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Plan of the presentation

¨ Brief review of Waveguide QED
¤ Why one-dimensional?
¤ Different implementations in the lab

¨ Atom coupled to a Quantum Cavity
¤ How is the atom’s dynamics affected?
¤ Is there a regime where one recovers standard CQED?
¤ Relate intuitively to Markov approximation

¨ Mention other devices studied



Why One-Dimensional?

‘The problem with atoms is that they exist in
three-dimensional space’

Jeff Kimble

So how does it affect light-matter interaction?



Light-Matter Interaction in Free Space
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High density of states in 3D
Equal coupling in free space

E.M. Purcell et al., PR 69, 37 (1946)
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Light-Matter Interaction in 1D

�Input

Reflected
Transmitted

Confinement of light 
in 1D waveguide ⇒ Beat diffraction limit

⇒ Strong 1-shot interaction
with continuum of modes

Environment?



Experimental Achievements
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Coupling to 1D waveguide

Total decay rate
(including coupling to the environment)

Cesium Atoms coupled
to photonic crystal

� ⇡ 50%

A. Goban et al.,
PRL 115, 063601 (2015)



Experimental Achievements

Cesium Atoms coupled
to photonic crystal

A. Goban et al.,
PRL 115, 063601 (2015)

� ⇡ 50%

I.-C. Hoi et al.,
NJP 15, 025011 (2013)

SC Transmon embedded
in open transmission line
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Figure 1. (a) Top: a micrograph of the artificial atom, a superconducting
transmon qubit embedded in a 1D open transmission line. (Magnified section)
Scanning-electron micrograph of the superconducting quantum interference
device (SQUID) loop of the transmon. Bottom: the corresponding circuit model.
(b) Measured transmittance, T = |t |2, on resonance as a function of the incoming
probe power, Pp, for samples 1 and 2. At low power, very little is transmitted
whereas at high power T approaches unity. (Inset) A weak, resonant coherent
field is reflected by the atom.

2. Elastic and inelastic scattering

In figure 1(a), a transmon qubit [26] is embedded in a 1D open transmission line with a
characteristic impedance Z0 ' 50 �. The 0–1 transition energy of the transmon, h̄!10(8) ⇡p

8EJ(8)EC � EC, is determined by two energies, where EC = e2/2C6 is the charging energy,
C6 is the total capacitance of the transmon, EJ(8) = EJ|cos(⇡8/80)| is the Josephson energy
which can be tuned by the external flux 8, EJ is the maximum Josephson energy and 80 = h/2e
is the magnetic flux quantum.

With a coherent state input, we investigate the transmission and reflection properties of
the field. The input field, transmitted field and reflected field are denoted as Vin, VT and VR,
respectively, indicated in the bottom panel of figure 1(a). The reflection coefficient, r , can be
expressed as [18]

r = VR

Vin
= �r0

1 � i�!p/�10

1 + (�!p/�10)2 + �2
p/(010 + 0l)�10

, (1)

where the maximum reflection amplitude is given by r0 = 010/2�10. 010 is the relaxation
rate of the 0–1 transition of the atom. �10 = 010/2 + 0�,l is the 0–1 decoherence rate and
�!p = !p � !10 is the detuning between the applied probe frequency, !p, and the 0–1 transition
frequency, !10. 0�,l = 0� + 0l/2, where 0�,l is the sum of the non-radiative rates, i.e. the
intrinsic losses, 0l and the pure dephasing rate, 0� . We see that both r0 and �10 are uniquely
dependent on 0�,l and 010. �p is the Rabi oscillation frequency induced by the probe, which is
proportional to Vin [26],

�p = 2e

h̄

Cc

C6

✓
EJ

8EC

◆1/4 p
Pp Z0, (2)

where Pp = |Vin|2/2Z0 is the probe power. By definition, the transmission coefficient t =
VT/Vin = 1 + r . The level of Vin is assumed to be the same as the off resonance value. The
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efficiency of β ¼ 98.43%" 0.04% for a QD in a PCW,
which significantly surpasses previously reported results
exploiting atoms [20,38], nitrogen vacancy centers [39],
singlemolecules [3], or quantumdots [4,23,40] as the photon
sources in photonic-waveguide structures. This corresponds
to a single-emitter cooperativity η ¼ 62.7" 1.5, which
surpasses by almost 1 order ofmagnitude previously reported
values both with QDs [23] and atoms [20]. Such a high
coupling efficiency matches the level achievable with super-
conducting microwave circuits, widely considered one of
the most mature platforms for scalable quantum-information
processing available today, and will lead to novel oppor-
tunities for photonic quantum-information processing [41].
A near-unity β factor PCW SP source is illustrated in

