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We have theoretically investigated the vibrational population transfer in the presence of manifolds of rota-
tional levels in a model 15-level Li2 molecular system by stimulated Raman adiabatic passage with intense
unchirped femtosecond laser pulses. We have considered five rotational levels Jg=0,2 , . . . ,8 associated with
the initial vibrational level vg=0 of the ground electronic state X 1�g

+, five rotational levels Ji=1,3 , . . . ,9
associated with the vibrational level vi=1 of the intermediate excited electronic state A 1�u

+, and five rotational
levels Jf =0,2 , . . . ,8 associated with the final target vibrational levels v f =1,2 of the X 1�g

+ state of the Li2
alkali dimer. The pump and Stokes laser pulses are taken to have the same temporal �Gaussian� shapes, pulse
widths, and linear parallel polarizations. The laser wavelengths are in the �visible� range of 700–740 nm. The
�peak� intensities of the pulses are of the order of 1�1012–2.5�1013 W /cm2 and the pulse widths are of the
order of 20–50 fs. We have solved the 15 coupled time-dependent Schrödinger equations to study the popu-
lation transfer to the target-excited vibrational levels. We have observed that, even with “mushrooming” of
closely spaced rotational levels, efficient and selective population transfer to excited vibrational levels in Li2
alkali dimer can be achieved for counterintuitive pulse sequence by controlling the pump and Stokes laser
parameters. We have endeavored to explain the results within the framework of adiabatic picture.
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I. INTRODUCTION

In recent years, the preparation of atoms and molecules in
well-defined quantum states has become important for the
study of collision dynamics, laser controlled chemical reac-
tions, atom optics, quantum information, and spectroscopy.
The development of efficient schemes for selective popula-
tion transfer to excited levels has been a challenging task for
many workers in this field. The stimulated Raman adiabatic
passage �STIRAP� �1,2� is now a well-established technique
for efficient population transfer to a particular excited atomic
or molecular level. The three conditions which are prerequi-
site for STIRAP in a three-level � system are �i� two-photon
Raman resonance between the initially populated level and
the final �target� level, �ii� the pump and Stokes laser pulses
are applied in the counterintuitive sequence where the Stokes
pulse coupling the excited intermediate level to the final �tar-
get� level precedes the pump pulse coupling the initial
�ground� level to the excited intermediate level with partial
overlap between the pulses, and �iii� adiabatic time evolution
of the system.

The first experimental work on STIRAP was performed
by Gaubatz et al. �3,4� for Na2 alkali dimers for near- and
on-resonance excitations. They investigated in detail the
population transfer for intuitive, counterintuitive, and simul-
taneous pulsed lasers with intermediate level detunings �
�0, �=0, and ��0. They observed complete population
transfer for counterintuitive pulse sequence when the pump
and Stokes frequencies were tuned to resonance in spite of
the fact that the excited intermediate level has a shorter life-
time than the laser-pulse duration. These experimental results
on STIRAP were verified by Band and Julienne �5� who have
done numerical calculations for Na2 molecule using the
density-matrix technique with Gaussian pulses. A theoretical

