
Table of Revisions

Name Rev Author Time
Document 472 lsb 2010-06-19 16:31:34
File ‘merged.tex’ 472 lsb 2010-06-19 16:31:34
Group ‘pgf’ 432 lsb 2010-02-02 00:49:53
File ‘raw/pgfdispersion.tex’ 405 lsb 2010-01-11 16:10:05
File ‘raw/pgfwavefunctions.tex’ 405 lsb 2010-01-11 16:10:05
File ‘raw/pgfdispersionng.tex’ 432 lsb 2010-02-02 00:49:53
Group ‘eps’ 432 lsb 2010-02-02 00:49:53
File ‘raw/LC.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/transline.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/cpb.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/extjc.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/jc.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/supersplit.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/butterfly.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/wolverine.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/blochspheretoymodel.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/linecuts4pan.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/hetvsphtcnt.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/quadratures.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/quadratureshipower.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/lnrvsnonlnr.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/expschematic.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/expsample.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/expvrabimap.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/ghz0.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/ghz1.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/ghz2.eps’ 432 lsb 2010-02-02 00:49:53
File ‘raw/ghz3.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/ghz4.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/ghz5.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/tiecirct.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/mmpurcell.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/transcouple.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/transintransline.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/nodissip.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/thermal.eps’ 358 lsb 2009-10-20 13:16:09
File ‘raw/rau.eps’ 358 lsb 2009-10-20 13:16:09
Group ‘pfrag’ 395 lsb 2009-12-02 18:58:45
File ‘raw/figLC.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figtransline.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figcpb.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figextjc.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figjc.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figsupersplit.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figbutterfly.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figwolverine.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figblochspheretoymodel.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figlinecuts4pan.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/fighetvsphtcnt.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figquadratures.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figquadratureshipower.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figlnrvsnonlnr.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figexpschematic.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figexpsample.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figexpvrabimap.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figghz0.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figghz1.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figghz2.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figghz3.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figghz4.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figghz5.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figtiecirct.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figmmpurcell.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figtranscouple.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figtransintransline.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/fignodissip.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figthermal.tex’ 358 lsb 2009-10-20 13:16:09
File ‘raw/figrau.tex’ 395 lsb 2009-12-02 18:58:45



L C

ϕ

Φ̃



ϕ ϕ ϕ ϕN− ϕN



EJEJ C
′

Cg

V
′

g

C

V

a b



a b
p
h
o
to
n
n
u
m
b
er

transmon level

α

∣, ⟩

∣, ⟩

∣, ⟩

∣, ⟩

∣, ⟩
∣, ⟩

ω
r
=
ω



∣↓⟩

∣↑⟩


≃ 
√


en
er
g
y

e�ective two-

level system



a b
p
h
o
to
n
n
u
m
b
er

qubit level

∣, ⟩

∣, ⟩

∣, ⟩

∣, ⟩

∣, ⟩

ω
r
=
ω
q

∣↓⟩

∣↑⟩



√


en
er
g
y

e�ective two-

level system



6.75 6.80 6.85 6.90 6.95 7.00 7.05 7.10

-40

-30

-20

-10

0

0.05

6.72 6.725 6.73 6.735 6.74 6.745

0

0.05

0

0.05

0

0.05

0

0.05

0

/π ≃  linewidths
a

b

c  dB

d - dB

e - dB

f - dB
full theory
-level model
data

ωd/π [GHz]

P
o
w
er
[d
B
]

T
ra
n
sm

it
te
d
In
te
n
si
ty

A

[A

 ]
A

[A

 ]



-30

-20

-10

0

0.1

0.2

6.85 6.90 6.95 7.00

0.1

0.2

0.1

0.2

T
ra
n
sm

it
te
d
In
te
n
si
ty

A

[A

 
]

D
ri
ve

p
o
w
er
[d
B
]

E
n
er
g
y

ωd/π [GHz]

a

b

c  dB

d  dB

e − dB

∣⟩

∣+⟩
∣−⟩

∣+⟩
∣−⟩

∣+⟩
∣−⟩

∣+⟩
∣−⟩

∣+⟩
∣−⟩

∣+⟩
∣−⟩




√




√




√




√




√





15.35

15.40

15.45

15.50

15.55

15.60

15.65

0.3

6.80 6.85 6.90 6.95 7.00

0 1
+

0 2
+

0 3
+

0 4
+

0 5
+

0.2

0.1

0.3

0.2

0.1

ωd/π [GHz]

T
ra
n
sm

it
te
d
In
te
n
si
ty

A

[A

 
]

M
ag
n
et
ic
�
el
d
B
[a
.u
.]

a

c B=.

b B=.



∆

Ω

∣↓⟩

∣⟨σ̃−⟩∣

q

x

z



6.73 6.74

6.73 6.74
0

6.73 6.74

6.73 6.74
0

0.05

0.05

ωd/π [GHz]ωd/π [GHz]

T
ra
n
sm

it
te
d
In
te
n
si
ty

A

[A

 
]

a − dB b − dB

c − dB d  dB



ωd/π [GHz]ωd/π [GHz]

T
ra
n
sm

it
te
d
In
te
n
si
ty
[A

 
/

]





















.. ..

a − dB b − dB

c − dB d  dB



ωd/π [GHz]ωd/π [GHz]

Q
u
ad
ra
tu
re

A
m
p
li
tu
d
e
[A


/
]

−

−

−.

−.





.

.





