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We show that the technique of Stark-chirped rapid adiabatic passage (SCRAP) can be implemented in tripod quantum systems. We propose a
robust scheme to create a coherent superposition of two ground states, in a tripod system, via the Stark-shift-chirped rapid adiabatic passage
technique. The technique of tripod-SCRAP uses four laser pulses: an intense far-off-resonance Stark laser pulse modifies the transition
frequency between the states by Stark shifting their energies and three nearly resonant pump, Stokes and control laser pulses that fractionally
transfer the population between the ground states via the adiabatic passage. In our scheme, the pulse duration of the pump pulse must be
larger than the pulse duration of the Stokes and control pulses, although with a smaller amplitude, and the atom encounters with the pump
and Stokes laser pulses with counterintuitive pulse sequence (the Stokes pulse arrives before the rest of the pulses). This technique applies
to one-photon as well as multiphoton transitions, and the two fields do not need to vanish simultaneously. Tripod-SCRAP can be a powerful
alternative tool for f-STIRAP and tripod-STIRAP techniques, at least when inhomogeneous broadenings are included. This scheme is robust
against variations of intensities of the laser pulses, of detunings from resonances, and the time delay between the pulses.
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1. Introduction

The technique of Stark-chirped rapid adiabatic passage
(SCRAP) was first proposed in two-level quantum systems
by Yatsenkoet al. [1] theoretically and then implemented ex-
perimentally [2,3]. In two-level SCRAP, two laser pulses are
used in which one of them drives the population between the
ground and excited states, and the other modifies the tran-
sition frequency by Stark shifting the energies of states. It
is shown that two-level SCRAP can be used for the creation
of the basic Pauli-X and ISWAP gates [4] and coherent su-
perposition of states (half-SCRAP) [5]. Recently, this tech-
nique has been used to create atom-photon and atom-atom
entanglement in an atom-cavity-laser system [6] and coher-
ent population transfer in superconducting qubits [7,8].

The SCRAP technique was developed by Rangelovet
al. [9] for three-level quantum systems. In this method, they
used three laser pulses, one intense far-off-resonant and the
others moderately strong near-resonant with atomic levels,
to transfer the population between the target states. Very
recently, this technique has been used for creating coher-
ent superpositions of ground states in the interaction of a
three-level atom with cavity and laser fields [10]. Three-level
SCRAP technique can be a useful and efficient alternative
tool for stimulated Raman adiabatic passage (STIRAP) tech-
nique [11–17] in media involving multiphoton transitions.
STIRAP is a popular and robust technique for complete pop-
ulation transfer between the ground states of a Raman-type
linkage. In this technique, the Stokes pulse, linking the ini-
tially unpopulated ground state to the excited state, precedes

the pump pulse, linking the initially populated ground state
to the excited state (counterintuitive sequence). Provided that
the two-photon resonance condition is satisfied, that there is
sufficient overlap of the two laser pulses, and that the pulses
are sufficiently intense, the complete population transfer oc-
curs between two ground states without populating the ex-
cited state. In the SCRAP technique, variations in the de-
tunings may be originated with pulse-induced dynamic Stark
shifts that arise when the pump and Stokes linkages are by
two-photon or multiphoton transitions. Dynamic Stark shifts
are not harmful in three-level SCRAP because, as a level-
crossing technique, there is no need to maintain a resonance
condition. Using suitable pulse timings, one can design an
adiabatic route between initial and target states and, the un-
wanted population in the excited state can be minimized.
SCRAP technique can be used with multiphoton transitions
and dynamic Stark shifts as long as they are small compared
to those produced by the Stark pulse. Stark shifts, in the
SCRAP technique, modify only slightly the energy diagrams,
and they have no significant effect on the population of the
states. In Ref. [18], optimum control techniques have been
proposed in order to optimize the standard SCRAP pulses
and to minimize the decrease in fidelity brought on by inho-
mogeneous broadening of the transitions.

The tripod system, in which three ground states are linked
by three separate fields to an excited state, has been intensely
studied in quantum physics due to its connection with a wide
variety of coherent quantum phenomena. STIRAP technique
is extended to the tripod systems first by Unanyanet al.
[19,20] and experimentally demonstrated in Refs. [21,22]. In
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tripod-STIRAP, theΛ-linkage gains an additional state cou-
pled to the excited state by the control laser field. Tripod sys-
tems, in the resonant case, have two dark states [23] and adi-
abatic evolution leads to a coherent superposition of ground
states rather than to a single state.

