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LECTURE | : 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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ELECTRICAL TRANSPORT MEASUREMENT

Probe
signal

—_

(1)

SAMPLE 2

Response
signal

[vr (1)

——»o

I, (t)=1,cos(at)w(t)

Ht

T

V, (t) =V, cos(at+g)w(t)
I if linear &
ol >1

C—t

m processing V,cos(a)t+¢):Re[z (o)™, }
w(t) : window function

Measurement value : M = I )edt=V, o],
Variations of M are acquired as a function | ~ Z, (a)) I p_‘- W(t)zdt

of external drive and bias fields, and o0

thermodynamic parameters like M =M. +iM in-phase and

temperature I 1 quadrature compnents
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NOISE REDUCES THE INFORMATION
EXTRACTED FROM MEASUREMENT

o |

sawpte 3|2 |V, (t)=V y
i o - WH M‘ M“NW( l

T 'V'V[]+V[]

w

"= Re[Zzz (a))] deterTministic stI)chastic | i !‘ |J | ||‘|
3 origins for noise: a) probe, b) sample, ¢) processing. Illfwl M l hl'rr”'[} ‘I \MM‘ Wl

signal energy:  Eg = %.E:Vr (t)zdt = é|\/r [a)]wr

. , E
noise energy:  E, :%|\/N [“’]wr signal to noise: SNR = —%
N

E
Shannon information: 7 = In2 (1+ —Sj (strict validity requires noise be gaussian)
N

SNR =1= 1 bit of information in value of M
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THE NOISE OF ONE PHYSICIST........
.. MAY BE THE SIGNAL OF ANOTHER

noise spectral density:

S [ = lim (i [} w1
WlaM[a])=2m(a+a)sy @]
Stationarity V, [0]= f:VN (t)edt
Vy [~o] =V [+o]

ourtesy Binarywolf and Dan Pb

Wiener-Kinchin theorem: Sw[a)] I em t+T) ()>dT

2 Jelza(ol]

In thermal equilibrium at T: S\N[a)]=ha)(1+coth th
B

ho<k,T =S, [a)] =2k, T Re[z22 J Johnson
Nyquist

Fluctuation-Dissipation theorem :
1-to-1 relation between spectral density
and response function (here impedance).  hw>kT =S, [0]=|id+ho
Out-of-equilibrium, noise can reveal useful information on steady-state properties
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AMPLIFIERS REMOVE NOISE IN PROCESSING
STAGE BUT ADD NOISE OF THEIR OWN

Noise in measurement has 3 origins: a) lack of control of probe
b) sample itself
C) processing <— cause removed by amplification

Idealized representation of op-amp type amplifier:

deterministic _ \

4 9y = further
T P D et
% 2 DR |u(t amplification
< \ P2 stages
» |— 5 : \ ‘3 (ST
e Sensitvity |
Thevenin -~ _ y ' U (t) ~ gV, (t)+UN (t)
equivalent of backaction voltage gain ]
response side of Uy =(R+iX) 1, +V,
sample

2 added noises, characterized by 3 spectral densities:

S, [®],Sw [@].S [@]
Total noise energy:  E; :%(|Z|2 S, [@]+S, [w]+2Re[Z (®)S,, [a)]])
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NOISE TEMPERATURE

EE R
TNR = ﬁ : equivalent temperature of load giving the same output noise
B
noise power
at output
of amplifier
temperature of input load
DR T
TN
(R2 + X 2) 1 X
kBTNR'X - TS” +ESVV + Re[S,V ] _E |m[S,V ]
TR RS 1 S |Im[SIV]|2 RelS Im[S,, ]
timi X : - 4+ - - 2 +Re opt _ v
Optimize BIN T o T o Ow 2RS, [ |v] X 75“
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NOISE TEMPERATURE

R
TNR =—N . equivalent temperature of load giving the same output noise

4k,

noise power
at output
of amplifier

quantum regime

temperature of input load

TR
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OPTIMUM NOISE TEMPERATURE
OF AMPLIFIER

variations of noise with source impedance

log T T

opt

log Ty

—— logR

s, m[s. I

= = noise resistance of amplifier
opt 2 N
SII (S|| )

TOPt o s .
N is intrinsic to the amplifying process itself

Results are easily generalized to finite input impedance amplifiers
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THE QUANTUM LIMIT OF AMPLIFICATION

Optimal noise energy : K T™ = \/SW S, —[Ims,, ]2 -ReS,,

ho

opt
QUANTUM LIMIT K To" = — (Caves, 1982)

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

Relevant in RF mesoscopic measurements: f =10GHz implies T, > 250mK >> T,

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

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

CAVEAT: IT IS POSSIBLE TO PERFORM OTHER KINDS OF AMPLIFICATION
WITHOUT NOISE
11:1-10

DIFFERENT DESCRIPTIONS OF A SIGNAL

L — A

I(t) LA CURRENT
/\V\ ] V(1) VOLTAGE
)
d
I Z .V T WAVE AMPLITUDE
C

V(Y VZ ()
2z, 2

dimension: (watts)!/2

- =P~ — P = P total energy flux through a section of line
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SPATIAL MODE DESCRIPTION:
SIGNAL PORTS

port a

port ¢

port b

portd

notation: port index vs signal amplitude symbol
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REPRESENTATIONS OF A LINEAR,
PHASE-PRESERVING AMPLIFIER