description for a multilevel system where population transfer
was achieved to the desired level was accomplished by solv-
ing the coupled time-dependent Schrödinger equations
�TDSE� both analytically and numerically by Shore et al. �6�.
Coulston and Bergmann �7� studied analytically the STIRAP
process for model multilevel systems where pump and
Stokes lasers coupled levels close to the intermediate and
final levels outside the three-level � system. They found
high population transfer efficiency to the final level with cer-
tain criteria for the controllable parameters. They compared
their analytical results with numerical computations using
the density-matrix method. Vitanov and Stenholm �8� ana-
lytically studied the population transfer problem in a model
three-level � system for different pulse shapes. Special em-
phasis was given to study the effect of pulse order on popu-
lation transfer efficiency. They also examined the STIRAP
process for a three-level system considering the effect of
irreversible dissipation from the excited intermediate state on
population transfer by solving the coupled TDSE. A general-
ized study of STIRAP in which the single intermediate state
is replaced by N intermediate states was also studied by Vi-
tanov and Stenholm �9�, where each of these states is con-
nected to the initial state with a coupling proportional to the
pump pulse and to the final state with a coupling propor-
tional to the Stokes pulse, thus forming a parallel multi-�
system. They derived the conditions for existence of a more
general adiabatic-transfer state that includes transient contri-
butions from the intermediate states but still transfer of popu-
lation was achieved from the initial to the final states in the
adiabatic limit. They discussed various numerical examples
for success and failures of the multi-STIRAP process. Ghosh
et al. �10� theoretically investigated the effect of nonadia-
batic �NA� interaction on the population transfer in a four-
level H2 molecular system by STIRAP technique where two
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excited intermediate resonant levels are coupled with each
other by NA interaction, using the density-matrix method
with Gaussian pump and Stokes laser pulses. They also theo-
retically studied the effect of polarization on population
transfer in a six-level H2 molecule �11� by STIRAP process
using the density-matrix technique with Gaussian pulses
where they have shown in detail the dependence of popula-
tion transfer on time delay between the two pulses for the
case of on-resonance excitations considering linear parallel
as well as same-sense circular polarizations of the two fields.
Légaré et al. �12� studied the population transfer by Raman
chirped nonadiabatic passage �RCNAP� in a model three-
level as well as in a multilevel H2 system comprising of 17
rotational levels of the H2 molecule by solving the coupled
TDSE. The 17-level H2 system consisted of six rotational
levels J=0,2 , . . . ,10 associated with the initial vibrational
level v=0 of the ground electronic state X 1�g

+, five rota-
tional levels J=1,3 , . . . ,9 associated with the intermediate
vibrational level v=5 of the excited electronic state B 1�u

+,
and six rotational levels J=0,2 , . . . ,10 associated with the
final excited vibrational level v=12 of the X 1�g

+ state.
Recently, Band et al. �13� performed numerical calcula-

tions to obtain complete selective population transfer in Na2
alkali dimers using chirped simultaneous laser pulses of pi-
cosecond order, shorter than the molecular rotation time.
They used a wave-packet method for state selective popula-
tion transfer to a rovibrational level of an excited electronic
state with “mushrooming” of closely spaced rotational lev-
els. They studied a model ten-level Na2 molecular system
with J=0,2 ,4 ,6 of v=0 in the initial ground X 1�g

+ mani-
fold, J=1,3 ,5 of v=0 in the first-excited A 1�u

+ manifold,
and J=2,4 ,6 of v=0 of the second-excited 2 1�g manifold
of the molecule.

In the present paper, we have investigated the vibrational
population transfer in the presence of manifolds of rotational
levels in a model 15-level Li2 molecular system �Fig. 1� by
STIRAP process with unchirped femtosecond �broad band�
laser pulses. In Li2 alkali dimer, owing to its very small value
of the rotational constant Be �0.6726 cm−1� �14� compared to
that �60.85 cm−1� of H2, the rotational levels are very
closely spaced �few cm−1� and in fact there is mushrooming
of rotational levels in molecules such as Li2. The effect of
this mushrooming of rotational levels on vibrational popula-
tion transfer in Li2 by STIRAP becomes important for fem-
tosecond pulsed lasers where we also have to incorporate the
counter-rotating wave terms �15� beyond the rotating wave
approximation �RWA� �1,2� in the Hamiltonian. The laser-
pulse durations are taken in the femtosecond range because
they are appropriate or adequate in the transform-limited
bandwidth for coverage of the clusters of rotational levels
J=0,2 , . . . ,8 for the initial ground �vg=0� and final target
�v f =1,2� vibrational levels of the X 1�g

+ electronic state and
J=1,3 , . . . ,9 of the intermediate excited A 1�u

+ electronic
state of the Li2 alkali molecule.

In Sec. II, we present the formulation of STIRAP process
for the 15-level Li2 system using the coupled TDSE with
Gaussian pulses. In Sec. III, we briefly discuss the ways the
calculations have been performed and the laser parameters
used in the calculations. In Sec. IV, we illustrate and discuss
the results. Finally, in Sec. V, we give a brief conclusion.

