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The time-dependent wave packet method is used to investigate the influence of laser-fields on the vibrational

population of molecules. For a two-state system in laser fields, the populations on different vibrational levels of the

upper and lower electronic states are given by wavefunctions obtained by solving the Schrédinger equation with the split-

operator method. The calculation shows that the field parameters, such as intensity, wavelength, duration, and delay

time etc. can have different influences on the vibrational population. By varying the laser parameters appropriately

one can control the evolution of wave packet and so the vibrational population in each state, which will benefit the light

manipulation of atomic and molecular processes.
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1. Introduction

With the rapid development of ultra-short laser
pulse technique, the investigations on the light—
matter interaction (LMI) have been made in a brand
new perspective both experimentally and theoreti-
cally recently. An excellent review on the LMI is
given in Ref. [1] and the references therein. When
molecules are subjected to an intense laser field, many
interesting phenomena, such as saturation, above-
threshold dissociation,?=4 AC Stark effect,®6 Rabi

oscillation, "]

etc., can be observed. These side effects
induced by LMI have received much attention from
many researchers in the past decade.$=12 In order
to facilitate the discussion, we concentrate thereafter
only on the theoretical treatment of a two-state sys-
tem in strong laser fields.

Traditionally, the method to deal with a two-state
system is by solving the so-called semiclassical coupled
Maxwell-Bloch equations, which can provide a foun-
dation for analysing the nonlinear interaction of a few-
cycle pulsed laser with the system.['3] In the study of
photodetachment properties of high Rydberg state of
atoms in intense fields, the semiclassical closed-orbit

theory can be served as an alternative.['*1% Besides
the above, other methods, such as PIC (particle-in-
cell) method,[*®! the tensor density matrix theory'”
etc., are also used to interpret LMI. As a pow-
erful tool to investigate the atomic and molecular
scattering, the time-dependent wave-packet method
has also been successfully transplanted to deal with
LMIL8-20 In recent years Han et al. have gener-
alized the method to the electronically nonadiabatic
processes in chemical reactions.l?!! Its advantages in
both the time-saving and the flexibility to use have
been illustrated in the simulation of the multi-photon
process of some diatomic molecules, such as NaRb,
RbI, Nal, etc.[22-271 Most of the above works, how-
ever, concentrated mainly on the discussion of elec-
tronic state distribution, few attention was paid to
the influence of external fields on the vibrational pop-
ulation. Since, as we know, the vibrational distribu-
tion is very significant in some cases, such as the reso-
nant phenomenon, the energy redistribution, etc. and
what is more, through affecting the molecular states,
LMI can also influence the population in each vibra-

tional state, in the present work, we will use the time-
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dependent wave-packet method to study the influence
of the intense laser field on the vibrational distribu-
tion of a two-state system. By analysing the motion of
wave-packet on each vibrational level, we can obtain
the information of intense field effects.

This paper is arranged as follows. In Section 2,
by reviewing the time-dependent wave packet dynam-
ical theory briefly, the Hamiltonian of the two-state
system in the laser fields and the relevant Schrodinger
equation are presented. The formulations of some dy-
namical information, such as the population in each
vibrational state, are also given. In Section 3, taking
NO molecules in intense laser fields as an example, the
results of the influence of laser parameters on vibra-
tional population and the related discussion are dis-
played. In the last section, the main conclusions are

summarized.

2. Theoretical treatment
2.1. Hamiltonian and Schrodinger equa-
tion

Consider a two-state system which is coupled by
the laser pulses chosen as

E(t) = E1 f(t) cos(wit) + Ea f(t — At) cos(wat), (1)

where F7 and Ey are the electric field amplitudes, with
wy and wy the corresponding angular frequencies; At
is the delay time between the two Gaussian pulses.
The envelopes f(¢) and f(t — At) of the pulses are
expressed as

o=en(-(1))

f(t — At) = exp (— (t _TZAt)2>, (2)

where 77 and 72 denote, respectively, the full-widths at

half-maximum (FWHM) of the two Gaussian pulses.
In our treatment the rotational motion is ignored be-
cause the heavy molecule does not rotate essentially on
the femtosecond time scale.?8! Employing the Born-
Oppenheimer approximation, the field-free Hamilto-
nian can be written as

- h? 0?

