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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 pump pulse, linking the initially populated ground state
to the excited state (counterintuitive sequence). Provided that
The technique of Stark-chirped rapid adiabatic passagehe two-photon resonance condition is satisfied, that there is
(SCRAP) was first proposed in two-level quantum systemsufficient overlap of the two laser pulses, and that the pulses
by Yatsenkeet al.[1] theoretically and then implemented ex- are sufficiently intense, the complete population transfer oc-
perimentally [2,3]. In two-level SCRAP, two laser pulses arecurs between two ground states without populating the ex-
used in which one of them drives the population between theited state. In the SCRAP technique, variations in the de-
ground and excited states, and the other modifies the tranunings may be originated with pulse-induced dynamic Stark
sition frequency by Stark shifting the energies of states. I&hifts that arise when the pump and Stokes linkages are by
is shown that two-level SCRAP can be used for the creatiomwo-photon or multiphoton transitions. Dynamic Stark shifts
of the basic Pauli-X and ISWAP gates [4] and coherent suare not harmful in three-level SCRAP because, as a level-
perposition of states (half-SCRAP) [5]. Recently, this tech-crossing technique, there is no need to maintain a resonance
nique has been used to create atom-photon and atom-atogondition. Using suitable pulse timings, one can design an
entanglement in an atom-cavity-laser system [6] and coheradiabatic route between initial and target states and, the un-
ent population transfer in superconducting qubits [7, 8]. wanted population in the excited state can be minimized.
The SCRAP technique was developed by Rangelbv SCRAP technique can be used with multiphoton transitions
al. [9] for three-level quantum systems. In this method, theyand dynamic Stark shifts as long as they are small compared
used three laser pulses, one intense far-off-resonant and the those produced by the Stark pulse. Stark shifts, in the
others moderately strong near-resonant with atomic levelsSCRAP technique, modify only slightly the energy diagrams,
to transfer the population between the target states. Vergnd they have no significant effect on the population of the
recently, this technique has been used for creating cohestates. In Ref. [18], optimum control techniques have been
ent superpositions of ground states in the interaction of @roposed in order to optimize the standard SCRAP pulses
three-level atom with cavity and laser fields [10]. Three-leveland to minimize the decrease in fidelity brought on by inho-
SCRAP technique can be a useful and efficient alternativenogeneous broadening of the transitions.
tool for stimulated Raman adiabatic passage (STIRAP) tech- The tripod system, in which three ground states are linked
nigue [11-17] in media involving multiphoton transitions. by three separate fields to an excited state, has been intensely
STIRAP is a popular and robust technique for complete popstudied in quantum physics due to its connection with a wide
ulation transfer between the ground states of a Raman-typeariety of coherent quantum phenomena. STIRAP technique
linkage. In this technique, the Stokes pulse, linking the ini-is extended to the tripod systems first by Unanynal.
tially unpopulated ground state to the excited state, precedg9,20] and experimentally demonstrated in Refs. [21,22]. In
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tripod-STIRAP, theA-linkage gains an additional state cou- Hamiltonian of the system. Section 3 derives the general
pled to the excited state by the control laser field. Tripod syseonditions for diabatic level crossings in tripod-SCRAP. In
tems, in the resonant case, have two dark states [23] and adbec. 4, we discuss the pulse timings and linkage between the
abatic evolution leads to a coherent superposition of grountarget states for tripod-SCRAP. Section 5 numerically studies
states rather than to a single state. the sensitivity of tripod-SCRAP on the interaction parameters
In this work, we study the technique of Stark-chirpedsuch as static detunings, peak Rabi frequency, spontaneous
rapid adiabatic passage in a tripod system. In our methodmission of the excited state, and pulse timings. Finally, the
to reach a coherent superposition of two ground states, theonclusions and discussions are summarized in Sec. 6.
pulse duration of the pump pulse (equal with the Stark pulse
duration) must be larger than the pulse duration of the Stoke . f the effective Hamiltoni
and control pulses, although with a smaller amplitude. With<- Construction of the effective Hamiltonian
the proper tlmlng_ of the !aser pulses and an approprlat%ve consider a four-state quantum system as represented in
choice of the static detunings and peak value of the Iase'E. .
) . . ig. 1. Three laser pulses couple the three long-lived ground
pulses, one can achieve a fractional population transfer be- . ; ;
: ) . Stateg1), |3), and|4) to an excited statg). In this config-
tween the state$l) and |3) with equal amplitudes, albeit uration, we assume that the statels [3), and |4) (usuall
with a deficient transient population in sta®. Like three- ' ’ y

