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It is well established that electronic conical intersections (CIs) in molecular systems can be induced by laser
light, even in diatomic molecules. The emergence of these light-induced degeneracies leads to strong coupling
among electronic, vibrational, and photonic modes, which significantly influences ultrafast nuclear dynamics.
In this work, we perform pump-probe numerical simulations on the NaH molecule, considering the first three
singlet electronic states [X 1�+(X ), A1�+(A), and B1�(B)] and including several light-induced degeneracies
in the theoretical model. To elucidate the ultrafast molecular dynamics, we study the combined effects of
multiple light-induced nonadiabatic couplings and rotational motion of the nuclei together with the situation
when the electronic angular momentum projected onto the diatomic axis couples with the angular momentum
of the nuclei. We then calculate key dynamical observables such as dissociation probabilities, kinetic energy
release (KER) spectra, and angular distributions of the photofragments within and above the linear regime.
The discrepancies between the different employed models are relatively minor for the dissociation probabilities
and KER spectra. In contrast, for angular distributions, the inclusion of electronic spin and orbital angular
momentum leads to substantial differences between the three applied schemes in the small ejection angle
region.

DOI: 10.1103/51rv-8r7g

I. INTRODUCTION

Understanding the behavior of atoms and molecules under
strong electromagnetic fields has been an extensively inves-
tigated area of research. A large number of theoretical and
experimental studies have been devoted to exploring a variety
of novel phenomena arising from light-matter interactions.
Many of these works focus on the dynamical behavior of
diatomic systems, beginning with the simplest hydrogenlike
ions or molecules and extending to systems containing a large
number of electrons [1–18]. Nevertheless, numerous other
important studies have also addressed the photodissociation
and fragmentation of polyatomic molecules [19–28].

Molecular dissociation is commonly analyzed within the
Born-Oppenheimer (BO) framework, which is based on the
separation of electronic and nuclear motions due to their dis-
tinct timescales. In most cases, this approximation provides a
satisfactory description of dynamical processes. However, at
certain nuclear configurations—particularly in the vicinity of
degeneracy points or conical intersections (CIs)—the energy
exchange between electrons and nuclei becomes significant,
leading to a breakdown of the BO approximation [29]. CIs
play a crucial role in nonadiabatic processes, serving as effi-
cient funnels for ultrafast interstate transitions that typically
occur on the femtosecond timescale [30–35].

*Contact author: vibok.agnes@science.unideb.hu

CIs in molecules can only form when a molecular sys-
tem possesses at least two independent nuclear degrees of
freedom. Consequently, since a diatomic molecule has only a
single vibrational coordinate, CIs cannot arise in such systems
under field-free conditions. However, this holds only in free
space. When a diatomic molecule is exposed to a strong laser
field, its electronic energy becomes dependent on the angle
between the laser polarization direction and the molecular
axis. This occurs because the interaction of the induced or
permanent dipole moment with the external field generates an
effective torque that tends to align the molecule with the field
polarization.

Previous studies have demonstrated that laser waves can
induce CIs even in diatomic molecules. In these cases, the
rotational motion provides the additional degree of freedom
required for the formation of a light-induced conical intersec-
tion (LICI) [36]. The presence of a LICI introduces strong
nonadiabatic couplings through the mixing of rotational, vi-
brational, electronic, and photonics modes. Importantly, the
energetic and spatial locations of such LICIs can be controlled
by tuning the laser field parameters, such as its intensity and
frequency. Depending on the level of theoretical description,
and whether the rotational degree of freedom is accounted
for as a parameter or a dynamic variable, the interaction with
light can manifest as light-induced avoided crossing (LIAC)
or LICI. In a restricted one-dimensional (1D) description,
the molecular rotational angle is only a parameter and thus
can only mimic a light-induced avoided crossing situation
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(LIAC). However, in the full two-dimensional (2D) descrip-
tion, the rotational angle is a dynamic variable, the inclusion
of which leads to a LICI explicitly included in the description.
Numerous theoretical and experimental results in the past
few years undoubtedly demonstrated that LICIs exert strong
effects on the spectroscopic, quantum dynamical, and topo-
logical properties of both diatomic [37–58] and polyatomic
systems [59–63], even for weak laser fields.

Recent publications [14–17,64,65] pointed out that the
coupling between the molecular rotational angular momentum
(K) and the total electronic angular momentum projected onto
the molecular axis � = � + �, i.e., K-� coupling, might
become important for the correct interpretation of rotation-
related physical quantities. This effect is routinely neglected
due to the large mass difference between molecules and elec-
trons. However, at high laser intensities it can significantly
alter the rotational degrees of freedom of molecules through
repeated Rabi oscillations between the electronic states.

The goals of the present work are twofold. First, efforts are
made to find the appropriate pump and probe laser parameters
(frequency, intensity, laser pulse length) that fall within or
slightly above the linear regime. This makes analysis of the
results easier. Second, we perform pump and probe numeri-
cal simulations to investigate the light-induced nonadiabatic
photodissociation dynamics of the NaH molecule [18,66–69].
Next, in order to properly discuss the dissociation dynamics,
the dissociation probabilities, kinetic energy release (KER)
spectra, and photofragment angular distributions (PADs) are
calculated. We perform 1D and 2D calculations to model the
LIAC and LICI, respectively, as well as so-called 3D simula-
tions, where beyond the nuclear rotational angular momentum
we also incorporate the electronic interior angular momentum
about the molecular-fixed z axis in our description. While
the differences between the 2D and the more restrictive 1D
results are straightforward, our calculations confirm that only
the PAD is sensitive to the inclusion on the electron-rotation
coupling, even at the considered modest intensities.

