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During the last decades the development of laser cooling and trapping has revolutionized the field of quantum optics. Now we master
techniques to control the quantum properties of atoms and light, even at a single atom and single photon level. Understanding and
controlling interactions of atoms and light both on the microscopic single particle and on the macroscopic collective levels, are two
of the very active directions of the current research in this field. The goal is to engineer quantum systems with tailored properties
designed for specific applications. One of the ambitious applications on this way is interfacing quantum information for quantum
communication and quantum computing. We summarize here theoretical ideas and experimental methods for interfacing atombased quantum memories with single flying photons.

1. Introduction
Single quantum objects such as atoms and photons have
played an outstanding role in understanding the fundamental
concepts of quantum world. Apart from the fundamental
contribution to the development of quantum physics, they
played a key role in the development of the concept of
quantum information with its main building block a “qubit”
[1–3]. Any quantum mechanical two-level system sufficiently
isolated from the environment can potentially represent a
qubit. Among such systems are trapped single ions, photons,
quantum dots, neutral atoms, or any artificial atom-like
systems. Atomic systems are very attractive since they are
well understood and now routinely manipulated. Single
atoms exhibit favorable properties for storing and processing
quantum information. Their states, carrying qubits, can be
well isolated from the environment, making them a good
candidate for quantum memories [4]. On top of this, we
have a well-developed universal set of tools, both for ions
[3, 5, 6] and neutral atoms [7, 8], to controllably switch on and
off interactions between atoms. This makes atomic systems

an ideal candidate for the implementation of elementary
quantum gates.
In the middle of quantum computing, one may need to
transfer data from one place to another, and at the end of
a quantum calculation the state of the atomic qubits should
be read out. This is typically realized by forcing the atoms
to emit photons, which then will be subsequently detected
and analyzed. At the same time, single photons are natural
candidates for long distance quantum communication. A
combination of stationary qubits in atoms and flying qubits
in photons, transmitted through optical fibers or free space, is
expected to be an important ingredient in the achievement of
the ambitious long term goals for quantum communication.
Therefore high efficiency interfacing of single photons and
atoms is the key challenge [9, 10].
Although photon emission from a single atom in vacuum
is not directed, its directionality can be controlled by changing the properties of the electromagnetic vacuum surrounding the atom. The two extreme cases include surrounding the
atom by a high finesse resonator [11] and superradiance effects
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Figure 1: Intensity of the light emitted by a single atom. (a) Polar plot of angular distribution at 𝑟 = 84𝑐/Γ for the |𝑒+1 ⟩-|𝑔⟩ transition. The
inset shows the corresponding atomic transition. (b) Angular distribution at 𝑟 = 84𝑐/Γ for the |𝑒0 ⟩-|𝑔⟩ transition. (c) Integrated intensity
𝐼 = ∑𝜖 ∫ 𝑑Ω𝑟2 𝐼𝜖 (𝑟,⃗ 𝑡) as function of the distance from the atomic sample.

in an atomic ensemble [12]. In the first case the resonator
selects only one spatial mode of the electromagnetic vacuum
available for the atom emission [13, 14]. In the last case, the
atomic sample is free in space, but the collective interaction
of all atoms with the available spatial vacuum modes sets the
emission directionality.
It is the aim of this paper to describe the state-of-theart in the interfacing single photons with free space single
atoms and engineered atom-like systems “superatoms” both
from the theoretical and the experimental perspectives. In
particular, in Section 2 we concentrate on two types of
processes: one optically excited atom decays to a ground
state with the emission of exactly one photon and a single
photon absorption by a single atom. Section 3 is devoted
to engineering free space atomic ensemble systems, which
behave quantum mechanically as a single quantum objects
but have enough degrees of freedom to tune its quantum
properties.

2. Single Atoms
The question of interfacing single photons and single atoms
is the main goal of this section. This interface consists of
three processes: emission of a single photon by an atom,
transmission of the emitted photon to another atom, and
absorption of this photon. This question is of interest from the
applied side as well as from the fundamental point of view. To
formulate the requirements for a practical realization of these
processes we start with a theoretical analysis. This allows us
to optimize these processes in the ideal case situation before
adapting them to real atoms.

three Zeeman |𝑒] ⟩ excited states. As indicated in the inset
of Figure 1, the initially populated state may be an extremal
Zeeman sublevel with well defined polarization selection
rules. Quantum mechanically the initial state of this system
is described by
 +1

(1)
𝜓⟩ = 𝑒 ⟩ .
This atom interacts with the electromagnetic vacuum field
and the photon emitted on the |𝑒⟩-|𝑔⟩ transition may be 𝜎+
polarized with respect to the atomic quantization axis. In
the dipole approximation this interaction is described by a
Hamiltonian in the Schrödinger picture [15–18]:
1
,
𝐻 = 𝐻01 + 𝐻int

(2)

where
1

 ]
+
] 
𝐻01 = ∑ ∑ℏ𝜔𝑘 𝑎𝑘𝜆
⃗ + ∑ ℏ𝜔0 𝑒 ⟩ ⟨𝑒 
⃗ 𝑎𝑘𝜆
𝑘⃗

𝜆

(3)

]=−1

is the atom-field Hamiltonian and the coupling of the atomic
dipole between |𝑔⟩ and |𝑒⟩ to the quantized radiation field
modes is described by
1
𝐻int
= −𝐷⃗ ⋅ 𝐸⃗ (𝑟at⃗ ) .

(4)

Using the transition dipole moment operator for the atom
⃗ + 𝜎𝑔𝑒
⃗ )
𝐷⃗ = 𝑑𝑒𝑔 (𝜎𝑒𝑔

(5)

and the plane wave basis for the electric field operator evaluated at the position of this atom
ℏ𝜔 1/2
𝑖𝑘⋅⃗ 𝑟at⃗
+ −𝑖𝑘⋅⃗ 𝑟at⃗
⃗ ⃗ (𝑎𝑘,𝜆
𝐸⃗ (𝑟at⃗ ) = 𝑖∑( 𝑘 ) 𝜖𝑘,𝜆
− 𝑎𝑘,𝜆
),
⃗ 𝑒
⃗ 𝑒
2𝜀0 𝑉
⃗

(6)

𝑘,𝜆

2.1. Modelling Single Free Atom-Single Photon Interface
2.1.1. Photon Emission. We start with one optically excited
atom decaying to a ground state with the emission of exactly
one photon. We suppose the atom has one ground |𝑔⟩ and

the interaction part of the Hamiltonian has the form
⃗

⃗

1
+ −𝑖𝑘⋅𝑟at⃗
⃗ + 𝜎𝑔𝑒
⃗ ) ⋅ (𝜖𝑘𝜆
⃗ ⃗ 𝑎𝑘𝜆⃗ 𝑒𝑖𝑘⋅𝑟at⃗ − 𝜖𝑘𝜆
⃗ ⃗ 𝑎𝑘𝜆
𝐻int
= −𝑖∑ℏ𝑔𝑘 (𝜎𝑒𝑔
).
⃗ 𝑒
⃗
𝑘,𝜆

(7)
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+
Here 𝑎𝑘𝜆
⃗ denotes the photon creation operator in a mode
with wave vector 𝑘,⃗ energy 𝜔𝑘 = 𝑐𝑘, and polarization along
⃗ ⃗ with 𝜆 = 1, 2. The vacuum coupling constant is
direction 𝜖𝑘𝜆
𝑔𝑘 = 𝑑𝑒𝑔 (𝜔𝑘 /2𝜀0 ℏ𝑉)1/2 with the quantization volume 𝑉. The
⃗ = ∑1]=−1 𝑑̂]𝑔 |𝑒] ⟩⟨𝑔| and
dipole operators of the atom are 𝜎𝑒𝑔
⃗ = ∑1]=−1 𝑑̂𝑔] |𝑔⟩⟨𝑒] | with the complex unit vectors 𝑑̂0𝑔 =
𝜎𝑔𝑒
(0, 0, 1), 𝑑̂−1𝑔 = (1/√2)(1, −𝑖, 0), and 𝑑̂+1𝑔 = (1/√2)(1, 𝑖, 0).
⃗ ⃗ [15].
We assume as well a real polarization basis, 𝜖𝑘𝜆
We expand the time dependent solution of the
Schrödinger equation for one atom and electromagnetic field
modes as a superposition of Fock states with a single atomic
or photonic excitation
+1


]
−𝑖𝜔 𝑡  ]
𝜓 (𝑡)⟩ = ∑ 𝛽 (𝑡) 𝑒 0 𝑒 ⟩ |0⟩
]=−1

 
+ ∑ ∑𝑒𝑘𝜆⃗ (𝑡) 𝑒−𝑖𝜔𝑘 𝑡 𝑔⟩ 1𝑘,𝜆
⃗ ⟩.
𝑘⃗

(8)

⃗
⃗ ⃗ ),
𝛽𝜂̇ = −∑𝑒𝑘𝜆⃗ 𝑔𝑘 𝑒−𝑖((𝜔𝑘 −𝜔0 )𝑡−𝑘⋅𝑟at⃗ ) (𝑑̂𝜂𝑔 ⋅ 𝜖𝑘𝜆
⃗
𝑘,𝜆

]

𝑒−(Γ/2)𝑡−𝑖(𝜔0 −𝜔𝑞 )𝑡 − 1
⃗⃗ )
.
𝑒𝑞𝜎⃗ (𝑡) = 𝑖𝑔𝑞 𝑒−𝑖𝑞⋅⃗ 𝑟at⃗ (𝑑̂𝑔+1 ⋅ 𝜖𝑞𝜎
𝜔0 − 𝜔𝑞 − 𝑖 (Γ/2)



𝐼𝜖1 (𝑟,⃗ 𝑡) = ⟨𝜓 (𝑡) 𝐸𝜖(−) (𝑟)⃗ 𝐸𝜖(+) (𝑟)⃗ 𝜓 (𝑡)⟩ .

𝑖((𝜔𝑞 −𝜔0 )𝑡−𝑞⋅⃗ 𝑟at⃗ )

̇ ⃗ = ∑ 𝛽 𝑔𝑞 𝑒
𝑒𝑞𝜎
]=−1

⃗ ⃗ ).
(𝑑̂𝑔] ⋅ 𝜖𝑞𝜎

(9)

(10)

(11)

with
𝐴1 = 𝑃 ∫

∞

0

𝑑𝜔𝑘 𝜔𝑘3
.
𝜔𝑘 − 𝜔0

(12)

This equation describes exponential decay of the atomic
excited state to the ground state with the rate Γ =
2 3
𝑑𝑒𝑔
𝜔0 /3𝜋𝜀0 ℏ𝑐3 [19]. The second term in (11) has imaginary
value and represents the single atom Lamb shift. It formally
diverges, but since it is a constant, we assume that it can be
dealt with by the conventional assumption that it is properly
included in the measured atomic transition frequency [17,
20]. Under these assumptions, the solution of (11) with the
initial conditions (1) gives
𝛽+1 (𝑡) = 𝑒−(Γ/2)𝑡 ,
𝛽0 (𝑡) = 0,
𝛽−1 (𝑡) = 0,

(13)
(14)

which is a well known process of exponential atomic decay in
vacuum.

(16)

The positive frequency component of the desired polarization
⃗ where 𝐸⃗(+) (𝑟)⃗ is given by the first part
is 𝐸𝜖(+) (𝑟)⃗ = (𝜖 ⃗ ⋅ 𝐸⃗(+) (𝑟)),
of (6). The corresponding negative frequency component is
the Hermitian conjugate of these expressions.
The explicit dependence of the probability to detect a
photon is
𝐼𝜖1

(𝑟,⃗ 𝑡) =

2 4
𝑘0
𝑑𝑒𝑔

1
𝑟
𝑟 ∗
]
𝜎
𝛽
(𝑡
−
(𝑡
−
)
(𝛽
))
∑
2
𝑐
𝑐
(4𝜋𝜀0 𝑟) ],𝜎=−1

←
→
←
→
× (𝜖 ⃗ ⋅ ( 𝐼 − 𝑟̂𝑟̂) ⋅ 𝑑̂𝑔] ) (𝜖 ⃗ ⋅ ( 𝐼 − 𝑟̂𝑟̂) ⋅ 𝑑̂𝜎𝑔 ) ,
(17)

Solving this set of equations for the atomic amplitudes as
described in Appendix A yields
Γ
Γ
𝐴1 ) 𝛽𝜂
𝛽𝜂̇ = − 𝛽𝜂 − 𝑖 (
2
2𝜋𝜔03

(15)

The corresponding electric field of this single emitted photon
is a superposition of the field amplitudes in (6). This equation
explicitly tells us that there are generally many plane wave
photon vacuum modes, which get populated by this photon.
In order to visualize the mode structure of the emitted
field, we analyze the probability to detect this emitted photon
at time instance 𝑡 at position 𝑟,⃗ relative to the atom, with the
handedness of the photon 𝜖; that is, its circular polarization
along the line connecting the atomic ensemble and the
detector at position 𝑟 ⃗ is given by [21]

𝜆

Substitution of (8) with the initial condition from (1), that is,
𝑒𝑘𝜆⃗ (0) = 0, into the Schrödinger equation with the Hamiltonian from (2) yields [18]

1

During this decay process the single quantum of atomic
excitation is emitted as a photon. The photon state amplitudes
𝑒𝑘,𝜆
⃗ are calculated by substituting (13) into (A.1):

as derived in the appendix of [17]. 𝑟̂ is the direction of the
←
→
vector 𝑟 ⃗ and the unit tensor ( 𝐼 )𝑖,𝑗 is defined in Appendix A.
The corresponding emitted intensity for the single atom
decay starting from the state equation (13) is then
𝐼𝜖1 (𝑟,⃗ 𝑡) =

2 4
𝑘0
𝑑𝑒𝑔
2

(4𝜋𝜀0 𝑟)

←
→
←
→
× (𝜖 ⃗ ⋅ ( 𝐼 − 𝑟̂𝑟̂) ⋅ 𝑑̂𝑔,+1 ) (𝜖 ⃗ ⋅ ( 𝐼 − 𝑟̂𝑟̂) ⋅ 𝑑̂+1,𝑔 )
× 𝑒−Γ(𝑡−𝑟/𝑐) .
(18)
In the first line we get a drop of the intensity with the
distance squared from the emitter characteristic to a dipole
in classical electrodynamics [22]. The second line of (18) is
the angular dependence of the dipole emission pattern for a
given handedness 𝜖 expressed in a tensor form. In particular,
if we introduce a spherical coordinate system along the
𝑑̂𝑔,0 direction and sum over all polarizations, as described
in Appendix B, we arrive at the well known dipole pattern
angular dependence (1/2)(1 + cos2 𝜃) for a dipole emitting
on the |𝑒+1 ⟩ → |𝑔⟩ transition, as depicted in Figure 1(a).
This is typical dipole emission pattern which is symmetric in
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Figure 2: Schematic drawing of the mode converter. Laser beam with radial polarization has an optical singularity in the center of the beam
and therefore has intensity minimum in the center (arbitrary units for intensity). Shown is a radial cut through the beam and throughout
the parabolic mirror. The dashed line denotes the optical axis. The color lines are exemplary traces of incident light beams that travel parallel
to the optical axis. The beams are then reflected by the mirror and meet at the mirror focus. The local polarization of the traces is denoted
by the arrows perpendicular to the trace propagation. Since there is vanishing light intensity along the optical axis but high intensity in
the perpendicular direction; the field pattern in the focus of the mirror resembles the atomic dipole pattern for the |𝑒0 ⟩-|𝑔⟩ transition; see
Figure 1(b).

