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Creation of atomic coherent superposition states via the technique of stimulated Raman
adiabatic passage using a\-type system with a manifold of levels
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We propose a scheme for creating atomic coherent superposition states via the technique of stimulated
Raman adiabatic passage in\aype system where the final state has twofold levels. With the application of
a control field, it is found that the presence of double dark states leads to two arbitrary coherent superposition
states with equal amplitude but inverse relative phases, even though the condition of multiphoton resonance is
not met. In particular, two orthogonal maximal coherent superposition states are created when the control field
is resonant with the transition of the twofold levels. This scheme can also be extended to mAriyplel
systems.
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Coherent superpositions of atomic or molecular state$15,14, in this paper we introduce A-type system, where
play a crucial role in contemporary quantum physics. Phethe final state has the structure of twofold closely spaced
nomena associated with coherent superpositions have devels, to create atomic coherent superposition states. The
tracted considerable attention and offer a variety of interestapplication of a control field makes the condition of multi-
ing potential applications, such as electromagneticallyphoton resonance unnecessary. Because of the existence of
induced transparency and coherent population trapfiij, ~ double dark states, two arbitrary coherent superposition
chemical reaction dynamic8], quantum information and states with equal amplitude but inverse relative phases are
computing[4—-6], quantum entanglemefT], and so on. At-  constructed analytically. In the case of where the control field
oms or molecules prepared in specified quantum state can g resonant with the transition between the two closely
realized by them-pulse technique, stimulated Raman adia-spaced levels, two orthogonal maximally coherent superpo-
batic passag¢8,9], the chirped pulse method 0,11, etc.  sition states are created simply.

Although ther-pulse technique can prepare atoms in a par- Consider a four-level\-type system as shown in Fig. 1.
ticular state, this method is not robust because it is veryrhe twofold levels, labeled 3 and 4, are coupled by a con-
sensitive to small variations of pulse areas. In contrast, thetant control field();, which can be a microwave or quasi-
technique of stimulated Raman adiabatic pas§8JéRAP)  static field. Levels 1 and 2 and 2 and 3 are coupled by the
robustly allows a complete population transfer from an initialpump laser pulser(t) and the Stokes laser pulde(t),
single state to the target single state. In addition to straightrespectively. The wave functions of the bare states are de-
forward population transfer to a single quantum state, theioted by|1), |2), |3), and|4). Then the time evolution of the
STIRAP technique has been widely applied to create cohefyrobability amplitudesC(t)=[C;(t),Cy(t),Ca(t), C4(t)]T of

ent superposition states. For instance, fractional STIRARhe four states is described by the Schrodinger equation
[12] has been introduced to construct coherent superposition

states whose composition is determined by the intensity ratio d

of the pump and Stokes pulses. Moreover, a tripod linkage |ﬁd—tC(t) =HOC(), (1)
has been used for realization of superposition states and mea-

surement of a coherent superposition state with equal ampliyhere the Hamiltonian of this system in the rotating-wave
tudes in metastable ned3,14. Nevertheless, in all the approximation is

above schemes, the pump and Stokes fields must remain in

two-photon resonance so as to eliminate the excited state 0 Q) O 0

from the transfer process and keep high transfer efficiency. Q) -4, Q) 0

On the other hand, in manifold level schemes, chirped adia- H=#| P Lo (2)
batic passage has been used to prepare a population in a 0 O4t) -A Qe
superposition state of the final manifold lev§l$]. Because 0 0 Q. -(A-Ay

of using chirped pulses, however, careful control of the chirp
rate is required, and analytic solutions are difficult toHere, Aj=wy~w;~wp, Ary=wy~wz~ws, and Az=wz—w,
achieve. —w, denote single-photon detunings=A;—A, means two-
The existence of a dark state is the basis of electromagehoton detuningfiw; (i=1-4) describes the energy of level
netically induced transparency, coherent population trappingdi), andw; (j=p,s,c) is the carrier frequency of las¢r For
adiabatic population transfer, etc. In manifold level systemsimplicity, the above detunings are assumed time indepen-
[15,16, double dark states are present and their interactiodent. Simple calculations show that one of the eigenvalues of
has been studied by Lukiat al. [16]. Motivated by Refs. Eq. (2) will be equal to zero if
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is satisfied. Then the corresponding eigenvector can be intro- & 04 Re(C)
duced as E o0 P ———
& ‘-'4_ Re[C))
|¢ho) = cos 9[1) = sin H(cos ¢[3) £sin ¢l4)),  (4) e ool
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with the mixing angles) and ¢ defined to be time
Q.(0) A Q FIG. 2. The time evolutions ofa) populationsP;=|C;|? (i
tan 9(t) = —2—= /1 + , tan=¢ £ (5 =1-4), and(b) and(c) amplitudesC; and C,. Parameters ar@,
Q1) A-Ag |A = Ag| =0.=4.0,0.=2.5,A;=3.5, andA;=0. () A,=1.0 or 6.0.(b) A,

