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Population transfer and quantum entanglement implemented in cold atoms involving
two Rydberg states via an adiabatic passage
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We study the adiabatic passage for a pair of interacting cold atoms driven into the ladder configuration with
one ground state and two Rydberg states. We find, with proper single-photon and two-photon detunings, that
it is viable to (i) achieve efficient population transfer from the ground state to either Rydberg state by fully
overcoming the dipole blockade effect and (ii) implement maximal entangled states by partially overcoming the
dipole blockade effect. These entangled atomic states are very stable and have purities and fidelities approaching
100%, among which one is of particular interest since it involves the simultaneous excitation of two different
Rydberg states.
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I. INTRODUCTION

Stimulated Raman adiabatic passage (STIRAP) is an
efficient technique utilizing partially overlapping pulses to pro-
duce the complete population transfer between two quantum
states of an atom or molecule [1]. Applications of this tech-
nique are broad, not only to accurate preparation of selected
states for reaction studies but also to many aspects of quantum
optics and atom optics. Quite recently, the STIRAP technique
has been adopted to attain efficient population transfer from
one of the lowest ground states to a high-lying Rydberg state
[2–4]. Compared to the general atomic excitations, strong
interatomic interactions induced by huge dipole moments of
Rydberg states may result in very poor effects of pumping
strategies in the Rydberg excitation. That is, dipole-dipole
interactions (DDI) can shift a Rydberg state out of resonance
and then block its excitation when one neighboring atom has
been excited to this Rydberg state. This is the essence of the
so-called Rydberg blockade effect [5–12]. Increasing the mean
interatomic distance (typically larger than 10 μm) by lowering
the atomic density [13] and utilizing an appropriate optical
detuning with respect to one Rydberg state to compensate its
dipole-induced energy shift [2,14–16] are two feasible ways
to overcome the obstacle of a desired Rydberg excitation.

Quantum entanglement and quantum gates are vital re-
sources in most applications of quantum information sci-
ence, so they have become the subjects of broad theoretical
interest, and their experimental implementations have been
demonstrated in various physical systems. In particular, some
schemes utilizing large dipole moments of highly excited
Rydberg states have been implemented for creating quantum
gates [17–25] and entanglement [2,26–29]. Among these
endeavors, a few proposals have been made to combine
STIRAP and DDI [2,21,23,25]. So far most such schemes
or proposals consider various level configurations with a
single Rydberg state, whereas those involving two or more
Rydberg states [30–32], in which we may find much richer
nonlinear phenomena, have been rarely touched owing to
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more complicated dipole-dipole interactions between different
Rydberg states.

Here we focus on a pair of cold atoms driven by two
coherent fields to the ladder configuration with one ground
state |g〉, one lower Rydberg state |e〉, and one higher Rydberg
state |r〉. With strong interatomic interactions, the excitation
to either Rydberg state is largely suppressed in general due to
dipole blockade, so that both atoms stay in the ground state
for resonant pumping. But we find that efficient population
transfer between the ground state and one Rydberg state and
reliable entanglement generation involving two of the three
atomic states can be attained by modulating both single-
photon and two-photon detunings of the applied fields. The
underlying physics is that efficient population transfer (reliable
entanglement generation) becomes viable when the level shift
of one Rydberg state caused by dipole-dipole interactions is
suitably compensated as a result of the complete (partial)
antiblockade effect. It is worth noting that the four attainable
maximal entangled states [1/

√
2(|ge〉 + |eg〉), 1/

√
2(|gr〉 +

|rg〉), 1/
√

2(|er〉 + |re〉), and 1/
√

2(|gg〉 − |ee〉)] are very
stable because the Rydberg states are also long-lived, and the
one involving both Rydberg states may be explored to yield
deterministic photon pairs. Last but not least, the fidelities and
purities of these entangled states could approach 100% after a
careful parameter optimization.

