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Motivation: Quantum Optics

Two level atom in a cavity: cavity QEDQuantum Optics:
components and propagates to nodes B and C, where the entangled 
photon state is coherently mapped into an entangled state between col-
lective excitations at each of the two nodes13,19. Subsequent read-out of 
entanglement from the memories at node B and/or node C as photon 
pulses is implemented at the ‘push of a button’. 

Cavity QED
At the forefront of efforts to achieve strong, coherent interactions 
between light and matter has been the study of cavity QED20. In both 
the optical12,21 and the microwave22–25 domains, strong coupling of single 
atoms and photons has been achieved by using electromagnetic reso-
nators of small mode volume (or cavity volume) Vm with quality fac-
tors Q ≈ 107–1011. Extensions of cavity QED to other systems26 include 
quantum dots coupled to micropillars and photonic bandgap cavities27, 
and Cooper pairs interacting with superconducting resonators (that is, 
circuit QED; see ref. 28 for a review). 

Physical basis of strong coupling
Depicted in Fig. 2a is a single atom that is located in an optical resona-
tor and for which strong coupling to a photon requires that a single 
intracavity photon creates a ‘large’ electric field. Stated more quanti-
tatively, if the coupling frequency of one atom to a single mode of an 
optical resonator is g (that is, 2g is the one-photon Rabi frequency), 
then 
 ________
 !ε•μ0!

2 ωC g = ________ (1)
 √ 2"ε0Vm

where μ0 is the transition dipole moment between the relevant atomic 
states (with transition frequency ωA), and ωC ≈ ωA is the resonant fre-
quency of the cavity field, with polarization vector ε. Experiments in cav-
ity QED explore strong coupling with g >> (γ, κ), where γ is the atomic 
decay rate to modes other than the cavity mode and κ is the decay rate 
of the cavity mode itself. Expressed in the language of traditional opti-
cal physics, the number of photons required to saturate the intracavity 
atom is n0 ≈ γ2/g2, and the number of atoms required to have an appreci-
able effect on the intracavity field is N0 ≈ κγ/g2. Strong coupling in cavity 
QED moves beyond traditional optical physics, for which (n0, N0) >> 1, 
to explore a qualitatively new regime with (n0, N0) << 1 (ref. 12). 

In the past three decades, a variety of approaches have been used to 
achieve strong coupling in cavity QED12,20–25. In the optical domain, a 
route to strong coupling is the use of high-finesse optical resonators 
(F ≈ 105–106) and atomic transitions with a large μ0 (that is, oscillator 
strengths near unity). Progress along this path is illustrated in Fig. 2c, 
with research now far into the domain (n0, N0) << 1. 

As the cavity volume Vm is reduced to increase g (equation (1)), the 
requirement for atomic localization becomes more stringent. Not sur-
prisingly, efforts to trap and localize atoms in high-finesse optical cavi-
ties in a regime of strong coupling have been central to studies of cavity 
QED in the past decade, and the initial demonstration was in 1999 
(ref. 29). Subsequent advances include extending the time for which an 
atom is trapped to 10 s (refs 30, 31); see ref. 32 for a review. Quantum 
control over both internal degrees of freedom (that is, the atomic dipole 
and the cavity field) and external degrees of freedom (that is, atomic 
motion) has now been achieved for a strongly coupled atom–cavity 
system33. And an exciting prospect is cavity QED with single trapped 
ions, for which the boundary for strong coupling has been reached34. 

Coherence and entanglement in cavity QED
Applying these advances to quantum networks has allowed single pho-
tons to be generated ‘on demand’ (Box 1). Through strong coupling of 
the cavity field to an atomic transition, an external control field Ω(t) 
transfers one photon into the cavity mode and then to free space by 
way of the cavity output mirror, leading to a single-photon pulse !ϕ1(t)# 
as a collimated beam. The temporal structure (both amplitude and 
phase) of the resultant ‘flying photon’ !ϕ1(t)# can be tailored by way of 

the control field Ω(t) (refs 6, 35), with the spatial structure of the wave 
packet being set by the cavity mode. 

Several experiments have confirmed the essential aspects of this 
process for the deterministic generation of single photons30,34,36. Sig-
nificantly, in the ideal (adiabatic) limit, the excited state !e# of the atom 
is not populated because of the use of a ‘dark state’ protocol37. By deter-
ministically generating a bit stream of single-photon pulses from single 
trapped atoms, these experiments are a first step in the development of 
quantum networks based on flying photons. 

Compared with the generation of single photons by a variety of other 
systems38, one of the distinguishing aspects of the dark-state protocol 
(Box 1) is that it should be reversible. That is, a photon that is emitted 
from a system A should be able to be efficiently transferred to another 
system B by applying the time-reversed (and suitably delayed) field Ω(t) 
to system B (Fig. 1c). Such an advance was made18 by implementing 
the reversible mapping of a coherent optical field to and from internal 
states of a single trapped caesium atom. Although this experiment was 
imperfect, it provides the initial verification of the fundamental primi-
tive on which the protocol for the physical implementation of quantum 
networks in ref. 6 is based (an important theoretical protocol that has 
been adapted to many theoretical and experimental settings).
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Figure 2 | Elements of cavity QED. a, Shown is a simple schematic of an 
atom–cavity system depicting the three governing rates (g, κ, γ) in cavity 
QED, where g ≈ χ in Fig. 1. Coherent exchange of excitation between the 
atom and the cavity field proceeds at rate g, as indicated by the dashed arrow 
for the atom and the green arrows for the cavity field. b, A photograph of 
two mirror substrates that form the Fabry–Pérot cavity, which is also shown 
schematically. The cavity length l = 10 μm, waist w0 = 12 μm transverse to the 
cavity axis, and finesse F ≈ 5 × 105. The supporting structure allows active 
servo control of the cavity length to δl ≈ 10−14 m (ref. 12). Scale bar, 3 mm. 
c, The reduction in the critical photon number n0 over time is shown for 
a series of experiments in cavity QED that were carried out by the Caltech 
Quantum Optics Group. These experiments involved either spherical-mirror 
Fabry–Pérot cavities (circles) or the whispering-gallery modes of monolithic 
SiO2 resonators (squares). The data points shown for 2006 and 2008 are for a 
microtoroidal SiO2 resonator75,76; those for 2009 and 2011 (open squares) are 
projections for this type of resonator77.

1025

NATURE|Vol 453|19 June 2008 INSIGHT REVIEW

HJC = ~!a†a+
✏

2
�z + g

�
�+a+ a†���Jaynes-Cummings model:

!
0

1

2

3

ground

2

1

0
✏

excited

strong coupling shifts the modes of the cavity
        → no longer an evenly spaced harmonic osc. ladder
        → nonlinear spacing produces photon blockade

Does coupling to a continuum of modes bring in something new?
~ effective interaction between photons

p
2g

g



decade2,4, including with atomic ensembles13,16. The reversible mapping of 
quantum states between light and matter provides the basis for quantum-
optical interconnects and is a fundamental primitive (building block) 
for quantum networks. Although the original schemes for such inter-
connects are sensitive to experimental imperfections, a complete set of 
theoretical protocols has subsequently been developed for the robust 
distribution of quantum information over quantum networks, inclu-
ding, importantly, the quantum repeater4,17 and scalable quantum 
networks with atomic ensembles13. 

A generic quantum interface between light and matter is depicted 
in Fig. 1b. This interface is described by the interaction hamiltonian 
Hint(t), where for typical states Hint(t)! ≈ "χ(t), with " being h/2π (where 
h is Planck’s constant) and χ(t) being the time-dependent coupling 
strength between the internal material system and the electromagnetic 
field. Desirable properties for a quantum interface include that χ(t) 
should be ‘user controlled’ for the clocking of states to and from the 

quantum memory (for example, by using an auxiliary laser), that the 
physical processes used should be robust in the face of imperfections 
(for example, by using adiabatic transfer) and that mistakes should be 
efficiently detected and fixed (for example, with quantum error correc-
tion). In qualitative terms, the rate κ, which characterizes the bandwidth 
of the input–output channel, should be large compared with the rate γ, 
which characterizes parasitic losses, and both of these rates should be 
small compared with the rate of coherent coupling χ. 

Examples of physical systems for realizing a quantum interface and 
distributing coherence and entanglement between nodes are shown 
in Fig. 1c, d. In the first example (Fig. 1c), single atoms are trapped in 
optical cavities at nodes A and B, which are linked by an optical fibre. 
External fields control the transfer of the quantum state #Ψ! stored in the 
atom at node A to the atom at node B by way of photons that propagate 
from node A to node B6,18. In the second example (Fig. 1d), a single-
photon pulse that is generated at node A is coherently split into two 
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Figure 1 | Quantum networks. a, Shown is a notional quantum network 
composed of quantum nodes for processing and storing quantum states and 
quantum channels for distributing quantum information. Alternatively, such 
a network can be viewed as a strongly correlated many-particle system. b, The 
quantum interface between matter (coloured cube) and light (red curves) is 
depicted. Coherent interactions in the node are characterized by the rate χ; 
coupling between the node and photons in the external channel occurs at the 
rate κ; and parasitic losses occur at the rate γ. c, Quantum state transfer and 
entanglement distribution from node A to node B is shown in the setting of 
cavity quantum electrodynamics (QED)6. At node A, a pulse of the control 
field ΩA

out(t) causes the transformation of atomic state #Ψ! into the state of a

propagating optical field (that is, into a flying photon). At node B, the pulse 
Ωi

B
n(t) is applied to map the state of the flying photon into an atom in the 

cavity, thereby realizing the transfer of the state #Ψ! from node A to node B 
(ref. 18). d, The distribution of entanglement by using ensembles of a large 
number of atoms is shown13. A single-photon pulse at node A is coherently 
split into two entangled components that propagate to node B and node C 
and then are coherently mapped by the control fields Ωin

B, C(t) into a state that 
is entangled between collective excitations in each ensemble at node B and 
node C. At later times, components of the entangled state can be retrieved 
from the quantum memories by separate control fields, Ωo

B,
u
C
t(t) (ref. 19). 