In this work, we study the technique of Stark-chirped
rapid adiabatic passage in a tripod system. In our method
to reach a coherent superposition of two ground states, the
pulse duration of the pump pulse (equal with the Stark pulse
duration) must be larger than the pulse duration of the Stokes
and control pulses, although with a smaller amplitude. With
the proper timing of the laser pulses and an appropriate
choice of the static detunings and peak value of the laser
pulses, one can achieve a fractional population transfer be-
tween the states|1〉 and |3〉 with equal amplitudes, albeit
with a deficient transient population in state|2〉. Like three-
state SCRAP, since the two-photon resonance condition does
not need to be satisfied, we can use the tripod-SCRAP tech-
nique in the presence of multiphoton transitions and inhomo-
geneous broadenings. In single-photon transitions, fractional
stimulated Raman adiabatic passage (f-STIRAP) [24] and
fractional stimulated Raman exact passage (f-STIREP) [25]
techniques are superior as they require far less intensity but
need a precise ratio of pulse ending, which may be difficult
to reach. Unlike the f-STIRAP, in tripod-SCRAP, it is not
necessary for the two pulses (pump and Stokes) to vanish
simultaneously. This technique is relatively robust against
variations of intensities of the laser pulses, of detunings from
resonances, and of the time delay between the pulses.

Our paper is organized as follows. In Sec. 2, we provide
some basic definitions, equations, and construct the effective

Hamiltonian of the system. Section 3 derives the general
conditions for diabatic level crossings in tripod-SCRAP. In
Sec. 4, we discuss the pulse timings and linkage between the
target states for tripod-SCRAP. Section 5 numerically studies
the sensitivity of tripod-SCRAP on the interaction parameters
such as static detunings, peak Rabi frequency, spontaneous
emission of the excited state, and pulse timings. Finally, the
conclusions and discussions are summarized in Sec. 6.

2. Construction of the effective Hamiltonian

We consider a four-state quantum system as represented in
Fig. 1. Three laser pulses couple the three long-lived ground
states|1〉, |3〉, and|4〉 to an excited state|2〉. In this config-
uration, we assume that the states|1〉, |3〉, and |4〉 (usually
called ground states) are metastable, with negligible spon-
taneous emission in the considered time scale. The excited
state|2〉 has a relatively short lifetime due to spontaneous
emission. The system is taken to be initially in the state|1〉,
and the goal is to transform it into a coherent superposition
of the states|1〉 and |3〉 with equal amplitudes at the end of
the interaction. The dynamics of the system is governed by
the time-dependent Schrödinger equation (TDSE):

i~
∂

∂t
|Ψ(t)〉 = Ĥ(t)|Ψ(t)〉, (1)

the state vector|Ψ(t)〉 is a four components column-vector,
whose components are probability amplitudesc(t). Using
the rotating-wave approximation (RWA), the Hamiltonian
for this four-level quantum system can be expressed as fol-
lows [26]:

Ĥ(t) =
~
2




0 ΩP (t) 0 0
ΩP (t) 2∆2 + 2S21(t)− iΓ ΩS(t) ΩC(t)

0 ΩS(t) 2∆3 + 2S31(t) 0
0 ΩC(t) 0 2∆4 + 2S41(t)


 , (2)

FIGURE 1. Linkage pattern scheme of the tripod-SCRAP tech-
nique. ΩP (t), ΩS(t), and ΩC(t) are the pump, Stokes, and
control Rabi frequencies andS(t) is the Stark pulse.∆(t) =
∆2 − S(t) − (1/2)iΓ and∆1,3,4 are the dynamic and static de-
tunings in whichΓ is the spontaneous decay rate of the excited
state (|2〉), out of the system.

