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Nonadiabatic interaction effects on population transfer in H2 by stimulated Raman transition
with partially overlapping laser pulses
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We have theoretically investigated the population transfer in a four-level H2 system by stimulated Raman
transition from the groundX 1Sg

1(ng50,Jg50) level to higher rovibrational levels (n f ,Jf) of theX 1Sg
1 state

via the excited intermediateB 1Su
1(n i514,Ji51) andC 1Pu

1(n i53,Ji51) levels coupled with each other by
nonadiabatic interaction, using time-dependent overlapping pump and Stokes laser fields. The density-matrix
treatment, which permits the convenient inclusion of the spontaneous emissions from the intermediate levels,
has been employed to describe the dynamics of the two-photon Raman resonance process. The present study
performs the calculations of final populations~after both the pulses are over! of the ground and terminal levels
for Q-branch (Jf50) fundamental (n f51) and first overtone (n f52) transitions and theS-branch (Jf52)
fundamental (n f51) transition as a function of time delay between the two pulses for the cases of on-
resonance as well as off-resonance excitations in a wide range (23105– 23107 W/cm2) of peak intensitiesI P

0

(I S
0) of the pump~Stokes! fields. Both fields are assumed to have the same temporal shape, duration, peak

intensities, and linear parallel polarizations. The accurate values of spontaneous radiative relaxation rates of the
intermediate levels to the initial and final levels, taking into account theirJ andM dependence, are explicitly
included in our calculations. The pulse width~full width at half maximum! tp is taken as 170 ns so that total
spontaneous decay can occur during the pulse duration. The transfer efficiency is found to be very sensitive to
the peak intensities of the laser pulses in each case of transition considered. Special attention is paid to the
effects of the nonadiabatic~NA! interaction betweenB(14,1) andC(3,1) levels on population transfer effi-
ciency. Calculations are also done in some particular cases using the adiabatic Born-Oppenheimer~ABO!
approximation. The results with ABO approximation are found to differ remarkably from those obtained
including NA interaction. Our calculations for the four-level H2 system reveal that almost complete population
is transferred in counterintuitive pulse order for both on-resonance and off-resonance excitations with inter-
mediate and high values ofI P

0 (I S
0). For intuitive pulse sequence also a large population transfer is achieved for

on-resonance excitation at intermediate values ofI P
0 (I S

0) and for off-resonance excitation at intermediate and
high values ofI P

0 (I S
0). @S1050-2947~99!02205-2#

PACS number~s!: 42.50.Hz, 33.80.Be, 42.65.Dr
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I. INTRODUCTION

The problem of selective and efficient population trans
to excited atomic or molecular levels not accessible by o
photon transition is of great interest in many applicatio
e.g., collision dynamics, spectroscopy, and optical contro
chemical reactions. One of the most reliable techniques
selective excitation is the process of stimulated Raman a
batic passage~STIRAP!, which has been intensively studie
numerically @1#, analytically @2#, and experimentally@3# in
recent years. In its realization in a three-levelL system,
STIRAP requires three conditions:~i! two-photon reso-
nance between the initially populated level and the final~ter-
minal! level, ~ii ! counterintuitive pulse order in which th
Stokes pulse, driving the transition between the intermed
and final levels, precedes the pump pulse, though they m
overlap partially, and~iii ! adiabatic time evolution.

Band and Julienne@1# were the first to report the numer
cal results of calculations for Na2 molecules describing the
dynamics of the STIRAP process using a full density-ma
method. The results compared well with the experimenta
measured values@3# for on-resonance and off-resonance e
citations. Recently, Vitanov and Stenholm@2# have carried
PRA 591050-2947/99/59~6!/4475~10!/$15.00
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out a detailed analytical investigation of this STIRAP pr
cess in three-level model systems. They have presente
analytically solvable model for this process with interme
ate level resonance. Various features of population tran
by delayed pulses in this model were deduced analytic
with particular emphasis on the effect of the pulse order
transfer efficiency. They have also analyzed the effect
intermediate level detuning as well as irreversible dissipat
from the intermediate level on the efficiency of the STIRA
process. The effect of dissipation was found to be more p
nounced for the intuitive pulse sequence as the intermed
level becomes significantly populated during the trans
The spontaneous decay of the intermediate level to the in
or final level was not considered. Stenholm and co-work
have also examined analytically and numerically the role
incoherent ionization channels, Stark shifts, and the nonz
Fano parameter on the efficiency of population transfer
tween two discrete states via a common continuum@4#.
Bergmann and his co-workers@3# first demonstrated experi
mentally and analyzed the novel concept of STIRAP for
ficient population transfer of vibrational levels in Na2 mol-
ecules. In spite of the fact that the excited state has a de
time shorter than the laser pulse duration, almost comp
4475 ©1999 The American Physical Society
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4476 PRA 59GHOSH, SEN, BHATTACHARYYA, AND SAHA
population transfer occurred for counterintuitive sequence
pulses when the pump and Stokes frequencies were tune
resonance. These experimental findings were describe
terms of the adiabatic passage, wherein an electric-fi
dressed eigenstate evolves from the ground molecular
to the final state as a time-dependent linear combination
the ground and final states with zero amplitude of the in
mediate excited state. However, this adiabatic passage
scription treats the system within the context of an adiab
Hamiltonian approximation without the explicit inclusion o
the spontaneous decay rate of the intermediate state. In
sion of the spontaneous decay back to the initial or final le
cannot be properly carried out within a wave-function p
ture. A density-matrix description is appropriate in whi
decay mechanisms can be explicitly incorporated by in
ducing decay terms into the Liouville equation~sometimes
called the Bloch equation!.