Hint(t), interaction hamiltonian; ", h/2π (where h is Planck’s constant).
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Motivation: Flying Qubits for Quantum Networks

Is there a cavity-free way to do this?

Scheme being 
developed based 
on cavity QED:



“rotating wave approximation”: neglect 2 terms in the dipole coupling;
          valid when 
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Waveguide QED: Variety of Potential Physical Systems

ARTICLES

Emitter–surface-plasmon coupling

Surface-plasmon–waveguide coupling

Losses
Tapered nanowire

Dielectric waveguide

Figure 4 Schematic diagram of in- and out-coupling of surface plasmons on a
tapered nanowire to an evanescently coupled low-loss dielectric waveguide.
Here, a single photon originally in the waveguide is transferred to the nanowire,
where it interacts with the emitter before being transferred back into the waveguide.
The coupling between the nanowire and waveguide is efficient only when they are
phase-matched (in the regions indicated by the blue peaks). The phase-matching
condition is poor in the regions of the wire taper and in the bending region of the
waveguide away from the nanowire. Dissipative losses (in red) are concentrated to a
small region near the nanowire taper, owing to a large concentration of fields here.

and the system therefore acts as an e⇥cient switch or transistor for
the subsequent signal field.

The ideal operation of the transistor is limited only by the
characteristic time over which an undesired spin flip can occur. In
particular, if the emitter remains in |g⌃ after storage of the gate
pulse, the emitter can eventually be optically pumped to |s⌃ on
the arrival of a su⇥ciently large number of photons in the signal
field. For strong coupling, the number of incident photons, n, that
can be scattered before pumping occurs is given by the branching
ratio of decay rates from |e⌃ to these states, n ⇤ �e⌅g /�e⌅s, which
can be large owing to the large decay rate �e⌅g ⇥ �pl. Thus, n ⇤> P
and the emitter can reflect O(P) photons before an undesired spin
flip occurs. This number corresponds to the e�ective ‘gain’ of the
single-photon transistor.

Finally, we note that there are other possible realizations of a
single-photon transistor. The ‘impedance-matching’ condition and
need to split a pulse for optimal storage, for example, can be relaxed
using a small ensemble of emitters and photon storage techniques
on the basis of electromagnetically induced transparency38. Here,
storage also results in a spin flip within the ensemble that sensitively
alters the propagation of subsequent photons.

INTEGRATED SYSTEMS

Inevitably, surface plasmons experience losses as they propagate
along the nanowire, which could potentially limit their feasibility
as long-distance carriers of information and in large-scale devices.
For the nanowire, we must consider the trade-o� between the
larger Purcell factors obtainable with smaller diameters and a
commensurate increase in dissipation due to the tighter field
confinement. However, these limitations are not fundamental if
we can integrate surface-plasmon devices with low-loss dielectric
waveguides. Here, the surface plasmons can be used to achieve
strong nonlinear interactions over very short distances, but are
rapidly in- and out-coupled to conventional waveguides for long-
distance transport. One such scheme is shown in Fig. 4, where
excitations are transferred to and from the nanowire via an
evanescently coupled, phase-matched dielectric waveguide. The
losses will be small provided that the distance needed for the
surface plasmons to be coupled in and out and interact with the
emitter is smaller than the characteristic dissipation length, which
can be accomplished using optimized surface-plasmon geometries
(for example, tapered wires or nanotips15,28) or periodic structures

with engineered surface-plasmon dispersion relations39. Coupling
e⇥ciencies of ⇤95%, for example, are predicted using simple
systems28. Such a conductor–dielectric interface would provide
convenient integration with conventional optical elements, enable
many nonlinear operations without loss and make large-scale
integrated photonic devices feasible.

Another key feature of nanoscale surface plasmons is that the
strong interaction is very robust. Because the large coupling occurs
over a very large bandwidth and requires no special tuning of
either the emitter or nanowire, surface plasmons are promising
candidates for use with solid-state emitters such as quantum-dot
nanocrystals40 or colour centres41, where the spectral properties
can vary over individual emitters. Colour centres in diamond41,
for instance, are especially promising because they o�er sharp
optical lines and three-level internal configurations. At the same
time, guided surface plasmons might be used for trapping isolated
neutral atoms in the vicinity of suspended wires, thereby creating
an e�ective interface for isolated atomic systems.

OUTLOOK

A single-photon transistor can be used for many important
applications such as e⇥cient single-photon detection, where the
large gain in the signal field enables e⇥cient detection of the
gate pulse. This system also finds applications in quantum-
information science. Schrodinger cat states of photons can be
prepared, for example, if the gate pulse contains a superposition
of zero and one photon, as this initial pulse becomes entangled
with the propagation direction of potentially many subsequent
signal photons. The controlled-phase gate for photons proposed
in ref. 11 for cavity QED is also directly extendable to our
system. In particular, this scheme relies on conditional phase
shifts acquired as photons are reflected from a resonant cavity
containing a single atom, which are analogous to the reflection
dynamics derived for single surface plasmons here. In addition,
by using surface plasmons it is possible to achieve very large
optical depths with just a few emitters, which makes this system
e�ective for realizing electromagnetically induced transparency-
based nonlinear schemes4,6–8. Finally, the present system is an
intriguing candidate to observe phenomena associated with
strongly interacting, one-dimensional many-body systems. For
example, non-perturbative e�ects such as dynamical cross-overs42

involving photons can be explored. Higher-order correlations
created in the transmitted field can become a useful tool to
study and probe the non-equilibrium quantum dynamics of these
strongly interacting photonic systems.

METHODS

SINGLE-PHOTON DYNAMICS
Because we are interested only in the dynamics of near-resonant photons with
an emitter, we can make the approximation that left- and right-propagating
photons form completely separate quantum fields32. We define annihilation
and creation operators for the two fields, âL(R),k , â†

L(R),k , where the index k
runs over the range ±⇧; in principle, this allows for the existence of
negative-energy modes, but this is unimportant if we consider near-resonant
dynamics. Under this approximation, the relevant terms in equation (1) are
transformed via

⇤
dk h̄c|k|â†

k âk ⌅
⇤

dk h̄ck(â†
R,k âR,k + â†

L,�k âL,�k) and
�eg âkeikza ⌅ �eg(âR,k + âL,k)eikza .

To solve for the reflection and transmission coe⇥cients of single-photon
scattering, we write the general wavefunction for a system containing one
(either photonic or atomic) excitation in the following way (here, a two-level
emitter is assumed),

|⇤k⌃ =
⌅

dz
�
⇥L(z)Ê†

L(z)+⇥R(z)Ê†
R(z)

⇥
|g ,vac⌃+ ce|e,vac⌃.
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Cooperative enhancement of channeling of emission from atoms into a nanofiber

Fam Le Kien* and K. Hakuta
Department of Applied Physics and Chemistry, University of Electro-Communications, Chofu, Tokyo 182-8585, Japan
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We show the possibility of directional guided superradiance from a linear array of distant atoms separated by
one or several wavelengths in a line parallel to the axis of a nanofiber. We find that the rate and efficiency of
channeling of emission from the atoms into the fiber are cooperatively enhanced by the guided modes.

DOI: 10.1103/PhysRevA.77.013801 PACS number!s": 42.50.Nn, 42.50.Ct, 42.81.!i

I. INTRODUCTION

Coupling of light to subwavelength structures and its con-
trol pose one of the greatest challenges of recent research
#1–6$. Strong coupling in a superconducting circuit at micro-
wave frequencies has been observed #2$. Chang et al. have
proposed a technique that enables strong coherent coupling
between individual emitters and guided plasmon excitations
in conducting nanostructures #3$. In the case of dielectric
waveguides, it has been shown that a significant fraction of
emission from a single atom can be channeled into a nanofi-
ber #4–6$. The formation of single-atom trapping sites on a
nanofiber surface without any external field and the coupling
of single photons to a nanofiber have been demonstrated #6$.
The cooperation of two distant atoms via a nanofiber has
been discussed #7$. It has been shown that, at large distances
between the atoms, a substantial energy exchange can sur-
vive due to the guided modes #7$. In this paper, we show the
possibility of a directional guided superradiant emission pro-
cess that can enhance the rate and efficiency of channeling of
emission from a linear array of distant atoms into a nanofi-
ber.

Before we proceed, we note that superradiance is a prob-
lem of fundamental interest #8$. Despite a great deal of re-
search #9,10$, certain aspects of the problem are still not well
understood. An example is the mode selection in the direc-
tional emission from an extended sample of atoms. The main
difficulty is due to the fact that the collective process in-
volves a huge number of degrees of freedom, associated with
many atoms and a continuum of field modes. Recently, the
angular distribution of emission from a spatially extended
array of atoms in free space has been treated by the quantum
trajectory method #11$. The dynamic mode selection has
been studied #12$. Superradiant conversion of atomic spin
gratings into single photons in an optical cavity has been
demonstrated #13$.

The paper is organized as follows. In Sec. II we describe
the model. In Sec. III we calculate the intensity of emission
into guided modes. Our conclusions are given in Sec. IV.

