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Selective preparation of the maximum coherent
superposition state in four-level atoms
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We demonstrate that the maximum coherent superposition state can be selectively prepared using a se-
quence of pulse pairs in lambda-type atomic systems, with the final level as a doublet. In each pair, the
Stocks pulse comes before the pump pulse, with their back edges overlapping. Numerical results indicate
that by tuning the interval of the adjacent pulse pairs, the selective maximum coherent superposition state
preparation between the initial and one of the final levels can be achieved. The phenomenon is caused by
the accumulative property of the pulse sequence.
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The coherent superposition state in atoms or molecules
plays a crucial role in quantum physics. It has applica-
tions in many areas such as electromagnetically induced
transparency[1−5], quantum information[6−8], and control
of chemical reaction[9−11]. Many schemes can prepare the
coherent superposition state. For instance, the fractional
stimulated Raman adiabatic passage(F-STIRAP)[12] and
the coherent population trapping[13] can obtain the max-
imum coherent superposition state of the two lower levels
in lambda-type atoms. Our group also proposed several
schemes to achieve this goal, such as the methods based
on the STIRAP[14,15] and the pulse train method[16].

Currently, many quantum control schemes prefer em-
ploying pulse sequence or pulse train. For example, the
direct optical excitation, rapid adiabatic passage, and
STIRAP can extend to the multi-level case if the pulse
train is adopted[17−19]. When the repetition period of the
pulse train is smaller than the decay of the upper levels,
it will possess the accumulative property of population
and coherence[16,20]. This property has already been in-
vestigated by many researchers[21−25].

In lambda-type atomic configurations, if the final level
is a doublet, and the pulse couples the two levels with
the upper level at the same time, preparing the coher-
ent superposition state between the initial and one of the
final levels using the methods mentioned above seems
difficult. Here, taking advantage of the accumulative
property of the pulse train and based on the method of
F-STIRAP, we propose that the selective preparation of
the maximum coherent superposition state can be ob-
tained using a sequence of pulse pairs. In this proposal,
each pair has a similar pulse order with the F-STIRAP
scheme. The Stocks pulse comes first and is followed af-
ter a certain time delay by the pump pulse. However,
the back edges of the two pulses overlap. Numerical cal-
culations show that an appropriate choice in the interval
between the neighboring pulse pair can make the initial
and one of the final levels go into the maximum coher-

ent superposition state. The number of pulse pairs is not
strictly required, but few pulse pairs are preferred to re-
duce the population loss through the upper level.

Considering the atomic configuration shown in Fig. 1,
the final two levels are closely spaced with each other.
The Stocks pulse couples the two transitions |2 >→ |3 >
and |2 >→ |4 > simultaneously, and the pump pulse cou-
ples levels |1 > and |2 >. The Hamiltonian of the system
under the rotating wave approximation can be written as

H =




0 Ωp 0 0
Ωp ∆p ΩS ΩS

0 ΩS ∆p −∆23 0
0 ΩS 0 ∆p −∆24


 , (1)

where ∆p = ω12 − ωp is the detuning of the pump pulse
with the |1 >→ |2 > transition, and ∆23 = ω23 − ωS

and ∆24 = ω24 − ωS are the detunings of Stocks pulse
with the |2 >→ |3 > and |2 >→ |4 > transitions, re-
spectively. As we use a sequence of pulse pairs here,
the two pulses can be written in the following form:

Ωp,S =
N−1∑
n=0

Ω0
p,Sfp,S(t − nTR), with Ω0

p,S as the Rabi fre-

quency amplitude, fp,S(t−nTR) as the envelope, and TR

as the interval of the neighboring pulses. Our scheme is
based on the F-STIRAP method. Thus, we choose the
envelope of the two pulses in the following form[12]:




fp(t− nTR) =
√

2
2

e−(t−τ−nTR)2/T 2
,

fS(t− nTR) = e−(t+τ−nTR)/T 2
+
√

2
2

e−(t−τ−nTR)2/T 2
,

(2)
where T is the pulse duration, and τ is the time delay
between the Stocks and the pump pulse. The sequence
of the pulse pair is given in Fig. 1. The dotted line
denotes the Stocks pulse, whereas the solid line denotes
the pump pulse.

In the following, we solve the density matrix equations
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using the fourth-order Runge-Kutta method. First, we
investigate the case when a single pulse pair is used. In
the calculation, the parameters are scaled with respect to
T , and we set ∆p = 0, ∆23 = 0, ∆24 = 0, Ω0

p = Ω0
S = 20,

and τ = 0.7. The population is initially assumed to be
in level |1 >. The parameters are chosen in a way similar
to the F-STIRAP scheme. The result is shown in Fig. 2.
Only one-third of the population is transferred adiabat-
ically, and the final levels are equally distributed. The
reason is that under this condition, the dark state of the
system now is

ΨD =
2ΩS√

4Ω2
S + 2Ω2

p

|1 > − Ωp√
4Ω2

S + 2Ω2
p

(|3 > +|4 >).