where R is the internuclear separation, I the iden-
tity matrix, m the reduced mass of the molecule, and

V(R,t) the potential matrix. The potential matrix
can be written as
, Ve uE()

YEOS B v ) @

where p is the transition dipole moment, E(t) the
laser field as described in Eq. (1), Vy and V. are re-
spectively the potential functions for lower and upper
states, which are always chosen as Morse potentials
for bound states. Consequently, the time-dependent
Schrédinger equation can be written as

ih%zp(R, t) = H(R,t)y(R,t) (5)

with ’(/}(R7 t) = (wg(R7 t)v we(Rat))Tv where Wg‘(R7 t)
and W.(R,t) represent the time-dependent nuclear
wavefunctions in lower and upper states respectively.

2.2.Solution of the Schrodinger equa-
tion

Once the Hamiltonian the time-

dependent Schrodinger

is given,
equation can be solved
through the split-operator technique of wave-packet
method. For simplicity, we give here only the re-
view of the method below. For more details, the
reader is referred to the review articles and references
therein.[29-32]

Denotes the small time interval At, the canonical

solution of Eq. (5) can be written as
(R, t + At) = exp (—%ﬁAt)M& 1), (6)

where exp[—(i /A)HAt] is the time evolution opera-
tor. According to the split-operator scheme, the wave
packet can propagate as

G(R, g + At) ~ [Uy/*(R, t0)Uy (R, to)Uy!*(R, to)]
X TP(R, t0)7 (7)

where

i At
UT = exp |:—lhT:| s

Uy = exp [—iﬁtU(R, to)] 8)

with Uy and Ur being two evolution operators, which
represent the evolutions of kinetic energy and poten-
tial energy, respectively; and ¥ (R, to) the wave packet
at initial time ¢y, which is usually chosen as the wave-
function for the vibrational ground state of the lower
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electronic state. After propagating n steps, the wave-
function has the following approximate form

n—1

(R, to +nAt) = [H UrUy (R, to + kAt)
k=0

x (R, to). (9)

Since Ur and Uy can be diagonalized in momentum
and coordinate spaces, respectively, it is natural that,
when meeting operator Ur in calculation, the wave
function should be transformed into the one in the
momentum representation; on the other hand, when
meeting operator Uy, the wave function should be
transformed back into the one in the coordinate repre-
sentation. The transformation process is performed by
the so-called Fourier transform. For example, if F(k)
is the wave function in momentum representation, the
wave function in the coordinate representation can be
written as

1 Foo _
F(R):E [ F(k)exp(i kR)dk, (10)

and the inverse transformation of the above equation
is

1 [T ,
F(k):ﬁ/_ F(R)exp(—ikR)dR. (11)

In the split-operator scheme, the general Fourier
transform is replaced by the fast Fourier transform
(FFT). In the present treatment of the basis functions,
the discrete variable representation (DVR) approach
is used.

2.3. The population in each vibrational
state

In this work we only concentrate on the influence
of the external fields on the population in vibrational
states. Once the wave function of the molecule is de-
termined, the wave packet at any time in each state
will be easily obtained by Eq. (9). The population in
each electronic state can be written as

Pi(t) = / ARy (RAYG(R1), i=g e (12)

Since LMI can induce the redistribution of vibrational
population in each electronic state, according to Han’s
idea,[3?! the population in each electronic state can be
written as the projection of the wave packet onto dif-
ferent vibrational states. For an electronic state k, the

projection of the calculated wave packet 1 on each

vibrational state ¢y, can be given by

poi = / dRe;, (R, (R, 1) (13)

with electronic state symbol k = g, e and the relevant
So the
population in each vibrational state ¢ (i = 0,1,2,...)

vibrational quantum number ¢ = 0,1,2,....

can be expressed as

2

P = |pri|2 - ‘/dRQSZ:z (R’ t)d)k(R, t) ’ (14)

By analysing the variation of population in each vibra-
tional state with the laser parameters, we can obtain
the effect of external fields on vibrational distribution.
In the next section, we will take NO in laser fields as
an example to discuss the so-called strong field effect.

3. Results and discussion

3.1. Results

Since a diatomic molecule has only one vibra-
tional freedom and the simplest Hamiltonian form,
it is always chosen as the prototype of a two-state
system. Specifically for the NO molecule, since its
potential curves of all the dipole accessible electronic
states have been characterized,!3*37) and its ground
state and adjacent excited states are also bound states,
we usually describe these curves in the form of Morse

functions, i.e.