II. MODEL

Consider N identical two-level atoms interacting with the
quantum electromagnetic field in the vicinity of a nanofiber

!see Fig. 1". The fiber has a cylindrical silica core of radius a
and refractive index n1=1.45 and an infinite vacuum clad of
refractive index n2=1. We assume that the atomic transition
frequency "0 is well below the cutoff frequency of the fiber,
so the single-mode condition is satisfied for this frequency.
In view of the very low losses of silica in the wavelength
range of interest, we neglect material absorption. The atoms
are located at points !rj ,# j ,zj", where j=1,2 , . . . ,N labels
the atoms and !r ,# ,z" is the cylindrical coordinates with z
being the axis of the fiber. We assume that the field is ini-
tially in the vacuum state. The field can be decomposed into
the contributions from the guided and radiation modes,
whose quantum expressions are given in Ref. #4$.

Assume that the characteristic atomic lifetime is large as
compared to the optical period 2$ /"0 and to the light propa-
gation time between two different atoms. The master equa-
tion for the reduced density operator % of the atomic system
in the electric-dipole, rotating-wave, and Born-Markov ap-
proximations has been previously derived #7,9,11,14$. In the
interaction picture, it reads

%̇ =
1
2 %

i,j=1

N

&ij!2' j%'i
† − 'i

†' j% − %'i
†' j" . !1"

Here ' j and ' j
† are the pseudospin operators that describe the

downward and upward transitions of the atoms. The coeffi-
cients &ij =&ij

!gyd"+&ij
!rad", with i , j=1,2 , . . . ,N, characterize

the collective spontaneous emission process, where &ij
!gyd"

and &ij
!rad" are the contributions from the guided and radiation

modes, respectively #7$. In Eq. !1", we have neglected the
propagation effects and the dipole-dipole interactions. For
these approximations to be valid, the sample must not be too
large and the distances between the atoms must not be too
small. We note that Eq. !1" has the same form as that for
atoms in free space #11,14$.

*Also at Institute of Physics and Electronics, Vietnamese Acad-
emy of Science and Technology, Hanoi, Vietnam.

nanofiber

guided modes

atoms

FIG. 1. !Color online" Linear array of atoms in the vicinity of a
nanofiber.
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†!x" #
1
$2

%cR
†!x" + cL

†!− x"& ,

co
†!x" #

1
$2

%cR
†!x" − cL

†!− x"& , !27"

the original Hamiltonian is transformed into two decoupled
“one-mode” Hamiltonians, i.e., H=He+Ho, where

He =' dx!− i"vgce
†!x"

!

!x
ce!x" +' dxV!!x"%ce

†!x""−

+ ce!x""+& + Eeae
†ae + Egag

†ag, !28a"

Ho =' dx!− i"vgco
†!x"

!

!x
co!x" , !28b"

with %He ,Ho&=0. Ho is an interaction-free one-mode Hamil-
tonian, while He describes a nontrivial one-mode interacting
model with coupling strength V#$2V̄. For notational sim-
plicity, vg is set to 1 hereafter.

As a side note, the Hamiltonian He is closely related to the
extensively studied Anderson model in condensed matter
physics. The Anderson model describes the interaction of the
conduction electrons with a single quantum impurity %1&. In
real space, the one-mode Anderson Hamiltonian takes the
following form %11,22&:

HA =' − i(
"

c"
†!x"

!c"!x"
!x

dx +' V!!x"%c"
†!x"cd,"

+ cd,"
† c"!x"&dx + (

"

#dnd," + Und,↑nd,↓, !29"

where c"
†!x" %c"!x"& is the creation !annihilation" operator of

the conduction electron with spin ", while the operator cd,"
†

!cd,"" creates an electron of spin " on the local impurity at
x=0. nd," is the number operator of electrons on the impurity.
V is the coupling strength. #d is the energy of the electron on
the impurity, and is degenerate for both spins.

The first term in Eq. !30" describes the kinetic energy of
the conduction electrons, and the second term describes the

interaction !“hybridization”" between the conduction elec-
trons and the impurity. These two terms closely resemble the
first two terms of He in Eq. !28a". The last term, Und,↑nd,↓,
describes the on-site Coulomb interaction between the elec-
trons on the impurity. For an isolated impurity, this term has
three energy configurations: !i" zero occupation with energy
E0=0; !ii" single occupation by an electron of spin ". The
energy is E1,"=#d where "=↑ or ↓; !iii" double occupation
with a spin ↑ and a spin ↓ electron with an energy E2=2#d
+U. When U is large, double occupation is energetically un-
favorable. In the limit where U→ +$, double occupation
becomes prohibited, and the quantum impurity can only ac-
commodate at most one electron, a situation similar to the
photon Hamiltonian wherein the two-level system can at
most absorb one photon at a time. In this infinite U limit,
since there is no double occupation, the term Und,↑nd,↓ effec-
tively drops out, and the Anderson Hamiltonian HA is exactly
the same as the photon Hamiltonian He !except the spin de-
generacy". In fact, the general procedures and formalism de-
tailed in this article for two photons can be directly applied
to the Anderson model for two electrons in the spin-singlet
state for arbitrary U %23&. Our procedures thus provide a
unified computation schemes for the transport properties of
strongly correlated photons as well as electrons.

Furthermore, when )("nd,"*+1, i.e., in the so-called local
moment phase, the Anderson model and the Kondo Hamil-
tonian !s-d model" are equivalent %24&. Both the Anderson
model and the Kondo model have recently been applied to
nanostructures such as quantum dots and single electron
transistor %5,25–28&. This connection hints the rich structures
of the problem of strongly correlated photon transport. On
the other hand, unlike the Anderson model, where fermionic
operators describe electrons, here we have bosonic operators
describing photons. Consequently, the physics that arises
from the existence of a Fermi surface does not occur in our
system. The transport properties for multielectrons and for
multiphotons will be correspondingly different.

In the following three sections, we will provided a de-
tailed account of our solutions to the two-photon transport
properties for the Hamiltonian in Eq. !26".

IV. RELATIONS BETWEEN THE TWO-MODE
AND ONE-MODE S MATRIX

The decomposition of the two-mode Hamiltonian H into
two decoupled one-mode Hamiltonians %Eqs. !28a" and
!28b"& greatly simplifies the calculations. In this section, we
present a strategy, followed by explicitly detailed calcula-
tions, to construct the exact S matrix of H from the scattering
properties of He and Ho.

Since both cR
†!x" and cL

†!x" can be decomposed into a lin-
ear combination of ce

†!x" and co
†!x" via Eq. !27", any free

one-photon state ,%1* can be written as

,%1* = ,%*e + ,%*o, !30"

where the subscripts label the subspace spanned by ce
†!x"

,0” ,−* or co
†!x",0” ,−*, respectively. Similarly, since

cR
†!x1"cR

†!x2", cR
†!x1"cL

†!x2", and cL
†!x1"cL

†!x2" can all be decom-

FIG. 4. !Color online" Schematics of the system. A two-level
system is coupled to a one-dimensional continuum in which the
photons, shown as wiggly waves, propagate in each direction.
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dipole moment of this artificial atom is very 
large, often more than four orders of magni-
tude greater than the typical value for an elec-
tronic transition of a real atom. Because the 
qubit’s size and shape are adjustable, the dipole 
coupling can also be engineered by having the 
atom essentially fill the transverse dimension 
of the cavity, which means that the vacuum 
Rabi frequency (expressed as a fraction of the 
photon frequency) approaches a maximum 
value53 of a few per cent, set by the fine-struc-
ture constant (see Box 2). In comparison, the 
best values obtained so far using real atoms in 
either optical or microwave cavities are much 
smaller, of the order of one part in 106. The 
very large interactions achievable in circuit 
QED make it easier to attain the strong cou-
pling limit of cavity QED. Another advantage 
of circuit QED is that it avoids the difficulties of 
cooling and trapping the atom, as the qubit can 
be fabricated at precisely the desired location 
inside the cavity.

Several experiments with superconduct-
ing qubits in the past few years have accessed 
the regime of strong coupling, and have reca-
pitulated many classic results from quantum 
optics. Strong coupling with circuit QED was 
first achieved in 2004 (refs 23, 24), and a device 
like that shown in Figure 2b has been used23 to 
observe vacuum Rabi splitting in a solid-state, 
artificial system. When transmission through 
the cavity was measured when the qubit was 
tuned into resonance, two separate peaks (the 
vacuum Rabi splitting) could be resolved (see 
Fig. 3a, overleaf), corresponding to coherent 
superpositions of a single photon in the trans-
mission line and a single excitation of the qubit. 
A more recent experiment54 with an optimized 
qubit now approaches the fine-structure limit, 
with a dimensionless coupling strength of 
about 2.5%, yielding the large splitting shown 
in Figure 3b. Other experiments have observed 
vacuum Rabi oscillations in the time domain25 

and demonstrated a maser based on a single 
artificial atom30.

Circuit QED has also been used for quan-
tum communication and coupling between 
qubits. A source of non-classical microwaves 
has been demonstrated, for example, in which 
single photons are produced on demand27. 
This experiment also showed that the quantum 
information contained in a superposition state 
of a qubit could be mapped onto the photon 
state, demonstrating the conversion between 
a standing and a flying qubit, a milestone for 
quantum computation. Finally, a cavity has 
been used to realize a solid-state quantum 
bus, with a quantum state being transferred 
from one qubit to another using a microwave 
photon as the intermediary. This last achieve-
ment was made simultaneously in experiments 
with phase qubits29 and charge qubits28. Taken 
together, these experiments indicate that com-
munication between small prototype systems 
of several qubits, wired together with photons 
and cavities, is possible. The combination of 
techniques and concepts from quantum optics, 
in conjunction with the technology for super-
conducting quantum circuits, is likely to lead 
to continued rapid progress.

The combination of circuit QED and experi-
mental advances with superconducting circuits 
raises many interesting questions, and next we 
shall discuss some possible themes and areas 
for future work.

