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Abstract: <span>A revolution is underway in the construction of &€ artificial atoms&€™ out
of superconducting electrical circuits.& nbsp;

These macroscopic & atomsa€™ have quantized energy levels and can emit and

absorb quanta of light (in this case microwave photons), just like ordinary

atoms.&nbsp; Unlike &€ real &€™ atoms, the

properties of these artificial atoms can be engineered to suit various

particular applications, and they can be connected together by wiresto form

gquantum &€ computer chips.&€™& nbsp; This so-called

&€ circuit QED&E™ architecture has given us the ability to do non-linear quantum

opticsin electrical circuits at the single photon level .& nbsp; It is now possible to entangle multiple
qubits, count individual microwave photons, create large &€ SchrA fdinger cata€™

photon states and perform quantum feedback.& nbsp;

Thistalk will present an elementary introduction to the field.</span>
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QED: Atoms Coupled to
Photons
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[rreversible spontaneous decay into the photon continuum:
"W\~ 2p—>ls+y I, ~1ns

ls

Vacuum Fluctuations:
\ (Virtual photon emission and reabsorption)

Lamb shift lifts 1s 2p degeneracy

Cavity QED: What happens if we trap the photons
as discrete modes inside a cavity?

o
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vacuum Rabi oscillations

T . 1 - —

observe dependence of atom final

3-d superconducting cavity state on time spent in cavity
(50 GHz)

measure atomic state, or ...

Review: S. Haroche et al., Rev. Mod. Phys. 73 565 (2001)
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cQED at optical frequencies

. Cestum Atoms

1
) ‘ Mirror

Surface Dctector
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Probc

=
l.ascr Mirror
Substrate

state of photons is detected,
not atoms.

... measure changes in transmission of optical cavity
(Caltech group H. J. Kimble, H. Mabuchi)

Pirsa: 12110041 Page 5/56



Quantum Electrodynamics (QED):
electrons/atoms coupled to photons

Circuit QED:
-microwave photons inside superconducting circuits
-artificial atoms (Josephson junction qubits)

Ultra-strong photon-‘atom’ coupling:
-non-linear quantum optics at the single photon level
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Microwaves — Photons on a wire

Transmitted

Amp. + Phase

Coldest piece of vacuum (empty space)
in the universe?: T = 0.15 Kelvin

Microwaves are photons too!

...but they're very weak.... Boomerang Nebula
20d coldest place in
x5 GHZ ~ 025K the universe
P = 107" W = <n>h(o;_i(/2 L= 1 Relvin
— <H> <] CMB = 2.75 Kelvin
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Building Quantum Electrical Circuits

The Josephson Junction is the only known
circuit elements: | hon-linear non-dissipative circuit element.

—/\N—
macroscopic artificial atom:
| EA .
(X ,«\o
~ \\ a N
. two level system
ingredients: : = qubit
e nonlinearity H‘)
e low temperatures Ima ~ 10CGHz ~ 0.5 K
e small dissipation H')

e isolation from environment

Review: M. H. Devoret, A. Walllraffand J. M. Martinis, condmat/0411172 (2004)
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ATOM vs CIRCUIT

Superconducting

H t
yarogen atom LC oscillator

(Not to scale!)
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Transmon Qubit in 3D Cavity

single
small Al
JJ:
no bias,
no tuning,
no 1/f noise

- }(?| =2ex1 mm ~ 10 Debye!!

rms

Huge dipole moment: strong coupling lg ~ 100 MHz
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One qubit two-cavity system

Photon storage cavity
[Cavitvl ] small detuning

8.3 GHz large coupling

qubit | | 7.9 GHz
Cavity 2
9.3 GHz

Readout cavity

High Q cavity to store photons

Dispersive ‘cross-Kerr’

Low Q cavity to readout state of qubit e
Hamiltonian

after

H = X111,

Kirchmair et al. (Schoelkfopf Lab)
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Quantum Control and NMR
of a Single ‘Spin’

Electrical circuit with two quantized energy levels 1s like a spin -1/2.