state SCRAP, since the two-photon resonance condition do?cs‘r’lIIed grour}d ;tatgs) are me'tastable., with negligible spon-
g . aneous emission in the considered time scale. The excited
not need to be satisfied, we can use the tripod-SCRAP tech- . o
) : : o . state|2) has a relatively short lifetime due to spontaneous
nique in the presence of multiphoton transitions and inhomo=__"."". ; - .
) . " . mission. The system is taken to be initially in the staje
geneous broadenings. In single-photon transitions, fractiona] : o .
. i . nd the goal is to transform it into a coherent superposition
stimulated Raman adiabatic passage (f-STIRAP) [24] and ) ;
. : f the stategl) and|3) with equal amplitudes at the end of
fractional stimulated Raman exact passage (f-STIREP) [25] . ; ; .
. : . . K he interaction. The dynamics of the system is governed by
techniques are superior as they require far less intensity byt ~ . ' : i
! ) . . . the time-dependent Sardinger equation (TDSE):
need a precise ratio of pulse ending, which may be difficult
to reach. Unlike the f-STIRAP, in tripod-SCRAP, it is not 0 N
necessary for the two pulses (pump and Stokes) to vanish iho [W(t) = HOY(?)), )
simultaneously. This technique is relatively robust against _
variations of intensities of the laser pulses, of detunings fronthe state vectof¥(t)) is a four components column-vector,
resonances, and of the time delay between the pulses. whose components are Pr0b§b||'ty amplitudes). U.smg.
Our paper is organized as follows. In Sec. 2, we providehe rotating-wave approximation (RWA), the Hamiltonian

some basic definitions, equations, and construct the effectii®r this four-level quantum system can be expressed as fol-

|  lows [26]:
0 Qp(t) 0 0
o B[ Qp(t) 2894285 (t) — T Qs(t) Qc(t)
H(t) = 2 % i Q:(i) 2A3 +S2531(t) Co ’ (2)
0 Qc(t) 0 2A4 + 2541 (t)
S(t)

whereQp(t), Qs(t), andQe(t) are, respectively, the Rabi
frequencies associated with the pump, Stokes and control
fields, S;;(t) (4,5 = 1,2,3,4) are the differences between
the Stark shifts of the statd$) and|j) and the imaginary
term —(1/2)iI" describes possible population loss from state
|2) out of the system due to spontaneous emission and ioniza-
tion. The constanta,, Az, andA, describe the static detun-
ings. These detunings can arise from fluctuations in the laser
frequencies and variations in the transition frequency by in-
FIGURE 1. Linkage pattern scheme of the tripod-SCRAP tech- homogeneous broadenings such as Doppler shifts, which for
nique. Qp(t), Qs(t), and Qc(t) are the pump, Stokes, and One-photon transitions are given by:

control Rabi frequencies anfi(t) is the Stark pulse.A(t) =

Ay — S(t) — (1/2):I" and A1 3,4 are the dynamic and static de-

tunings in whichI is the spontaneous decay rate of the excited hAy = Ey — By — hw,, (3a)

state (2)), out of the system.

hAs = B3 — By — hw, + hws, (3b)
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For simplicity and without loss of generality, we assume that
o the Stark shift of the excited statéy (¢)) is negative and

hig = By = By = hwp + fwe, 30 more significant than those of the ground states, as has been
whereE, Es, E53, andE, are the energies of the staté$,  considered in Ref. [9]:
|2), |3) and|4), respectively. The detuning shifts are the dif-
ferences between the Stark shifts of the states:

|S2| > [S1], [Ss], [ Sl (5a)
S (t) = 5alf) = 51(8) (42) Sor(t) = Sa(t) = —5(t) (5b)
Sz1(t) = S3(t) — S1(t), (4b) Sa1(t) ~ St (1) ~ 0. (50)
S (t) = Sa(t) — S1(t). (4c)
| Using the above conditions, the Hamiltoni#) (eads:
0 Qp(t) 0 0
ron il Qp(t) 2804 25(t) —i0 Qs(t) Qc(t)
R R ®
0 Qc(t) 0 24

