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AMPLIFICATION ET RETROACTION
QUANTIQUES

QUANTUM AMPLIFICATION AND FEEDBACK

Chaire de Physique Mésoscopique
Michel Devoret

Année 2011, 10 mai - 21 juin

Première Leçon / First Lecture

Transparents des leçons disponibles à http://www.physinfo.fr/lectures.html
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LECTURE I : INTRODUCTION TO AMPLIFICATION
AND FEEDBACK OF ENGINEERED QUANTUM

SYSTEMS

CONTENTS 

1. Measurements, noise and amplification 

2. Caves' theorem, link with detection in quantum optics

3. Are amplifiers and photomultipliers equivalent?

4. Principle of Josephson parametric amplifiers

5. Using quantum amplifiers in mesoscopic physics

6. Measurement based-feedback
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A FEW EXAMPLES
FROM MESOSCOPIC

PHYSICS
SAMPLEprobe response

tunnel
junction

atomic
point contact

qubit

μw resonator

nano-
mechanical
resonator

μw LC
resonator

nanomagnetic system

2D-gas point contact
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NOISE REDUCES THE INFORMATION
EXTRACTED FROM MEASUREMENT 
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1SNR = ⇒ 1 bit of information in value of  M

3 origins for noise: a) probe, b) sample, c) processing.
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THE NOISE OF ONE PHYSICIST........
.... MAY BE THE SIGNAL OF ANOTHER

courtesy Binarywolf and Dan Prober

noise spectral density:
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Out-of-equilibrium, noise can reveal useful information on steady-state properties 
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Fluctuation-Dissipation theorem :
1-to-1 relation between spectral density
and response function (here impedance). 

Johnson
Nyquist
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Noise in measurement has 3 origins:  a) lack of control of probe
b) sample itself
c) processing

AMPLIFIERS REMOVE NOISE IN PROCESSING
STAGE BUT ADD NOISE OF THEIR OWN 
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NOISE TEMPERATURE
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NOISE TEMPERATURE
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OPTIMUM NOISE TEMPERATURE
OF AMPLIFIER

noise resistance of amplifier

Results are easily generalized to finite input impedance amplifiers

opt
NT is intrinsic to the amplifying process itself 
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variations of noise with source impedance
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Optimal noise energy : 

QUANTUM LIMIT

THE QUANTUM LIMIT OF AMPLIFICATION

(Caves, 1982)

THE PROOF OF THIS THEOREM IS NOT CONSTRUCTIVIST.
HOW DOES ONE REACH THIS LIMIT IN PRACTICE, FOR A USEFUL DEVICE? 

The minimum noise energy is equivalent to half-a-photon at the signal frequency. 

Relevant in RF mesoscopic measurements: f =10GHz implies TN > 250mK >> Tbase

Can be understood as a generalization of the Fluctuation-Dissipation Theorem to
active systems (Clerk et al., 2010)

CAVEAT: IT IS POSSIBLE TO PERFORM OTHER KINDS OF AMPLIFICATION
WITHOUT NOISE 
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SPATIAL MODE DESCRIPTION:
SIGNAL PORTS

portport a port b

port c

.....

..... .....

port d

port l

inA
outA

inB
outB

notation: port index vs signal amplitude symbol
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MICROWAVE AMPLIFIER CHARACTERISTICS

Tback Gc-1Tadd

noiseless,
matched,

2-port amplifier

REPRESENTATION OF MATCHED 2-PORT AMPLIFIER

ideal circulator

hot loads

• Forward power gain (G  = Pb
out /Pa

in)
• Added noise temperature Tadd= SBB/GkB =TN
• Backaction noise temperature Tback= SAA/GkB
• Correlation temperature Tcorr = |SAB|/kB

a b
g

Pb
out

G

• Directionality D = G/g
• Signal bandwidth BW
• Tuning bandwidth
• Dynamic range 

Pa
in

Commercial HEMT amplifiers: TN ~5K, BW ~4GHz@10GHz
11-I-14

directional
coupler

c

CLASSIFICATION OF AMPLIFIERS

"PHASE-INSENSITIVE" AMPLIFIERS : 

Phase preserving : out in out
NB G A B= +

( )out in out
NB G A B

∗
= +Phase conjugating : 

"PHASE-SENSITIVE" AMPLIFIERS : 

( )out in in out
N

in in out
N

B H A K A B

G A i G A B

∗

⊥ ⊥

= + +

= + +

Gain is independent of signal phase

Gain depends on signal phase
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GEOMETRIC REPRESENTATION OF SIGNAL MODE

θ

N noise disc
(diam.= 2σΝ)

FRESNEL VECTOR

N = signal mode energy in photon number
= signal mode phaseθ

FRESNEL "LOLLYPOP"

in-phase amplitude compnent

out-phase amplitude compnent

Im a aμ μ
⊥⎡ ⎤ =⎣ ⎦

Re a aμ μ⎡ ⎤ =⎣ ⎦

Classical      → Quantum: 1/ 2 ˆ
A

a aμ
μ μ

ω
= → N

1 coth
2 2 Bk T

μω
σ =

μ : mode index
(spatial and temporal)

Aμ
Thermal
equilibrium
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b⊥

a

a⊥

QUANTUM  LIMITED AMPLIFICATION WITH A
LINEAR, PHASE-PRESERVING AMPLIFIER

STANDARD QUANTUM LIMIT: AMPLIFIER ADDS ONLY
ANOTHER ½ PHOTON OF NOISE !