In the present paper, we have investigated the popula
transfer in a four-level system in H2 molecule in the presenc
of pump and Stokes laser fields. To our knowledge, this
the first work where such calculations are done for a r
four-level system in which the two very close intermedia
levels are strongly coupled with each other by nonadiab
interaction. The full density-matrix formalism has be
adopted for this study. It is a well-known method for treati
the dynamics of multilevel systems interacting with exter
time-dependent fields in the presence of all possible re
ations. The decay rates of the intermediate levels due to
spontaneous radiative emission to the initial and final lev
along with the relaxation out of the four-level system ha
been incorporated explicitly. Specifically, the calculation
population transfer has been performed from the gro
X 1Sg

1(ng50,Jg50) level to the final X 1Sg
1(n f ,Jf)

level via the intermediateB 1Su
1(n i514,Ji51) and

C 1Pu
1(n i53,Ji51) levels of H2. We have studied in detai

the dependence of the population transfer on the time d
between the pump and Stokes pulses for the cases of
resonance and off-resonance excitations in a wide rang
peak intensities (23105– 23107 W/cm2) of the pump
~Stokes! fields. The two fields are considered to have t
same peak intensity, pulse shape, duration, and linear par
polarizations.

The present paper reveals interesting features of the in
ence of the nonadiabatic~NA! interaction between the two
bare, nearly degenerate intermediate levels on the tran
efficiency. This electronic-rotational coupling between t
intermediateB(14,1) andC(3,1) levels due to intramolecu
lar configuration interaction@5# is seen to play a very impor
tant role in determining the population transfer in H2. To
assess the effects of NA interaction on the population tra
fer, calculations are also done for some special cases u
the adiabatic Born-Oppenheimer~ABO! approximation. It
should be stressed here that the nonadiabatic interactio@5#
considered in this paper is not to be confused with
‘‘nonadiabatic coupling’’ used@1~c!,3~b!# in the context of
STIRAP. Our nonadiabatic interaction arises due to the
fect of molecular nuclear motion on neighboring Bor
Oppenheimer electronic states even in the absence of ra
tive coupling and is very significant for light molecules lik
H2 @6#.

The remaining part of the paper is organized as follow
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Section II develops the necessary density-matrix formal
for the four-level system with the NA interaction to evalua
the population transfer. In Sec. III, the way the calculati
has been done is presented. Section IV discusses the nu
cal results of various transitions for different values of d
tuning and intensities of the laser fields. The paper ends w
a brief conclusion in Sec. V.

II. FORMULATION

This section describes the density-matrix formulation
population transfer in H2 using time-dependent overlappin
pump and Stokes laser fields by stimulated Raman trans
from the groundX 1Sg

1(ng50,Jg50) level to higher rovi-
brational levels (v f ,Jf) of X 1Sg

1 state. The nearly degene
ate excited intermediate levelsB 1Su

1(n i514,Ji51) and
C 1Pu

1(n i53,Ji51) are strongly coupled to each oth
through nonadiabatic electronic-rotational interaction. T
four-level system under consideration is shown schem
cally in Fig. 1 where all state labels, the relevant Rabi f
quencies, as well as the spontaneous decay rates are
cated. Hereu0& andu3& specify the ground and final~terminal!
levels, respectively. Among the two intermedia
levels, B 1Su

1(n i514,Ji51) is denoted by u1& while
C 1Pu

1(n i53,Ji51) as u2&. Level u0& is coupled with two
intermediate levelsu1& and u2& by the pump field whereas th
Stokes field drives the transitions fromu1& and u2& to final
level u3&. u0& and u3& being the levels of same parity, th
transition between them is electric dipole forbidden. It m
be noted here that the intermediate levelC 1Pu

2(n i53,Ji

51) is not optically accessible from the groundX 1Sg
1(ng

50,Jg50) level. As we have takenJg50 ~henceMg50!
and linear parallel polarizations of the laser fields, the R
transitions involvingMi50 only ~sinceDM50! will be al-
lowed and the other optical transitions withMi561 ~since
Ji51! will vanish. Hence, the H2 system considered by u

