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Coherent population transfer and superposition of atomic states via stimulated Raman adiabatic
passage using an excited-doublet four-level atom
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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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[. INTRODUCTION from the excited doublet to the lower level, when an atom is
initially in a superposition of upper leve]46] or the excited
There has been a growing interest in target populatiorfioublet is driven by a coherent field to an auxiliary level
transfer[1] over the past decade, because of its very interf17—21. The theoretical prediction has been demonstrated
esting applications to chemical-reaction dynaniik laser- ~ experimentally in Ref[20].
induced cooling[3], atomic optics[4], preparation of en- In this paper, we consider an excited-doublet four-level
tanglement[5] and quantum computatiofi6]. Coherent System and assume that the dipole moments between the two

population transfer between atomic ground-state levels origitPPer levels and each of the lower levels are parallel, in
nates from the concept of coherent population trapjpifig which the dark states can exist; even these states contain the

. Lo _ : ntribution from the exci . We investi h -
The most robust technique for achieving efficient popuIat|0r‘}(;gwitorbl(‘)':c (; diagati; ;agsgsgﬂnsiﬁitgssystgm aenscti gf;’:r\]tde tthaet ﬁﬁ s

transfer is stimulated Raman adiabatic passé®EIRAP) behavior i loselv related to the detuni bet th
[1,8]. The technique of STIRAP allows, in principle, a com- ehavior s very closely related 1o the detunings between ) €
laser frequencies and the atomic transition frequencies: a

p]ete population transfer from a single initial state to ar]Othercomplete population transfer from an initial state to another

LS ) ) rf‘arget state can be realized in the excited-doublet four-level
used in this model: the firdpump laser pulse couples the system, if both the pump and Stokes fields maintain two-

ground state to the excited state which is connected by ghoton resonance, but are not tuned at the middle point of

second Stokes Ia;er pulge tq the final state. If the pump a”dthe two upper levels; while an arbitrary superposition of

Stokes frequencies maintain two-photon resonance, and ftomic states can be prepared if both the fields are tuned to

the Stokes laser pulse precedes the pump laser pl@ses-  the center of the two upper levels.

terintuitively ordered pulsesthen an efficient population The outline of this paper is as follows. In Sec. I, we

transfer occurs when the evolution is adiabatic, that is, whepresent the dark states of the excited-doublet four-level

an adiabatically decouple@dark) state exists. atomic system. In Sec. Ill, we investigate the behavior of
The simplest model of STIRAP is a three-levelsystem.  coherent population transfer and superposition of atomic

Using this model, Kuklinsket al.[9] investigated the behav- states for this system in different frequency detunings of

ior of population transfer and gave the adiabatic followingfields. Finally, we conclude in Sec. IV.

condition for generating such phenomenon. Later, it was

found that four-leve[10], five-level[11], multilevel[12] and

autoionization[13] systems can also be used to realize co- !l- THE DARK STATES OF THE EXCITED-DOUBLET

herent population transfer. An important feature of such FOUR-LEVEL ATOMIC SYSTEM

schemes is that the adiabatic transformation is applied to the We consider an excited-doublet four-level system as illus-

dark eigenstate of the system, i.e., the relevant eigenstalg, o in Fig. 1. The transition from the upper levids with
contains no contribution from the excited atomic State'energyﬁwz and|3) with energyf ws to the lower level 1)
Therefore the tephnique is immune_ to_the detrimental CONS&in energyf w, is driven by the pump field with frequency
quence of atomic spontaneous emission. v1. While the transition from the upper levé) and|3) to

It.tisdv(\j/ell bkln?\an, iln a}/-ty;t)e S%/Stfn{l.fh_ 1§ or iln ar|1 the lower level|4) with energy% w, is driven by the Stokes
excited-doublet four-Ievel Sys efd7-19 with upper levels field with frequencyv,. The Hamiltonian for this system can
rapidly decaying to the lower state, that the dark states ca e written as follows:

also be exhibited because of the quantum interference effect.
It was shown that the quantum interference effect can lead to
depression or even cancellation of spontaneous emission H=Hy+Hq, (2)
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P a,=[ Q51 (DA + Q55D A1](6— A1) +[Qpy(H Qe(1)
— QD) Qg (]2 (10

We can easily find from Eq96)—(10), that one or two of
eigenvalues of the characteristic equati{®h is zero under
the condition

Qpl(t) o Qsl(t) o

1 4 = =
Qp2(t) QSZ(t)

Cc (12)

FIG. 1. An excited-doublet four-level atomic configuration with
two lower state$l) and|4) and excited-doublet stat¢®) and|3).
The transition from the upper leve|&) and|3) to the lower state
|1) is driven by the pump puls@ (t); while the transition from the
upper levels|2) and |3) to the lower statd4) is driven by the
Stokes pulse)(t).