The article is organized as follows. In the next section,
we describe the methodology and algorithms employed in the
theoretical analysis, including the working Hamiltonian, the
applied electric fields, the computed dynamical quantities, and
relevant numerical details. Section III presents and discusses
the numerical results obtained for the NaH system. Finally, the
main conclusions are summarized in the last section. Atomic
units (e = me = h̄ = 1) are used throughout the paper, unless
stated otherwise.

II. COMPUTATIONAL DETAILS

Our showcase example is the NaH molecule. As in case
of our previous work [18] on the same system, our model
includes the three lowest-lying singlet electronic states X 1�+,
A1�+, and B1�, labeled throughout the paper as X , A, and
B, respectively. 1� is a degenerate state. In the Appendix we
describe how it is used effectively as a single state in the cal-
culations [Eq. (A17)]. Their corresponding potential energy
curves VX/A/B(R) are presented in Fig. 1(a) along the �μii(R) =
〈φi | �k�rk | φi〉 permanent dipole moments (PDMs) in panel
(b) and along the �μi j (R) = 〈φi | �k�rk | φ j〉 transition dipole
moments (TDMs) in panel (c), for i, j ∈ {X, A, B}. We note

(a)

(b)

(c)

FIG. 1. (a) Lowest three adiabatic potential energy curves of the
NaH molecule. (b) Permanent dipole moment (PDM) functions of
the three adiabatic electronic states. (c) Transition dipole moment
(TDM) functions between the different adiabatic electronic states.

here that all permanent dipole moments of � states and �-�
TDMs are parallel, whereas those that involve the � state are
perpendicular to the molecular axis. Computation of the above
electronic structure quantities of NaH was carried out with the
MOLPRO [70] program package at the MRCI/CAS(2/9)/aug-
cc-pV5Z level of theory. The number of active electrons and
molecular orbitals in the individual irreducible representations
of the C2v point group were A1 → 2/5, B1 → 0/2, B2 → 0/2,
A2 → 0/0. Using these values we could achieve reasonable
agreement with other results in the literature [71,72].

A. The working Hamiltonian

As mentioned above, in the present work we extend our
previously used model for light-matter interaction to include
the K-� coupling. A schematic representation of this scenario
in Hund’s case (a) is presented in Fig. 2. In this scheme, both
the electronic orbital angular momentum L and spin angular
momentum S are tied to the molecular axis with projections
� and � on it. The total angular momentum J of the system

052815-2



LIGHT-INDUCED NONADIABATIC PHOTODISSOCIATION … PHYSICAL REVIEW A 113, 052815 (2026)

FIG. 2. Vector diagram of the electron-rotation coupling con-
forming to Hund’s case (a). � and � are the projections of the
electronic orbital L and spin S angular momenta onto the molecular
axis, i.e., the z axis of the molecule-fixed (MF) frame. K is the
nuclear rotational angular momentum, and J is the total angular
momentum with M being its projection onto the space-fixed (SF) Z
axis. ϕ and χ are the Euler angles representing rotations around the
SF Z and MF z axes, while θ is the angle between these two.

is the vector sum of this total interior angular momentum
and the rotational angular momentum K. Accordingly, the
projections of J onto the molecular axis, i.e., the body-fixed
(BF) z axis, and the space-fixed (SF) Z axis are � = � + �

and M, respectively.
Molecular rotations are usually described in theoretical

investigations in the basis of spherical harmonics or Legendre
polynomials. However, this convention is unable to treat the
K-� coupling. For this reason, the more general Wigner D
basis

|JM�〉 =
√

2J + 1

8π2
DJ

M�(ϕ, θ, χ )

=
√

2J + 1

8π2
e−iMϕ dJ

M�(θ ) e−i�χ (1)

is needed, where the Wigner D-functions DJ
M�(ϕ, θ, χ ) are

the matrix elements of the rotation operator D(ϕ, θ, χ ). They
may be represented as a product of three functions, each
depending on a single argument, with dJ

M�(θ ) a real function

known as the reduced Wigner D-function. The arguments ϕ

and χ represent Euler angles of rotation around the SF Z and
BF z axes, while θ is the Euler angle between these two axes,
as presented in Fig. 2.

The time-dependent nuclear Hamiltonian of the NaH
molecule in the space of the three lowest singlet electronic
states interacting with a linearly polarized laser field EZ (t )
may be written as

H(R, t ) =
(

− 1

2Mr

∂2

∂R2
+ K2

2MrR2

)
· 1

+

⎛
⎜⎝

VX (R) 0 0

0 VA(R) 0

0 0 VB(R)

⎞
⎟⎠

− EZ (t )

⎛
⎜⎜⎝

μXX κXX μAX κAX μBX κBX

μAX κ
†
AX μAA κAA μBA κBA

μBX κ
†
BX μBA κ

†
BA μBB κBB

⎞
⎟⎟⎠, (2)

where the first term describes the vibrational and rotational
( K2

2Mr R2 = J2−�2

2Mr R2 ) kinetic energy operator for the reduced mass
Mr and internuclear distance R, and 1 is the three dimensional
unit matrix. The second term stands for the potential energy
operator with the potential energy curves VX/A/B(R) of the con-
sidered electronic states. The interaction term contains both
the PDMs in the diagonal, and the TDMs in the off-diagonal
elements, with

κ f i(θ, χ ) =
{

cos θ for 
� f ←i = 0,

− sin θe±iχ for 
� f ←i = ±1.
(3)

Details of the derivation of this interaction term can be found
in Appendix.

The working Hamiltonians used in our 1D and 2D calcula-
tions are obtained as a particular form of the above expression
by setting � = 0, and correspondingly χ = 0. In this case
the rotational angular momentum coincides with the total
angular momentum of the system, K ≡ J, and the normalized
Wigner D basis reduces the spherical harmonics, |JM�〉 →
|JM〉 ≡ Y M

J (θ, ϕ). Moreover, the M-selection rule remains
valid, so we recover our usual formalism [11,12] in terms
of the Legendre polynomials PJ (θ ). Additionally, in the 1D
model the rotational kinetic energy is completely neglected
(K = 0) [49,50].