FIG. 1. Schematic diagram of the four-level H2 system interact-
ing with the pump and Stokes lasers where all state labels,
relevant Rabi frequencies, as well as the spontaneous decay
are indicated. V j i denotes the time-dependent one-photon c
pling matrix element for Rabi transition from levelui& to level uj& by
the pump or Stokes field.V12 is the nonadiabatic interaction ma
trix element betweenu1& and u2&. g01 (g02) andg31 (g32) denote
the spontaneous radiative decay rates from levelu1& ~u2&! to levels
u0& and u3&. gout,1 (gout,2) denotes the decay rates of levelu1& ~u2&!
to other levels out of the four-level system considered.
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reduces to a four-level system.
The Liouville equation for the density-matrix operat

„r(t)… of the four-level system interacting with two time
dependent laser fields including phenomenologically de
~G! due to spontaneous emission, is given by~in a.u.!

dr~ t !

dt
52 i @H,r#2Gr, ~1!

where H(t)5HO1HI(t)1HNA is the total time-dependen
Hamiltonian of the system.HO is the Hamiltonian of the
unperturbed molecule.HI(t) denotes the interaction
Hamiltonian between the molecule and the fields, which
the electric-field or length-gauge form~with dipole approxi-
mation! can be expressed as

HI~ t !52EW P~ t !•dW 2EW S~ t !•dW . ~2!

dW denotes the transition dipole operator whereasEW P(t) and
EW S(t) are the time-dependent electric field vectors of
pump and Stokes lasers, respectively. The classical form
EW P(t) andEW S(t) for linearly polarized light, are given by

EW P~ t !5 1
2 f P~ t !FP

0 «̂P@eivPt1e2 ivPt# ~3a!

and

EW S~ t !5 1
2 f S~ t !FS

0«̂S@eivSt1e2 ivSt#, ~3b!

wherevP andvS are the frequencies of the assumed sing
mode fields,«̂P and«̂S represent the unit polarization vecto
of the incident linearly polarized pump and Stokes fiel
while f P(t) and f S(t) express the time variation of the fiel
amplitudes of peak valuesFP

0 and FS
0, respectively. The

functional forms off P(t) and f S(t) are taken to be Gaussia
@1#,

f P~ t !5exp@2~ t2tp!2/2tp
2#, ~4a!

and

f S~ t !5exp@2$t2~ tp1Dt !%2/2tp
2#, ~4b!

with full width @full width at half maximum~FWHM!# tp
and time delay between the pulsesDt. tp is the pulse scaling
time. Dt.0 specifies the intuitive pulse order in which th
pump pulse preceeds the Stokes pulse, whereasDt,0 cor-
responds to the counterintuitive sequence of interact
which begins with the Stokes pulse and ends with the pu
pulse. HNA is the nonadiabatic interaction Hamiltonian d
to electronic-rotational coupling between intermediate lev
u1& and u2&. Its matrix element is given by@5#

V125^1uHNAu2&5^2uHNAu1&

52
AJi~Ji11!

2m
^1u$S~R!/R2%u2&, ~5a!

where S~R!521/2^CB~L50!uL1uCC~L521!&

521/2^CB~L50!uL2uCC~L511!&.

~5b!
y
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-

,
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p
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Using the Liouville equation~1!, the optical Bloch equa-
tions for the elements of density-matrix operatorr(t) gov-
erning the time evolution of the four-level system, within th
rotating wave approximation, can be written as

ds00~ t !

dt
52 i ~V01s102V10s01!2 i ~V02s202V20s02!

1g01s111g02s22, ~6a!

ds11~ t !

dt
52 i ~V10s012V01s10!2 i ~V12s212V21s12!

2 i ~V13s312V31s13!2G1s11, ~6b!

ds22~ t !

dt
52 i ~V20s022V02s20!2 i ~V21s122V12s21!

2 i ~V23s322V32s23!2G2s22, ~6c!

ds33~ t !

dt
52 i ~V31s132V13s31!2 i ~V32s232V23s32!

1g31s111g32s22, ~6d!

ds10~ t !

dt
5 iV10~s112s00!2 i ~V12s202V20s12!2 iV13s30

1S iD12
G1

2 Ds10, ~6e!

ds20~ t !

dt
5 iV20~s222s00!2 i ~V21s102V10s21!2 iV23s30

1S iD22
G2

2 Ds20, ~6f!

ds30~ t !

dt
52 i ~V31s102V10s31!2 i ~V32s202V20s32!

1 iDs30, ~6g!

ds21~ t !

dt
52 i ~V20s012V01s20!2 iV21~s112s22!

1@ i ~v12v2!2 1
2 ~G21G1!#s212 i ~V23s31

2V31s23!, ~6h!

ds31~ t !

dt
5 iV31~s332s11!2 i ~V32s212V21s32!

1F i $~v12v3!2vS%2
G1

2 Gs311 iV01s30,

~6i!
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ds32~ t !

dt
5 iV32~s332s22!2 i ~V31s122V12s31!

1F i $~v22v3!2vS%2
G2

2 Gs321 iV02s30.

~6j!