The eigenvaluege;(t) (i = 1,2,3,4) of the Hamiltonian
(6) are too cumbersome to be presented here and the corrJén the second step, we will discuss the timing between the
sponding eigenstates of these eigenvalues (adiabatic statgs)lses so that the population is transferred fractionally be-
are|®,(t)), |P2(t)), |P3(t)) and |P4(¢)), respectively. For tween the stated) and|3) with a few transient population in
specific results in simulations, we shall assume the Gaussighe excited state2).

shapes for all the pulses as follows:

t—Tp ) 2

3. Diabatic energies and conditions for dia-

= 7( Tp
Qp() = Dope (7a) batic level crossings
t—7g 2
Qs(t) = Qose ( ' ) (7b) The essential condition for the design of an adiabatic path be-
7(3) 2 tween statefl) and|3) is the creation of some level crossings
Qo(t) = Qoce V70 / (70) among the diabatic energies of the states. The diabatic ener-
_(#) 2 gies of the state ), |3), and|4) are fixed because we ignore
S(t) = Soe \Tse/ | (7d)  their Stark shifts. These states can only be linked adiabati-

cally to each other when the time-varying energy of si2ite

whereQop, Qos, andQyc are the peak values of the pump, ) :
crosses with them. For such level crossings, we must have:

Stokes and control Rabi frequencies dfyds 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 So > Ay — Az >0, (8b)
Rabi frequencyfos = Qoc = 3Q0p = 3Qy. The center

of the Stark pulse defines the time= 0, and as such the So > Az = Ay > 0. (8c)
pump, Stok_es, and control pulses peak at timesrs, and These conditions ensure the diabatic energy of sfate
70 respectively. We take the Stokes and contrc_)l puI;e dura6rosses with the diabatic energies of the states|3), and
tions eq“"’?"TS - TC = T and useT as the unit of time, 4), respectively. Using the above conditions, there are six
and(1/T) is the unit of frequency. We assume that the Starl{eveI crossings. For Gaussian pulses (see B, the dia-

and pump pulses have twice this duratiél, = Tp = 27T ; . f .
. . . 2 =+
As an example of a real physical tripod system, we Con5|det?atIC energies of statgh) and|2) cross at tlmesf[2 bz,

a beam of metastable Neon (Natoms crossing four well- angttzos_e if:tatqgi' |||3> a.nd|4> cross atlimes; =+
arranged laser pulses in which the initially populated gtate andt; 4 = 2,4 as 10lOWS.
(®Po, M = 0) is coupled by ar-polarized laser puls@p(t)

SO > AQ > O, (88')

So

to an excited stat€) (3P;, M = 0), which in turn is cou- tf, = +Tgpy/In =2, (9a)

pled viac™t (Qs(t)) ando~ (¢ (t)) polarized laser pulses ’ As

to the state$3) and|4) with magnetic sublevels of levéP,, N So

M = —1andM = +1, respectively [21]. tys = +Tsey/In Ay — Ay’ (9b)
Our study will follow two steps: In the first step, we will 5

derive the general conditions for diabatic level crossings, and t2i,4 — +Tg,\/In X —OA4’ (9¢)
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whereTs; is the duration of the Stark pulse. By varying the ™ Qg Q.

laser carrier frequencies and the peak Stark value of Shift o 200

we can move the crossing points along the time axis. Com—% 3 o,
it

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 strength:-g
of the peak Rabi frequencies and Stark shifts. All the coher- &

o

ent population transfer techniques that allow us to completei
population transfer between the initial and target states will &
also allow, in principle, to create a coherent superposition of

