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We have theoretically studied the population transfer in a five-level Li2 dimer by �2+2�-photon stimulated
hyper-Raman nonadiabatic passage �STIHRNAP� from the initial ground level vg=0, Jg=0 to the final rovi-
brational levels v f =1 �2�, Jf =0,2, of the ground electronic state X 1�g

+ via the resonant intermediate levels
vi=1, Ji=0,2, of the excited electronic state 2 1�g

+. Linearly chirped pump and Stokes laser pulses with
different chirp rates and without any initial detuning are applied simultaneously. Both the pulses are taken to
have the same temporal shape, pulse width, and linear parallel polarizations. The density matrix method has
been used to compute the populations of the levels. We have investigated in detail the population transfer for
laser wavelengths �at time t=0� in the range of 992–1028 nm and �peak� intensities in the range of 1.5
�1010–3.0�1011 W /cm2. The required pulse widths are of the order of 35–275 ps for maximum population
inversion. We have controlled rotational branching in population transfer to the final rotational levels Jf =0 �Q
branch� and Jf =2 �S branch� of the fundamental �v f =1� and first overtone �v f =2� transitions by judicious
choice of laser parameters. We have applied a �2+2�-photon STIHRNAP process to a model multilevel
molecular system �Li2� and achieved almost complete population transfer from the initial ground to the final
target rovibrational levels with chirped ir laser pulses.
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I. INTRODUCTION

In recent years, coherent control of efficient and selective
transfer of population in atomic or molecular levels by inter-
action with well-tailored laser pulses has been an important
area of study. Coherent population transfer by the process of
stimulated Raman adiabatic passage �STIRAP� �1–4� is one
such control scheme that has been extensively investigated
over the past decade and fairly well understood by now. In
STIRAP, partially overlapping pump and Stokes laser pulses
in counterintuitive sequence couple the initial and final state
levels via the intermediate resonant state level by two single-
photon transitions. For small diatomic Raman active mol-
ecules, like H2, N2, O2, the pump and Stokes field couplings
to the �allowed� first excited �resonant intermediate� elec-
tronic state require high-energy �extreme ultraviolet �xuv� or
vacuum ultraviolet �vuv�� photons. Laser pulses in this spec-
tral zone with adequate power and pulse widths required for
adiabatic passage may be experimentally difficult to tailor or
design. This difficulty can be avoided when the
�1+1�-photon Raman process �one-photon couplings at two
steps� in STIRAP is replaced by a �2+2�-photon Raman pro-
cess �two-photon couplings at two steps�. This extension
from Raman to hyper-Raman process at one or two steps is
called stimulated hyper-Raman adiabatic passage �STI-
HRAP� which was first proposed in a pioneering work by
Yatsenko et al. �5� for efficient population transfer to excited
states of atoms �5–7�. However, in STIHRAP, the dynamic
Stark shifts of the state levels connected in the two-photon
transitions are to be considered, since the ac Stark shifts, like
the driving two-photon Rabi frequencies, are proportional to
the intensities of the laser fields. Therefore, in STIHRAP, the
dynamic Stark shifts cannot be eliminated and it is difficult
to obtain values of control parameters of laser pulses for
efficient population transfer.

Another control scheme is the Raman chirped adiabatic
passage �RCAP� which uses chirped laser pulses �8–10�. In
RCAP, both the pump and Stokes laser frequencies are far
from one-photon resonance but are swept through two-
photon resonance for transition from the initial to the final
target levels. Davis and Warren �9� have used the density
matrix technique to include rotational effects in the high vi-
brational excitation of O2 and Cl2 by RCAP. Thomas et al.
�11� have investigated rovibrational state selectivity by
chirped adiabatic passage of dynamically laser-aligned mol-
ecules and achieved complete excitation of the chosen state
of CO by infrared or Raman process. Légaré et al. �12� have
studied the Raman chirped nonadiabatic passage �RCNAP�
by �1+1�-photon Raman transitions in H2. Here, population
transfer from the ground rovibrational level to higher rovi-
brational levels of the ground electronic X 1�g

+ state via the
resonant intermediate B 1�u

+ excited electronic state of H2
molecule was demonstrated by rapid linear chirpings of the
simultaneously applied pump and Stokes laser pulses. This
led to nonadiabatic passage between adiabatic �dressed�
states of the Raman process. Optimum population inversion
was achieved by controlling the interference between reso-
nant nonadiabatic and nonresonant adiabatic pathways due to
initial detunings of the chirped laser pulses.

Very recently, we have studied the population inversion to
the excited final vibrational levels v f =1,2, with Jf =0 from
the initial ground level vg=0, Jg=0 of the ground electronic
X 1�g

+ state of H2 via resonant intermediate EF 1�g
+ excited

electronic state by �2+2�-photon stimulated hyper-Raman
process with linearly chirped pump and Stokes laser pulses
�13�. In the work, both the pump and Stokes fields without
any initial detuning were applied simultaneously and popu-
lation transfer took place by nonadiabatic transition between
the initial and final adiabatic states.
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In the present paper, we have investigated the population
transfer in a model multilevel Li2 alkali dimer from the ini-
tial ground level vg=0, Jg=0 to the final excited rovibra-
tional levels v f =1,2, Jf =0,2 of the ground electronic state
X 1�g

+. The transfer takes place via resonant intermediate
rovibrational levels vi=1, Ji=0,2, of the excited electronic
state 2 1�g

+ by �2+2�-photon stimulated hyper-Raman nona-
diabatic passage �STIHRNAP�. As before �13�, linearly
chirped pump and Stokes laser pulses were used. In this
work, our motivation was to find out if and how efficient and
selective population transfer to a desired final level in the
multilevel Li2 molecular system can be achieved by manipu-
lation of suitable control parameters such as intensities, fre-
quencies, pulse durations, and chirp rates of the laser pulses.
However, in Li2, it is essential to consider more levels than
in H2 �13� for this kind of process and this makes the search
for the optimal parameters for the laser-induced population
transfer process more difficult.

