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The technique of stimulated Raman adiabatic passage (STIRAP) is used to transfer potassium atoms from the 22p

state to the 21p Rydberg state through the intermediate state 22s. The results show that complete population transfer

is related to pulse duration and overlap, and occurs when the pulse duration and overlap have adequate values. At

the same time, population trapping is also formed. Complete population transfer can also occurs when the two-photon

resonance condition (∆s = ∆p) is met.
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1. Introduction

In recent years, the design of laser pulse sequences

to achieve efficient and robust population transfer be-

tween quantum states has been the subject of many

theoretical and experimental studies.[1−24] This prob-

lem is relevant to many applications, including spec-

troscopy, collision dynamics, and optical control of

chemical reactions. A considerable number of studies

have been devoted to the process of stimulated Ra-

man adiabatic passage (STIRAP) in three-level[1−7]

and multilevel systems.[11−19] The STIRAP process

provides the possibility of effective population trans-

fer using relatively simple experimental setup. It is

achieved using a counterintuitive pulse sequence in

which the Stokes pulse precedes the pump pulse and

both pulses are tuned to resonance.

STIRAP is a modern technique employed widely

to coherently transfer population in a three-level Λ

system.[20] Using this model, Kukinski et al [1] inves-

tigated the behaviour of population transfer and gave

the adiabatic conditions for generating coherent pop-

ulation transfer. Recently, the STIRAP theory has

been generalized to the case in which the intermedi-

ate state is autoionizing[21] or is described by a con-

tinuum of levels.[22,23] However these analytical stud-

ies have been performed in the ideal system which

includes only three coupled states, while the effects

of others states are ignored. STIRAP is equally ap-

propriate for a ladder system. Camp et al [24] exper-

imentally investigated the population dynamics of a

coherently excited three-level ladder system in which

spontaneous emission are included and adiabaticity is

not assumed. Cubel et al
[25] experimentally investi-

gated STIRAP excitation to transfer population from

a lower Rydberg level to a higher one with an aver-

age, phenomenological efficiency of 50% by using a

low-pressure vapour-cell magnetoptical trap. To our

knowledge, definite calculations of coherent popula-

tion from a higher level to a lower one about realistic

physical system including other states’ effects have not

been reported.

In this paper, using a number of coupled states

instead of only three states involved, we rigorously cal-

culate the population transfer of a three-level ladder

system between quantum states of Rydberg potassium

atom via STIRAP. The potassium is exposed to static

electric field and interacts with two partially overlap-

ping lasers. Some interesting results are obtained.

2. The time-dependent multilevel

approach

The three-level ladder system consists of three

states of a potassium Rydberg atom in an electric
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field. They are adiabatically connected to the 21p,

22s and 22p zero-field states which have been labelled

as shown in Fig.1. It is assumed that only level 22p

is initially populated. A pump pulse links the ini-

tial state 22p with an intermediate state 22s, which in

turn interacts via a Stokes laser with the final state

21p. The frequencies for the Stokes laser and the

pump laser are ωs and ωp, respectively. ∆s is the

detuning of the Stoke laser from the 21p–22s transi-

tion and ~∆s = E22s − E21p − ~ωs. ∆p is the de-

tuning of pump laser from the 22s–22p transition and

~∆p = E22s − E22p + ~ωp.

Fig.1. Schematic of the three-level ladder system cou-

pled by two lasers. The initially populated state 22p and

the final state 21p are coupled by Stokes laser and the

pump laser via an intermediate state 22s. The detuning

of the pump and Stokes laser frequencies from the transi-

tion frequency to the intermediate state are ∆p and ∆s,

respectively.

Consider the interaction of the system with Ep(t)

and Es(t) laser pulse:

E(t) = Ep(t) cos(ωpt) + Es(t) cos(ωst), (1)

where Ep(t) and Es(t)
[12] are the envelopes of the

pulse.

