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Time-dependent approach to the double-channel dissociation
of the NaCs molecule induced by pulsed lasers*

Zhang Cai-Xia(5K % 8%), Niu Yu-Quan(4>4x4), and Meng Qing-Tian(#; K )T
College of Physics and Electronics, Shandong Normal University, Jinan 250014, China

(Received 15 January 2014; revised manuscript received 20 April 2014; published online 10 August 2014)

The dynamics of the double-channel dissociation of the NaCs molecule is investigated by using the time-dependent
wave packet (TDWP) method with the “split operator-Fourier transform” scheme. At a given wavelength and intensity
of laser pulse, the population of each state changing with time is obtained. The photo-absorption spectra and kinetic-
energy distribution of the dissociation fragments, which exhibit vibration-level structure and dispersion of the wave packet,
respectively, are also obtained. The results show that by increasing the laser intensity, one can find not only the band center
shift of the photo-absorption spectrum, but also the change of the fragment energy. The appearance of the diffusive band in
the photo-absorption spectrum and the multiple peaks in the kinetic-energy spectrum can be attributed to the effects of the

predissociation limit and the external field.
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1. Introduction

In the investigation of light-molecule interaction, the dis-
sociation of molecules has always been a very important topic,
due to its significance in understanding both the nature of
the potential energy curve (PEC) and the mechanism of the
bond breaking process.!!! What is more, the progress of the
photo-dissociation technique has made many new phenom-
ena, such as multi-channel dissociation,? coherent control of
dissociation,>* photoassociation reaction,> etc observed
and investigated. Among them, an interesting phenomenon is
the double-channel dissociation.

For double-channel dissociation, because it can provide
us with the information about spin—orbit coupling, an accurate
description of which is essential for a quantitative compari-
son with experiments, more attention has been paid to it in
recent decades.3 191 In the study of the Nal molecule, Alek-

seyev et al.l']

showed that the inclusion of the spin—orbit cou-
pling can nearly quantitatively reproduce the observed peaks
in the absorption spectrum. In the relevant theoretical treat-
ment, the avoided crossing is a common topic for discus-
sion, the existence of which can give rise to some interest-
ing features in time-resolved dynamics. In the process of
double-channel dissociation, the existence of the predissoci-
ation limit and the overlap region between discrete energy lev-
els of the lower excited state and continuous energy levels of
the higher excited state can result in the diffusion of absorption

(11

spectrum bands.[!'!] These phenomena, often occurring in het-

eronuclear alkali dimers, have been investigated experimen-
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tally or theoretically.!!%!3!

The alkali-metal atoms, because of their important role in
ultracold physics and chemistry, have been frequently investi-
gated in recent years. When these atoms form cold molecules
and are induced into their lower vibrational states by exter-
nal fields, they have opportunities to be ionized or dissociated.
Some researchers have done excellent work on these laser-
induced processes.!!*"1®! As a typical cold molecule, NaCs has
gradually become the topic of some experimental and theoret-
ical researches in recent years, since it has the largest mea-
sured dipole moment in all of the diatomic alkali molecules.
In 1986, Sharma et al.!'”! conducted an experiment on the
photo-dissociation of NaCs for the first time. The ratio of
dissociation rates was obtained in the study of the predisso-
ciation and collisional depopulation of the NaCs excited state
by Shen and Lil'® in 2002. They showed that the branch-
ing is strongly detuning-dependent in the vicinity of the NaCs
near-wing satellite. In 2007, Aymar and Dulieu!'®! reported
first their calculated transition dipole moments, which laid a
foundation for the study of the dissociation dynamics for the
NaCs molecule. In the investigation of the two-step photoas-

7:20-22] it was found that

sociation of some cold molecules,!
the photo-dissociation is also a crucial process. The intensive
theoretical and experimental researches on alkali-metal-atom
molecules!”-?3! showed that because of the features of their
PECs, they have great possibilities to be dissociated through
the double channels when being in the electronic ground state
and exposed to laser fields. So in the study of the external field

effect on photo-dissociation dynamics, one often chooses the
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alkali-metal-atom molecules as a study object.