II. FORMULATION

This section describes the formulation of population
transfer process in a model 15-level Li2 alkali dimer by �1
+1�-photon STIRAP. The 15-level system under consider-
ation is shown schematically in Fig. 1 where all the relevant
state levels are indicated. We have solved the 15 coupled
TDSE for this model system to get the populations of various
levels of the system interacting with the pump and Stokes
laser pulses of femtosecond �broad band� pulse widths.

The N-coupled time-dependent Schrödinger equations for
the system can be written as �in a.u.�

i
d

dt
C�t� = H�t�C�t� , �1�

where C�t�= �C1�t� ,C2�t� , . . . ,CN−1�t� ,CN�t��T give the time-
dependent probability amplitudes of the level populations
and H�t�=H0+HI�t� is the total Hamiltonian, where H0 is
the time-independent unperturbed Hamiltonian of the mol-
ecule plus the laser fields and HI�t� is the interaction Hamil-
tonian between the molecule and the laser fields. HI�t� in the
electric field gauge �with dipole approximation� is expressed
as

HI�t� = − EP�t� · d − ES�t� · d , �2�

where EP�t� and ES�t� are the electric fields of the pump and
Stokes pulses, respectively. d is the electric transition dipole
operator. The classical forms of EP�t� and ES�t� for linearly
polarized light are given by

EP�t� = � 1
2 �fP�t��IP

0 �1/2�̂P�ei	Pt + e−i	Pt� ,

and

FIG. 1. Schematic energy-level diagram showing the relevant 15
rovibrational levels of the ground X 1�g

+ and excited A 1�u
+ elec-

tronic states of Li2 molecule for �1+1�-photon stimulated Raman
process with pump and Stokes laser pulses of wavelengths 
P and

S.

SARKAR, BHATTACHARYYA, AND SAHA PHYSICAL REVIEW A 80, 023407 �2009�

023407-2



ES�t� = � 1
2 �fS�t��IS

0�1/2�̂S�ei	St + e−i	St� , �3�

where 	P and 	S are the frequencies of the pump and Stokes
lasers, �̂P and �̂S represent the unit polarization vectors of the
incident linearly polarized pump and Stokes fields, IP

0 and IS
0

are the peak intensities of the pump and Stokes laser pulses,
while fP�t� and fS�t� express the time variations of the laser
field amplitudes. The functional forms of fP�t� and fS�t� are
taken to be Gaussian �10�

fP�t� = exp�− �t − tp�2/�2�P
2 �� ,

and

fS�t� = exp�− �t − �tp + �t��2/�2�S
2�� , �4�

where �P and �S are the pulse widths, �t is the time delay
between the pulses, and tp is the pulse scaling time. For �t
�0, the pump pulse precedes the Stokes pulse and specifies
intuitive pulse order whereas �t�0 corresponds to the coun-
terintuitive pulse sequence where the Stokes pulse precedes
the pump pulse.

The 15 coupled TDSE, without RWA, that is, with inclu-
sion of the counter-rotating wave terms �15�, reduce to, after
some �phase� transformations �Fig. 1�,

i
dC̃1�t�

dt
= �1,6

P �t��1 + e−i2	Pt�C̃6�t� ,

i
dC̃2

dt
= �2,1C̃2�t� + �2,6

P �t��1 + e−i2	Pt�C̃6�t�

+ �2,7
P �t��1 + e−i2	Pt�C̃7�t� ,

]

i
dC̃6�t�

dt
= �6,1

P C̃6�t� + �6,1
P �t��1 + ei2	Pt�C̃1�t�

+ �6,2
P �t��1 + ei2	Pt�C̃2�t� + �6,11

S �t��1 + ei2	St�

�C̃11�t� + �6,12
S �t��1 + ei2	St�C̃12�t� ,

i
dC̃7�t�

dt
= �7,1

P C̃7�t� + �7,2
P �t��1 + ei2	Pt�C̃2�t�

+ �7,3
P �t��1 + ei2	Pt�C̃3�t� + �7,12

S �t�

��1 + ei2	St�C̃12�t� + �7,13
S �t��1 + ei2	St�C̃13�t� ,

]

i
dC̃14�t�

dt
= �14,1

P+SC̃14�t� + �14,8
S �t��1 + e−i2	St�C̃8�t�

+ �14,9
S �t��1 + e−i2	St�C̃9�t� ,

i
dC̃15�t�

dt
= �15,1

P+SC̃15�t� + �15,9
S �t��1 + e−i2	St�C̃9�t� + �15,10

S �t�

��1 + e−i2	St�C̃10�t� , �5�

where �2,1 ,�6,1
P , . . . ,�15,1

P+S are detunings of the different
vibrational-rotational levels with respect to the initial rovi-
brational level vg=0, Jg=0 �marked as 1� of the X 1�g