Fig. 1(a): a deterministic train of SPs in the waveguide can
be obtained since the excited QD will emit a photon into the
waveguidewith probability β, while out-of-plane photon loss
is strongly suppressed. High β factors are achievable due to
the combination of two effects: a broadbandPurcell enhance-
ment of the rate Γwg of coupling into the waveguide and the
strong suppression of the loss rate Γrad due to the photonic
crystal membrane structure. Different physical systems have
been proposed for obtaining a large β factor: plasmonic
nanowires rely on the Purcell enhancement thereby increas-
ing Γwg [40], while dielectric nanowires [4,39] mainly
suppress the coupling to radiation modes, i.e., decrease
Γrad. In PCWs the beneficial combination of the Purcell
enhancement of the PCW mode and the pronounced reduc-
tion of radiation modes enables a near-unity β factor.
In PCWs the Purcell enhancement is proportional to the

group index or slow-down factor ng ¼ c=vg, where c is the
speed of light in vacuum. The group velocity of light, vg,
is the slope of the waveguide band, see Fig. 1(b), which
decreases at the waveguide band edge. We have measured
ng > 50 close to the band edge, leading to expected Purcell
factors close to 10 [21]. For the method used to extract the
ng, see Ref. [28]. Furthermore, the photonic crystal band
gap strongly inhibits the in-plane radiative loss rate of the
dipole emitter, while total internal reflection limits the
decay by out-of-plane radiation.
The calculated position dependent β factor for a dipole

emitter in proximity of the band edge (ng ¼ 58) and close
to the light line (ng ¼ 5) is shown in Fig. 1(e). The fraction
of the emission coupled to the waveguide and to the
radiation modes can be determined numerically, and Γwg
and Γrad are obtained by multiplying by the measured
average radiative decay rate of QDs in a homogeneous
medium Γhom ¼ 0.91" 0.08 ns−1. The measured average
nonradiative decay rate is Γnr ¼ 0.030" 0.018 ns−1. In the
slow-light regime ðng ¼ 58Þ, β factors exceeding 95% are
predicted for dipole positions close to the field maxima of
thewaveguide mode [Fig. 1(d)]. In agreement with previous
results [21,22], even outside the slow-light regime (ng ¼ 5),
β factors exceeding 90% are predicted for many positions
in the waveguide, illustrating the very broadband coupling.
The position dependence of the β factor, that is displayed in

Fig. 1(e), is determined by the spatial mode profiles of the
guided modes shown in Figs. 1(c)–1(d).
We investigate light emission from a single layer of

self-assembled InAs QDs embedded in a GaAs PCW (see
Ref. [28] for sample description). In order to efficiently
collect the photons from the propagating waveguide mode,

FIG. 1 (color online). (a) Illustration of the device. A train of
single-photon pulses (red pulses) are emitted from a triggered QD
(yellow trapezoid). The photons are channeled with near-unity
probability into the waveguide mode with a rate Γwg while the
weak rate Γrad of coupling to radiation modes implies that only
very few photons are lost. The guided photons can be efficiently
extracted from the waveguide through a tapered mode adapter.
(b) Projected TE band structure of the PCW studied in the
experiments displaying even (green) and odd (black) waveguide
modes in the band gap. In the experiment only the even mode is
studied. The shaded area of the dispersion diagram corresponds
to the continuum of radiation modes. (c),(d) Electric field
intensity spatial profiles jExj2 (right) and jEyj2 (left) for two
different spectral regions of the waveguide mode corresponding
to two different group indices ng. (e) Maximum β factor of the
two orthogonal dipoles at ng ¼ 58 (red) and ng ¼ 5 (blue)
calculated at the positions indicated in the inset. The maximum
β factor is the quantity measured in decay-dynamics experiments.
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M. Arcari et al.,
PRL 113, 093603 (2014)



Devices made of Quantum Objects

¨ In this talk: focus on the cavity
¤ mirrors down to the atomic scale
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= Ĥ 

i~@t 
= Ĥ 

P.-O. Guimond, AR, N.H. Le and V. Scarani,
PRA 93, 023808 (2016)



Devices made of Quantum Objects

¨ In this talk: focus on the cavity

¨ Why? 
¤ Because it’s cool!
¤ New physics to explore, unknown territory
¤ Recover Cavity Quantum ElectroDynamics?

n In which regime? For what reasons?