=1.0.(c) A,=6.0. All the parameters are scaled By
Here, the mixing angl&¥ is similar to the conventional one ) _
defined in the usuak-type system but is modified by a fac- Pensates the multiphoton detunings, and therefore the abso-
tor a= \m Certainly, sincea is time indepen- lute .transfer efficiency is kept without the condition of
dent, it will not alter the time evolution of the mixing angle multlphoton resonance. i .
9. Meanwhile, defined here is an additional mixing angle __ \_ 'S noteW(_)r(';hyhthatl when the control field Itsé onhreso-
related to detunings and the control field. It is obvious that, ifiance. i.e.A3=0, the ultimate superposition stdtb), has

the control field is removed, the adiabatic state will be re—the form of | ), =(|3)+4))/y2 for A,=(; and [)-=(I3)

- - e —|4))1\2 for A_.=-).. A special feature here is that the tar-
\év\;gfsgs ?styﬁz;%%?ﬂi_t%lﬂi’e and thus our system get state is now a maximally coherent superposition of the

From Eq.(4). one can see that the adiabatic sthig) twofold levels, and®), is orthogonal td®)_. They are pos-

. ) . sible states of the quantum bits and hence have essential
associated with the null eigenvalue has no component of th

) 7~ o Spplications in quantum phase gafésl7).
excited stat¢2) and hence is immune to the specific proper- 1o jjjystrate the preceding analytic solutions, we present

ties of state[2) the main source of possible spontaneousnymerical simulations in the case of Gaussian pulses with the
emission to other states. So it is a dark state. Moreover, besame durationT for the pump and Stokes laser§,(t)
cause the coupling of the st@it@) to the other eigenstates is =Q, exg—(t-n?/T?] and Qyt)=Qgexd—-(t+7)?/T?]. The
negl|g|b|e in the adiabatic ||m|t, we do not show the OtherStokes pulse precedes the pump pu|se' and the delay time
three eigenstates here. between them is 2 Qs and Q, are the peak values of the
From Egs.(3) and (4), we can see clearly that, corre- two pulses. During our numerical simulations, g) and
sponding toA, andA_, there exist two dark statégo). and  the conditionQ{(,)T> 1 (adiabatic criterionare satisfied.
|io)-. [Here the subscripts correspond to the signs + and - invithout loss of generality, the system is assumed to be ini-
Egs.(3) and(4), respectively. For delayed counterintuitive tially in state|1), i.e., Cy(-)=1, C, 3 {~%)=0.
pump and Stokes pulséthe Stokes pulse precedes the pump By solving the Schrodinger equatiai), we show the
ts—o0 to0 time evolutions of the populations. Here=5T, and
pulse, the relations O— ((t)/Q(t) —  apply. As time  =2.5T,. We scale all parameters in termsf As Fig. 2a)
progresses fromes to %, the mixing angled rises from 0 to  reveals, whem\;=0, the twofold levels3) and |4) obtain
m/2. Consequently, the adiabatic stai), starting in the equal population at the end of the pump pulse while levels
bare statg1) will end in the coherent superposition state |1) and|2) are empty. Figures(B) and 2c) show the time
|®), =cos ¢|3)+sin ¢|4) or |P)_=cos ¢|3)—sin ¢|4). These evolutions of probability amplitude§; andC,. After all the
two superposition states have equal amplitude but inversimteractions are overC;=C, when A=, while C3=-C,
relative phases. Suitable manipulation of the detunings andshen A=-Q.. As discussed above, these two cases corre-
control field permits any value ap we desire. Therefore, at spond to two orthogonal coherent superposition stibes
the end of the pump pulse, either a single state or an arbitragnd |®)_. We find that under the condition of adiabatic evo-
superposition of3) and|4) can be realized. It is important to lution the resonant control fieldA;=0) guarantees the cre-
note that this process needs neither two-photon nor threetion of two precisely orthogonal maximal coherent superpo-
photon resonance. Apparently, it is the control field that comsition stateg®), and|®)_.
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% -10 B 10 20 Fig. 5@). Here we put forward the threefold system depicted