In the theoretical research on the photo-dissociation
process, the often-used methods include the classic trajec-
tory method, the quasi-classical trajectory method, the time-
dependent wave packet (TDWP) method, and the time-
independent method. Among them the TDWP method has
been proved to be an effective approach to solving the light-

24261 Its advantages over other meth-

molecule interaction. !
ods are shown not only in the high efficiency of the numer-
ical calculation, but also in the intuitive picture of the dy-
namics. In addition, the TDWP method is especially suitable
for the study of the real-time dynamics. It has given excel-
lent results in the investigation of photo-ionization,?”! photo-
dissociation, 2739 photoassociation, ! etc.

In the present work, we choose the NaCs molecule as a
study object, and use the TDWP method to explore its photo-
dissociation dynamics. The rest of this paper is arranged as
follows. In Section 2, the theoretical model of the quantum
wave packet method for photo-dissociation, together with the
method used to calculate the population in each electronic
state, the photo-dissociation absorption spectrum, and kinetic-
energy spectrum, is described. In Section 3, we present the
results and discuss the effect of an external laser field on the
nature of photo-dissociation. The influences of the existence
of the predissociation limit and the avoided crossing on the
properties of photo-dissociation are also involved in this part.

Our concluding remarks are given in Section 4.

2. Method

Consider a three-state system. The radial time-dependent
Schrodinger equation of the system within the Born—
Oppenheimer approximation, with the coupling of rotations
with other degrees of freedom neglected, has the form of

L O¥ (R1)

o =(T+V)¥(R,1), )

where ¥ (R,t), T, and V are, respectively, the time-dependent
nuclear wave function, the kinetic matrix, and the potential
matrix. They can be explicitly expressed as

(R, 1)
¥ (R.1) = E 1) (2)

1 92
" 2m OR?

Vx  Wxa Wxs
V= Wxa Va Vas |, 3)
Wxg Va VB

where R is the internuclear separation; yx (R,t), Wa(R,?), and
i (R, 1) are the time-dependent nuclear wave functions in the

ground (X) and excited (A, B) states, respectively; m is the
reduced mass; V; (i = X, A, B) refer to the potential functions
for the three neutral electronic states X'+, A'Y*, and B'Zt
respectively; ') W;; = w;E (¢) (i, j = X, A, B) denote the cou-
pling between the involved electronic states with dipole matrix
elements p;; and external field E (r); Vag is the non-adiabatic
coupling.

Given the wave packet ¥ (R, () at initial time 7y, with the
split-operator-Fourier scheme of wave packet propagation, the
canonical solution of Eq. (1) can be written up to second-order

approximation as[*!]

W (R,to+At) ~ Uy 2UrUY*W (R, 1) , )
where At is a small time interval, and
iAt 1At
Uy = exp {—1;_1‘/ (RJO)} , Ur=exp {—lhT} ENG))

are called the potential- and kinetic-energy evolution opera-
tors, respectively. After propagating n steps, the wave function
assumes to have the form of

—1
W (R, 1o+ nAt) ~ [ZHOUTUV (R,1o +km)} ¥ (R,1). (6)

The population of each state can be extracted from the norm
of the nuclear wave packet ¥ (R,?) (i = X,A,B), i.e.[”]

R, ‘ s
dR[¥ (R,1)[", (M
Ry

FPi(t) =

where R; and R, define the range of inter-nuclear distances.
With the wave packet ¥ (R,?) (i = X, A,B), other associated
information can also be obtained.

In the calculation of TDWP for scattering systems, an of-
ten encountered problem is the artificial boundary reflection
from the end of the numerical grid, which can distort and ruin
the correct dynamics.??) To eliminate this boundary reflec-
tion, in this work, we define an absorbing potential (or optical

potential) by!33

iV, (R_Ra'”y Rubs < R < Ruvs + AR
—1Vj0 ) +

A AR.1e abs > IV > Mapbg abs;
des abs R <Rab5, (8)
where Vjy is the height of the absorbing potential; R, is the
point far away from the interaction region, at which the ab-
sorption is switched on, and AR is the width of the absorb-
ing potential.

When the wave packet is obtained, the dissociation prob-
ability in each channel can be calculated from the probability
flux of the wave function at the nuclear separation Ry,
I (R.1)

h
Ji(t) = —Im |¥* (Rt .
0= tm B RO =5

©))
If we write the outgoing wave-packet in terms of a real ampli-
tude A and a real phase P, i.e.