the forward and backward directions, relative to the dipole
orientation [22]. Correspondingly, for the emission on the
|𝑒0 ⟩ → |𝑔⟩ transition, the angular dependence is sin2 𝜃, as
depicted in Figure 1(b). Finally, the third line of (18) describes
the temporal exponential decay from (13), which is retarded
in time due to the final value of the speed of light, as depicted
in Figure 1(c).
2.1.2. Photon Transmission. We concentrate now on the
spatial pattern of the emitted electromagnetic field wave
packet, described by the first two lines of (18). This field
pattern has no pronounced directionality and the intensity
drops down with the separation from the atom. In order
to transfer this emitted photon wave packet to an another
distant atom, we have to convert the dipole mode of the
emitted electromagnetic field into a propagating Gaussian
mode. These modes can propagate over large distances in
space or through optical fibers.
This problem of conversion of the dipole radiation pattern
to a Gaussian has been studied in details in the context of
the limits of tight light focusing [23–26]. The key observation
is that polarization effects play a key role in going to the
limit of focusing. Such specially crafted beam at the point
of tightest focusing possesses more structure than just a
spot size. In particular, it contains polarization singularities
[27], which resemble dipole emission pattern or a “dipole
wave.” For example, the polarization structure of the tightly
focused Gaussian radially polarized light beam (such beam is
obtained, e.g., by a superposition of two Hermite-Gaussian
modes TEM01 and TEM10 with orthogonal polarizations
[24]) resembles the field pattern of a |𝑒0 ⟩-|𝑔⟩ atomic dipole
transition [24]. It has a torus-like structure, typical for a
dipole emission pattern (see Figure 1(b)), with the polarization directed perpendicularly to the corresponding 𝑘vectors of the propagating field. Therefore, in a time reversed

process, a photon emitted by a single atom can be converted
to a radially polarized Gaussian beam.
Although quite high conversion can be efficiently reached
with a lens, it does not collect light from the full 4𝜋 spatial
angle. A novel beam focusing method using a deep parabolic
method promises to overcome this last drawback [28, 29].
Sending radially polarized Gaussian beam into this mirror
(see Figure 2) creates in the mirror focus 3D field, which
resembles the dipole emission pattern on the |𝑒0 ⟩-|𝑔⟩ transition. Thus, in contrast to a lens, such mirror allows covering
almost all 4𝜋 of the spatial angle in the focus. In the reversed
process, the radiated field from an atom, placed in the focus
of this parabolic mirror, is almost completely collected and
transformed onto a superposition of the Hermite-Gaussian
field modes. Generally, depending on the dipole moment
alignment, the superposition of the modes will change, but
the Gaussian modes propagate naturally in space. Thus using
this method, the photon emitted by an atom can be converted
from a dipole mode to a Gaussian mode. The photon in this
mode can propagate to another distant atom. Finally, mode
of this photon can be converted back to a dipole mode to
match the spatial absorption mode of the target atom. The
last process is inverse to the emission and should be possible
based on time reversal arguments [24, 30].
2.1.3. Photon Absorption. Application of the time reverse
argument for photon absorption requires that the incoming
to the atom photon has to match the time reversed state
originated from spontaneous decay process. This implies that
both the spatial pattern of the incoming photon and the
temporal pattern match those of the absorbing atom. Only
in this case, an atom initially prepared in the ground state
will efficiently be excited by absorbing this incoming photon
[24, 30, 31]. In the previous section we discussed the spatial
matching requirement. Therefore we concentrate now on the
temporal matching of the incoming photon.
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From the uniqueness of the solution of (31) with (8) and
the initial condition (1), we can generalize (13) and (15) for
times 𝑡 ≤ 0 or 𝑡 ≥ 0:

(19)

0.3
0.2

𝛽−1 (𝑡) = 0,
⃗⃗ )
𝑒𝑞𝜎⃗ (𝑡) = 𝑖𝑔𝑞 𝑒−𝑖𝑞⋅⃗ 𝑟at⃗ (𝑑̂𝑔+1 ⋅ 𝜖𝑞𝜎

|𝛽+1 |

𝛽0 (𝑡) = 0,

0.4
2

𝛽+1 (𝑡) = 𝑒−(Γ/2)|𝑡| ,

0.5

𝑒−(Γ/2)|𝑡|−𝑖(𝜔0 −𝜔𝑞 )𝑡 − 1
,
𝜔0 − 𝜔𝑞 − 𝑖 (Γ/2) sgn (𝑡)
(20)

with sgn(𝑥) = 𝑥/|𝑥|.
The case with 𝑡 ≤ 0 corresponds to an atom initially in the
ground state and field with one photon
⃗
⃗⃗ )
𝑔𝑘 𝑒−𝑖𝑘⋅𝑟at⃗ (𝑑̂𝑔+1 ⋅ 𝜖𝑘𝜆

𝜓⟩ab = − lim ∑ ∑
𝑡in → −∞
𝜔0 − 𝜔𝑘 + 𝑖 (Γ/2)
𝑘⃗ 𝜆
 
× 𝑒−𝑖𝜔𝑘 𝑡in 𝑔⟩ 1𝑘,𝜆
⃗ ⟩.

(21)

Only this photon arriving to a target atom will subsequently be fully absorbed, with the target atom ending in the
excited state. In contrast, if the photon is emitted by another
atom, the final photon wave function for large times is
⃗

⃗⃗ )
𝑔𝑘 𝑒−𝑖𝑘⋅𝑟at⃗ (𝑑̂𝑔+1 ⋅ 𝜖𝑘𝜆

𝜓⟩em = − lim ∑ ∑
𝑡in → ∞
𝜔0 − 𝜔𝑘 − 𝑖 (Γ/2)
𝑘⃗ 𝜆
 
× 𝑒−𝑖𝜔𝑘 𝑡in 𝑔⟩ 1𝑘,𝜆
⃗ ⟩,

(22)

which corresponds to the solution equation (20) for 𝑡 ≥ 0.
In both cases the probability distributions of different field
modes occupied by the photon are equal, but the phases
differ. Consequently, when such photon is sent onto the target
atom, it will not be excited with 100%. The solution of the
Schrödinger equation (2) with (8) with the corresponding
initial conditions was analyzed in [31]. It shows that, for the
case of finite interaction time 𝑡int , but large enough |𝑡int | ≫
1/Γ, there is a maximum in the excitation probability of the
2
target atom |𝛽+1 | = 0.54; see Figure 3. This maximum is
reached provided that the spatial degrees of freedom of the
incoming photon are fully matched to the target atom. This
maximum cannot be further improved by any choice of the
interaction time. Further improvements can only be done by
properly adjusting the phases of the photon modes to match
the absorption modes of the target atom.
Conceptually, there are two widely accepted strategies for
temporal matching of the incoming photon to an atom. In
the first scheme we adjust the phases of the photon to match
the target atom. The phases of the modes of the emitted
photon Ex. (22) have to be transformed to exactly match
the phases necessary for the absorption by the target atom
equation (21). Mathematically, the difference between these
equations is in complex conjugation, provided that the time
independent positions of the atoms can be properly selected.
Physically, we have to phase conjugate the photon wave

0.1

0

2

4

6
t (1/Γ)

8

10

Figure 3: Excitation probability of a target atom by a photon emitted
by another atom, provided that the spatial modes are fully matched.

packet coming from the source atom, which produces a time
reversed photon wave packet, before absorbing this photon
with the target atom. This process of complex conjugation
was analyzed in detail in the context of “undoing” aberrations
in imaging or beam transmission [32–37]. In the heart of
the phase conjugation process is a nonlinear process of fourwave mixing or utilization of nonlinear refraction [37–40].
However it was shown that this nonlinear process results in
addition of excess noise in the time-reversed beam [30, 41,
42]. Although this is not a serious issue for imaging purposes,
it is a serious obstacle in the case single photon processes.
In an alternative scheme, we tailor the atom emission
and absorption processes so that the corresponding wavefunctions for the emitted and absorbed photons have the
same mode distributions, in contrast to (21) and (22) of
the first scheme, which have different phases. For tuning
the photon mode distribution we need an additional degree
of freedom in the atom. This is achieved by extending the
atomic level structure from a two-level as depicted in the
inset of Figure 1 to a ladder-like structure (Figure 4). In this
configuration the atomic population initially in a metastable
state |𝑓⟩ is fed by an external time dependent laser light with
the coupling Ω𝐿 (𝑡) to a decaying state |𝑒+1 ⟩. The frequency
of the laser light 𝜔𝐿 and its detuning from the |𝑓⟩-|𝑒+1 ⟩transition are 𝛿 = 𝜔𝑓𝑒 − 𝜔𝐿 . This modification of the atomic
level structure does not change the spatial mode profile of the
emitted photon [17, 43] but allows controlling the amplitudes
and phases of the photon field distribution. In particular,
it allows controlling the temporal dynamics of the decay
process from the atom. In order to see this, we look at the
atomic level dynamics in this configuration.
In this case the wave function equation (8) is generalized
to [17]
+1


−(𝜔 +𝜔 )𝑡 
]
−𝑖𝜔 𝑡  ]
𝜓 (𝑡)⟩ = 𝑎 (𝑡) 𝑒 𝑒𝑓 0 𝑓⟩ |0⟩ + ∑ 𝛽 (𝑡) 𝑒 0 𝑒 ⟩ |0⟩
]=−1

 
+ ∑ ∑𝑒𝑘𝜆⃗ (𝑡) 𝑒−𝑖𝜔𝑘 𝑡 𝑔⟩ 1𝑘,𝜆
⃗ ⟩,
𝑘⃗

𝜆

(23)
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to the target atom eliminating the need for time reversal
of the emitted photon. Consequently, based on the time
reversal argument [24, 30], the target atom will fully absorb
such incoming photon, provided that Ω𝐿 (𝑡) coupling between
|𝑒+1 ⟩ and |𝑓⟩ levels is properly timed. A detailed study of
the performance of this photon temporal control method has
been performed in the context of atom-cavity and multiatom
collective processes [17, 45–48]. See as well Section 3 for more
numerical examples.

ΩL (t)

𝜔0

g

Figure 4: Atomic level scheme and external coupling for tailoring
temporal modes of atomic emission and absorption.

the Hamiltonian equation (3) is generalized to
1


 ]

+
] 
𝐻01 = ∑ ∑ℏ𝜔𝑘 𝑎𝑘𝜆
⃗ + ∑ ℏ𝜔0 𝑒 ⟩ ⟨𝑒  + ℏ𝜔𝑓𝑔 𝑓⟩ ⟨𝑓 ,
⃗ 𝑎𝑘𝜆
𝑘⃗

2.2. Experimental Techniques. The starting point of our theoretical analysis was the Hamiltonian of the atom-photon
system in the form (31). In particular, it requires a single
atom localized at one point is space and emitting without any
recoil (otherwise the spectrum of the emitted photon will be
affected due to the Doppler effect). Practically such atomic
system can be a single atomic ion localized in a Paul ion-trap
or a single neutral atom localized in an optical tweezer.

]=−1

𝜆

(24)
and the Hamiltonian Equation (4) is generalized to
1
𝐻int
= −𝐷⃗ ⋅ 𝐸⃗ (𝑟at⃗ ) + ℏ

Ω𝐿
⃗ ⋅ 𝜖𝐿⃗ ) 𝑒𝑖𝜔𝐿 𝑡 ]
⃗ ⋅ 𝜖𝐿⃗ ) 𝑒−𝑖𝜔𝐿 𝑡 + (𝜎𝑒𝑓
[(𝜎𝑓𝑒
2
(25)

with the corresponding generalization of the dipole operators
⃗ and 𝜎𝑒𝑓
⃗ . Assuming for simplicity that the detuning 𝛿 is
𝜎𝑓𝑒
much larger than the Rabi frequency Ω𝐿 , the decay rate Γ and
the Lamb shift, the state |𝑒+1 ⟩ can be adiabatically eliminated
from the corresponding Schrödinger equation as described
in Section IV of [17]. Consequently, the generalization of (11)
results in a set of two equations describing the probability
amplitudes of the metastable |𝑓⟩ and the fast decaying state
|𝑒+1 ⟩:
𝑎̇ = −𝑖Δ Light 𝑎 −
𝛽+1 =

Γ
𝑎,
2

Ω𝐿 −𝑖𝛿𝑡
𝑒 𝑎,
2𝛿

(26)
(27)

with time dependent light shift Δ Light (𝑡) = Ω2𝐿 (𝑡)/4𝛿 and
effective time dependent decay rate Γ (𝑡) = Γ(Ω2𝐿 (𝑡)/4𝛿2 ). The
first equation describes effective decay of the metastable state
|𝑓⟩ with the arbitrary tunable decay rate. At the same time,
the population of the decaying state |𝑒+1 ⟩, according to (27),
is proportional to the probability amplitude 𝑎 of |𝑓⟩ and is of
the order of 𝑂(Ω𝐿 /𝛿). For a large detuning it is always much
smaller than unity and quickly decays to the ground state.
Therefore the intensity of the emitted light is approximately
given by the population of the state |𝑒+1 ⟩.
Although there is no general analytic solution of these
equations for an arbitrary coupling Ω𝐿 (𝑡), we can already
qualitatively see that the photon modes equation (17), which
are proportional to the probability amplitude 𝛽+1 , can arbitrarily be controlled. In particular, it is possible to generate
symmetric in time wave-packets, which can be directly sent

2.2.1. Single Atom Trapping. Historically, the first trapped
single atomic particle was a barium ion in a Paul trap by
Neuhauser and collaborators at the end of the seventies [49].
Although there is no configuration of static charges, in which
a positive charge always experiences a force returning to the
center, it can be achieved by suitably changing charges in
time. This effectively creates a 3D static conservative potential
for an ion. The idea behind a Paul ion trap is to use metal
electrodes and apply the corresponding time varying voltages
to them to create the configuration of electric charges, that
is necessary for ion trapping [50]. The depth of a Paul trap
for single atomic ions can be orders of magnitude larger than
a room temperature, so it can trap even a thermal ion (we
use a temperature conversion from the trap depth 𝑇Paul =
𝑈Paul /𝑘𝐵 with 𝑘𝐵 being the Boltzmann constant). Since the
Paul trap creates an effective conservative potential, an ion
should be produced inside the trap to stay confined. For
this purpose neutral atoms are sent into the ion trap, where
they are subsequently ionized. Most of the modern quantum
optics experiments use atoms from the second column of
the periodic table of elements. These atoms have two valence
electrons. The first electron can be resonantly removed by
laser light in the process of photoionization, leaving the
charged atomic ion with one valence electron. Therefore
such ions have a relatively simple level structure as shown
in Figure 5 for Ca atoms. Such resonant photoionization for
ion trap loading was pioneered by Lucas, Kjaergaard, and
collaborators in 2000 [44, 51].
An experimental alternative to a trapped atomic ion is a
single trapped neutral atom. A cloud of neutral atoms can
be cooled and localized in space using radiation pressure
forces [52]. An optical dipole trap is a typical tool for modern
single neutral atoms experiments. A two-level atom in the
ground state placed in a laser beam, which is red-detuned
relative to the atomic transition, experiences a light shift of
the ground state towards lower energy. Since this shift is
proportional to the light intensity at the position of the atom,
the atom experiences a potential minimum at the center of the
Gaussian laser beam; see Figure 6. Therefore a focused laser
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Figure 5: Relevant electronic levels of atomic 40 Ca. (a) An absorption of two resonant photons at 272 nm resonantly brings one of the electrons
of neutral 40 Ca into the continuum. Alternatively the resonant photoionization takes place after the first absorption of a 272 nm photon, a
decay to the state 1 D2 , and the following absorption of a second photon. Note that other levels can be alternatively used in a neutral 40 Ca for
the resonant photoionization [44]. (b) The corresponding level structure of the resulting atomic ion with one valence electron.

