
Göran Johansson
Applied Quantum Physics Laboratory, MC2  

Chalmers University of Technology

Waveguide QED  
with photons and phonons 

Mesoscopic Transport and Quantum Coherence 

5-8th of August 2017, Espoo, Finland

S I S

'1 '2







Applied Quantum Physics – Theory Division  
Quantum Optics Circuit QED subgroup:

Close collaboration with 
experimentalists in Quantum 
Device Physics Laboratory:

Post-docs

PhD students

Benjamin  
RousseauxRobert Jonsson

Emely WiegandSankar  
Sathyamoorthy

Göran Johansson

Per Delsing Jonas Bylander

Theory

Experiment

Fernando  
Quijandria Andreas Ask

Microwave  
CV Quantum
Computing

Relativistic
Quantum 

Information Quantum
Plasmonics

Photon 
Sources

QND Photon 
Detection Quantum SAW Superradiance  

Qu. Plasmonics

Ingrid Strandberg

Starts in August



WAVEGUIDE quantum optics

with artificial atoms

Fig: Astafiev et al., Science (2010).  
NEC

- Artificial atoms are engineered

- Explore new parameter regimes,  
hard to reach with natural atoms
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- What is the maximum reflection of a 
single photon/phonon from a single 
atom in 1D?
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Single-Atom Scattering

- What is the maximum reflection of a 
single photon/phonon from a single 
atom in 1D?

- My first guess: 50% due to spontaneous 
emission in random direction

- Fully coherent: 100% due to destructive 
interference in forward direction
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Atom/dipole in open space

There is perfect extinction in 
the forward direction due to 
destructive interference

Incoming light

Sum

Atom/dipole emits light

G. Wrigge et al. Nature Phys. 4, 60 (2008).   <12% extinction          
M. Tey et al. Nature Phys. 4 924 (2008).               

Figs. from:  
U. Håkanson, V. Sandoghdar et al., 
Phys. Rev. B 77, 155408 (2008) 



Waveguide + atom in cQED
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1D open space: Coplanar waveguide  
(a squashed coaxial cable)

Equivalent circuits including the artificial atom



Single-Atom Scattering in 
circuit QED

Io-Chun Hoi, C. M. Wilson, G. Johansson, T. Palomaki,  
B. Peropadre, P. Delsing, Phys. Rev. Lett. 107, 073601 (2011).

320	  um

T

T

99.6% 
reflection

Extinction in forward direction:
Flux qubit: >94% 
Astafiev et al., Science (2010).
Abdumalikov et al., PRL (2010) 
NEC/RIKEN
Theory: Chang et al.,  
Nature Physics (2007);
Peropadre et al., NJP (2013)

~7 GHz 

Coupling: 
96 MHz 



Single-Atom Scattering in 
circuit QED

Io-Chun Hoi, C. M. Wilson, G. Johansson, T. Palomaki,  
B. Peropadre, P. Delsing, Phys. Rev. Lett. 107, 073601 (2011).

320	  um
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99.6% 
reflection

Extinction in forward direction:
Flux qubit: >94% 
Astafiev et al., Science (2010).
Abdumalikov et al., PRL (2010) 
NEC/RIKEN
Theory: Chang et al.,  
Nature Physics (2007);
Peropadre et al., NJP (2013)

~7 GHz 

Coupling: 
96 MHz 

99.6% -> Excellent mode matching, very low losses.