+ state
�Fig. 1�. These detunings are given by

�2,1 = 	2 − 	1,

]

�6,1
P = 	6 − 	1 − 	P,

]

�15,1
P+S = 	15 + 	S − 	1 − 	P, �6�

where 	i signifies the energy of the �i� level. The expression
for the one-photon Rabi frequency coupling the levels �i� and
�j� of different electronic states is given by

� ji
P,S�t� = − � 1

2 �fP,S�t��IP,S
0 �1/2	j��̂P,S · d�i� �7�

for pump or Stokes laser field.
The explicit form of the one-photon Rabi frequency de-

pending on the rotational quantum numbers �J�, J� can be
expressed for linearly polarized light as follows �16�:

���J�M�,�JM
P,S �t� = − 5.335 � 10−9	���d�R����fP,S�t�

��IP,S
0 �1/2��2J� + 1��2J + 1��1/2

��− 1�M
 J� 1 J

− �� 
 �
�
 J� 1 J

− M� 0 M
� .

�8�

Here, 	���d�R���� is the radial matrix element of the dipole
operator d�R� between the electronic states �� and
��
=��−��. IP,S

0 is in W /cm2 and all other quantities are in
a.u. For �g

+↔�u
+ transition, �=��=0.

From Eqs. �5�, the transformed Hamiltonian �H̃�t�� of the
model 15-level system may be expressed as �without RWA�,
in the matrix form,
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H�(t) =

0… ... ……0 )1( 2
6,1

tiP Pe ω−+Ω 0 ……………………………………… … 0

0 1,2∆ 0 … 0 )1( 2
6,2

tiP Pe ω−+Ω )1( 2
7,2

tiP Pe ω−+Ω 0 ……… ... ………………… 0

:

)1( 2
1,6

tiP Pe ω+Ω )1( 2
2,6

tiP Pe ω+Ω 0 … 0 P
1,6∆ 0...0 )1( 2

11,6
tiS Se ω+Ω )1( 2

12,6
tiS Se ω+Ω 0 ... 0

:

0 ……0 )1( 2
6,11

tiS Se ω−+Ω 0 ………………… 0 SP+∆ 1,11 0…………………… 0 .

:

0 ……… 0 )1( 2
8,14

tiS Se ω−+Ω )1( 2
9,14

tiS Se ω−+Ω 0 ………………………0 SP+∆ 1,14 0

0 ………………………0 )1( 2
9,15

tiS Se ω−+Ω )1( 2
10,15

tiS Se ω−+Ω 0 …………0 SP+∆ 1,15

�9�

Equations �5� have been solved for the probability ampli-
tudes C̃i�t� �i=1,2 , . . . ,15� for different level populations of
the model 15-level system. The populations for the initial
ground, resonant intermediate, and the final target rovibra-
tional levels evolving in time are given by Pg�t�= �C̃1�t��2,
Pi�t�= �C̃6�t��2, and Pf�t�= �C̃11�t��2, respectively. The popula-
tion probability for the rest of the vibrotational levels other
than the basic three rovibrational levels is Prest�t�=1− Pg�t�
− Pi�t�− Pf�t�.

It is worth mentioning here that while solving the coupled
TDSE for the 15 levels, the coupling between the vi=1, Ji
=1 level of the A 1�u

+ state and the rovibrational level vE
=5, JE=0 of the higher electronic state E 1�g

+, which is al-
most in resonance by one pump photon transition from vi
=1, Ji=1, has been neglected since it is about 2 orders of
magnitude smaller than the coupling between the vg=0, Jg
=0 level of the X 1�g

+ state and the vi=1, Ji=1 level of the
A 1�u

+ state. It may be pointed out that with photon wave-
length �700 nm �energy �1.77 eV�, it would require three
photons to reach the ionization threshold �5.145 eV� �14� of
the Li2 molecule and hence multiphoton �1+1+1� ionization
of Li2 from the ground vg=0, Jg=0 level of the X 1�g