B. The applied electric field

In the present work we investigated the photodissociation
process of the NaH molecule in a pump-probe setup. Accord-
ingly, the electric field E entering the interaction term of our
working Hamiltonian (2) is the sum of two linearly polarized
pulses in the Z direction

E (t ) ≡ ESF
Z (t )

= eZ Epm fpm(t ) cos(ωpmt ) + eZ Epr fpr (t ) cos(ωprt ),

(4)

052815-3



ZOLTÁN KIRÁLY et al. PHYSICAL REVIEW A 113, 052815 (2026)

(a) (b)

FIG. 3. (a) The three lowest-lying singlet adiabatic potential energy curves of the NaH molecule. The corresponding light-dressed states
are denoted by dashed lines. The position of the light-induced conical intersections (LICI(BA)

1 , LICI(BA)
2 , LICI(X A)

1 , and LICI(X A)
2 ) are also marked.

(b) Magnification of the region highlighted on panel (a) with the light-induced conical intersections.

with amplitudes Ei and energy h̄ωi (i ∈ {pm, pr}). Both pulses
were considered with cos-square-shaped envelope functions

fi(t ) =
{

cos2
(

π (t−ti )
τi

)
for t ∈ [

ti − τi
2 , ti + τi

2

]
,

0 otherwise,
(5)

where τpm and τpr are the durations of the pump and
the probe pulse, respectively. The pump pulse, centered
at tpm = 0 fs (hence defining our time axis), initiates the
dynamics of the system by transferring some part of the
initial ground X state population to the first excited A
state. The time delayed probe pulse, tpr = tpm + 
t with

t = −25 to 1000 fs, can either transfer population back
from the A to the X state or further promote to the dissociative
B state.

As mentioned above, the position of light-induced conical
intersections can be controlled by tuning the laser energy. In
our previous study on the NaH molecule [18], the probe pulse
was able to produce only a light induced avoided crossing
between the X and A states. Here, we slightly increased its
energy to h̄ωpr = 1.13 eV, which leads to two conical inter-
sections (LICI(XA)

1 and LICI(XA)
2 ) between these surfaces, as

can be seen in panel (a) of Fig. 3. The pump energy was
set as the third harmonic of this frequency, h̄ωpm = 3.39 eV.
For the pulse duration of the pump we chose τpm = 22 fs,
keeping its spectral width narrow enough to minimize popu-
lation transfer to the B state. The probe pulse was τpr = 30
fs long. With a pump intensity of Ipm = 1 × 1012 W/cm2

we obtained meaningful excitation (∼35% on the A state)
without Rabi floppings between X and A. In our numerical
simulations we investigated two intensity regimes of the probe
pulse. In the low intensity case of Ipr = 1 × 1011 W/cm2

one-photon processes dominate, while for the higher intensity
of Ipr = 1 × 1012 W/cm2 multiphoton processes may occur,
and fingerprints of the electron-rotation coupling are expected
to manifest. Even at this higher intensity, excitation to higher
lying electronic states is insignificant, while ionization is
nonexistent.

In order to illustrate the heart of the LICI concept, we
employ the well-known Floquet framework (see [47–50] for
a detailed discussion), which is commonly used to understand
various phenomena in light-matter physics. The action of

the probe pulse is described in this picture as the upward
and downward shifts of the potential energy curves by in-
teger multiples of photon energy nh̄ωpr. This is illustrated
in Fig. 3 [panels (a) and (b)] for the most basic n = 1 one-
photon case. As a result, the upward shifted first excited
VA(R) + h̄ωpr curve intersects the second excited VB(R) curve
[or equivalently VA(R) is intersected by the downward shifted
VB(R) − h̄ωpr], creating two light-induced conical intersec-
tions LICI(BA)

1 and LICI(BA)
2 . The same phenomena appears for

VA(R) − h̄ωpr and VX (R) [identically between VX (R) + h̄ωpr

and VA(R)] leading to LICI(XA)
1 and LICI(XA)

2 . Diagonalizing
the corresponding Floquet form of the Hamiltonian Eq. (2),
one can obtain the light-induced adiabatic potential energy
surfaces. The resulting conical intersections LICI( f i) between
two states i, f ∈ {X, A, B} appear in the configuration space
whenever the conditions Vi(R) ± h̄ωpr = Vf (R) (specifying its
R coordinate) and κ f i(θ ) = 0 [see Eq. (3)] are simultaneously
fulfilled. For parallel (i.e. � ↔ �, or � ↔ �) transitions this
occurs at θ = π/2, while for perpendicular ones (� ↔ �) at
θ = 0 and θ = π .

C. Nuclear wave packet propagation and calculated quantities

The nonadiabatic nuclear dynamics of the NaH molecule
in the LICI framework was investigated by solving the time-
dependent Schrödinger equation (TDSE) governed by the
Hamiltonian of Eq. (2). Our simulations were performed with
the multiconfigurational time-dependent Hartree (MCTDH)
method implemented in the HEIDELBERG package [73–75].
The vibrational degree of freedom (R) was discretized
by a sin-DVR (sine discrete variable representation) with
NR = 512 grid points distributed in the internuclear coordi-
nate range [2.0, 50.0] au. The rotational degree of freedom
(θ ) was expanded in the basis of Legendre polynomials for
the conventional description, and in the basis of L2 nor-
malized Wigner D-functions when the K-� electron-rotation
coupling was included. In both cases Nθ = 91 basis functions
were employed. The Wigner D basis was further constructed
with Nχ = 11 and Nϕ = 1 exp-DVR functions for χ and ϕ,
respectively. In the MCTDH formalism, these so called prim-
itive basis sets (η) are used to represent the single particle
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functions (SPFs)