Quantum Measurement | _>) -

Single Spin %

(After Konrad Lehnert)
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axation Time (excited state lifetime)

..l

I | I | I I

50 100 150 200 250 300

time (us)

Protocol. Pi pulse, wait, measure Z
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Current world record for phase coherence time:
(lifetime of quantum superposition state)

H I | | | | I N

61 Hahn Echo —e— T2echo |
A — fit_T2echo

N
' |
|

readout (mV)

N
[

0 50 100 150 200 250 300
time (us)

]}eChO _ 145/15

Protocol: Pi/2 pulse, wait, Pi pulse, wait, Pi/2 pulse, measure Z
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T ’ 9 ® (best cavity)
Schoelkopf's Law " 16ms
. I
for Charge Qubit Coherence ;
- | v 3D fluxonium
_____ ... . T.trie T mli0000"
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Quantum optics at the single photon level

« Photon state engineering

 Photon cat states on demand
-largest ‘macroscopic’ superposition ever created?
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Quantum optics at the single photon level

« Photon state engineering

Goal: arbitrary photon Fock state superpositions

) =a,|0)+a |1)+a,|2)+a,|3)+...
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‘Coherent states’ of are essentially classical and
easy to make with a signal generator by applying
a microwave pulse to cavity

‘0>+i

a: aS

. Electric field:
o =1+ lQ E-€ =1 cos(wt)+ Osin(wt)

quantum zero-point
(vacuum noise)
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Arbitrary non-classical states
(photon Fock state superpositions):

2>+a3

‘w>:ao‘0>+al‘l>+a2 3>+...

are much more difficult to make and require
coupling the cavity to a non-linear element (e.g. a qubit)

Paris group has used Rydberg atoms passing through a cavity
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Quantum Superpositions of Photon Fock States

Phase qubit plus cavity:
synthesize and analyze
complex photon states
(UCSB Cleland/Martinis groups)

|0)+|1 , 0)+|4) |0}+|5)

Hofheinz et al., Nature 454 (2008) and Nature 459 (2009) 20

Pirsa: 12110041 Page 21/56



Quantum optics at the single photon level

 Quantum engineer’s toolbox to make arbitrary states:

Dispersive Hamiltonian: qubit detuned from cavity
-qubit can only virtually absorb/emit photons

o .
Lo+ yo'a'a+ H, o, # 0,

H=o0aa+

amping |

resonator qubit dispersive
coupling
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Dispersive Hamiltonian

. 0, .
. T q = . =z T
H=waa+ 5 o"+ o aa+H .
resonator qubit dispersive
coupling

cavity frequency = o, + yo~
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Dispersive Hamiltonian

: 0, :
. T q = . = T
H=waa+ 70‘ +yoraa+Hy .
resonator qubit dispersive

coupling

cavity frequency = o, + yo~

‘strong-dispersive’ limit

2y ~2x10°k K

o, — ¥

Pirsa: 12110041 Page 24/56



g
Da’ Conditional displacement of cavity

If qubit starts in ground state: ‘W) = ‘g>‘0>
D; lv)=lg)|«)

4

@ 3)|2)

>/
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g
Da’ Conditional displacement of cavity

What happens if qubit is in a superpostion state?

) =75(12)+14))/0)
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4
Da, Conditional displacement of cavity

What happens if qubit is in a superpostion state?
1

v)=75(1£)+1)lo)
D)= (1)) +|)[0))
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g
Da’ Conditional displacement of cavity

What happens if qubit is in a superpostion state?