OP-AMP Vb | _ | Oy Zoutput Va n gVVN
Ia _ _yinput gl Ib IN
ADMITTANCE { 1, | _ Y. Y } {Va } .\ { .y }
bl Yea Yool Vs o

Aout

SCATTERING |:
out

r

aa

i

rbb

N

Ain
Bin

H

ba‘ -

A:,m
B out

o

: Power gain

@]
Ses [@]

ae[@]
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MICROWAVE AMPLIFIER CHARACTERISTICS

REPRESENTATION OF MATCHED 2-PORT AMPLIFIER

1 noiseless,
ideal circulator 9 matchec:-,fl directional
_ : i -port amplifier coupler
Paln G l pbout
RN N — LN
N e
a \ A/ \//g i— c | b
! t 1
" hot loads |
Vv Toack GC T
+ Forward power gain (G = P out/P,in) « Directionality D = G/g
« Added noise temperature T,,,= Sgg/Gkg =Ty + Signal bandwidth BW
+ Backaction noise temperature Ty, = Syu/GKg * Tuning bandwidth
- Correlation temperature T, = |Sgl/Kg * Dynamic range

Commercial HEMT amplifiers: T\ ~5K, BW ~4GHz@10GHz
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CLASSIFICATION OF AMPLIFIERS

"PHASE-INSENSITIVE" AMPLIFIERS :

Phase preserving:  B®' =/GA" + B"

Phase conjugating: B =./G (Ai” )* + B,ﬂu{

Gain is independent of signal phase
"PHASE-SENSITIVE" AMPLIFIERS :
B =VHA" + VK (A") +BY"
= JG,A" +i/G, AT +BY"

Gain depends on signal phase

11-1-15




GEOMETRIC REPRESENTATION OF SIGNAL MODE

out-phase amplitude comprent! \/W
L *—___ noise disc
Im [aﬂ] = aﬂ (diam = 20.)
. 0 . . t
p : mode index in-phase amplitude compnen

(spatial and temporal) Re [aﬂ :' _ aﬂl

N = signal mode energy in photon number
@ = signal mode phase

FRESNEL VECTOR ">  FRESNEL "LOLLYPOP"

A ho
N Thermal oy = lcoth “

— o D
|ha)| u equilibrium 2 2k, T

11-1-16

Classical Aﬂ — Quantuma, =

QUANTUM LIMITED AMPLIFICATION WITH A
LINEAR, PHASE-PRESERVING AMPLIFIER

IN o ouT G(mlj
2

N LY,

3/ bl

STANDARD QUANTUM LIMIT: AMPLIFIER ADDS ONLY
ANOTHER %2 PHOTON OF NOISE !
MINIMUM REQUIRED BY HEISENBERG PRINCIPLE
FOR A MEASUREMENT OF BOTH QUADRATURES

AHEMT'S ~ 20 AJPA'S <l

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

IN ouT

a’ bt

de-amplification G,

JN 2 N> N

0 I lhf’* o
a

# amplification G, _ bH
1

min 4 min - - 2
AL A\ _ E(1_ GH UZGLUZ )

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

(Caves, 1982)
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RELATIONSHIP BETWEEN PHASE-PRESERVING
AND PHASE-SENSITIVE AMPLIFICATION

>\
\

\ I .
/ amplifiers with

two # phase

/_ references
Q@ +m/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
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LINK WITH QUANTUM OPTICS

DIRECT DETECTION

atom(s)

LASER—— o()o

o

photo-

multiplier7/~\)i

photon counting

HOMODYNE DETECTION

LASER — 5

intensity msmt
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PARAMETRIC AMPLIFIER RESOURCE:
JUNCTION NON-LINEAR INDUCTANCE

L, o(0)”
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MECHANICAL NANORESONATOR
MEASURED WITH A JOSEPHSON PARAMP

Teufel et al., Nature Nano. 4, 820 (2009)
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FORCE SENSITIVITY MEASUREMENT

103
100 ]
r\— 10—‘_| el - AR |
£
102] Zqgo) I\
o 104260 104370
N wl(2r) (MH2)
= 1014
N
Lﬁ:‘h
10 4 ]
I N . 5 - S
N
L\'"'—'—d"—r-“ "I ., ._I_". ','-t: a4
10 : :
100 10! 102

w=w,|/(2m) (Hz)

Teufel et al., Nature Nano. 4, 820 (2009)
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OBSERVATION OF MOTION IMPRECISION
OF NANOMECHANICAL RESONATOR
BELOW THE STANDARD QUANTUM LIMIT