W (R,1) = A; (R, 1) expid; (R,1))], (10)
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then the current density can be written as>>!

A (R,1)?

Ji(R,1) = V& (R,1). (11)

The dissociation yield of fragments, D, is given by the follow-
ing integration along the nuclear flux direction at Ry

D(t) = /Ot dt'J; (Raps,1'). (12)

Using the expression of momentum distribution34!

dp |, dp |
P g[f(l’ )]

where p’ is the momentum at which the derivative is calcu-

lated, the kinetic-energy distribution has the form of

_ [y
7' dp

p/

dN

- (14)

p'=v2mT’

Then in channel i, the photo-absorption spectrum as a function
of the photo energy 7 can be determined by the partial cross

section!!0]

473
— _ko|¥%(E)*, (15)

o (@) = 3cegm

where the wave packet ¥ (E) at R,ps is Fourier transformed

from time domain as
1 o0
U(E) =5 [ WRis)exp(—iEt/m)dr,  (16)
0

2m(E —V;(R¢))/h is the wave vector in channel i,
V; (Ry) is the potential energy in channel i at R = Ry, and &
is the permittivity of free space.

3. Results and discussion

The present photo-dissociation of NaCs'°! involves three
electronic states, i.e. the ground state X!¥+, and two excited
states A'X*, BIX* (Fig. 1). As shown in Fig. 1, for excited
states A!XT and B'ZT, besides the existence of an avoided
crossing at the inter-nuclear distance about 10.3 au (the unit
au is the abbreviation for atomic unit), there is also an over-
lap region between discrete energy levels of the lower excited
state A'X* and continuous energy levels of the higher excited
state BIXZT. These features of the PECs make the dissociation
of the NaCs molecule more interesting, especially when one

of the excited states is repulsive.
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Fig. 1. (color online) Diabatic and adiabatic (lines in the inset, only
containing the excited states) PECs for NaCs.

When NaCs molecules in an electron ground state are
pumped into excited states by an appropriate laser pulse, the
near resonance may happen to states A'Z* and B'L*, and
the molecules may dissociate through two channels, i.e. the
upper channel (the dash—dotted line) and the lower one (the
dashed line). The calculated dissociation probability changing
with time is shown in Fig. 2. Obviously for the lower dis-
sociation channel, there is some plateau regions appearing in
the probability curve, which can be explained by the evolution
of the wave packet on the potential curve: the wave packet
is pumped into the region between the two excited PECs and
causes the near resonance with the states A'X* and B'X*. For
the upper adiabatic state, when the wave packet reaches the
position of the avoided crossing from the left turning point,
part of it transmits across this region and dissociates through
the lower channel. At the same time another part of it moves
forward along the potential well until reaching the right-hand-
side turning point and then goes back. When the returning
wave packet reaches again the crossing position, part of it will
transmit across this region and take part in the dynamics on
the lower adiabatic path, meanwhile another part of it will go
on propagating along the upper adiabatic path until reaching
the left turning point. Now it completes the first period of
the oscillation. For the lower adiabatic state, the wave packet
has a similar behavior except the predissociation through the
lower channel. With the movement of the wave packets along
their respective potential curves, these dynamic processes re-
cur periodically, and form the plateau regions in the probabil-
ity curve. However due to the specialty of the PECs, the con-
strain of the resonance condition and the small Frank Condon
factors make the dissociation probability via the upper chan-
nel (the dash—dotted line in Fig. 2, shown in the inset is the
amplified one) become almost zero.

In order to understand the effect of the laser wavelength
on the population transfer between the states, we give the pop-
ulations of each state, each as a function of time, for differ-
ent laser wavelengths at laser-intensity 7 = 8 x 10'* W /cm?
in Fig. 3. One can see from the figure that the population of
each state changes with the laser wavelength increasing from
390 nm to 420 nm. This changing tendency is the direct result
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of the near resonance occurring due to the external field and
correlated states. Another common feature of the figure is that
due to the superposition of the involved energy eigenstates,
there is a strong Rabi oscillation in the population with the
time evolution from 25 fs to 100 fs. These patterns are consis-
tent with the investigations of the Rabi oscillation of NO in the
laser field by Meng et al.!3! After the laser field is removed,
the Rabi oscillation will disappear; however in the two excited
states other kinds of oscillations still exist because of the ex-
istence of the coupling of the two excited states. Undoubtedly
the study of the Rabi oscillation is helpful to apprehend the

