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Abstract. A theoretical investigation of the non-adiabatic dynamics processes for the
reaction Na(3s) + H2 → NaH (X1Σ+) + H has been performed using the method of co-
herence switching with decay of mixing (CSDM). The integral cross sections calculated
by the CSDM method are compared with the results from an adiabatic quasiclassical
trajectory (QCT) calculation, which uses the same potential energy in the adiabatic
representation. The product rotational polarization in non-adiabatic dynamics is pre-
sented and compared with the adiabatic results by means of the joint distributions of
rotational angular momentum vectors in the scattering coordinate. It is found that
the conical intersection shows significant influence on the integral cross sections of the
reaction. The adiabatic effect also reduces the rotational polarization of the product
NaH.

PACS: 34.35.+a, 34.50.-s, 31.50.Gh
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1 Introduction

NaH2 is a prototypical system for metal reactions with covalent molecules, and it has
been widely studied experimentally and theoretically in many reactive or non-reactive
processes. The reactions:

Na(3p)+H2 →Na(3s)+H2(v
′, j′) (1)

Na(3p)+H2 →NaH(v′′ , j′′)+H (2)

are often studied as examples of the fundamental processes of electronic-to-vibrational-
and-rotational energy transfer (E-VRT) and chemical reaction with an conical intersection
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in potential energy surface [1]. The E-VRT processes may play significant role in the pho-
tochemistry of the earth’s atmosphere and are of potential interest in laser chemistry. On
the other hand, reactive collisions which involve transitions between different electronic
states are prerequisite to a theoretical treatment of any of the more complex photochemi-
cal processes.

Most early studies for this system focus on the quenching process in reaction (1),
since the energy of the conical intersection is nearly equal to the energy of the Na (3p)
asymptote when NaH2 is in C2v symmetry. But the primary chemical interest is that
a well occurs at this geometry and is closer to the conical intersection. As early as
1981, Botschwina et al. performed time-of-flight crossed molecular beam experiments
on reaction (1) and determined the nonreactive dynamical properties, like the differential
quenching cross section and the resulting vibrational energy distribution [2]. Years later,
Devivieriedle et al. used coherent anti-Stokes Raman scattering (CARS) spectroscopy to
measure the vibrational and rotational distribution of H2 after it quenches the Na(3p)
atom [3]. They also found new lines which do not correspond to H2 lines are observed
in the CARS spectrum. Combined with the ab initio calculations, the observed lines was
attributed to the stabilized exciplex Na(3p)-HH molecule which is formed during the
quenching process. More recently, Motzkus et al. compared the reactive and quenching
behavior of the two different electronically excited sodium atoms Na(3p) and Na(4p) in
a collision with H2 using three different nonlinear optical techniques including CARS,
resonance-enhanced CARS, and DFWM (degenerate four-wave mixing). They found the
reactive process of reaction (2) is not a direct formation process and involves more than
one step [4].

The electronic features and the accumulation of experimental data make NaH2 sys-
tem an interesting target for theoretical study. Some pioneering works were performed
by semiclassical trajectory method [5-7], and then it has become possible to treat these
electronically non-adiabatic processes with accurate quantum dynamics [8,9]. Although
these studies provide the final rotational and vibrational energy distributions and the
quenching cross sections, most pervious works only focus on unreactive quenching pro-
cess at low collision energy or the predissociation of the of NaH2. In this work we calcu-
lated the stereodynamics properties of reaction Na(3s) + H2 → NaH(X1Σ+) + H, and the
non-BO effect is also taken into consideration. We compared the non-adiabatic results
with the adiabatic quasi-classical trajectory (QCT) calculations. This calculation focus on
the impact of the conical intersection on the steredynamics properties of the state reac-
tion.