beam can be used as tweezers for neutral atoms [53, 54]. This
optical dipole force at the focus of the laser beam creates an
effective 3D conservative potential, that is, “trapping volume.”
Such optical dipole forces acting on neutral atoms in optical
tweezers are orders of magnitude smaller than Coulomb
forces acting on atomic ions in Paul traps. The depth of
an optical dipole trap 𝑇dipole = 𝑈dipole /𝑘𝐵 is typically only
several milli kelvin [55]. In order to load atoms into such trap,
they should be precooled in a magneto optical trap, which
utilizes the combination of position dependent Zeeman shifts
with Doppler cooling [56]. Moreover, since an optical dipole
trap creates a conservative potential, atoms should be cooled
inside the dipole trap.
There are two main strategies of loading single atoms in
an optical dipole trap. In the first method pioneered in the
group of Frese and collaborators [53, 57], one starts with
a magneto optical trap (MOT), which is specially designed
for cooling and trapping single neutral atoms by carefully
tuning the trap loading rate and trapped atom loss rate [58–
60]. This single atom is then reloaded into an optical dipole
trap by overlapping these traps for some time, resulting in
cooling and therefore trapping of the single atom inside the
conservative potential of the dipole trap. This reloading can
be performed with nearly unit efficiency [57]. In the second
method pioneered by Schlosser and collaborators [61], one
starts with a multiatom MOT, which is then overlapped
with an optical dipole trap. Due to the overlap, atoms are
continuously loaded into the conservative potential of the
optical tweezers. If the trapping volume of the tweezers is
small enough, two and more loaded atoms experience light
induced collisions during this overlap and are expelled from
the optical dipole trap. In contrast, a single atom is laser
cooled and remains trapped. This process of trapping exactly
a single atom and expelling multiple atoms from optical
tweezers is called collisional blockade. In this case, switching
off the MOT results is expelling of the atomic cloud of atoms

outside the optical dipole trap and trapping exactly one atom
inside the conservative potential of the optical tweezers. In
recent years further modifications of this single atom loading
method were developed. They optimized single atom loading
efficiency by tuning the energy distribution between the
atoms during the light induced collisions inside the optical
tweezers [62].
So far most of the experiments with single neutral atoms
were performed with the atoms from the first column of the
periodic table of elements. These atoms have one valence
electron and therefore have a relatively simple level structure
as shown in Figure 6 for the case of 87 Rb. According to
the dipole electric transition rules the atom excited to the
state P3/2 and hyperfine level |𝐹 = 3, 𝑚𝐹 = 3⟩ can
only decay to the state S1/2 |𝐹 = 2, 𝑚𝐹 = 2⟩. This closed
transition is used for Doppler cooling and photon emissionabsorption. All alkali atoms possess a similar closed transition
and therefore are suitable for Doppler laser cooling. Recent
advances have been made in laser cooling and trapping of
alkaline earth or rare-earth atoms, for example, strontium,
ytterbium, and so forth. These elements have two valence
electrons and generally have a much richer manifold of
electronic levels. Despite the increased complexity, these
atoms have experimental advantages. Such atoms have closed
transitions, which are prerequisites for laser cooling of atoms,
and a very simple ground state manigold, which is suitable
for studying experimentally basic single atom, single photon
interactions described in the previous section. For example,
the ground state 1 S0 of 88 Sr atom has only one substate, since
its nuclear spin is zero [63, 64]. Therefore the transition 1 S0 3
P1 is suitable for single photon emission-absorption of any
desired polarization, in contrast to the circularly polarized
photons in the case of closed transitions of alkali atoms.
For all experiments relevant to this topic, trapping an
atomic particle is followed by Doppler laser cooling and
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Figure 6: Trapping neutral atoms. (a) Relevant for cooling and trapping electronic levels of 87 Rb. Red detuned light of the optical dipole trap
laser (red arrow) shifts all the states of the ground state manifold S1/2 towards the lower energy. Therefore an atom in any of the ground states,
denoted for simplicity on panel (b) by 𝑔, is attracted towards the region of maximum intensity of the laser. Increasing this detuning from the
excited states, denoted on panel (b) by 𝑒, minimizes scattering of the dipole trap laser photons.
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Figure 7: Single atoms fluorescence signal. Collected fluorescence
signal from a single 87 Rb atom in an optical tweezer. The upper panel
shows a CCD camera image in 2D using false color scheme and using
3D intensity representation of the corresponding atoms. As every
atom contributes an equal amount of scattered photons, each step in
the collected intensity signal represents trapping or loss of an atom
as presented on the lower panel. The figure is from [61].

consequent sideband cooling of an atomic ion in a Paul
trap or a neutral atom in an optical dipole trap [65–72].
This allows a dramatic improve in atom localization and
eventually reaches a regime necessary for recoilless photon
emission and absorption, which is called Lamb-Dicke regime
[65, 73]. A part of the photons scattered by the atoms during
the Doppler cooling stage is collected for atom detection
and imaging. A typical signature of a single atom signal is
the presence of discrete steps in the photon count rate; see
Figure 7. Preparation of a single atom is the starting point for
single photon emission experiments.
2.2.2. Single Photon Emission. We first identify the relevant
atomic levels. Although the electronic energy level structure
of different trapped atoms is different, they have one common

feature: there is a closed transition, which can be identified
with the levels |𝑔⟩ and |𝑒] ⟩ from Section 2.1. For example, for
87
Rb neutral atom these levels are S1/2 |𝐹 = 2, 𝑚𝐹 = 2⟩ (|𝑔⟩)
and P3/2 |𝐹 = 3, 𝑚𝐹 = 3⟩ (|𝑒+1 ⟩) or S1/2 |𝐹 = −2, 𝑚𝐹 = −2⟩
(|𝑔⟩) and P3/2 |𝐹 = −3, 𝑚𝐹 = −3⟩ (|𝑒−1 ⟩). For 40 Ca ion
these levels to a high precision (as there is a small percentage
probability to decay to a metastable states D3/2 and D5/2 [74,
75]) are S1/2 |𝐽 = 1/2, 𝑚𝐽 = 1/2⟩ (|𝑔⟩) and P3/2 |𝐽 = 3/2, 𝑚𝐽 =
3/2⟩ (|𝑒1 ⟩) or S1/2 |𝐽 = −1/2, 𝑚𝐽 = −1/2⟩ (|𝑔⟩) and P3/2 |𝐽 =
−3/2, 𝑚𝐽 = −3/2⟩ (|𝑒−1 ⟩). Note that all these transitions
involve circularly polarized photons. This feature is common
for all atoms typically used for single atom experiments so
far, that is, alkali neutral atoms and atomic ions from the
second column of the periodic table of elements, because of
the Zeeman degeneracy of the ground state. Neutral alkaline
earth or rare-earth atoms [64] and doubly charged ions [29],
for example, 174 Yb, possess isotopes with zero nuclear spin
and therefore with a single ground state. Such atoms have
closed transitions even for linearly polarized photons and
therefore represent a true two-level system, which was at
the center of our discussion in Section 2.1. After isolating a
single cold atom, photon emission experiments can be further
carried out.
Spontaneous emission of a single photon from a single
atom naturally occurs with 100% probability. The temporal
profile of the emitted photon intensity has an exponential
shape in equation (18). Using an additional metastable state
properly coupled to the decaying level, the temporal profile of
the emitted photon can be controlled at will, as we discussed
in Section 2.1.3. This was experimentally demonstrated with
single ions and single neutral atoms in the context of cavity
quantum electrodynamics [47, 48, 76].
The spatial emission profile from a free space atom
depends strongly on the type of the coupling. As we have
analyzed in Section 2.1, efficient collection of light with

Advances in Optics

500
400
Coincidences

a dipole pattern is a highly nontrivial task. Therefore a lot
of experimental work with free space single neutral atoms
and ions has been carried out with a simplified collection
method using a high numerical aperture lens [77–81]. As we
have discussed in Section 2.1.2, the collection profile of a lens
does not correspond precisely to the dipole emission profile.
Therefore only a part of the emitted electromagnetic field is
collected and further transmitted to the detection optics. For
example, in [77] a lens with NA = 0.7 was used and the
measured overall collection efficiency was reported to be ca.
0.6%, which includes all technical imperfections.
Although the technical design of each single photon
emission experiment is unique, there are certain experimental steps which are common to all experiments: single
atom trapping, single atom excitation, and photon emission,
collection, and analysis. To illustrate these steps, we look in
more detail onto the experiment from [77]. The experiment
starts with the overlap of a MOT of 87 Rb with a tightly focused
laser beam of an optical dipole trap. Due to the process
of collisional blockade, exactly one atom is loaded into the
conservative potential of the optical tweezers. Atoms in the
optical tweezers at this stage are continuously cooled with
the MOT light and the corresponding fluorescence from the
atom in the tweezers is continuously collected. Due to the
collisional blockade only two distinct fluorescence levels are
possible, that is, corresponding to the background counts
and corresponding to fluorescence from exactly one atom
(Figure 7). In the last case the MOT is switched off, and
exactly one atom is left in the optical tweezers. At the second
step the atom is excited with 𝜎+ polarized resonant laser
light pulses at 780.2 nm on the cycling transition from the
electronic state S1/2 |𝐹 = 2, 𝑚𝐹 = 2⟩ to P3/2 |𝐹 = 3, 𝑚𝐹 =
3⟩. The power and length of each pulse is tuned to perform
a 𝜋-Rabi rotation on this transition and prepare the atom
with almost 100% efficiency in the excited state P3/2 |𝐹 =
3, 𝑚𝐹 = 3⟩. The length of the pulses 4 ns is chosen to be
much shorter than the natural lifetime 26 ns of this excited
state. According to the dipole selection rules, this state can
only decay to S1/2 |𝐹 = 2, 𝑚𝐹 = 2⟩. This closed transition
thus works as a two-level atom emitting circularly polarized
photons, corresponding to Figure 1(a). The emitted photon
is then finally collected and analyzed using single photon
counting detectors.
In this experiment the probability to emit a single photon
per excitation pulse was 0.981, whereas the probability of
emitting two photons was 0.019. Thus this experimental setup
provides a deterministic source of single photons. The typical
figure of merit, showing the presence of truly single photons,
is the quality of the photon antibunching for zero delay,
measured by recording 𝑔(2) (𝑡) correlation function [82]. After
an atom has emitted a photon, it needs some time to get
excited again and be ready for the emission of the following
photon, therefore resulting in ideally zero coincidence of
detecting two photons with no delay; see Figure 8. In order to
collect such a histogram many repetitions of the experiment
are necessary. At same time, the collection efficiency of
emitted photons is ca. 0.6% due to the mismatch of spatial
modes of the dipole emitter and the lens imaging system.
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Figure 8: Histogram of the time delays in the photon arrival from
experiment in [77]. The reduction of the coincidence counts with
zero delay is the direct indication of the detection of single photons.
The figure is from [77].

Therefore the experiment has to be repeated even more times,
in order to collect enough photons for the characterization of
the performance of the experiment.
2.2.3. Single Photon Absorption. The inverse process of coupling a single emitted photon emitted by the first atom to
another free space single atom requires a precise and efficient
control of three quantum objects in one experiment: The first
atom should be prepared in the proper excited state to emit
a photon. The emitted photon should be efficiently collected,
transmitted, and delivered in the proper mode to the target
atom. The target atom should be initialized in the proper state
for the following efficient photon absorption. Precise control
of each of the quantum objects in one experiment is currently
a challenging experimental task [86]. In order to simplify the
process of experimental optimization of each of these steps,
current experimental study is focused on the last step only,
the process of photon absorption by a single atom.
According to the analysis in Section 2.1.3, both spatial and
temporal modes of the incoming photon and of the absorbing
free space atom should be matched to reach full absorption
of the single photon by the atom. Since the combined effect
of spatial and temporal modes matching is important for the
efficient photon-atom coupling, it is useful to have a method
to experimentally characterize and optimize each of these
effects separately [83].
The main body of the experimental work in this direction
has looked at different effects of photon-atom interaction
characterizing elastic light scattering of dispersively interacting weak laser light with a single atom [85–90, 92, 95, 96].
In all these experiments a laser light beam is focused onto
a single trapped atom using a high numerical aperture lens.
For weak light fields the population of the atomic excited
state is negligible, and therefore the elastic scattering effects
contain information about the strength of the photon-atom
interaction. The interaction of a single atom dipole with the
light results in its phase shift relative to the incoming light.
The transmitted and reflected light is the superposition of the
incoming and the scattered waves. If the accumulated phase
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Table 1: State-of-the-art of coupling light and single atoms in free space (adapted from [83]).

Reference and
experimental system

Year

Extinction

Reflection

Phase shift

Absorption

Coupling efficiency

Wineland et al. [84]
trapped ion
Vamivakas et al. [85]
quantum dot
Wrigge et al. [86]
molecule in a matrix
Tey et al. [87]
trapped atom
Aljunid et al. [88]
trapped atom
Slodicka et al. [89]
trapped ion
Pototschnig et al. [90]
molecule in a matrix
Piro et al. [91]
trapped ion
Aljunid et al. [92]
trapped atom
Aljunid et al. [93]
trapped atom
Fischer et al. [94]
trapped ion

1987

≤0.1%

—

—

—

—

2007

12%

—

—

—

—

2008

22%

—

—

—

Estimated ca. 7%

2008

10%

—

—

—

—

2009

—

—

1∘

—

—

2010

1.4%

—

—

—

—

2011

19%

—

3∘

—

—

2011

—

—

—

0.03%

—

2011

—

0.17%

—

—

—

2013

—

—

—

—

3%

2014

—

—

—

—

7.2%

shift is large enough, this results in a destructive interference
of the incoming and phase shifted light in the forward direction, which is observed as light extinction or reflection from
a single atom. The back-scattered or reflected light is then
directly collected with the focusing lens [92]. The transmitted
light is collected using an additional high numerical aperture
lens in front of the focusing lens. The phase shift of the
transmitted light is directly measured using Mach-Zehnder
interferometer [88] or using heterodyne techniques [90]. In
the ideal case of the lens covering exactly half of the solid
angle and the light in the focus resembling the dipole pattern
matching the atom, a full extinction is theoretically expected
[97]. The strongest so far experimentally observed extinction
is of the order of 20% of the optimum [85–89]; see Table 1.
All the above listed measurements of the photon-atom
coupling efficiency are based on the negligible population in
the excited state. The nonvanishing excited state population
results in incoherent scattering and deterioration of the phase
sensitive interference effects. To account for the incoherent
effects, one has to independently determine the excited state
population.
Therefore there is another group of experiments, where
the inelastic interaction of light with single atoms is explicitly
studied, with the main aim to bring a single atom into
its excited state with a single photon [93, 98]. According
to Section 2.1.3 not only the spatial, but also the temporal
modes of the incoming photon and of the absorbing free
space atom should be matched. For a two-level system the
incoming photon should have exponentially rising temporal
shape [31]. Since the temporal shaping of a single photon

packet is by itself a challenging experimental task, most of
the experimental work is done with synthesized photons
instead of using two identical atoms using one as a single
photon emitter and the other one as a single photon absorber.
The photon packets are created by attenuating laser pulses
to few or less than one photon per pulse after temporally
shaping them using a combination of an acousto-optic and
an electro-optic modulators [93, 98]. An alternative method
to attenuated laser beams is a single photon creation in
a parametric down conversion. Here a pair of entangled
photons is created. Due to the entanglement of the photons,
spectrally filtering one the photons of the pair using an optical
resonator with a bandwidth matching the atomic transition
changes the temporal property of the second photon of
the pair sent to the absorbing atom [91]. In this work
the efficiency of the process was quantified by the photon
absorption probability; see Table 1. Although this quantity is
experimentally straightforward to measure, it contains only
combined information about the spatial and temporal modes
matching.
A recently proposed method by the group of Fischer and
collaborators allows unambiguously characterizing spatial
mode matching neglecting the temporal mode matching
in these experimental configurations using atom saturation
[94]. In a two-level atom dipole system a scattering photon
rate is directly connected to the upper level population; for
example, for the upper level populations |𝛽+1 |2 = 1/2 and 1/4
the scattering rates are 𝑅sc = Γ/2 and 𝑅sc = Γ/4, respectively.
The resonant photon scattering rate by this two-level atom is
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Figure 9: Saturation curve of a single 174 Yb ion illuminated by a
Laguerre-Gaussian beam through the dipole mode converter from
a half solid angle. The dashed line shows a fit to the data, yielding
a necessary power of 1081 pW incident onto the parabolic mirror
to reach an upper-level population of 1/4. Each data point was
measured for 100 ms. The figure is from [94].

calculated knowing the rate of dipolar photons |𝛽|2 impinging
on the atom [26, 94]:
𝑅sc =

Γ
1
(1 −
 2 ) .
2
1 + 8𝛽 /Γ

(28)

Correspondingly, if all of the impinging photons are dipolar,
that is, spatially mode matched to the dipole atomic transition, the minimum power necessary to reach the upper level
population |𝛽+1 |2 = 1/4 is 𝑃1/4 = ℏ𝜔0 Γ/8 [99]. Therefore
exp
experimentally finding the incoming laser power 𝑃1/4 necessary to scatter at the rate 𝑅sc = Γ/4 and comparing it to 𝑃1/4
gives a quantity that can be interpreted as a coupling efficiency:
𝐺=

𝑃1/4

exp .

