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Sweden is a great country:
Even the grocery stores are quantum




Lecture notes on circuit QED (150 pages)
2011 Les Houches Summer School

https://girvin.sites.yale.edu/lectures

Lecture series on quantum error correction and fault tolerance

arXiv:2111.08894: Introduction to Quantum Error Correction and Fault Tolerance

Videos of above lectures: hiips://girvin.sites.yale.edu/lectures



https://arxiv.org/abs/2111.08894
https://girvin.sites.yale.edu/lectures

Lecture 1: Introduction to Circuit QED

. ‘Blackbox’ Quantization (BBQ)

. Dispersive Coupling and Readout
. Strong Dispersive Limit

. Photon ‘Number Splitting *

. PhotenNumberParity Measurement



Lecture 1: Introduction to Circuit QED

. ‘Blackbox’ Quantization (BBQ)

. Dispersive Coupling and Readout
° Strong Dispersive Limit

. Photon ‘Number Splitting *

. PhotonNumberParity-Measurement



B [ 2 TPl =
o R (0 Falk) Palliny | I r s~ g ] [~ )
VL] |y il | Y 1 N~ Ty aVs A= A e “nlers
D\ Dl
[\ N [
-~ B R S - e Ml o l A N . p ! - #-‘ |
JLSREILN A 2 alrd B 4L 014 g C ,jJ Y/ ) S
| y [ [ /
= — il | -+ AN
‘F IV A PA~) C Al SR A .t Cct _al & Ll
7
/
ey 1 l
L /1)
" PRV IPN A I
!'- . o — F el Lu" gl
41 - a
iy I~ - B l |
= ) v & h's) { el | |+ P
§ , bz
+
ST L S
(7 16 & | ; /-
| D= ( DN\ ) | — \ \‘ (!
L ==« J
. s
N/ — 0 . L
\l O — yd oV . yal'q A
v ( W i° ac a5 r:_
(/
-
. . |
\ I N N | /
\elc oOLklla Il NEVig ¢ r {
f?- JJ- ) B
v/ -
1 [ o o
" { D= )
—~J_- l T — \‘ - J
(i Val =1 Bls e a2k BLY — T - f
" L A [ e J; p—
/ L i
J -
~ LR | y ™~
. ~ -y L |
e anlg s 1L 1T — |
4*' — - \“-' ‘j - .l
(g . =




@ N
|
— Ll
~\ =
-~ ] L .’
L= / !
v \ ¢ ™
7 ~
G =+
N -~ Q T~
M ‘
=A 5 8 3
-1
{ . ™ = &
— ‘.r-r s
T~ <
X T
al ; < S
— Il.l:rl ~ ao
J - i | " I
'SR, J S
N~ N ¢ "~
N S N 5 A Y
r _l.m..l w 1
— \Il.l. i} " \ﬂ
Q) . | ¢ X - OR
n <J it ! 2 5 3
— s e G
R S . = [ ( <
~ qﬂ..ﬂ’lr \ 4 \ o -5
C DT < LY J
- e <y A=g [
~ fl. — _ C rm . m —
\ Q S o ! \
/ L N ° Y C ™~ \ N\
< ~ A N 2
9 ) > o> P
fll.‘- ..-..l.llr/f - ﬂ
— L)
- !/.“._ £, — -I|l.l.—
| N~ - oy = 19 \
= ' v ¢
__ e 3 ~ —
| ' < | > .
b \ - 3 A b /....
I le [d >
P LN N S ~
ﬂ ﬁ U i A F .ﬂ:f ra
1€ > : NI \
v\ — N \ R ' |
{ 1A 5| S = &k [ \
\ [ ] e — L~
S > g a - < = |
[ ) — h - AV} | 1 _
& { = - %) I AR
\ S |
g -~ ﬂ.« n.|_. Py “ m +
c ) - [a) " i r
N~/ o - Q| A
o r > = I nal M1 A
N ~L o L = s J
L\ ¢ A - ~ N o PanllPay |
— — N P= - ! gy !
1T N S < .
> by = i 1N
Y S -~ N N~ Ul B!
- C d C L)
> ~ o 1 >~ Yl 4=
S < d S al Ny
f Vi U - — —
11 S =) ) = = C -
oy