Ve = Dg[1
Ve = Do[1

_ e—ag(R—Ro)]Q +D0g7

—e B R LDy, (15)

where D;, a;, and Dy; (i = g, e) are parameters for a
Morse potential, as in Ref. [34]. In the calculation, the
relevant dipole moment transition matrix elements are
obtained by fitting to ab initio results.[6:37]

For a two-level system shown in Fig. 1, the laser
field coupling the two states usually takes a form of
Eq. (1), and the field parameters, such as intensity,
pulse width, wavelength and delay time, etc. have
been proved to be very significant for the strong field
effect.[22:33:38] In the present work, we will investigate
their influences on vibrational distribution in each

electronic state.
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Fig. 1. Two-level system for NO molecule. A laser pulse
induces a wave packet in the excited electronic state from
the ground electronic state.

In Eq. (1), B; o< /T; with I; (i = 1,2) repre-
senting the intensity of the laser pulses. In order to
investigate the influence of the laser intensity on the
population in each vibrational state, we first use only
one pulse and vary its intensity from 1.0x 10 W /cm?
to 1.0x10'® W/cm? while other laser parameters are

fixed at some values. In this calculation, the pulse
width 7 = 50 fs, the centre wavelength A = 380 nm,
and the calculation results for the lower and the upper
states are shown in Figs. 2 and 3, respectively.

From Fig. 2, it is obvious that the vibrational dis-
tribution in lower state changes periodically with the
increase of the laser intensity. Also shown in this figure
is that the first vibrational energy level is always the
one with the highest occupation probability no mat-
ter how high the laser intensity is. The variation of
vibrational distribution in the upper electronic state
with the increase of the laser intensity is displayed in
Fig. 3. Except for the conserved distribution in both
the lower and the upper state, also found in the figure
is that there is more population in the fifth vibrational
state than the others. Both figures 2 and 3 show that
the increase of laser intensity does not imply the in-
crease of population in each vibrational state, which
is consistent with the conclusion given by Ref. [39].

1.0 1.0

(a) (b) (©)
0.8+ 0.8F
0.6 0.6[
0.4¢ 0.4[

Population

0.6
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Fig. 2. Populations of different vibrational energy levels in lower electronic state with the change of laser intensity:
(a) 1.0x10'2 W/cm?2, (b) 1.5x10* W/cm?, (c) 1.5x10'* W/cm?, (d) 0.9x10'® W/cm?2, (e) 1.5x10*® W/cm?, and (f)

1.0x10'% W/cm?2.

Another important modulation parameter is the pulse width. In this calculation, it is varied from 35 fs
to 60 fs, with the pulse intensity fixed at 1.0x10*® W/cm? and the centre wavelength at A = 380 nm. The
calculation results are shown in Figs. 4 and 5. From Fig. 4 we can see that the amount of population in

lower state changes also periodically with the increase of the pulse width, and more particles occupy the first

vibrational state. In Fig. 5, the complementary results are given and it is found that the fifth vibrational state

is the most probable state occupied.
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Fig. 3. Populations of different vibrational energy levels in upper electronic state with the change of laser intensity:
(a) 1.0x10'2 W/cm?2, (b) 1.5x10* W/cm?, (c) 1.5x101* W/cm?, (d) 0.9x10'® W/cm?2, (e) 1.5x10*® W/cm?, and (f)

1.0x10'% W/cm?2.
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Fig. 4. Populations of each vibrational level in lower electronic state with the increase of the pulse width: (a) 35 fs,
(b) 40 fs, (c) 45 fs, (d) 50 fs, (e) 55 fs, and (f) 60 fs.