𝑃1/4

(29)

According to [83, 98] this coupling efficiency can be
expressed as a product of geometric factors 𝐺 = Ω𝜂2 with
Ω being the solid angle fraction according of the focusing
geometry weighted with the dipolar emission pattern and
𝜂 being the overlap of the incident radiation with this
dipolar pattern. Therefore this quantity properly quantifies
the spatial mode matching of the incoming to the atom
light in the regime of nonvanishing upper state population,
and it is independent on the temporal mode matching.
Several experimental groups have already used this coupling
efficiency to quantify their spatial mode matching [93, 94] as
summarized in Table 1.
Experimentally, the coupling efficiency in [94] was mea+
sured in the following way. First, one 174 Yb ion is produced
by isotope selectively photoionizing a neutral 174 Yb atom
[100] inside an ion trap situated in the focus of a parabolic
mirror; see Figure 2 [101]. Then the ion is Doppler cooled
on the 2 S1/2 -2 P1/2 transition at 369.5 nm, which is used as a

two-level system in this experiment. After the preparation
of the two-level system, it is then illuminated with the laser
light of a proper polarization through the parabolic mirror,
which provides the dipole mode conversion. During this time
the atom scatters light in the dipole mode, which is then
collected and converted through the parabolic mirror back
to the propagating Gaussian mode. This light is collected
during 100 ms. Varying the power of the illuminating beam
using an acousto-optic modulator and correcting for the
background scattering each step, the resulting saturation
curve is obtained; see Figure 9. The curve is saturated at
the excited level population of 1/2, corresponding to the
scattering rate of 𝑅sc = Γ/2. This gives a natural scaling
exp
for the excited state population. The power 𝑃1/4 necessary
to create the excited state population of 1/4 is extracted
from the graph. Finally, comparing this number to the corresponding theoretically expected value 𝑃1/4 and including
the experimental parameters allow calculating the free atom
coupling efficiency according to (29), describing the quality of
the spatial mode matching, independently on the temporal
mode.
2.3. Conclusions. In this section we theoretically formulated
the problem of efficiently interfacing single free space atoms
and single photons. The first main challenge arises from
the fact that the natural single atom emission pattern has
a dipolar spatial dependence, whereas the propagating in
space photons is in a Gaussian mode. An efficient conversion
between these photon modes is the main key to the first
challenge. Among the technical solutions for the mode
conversion are high numerical aperture lenses and parabolic
mirrors. The last ones promise the most efficient conversion
efficiency. In order to characterize the quality of the spatial
mode matching a quantity coupling efficiency is used. An
extensive discussion about the connection of this coupling
efficiency to the well known strong coupling regime in the
context of cavity QED is given in [83]. Note that, in contrast to
the cavity QED case, where the field mode structure around
the atom is changed and so the atomic emission pattern is
changed, the field mode converter for the free atom does not
change the field mode structure and density.
The second main challenge is the temporal mode matching of the incoming photon. A spontaneously emitted photon
has an exponentially decaying profile. At the same time,
a two-level atom requires an exponentially rising temporal
pulse for efficient photon absorption. Therefore either we stay
with two-level atoms, as they are easier to treat theoretically
but require a technique for reshaping temporal profiles of
single photons, or we extend a pure two-level system. This
allows us to add a tool for modulating the temporal emission
and absorption profiles to match one of the absorbing atom.
Although there exist techniques for temporal light pulse
shaping, they may result in too much excessive noise at
the single photon level. Therefore the modulation of the
emission pattern using an extra atom level is technically more
promising.
Finally, we went through the state-of-the-art experiments
on single free atom, photon interaction to demonstrate how
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the necessary ingredients of theoretical ideas can experimentally be realized, and where the challenges on the
experimental side are.

f
Ω L , kL

e−1

3. ‘‘Superatoms’’
Although we have several theoretical ideas of improving single atom, single photon interfacing, their laboratory implementation and scaling to many atom-photon interface nodes
may be technically challenging. We concentrate now on an
alternative complementary idea of using atomic ensembles
instead single atoms itself. Our goal is to engineer an atomic
quantum object, a “superatom,” which can emit and absorb
single photons with high efficiency.
Tuning the collective interaction of all atoms in the
ensemble with the available photon vacuum modes allows
controlling emission-absorption directionality [102]. In the
classical case this corresponds to an interference from an
array of dipole antennas. In the quantum case this is connected to a superradiance effect. On the other hand, tuning
the strong interactions between the atoms excited to Rydberg
states allows treating multiatomic system as an artificial atom
with only one excitation. This behavior is known as Rydberg
blockade.

e+1

e0
kem

𝜔0

kgf
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Figure 10: Atoms with three excited substates 𝑒−1 , 𝑒0 , and 𝑒+1 , a
ground state 𝑔, and a long lived state 𝑓 are arranged in a regular
lattice. The state 𝑓 is coupled to the state 𝑒+1 by a classical laser
field. The excited states decay to the ground state emitting a photon
with 𝜎− , 𝜋, and 𝜎+ polarized photons, respectively. The direction of
the emission is determined by the wave number of the atomic 𝑔-𝑓
coherence and the wave number of the out-coupling field, 𝑘⃗ em =
𝑘⃗ 𝑔𝑓 − 𝑘⃗ 𝐿 .

3.1. Superradiance
3.1.1. Modelling Superradiance. The collective interaction of
light with ensembles of absorbers and scatterers has been
an active field of study since the early days of electromagnetism, while collective phenomena in spontaneous emission
received wide attention with the pioneering work on Dicke
superradiance from population inverted samples [103]. Early
studies of collective emission from ensembles with few excitations [15, 104–108] (see also [109] and references therein)
have been followed by a recent flourishing of analyses [17, 18,
43, 110–117]. Although this collective interaction is by itself
an interesting question from the fundamental interest point
of view, here we focus on the applied side, the controlled
emission of a single photon and its reabsorption by small
atomic samples.
In the following derivation we essentially follow the steps
from Section 2.1 but generalize them to a multiatom case. We
start with a collection of 𝑁 identical atoms from Figure 4,
which can be prepared in a single ground state 𝑔, and
where a suitable, symmetric excitation mechanism allows the
preparation of a state
𝑁


𝜓⟩ = ∑𝑎𝑗 𝑔1 𝑔2 , . . . , 𝑓𝑗 , . . . , 𝑔𝑁⟩

(30)

𝑗=1

with a single atom transferred to the metastable state 𝑓; see
Figure 6 [17]. We assume that 𝑁 atoms are located at the
positions 𝑟𝑗⃗ (𝑗 = 1, . . . , 𝑁). With plane wave excitation laser
fields, the amplitudes 𝑎𝑗 may have equal magnitude and they
depend on the phase of the fields at the atomic locations,
𝑎𝑗 = (1/√𝑁) exp(−𝑖𝑘⃗ 𝑔𝑓 ⋅ 𝑟𝑗⃗ ).
To release a photon from the system, similar to
Section 2.1, we use a classical laser field with the Rabi

frequency Ω𝐿 to drive the atomic 𝑓-state amplitude into an
optically excited state 𝑒+1 , with a strong dipole coupling to the
ground state 𝑔. The system now acts as an antenna array for
dipole radiation on the transition 𝑒-𝑔, and this is the cause of
the desired directionality of the emitted light. As indicated
in Figure 10, the initially populated states may be extremal
Zeeman sublevels with well defined polarization selection
rules, and the photon emitted on the 𝑒-𝑔 transition may be
𝜎+ polarized with respect to the atomic quantization axis. In
contrast to the single atom case, this field, however, may be
reabsorbed by another atom located in an arbitrary direction
from the emitter, and, here, the expansion of the field on
polarization components permits excitation with selection
rules Δ𝑚 = 0, ±1. To describe the many-atom emission,
we thus have to include other Zeeman sublevels than the
ones initially populated. This motivates the model depicted
in Figure 10, with unique states 𝑔 and 𝑓, and three excited
states 𝑒0 and 𝑒±1 , corresponding to a 𝐽 = 0-𝐽 = 1 optical
transition. This configuration is the simplest extension of a
two-level model atom that allows us to fully take into account
the polarization of the emitted and reabsorbed light as well as
the resulting dipole-dipole interactions between the atoms.
In the following we will use the short hand notation
for singly excited states of the atomic ensemble, |𝑓𝑗 ⟩ ≡
|𝑔1 𝑔2 ⋅ ⋅ ⋅ 𝑓𝑗 ⋅ ⋅ ⋅ 𝑔𝑁⟩, and similarly for |𝑒] ⟩, with ] = 0, ±1. This
allows keeping the notation very similar to the one used in
Section 2.1. In the dipole approximation the interaction of
atoms with photons is described by a Hamiltonian
𝐻 = 𝐻0 + 𝐻int ,

(31)
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which is the generalization of (2) of the multiatom case. Here
𝑁 1


+
𝑎
+
𝐻0 = ∑ ∑ℏ𝜔𝑘 𝑎𝑘𝜆
∑
∑ ℏ𝜔0 𝑒𝑗] ⟩ ⟨𝑒𝑗] 
⃗
⃗ 𝑘𝜆
𝑘⃗

𝑁 1

]
−𝑖𝜔 𝑡  ]
𝜓 (𝑡)⟩ = ∑ ∑ 𝛽𝑗 (𝑡) 𝑒 0 𝑒𝑗 ⟩ |0⟩

𝑗=1 ]=−1

𝜆

the atoms and the quantized field can hence be expanded on
the form [18, 110, 118]

𝑗=1 ]=−1

(32)

𝑁


+ ∑ ℏ𝜔𝑓𝑔 𝑓𝑗 ⟩ ⟨𝑓𝑗 

 
+ ∑𝑒𝑘𝜆⃗ (𝑡) 𝑒−𝑖𝜔𝑘 𝑡 𝑔⟩ 1𝑘𝜆⃗ ⟩
⃗
𝑘,𝜆

𝑗=0

(36)

𝑁

+∑ ∑

is the atom-field Hamiltonian and the interaction part is
𝐻int = 𝐻𝐿 + 𝐻𝑉.

𝑁

𝑗=1

(34)

where 𝜖𝐿⃗ is the polarization direction of the coupling field
⃗𝑗 = 𝑑̂𝑓𝑒 |𝑓𝑗 ⟩⟨𝑒𝑗+1 |. The
with the optical frequency 𝜔𝐿 and 𝜎𝑓𝑒
direction of the dipole moment for this transition 𝑑̂ is fur-

⃗
𝜂
⃗⃗ )
𝛽𝑙̇ = − ∑𝑒𝑘𝜆⃗ 𝑔𝑘 𝑒−𝑖((𝜔𝑘 −𝜔0 )𝑡−𝑘⋅𝑟𝑙⃗ ) (𝑑̂𝜂𝑔 ⋅ 𝜖𝑘𝜆
⃗
𝑘,𝜆
𝑁

𝑗

𝑔𝑒

𝑗=1 ]=−1

(35)

𝜌𝜋
⃗⃗ )
𝛼̇𝑝𝑟,𝑞𝜎⃗ = 𝛽𝑟𝜌 𝑔𝑞 𝑒𝑖((𝜔𝑞 +𝜔0 )𝑡−𝑞⋅⃗ 𝑟𝑝⃗ ) (𝑑̂𝜋𝑔 ⋅ 𝜖𝑞𝜎

⃗

]=−1

𝑔]

𝑗

1

̇ ⃗ = ∑ ∑ 𝛽𝑗] 𝑔𝑞 𝑒𝑖((𝜔𝑞 −𝜔0 )𝑡−𝑞⋅⃗ 𝑟𝑗⃗ ) (𝑑̂𝑔] ⋅ 𝜖𝑞𝜎
⃗ ⃗ ),
𝑒𝑞𝜎

which is a natural multiatom generalization of (7). The
⃗𝑗 =
multiatom dipole operators for atom 𝑗 are then 𝜎𝑒𝑔
1
1
𝑑̂ |𝑒] ⟩⟨𝑔 | and 𝜎⃗𝑗 = ∑
𝑑̂ |𝑔 ⟩⟨𝑒] |.
∑
𝑗

]𝜇
−𝑖(𝜔𝑘 +𝜔0 )𝑡
⃗ 𝑔𝑘 𝑒
𝑚𝑛,𝑘𝜆

⃗
⃗
⃗ ⃗ ) 𝛿𝑙𝑛 𝛿𝜂] + 𝑒𝑖𝑘⋅𝑟𝑛⃗ (𝑑̂𝑔] ⋅ 𝜖𝑘𝜆
⃗ ⃗ ) 𝛿𝑙𝑚 𝛿𝜂𝜇 ] ,
× [𝑒𝑖𝑘⋅𝑟𝑚⃗ (𝑑̂𝑔𝜇 ⋅ 𝜖𝑘𝜆

⃗𝑗 )
𝜎𝑔𝑒

⃗

]𝑔

1

∑ ∑𝛼

𝑛=1 𝑚=𝑛+1 ],𝜇=−1 𝑘,𝜆
⃗

+ −𝑖𝑘⋅𝑟𝑗⃗
⃗ ⃗ 𝑎𝑘𝜆⃗ 𝑒𝑖𝑘⋅𝑟𝑗⃗ − 𝜖𝑘𝜆
⃗ ⃗ 𝑎𝑘𝜆
⋅ (𝜖𝑘𝜆
),
⃗ 𝑒

]=−1

𝑁

−∑ ∑

𝑁

+

(𝑡) 𝑒−𝑖(𝜔𝑘 +2𝜔0 )𝑡

𝜇
𝜇
where a state |𝑒𝑛] 𝑒𝑚
⟩|1𝑘𝜆⃗ ⟩ = |𝑔1 , . . . , 𝑒𝑛] , . . . , 𝑒𝑚
, . . . , 𝑔𝑁⟩|1𝑘𝜆⃗ ⟩
with two atoms excited and one photon in the field mode is a
new feature in comparison to (8), apart from the multiatom
generalization.
The substitution of (36) into the time dependent
Schrödinger equation with the Hamiltonian from (31) yields

𝑓𝑒

𝐻𝑉 = −

]𝜇

⃗
𝑚𝑛,𝑘𝜆

 𝜇 
× 𝑒𝑛] 𝑒𝑚
⟩ 1𝑘𝜆⃗ ⟩ ,

ther assumed to be parallel to 𝜖𝐿⃗ , so that the transfer of amplitude happens exclusively to the state |𝑒+1 ⟩.
The coupling of the atomic dipole between |𝑔⟩ and |𝑒⟩ to
the quantized radiation field modes is described by
⃗𝑗
𝑖 ∑ ∑ℏ𝑔𝑘 (𝜎𝑒𝑔
𝑗=1 𝑘,𝜆
⃗

∑ ∑𝛼

(33)

Ω𝐿
⃗𝑗 ⋅ 𝜖𝐿⃗ ) 𝑒𝑖𝜔𝐿 𝑡 ] ,
⃗𝑗 ⋅ 𝜖𝐿⃗ ) 𝑒−𝑖𝜔𝐿 𝑡 + (𝜎𝑒𝑓
[(𝜎𝑓𝑒
2

𝑁

1

𝑛=1 𝑚=𝑛+1 ],𝜇=−1 𝑘,𝜆
⃗

The semiclassical coupling to the initial long-lived state is

𝐻𝐿 = ∑ℏ

𝑁

𝑗

To simplify the model, we henceforth ignore spontaneous
emission on the 𝑒-𝑓 transition; this may on the one hand
be chosen as a transition with a weaker dipole moment,
and on the other hand it does not experience the collective
enhancement that we shall observe on the 𝑒-𝑔 transition.
Further, we use rotating wave approximation in (34) because
we assume strong laser light beam for this coupling, which
allows treating this transition semiclassically.
We expand the time dependent solution of the
Schrödinger equation for 𝑁 atoms and the field as a
superposition of Fock states. Due to the parity conservation
dictated by 𝐻𝑉, the only state coupled directly to |𝑒𝑗] ⟩|0⟩ is
𝜇
|𝑒𝑛] 𝑒𝑚
⟩|1𝑘𝜆⃗ ⟩ with two atoms excited and one photon present in
the electromagnetic field. Due to its large violation of energy
conservation this transition is significantly suppressed
relative to the energy conserving transition to |𝑔⟩|1𝑘𝜆⃗ ⟩, and
the coupling to states with even higher excitations via the
𝜇
⟩|1𝑘𝜆⃗ ⟩ can be safely neglected. The state vector of
state |𝑒𝑛] 𝑒𝑚

⃗ ⃗ ).
+ 𝛽𝑝𝜋 𝑔𝑞 𝑒𝑖((𝜔𝑞 +𝜔0 )𝑡−𝑞⋅⃗ 𝑟𝑟⃗ ) (𝑑̂𝜌𝑔 ⋅ 𝜖𝑞𝜎
(37)
The details of the calculation of the necessary matrix elements
are described in the appendix of [18]. Solving this set of
equations for the atomic amplitudes using the similar approximations as in Appendix A yields a closed set of equations:
𝑎𝑙̇ =
𝛽𝑙̇ =
𝜂