Potential energy surfaces and their coupling are the start point of the dynamics stud-
ies of a non-adiabatic system. Ben-Nun et al. reported a four-state potential energy matrix
based on molecular orbital theory and parameterized to ab initio calculations. But in this
paper we used a two-state potential matrix called Surface set 6 [10], which is based on
an eight-state semiempirical diatomics-inmolecules (DIM) potential matrix [4,5]. Surface
set 6 has an infinite number of continuous derivatives and is designed to have the correct
behavior in the region of the conical intersection. The coherent switching with decay of
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mixing (CSDM) algorithm developed by Truhlar and coworkers is used in this work to
solve the evolution of the electronic state populations along the semiclassical trajectory.
Previously, a natural decay of mixing (NDM) method method is tested for this electroni-
cally non-adiabatic system, both reactive and nonreactive, by Hack and Truhlar [11]. The
CSDM method develops out of the NDM method and gives more reasonable switching
probability [12-14].

This paper is arranged as follows. In Section 2, the CSDM theory for non-adiabatic
transitions and the formulas of angular momentum polarization are summarized. Section
3 introduce the potential energy surface applied in this work. Section 4 presents the
results of the calculation. The conclusion is presented in Section 5.

2 Theory

2.1 Brief summary of the CSDM method and the algorithm

The coherent switching with decay of mixing method (CSDM) was first proposed by
Truhlar and co-workers, they had made elaborate explanations for this method in their
early works [12,13]. In this method, the time-dependent electronic Schrodinger equation
is employed to describe the electrons coupled with the nucleus motion, and the adiabatic
representation as we used in this work can be reduced as

ρ̇kk′ =
1

ih̄
ρkk′(Vk−Vk′)+(ρkk′−ρk′k′)Ṙ·dkk′

+ ∑
l 6=k,k′

(ρklṘ·dlk′−ρlk′Ṙ·dkl) (3)

where ραβ(α,β= k,k′ ,l) are elements of the density matrix ρ. k, k′ and l denotes different
adiabatic electronic states. Ṙ is the nuclear velocity. Vk, Vk′ are the eigenvalues of the
electronic Hamiltonian Hel, and dkk, dkk′ and dkl′ are non-adiabatic coupling vectors.

The CSDM method introduces decoherence effects to the original SE method by adding
decay of mixing terms in the electronic density matrix elements: ρ̇ij = ρ̇C

ij+ ρ̇D
ij where the

superscript C denotes the coherent contribution and the superscript D denotes the deco-
herent contribution. The Hamilton equation used to solve the trajectories in phase space
also includes the decoherent terms:

Ṗ= ṖC+ṖD

=−∑
k

ρkk∇RVk+∑
k

∑
k′

Re(ρkk′)(Vk−Vk′)dkk′−
µV̇D

P·ŝ
ŝ (4)

Ṙ=P/µ (5)

In Eq. (2) the force VD drives the trajectory to a pure electronic state and the unit vector
ŝ is the decoherent direction [13].
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The switching probability when the decoherent state switches during the trajectory is
obtained by the CSDM-C method [13]:

PK→K′ =max

(

−
˙̃ρKKdt

ρ̃KK
,0

)

(6)

where ρ̃KK denotes the population when non-adiabatic coupling is strong and ρ̃KK does
not evolve by contributions from the decoherent decay of mixing [12].

2.2 Product rotational polarization

The center-of-mass (CM) frame is used in this work to represent the directional distribu-
tion of product’s rotational vectors [15]. In this frame, the z-axis is parallel to the reagent
relative velocity k, and the y-axis is perpendicular to the plane containing k and k′, where
k′ is the relative velocity vector of products. j′ is the rotational angular momentum of
product NaH. The present work focuses on the correlation of the three vectors k, k′ and j′

and refers to triple-vector correlated angular distribution [16]:

P(θr,φr)=
1

4π ∑
k

∑
q≥0

[ak
q±cosqφr−ak

q∓sinqφr]Ckq(φr,0) (7)

where Ckq is the modified spherical harmonic, θr is the angle between j′ and k and φr is

the dihedral angle k′−k− j′. The polarization parameter ak
q is given by

ak
q±=2〈Ck|q|(θr,0)cos(qφr)〉 (k is even) (8)

ak
q∓=2i〈Ck|q|(θr,0)sin(qφr)〉 (k is odd) (9)

P(θr,φr) is expended up to k = 7 as our previous work [17].