φ
(q)
jq

(q, t ) =
⎧⎨
⎩

∑Nq

l=1 c(q)
jq l (t ) η

(q)
l (q), q ∈ {R, θ},∑Nθ

lθ =1

∑Nϕ

lϕ=1

∑Nχ

lχ =1 c(q)
jq lθ lϕ lχ

(t )
∏

f ∈{θ,ϕ,χ} η
( f )
l f

( f ), q = (θ, ϕ, χ ).
(6)

The second expression applies in the K-� case, when the primitive basis functions of the θ , ϕ, and χ degrees of freedom are
combined into a single MCTDH mode to form three-dimensional single-particle functions. The SPFs are used in turn to build
up the wave function

ψ (R, ρ, t ) =
nR∑
jR

nρ∑
jρ

AjR, jρ (t ) φ
(R)
jR

(R, t ) φ
(ρ)
jρ

(ρ, t ), where ρ ∈ {θ, (θ, ϕ, χ )}. (7)

Throughout our simulations, the single-particle basis size was
nR = nρ = 20 for both modes in the expansion of the wave
function, which ensured the convergence of the results.

A complex absorbing potential (CAP) of the form
−iW (R) = −iη(R − Rc)3�(R − Rc) is applied to the vibra-
tional degree of freedom on all three surfaces in order to
keep the length of its primitive grid manageable while pre-
venting spurious reflections. The starting point and strength
of the CAP were Rc = 40 a.u. and η = 1.2 × 10−5, respec-
tively, while the Heaviside � function means that it affects
the R > Rc region. It was also used to perform flux analysis
[75] to obtain physical quantities of the photodissociation
process such as the kinetic energy release spectra (KER) or
the photofragment angular distribution (PAD),

PKER(E ) =
∫ ∞

0
dt

∫ ∞

0
dt ′ 〈ψ (t )|W |ψ (t ′)〉e−iE (t−t ′ ), (8)

PPAD(θ j ) = 1

w j

∫ ∞

0
dt 〈ψ (t )|Wθ j |ψ (t )〉. (9)

In the above expression of the PAD, θ j and w j are the spe-
cific angles and their corresponding quadrature weights in the
applied DVR, while −iWθ j is the projection of the CAP onto
these grid points. Strictly speaking, the angular distribution
of Eq. (9) gives the probability of photodissociation in the
solid angle (�,� + d�) in the direction (θ, ϕ). Due to the
cylindrical symmetry of the problem, also exploited when
choosing a Legendre basis instead of spherical harmonics for
the rotational degree of freedom in our 1D and 2D models,
it is independent of ϕ. Alternatively, we may calculate the
total photofragment angular distribution in the θ j direction by
integrating Eq. (9) along ϕ as

P̃PAD(θ j ) =
∫ 2π

0
PPAD(θ j, (ϕ)) sin θ j dϕ

∝
∫ ∞

0
dt 〈ψ (t )|Wθ j |ψ (t )〉, (10)

where in the final experssion we used the fact that the quadra-
ture weights are proportional to sin θ j .

The total dissociation probability is easily obtained by in-
tegrating either of the above quantities:

Pdiss =
∫ ∞

0
PKER(E ) dE =

∫ π

0
PPAD(θ ) sin θ dθ

= 2
∫ ∞

0
dt〈ψ (t )|W |ψ (t )〉. (11)

To demonstrate the impact of light-induced nonadiabatic
effects on the dissociation dynamics of NaH we compare
results obtained with two levels of theory relative to the rota-
tional degree of freedom θ . In the full two-dimensional (2D)
case θ is considered as a dynamical variable, while in the re-
stricted one-dimensional (1D) situation it is only a parameter.
This means that the original orientation of the molecules re-
main unchanged during the evolution of the system, and they
experience an effective field strength Eeff (θ ) = Epm,prκ f i(θ ),
corresponding to the effective intensity Ieff

0 (θ ) = I0 cos2 θ

or Ieff
0 (θ ) = I0 sin2 θ , through the permanent and transition

dipoles depending on the symmetry of the involved electronic
states. The difference of the two descriptions is that the degen-
eracy points between the potential energy surfaces manifest as
LICIs in 2D and LIACs in 1D. Our third type of simulations,
referred as 3D, explore the impact of electron-rotation cou-
pling in the LICI picture.

III. RESULTS AND DISCUSSION

The aim of this work is to describe and characterize the
photodissociation dynamics of a nonaligned, isotropically
distributed NaH molecule in the presence of light-induced
conical intersections, and to explore the effect of the usually
neglected electron-rotation coupling on this process. To this
end, we compute dissociation probabilities, kinetic energy re-
lease (KER) spectra, and photofragment angular distributions
(PAD) in a pump-probe setup.

The system is assumed to be initially prepared in its elec-
tronic (X ), vibrational (ν = 0), and rotational (J = 0) ground
state. The dynamics is initiated by the pump-pulse, which pro-
motes about 35% of the population to the A state. The excited
wave packet starts to oscillate within an interval of R ≈ 3–12
a.u. This field-free (without a probe pulse) time evolution
is displayed in Fig. 4(a). A reasonably good indicator for
the instantaneous position of the wave packet is the expec-
tation value of the internuclear distance 〈ψ (t )|R|ψ (t )〉. This
quantity is overlayed on top of the vibrational density map
(integrated over the angular degrees of freedom) of Fig. 4(a)
with a continuous magenta curve. During the initial stages,
within the first period of the vibrational motion, the wave
packet is well localized, and the R-expectation value follows it
almost exactly. As time progresses, due to the multiple vibra-
tional components with different energies (and periods), the
wave packet becomes increasingly more diffuse, therefore the