Ω𝐿 𝑖(𝜔𝑓𝑒 −𝜔𝐿 )𝑡 +1
𝛽𝑙 ,
𝑒
2𝑖

Ω𝐿 −𝑖(𝜔𝑓𝑒 −𝜔𝐿 )𝑡
Γ 𝜂
Γ
𝜂
𝛿𝜂,1 𝑎𝑙 − 𝛽𝑙 + 𝑖 ( 3 𝐴) 𝛽𝑙
𝑒
2𝑖
2
2𝜔0
𝑛

1

3 Γ
𝜂]
𝜂]
−∑ ∑
(𝜋𝐵𝑙𝑗 − 𝑖𝐺𝑙𝑗 ) 𝛽𝑗] .
3
2
2𝜔
0
𝑗=1 ]=−1

(38)

(39)

We present here only the final results, whereas the details of
the calculations are described in [18].
The first equation describes the coupling of the fast
decaying state |𝑒𝑙] ⟩ to the metastable state |𝑓𝑙 ⟩. In the second
𝜂
equation we have explicitly grouped terms where 𝛽𝑙 couples
]
to |𝑓𝑙 ⟩, to itself, and to the different states 𝛽𝑗 as these terms
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have different physical interpretations and consequences. The
first term describes the coupling of the metastable state |𝑓𝑙 ⟩ to
the fast decaying state |𝑒𝑙] ⟩. The second and third terms with
𝐴 = 𝑃∫

∞

𝑑𝜔𝑘 𝜔𝑘3

𝜔𝑘 − 𝜔0

0

∞

+ 3 (𝑁 − 1) 𝑃 ∫

0

𝑑𝜔𝑘 𝜔𝑘3

𝜔𝑘 + 𝜔0

𝑎𝑗 (0) =
(40)

describe the single atom behavior similar to (11). In contrast
to (12), it contains not only the single atom Lamb shift of
the excited atomic state, but also a contribution due to the
virtual transition with any one of the other (𝑁 − 1) ground
state atoms being excited; that is, it represents the single atom
ground state Lamb shift of those atoms [15, 18, 110, 119]. None
of these terms depend on the geometry of the atomic system,
that is, on the relative positions of the 𝑁 atoms. The coupling
of different atomic excited state amplitudes in (39) described
by the last two terms explicitly depends on the geometry of
the sample. The real part describes the modification of the
decay rate of the atom 𝑙 because of all the other atoms around
it [18]
𝜂]
→
𝜏 (𝑘0 𝑅𝑙𝑗 ) ⋅ 𝑑̂𝑔] ) .
𝐵𝑙𝑗 = (1 − 𝛿𝑗𝑙 ) 𝜔03 (𝑑̂𝜂𝑔 ⋅ ←

that the atomic system is initially prepared in a so-called
timed Dicke state

(41)

1 −𝑖𝑟𝑗⃗ ⋅𝑘⃗ 𝑔𝑓
𝑒
,
√𝑁

→
𝛾 (𝑘𝑅𝑙𝑗 ) ⋅ 𝑑̂𝑔] )
= (1 − 𝛿𝑗𝑙 ) (𝑑̂𝜂𝑔 ⋅ ←

(42)

𝐼𝜖 (𝑟,⃗ 𝑡) = ⟨Ψ𝜖 | Ψ𝜖 ⟩ =

𝜂

describes effective level shift of the state |𝑒𝑙 ⟩ caused by the
dipole coupling to all the other atoms, mediated by the
quantized radiation field. Here we use notations 𝑘0 = |𝑘⃗ 0 |,
̂ 𝑙𝑗 is the direction of the
𝑅⃗ 𝑙𝑗 = 𝑟𝑙⃗ − 𝑟𝑗⃗ , and 𝑅𝑙𝑗 = |𝑅⃗ 𝑙𝑗 |, and 𝑅
⃗
vector 𝑅𝑙𝑗 and the second rank tensors are defined as [18, 120]

←
→ ̂ ̂ cos (𝑘𝑅)
←
→
𝛾 (𝑘𝑅) = [ 𝐼 − 𝑅
𝑅]
𝑘𝑅

2 4
𝑑𝑒𝑔
𝑘0
2

(4𝜋𝜀0 𝑟)

𝑁

1
𝑟
∑ 𝛽𝑗] (𝑡 − )
𝑐
𝑗,𝑗 =1 ],𝜎=−1

× ∑

𝑟 ∗
× (𝛽𝑗𝜎 (𝑡 − )) 𝑒𝑖𝑘0 (̂𝑟⋅(𝑟𝑗⃗ −𝑟𝑗⃗  ))
𝑐

(45)

←
→ ̂ ̂
̂
× (𝜖 ⃗ ⋅ ( 𝐼 − 𝑅
𝑗 𝑅𝑗 ) ⋅ 𝑑𝑔] )

←
→ ̂ ̂ sin (𝑘𝑅)
←
→
𝜏 (𝑘𝑅) = [ 𝐼 − 𝑅
𝑅]
𝑘𝑅
←
→
̂ 𝑅]
̂ ( cos (𝑘𝑅) − sin (𝑘𝑅) ) ,
+ [ 𝐼 − 3𝑅
𝑘2 𝑅2
𝑘3 𝑅3

(44)

This state is coupled to |𝑒+1 ⟩ by switching on the laser field
described by the Rabi frequency Ω𝐿 . We first study the
case where this coupling field is kept constant. In order to
avoid resonant coupling to individual decay modes [17], we
assume, as we did in Section 2.1, that the Ω𝐿 -field detuning
from the single atom resonance |𝑓⟩-|𝑒+1 ⟩ is larger than
the Rabi frequency Ω𝐿 . This allows us to study the spatial
radiation modes from the atomic system independently on
the temporal profile; see Section IV of [17] for further
discussion.
Since the system has one excitation, it will result in the
emission of a single light quanta. In order to visualize the
mode structure of the emitted field, we analyze the probability
to detect this emitted photon at a position 𝑟,⃗ relative to the
atom system, at time instance 𝑡 with the handedness of the
photon 𝜖, as we did in (16). The multiatom generalization of
(17) is

The imaginary part
]𝜂
𝐺𝑙𝑗

𝛽𝑗] (0) = 0.

←
→ ̂ ̂
̂
× (𝜖 ⃗ ⋅ ( 𝐼 − 𝑅
𝑗 𝑅𝑗 ) ⋅ 𝑑𝜎𝑔 )
(43)

←
→
̂ 𝑅]
̂ ( sin (𝑘𝑅) + cos (𝑘𝑅) ) .
+ [ 𝐼 − 3𝑅
𝑘2 𝑅2
𝑘3 𝑅3
Due to the collective effects the decay rate of the atomic
sample can substantially deviate from the single atom decay
rate. In the extreme case, depending on the geometry and the
initial conditions, the collective decay rate can be vanishing.
This behavior was coined subradiance. In the opposite case,
when the collective decay rate is larger than the single
atom decay rate, the behavior is called superradiance. These
changes to the decay rate were pointed out by Dicke in early
fifties in his pioneering work [103]. The collective effects
have as well an effect on the spatial mode of the emitted
light, which is substantially deviated from the single dipole
emission pattern as well; see Figure 1.
To study the spatial mode of the emitted light in more
details, we specify more precisely the setting. We assume now

with 𝑅⃗ 𝑗 = 𝑟 ⃗ − 𝑟𝑗⃗ .
Before we start the analysis of the emission pattern in
the general case, it is instructive to consider a simplified case
first, which allows visualizing the main features. We assume
for a moment that we have an array of 𝑁 atoms with the
interatomic separations much larger than the wavelength 𝜆 0
𝜂,]
of the emitted light. In this approximation both tensors 𝐵𝑙,𝑗
𝜂,]
and 𝐺𝑙,𝑗 are vanishing; that is, each atom decays with a usual
single atom decay rate. Further we suppose the states |𝑓𝑗 ⟩ are
fully mapped onto the corresponding |𝑒𝑗+1 ⟩. In this case the
corresponding emitted intensity is then
𝐼𝜖 (𝑟,⃗ 𝑡) =

2 4
𝑘0
𝑑𝑒𝑔
2

(4𝜋𝜀0 𝑟) 𝑁

𝑁

2 4
𝑑𝑒𝑔
𝑘0

𝑗=1

(4𝜋𝜀0 𝑟) 𝑁

𝜖
+
𝑒−Γ(𝑡−𝑟/𝑐) ∑𝐶𝑗,𝑗
𝑁

𝑁

2

⃗

𝑖(𝑘0 𝑟̂−𝑘em )⋅(𝑟𝑗⃗ −𝑟𝑗⃗  )
𝜖
× 𝑒−Γ(𝑡−𝑟/𝑐) ∑ ∑ (1 − 𝛿𝑗,𝑗 ) 𝐶𝑗,𝑗
𝑒
𝑗=1 𝑗 =1

(46)
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with
𝜖
𝐶𝑗,𝑗


←
→ ̂ ̂
←
→ ̂ ̂
̂
̂
= (𝜖 ⃗ ⋅ ( 𝐼 − 𝑅
𝑗 𝑅𝑗 ) ⋅ 𝑑𝑔,+1 ) (𝜖 ⃗ ⋅ ( 𝐼 − 𝑅𝑗 𝑅𝑗 ) ⋅ 𝑑+1,𝑔 ) .
(47)

For a detailed derivation of these equations, see Appendix
A of [17]. Equation (47) can be further simplified using
̂ 𝑗 = 𝑟̂𝑟̂(1 + 𝑂(𝑟𝑗 /𝑟)). In this case the function 𝐶𝜖 has
̂𝑗 𝑅
𝑅
𝑗,𝑗
an interpretation as the angular dependence of the dipole
emission pattern for a given handedness 𝜖 expressed in a
tensor form, which is similar to the second line of (18).
Correspondingly, in the direction 𝑟̂ = 𝑘⃗ em /𝑘0 we have
𝐼𝜖 (𝑟,⃗ 𝑡) ≈ 𝑁2 ×

2 4
𝑑𝑒𝑔
𝑘0
2

𝑁(4𝜋𝜀0 𝑟)

𝜖
𝑒−Γ(𝑡−𝑟/𝑐) 𝐶𝑗,𝑗
,

(48)

while for all other directions 𝑟̂ ≠ 𝑘⃗ em /𝑘0 the exponents in (46)
average out and give
𝐼𝜖 (𝑟,⃗ 𝑡) ≈ 1 ×
2

2 4
𝑘0
𝑑𝑒𝑔
2

𝑁(4𝜋𝜀0 𝑟)

𝜖
𝑒−Γ(𝑡−𝑟/𝑐) 𝐶𝑗,𝑗
,

the spatial light field mode of a remote atomic sample, which
then will absorb this photon, provided that the temporal
modes are matched as well.
We proceed therefore now with the temporal mode of the
emitted light. In the previous example we have assumed that
the state |𝑓⟩ is coupled to |𝑒+1 ⟩ by switching on the constant
laser field described by the Rabi frequency Ω𝐿 ; see dashed
red line on Figure 12. In this case the temporal profile of the
emitted light is presented by a dashed blue line on Figure 12.
It has approximately exponential shape. Its time constant is
given by the combination of the coupling field parameters;
see [17] for a detailed discussion of this shape. Modulation
of the coupling field Ω𝐿 allows altering this exponential
shape. For example, with the coupling field presented by
a red line on Figure 12, the emitted light has a symmetric
Gaussian temporal profile as shown by a blue line on Figure 12
[17]. Again, based on the time reversal argument [24, 30],
the target atomic sample will fully absorb such incoming
photon, provided that Ω𝐿 (𝑡) coupling its |𝑒+1 ⟩ and |𝑓⟩ levels
is properly timed.

(49)

that is, 1/𝑁 reduced emission intensity. This is the well
known mechanism of directed emission from an atomic
sample.
The corresponding emission patterns for different atom
configurations in a general case of interacting 𝑁 atoms are
presented in Figure 11. Due to the collective atomic effects
the emission patterns are completely different from what
we had for a single atom Figure 1. Precise calculations show
[17] that, for the case of forward emission for atoms with
larger separations, the role of the levels |𝑒𝑗0 ⟩ and |𝑒𝑗−1 ⟩ on the
photon reabsorption effects is negligible. The directionality of
emission in this case depends on the lattice spacing and can be
understood as interference of Bragg scattering contributions
[43]. For a critical spacing of 𝑑 = 𝜆 0 /2 or an integer multiple
of 𝜆 0 /2 with 𝜆 0 = 2𝜋/𝑘0 , the photon is mainly emitted in
the forward and backward directions with equal probability;
see Figures 11(a) and 11(e). With an increased value of 𝑑
this symmetry is broken and the forward emission peak
becomes dominant; see Figures 11(b)–11(d) and 11(f), which
we approximately illustrated with (48) and (49). Due to the
diffraction-like effects the directionality of the emitted light
improves with the increase of the array size. This is illustrated
on Figures 11(c), 11(g), and 11(h). They show the angular
distribution of emitted light for lattices with the same spacing
but with an increasing number of atoms.
Therefore, in contrast to the single atom emission, the
atomic array emission pattern can be tuned. In particular
it can have very pronounced directionality already for a
relatively small atomic array as depicted in Figure 11. Moreover, the analysis shows that in the forward direction mostly
one polarization is emitted [17]. The light from this small
solid angle can be efficiently collected by an objective with
a reasonably small numerical aperture and straightforwardly
converted to a propagating Gaussian light mode. This photon
field can then be efficiently transferred over a large distance.
Using a second objective this photon light can be matched to

3.1.2. Experimental Techniques. The starting point of our
theoretical analysis of the superradiance effects was a small
ensemble of 𝑁 identical atoms situated at certain positions
in space. In particular, each atom should be localized at
one point which is space and emitting without any recoil
according to the initial Hamiltonian Equation (35). Practically, such system can be a sample of cold alkali, alkalineearth, or rare-earth atoms arranged in a 3D array. Such
arrays, for example, with rubidium, strontium, or ytterbium
atoms, can now be routinely created using standing waves
of counterpropagating laser beams or more generally in 3D
optical lattices. Typical spacings in these arrays range from
half the optical wavelength and upwards for red detuned
traps. Therefore they readily satisfy the requirements for
directional emission even for small atomic samples according
to the analysis from Section 3.1.
The starting point for preparing such atomic samples is a
Doppler cooling in a magneto-optical trap and transferring
these atoms into a dipole trap, described in Section 2.2.
Instead of taking a single focused laser beam for a single
optical tweezer, one can create a 3D lattice of microtraps
by using corresponding interference patterns of the trapping
beams. Two counterpropagating beams will create a onedimensional lattice of microoptical traps separated by half
of the wavelength of the laser light. Six counterpropagating
beams will correspondingly produce a 3D optical lattice with
the spacing of half of the wavelength of the laser light.
Changing the intensity of the laser beams, one varies the
depth of the microoptical traps [52].
Although efficient reloading of cold atomic clouds from a
magneto-optical trap to an optical lattice is possible [121, 122],
the individual lattice sites are filled with a random number
of atoms. These atom number fluctuations can be reduced
to zero or one atom per site at most using the effect of
collisional blockade, described in Section 2.2.1. Furthermore,
collisional blockade schemes can be used to reduce the
number of multiply occupied trapping sites for atoms stored
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Figure 11: Polar plot of the angular intensity distributions of light at the distance 𝑟 = 199𝑐/Γ from the atoms for a lattice of 3 × 3 × 8 atoms
for the cases (a) 𝑑 = 0.50𝜆 0 (More than 95% of the intensity is emitted in the positive 𝑧-direction within a cone with a half opening angle
Δ𝜃 = 0.38 rad.), (b) 𝑑 = 0.53𝜆 0 (Δ𝜃 = 0.36 rad.), (c) 𝑑 = 0.60𝜆 0 (Δ𝜃 = 0.33 rad.), (d) 𝑑 = 0.90𝜆 0 (Δ𝜃 = 0.22 rad.), (e) 𝑑 = 1.00𝜆 0
(Δ𝜃 = 0.20 rad.), (f) 𝑑 = 1.10𝜆 0 (Δ𝜃 = 0.18 rad.). The total angular distribution for lattices (g) 6 × 6 × 8 (Δ𝜃 = 0.21 rad.), and (h) 8 × 8 × 8
(Δ𝜃 = 0.18 rad.) with 𝑑 = 0.60𝜆 0 . The coupling laser parameters are Ω𝐿 = 2Γ and the single atom detuning of the Ω𝐿 field is 10Γ. The figure
is from [17].