New regimes of quantum optics
As mentioned above, the relative coupling 
strength in circuit QED is many orders of 
magnitude greater than in the better-known 
versions of cavity QED with real atoms. This 
means that less-familiar, higher-order effects 
can have a noticeable influence. One exam-
ple is the dispersive, or off-resonant, case, in 
which the qubit and the photon interact with-
out the photon being absorbed. In the ‘strong 

dispersive regime’ in circuit QED26, this inter-
action, although roughly ten times smaller 
than the resonant case, is still larger than all 
sources of decoherence, a situation that has 
been accessed in only a few experiments with 
Rydberg atoms44,45. Circuit QED couplings can 
approach the limit where multiphoton effects, 
which are usually rare, play an important role. 
Other new phenomena include optical bist-
ability of the cavity, in which the presence of 
a single atom makes the cavity oscillations 
strongly anharmonic, and causes the entangle-
ment of multi-photon states. It is also possible 
to engineer strong photon–photon nonlineari-
ties, based for example on the simultaneous 
interaction of two cavities with a single qubit. 

What is the real limit on the strength of cou-
pling? It should be possible to push coupling 
strengths beyond the fine-structure limit dis-
cussed above for electric fields. For instance, 
if the current in a transmission line is passed 
directly through a Josephson junction53, the 
relative coupling can be larger than unity (g > ω, 
where ω is the transmission frequency of the 
atom/cavity), so the photon and the qubit cease 
to be separate entities and the coupling can-
not be considered as a perturbation. All these 
investigations could add significantly to the 
body of knowledge on the light–matter inter-
action already gleaned from cavity QED. 

What are the limits of coherence?
Perhaps the greatest outstanding problem with 
all solid-state implementations of quantum 
systems is how to minimize decoherence, the 
inevitable loss of quantum information owing 
to coupling to undesired degrees of freedom, 
and secure enough time to allow complex 
manipulations. In their roughly 10 years of 
existence, the coherence time of supercon-
ducting qubits has increased by a factor of 
almost 1,000 (from just nanoseconds to a few 
microseconds), but further improvements will 

Figure 2 | Circuit QED devices. a, Schematic representation (adapted 
from ref. 22) of the circuit analogue of cavity quantum electrodynamics 
(QED), where a superconducting qubit (green) interacts with the electric 
fields (pink) in a transmission line (blue), consisting of a central conductor 
and two ground planes on either side. The cavity is defined by two gaps 
(the mirrors) separated by about a wavelength. The cavity and qubit are 
measured by sending microwave signals down the cable on one side of 
the cavity and collecting the transmitted microwaves on the output side. 

b, Micrograph of an actual circuit QED device that achieves the strong-
coupling limit. It consists of a superconducting niobium transmission line 
on a sapphire substrate with two qubits (green boxes) on either side. The 
inset shows one of the superconducting Cooper-pair box charge qubits 
located at the ends of the cavity where the electric fields are maximal. The 
qubit has two aluminium ‘islands’ connected by a small Josephson junction. 
Changing the state of the qubit corresponds to moving a pair of electrons 
from the bottom to top (shown schematically).
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Figure 1 | Radiative interactions and optical potentials for an atom near the surface of a toroidal resonator. a, Simple overview of the experiment showing
a cloud of cold caesium atoms released so that a few atoms fall within the evanescent field of a microtoroidal resonator. Light in a tapered optical fibre
excites the resonator with input power Pin at frequency !p, leading to transmitted and reflected outputs PT,PR. b, Cross-section of the microtoroid at � = 0
showing the coherent coupling coefficient |g(r) = g(⇢,z,�)| for a transverse-electric-polarized whispering-gallery mode. The microtoroid has principal and
minor diameters (Dp,Dm) = (24,3) µm, respectively. c, (i) Coherent coupling |g(d,z,�)| for the external evanescent field as a function of distance
d = ⇢ �Dp/2 from the toroid’s surface for (z,�) = (0,0). (ii) The effective dipole potentials Ud for resonant !p = !a

(0), red !p < !a
(0) and blue !p > !a

(0)

free-space detunings of the probe Pin. The Casimir–Polder surface potential Us for the ground state of atomic Cs is also shown. (iii) The atomic decay rate
� (d) as a function of distance d from the toroid’s surface for transverse-electric (�k) and transverse-magnetic (�?) modes. All rates in this figure are scaled
to the decay rate in free space for the amplitude of the Cs 6P3/2 ! 6S1/2 transition, �0/2⇡= 2.6 MHz. The approximate distance scale probed in our
experiment is 0 < d < 300 nm.

have implemented by Monte Carlo simulation and which gives
insight into the underlying atomic dynamics, as detailed in the
Supplementary Information.

For the identification of atoms near the surface of the
microtoroid in the regime shown in Fig. 1c, we rely on the
strong interaction of atom and cavity field to modify the light
transmitted by the cavity. Specifically, because the atom–cavity
coupling coefficient g (r(t )) depends on the atomic trajectory
r(t ), we can select single atoms located within the cavity mode
by demanding a minimum criterion for the change in cavity
transmission due to the atomic trajectory. Our scheme for single-
atomdetection is similar to that used in previous work32–34, but with
significant modifications. Namely, by implementing fast digital
logic, we achieve reliable real-time identification of atomic transit
events in times as short as 250 ns from the photoelectric counts
due to the transmitted power PT(t ). Note that this identification
would not be possible for an atom in free space without the
emission rate enhancement and efficiency afforded by coupling to
the cavity. Given the identification of a falling atom, the control
logic switches the power Pin and frequency !p of the probe
input within ' 100 ns and records subsequent photoelectric counts
for the transmitted PT(t ) and reflected PR(t ) outputs from the
cavity. These records of photoelectric counts form the basis for
our analysis that follows, with further details presented in the
Supplementary Information.

To address experimentally the question of the distance scale
for the recorded atom transit events, we first examine the
time dependence of the cavity transmission T (t ) = PT(t )/Pin
immediately following a trigger heralding the arrival of an
atom into the cavity mode. Figure 2a shows T (t ) for the
case of resonant excitation, namely 1pa = !p � !(0)

a = 0 and
1ca = !c �!(0)

a = 0, where !(0)
a is the free-space atomic frequency

for the 6S1/2,F = 4 ! 6P3/2,F = 5 transition in atomic Cs, !p is
the incident laser probe frequency and !c is the resonant frequency
of the relevant toroidal cavity mode. Two characteristic decay
times are evident, with the background subtracted transmission
TB(t ) ⌘ T (t ) � B fitted well by the sum of an exponential
(/e�t/�tI ) and a Gaussian (/e�(t/�tII)2 ). Here, the background level
B ⌘ T (t � �tI,II) is determined from the cavity transmission for
times that are long compared with the duration of the transit event,
with B/T (1pa � ) ⇠< 0.01.

The time constants �tI,�tII can be associated with distance
scales dI,dII by way of the average velocity v̄ with which atoms
arrive at the toroid’s mode following release from the optical trap,
namely v̄ ⇠ 0.17m s�1, leading to dI ' 130 nm and dII ' 640 nm.
For comparison, the scale length for g (d) in the radial direction
is ⌦= 1/k0 = 136 nm (Fig. 1c(i)), whereas in the vertical direction,
the variation of g (z) is approximately Gaussian (/e�(z/w0)2 ) with
waist w0 ' 590 nm (Fig. 1b). The comparisons dI ⇠ ⌦ and dII ⇠w0
suggest that the short-lived component �tI in Fig. 2a arises from
atomic trajectories that are deflected from their otherwise vertical
fall to largely radial paths of length ⌦ that terminate at the dielectric
surface. Similarly, the longer-lived component �tII is associated
with trajectories that pass along z without significant radial motion
towards the surface of the toroid.

Of course an atom near the surface will not move with
constant velocity but will be accelerated by interactions with
surface potentials and the cavity field itself. To reach a quantitative
understanding of the external, centre-of-mass motion and the
internal, atomic dipole–cavity field coupling, we have implemented
a numerical simulation that incorporates both perturbative and
non-perturbative aspects of the radiative interaction of the atom
and microtoroid. Our Monte Carlo simulation draws random
initial trajectories for atoms falling from a thermal cloud and
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Observed strong interaction of single atom and single photon. 



Experimental Systems: Example 2: Quantum Dot + Nanowire

InAs quantum dot embedded in GaAs nanowire:

Figure 2a shows the micro-photoluminescence (mPL) spectra of a
photonic nanowire S4P in the 911–919 nm wavelength range. The
measurements were performed at 5 K, under non-resonant, pulsed
optical pumping (see Methods). The spectra exhibit an excitonic
line (X) that peaks at 915.2 nm and a bi-excitonic line (XX)
peaking at 914.1 nm. Figure 2b shows that their respective integrated
intensities IX and IXX are approximately equal above saturation. This
is expected for a single QD with a nearly perfect radiative yield
embedded in a source having a broadband collection efficiency. In
addition, the nature of these two transitions is unambiguously
confirmed by the comparison of these data with the solid curves,
calculated from the standard assumption that the probability of
creating n excitons in a QD is Poissonian.

The photon statistics of the source were investigated through
measurement of the autocorrelation function g(2)(t)¼ kI(t)I(tþ t)l/
kI(t)l2 under pulsed optical excitation. Above saturation,
which corresponds to the maximal source efficiency, the X line exhi-
bits the signature of very pure single-photon emission, with
g(2)(0) , 0.008 (Fig. 2c). In this regard, photonic nanowires have
a key advantage over QD–cavity S4P, which systematically exhibit
a much larger g(2)(0) at saturation11,15,27. In a cavity, detuned
transitions of the same QD (for example, the XX one) can feed
the cavity mode through various mechanisms (dephasing28,
coupling to a continuum of states29), which lead to the emission
of undesirable multiphoton pulses under non-resonant
optical pumping.

