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CLASSICAL vs. QUANTUM 
INFORMATION
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QUANTUM COHERENT 
MACHINES: 

MIRACLE  or MIRAGE ?
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ENTANGLE 105 QUANTUM OBJECTS TECHNOLOGICALLY FEASIBLE ?
FUNDAMENTALLY ALLOWED ?

QUANTUM “CLASSICAL”



“There is no quantum world. There is 
only an abstract physical description. 
It is wrong to think that the task of 
physics is to find out how nature is. 
Physics concerns what we can say 
about nature.”

- N. Bohr 

QUANTUM REALITY ?



QUANTUM MEASUREMENT PARADOX
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Can we fully control the measurement process?

… if yes, how “macroscopic” can we make the meter ?



CHOSING AN “ATOM”: QUANTUM BITS
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Advantages

• strong atom/meter coupling 
• engineered “atoms”
• quantum electrical circuits

Challenges

• decoherence
• readout

1μm



HOW CAN WE MAKE A CIRCUIT ATOM-LIKE?

1μm

Electrical Circuit

|0>
|1>

“Artificial Atom”

?



MICROFABRICATION                  L ~ 3nH, C ~ 10pF, ωr /2π ~ 1GHz

SIMPLEST EXAMPLE: SUPERCONDUCTING  LC OSCILLATOR  CIRCUIT

HOW CAN A SUPERCONDUCTING
CIRCUIT BECOME QUANTUM-MECHANICAL

AT THE LEVEL OF CURRENTS AND VOLTAGES?

ALUMINUM
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DISSIPATIVE
ENVIRONMENT
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CANNOT STEER THE SYSTEM TO AN ARBITRARY STATE



THE JOSEPHSON TUNNEL JUNCTION:
NON-LINEARITY AT ITS FINEST!
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SPLIT COOPER-PAIR BOX: TUNABLE ‘ATOM’

E1

E0

E/4Ec

0

1

01ωh

CgU / 2e

U

Φ

Φ/Φ0



DISPERSIVE QUANTUM MEASUREMENT
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10 μm

SPIN 1/2 OSCILLATOR



NON-LINEAR INDUCTIVE READOUT: QUANTRONIUM

write

read

JJ=non-linear inductor
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Nonlinear Oscillator
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THE NON-LINEAR JOSEPHSON OSCILLATOR
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JOSEPHSON JUNCTION

• ωp/2π ~ 1-10 GHz

• Non-linear & Non-dissipative

• Quantum Regime
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THE JOSEPHSON ELECTRICAL PENDULUM:
Non-linearity with minimal friction
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JOSEPHSON BIFURCATION AMPLIFIER

JBA: INPUT COUPLES TO I0
- φ (irf,I0) 

- no on-chip dissipation
- only fluctuations from R
(minimal backaction)
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0 50Z R= = Ω

IS et al., PRL 93 207002 (2004)



LINEAR OSCILLATOR NON-LINEAR OSCILLATOR

COMBINING HIGH SENSITIVITY & SPEED
01

Q sets sensitivity kT sets sensitivity !

01



NATURE’S BIFURCATION AMPLIFIER



MICROWAVE QUANTUM EAR

• nm
• mK
• GHz



ELECTRON BEAM LITHOGRAPHY

IMAGING: < 1 nm       WRITING: ~ 10 nm – 10 cm



LIQUID HELIUM FREE COOLING in 24 hrs!

300 K

77 K

4.2 K

800 mK

100 mK
7 mK



ISOLATED POWER, ETC…



Filters, Filters, and more Filters…



RF BIASED JUNCTION: PHASE DIAGRAM 
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QUANTRONIUM with BIFURCATION READOUT

01

QUBIT CONTROL
PULSE SEQUENCE

(~ 20 GHz)

READOUT PROBING
PULSE (~ 1 GHz)

QUBIT STATE
ENCODED IN REFL.