The rest of the 16 equations are obtained by us
the relations i j 5s j i* . s(t) is the slowly varying matrix op-
erator whose elements are related to those ofr(t) by the
defining equationsr i i (t)5s i i (t), r10(t)5s10(t)e

2 ivpt, etc.
V j i denotes the time-dependent one-photon coup
matrix element for Rabi transition from the stateui& to the
state uj& by the pump or Stokes field and is given b
2 1

2 f P,S(t)FP,S
0 ^ j u( «̂P,S•dW )u i &. It should be noted here that i

Eqs. ~6e! and ~6f!, D1 , D2 are the detunings of the pump
laser frequency from the adiabatic energy difference betw
~unperturbed! levels u1&, u2&, and u0& and are given byD1
5\vp2(E12E0), D25\vp2(E22E0). E0 is the energy
of the ground levelu0& while E1

0 and E2
0 are the adiabatic

energies of levelsu1& and u2&. The expression forD is given
by D5(vp2vs)2(E32E0) whereE3 is the energy of the
final level u3&. For two-photon Raman resonanceD, in Eq.
~6g!, is 0. In Eqs.~6!, the diagonal matrix elementss00(t),
s11(t), s22(t), ands33(t) denote the populations of the co
responding levels whereas the off-diagonal elementss10(t),
s20(t), etc., are interpreted as the coherences.G1 and G2
represent the total radiative decay rates of levelsu1& and u2&,
respectively. The termsG1 andG2 introduce a coherence los
in the transfer process. Along with the spontaneous deca
the ground and final levels, the levelsu1& andu2& can decay to
other levels out of this four-level system. The spontane
emissions from levelu1& ~u2&! to levelsu0& and u3& are explic-
itly represented by the decay ratesg01 (g02) andg31 (g32).
The relaxations~gout,1 and gout,2! to other levels out of the
four-level system considered here are taken into accoun
G1 (5g011g311gout,1) and G2 (5g021g321gout,2). We
have neglected photodissociation/photoionization of the m
ecule from the intermediate states. This is justified at
level of fluences that we have considered. The two-pho
dissociation/ionization channel out of the ground state w
not contribute either. Since we are concerned here only w
the on-resonance or near-resonance excitations and the i
sities of the two pulsed fields are not too high, the ac St
shifts of levels u1&, u2&, and u0& have not been taken int
consideration. We have also neglected the collisional re
ations of the levelu1&, u2&, andu3& since they are negligible in
a beam experiment@3#.

The set of Eqs.~6! can be written in a matrix form as

ṡ5Ms. ~7!

It may be noted that hereM is a non-Hermitian and asym
metric matrix thoughV i j 5V i j* andV125V12* .

Equation~7! can be solved in a similar way as discuss
in our earlier paper@7#. The evaluated diagonal elemen
s i i (t), i 5023 describe the populations at timet of the four-
level system interacting with the two laser fields in count
intuitive or intuitive pulse order. Thus the final populatio
g

g

en

to

s

in

l-
e
n

ll
th
en-
k

x-

-

of the levels, viz.,Pg5s00(`), Pf5s33(`), etc., after the
pulses are over can be evaluated.

III. CALCULATIONS

We have calculated the final populations~after the
pump and Stokes pulses are over! of the ground and final
levels of H2 for Q-branch (Jf50) fundamental (n f51) and
first overtone (n f52) transitions as well as theS-branch
(Jf52) fundamental (n f51) transition from the ground
X 1Sg

1(ng50,Jg50) level to the finalX 1Sg
1(n f ,Jf) level

via the intermediateB 1Su
1(n i514,Ji51) and C 1Pu

1(n i

53,Ji51) levels coupled by nonadiabatic interaction wi
each other@6#. We have investigated in detail the dependen
of population transfer on the time displacement between
pump and Stokes pulses for the cases of on-resonance
off-resonance excitations in a wide range (23105– 2
3107 W/cm2) of peak intensities@ I P,S

0 5c(FP,S
0 )2/8p# of the

pump~Stokes! fields. To assess the effects of NA interactio
on the population transfer, the same calculations are
done using the ABO approximation@i.e., clamped nuclei or
Born-Oppenheimer~BO! approximation with adiabatic cor
rection# for some specific cases. The transition waveleng
of the pump laser for resonance to the perturbed B~14,1! and
C~3,1! levels are about 94.6 nm. The two laser pulses
considered to have the same peak intensity, shape, dura
and linear parallel polarizations. The pulse width~FWHM!
tp is taken as 170 ns so that total spontaneous radiative
laxation from the intermediate levels can occur during
pulse duration.

The BO potential energies and the adiabatic correction
them for B, C, and X states are obtained from Wolniewic
and Dressler@8# and others@9#. Electronic transition dipole
moments forX2B(C) states are taken from Wolniewic
@10#. The potential and dipole moments are interpolated
ing the cubic spline interpolation method@11#. The radial
bound wave functions are generated by solving numeric
the radial Schro¨dinger equation with the well-known
Numerov-Cooley method@12#. The Simpson integration rule
is used to carry out the integrations for the single-pho
matrix elements. The nonadiabatic energies ofB(14,1) and
C(3,1) are given by Senn, Quadrelli, and Dressler@13#. The
values of the spontaneous decay rates,gout,1 and gout,2, are
obtained from Dalgarno and co-workers@14#. The radiative
spontaneous emission from any discrete rovibrational le
couples different possible rotational levels and their m
netic sublevels and each of them contributes differently
determining the values of the decay rates. We have inco
ratedJ andM dependence properly in the values ofg01, g31,
G1 , etc. The values ofV j i , g i j , G j , and V12 are given in
Table I.