In Li2, owing to its higher mass, the excited electronic
state energies are much more closely spaced compared to H2.
Here, the rovibrational levels of the ground electronic X 1�g

+

state of Li2 can resonantly couple to the rovibrational levels
of the excited electronic state 2 1�g

+ by two-photon ir transi-
tions. Hence, the pump and Stokes laser parameters are ex-
perimentally more feasible due to their lower frequencies in
comparison to those in the case of the H2 molecule where
photons ��200 nm wavelength� in the uv range were re-
quired to connect the ground level �vg=0, Jg=0� of the
ground electronic state X 1�g

+ to the rovibrational level �vi
=6, Ji=0� of the resonant intermediate electronic state
EF 1�g

+ by two-photon couplings �13�. It is also worthwhile
to mention here that in Li2 with photon wavelength
��1000 nm� in the ir range, it would require five photons
�energy �1.24 eV� to reach the ionization threshold
�5.145 eV� �14� of the Li2 molecule and hence the population
loss due to ionization can be made negligible for this alkali
dimer using suitable laser parameters. The H2 molecule is
more susceptible to ionization than Li2 due to more easily
accessible ionization threshold �15.426 eV� �14� of H2 by
photons �energy �6.20 eV� in the uv range. Keeping in view
these advantages, the Li2 alkali dimer has been chosen as a
model multilevel molecular system for the present study of
population transfer by the STIHRNAP process.

In Sec. II, we present the formulation of the five-level Li2
system using the density matrix method. In Sec. III, we
briefly discuss the ways the calculations have been per-
formed and the various 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

The scheme of the population transfer process in the
model five-level Li2 alkali dimer by �2+2�-photon stimu-
lated hyper-Raman process is shown in Fig. 1. The pump
pulse connects the rovibrational level vg=0, Jg=0 of the
ground electronic state X 1�g

+ to the rovibrational levels vi
=1, Ji=0,2, of the intermediate resonant excited electronic
state 2 1�g

+ by a two-photon transition. The Stokes pulse

similarly connects the levels vi=1, Ji=0,2, of the 2 1�g
+ state

to the final higher rovibrational levels v f =1 �2�, Jf =0,2, of
the X 1�g

+ state by another two-photon transition. The pump
and Stokes pulses are applied simultaneously without any
initial �t=0� detuning of the chirped pulses. We have utilized
the density matrix technique for this five-level Li2 molecular
system interacting with the two applied laser fields.

The Liouville equation of motion of the density matrix is
given by �in a.u.�

d��t�
dt

= − i�H�t�,��t�� − ���t� , �1�

where ��t� is the density matrix of the system with 25 ele-
ments. The diagonal elements � j j give the populations of the
five levels whereas the off-diagonal elements are the coher-
ence terms. Here, H�t�=H0+HI�t� is the total Hamiltonian of
the system, where H0 is the Hamiltonian of the unperturbed
molecule plus the laser fields and HI�t� is the interaction
Hamiltonian between the molecule and the fields. The last
term in Eq. �1� accounts for the spontaneous or induced
�photoionization or photodissociation� population decay
from the resonant intermediate levels of the molecule. The
interaction Hamiltonian HI�t� in the electric field gauge �with
dipole approximation� is

HI�t� = − E� P�t� · d� − E� S�t� · d� , �2�

where E� P�t� and E� S�t� are electric fields of the pump and

Stokes pulses, respectively. d� is the electric transition dipole
operator. We have considered linear parallel polarizations of
the pump and Stokes laser fields. The fields are given by

E� P,S�t� = �̂P,SfP,S�t��IP,S
0 �1/2 cos��P,S�t�� . �3�

Here, fP,S�t� specify the envelopes of the pump and Stokes
fields with peak amplitudes �IP

0 �1/2 and �IS
0�1/2. �̂P,S give the

FIG. 1. Schematic energy-level diagram showing the relevant
electronic states of Li2 molecule for �2+2�-photon stimulated
hyper-Raman process with initial �t=0� wavelengths �P

0 and �S
0 of

the pump and Stokes laser pulses. The couplings between the two
closely spaced �rotational� levels in different electronic states are
also indicated.
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directions of polarizations of the fields. �P,S�t� are the phases
of the fields. The instantaneous frequencies �P,S�t� of the
chirped laser fields are the time derivatives of the phase
�P,S�t� �8,11,15�,

�P,S�t� =
d�P,S�t�

dt
. �4�

The amplitude envelopes of the fields are taken as

fP,S�t� = sin2�	t/�2
P,S�� , �5�

where 
P and 
S are the full widths at half-maximum
�FWHM� of the pump and Stokes pulses, respectively.