(3)
When the Stocks and the pump pulse vanish simulta-

neously from Eq. (3), only one-third of the population
can be transferred. Hence, because of the existence of
the doublet, the F-STIRAP method is not available any
more to prepare the maximum coherent superposition
state.

To prepare the maximum coherent superposition state
in such atomic configuration, we use a sequence of pulse
pairs. Without loss of generality, we change ∆23 and
∆24 to be 0.1 and 0.5, respectively. We study the pop-
ulation evolution of the four levels under different inter-
vals of the adjacent pulse pair. The results are shown in

Fig. 1. Schematic atomic configuration and the incident
pulse-pair sequence.

Fig. 2. (Color online) F-STIRAP scheme used in the atomic
configuration shown in Fig. 1. The red solid line denotes level
|1 >, the blue dashed line denotes level |2 >, the green dash
dot ted line denotes level |3 >, and the black dotted line
denotes level |4 >.

Fig. 3. Population evolution of the four levels at the interval
of (a) TR = 59.89 and (b) TR = 26.39 when ∆23 = 0.1,
∆24 = 0.5.

Fig. 4. Amplitudes of |ρ13| and |ρ14| varying with the interval
TR. The solid line denotes |ρ13|, and the dashed line denotes
|ρ14|.
Fig. 3, where only two pulse pairs are used. In Fig. 3(a),
when the interval is TR = 59.89, the maximum coherent
superposition state between levels |1 > and |3 > can
be obtained with the other two levels unpopulated. In
Fig. 3(b), when the interval changes to TR = 26.39,
the maximum coherent superposition state of levels |1 >
and |4 > is achieved. Therefore, the maximum coherent
superposition state between the initial level and one of
the final levels can be prepared by tuning the interval of
the neighboring pulse pair. The conclusion is clarified in
Fig. 4, where the amplitudes of ρ13 and ρ14 as a function
of the interval are plotted. The figure shows that the
periodic structure appears for both of the two coher-
ence terms. The structure is caused by the accumulative
property of the pulse train, which is discussed in great
detail in our previous work[16]. For example, in the case
of TR = 59.89, the destructive accumulative property
drives the population in level |4 > to zero. The mecha-
nism of the F-STIRAP then induces the population to
be distributed equally in levels |1 > and |3 >.
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We must point out that the results shown above are
obtained under the condition of two-photon detuning,
which means that the strict two-photon resonance condi-
tion in STIRAP and F-STIRAP is not required. Further
calculations indicate that for these kinds of four-level
atoms with arbitrary detunings of ∆p, ∆23, and ∆24,
the selective maximum coherent superposition state is
always available by merely adjusting the pulse interval.
Using more pulse pairs obtains the same results, but note
that using only several pulse pairs is always better. The
reason is that the population in the upper level must
be avoided, and using only several pulse pairs can at-
tain the interaction in such an ultrashort time that the
spontaneous decay can be ignored. Moreover, we should
keep in mind that the pulse duration should be chosen
to satisfy the condition that the interval between the
adjacent pulse pair should be smaller than the decay of
the upper level.

Finally, we demonstrate the feasibility of our proposal
in experiment. First, the atoms should have the same
configuration as required and long coherence time of
the lower levels. Thus, gas-phase atoms, especially cold
atoms, are preferable in carrying out the experiment.
The configuration in our scheme is a tripod, which is
common in many atoms as long as the selection rule is
satisfied (∆m = 0,±1). Hence, the frequently used cold
87Rb atom is suitable. As regards to the pulse train
sequence, the single pulse pair with back edges overlap-
ping has been considered to be produced easily using two
laser sources[12]. As only two pulse pairs are required in
our proposal, a beam splitter can be employed to split
simply the single pulse pair, and the delay between them
can be tuned with a delay line. If more pulse pairs are
required, two laser sources that generate pulses repeat-
edly are preferred, with their repetition period adjusted
the same.

In conclusion, we investigate the selective preparation
of maximum coherent superposition state in lambda-type
atoms with the final level as a doublet. This state is im-
plemented using a sequence of pulse pairs based on the
F-STIRAP scheme. The selectivity is realized by tun-
ing the interval of the adjacent pulses. The accumulative
property of the pulse train is the key to this phenomenon.

This work was supported by the National Natural Sci-
ence Foundation of China (Nos. 10874194 and 60978013).
and the Shanghai Commission of Science and Technology
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