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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
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QUANTUM PARALLELISM
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QUBIT REALIZATIONS

Trapped ions

* + S SSEUEOCT COCEEEETECD CODUODUDO00 # ¢

Long qubit coherence
Low environmental coupling
Scalability difficult
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QUANTUM CIRCUITS
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NON-LINEAR ELEMENT: JOSEPHSON
JUNCTION

Model: x
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COOPER PAIR BOX




SPLIT COOPER PAIR BOX
0)

\‘.\ SEM image of Quantronium
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loop current (nA)

ENERGY LEVELS

N, . Sweet spot

Eigenstates, E,: Mathieu Functions

Sweet spot:
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Average loop current:

E,, = 17GHz, E , = 15GHz (N, 8= L OE, (N, )
\ Do do
N,=1/2
\ With inductance:
-1 2 -1
E N
\J L(N ,5): i(a_lJ _ 12 0 k( 29,5)
S PACE) P Y
0 TT 27T

0



NON-LINEAR READOUT

Non-linear LC oscillator
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NON-LINEAR READOUT

Non-linear LC oscillator Quantronium Qubit
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IMPLEMENTATIONS

Quantronium qubit with Josephson bifurcation amplifier (JBA)
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Quantronium qubit with cavity bifurcation amplifier (CBA)

Resonator
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SAMPLE

resonator

%—II—D—E—D—“—% 1) Precisely control non-linearity

2) Engineer freq, Q
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OBSERVATION OF BISTABILITY




WHY: MULTIPLEXED QUBITS

Coupling line Qubit in
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C.B.A. WITH QUANTRONIUM

SEM image of Quantronium in CBA
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Gate charge (Cooper pairs)

GATE MODULATIONS

Fit is with Eg, = 17.0GHz and E ; = 15.1GHz
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SPECTROSCOPY
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Switching Probability (shifted)
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RABI OSCILLATIONS

qubit pulse
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Switching probability
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RELAXATION TIME, T,

T pulse T Readout
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Switching Prob (shifted)

RAMSEY FRINGES
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MEASURED CONTRAST

T pulse Readout
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TOMOGRAPHY
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NOW: SLOTLINE NON-LINEAR
RESONATOR

Optical image of device

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

QUBIT2 =
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Optical image of coupled
See Chad’ s MES upcoming..... qubit with slotline readout



LONGER TERM: MANY COUPLED
MULTIPLEXED QUIBTS
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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:

Charge tunneling through JJ:
Q=2eN

Flux associated with

SC phasediff acrossJJ:
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NON-LINEAR OSCILLATOR
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Non-Linear
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Readout scheme
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Previous work

Quantronium qubit with JBA

guantronium S
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Phase (degrees)

Experimental observation of two oscillator states
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Microwave response

Bistable states
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Bistability




Readout scheme
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JBA

/Bonding pads

Ti

Cr
Cu
Cr

Al capacitor pads

* Complicated fabrication
+ Same physics



TIME RESOLVED
MEASURMENT

Mini-Circuit
Amplifier
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ESCAPE RATES
For: aw,l] I

Thermally activated escape:
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ESCAPE RATES

time

1 dv

y(V)=—F—-Ln

AV dt

vV

>, PW)

| V2V +AV

METHOD

phase

—)

not switched

switched

400

300

200

2]
-
c
>
(@]
(&)

100

M ANWA

1 time

1.39 140 1.41 142 1.43

V (Volts )



ESCAPE RATES

Intercept: V,

Slope: T,
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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 ...
SIS
TUNNEL
JUNCTION
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- = .
Ik
6 :
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NON-LINEAR INDUCTOR



JOSEPHSON JUNCTION

SC
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Non-Linear Inductor!



ENERGY LEVELS OF AN ISOLATED JUNCTION

HAMILTONIAN:  H =E_ (N-q/2e) ~Eicos(d)  Z>>Rq = h/4e?
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SHADOW-MASK EVAPORATION
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SHADOW-MASK EVAPORATION
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NON-LINEAR OSCILLATOR
R C, L
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Non-Linear
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