The ac Stark shift of the initial ground �g� level due to the
pump �P� pulse is

Sg
P�t� = �

vJ

��vJ,g
P �t��2/�Eg + �P − EvJ�

+ �
vJ

��vJ,g
P �t��2/�Eg − �P − EvJ� . �6�

The shift Sg
S�t� due to the Stokes �S� pulse can be expressed

similarly. We denote Sg�t�=Sg
P�t�+Sg

S�t�. Similar expressions
of the ac Stark shifts Si0

�t� and Si2
�t� for the resonant inter-

mediate �i� rovibrational levels �vi=1, Ji=0 and 2� of the
excited electronic state 2 1�g

+, and Sf0
�t� and Sf2

�t� for the
final �f� rovibrational levels �v f =1 �2�, Jf =0 and 2� of the
electronic state X 1�g

+ �Fig. 1� were taken into account. To
calculate the Stark shifts Si2

�t� for Ji=2 and Sf2
�t� for Jf =2,

the contributions of both of the nonresonant rotational levels
J=1 and 3 were considered in accordance with the rotational
selection rule. The first term in Eq. �6� is the RWA �rotating
wave approximation� and the second term is the counter-
RWA contributions. �vJ,g

P �t� are the one-photon Rabi fre-
quencies between the ground vibrational-rotational level �g�
and the various vibrational-rotational levels �vJ� of the non-
resonant intermediate A 1�u

+, B 1�u, 2 1�u
+ electronic states

coupled by the pump pulse satisfying the rotational selection
rule. During the calculation of the one-photon matrix ele-
ments �, the numerically generated vibrational wave func-
tions of various electronic states and the spherical harmonic
rotational states have been used as the basis states. The varia-
tion of the electronic transition dipole moments with internu-
clear separation was taken into account.

The two-photon Rabi frequency between the initial level
vg=0, Jg=0 of the ground electronic state X 1�g

+ to the reso-
nant intermediate 2 1�g

+ state level i0 �vi=1, Ji=0� due to the
pump �P� photon �Fig. 1� is �in RWA�

�̃i0g
P �t� = �

vJ

�i0,vJ
P �t��vJ,g

P �t�/�Eg + �P − EvJ� . �7�

Similar is the expression of �̃i2g
P �t� for the resonant interme-

diate 2 1�g
+ state level i2 �vi=1, Ji=2�. Similarly, we can

express �̃i0f0

S �t� and �̃i2f2

S �t� due to Stokes �S� pulse where

�̃i0f0

S �t� couples the resonant intermediate 2 1�g
+ state level i0

�vi=1, Ji=0� to the final �f0� level v f =1 �2�, Jf =0 of the

ground electronic state X 1�g
+ and �̃i2f2

S �t� couples the reso-
nant intermediate 2 1�g

+ state level i2 �vi=1, Ji=2� to the final

�f2� level v f =1 �2�, Jf =2 of the X 1�g
+ state �Fig. 1�. The

two-photon Rabi frequencies �̃i0f2

S �t� and �̃i2f0

S �t� can be ex-
pressed in a similar way. All two-photon matrix elements
have been calculated by summation over basis states which
include all possible discrete vibrational-rotational level states
of the relevant electronic states which can act as virtual in-
termediates. The counter-RWA terms in the two-photon Rabi
frequency expressions were not considered as they are highly
oscillatory and would not make any significant contribution.

We have also taken into account the relatively stronger

two-photon couplings �̃i2i0
�t� and �̃ f2f0

�t� between the very
closely spaced �few cm−1� rotational levels Ji=0 and Ji=2 of
the vibrational level vi=1 of the resonant intermediate elec-
tronic state 2 1�g

+, and between Jf =0 and Jf =2 of the final
excited vibrational levels v f =1 �2� of the ground electronic
state X 1�g

+ �Fig. 1�. The two-photon coupling between the
closely spaced rotational levels J=0 and J=2 of the elec-
tronic state 2 1�g

+ or X 1�g
+ due to pump �P� pulse is

�̃20
P �t� = �

vJ

�2,vJ

P* �t��vJ,0
P �t�/�E0 + �P − EvJ�

+ �
vJ

�2,vJ
P �t��vJ,0

P* �t�/�E0 − �P − EvJ� . �8�

Similar would be the expression of �̃20
S �t� due to the Stokes

�S� pulse. We write �̃20�t�=�̃20
P �t�+�̃20

S �t�. The first term in
Eq. �8� is the RWA while the second term is the counter-
RWA contributions. The single-photon matrix elements have
been calculated in the same way as mentioned earlier. It may
be noticed that Eq. �8� is unlike the two-photon Rabi fre-
quency �viz., Eq. �7�� between rovibrational levels of two
different electronic states but is like the dynamic Stark shift
�viz., Eq. �6�� of a rovibrational level in an electronic state.
These two-photon strong couplings under the presence of
pump and Stokes laser fields play an important role by dress-
ing the very closely spaced energy levels. Thus, for the
hyper-Raman process in a multilevel system �Fig. 1�, in con-
trast to the hyper-Raman process in a three-level system
treated earlier �13�, we have two different terms that account
for the dressing of the rovibronic levels �i0 , i2� and �f0 , f2�;
one due to the usual two-photon Stark shifts of the levels and
the other due to the two-photon couplings between the
closely spaced levels. With the inclusion of dynamic Stark
shifts, two-photon couplings between the closely spaced ro-
tational levels and two-photon RWA Rabi frequencies, the
form of the Hamiltonian of the five-level system �Fig. 1� may
be written as

FIG. 2. Schematic energy-level diagram showing the dressing of

two levels due to the coupling ��̃20� between the two levels.