The source efficiency e is determined from comparison to a
source emitting a known photon flux. To validate the calibration
procedure detailed in the Methods, we first investigated a reference
S4P, a single InAs QD buried 120 nm under the surface of an
unprocessed GaAs sample. With such a simple structure, e is calcu-
lated for varying numerical aperture (NA) collection, using
an eigenmode expansion technique (solid line in Fig. 3b). At the
X saturation, the efficiencies measured with two microscope objec-
tives having NA¼ 0.4 and 0.75 are respectively (4.5+0.8)! 1023

and (1.2+0.19)! 1022, in close agreement with theoretical
predictions (Fig. 3b).

The same measurements on the X line of the photonic nanowire
source with a 0.4 NA first lens lead to e ¼ 0.35+0.05 (Fig. 3a), very
close to state-of-the-art microcavity-based S4Ps (0.44 (ref. 15) and
0.38 (ref. 11)). However, unlike these microcavities, the far-field
emission pattern of our photonic nanowires is not fully intercepted
by a 0.4 NA collecting cone. Increasing further the collection NA to
0.75 leads to e ¼ 0.72+0.09, which corresponds to a 55 MHz
single-photon flux into the first lens and represents an improvement

by a factor of 1.6 compared to microcavity S4Ps. In addition, we
measured several devices with e . 0.6 and reproducibly obtained
e . 0.5 on a number of photonic nanowires with diameters
ranging from 200 to 260 nm.

The simple Fabry–Perot model developed in ref. 13 provides an
analytical expression of e given by

eðuÞ ¼ 1
2
b
ð1þ jrmjÞ

2

1þ bjrmjÞ
Taðsin uÞ ð1Þ

where Ta(sin u) is the taper transmission into free space within a
cone of opening angle 2u. The X decay rate extracted from autocor-
relation measurements, equal to 0.42 ns21, is smaller that the 1 ns21

expected value for an ideal structure. This is likely due to an actual
wire diameter d¼ 0.9dopt, which leads to a deconfinement of HE11.
Fortunately, thanks to the strong inhibition of the SE in the other
electromagnetic modes, b is robust against imperfections of this
kind, and remains about 0.9. In fact, the source efficiency is
mainly limited by the upper taper geometry. Our data are well
described by a tapering angle a¼ 58 (solid line in Fig. 3a),
leading to T58(0.75)¼ 0.77. Further fabrication improvement to
decrease a may bring the efficiency closer to its theoretical limit,
&0.95 for a taper having unity transmission13.

Together with a spectacular increase of e , replacing a high-Q
cavity design by a monomode waveguide approach comes with
another crucial advantage: photonic nanowires offer an intrinsically
broadband SE control, applicable to non-monochromatic emitters
(colour centres in diamond, QDs operated at higher temperatures).
Furthermore, the operating wavelength of the source can be tuned

β/2
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Figure 1 | Single-photon source geometry. a, An InAs QD (red triangle) is
embedded in a GaAs photonic nanowire. The far-field emission collection
is optimized with an integrated modal mirror (gold and SiO2 spacer) and a
smooth tapering of the wire tip (opening angle, a). b, Scanning electron
microscopy image of a typical device.
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Figure 2 | Single-photon emission by a single QD in a photonic nanowire.
a, mPL spectra of the photonic nanowire measured at 5 K for increasing
values of the optical pump power P. b, Integrated counts of X and XX versus
P and fits to the theory (solid lines). Below the saturation pump power
P0¼ 1.05 mW, they respectively exhibit linear and quadratic dependence
on P. c, Autocorrelation trace of the X transition (red) well above saturation
(P/P0' 4), measured over a 0.5-nm spectral range (rectangle window in a).
The fit to theory (black) demonstrates g(2)(0) , 0.008.
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Experimental Systems: Example 3: Superconducting Qubit

Rabi Splitting! 

Cooper 
pair box

[from Wallraff, et al. (Yale group) Nature 2004]
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Generation of nonclassical microwave states using an artificial atom in 1D open space

Io-Chun Hoi, Tauno Palomaki, Göran Johansson, Joel Lindkvist, Per Delsing & C.M.Wilson∗

Department of Microtechnology and Nanoscience (MC2),
Chalmers University of Technology, Göteborg, Sweden.

(Dated: January 12, 2012)

We have embedded an artificial atom, a superconducting transmon qubit, in a 1D open space
and investigated the scattering properties of an incident microwave coherent state. By studying the
statistics of the reflected and transmitted fields, we demonstrate that the scattered states can be
nonclassical. In particular, by measuring the second-order correlation function, g(2), we show photon
antibunching in the reflected field and superbunching in the transmitted field. We also compare
the elastically and inelastically scattered fields using both phase-sensitive and phase-insensitive
measurements.

PACS numbers: 42.50.Gy,03.67.Hk,42.50.Ar,85.25.Cp

A single atom interacting with propagating electro-
magnetic fields in open space is a fundamental system
of quantum optics. Strong coupling between a single
artificial atom and resonant propagating fields has re-
cently been achieved in a 1D system [1, 2], experimentally
demonstrating nearly perfect extinction of the forward
propagating fields [2]. However, this extinction can be
explained by classical theory: a classical point-like oscil-
lating dipole perfectly reflects resonant incident fields [3].
In this Letter, we demonstrate the quantum nature of the
transmitted and reflected fields generated from our artifi-
cial atom in 1D open space by using a resonant coherent
state as the incident field. In particular, by measuring
the statistics of the fields we show that the reflected field
is antibunched [4, 5] while still maintaining first-order co-
herence. Moreover, we observe superbunching statistics
in the transmitted fields [4].

To understand how our artificial atom generates anti-
bunched and superbunched states, it is helpful to con-
sider the incident coherent state in the photon number
basis. For a low power incident field with less than 0.5
average photons per lifetime of our atom, we can safely
approximate the coherent field using only the first three
photon eigenstates. If we consider a one-photon inci-
dent state, the atom reflects it, leading to antibunching
statistics in the reflected field. Together with the zero-
photon state the reflected field still maintains first-order
coherence. For a two-photon incident state, since the
atom is not able to scatter more than one photon at a
time, the pair has a much higher probability of transmis-
sion, leading to superbunching statistics in transmission
[4, 6]. In this sense, our single artificial atom acts as
a photon-number filter, which extracts the one-photon
number state from a coherent state. This represents a
novel way to generate photon correlations and nonclas-
sical states in the microwave compared to other recent
work [7–11].

Our system consists of a superconducting transmon
qubit [12], strongly coupled to a 1D transmission line in
a coplanar waveguide configuration(see Fig. 1A). The
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FIG. 1. (A) A micrograph of our artificial atom, a supercon-
ducting transmon qubit embedded in a 1D open transmission
line. (Zoom In) Scanning-electron micrograph of the SQUID
loop of the transmon. (B) Schematic setup for measurement
of the second-order correlation function. This setup enables
us to do Hanbury Brown-Twiss measurements between out-
put ports 1 and 2. Depending on the choice of input port,
we can measure g(2) of the reflected/transmitted field. (C)
Transmittance on resonance as a function of incident power.
(Inset) A weak, resonant coherent state is reflected by the
atom.

ground state |0〉 and first excited state |1〉 have a tran-
sition energy h̄ω01. The relaxation rate of the atom is
dominated by an intentionally strong coupling to the Z
= 50 Ω transmission line through the coupling capacitor
Cc, defined in Fig. 1B.

The electromagnetic field in the transmission line is de-
scribed by an incoming voltage wave Vin, a reflected wave
VR and a transmitted wave VT . In Fig.1A, the transmit-
tance is defined as T = |VT /Vin|2. For a weak coherent
drive on resonance with the atom, we expect to see full
reflection of the incident signal [4, 13]. This can be un-
derstood in terms of interference between the incident
wave and wave scattered from the atom, which destruc-
tively interferes in transmission and constructively inter-
feres in reflection [4, 13]. In the sample measured here, we
achieved extinction of more than 99% in transmittance,
as shown in Fig. 1C. By measuring the transmission coef-
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Generation of nonclassical microwave states using an artificial atom in 1D open space

Io-Chun Hoi, Tauno Palomaki, Göran Johansson, Joel Lindkvist, Per Delsing & C.M.Wilson∗

Department of Microtechnology and Nanoscience (MC2),
Chalmers University of Technology, Göteborg, Sweden.

(Dated: January 12, 2012)

We have embedded an artificial atom, a superconducting transmon qubit, in a 1D open space
and investigated the scattering properties of an incident microwave coherent state. By studying the
statistics of the reflected and transmitted fields, we demonstrate that the scattered states can be
nonclassical. In particular, by measuring the second-order correlation function, g(2), we show photon
antibunching in the reflected field and superbunching in the transmitted field. We also compare
the elastically and inelastically scattered fields using both phase-sensitive and phase-insensitive
measurements.

PACS numbers: 42.50.Gy,03.67.Hk,42.50.Ar,85.25.Cp

A single atom interacting with propagating electro-
magnetic fields in open space is a fundamental system
of quantum optics. Strong coupling between a single
artificial atom and resonant propagating fields has re-
cently been achieved in a 1D system [1, 2], experimentally
demonstrating nearly perfect extinction of the forward
propagating fields [2]. However, this extinction can be
explained by classical theory: a classical point-like oscil-
lating dipole perfectly reflects resonant incident fields [3].
In this Letter, we demonstrate the quantum nature of the
transmitted and reflected fields generated from our artifi-
cial atom in 1D open space by using a resonant coherent
state as the incident field. In particular, by measuring
the statistics of the fields we show that the reflected field
is antibunched [4, 5] while still maintaining first-order co-
herence. Moreover, we observe superbunching statistics
in the transmitted fields [4].