PULSE PHASE φ

iRF / I0

A
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RABI OSCILLATIONS

32 million measurements
~ 10 min (dead time ~0.2 sec)
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IS et al., PRB 73 054510 (2006)
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SINGLE MOLECULE MAGNET QUBIT

Metal Weak Links (K. Eid)

• Cr7Ni (S=1/2)
[(cyclen)12Ni13Cr6(CN)36]8+ (S = 22)
[Mn19O8(N3)8(HL)12(MeCN)6]2+ (S=83/2)

• measure spin state in 10-100 ns

• strong magnetic coupling

CNT Weak Links (K. Ray)



DRIVEN PENDULUM IN 
THE QUANTUM REGIME
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HEAT WITHOUT FRICTION: 
THE DYNAMIC CASIMIR EFFECT

“Shaking Light from the Void”

Paul Davies
Nature, News & Views, 382 761, 1996



2
r

B

XXT F
k c c

ωΔΩ Δ
=

h

, ~ 1 ~ ~ 100r

r B

F T mK
k
ω

ω
Ω h

Lambrecht, Jaekel, and Reynaud
PRL 77, 615 (1996)

effX LΔ → Δ

HEAT WITHOUT FRICTION: 
THE DYNAMIC CASIMIR EFFECT

http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRLTAO&possible1=Lambrecht%2C+Astrid&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRLTAO&possible1=Jaekel%2C+Marc-Thierry&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRLTAO&possible1=Reynaud%2C+Serge&possible1zone=author&maxdisp=25&smode=strresults&aqs=true


QUANTUM ACTIVATION
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SCHRÖDINGER'S CATS 
and KITTENS



MACROSCOPIC QUANTUM ERASURE

atom meter photons

• prepare atom in superposition +

• photons arrive at classical readout +

• detect pulse (usual qubit readout) or

• atom recovers original superposition +

+• send pulse back to atom/meter

or
φ=0 φ=π

• send photons, entangle meter with atom +φ=0 φ=π

• photons arrive at meter +φ=0 φ=π



action-distance
>>  

LIMITS OF SUPERPOSITION ?

Macroscopic 
Quantum
Coherence

Giant
Macroscopic 
Quantum
Coherence

Does it exist ?

MACROSCOPIC

size engineered
h

• MQC ~ 1

• quantum optics 
Schrödinger "lean" cat states ~ 10

• JBA states ~ 100       ("fat" cat)
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CONCLUSIONS

SUPERCONDUCTING QUBIT READOUT

DISPERSIVE: NO ENERGY LEFT BEHIND
FAST: MEASURE 30ns, RECORD 100ns
MINIMAL DEAD TIME: REPETITION RATE SET BY T1

NON-INVASIVE: CAN TURN READOUT OFF 

PHYSICS QUESTIONS

DECOHERENCE IN MANY-BODY QUANTUM SYSTEMS
COHERENCE TIMES IN SINGLE MOLECULES/NANOTUBES
AMPLIFY QUANTUM INFORMATION?
FUNDAMENTAL LIMITS TO QUANTUM COMPLEXITY?
THE QUANTUM PENDULUM DYNAMICAL CASIMIR EFFECT



DRIVEN PENDULUM: ACTIVATION @ ALL T!

low amplitude state high amplitude state
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• Non-equilibrium quantum system

• Drive: Virtual vacuum fluctuations
real photons switching



kBT<<hω: QUANTUM ACTIVATION 

• equilibrium case only relaxation

• δ4 ~ (a+a†)4; χ3 process, four wave mixing

• convert vacuum fluctuations into thermal fluctuations drive escape



Martinis et al,  
PRB 35 (1987)
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Macroscopic Quantum Tunneling (MQT)
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CAN COOL JUNCTION & ENVIRONMENT

cool R to 25-35 mK;   >1 GHz RF bandwidth
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QUANTUM ACTIVATION VS. MQT
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CONCLUSIONS

QUANTUM STATE READOUT

• DISPERSIVE: NO ENERGY LEFT BEHIND
• FAST: MEASURE 30ns, RECORD 100ns, NO DEAD TIME
• NON-INVASIVE: CAN TURN READOUT OFF 

OBSERVATION OF THE DYNAMIC CASIMIR EFFECT

PERSPECTIVES

• COHERENCE TIMES IN SINGLE MOLECULES/NANOTUBES
• DECOHERENCE IN MANY-BODY QUANTUM SYSTEMS
• FUNDAMENTAL LIMITS TO QUANTUM COMPLEXITY?
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