
PHYSICAL REVIEW A 68, 063403 ~2003!
Control of population transfer in degenerate systems by nonresonant Stark shifts
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Two simple schemes are presented for the selective population transfer in systems where the target state is
degenerate with a second level. Both states are coupled with the ground state via a one photon resonance. The
schemes use a combination of two laser pulses. The first pulse breaks the degeneracy of the levels by inducing
a Stark shift. The second pulse is chirped across the new levels. The idea is illustrated by numerical simulations
of the time-dependent Schro¨dinger equation for a four-level system. The efficient population transfer is ex-
plained using a dressed state representation. In conclusion, applications for molecules are suggested.
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I. INTRODUCTION

By controlling the time-dependent electric field of a las
pulse ~amplitude and phase!, one can control various pro
cesses in molecules@1,2#. One of the routes relies on con
trolling population transfer using an appropriate interferen
between quantum pathways. The efficiency of the contro
determined by the ability to make this population trans
effective and selective. The simplest example for populat
inversion is the two-level system. By amplitude contr
called ap pulse, a complete population inversion is achie
able@3#. Another scheme relies on chirp~the time derivative
of the phase!, where a complete population transfer can
achieved by adiabatic passage, sweeping the freque
slowly across a resonance. This technique has been use
vibrational excitation of heteronuclear molecules@4,5# and
electronic excitation@6#. Recently, Rickeset al. have pro-
posed replacing phase modulation by an ac Stark shift@7#.

For homonuclear molecules, where one-photon absorp
within the same electronic state is forbidden by symme
the Raman effect has been used for population transfer
tween rovibrational states. The three levelL system is the
basic model for such a laser control scheme. Two differ
approaches have been proposed for population inversio
L systems, STIRAP@8# ~stimulated Raman adiabatic pa
sage! and CARP@9,10# ~chirped adiabatic Raman passag!.
The first is resonant whereas the second can be resona
nonresonant. STIRAP is based on a counterintuitive
quence of two laser pulses~with the pump pulse precedin
the Stokes pulse!, whereas CARP is achieved by slow
sweeping the frequency difference of a combination of t
laser pulses across the anharmonicity of a rovibrational
der. Recently, this idea has been used~and predicted! for the
dissociation of diatomics by climbing theJ, MJ ladder@11#
and aligning excited vibrational states@12,13#.

The current understanding of all these techniques of po
lation inversion using coherent laser source applies to
tems with nondegenerate quantum states, and with spa
between the final states large compared to the Rabi freq
cies. In this paper, we consider the case of a degeneraV
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system and the possibility of controlling into which of th
two degenerate upper states the population will be tra
ferred. Recently, Shahet al. have shown that controllability
in such a system is not possible@14# if there is no additional
level. If the system has at least four levels and

m12

m24
Þ

m13

m34
, ~1!

then the control is possible.m i j are the transition dipole mo
ments between statesi and j. This system is represented i
Fig. 1. In this paper, two simple schemes based on chirp
induced Stark shifts are presented. Full population invers
from level 1 to level 2~or 3! will be demonstrated by nu
merical simulation of the four-level time-dependent Sch¨-
dinger equation and the efficiency of the process is explai
using the dressed state representation@15,16#. The key idea
is that the fourth level can break the degeneracy of the lev
Strong nonresonant fields allow the energy shift to be lar

II. DESCRIPTION OF THE SYSTEM AND DRESSED
STATE REPRESENTATION

The time-dependent Schro¨dinger equation for the system
illustrated in Fig. 1 is written as follows:

FIG. 1. Four-level system associated with Eq.~2!. Vi j

5m i j E(t) andm2350.
©2003 The American Physical Society03-1
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i\
]

]t F a1~ t !
a2~ t !
a3~ t !
a4~ t !

G5F E1 V12~ t ! V13~ t ! 0

V12~ t ! E2 0 V24~ t !

V13~ t ! 0 E3 V34~ t !

0 V24~ t ! V34~ t ! E4

G
3F a1~ t !

a2~ t !
a3~ t !
a4~ t !

G , ~2!

with Vi j 5m i j E(t). m i j are the dipole matrix elements. Th
time-dependent coefficientsai(t) are calculated using th
Split Operator technique@17#. The time steps used in th
integration of Eq.~2! are 1 a.u., which correspond to 0.024
fs. Level 4 may represent a manifold of states with energ
close to each other in comparison with the spacing betw
levels 2 and 3 and the manifold. In our model,E150, E2
5E350.25 a.u., andE450.55 a.u. (1 a.u.527.21 eV).