1
‘W>=f(\g>+ ¢))|0)
o 1
D;lv)=—7(l2)]@)+|4)[0))
Q"‘ Qubit fully entangled with cavity
. g) | 0[) ‘cat is dead; poison bottle open’
.‘ e>‘0> > [ ‘cat is alive; poison bottle closed’
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Engineer’s tool #2:

n Conditional flip of qubit if exactly n photons
T 0)('1 =z =z +
H=waa+ 70‘ +yoraa+H g,
resonator qubit dispersive
coupling

Reinterpret dispersive term:
- quantized light shift of qubit frequency

o, +2ya a
2

O
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- quantized light shift of qubit frequency
(coherent microwave state)

N.B. power broadened H
100X 4

1 : I: .
7.430 7.440 @ : :7.450:

spectroscopy fréqu:enc'y (GHz:)
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Qubit excitation

DISPERSIVE

strong dispersive coupling |

~ ya'aoc”

Qubit Spectroscopy

Y ' Y }
|n=2) ln=1) l |n=0)

-

- 2y
Ay

el v e

3-8 Poete
‘.'.". <

(8

7.83 7.84 7.8
Spectroscopy frequency (GHz)

Coherent state
in the cavity
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Strong Dispersive Coupling Gives Powerful Tool Set

Cavity conditioned bit flip | 7T

n

. "y " g
Qubit-conditioned cavity displacement D(}

« multi-qubit geometric entangling phase gates (Paik et al.)
 Schrodinger cats are now ‘easy’ (Kirchmair et al.)

Photon Schrodinger cats on demand

experiment theory
G. Kirchmair M. Mirrahimi

B. Vlastakis Z. Leghtas
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Photon Schrodinger cat
1
=— +|—«
)= (|} +|-a))
Superposition of two different coherent states

O, @lo)

Y

-2) @

How do we construct it?
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Start with previous qubit-cavity entangled state:

v) =75 (12) 1))
D5, Iv) =5 (12)]22)+[)|0))

0,
®|2)|22)

JICDN
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Does it work in practice?

- measure photon number parity in the cat

- measure the Wigner function
(phase space distribution of cat)
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Wigner Functions for Cats

0,

~
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Wigner Functions for Cats

0,
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Wigner Functions for Cats
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Wigner Functions for Cats

0,
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quantized light shift in ‘odd’ cat

1

odd cat state: W=——(/-|-8) P=D p,(-1)"=-1

S

< ! ' ! R ENETHETS
S s e BEHE
Py :

&-1.0 1

S

@] : :

S-2.0 A R I

o RN

. 1 g
7.430 7.440 7.450

spectroscopy frequency (GHz)
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Wigner Functions for Cats

0,
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Fringes for different cat sizes
Lf=2—>n=4 B=26—>n=7

L L} L J L} L L

Mean Parity
C.I') o o
N o B
Mean Parity

Ooooo
B NON DS

Q Displacement (alpha)
L=3.2->n=10

© 00
o N B

Mean Parity

o O
AN

-2 -1 0 1 2
Q Displacement (alpha) Q Displacement (alpha)
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0

. T q -4 N z T 1
H = w.d d+ —2 O +xyo ada-+ Hdamping

resonator qubit dispersive
coupling

For the future:

-map qubit states to storage cavity for quantum memory
-memory error correction using cat state encoding
-stabilizer pumping for Kitaev toric code (Simon NigQ)
-microwave photomultiplier for axion dark matter searches

arXiv:1207.0679
Hardware-efficientautonomous quantum error correction
Zaki Leghtas et al.

arxXiv:1205.2401
Deterministic protocol for mapping a qubit to coherent state superpositions in a cavity
Zaki Leghtas et al.
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0

_ T q z BS-2 ‘
H=waa+ > o +yoccaa+H damping |

resonator qubit dispersive
coupling

For the future:

-map qubit states to storage cavity for quantum memory
-memory error correction using cat state encoding
-stabilizer pumping for Kitaev toric code (Simon NigQg)
-microwave photomultiplier for axion dark matter searches

arXiv:1207.0679
Hardware-efficientautonomous quantum error correction
Zaki Leghtas et al.

arxXiv:1205.2401
Deterministic protocol for mapping a qubit to coherent state superpositions in a cavity
Zaki Leghtas et al.
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Last but not least: The Yale cat
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