108

10* 5 1
10*4 ‘
ER—
L 107
10° 4 > .
\
10t b osoL — A —
ul 4
o 1074 (i — . .
% 1040 104 1042
5 w/(27) (MHz)
sl

o Imp
b.l’

107 '

1.040 1.041 1.042 1.043
w/(2m) (MHz)
Teufel et al., Nature Nano. 4, 820 (2009)
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READOUT OF A SUPERCONDUCTING
QUBIT WITH A JOSEPHSON PARAMP

Vijay, Slichter and Siddiqgi, Phys. Rev. Lett. 106, 110502 (2011)

OUTPUT
MICROWAVE
READOUT o | Q
CAVITY
1 ||
A @) @) DRIVE
INPUT é =3 — 'd
L ot 2 3
| ” | L A 1‘

PARAMETRIC
AMPLIFIER

TRANSMON
QUBIT

11-1-25

13



OBSERVATION OF QUANTUM JUMPS
IN A CONDENSED MATTER SYSTEM

Counts

Ji ti
Time (us) ump time (ps)

Vijay, Slichter and Siddiqgi, Phys. Rev. Lett. 106, 110502 (2011)

11-1-26

SENSITIVITY AND QND:
1-PHOTON READOUT OF FLUXONIUM QUBIT

M. Hatridge et al. (in preparation)

Rabi experiment T, relaxation
]
- T T T T T
(0]
@110t JPCOFF 4, 1o JPC OFF |
<
a
< 100}
§ 90
3 9of .
S
= 80+ \‘\ 1 80
©
[0}
g 70 .
2 70
&J 1 Il 1
0.5 1.0
tpulse (us) tdelay (us)
ooty = 8-094 GHz
=3.672 GHz

fluxonium
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SENSITIVITY AND QND:
1-PHOTON READOUT OF FLUXONIUM QUBIT

M. Hatridge et al. (in preparation)

_ Rabi experiment T, relaxation
@110l ' JjpcoN || ' ' '
2 110r 4 N : 100, PEOr
< | |' 1 .l"\ M, H\n
o | | I -
0 100F | | I [\ §i'l i m A
% [ ] II.' I'. i '.I ",_I /| ook F"M 4
5 [ o ooy 7 A M, a
— | | 1 | | h
S g0 III I'I || I| .II .I | .,I 1 80+ L!lll “ P‘ﬂ 5 -
g .I | |I \ \ I_'I "\ rII ~'III n;.'uirllll'lﬂruu | i
S 70p \ / \ / \/ Yoo ‘ mw\'lx‘ﬁh'uw N AN,
R} ( \ 1 \/ & 70F | Wl‘“ I 1w
g v ™
o 1 1 1 1 1 |
0.5 1.0 10 20 30
tpulse (HS) tdelay (MS)
feauiry =8.094 GHz CAN WE PREVENT THE RABI OSCILLATIONS
fluxonium — 3.672 GHz

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

M. Hatridge et al. (in preparation)

. Rabi experiment T, relaxation
o
-~ T T T T T
2 B d JPCON
2110 A . ‘ JPCON - 1 |
= fiiy it ™ M
(o | \ I A ™
v 100L || [ [\ g f
© [ || | /| 90| -
Soor/ \ [\ [\ [\ ] T,=12ps
§ [ l | I' | \ [ I|
Sseor| ([ L[ VY[ | [ {80 -
] | \ | \ \ | '.“ II
(O] | Lo | \ v
S 70t f W
= | ¥V 70
= .
o 1 L | 1 1
0.5 1.0 10 20 30
tpulse (us) tdelay (us)
fopuity = 8.094 GHz - phase preserving, linear amplification
fuxonium = 3-672 GHz - equivalent to 20x increase in averages
- no impact on fluxonium T
=309 1
F=30% 11-1-27.2
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DISPERSIVE CQED QUBIT READOUT

uwave genter for state prep. ADC
g

circulator amplifiers

1 )
I—‘ resonator -)—I“ : — O

0) or |1> v directional
coupler

uwave gentor
for readout
frequency f

width determined by resonator Q
—>

0
phase shift (deg) |1> /\“0
-360 &\/ |0> , f
fr
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DISPERSIVE QUBIT READOUT WITH FEEDBACK

wave gentr
uwave g ADC

circulator amplifiers __

Iy | R
3 - - \
directional
coupler

uwave gentor
for readout

Zhang, Ruskov and. Korotkov (2005) frequency f

Mirrahimi, Huard and Devoret, in preparation

Questions examined in this course:
What conditions need the feedback to satisfy for convergence?
How pure is the state of the qubit with feedback?

11-1-28.1
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PROGRAM OF THIS YEAR'S LECTURES

Lecture I: Introduction to quantum-limited amplification and
feedback

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

Lecture Ill: 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?
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CALENDAR OF SEMINARS

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 Siddigi (UC Berkeley, USA)
Quantum Jumps of a Superconducting Artificial Atom

June 7, 2011: David DiVicenzo (IQl 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 ?
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END OF LECTURE
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