Es(t) =











0 for t < 0,

A sin4(πt/Ts) for 0 < t < Ts,

0 for t > Ts,

(2)

Ep(t) =











0 for t < 0,

A sin4[π(t− τ)/Tp] for 0 < t < Tp,

0 for t > Tp,

(3)

where τ is the delay time, Tp and Ts are the pulse du-

ration of lasers. In the presence of a static electric field

Fs (the direction of the field being along the z-matrix)

and electric field E(t), the Hamiltonian for the outer

electron of potassium atom takes the form

H = H0 + zFs + zE(t), (4)

whereH0 is the field-free Hamiltonian and can be writ-

ten as

H0 = −
1

2
∇2 + V (r). (5)

The core potential of alkali-metal atom involving

the effects of penetration and polarization is assumed

to take the form[26]

V (r) = −
1

r

(

1 +
β′

(r + γ′)2
+

k′

(r + ξ′)2

)

. (6)

Using the potential model, the eigenfunction φi

of H0 can be obtained. We choose 117 field-free wave-

functions of potassium atom in the vicinity of 22p and

21p as a basis set. The wavefunction of the potassium

atom in the presence of static electric field can be writ-

ten as

ψi =

117
∑

j=1

cijφj . (7)

Using ψi(i = 1, 2, 3, . . . , 117) as the new basis set,

the wavefunction of the potassium atom in the pres-

ence of static electric field, together with field E(t)

can be written as

Ψ(t) =

117
∑

k=1

ak(t)ψke−iEkt, (8)

where ak(t) the is coefficient of the expansion, which

represents the amplitude of the transition probability.

e−iEkt contains the phase information that determines

the moment when the resonance occurs.

The wavefunction Ψ(t) obeys the time-dependent

Schrödinger equation (using atom units)

i
∂

∂t
Ψ(t) = HΨ(t). (9)

Substituting Eq.(8) into Eq.(9), and solving the

time-dependent Schrödinger equation numerically, we

can obtain ak(t). Then the probability of the outer

electron inhabiting in the state k is

Pk = |ak|
2
. (10)

Using the above formula, we can calculate the

state-to-state transition probability, from which we

can observe the Rabi oscillation, the square wave of

modulated Rabi oscillation and other novel features

directly.
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3. Results and discussion

We set the static electric field Fs = 28.9 V/cm and

tune the lasers to their respective resonance transition

frequencies ωs = 468.67 GHz and ωp = 382.28 GHz.

Set A = 40 V/cm, Ts = 5.56 ns, Tp = 6.67 ns,

τ = 3 ns, we obtain the result of population trans-

fer between the three states as illustrated in Fig.2. It

is shown that population is transferred from 22p to

21p and is trapped there. From the graph, we can

well understand the STIRAP mechanism. Initially,

Stokes laser couples the two empty states, and it does

not change the population of the state 22p. However,

this laser creates a coherent superposition of the two

initially unpopulated states 21p and 22s. When this

coherent superposition state is subsequently coupled

to the 22p by the pump laser, a ‘trapped state’ is

formed—a state from which the pump laser cannot

transfer population to the intermediate state. Rather,

the population is directly channelled into state 21p.[20]

It is noted that the transfer is incomplete and some

population remains in 22s. The incomplete transfer

results from the fact that the process is partially adia-

batic, in which a part of population is firstly trans-

ferred into the intermediate state 22s and trapped

there.

Fig.2. Population transfer in the three-level ladder sys-

tem using a sequence of two overlapping lasers. Upper

frame: intensities of the pulse vs time. Lower frame: evo-

lution of the population in different levels vs time.

If we change the pulse overlap, and set τ = 1 ns,

leaving other parameters unchanged, we can obtain

the result as shown in Fig.3, where 99.97% of the pop-

ulation of state 22p is transferred to the target state

21p. Our calculation result is the same as that of

Ref.[3], which predicted that the adiabatic condition

is related to pulse duration, and the efficient popula-

tion transfer can be obtained by increasing the pulse

duration and choosing adequate overlap.

Fig.3. After the change of parameter τ , evolution of pop-

ulation in different levels. 99.97% of the population of

state 22p is transferred to the final state. Note that pop-

ulation in the 22s level lags behind that in the 21p level,

indicative of adiabatic coherent population transfer.

Fig.4. Population transfer from the 22p to the 21p state

of potassium for a three-level ladder system (see Fig.1) as

a function of pump laser detuning ∆p. The Stoke laser

detuning ∆s is 0.2 GHz and 2.0 GHz, respectively.