-50

-100

states, provided the population transfer process stops befor: . 0_; 1
the completion. One of these techniques is tripod-SCRAP, § .| Py =Ppay ]
which we want to use this technique to make a coherent su- ; oaf ]
perposition of the ground statés), |3) with equal ampli- * ozp ]
tudes. °s 2 3+ s

Time(units of T)

4. Pulse timings and linkage between the tar-
get states in tripod-SCRAP FIGURE 2. A typical example of tripod-SCRAP which leads to a
coherent superposition of statds and|3) with equal amplitudes
We assume that the conditior) @re satisfied, the diabatic for 7» =t 5, 7s = t;, and7c = t ,. The other parameters are
energy of staté2) crosses the diabatic energies of the states®s = —(1/2)A82, Ay = —As, So = 2.582, Tsy = Tp = 2T,
1), [3), and|4) at the times'Ty, 135, andt3,, respectively. s =Tc =T 8os = Qoo =300 = 682, 75 = 115,72 = y5
Considering these crossings, the linkage between the stat@8947¢ = t2.4. Time evolution of the pump, Stokes, control and
1) and |3) depends on the timings of the pump, Stokes,atark. pulse envelopes (upper frame), the diabatic energies of the
amiltonian 6) (in units/, middle frame) and the populations with
Controlj and Stark pulses. These pulses cannot have t unterintuitive pulse sequence, which represents a tripod-SCRAP
same time d_ependence becaus_e, as for two-state SCRAP, the ..o (lower frame).
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 f@fiabatically through the second crossing and make a tran-
minimize the unwanted population of the excited statewe  Sition to the state3). At the third crossing at the timg ,,
consider only counterintuitive pulse sequences and assunigere is almost no control laser field present, and hence the
that the pump and Stokes pu|ses both precede the Stark aﬁMS’[em will evolve diabatica”y.l,.e., it will follow the dia-
control pulses. batic statg3). At the last crossing at the tim§ 5, the system
will evolve adiabatically, and the population can be trans-
4.1. Counterintuitively ordered the pump and Stokes ferred to the stat¢l) again, but since the intensity of the
pulses (Stokes-pump-Stark-control) pump pulse is not strong enough, only part of the popula-
tion can be transferred. In the other crossing points, given
In this pulse ordering, the Stokes pulse arrives slightly beforghat the linking pulses are feeble, the system will evolve di-
the pump pulse both partially overlap with each other. Settingibatically, and no population will be transferred between the
Ts = t14, TP = t5 3 and7o = t3, ensures this pulse con- diabatic states. Figure 2 shows the time evolution of the laser
figuration. When the Stokes pulse is applied at the ting  pulses, the diabatic energies of the Hamilton/@) énd the
and the pump pulse is applied at the titgg, the pump pulse diabatic states’ populations in the counterintuitively ordered
nearby the time , is large enough to open up the crossingpump and Stokes pulses, which represents a tripod-SCRAP
between the statd$) and|2) and make it adiabatic and the process. This figure indicates that, by an appropriate choice
Stokes pulse is strong enough to push the energy of the addf the interaction parameters such as the static detunings, ad-
abatic statd®3(t)) away, as no avoided crossing betweenjusted through the carrier frequencies of the laser pulses, and
the adiabatic statd®,(t)) and|®3(t)) is formed. Therefore the strengths of the peak Rabi frequencies, one can create a
the system, starting from the stdte initially, will evolve  coherent superposition of the statesand|3) with equal am-
adiabatically through the first crossing and make a transitiomplitudes with a very small transient population in the decay-
to the statg2). Likewise, nearby the time, ; the Stokes ing state|2). The composition of the created superposition is
pulse causes the state and |3) cross to each other and controlled by static detunings, peak value Rabi frequencies,
makes it adiabatic, while at the same time, the pump pulsand robust against variations in the other interaction parame-
is strong enough to push the uppermost energy of the staters. Furthermore, this figure indicates that unlike f-STIRAP,
|®4(¢)) away and prevents an avoided crossing between thevhich requires a precise ratio of pulse ending and may be dif-
adiabatic statel®, (t)) and|®2(¢)). The system then evolves ficult to be reached in real experiments, in the tripod-SCRAP
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FIGURE 3. Final fidelity of the desired statg1(/+/2)(|1) + |3))) AL

as a function of the detunings, andA4. The other parameters  Figure 4. Final fidelity of the desired staté1(v/2)(|1) + |3)))
areSy = 125/T, Qos = Qoc = 3Qop = 380, Qo = 100/T, as a function of the peak Rabi frequery and the spontaneous
Ts¢ =Tp=2TandTs =Tc =T. emission of the excited stale The other parameters afg; =