The electric field used for population inversion to leve
~or 3! is the combination of an intense nonresonant la
pulse which Stark shifts the energy of the levels and a re
nant laser pulse with the frequency chirped across the
Stark-shifted energies. The electric field is written as follow

E~ t !5Enr~ t !cos~vnrt !1Er~ t !cosS v r t1
1

2
bt2D ; ~3!

nr stands for the nonresonant laser pulse andr for the reso-
nant laser pulse.Enr,r(t) are the electric field envelope. Th
frequency of the nonresonant laser pulse,vnr , corresponds
to wavelength of 800 nm~titanium sapphire!. b is the chirp
rate of the resonant pulse.

Before presenting results on exact numerical simulatio
let us describe the physics of the proposed control schem
First, the effect of the nonresonant laser pulse on the sys
can be included using perturbation theory. For levels 1 an
the energies are

e15E12
Enr

2

4 (
6

S m13
2

E32E16\vnr
1

m12
2

E22E16\vnr
D ,

~4!

e45E42
Enr

2

4 (
6

S m24
2

E42E26\vnr
1

m34
2

E42E36\vnr
D .

~5!

For levels 2 and 3, the nonresonant coupling to levels 1
4 yields the following energies:

ei5Ei2
Enr

2

4
a i i , ~6!

with

a i i 5(
6

S 2m i1
2

Ei2E16\vnr
1

m i4
2

E42Ei6\vnr
D . ~7!
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Second, resonant Raman coupling between shifted levels
to be included exactly. The matrix element for such coupl
is, sinceE25E35Eint ,

V2352
Enr

2

4 (
6

S m24m34

E42Eint6\vnr
2

m12m13

Eint2E16\vnr
D

52
Enr

2

4
a23. ~8!

Thus, the matrix in Eq.~2! can be reduced to a 333 matrix
for levels 1–3, with nonresonant level 4 adiabatically elim
nated:

i\
]

]t F a1~ t !
a2~ t !
a3~ t !

G5S F E1 V12~ t ! V13~ t !

V12~ t ! E2 0

V13~ t ! 0 E3

G
2

Enr~ t !2

4 F a11 0 0

0 a22 a23

0 a23 a33

G D F a1~ t !
a2~ t !
a3~ t !

G
5F e1 V12~ t ! V13~ t !

V12~ t ! e2 V23~ t !

V13~ t ! V23~ t ! e3

G F a1~ t !
a2~ t !
a3~ t !

G . ~9!

In Eq. ~9!, the resonant couplings are in the first matrix, a
the nonresonant Stark shifts and Raman coupling are in
second matrix. The Raman couplingV23(t) gives two new
Stark-shifted states. These energies are

e65
e21e3

2
6A~e22e3!214V23

2 . ~10!

The eigenvectors associated withe1 ande2 are

ue1&5cos~u/2!ue2&1sin~u/2!ue3&, ~11!

ue2&52sin~u/2!ue2&1cos~u/2!ue3&, ~12!

with

tanu52
a23

a222a33
. ~13!

The field free eigenvectorsuEi& are close to the Stark-shifte
statesuei& because of the nature of the nonresonant coupl
Note that tanu is independent of the nonresonant field and
not changed after the field is turned off. In order to under-
stand our control scheme, we use the dressed state repr
tation. The dressed state matrix in the rotating wave appr
mation is

F D1~ t ! 1
2 V12~ t ! 1

2 V11~ t !

1
2 V12~ t ! e2 0

1
2 V11~ t ! 0 e1

G , ~14!
3-2
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with V165m16Er(t), D1(t)5e11\v r(t) and v r(t)5v r
1bt. m16 are calculated using Eqs.~10!–~12!. The diago-
nalization of the matrix gives the time dependent dres
states. Two schemes for efficient population transfer to th
levels will be presented.

A. Scheme 1

The first scheme applies whenua332a22u@ua23u. When
such condition applies, the angleu is close to zero and the
Stark-shifted eigenvectorsue1& and ue2& are close to the
field free statesuE2& anduE3&. Sinceu is independent of the
nonresonant field intensity, it is better to use a higher n
resonant field in order to increase the energy splitting
tweenue1& andue2&, and thus make it easier for the resona
field to distinguish the two Stark-shifted states energetica
A larger splitting also allows one to increase the chirp r
~and the resonant field! whole maintaining the adiabatic pa
sage. Turning off the nonresonant field afterwards does
change the population transferred into the field-free dege
ate states.