CONTROL OF POPULATION TRANSFER IN A… PHYSICAL REVIEW A 78, 023406 �2008�

023406-3



H�t� =�
Eg + Sg�t� + 2�P�t� �̃i0g

P �t� �̃i2g
P �t� 0 0

�̃i0g
P �t� Ei0

+ Si0
�t� − i�i0 �̃i0i2

P+S�t� �̃i0f0

S �t� �̃i0f2

S �t�

�̃i2g
P �t� �̃i0i2

P+S�t� Ei2
+ Si2

�t� − i�i2 �̃ f0i2
S �t� �̃ f2i2

S �t�

0 �̃i0f0

S �t� �̃ f0i2
S �t� Ef0

+ Sf0
�t� + 2�S�t� �̃ f0f2

P+S�t�

0 �̃i0f2

S �t� �̃ f2i2
S �t� �̃ f0f2

P+S�t� Ef2
+ Sf2

�t� + 2�S�t�
	 . �9�

The effective Stark shifts of the two closely spaced rota-
tional levels �dressed� can be determined from the math-
ematical expressions �16� of the dressed energy levels �Fig.
2�, taking into account the normal or usual Stark shifts of the
levels, given by

E = ��E2 + S2� + �E0 + S0��/2  
��E2 + S2� − �E0 + S0��2

+ 4��̃20�2�1/2/2, �10�

where E2, E0 �E2�E0� are the unperturbed eigenenergies of
the two levels, S2 and S0 are the usual two-photons Stark

shifts of the energy levels E2 and E0, respectively. �̃20

=�̃i2i0
or �̃f0f2 is the two-photon coupling between the two

closely spaced rotational levels �E2 and E0� of the same vi-
bronic state. Thus, the effective Stark shifts of the closely
spaced two levels are

S2
eff = E+ − E2 �11a�

and

S0
eff = E− − E0. �11b�

We consider linear chirpings of the pulses so that the fre-
quencies vary as

�P�t� = �P
0 + cr

Pt �12a�

and

�S�t� = �S
0 + cr

St , �12b�

where �P
0 and �S

0 are initial �t=0� frequencies while cr
P and

cr
S are the chirp rates of the pump and Stokes lasers, respec-

tively. From Eqs. �11� and following our earlier paper �13�,
we have judiciously determined the possible chirp rates of
the pulses for efficient population transfer. We take the chirp
rates in the forms

cr
P = �P��Si2,0

eff �0 − Sg
0�/
P �13a�

and

cr
S = �S��Si2,0

eff �0 − �Sf2,0

eff �0�/
S, �13b�

where �P and �S are the dimensionless chirp rate parameters
�0��P,S�1�. �Si2,0

eff �0 and �Sf2,0

eff �0 are the effective Stark shifts
of the resonant intermediate state levels i2 or i0 and final state
levels f2 or f0, respectively, at the values of the peak inten-
sities �IP,S

0 �. Sg
0 is the normal Stark shift of the ground-state

level �g� at IP,S
0 . We have optimized the values of �P ,�S for

given peak values �IP,S
0 � of intensities and pulse widths �
P,S�

of the pulses to maximize the population transfer to the final
levels v f =1,2 with Jf =1,2.

From the Liouville equation �1�, the optical Bloch equa-
tions for the slowly varying density matrix operator ��t� �17�
are obtained by using the RWA �4,10�. We adiabatically
eliminate �18� the density matrix elements involving the non-
resonant rovibrational levels of the intermediate electronic
states. Then, we obtain a set of 25 equations which can be
expressed in a compact form as

d��t�
dt

= M�t���t� − ���t� , �14�

where M�t� is a non-Hermitian but symmetric matrix �19� of
25�25 dimension. The diagonal elements of M�t� contain
the normal dynamic Stark shifts of the levels concerned
which are proportional to the intensities. The off-diagonal
matrix elements of M�t� contain the two-photon Rabi fre-
quencies and the two-photon couplings �between the closely
spaced rotational levels� which are also proportional to the
intensities.

It may be pointed out here that we have solved the density
matrix equations of the five-level molecular system by di-
rectly incorporating the two-photon coupling terms �between
the closely spaced levels� in the 25�25 M�t� matrix. Sepa-
rate diagonalization of the 2�2 matrix representing the
closely spaced rotational levels along with their two-photon
couplings was necessary only to get an estimate of the re-
quired chirp rates �Eq. �13�� through their effective Stark
shifts at the peak laser intensities. During this estimation, we
have neglected the interaction with the other remaining
�three� levels �Fig. 1�. We could do so without appreciable
error since the two-photon Rabi frequencies between the lev-
els of the different electronic states are much smaller than the
two-photon couplings between the two closely spaced levels
in the same electronic state �Table I�.

