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Control of reaction channels of CsI

molecule by ultra-short laser pulse∗
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The influence of the ultra-short pulse wavelength on the populations in the three electronic states of CsI molecule is

investigated using the time-dependent wave packet method. The calculated results show that the populations in the two

excited states approach to the maxima at the wavelengths of 369 nm and 297 nm, respectively. The photodissociation

reaction channels of the CsI molecule can be chosen by controlling the pump pulse wavelength.
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1. Introduction

With the rapid development of the ultra-short
laser pulse technique, the femtosecond laser pulse
serves as not only an observation tool,[1−5] but also
an efficient way to control the molecular dynamics.[6,7]

The effect of external field on molecular potential,
which is often called field-matter interaction (FMI),[8]

always becomes an interesting topic of many dynam-
ical calculations.[9−12] When molecules are subjected
to an intense laser field, some interesting phenomena,
such as Rabi oscillation,[13] ac-Stark shift,[14] etc. may
appear. In order to investigate the interaction con-
veniently, the concept of light-induced potential[15] is
introduced and applied to the study of the distribu-
tion of molecules. For CsI molecule, Ruhman and
Kosloff[16] used a chirped ultra-short pulse to control
the population in the vibrational state of the ground
state. And later, Stibbe et al.[17] investigated the dis-
sociative ionization of CsI aggregated with CH3CN,
and observed an oscillatory ionized signal. Kurosaki
et al.[18] invoked spin–orbit (SO) coupling and calcu-
lated thirteen states of CsI molecule with the molec-
ular symmetries 0+, 0−, 1, and 2, respectively. More-
over, Alekseyev et al.[19] used the three 0+-state po-
tential energy curves to well describe the photodisso-
ciation dynamics of NaI, so the three 0+ states of CsI

molecule are chosen for dynamics calculations, which
may be acceptable as a first step of understanding
the photochemical nature. The three states with the
symmetry Ω = 0+ are ground state X0+ (Cs+(1S0)
+ I−(1S0)), excited state A0+ (Cs(2S1/2) + I(2P3/2)),
and excited state B0+ (Cs(2S1/2) + I(2P1/2)). (Here-
after, we use X, A, and B to denote an ionic state and
two covalent states, respectively).

It is known that the ultra-short pulse wave-
length plays an important role in the light-matter
interaction.[20] To the best of our knowledge, the the-
oretical study that the ultra-short pulse manipulates
the photodissociation reaction[21] of the CsI molecule
has not been reported yet. Therefore, in this paper,
the effect of the pump pulse wavelength on the pop-
ulations in each electronic state is investigated using
the time-dependent wave packet method. The results
may provide some significant information for further
investigation on experiment.

2. Theoretical treatment

The three potential energy curves of diabatic
states of CsI molecule with symmetry Ω = 0+ are
shown in Fig. 1. To describe the dynamics of CsI
in intense field, a pump pulse is used to prepare a
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wave packet on the potential energy curves of the ex-
cited states A and B. After that, the prepared wave
packet will propagate on the potential energy curves
of the CsI molecular states. The ionic and the cova-
lent potential energy curves cross at Rx = 12 Å (1 Å
= 0.1 nm).[18] The diabatic coupling between the two
states is given by[22]

CoupXA = A12 exp[−β(R−Rx)2], (1)

where R is the internuclear distance, and A12 denotes
the effective coupling value given in Ref. [23] as

|E1 − E2| = 2 |Vif | = 2 |A12| . (2)

Fig. 1. Schematic representation of the pump and probe

scheme with ground and two excited potential energy

curves of CaI molecule, cited from Ref. [18].

It can be seen from Fig. 1 that there are two
dissociation channels corresponding to the reaction:
channel-1 CsI → Cs(2S1/2) + I(2P3/2) and channel-2
CsI → Cs(2S1/2) + I(2P1/2). When the excited wave
packet passes through the diabatic coupling region,
the reaction channel-3 corresponding to the reaction
CsI → Cs+ + I− is formed.