nature of the dynamic process.
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Fig. 2. (color online) Dissociation probabilities of the two channels, the
upper channel (the dash—dotted line) and the lower channel (the dashed
line), each as a function of time.
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Figure 4 shows the kinetic energy distributions of the
dissociative fragments in the lower channel for laser inten-
sities ranging from 8 x 10! W/cm? to 8 x 10 W/cm?.
At an intensity of 8 x 10! W/cm2 (Fig. 4(a)), the dissoci-
ation fragments with the largest distribution have a kinetic
energy of 0.020 eV. With the laser intensity increasing to
8 x 10'2 W /cm?, the corresponding kinetic energy of the frag-
ments would be 0.016 eV, but the dissociation probability in-
creases drastically (Fig. 4(b)). An increase of the laser in-
tensity will then lead to the similar changes of the fragment
energy and the dissociation probability. This scenario is con-
sistent with the investigations of H2+ fragmentation reported
by Feuerstein and Thumm. 33 The change of the fragment en-
ergy with the laser intensity can be elucidated by the external

0 50 100 150 200 250
t/fs

Fig. 3. (color online) The populations of each state (the dashed, solid, and dotted lines denote the ground state X' X% and the excited
states A!XT, B12+) at different laser wavelengths and intensities of 7 = 8 x 104w / cm?, each as a function of time: ((a) A =390 nm,

(b) A =400 nm, (¢) A =410 nm, (d) A =420 nm).

0 50 100 150 200 250
t/fs

field modified PECs, in other words, the external field mod-
ified PECs can lead to the change of the dissociation energy.
The origin of the peaks appearing in the kinetic-energy distri-
bution of dissociation fragments can be explained by the dis-
persion of the wave packet when it evolves in the dissociative
channel as described in Ref. [23]. Since the wave packet is
not an eigenstate of the coupled Hamiltonian in Eq. (1), it dis-
perses amplitude in the covalent state during the propagation,
in other words the modified PEC can distort the wave packet
evolving on the upper adiabatic potential well. For the upper
channel, however, because of the existence of the predissocia-
tion limit, there is almost no fragment produced in this chan-

nel.
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Fig. 4. Kinetic-energy distribution of dissociation fragments for laser intensities of (a) 8 x 10! W/cm?, (b) 8 x 102 W /cm?, (c)

8 x 10" W/cm?, (d) 8 x 10'* W/cm?, in the lower channel.
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Photo-absorption spectra in the lower channel at a wavelength of A = 400 nm and different laser intensities: (a)

8 x 10! W/cm?, (b) 8 x 1012 W/cm?, (¢) 8 x 10'3 W/ecm?, (d) 8 x 10 W /cm?.

The external field effect can be also shown in the photo-
absorption spectrum. Generally the energy-dependent photo-
absorption spectrum is simply the partial cross section, which
is determined by the wave function in the energy domain
(Eq. (15)). Figures 5 and 7 show, respectively, the photo-
absorption spectra in the lower and upper channels at laser
wavelength A = 400 nm for different laser intensities. The

height of the peak in the absorption spectrum corresponds to

the population of each vibration level in the ground electronic
state; the greater the population, the higher the peak is.[*%]
Since the excited-state covalent PECs are significantly mod-
ified by the field-molecule interaction, it is natural that the
height of each spectrum peak changes with the external field.
In other words, this influence ought to be exhibited in the ab-
sorption spectrum. From Fig. 5 one can find such a common

feature that the broad envelope is superimposed with a series
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of extremely narrow resonances separated by broad window
resonances that recur periodically. This appearance can be at-
tributed to the oscillation of the wave packet trapped in the
well of the upper adiabat as mentioned before. As can be ex-
pected, the photon energy corresponding to the highest peak
is the most probable energy with which the photon can be ab-
sorbed. It can also be observed from Fig. 5 that the bandwidth
of the spectrum changes with laser intensity, too. This phe-
nomenon can be explained by the fact that by increasing the
laser intensity the photons with other frequencies have now
enhanced probability to be absorbed in the photo-dissociation
process. Inevitably when the laser intensity changes from
8 x 10" Wem? to 8 x 1012 W/cm? the band center displays
a slight blue shift, while the laser intensity changing from
8 x 10'> W/cm? to 8x10'3 W/cm? will lead to a slight red
shift of the band center. The phenomenon that the band center
changes with the increase of laser intensity can be explained
by the fact that the coupling of the three electronic states by
the external field may change the separation of the adjacent
PECs in the Frank—Condon region. In order to verify the
correctness of the absorption spectrum in Fig. 5, using the
“Chebyshev polynomial expansion” scheme, 3" we calculate
also the photo-absorption spectrum with only the ground state
X!X*and the excited state B'Z* as shown in Fig. 6. Obvi-