in a 3D optical lattice [123]. For the experimental realization
of the situation described in Section 3.1 we need a lattice
with single atom per a trapping lattice cite. A widely used
route towards reaching unit occupation per lattice site is first
to cool the atomic sample down to reach a superfluid Bose
Einstein condensation state. This ultracold atomic sample
is then adiabatically transferred into a 3D optical lattice. A
close to perfect array of atoms is then obtained with almost

exactly one atom per site by inducing the Mott insulator
state increasing the barrier between the trapping sites of the
lattice [124, 125]. Arrays of atoms with given dimensions
can be prepared by removing the unnecessary atoms [126].
Such arrays of ultracold atoms are perfect candidates for
demonstrating collective atomic effects.
The collective interaction effects in such an array of atoms
have two distinct experimental signatures. The first one is
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Figure 12: Temporal shaping of the photon emission from an atomic
array of 3 × 3 × 8 atoms with 𝑑 = 0.60𝜆 0 . Integrated intensity 𝐼 =
∑𝜖 ∫ 𝑑Ω𝑟2 𝐼𝜖 (𝑟,⃗ 𝑡) as function of the distance from the atomic sample
(blue dashed line) using a constant pulse (thin, red dashed line) with
Ω𝐿0 = 10.5Γ and 𝛿 = 120Γ. With a specially designed outcoupling
pulse with peak Rabi frequency Ω𝐿0 = 42.0Γ and the temporal shape
𝑓(𝑡) (thin red line), we obtain a Gaussian temporal shape at 𝑅 =
260𝑐/Γ of the emitted light intensity (blue line). The figure is from
[17].

the change of the decay rate of the atomic sample, relative
to the single atom case or an array of noninteracting atoms.
Depending of the initial excitation state of the atomic array
it can be faster (superradiance) or slower (subradiance) or
it can have nonexponential behavior in the form of beats
of several modes [17]. The second experimental signature is
the change of the directionality of the emission-absorption
patterns of the atomic sample, relative to the single atom case.
The temporal signature of the collective interaction is present
already for two particles. In this geometry the effects of superand subradiance were already observed with two ions [127]
and two molecules [128]. Nanothickness atomic vapors were
used to spectroscopically observe the temporal collective
effects [129]. Here the collective interaction between the
atoms has an effect on the light transmission through the
atomic sample. The change of spatial directionality of the
emission-absorption patterns is observable with multiatom
systems. The current experimental efforts and the corresponding theoretical proposals are directed in detecting both
of these signatures of collective interactions effects. Due to
the very challenging nature of these experiments, where an
atomic array of cold atoms has to be created and coherent
properties of these atoms have to be controlled in one setup,
the main work is currently performed with dense ultracold
clouds of atoms [119, 130–132], instead of regular arrays; see
Section 3.1.1.
3.2. Rydberg Blockade
3.2.1. Modelling Rydberg Blockade. So far in Section 3.1.1 we
have assumed that the system on 𝑁 atoms possesses only one

excitation. In this section we look into the question how this
situation can be practically realized.
Neutral atoms in a ground state trapped in an optical lattice with the spacing of the order of the emission
wavelength interact weakly. Therefore, an excitation of the
atomic sample with one common laser beam from the
ground state |𝑔⟩ to the state |𝑓⟩ will bring all the atoms
into this state, resulting in many excitations in the atomic
system. In contrast, if the atoms are in a highly excited state,
that is, Rydberg state, the interatomic interactions at these
separation are much stronger due to large dipole moments
of these states. The extension of the electron wave function
for the last valence electron of the atom increases as 𝑛2 𝑎0 ,
where 𝑎0 is a Bohr radius and 𝑛 is the principle quantum
number. This scaling results in large dipole moments for
atoms in high 𝑛-states, that is, Rydberg states, for they are
proportional to the extension of the valence electron wave
function. Consequently, if several quantum systems interact
strongly with each other, their simultaneous excitation by the
same driving pulse may be forbidden [133–135]. This effect
is known as Rydberg blockade and the range where the full
blockade takes place is called blockade radius.
More quantitatively, we consider first a more simplified
picture of just two interacting atoms separated by a distance
𝑅 = |𝑟1⃗ − 𝑟2⃗ |. We assume that the state |𝑓⟩ of our atom is
the Rydberg state; see Figure 10. The two states |𝑔⟩ and |𝑓⟩
are resonantly coupled with a Rabi frequency Ω𝑔𝑓 . When
both atoms are in the states |𝑓1 ⟩ and |𝑓2 ⟩, they interact
strongly, which leads to an energy shift depicted by red
lines on Figure 13(a). When this shift becomes larger than
the coupling strength Ω𝑔𝑓 , the coupling laser light is out
of resonance with the transition coupling single and doubly
excited states (Figure 13(b)). Therefore only one atom at a
time can be transferred to a Rydberg state. This mechanism
is called Rydberg blockade. When the atoms are in the
blockaded regime, the coherent dynamics in this system are
described by the Hamiltonian
𝐻𝐵 =

ℏΩ𝑔𝑓
2

⃗
⃗




(𝑒𝑖𝑘𝑔𝑓 ⋅𝑟1⃗ 𝑓1 ⟩ ⟨𝑔 + 𝑒𝑖𝑘𝑔𝑓 ⋅𝑟2⃗ 𝑓2 ⟩ ⟨𝑔
−𝑖𝑘⃗ 𝑔𝑓 ⋅𝑟1⃗

+𝑒


 −𝑖𝑘⃗ ⋅𝑟⃗ 

𝑔⟩ ⟨𝑓1  + 𝑒 𝑔𝑓 2 𝑔⟩ ⟨𝑓2 ) .

(50)

The atomic state
⃗
⃗
1



(𝑒𝑖𝑘𝑔𝑓 ⋅𝑟1⃗ 𝑓1 ⟩ + 𝑒𝑖𝑘𝑔𝑓 ⋅𝑟2⃗ 𝑓2 ⟩)
Ψ+ ⟩ =
√2

(51)

is coupled to the ground state with the strength √2Ω𝑔𝑓 and is
called bright state. The other state |Ψ− ⟩
⃗
⃗
1



(𝑒𝑖𝑘𝑔𝑓 ⋅𝑟1⃗ 𝑓1 ⟩ − 𝑒𝑖𝑘𝑔𝑓 ⋅𝑟2⃗ 𝑓2 ⟩)
Ψ− ⟩ =
√2

(52)

is called a dark state and is completely decoupled from
the excitation field Ω𝑔𝑓 . Therefore the multiatom system
under the condition of full blockade behaves as effective
two-level system, which can have at most one excitation; see
Figure 13(b).
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Figure 13: (a) Principle of the Rydberg blockade between two atoms separated by a distance 𝑅. Two states |𝑔⟩ and |𝑓⟩ are coupled with Rabi
frequency Ω𝑔𝑓 . When the two atoms are in state |𝑓1 , 𝑓2 ⟩ they interact strongly which leads to symmetrical energy shifts Δ𝐸 = ±𝐶3 /𝑅3 . When
this shift becomes larger than ℏΩ𝑔𝑓 , the laser is out of resonance with the transition coupling the singly and doubly excited states, and only
one atom at a time can be transferred to the Rydberg state. (b) When the atoms are in the blockade regime, the state |Ψ+ ⟩, described in the
text is only coupled to the ground state |𝑔⟩ with a strength √2Ω𝑔𝑓 while the state |Ψ− ⟩ is not coupled by the laser to the states |𝑔⟩ and |𝑓1 , 𝑓2 ⟩.
The atoms are therefore described by an effective two-level system. The figure is from [134].

The similar blockade mechanism works for 𝑁 atoms. The
generalization of the Hamiltonian Equation (50) is [136]
𝐻𝐵 =

ℏ√𝑁Ω𝑔𝑓 

 
(Ψ+ ⟩ ⟨𝑔 + 𝑔⟩ ⟨Ψ+ )
2

(53)

1 𝑁 𝑖𝑘⃗ 𝑔𝑓 ⋅𝑟𝑗⃗ 

𝑓𝑗 ⟩ .
∑𝑒
Ψ+ ⟩ =

√𝑁 𝑗=1

(54)

with

In the 𝑁 atom case of full blockade there generally are 𝑁
orthogonal states, but only one of these states equations
(36) is a bright state, which is coupled to the excitation
laser. All other states are dark states and are decoupled from
the dynamics. Therefore a system of 𝑁 atoms under the
condition of full Rydberg blockade behaves as an effective
two-level system of levels |𝑔⟩ and |Ψ+ ⟩ with only one atomic
excitation. For an array of 𝑁 atoms to be in the fully blocked
state, the distance between its furthest neighbors should be
smaller than the blockade radius. The size of the blockade
radius depends on the strength of the dipole interaction,
and therefore it depends on the Rydberg levels chosen of a
particular atom in the experiment.
3.2.2. Experimental Techniques. The first distinct signature
of Rydberg blockade in the atomic system is the saturation
of the number of the atoms excited to the Rydberg state.
The early study focused on studying this effect in clouds
of cold atoms [137–142] as well as in a Bose condensate

[143, 144]. The second signature of Rydberg blockade is the
coherent collective behavior of the many-atoms system as an
effective two-level atom, which was observed for two or a
small controlled number of atoms [134, 135, 145–147].
The technical design of each of these experiments is
unique; nevertheless there are certain experimental steps,
which are common to all experiments: few atoms trapping,
Rydberg excitation, and state detection. To illustrate these
steps, we look in more detail onto the experiment from [134],
which is conceptually the simplest and closely corresponds to
the theoretical model from Section 3.2.1. In this experiment
two 87 Rb atoms are trapped at a controlled separation and
excited to a Rydberg state. The experiments starts with the
overlappring of a MOT of 87 Rb with a two tightly focused
laser beams for two optical tweezers; see Section 2.2.1. Due to
the process of collisional blockade, exactly one atom is loaded
into the conservative potential of each of the optical tweezers.
Due to the presence of the cooling beams of the MOT,
the fluorescence from the atoms in the optical tweezers is
continuously collected and observed. The Rydberg excitation
step starts, if both traps are loaded with a single atom. After
a short Doppler cooling, the atoms are optically pumped to
the |𝑔⟩ state S1/2 |𝐹 = 2, 𝑚𝐹 = 2⟩ by sending two laser
beams: 𝜎+ -polarized light resonant with the atomic transition
S1/2 |𝐹 = 2⟩ to P3/2 |𝐹 = 2⟩ (taking into account the light
shift of the ground state) and repumping light resonant with
the transition S1/2 |𝐹 = 1⟩ to P3/2 |𝐹 = 2⟩ for 600 𝜇s. To
ensure that there is no population left in the S1/2 |𝐹 = 1⟩
ground state, the repumping light is switched off 1 𝜇s later
than the pumping light. The excitation from this |𝑔⟩ state to
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Figure 14: A blue 𝜎+ -polarized laser beam at 475 nm in combination
with a 𝜋-polarized infrared laser beam at 795 nm is used to drive a
two-photon transition to a Rydberg state.

the Rydberg state |𝑓⟩58d3/2 |𝐹 = 3, 𝑚𝐹 = 3⟩ is performed
using a two-photon transition through the intermediate state
5P1/2 |𝐹 = 2, 𝑚𝐹 = 2⟩ with the detuning Δ/2𝜋 = 400 MHz
[148]; see Figure 14. This large detuning from the intermediate
state is chosen to avoid population in the intermediate state.
A two-photon excitation to the Rydberg state |𝑓⟩ using
infrared and blue laser light is technically more practical
in the case 87 Rb than a direct excitation to the Rydberg
state |𝑓⟩, which requires a tunable ultraviolet laser. Using
zero two-photon detuning 𝛿 and varying the duration of the
excitation pulse, both atoms are coherently driven between
the ground state |𝑔⟩ and the respective Rydberg states |𝑓⟩.
The population in the Rydberg state after each excitation
pulse is measured by photo ionizing Rydberg atoms and
checking the presence of the atom in the trap afterwards [134,
148]. If the separation between the atoms is larger than the
Rydberg blockade radius, both atoms independently undergo
coherent Rabi oscillations between the respective states |𝑔⟩
and |𝑓⟩; see Figure 15(a). In contrast, when the distance
between the atoms is smaller than the Rydberg blockade
radius, the coherent excitation of both atoms simultaneously
to the respective Rydberg states is greatly reduced due to the
Rydberg blockade; see the black triangles on Figure 15(b).
Correspondingly, these two atoms with the separation of
3.5 𝜇m undergo full Rydberg blockade and possess maximum
one excitation in the Rydberg state [134]. A recent experiment
in a group of Barredo and collaborators demonstrated this
effect with three trapped atoms [147]. In order to retain the
condition of full blockade during scaling up the number of
atoms the distance between the furthest atoms in the system
should be smaller than the Rydberg blockade radius.
3.3. More than Usual Atoms. In the previous section we
have outlined the idea of utilizing an ensemble of atoms for
collective emission and absorption of photons in a highly
directional way. In this system the directionality is due to the
superradiance-like effect between the collectively emitting
atoms. At the same time, under the condition of Rydberg

blockade, there is only one atomic excitation in the system.
Therefore such atomic array behaves effectively as a “superatom” with one excitation but highly directional emissionabsorption profiles. So far we focused at the properties
of such “superatoms,” that make them more tunable and
experimentally flexible, relative to a single atom. In contrast
to a single atom, a “superatom” has unique properties, which
are not present in the single atom at all.
3.3.1. Deterministic Single Photon Subtraction from Arbitrary
Light Fields. We consider an array of 𝑁 atoms in the Rydberg
blockade regime. We look at the effect of this atomic ensemble
onto a laser, which coherently drives excitations to the
Rydberg state on the 𝑔-𝑓 transition. The coherent interaction
of the “superatom” with this light field is described by (53).
The system performs Rabi oscillations between the ground
state |𝑔⟩ and the single bright state |Ψ+ ⟩ with the collective
Rabi frequency Ω𝑁 = √𝑁Ω𝑔𝑓 [136]. This is the only bright
state out of 𝑁 orthogonal states of this 𝑁 atom system. The
other 𝑁 − 1 states are decoupled from this interaction and
are dark. This is the system we have considered so far in
Section 3.2.1.
Deliberately adding to this system an extra coupling
between the bright and the dark states radically changes
the behavior of this system. This extra coupling should be
a quick dephasing mechanism, for example, using speckles
of a detuned laser beam, which produces random extra
light shifts at the positions of different atoms [136]. If this
dephasing is faster than the Rabi oscillations, this mechanism
interrupts the coherent Rabi oscillations between the states
|𝑔⟩ and |Ψ+ ⟩. As far as there is one atomic excitation in
the system, it gets quickly spread out between the dark
states and distribute the excited state population over all 𝑁
states; see Figure 16. Since the dark states are themself some
superpositions with the Rydberg states, the atomic system
remains in the Rydberg blockaded regime. For large number
of atoms in the system, the population of the bright state is
dramatically reduced. This atomic system gets exactly one
excitation and is afterwards almost completely decoupled
from the excitation laser light Ω𝑔𝑓 . From the practical point
of view this mechanism removes one photon from the laser
excitation beam with the probability 𝑁/(𝑁 + 1), which can
be almost unity for large number 𝑁 of atoms [136].
So does this mechanism of photon subtraction work with
a single atom or do we necessarily need a “superatom” (i.e., an
ensemble of 𝑁 atoms under the full Rydberg blockade)? The
only physical requirement for the mechanism to work is that
the atom has the proper level structure. We need an excited
state corresponding to the bright state |Ψ+ ⟩ and a series of
dark states decoupled from the direct laser excitation. The
bright state might be a usual excited state coupled by a
dipole transition from a ground state with Ω𝑔𝑓 , and the dark
states are a series of metastable states not directly coupled to
the ground state absolutely analogous to the level structure
on Figure 16. If the decay rate from the bright state to the
metastable states is higher than the coupling Rabi frequency,
a similar effect of trapping one excitation in a dark metastable
state takes place. Therefore, single photon subtraction should