(for simplicity, we choose €1) and for suitable detunings.
They are as follows:

(1) When only one of the fields is tuned to the center of
the two upper levels, one of the eigenvalues of &.will
be zero. ForA;=—A,=w3,/2= wg, the corresponding ei-
genvector is
Ho=hA[2)(2|+54,[3)(3| + (A~ 8)[4)4], (2

1
Hi=—A[Qp()2)(1]+ Qpa()|3)(1]] [Bv= m[wd1>+Qp(t)l2>_ﬂp(t)|3>]

—h[Qq(D)]2)(4]+ Qg(1)[3)(4]]+H.c., (3 (12

for the opposed case, i.e5=w,, but A;# wq, the corre-

where(),,(t) and () ,»(t) are Rabi frequencies of the pump sponding eigenvector is

field coupling|2) to |1) and |3) to |1), and Qg(t) and
Q4 (t) are Rabi frequencies of the Stokes field driving the
transitions from|2) to |4) and|3) to |4), respectivelyA;

=Wy W1 Vg, A2=w3—w1—vl, and5=w2—w4—V2 are

frequency detunings.

The time-dependent Scladinger equation for this system

is

c(t)=—iw(t)c(1), (4)

wherec(t) is a column vector, whose components are prob-

1
= [0 -0 ® .
B9 Ty 0<(012)- 04013) + )

13

(2) WhenA ;= §# wy, i.e., the pump and the Stokes fields
maintain two-photon resonance, but are not tuned at the
middle point of the two upper levels. In this case, E).has
one zero eigenvalue, the corresponding eigenstate is

1
ability amplitudesc,(t), and the evolution matrixv(t) has |E3)= ——=—[Q41)|1)—Q,(1)|4)]. (19
the form JOAO+02) " ° P
0 Qpi(t) Qpa(t) 0 ~ (3) When A= 6=y, i.e., both the pump and Stokes
field are tuned to the center of the two upper levels, (BY.
w(t)= Qpu()  —4y 0 Qa(t) 5) has two zero eigenvalues, and the system has two degenerate
Qp,(t) 0 —A, Qo) |’ eigenstates: one is E(L4), and the other is
0 Qqt) Qet) 6-4; 2 2
T )= s i) g
The characteristic equation of this system is V2(Q5(1) +Q5(1) + wf
)\4+ al)\3+ az)\2+ ag)\+a4:0, (6) (O]
+\/W(Qp(t)|l>+ﬂs(t)|4>) :
where p(1)+Q5(1)
(15
a;=(A1+Az)—(6—4y), (7) One can see from Eq14) that this eigenvector contains

2= —[Q5,()+ Q%)+ Q4 (1) + Q51+ (A1 +4y)
X(6—A)—AA5], (8)
3= —[ Q3 (DA,— Q2 (1) (- A1)+ Q%1 A~ Q2(1)

X(6—A1)+ Q2 (1)A,+ Q% (DA +A1A,(6—Ay)],
9

no contribution from the excited leve|®) and|3). Hence

this is a dark state of the excited-doublet four-level atomic
system. Although other eigenstatd®), (13), and(15) con-

tain the contribution from the excited leved) and|3), it

has been shown that these eigenstates are still dark states, as
long as certain conditions are satisfldd—21]. For this sys-

tem the conditions are as folloW21]: (1) the dipole mo-
ments between the two upper levels and each of the two
lower levels are parallel an@®) the spontaneous emission
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rates from|2) and|3) to |1) ( or |4)) are symmetric, i.e.,