Observation of antibunching

- Observe antibunching of reflected mode  
(~ 2 TB of data, processed at ~30 MB/s for 17 hours) 

- n > 1 states “filtered out”

g2 (τ )

1.0

0.9

0.8

0.7

0.6

0.5

-150 -100 -50 0 50 100 150

   P
 -132dBm
 -131dBm

τ [     ]ns

g(2)(0) = 0.51± 0.05

Io-Chun Hoi, Tauno Palomaki, GJ,  
Joel Lindkvist, Per Delsing, C. M. Wilson, PRL (2012)



an atom  
in front of a mirror
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- What happens when the atom interacts 
with its mirror image?
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an atom  
in front of a mirror

Frequency tunable 
with external flux
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Reflection amplitude  
vs power

<1 due to 
dephasing



Low power reflection

Frequency tunable 
with external flux

Resonance width 
gives atom lifetime ��1

1



Measuring the lifetime
Measured lifetime changes a factor of 10



an atom in front of a mirror

Io-Chun Hoi  
now Taiwan

Lars Tornberg,  
now Volvo

Anton  
Frisk Kockum,

now RIKEN

Chris Wilson  
Waterloo

Per Delsing



Single photon generator 
(without cavity)

Sankar Raman Sathyamoorthy, Andreas Bengtsson,  
Steven Bens,  Michaël Simoen, Per Delsing, and Göran Johansson,  
Physical Review A 93, 063823 (2016)

AndreasSankar
Cancellation of input pulse up to -34 dB

”Atom in front of a mirror”



π/2 pulse
Output photon

arXiv: 1706.06688



A voltage biased Josephson 
junction

Juha Leppäkangas, Mikael Fogelström, 
Alexander Grimm, Max Hofheinz,  
Michael Marthaler, and Göran Johansson  
Physical Review Letters 115, 027004 (2015)
A collaboration with Karlsruhe and Grenoble.

More theory details: 
Juha Leppäkangas, Mikael Fogelström, Michael Marthaler, and Göran Johansson  
Physical Review B 93, 014505 (2016)



How long are the photons?

100 MHz coupling strength between atom and TL  

~10 ns pulse length – photon duration
 
The typical microwave photon is 3 meters long 

(The voltage biased source could give cm-scale photons)



quantum optics


  
 
 
 

quantum acoustics

v ≲ 299792458 m/s  
10 ns = 3 m

v ≈ 3000 m/s
10 ns = 30 µm



Piezoelectric bulk resonator 
Read out by phase qubit 

UCSB Drum capacitor as part of an 
LC-resonator 

JILA

Mechanical resonator coupled to a 
transmon and cavity 

Helsinki

A. D. O’Connell et al., Nature 464, 697 (2010)

J.D. Teufel et al. Nature, 471, 204 (2011)

J.-M., Pirkkalainen, Nature 494, 211 (2013) 

Studies of mechanical systems  
at the single quantum level

2010
First ground state macroscopic 

mechanical mode ~ 6 GHz

2011
First ground state cooling of low 

frequency mode ~10 MHz

2013
Coupling a qubit to low 

frequency mode 10 MHz



Piezoelectric bulk resonator 
Read out by phase qubit 

UCSB Drum capacitor as part of an 
LC-resonator 

JILA

Mechanical resonator coupled to a 
transmon and cavity 

Helsinki

A. D. O’Connell et al., Nature 464, 697 (2010)

J.D. Teufel et al. Nature, 471, 204 (2011)

J.-M., Pirkkalainen, Nature 494, 211 (2013) 

Studies of mechanical systems  
at the single quantum level

2010
First ground state macroscopic 

mechanical mode ~ 6 GHz

2011
First ground state cooling of low 

frequency mode ~10 MHz

2013
Coupling a qubit to low 

frequency mode 10 MHz

These are all localized mechanical modes.  
We want to investigate propagating modes.



Animation: L. Braile, Purdue University

Surface Acoustic waves 
(SAW)

Rayleigh, Proc. London Math. Soc., (1885)



Animation: L. Braile, Purdue University

Surface Acoustic waves 
(SAW)

Rayleigh, Proc. London Math. Soc., (1885)



Generating and detecting 
SAW with an IDT

• Piezoelectric substrate (GaAs, quartz, LiNbO3…)
• Propagation speed: v ≈ 3000 m/s
• f ≈ 5 GHz, λ ≈ 600 nm

• Generator and receiver: 
The Interdigital Transducer (IDT)

Datta, Surface Acoustic Wave devices, 1986 Morgan, Surface acoustic wave filters, 2007

Used for delay lines and to 
fit band pass filters on-chip.