—(1/2)A2 = —25/T, Ay = —Ay = —50/T, Sy = 2.5A, =
technique, it is not necessary for the laser pulses (pump angbs /7, 5 = 100 TP = ty3, 7c = t3,. Tse = Tp = 2T and
Stokes) have vanished simultaneously. 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
As discussed above, in fractional population transfer betweefo and the spontaneous emission rate of the excited Btate
the statesl) and|3) with equal amplitudes, the diabatic en- when the detunings satisfy conditic8)(and the pump and
ergy of statd2) should cross the diabatic energy of stdtes  Stokes pulses are applied during the rising of the Stark pulse.
and|3) at timestT, andts ;. The values of the detunings,  As shown in this figure, the final fidelity of the desired state
and A, are chosen to satisfy the conditioi®).( The pump  ([1/v/2](|1) + |3))) is almost insensitive concerning small
and Stokes pulses have to be both applied during the risingariations in laser pulses’ intensities, but it decreases with in-
edge of the Stark pulse. In real experimental applications, desreasing the spontaneous emission rate of the excited state.
tunings can change due to fluctuations in the laser frequencigSthough with the increase of the peak value of the Rabi
and variations in the transition frequency by inhomogeneoufrequency (1) this effect is diminished because the excited
broadening. Adiabatic passage techniques can be used to psfate is almost unpopulated during the whole interaction. For
pare quantum systems, with slowly varying parameters, in sufficiently large Rabi frequency, the final fidelity of the de-
superposition of quantum states robustly. The creation of angired state approaches unity for small-to-moderate values of
preselected coherent superposition of quantum states requirtise spontaneous emission of the excited stafgrovided the

a robust mechanism concerning fluctuations of experimentaddiabatic conditions at the crossing points are satisfied [9].
parameters. In Fig. 3, the final fidelity of the desired statel he stability of the final fidelity versus small variations in the
([1/+/2](]1) +3))) is depicted as a function of the detunings Rabi frequency caused by intensity fluctuations, is particu-
A, andA,. The figure shows that tripod-SCRAP is not sen-larly crucial for experimental implementations.

sitive against the variations of the static detunings because

these changes can be compensated by dynamic Stark shifis3. Sensitivity to pulse timings and Rabi frequency

of the diabatic energies of states and, therefore, we can use

this technique in a tripod quantum system with fluctuationsBY adjusting the timings of pump, Stokes and control laser
in the static detunings. pulses and reproduce the interaction sequence and adiabatic

conditions in analogy to SCRAP, one can create, in princi-

5.2. Sensitivity to spontaneous emission of excited state Pl€, & coherent superposition of stafgsand|3)) at the end
and Rabi frequency of process. The challenge of this approach is the required

high precision of the timings of the pulses. In Fig. 5, the fi-
Dissipation in the form of spontaneous emission is an impornal fidelity of the desired statél(/v/2](|1) + |3))) is plotted
tant practical issue. The adiabatic passage technique is robusgainst the peak Rabi frequenQy and to the timings of the
against the effects of spontaneous emission, as the excitguimp (left side) and Stokes pulses (right side) and 7.
state is never appreciably populated. In the tripod-SCRAPThis figure shows that with the parameters satisfying the adi-
with a counterintuitive Stokes-pump pulse sequence, the exabatic and diabatic conditions at the crossing points and an
cited state is slightly populated during the adiabatic evolutiorappropriate