II. MODEL AND EQUATIONS

We consider a pair of cold atoms (e.g., in dipole traps) with
a ground state |g〉 and two high Rydberg states |e〉 and |r〉
in the ladder configuration, as shown in Fig. 1(a). State |e〉
is connected by an optical pumping field of Rabi frequency
�p and a microwave coupling field of Rabi frequency �c

to state |g〉 and state |r〉, respectively. The optical pumping
from state |g〉 to state |e〉 can be either a single-photon
process [33] or a two-photon process via a highly detuned
intermediate state [19,34]. Both |e〉 and |r〉 are long-lived
excited states and typically have small decay rates �e and
�r of the order of kilohertz. If these two trapped atoms occupy
the same Rydberg state |e〉 (|r〉), they will interact via the
van der Waals (vdW) potential Vee = �(Cee

6 /R6)|eA〉〈eA| ⊗
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FIG. 1. (Color online) (a) Schematic representation of two cold
atoms interacting via van der Waals (Vee and Vrr ) and dipole-dipole
(Der ) potentials. The lowest state |g〉 is coupled by an optical field
of Rabi frequency �p and detuning �p to the intermediate state |e〉,
which is further coupled by a microwave field of Rabi frequency
�c and detuning �c to the highest state |r〉. (b) An illustration of
the counterintuitive sequence for pulses �p(t) and �c(t) of Gaussian
profiles.

|eB〉〈eB | [Vrr = �(Crr
6 /R6)|rA〉〈rA| ⊗ |rB〉〈rB |], with R be-

ing the interatomic distance and Cee
6 and Crr

6 being the
corresponding vdW coefficients. But if these two trapped
atoms occupy different Rydberg states, they will experi-
ence instead the resonant dipole-dipole interaction Der =
�(Cer

3 /R3)(|eA〉〈rA| ⊗ |rB〉〈eB | + |rA〉〈eA| ⊗ |eB〉〈rB |), with
Cer

3 being the corresponding DDI coefficient. With the above
considerations, it is then straightforward to write down the
following interaction Hamiltonian:

H = HA ⊗ I + I ⊗ HB + Vee + Vrr + Der , (1)

with single-atom Hamiltonians

Hi = −�[�p|e〉〈e| + �|r〉〈r|]
− �(�p|e〉〈g| + �c|r〉〈e| + H.c.) (2)

for i = A,B. Here �p and �c denote the single-photon
detunings, while � = �p + �c is the two-photon detuning
for the pumping and coupling fields.

The dynamic evolution of this two-atom system is governed
as usual by the master equation

∂ρ

∂t
= − i

�
[H,ρ] +

∑

j,k

C
(j )
k ρC

(j )†
k

− 1

2

∑

j,k

(
C

(j )†
k C

(j )
k ρ + ρC

(j )†
k C

(j )
k

)
(3)

for j = A,B and k = 1,2. The Lindblad operators C
(j )
1 =√

�e|gj 〉〈ej | and C
(j )
2 = √

�r |gj 〉〈rj | have been introduced
to describe decay processes of the j th atom via spontaneous
emission. For our two-atom system, Eq. (3) becomes a set of
dynamic equations for 9 × 9 density matrix elements ρmn,pq ,
with m and n denoting states of atom A and p and q denoting
states of atom B.

In the following, we consider only a specific case where the
pumping and coupling fields are modulated into two Gaussian
pulses separated by a time delay τ so that we have the time-
dependent Rabi frequencies

�p(t) = �p0e
−(t−tend/2−τ/2)2/T 2

p ,
(4)

�c(t) = �c0e
−(t−tend/2+τ/2)2/T 2

c ,

with tend being the end time of both pulses, Tp,c being the
half widths, and �p0,c0 being the peak Rabi frequencies.
We stress that the two light pulses will be applied in the
counterintuitive order (τ > 0), with their overlap satisfying
the adiabatic criteria

√
�2

p0 + �2
c0 � 10/τ and τ ≈ Tp + Tc.