time in Fig. 5b). Two resonant control fieldQ. and 4 are ap-

FIG. 3. The time evolutions of populatiorg=|Ci|* (i=1-4).
Parameters ar@) (,=03=4.0,(2=1.5,A,=2.0, andA,=1.0; (b)
0,=0,=4.0,0,=3.0,4,=0.0, andA,=0.2; (¢) 2,=2.0, 2=9.0,

plied, and the other parameters have the same meaning as in
the above twofold system. Provided thiet +Q2+Q3, two
dark states will come into existence. Set to be

—1 “c'_ . . .
0.=1.7,A,=11, andA,=1.0. All the parameters are scaled By~ @1 ((s{le/V2A0y); then the adiabatic state

From Eq.(4) one can derive the final population probabil-
ity ratio of level|3) to |4): R=(cos ¢/sin ¢)2. Figure 3 illus-
trates some examples. As is well known, the STIRAP tech-
nigue applied in normalA-type systems can transfer
population from the initial state to the final one completely,
but it is essential that the condition of two-photon resonance
be met. Otherwise, the excited level will be populated during
the transfer process and thus its decay will sharply deterio-
rate the transfer efficiency. However, in the present case, an
efficient population transfer without any population in the
excited level can be realized although the two-photon detun-
ing A is not equal to zero. Therefore, we can say that a
preselected atomic single or superposition quantum state can
be realized through a proper choice of parameters according
to the analytic expression of the dark sthig). without any
resonance conditions being satisfied. These parameters, i.e.,
the strength of the constant control field and the detunings
andA, require precise control according to the expression of
the additional mixing anglé. Nevertheless, it is well known
that the frequency fluctuations are negligible, and the con-
stant control field, which can be a microwave field, has a
power stability of better than 1%. Therefore, the desired su-
perposition state in the present case should be influenced
only slightly by the fluctuations.

As for the adiabatic criterion, we display the other three
nonzero eigenvalugsolid line) and the rate of change in the

mixing angled (dotted ling numerically in Fig. 4. One can
see that) is very small compared with the separations of the

=]
[°2]

population
2
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eigenvalues. Hence, nonadiabatic coupling between the FiG. 5. (a), (b) The extended manifold level systeift) The
eigenstates is negligible and the adiabatic condition can bgme evolutions of populations corresponding to the threefold level
satisfied. system as shown itb). Parameters ar,=0.=4.0, 2.=3.0, Q4

Additionally, this A-type system with twofold levels can =4.0,A;=4.0,A,=5.0, andA;=-1.0. All the parameters are scaled
be extended to manifold-type systems, just as shown in by Tj.
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|, = sin @|1) — cos @(£)[3) * |A||4) the corrgspond!r_ng transition frequency. It can be seen that
under this conditiond), and|®)_ are orthogonal maximally
coherent superposition states. A proper choice of parameters

provides more freedom in manipulating the atomic coherent

can be realized. By adjusting the field parameters and thg nernosition states. Our scheme is usually feasible in a re-
detunings, the desired smgl_e quantum state or superpositia)istic experimental situation18]. For example, one can
state can be constructed. Figure)Spresents an example of place the sample cell in a microwave cavity to allow the

a numerical simulation. In a similar mannét;component inseraction with a microwave control field. As for the adia-

coherent §uperp05|t|on st{:\tes can be created in the manifojg,;. condition, it requires the strong coupling regime, that

system with & proper choice of parameters. is, Q.T>1, which is not too difficult to reach in the micro-
In summary, we have explored both analytically and nu~yaye domain[19]. In brief, our scheme demonstrates the

merically the creation of superpositions inAatype system  ,qqgipility of creating preselected atomic coherent superpo-
where the final state has two closely spaced levels. As longiion states.

as Eq.(3) is satisfied, two arbitrary coherent superposition

states with equal amplitude but inverse relative phases can be This work is supported by the National Natural Sciences
prepared without multiphoton resonance. Special attentiofoundation of ChingGrant No. 10234030and the Natural
has been paid to the case of the control field resonant witScience Foundation of Shangh@rant No. 03ZR14102
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