¤ Quantum-enabled devices
n Cavity in superposition of frequencies?
n Quantum-delayed choice experiments
n Explore causality with superposition of gates, …
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Cavity QED or Waveguide QED,
that is the question
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Arranged as a Bragg mirror
(like a classical dielectric mirror)

N=100
D.E. Chang et al., NJP 14, 063003 (2012)
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Rabi Oscillation in a Quantum Cavity
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= Ĥ 

Atom initially excited:
undergoes vacuum Rabi oscillation as in CQED?

�� � ��



Markovian Regime

¨ First attempt: Markov approximation
¤ neglect the delay due to finite travel time of light

D.E. Chang et al., NJP 14, 063003 (2012)
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Markovian Regime

¨ First attempt: Markov approximation
¤ neglect the delay due to finite travel time of light

D.E. Chang et al., NJP 14, 063003 (2012)

¨ Intrinsic decay (remember we 
neglect losses to environment)

¨ As if the mirrors were absent
¨ ‘‘Rabi oscillation’’ function of N 

(and not cavity mode volume)

¨ Rabi oscillation:

Exchange of excitation between 
atom and trapped photon
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Why is the photon not trapped?

¨ Neglect delay:
¤ mirrors + central atom feel the influence of each other

instantaneously
¤ Mathematically speaking: 

Travel time
in the cavity

Superradiant timescale
of the mirrors

d/vg ⌧ 1/(N�)



Why is the photon not trapped?

¨ Neglect delay:
¤ mirrors + central atom feel the influence of each other

instantaneously
¤ Mathematically speaking:

¨ Assume photon is trapped in the cavity:
¤ Fourier transform argument: 

Localized in space Minimum spread in frequency

d/vg ⌧ 1/(N�)

�! & vg/d



¤ Mirrors reflecting the photon:

¨ Non-Markovianity is necessary to trap the photon!

Why is the photon not trapped?

¨ Neglect delay:
¤ mirrors + central atom feel the influence of each other

instantaneously
¤ Mathematically speaking:

¨ Assume photon is trapped in the cavity:
¤ Fourier transform argument:

d/vg ⌧ 1/(N�)

�! & vg/d

N� � �!

N� ⌧ vg/d



Is non-Markovianity enough?

¨ Recover conventional CQED with the Q cavity?
¤ Our main result, valid in both regimes:

ce(t) ⇡ e
� �t

2(1+N�d/vg)2
cos

"s
2N

1 +N�d/vg
�t

#

Key parameter which determines if Markovian dynamics or not

P.-O. Guimond, AR, N.H. Le and V. Scarani, PRA 93, 023808 (2016)

¨ Derived using Laplace transforms
¤ Highly non–trivial to invert
¤ Compact analytical form brings physical insight



Is non-Markovianity enough?

N γ d vg = 100
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¨ No intrinsic decay
¨ Rabi frequency 

identical to 
conventional CQED!

⌦Rabi(�) =
p

⌦Rabi(0)2 + (�/2)2

¨ Even recover generalized 
Rabi frequency



Is non-Markovianity enough?

N γ d vg = 100
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¨ Laplace inversion is extremely heavy to compute numerically
¤ one night of running, still slightly deviating from the actual result



What do you mean? J. Bieber

¨ We have all the material to understand the physics
¨ Classical cavity:

¤ Standing wave assumed from the start by imposing 
boundary conditions on the mirrors

¤ But the atom emits a propagating photon, so why can we 
assume a completely delocalized cavity field?

d/vg ⌧ ��1



Localized Wavepacket

d/vg � ��1

γ d vg ~ 1 N γ d vg = 100
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¨ Retardation effects
¨ Also the case in our system

¨ Our compact form is not valid

Unwanted regime of operation
(multimode regime of CQED)

FSR ⌧ �



Delocalized Wavepacket

d/vg ⌧ ��1

¨ Photon interferes and builds up a standing wave
¨ For a conventional classical cavity:

¤ monomode regime (also called Markovian)
¤ neglect travel time of light compared to dynamical timescale 

of central atom



Quantum Mirrors

¨ Classical cavity: end of the story
¨ Quantum mirrors: also have a dynamical timescale