052815-5



ZOLTÁN KIRÁLY et al. PHYSICAL REVIEW A 113, 052815 (2026)

FIG. 4. (a) Vibrational motion of the nuclear wave packet on the A state after excitation by the pump pulse, and the expectation value of the
R coordinate (magenta curve). The horizontal lines show the LICI positions, while the markers indicate when the R-expectation curve crosses
them: LICI(BA)

1 continuous line and blue circles; LICI(BA)
2 dotted line and blue plus signs; LICI(X A)

1 dashed line and red squares; and LICI(X A)
2

dash-dotted line and red × signs. Panels (b) and (c) zoom in the two investigated delay time windows, and show the R-expectation curve and
LICI position indicators as in panel (a), along the TDM weighted sums of the nuclear wave packet density, at LICI(BA)

1+2 with a dashed blue line
and LICI(X A)

1+2 with a continuous red line.

R-expectation curve is only able to reflect the overall period-
icity of the motion.

The horizontal lines in Fig. 4 indicate the internuclear dis-
tances where light induced conical intersections are formed by
the probe pulse, as in Fig. 3. Specifically, the continuous and
the dotted lines at R = 5.48 a.u. and R = 7.01 a.u. indicate the
intersections of the VB(R) and VA(R) potential energy curves,
that is, LICI(BA)

1,2 . Similarly, the dashed and dash-dotted lines
mark the LICI(XA)

1,2 positions at R = 7.45 a.u. and R = 8.23
a.u. between the VX (R) and VA(R) curves. Dissociation in
the individual electronic channels is expected to take place
around those probe delay times when the vibrational wave
packet traverses the interaction regions. These are marked
for the dissociative B state with blue circles and blue plus
signs for LICI(BA)

1 and LICI(BA)
2 , respectively. For later times

the R-expectation curve does not reach the LICI(BA)
1 distance,

but the wave packet clearly does. For population with suffi-
ciently high kinetic energy, dissociation can occur on state X
at LICI(XA)

1 and LICI(XA)
2 marked with red squares and red ×

signs, respectively.
Panels (b) and (c) of Fig. 4 highlight the two time windows

of the above dymanics that we focus on in the rest of this
work. Here, the R-expectation value and the LICI indicators

(horizontal lines and markers) are reproduced on the left y
axis. The data belonging to the right y axis shows the time
evolution of the nuclear wave packet density at the crossings
to state B with a dashed blue line and to X with a contin-
uous red line. To be more exact, the vibrational densities
at the internuclear distances (RLICI(fA)

1
and RLICI(fA)

2
) corre-

sponding to crossings between the same two potential energy
curves are weighted with the appropriate transition dipole
values and summed together. This quantity may serve as a
crude indicator of the dissociation yield in the corresponding
channels.

A. Total dissociation probability

The total dissociation yields on the individual electronic
states (X : red, circle; A: green, square; B: blue, triangle) calcu-
lated with Eq. (11) within the 1D (dashed), 2D (continuous),
and 3D (dotted) models are presented in Fig. 5. The upper
row [panels (a) and (b)] shows the results obtained in the
two delay-time windows for Ipr = 1 × 1011 W/cm2, while the
lower row [(c) and (d)] shows the higher employed pump
intensity Ipr = 1 × 1012 W/cm2. In case of the low Ipr the
probability curves corresponding to the B and X states mimic
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(a) (b)

(d)(c)

FIG. 5. Dissociation probabilities corresponding to the individual adiabatic electronic states (X : red with circles; A : green with squares; B
: blue with triangles) as a function of delay time between the pump and the probe pulses. The A state dissociation probability is scaled for better
visibility, with the scaling factor fsc indicated in each panel. The dashed, continuous, and dotted lines correspond to results obtained with the
1D, 2D, and 3D models, respectively. Panels (a) and (b) show our results for Ipr = 1 × 1011 W/cm2, while (c) and (d) are for Ipr = 1 × 1012

W/cm2.

nicely the density curves presented in Figs. 4(b) and 4(c). This
indicates that one-photon transition is the dominant mecha-
nism, and in this range the dissociation yields scale linearly
with the intensity. In the small 
t window the dissociation
probabilities show well separated peaks that align perfectly
with the transition times defined by the intersection of the
R-expectation curve and the LICI lines. For large delay times
we do not get such well defined structures due to the blurring
of the excited wave packet. For the higher intensity the result
for state B roughly doubles in value, which shows that we
are still in the linear regime, but the peaks are distorted due
to saturation. In contrast, the dissociation probability in the
A channel does not increase; instead certain peaks even get
diminished. This is explained by the fact that the vibrtional
wavepacket encounters the B crossings first, and as a result by
the time it reaches LICI(XA)

1,2 there is less population available
for transition. For large 
t values the dissociation yield curves
become more structured, which reflects the interference pat-
tern of the different wave packet vibrational components seen
in the density map of Fig. 4(a). Figure 5 contains a third group
of data, shown with green lines with squares. These represent
dissociation on the A state. This is inherently a two-photon
process, population transfer from A to B and/or X followed
by transfer back to A, which has a lower probability. For this
reason it has to be scaled up to be visible on the same scale
as the other two dissociation probabilities. The ratio of the
scaling factors, fsc = 3000 for the low and fsc = 30 for the
high intensity, and the approximate doubling of its value for
an order of magnitude increase of the intensity confirms this
mechanism.