! |
~J
~/.. 1\_—
Q N
2 RV
- M Al
\ =
L J
Q AJTU
o /ﬂ\
r AN [
Q) c N
Ly /..I;T H}/ _
~ d p ‘ / /h
C \
) T — I
< 3 ~ ) “}..L __ _.
N
yfﬂ FIRY l-‘— fr '
g L K )
(an) \ I
™ Mﬁ P ......,. \ > ™~
¢ ~— A JJ./ 1m |d ..f £
A A =g V) :
S — .rv i
Q |
v q '
] I N\
J a IAYA
" ™~ |
~+ S o |
G 3
ya ‘e JU
/ [{ < N\ ¥
Al & T ] ﬂ}.
o Ek ﬁ / “\ ' Q r
4 N\ —t ( F i —h - _r ~
N Y ~ ! T Jalilr T N -\ )
) L v 9 n |
— lll—u ) L 9 ) A — T
S S TN g
r MmN >
) 1\ D +~ d N )y
| ™~ [ " ' N ('
0.\ S - ~NJ NN
P 9 fad .
\ 3 N ] i ) =~
! NT A = tr - | N 'a p
Jul [{l] ’ e b iyl
V.. ) — _ 5 AN
N =~ o) NEs s
e — T—
I r \\M R N s_ Mr./\ ...l...TI. -
4\ ( ™ ~
] F hd -
~ \ i -1y
Yoy S o P J i c
~ - 1 ! 5 | A}
1 [ | 3 >
! o < D) N )
f. \ ‘ ~
| | . 7 I's .
[ | ~ A il
‘ - L1 e ! ﬂ _
I _vuﬂ..llr— T v 1 o ~ )
NS — — | = o’ e
\ 7 r 1 R — d....f \\
w — " J __ { v, \ﬁt
v __ J N N




e

Y

-+

e

> A

e

[

>
'\

Z T

/3 [ LA
2AE

R

—N

1
ST [Tl vy [T~/

—

—_—

—

-\

1
U e

‘\14

—_—

—
o —— (:

—

—

’
— 2

=\

Al L)

P

(@)

P

o~
-

—

<

=

et Y| |

T

1T

N

IAS

whk=1'n
—

{1

T

J )
) L J ¢
) Y )
~ S
. ™ -
.—. J S -
C 0 ) ~
= | N il
~un —~
\ : N \
| ~ L
¥ — \ A 1
I KN \
N \
(5N A
\
. [ A
S B <
q \ o
J- \\ Id \
/ INE N

ASr

-

TN
L) LS
v

T
.

-

N

R

I

N,

-{i




1
LW .
Y L
Lo \J
- —~ C
I 5§ <
N Y u 0 =/
Q- Q) B
APy A\ b . I; g
( Pty N = A S S
N/ - NS x T < I'e
N\~ ~= o i S >
\ |7 - e g =
4 - .r— "rl I
Y, N = ...m Iu_ug u
Pl - T ™
iy iy = e U =
/ 2\ LRSS ST g
.\ ‘ — M "=
VARZEA VS ! SANERY PRRET S A
——— ~ S £ —_—
—— I~ = P o S
4_ O SRR SN
" O ;M_\
..!_w_ AV M. o I
Janny N B I
L 0\ ( ~ N
J L |~ ANELN \
- ~ S c ‘ NN hY
1) = 7 P y NN N
N i e =Ll [ ™ \ NN
| 1y N iy 1 N / NN
I 3 ~ ¥ ~ AR YA AN
~ A ) ) —~ N Y™
\f T . U T [
o 3 ¢ > 3
( C < N U
bl v 3 - 3 RS J L
. > ST e M
| L - V..r > I~ S PRy
) ™~ N 1 —t
<
X ._ ™ N
— Y a o | U
o000 (1) - "~ N -
T by ) ~ M~ ( \
~ = aY ' | Ill/ll H....ll.
% —.J :‘ ¢ 4 | . - ™1
"~ ¢ v (S
| Al 3 il s s —
< a 3
~ T i ~ = 7 .
N = N I T = Ll
ﬂ- 1 S Q) o 3 o
— - -
& o 8 1) i =
Pany el 1) I Y o~ 1,
/ Wy 1 —_— o
\ ﬂ Q Y 4 L
]‘——.Ib 1l t | al!.—
I \ > I / D)
-+ < 4 \ L
F\- -0 o \V 1,
¢ /v / Ny \J
e C Y/ | 4 |
Y ¢ O — i £ 9
._rl f L < » [\ q q
\lN ﬂ [ ) .(_ o v =
< 0] QL Jd o T
| “ by L —~
T < f= S = <
< 9) = :
i L - i , \) ~ 0
~ \ - AN\ - TN
h— — J ) A | D d
[ L/ h 5 ~
— \ J