III. CALCULATIONS

We have calculated the population transfer from the initial
ground level vg=0, Jg=0 to the final target levels v f =1 �2�,
Jf =0,2, of the ground electronic state X 1�g

+ via resonant
intermediate levels vi=1, Ji=0,2, of the excited electronic
state 2 1�g

+ of the model five-level Li2 molecular system �Fig.
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1�. The wavelength ��P
0 � of the pump pulse at time t=0 is

992 nm while the wavelength ��S
0� of the Stokes pulse at t

=0 for the final level v f =1 �2� is 1010 �1028� nm. The peak
intensities �IP

0 , IS
0� of the pump and Stokes laser pulses with

linear parallel polarizations are 3�1011 W /cm2 and 1
�1011 W /cm2, respectively, for v f =1, Jf =0,2, while IP

0 and
IS

0 are 1�1011 W /cm2 and 1.5�1010 W /cm2, respectively,

for v f =2, Jf =0,2. For maximum population transfer, the re-
quired pulse widths �
P ,
S� for both the pulses are 35 ps for
v f =1, Jf =0 and 220 ps for v f =1, Jf =2 while 
P ,
S are
275 ps for v f =2, Jf =0 and 250 ps for v f =2, Jf =2. The op-
timal values of the chirp rate parameters ��P ,�S� with linear
chirpings are very close to the “global” value of 0.53 �ob-
tained for a three-level system �13�� for maximum popula-
tion inversion.

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

A 1�u
+, B 1�u, 2 1�g

+, and 2 1�u
+ electronic states of the Li2

molecule are obtained from the comprehensive work of
Schmidt-Mink et al. �20� who also give the transition electric
dipole moments. The spontaneous relaxation rates of the
resonant intermediate levels vi=1, Ji=0,2, of the 2 1�g

+ elec-
tronic state are also taken from the same work. The poten-
tials and the transition dipole moments are interpolated using
the cubic spline interpolation method �21�.

IV. RESULTS AND DISCUSSIONS

The two-photon Rabi frequencies, the two-photon cou-
plings, the dynamic Stark shifts and the spontaneous decay
widths of the levels concerned of the Li2 molecular system
are given in Table I. It is seen that the most important feature
characterizing this system is that the magnitudes of the two-
photon couplings between closely spaced rotational levels
�J=0,2� and the ac Stark shifts are much larger than the
two-photon Rabi frequencies. The populations of the initial
ground �g�, resonant intermediate �i�, and the final �f� target
levels at the end of the pulses for the peak intensities �IP

0 , IS
0�

and required pulse widths �
P ,
S� of sin2 pulses are shown in
Table II for the final rovibrational levels v f =1,2; Jf =0,2.
The pump and Stokes photon wavelengths ��P

0 ,�S
0� at time

t=0 are in the ir range and the chirp rate parameters ��P ,�S�
shown are the optimal values for maximum population inver-
sion.

In Figs. 3 and 4, we have plotted against time �t� the
relative effective ac Stark shifts of the resonant intermediate
�i� levels vi=1, Ji=0,2 with respect to the initial ground �g�
and the final �f� target levels v f =1, Jf =0,2 and v f =2, Jf

TABLE I. Values �in cm−1� of the two-photon Rabi frequencies,
two-photon couplings, and dynamic Stark shifts for pump and
Stokes pulses corresponding to the final levels v f =1, Jf =0,2 and
v f =2, Jf =0,2 of Li2 molecule. �i0,2

are the spontaneous decay
widths �in cm−1� of the resonant intermediate levels and IP,S are the
pump and Stokes pulse intensities in W /cm2.

v f =1, Jf =0,2 v f =2, Jf =0,2

�̃i0g
P −5.18�−12�IP

a −5.18�−12�IP

�̃i2g
P −4.03�−12�IP −4.03�−12�IP

�̃i0f0

S −1.56�−11�IS −3.25�−11�IS

�̃i0f2

S −1.22�−11�IS −2.57�−11�IS

�̃i2f0

S −1.22�−11�IS −2.57�−11�IS

�̃i2f2

S −2.34�−11�IS −4.89�−11�IS

�̃i0i2
−1.51�−9�IP+2.91�−9�IS −1.51�−9�IP−1.04�−9�IS

�̃ f0f2
−1.78�−10�IP−1.70�−10�IS −1.96�−10�IP−1.78�−10�IS

Sg −5.06�−10�IP−4.95�−10�IS −5.06�−10�IP−4.85�−10�IS

Si0
−1.69�−9�IP+3.25�−9�IS −1.69�−9�IP−1.16�−9�IS

Si2
−2.66�−9�IP+5.12�−9�IS −2.66�−9�IP−1.83�−9�IS

Sf0
−5.29�−10�IP−5.16�−10�IS −5.53�−10�IP−5.27�−10�IS

Sf2
−6.42�−10�IP−6.25�−10�IS −6.78�−10�IP−6.40�−10�IS

� j1i0
P −1.30�−10��IP�1/2 −1.30�−10��IP�1/2

� j1i2
P −1.16�−10��IP�1/2 −1.16�−10��IP�1/2

� j3i2
P −1.14�−10��IP�1/2 −1.14�−10��IP�1/2

�i0
3.17�−5� 3.17�−5�

�i2
3.17�−5� 3.17�−5�

a−5.18�−12�=−5.18�10−12.