5. Properties of tripod-SCRAP

5.1. Sensitivity to detunings Q\; and Ay)

Rev. Mex. 5. 67 (2) 180-187
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Final Fidelity
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!lo(units of 1/T)

20 4o -1.6
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a ) 7 (units of T)

Final Fidelity

h ) =3 74 (units of T)

FIGURE 5. Final fidelity of the desired staté1/+/2)(|1) + |3))) as a function of the peak Rabi frequerey and the timings of the pump
(left side) and Stokes (right side) pulses andrs. The other parameters afes = —(1/2)A; = —25/T, Ay = —A; = —50/T,

So =2.5A,=125/T,Tsy =Tp =2T andTs =Tc =T.

7g (in units of T)

A . . .
1.4 1.3 ‘1.2 1.1 -1
T (in units of T)

E L L
-2 -1.9 -1.8 1.7 -1.6 -1.5

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, and7s. Upper frame: no de-
cay from the excited stgt®), I' = 0; lower frame: decay from
the excited statd2) with rateI’ = 2/7. The other parame-
ters areAs = —(1/2)Ay = —25/T, Ay = —Ay = —50/T,
So = 250y = 125/T, T = Tp = 2T andTs = Tc = T.
The black stars show specific values of the s used in Fig. 2
to reach a coherent superposition of two ground statesfd|3))
with equal amplitudes.

choice of the peak value of Rabi frequen§0{/T] < Qo <

excited state decay2)), while the lower frame shows a tri-
pod system that undergoes spontaneous emission. Because
of irreversible loss from the excited stgf®, 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 statefl) and|3)) without placing a sizeable
transient population into the lossy sta®. Therefore the
tripod-SCRAP can be implemented even on time scales com-
parable to the lifetime of state). However, tripod-SCRAP

is not as perfect as f-STIRAP, because some population does
visit the excited stat¢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 statg) 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-

[100/TY)), the final fidelity of the desired state, in pulse tim- STIRAP); however, the best advantage of the tripod-SCRAP

ings intervals—1.3T < 7p < —1.7T and—1.6T < 75 <

technique over the other adiabatic passage techniques is that

—2T, approaches unity. As shown in this figure, our processthe tripod-SCRAP can be used despite multiphoton transi-
in the absence of population loss, is relatively robust to varitions. These transitions are always accompanied by laser-
ations of the pulse timings. Figure 6 shows contour plots oinduced time-dependent Stark shifts, which destroy the two-

the final fidelity of the desired stafe/+/2](|1) + |3)) as a
function of the pump pulser and Stokes pulses positions.

photon resonance. In tripod-SCRAP, the Stark shifts have
less destructive effects because, as a level-crossing nature of

The upper frame represents the results in the absence of thige transition mechanism, there is no need to maintain an ex-
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act resonance condition. Furthermore, the tripod-SCRAP is eeal experiment, it is desirable that the entangled states should
powerful alternative tool for f-STIRAP and tripod-STIRAP, be as long-lived as possible, so the creation of atom-photon
at least when inhomogeneous broadenings such as Dopplentangled states in the tripod-SCRAP is more efficient than
shifts are present. We have shown schematically, unlike ftwo-level f-SCRAP because atom-photon entanglement can
STIRAP, in the tripod-SCRAP technique, it is not necessanbe created by a coherent superposition of the two long-lived
for the two pulses to vanish simultaneously. This technique iground states|{) and3)). This technique can also be used
robust concerning variations of intensities of the laser pulsedpor the creation of coherent superposition/éf— 2 ground
of static detunings, and of the time delay between the pulsestates inV-pod systems [27]. For this purpose, usiNg- 2

The method we have presented here is versatile since &tokes pulses, with the same time dependence, and Morris-
can be implemented in the interaction of a tripod atom withShore transformation [28—30], we reduce /srpod system
the laser pulses and cavity field for preparing atom-photorio a tripod system.
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 thsckowledgment
atomic ground and excited states. Given that the excited state
often has a short lifetime, in comparison with ground statesYVe wish to acknowledge the financial support of the Univer-
it is not very suitable for the creation of entangled states. In &ity of Mohaghegh Ardabili.
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