3 Potential energy surface and application

The CSDM calculation of Na + H2 employs the two coupled diabatic sheets of the 2×2
Surface set 6, where the ground diabatic electronic state U11 is correlated with the reac-
tion Na(3s) + H2 → NaH(A1Σ+) + H and the first excited diabatic electronic state U22

is correlated with the reaction Na(3p) + H2 → NaH(X1Σ+) + H. The ground adiabatic
potential surfaces, which corresponds the reaction Na(3s) + H2 → NaH(X1Σ+) + H are
obtained by diagonalizing the 2×2 potential matrix. The 3D plots of U11 and U22 in di-
abatic PESs with the geometries of ∠Na-H-H’ = 90◦ are shown in Fig. 1, which is also
compared with the ground state adiabatic PES in Fig. 1 (b). The two surfaces in Fig. 1
(a) present the energy path near the reactant and product channels of the two states. The
conical intersection occurs at the reacting region before the NaH forms at excited elec-
tronic state, it indicates that the reactant Na(3s) + H2 would form electronic ground state
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NaH product by the contribution of non-adiabatic couplings. Actually NaH(X1Σ+) is the
main products for both the ground and excited channels since NaH(A1Σ+) is unstable.
Fig. 1(b) is the ground state adiabatic surface which is used in the QCT calculations. This
PES suggests an endothermic type reaction without apparent well or barrier.

 

Figure 1: The potential energy surfaces of NaH2 system in the case of ∠Na-H-H = 90◦. (a) U11 and U22 are
in the diabatic representation, (b) the ground state is in the adiabatic representation.

In the CSDM calculations, Monte-Carlo method is used to from the initial state and
phase space of the system randomly, for each initial state 100000 trajectories are sampled.
To propagation of the phase space, Eq. (2) and Eq. (3) are solved by a sixth order sym-
plectic routine [18,19]. The QCT calculations are performed with the Born-Oppenheimer
approximation [17,20-26], so the ground and first excited state adiabatic potential energy
surfaces are obtained by diagonalizing the diabatic matrix. For all the reactions discussed
in this work, the reactants are initialized with Na (3s) reactant.
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4 Results and discussion

Fig. 2 gives the excited function (the integral cross section as a function of collision en-
ergy) of reaction Na(3s) + H2 → NaH(X1Σ+) + H for the ground rovibrational initial state
of H2 with the collision energy range from 3.5eV to 5.5eV. Both of the QCT and CSDM
curves are increased first and then gradually decline after 4.0eV. Seen from the picture,
the integral cross sections (ICS) calculated by QCT and CSDM method show the same
trend. But it is obvious that the non-BO effect brings smaller cross sections especially at
the small and very large collision energy. The shrink of the ICS when considering the
non-BO effect suggests that the conical intersection has significant impact on the forming
of product NaH, and it is closely related to the structure of the diabatic PES in Fig. 1(a).
When the reaction gets the crossing point, parts of the trajectories go through the path
on the ground state diabatic surface U11, which corresponds to the unstable high energy
product. This channel is almost unreactive, so the non-switching process on U11 will cer-
tainly decrease the yield of NaH molecular. The “shunting path” on U11 may be the most
immediate impact of the non-adiabatic cross. However, to form the NaH(X1Σ+), the tra-
jectories should switch to the excited state surface U22. This switching is accompanied by
strong coupling between the PESs, and the coupling also contributes the shrinking of the
ICS.
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Figure 2: The excitation functions of reaction Na(3s) + H2 → NaH (X1Σ+) + H from the adiabatic QCT
calculation and non-adiabatic CSDM calculation.