TABLE II. Populations �P� of the initial ground �vg=0, Jg=0�, resonant intermediate �vi=0, Ji=0,2�, and
final �v f =1,2; Jf =0,2� rovibrational levels of Li2 molecule at the end of the pulses for different peak
intensities �IP

0 , IS
0� and pulse widths �
P ,
S� of the pump and Stokes laser fields. �P

0 and �S
0 are the laser

wavelengths �at t=0�. �P and �S are the dimensionless chirp rate parameters for the pump and Stokes lasers.

P
�%�

v f =1
�P

0 =992 nm, �S
0=1010 nm

IP
0 =3.0�1011 W /cm2, IS

0=1.0�1011 W /cm2

v f =2
�P

0 =992 nm, �S
0=1028 nm

IP
0 =1.0�1011 W /cm2, IS

0=1.5�1010 W /cm2

Jf =0

P=
S=35 ps
�P=�S=0.53

Jf =2

P=
S=220 ps
�P=�S=0.529

Jf =0

P=
S=275 ps
�P=�S=0.53

Jf =2

P=
S=250 ps
�P=�S=0.521

Pg 1.2 4.0 0.0 3.3

Pi0
0.6 0.0 0.2 0.0

Pi2
0.2 1.3 0.0 9.2

Pf0
95.3 0.0 99.8 0.0

Pf2
2.7 94.7 0.0 87.5
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=0,2 respectively, caused by two different sets of peak in-
tensities and different pulse widths. The relative effective ac
Stark shift of the ground level �vg=0, Jg=0� with respect to
the resonant intermediate level �vi=1, Ji=0� is

Si0g
eff = Si0

eff − Sg, �15�

where the effective shifts of the concerned levels are given
by Eqs. �11�. Similar expressions of the relative effective ac
Stark shifts Si2g

eff ,Si0f0

eff ,Si2f2

eff , etc., for the other relevant levels
are obtained. As discussed earlier, the effective Stark shifts
are derived by diagonalization of the 2�2 matrix which in-
cludes the strong two-photon couplings between the adjacent
rotational levels. In the figures, we have also plotted the two-
photon chirpings �2��P ,2��S� of the pump and Stokes
pulses, given by

2��P = 2��P�t� − �P
0 � �16a�

and

2��S = 2��S�t� − �S
0� , �16b�

where �P�t� ,�S�t� and �P
0 ,�S

0 are defined in Eq. �12�. It is
seen that the two-photon chirpings �2��P ,2��S� touch the
relative effective shift curves at a time T during the rising of
the pulses with the optimal value of �P=�S=0.53 �0.529� for
the final levels v f =1, Jf =0 �2� and �P=�S=0.53 �0.521� for
v f =2, Jf =0 �2�. At this time �T�, Raman resonance occurs,
i.e., the two-step ��2+2�-photon� Raman detuning ��T�=0,
where

��t� = �2��P�t� − Si0g
eff �t�� − �2��S�t� − Si0f0

eff �t�� �17a�

or

��t� = �2��P�t� − Si2g
eff �t�� − �2��S�t� − Si2f2

eff �t�� . �17b�

For the case of population transfer to the final rovibrational
level v f =2, Jf =2 of the X 1�g

+ state, we observe that the
linear two-photon chirping curves slightly intersect the rela-
tive effective Stark shift curves during the rising of the
pulses �Fig. 4�b�� and a little deviation of the chirp rate pa-
rameters ��P ,�S� from the “global” value of 0.53 �or 0.529�
occurs. Here, the optimal value of �P, �S is 0.521 for the
maximum transfer of population to the final level v f =2, Jf
=2. The slight deviation from the global value of 0.53 �for a

FIG. 3. Relative effective ac Stark shifts, two-photon chirpings
�2��P ,2��S�, and two-step Raman detuning ��� with respect to
ground �vg=0, Jg=0�, resonant intermediate �vi ,Ji�, and final
�v f ,Jf� levels of Li2 molecule as a function of time �t� with the
optimal value of chirp rate parameters ��P ,�S� for peak intensities
IP
0 =3.0�1011 W /cm2, IS

0=1.0�1011 W /cm2, and different pulse
widths �
P ,
S� of the pump and Stokes lasers. �a� v f =1, Jf =0; vi

=1, Ji=0, 
P=
S=35 ps and �P=�S=0.53. �b� v f =1, Jf =2; vi=1,
Ji=2, 
P=
S=220 ps and �P=�S=0.529.

FIG. 4. Same as Fig. 3 except for IP
0 =1.0�1011 W /cm2, IS

0

=1.5�1010 W /cm2 and �a� v f =2, Jf =0; vi=1, Ji=0, 
P=
S

=275 ps and �P=�S=0.53. �b� v f =2, Jf =2; vi=1, Ji=2, 
P=
S

=250 ps and �P=�S=0.521.
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three-level system �13�� may possibly occur due to the strong
two-photon couplings �̃i0i2

and �̃ f0f2
for the multilevel Li2

system. Thus, in general, the strong two-photon couplings of
the adjacent rotational levels cause a large change of the
dressed energy values and consequently of the chirp rates
necessary for optimal transfer. However, the optimal dimen-
sionless chirp rate parameters ��P ,�S� which determine the
timing �T� of the resonance ���T�=0� remain almost the
same, demonstrating the validity of the dynamical picture of
the population transfer.