.. ..

a − dB b − dB

c − dB d  dB



ωd/π [GHz]

Q
u
ad
ra
tu
re

A
m
p
li
tu
d
e
[A


]

−.

−.

−.







.

.

.

a dB

b dB

c − dB

. . . .



0.0

0.2

0.4

0.6

0.8

1.0

0

2

4

6

8

10

6.73 6.74

0

20

40

60

80

100

6.73 6.74

0

200

400

600

800

1000

ωd/π [GHz]ωd/π [GHz]

T
ra
n
sm

it
te
d
In
te
n
si
ty
[A

 
/

]

a − dB b − dB

c − dB d  dB



attenuator Cin Cout

CL
J , E

L
J CR

J , E
R
J

CL
G CR

G

L C

RF amp

RF

LO

IF

ωd ωLOΦL ΦR

mixercirculator

Ω

Qubit qL Qubit qRCavity

mK



a

b c



7.2

7.0

6.8

6.6

6.4

-15 -10 -5 0 5 10 15

ω
d
/
π
[G

H
z]

Magnetic Field B [a.u.]

Qubit qLQubit qR
crossingcrossing



charge

    qubit

E

ground-

plane

E(x)

CPW centerpin

output

capacitor

in out

B

!ux bias

a

b c



-6 -4 -2 0 2 4 6

0

1

2

3

4

5

6

0

1

2

3

4

-6 -4 -2 0 2 4 6

= -1 +1 -1 +1Π

s [tΓ
/
ci
/]

s [tΓ
/
ci
]

p
(s
)

p
(s
)

ν ν

∣↓↓↓⟩ ∣↑↑↑⟩
∣↓↑↑⟩
∣↑↓↑⟩

∣↑↓↓⟩
∣↓↑↓⟩

∣↓↓↑⟩
∣↑↑↓⟩

∣↓↓↓⟩

∣↓↓↑⟩
∣↓↑↓⟩
∣↑↓↓⟩

∣↓↑↑⟩
∣↑↑↓⟩
∣↑↓↑⟩ ∣↑↑↑⟩

a Generation

b Detection



−6 −4 −2 0 2 4 6
0

1

2

3

4

nonlinear "lter

boxcar "lter
LHV allowed

0

1

2

3

4

s [tΓ
/
ci
/]

⟨M
⟩

p
(s
)

a

b



0 1 2 3 4 5

−6

−4

−2

0

2

4

6

−6

−4

−2

0

2

4

6

0 5 10 15 20

t [Γ−
ci
]t [Γ−

ci
]

J(
t)
[
Γ
/


c
i
/
]

J(
t)
[
Γ
/


c
i
/
]

a b

c d



3.5

 

0 10 20 30

1

2

3

4

2.0

4.0

2.5

3.0

1.5

1.0

0.10 0.70.50.40.30.2 0.6 0.8 0.9 1

⟨M
⟩

Acceptance probability

Γci/γ = ∞

Γci/γ = 

Γci/γ = 

Γci/γ = .

Γci/γ = 

Γci/γ

⟨
M
⟩ Boxcar

Nonlinear



10 2 3 4
0

0.2

0.4

0.6

0.8

1.0

 − α

β

∞



Γci/γ = 

�reshold ν [tΓ
/
ci
]


−
α
,
β



C C C

C

C

C

C

C

C

C

C

C

C

C

C

EJ

EJ

V

V

V

V

Φ

Φ

Φ

Φ
















C

C

Ct

EJ

EJ

V
′



V
′



a

b
c



100

101

102

103

104

1412108642
Frequency ω/π [GHz]

R
el
ax
at
io
n
ti
m
e
T

[n
s]

Multimode, output qubit
Multimode, input qubit
Single-mode model
Radiation to continuum







6.80 6.85 6.90 6.95 7.00

T
ra
n
sm

it
te
d
In
te
n
si
ty

A

[a
.u
.]

ωd/π [GHz]

a  dB

b  dB

c − dB



6.80 6.85 6.90 6.95 7.00 7.05

0

3

2

1

0

1

0

1

T
ra
n
sm

it
te
d
A
m
p
li
tu
d
e
A
[a
.u
.]

ωd/π [GHz]

a  dB

b − dB

c − dB



−1 −0.5 0 0.5 1
0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

−1 −0.5 0 0.5 1

0

0.002

0.004

0

0.002

0.004

0

0.002

0.004

0

0.002

0.004

0

0.002

0.004

0

0.002

0.004

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

(
κ
+
γ
)
χ
′
′
(
ω
)

T = T = 

T = ωr/T = ωr/

T = ωrT = ωr

T = ωrT = ωr

T = ωrT = ωr

T = ωrT = ωr

(ω − ωr)/(ω − ωr)/



−1−0.5 0 0.5 1

0

10

20

ng

E
j/
E C

EJ/EC = 1

−1−0.5 0 0.5 1

0

10

20

30

ng

EJ/EC = 5

−1−0.5 0 0.5 1

0

10

20

30

ng

EJ/EC = 10

−1−0.5 0 0.5 1

0

20

40

60

ng

EJ/EC = 50



−5 0 5
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

n

⟨
j∣
n
⟩

j = 0
j = 1
j = 2



30 35 40 45 50
10−13

10−10

10−7

10−4

10−1 aa

EJ/EC

∣n i
j∣

n23
n12
n01
n03
n13
n02

40 60 80 100 120
10−12

10−10

10−8

10−6

10−4

10−2

δn01

δn02
δn12

δn13
δn23

bb

EJ/EC

δn
ij


