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Coherent population transfer and superposition of atomic states via stimulated Raman adiabatic
passage using an excited-doublet four-level atom

Shiqi Jin, Shangqing Gong, Ruxin Li, and Zhizhan Xu
Laboratory for High Intensity Optics, Shanghai Institute of Optics and Fine Mechanics, Shanghai 201800, China

~Received 9 April 2003; published 26 February 2004!

Coherent population transfer and superposition of atomic states via a technique of stimulated Raman adia-
batic passage in an excited-doublet four-level atomic system have been analyzed. It is shown that the behavior
of adiabatic passage in this system depends crucially on the detunings between the laser frequencies and the
corresponding atomic transition frequencies. Particularly, if both the fields are tuned to the center of the two
upper levels, the four-level system has two degenerate dark states, although one of them contains the contri-
bution from the excited atomic states. The nonadiabatic coupling of the two degenerate dark states is intrinsic,
it originates from the energy difference of the two upper levels. An arbitrary superposition of atomic states can
be prepared due to such nonadiabatic coupling effect.
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I. INTRODUCTION

There has been a growing interest in target popula
transfer@1# over the past decade, because of its very in
esting applications to chemical-reaction dynamics@2#, laser-
induced cooling@3#, atomic optics@4#, preparation of en-
tanglement @5# and quantum computation@6#. Coherent
population transfer between atomic ground-state levels o
nates from the concept of coherent population trapping@7#.
The most robust technique for achieving efficient populat
transfer is stimulated Raman adiabatic passage~STIRAP!
@1,8#. The technique of STIRAP allows, in principle, a com
plete population transfer from a single initial state to anot
single target state. Two different classical laser pulses
used in this model: the first~pump! laser pulse couples th
ground state to the excited state which is connected b
second~Stokes! laser pulse to the final state. If the pump a
Stokes frequencies maintain two-photon resonance, an
the Stokes laser pulse precedes the pump laser pulses~coun-
terintuitively ordered pulses!, then an efficient population
transfer occurs when the evolution is adiabatic, that is, w
an adiabatically decoupled~dark! state exists.

The simplest model of STIRAP is a three-level` system.
Using this model, Kuklinskiet al. @9# investigated the behav
ior of population transfer and gave the adiabatic followi
condition for generating such phenomenon. Later, it w
found that four-level@10#, five-level@11#, multilevel @12# and
autoionization@13# systems can also be used to realize
herent population transfer. An important feature of su
schemes is that the adiabatic transformation is applied to
dark eigenstate of the system, i.e., the relevant eigens
contains no contribution from the excited atomic sta
Therefore the technique is immune to the detrimental con
quence of atomic spontaneous emission.

It is well known, in a~-type system@14–16# or in an
excited-doublet four-level system@17–19# with upper levels
rapidly decaying to the lower state, that the dark states
also be exhibited because of the quantum interference ef
It was shown that the quantum interference effect can lea
depression or even cancellation of spontaneous emis
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from the excited doublet to the lower level, when an atom
initially in a superposition of upper levels@16# or the excited
doublet is driven by a coherent field to an auxiliary lev
@17–21#. The theoretical prediction has been demonstra
experimentally in Ref.@20#.

In this paper, we consider an excited-doublet four-le
system and assume that the dipole moments between the
upper levels and each of the lower levels are parallel,
which the dark states can exist; even these states contai
contribution from the excited states. We investigate the
havior of adiabatic passage in this system, and find that
behavior is very closely related to the detunings between
laser frequencies and the atomic transition frequencie
complete population transfer from an initial state to anot
target state can be realized in the excited-doublet four-le
system, if both the pump and Stokes fields maintain tw
photon resonance, but are not tuned at the middle poin
the two upper levels; while an arbitrary superposition
atomic states can be prepared if both the fields are tune
the center of the two upper levels.

The outline of this paper is as follows. In Sec. II, w
present the dark states of the excited-doublet four-le
atomic system. In Sec. III, we investigate the behavior
coherent population transfer and superposition of ato
states for this system in different frequency detunings
fields. Finally, we conclude in Sec. IV.

II. THE DARK STATES OF THE EXCITED-DOUBLET
FOUR-LEVEL ATOMIC SYSTEM

We consider an excited-doublet four-level system as ill
trated in Fig. 1. The transition from the upper levelsu2& with
energy\v2 and u3& with energy\v3 to the lower levelu1&
with energy\v1 is driven by the pump field with frequenc
n1. While the transition from the upper levelsu2& andu3& to
the lower levelu4& with energy\v4 is driven by the Stokes
field with frequencyn2. The Hamiltonian for this system ca
be written as follows:

H5H01H1 , ~1!
©2004 The American Physical Society08-1
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H05\D1u2&^2u1\D2u3&^3u1\~D12d!u4&^4u, ~2!