IV. RESULTS AND DISCUSSIONS

In Fig. 2, the populations of the ground and final leve
designated asPg and Pf , respectively, for theQ-branch
(Jf50) fundamental (n f51) transition from the initial
X 1Sg

1(ng50,Jg50) level of H2 molecule are shown as
function of the reduced time delay (D5Dt/tP) for on-
resonance excitation to the nonadiabatically perturb
B 1Su

1(n i514,Ji51) level (D151.79 cm21). The profiles
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are studied for different values of peak intensitiesI P
0 and I S

0

of pump and Stokes laser fields having linear parallel po
izations and pulse width~FWHM! tp as 170 ns.

Figure 2~a! exhibits the variation of thePg andPf against
D for low intensitiesI P

0 (I S
0)523105 W/cm2. The final level

population is observed to possess two maxima, one for
counterintuitive pulse order (D,0) and another for the in
tuitive pulse order (D.0). ThePf profile is almost symmet-
ric about D50, though the optimal population transfer
only ;63% aroundD571.5. Pf becomes almost zero fo
D<24 or D>14 as the overlap of the intensity profiles
the two lasers is very small there and population rema
totally in the ground level.

Figures 2~b! and 2~c! present thePg andPf profiles with
D for intermediate intensitiesI P

0 (I S
0)513106 W/cm2 and

23106 W/cm2, respectively. With the increase of intensiti
from low to intermediate values, the maximum value ofPf is
enhanced enormously but the profiles begin to show as
metry aboutD50, which is more prominent forI P

0 (I S
0)52

3106 W/cm2. For I P
0 (I S

0)513106 W/cm2 @Fig. 2~b!#, total
transfer is achieved aroundD522 and about 92% popula
tion is transferred aroundD512. For I P

0 (I S
0)52

3106 W/cm2 @Fig. 2~c!#, complete population is transferre
to the final level when Stokes pulse precedes the pump p
by 2tp (D522) and the population transfer is about 84
aroundD512.

In Figs. 2~d! and 2~e!, we present the profiles forI P
0

(I S
0)513107 W/cm2 and 23107 W/cm2, respectively. At

these high values ofI P
0 (I S

0), there is a dramatic change in th
final-state population with almost complete destruction of
symmetric nature of thePf profiles. Also asI P

0 (I S
0) is in-

creased to higher value, transfer efficiency begins to fall
D>0. At I P

0 (I S
0)513107 W/cm2 @Fig. 2~d!#, total transfer

occurs with a broad peak aroundD522.5 and the transfe
efficiency is about 43% aroundD512.5 For I P

0 (I S
0)52

3107 W/cm2 @Fig. 2~e!#, complete transfer is achieved with
broader peak aroundD523 and the transfer is only;18%

TABLE I. Values~in cm21! of Rabi frequencies (V j i ), state-to-
state spontaneous decay rates (g i j ), and total spontaneous deca
rates (G j ) for different transitions. The nonadiabatic interaction m
trix element between the levelsu1& and u2& is V125213.06 cm21.
I P (I S) is in W/cm2.

Q-branch (Jf50)
S-branch (Jf52)

fundamental
(v f51)

fundamental
(v f51)

first overtone
(v f52)

V10 26.15~25!a AI P 26.15~25! AI P 26.15~25! AI P

V20 1.39~24! AI P 1.39~24! AI P 1.39~24! AI P

V31 5.26~25! AI S 1.89~25! AI S 4.88~25! AI S

V32 22.87~25! AI S 21.27~24! AI S 1.55~25! AI S

g01 1.32~23! 1.32~23! 1.32~23!

g02 6.80~23! 6.80~23! 6.80~23!

g31 8.58~24! 9.84~25! 7.32~24!

g32 2.55~24! 4.47~23! 7.36~25!

G1 2.78~22! 2.87~22! 2.76~22!

G2 3.73~22! 3.74~22! 3.71~22!

a26.15(25)526.1531025.
r-

e

s

-

lse

e

r

aroundD513. At these high intensities the second peak
more like a shoulder than a peak.