Comparing the results obtained with the three approaches,
we see that for small delay times they essentially coincide. For
large 
t the 2D and 3D data remain indistinguishable, but the
1D curves deviate noticeably. In the X channel it consistently
lies below the 2D/3D curves, while in the B channel it yields
higher dissociation values for all delay times. This is true
for both employed probe intensities. These observations are
jointly determined by molecular rotation and the emerging
light-induced nonadiabatic effects. The pump pulse initiates
the rotational motion of the molecule. However, this is a
relatively slow process and its influence is not yet apparent
at short delay times. As a consequence, in this domain, the
dissociation probabilities calculated with the three models are
identical. For later times, the rotation manifests in the align-
ment of the molecules along the laser polarization, i.e., Z axis.
This means that when the probe pulse arrives it interacts with
more favorably oriented molecules than in the 1D approach,
where rotation is neglected. Due to the symmetries of the elec-
tronic states, this alignment enhances the coupling between
the A ↔ X states and reduces the one between A ↔ B. This
explains the trends observed between the results obtained with
the models that include rotational motion (2D, 3D) and the 1D
that neglects it. For this physical quantity, the incorporation of
electron rotation in the description does not show any effect.

B. Kinetic energy release spectra

To illustrate the time-delay dependence of the kinetic en-
ergy release spectra of the photofragments, we present in
Fig. 6 the results obtained with the 2D model at the higher
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FIG. 6. Kinetic energy release (KER) spectra of the photofragments for Ipr = 1 × 1012 W/cm2 as a function of delay time for the 2D model
on each dissociation channel: B state (a),(b); A state (c),(d); X state (e),(f).

investigated intensity. Panels in different rows correspond
to spectra of the individual electronic states. At short delay
times, shown in left column, the spectra exhibit well defined
peaks around the time moments the excited wave packet on
the A state crosses one of the LICIs. In contrast, for long delay
times as the different vibrational components of the excited
wave packet do not reach the coupling regions simultaneously,
more elongated and structured features emerge.

From our previous work [18] it is already known that
the 1D and 2D models yield nearly identical KER spectra
at short delay times. At longer delays, however, significant
differences emerge due to the combined effect of the rotational
motion initiated by the pump pulse and the light-induced
nonadiabatic dynamics. These mechanisms have been dis-
cussed above in describing the differences observed in the
dissociation yields calculated with the different methods. The
primary focus of the present study is to highlight possible
effects of the electron-rotation coupling that the simpler mod-
els might neglect. For this reason, we present in Fig. 7 the
relative difference between the 2D and 3D KER spectra on the
X and B states for both investigated probe-pulse intensities.
The spectra on the A state is orders of magnitude smaller than
on the other two channels, as indicated by the scale of the
colorbars of Fig. 6, therefore they are omitted. It can be seen
that the differences are more pronounced on the B state. This
is not surprising, since the K-� coupling affects transitions
involving this state directly. Also, with increased intensity
the differences intensify, but do not exceed 2–3% even for
the higher employed intensity [Figs. 7(e) and 7(f)]. We may
conclude that, in agreement with the results obtained for the
dissociation yield, the inclusion of electron-rotation coupling

does not alter the KER spectra in a measurably meaningful
way.

C. Photofragment angular distribution

Let us turn our attention to the angular distribution of
the photofragments. Within the short delay time interval, as
we saw earlier for the other quantities, the PAD [Eq. (9)]
calculated with the three employed models produce identical
results. Therefore, the corresponding data is not presented
here. Likewise, the results obtained for the two intensities
display the same trends. Accordingly, we show in Fig. 8 only
the high intensity results for each electronic state and for the
1D, 2D, and 3D models.

Two observations stand out at first glance: First, the angular
distributions on the � states (X and A) obtained with the 2D
and 3D models are essentially indistinguishable. In contrast,
within the 1D approximation—where molecular rotation is
completely neglected—the results differ significantly from the
others. The underlying mechanism is essentially the same as
that identified earlier for the interpretation of the dissociation
yields. To be specific, due to the rotational motion induced
by the pump pulse, the pump excited molecules start to de-
viate from their initial isotropic distribution and align with
the polarization direction of the employed laser fields. The
same symmetry of the X and A states means their coupling
is proportional to cos θ , i.e., strongest along the polarization
direction. As a result, a larger portion of the population trans-
fers back and dissociates on the X state than in the rotationless
1D situation. The distinctive substructure of elongated verti-
cal peaks is a direct consequence of the different vibrational

052815-8



LIGHT-INDUCED NONADIABATIC PHOTODISSOCIATION … PHYSICAL REVIEW A 113, 052815 (2026)

FIG. 7. Relative difference between the KER results obtained in the 2D and 3D models for the B and X dissociation channels. The color
scale represents percentages. Panels (a)–(d) show the results for Ipr = 1 × 1011 W/cm2, while (e)–(h) are for Ipr = 1 × 1012 W/cm2.

FIG. 8. Photofragment angular distribution (PAD) conform Eq. (9) as a function of delay time for Ipr = 1 × 1012 W/cm2 on each
dissociation channel: B state (a)–(c); A state (d)–(f); X state (g)–(i). Different columns correspond to the 1D, 2D, and 3D model calculations,
as indicated on the upper row.
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(a) (b)

(d)(c)

FIG. 9. Angular distribution on the B state for two delay times indicated on the figures. Panels (a) and (c) show the results calculated with
Eq. (9), while (b) and (d) are the results with Eq. (10). Dashed, continuous, and dotted lines represent the 1D, 2D, and 3D models, respectively.