Next, we calculate the influence of the laser wavelength which is varied from 350 nm to 430 nm with the
pulse intensity fixed at 1.0x10*® W /cm?, and pulse width at 7 = 50 fs. The simulation results are depicted in
Fig. 6, which gives the variation tendency of vibrational distribution with the wavelength in the lower state.
It is found that the vibrational population in the lower state changes also periodically with the increase of the
laser wavelength, and more populations occupy the first vibrational energy level. What displayed in Fig. 7 is the
vibrational distribution in the upper state. From it we can find an interesting phenomenon, i.e., the population
in each vibrational energy level has some regular changes. With increasing laser wavelength, the vibrational

state which has the most population will shift from the seventh one to the second one.
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Fig. 5. Populations of each vibrational energy level in upper electronic state with the increase of the pulse width: (a)
35 fs, (b) 40 fs, (c) 45 fs, (d) 50 fs, (e) 55 fs, and (f) 60 fs.
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Fig. 6. Population of each vibrational energy level in lower state with the increase of the wavelength: (a) 350 nm, (b)
370 nm, (c) 385 nm, (d) 400 nm, (e) 420 nm, and (f) 430 nm.

To further illustrate the influence of the external field on population in each vibrational energy level, we
perform a simulation with two separated pulses. In the calculation, the laser parameters for the pump laser
are as follows: the pulse intensity 1.2x10'® W/cm?, the centre wavelength A = 380 nm, and the pulse width
7 = 50 fs; for the probe pulse, the intensity 1.5x10'2 W/cm?, the centre wavelength A = 390 nm, and the
pulse width 7 = 40 fs. The simulation results are depicted in Figs. 8 and 9 which give the variation tendency of
vibrational distribution with the delay time in the lower and upper states, respectively. It is shown that, when

only one laser pulse is used, the first vibrational state is the most probable state occupied.
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Fig. 7. Population of each vibrational energy level in upper state with the increase of the wavelength: (a) 350 nm, (b)
370 nm, (c) 385 nm, (d) 400 nm, (e) 420 nm, and (f) 430 nm.
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Fig. 8. The variation of population of each vibrational energy level in the lower state with the delay time of the two
laser pulses: (a) first laser only, (b) 0 fs, (c) 50 fs, (d) 100 fs, (e) 150 fs, and (f) 200 fs.

When the pump and probe pulses are employed and the delay time is 0 fs, more vibrational states will be
occupied by particles although the total population in the lower state decreases, while in the upper state, more
population will occupy the fifth vibrational energy level. When the delay time is 50 fs, the population in the
lower state increases and the population in the upper state decreases. In this case, the fourth vibrational energy
level in the upper state has more population. When the delay time is 100 fs, the phenomena above are more
obvious. However the cases for much larger delay time than 100 fs are peculiar, i.e., the population in each

vibrational energy level is almost unchanged.

123301-7



Chin. Phys. B Vol. 19, No. 12 (2010) 123301

0.40 0.40 0.40
(a) (b) i (c)
0.30} 0.30F 0.30}
0.20} 0.20F 0.20}
. 010} 0.10} 0.10}
K]
3 0 I ‘ 0 - 0 ‘
g 51 8 1 0 2 4 6 8 1 24 6 8 1
£ 040 0.40 0.40
(d) (e) (f)
0.30} 0.30F 0.30}
0.20f 0.20F 0.20}
0.10} I 0.10F 0.10} I
O3 68 10 %2 4 6 & 10 % 2 46 8 1

Vibrational energy level

Fig. 9. The variation of population of each vibrational energy level in the upper state with the delay time of the two
laser pulses: (a) first laser only, (b) 0 fs, (c) 50 fs, (d) 100 fs, (e) 150 fs, and (f) 200 fs.

3.2. Discussion

The phenomena given above are the consequences
of LMI. When a two-level system is subjected to laser
fields, the populations on both the lower and up-
per states will change periodically with time.[3%) This
changing tendency can be interpreted by Rabi oscil-
lation (Fig. 10), an effect which has been well es-
tablished and understood in atomic and molecular
systems.[*0=42 After the laser pulse moved away, the
population left in each state will keep the same as
the one in the right wing of the pulse is. However,
for different laser wavelengths and intensities, the fre-
quencies of Rabi oscillation are different, which leads
to the different population left in each electronic state.

1.0

0.8

0.6

Population

0.4

0.2

0 40 80 120 160
Evolution time/fs

Fig. 10. Rabi oscillation occurring in the ground state
(dashed line) and the excited state (solid line) for a two-
level system subjected to a laser pulse.