H152\@Vp1~ t !u2&^1u1Vp2~ t !u3&^1u#

2\@Vs1~ t !u2&^4u1Vs2~ t !u3&^4u#1H.c., ~3!

whereVp1(t) andVp2(t) are Rabi frequencies of the pum
field coupling u2& to u1& and u3& to u1&, and Vs1(t) and
Vs2(t) are Rabi frequencies of the Stokes field driving t
transitions fromu2& to u4& and u3& to u4&, respectively.D1
5v22v12n1 , D25v32v12n1, andd5v22v42n2 are
frequency detunings.

The time-dependent Schr’¨odinger equation for this system
is

ċ~ t !52 iw~ t !c~ t !, ~4!

wherec(t) is a column vector, whose components are pr
ability amplitudescn(t), and the evolution matrixw(t) has
the form

w~ t !5S 0 Vp1~ t ! Vp2~ t ! 0

Vp1~ t ! 2D1 0 Vs1~ t !

Vp2~ t ! 0 2D2 Vs2~ t !

0 Vs1~ t ! Vs2~ t ! d2D1

D . ~5!

The characteristic equation of this system is

l41a1l31a2l21a3l1a450, ~6!

where

a15~D11D2!2~d2D1!, ~7!

a252@Vp1
2 ~ t !1Vp2

2 ~ t !1Vs1
2 ~ t !1Vs2

2 ~ t !1~D11D2!

3~d2D1!2D1D2#, ~8!

a352@Vp1
2 ~ t !D22Vp1

2 ~ t !~d2D1!1Vp2
2 ~ t !D12Vp2

2 ~ t !

3~d2D1!1Vs1
2 ~ t !D21Vs2

2 ~ t !D11D1D2~d2D1!#,

~9!

FIG. 1. An excited-doublet four-level atomic configuration wi
two lower statesu1& andu4& and excited-doublet statesu2& andu3&.
The transition from the upper levelsu2& and u3& to the lower state
u1& is driven by the pump pulseVp(t); while the transition from the
upper levelsu2& and u3& to the lower stateu4& is driven by the
Stokes pulseVs(t).
02340
-

a45@Vp1
2 ~ t !D21Vp2

2 ~ t !D1#~d2D1!1@Vp1~ t !Vs2~ t !

2Vp2~ t !Vs1~ t !#2. ~10!

We can easily find from Eqs.~6!–~10!, that one or two of
eigenvalues of the characteristic equation~6! is zero under
the condition

Vp1~ t !

Vp2~ t !
5

Vs1~ t !

Vs2~ t !
5C ~11!

~for simplicity, we choose C51! and for suitable detunings
They are as follows:

~1! When only one of the fields is tuned to the center
the two upper levels, one of the eigenvalues of Eq.~6! will
be zero. ForD152D25v32/25v0, the corresponding ei-
genvector is

uE1&5
1

A2Vp
2~ t !1v0

2 @v0u1&1Vp~ t !u2&2Vp~ t !u3&]

~12!

for the opposed case, i.e.,d5v0, but D1Þv0, the corre-
sponding eigenvector is

uE2&5
1

A2Vs
2~ t !1v0

2 @Vs~ t !u2&2Vs~ t !u3&1v0u4&].

~13!

~2! WhenD15dÞv0, i.e., the pump and the Stokes field
maintain two-photon resonance, but are not tuned at
middle point of the two upper levels. In this case, Eq.~6! has
one zero eigenvalue, the corresponding eigenstate is

uE3&5
1

AVp
2~ t !1Vs

2~ t !
@Vs~ t !u1&2Vp~ t !u4&]. ~14!

~3! When D15d5v0, i.e., both the pump and Stoke
field are tuned to the center of the two upper levels, Eq.~6!
has two zero eigenvalues, and the system has two degen
eigenstates: one is Eq.~14!, and the other is

uE4&5
AVp

2~ t !1Vs
2~ t !

A2~Vp
2~ t !1Vs

2~ t !!1v0
2 F u2&2u3&

1
v0

AVp
2~ t !1Vs

2~ t !
~Vp~ t !u1&1Vs~ t !u4&)G .