To understand how our artificial atom generates anti-
bunched and superbunched states, it is helpful to con-
sider the incident coherent state in the photon number
basis. For a low power incident field with less than 0.5
average photons per lifetime of our atom, we can safely
approximate the coherent field using only the first three
photon eigenstates. If we consider a one-photon inci-
dent state, the atom reflects it, leading to antibunching
statistics in the reflected field. Together with the zero-
photon state the reflected field still maintains first-order
coherence. For a two-photon incident state, since the
atom is not able to scatter more than one photon at a
time, the pair has a much higher probability of transmis-
sion, leading to superbunching statistics in transmission
[4, 6]. In this sense, our single artificial atom acts as
a photon-number filter, which extracts the one-photon
number state from a coherent state. This represents a
novel way to generate photon correlations and nonclas-
sical states in the microwave compared to other recent
work [7–11].

Our system consists of a superconducting transmon
qubit [12], strongly coupled to a 1D transmission line in
a coplanar waveguide configuration(see Fig. 1A). The
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ducting transmon qubit embedded in a 1D open transmission
line. (Zoom In) Scanning-electron micrograph of the SQUID
loop of the transmon. (B) Schematic setup for measurement
of the second-order correlation function. This setup enables
us to do Hanbury Brown-Twiss measurements between out-
put ports 1 and 2. Depending on the choice of input port,
we can measure g(2) of the reflected/transmitted field. (C)
Transmittance on resonance as a function of incident power.
(Inset) A weak, resonant coherent state is reflected by the
atom.

ground state |0〉 and first excited state |1〉 have a tran-
sition energy h̄ω01. The relaxation rate of the atom is
dominated by an intentionally strong coupling to the Z
= 50 Ω transmission line through the coupling capacitor
Cc, defined in Fig. 1B.

The electromagnetic field in the transmission line is de-
scribed by an incoming voltage wave Vin, a reflected wave
VR and a transmitted wave VT . In Fig.1A, the transmit-
tance is defined as T = |VT /Vin|2. For a weak coherent
drive on resonance with the atom, we expect to see full
reflection of the incident signal [4, 13]. This can be un-
derstood in terms of interference between the incident
wave and wave scattered from the atom, which destruc-
tively interferes in transmission and constructively inter-
feres in reflection [4, 13]. In the sample measured here, we
achieved extinction of more than 99% in transmittance,
as shown in Fig. 1C. By measuring the transmission coef-
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approaches that of a coherent field at high incident power, as expected. For a coherent state g(2)(0) = 1 is independent of
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antibunching behavior reveals the quantum nature of the field. The curves shown here had a digital filter with a 55 MHz
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the time dynamics of antibunching cannot be resolved.
In other words, within that time interval, the atom has
had time to absorb and emit many photons.

To obtain the theoretical results in Fig. 2 B, C, and
D, we use a master equation formalism. The digital filter
is modeled by a single-mode resonator. A master equa-
tion describing both the transmon and the resonator is
derived using the formalism of cascaded quantum sys-
tems. To model the effect of the trigger jitter, the value
of g(2)(τ) at each point is replaced by the average value
of g(2)(τ), g(2)(τ -10 ns) and g(2)(τ+10 ns).

Our artifical atom selectively filters out the Fock state
n = 1 from the input coherent state. As a result, the
reflected and transmitted field display antibunched and

superbunched statistics, respectively. Thus, the qubit
acts as a passive photon-number filter, converting a co-
herent microwave state to a nonclassical one, with high
production rate.

While the scattered field requires a purely quantum
description, it can still maintain first-order coherence
similar to a classical field, as shown below. We can de-
fine the first-order correlation function in steady state as
g(1) = 〈V 〉2 /

〈

V 2
〉

. First-order coherence then refers to

g(1) = 1. As expected, for a thermal source, this function
is 0 and for a coherent state it is 1.

The first-order coherence properties of the scattered
resonance field strongly depend on the Rabi frequency
Ωp and the relaxation rate Γ10 of the atom. The Rabi
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the time dynamics of antibunching cannot be resolved.
In other words, within that time interval, the atom has
had time to absorb and emit many photons.

To obtain the theoretical results in Fig. 2 B, C, and
D, we use a master equation formalism. The digital filter
is modeled by a single-mode resonator. A master equa-
tion describing both the transmon and the resonator is
derived using the formalism of cascaded quantum sys-
tems. To model the effect of the trigger jitter, the value
of g(2)(τ) at each point is replaced by the average value
of g(2)(τ), g(2)(τ -10 ns) and g(2)(τ+10 ns).

Our artifical atom selectively filters out the Fock state
n = 1 from the input coherent state. As a result, the
reflected and transmitted field display antibunched and

superbunched statistics, respectively. Thus, the qubit
acts as a passive photon-number filter, converting a co-
herent microwave state to a nonclassical one, with high
production rate.

While the scattered field requires a purely quantum
description, it can still maintain first-order coherence
similar to a classical field, as shown below. We can de-
fine the first-order correlation function in steady state as
g(1) = 〈V 〉2 /

〈

V 2
〉

. First-order coherence then refers to

g(1) = 1. As expected, for a thermal source, this function
is 0 and for a coherent state it is 1.

The first-order coherence properties of the scattered
resonance field strongly depend on the Rabi frequency
Ωp and the relaxation rate Γ10 of the atom. The Rabi
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the time dynamics of antibunching cannot be resolved.
In other words, within that time interval, the atom has
had time to absorb and emit many photons.

To obtain the theoretical results in Fig. 2 B, C, and
D, we use a master equation formalism. The digital filter
is modeled by a single-mode resonator. A master equa-
tion describing both the transmon and the resonator is
derived using the formalism of cascaded quantum sys-
tems. To model the effect of the trigger jitter, the value
of g(2)(τ) at each point is replaced by the average value
of g(2)(τ), g(2)(τ -10 ns) and g(2)(τ+10 ns).

Our artifical atom selectively filters out the Fock state
n = 1 from the input coherent state. As a result, the
reflected and transmitted field display antibunched and

superbunched statistics, respectively. Thus, the qubit
acts as a passive photon-number filter, converting a co-
herent microwave state to a nonclassical one, with high
production rate.

While the scattered field requires a purely quantum
description, it can still maintain first-order coherence
similar to a classical field, as shown below. We can de-
fine the first-order correlation function in steady state as
g(1) = 〈V 〉2 /

〈

V 2
〉

. First-order coherence then refers to

g(1) = 1. As expected, for a thermal source, this function
is 0 and for a coherent state it is 1.

The first-order coherence properties of the scattered
resonance field strongly depend on the Rabi frequency
Ωp and the relaxation rate Γ10 of the atom. The Rabi
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Scattering by 2LS 
depends on whether 
it is in excited state.

Strong coupling ➔ 1 photon near 2LS strongly influences others
    ➔ generates a strong correlation between the photons

Example result (Shen&Fan, PRL-PRA 2007):
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part of outgoing wave: the 2 
photons are exponentially correlated

* connected to stimulated emission (bosons!)

inject 2 photons in uncorrelated 
resonant plane wave states
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Waveguide QED: Waveguide + Two-Level System (2LS)

H = �i~c
Z
dx


a†R(x)

d

dx
aR(x)� a†L(x)

d

dx
aR(x)

�

+V
h
�+aR(0) + ��a†R(0) + �+aL(0) + ��a†L(0)

i

1D continuum
(bosons)

+

+
coupling

2 level system
(described by Pauli matrices)

�+ a†R(0)
caveat: strong coupling but not “ultra-strong”
      →	
  rotating wave approximation, so neglect
            (⇒ makes exact solution straight forward)

1. number of “excitations” conserved (no “Kondo effects”...)
2. L-R symmetry ⇒ make even and odd combination
      ⇒ only even mode couples to 2LS (and it is chiral...)
3. bosonic statistics of        is crucial!

a

†
R(x) |2ih1|



| 1i =
Z
dx g1(x) a

†
e(x)|0, gi+ e1|0, ei

| 2i =
Z
dx1dx2 g2(x1, x2) a

†
e(x1)a

†
e(x2)|0, gi+

Z
dx e2(x)a

†
e(x)|0, ei

g2(x1, x2) e2(x)

g2(x1, x2) ⇠ Sym
n

e

i(k1x1+k2x2) +Be

i(k1+k2)x2
e

��|x2�x1|
o

3. Scattering of wave-packet with definite photon number: Fock state
      use a Gaussian wave-packet-- spectral width �

Waveguide QED (2LS): 2-Photon Scattering State

1. Scattering wave states for incoming even plane waves

2. Transform back to Left-Right basis

4. Scattering of coherent state: mean photon number

n=1 can satisfy with
plane waves

n=2

no plane wave solution: can’t make and consistent

correlated state
need a continuum for this



� ⌘ 2V 2/c

Waveguide QED (2LS):

n=4

variety of more 
complicated correlations:

1-photon transmission:
incoming photon at
resonance with the 2LS;
Gaussian wave-packet
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into waveguide:



Waveguide QED (2LS): 2-Photon Transmission

PW = “plane wave” corr. = correlated state + interference part

RR = right-right RL = right-left (1 photon transmitted, 1 reflected)
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large correlated
state effects!!
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Spectral Entanglement: Two-Photon State

Spectrally entangled photon pair
	
  	
  	
  	
  (possible large-alphabet 
    quantum communication)