+ state
via the �1+1�-photon resonant intermediate level vE=5, JE
=0 of the E 1�g

+ state would be improbable even for the
intense but femtosecond laser pulses considered. It may also
be stated that the spontaneous relaxation rate from the reso-
nant rovibrational level vi=1, Ji=1 of the A 1�u

+ state is
much smaller than the one-photon Rabi frequencies for the
allowed transitions at the peak intensities and so it has not

been considered in the Hamiltonian. It may be assessed that
the inclusion of the irreversible processes such as multipho-
ton ionization, spontaneous emission, and other electronic
states such as E 1�g

+ in our calculations would not affect the
results.

III. CALCULATIONS

We have calculated the vibrational population transfer in a
model 15-level Li2 molecular system considering five rota-
tional levels associated with each of the initial, intermediate,
and final vibrational levels �Fig. 1�. The pump-laser pulse of
wavelength 
P=701 nm is taken to be in resonance with the
transition from vg=0, Jg=0 to vi=1, Ji=1 while the Stokes
laser pulse of wavelength 
S=719 �737� nm is in resonance
with the transition from vi=1, Ji=1 to v f =1�2�, Jf =0. The
shapes, widths, and polarizations of the two pulses are as-
sumed to be the same. For the calculation of population
transfer to the final target rovibrational levels v f =1 and 2,
Jf =0 in presence of the other closely spaced rotational lev-
els, two sets of pump and Stokes laser peak intensities are
considered for each final vibrational level. For v f =1, the
peak intensities are IP

0 =1.5�1012 W /cm2, IS
0=1.0

�1012 W /cm2 and IP
0 =1.5�1013 W /cm2, IS

0=1.0
�1013 W /cm2. For v f =2, the peak intensities are IP

0 =1.0
�1012 W /cm2, IS

0=2.5�1012 W /cm2 and IP
0 =1.0

�1013 W /cm2, IS
0=2.5�1013 W /cm2. The corresponding

pulse widths are, respectively, �P��S�=50 and 20 fs for each
value of v f =1�2�. For comparison, we have also computed
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the vibrational population transfer in a three-level Li2 mol-
ecule with the same laser parameters.

The Born-Oppenhiemer potential energies for the X 1�g
+

and A 1�u
+ electronic states of the Li2 molecule were ob-

tained from the comprehensive work of Schmidt-Mink et al.
�17� who also gave the transition electric-dipole moments.
The spontaneous relaxation rate of the resonant intermediate
level vi=1, Ji=1 of the A 1�u

+ state is also available from the
same work. The potentials and transition dipole moments
were interpolated using the cubic spline interpolation method
�18�.

IV. RESULTS AND DISCUSSIONS

Figure 1 depicts the schematic line diagram of the 15-
level Li2 molecular system with five rotational levels of the
initial vibrational level vg=0 of the ground X 1�g

+ electronic
state, five rotational levels of the intermediate vibrational
level vi=1 of the excited electronic state A 1�u

+, and five
rotational levels of the final-excited vibrational levels v f

=1,2 of the X 1�g
+ state. The span of the five initial or final

rotational levels is about 49 cm−1 while that of the five in-
termediate rotational levels is about 43 cm−1. For coverage
of these manifolds of rotational levels through Fourier-
transform-limited bandwidth, lasers with pulse widths of not
more than about 50 fs are needed.

In Figs. 2 and 3, we have plotted the populations �P� of
different rovibrational levels of the 15-level Li2 alkali dimer
against the reduced time delay �D� between the pulses for
different pulse �peak� intensities �IP,S

0 � and pulse widths
�P��S� of the unchirped pump and Stokes laser pulses. For
comparison, we have also plotted in the figures the popula-
tions in a resonant three-level Li2 molecule with the same
laser parameters as for the 15-level system. The pump and
Stokes peak intensities were adjusted to make the corre-
sponding Rabi frequencies of about the same value to have
the maximum population transfer �2�.