components of the wave packet reaching the coupling region
at different times. Second, the results for the B state obtained
with the 2D and 3D models differ markedly in the small-angle
region (θ ≈ 0◦–15◦). This is a clear fingerprint of the inclu-
sion of electron-rotation coupling into the description. Similar
findings were reported by the group of Zhang, when studying
the photofragment angular distribution of the the CH+ and
MgH+ molecules [16,64]. Another noteworthy observation—
one that has not been examined previously—is that the PAD
data obtained with the 3D method converge to the 1D results
for small angles. For easier visualization, panels (a) and (c)
of Fig. 9 present the angular distributions calculated with
Eq. (9) within the three models for two specific delay times
and for the higher probe intensity. As mentioned above, the
� ↔ � transitions are proportional to cos θ , and with the
chosen pump intensity (no Rabi floppings) the pump-excited
wave packet on A has a “pz” shape (dominantly J = 1). On
the other hand, � ← � transitions are proportional to sin θ .
The combined effect leads in the rotationally static 1D model
on the B state to a vanishig PAD at both θ = 0◦ and 90◦, and a
maxima around θ ∼ 40◦. When molecular rotation is switched
on (2D, 3D), the molecules tend to align along the laser field,
and the pz shape of the A wave packet is skewed toward the
Z axis. This induces a shift of the B state PAD toward smaller
angles. Moreover, the light induced conical intersections be-
tween the A and B states appear at θ = 0◦ (and 180◦), which
facilitates dissociation on B around the otherwise forbidden
θ = 0◦ angles. As our data show, incorporating also the K-�
coupling in the description entirely suppresses this effect,
leading to no dissociating fragments along the Z axis. For
increasing laser intensity the coupling becomes stronger, i.e.,
steeper adiabatic surfaces that guide the wave packet more

efficiently toward the LICI in 2D, and the discrepancy with
the 3D model becomes ever higher [64].

Recall that in the dissociation probability and KER spectra
we did not see significant differences between the 2D and 3D
results. To better understand this discrepancy, we also calcu-
lated the total photofragment angular distributions P̃PAD(θ )
along the polar angle θ according to Eq. (10). The results
are presented in Fig. 10 and panels (b) and (d) of Fig. 9. We
can see that the integration over the azimuthal angle ϕ essen-
tially washes out the differences between the two descriptions.
This is not surprising, since the integration is equivalent (up
to a constant factor) with a multiplication with the quadra-
ture weights (i.e., sin θ ), which diminishes the differences
most strongly in the vicinity of θ = 0◦, where they are the
largest.

IV. CONCLUSIONS

In the present paper we performed pump-probe numerical
simulations to study the ultrafast molecular dynamics of the
NaH molecule, considering its first three singlet electronic
states. To elucidate the underlying mechanisms, we have
investigated the combined effects of multiple light-induced
nonadiabatic couplings and nuclear rotational motion, in-
cluding the case where the electronic angular momentum
projected onto the diatomic axis is coupled to the rota-
tional angular momentum of the nuclei. For this reason
key dynamical observables—namely dissociation probabili-
ties, kinetic energy release spectra, and photofragment angular
distributions—for intensities at the upper end of the linear
regime have been computed.
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FIG. 10. Total angular distribution along θ on the B state for Ipr = 1 × 1012 W/cm2 according to Eq. (10).

Based on our results, we can conclude that for disso-
ciation probabilities and kinetic energy release spectra the
difference between the 1D and 2D methods is much more
pronounced than that between the 2D and 3D approaches.
This is understandable, since the 2D model explicitly includes
nuclear rotation and the associated light-induced nonadiabatic
effects, which are absent in the 1D treatment. In contrast, the

discrepancies between the 2D and 3D methods are compara-
tively minor for these observables.

However, in the case of angular distributions, we ob-
served a substantial difference between the 2D and 3D results
in the small θ angle region. These discrepancies intensify
with increasing laser intensities. Interestingly, the 3D model
yields results that are closer to those obtained with the more

FIG. 11. Workflow for the development of laser-matter interaction.
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restrictive 1D model. Presently, the underlying mechanism of
this behavior is not clear, and will be the subject of further
investigations.

To gain a more accurate understanding of this behavior,
we recalculated the dissociation probabilities along the θ di-
rection. With this integration along the azimuthal angle ϕ,
the 2D and 3D models produce similar results even in the
small-angle region. This does not imply that electron-rotation
coupling has no effect; rather, it suggests that its impact
should not be overestimated, at least for the considered laser
intensities.
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APPENDIX: LASER-MATTER INTERACTION
IN WIGNER D BASIS

The operator of light-matter interaction in the dipole ap-
proximation is the scalar product between the E (t ) electric
field and the dipole operator μ (permanent or transition).
These quantities are usually obtained in different coordi-
nate systems; performing the scalar product is not trivial. A
schematic representation of the necessary workflow is shown
in Fig. 11. The electric field defines the space-fixed (SF)
Cartesian coordinate system, where in the case of a linearly
polarized laser, for convenience, the polarization axis coin-
cides with the SF Z axis. Dipole moments are supplied by
quantum chemistry packages, and are defined in body-fixed
(BF) Cartesian coordinates, but can be transformed to SF with
the help of the rotation operator as

μSF = D(ϕ, θ, χ )μBF. (A1)

This expression is best cast in spherical coordinates, where
vectors are written as

v =
∑

q

(−1)qv−qeq with q ∈ {±1, 0}. (A2)

The vector components (same relations apply also for the eq

unit vectors) are related to the Cartesian ones as

v+1 = − 1√
2

(vx + ivy), v0 = vz, v−1 = 1√
2

(vx − ivy),

(A3)

vx = 1√
2

(v−1 − v+1), vz = v0, vy = i√
2

(v−1 + v+1).