Figures 5 and 6 display the populations of the initial
ground, resonant intermediate, and final levels as functions
of time �t� for maximum population transfer at the end of the
pulses to the final levels v f =1, Jf =0,2 and v f =2, Jf =0,2,
respectively, with optimal values of the chirp rate param-
eters, pulse widths, and peak intensities. It is worth mention-
ing here that for maximum population transfer to the final
levels v f =1,2 with Jf =0, we have made an initial �t=0�
two-photon resonance with the intermediate level vi=1 with
Ji=0 of the 2 1�g

+ state and have taken the chirp rates to be
linearly proportional to the relative effective Stark shifts of

the corresponding levels at the peak intensities of the pulses.
Hence, the two-photon chirpings, with optimal value of the
chirp rate parameters ��P ,�S�, compensate the relative dy-
namic shifts at a time T �Figs. 3 and 4� during the rising of
the pulses. This results in two-step ��2+2�-photon� Raman
resonance, ��T�=0, giving rise to maximum population in-
version. For population transfer to the final levels v f =1,2
with Jf =2, we make two-photon resonance �at t=0� with the
intermediate resonant level vi=1 with Ji=2 and the linear
chirp rates are taken to be proportional to the relative effec-
tive Stark shifts of the corresponding levels at the peak in-
tensities. Then, with optimal value of the chirp rate param-
eters and required pulse widths, we get maximum population
transfer to the final target levels. We observe that when popu-
lation transfer, at the end of the pulses, is maximum to the
final levels v f =1,2 with Jf =0, an appreciable population
also builds up in the final levels v f =1,2 with Jf =2 during
the falling of the pulses and vice versa. However, at the
termination of the pulses another reversal takes place and the
population switches to the target rotational state level at the
expense of the other allowed state level whose population
becomes insignificant. This is certainly a simple consequence
of the strong two-photon coupling between the rotational
levels Jf =0 and 2 of v f =1,2. There is also some transient

FIG. 5. �Color online� Populations of the ground �vg=0, Jg=0�,
resonant intermediate �vi ,Ji� and final �v f ,Jf� levels of Li2 molecule
as a function of time �t� with the optimal value of chirp rate param-
eters ��P ,�S� for peak intensities IP

0 =3.0�1011 W /cm2, IS
0=1.0

�1011 W /cm2, and different pulse widths �
P ,
S� of the pump and
Stokes lasers. �a� v f =1, Jf =0; vi=1, Ji=0, 
P=
S=35 ps and �P

=�S=0.53. �b� v f =1, Jf =2; vi=1, Ji=2, 
P=
S=220 ps and �P

=�S=0.529.

FIG. 6. �Color online� Same as Fig. 5 except for IP
0 =1.0

�1011 W /cm2, IS
0=1.5�1010 W /cm2 and �a� v f =2, Jf =0; vi=1,

Ji=0, 
P=
S=275 ps and �P=�S=0.53. �b� v f =2, Jf =2; vi=1, Ji

=2, 
P=
S=250 ps and �P=�S=0.521.
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population transfer to the intermediate resonant rotational
levels Ji=0 and 2 of vi=1 near the peak of the pulses. The
figures show that we can control the branching in population
transfer to the final rotational levels Jf =0 �Q branch� and
Jf =2 �S branch� of the fundamental �v f =1� and first overtone
�v f =2� transitions by proper choice of laser parameters in the
hyper-Raman process. In our numerical investigation, we
have taken into account the dynamic Stark shifts �Table I� of
the rotational levels �Jg=0, Ji=0,2, and Jf =0,2� of the
model Li2 molecular system �Fig. 1� and obtained maximum
population inversion by choosing the optimal value of
�P��S� �Table II�. Thus, taking into consideration the full
effect of molecular rotation including all the rotational cou-
pling occurring through the radiation fields, it is possible to
achieve efficient population transfer to a selective rovibra-
tional level.

Figures 7 and 8 illustrate the �scaled� diabatic and adia-
batic eigenenergies of the five relevant levels for the laser
pulse widths and chirp rate parameters resulting in maximum
population transfer to the final levels v f =1 with Jf =0,2 and

v f =2 with Jf =0,2, respectively. When the adiabatic energies
corresponding to the initial ground and the final rovibrational
levels approach each other very closely �at the time 
�, trans-
fer of population from the initial to the final target levels
begins due to nonadiabatic transition between the corre-
sponding dressed �adiabatic� states. Thus, it is clear from the
figures that due to simultaneous pulses and without any ini-
tial �t=0� detuning, the passage is not adiabatic and the
population transfer takes place purely by a nonadiabatic pas-
sage through �nonadiabatic� transition between adiabatic
states �13�.