Coupling SAW to a transmon

≈



Superconducting atom +  
surface acoustic waves

Martin V. Gustafsson, Thomas Aref, Anton Frisk Kockum, Maria K. Ekström, 
Göran Johansson, Per Delsing, Science 346, 207 (2014)

Transmon frequency: ~4.8 GHz
Coupling: 38 MHz
SAW wavelength 600 nm
Transmon size: 20 wavelengths 
Negligible dephasing



the giant atom 



the giant atom 



r ⇡ 10�10 m

� ⇡ 10�8 � 10�7 m

Atom, optical light

(Cohen-Tannoudji, 1962a, 1962b). Light shifts are propor-
tional to the field energy, i.e., to the photon number. Being
inversely proportional to the atom-cavity field detuning, they
can be maximized by tuning the cavity close enough to
resonance (typically 100 kHz away from the atomic transition
frequency in our experiments) but far enough to avoid any
photon absorption or emission process. In the case of Rydberg
atoms, the effect per photon is then very large, resulting in a
phase shift of the atomic dipole after the atom leaves the cavity
which can reach the value of 180!, the dipole jumping in two
opposite directions when the photon number changes by one
unit. Measuring this phase shift amounts to counting the
photon number without destroying the light quanta. Let us
note that these light shifts play an essential role in other atomic
physics and quantum optics experiments. They are at the heart
of the methods used to trap and cool atoms in laser light,
which were recognized by the Nobel Prize awarded to Claude
Cohen-Tannoudji, William Phillips, and Steven Chu in 1997
(Chu, 1998; Cohen-Tannoudji, 1998; Phillips, 1998).

In order to measure these shifts, we followed a proposal that
we made in 1990 (Brune et al., 1990). We built an atomic
interferometer around our photon storing cavity (Fig. 10). The
atoms, prepared in the circular state e in the box O, cross the
cavityC one by one before being detected by field ionization in
D. Essential to the experiment, two auxiliarymicrowave zones
R1 and R2 are sandwiching the cavity C. In the first one, the
atoms are prepared in the state superposition of e and g, a

Schrödinger kitten state. This procedure amounts to starting a
stopwatch, giving to the atomic dipole, i.e., to the clock hand,
its initial direction. The atomic dipole then rotates as the atom
crosses the cavity, until a second microwave flash, applied in
R2, is used to detect the direction of the atomic dipole at cavity
exit, thus measuring the phase accumulation of the clock.

The combination of the two separated microwave resona-
tors R1 and R2 is known as a Ramsey interferometer. The
device had been invented in 1949 by Norman Ramsey
(Ramsey, 1949) (who was to become later the Ph.D. advisor
of Daniel Kleppner and David Wineland). The method of
separated field pulses is now used in all atomic clocks work-
ing on a hyperfine microwave transition between two atomic
levels. The excitation by the two successive pulses induces a
sinusoidal variation of the transition probability when the
microwave frequency is scanned around resonance. This so-
called ‘‘Ramsey fringe’’ signal is used to lock the microwave
frequency to the atomic transition. In our experiment, the
Ramsey interferometer is counting photons by detecting the
perturbing effect they produce on the fringes of a special
atomic clock, made of microwave sensitive Rydberg atoms
(Haroche, Brune, and Raimond, 2013). If the phase shift per
photon is set to 180!, the Ramsey fringes are offset by half a
period when the number of photons changes by one. The
interferometer is set at a fringe maximum for finding the atom
in e if there is one photon in the cavity. The second pulse then
transforms the state superposition of the atom exiting the

FIG. 10 (color). The cavity QED Ramsey interferometer setup. The insets show sketches of the circular atom in an energy eigenstate (left)
and in a superposition state after interaction with the microwave pulse in R1 (right). From Haroche, Brune, and Raimond, 2013.