Figures 2 and 3 illustrate the population transfer to the
final-excited vibrational level v f =1 �Jf =0� for IP

0 =1.5
�1012 W /cm2, IS

0=1.0�1012 W /cm2 with �P=�S=50 fs,
and IP

0 =1.5�1013 W /cm2, IS
0=1.0�1013 W /cm2 with �P

=�S=20 fs, respectively. In the plots for the 15-level system
�Figs. 2�a� and 3�a��, we observe that, in spite of the presence
of mushrooming of rotational levels, the maximum popula-
tion transfer to the final excited vibrational level v f =1 �Jf

FIG. 2. �Color online� Populations �P� of different rovibrational
levels of the Li2 molecule plotted against �reduced� time delay �D�
between the pump and Stokes laser pulses for the final-excited vi-
brational level v f =1 �Jf =0� with IP

0 =1.5�1012 W /cm2, IS
0=1.0

�1012 W /cm2, and �P=�S=50 fs for �a� 15-level system and �b�
three-level system.

FIG. 3. �Color online� Same as in Fig. 2 except for IP
0 =1.5

�1013 W /cm2, IS
0=1.0�1013 W /cm2, and �P=�S=20 fs.
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=0� at the end of the pulses is about 92.1% for IP
0 =1.5

�1012 W /cm2, IS
0=1.0�1012 W /cm2, �P=�S=50 fs and

counterintuitive pulse order with D ��t /�P�=−1.0 �Fig. 2�a��
and about 94.5% for IP

0 =1.5�1013 W /cm2, IS
0=1.0

�1013 W /cm2, �P=�S=20 fs with D=−1.25 �Fig. 3�a��,
where the optimal time delay ��t� between the pulses is near
the value of pulse width �P ��S� �1�. For intuitive pulse se-
quence �D�0�, maximum population flows �at the end of
the pulses� to the manifolds of the nonresonant rotational
levels of the 15-level Li2 system.

For transfer of population in a resonant three-level Li2
system �Figs. 2�b� and 3�b��, there is a characteristic flat peak
of population transfer for counterintuitive pulse order and
almost complete population transfer occurs at about −2
D

−1. For intuitive pulse sequence, the transfer efficiency to
the final target level oscillates between 0 and 1 at about 1

D
3 �1�.

In case of population transfer to the final-excited vibra-
tional level v f =2 �Jf =0� for IP

0 =1.0�1012 W /cm2, IS
0=2.5

�1012 W /cm2 with �P��S�=50 fs and IP
0 =1.0

�1013 W /cm2, IS
0=2.5�1013 W /cm2 with �P��S�=20 fs,

we have observed for the 15-level system that, even when
the rotational degrees of freedom are included, efficient
population transfer ��90%� to the final excited vibrational

level can be achieved by unchirped femtosecond pulses.
Here, the maximum population transfer to v f =2 �Jf =0� at
the end of the pulses is about 91.2% for IP

0 =1.0
�1012 W /cm2, IS

0=2.5�1012 W /cm2, �P=�S=50 fs with
D=−0.75 and about 89.8% for IP

0 =1.0�1013 W /cm2, IS
0

=2.5�1013 W /cm2, �P=�S=20 fs with D=−1.1, the opti-
mal delay which is again near the pulse width �P ��S�. For
intuitive pulse order, here also maximum population is trans-
ferred �at the termination of the pulses� to the nonresonant
rotational levels of the 15-level system. Hence, we can
achieve efficient transfer of population to selected higher vi-
brational levels in the presence of mushrooming of rotational
levels by controlling laser parameters.

Figure 4 shows the populations P�t� of different rovibra-
tional levels as a function of pulse time �t� for IP

0 =1.5
�1012 W /cm2, IS

0=1.0�1012 W /cm2, and �P=�S=50 fs
with target vibrational level v f =1 �Jf =0� for the 15- and
three-level Li2 systems. The pulse order is counterintuitive
with �reduced� pulse delay D=−1.0. From the plots, we see
that for the 15-level molecular system �Fig. 4�a��, there is
very small population transfer �Pi� to the intermediate reso-

FIG. 4. �Color online� Populations �P�t�� of different rovibra-
tional levels of Li2 molecule plotted against pulse time �t� for the
final-excited vibrational level v f =1 �Jf =0� with IP

0 =1.5
�1012 W /cm2, IS

0=1.0�1012 W /cm2, and �P=�S=50 fs for
counterintuitive pulse order with �reduced� pulse delay D=−1.0 for
�a� 15-level system and �b� three-level system.