whereΩP (t), ΩS(t), andΩC(t) are, respectively, the Rabi
frequencies associated with the pump, Stokes and control
fields, Sij(t) (i, j = 1, 2, 3, 4) are the differences between
the Stark shifts of the states|i〉 and |j〉 and the imaginary
term−(1/2)iΓ describes possible population loss from state
|2〉 out of the system due to spontaneous emission and ioniza-
tion. The constants∆2, ∆3, and∆4 describe the static detun-
ings. These detunings can arise from fluctuations in the laser
frequencies and variations in the transition frequency by in-
homogeneous broadenings such as Doppler shifts, which for
one-photon transitions are given by:

~∆2 = E2 − E1 − ~ωp, (3a)

~∆3 = E3 − E1 − ~ωp + ~ωS , (3b)
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~∆4 = E4 − E1 − ~ωp + ~ωC , (3c)

whereE1, E2, E3, andE4 are the energies of the states|1〉,
|2〉, |3〉 and|4〉, respectively. The detuning shifts are the dif-
ferences between the Stark shifts of the states:

S21(t) = S2(t)− S1(t), (4a)

S31(t) = S3(t)− S1(t), (4b)

S41(t) = S4(t)− S1(t). (4c)

For simplicity and without loss of generality, we assume that
the Stark shift of the excited state (S21(t)) is negative and
more significant than those of the ground states, as has been
considered in Ref. [9]:

|S2| À |S1|, |S3|, |S4| (5a)

S21(t) ≈ S2(t) = −S(t), (5b)

S31(t) ≈ S41(t) ≈ 0. (5c)

Using the above conditions, the Hamiltonian (2) reads:

Ĥ(t) =
~
2




0 ΩP (t) 0 0
ΩP (t) 2∆2 + 2S(t)− iΓ ΩS(t) ΩC(t)

0 ΩS(t) 2∆3 0
0 ΩC(t) 0 2∆4


 . (6)

The eigenvalues~εi(t) (i = 1, 2, 3, 4) of the Hamiltonian
(6) are too cumbersome to be presented here and the corre-
sponding eigenstates of these eigenvalues (adiabatic states)
are |Φ1(t)〉, |Φ2(t)〉, |Φ3(t)〉 and |Φ4(t)〉, respectively. For
specific results in simulations, we shall assume the Gaussian
shapes for all the pulses as follows:

ΩP (t) = Ω0P e
−

(
t−τP

TP

)2

, (7a)

ΩS(t) = Ω0Se
−

(
t−τS

TS

)2

, (7b)

ΩC(t) = Ω0Ce
−

(
t−τC

TC

)2

, (7c)

S(t) = S0e
−

(
t

TSt

)2

, (7d)

whereΩ0P , Ω0S , andΩ0C are the peak values of the pump,
Stokes and control Rabi frequencies andS0 is the peak value
of the Stark pulse, respectively. In our method, we assume
that the peak values of the Stokes and control Rabi frequen-
cies are equal to three times of the peak value of the pump
Rabi frequency,Ω0S = Ω0C = 3Ω0P = 3Ω0. The center
of the Stark pulse defines the timet = 0, and as such the
pump, Stokes, and control pulses peak at timesτP , τS , and
τC , respectively. We take the Stokes and control pulse dura-
tions equal,TS = TC = T and useT as the unit of time,
and(1/T ) is the unit of frequency. We assume that the Stark
and pump pulses have twice this duration,TSt = TP = 2T .
As an example of a real physical tripod system, we consider
a beam of metastable Neon (Ne∗) atoms crossing four well-
arranged laser pulses in which the initially populated state|1〉
(3P0, M = 0) is coupled by aπ-polarized laser pulseΩP (t)
to an excited state|2〉 (3P1, M = 0), which in turn is cou-
pled viaσ+ ( ΩS(t)) andσ− ( ΩC(t)) polarized laser pulses
to the states|3〉 and|4〉 with magnetic sublevels of level3P2,
M = −1 andM = +1, respectively [21].

Our study will follow two steps: In the first step, we will
derive the general conditions for diabatic level crossings, and

in the second step, we will discuss the timing between the
pulses so that the population is transferred fractionally be-
tween the states|1〉 and|3〉 with a few transient population in
the excited state|2〉.