It may be pointed out here that even with a 170-ns pu
much longer than the spontaneous lifetimes, the spontan
decay does not play a larger role in either the counterin
tive or intuitive region at low intensitiesI P

0 (I S
0)52

3105 W/cm2 @Fig. 2~a!#, as shown by the fact that the fina
and ground-level populations add up to unity here, with n
ligible population losses. This may be explained as follow
For low intensities, Rabi frequencies are not large and
intermediate levels are never significantly populat
throughout the pulse duration. This gives rise to negligi
overall population loss, even for such a long pulse. But
intermediate and higher intensities I P

0 (I S
0)51

3106 –23107 W/cm2 @Figs. 2~b!–2~e!#, there is appreciable
population loss in the whole intuitive region (D.0) and in
the counterintuitive region where the two pulses have ne
gible overlap in time, i.e., whereD!0. The sum of the final
and ground-level populations does not become unity in th
regions. This is a consequence of the fact that larger R
frequencies cause accumulation of some population in
intermediate levels at some point in time, which then dec
by spontaneous emissions out of the~four-level! system dur-
ing the pulse duration. This gives rise to significant popu
tion loss there. However, the populations of the excited
termediate levels remain virtually zero at the end of t
pulses because the spontaneous decay times of these
are shorter than the pulse duration.

For higher values of peak intensities, thePf profiles ex-
tend to more negative and positive values ofD. In the region
of D,25, whatever small transfer occurs, takes place o
as a result of spontaneous emission of the intermediate le
to the final level. Also forD.15, the molecules excited to
the intermediate levels by pump pulse decay mainly to ot
levels than the final one by spontaneous emission before
experience the Stokes pulse yielding a very small popula
transfer into the final level.

It is interesting to note that asI P
0 (I S

0) increases from 2
3105 W/cm2 to 23107 W/cm2, the total transfer of popula
tion to the final level occurs at more and more negative v
ues ofD with a wider peak. In contrast to the results of th
three-level system~viz., Na2! studied earlier@1,3#, we see
that for our four-level system (H2) with two intermediate
coupled levels, large population transfer also takes plac
intuitive pulse order (D.0) for on-resonance excitation an
intermediate values ofI P

0 (I S
0). This is an interesting feature

The underlying physics behind this may be explained as
lows. The NA interaction between the two electronic sta
B 1Su

1 and C 1Pu
1 mixes the two close lying ABO levels

n514 andJ51 of B state andn53 andJ51 of C state so
that two new perturbed eigenstates with mixedS1 andP1

characters are created. The perturbedB level is one of the
mixed eigenstates, which has;73% B character and;27%
C character while the perturbedC level is the other mixed
eigenstate with;73% C character and;27% B character
@13#. The respective energies of the perturbedB andC levels
are E15212687.87 cm21 and E25212716.44 cm21 while
our calculated adiabatic~ABO! energies of the unperturbedB
and C levels are E1

05212689.66 cm21 and E2
05

212706.88 cm21, respectively with respect to the ABO
threshold of theB/C state. The population transfer due to th

-
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FIG. 2. Populations of the ground (Pg) and final (Pf) levels~after the pump and Stokes laser pulses are over! plotted against~reduced!
time delay (D5Dt/tp) between the pulses for theQ-branch (Jf50) fundamental (n f51) transition fromX(ng50,Jg50) level for
resonance with the intermediate perturbedB(14,1) level fortp5170 ns and different values ofI P

0 (I S
0) including the NA interaction (V12)

betweenB(14,1) andC(3,1) levels. ~a! I P
0 (I S

0)523105 W/cm2, ~b! I P
0 (I S

0)513106 W/cm2, ~c! I P
0 (I S

0)523106 W/cm2, ~d! I P
0 (I S

0)
513107 W/cm2, and~e! I P

0 (I S
0)523107 W/cm2.
ce
the

t a
r-
on-resonance excitation to the perturbedB level may, there-
fore, be viewed to result from a mixture of off-resonan
excitations to the unperturbed ABOB level with ;73% B
character and unperturbed ABOC level with ;27% C char-
acter. Thus, as in the case of off-resonance excitation for
three-level system like Na2 or our four-level unperturbed
ABO H2 system as discussed later in this section, we ge
large or significant population transfer for intuitive pulse o
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FIG. 3. Same as Fig. 2 except for the frequency of the pump laser detuned by210.40 cm21 with respect to the nonadiabatically perturbe
B(14,1) level. ~a! I P

0 (I S
0)513106 W/cm2, ~b! I P

0 (I S
0)523106 W/cm2, ~c! I P

0 (I S
0)513107 W/cm2, and~d! I P

0 (I S
0)523107 W/cm2.
i
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der also for on-resonance excitation to the perturbedB level.
Like the three-level system, total transfer is achieved
counterintuitive pulse sequence (D,0) for on-resonance ex
citation with intermediate as well as high values ofI P

0 (I S
0) in

our four-level system. The interpretation of this follows fro
the formulations of STIRAP given in@1–3#.

In Fig. 3,Pg andPf profiles are shown for the pump las
detuned by210.40 cm21 (D1528.61 cm21), with respect
to the nonadiabatically perturbedB(14,1) level, correspond
ing to the situation when the pump laser reaches midway
unperturbed ABOB(14,1) andC(3,1) levels. Here also the
population versus delay profiles are found to be very se
tive to the change of intensities.