FIG. 11 (color). QND detection of a single photon: the sequence of single atom events (upper trace) detects the sudden change of the photon
number (lower trace), revealing the birth, life, and death of a single light quantum. Photon lifetimes are random, with an average equal to the
cavity field damping time of 130 ms. The photon shown here had an exceptionally long lifetime of about 500 ms. From Gleyzes et al., 2007.

1090 Serge Haroche: Nobel Lecture: Controlling photons in a box . . .

Rev. Mod. Phys., Vol. 85, No. 3, July–September 2013

� ⇡ 10�3 � 10�1 m

r ⇡ 10�8 � 10�7 m

Haroche, Nobel Lecture, RMP (2013)

Rydberg atom, microwaves
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Giant Cross Kerr Effect for Propagating Microwaves Induced by an Artificial Atom

Io-Chun Hoi1, C.M. Wilson1∗, Göran Johansson1, Tauno Palomaki1, Thomas M. Stace2, Bixuan Fan2 & Per Delsing1∗
1Department of Microtechnology and Nanoscience (MC2),

Chalmers University of Technology, SE-412 96 Göteborg, Sweden and
2Centre for Engineered Quantum Systems, School of Physical Sciences,
University of Queensland, Saint Lucia, Queensland 4072, Australia

(Dated: July 6, 2012)

We have investigated the cross Kerr phase shift of propagating microwave fields strongly coupled to
an artificial atom. The artificial atom is a superconducting transmon qubit in an open transmission
line. We demonstrate average phase shifts of 11 degrees per photon between two coherent microwave
fields both at the single-photon level. At high control power, we observe phase shifts up to 30
degrees. Our results provide an important step towards quantum gates with propagating photons
in the microwave regime.

In recent years, there has been great interest in using
photons as quantum bits for quantum information pro-
cessing [1]. The implementation of quantum logic gates
using photons requires interactions between two fields
[1, 2]. One possible coupling mechanism is the Kerr ef-
fect, where the photons interact via a nonlinear medium.
By means of the Kerr effect, quantum logic operations
such as the controlled phase gate [3], the quantum Fred-
kin gate [4] and the conditional phase switch [5] can be
realized. Moreover, for a sufficiently strong nonlinearity,
quantum nondemolition detection of propagating pho-
tons may be possible by measuring the Kerr phase shift.
Superconducting qubits provide a very strong nonlinear-
ity [6, 7] that might be suitable for this purpose.

In cavity QED experiments, Kerr phase shifts on the
order of 10 degrees have been measured at the single-
photon level [8]. However, in such configuration, the pres-
ence of the cavity limits the bandwidth, which constrains
its usefulness over a wide range of frequencies. Therefore
an open quantum systems without a cavity is advanta-
geous. An example of such a system is atoms coupled to
a 1D electromagnetic environment. A Kerr phase shift
is also present in these systems, but so far the measured
phase shift has been very small. In nonlinear photonic
crystal fibers, for instance, an average Kerr phase shift
of 10−6 degrees per photon has been measured [9].

A new class of open quantum systems have been made
possible by progress in circuit QED, providing a fascinat-
ing platform for engineering light-atom interactions [10–
16] and testing fundamental aspects of quantum physics
[17]. In this letter, we embed a single artificial atom
in an open transmission line [6, 7, 18]. Through strong
coupling, we achieve average phase shifts up to 11 de-
grees per photon between two coherent microwave fields
at the single-photon level. This is six orders of magni-
tude larger than in optical systems [9]. The Kerr effect
demonstrated here also differs greatly from that previ-
ously demonstrated in superconducting devices. The ori-
gin of our Kerr effect is via a three-level artificial atom as
opposed to the kinetic inductance of a superconducting
film [19] or the Josephson inductance of a Superconduct-
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FIG. 1. A micrograph of our artificial atom, a superconduct-
ing transmon qubit, embedded in a 1D open transmission
line. The artificial atom acts as a Kerr medium. (Zoom In)
Scanning-electron micrograph of the SQUID loop of the trans-
mon, which allows us to tune the transition frequency of the
transmon with an external magnetic flux, Φ. (B) Schematic
of the measurement setup using heterodyne detection (HD).
C) The three-level artificial atom driven by a probe (red) and
a control (blue) tone.

ing Quantum Interfere Device (SQUID) [20]. Both of
these Kerr media require a pump tone at least several
orders of magnitude higher than the fields required using
our three-level artificial atom.