v21= v31 and y»4= y34. Under these conditions, the sponta- tanp= = 5 ,
neous emission pathways fro@) to |1) (or |4)) and from V2(Q5(1) +Q5(1)
|3) to |1) (or |4)) display a destructive interference and
cancellation really happens, which make the atom decoupl
from the vacuum model and the fluorescence depressed. So | 1) =C0s6| 1) —sin 6]4), (18)
these eigenstates can become nondecaying in the vacuum,

that is, these eigenstates are dark states when these condi-

. . 1

tions are met, even both the upper levels rapidly decay to the| $o)=sindsine|1)+——=cose(|2)—|3)) +cosf sine|4),

lower levels. \/E 19
19

wo

17

gqs.(14) and(15) can be rewritten as

Ill. ADIABATIC PASSAGE IN THE EXCITED-DOUBLET

where 6 is the mixing angle used in standard STIRAR,
FOUR-LEVEL SYSTEM

while ¢ is an additional mixing angle related to the energy

In the preceding section, we gave the dark states, Eqélifference of the two upper levels. If the two upper levels are
(12—(15), corresponding to zero eigenvalues under differengdlegenerate, i.ewo=0, thenp=0. In this case there is no
frequency detunings. It is known that the existence of theadiabatic coupling between the two dark states. While for
trapped state is necessary but not sufficient to guarantee the,#0, i.e., for nondegenerate case{d, ¢.)=
population transfer. Obviously, EqEl2) and(13) cannot be  —dé/dtsin ¢, a nonadiabatic transition between the two de-
used to transfer the population from initial single state togenerate dark states may occur. Therefore we can say that the
another target state, because only one pyonistokes field  nonadiabatic coupling of the two dark states is intrinsic, it
exists in these two dark states. However, coherent populatioonly depends on the energy difference of the two upper lev-
transfer can occur via Eq§l4) and(15). els. In the adiabatic limit, the nonadiabatic coupling between

When the pump and Stokes fields keep two-photon resathese states cannot be neglected due to the degeneracy of the
nance, but are not tuned at the middle point of the two uppetwo dark state$22,23. The behavior of the four-level sys-
levels, the four-level system has only one dark staie) tem will be significantly influenced by such nonadiabatic
=|E3), i.e., EQ.(14). This dark state is completely same as coupling of the two dark states.
that of three-level\ system. Therefore we can say under this  Consider the case where initiallgV') is either one of
condition, that the behavior of adiabatic passage for thishese two, by defining the state vectdr') to be the state
four-level system is same as that/f system. The familiar vector which evolves from the initial condition
form of |¢#,) make possible the counterintuitive excitation .
scheme in which the Stokes pulse precedes the pump pulse. [W!(—o0))=[i(—=)). (20)

In this arrangement, all population initially in statd) At a later time, due to the coupling of the two degenerate

projects into| ¢1)(Qp(t)<Q4(t)), and at the final time all . i ) o
population in| ;) projects ontd4)(Q ()= Q(1)). eigenstates|¥') acquires a component alodg&)(J #i).
P The state vector then takes the form
For the two degenerate upper levels, and when both the

pump and Stokes fields are resonance with their correspond- _

ing transition frequenciesdE A= wy=0). In this case, the [Wi(1)=2) Bij(D]e;())(i,j=1,2), (21)

system has two degenerate eigenstafes;) and |¢,) J

=|Eq)=112(]2)—|3)). Because(¢,|d1)=(d2|$1)=0,  where the matrix elemerB;; is given by

there is no transition between these two dark states. If all ;

population is initially in statél), this system can adiabati- B S

cally transfer the population frofd) to |4), which is unaf- WBU(U_ _Ek Ai(D)Byj(i,j,k=1.2), (22)

fected by the presence pp,). That is, under this condition,

a complete population transfer can also be realized via thand

STIRAP technique, which is same as that of R&f]; while

if all population is initially in | ¢,) (spontaneously induced

coherence can be used to generate such superpositio)) state

this system stays in this dark state as long as the fields are _ )

turned on, which is also unaffected by the presencepef.  After some simple calculations, the mati; at the end of
The situation is more complicated and more interestinghe interaction can be derived as follows

when both the pump and Stokes fields are tuned to the center .

of the two nondegenerate upper levels. In this case, the in- B(oo):( CO'S% Sm”f), (24)

teraction Hamiltonian has two zero eigenvalues, the corre- —sinys COSYys

sponding two degenerate dark states are Eigy.and (15).