The periodically changing tendency of the vibra-
tional population with the laser intensity on both g
and e states shown in Figs. 2 and 3 can be interpreted
by Rabi oscillation. The laser intensity influences not
only the Rabi oscillation frequency, but also the os-
cillation amplitude, which leads to the different pop-
ulation left in each electronic state. Since, for conve-
nience to investigate the influence of laser pulses on
the vibrational distribution, the population in each
electronic state is projected to different vibrational
states, it is natural that the vibrational population on
each electronic state changes periodically with laser
intensities. The phenomena shown in Figs. 4-7 can
also be interpreted in the same way. Because of the
Rabi oscillation and the influence of wavelength on its
frequency,*? with different pulse width and different
wavelength, there will be also the different population
left in each state after the laser pulse is moved away.

Generally, we often choose the ground vibrational
state as the initial wave packet. Obviously when the
laser field is absent, the particles are concentrated al-
most entirely on the ground vibrational state. After
the pump pulse is over, because some particles have
been excited to the upper state, the magnitude of the
total population in the lower state is less than that
before the pump pulse is applied. Since the ground
vibrational state is the initial state with high stability,
it is easy to understand that most of the population
will remain in this state after the pulse is over. The
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related phenomena are depicted in Figs. 2, 4 and 6.

In Figs. 3 and 5, the vibrational population in
the upper electronic state has a common feature, i.e.,
the fifth vibrational state is the most probable one to
be occupied. Considering that except the fifth vibra-
tional state, other states are far from the resonance
region, we can easily understand this so-called reso-
nant phenomenon. In Fig. 7, we can find that with
the increase of the laser wavelength, the resonance re-
gion shifts gradually from the seventh vibrational en-
ergy level to the second one. It is natural that the
states closest to the resonance region will obtain most
population.

In Figs. 8 and 9, it is found that when only one
pulse is used, the fifth vibrational energy level clos-
est to the resonance region is mostly occupied. When
two pulses of the delay time 0 fs are used, for the first
pulse the fifth vibrational energy level in upper elec-
tronic state is closest to the resonance region, while for
the second pulse the fourth vibrational energy level in
upper electronic state is closest to the resonance re-
gion. Because of the coupling between the two laser
pulses, the population of the fifth vibrational energy
level in the upper electronic state is dropped down to
the second vibrational energy level in lower electronic
state by the second laser. At the same time, the parti-
cles of the second vibrational energy level in the lower
electronic state are excited to the sixth vibrational
energy level in the upper electronic state by the first
laser. Similarly the third vibrational energy level in
the lower electronic state can also be populated by
the second pulse. When the delay time is 50 fs, the
coupling between two pulses is relatively small, be-
sides the first vibrational state in the lower state and
the fourth and fifth vibrational states in the upper
state being populated, other most occupied state is
the second one in the lower state. More population
in the fourth vibrational level of the upper state is
due to the influence of Rabi oscillation which makes
more particles occupy the first vibrational level in the
lower state and then be excited to the fourth vibra-
tional level in the upper state when subjected to the
second laser pulse. However, when the delay time is
equal to or larger than 100 fs, since the coupling of

them is very small, the populations in the fourth and
fifth vibrational energy levels in upper electronic state
and the first energy level in lower electronic state no
longer change with the delay time. A small number
of particles in the second vibrational energy level of
the lower electronic state are from the population in
the fifth vibrational level of the upper electronic state
induced by the second laser.

4. Conclusions

In this paper, using the time-dependent wave
packet method and taking the two-state system as
an example, the variation tendency of vibrational dis-
tribution with laser parameters is investigated. It is
found that the periodically changing tendency of the
vibrational population with the laser parameters such
as intensity, pulse width and wavelength is due to the
Rabi oscillation. The key to the interpretion of the
phenomena is the populations left in the upper and
lower states, which can be projected to the related
vibrational states after the pulses move away. The vi-
brational states closest to the resonance region can ac-
quire the most probable distribution. As for the influ-
ence of the pulse delay time, it can be ascribed to the
effect of the coupling between the two pulses. With
the increase of the delay time, the coupling becomes
weaker and its influence on the vibrational distribu-
tion in each electronic state becomes smaller gradu-
ally. The calculated results indicate that by changing
the laser parameters we can control the evolution of a
wave packet, and as a result, the population in each
vibrational state can also be controlled. The above ar-
guments will benefit the light manipulation of atomic
and molecular processes.
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