Our artificial atom is a superconducting transmon [21],
strongly coupled to a Z0 = 50 Ω 1D open transmission
line through a capacitance, Cc (see Fig. 1A, B). The tran-
sition frequency between the ground state, |0⟩, and the
first excited state, |1⟩, is ω01(Φ)/2π ∼ 7.1 GHz. An ex-
ternal magnetic flux Φ allows us to tune the transition
frequency. The transition frequency between the first ex-
cited state and second excited state is ω12/2π ∼ 6.4 GHz.

The electromagnetic field in the transmission line can
be described by an incoming voltage wave, Vin, a trans-
mitted wave, VT , and a reflected wave, VR. In Fig. 1A,
the transmission and reflection coefficients are defined as

l ⇡ 10�5 � 10�4 m

Picture by I.-C. Hoi

Transmon, microwaves

� ⇡ 10�3 � 10�1 m

Transmon, surface acoustic waves

l ⇡ 10�5 � 10�4 m

typical atom sizes vs  
light wavelength

Martin V. Gustafsson, Thomas Aref, Anton Frisk Kockum, Maria K. Ekström, 
Göran Johansson, Per Delsing, Science 346, 207 (2014)

� ⇡ 10�6m



Interference of spontaneous emission

Anton Frisk Kockum, Per Delsing, Göran Johansson, PRA (2014)

Interference from many emission points – antenna theory 
Frequency dependent coupling

weak coupling: 𝜔 ≈ 𝜔1,0

v ≈ 3000 m/s
10 ns = 30 µm



atom with tunable coupling

Decay rate and Lamb shift depends on the 
detuning between the atom and the IDT 

Tune atom frequency 
by changing the 
magnetic flux through 
the SQUID

Anton Frisk Kockum, Per Delsing, Göran Johansson, PRA (2014)



L. Guo, A. Grimsmo, A. F. Kockum, M. Pletyukhov, G. Johansson,  
PRA 95, 053821 (2017) [        Editor’s suggestion]
 
See also: Dorner & Zoller PRA (2002) and Pichler & Zoller PRL (2016)
(Atom in front of a mirror, at long distance.)

Phonons –  
shorter than one atom

T = 1000
�

v

T >
1

�

Delay time

Decay in one 
point faster 
than the delay



Polynomial Spontaneous emission 
with delay and revivals

E(t) ⇡ E(0)
1

2
p
⇡

✓
t

T

◆�1/2

L. Guo, A. Grimsmo, A. F. Kockum, M. Pletyukhov, G. Johansson,  
PRA 95, 053821 (2017) [        Editor’s suggestion]

No dependence on 𝛾 (!)

Bright

Dark

Lingzhen Guo  
Now in Karlsruhe



Reflectance (weak driving)
Full reflection:

No reflection:

Dark state:

!0T = (2n+ 1)⇡

T𝛾=0.1



Reflectance (weak driving)
Full reflection:

No reflection:

Dark state:

!0T = (2n+ 1)⇡

T𝛾=0.1
T𝛾=2



Reflectance (weak driving)
Full reflection:

No reflection:

Dark state:

!0T = (2n+ 1)⇡

T𝛾=0.1
T𝛾=10



Summary
• Artificial Atom(s) in open 1D transmission lines:

• Strong stable coupling of an artificial atom to a 1D 
transmission line

• Antibunching in the reflected field - non-classical 
microwaves

• Probing the vacuum fluctuations in front of a mirror  
Changing the lifetime 10 times

• Single photon sources without cavities

• Coupling to SAW gives a giant atom

• Two-legged atom has non-exponential decay
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Thank you for your attention!