Setting where

d
Ajk:<¢j m‘¢k>- (23

Q1) Co[tde
p = —

) 16 Vi -sinedt (25
Q40 (16) dt

tanf=
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@ of Egs. (26) and (27) reveals that the superposition states
emerging from/1) are almost same in both cases except for
a difference in sign.
s We can see from above results, that the behavior of adia-
batic passage of the excited-doublet four-level system de-
pends sensitively on the detunings between the laser frequen-
cies and the atomic transition frequencies: if both the pump
(b) and the Stokes fields keep two-photon resonance, but are not
tuned at the middle point of the upper levels, this system can
be used to transfer the population from initial state to target
state as three-levelN system does; while if both the fields
are tuned to the center of the two upper levels, the four-level
system can be used to prepare an arbitrary superposition of
atomic states. We can get our desired results by adjusting the
FIG. 2. (a) Intuitively ordered pulse§.e., the Stokes pulse pre- detunings in the adiabatic limit. As for the adiabatic passage
cedes the pump pulsevhile (b) counterintuitively ordered pulses condition, it is same with three-levél atoms, which should
(i.e., the pump pulse precedes the Stokes pulse be satisfied in the four-level atomic system.

Rabi frequencies

Time

is called the geometric pha$24]. Comparing our scheme
with the scheme of Ref[22], we notice that there is an
essential distinction between them. In REZ2], the addi- In this paper, we investigated the behavior of adiabatic
tional mixing anglee comes from the control fiel®@(t). passage in the excited-doublet four-level system, in which
The nonadiabatic coupling of the two dark states is externakhe parallel dipole moments between the two upper levels
it depends on the coherent control fieg(t). If Q(t)=0, and each of the lower levels are considered. We found that
the nonadiabatic coupling disappears and the system will rehe behavior of STIRAP is very closely related to the fre-
duce to the usual three-level system. While here the addiguency detunings between the laser frequencies and the
tional mixing angle comes from the energy difference of theatomic transition frequencies: the behavior of coherent popu-
two upper energy levels, the nonadiabatic coupling of thdation transfer for the excited-doublet four-level system is
two dark states is intrinsic, it will disappear onlydf,=0. same as that of three-levél system when both the pump
Now we investigate the behavior of adiabatic passage imnd the Stokes fields keep two-photon resonance, but are not
the four-level atomic system. We consider two different or-tuned at the middle point of the upper levels; while for both
dering of pulses: counterintuitively ordered pulges., the the fields tuned to the center of the two upper levels, the
pump pulse precedes the Stokes pulse, Figl]2and intu-  four-level system has two degenerate dark states, although
itively ordered pulsegi.e., the Stokes pulse precedes theone of them contains the contribution from the excited
pump pulse, Fig. @)]. We assume that initially all popula- atomic states. The nonadiabatic coupling effect between the
tion is in statg 1). For the counterintuitively ordered pulses, two dark states is intrinsic, it originates from the energy dif-
we have initially| 8| =0. Becausev, is a constant, we have ference of the two upper levels. An arbitrary atomic super-
initially and finally w§>Q3(t)+QZ(t) leading to |¢|  position states can be prepared due to the nonadiabatic cou-
= 7/2. Obviously the dark stafes,) satisfies the initial con- pling of the two degenerate dark states. For an experimental
dition. So the state vector will begin as the adiabatic statéealization of this proposal, it needs the conditions of adia-
|#1). After the end of interaction, the mixing angles ate batic passage limit as well as complete cancellation of spon-
=@=m/2 so that|¢,(=))=—|4) and|p,(*))=]1). Ac- taneous emission in the four-level atomic system. The adia-
cording to Eq.(21), we have batic condition is similar to\ models[1], which should be
easily satisfied; as for the condition of total cancellation
emission, such experiment has been demonstrated from the
W (20)) ein=Siny¢| 1) — cOSy(|4). (26) mixing of the levels arising from i_nternal field0]. Thus _
our scheme gives one way to achieve a complete population

As for the intuitivelv ordered oul in th transfer and to prepare an arbitrary superposition of atomic
S for the Intuitively ordered puises, in the same way, Weg;qiaq by using the excited-doublet four-level atom.

can easily obtain the results as follows

IV. SUMMARY AND DISCUSSION
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