The dressed state representation associated with
scheme is presented in Figs. 2~a! and 2~b!. In Fig. 2~a!, the
inversion of the population is from level 1 to levelue1&
('uE2&) and in Fig. 2~b! from level 1 to level ue2&
('uE3&). The nonresonant laser pulse for this cont
scheme has a plateau envelope and the resonant pulse
Gaussian envelope of 20 ps@full width at half maximum
~FWHM!# in the intensity profile. If the angleu is far from
zero, then this control scheme cannot be used. For exam
if ua332a22u!ua23u, then uuu'p/2 and the new statesue1&
and ue2& are an equal superposition of the original state

FIG. 2. Dressed state representation of scheme 1.~a! Population
inversion to ue1&('uE2&). ~b! Population inversion toue2&
('uE3&).
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and 3. Then, in order to achieve control, a different sche
can be used.

B. Scheme 2

The second scheme is completely general when condi
of Eq. ~1! applies. The example that will be demonstrated
this paper is forua332a22u!ua23u. Nevertheless, the genera
condition for complete population transfer to any target st
will be given. Note that in the limitua332a22u!ua23u, ue1&
and ue2& are almost equal superpositions ofuE2& and uE3&.

Compared with the first scheme, instead of sweeping o
acrossue1& or ue2&, the frequency of the resonant field
swept across both states. The nonresonant pulse has n
Gaussian envelope of 20 ps~FWHM! in the intensity profile,
the same as the resonant pulse. In Fig. 3, the dressed
representation for this scheme is shown. The popula
starts in the leveluE1&, and the adiabatic evolution of th
corresponding dressed state is shown as pathG1 . However,
if the chirp rate is not too slow, a nonadiabatic transition
the avoided crossing makes a part of the population foll
the pathG2 . The phase difference between these two pa
ways @16,18# controls the population transfer at the end
the pulse. The phase difference is given by the followi
equation:

Df5E
t1

`

uG22G1udt. ~15!

The time t1 is the time where the avoided crossing occu
The condition for complete control can be established
rewriting the field free eigenvectors as a linear combinat
of ue1& and ue2&:

uE2&'cos
u

2
ue1&2sin

u

2
ue2&, ~16!

uE3&'cos
u

2
ue1&1sin

u

2
ue2&. ~17!

FIG. 3. Dressed state representation of scheme 2. By launc
cos2(u/2) of the population into the pathwayG1 and the rest into
G2 , one can use the phase difference@Eq. ~14!# to make on efficient
population inversion to level 2 or 3.
3-3
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To control the population, one can launch cos2(u/2) into G1
and sin2(u/2) into G2 , which can be done by tuning the chir
rate ~or the field! of the resonant laser pulse. Then, for t
phase differenceDf5p one would only populateuE2&, and
for Df52p all population will end up inuE3&. The phase
differenceDf is controlled by the intensity or the duration o
the nonresonant laser pulse.

III. RESULTS AND DISCUSSION

A. Scheme 1

Without the presence of level 4, it has been demonstra
that the population ratio between levels 2 and 3 is given
P2 /P35m12

2 /m13
2 @14,19#. Adding the fourth level~or a mani-

fold of levels! allows one to control the population transfe
Consider first the case when the condition for scheme 1
satisfied. The dipole matrix elements arem125m1351, m24
52, andm34510. The dressed state representation is sho
in Figs. 2~a! and 2~b!. The intensity of the nonresonant puls
~plateau envelope! is 131011 W/cm2, that of the resonan
pulse is 23108 W/cm2 ~Gaussian intensity profile with a
20-ps FWHM!, and the chirp rateubu is 4.1131024 eV/ps.
Becausea332a22 is much greater than the Raman mat
element 2a23, ue2&'uE3& andue1&'uE2&. Then, by sweep-
ing the resonant frequency acrossue1& or ue2&, efficient
population transfer either to level 2 or 3 can be achieved

In Fig. 4, results related to Fig. 2 are presented. A vir
ally full population inversion to any target state~2 or 3! is
achieved in Fig.~4!. The residual population in level 2~or 3!
for Fig. 4~a! @or ~b!# is given by P2(3)5sin2(u/2) with u
given by Eq. ~13!. In our case,u520.373 rad andP2(3)
53.4431022. The numerical simulation givesP3
53.5131022 for Fig. 4~a! and P253.4231022 for Fig.
4~b!, close to our analytical prediction. Note that the Ra
frequency of the resonant pulse has to be small comp
with ue12e2u. With the condition enumerated in the prev
ous paragraph, the ratio betweenue12e2u and the Rabi fre-
quency is approximately 10. Sinceu is independent of the
intensity of the non-resonant laser pulse, high intens
should be used so large Rabi frequency for the resonant
pulse can also be used in order to sweep rapidly the

FIG. 4. Time-dependent population transfer for scheme 1.~a!
See Fig. 2~a!. ~b! See Fig. 2~b!.
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quency of the resonant laser pulse@16#, making the process
as fast as possible while still satisfying the adiabatic con
tion.