At intermediate peak intensities of 13106 W/cm2 @Fig.
3~a!# or 23106 W/cm2 @Fig. 3~b!#, the Pf profiles are nearly
symmetrical aboutD50. At I P

0 (I S
0)513106 W/cm2, maxi-

mum 95% population transfer is obtained aroundD572.
But at I P

0 (I S
0)523106 W/cm2, the final level population is

increased to a maximum value of about 99% aroundD5
72. In Fig. 3~b!, an interesting feature is the appearance o
prominent third peak in thePf curve at zero time displace
ment (D50). Though thePf value at this third peak is
somewhat smaller than those at the major peaks atD.62,
still it is much larger than thePf values atD561. About
n

e

i-

a

95% population transfer occurs for this case of two co
pletely overlapping pulses (D50). This may also be inter-
preted within the framework of the standard STIRAP theo

Further increase ofI P
0 (I S

0) to high values of 1
3107 W/cm2 @Fig. 3~c!# or 23107 W/cm2 @Fig. 3~d!# leads
to destruction of the symmetry in the profiles and the trans
probability is reduced to some extent atD.0. At I P

0 (I S
0)

513107 W/cm2, total transfer occurs with a broad pea
aroundD522.5 while the transfer is about 87% aroundD
512.5, again with a wide peak. AtI P

0 (I S
0)52

3107 W/cm2, complete transfer is obtained aroundD5
22.5 and;76% transfer occurs aroundD511.5 with a
shoulder rather than a peak. It is to be mentioned here
for the high intensities considered, the population transfe
D.0 is larger relative to the corresponding values for o
resonance excitation. The reason may be the loss me
nisms due to the decay terms, which are less effective
off-resonance excitation.

The final population profiles corresponding to th
Q-branch (Jf50) first overtone (n f52) transition for on-
resonance excitation to the nonadiabatically perturb
C 1Pu

1 ~n i53,Ji51! level (D2529.56 cm21) are exhibited
in Figs. 4~a! and 4~b!, with I P

0 (I S
0)513106 W/cm2 and 2
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3106 W/cm2, respectively. ForI P
0 (I S

0)513106 W/cm2, the
Pf profiles show strong asymmetry with double and bro
peaked structure@Fig. 4~a!#. Transfer efficiency is 100%
aroundD522 while the transfer is about 70% aroundD
512. For I P

0 (I S
0)523106 W/cm2 @Fig. 4~b!#, complete

population transfer occurs with a broader peak aroundD5
22 but the transfer is reduced to about 50% with a shou
around D512. It is important to mention here that fo
Q-branch fundamental (n f51) transition the population
transfer is negligible for resonance with the perturbedC(3,1)
level for all values ofI P

0 (I S
0) considered. This is an interes

ing feature. This fact arises basically from the different tra
sition matrix elements between the intermediateC(3,1) and
final levels in the two cases corresponding ton f51 andn f
52 as seen in Table I. The population profiles correspond
to the on-resonance excitation to the perturbedB(14,1) level
(D151.79 cm21) for Q-branch first overtone (n f52) transi-

FIG. 4. Populations of the ground (Pg) and final (Pf) levels
~after the pump and Stokes laser pulses are over! plotted against
~reduced! time delay (D5Dt/tp) between the pulses for th
Q-branch (Jf50) first overtone (n f52) transition from theX(ng

50,Jg50) level for resonance with the intermediate perturb
C(3,1) level fortp5170 ns and different values ofI P

0 (I S
0) includ-

ing the NA interaction betweenB(14,1) andC(3,1) levels. ~a! I P
0

(I S
0)513106 W/cm2 and ~b! I P

0 (I S
0)523106 W/cm2.
d

r

-

g

tion are not presented as they are almost similar to those
fundamental (n f51) transition. The corresponding off
resonance profiles forJf50 andn f52 (D1528.61 cm21)
are also not presented because of very insignificant pop
tion transfer.

Figure 5 shows the population profiles forS-branch (Jf
52) fundamental (n f51) transition for on-resonance excita
tion with the perturbedC(3,1) level (D2529.56 cm21) for
I P

0 (I S
0)523106 W/cm2. Almost total population transfe

~;99%! occurs to the final level atD.22 and about 75%
transfer takes place atD.12. It should be noted here tha
the population profiles for theS-branch fundamental transi
tion for on-resonance excitation to the perturbedB(14,1)
level (D151.79 cm21) are almost the same to the corr
spondingQ-branch fundamental transition and hence are
shown.