¤ Has to be the fastest timescale in the system!
Imposes non-Markovianity

¤ If not, physics is that of a collective Markovian decay
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Take-Away Message
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�d/vg ⌧ 1 ⌧ N�d/vg

Recovers CQED dynamics with quantum mirrors



Others Devices Studied

¨ Diode

¨ N-ph scattering on an atomic beam-splitter without 
computation
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J. Dai, AR, N.H. Le and V. Scarani,
PRA 92, 063848 (2015)
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AR and V. Scarani,
arXiv:1603.02804 (2016)



Scattering in waveguide QED
|ei
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!AN photons

P. Domokos, P. Horak and H. Ritsch
PRA 65, 033832 (2002)

Standard QO tools

J.T. Shen and S. Fan
Opt.Lett. 30, 2001 (2005)

J.T. Shen and S. Fan
PRL 98, 153003 (2007)

Lippmann-Schwinger formalism

1 ph

2 ph

J.T. Shen and S. Fan
PRX (2009)N ph?



Scattering in waveguide QED
|ei
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!AN photons

P. Domokos, P. Horak and H. Ritsch
PRA 65, 033832 (2002)

Standard QO tools

J.T. Shen and S. Fan
Opt.Lett. 30, 2001 (2005)

J.T. Shen and S. Fan
PRL 98, 153003 (2007)

Lippmann-Schwinger formalism

1 ph

2 ph

N ph Y. Shen and J.T. Shen
PRA 92, 033803 (2015)

T. Shi, D.E. Chang and J.I. Cirac
PRA 92, 053834 (2015)

S. Xu and S. Fan
PRA 91, 043845 (2015)

Versatile approaches

Generalized Master equationGreen functions of system

M. Pletyukhov and V. Gritsev
NJP 14, 095028 (2012)
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¨ Two-level atom is the
simplest non-linear scatterer

¨ There must be a way of solving the scattering event 
(including the dynamics) with simpler methods

¨ Proposals have been put forward for reliably 
generating N-ph pulses in the lab

A. Gonzalez-Tudela, V. Paulisch, H.J. Kimble and J.I. Cirac
arXiv:1603.01243 (2016)

Simpler Way?



¨ Propose operational translation of the statement:
a two-level atom can only absorb or emit at most one 

photon at a given time 

¨ Consequences for the end-user:
¤ Seamlessly express the physical quantities of interest in 

terms of the incoming wavepackets
¤ Not limited to post-scattering quantities
¤ No computation required

Without Computation!
By Referee 2By Referee 2

AR and V. Scarani,
arXiv:1603.02804 (2016)



¨ Single photon:

Reflection of N photons

fR(⌧) = �
Z ⌧

0
dt e�(⌧�t) ⇠(t)

phaseshift of a dipole emision

Atomic response function (WW)

Incoming photon wavepacket

⇡



¨ Single photon:

¨ N photons:

Reflection of N photons

fR(⌧) = �
Z ⌧

0
dt e�(⌧�t) ⇠(t)

fR(⌧1, . . . , ⌧N ) =

(�1)N
Z ⌧N

0
dtN · · ·

Z ⌧2

0
dt2

Z ⌧1

0
dt1 e

�(⌧N�tN ) · · · e�(⌧1�t1) ⇠(t1, . . . , tN )

If atomic was a linear scatterer
(respond to N like to 1)

a two-level atom can only absorb or emit 
at most one photon at a given time ?



¨ Single photon:

¨ N photons:

Reflection of N photons

fR(⌧) = �
Z ⌧

0
dt e�(⌧�t) ⇠(t)

(�1)N
Z ⌧N

⌧N�1

dtN · · ·
Z ⌧2

⌧1

dt2

Z ⌧1

0
dt1 e

�(⌧N�tN ) · · · e�(⌧1�t1) ⇠(t1, . . . , tN )

fR(⌧1, . . . , ⌧N ) =

Any input wavepacket:
detuning, bandwidth, time of 
arrival, profile, entanglement

Simple substitution fully captures atomic nonlinearity in 
a very intuitive way (no computation as promised)



¨ N identical resonant exponentially decaying profiles

Practical Case

A. Gonzalez-Tudela, V. Paulisch,
H.J. Kimble and J.I. Cirac
arXiv:1603.01243 (2016)
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Questions?

Thank you!

P.-O. Guimond
N.H. LeV. Scarani