Figure 4 shows the results of the transition proba-

bility with the variation of ∆p when ∆s is 0.2 GHz and

2.0 GHz. Coherent population transfer occurs when

the two-photon resonance condition (∆s = ∆p) is met.

One should notice in particular that every curve has

several crests and their heights are not equal. The

reason for their appearance is that when ∆p is close

to zero and ∆s is small, the system is approximately

in resonance, which can lead to a part of population

transferring to 21p state. When ∆p gets closer to

zero, more and more population transfers to 21p. So

the height of crest 1 is lower than that of crests 2 and

3 when ∆s takes the value 0.2 GHz. A similar result is
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shown when ∆s is 2.0 GHz. That is to say, more and

more population transfers to 21p when the frequencies

are tuned close to single-photon resonance.

Figure 5 shows the population transfer when only

three states are coupled. The frequency of the Stroke

laser is varied in steps while the frequency of the pump

laser is tuned across the resonance. The broad fea-

ture is related to coherent population transfer, while

the narrow feature results from population transfer to

the final state by spontaneous emission induced by

the pump laser. When the Stokes laser is tuned, say,

about 2.0 GHz off resonance, the STIRAP transfer oc-

curs when the pump laser is also tuned off resonance

by about 2.0 GHz. Thus the broad features track the

two-photon resonance. A high transfer efficiency is

observed for detuning as large as 10.0 GHz off res-

onance with the intermediate level, 92% of the pop-

ulation of state 22p is transferred to the final state,

which proved that the high transfer efficiency of STI-

RAP at two-photon resonance does not change within

a certain range of detuning.

Fig.5. Coherent population transfer from the 22p to the

21p state of potassium for a three-level ladder system (see

Fig.1) as a function of the Stokes and pump laser detuning

∆s and ∆p. The ‘STIRAP ridge’ along the line can be vis-

ible when the two-photon resonance condition (∆s = ∆p)

is met.

To prove that the population transfer occurs

through the STIRAP mechanism, one must measure

the transfer efficiency as the overlap between Stoke

laser and pump laser is varied while all other parame-

ters, such as laser frequencies and intensities, remain

unchanged. Figure 6 shows the variation of 21p state

population as a function of the time delay τ between

two pulses. When the Stoke laser is shifted far up-

stream, so that there is no overlap with the pump

laser, the Stokes laser does not participate in the

transfer process, no photon from both lasers simul-

taneously interacts with the atom. The pump laser

excites atoms from state 22p to the intermediate state

22s, there is small population transferred to the final

state 21p because the energy level of the intermediate

state is higher than that of the final state and the ef-

fect of radiative decay is little. When the delay time

τ decreases, the transfer efficiency increases dramati-

cally and reaches a plateau near the optimum delay.

This is an indication of the robustness of the transfer

process. But population of state 21p begins to de-

crease as the delay time τ further decreases. When

the two lasers coincide, the transfer efficiency is only

of the order of 50%. When the delay time is negative,

that is to say that the pump laser acts first, followed

after some time delay by the Stokes laser, which is the

technique of stimulated emission pumping (SEP),[27]

then some of the population of state 22p is transferred

to the intermediate state 21p at the end of the pump

interaction. If the Stokes laser is also strong enough,

some of the population of the intermediate state is

subsequently dumped into the final state 21p. Little

of population transfer occurs when the Strokes laser

is moved farther downstream of the pump laser and

there is no overlap between them. So it is necessary

to have an adequate overlap for the complete popula-

tion transfer. The result is in agreement with that of

Shore.[20]

Fig.6. Population transfer from the 22p state to the 21p

state, induced by a continuous laser, as a function of the

overlap between the Stokes and the pump lasers (shown

on top).

4. Summary

In conclusion, we have studied the behaviour of

the coherent population transfer dynamics from the

higher level 22p to the lower level 21p of potassium
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atom by using a number of coupled states instead of

only three states being involved. It was found that

population transfer is related to pulse duration and

overlap. When the pulse duration and overlap are

tuned to a suitable value, population can be directly

transferred to the final state 21p leaving no population

in the intermediate state 22s. Individual laser frequen-

cies can be tuned off their respective resonance fre-

quency, but coherent population transfer occurs when

the two-photon resonance condition (∆s = ∆p) is met.
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