(A4)

Accordingly, the components of the dipole in the SF spherical
coordinate system are given in terms of their BF counterparts
[77] as

μSF
p =

1∑
q=−1

D1∗
pq(ϕ, θ, χ )μBF

q , with p ∈ {0,±1}. (A5)

Casting also the electric field in spherical form, we are able to
evaluate

ESF · μSF =
1∑

p=−1

(−1)pESF
−pep ·

1∑
p′=−1

(−1)p′
μSF

−p′ep′

=
1∑

p=−1

(−1)pESF
−p μSF

p

=
1∑

p=−1

(−1)pESF
−p

1∑
q=−1

D1∗
pq(ϕ, θ, χ )μBF

q

=
1∑

p=−1

1∑
q=−1

(−1)pESF
−p (−1)q−pD1

−p−q

× (ϕ, θ, χ )μBF
q

=
1∑

p=−1

1∑
q=−1

(−1)qESF
−p μBF

q D1
−p−q(ϕ, θ, χ ). (A6)

If one uses linearly polarized laser fields (as in the case of
our pump-probe setup, where both pulses are linearly polar-
ized), Eq. (A6) may be simplified to a single sum, retaining
the p = 0 component for Z-polarized fields E0 ≡ EZ :

E · μ ≡ ESF
Z μSF

Z = EZ

1∑
q=−1

(−1)q μBF
q D1

0 −q(ϕ, θ, χ ) (A7)

= EZ
[
(−1)−1μBF

−1 D1
0 1(ϕ, θ, χ ) + (−1)0μBF

0 D1
0 0(ϕ, θ, χ ) + (−1)1μBF

1 D1
0 −1(ϕ, θ, χ )

]
= EZ

[
− μBF

x − iμBF
y√

2

sin θ√
2

e−iχ + μz cos θ − μBF
x + iμBF

y√
2

sin θ√
2

eiχ

]
. (A8)

In the last line the explicit form of D1
0 q was introduced:

D1
0 0(ϕ, θ, χ ) = cos θ and D1

0 ±1(ϕ, θ, χ ) = ± sin θ√
2

e∓iχ . (A9)
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Using the well known identity∫ 2π

0
dϕ

∫ π

0
sin θ dθ

∫ 2π

0

[
DJ3

M3 �3
(ϕ, θ, χ )

]∗
DJ2

M2 �2
(ϕ, θ, χ )DJ1

M1 �1
(ϕ, θ, χ )

= 8π2

2J3 + 1
CJ3 M3

J1 M1 J2 M2
CJ3 �3

J1 �1 J2 �2

= 8π2(−1)M3+�3

(
J1 J2 J3

M1 M2 −M3

)(
J1 J2 J3

�1 �2 −�3

)
(A10)

and Eq. (A7) we can develop the expression of matrix elements in the |JM�〉 basis:

〈J ′M ′�′|E · μ̂|JM�〉 = EZ

1∑
q=−1

(−1)q μBF
q 〈J ′M ′�′|D1

0 −q|JM�〉

= EZ

1∑
q=−1

(−1)q μBF
q

[
(−1)M ′+�′√

(2J ′ + 1)(2J + 1)

(
J 1 J ′

M 0 −M ′

)(
J 1 J ′

� −q −�′

)]

= EZ (−1)M ′+�′√
(2J ′ + 1)(2J + 1)

(
J 1 J ′

M 0 −M ′

)
1∑

q=−1

(−1)q μBF
q

(
J 1 J ′

� −q −�′

)
. (A11)

The Wigner 3j symbols of the last equation vanish unless the triangular rule of vector addition are satisfied leading to the selection
rules

M ′ = M, (A12)

�′ = � − q. (A13)

The first one shows that a Z-polarized field leaves the projection of the total angular momenta unchanged. This means that the ϕ

Euler angle is redundant, and can conveniently be fixed to ϕ = 0.
Let us recall that all three electronic states of our model are singlet states, meaning that S = 0, therefore � ≡ �. Accordingly,

the selection rule (A13) may be rewritten as 
� = �′ − � = q. For this reason, from the expression (A11) of the dipole operator
matrix elements, in case of transitions between the � states only the q = 0 − 0 = 0 term contributes. Note that we would get the
same coupling element between � states, q = 1 − 1 = 0. For � ↔ � transitions the 
� f ←i = ±1 selection rule applies. As a
result, depending on the symmetry of the involved electronic surfaces, only one term of the light-matter coupling expression of
Eq. (A8) gives nonzero contribution, namely

E · μ =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

E0 μBF
0 D1

0 0(0, θ, χ ) = EZ μBF
z cos θ, � → � (or � → �),

−E0 μBF
+1 D1

0 −1(0, θ, χ ) = −EZ
μBF

x +iμBF
y

2 sin θ e+iχ , � → �,

−E0 μBF
−1 D1

0 1(0, θ, χ ) = −EZ
μBF

x −iμBF
y

2 sin θ e−iχ , � → �.

(A14)

We also have to consider that the � state is doubly de-
generate, with πpx and πpy molecular orbitals. Both should be
included in the calculations, while the resulting various phys-
ical quantities must be averaged over these degenerate states.
This would increase the numerical demand of the calculations,
since in practice it would mean four electronic states instead
of three. To circumvent this inconvenience, we considered
them as one, using the formalism below. In case of a � → �

transition we can write the corresponding result

〈�|E · μ̂|�〉 = 〈
�px

∣∣E · μ̂|�〉 − i
〈
�py

∣∣E · μ̂|�〉
= −EZ

1
2μBF

x sin θ eiχ − EZ
1
2μBF

y sin θ eiχ

= −EZ μBF
⊥ sin θ eiχ . (A15)

In the last equation we used the fact that the x and y com-
ponents of the dipole moment are equal, and introduced the

notation

μBF
x = μBF

y ≡ μBF
⊥ . (A16)

Transition in the opposite direction results in a matrix element
that is the complex conjugate of (A15), and with μBF

z ≡ μBF
‖

we arrive at our final expression,

〈 f |E · μ̂|i〉=

⎧⎪⎪⎨
⎪⎪⎩
EZ μBF

‖ cos θ, � → � (or � → �),

−EZ μBF
⊥ sin θ eiχ , � → �,

−EZ μBF
⊥ sin θ e−iχ , � → �,

(A17)

where |i〉 and | f 〉 are electronic eigenfunctions.
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