[Huaixiu Zheng]

k1−k0

k2
−k

0

2LS, Sigma=0.10, P=9.00, Omega=0.00

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
T2

2

4

6

8

10

12

14
x 10−4

k1−k0

k2
−k

0
 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
fRR

0

0.5

1

1.5

2

2.5
x 10−3

k1−k0

k2
−k

0

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
RT

0

0.1

0.2

0.3

0.4

0.5

k1−k0

k2
−k

0

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
fRL

0

0.1

0.2

0.3

0.4

0.5

k1−k0

k2
−k

0

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
R2

0

2

4

6

8

10

k1−k0

k2
−k

0

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
fLL

0

2

4

6

8

10

k1−k0

k2
−k

0
2LS, Sigma=0.10, P=9.00, Omega=0.00

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
T2

2

4

6

8

10

12

14
x 10−4

k1−k0

k2
−k

0

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
fRR

0

0.5

1

1.5

2

2.5
x 10−3

k1−k0

k2
−k

0

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
RT

0

0.1

0.2

0.3

0.4

0.5

k1−k0

k2
−k

0

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
fRL

0

0.1

0.2

0.3

0.4

0.5

k1−k0

k2
−k

0

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
R2

0

2

4

6

8

10

k1−k0

k2
−k

0

 

 

−1 −0.5 0 0.5 1
−1

−0.5

0

0.5

1
fLL

0

2

4

6

8

10

FLL FRR

System'parameters:'
Γ=9,%Γ’=1,'δ=0,%%σ=0.01'0.1  



Waveguide QED: Four-Level System (4LS)

Consider a more complicated local quantum system:
Why?? 1. would like “classic” effect of interacting photons,

    such as photon blockade
2. want to change number statistics-- non-classical light

classical controllable field couples 
levels 2 and 3: 
made in optics and supercond. qubits

[Majer et al., PRL 2005]

[Huaixiu Zheng]



Waveguide QED: Four-Level System (4LS)
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Multi-Photon: Cavity-free Photon Blockade

true 2-photon transmission compared 
to 2 independent photons:?"

� = 0

photon blockade 

[coupling strength]
[Huaixiu Zheng]

detuning 
from 4LS:

�0 = 1
loss in 4LS:

� = 0.2

wavepacket 
spectral width:
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Toward a Single Photon Source

Inject coherent 
state pulse with
1 photon on avg.

Number statistics
of transmitted
pulse??

sub-Poissonian statistics: multi-photon states are suppressed
single photon source important for secure quantum communication



•  Minimal'system'for'scalable'quantum'networks'
•  Rela6vely'unexplored'for'1D'waveguide'case'
•  So'far,'no'analy6c'solu6on'found@@@in'sharp'contrast'to'
single@qubit'case'

Two@Qubit'Problem'
'



•  Original(Hamiltonian(

•  Hamiltonian(with(bosonic(sites(

Numerical(Green(Func7on(Method(I(



•  Non$interac+ng-sca/ering-eigenstates-

•  Full-interac+ng-solu+on-

•  Photon$photon-correla+on-(g2)-

Numerical-Green-Func+on-Method-II-

† †

2 † †

| ( ) ( ) ( ) ( ) |( )
| ( ) ( ) | | ( ) ( ) |

a x a x ct a x ct a x
g t

a x a x a x ct a x ct
α α α α

α α α α

ψ ψ
ψ ψ ψ ψ

〈 + + 〉=
〈 〉〈 + + 〉

Note: g2 = 1 for product state or coherent state (classical)



Photon&Photon'Correla-on:'Quantum'Beats'

k0#

??" ??"

[Huaixiu Zheng]



Markovian)vs.)Non-Markovian)Regime)
)

Dynamics)on)a)very)long)6me)scale!)



Qubit-Qubit Entanglement: Concurrence

Long%distance-
entanglement!-



decade2,4, including with atomic ensembles13,16. The reversible mapping of 
quantum states between light and matter provides the basis for quantum-
optical interconnects and is a fundamental primitive (building block) 
for quantum networks. Although the original schemes for such inter-
connects are sensitive to experimental imperfections, a complete set of 
theoretical protocols has subsequently been developed for the robust 
distribution of quantum information over quantum networks, inclu-
ding, importantly, the quantum repeater4,17 and scalable quantum 
networks with atomic ensembles13. 

A generic quantum interface between light and matter is depicted 
in Fig. 1b. This interface is described by the interaction hamiltonian 
Hint(t), where for typical states Hint(t)! ≈ "χ(t), with " being h/2π (where 
h is Planck’s constant) and χ(t) being the time-dependent coupling 
strength between the internal material system and the electromagnetic 
field. Desirable properties for a quantum interface include that χ(t) 
should be ‘user controlled’ for the clocking of states to and from the 

quantum memory (for example, by using an auxiliary laser), that the 
physical processes used should be robust in the face of imperfections 
(for example, by using adiabatic transfer) and that mistakes should be 
efficiently detected and fixed (for example, with quantum error correc-
tion). In qualitative terms, the rate κ, which characterizes the bandwidth 
of the input–output channel, should be large compared with the rate γ, 
which characterizes parasitic losses, and both of these rates should be 
small compared with the rate of coherent coupling χ. 

Examples of physical systems for realizing a quantum interface and 
distributing coherence and entanglement between nodes are shown 
in Fig. 1c, d. In the first example (Fig. 1c), single atoms are trapped in 
optical cavities at nodes A and B, which are linked by an optical fibre. 
External fields control the transfer of the quantum state #Ψ! stored in the 
atom at node A to the atom at node B by way of photons that propagate 
from node A to node B6,18. In the second example (Fig. 1d), a single-
photon pulse that is generated at node A is coherently split into two 
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Figure 1 | Quantum networks. a, Shown is a notional quantum network 
composed of quantum nodes for processing and storing quantum states and 
quantum channels for distributing quantum information. Alternatively, such 
a network can be viewed as a strongly correlated many-particle system. b, The 
quantum interface between matter (coloured cube) and light (red curves) is 
depicted. Coherent interactions in the node are characterized by the rate χ; 
coupling between the node and photons in the external channel occurs at the 
rate κ; and parasitic losses occur at the rate γ. c, Quantum state transfer and 
entanglement distribution from node A to node B is shown in the setting of 
cavity quantum electrodynamics (QED)6. At node A, a pulse of the control 
field ΩA

out(t) causes the transformation of atomic state #Ψ! into the state of a

propagating optical field (that is, into a flying photon). At node B, the pulse 
Ωi

B
n(t) is applied to map the state of the flying photon into an atom in the 

cavity, thereby realizing the transfer of the state #Ψ! from node A to node B 
(ref. 18). d, The distribution of entanglement by using ensembles of a large 
number of atoms is shown13. A single-photon pulse at node A is coherently 
split into two entangled components that propagate to node B and node C 
and then are coherently mapped by the control fields Ωin

B, C(t) into a state that 
is entangled between collective excitations in each ensemble at node B and 
node C. At later times, components of the entangled state can be retrieved 
from the quantum memories by separate control fields, Ωo

B,
u
C
t(t) (ref. 19). 

Hint(t), interaction hamiltonian; ", h/2π (where h is Planck’s constant).
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quantum
node

quantum
channel

Future Directions

1. best way to observe 
    correlated photon effects?

3. effect of many 2LS?   
    -- correlations of many photons, QPT?

2. quantum gates: transfer q.information from qubit to photon
        -- key building block of a quantum network...
        -- photon-qubit pi-phase gate possible
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Figure 1 | Radiative interactions and optical potentials for an atom near the surface of a toroidal resonator. a, Simple overview of the experiment showing
a cloud of cold caesium atoms released so that a few atoms fall within the evanescent field of a microtoroidal resonator. Light in a tapered optical fibre
excites the resonator with input power Pin at frequency !p, leading to transmitted and reflected outputs PT,PR. b, Cross-section of the microtoroid at � = 0
showing the coherent coupling coefficient |g(r) = g(⇢,z,�)| for a transverse-electric-polarized whispering-gallery mode. The microtoroid has principal and
minor diameters (Dp,Dm) = (24,3) µm, respectively. c, (i) Coherent coupling |g(d,z,�)| for the external evanescent field as a function of distance
d = ⇢ �Dp/2 from the toroid’s surface for (z,�) = (0,0). (ii) The effective dipole potentials Ud for resonant !p = !a

(0), red !p < !a
(0) and blue !p > !a

(0)

free-space detunings of the probe Pin. The Casimir–Polder surface potential Us for the ground state of atomic Cs is also shown. (iii) The atomic decay rate
� (d) as a function of distance d from the toroid’s surface for transverse-electric (�k) and transverse-magnetic (�?) modes. All rates in this figure are scaled
to the decay rate in free space for the amplitude of the Cs 6P3/2 ! 6S1/2 transition, �0/2⇡= 2.6 MHz. The approximate distance scale probed in our
experiment is 0 < d < 300 nm.

have implemented by Monte Carlo simulation and which gives
insight into the underlying atomic dynamics, as detailed in the
Supplementary Information.

For the identification of atoms near the surface of the
microtoroid in the regime shown in Fig. 1c, we rely on the
strong interaction of atom and cavity field to modify the light
transmitted by the cavity. Specifically, because the atom–cavity
coupling coefficient g (r(t )) depends on the atomic trajectory
r(t ), we can select single atoms located within the cavity mode
by demanding a minimum criterion for the change in cavity
transmission due to the atomic trajectory. Our scheme for single-
atomdetection is similar to that used in previous work32–34, but with
significant modifications. Namely, by implementing fast digital
logic, we achieve reliable real-time identification of atomic transit
events in times as short as 250 ns from the photoelectric counts
due to the transmitted power PT(t ). Note that this identification
would not be possible for an atom in free space without the
emission rate enhancement and efficiency afforded by coupling to
the cavity. Given the identification of a falling atom, the control
logic switches the power Pin and frequency !p of the probe
input within ' 100 ns and records subsequent photoelectric counts
for the transmitted PT(t ) and reflected PR(t ) outputs from the
cavity. These records of photoelectric counts form the basis for
our analysis that follows, with further details presented in the
Supplementary Information.