To calculate the population of CsI molecules, the
time-dependent wave packet method is applied and
the rotational degree of freedom in our treatment is
frozen. Invoking the Born–Oppenheimer approxima-
tion, the time-dependent Schrödinger equation in the
diabatic representation is written as

i~
∂Ψ(R, t)

∂t
= HΨ(R, t), (3)

where Ψ is the column vector of wave functions.
The Hamiltonian for the vibrational motion of the
molecule can be written as

H = − ~
2

2m

∂2

∂R2
I + U(R, t), (4)

where R is the internuclear separation, m is the re-
duced mass of the CsI molecule, and the potential
matrix U(R, t) can be written explicitly as

U (R, t) =




VX WXA WXB

WAX VA 0

WBX 0 VB




+




0 CoupXA 0

CoupAX 0 0

0 0 0


 , (5)

where Vi (i = X, A, B) refer to the potential en-
ergies of the electronic states X, A, and B; Wij =
µijE(t) (i, j = X, A, B) denote the coupling between
the electronic states involved with the dipole matrix
elements µij and the external field E(t). Usually, the
dipole approximation is employed, and the dipole mo-
ment transition matrix elements are obtained by fit-
ting ab initio results.[18] The shape of the laser pulse
is chosen as

E(t) = E0f(t) cos(ωt)ê, (6)

where E0 is the electric field amplitude of the pump
pulse with the linearly polarized direction ê, ω is cor-
responding angular frequency, and the envelope f(t)
of the pulse is expressed as

f (t) = exp

[
−2 ln 2

(
t

τ

)2
]

(7)

with τ denoting a full width at half maximum of pump
pulse.

The time-dependent Schrödinger matrix equation
can be written as

i~
∂

∂t




ΨX

ΨA

ΨB


 =




HXX HXA HXB

HAX HAA 0

HBX 0 HBB







ΨX

ΨA

ΨB


 , (8)

where Ψi (i = X, A, B) represent wave functions of
the electronic states. The diagonal elements can be
written as

Hii = − ~
2

2m

∂2

∂R2
+ Vii(R, t). (9)

The off-diagonal elements can be expressed as

HXA = HAX = µXAE(t) + CoupXA, (10a)

HXB = HBX = µXBE(t). (10b)
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The above matrix equation can be solved by using
the “split-operator Fourier” method.[24−30] The evo-
lution of the wave packet with time can be expressed
as

Ψ(R, t + ∆t) ≈ U
1/2
T (R, t)UVU

1/2
T (R, t)Ψ(R, t), (11)

where UT and UV denote the kinetic and the potential
energy evolution operators, respectively. The kinetic

energy operator is given by

UT = exp
[
− i∆t

~
TR

]
= F−1 exp

[
− i~k2∆t

2m

]
F, (12)

where F represents the Fourier transform

F [f ] =
1√
2π

∫ ∞

−∞
exp(ikR′)f(R′)dR′. (13)

The potential operator is calculated by (in a.u.)[31]

UV = exp[−iV ∆t] = M exp[−iMTV M∆t]MT = M




exp(−iλ1∆t) 0 0

0 exp(−iλ2∆t) 0

0 0 exp(−iλ3∆t)


 MT, (14)

where M denotes the matrix that diagonalizes the po-
tential matrix V from Eq. (5), the superscript T rep-
resents the transpose of matrix, and λi (i = 1, 2, 3) are
the eigenvalues of the matrix V . Therefore, equation
(11) can be written as

Ψ(R, t + n∆t)

≈
[

n−1∏

k=0

U
1/2
T (R, t + k∆t)UVU

1/2
T (R, t + k∆t)

]

× Ψ(R, t). (15)

Once the wave function Ψ(R, t) is determined, the
population in each electronic state can be written as

Pi(t) =
∫

dR |Ψi(R, t)|2, i = X, A, B. (16)

3. Results and discussion

To describe the influence of the ultra-short laser
pulse wavelength on the populations in the electronic
states, we fix the laser intensity at 6.0×1012 W · cm−2,
the pulse duration at 60 fs and the evolution time
at 200 fs. The results with two different laser wave-
lengths are displayed in Fig. 2. (In this period, the
process of the FMI has finished, and the populations
are unchanged before the wave packet reaches the
cross area.) We can find that when the pulse presents
the population in each electronic state will appear
Rabi oscillation[32] as a result of the FMI and spon-
taneous emission. When the excitation wavelength is
fixed at 366 nm in Fig. 2(a), the population in the
excited state A is more than that in the ground state
X, and the population in the excited state B nearly
equals zero. However, when the wavelength of the

pump pulse is set at 295 nm, in Fig. 2(b), in the
ground state X, the population is less than the one
in the excited state B. The population in the excited
state A almost decreases to zero.

Fig. 2. Populations in the ground state X (dash-dot line)

and two excited states A (solid line) and B (dash line) at

laser wavelengths 366 nm (a) and 295 nm (b).

For further investigating the relationship between
the wavelengths and the populations in the two ex-
cited states, we try to take into account more wave-
lengths in the calculations. The laser intensity and the
pulse duration are still fixed at 6.0×1012 W · cm−2 and
60 fs, respectively. The results are shown in Fig. 3.
As can be seen in the figure, the population of the
excited state A has a peak at 369 nm and the one of
the excited state B has a maximum at 297 nm. The
ranges of the two peaks are from 350 nm to 390 nm
and from 280 nm to 310 nm which are called long wave
(LW) region and short wave (SW) region, respectively.
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Moreover, the populations in both two excited states
approach to zero when the wavelength is located in
the special area (SA) which ranges from 310 nm to
350 nm.