|
; 11 A-.;
0 a§h vy le L e Palvl
/
) { | /] Wwie lgwre
P ] . L ~ —
2 (W) = =T T G
LY 7 T - -l A N a
=2 (1 g Tl ' G
\ / J L /
“- S— ,
J
PR SrN, Y pa — wl
4 — LAY M / A - > i
] LA [ 4 ] N
L (¢ — -/ 7 \ v
7 \ — )
i — (=W W)
] \ A M'/' R
<‘ Ny
ll
2 A5 polesS ol
N N ™D : N
" C ) -~ f.? fA, N | T —— ’4 Y, ‘—)11
TS <y y AR 8 PR\ C e = P A = Z- 154
l Ay
‘,l "‘-a )
LY ,‘ p
S ) | " ;' | ' n y
cles ot Alw) determine 4cK logx NEIonanie s JhdRr
- | / v /NS ) ~ £ X N Z( )4 \
"E"’ C “CY [ on. . ) g "' L ) 111Calr '1 :)L) C 1UllCuU 01 \ D)= L) U )
n [ / R
A~ N ¢ A . / r - g 0
> STy S IMEY, AN A VAL = LWavacl e¢wv, ;1 , ¢ P /aﬂ Aile

b.‘l."-'[ '*:TR
=y )




- P
~ N X [
—— l“!. -
N ) N
~ [ LN
; Al
. L v - J S
l..._._.....l
™~ \
N
[
J/ _ ‘
/1 N
P w
M — p—
™
T T L
.........._ll-....
PR 4
\, ~
~ \
™~ TN,
- ~— — Ll
= ~_ . 3 [
&N ~ \
< -
~ ¥l
. 1 b .rlr“...\\
T -
N | 1 T e AUV. 11
e — — AY
< -
.\._ J
_— L} Il\
= —_— 3
\ |
~N
£\ I
|
- TN —
A
L
- J n o -
~ T ) = |
- D) - "I
- ) "
\/r M ~
h..l. L —_— f
3 N - & "y ..4.?. P\
\\ o~ , - |y
~ > ~ O \\ n
© 3 T >
i ) T & 1 )
¢ < i ~ n C
- < P . - N
—S S ¢ ~ - )
= p.
X S -
AY N — —
e ! L - | O | ( T
[N |
| |
et g ~
N \llf._.l-
L] ‘
. ~ {
Q S\LA Z —
—_— A"
-
e
{ ¢
[d P
¢ \
L //
= \ [ ~—
2} T o~ [
I e —_— \_\
) ' 3 A
L g - ~
N !
AN




A simple approach to the Josephson Effect

13



Jesephson Normal Tunnel Junctions

14



Josephson Tunnel Junctions

Superconducting tunnel junction

a) b)
2A
Unique ground
state for N pairs
on an island
-2 -1 m=0 +1 +2 +3
C) ——_—_ ) — QP90 —-0—-0—0—0-----

Total number m of Cooper pairs that have tunneled

uniquely determines the n@n-degenerate low-energy

quantum state of a pair of islands. *



Josephson Tunnel Junctions

+00
vy = Jav, [m) S ——
m=—o0 position basis ‘m)

Exactly the same Hilbert space plane waves in 1st BZ (gnly) |@)=>) & |m)
(not necessarily the Hamiltonian) m
as a 1D tight-binding model linear momentum -7 < @ <+7x

(integer position m)

=2 -1 m=0 +I1 +2 +3
C) -——_—— 9 —-0—-0—0—0—0-----

integer m <@ compact

Total number of Cooper @airs that have tunneled
w-energy quantum state o

uniquely determines the 10



Josephson Tunnel Junctions

W)= Xy, |m

Exactly the same Hilbert space plane waves in 1st BZ (gnly) ‘¢> — Zeiq’m ‘m>
(not necessarily the Hamiltonian) m

as a 1D tight-binding model linear momentum -7 < @ <+7x

position basis ‘ m>

(integer position) :
angular momentum basis ‘ m>

Or: . : im o
same Hilbert space as a quantum >\ position basis ‘§D> Ze ‘ >
rotor (integer angular momentum) " \. angular position r<o<tn