20

Advances in Optics

R = 18 𝜇m

0.8

Excitation probability

Excitation probability

1.0

0.6
0.4
0.2

R = 3.6 𝜇m

0.8
0.6
0.4
0.2
0.0

0.0
0

40

80

120 160 200 240 280
Duration of the excitation (ns)

320

0

40

80

(a)

120 160 200 240 280
Duration of the excitation (ns)

320

(b)

Figure 15: Rydberg excitation of two atoms. In both figures, the red circles and the green squares represent the probability to excite atom 1
and atom 2, respectively, when the other atom is absent. We fit the data by the function 𝐴 − 𝐵𝑒−𝑡/𝜏 cos Ω𝑡, describing coherent oscillations
with decay, shown as plain line. The error bars on the data are the RMS statistical error on the measured probability, as well as the error in
the estimation of the pulse duration. The blue empty circles are the product of the probabilities to excite atom 1 and atom 2 when the other
one is absent. The triangles are the probability to excite the two atoms simultaneously when they are driven by the same pulse. (a) Atoms
separated by 18 𝜇m. The frequencies of the Rabi oscillations are 6.5 MHz and 6.4 MHz for atom 1 and 2, respectively. The agreement between
the triangles and the blue circles indicates that the atoms do not interact. (b) Blockade of the Rydberg excitation when the two atoms are
separated by 3.6 𝜇m. Due to the interaction between the atoms, this double excitation is greatly suppressed. The figure is from [134].

be possible in this case as well. As an example of such level
structure we consider a single 40 Ca ion. It has four metastable
states D3/2 (see Figure 5) which are coupled by spontaneous
decay to the excited state P1/2 with the decay time to this
metastable state of 90 ns [149]. So by driving the S1/2 (|𝑔⟩) to
P1/2 (|Ψ+ ⟩) transition with the coupling Ω𝑔𝑓 slow enough the
single photon subtraction mechanism can in principle work
even with a single atom, although some modification due to
the spontaneous decay to the ground state are to be expected.
A similar level structure is present as well in alkalineearth atoms (Sr) and rare-earth (Yb); see Section 2.2.1. The
two apparent disadvantages of using single atoms are the
following: there are relatively few metastable states, resulting
in a reduced probability of a single photon subtraction.
The cross section of one atom absorbing a photon is small,
resulting in usability of this photon subtraction method only
for intense light beams. In contrast gas of Rydberg atoms can
have enough optical density to make the absorbing process
more efficient. Moreover, the array of interacting Rydberg
atoms automatically has the appropriate level structure made
of many simple (two-level) atoms. This level structure of the
“superatoms” can in principle be engineered at will.
This application of the “superatom” idea relies on the
Rydberg blockade mechanism and a quick disposal of the
atomic excitation form the bright state to the dark states. In
principle, an ensemble of two-level atoms is enough for the
realization of this photon subtraction protocol. Allowing for
a more reaching atomic level structure opens a new avenue
for even more sophisticated applications.
3.3.2. Atomic Ensembles as Quantum Registers for Improved
Communication. Practical implementation of quantum communication with high fidelity is a challenging task due to
the imperfections in realization of each step. Reference [150]
introduced an idea of entanglement pumping, which should

|Ψ1−⟩

|Ψ+ ⟩

Dark states

···

|ΨN−1
− ⟩

Γ

ΩN

Dephasing
|g⟩

Figure 16: Artificial superatom based on Rydberg atoms. Under
the condition of full Rydberg blockade for 𝑁 atoms, the system
gives rise to a superatom state |Ψ+ ⟩ with a single Rydberg excitation
shared among the particles with collective Rabi frequency Ω𝑁 . In
addition, the system exhibits 𝑁−1 dark states |Ψ−1 ⟩ ⋅ ⋅ ⋅ |Ψ−𝑁−1 ⟩, which
are coupled to the superatom state by a controlled inhomogeneous
dephasing with rate Γ. The figure is adapted from [136].

allow quantum communication between remote quantum
registers with arbitrary high fidelity. One of the important
ingredients of the algorithm is a possibility to perform
quantum operations on the individual qubits of the small
atomic registers [150]. The original algorithm is based on
probabilistic photon absorption by two remote registers.
Using “superatoms” as individual quantum registers allows
performing deterministic emission and absorption of single
photons; see Section 3.1, therefore making the algorithm
faster [117] by eliminating the need for waiting for the
coincidence detection in the original proposal [150]. Moreover, “superatoms” allow for alternative qubits encoding in
a register. Typically individual qubits of a quantum registers
are encoded in single atoms [4, 79, 151]. For small atomic
arrays that we consider here, individual addressing of these
qubits is a challenging task, since the separations between
individual atoms are less than a wavelength of the exciting
light; see [151] and references therein. An alternative approach
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Figure 17: The extension of the single atom level scheme from
Figure 10 for the collective encoding implementation of a five-qubit
register consisting of a communication qubit |𝑐⟩, a storage qubit |𝑠⟩,
and three auxiliary qubits |𝑎1 ⟩, |𝑎2 ⟩, and |𝑎3 ⟩. The two Rydberg levels
|𝑓⟩ and |𝑓 ⟩ are necessary for the qubit operations.

is to use a collective qubit encoding method [152]. This
encoding method allows as well to perform one- and twoqubit operations utilizing the mechanism of Rydberg blockade (see Section 3.2) without the need for individual atom
addressing. Therefore we sketch now briefly the necessary
atomic level configuration, which we can use to combine
directed emission-absorption together and with the collective
encoding and operations on the register qubits.
The introduced atomic level structure (see Figure 10) is
enough for realizing the directional emission-absorption due
to the superradiance effects as well as for the Rydberg blockade mechanism. Extending the level structure of individual
atoms of the ensemble with metastable levels |𝑐⟩, |𝑎1 ⟩, |𝑎2 ⟩,
|𝑎3 ⟩, and |𝑠⟩ (see Figure 17) allows encoding five qubits on this
atomic ensemble consisting of 𝑁 atoms. The blockade radius
in the Rydberg states |𝑓⟩ and |𝑓𝐼 ⟩ is larger than the extension
of the atomic ensemble.
Using this level structure, the conventional register state
with five qubits |𝑐, 𝑎1 , 𝑎2 , 𝑎3 , 𝑠⟩ = |0, 1, 1, 0, 1⟩, meaning the
atomic qubit 𝑐 is in the state |0⟩, qubit 𝑎1 is in the state |1⟩, and
so forth, corresponds to the 𝑁-atom ensemble encoding with
one excitation in the state |𝑎1 ⟩, one in |𝑎2 ⟩ and one atomic
excitation in |𝑠⟩; see Figure 18(a). With this encoding there is
a direct correspondence between the binary representation of
a register state and the Fock state representation. In contrast
to the conventional individual atom register encoding, where
a single qubit rotation is performed in one step by directly
addressing the qubit transition of the corresponding atom,
the collective register encoding requires three steps. For
example, to flip the state of the qubit 𝑎1 we have to first drive
a 𝜋-Rabi pulse from the state |𝑎1 ⟩ to the state |𝑓⟩. Then we
apply a 𝜋-Rabi pulse between |𝑔⟩ and |𝑓⟩. Finally, another 𝜋Rabi pulse from the state |𝑓⟩ to the state |𝑎1 ⟩; see Figure 18(b).
If the system has one excitation in the state |𝑎1 ⟩, it will be
transferred to the Rydberg state |𝑓⟩. During the second step
one excitation from the |𝑓⟩ state will be transferred to the
ground state |𝑔⟩. The final step will have no effect, for there is
no population in the Rydberg state |𝑓⟩. In contrast, applying
the same sequence of pulses to the state |𝑎3 ⟩, nothing will
happen during the first step. On the second step, due to the
Rydberg blockade, exactly one excitation will be transferred
to the state |𝑓⟩. The final third step maps this population onto
the state |𝑎3 ⟩, therefore flipping the qubit state of this qubit
[117, 152, 153].

In the collective encoding scheme the conditional twoqubit gate between |𝑎1 ⟩ and |𝑎3 ⟩ is performed in three
following steps: first, a 𝜋-Rabi rotation pulse between the
states |𝑎1 ⟩ and a Rydberg state |𝑓⟩. This is followed by a 2𝜋Rabi pulse between the target qubit state |𝑎3 ⟩ and another
Rydberg state |𝑓𝐼 ⟩. Finally, the gate is finished by performing
a 𝜋-Rabi rotation pulse between the states |𝑎1 ⟩ and a Rydberg
state |𝑓⟩ [117, 152, 153]; see Figure 18(c).
The collective encoding method can readily be implemented using cold Cs atoms [152, 153]. Cs atoms have enough
metastable states for the register encoding. Therefore already
a small array of these atoms can be used as a quantum register
with the possibility to perform quantum local operations on
the qubits in order to realize entanglement pumping [150]. A
register with many more qubits seems to be experimentally
feasible as well, if we switch from Cs to atoms with even more
metastable, for example, using Ho atoms [154].
3.4. Conclusions. In this section we formulated the problem
of efficient interfacing single photons and small atomic
ensembles. A properly engineered multiatomic ensemble can
behave as a “superatom,” that is, having only one atomic
excitation and a tunable emission-absorption pattern. This
possibility of directly tuning the emission pattern eliminates
the need for an extra mode converter, which was critical for
the efficient interfacing of a single-atom with a single photon.
The techniques for controlling temporal emission patterns,
developed for single atoms (see Section 2) can be directly
applied to the “superatoms” as well. Throughout the section,
parallel to the theoretical formulation of the main theoretical
concepts, that is, superradiance-like effects and Rydberg
blockade, we presented the state-of-the-art of experimental
techniques for the realization of these theoretical ideas.
Since a multiatom ensemble has intrinsically more
degrees of freedom than a single atom system, properly utilized, these degrees of freedom can be used for more sophisticated applications. We went through several such examples,
such as single photon subtraction from an arbitrary light
fields and quantum computation within an atomic ensemble for improved quantum communication.

4. Outlook
We have considered two complementary approaches for
single photon-atom interfacing in free space. In principle,
all the necessary experimental techniques have already been
experimentally demonstrated in different laboratories.
Atom cooling and trapping now became a routine task
in many modern quantum optics laboratories. Even the
techniques for trapping single atomic ions or neutral atoms
are now well understood and can be implemented very
efficiently. The key ingredient for single atom-photon efficient interfacing is the dipole emission mode converter; see
Section 2.1.2. Such highly efficient conversion of the dipole
emission pattern from a single atom to a Gaussian light mode
is currently theoretically well understood. The challenging
step is the integration of a trap for single atoms into the
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Figure 18: Register encoding and operations. (a) Register state |𝑐, 𝑎1 , 𝑎2 , 𝑎3 , 𝑠⟩ = |0, 1, 1, 0, 1⟩ encoded using individual atoms as qubits (left)
and populating the corresponding single atom levels in an ensemble of 𝑁 atoms (right). (b) Single-qubit operations. (c) Two-qubit operations.

converter and reaching near unity overall process efficiency
in a scalable manner.
Techniques for preparing 3D arrays of cold neutral single
atoms based on Mott insulator state are reliably used in many
laboratories. The route towards the Mott insulator state starts
with laser cooled atoms, which are then additionally cooled
in a Bose Einstein condensate. Then the atomic condensate
is adiabatically transferred into the optical lattice with the
necessary spacing. Finally, the arrays of atoms with given
dimensions should be prepared by removing the unnecessary
layers of atoms [126]. Such atomic arrays in combination
with the Rydberg blockade mechanism can be then used as
“superatoms.” The challenging step is the creation of such
atomic arrays itself. Whether the theoretically explored array
geometry of ultracold atoms is experimentally the easiest one
or some other configurations, for example, thermal atoms
trapped inside microcells [155] or a hollow core fiber [156],
will prove to be experimentally easier to realize and use? This
question is open to studies and has to be approached at the
same time theoretically and experimentally.
Both for single atoms and “superatom” approaches, the
biggest challenge is to combine the necessary techniques
in one reliable and scalable experimental setup. Therefore
the main question is which approach will give practically
the most reliable and the highest efficiency of quantum
communication. The versatility of the “superatom” idea offers
applications even beyond the single atom-single photon
quantum communication protocol. Therefore we can expect
even more surprising applications with this quantum system.

Appendices

Using the Markovian approximation [21, 108], that is, there is
no atomic population dynamics faster than the time scale of
the atomic decay, we write 𝛽] (𝜏) ≈ 𝛽] (𝑡) in (A.1) and take it
outside the time integral:
1

𝑡

]=−1

0

⃗ ⃗ ) ∫ 𝑑𝜏𝑒𝑖(𝜔𝑞 −𝜔0 )𝜏 . (A.2)
𝑒𝑞𝜎⃗ (𝑡) = ∑ 𝛽] (𝑡) 𝑔𝑞 𝑒−𝑖𝑞⋅⃗ 𝑟at⃗ (𝑑̂𝑔] ⋅ 𝜖𝑞𝜎
Substituting (A.2) into (9) we obtain closed expressions
involving only atomic state amplitudes:
1

𝑡

𝛽𝜂̇ = − ∑ ∑𝛽] 𝑔𝑘2 ∫ 𝑑𝜏𝑒−𝑖(𝜔0 −𝜔𝑘 )(𝜏−𝑡)
]=−1 𝑘⃗

0

⃗ ⃗ ) (𝑑̂𝑔] ⋅ 𝜖𝑘𝜆
⃗ ⃗ )) ,
× (∑ (𝑑̂𝜂𝑔 ⋅ 𝜖𝑘𝜆
𝜆

(A.3)
←
→
⃗ ⃗ ) (𝑑̂𝑔] ⋅ 𝜖𝑘𝜆
⃗ ⃗ ) = 𝑑̂𝜂𝑔 ⋅ ( 𝐼 − ̂𝑘̂𝑘) ⋅ 𝑑̂𝑔] .
∑ (𝑑̂𝜂𝑔 ⋅ 𝜖𝑘𝜆
𝜆

(A.4)

←
→
Here the components of the second rank tensors are ( 𝐼 )𝑖,𝑗 =
𝛿𝑖,𝑗 and (̂𝑘̂𝑘)𝑖,𝑗 = (̂𝑘)𝑖 (̂𝑘)𝑗 . Here ̂𝑘 is the unit vector in
the direction of the photon propagation vector 𝑘⃗ which
consequently (A.3) takes the form
1
←
→
𝛽𝜂̇ = − ∑ ∑𝛽] 𝑔𝑘2 (𝑑̂𝜂𝑔 ⋅ ( 𝐼 − ̂𝑘̂𝑘) ⋅ 𝑑̂𝑔] )
]=−1 𝑘⃗

A. Single Atom Decay
We solve the set of (9) and (10) for the atomic amplitudes. A
formal integration of the last equation yields
1

𝑡

]=−1

0

⃗ ⃗ ) ∫ 𝑑𝜏𝛽] (𝜏) 𝑒𝑖(𝜔𝑞 −𝜔0 )𝜏 . (A.1)
𝑒𝑞𝜎⃗ (𝑡) = ∑ 𝑔𝑞 𝑒−𝑖𝑞⋅⃗ 𝑟at⃗ (𝑑̂𝑔] ⋅ 𝜖𝑞𝜎

(A.5)

𝑡

× ∫ 𝑑𝜏𝑒−𝑖(𝜔0 −𝜔𝑘 )(𝜏−𝑡) .
0

The next step in our derivation involves evaluation of the
sum over field propagation directions. For this we pass to the
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free space continuum using the standard form ∑𝑘⃗ → (𝑉/
∞
(2𝜋𝑐)3 ) ∫0 𝑑𝜔𝑘 𝜔𝑘2 ∫ 𝑑Ω(̂𝑘) [15], and we arrive at
2
𝑑𝑒𝑑

𝛽𝜂̇ = −

1

2𝜀0 ℏ(2𝜋𝑐)

3

∞

𝑡

0

0

with
3

(𝐷⃗ ∗ )𝑙 = ∑ (𝛿𝑙,𝑘 − 𝑟𝑙 𝑟𝑘 ) (𝑑̂𝑔,+1 )𝑘 ,
𝑘=1

∑ 𝛽] ∫ 𝑑𝜔𝑘 𝜔𝑘3 ∫ 𝑑𝜏𝑒−𝑖(𝜔0 −𝜔𝑘 )(𝜏−𝑡)

]=−1

⃗ = ∑ (𝛿𝑝,𝑚 − 𝑟𝑝 𝑟𝑚 ) (𝑑̂+1,𝑔 ) .
(𝐷)
𝑝
𝑚

←
→
× ∫ 𝑑Ω (̂𝑘) (𝑑̂𝜂𝑔 ⋅ ( 𝐼 − ̂𝑘̂𝑘) ⋅ 𝑑̂𝑔] ) .

