Rabi = 0.52 eV
obtained by the conventional treatment. Moreover, a signifi-
cant dip appears around β = 0.1π , while the results with R-�
coupling always exhibit a smooth sin-squared-like structure.
These striking differences between the two models could be
easily verified experimentally in a strong field to confirm the

importance of considering the improved theoretical treatment
discussed here. A field intensity of about 1012 W/cm2 would
be needed for a clear identification of the discussed effects,
as can be estimated for the MgH+ molecule considering that
its transition dipole moment between the ground and valence
excited states is about 1.0 a.u. [43].

IV. CONCLUSIONS

Photoexcitation and dissociation of diatomic molecules by
intense pulse lasers have been very broadly investigated in
the field of strong field physics. However, the question arises
whether the conventionally and broadly employed theoreti-
cal treatment neglecting the R-� coupling breaks down in
intense laser fields. To approach this question, a more gen-
eral theoretical treatment has been introduced based on an
angular basis of Wigner D functions and taking into account
whether the electronic transition corresponds to �� = 0 or
±1. The usual case of photoinduced electronic transitions
involving electronic states of |1�〉 and |1�〉 symmetry was
numerically investigated for the transitions to bound and dis-
sociative excited states using both the conventional and the
improved theoretical treatments. We showed that, when
the field is strong enough to drive more than one Rabi cycle,
the R-�-coupling effects become significant and the con-
ventional treatment breaks down for some observables. In
particular, the R-� coupling has a very strong effect on angu-
lar distributions of photofragments and it has a non-negligible
effect on electronic populations and molecular alignment
whenever there is a sustained interaction with the strong field
that can accumulate over several Rabi cycles. This may have
a potentially important impact in the description of the rota-
tional dynamics of field-dressed states and in the description
of light-induced conical intersections. As a means to verify
the predicted effects experimentally, we propose considering,
e.g., the angular distribution of photofragments or other suit-
able observables involving an excited |1�〉 state coupled to a
ground |1�〉 electronic state, both in bound and dissociative
scenarios.
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