-2 -1 m=0 +I +2 +3

) 00— 0 —0—@—O--—-- l//m(§D)=<§D|Wl>=€imq)

Total number of Cooper @airs that have tunneled

integer m <@ compact

uniquely determines the Tow-energy quantum state

17




Josephson Tunnel Junction as a capacitor
(N.B. ignoring offset charge, see J. Martinis lecture 1
and my Les Houches notes)

0 =(2e)m
0" _ &

U==—=4—m’=4E m’

“HC 2C

Quantum Rotor

\ Lo 14

- 2
qo‘ 21 @%2] do
m
T = —
m)="" )

Charging energy looks like rotor K.E.

Superconducting tunnel junction

Unique ground
state for N pairs
on an island

-2 -1 m=0 +1 +2 +3
C) ——_—_ ) — QP90 —-0—-0—0—0-----

Total number of Cooper pairs that have tunneled

uniquely determines the law-energy quantum state

of a pair of islands. h



Cooper Pair Tunneling (Josephson Effect)

EJ

Hy == E05 (1) ]+ m 1)
[tight-binding hopping matrix element
that changes positioné;y +1]

H,=—FE cosg

[gravitational potential producing a torque

that changes the angular momentum by +1]

Quantum Rotor

\.\ ‘gravity’

Superconducting tunnel junction

Unique ground
state for N pairs
on an island

-2 -1 m=0 +1 +2 +3
C) —-——_—— - —-0—0—-0—0—0-—-—--

Total number of Cooper pairs that have tunneled

uniquely determines the [lgw-energy quantum state

of a pair of islands. °
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Transmon Qubit in 3D Cavity

50 mm

Josephson
junction

QZPF — — 1 _ 3
2e 1%%05

bit flip

Vs

ipole

=g (a+a)

N

Huge dipole moment: strong coupling

g ~ 100 MHz
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Black-Box Quantization (SC qubits coupled to resonators)

Phys. Rev. Lett. 108, 240502 (2012)

24
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Qubit Lifetime (ns)

Remarkable Progress in Coherence

10°

10

10°

10°

10"

10°

10°

10’

10°

1 1 | 1
+T1 3-“? CaV|ty
- emory
-T2 3-D Cavities:
i - Cavity - 100000s<5
---------------------------------------- - 10000 4
B Fluxonium c
e 1000 3
n ©
B 3-D Fluxonium o
(Yale) 1100 S
B 3-D Transmon >
Transmor (Yale) 410 T_J
- Sweet Spot  (Yale) o
(Saclay/Yale) 1 LL
Charge Echo
Nez,‘jlaErg‘;ra (NEC) Progress = 10 x every 3 years!
I | | L]
2000 2005 2010 2015

Year



Lecture 1: Introduction to Circuit QED

. ‘Blackbox’ Quantization (BBQ)
. Dispersive Coupling and Readout
° Strong Dispersive Limit

. Photon ‘Number Splitting *

. PhotonNumberParity-Measurement
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Qubit-Cavity cross-Kerr for two lowest levels of dressed transmon.

vyA"AB'B
T 4= ~ 2\~ Wo 7
AA—”& H:(a)RJr;(&a )n+—QG
P 2
Z
; l+o
B'B= =0,1
2 ‘Dispersive’ coupling
Can read out qubit state by measuring cavity resonance frequency
A
)
e
o
@
o
b \
>
S
> (B




Can read out qubit state by measuring cavity resonance frequency

A
)
7))
(-
)
Q.
n
o
: \
>
S
— - @
Oplar ¥ Oplar ¥
cavity circulator quantum limited amplifier

)| reflection phase




e

State of qubit is entangled with the ‘meter’ (microwave phase)
Then ‘meter’ is read with amplifier.

cavity

1

circulator

Win>={a“>+b

e+i0a>

l/jout> =d

quantum limited amplifier

e

reflection phase




Quantum Jumps of a 3D Transmon Qubit

Results from Devoret group, Yale: Hatridge et al., Science 2013*

dispersive circuit QED readout + JJ paramp

Of Readout fidelity > 99.5% in ~ 300 nsec T

-5

0 0 Time (HS)1OO 150

Many groups now working with JJ paramps & feedback, including:
Berkeley, Delft, JILA, ENS/Paris, IBM, Wisc., Saclay, UCSB, ...

