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CIRCUIT QED

QED: Quantum Electrodynamics -> interaction between
light and matter (atom)

[ \ _
~ \) -> precise control
\/ » over quantum
Bt — system

Cavity QED



CIRCUIT QED

“Light”: Transmission line of

/ 1
coplanar wave-guide

l

Mode of the field

" 4

Artificial atom:
Cooper-pair box,
Josephson junction



Quantization of electromagnetic field

Basic steps:

- Finding the canonical conjugate variables g,p
satisfying the PB relation {ai.p;} =4ij

- Writing the Hamiltonian in quadratic form of g
and p->like harmonic oscillator

- Introducing the creation and annihilation
operators—>rewriting the field and Hamiltonian



Quantization of tranmission line
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Quantization of tranmission line




Quantization of tranmission line
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Superconductor

“forest” of states

| 2A~1 mev

>  Fermionic electrons

Bosonic electron

superconducting gap

Superconductor

» dissipationless!

» provides nonlinearity via
Josephson effect

pairs—>Cooper pairs

l

wpzwexp(iﬁfl /%)

Condensate wave function



Josephson Junction
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Cooper pair box

CPB: small island of superconducting
material >ground via JJ
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Cooper pair box
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Cooper pair box
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Cooper pair box

Hg =—2E¢ (1-2N,)

Sweet spots:
region where
energy gap Iis
quadratic in
fluctuation of
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Resonator + Cooper pair box
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Resonator + Cooper pair box
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Resonator + Cooper pair box
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Tunable Joseph-son junction

o
b
E E
Hj = —7300340& —7Jc05¢b

@ h
—p, =27N+ A =2+ 27— @, = —
Da — Py P flux D, 0 26

go:(goa+gob)/ 2—>H;=-E, cos(nqz;“]cow
0

Effective Josephson junction energy



Resonator + Cooper pair box
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Measurement
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Decoherence
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Decoherence
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Quantum information
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Suppose Alice want to send Bob information by using two level
system states—>Bob can know by measure it in the right basis

Bob
Other bases: Bob
Alice 0| (1] (+] (—] (+i] (—i

0) (100% 0% |)50% 50% | 50% 50% C_annot knon
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Correlated measurements



Mixed state
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Mixed states: cannot
write In a superposition
form, or single wave

vector

All uncorrelated measurements—>Bob
cannot know the information in any
basis even if Alice tellshim which

basis she used




Entanglement

Combined two-
level systems
quantum states

0,0) ®
1,1) 2

10,0} or |1.1)

Suppose Xavier prepare the above guantumstates. Alice and Bob
want to know what it is by measure each component separatedly:.
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Entanglement
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Decoherence

Decoherence

Decaying (relaxation), > Dephasing, dephasing

relaxation lifetime T, lifetime T,
T, < 2T,




Decaying

Losing energy to the environment
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Dephasing
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Treatment of decoherence

Density matrix

Pure state P = ‘Z> <Z‘

Mix state p:Wa‘Za><Za‘+Wb‘Zb><Zb‘+---

Pure state 2-level system ‘Z> — al ‘ O> + 8.2 ‘1>

a ) « a,a, Tr(p)=1
P:(ai](al az)} (A)=Tr(pA)

Diagonal elements: probability to find the system in the pure state.
Relaxation: diagonal element decaying



Treatment of decoherence
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Master equation

Schrodinger equation
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Master equation

Interaction picture

H (t)=Hy+V (1) . .
Liouville equation
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Master equation

Hiot =Hg +Hg + Hgr(t)
Her(t)=V(1) P(t)=LrPtot(t)
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Master equation
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Master equation
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Master equation
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Master equation
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Master equation
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Master equation in Schrodinger Picture
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Master equation
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Master equation
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