Figures 9 and 10 depict the populations of the relevant
levels, at the end of the pulses, with dimensionless chirp rate
parameter �P��S� for the final levels v f =1 with Jf =0,2 and
v f =2 with Jf =0,2, respectively. It is seen that the final level
population depends on �P��S� in an oscillatory manner ap-
proaching to 1 at a value of �P��S� equal or very close to the
value of 0.53 which was obtained as the optimal value for
maximum population transfer in a three-level molecular sys-
tem �13�. We observe that the chirp rate parameter �P��S�
controls and determines the population inversion from the
ground to the final levels in a very sensitive way. Though the
population transfer to the final rovibrational levels �Q and S
branches� is very sensitive to the chirp rate, the population

FIG. 7. �Color online� �Scaled� diabatic and adiabatic energy
values of the ground �vg=0, Jg=0�, resonant intermediate �vi ,Ji�,
and final �v f ,Jf� levels of Li2 molecule as a function of time �t� with
the optimal value of chirp rate parameters ��P ,�S� for peak inten-
sities IP

0 =3.0�1011 W /cm2, IS
0=1.0�1011 W /cm2, and different

pulse widths �
P ,
S� of the pump and Stokes lasers. �a� v f =1, Jf

=0; vi=1, Ji=0, 
P=
S=35 ps and �P=�S=0.53. �b� v f =1, Jf =2;
vi=1, Ji=2, 
P=
S=220 ps and �P=�S=0.529.

FIG. 8. �Color online� Same as Fig. 7 except for IP
0 =1.0

�1011 W /cm2, IS
0=1.5�1010 W /cm2 and �a� v f =2, Jf =0; vi=1,

Ji=0, 
P=
S=275 ps and �P=�S=0.53. �b� v f =2, Jf =2; vi=1, Ji

=2, 
P=
S=250 ps and �P=�S=0.521.
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transfer �at the end of the pulses� is efficient for a small range
of values close to the value 0.53 of the chirp rate parameter
�P��S� �Figs. 9 and 10�. We expect that the control of popu-
lation transfer in Q and S branches would be experimentally
feasible with the value of �P��S� near about 0.53 �Table II�.

For the tailored pump laser wavelength ��P
0 � of 992 nm,

the rovibrational levels vr=1, Jr=1 �3� of the excited elec-
tronic state 2 1�u

+ �with a double-well potential� �20� are al-
most in one-photon resonance with the rovibrational levels
vi=1, Ji=0 �2� of the resonant intermediate excited elec-
tronic state 2 1�g

+ �Fig. 1�. But, due to the fact that the levels
vr=1, Jr=1 �3� lie in the outer well �20� of the potential of
the 2 1�u

+ state, the transitions from the vi=1, Ji=0 �2� to the
vr=1, Jr=1 �3� levels are highly non-Franck-Condon in na-
ture �Table I�. As a result, these transitions, though resonant,
have no detrimental effect on the population transfer to the
final target levels of our model Li2 molecular system. It may
be noted that since the dissipative term �i0

��i2
� is much

smaller than the two-photon Rabi frequencies or the Stark
shifts �Table I� for the �peak� laser intensities considered, the

transfer remains the same in absence of the relaxation term
and the chirp rate also does not change due to this dissipa-
tion.

We hope that with the advancement of current laser tech-
nology, experiments with chirped laser parameters similar to
those used by us will be feasible. Existing Ti:sapphire laser
would be suitable for the experiment.

V. CONCLUSION

We have investigated in detail the population transfer
from the initial ground to higher rovibrational levels of a
five-level Li2 molecule by �2+2�-photon STIHRNAP pro-
cess with linearly chirped pump and Stokes laser pulses. We
have achieved almost complete population inversion to se-
lective final target levels for different sets of laser param-
eters. The two-photon couplings between the closely spaced
�rotational� levels of Li2 have been considered to determine
the required chirp rates for optimizing the population trans-
fer. We have observed that the population inversion depends
sensitively on the dimensionless chirp rate parameters. We
have controlled the branching in population transfer to the
final rotational levels Jf =0 �Q branch� and Jf =2 �S branch�

FIG. 9. �Color online� Populations of the ground �vg=0, Jg=0�,
resonant intermediate �vi ,Ji� and final �v f ,Jf� levels of Li2 mol-
ecule, at the end of the pulses, as a function of chirp rate parameter
�P ��S� for peak intensities IP

0 =3.0�1011 W /cm2, IS
0=1.0

�1011 W /cm2 and different pulse widths �
P ,
S� of the pump and
Stokes lasers. �a� v f =1, Jf =0; vi=1, Ji=0, and 
P=
S=35 ps. �b�
v f =1, Jf =2; vi=1, Ji=2, and 
P=
S=220 ps.

FIG. 10. �Color online� Same as Fig. 9 except for IP
0 =1.0

�1011 W /cm2, IS
0=1.5�1010 W /cm2 and �a� v f =2, Jf =0; vi=1,

Ji=0, and 
P=
S=275 ps. �b� v f =2, Jf =2; vi=1, Ji=2, and 
P=
S

=250 ps.
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of the fundamental �v f =1� and first overtone �v f =2� transi-
tions by properly choosing the laser parameters. We have
endeavored to interpret the population transfer within the
framework of the adiabatic energy eigenvalue picture and
nonadiabatic passage between the adiabatic states. The

present work is an application of a �2+2�-photon STIHR-
NAP process to a model multilevel molecular system �Li2�
for selective and almost total population inversion from the
initial ground to the final target rovibrational levels with
chirped ir laser pulses.
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