*First jumps: R. Vijay et al., 2011 (Berkeley)



Lecture 1: Introduction to Circuit QED

. ‘Blackbox’ Quantization (BBQ)
. Dispersive Coupling and Readout
. Strong Dispersive Limit

. Photon ‘Number Splitting *

. PhotonNumberParity-Measurement
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cQED ‘phase diagram’

I = (x,7), linewidth of cavity or qubit
50 ¢ '
o 9=4 g =A/10
S ©
g oopEl S < _o_:
Q. x 2 Circuit QED
8 S \’d\eQ
30t @ S . . |
:'c_j . o Q\)’& Dispersive strong
_Q —
o I 2/4 _
5.57 20} Rydberg atoms X & g/A=1
.-E’ Alkali atoms Dispersive weak
S WP ¥ =TT T T
Quantum dots
‘| - o T T —— o= & == == = ]
100 200 300 400 500
AT Cavity-qubit detuning

33



Strong Dispersive Hamiltonian

x >,

0
— T q z z
H=wa a+70 = yo a'a+Hg, ..,
resonator qubit dispersive
coupling

cavity frequefiecy = o, + yo~

&) ‘strong-dispersive’ limit [z
2y ~2x10°k — I
> (B
T T
@, b 4 Q. | X

34



Lecture 1: Introduction to Circuit QED

. ‘Blackbox’ Quantization (BBQ)
. Dispersive Coupling and Readout
° Strong Dispersive Limit

. Photon ‘Number Splitting *
. PhotonNumberParity-Measurement

35



Using strong-dispersive coupling to measure the
photon number distribution in a cavity

Strong Dispersive Hamiltonian

@
_ t q __z z 1 > I
H=wa'a+ 5 o'ls yo'a'at+Hg, .. | X7EK
resonator qubit dispersive
coupling

Reinterpretation of same Hamiltonian:
Quantized Light Shift of Qubit Transition Frequency

HZO)rCl a+—o [CJ%'FZZa a:|+Hdampmg







Coherent state is closest thing to a classical
sinusoidal RF signal

W (D) =y (P —)

38



- quantized light shift of qubit frequency | @ +2%a'a

(coherent microwave state) o

—~ 1 1

=

£-1.6 N.B. power broadened ll :| x:| |

(o)) 100X ;|

g-1-8 5 @}” @5 y

.20 HENEE

3-2.2 i |

S w i

0-2.4 : o

o T R S il
7.430 7.440 . 7.450 :

spectroscopy fréquénéy (GHZ)
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- quantized light shift of qubit frequency | @ +2%a'a

(coherent microwave state) o
>
é"] .6 N.B. power broadened l Lt
) 100X r |y -
>-1.8 |@"|@9‘ s
220 BEREE
3-2.2 i N
'g : i "W
K 2.4 w 5\“5

1 S !
7.430 7440 : : 7.450:

spectroscopy fr:equ:enc'y (GHz)

Microwaves are particles!

40



- quantized light shift of qubit frequency | @ T 2@61%1 .
(coherent microwave state) 5 ' o

N.B. power broadened
100X

|

AN O © O

1 S !
7.430 7440 : : 7.450:

spectroscopy fr:equ:enc'y (GHz:)

Readout Voltage (mV)
N NN

New low-noise way to do axion dark matter detection by QND photon counting
Zheng et al. arXiv:1607.02529 ->  A. Chou: PRL 126, 141302 (2021)

41


http://arxiv.org/abs/1607.02529

Summary: Introduction to Circuit QED

. ‘Blackbox’ Quantization (BBQ)

. Dispersive Coupling and Readout
. Strong Dispersive Limit

. Photon ‘Number Splitting *



Photon number parity

P= 1" =3 |- 1y (o

Remarkably easy to measure using
our quantum engineering toolbox

and

Measurement is 99.8% QND



Measuring Photon Number Parity

- use quantized light shift of qubit frequency

T
a)q+2éa aGZ
2

e
—i12 ynt
& 2

& —inn

n=13735,.. eems=mi==x) n=02,4,...

44



lgy 40 -PWY

ley OF

T
=

L=

b
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ol |4 | s : él-

Nature 511, 444 (2014)

200 300 400
Time us
400 consecutive parity measurements (99.8% QND) ®
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