Such criteria are attained as in Ref. [1] for independent atoms
by considering thatVee,Vrr , andDer (comparable to or smaller
than �p0 and �c0) do not change the energy splitting of the
relevant dressed states too much.

It is well known that single-atom Hamiltonians HA,B

have eigenstates |DA,B〉 = [cos θ |gA,B〉 − sin θ |rA,B〉], with
tan θ = �p/�c corresponding to zero eigenvalues λA,B = 0
on two-photon resonance (� = 0). Such eigenstates naturally
exclude the intermediate states |eA,B〉 as required to answer
for the perfect destructive interference between pathways
|gA,B〉 ↔ |eA,B〉 and |eA,B〉 ↔ |rA,B〉. Single-photon detun-
ings (�p = −�c) are irrelevant to |DA,B〉, although they
play an important role in attaining other eigenstates with
nonvanishing eigenvalues. Consequently, the Hamiltonian in
Eq. (1) has a (separable) product eigenstate of zero eigenvalue
with � = 0,

|D0(t)〉 = [cos θ (t)|gA〉 − sin θ (t)|rA〉]
⊗ [cos θ (t)|gB〉 − sin θ (t)|rB〉], (5)

in the absence of interatomic interactions (Vee = Vrr = Der =
0). Then it is viable to transfer, via an adiabatic passage,
the atomic population from the double ground state |gg〉 to
the double Rydberg state |rr〉 without populating the single
Rydberg state |e〉 of either atom. In the general case of � �= 0
and Vee,Vrr ,Der �= 0, however, such a simple separable-state
dynamics does not exist, yielding a very intractable entangled-
state dynamics even in the case of adiabatic evolution.
Therefore we should consider the more general two-atom
eigenstate

|ψ(t)〉 = cgg(t)|gg〉 + cge(t)|ge〉 + cgr (t)|gr〉
+ ceg(t)|eg〉 + cee(t)|ee〉 + cer (t)|er〉
+ crg(t)|rg〉 + cre(t)|re〉 + crr (t)|rr〉, (6)

with |cij (t)|2 = ρii,jj (t)(i,j = g,e,r). In the next section,
we will implement numerical calculations to examine the
controlled population transfer and entanglement generation
by solving ρii,jj (t) from Eq. (3).

III. RESULTS AND DISCUSSION

In this section, we adopt practical parameters for cold
87Rb atoms to implement the numerical calculations men-
tioned above by considering |g〉 = 5S1/2, |e〉 = 70S1/2, and
|r〉 = 70P3/2, with �e/2π = 2.6 kHz and �r/2π = 1.0 kHz
[35]. The interactions Vee, Vrr , and Der between two such
atoms separated by a 3.37 μm distance are approximately
2π × {100,200,100} MHz, with Cee

6 = 2π × 140 GHz μm6,
Crr

6 = 2π × 290 GHz μm6, and Cer
3 = 2π × 3.8 GHz μm3

[29,32]. As to the counterintuitive sequence of pumping
and coupling pulses, we choose in what follows �p0/2π =
�c0/2π = 100 MHz, tend = 8 μs, τ = 1.0 μs, and Tp = Tc =
1.0 μs as relevant parameters.
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FIG. 2. (Color online) Double Rydberg excitations (a, c) ρee,ee

and (b, d) ρrr,rr as functions of single-photon detuning �p and two-
photon detuning � at time t = 8 μs with relevant parameters given
at the beginning of Sec. III. The two top (bottom) panels are attained
in the absence (presence) of vdW and DDI interactions Vee, Vrr , and
Der .