In Fig. 6, the population profiles are drawn assuming
ABO approximation~i.e., makingV1250! for on-resonance
and off-resonance excitations atI P

0 (I S
0)523106 W/cm2 for

the Q-branch (Jf50) fundamental (n f51) transition.
Figure 6~a! shows the population profiles when the pum

laser frequency is tuned to resonance with the unpertur
ABO B(14,1) level (D150). The profiles for both the fina
and ground levels are remarkably changed from those
tained in Fig. 2~c! where the NA interaction between the tw
intermediate levels is taken into account. Thus it is seen
the electronic-rotational coupling between levelsB(14,1)
and C(3,1) due to intramolecular configuration interactio
plays a very significant role in determining the populati
transfer efficiency. When the Stokes pulse precedes
pump pulse by more than 6tp (D526), the final level
populationPf evolves because of spontaneous emission fr
the intermediate levels to the final level. This process
counts for the constant small value atD,26. The popula-
tion Pg of the ground level is almost zero because the pu
intensity depletes it. Optimal transfer~;98%! is obtained
when the Stokes pulse precedes the pump pulse by aboutp
(D.22) and partially overlaps the pump pulse. ForD50
the final level population is significantly reduced relative
the optimal and appreciable population~;20%! remains in
the ground level. ForD.0 there is no significant populatio
transfer to the final level.

FIG. 5. Same as Fig. 4~b! except for theS-branch (Jf52) fun-
damental (n f51) transition.
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PRA 59 4483NONADIABATIC INTERACTION EFFECTS ON . . .
Figure 6~b! exhibits the population profiles for resonan
with the unperturbed ABOC(3,1) level (D250). The maxi-
mum transfer~;98%! occurs atD.21.5. Comparison with

FIG. 6. ~a! Same as Fig. 2~c! except for the ABO approximation
(V1250) and resonance with the unperturbed~ABO! B(14,1) level,
~b! same as Fig. 6~a! except for resonance with the unperturb
~ABO! C(3,1) level, and~c! same as Fig. 6~a! except for the fre-
quency of the pump laser detuned by 1.79 cm21 with respect to the
unperturbedB(14,1) level.
the results considering NA interaction reveals the critical
fect of the NA interaction on population distribution in th
final level. As we have mentioned earlier, the profiles
on-resonance excitation to theC(3,1) level with NA interac-
tion are not presented because of the insignificant tran
efficiency. No appreciable population transfer takes place
D.0 in this case also.

Figure 6~c! displays the population profiles when th
pump-laser frequency is detuned byD151.79 cm21 with re-
spect to the unperturbed ABOB(14,1) level. Complete
transfer is achieved aroundD522 with a wide peak and
about 58% population resides in the final level aroundD5
12 with a shoulder.

The population profiles using the ABO approximatio
~i.e., withV1250! for the four-level H2 system as depicted in
Fig. 6 are similar to the profiles presented by Band and J
enne@1~a!# for the three-level Na2 system. The distortions
~ups and downs! aroundD522 in the profiles in Figs. 6~a!
and 6~b! are due to the presence of two intermediate lev
~assuming no NA interaction between them! for our H2 sys-
tem.

V. CONCLUSION

We have investigated the population transfer from
ground to higher rovibrational final levels via two interm
diate levels ~belonging to electronically excited state!
coupled with each other by nonadiabatic interaction in2
molecule in the presence of time-dependent overlapp
pump and Stokes laser pulses. We have shown in detai
dependence of the final populations of the ground and fi
levels on the time delay between the two pulses for the ca
of on-resonance as well as off-resonance excitations and
a wide range of peak intensitiesI P

0 (I S
0) of the pump~Stokes!

fields. Two-photon Raman transitions to different final leve
have been considered. For each case of excitation, the tr
fer efficiency is found to be very sensitive to the variation
peak intensities of the fields. Our calculations for the fo
level H2 system reveal that almost complete population
transferred in counterintuitive pulse order for both o
resonance and off-resonance excitations with intermed
and high values ofI P

0 (I S
0). In intuitive pulse sequence also

large transfer is achieved for on-resonance excitation at
termediate values ofI P

0 (I S
0), which is in contrary to the

results of three-level system~viz., Na2!. For off-resonance
excitation also a large transfer occurs at intermediate
high values ofI P

0 (I S
0) in case of intuitive pulse order. To

examine the effects of electronic-rotational coupling betwe
the intermediate levels on the transfer efficiency the sa
calculations are done in some particular cases using A
approximation. The results with ABO approximation diffe
remarkably from those obtained including NA interaction.
is to be mentioned that population profiles with ABO a
proximation are similar to the profiles presented by Band a
Julienne@1~a!# for the three-level Na2 system. In our study
we have included the contributions of all possible rotatio
and magnetic sublevels into the calculations of state to s
spontaneous radiative decay rates as the spontaneous
sion couples different magnetic sublevels of the molecule
a different manner. It may be mentioned here that the cr
coupling of differentM levels by spontaneous emission w
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not occur in our calculation since we have takenJg50
~hence,Mg50! and linear parallel polarizations of the tw
laser fields.

About a decade ago, XUV~extreme ultraviolet! lasers
~,100-nm wavelength! of 50-ns pulse duration and 3
31012-W/cm2 peak intensity were generated@15#. Earlier,
M

ys
d

,

. A

Sp
S

a,
vuv ~vacuum ultraviolet! tunable lasers of 55-ns pulse dur
tion and 1.63109-W/cm2 peak intensity were generated wit
193-nm wavelength@16#. We hope that with the advance
ment of current technology, experiments with the values
laser parameters similar to those used by us will soon
feasible.
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