3. Diabatic energies and conditions for dia-
batic level crossings

The essential condition for the design of an adiabatic path be-
tween states|1〉 and|3〉 is the creation of some level crossings
among the diabatic energies of the states. The diabatic ener-
gies of the states|1〉, |3〉, and|4〉 are fixed because we ignore
their Stark shifts. These states can only be linked adiabati-
cally to each other when the time-varying energy of state|2〉,
crosses with them. For such level crossings, we must have:

S0 > ∆2 > 0, (8a)

S0 > ∆2 −∆3 > 0, (8b)

S0 > ∆2 −∆4 > 0. (8c)

These conditions ensure the diabatic energy of state|2〉
crosses with the diabatic energies of the states|1〉, |3〉, and
|4〉, respectively. Using the above conditions, there are six
level crossings. For Gaussian pulses (see Eq. (7)), the dia-
batic energies of states|1〉 and|2〉 cross at timest±1,2 = ±t1,2,
and those of states|2〉, |3〉, and|4〉 cross at timest±2,3 = ±t2,3

andt±2,4 = ±t2,4 as follows:

t±1,2 = ±TSt

√
ln

S0

∆2
, (9a)

t±2,3 = ±TSt

√
ln

S0

∆2 −∆3
, (9b)

t±2,4 = ±TSt

√
ln

S0

∆2 −∆4
, (9c)
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whereTSt is the duration of the Stark pulse. By varying the
laser carrier frequencies and the peak Stark value of shiftS0,
we can move the crossing points along the time axis. Com-
plete population transfer needs appropriate settings for the in-
teraction parameters such as the timing of the pump, Stokes,
and control laser pulses relative to each other and the Stark
pulse, the settings of the static detunings, and the strengths
of the peak Rabi frequencies and Stark shifts. All the coher-
ent population transfer techniques that allow us to complete
population transfer between the initial and target states will
also allow, in principle, to create a coherent superposition of
states, provided the population transfer process stops before
the completion. One of these techniques is tripod-SCRAP,
which we want to use this technique to make a coherent su-
perposition of the ground states|1〉, |3〉 with equal ampli-
tudes.

4. Pulse timings and linkage between the tar-
get states in tripod-SCRAP

We assume that the conditions (8) are satisfied, the diabatic
energy of state|2〉 crosses the diabatic energies of the states
|1〉, |3〉, and|4〉 at the timest±1,2, t±2,3, andt±2,4, respectively.
Considering these crossings, the linkage between the states
|1〉 and |3〉 depends on the timings of the pump, Stokes,
control, and Stark pulses. These pulses cannot have the
same time dependence because, as for two-state SCRAP, the
complete adiabatic passage will be prevented by symmetry.
Therefore, there must be some delays between the pulses. To
reach a coherent superposition of two ground states and to
minimize the unwanted population of the excited state|2〉, we
consider only counterintuitive pulse sequences and assume
that the pump and Stokes pulses both precede the Stark and
control pulses.

4.1. Counterintuitively ordered the pump and Stokes
pulses (Stokes-pump-Stark-control)

In this pulse ordering, the Stokes pulse arrives slightly before
the pump pulse both partially overlap with each other. Setting
τS = t−1,2, τP = t−2,3 andτC = t+2,4 ensures this pulse con-
figuration. When the Stokes pulse is applied at the timet−1,2,
and the pump pulse is applied at the timet−2,3, the pump pulse
nearby the timet−1,2 is large enough to open up the crossing
between the states|1〉 and|2〉 and make it adiabatic and the
Stokes pulse is strong enough to push the energy of the adi-
abatic state|Φ3(t)〉 away, as no avoided crossing between
the adiabatic states|Φ2(t)〉 and|Φ3(t)〉 is formed. Therefore
the system, starting from the state|1〉 initially, will evolve
adiabatically through the first crossing and make a transition
to the state|2〉. Likewise, nearby the timet−2,3 the Stokes
pulse causes the states|2〉 and |3〉 cross to each other and
makes it adiabatic, while at the same time, the pump pulse
is strong enough to push the uppermost energy of the state
|Φ1(t)〉 away and prevents an avoided crossing between the
adiabatic states|Φ1(t)〉 and|Φ2(t)〉. The system then evolves