~15!
One can see from Eq.~14! that this eigenvector contain

no contribution from the excited levelsu2& and u3&. Hence
this is a dark state of the excited-doublet four-level atom
system. Although other eigenstates~12!, ~13!, and~15! con-
tain the contribution from the excited levelsu2& and u3&, it
has been shown that these eigenstates are still dark state
long as certain conditions are satisfied@14–21#. For this sys-
tem the conditions are as follows@21#: ~1! the dipole mo-
ments between the two upper levels and each of the
lower levels are parallel and~2! the spontaneous emissio
8-2
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COHERENT POPULATION TRANSFER AND . . . PHYSICAL REVIEW A69, 023408 ~2004!
rates fromu2& and u3& to u1& ~ or u4&) are symmetric, i.e.,
g215g31 andg245g34. Under these conditions, the spont
neous emission pathways fromu2& to u1& ~or u4&) and from
u3& to u1& ~or u4&) display a destructive interference an
cancellation really happens, which make the atom decou
from the vacuum model and the fluorescence depressed
these eigenstates can become nondecaying in the vac
that is, these eigenstates are dark states when these c
tions are met, even both the upper levels rapidly decay to
lower levels.

III. ADIABATIC PASSAGE IN THE EXCITED-DOUBLET
FOUR-LEVEL SYSTEM

In the preceding section, we gave the dark states, E
~12!–~15!, corresponding to zero eigenvalues under differ
frequency detunings. It is known that the existence of
trapped state is necessary but not sufficient to guarantee
population transfer. Obviously, Eqs.~12! and~13! cannot be
used to transfer the population from initial single state
another target state, because only one pump~or Stokes! field
exists in these two dark states. However, coherent popula
transfer can occur via Eqs.~14! and ~15!.

When the pump and Stokes fields keep two-photon re
nance, but are not tuned at the middle point of the two up
levels, the four-level system has only one dark stateuf1&
5uE3&, i.e., Eq.~14!. This dark state is completely same
that of three-level̀ system. Therefore we can say under th
condition, that the behavior of adiabatic passage for
four-level system is same as that of̀ system. The familiar
form of uf1& make possible the counterintuitive excitatio
scheme in which the Stokes pulse precedes the pump p
In this arrangement, all population initially in stateu1&
projects intouf1&(Vp(t)!Vs(t)), and at the final time all
population inuf1& projects ontou4&(Vp(t)@Vs(t)).

For the two degenerate upper levels, and when both
pump and Stokes fields are resonance with their corresp
ing transition frequencies (d5D15v050). In this case, the
system has two degenerate eigenstates:uf1& and uf2&
5uE4&51/A2(u2&2u3&). Because^f2uḟ1&5^ḟ2uf1&[0,
there is no transition between these two dark states. If
population is initially in stateu1&, this system can adiabat
cally transfer the population fromu1& to u4&, which is unaf-
fected by the presence ofuf2&. That is, under this condition
a complete population transfer can also be realized via
STIRAP technique, which is same as that of Ref.@10#; while
if all population is initially in uf2& ~spontaneously induce
coherence can be used to generate such superposition s!,
this system stays in this dark state as long as the fields
turned on, which is also unaffected by the presence ofuf1&.

The situation is more complicated and more interest
when both the pump and Stokes fields are tuned to the ce
of the two nondegenerate upper levels. In this case, the
teraction Hamiltonian has two zero eigenvalues, the co
sponding two degenerate dark states are Eqs.~14! and ~15!.
Setting

tanu5
Vp~ t !

Vs~ t !
, ~16!
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tanw5
v0

A2~Vp
2~ t !1Vs

2~ t !!
, ~17!

Eqs.~14! and ~15! can be rewritten as

uf1&5cosuu1&2sinuu4&, ~18!

uf2&5sinu sinwu1&1
1

A2
cosw~ u2&2u3&)1cosu sinwu4&,

~19!

whereu is the mixing angle used in standard STIRAP@1#,
while w is an additional mixing angle related to the ener
difference of the two upper levels. If the two upper levels a
degenerate, i.e.,v050, thenw50. In this case there is no
adiabatic coupling between the two dark states. While
v0Þ0, i.e., for nondegenerate case,̂ f2uḟ1&5
2du/dtsinf, a nonadiabatic transition between the two d
generate dark states may occur. Therefore we can say tha
nonadiabatic coupling of the two dark states is intrinsic
only depends on the energy difference of the two upper l
els. In the adiabatic limit, the nonadiabatic coupling betwe
these states cannot be neglected due to the degeneracy
two dark states@22,23#. The behavior of the four-level sys
tem will be significantly influenced by such nonadiaba
coupling of the two dark states.

Consider the case where initiallyuC& is either one of
these two, by defining the state vectoruC i& to be the state
vector which evolves from the initial condition

uC i~2`!&5uf i~2`!&. ~20!

At a later time, due to the coupling of the two degener
eigenstates,uC i& acquires a component alonguf j&( j Þ i ).
The state vector then takes the form

uC i~ t !&5(
j

Bi j ~ t !uf j~ t !&~ i , j 51,2!, ~21!

where the matrix elementBi j is given by

d

d~ t !
Bi j ~ t !52(

k
Aik~ t !Bk j~ i , j ,k51,2!, ~22!

and

Ajk5 K f jU d

d~ t ! UfkL . ~23!