To address experimentally the question of the distance scale
for the recorded atom transit events, we first examine the
time dependence of the cavity transmission T (t ) = PT(t )/Pin
immediately following a trigger heralding the arrival of an
atom into the cavity mode. Figure 2a shows T (t ) for the
case of resonant excitation, namely 1pa = !p � !(0)

a = 0 and
1ca = !c �!(0)

a = 0, where !(0)
a is the free-space atomic frequency

for the 6S1/2,F = 4 ! 6P3/2,F = 5 transition in atomic Cs, !p is
the incident laser probe frequency and !c is the resonant frequency
of the relevant toroidal cavity mode. Two characteristic decay
times are evident, with the background subtracted transmission
TB(t ) ⌘ T (t ) � B fitted well by the sum of an exponential
(/e�t/�tI ) and a Gaussian (/e�(t/�tII)2 ). Here, the background level
B ⌘ T (t � �tI,II) is determined from the cavity transmission for
times that are long compared with the duration of the transit event,
with B/T (1pa � ) ⇠< 0.01.

The time constants �tI,�tII can be associated with distance
scales dI,dII by way of the average velocity v̄ with which atoms
arrive at the toroid’s mode following release from the optical trap,
namely v̄ ⇠ 0.17m s�1, leading to dI ' 130 nm and dII ' 640 nm.
For comparison, the scale length for g (d) in the radial direction
is ⌦= 1/k0 = 136 nm (Fig. 1c(i)), whereas in the vertical direction,
the variation of g (z) is approximately Gaussian (/e�(z/w0)2 ) with
waist w0 ' 590 nm (Fig. 1b). The comparisons dI ⇠ ⌦ and dII ⇠w0
suggest that the short-lived component �tI in Fig. 2a arises from
atomic trajectories that are deflected from their otherwise vertical
fall to largely radial paths of length ⌦ that terminate at the dielectric
surface. Similarly, the longer-lived component �tII is associated
with trajectories that pass along z without significant radial motion
towards the surface of the toroid.

Of course an atom near the surface will not move with
constant velocity but will be accelerated by interactions with
surface potentials and the cavity field itself. To reach a quantitative
understanding of the external, centre-of-mass motion and the
internal, atomic dipole–cavity field coupling, we have implemented
a numerical simulation that incorporates both perturbative and
non-perturbative aspects of the radiative interaction of the atom
and microtoroid. Our Monte Carlo simulation draws random
initial trajectories for atoms falling from a thermal cloud and
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demonstrate extinction of 94%on an artificial atom
coupled to the open 1D transmission line. The
situation with the atom interacting with freely
propagating waves is qualitatively different from
that of the atom interacting with a single-cavity
mode; the latter has been used to demonstrate a
series of cavity quantum electrodynamics (QED)
phenomena (10–18). Moreover, in open space
the atom directly reveals such phenomena known
from quantum optics as anomalous dispersion and
strongly nonlinear behavior in elastic (Rayleigh)
scattering near the atomic resonance (1). Further-
more, spectrum of inelastically scattered radiation
is observed and exhibits the resonance fluores-
cence triplet (the Mollow triplet) (19–23) under a
strong drive.

Our artificial atom is a macroscopic super-
conducting loop, interrupted by Josephson junc-
tions (Fig. 1B) [identical to a flux qubit (24)] and

threaded by a bias flux Fb close to a half flux
quantum F0/2, and shares a segment with the
transmission line (25), which results in a loop-
line mutual inductance M mainly due to kinetic
inductance of the shared segment (26). The two
lowest eigenstates of the atom are naturally ex-
pressed via superpositions of two states with
persistent current, Ip, flowing clockwise or
counterclockwise. In energy eigenbasis, the lowest
two levelsjg〉 andje〉 are described by the truncated
HamiltonianH= ħwasz/2, wherewa ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2
0 þ e2

p

is the atomic transition frequency and si (i = x,y,z)
are the Pauli matrices. Here, ħe = 2IpdF (dF ≡
Fb – F0/2) is the energy bias controlled by the
bias flux, and ħw0 is the anticrossing energy be-
tween the two persistent current states. The exci-
tation energies of the third and higher eigenstates
are much larger than ħwf; therefore, they can be
neglected in our analysis.

We considered a dipole interaction of the
atomwith a field of an electromagnetic 1Dwave.
In the semiclassical approach of quantum optics,
the external field of the incident wave I0(x,t) =
I0e

ikx–iwt (where w is the frequency and k is the
wavenumber) induces the atomic polarization.
The atom with a characteristic loop size of ~10
mm (which is negligibly small as compared with
the wavelength l ~ 1 cm) placed at x = 0 gen-
erates waves Isc(x,t) = Isce

ik|x|–iwt, propagating in
both directions (forward and backward). The
current oscillating in the loop under the external
drive induces an effective magnetic flux f (playing
a role of atomic polarization). The net wave I(x,t) =
(I0e

ikx + Isce
ik|x|)e–iwt satisfies the 1Dwave equation

∂xxI – v–2∂ttI = cd(x) ∂ttf, where the wave phase
velocity is v ¼ 1=

ffiffiffiffi

lc
p

(l and c are inductance and
capacitance per unit length, respectively), and the
dispersion relation is w = vk.

At the degeneracy point (e = 0), wa = w0,
and the dipole interaction of the atom with the
electromagnetic wave in the transmission line
Hint = –fpRe[I0(0,t)]sx is proportional to the
dipole moment matrix element fp = MIp. In the
rotating wave approximation, the standard form
of the Hamiltonian of a two-level atom interact-
ing with the nearly resonant external field is H =
–(ħdwsz + ħWsx)/2. Here, dw = w – w0 is the
detuning, and ħW = fpI0 is the dipole interaction
energy. The time-dependent atomic dipole
moment can be presented for a negative frequen-
cy component as 〈fðtÞ〉 ¼ fp〈s−〉e−iwt , and the
boundary condition for the scattered wave
generated because of the atomic polarization
satisfies the equation 2ikðIsc=2Þ ¼ −w2cfp〈s−〉,
where sT = (sx T isy)/2. Assuming that the relax-
ation of the atom is caused solely by the quantum
noise of the open line, we obtain the relaxation
rate G1 ¼ ðℏwf2pÞ=ðℏ

2ZÞ (where Z ¼
ffiffiffiffiffiffi

l=c
p

is
the line impedance) (27) and find

Iscðx,tÞ ¼ i
ℏG1

fp
〈s−〉eikjxj−iwt ð1Þ

This expression indicates that the atomic dis-
sipation into the line reveals itself even in elastic
scattering.

The atom coupled to the open line is
described by the density matrix r, which satisfies
themaster equation ṙ¼ − i

ℏ ½H ,r& þ L%½r&. At zero
temperature, the simplest form of the Lindblad
operator L%½r& ¼ −G1szre − G 2ðsþreg þ s−rgeÞ
describes energy relaxation (the first term) and
the damping of the off-diagonal elements of the
density matrix with the dephasing rate G2 = G1/2 +
Gϕ (the second term), where Gϕ is the pure de-
phasing rates. It is convenient to define reflection
and transmission coefficients r and t according to
Isc = –rI0 and I0 + Isc = tI0 and, therefore, t = 1 – r.
From Eq. 1, we find the stationary solution

r ¼ r0
1þ idw=G2

1þðdw=G2Þ2 þW2=G1G2
ð2Þ

where the maximal reflection amplitude r0 =
hG1/2G2 at dw = 0. Here, h presents dimension-

Fig. 1. Resonance fluorescence: reso-
nant wave scattering on a single atom.
(A) Sketch of a natural atom in open
space. The atom resonantly absorbs and
reemits photons in a solid angle of 4p.
(B) False-colored scanning-electron mi-
crograph of an artificial atom coupled to
a 1D transmission line. A loop with four
Josephson junctions is inductively coupled
to the line. The incident wave (blue arrow)
is scattered only backward and forward
(red arrows) and can be detected in either
direction. The transmitted wave is indi-
cated by a magenta arrow. (C) Spectros-
copy of the artificial atom. Shown is the
power transmission coefficient |t|2 versus
flux bias dF and incident microwave fre-
quency w/2p. When the incident radia-
tion is in resonance with the atom, a dip
of |t|2 reveals a dark line. (Inset) Power
transmission coefficient |t|2 at dF = 0
as a function of incident wave detuning
dw/2p from the resonance frequency
w/2p = 10.204 GHz. The maximal power extinction of 94% takes place at the resonance (dF = 0).
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Fig. 2. Elastic scattering of
the incident microwave. The
reflection coefficient r at dF =
0 (measured at different powers),
being proportonal to the atomic
polarizability, exhibits “anom-
alous dispersion.” (A) Real and
imaginary parts of r as a func-
tion of the detuning frequency
dw/2p from the resonance at
w0 = 10.204 GHz. The driving
power W0 is varied from –132
dBm (largest r) to –84 dBm
(smallest r) with an increment
of 2 dB. (B) Smith charts of the
microwave reflection. (Top)
Experimentally obtained r is
plotted in the coordinates of
Re(r) and Im(r) for powers from
–132 dBm to –102 dBm with a
step of 2 dB. The color coding
is the same as in (A). (Bottom) Calculation using Eq. 2 for the same signal powers as in the top panel.
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Æ 1D waveguide + strongly coupled 2LS or 4LS
• effective photon-photon interaction

Æ photon-photon correlated state & photon blockade     
• g2, number statistics, spectral entanglement, ...

Æ two qubit system     
• persistent quantum beats, 
  long-distance entanglement

Waveguide QED ➔ interactions between photons
➔ interest for q.optics, q.information, and QPT
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