FIGURE 2. A typical example of tripod-SCRAP which leads to a
coherent superposition of states|1〉 and|3〉 with equal amplitudes
for τP = t−2,3, τS = t−1,2 andτC = t+2,4. The other parameters are
∆3 = −(1/2)∆2, ∆4 = −∆2, S0 = 2.5∆2, TSt = TP = 2T ,
TS = TC = T , Ω0S = Ω0C = 3Ω0 = 6∆2, τS = t−1,2, τP = t−2,3

andτC = t+2,4. Time evolution of the pump, Stokes, control and
Stark pulse envelopes (upper frame), the diabatic energies of the
Hamiltonian (6) (in units~, middle frame) and the populations with
counterintuitive pulse sequence, which represents a tripod-SCRAP
process (lower frame).

adiabatically through the second crossing and make a tran-
sition to the state|3〉. At the third crossing at the timet−2,4,
there is almost no control laser field present, and hence the
system will evolve diabatically,i.e., it will follow the dia-
batic state|3〉. At the last crossing at the timet+1,2, the system
will evolve adiabatically, and the population can be trans-
ferred to the state|1〉 again, but since the intensity of the
pump pulse is not strong enough, only part of the popula-
tion can be transferred. In the other crossing points, given
that the linking pulses are feeble, the system will evolve di-
abatically, and no population will be transferred between the
diabatic states. Figure 2 shows the time evolution of the laser
pulses, the diabatic energies of the Hamiltonian (6), and the
diabatic states’ populations in the counterintuitively ordered
pump and Stokes pulses, which represents a tripod-SCRAP
process. This figure indicates that, by an appropriate choice
of the interaction parameters such as the static detunings, ad-
justed through the carrier frequencies of the laser pulses, and
the strengths of the peak Rabi frequencies, one can create a
coherent superposition of the states|1〉and|3〉with equal am-
plitudes with a very small transient population in the decay-
ing state|2〉. The composition of the created superposition is
controlled by static detunings, peak value Rabi frequencies,
and robust against variations in the other interaction parame-
ters. Furthermore, this figure indicates that unlike f-STIRAP,
which requires a precise ratio of pulse ending and may be dif-
ficult to be reached in real experiments, in the tripod-SCRAP
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FIGURE 3. Final fidelity of the desired state ((1/
√

2)(|1〉 + |3〉))
as a function of the detunings∆2 and∆4. The other parameters
areS0 = 125/T , Ω0S = Ω0C = 3Ω0P = 3Ω0, Ω0 = 100/T ,
TSt = TP = 2T andTS = TC = T .

technique, it is not necessary for the laser pulses (pump and
Stokes) have vanished simultaneously.

5. Properties of tripod-SCRAP

5.1. Sensitivity to detunings (∆2 and ∆4)

As discussed above, in fractional population transfer between
the states|1〉 and|3〉 with equal amplitudes, the diabatic en-
ergy of state|2〉 should cross the diabatic energy of states|1〉
and|3〉 at timest±1,2 andt±2,3. The values of the detunings∆2

and∆4 are chosen to satisfy the conditions (8). The pump
and Stokes pulses have to be both applied during the rising
edge of the Stark pulse. In real experimental applications, de-
tunings can change due to fluctuations in the laser frequencies
and variations in the transition frequency by inhomogeneous
broadening. Adiabatic passage techniques can be used to pre-
pare quantum systems, with slowly varying parameters, in a
superposition of quantum states robustly. The creation of any
preselected coherent superposition of quantum states requires
a robust mechanism concerning fluctuations of experimental
parameters. In Fig. 3, the final fidelity of the desired state
([1/

√
2](|1〉+ |3〉)) is depicted as a function of the detunings

∆2 and∆4. The figure shows that tripod-SCRAP is not sen-
sitive against the variations of the static detunings because
these changes can be compensated by dynamic Stark shifts
of the diabatic energies of states and, therefore, we can use
this technique in a tripod quantum system with fluctuations
in the static detunings.