A. Efficient population transfer

In Fig. 2 we plot double Rydberg populations ρee,ee and
ρrr,rr at the end of a pulse sequence (t = 8 μs) as functions
of single-photon detuning �p and two-photon detuning �.
From Figs. 2(a) and 2(b), we can see an efficient population
transfer from the ground state |g〉 to the Rydberg state |e〉 (|r〉)
near the single-photon (two-photon) resonance via STIRAP
in the absence of interactions Vee, Vrr , and Der . Comparing
Fig. 2(a) with Fig. 2(c), we find that the region corresponding
to an efficient double Rydberg excitation with ρee,ee ≈ 1
moves upward as the interatomic interactions are included.
The underlying physics is twofold: (i) the vdW interaction
Vee can generate a large shift of state |ee〉 and then result
in a blockade effect suppressing ρee,ee at �p = 0.0; (ii) a
suitable single-photon detuning can compensate this level shift
and then result in an antiblockade effect enhancing ρee,ee at
�p = Vee/2. Similarly, the region corresponding to an efficient
double Rydberg excitation with ρrr,rr ≈ 1 moves rightward
with its center located at � = Vrr/2 when the interatomic
interactions are included. This implies that the antiblockade
effect enhancing ρrr,rr appears when a suitable two-photon
detuning compensates the level shift caused by Vrr , as shown
in Figs. 2(b) and 2(d). It is also clear that the antiblockade
region in the presence of interatomic interactions is larger than
that in the absence of interatomic interactions.

To see how the two-atom system evolves in the antiblockade
region, we plot in Fig. 3 the double Rydberg excitation ρee,ee

(ρrr,rr ) and the purity P (t) = Tr[ρ2(t)] as a function of time t .
After a careful parameter optimization, we choose �p/2π =
58 MHz and �/2π = 150 MHz in the antiblockade region
of state |ee〉 in Fig. 3(a); �p/2π = −50 MHz and �/2π =
100 MHz in the antiblockade region of state |rr〉 in Fig. 3(b).
As we can see, ρee,ee and ρrr,rr gradually increase from 0.0 to
approach 1.0 as the pumping and coupling fields are applied in
a counterintuitive sequence. At the end of this pulse sequence
(t = 8 μs), we find ρee,ee = 0.9974 and P = 0.9949 in Fig.
3(a), while ρrr,rr = 0.9986 and P = 0.9974 in Fig. 3(b). Both
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FIG. 3. (Color online) (a) Time evolution of the population in
state |ee〉 and the purity P (t) = Tr[ρ2(t)] in the antiblockade regime
with �p/2π = 58 MHz and �/2π = 150 MHz. (b) Time evolution
of the population in state |rr〉 and the purity P (t) = Tr[ρ2(t)] in
the antiblockade regime with �p/2π = −50 MHz and �/2π =
100 MHz.

double Rydberg states |ee〉 and |rr〉 seem very stable since
both single Rydberg states |e〉 and |r〉 have rather long lifetimes
(small decay rates). This is evident as ρee,ee and ρrr,rr reduce
slowly after t = tend together with purity P (t) (see the insets).
Briefly, one can achieve efficient population transfer to either
Rydberg state by controlling single-photon and two-photon
detunings to counteract the blockade effect.

B. Reliable entanglement generation

In Fig. 4 we show it is possible to generate three maximal
entangled states via STIRAP in the presence of interactions
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FIG. 4. (Color online) Populations (a) ρgg,ee, (c) ρgg,rr , and (e)
ρee,rr as functions of single-photon detuning �p and two-photon
detuning � in the presence of interactions Vee, Vrr , and Der at
time t = 8μs. Time evolution of populations (b) ρgg,ee for �p/2π =
−20 MHz and �/2π = 40 MHz, (d) ρgg,rr for �p/2π = −120 MHz
and �/2π = 0.0 MHz, and (f) ρee,rr for �p/2π = 110 MHz and
�/2π = −42 MHz together with the corresponding purities and
fidelities.
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Vee, Vrr , and Der . In Fig. 4(a), ρgg,ee = ρee,gg are plotted
as functions of single-photon detuning �p and two-photon
detuning � at the ending time (t = 8 μs). It is clear that
we have ρgg,ee = ρee,gg ≈ 0.5 in a region near �p/2π = −50
MHz and �/2π = 0.0 MHz, indicating |cgg(gr,ee,er,rg,re,rr)|2 ≈
0.0 and |cge(eg)|2 ≈ 0.5, so that state |ψ〉 in Eq. (6) reduces
to either |B1〉 = 1/