MINIMUM REQUIRED BY HEISENBERG PRINCIPLE
FOR A MEASUREMENT OF BOTH QUADRATURES

Shimoda, Takahasi and Townes, J. Phys. Soc. Jpn. 12, 686 (1957); Haus and Mullen, Phys. Rev. 128, 2407 (1962); 
Caves, Phys. Rev. D 26, 1817 (1982)

1
2

min 1 11
2 G

= −A

HEMT's 20≈A JPA's 1<A
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θ
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aμ

a⊥

AMPLIFICATION AT THE QUANTUM  LIMIT WITH A
LINEAR, PHASE-SENSITIVE AMPLIFIER

(Caves, 1982)

1
2

de-amplification

amplification

QUANTUM LIMIT : NO ADDED NOISE (!)
+ SQUEEZING OF QUANTUM FLUCTUATIONS

'N N

( )2min min 1/ 2 1/ 21 1
16

G G− −
⊥ ⊥= −A A

G

G⊥
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RELATIONSHIP BETWEEN PHASE-PRESERVING
AND PHASE-SENSITIVE AMPLIFICATION

ϕ

ϕ + π/2

UNVOIDABLE ADDED NOISE OF PHASE-PRESERVING
AMPLIFIER CAN BE UNDERSTOOD AS AMPLIFIED QUANTUM NOISE
OF HIDDEN PORT OF BEAM SPLITTER. HOWEVER A MORE PRECISE

MODEL OF NOISE IS NEEDED TO OPTIMIZE THE AMPLIFIER

phase sensitive
amplifiers with
two # phase
references

11-I-19



11

LINK WITH QUANTUM OPTICS

LASER

atom(s)

photo-
multiplier

photon counting

LASER

intensity msmt

DIRECT DETECTION HOMODYNE DETECTION

= ?
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PARAMETRIC AMPLIFIER RESOURCE:
JUNCTION NON-LINEAR INDUCTANCE
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MECHANICAL NANORESONATOR
MEASURED WITH A JOSEPHSON PARAMP

Teufel et al., Nature Nano. 4, 820 (2009)
11-I-22

FORCE SENSITIVITY MEASUREMENT

Teufel et al., Nature Nano. 4, 820 (2009)
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OBSERVATION OF MOTION IMPRECISION
OF NANOMECHANICAL RESONATOR

BELOW THE STANDARD QUANTUM LIMIT

Teufel et al., Nature Nano. 4, 820 (2009)
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READOUT OF A SUPERCONDUCTING
QUBIT WITH A JOSEPHSON PARAMP

Vijay, Slichter and Siddiqi, Phys. Rev. Lett. 106, 110502 (2011)
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OBSERVATION OF QUANTUM JUMPS
IN A CONDENSED MATTER SYSTEM

Vijay, Slichter and Siddiqi, Phys. Rev. Lett. 106, 110502 (2011)
11-I-26

SENSITIVITY AND QND: 
1-PHOTON READOUT OF FLUXONIUM QUBIT

Rabi experiment
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M. Hatridge et al. (in preparation)
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SENSITIVITY AND QND: 
1-PHOTON READOUT OF FLUXONIUM QUBIT

Rabi experiment
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CAN WE PREVENT THE RABI OSCILLATIONS
TO DECAY BY FEEDING BACK THE RESULT OF
OUR MEASUREMENT IN THE DRIVE? 
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SENSITIVITY AND QND: 
1-PHOTON READOUT OF FLUXONIUM QUBIT

Rabi experiment
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‐ phase preserving, linear amplification
‐ equivalent to 20x increase in averages
‐ no impact on fluxonium T1
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CHIP

DISPERSIVE CQED QUBIT READOUT

qbit
ADC

μwave gentor

for readout
frequency  f

amplifiers

mixer

circulator

resonator 

10 or

phase shift (deg)

f

0

‐360
fr

0

width determined by resonator Q

θ1

~

~

directional
coupler

μwave gentor for state prep.
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CHIP

DISPERSIVE QUBIT READOUT WITH FEEDBACK 

qbit
ADC

μwave gentor

for readout
frequency  f

amplifiers

mixer

circulator

resonator 

10 or
~

~

directional
coupler

μwave gentor
computer

Questions examined in this course:
What conditions need the feedback to satisfy for convergence?

How pure is the state of the qubit with feedback? 

Zhang, Ruskov and. Korotkov (2005)
Mirrahimi, Huard and Devoret, in preparation

11-I-28.1
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PROGRAM OF THIS YEAR'S LECTURES
Lecture I: Introduction to quantum-limited amplification and

feedback                 

Lecture II: How do we model out-of-equilibrium non-linear
quantum systems? 

Lecture III: How do we optimize the parametric amplifier 
characteristics while maintaining its noise at the 
quantum limit? 

Lecture IV: What are the minimal requirements for  an active 
circuit to be fully directional and noiseless? 

Lecture V:  Can continuous quantum measurements be 
viewed as a form of Brownian motion?

Lecture VI: How can we maintain a dynamic quantum state 
alive?  

11-I-29Please note that there will be no lecture on May 24 
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May 10: Fabien Portier, SPEC-CEA Saclay
The Bright Side of Coulomb Blockade

May 17, 2011: Jan van Ruitenbeek (Leiden University, The Netherlands)
Quantum Transport in Single-molecule Systems

May 31, 2011: Irfan Siddiqi (UC Berkeley, USA)
Quantum Jumps of a Superconducting Artificial Atom

June 7, 2011: David DiVicenzo (IQI Aachen, Germany)
Quantum Error Correction and the Future of Solid State Qubits

June 14, 2011: Andrew Cleland (UC Santa Barbara, USA)
Images of Quantum Light

June 21, 2011: Benjamin Huard (LPA - ENS Paris)
Building a Quantum Limited Amplifier from Josephson Junctions and Resonators

June 21, 2011 (3pm): Andrew Cleland (UC Santa Barbara, USA)
How to Be in Two Places at the Same Time ?

CALENDAR OF SEMINARS
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END OF LECTURE