ously the photon energy corresponding to the highest peak is
also approximately equal to the difference between the minima
of the two PECs which is exhibited in Fig. 1. The comparison
of Fig. 5 with Fig. 6 shows that although they have the same
band width, due to the existence of the avoided crossing and
the external field, the PECs’ shift will lead to the shift of the
most probable energy, which cannot be found in Fig. 6. The
difference between peak height in Fig. 5 and that in Fig. 6
can also be attributed to the couplings between the PECs and
the external field. However because of the limitation of the
“Chebyshev polynomial expansion” scheme, one cannot find
the structure of the absorption spectrum in Fig. 6.
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Fig. 6. Photo-absorption spectrum in the excited state B'Z+ when only
the ground state X' =T and the excited state B'Z* exist.
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Fig. 7. Photo-absorption spectra in the upper channel at a wavelength of A = 400 nm and different laser intensities: (a)
8 x 10! W/cm?, (b) 8 x 1012 W/cm?, (¢) 8 x 1013 W/cm?, (d) 8 x 10! W /cm?).

From Fig. 7 we can see that there are almost no dissocia-
tion fragments through the upper channel, but due to the possi-

bility to dissociate by the lower channel when they transmit the

avoided crossing, there is still a certain absorption intensity.
Unlike the photo-dissociation cross section in the lower chan-

nel, there is more than one envelope in the absorption spec-
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trum of the upper channel. With the increase of laser intensity,
the diffusion phenomenon of the absorption band seems to be
more obvious. From the point of the spectrum, this diffusion of
the absorption band arises from the existence of the predisso-
ciation limit. The existence of the predissociation limit causes
the discrete energy levels to overlap with the continuous en-
ergy levels, giving rise to the non-radiative transition. If the
transition probability between the electronic states is not un-
usually small, we can observe the diffusion of the absorption
band, which is also the criterion of whether the predissociation
limit exists. But the probability of non-radiative transition is
not always too big to make the band completely diffuse, some-
times the individual spectral line has only a small broadening
as shown in Figs. 7(a) and 7(b). When the laser intensity is
increased, a notable broadening can be found in the absorp-
tion spectra as shown in Figs. 7(c) and 7(d). The change of
the absorption spectrum with the laser intensity is related to
the superposition of the wave packets and the influence of the
external field on the potentials. As described in Section 2, the
photo-absorption spectrum is determined by the wave func-
tion in energy (or time) domain. The increasing laser intensity
leads to the changing of PECs, giving rise to the distortion
of wave packets evolving on the PECs, and the superposition
of the wave packets from the left- and right-hand-side turning
points intensifies this distortion. This is the dynamic analysis
for spectrum diffusion.

4. Conclusions

In this paper we use the TDWP method to investigate the
photo-dissociation dynamics of NaCs. In order to achieve the
influence of the external field on the dissociation dynamics, we
examine the population of each state, photo-absorption spec-
tra and dissociation kinetic-energy distributions changing with
the external field. It is noticed that many interesting phenom-
ena which occur in the photo-dissociation process are related
to the avoided crossing of the two excited states and the pre-
dissociation limit. The results show that by increasing the
laser intensity, the band center of the cross section in the lower
channel has a shift. For the upper channel, because of the
existence of the predissociation limit, we can find not only the
diffusion of absorption bands, but also more than one envelope
in the absorption spectrum. It should be noted that due to the
modification of the PECs by the external field, the dissociation
probability and the kinetic-energy distribution of the fragment
also change with the increase of the laser intensity. These ef-
fects are very significant for understanding the external field
manipulation of some chemical reaction processes. We hope

that the present work can stimulate the future experimental in-
vestigations and have some significances for the production of
the ultracold NaCs molecule.
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