√
2(|ge〉 + |eg〉) or |D1〉 = 1/

√
2(|ge〉 −

|eg〉) in a good approximation. A further calculation of the
fidelity Fψ (t) = 〈ψ |ρ(t)|ψ〉 verifies that the two-atom system
evolves, in fact, to |B1〉 rather than |D1〉 because we have
FB1(t) → 1.0 and FD1(t) → 0.0. To better understand why
only even-parity state |B1〉 is attained, we should consider that
both |ge〉 and |eg〉 originate from |gg〉 with either atom A or
atom B excited to |e〉 from |g〉 and thus have an identical
π/2 phase shift relative to |gg〉 after absorbing a single
photon. In Fig. 4(b), population ρgg,ee, purity P (t) = Tr[ρ2(t)],
and fidelity FB1(t) = 〈B1|ρ(t)|B1〉 are plotted as a function
of time t with �p/2π = −20 MHz and �/2π = 40 MHz.
We find ρgg,ee = 0.4992, P = 0.9973, and FB1 = 0.9982 at
t = 8.0 μs, and they decay very slowly after this ending time
of both pumping and coupling pulses. In Figs. 4(c) and 4(e) we
show plots of ρgg,rr and ρee,rr similar to that in Fig. 4(a). We
find in Fig. 4(c) ρgg,rr ≈ 0.5 in a region near �/2π = 0.0 MHz
and �p/2π < −100 MHz or �p/2π > 100 MHz, which
indicates an entangled state |B2〉 = 1/

√
2(|gr〉 + |rg〉. We find

in Fig. 4(e) ρee,rr ≈ 0.5 in a region near �/2π ≈ −50 MHz
and �p/2π ≈ 100 MHz, which indicates an entangled state
|B3〉 = 1/

√
2(|er〉 + |re〉. The dynamic generation and evolu-

tion of |B2〉 and |B3〉 are shown in Fig. 4(d), with �p/2π =
−120 MHz and �/2π = 0.0 MHz, and in Fig. 4(f), with
�p/2π = 110 MHz and �/2π = −42 MHz, respectively. We
find ρgg,rr = 0.4989, P = 0.9987, and FB2 = 0.9979 for state
|B2〉, while ρee,rr = 0.4976, P = 0.9962, and FB3 = 0.9951
for state |B3〉 at the ending time t = 8 μs. Note that |B3〉
has never been achieved before using dipole blockade and is
of particular interest because it allows us, e.g., to generate
a deterministic entangled photon pair from the two Rydberg
states.

States |B1〉, |B2〉, and |B3〉 are the same kind of Bell state
1/

√
2(|01〉 ± |10〉), but it is also viable to generate another kind

of Bell state 1/
√

2(|00〉 ± |11〉). In Fig. 5(a), we plot ρgg,gg

as functions of single-photon detuning �p and two-photon
detuning � in the presence of interactions Vee, Vrr , and Der at
the ending time t = 8μs. Comparing Fig. 5(a) with Fig. 2(c),
we find that ρgg,gg ≈ 0.5 and ρee,ee ≈ 0.5 near the position of
�p/2π = 0.0 MHz. This indicates that the two-atom system
evolves to state |D4〉 = 1/