𝑚=1

(A.6)
The angular integration gives [120]

The polarization summation is performed using (A.4):
𝐼𝜖1

←
→
→
2←
∫ 𝑑Ω (̂𝑘) (𝑑̂𝜂𝑔 ⋅ ( 𝐼 − ̂𝑘̂𝑘) ⋅ 𝑑̂𝑔] ) = 4𝜋 𝐼 .
3

(A.7)

(𝑟,⃗ 𝑡) =

2 4
𝑘0
𝑑𝑒𝑔

←
→
𝑑̂𝜂𝑔 ⋅ 𝐼 ⋅ 𝑑̂𝑔] = (𝑑̂𝜂𝑔 ⋅ 𝑑̂𝑔] ) = 𝛿𝜂,] ,

(A.8)

we simplify (A.6) to
𝛽𝜂̇ = −

3𝜀0 ℏ(2𝜋𝑐)3

∞

𝑡

0

0

(4𝜋𝜀0 𝑟)

∫ 𝑑𝜏𝑒
0

1
= 𝜋𝛿 (𝜔𝑘 ∓ 𝜔0 ) − 𝑖𝑃
,
𝜔𝑘 ∓ 𝜔0

Γ
Γ
𝐴1 ) 𝛽𝜂
𝛽𝜂̇ = − 𝛽𝜂 − 𝑖 (
2
2𝜋𝜔03
2 3
𝜔0 /3𝜋𝜀0 ℏ𝑐3
𝑑𝑒𝑔

(A.10)

∞

0

𝑑𝜔𝑘 𝜔𝑘3
.
𝜔𝑘 − 𝜔0

3

∑ (𝑑̂𝑔,+1 )𝑘 (𝑑̂+1,𝑔 )𝑚 (𝛿𝑙,𝑘 − 𝑟𝑙 𝑟𝑘 )

(̂𝑟)2 = 𝑟2 = sin (𝜃) sin (𝜙) ,
(̂𝑟)3 = 𝑟3 = cos (𝜃) ,

(A.12)

2

(4𝜋𝜀0 𝑟)

(B.1)
(B.2)

⃗
(B.3)
⃗ ⃗ ⋅ 𝐷⃗ ∗ ) (𝜖𝑟,𝜆
⃗ ⃗ ⋅ 𝐷)
𝑒−Γ(𝑡−𝑟/𝑐) ∑ (𝜖𝑟,𝜆
𝜆

Substituting 𝑑̂+1𝑔 = (1/√2)(1, 𝑖, 0) and performing summations equation (B.6) simplifies to
𝐼𝜖1 (𝑟,⃗ 𝑡) =

2 4
𝑘0
𝑑𝑒𝑔
2

(4𝜋𝜀0 𝑟)

𝑒−Γ(𝑡−𝑟/𝑐) (1 −

1 2
(𝑟 + 𝑟22 )) .
2 1

2 4
𝑘0
𝑑𝑒𝑔

1
𝑒−Γ(𝑡−𝑟/𝑐) (1 + cos2 (𝜃)) .
2
(4𝜋𝜀0 𝑟)

(B.7)

2

(B.8)

On the similar lines, the emission pattern from a dipole
oriented in the 𝑑̂0𝑔 = (0, 0, 1) direction is
𝐼𝜖1 (𝑟,⃗ 𝑡) =

and summing over all polarizations along the line connecting
the atom and the detector 𝑟,⃗ (18) then becomes
2 4
𝑘0
𝑑𝑒𝑔

(B.6)

𝑙,𝑝,𝑘,𝑚=1

𝐼𝜖1 (𝑟,⃗ 𝑡) =

The intensity of the emitted light from a single atom is
described by (18). This equation describes its angular dependence for a given helicity 𝜖 expressed in a tensor form. Here
we show how this form transforms into spherical coordinates
to give the more well known dipole pattern. Introducing
spherical coordinate system along the 𝑑̂𝑔,0 direction
(̂𝑟)1 = 𝑟1 = sin (𝜃) cos (𝜙) ,

𝑒−Γ(𝑡−𝑟/𝑐)

Finally, substitution of polar coordinates equation (B.1) yields

B. Polarization Summation in
Spherical Coordinates

(𝑟,⃗ 𝑡) =

2

(4𝜋𝜀0 𝑟)

(A.11)

and

𝐴1 = 𝑃 ∫

𝐼𝜖1

(𝑟,⃗ 𝑡) =

2 4
𝑘0
𝑑𝑒𝑔

× (𝛿𝑙,𝑝 − 𝑟𝑙 𝑟𝑝 ) (𝛿𝑝,𝑚 − 𝑟𝑝 𝑟𝑚 ) .

where 𝑃 denotes the principal value. Correspondingly (A.9)
simplifies to

with Γ =

𝐼𝜖1

𝛽𝜂 ∫ 𝑑𝜔𝑘 𝜔𝑘3 ∫ 𝑑𝜏𝑒−𝑖(𝜔0 −𝜔𝑘 )(𝜏−𝑡) . (A.9)

𝑖(𝜔𝑘 ∓𝜔0 )(𝜏−𝑡)

(B.5)

or in the components form

×

The temporal integral is now evaluated using [120, 157]
𝑡

←
→
⃗
𝑒−Γ(𝑡−𝑟/𝑐) (𝐷⃗ ∗ ⋅ ( 𝐼 − 𝑟̂𝑟̂) ⋅ 𝐷)

2

Since

2
4𝜋𝑑𝑒𝑑

(B.4)

3

2 4
𝑘0
𝑑𝑒𝑔
2

(4𝜋𝜀0 𝑟)

𝑒−Γ(𝑡−𝑟/𝑐) sin2 (𝜃) .

(B.9)
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[31] M. Stobińska, G. Alber, and G. Leuchs, “Perfect excitation of a
matter qubit by a single photon in free space,” EPL, vol. 86, no.
1, Article ID 14007, 2009.
[32] A. Yariv, Introduction to Optical Electronics, Holt, Rinehart and
Winston, New York, NY, USA, 1971.
[33] B. Y. Zel’dovich, V. I. Popovichev, V. V. Ragul’skii, and F.
S. Faisullov, “Connection between the wavefronts of the
reflected and exciting light in stimulated Mandel’stamBrillouinscattering,” Soviet Physics: JETP, vol. 15, pp. 109–113,
1972.
[34] Y. Nosach, V. I. Popovichev, V. V. Ragul’skii, and F. S. Faisullov,
“Cancellation of phase distortions in an amplifying medium
with a ’Brillouin mirror,” Soviet Physics Journal: JETP Letters,
vol. 16, pp. 435–438, 1972.
[35] A. Yariv, “On transmission and recovery of three-dimension al
image information in optical waveguides,” The Journal of the
Optical Society of America, vol. 66, no. 4, pp. 301–306, 1976.
[36] A. Gover, C. P. Lee, and A. Yariv, “Direct transmission of
pictorial information in multimode optical fibers,” The Journal
of the Optical Society of America, vol. 66, no. 4, pp. 306–311, 1976.
[37] R. W. Hellwarth, “Generation of time-reffiversed wave fronts
by nonlinear refraction,” The Journal of the Optical Society of
America, vol. 67, no. 1, pp. 1–3, 1977.
[38] H. P. Yuen and J. P. Shapiro, “Generation and detection of twophoton coherent states in degenerate four-wave mixing,” Optics
Letters, vol. 4, p. 334, 1978.
[39] R. S. Bondurant, J. H. Shapiro, and M. Maeda, “Degenerate
four-wave mixing as a possible source of squeezed-state light,”
Physical Review A, vol. 30, no. 1, pp. 343–353, 1984.
[40] E. J. Bochove, “Quantum theory of phase-conjugate mirrors,”
Journal of the Optical Society of America B, vol. 9, no. 2, pp. 266–
280, 1992.
[41] A. L. Gaeta and R. W. Boyd, “Quantum noise in phase conjugation,” Physical Review Letters, vol. 60, no. 25, pp. 2618–2621,
1988.
[42] Y. Yamamoto and H. A. Haus, “Preparation, measurement and
information capacity of optical quantum states,” Reviews of
Modern Physics, vol. 58, no. 4, pp. 1001–1020, 1986.
[43] D. Porras and J. I. Cirac, “Collective generation of quantum
states of light by entangled atoms,” Physical Review A—Atomic,
Molecular, and Optical Physics, vol. 78, no. 5, Article ID 053816,
2008.

Advances in Optics
[44] D. M. Lucas, A. Ramos, J. P. Home et al., “Isotope-selective
photoionization for calcium ion trapping,” Physical Review A—
Atomic, Molecular, and Optical Physics, vol. 69, no. 1, Article ID
012711, 2004.
[45] A. S. Parkins, P. Marte, P. Zoller, and H. J. Kimble, “Synthesis
of arbitrary quantum states via adiabatic transfer of Zeeman
coherence,” Physical Review Letters, vol. 71, no. 19, pp. 3095–
3098, 1993.
[46] A. D. Boozer, A. Boca, R. Miller, T. E. Northup, and H. J. Kimble,
“Reversible state transfer between light and a single trapped
atom,” Physical Review Letters, vol. 98, no. 19, Article ID 193601,
2007.
[47] G. S. Vasilev, D. Ljunggren, and A. Kuhn, “Single photons madeto-measure,” New Journal of Physics, vol. 12, Article ID 063024,
2010.
[48] M. Keller, B. Lange, K. Hayasaka, W. Lange, and H. Walther,
“Continuous generation of single photons with controlled
waveform in an ion-trap cavity system,” Nature, vol. 431, no.
7012, pp. 1075–1078, 2004.
[49] W. Neuhauser, M. Hohenstatt, P. E. Toschek, and H. Dehmelt,
“Localized visible Ba+ mono-ion oscillator,” Physical Review A,
vol. 22, no. 3, pp. 1137–1140, 1980.
[50] G. Werth, “Principles of ion traps,” in Trapped Ch arged Particles
and Fundamental Interactions, F. Herfurth and H. K. Baum,
Eds., vol. 749 of Lecture Notes in Physics, Springer, Berlin,
Germany, 2008.
[51] N. Kjaergaard, L. Hornekaer, A. M. Thommesen, Z. Videsen,
and M. Drewsen, “Isotope selective loading of an ion trap using
resonance-enhanced two-photon ionization,” Applied Physics B:
Lasers and Optics, vol. 71, no. 2, pp. 207–210, 2000.
[52] H. J. Metcalf and P. van der Straten, Laser Cooling and Trapping,
Springer, 1999.
[53] D. Frese, B. Ueberholz, S. Kuhr et al., “Single atoms in an optical
dipole trap: towards a deterministic source of cold atoms,”
Physical Review Letters, vol. 85, no. 18, pp. 3777–3780, 2000.
[54] P. S. Jessen and I. H. Deutsch, “Optical lattices,” Advances in
Atomic, Molecular, and Optical Physics, vol. 36, no. 91, 1996.
[55] D. Meschede and A. Rauschenbeutel, “Manipulating single
atoms,” Advances in Atomic, Molecular and Optical Physics, vol.
53, pp. 75–104, 2006.
[56] E. L. Raab, M. Prentiss, A. Cable, S. Chu, and D. E. Pritchard,
“Trapping of neutral sodium atoms with radiation pressure,”
Physical Review Letters, vol. 59, no. 23, pp. 2631–2634, 1987.
[57] S. Kuhr, W. Alt, D. Schrader, M. Müller, V. Gomer, and D.
Meschede, “Deterministic delivery of a single atom,” Science,
vol. 293, no. 5528, pp. 278–280, 2001.
[58] Z. Hu and H. J. Kimble, “Observation of a single atom in a
magneto-optical trap,” Optics Letters, vol. 19, no. 22, pp. 1888–
1890, 1994.
[59] D. Haubrich, H. Schadwinkel, F. Strauch, B. Ueberholz, R.
Wynands, and D. Meschede, “Observation of individual neutral
atoms in magnetic and magneto-optical traps,” Europhysics
Letters, vol. 34, no. 9, pp. 663–668, 1996.
[60] F. Ruschewitz, D. Bettermann, J. L. Peng, and W. Ertmer,
“Statistical investigations on single trapped neutral atoms,”
Europhysics Letters, vol. 34, no. 9, pp. 651–656, 1996.
[61] N. Schlosser, G. Reymond, I. Protsenko, and P. Grangier, “Subpoissonian loading of single atoms in a microscopic dipole trap,”
Nature, vol. 411, no. 6841, pp. 1024–1027, 2001.
[62] T. Grünzweig, A. Hilliard, M. McGovern, and M. F. Andersen,
“Near-deterministic preparation of a single atom in an optical
microtrap,” Nature Physics, vol. 6, no. 12, pp. 951–954, 2010.

25
[63] H. Katori, T. Ido, Y. Isoya, and M. Kuwata-Gonokami, “Magneto-optical trapping and cooling of strontium atoms down to
the photon recoil temperature,” Physical Review Letters, vol. 82,
no. 6, pp. 1116–1119, 1999.
[64] A. J. Daley, “Quantum computing and quantum simulation with
group-II atoms,” Quantum Information Processing, vol. 10, no. 6,
pp. 865–884, 2011.
[65] D. J. Wineland and W. M. Itano, “Laser cooling of atoms,”
Physical Review A, vol. 20, no. 4, pp. 1521–1540, 1979.
[66] D. J. Wineland and H. Dehmelt, “Proposed 1014 Δ] < ] laser
fluorescence spectroscopy on Ti+ mono-ion oscillator III,”
Bulletin of the American Physical Society, vol. 20, p. 637, 1975.
[67] F. Diedrich, J. C. Bergquist, W. M. Itano, and D. J. Wineland,
“Laser cooling to the zero-point energy of motion,” Physical
Review Letters, vol. 62, no. 4, pp. 403–406, 1989.
[68] C. Monroe, D. M. Meekhof, B. E. King et al., “Resolved-sideband
Raman cooling of a bound atom to the 3D zero-point energy,”
Physical Review Letters, vol. 75, no. 22, pp. 4011–4014, 1995.
[69] C. Roos, T. Zeiger, H. Rohde et al., “Quantum state engineering
on an optical transition and decoherence in a paul trap,” Physical
Review Letters, vol. 83, no. 23, pp. 4713–4716, 1999.
[70] J. Eschner, G. Morigi, F. Schmidt-Kaler, and R. Blatt, “Laser
cooling of trapped ions,” Journal of the Optical Society of
America B: Optical Physics, vol. 20, no. 5, pp. 1003–1015, 2003.
[71] N. Belmechri, L. Förster, W. Alt, A. Widera, D. Meschede, and
A. Alberti, “Microwave control of atomic motional states in
a spin-dependent optical lattice,” Journal of Physics B: Atomic,
Molecular and Optical Physics, vol. 46, no. 10, Article ID 104006,
2013.
[72] L. Förster, M. Karski, J.-M. Choi et al., “Microwave control of
atomic motion in optical lattices,” Physical Review Letters, vol.
103, no. 23, Article ID 233001, 2009.
[73] I. Lizuain, J. G. Muga, and J. Eschner, “Motional frequency shifts
of trapped ions in the Lamb-Dicke regime,” Physical Review A—
Atomic, Molecular, and Optical Physics, vol. 76, no. 3, Article ID
033808, 2007.
[74] R. Gerritsma, G. Kirchmair, F. Zähringer, J. Benhelm, R. Blatt,
and C. F. Roos, “Precision measurement of the branching
fractions of the 4p 2P3/2 decay of Ca II,” European Physical
Journal D, vol. 50, no. 1, pp. 13–19, 2008.
[75] M. Ramm, T. Pruttivarasin, M. Kokish, I. Talukdar, and H.
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“Directed spontaneous emission from an extended ensemble of
N atoms: timing is everything,” Physical Review Letters, vol. 96,
no. 1, Article ID 010501, 2006.
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[132] T. Bienaimé, R. Bachelard, N. Piovella, and R. Kaiser, “Cooperativity in light scattering by cold atoms,” Fortschritte der Physik,
vol. 61, no. 2-3, pp. 377–392, 2013.
[133] T. F. Gallagher, Rydberg Atoms, Cambridge University Press,
Cambridge, UK, 1994.
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