5.2. Sensitivity to spontaneous emission of excited state
and Rabi frequency

Dissipation in the form of spontaneous emission is an impor-
tant practical issue. The adiabatic passage technique is robust
against the effects of spontaneous emission, as the excited
state is never appreciably populated. In the tripod-SCRAP,
with a counterintuitive Stokes-pump pulse sequence, the ex-
cited state is slightly populated during the adiabatic evolution

FIGURE 4. Final fidelity of the desired state ((1
√

2)(|1〉 + |3〉))
as a function of the peak Rabi frequencyΩ0 and the spontaneous
emission of the excited stateΓ. The other parameters are∆3 =
−(1/2)∆2 = −25/T , ∆4 = −∆2 = −50/T , S0 = 2.5∆2 =
125/T , τS = t−1,2, τP = t−2,3, τC = t+2,4. TSt = TP = 2T and
TS = TC = T .

of the system. Regarding this consideration, the efficiency of
the population transfer decreases with increasing the sponta-
neous emission rate. In Fig. 4, the final fidelity of the desired
state is plotted against the peak value of the Rabi frequency
Ω0 and the spontaneous emission rate of the excited stateΓ,
when the detunings satisfy condition (8), and the pump and
Stokes pulses are applied during the rising of the Stark pulse.
As shown in this figure, the final fidelity of the desired state
([1/

√
2](|1〉 + |3〉)) is almost insensitive concerning small

variations in laser pulses’ intensities, but it decreases with in-
creasing the spontaneous emission rate of the excited state.
Although with the increase of the peak value of the Rabi
frequency (Ω0) this effect is diminished because the excited
state is almost unpopulated during the whole interaction. For
sufficiently large Rabi frequency, the final fidelity of the de-
sired state approaches unity for small-to-moderate values of
the spontaneous emission of the excited stateΓ, provided the
adiabatic conditions at the crossing points are satisfied [9].
The stability of the final fidelity versus small variations in the
Rabi frequency caused by intensity fluctuations, is particu-
larly crucial for experimental implementations.

5.3. Sensitivity to pulse timings and Rabi frequency

By adjusting the timings of pump, Stokes and control laser
pulses and reproduce the interaction sequence and adiabatic
conditions in analogy to SCRAP, one can create, in princi-
ple, a coherent superposition of states|1〉 and|3〉) at the end
of process. The challenge of this approach is the required
high precision of the timings of the pulses. In Fig. 5, the fi-
nal fidelity of the desired state ([1/

√
2](|1〉+ |3〉)) is plotted

against the peak Rabi frequencyΩ0 and to the timings of the
pump (left side) and Stokes pulses (right side)τP and τS .
This figure shows that with the parameters satisfying the adi-
abatic and diabatic conditions at the crossing points and an
appropriate
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FIGURE 5. Final fidelity of the desired state ((1/
√

2)(|1〉 + |3〉)) as a function of the peak Rabi frequencyΩ0 and the timings of the pump
(left side) and Stokes (right side) pulsesτP andτS . The other parameters are∆3 = −(1/2)∆2 = −25/T , ∆4 = −∆2 = −50/T ,
S0 = 2.5∆2 = 125/T , TSt = TP = 2T andTS = TC = T .

FIGURE 6. The contour plots of the final fidelity of the de-
sired state ((1/

√
2)(|1〉 + |3〉)) as a function of the timings of

the pump and Stokes pulses,τP and τS . Upper frame: no de-
cay from the excited state|2〉, Γ = 0; lower frame: decay from
the excited state|2〉 with rate Γ = 2/T . The other parame-
ters are∆3 = −(1/2)∆2 = −25/T , ∆4 = −∆2 = −50/T ,
S0 = 2.5∆2 = 125/T , TSt = TP = 2T andTS = TC = T .
The black stars show specific values of theτP , τS used in Fig. 2
to reach a coherent superposition of two ground states (|1〉 and|3〉)
with equal amplitudes.

choice of the peak value of Rabi frequency ([90/T ] ≤ Ω0 ≤
[100/T ]), the final fidelity of the desired state, in pulse tim-
ings intervals−1.3T ≤ τP ≤ −1.7T and−1.6T ≤ τS ≤
−2T , approaches unity. As shown in this figure, our process,
in the absence of population loss, is relatively robust to vari-
ations of the pulse timings. Figure 6 shows contour plots of
the final fidelity of the desired state[1/