B. Scheme 2

In the case of scheme 2, the dressed state representat
shown in Fig. 3. The dipole matrix elements are:m245m34
55, m1250.8 and m1351 and the intensity of the non
resonant pulse~Gaussian intensity profile with a 20-p
FWHM! is a control parameter. Tuning the intensity of th
pulse changes the phase difference@Eq. ~14!# between the
two pathways in Fig. 3 and tuning the chirp rate~or the field!
of the resonant laser pulse makes the right superpositio
the amplitudes launch into pathwaysG1 andG2 . The inten-
sity of the resonant laser pulse is 23108 W/cm2 ~Gaussian
intensity profile with a 20-ps FWHM! and the chirp rateb is
26.6131024 eV/ps. Becausem245m34, ua332a22u is
small compared to the Raman coupling 2ua23u, the angleu
@Eq. ~12!# is approximately equal to2p/2. Then, the eigen-
vectors given by Eqs.~10! and ~11! are: ue1&'(uE2&
2uE3&)/& andue2&'(uE2&1uE3&)/&. If m12 converges to
m13, thenue1& approaches more and more a dark state@20#
and the control becomes difficult to achieve; see Eq.~1!. In
our case, the controllability condition is satisfied sincem12
Þm13. In the real world, the nonequality condition will be
always satisfied because two degenerate states have diff
quantum numbers, making for example the Clebsh-Gor
coefficients different. Then, by making an appropriate coh
ent superposition ofue2& andue1&, population can be trans
ferred to either level 2 or level 3. In Fig. 5, the numeric
results associated with the scheme of Fig. 3 are presen
They confirm the validity of the control scheme.

IV. CONCLUSION

From numerical solutions of the time-dependent Sch¨-
dinger equation for a four state system, it is shown that po
lation inversion in the presence of degeneracy can be c
trolled using laser induced Stark shifts. Two schemes h

FIG. 5. Final population in level 2 and 3 for scheme 2. Thex
axis is the intensity of the nonresonant laser pulse.
3-4
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been presented. Both schemes use a combination of two
pulses, one nonresonant~intense! and another resonant. Th
intense pulse breaks the degeneracy of the system and
second one is swept~chirped! across the new energies.
complete general formulation requires only a knowledge
the Stark matrix of couplings to the nonresonant laser fie
a22, a33, anda23. The two cases studied in this paper a
ua23u!ua332a22u ~scheme 1! andua23u@ua332a22u ~scheme
2!. Scheme 1 is only efficient when condition~1! applies.
Scheme 2 is completely general and the condition for co
plete inversion to any target state is defined using Eqs.~15!–
~17!.

The first scheme uses the difference between the coup
of the degenerate states to a manifold of states~the fourth
level!. Because of the different coupling, these degene
states move differently in the presence of the intense la
field. By sweeping the resonant frequency across one of
new Stark-shifted states, an efficient population invers
can be achieved for any of the two target states.

The second scheme uses the phase difference betwee
two pathways created by the nonresonant laser pulse
sweeping the frequency of the resonant photon across t
two pathways and by launching cos2(u/2) into G1 and
sin2(u/2) into G2 , an efficient population inversion can b
obtained by tuning the phase difference using the intensit
the nonresonant laser pulse as the control variable.

A coherent control of population inversion in degener
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system is of interest in photochemistry@21#. Often, fragmen-
tation channels are degenerate@22# and using only resonan
laser pulses yields population ratios associated with the
pole moment ratio@14,19#. In the present model, discret
states are used as compared to multiple or quasidegen
continua in real systems. The first scheme, which uses on
Stark shift, should be easier to implement experimenta
Scheme 2 is strongly phase dependent, and one can ex
that it would be more difficult to implement in practice, e
pecially for systems with continua where couplings are
ergy dependent. On the other hand, scheme 2 will be effic
in atomic systems, where a similar interference scheme
been used to control the atomic population inversion@18#.
An extension to molecular degenerate systems will requ
further numerical simulations for establishing the limitatio
of this control scheme which is based on differentiating
level via their Stark shifts, which is essential for controllin
population transfer in system where the target states are
generate.
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