After some simple calculations, the matrixBi j at the end of
the interaction can be derived as follows

B~`!5S cosg f sing f

2sing f cosg f
D , ~24!

where

g f5 R
2`

t du

dt8
sinwdt8 ~25!
8-3
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is called the geometric phase@24#. Comparing our scheme
with the scheme of Ref.@22#, we notice that there is an
essential distinction between them. In Ref.@22#, the addi-
tional mixing anglew comes from the control fieldQ(t).
The nonadiabatic coupling of the two dark states is exter
it depends on the coherent control fieldQ(t). If Q(t)50,
the nonadiabatic coupling disappears and the system wil
duce to the usual three-level system. While here the a
tional mixing angle comes from the energy difference of
two upper energy levels, the nonadiabatic coupling of
two dark states is intrinsic, it will disappear only ifv050.

Now we investigate the behavior of adiabatic passage
the four-level atomic system. We consider two different
dering of pulses: counterintuitively ordered pulses@i.e., the
pump pulse precedes the Stokes pulse, Fig. 2~a!# and intu-
itively ordered pulses@i.e., the Stokes pulse precedes t
pump pulse, Fig. 2~b!#. We assume that initially all popula
tion is in stateu1&. For the counterintuitively ordered pulse
we have initiallyuuu50. Becausev0 is a constant, we have
initially and finally v0

2@Vp
2(t)1Vs

2(t) leading to uwu
5p/2. Obviously the dark stateuf1& satisfies the initial con-
dition. So the state vector will begin as the adiabatic st
uf1&. After the end of interaction, the mixing angles areu
5w5p/2 so thatuf1(`)&52u4& and uf2(`)&5u1&. Ac-
cording to Eq.~21!, we have

uC~`!&cin5sing f u1&2cosg f u4&. ~26!

As for the intuitively ordered pulses, in the same way,
can easily obtain the results as follows

uC~`!& in52sing f u1&1cosg f u4&. ~27!

Here the subscript ‘‘in’’ ~‘‘cin’’ ! denotes the ordering
scheme, intuitively~counterintuitively! ordered pulses. Obvi
ously, an arbitrary superposition states of atom can be
pared by both the conterintuitive and the intuitive ordering
pulses if the atom is initially in its stateu1&. The comparison

FIG. 2. ~a! Intuitively ordered pulses~i.e., the Stokes pulse pre
cedes the pump pulse! while ~b! counterintuitively ordered pulse
~i.e., the pump pulse precedes the Stokes pulse!.
02340
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of Eqs. ~26! and ~27! reveals that the superposition stat
emerging fromu1& are almost same in both cases except
a difference in sign.

We can see from above results, that the behavior of a
batic passage of the excited-doublet four-level system
pends sensitively on the detunings between the laser freq
cies and the atomic transition frequencies: if both the pu
and the Stokes fields keep two-photon resonance, but are
tuned at the middle point of the upper levels, this system
be used to transfer the population from initial state to tar
state as three-level̀ system does; while if both the field
are tuned to the center of the two upper levels, the four-le
system can be used to prepare an arbitrary superpositio
atomic states. We can get our desired results by adjusting
detunings in the adiabatic limit. As for the adiabatic passa
condition, it is same with three-level̀ atoms, which should
be satisfied in the four-level atomic system.

IV. SUMMARY AND DISCUSSION

In this paper, we investigated the behavior of adiaba
passage in the excited-doublet four-level system, in wh
the parallel dipole moments between the two upper lev
and each of the lower levels are considered. We found
the behavior of STIRAP is very closely related to the fr
quency detunings between the laser frequencies and
atomic transition frequencies: the behavior of coherent po
lation transfer for the excited-doublet four-level system
same as that of three-level̀ system when both the pum
and the Stokes fields keep two-photon resonance, but are
tuned at the middle point of the upper levels; while for bo
the fields tuned to the center of the two upper levels,
four-level system has two degenerate dark states, altho
one of them contains the contribution from the excit
atomic states. The nonadiabatic coupling effect between
two dark states is intrinsic, it originates from the energy d
ference of the two upper levels. An arbitrary atomic sup
position states can be prepared due to the nonadiabatic
pling of the two degenerate dark states. For an experime
realization of this proposal, it needs the conditions of ad
batic passage limit as well as complete cancellation of sp
taneous emission in the four-level atomic system. The a
batic condition is similar tò models@1#, which should be
easily satisfied; as for the condition of total cancellati
emission, such experiment has been demonstrated from
mixing of the levels arising from internal fields@20#. Thus
our scheme gives one way to achieve a complete popula
transfer and to prepare an arbitrary superposition of ato
states by using the excited-doublet four-level atom.
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