√
2](|1〉 + |3〉) as a

function of the pump pulseτP and Stokes pulseτS positions.
The upper frame represents the results in the absence of the

excited state decay (|2〉), while the lower frame shows a tri-
pod system that undergoes spontaneous emission. Because
of irreversible loss from the excited state|2〉, out of the sys-
tem, in the lower frame, the stability region (high fidelity)
in the upper frame is larger than the lower frame, as shown
in Fig. 6. To conclude, the technique of tripod-SCRAP has
the potential to provide an efficient tool for coherent super-
position of the states|1〉 and|3〉) without placing a sizeable
transient population into the lossy state|2〉. Therefore the
tripod-SCRAP can be implemented even on time scales com-
parable to the lifetime of state|2〉. However, tripod-SCRAP
is not as perfect as f-STIRAP, because some population does
visit the excited state|2〉, whereas in f-STIRAP the excited
state remains completely unpopulated in the adiabatic limit.
Therefore, some populations will be lost in tripod-SCRAP
if the lifetime of decaying state|2〉 is shorter than the pulse
durations.

6. Conclusion

In conclusion, we have studied the SCRAP technique in a
tripod system. We have shown that to make a coherent super-
position of two ground states with equal amplitudes, the du-
ration of the pump field must be larger than the pulse duration
of the Stokes and control fields, although with a smaller am-
plitude. Many examples describe successful fractional popu-
lation transfer in atom-laser systems (f-STIRAP and tripod-
STIRAP); however, the best advantage of the tripod-SCRAP
technique over the other adiabatic passage techniques is that
the tripod-SCRAP can be used despite multiphoton transi-
tions. These transitions are always accompanied by laser-
induced time-dependent Stark shifts, which destroy the two-
photon resonance. In tripod-SCRAP, the Stark shifts have
less destructive effects because, as a level-crossing nature of
the transition mechanism, there is no need to maintain an ex-
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act resonance condition. Furthermore, the tripod-SCRAP is a
powerful alternative tool for f-STIRAP and tripod-STIRAP,
at least when inhomogeneous broadenings such as Doppler
shifts are present. We have shown schematically, unlike f-
STIRAP, in the tripod-SCRAP technique, it is not necessary
for the two pulses to vanish simultaneously. This technique is
robust concerning variations of intensities of the laser pulses,
of static detunings, and of the time delay between the pulses.

The method we have presented here is versatile since it
can be implemented in the interaction of a tripod atom with
the laser pulses and cavity field for preparing atom-photon
entanglement. In Ref. [6], using two-level f-SCRAP in an
atom-cavity-laser system maximally atom-photon entangled
states have been created with a coherent superposition of the
atomic ground and excited states. Given that the excited state
often has a short lifetime, in comparison with ground states,
it is not very suitable for the creation of entangled states. In a

real experiment, it is desirable that the entangled states should
be as long-lived as possible, so the creation of atom-photon
entangled states in the tripod-SCRAP is more efficient than
two-level f-SCRAP because atom-photon entanglement can
be created by a coherent superposition of the two long-lived
ground states (|1〉 and3〉). This technique can also be used
for the creation of coherent superposition ofN − 2 ground
states inN -pod systems [27]. For this purpose, usingN − 2
Stokes pulses, with the same time dependence, and Morris-
Shore transformation [28–30], we reduce anN -pod system
to a tripod system.
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state engineering in a cavity by Stark chirped rapid adiabatic
passage.Phys. Lett. A359(2006) 366.https://doi.org/
10.1016/j.physleta.2006.06.056

7. L.F. Wei, J.R. Heinz, L.X. Johansson, Cen, S. Ashhab,
and F. Nori, Controllable coherent population transfer in
superconducting qubits for quantum computing.Phys. Rev.
Lett. 100 (2008) 113601.https://doi.org/10.1103/
PhysRevLett.100.113601

8. W. Nie, J.S. Huang, X. Shi, and L.F. Wei, Quantum state en-
gineering with flux-biased Josephson phase qubits by rapid
adiabatic passages.Phys. Rev. A82 (2010) 032319.https:
//doi.org/10.1103/PhysRevA.82.032319

9. A.A. Rangelov, N.V. Vitanov, L.P. Yatsenko, B.W. Shore,
T. Halfmann, and K. Bergmann, Stark-shift-chirped rapid-
adiabatic-passage technique among three states.Phys. Rev.
A 72 (2005) 053403. https://doi.org/10.1103/
PhysRevA.72.053403

10. N. Shirkhanghah, M. Saadati-Niari, and S. Ahadpour, Frac-
tional population transfer among three-level systems in a cav-
ity by Stark-shift-chirped rapid adiabatic passage.Quantum Inf.
Process. 19 (2020) 128.https://doi.org/10.1007/
s11128-020-2604-z

11. U. Gaubatz, P. Rudecki, S. Schiemann, and K. Bergmann, Pop-
ulation transfer between molecular vibrational levels by stimu-
lated Raman scattering with partially overlapping laser fields. A
new concept and experimental results.J. Chem. Phys.92(1990)
5363.