√
2(|gg〉 − |ee〉) as identified by

also calculating the fidelity of FD4(t) → 1.0. Here odd-parity
state |D4〉 instead of even-parity state |B4〉 is attained simply
because the simultaneous excitations of atom A and atom B

from |g〉 to |e〉 result in a π phase shift of |ee〉 relative to
|gg〉 after absorbing two photons. With a careful parameter
optimization, we plot populations ρgg,gg and ρee,ee, purity P (t),
and fidelity FD4(t) as a function of time t with �p/2π =
50 MHz and �/2π = −1 MHz in Fig. 5(b). We find ρgg,gg =
0.4994, ρee,ee = 0.4979, P = 0.9966, and FD4 = 0.9968 at
the ending time t = 8 μs. It is worth noting that the four
entangled states shown above have rather high purities and
fidelities and are very stable against atomic spontaneous decay.
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FIG. 5. (Color online) (a) Population ρgg,gg as a function of
single-photon detuning �p and two-photon detuning � in the
presence of interactions Vee, Vrr , and Der at time t = 8μs.
(b) Time evolution of population ρgg,gg for �p/2π = 50 MHz and
�/2π = −1.0 MHz together with the corresponding purity and
fidelity.

Finally, we notice that mechanical forces among Rydberg
atoms and the spread of atomic wave packets may cause
increased decoherence in the excitation dynamics and essential
particle losses out of the optical potentials [36,37]. This
is relevant when the Rabi frequency of a pumping field is
comparable to or several tens of the optical potential U0

of a few recoil energies ER (e.g., ∼3.5 kHz for rubidium
atoms) [36,37]. In our case, however, we have considered
(i) the pumping and coupling fields are so strong that their
Rabi frequencies greatly overwhelm the motional induced
decoherence rates and (ii) the spread of atomic wave packets
in much deeper potentials is so narrow that it is viable to
neglect particle losses. So we expect that atomic motions
just result in small uncertainties (e.g., ∼0.5 MHz) in vdW
and DDI potentials and will not evidently reduce the effi-
ciency of population transfer and the fidelity of entanglement
generation.

IV. CONCLUSIONS

In summary, we have studied the adiabatic passage for a
pair of atoms driven into the three-level ladder configuration
with two Rydberg states. We find that it is viable to achieve
efficient atomic population transfer from the ground state to
either Rydberg state or to implement stable maximal entangled
states of high purities and fidelities by modulating single-
photon and two-photon detunings in the presence of vdW
and DDI potentials. An efficient atomic population transfer is
attained when sufficiently large single-photon and two-photon
detunings completely compensate the dipole-induced level
shift of one Rydberg state. This is, in fact, the result of a perfect
antiblockade effect, which allows a unit probability of Rydberg
excitations of both atoms. A stable maximal entangled state is
generated, however, when the moderately large single-photon
and two-photon detunings partially compensate the dipole-
induced level shift of one Rydberg state. This is, in fact, the
result of an imperfect antiblockade effect, which allows a half
probability of Rydberg excitations of both atoms. In particular,
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we stress that state |B3〉 involves two different Rydberg states
and thus may be explored to attain deterministic entangled
photon pairs. Finally, we expect that similar multipartite
entanglements could be further attained if our scheme is
extended to study three or more atoms, e.g., suitably arranged
in optical lattices of dipole traps [38]. This is essential for the
implementation of various protocols in quantum teleportation,
cryptography, computation, etc.
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[28] S. Wüster, S. Möbius, M. Genkin, A. Eisfeld, and J. M. Rost,
Phys. Rev. A 88, 063644 (2013).

[29] D. D. Bhaktavatsala Rao and K. Mølmer, Phys. Rev. A 90,
062319 (2014).

[30] M. Saffman and K. Mølmer, Phys. Rev. Lett. 102, 240502
(2009).

[31] W.-B. Li, D. Viscor, S. Hofferberth, and I. Lesanovsky, Phys.
Rev. Lett. 112, 243601 (2014).

[32] D. Petrosyan and K. Mølmer, Phys. Rev. Lett. 113, 123003
(2014).

[33] A. M. Hankin, Y.-Y. Jau, L. P. Parazzoli, C. W. Chou, D. J.
Armstrong, A. J. Landahl, and G. W. Biedermann, Phys. Rev. A
89, 033416 (2014).
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