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QUANTUM COMPUTATION
Quantum computation:

Unitary evolution of initially prepared n-qubit state and its 
subsequent measurement

Qubit:
Just a 2-state system 
(effective spin – ½)
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QUANTUM PARALLELISM
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QUBIT REALIZATIONS
Trapped ions NMR

chloroform 
molecule 

Long qubit coherence
Low environmental coupling
Scalability difficult

semiconductor dots superconducting circuits

Shorter qubit coherence
Large environmental 

coupling
Scalability easier
Electrical access



QUANTUM CIRCUITS

L

φ 2 2

2 2L
H q

C
φ= ++q

-q
C

[ ], iqφ = h

BE k Tω∆ = h 

E
ne

rg
y

1GHzω 

10mKT 

Microfabrication
and cryogenics

Equal level spacing Need non-linear element



NON-LINEAR ELEMENT: JOSEPHSON 
JUNCTION

Model:

SC
Insulator

SC

Josephson current: Circuit symbol:
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COOPER PAIR BOX
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SPLIT COOPER PAIR BOX
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ENERGY LEVELS
Eigenstates, Ek: Mathieu Functions
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NON-LINEAR READOUT
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NON-LINEAR READOUT
Non-linear LC oscillator
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IMPLEMENTATIONS
Quantronium qubit with Josephson bifurcation amplifier (JBA)

∼

2µm

(I. Siddiqi et. al, 
PRB 2006) 

Quantronium qubit with cavity bifurcation amplifier (CBA)

Qubit
in

out

Resonator

0 1

Qubit

NEW



SAMPLE
resonator

1) Precisely control non-linearity
2) Engineer freq, Q
3) No dissipation on-chipcapacitors

3mm

10mm

100µm

Nb

10µm

Al



MICROWAVE RESPONSE
Bistable states

1.8 GHz 9.8 GHz



OBSERVATION OF BISTABILITY
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WHY: MULTIPLEXED QUBITS

Coupling line Qubit in 
resonator

Multiplexed readout 
and gate lines



C.B.A. WITH QUANTRONIUM
SEM image of Quantronium in CBA

10µm

CPW 
ground

Island + 2 
junctions

Readout 
junction

CPW 
ground



GATE MODULATIONS

Readout in linear regime

Move to bistable regime:

More gain
Flux (rads)

Fit is with Ecp = 17.0GHz and EJ0 = 15.1GHz
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SPECTROSCOPY

Fit: Ecp = 17.0GHz
EJ0 = 15.1GHz

ReadoutSpectroscopy pulse

Varying frequency



RABI OSCILLATIONS
Readout Y-rotation

0

1
qubit pulse

τ
A
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BEST RABI OSCILLATIONS



RELAXATION TIME, T1

π pulse Readout

0

1τω

T1=1.4µs↔1.8µs

τω (µs)



RAMSEY FRINGES
π/2 pulse τ Readoutπ/2 pulse

0

1

200ns ≤ T2 ≤ 800ns
4 4

01 22 2.10 7.10Q Tϕ πν= = ↔



MEASURED CONTRAST
π pulse Readout

V

0

1

Readout relaxation Reduced contrast



TOMOGRAPHY
Preparation

pulse
Readout

Tom. 
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NOW: SLOTLINE NON-LINEAR 
RESONATOR

Optical image of device

200µm

Gate

Slotline

SEM image of qubit

4µm

Advantages: 1. Completely fabricated using e-beam lithography
2. Gate and readout lines separated
3. Excite ± mode in slotline for readout



NEAR FUTURE: COUPLED QUBITS

QUBIT 2

Optical image of coupled 
qubit with slotline readoutSee Chad’s MES upcoming…..
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LONGER TERM: MANY COUPLED 
MULTIPLEXED QUIBTS

3m
m
10mm

Nb

Multiplexed resonators

preliminary 
data: 

amplitude 
response



CONCLUSION

• Developed fast, non-dissipative RF readout
• Single shot qubit readout feasible
• Scalable architecture
• Coupled qubit experiments in progress…



PREDICTED CONTRAST
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RAMSEY TOMOGRAPHY
Map of state during Ramsey experiment  (c.f. Martinis, PRL)



Slides after this are additional



RANDOM EQUATIONS
Josephson Junction:
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NON-LINEAR OSCILLATOR
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Readout scheme
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Previous work
CQEDQuantronium qubit with JBA

I. Siddiqi et. al, PRB 2006 A. Wallraff et. al, Nature 2004

Flux qubit with linear resonator and JBA

A. Lupascu et. al cond-mat/0601634 



Experimental observation of two oscillator states
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Microwave response
Bistable states

1.8 GHz 9.8 GHz



Bistability
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Readout scheme
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JBA

Ti

Al capacitor pads

Bonding pads

Si
Cr
Cu
Cr

• Complicated fabrication
• Same physics



4.2K

260mK

300K
IN OUT
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TIME RESOLVED
MEASURMENT



ESCAPE RATES

For : aω Γ

exp
2

a

B esc

U
k T

ωγ
π

⎛ ⎞∆= −⎜ ⎟
⎝ ⎠

Thermally activated escape:

Where:

1/ 222 1 /
3 3a bω β β= ΓΩ − 3

2
/ 264 1 /

9 3 J
t

J
b

L
L

U
Q

E β β
⎛ ⎞
⎜

Ω −⎟
⎠

∆
⎝

=

( )2/3ln( / 2 ) /a bvsω πγ β βPlot: Tesc



ESCAPE RATES
METHOD

400

300

200

100

0

co
un

ts

1.431.421.411.401.39

V ( Volts )

V

time

time

phase not switched

switched

( )
1( )

( )
v V

v V V

P v
dVV Ln

V dt P v
γ ≥

≥ +∆

⎡ ⎤
⎢ ⎥= ⎢ ⎥∆
⎢ ⎥⎣ ⎦

∑
∑



ESCAPE RATES
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2D-HISTOGRAMS
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CAVITY BIFURCATION AMPLIFIER
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THE JOSEPHSON TUNNEL JUNCTION:
AN ATOM-LIKE CIRCUIT ELEMENT

TO WHICH YOU CAN ATTACH
WIRES ...
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ENERGY LEVELS OF AN ISOLATED JUNCTION 
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E-BEAM

WRITE PATTERN 
WITH SEM

3.5µm
OPTICAL IMAGE 

OF RESIST

SHADOW-MASK EVAPORATION

PLEXIGLAS 
(PMMA)

COPOLYMER
(MMA 8.5)

SILICON

2” SI  WAFER

SPIN ON 
RESIST 

2” SI WAFER

SPIN ON 
RESIST

DICE WAFER INTO 
SMALL CHIPS



SHADOW-MASK EVAPORATION

PMMA

MMA

Bridge

Si

Undercut

Develop in MIBK:IPA, 1:3, for ~40s 
and rinse in IPA

2nd Al evaporation

CROSS 
SECTION:

Al

Lift off resist with unwanted 

Al with Acetone (60-90ºC)

3.5µm

SEM IMAGE OF 
AL/AL2O3/AL 
JUNCTION

Oxidation: 15%O2, 85% Ar. 1-
10T, 5-20mins

Al

First angle Al



NON-LINEAR OSCILLATOR
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