Because the trajectories on U11 is non-reactive, the directional distribution of prod-
uct’s rotational angular momentum is mostly affected by the strong coupling between the
two states rather than the “shunting path” on U11. The joint distributions of P(θr,φr) cal-
culated by the CSDM method are shown in Fig. 3 for reaction Na(3s) + H2 → NaH(X1Σ+)
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Figure 3: The P(θr,φr) distributions of reaction Na(3s) + H2 → NaH (X1Σ+) + H calculated by the CSDM
method for three different collision energy; (a) E=3.5eV, (b) E=4.0eV, (c) E=4.5eV.

+ H at three different collision energy. Seen from 3(a), P(θr,φr) shows a strong peak at
both (90◦,90◦) and (90◦,270◦) area, which indicates that the product fragments are ejected
with the rotational angular momentum vertical to the k-k′ scattering plane. The two peaks
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at 3.5 eV show almost symmetrical form, which also indicates that j′ is aligned with the
y-axis, in spite of the random initial orientation of the reactant molecules in the center of
mass (CM) coordinate. But when the collision gets larger, the P(θr,φr) distribution reg-
ularly changes as shown from Figs. 3(a)-(c). The peak at (90◦,270◦) shows appreciable
drop, at the same time the peak at (90◦,90◦) almost keeps the same form. This asymmetry
of the polarization form indicates that the product fragments are ejected with anticlock-
wise rotation and j′ is tent to be reoriented into the positive direction of y-axis in the CM
coordinate. That is, the distribution of NaH’s rotational angular momentum will turn
from the “alignment” form to the “orientation” form when collision energy increases.

The P(θr,φr) distributions calculated by QCT at the same collision energy are given
in Figs. 3(a)-(c). At the collision energy 3.5eV, the distribution also shows a symmetrical
form with two strong peaks at (90◦,90◦) and (90◦,270◦), which indicates that the product
fragments are ejected with the rotational angular momentum vertical to the k-k′ scatter-
ing plane. And when the collision energy increases, the polarization of product in the
adiabatic system changes with a similar trend as the diabatic system. The distribution at
(90◦,270◦) is reduced by the increasing collision energy, but the area (90◦,90◦) is enhanced.
The whole distribution of product rotational polarization given by QCT calculation also
indicates a change from the alignment form to the orientation form, except for the dif-
ference that the adiabatic calculation gives more polarized distribution than the diabatic
calculation. The distributions shown in Fig. 3 and Fig. 4 suggest that the strong coupling
caused by the conical intersection will not change the polarization direction and its dis-
tribution mode of product NaH after the switching, but it obviously reduces the intensity
of the polarizations.

5 Conclusion

The stereodynamics of reaction Na(3s) + H2 → NaH(X1Σ+) + H has been investigated
diabatically by the CSDM method. This calculation also compared with the results from
the adiabatic QCT calculation. The CSDM calculations are based on the two state diabatic
surface set. The comparison of the integral cross sections from the QCT and the CSDM
indicates that the conical intersection in the diabatic system will significantly reduce the
yield of ground state product NaH(X1Σ+). Due to the intersection of the diabatic PES,
Na(3s) + H2 can also form the excited product NaH(A1Σ+), which is unstable. How-
ever, the competition of NaH(A1Σ+) channel will reduce the cross section of NaH(X1Σ+).
The joint distribution P(θr,φr), which represents the rotational polarization of products
presents a variation from the alignment form at 3.5eV to the orientation form at larger
collision energy for both adiabatic and diabatic systems. But the CSDM calculation gives
weaker polarized distributions than those in the QCT calculation, which suggests that
the conical intersection in the diabatic system will reduce the intensity of the product
rotational polarization but will not change the its direction.
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Figure 4: The P(θr,φr) distributions of reaction Na(3s) + H2 → NaH (X1Σ+) + H calculated by the adiabatic
QCT method for three different collision energy; (a) E=3.5eV, (b) E=4.0eV, (c) E=4.5eV.
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