Fig. 3. Variations of populations in excited states A and

B with the wavelength increasing from 270 nm to 400 nm,

respectively.

These phenomena can be explained by the po-
tential coupling between the ground state X and the
two excited states. Since the three electric states have
Ω = 0+ molecular symmetry, when the pulse presents
and the wavelength reaches a strong coupling area of
the excitation wavelength between the two electronic
states, the potential energy curves in the ultra-short
laser field will be changed, and the phenomenon of
coupling will appear. Then the electron in the ground
state will be excited into different excited states of the
CsI molecule with different excitation wavelengths.
According to the Franck–Condon principle, both of
the kinetic energies of nucleus at turning points L and
M are kept zero in the process of FMI and the form of
the excitation is vertical transition. So the electronic
transition probabilities reach maxima corresponding
to the transitions A(νL) ← X(ν0) and B(νM ) ← X(ν0)
with the vertical excitation wavelengths (VEWs) be-
ing 369 nm and 297 nm, respectively. Although the
wavelengths near the VEWs can cause the two elec-
tronic states to transit, the coupling intensities are
not so strong as those of the VEWs induced. These
behaviours are reflected by the population in each ex-
cited state.

From Fig. 3, we can find that the width of the SW
region is smaller than the one of the LW region. This
is because the slope of the potential energy curve of
the excited state A at the turning point L is smaller
than the one of the excited state B at M . In addition,
the two peaks with different heights are also induced
by the coupling strength. The stronger the coupling
strength is, the more the population in the excited

state is. Therefore, the maximum of each electronic
excited state can be obtained, and the strongest signal
can be realized experimentally by adjusting the ultra-
short pump pulse wavelengths at 297 nm and 369 nm
corresponding to excited states A and B, respectively.

In the SA, the populations in both two excited
states approach to zero, because the excitation wave-
lengths are beyond the two strong coupling regions.
So in experiment, the signals of the two excited states
can be easily distinguished from each other. When the
laser wavelength is adjusted in the SW region, the sin-
gle signal of the excited state B can be detected. Sim-
ilarly, when the wavelength is fixed in the LW region,
the single signal of the state A is observed. There-
fore, the single reaction channel (either channel-1 or
channel-2) of the CsI molecule can be chosen by ad-
justing the laser wavelength. And the strongest sig-
nals of the reaction channel-1 and channel-2 are ob-
tained by fixing the laser wavelengths at 369 nm and
297 nm, respectively.

There is a crossing region between the ground
state X and the excited state A, so the reaction
channel-1 is chosen by fixing the excitation wave-
length at 369 nm (here the laser intensity is fixed at
6.0 × 1011 W · cm−2) and the signal of the state B
disappears, then only the ground state X and excited
state A are considered. In Fig. 4, the populations in
both two electronic states are changed again during
the evolution time from 800 fs to 900 fs. It can be

Fig. 4. Time evolutions of populations of the ground state

(solid line) and the excited state (dash line) with the wave-

length, the laser intensity, and the pulse duration fixed at

369 nm, 6.0× 1011 W · cm−2, 60 fs, respectively.

explained by the fact that the wave packet on the ex-
cited state A is divided into two parts in the crossing
area, which is prepared by an ultra-short pump pulse
from ground state X. One part of the wave packet
remains in the potential of the excited state A, while

103303-4



Chin. Phys. B Vol. 19, No. 10 (2010) 103303

the other part leaks to the ground state X correspond-
ing to the reaction channel-3. Then the population
in excited state A decreases, however, the one in the
ground state X increases in this area. Thereby, it is
another way to control the reaction channels of the
CsI molecule by controlling the evolution time of the
wave packet on the excited state A.

4. Conclusion

In this article, the time-dependent wave-packet
dynamical method is used to investigate the influ-
ence of the ultra-short laser pulse wavelength on the
populations in the three electronic states of the CsI
molecule which have the same symmetry Ω = 0+. We
find that the populations in the two excited states ap-
proach to the maxima at the excitation wavelengths

of 369 nm and 297 nm, respectively. The reaction
channel-1 and channel-2 can be chosen by adjusting
the excitation wavelength. In addition, the nonadia-
batic coupling has an important influence on the pop-
ulations in the excited state A and the ground state
X, so the reaction channel-1 and channel-3 can be
controlled by determining the evolution time of wave
packet on the excited state A.
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