FIG. 5. Populations �Pad�t�� of the 15-level Li2 molecule plotted
against pulse time �t� in the adiabatic picture for the final-excited
vibrational level v f =1 �Jf =0� with IP

0 =1.5�1012 W /cm2, IS
0=1.0

�1012 W /cm2, and �P=�S=50 fs for �a� counterintuitive pulse se-
quence with �reduced� time delay D=−1.0 and �b� intuitive pulse
sequence with D=1.0.
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nant level throughout the pulse duration and at the end of the
pulses, about 92.1% population is transferred to the final v f
=1 �Jf =0� level while only about 6.5% population transfer
�Prest� takes place to the rest of the nonresonant rotational
levels. For the three-level molecule �Fig. 4�b��, there is some
transient population transfer �Pi� to the resonant intermediate
level and about 99.6% population �Pf� is transferred to the
final v f =1 �Jf =0� level at the termination of the pulses �19�.

In case of population transfer P�t� to v f =2 �Jf =0� for
IP

0 =1.0�1012 W /cm2, IS
0=2.5�1012 W /cm2, and �P=�S

=50 fs, we have observed, for the 15-level system, that there
is negligible transient population transfer �Pi� to the resonant
intermediate level during the pulse period and about 88.7%
population transfer �Pf� takes place to the final target level
v f =2 �Jf =0� at the end of the pulses while about 1% popu-
lation �Prest� flows to the rest of the nonresonant rotational
levels. So, we can have selective and efficient transfer of
population to target higher vibrational levels in the presence
of manifolds of rotational levels by choosing proper laser
parameters.

The population transfer in the 15-level Li2 molecular sys-
tem can be explained by plotting the populations with time in
the adiabatic picture �20�. In Fig. 5, we have depicted the
adiabatic populations Pad�t� as a function of time t for the
15-level system taking IP

0 =1.5�1012 W /cm2, IS
0=1.0

�1012 W /cm2, and �P=�S=50 fs for v f =1 �Jf =0�. In pre-
senting the figure, we have, for clarity, not considered the
highly oscillatory counter-rotating wave terms. Figure 5�a�
shows Pad�t� for counterintuitive pulse order with �reduced�
time delay D=−1.0 while Fig. 5�b� shows Pad�t� for intuitive
pulse sequence with D=1.0. It is seen that, for D=−1.0,
there is almost an adiabatic passage resulting in an efficient
and selective population transfer to the final-excited vibra-

tional level v f =1 �Jf =0� at the end of the pulses �cf. Fig.
4�a��. Figure 5�a� does not show complete population inver-
sion, since there is some population in the other levels. The
final adiabatic transfer of the population depends on a num-
ber of laser parameters, such as intensities, pulse widths,
pulse delay, etc. The population inversion can be improved
to some extent by making the Rabi frequencies larger. For
example, doubling the intensities, keeping the other laser pa-
rameters constant, results in a slightly larger inversion
��95%�. Figure 5�b� shows that for D=1.0, there is no adia-
batic passage resulting in negligible population transfer to
the target vibrational level. The total population from the
initial ground level flows to all the other relevant rotational
levels of the system due to nonadiabatic coupling between
these states �4� �cf. Figs. 2�a� and 3�a��.

V. CONCLUSION

We have theoretically studied the vibrational population
transfer in the presence of mushrooming of rotational levels
in a model multilevel Li2 alkali dimer by STIRAP process.
We have observed that the mushrooming of rotational levels
significantly changes the dynamics of population transfer by
ultrashort intense laser pulses since the rotational levels do
not respond adiabatically due to nonadiabatic coupling be-
tween them. Nevertheless, the effect of mushrooming of ro-
tational levels can be controlled to achieve efficient and se-
lective population transfer to excited target vibrational levels
for counterintuitive pulse sequence with intense unchirped
femtosecond pump and Stokes laser pulses. We have at-
tempted to explain the population transfer in the adiabatic
picture.
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