12. K. Bergmann, H.Theuer, and B.W. Shore, Coherent popula-
tion transfer among quantum states of atoms and molecules.
Rev. Mod. Phys.70 (1998) 1003.https://doi.org/10.
1063/1.458514

13. N.V. Vitanov, M. Fleischhauer, B.W. Shore, and K. Bergmann,
Coherent manipulation of atoms and molecules by sequential
laser pulses.Adv. At. Mol. Opt. Phys.46 (2001) 55.https:
//doi.org/10.1016/S1049-250X(01)80063-X

14. N.V. Vitanov, T. Halfmann, B.W. Shore, and K. Bergmann,
Laser-induced population transfer by adiabatic passage tech-
niques.Ann. Rev. Phys. Chem.52 (2001) 763.https://
doi.org/10.1146/annurev.physchem.52.1.763

15. K. Bergmann, N.V. Vitanov, and B.W. Shore, Perspective:
Stimulated Raman adiabatic passage: The status after 25 years.
J. Chem. Phys. 142 (2015) 170901.https://doi.org/
10.1063/1.4916903

16. N.V. Vitanov, A.A. Rangelov, B.W. Shore, and K. Bergmann,
Stimulated Raman adiabatic passage in physics, chemistry, and
beyond.Rev. Mod. Phys.89 (2017) 015006.https://doi.
org/10.1103/RevModPhys.89.015006

Rev. Mex. F́ıs. 67 (2) 180–187

 https://doi.org/10.1103/PhysRevA.60.R4237�
 https://doi.org/10.1103/PhysRevA.60.R4237�
 https://doi.org/10.1063/1.481829�
 https://doi.org/10.1063/1.481829�
 https://doi.org/10.1016/j.optcom.2003.09.036�
 https://doi.org/10.1016/j.optcom.2003.09.036�
https://doi.org/10.1007/s10773-017-3535-z�
https://doi.org/10.1007/s10773-017-3535-z�
https://doi.org/10.1016/S0030-4018(02)01303-2 �
https://doi.org/10.1016/S0030-4018(02)01303-2 �
https://doi.org/10.1016/j.physleta.2006.06.056 �
https://doi.org/10.1016/j.physleta.2006.06.056 �
https://doi.org/10.1103/PhysRevLett.100.113601 �
https://doi.org/10.1103/PhysRevLett.100.113601 �
https://doi.org/10.1103/PhysRevA.82.032319 �
https://doi.org/10.1103/PhysRevA.82.032319 �
 https://doi.org/10.1103/PhysRevA.72.053403�
 https://doi.org/10.1103/PhysRevA.72.053403�
 https://doi.org/10.1007/s11128-020-2604-z�
 https://doi.org/10.1007/s11128-020-2604-z�
 https://doi.org/10.1063/1.458514 �
 https://doi.org/10.1063/1.458514 �
 https://doi.org/10.1016/S1049-250X(01)80063-X�
 https://doi.org/10.1016/S1049-250X(01)80063-X�
 https://doi.org/10.1146/annurev.physchem.52.1.763�
 https://doi.org/10.1146/annurev.physchem.52.1.763�
 https://doi.org/10.1063/1.4916903 �
 https://doi.org/10.1063/1.4916903 �
https://doi.org/10.1103/RevModPhys.89.015006 �
https://doi.org/10.1103/RevModPhys.89.015006 �


STARK-SHIFT-CHIRPED RAPID-ADIABATIC-PASSAGE TECHNIQUE IN TRIPOD SYSTEMS 187

17. A.A. Rangelov, N.V. Vitanov, and B.W. Shore, Stimulated
Raman adiabatic passage analogues in classical physics.J.
Phys. B42 (2009) 55504.https://doi.org/10.1088/
0953-4075/42/5/055504
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