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OUTLINE:

Lecture 1: Introduction to Circuit QED
e Quantum LC Oscillators
e Josephson Junctions & Transmon Qubits

* Qubits coupled to microwave cavities

Lecture 2: Gates for Programmable Quantum Simulations of Bosons and Spins
 FQHE for Microwave Light
e 72 Lattice Gauge Theories

Lecture 3: Gaussian Boson Sampling for Vibrational Spectroscopy of Small Molecules

[If time: Experimental Bosonic QEC Beyond Breakeven]
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Quantum Harmonic Oscillators have many important uses but:

Their level spacing is uniform making them impossible to achieve full
quantum control with classical signals.

We need anharmonicity to make qubits
H=hw a'a and ancilla controllers for oscillators:
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Joseph tunnel junctions act as non-linear inductors

to produce anharmonic oscillators and qubits
9

'—FC= go- N\ 1)=le)
L

’ Antenna pads
d are capacitor

plates -1 : | |
Josephson 2 0 2
junction —— e

~1 mm

AlOx tdnnel

barrier

‘transistor of
guantum computing’



Quantumlinstitute.Y Quantum.Ya

‘Circuit QED?’
-microwave photons inside superconducting circuits
-artificial atoms (Josephson junction qubits)

Ultra-strong photon-‘atom’ coupling:
-non-linear quantum optics at the single photon level

Hydrogen atom \ Superconducting
oscillator/qubit  §,
Jrisoap ~2.46x10" Hz 10" m Joi ~7x10°Hz ¢ 107 m
7,p = 1.6ms 7, ~ 3005
6 v
Q27 ~4x10 Q27 ~2x10°

dipole~1Debye ot to scale!) dipole ~3x10" Debye

10



Quantumlinstitute.Y ; . Quantum.Ya

-~ Antenna pads
are capacitor

1\ Wy, % O, / 4 | plates

1 / ! Josephson
S _ \ : e /1 —le k tunnel
c 0 0 | > | > junction
L 01 =
' \./O.>=|g> imm .

.
-2 0 2 - O
LP’ —

‘Transmon’ Qubit @ ~>~1VGHz

10"* mobile electrons 3

Superconductivity gaps out single-particle excitations

*

Quantized energy level spectrum is simpler than hydrogen

Quality factor O = w7, comparable to that of hydrogen 1s-2p

Enormous transition dipole moment, atom has its own antenna: “Ci : ED”
ultra-strong coupling to microwave photons _'rCUlt Q

11



Remarkable Progress in Coherence Times

ad Quantum harmonic oscillator

Energy (hw,)

(o n

Energy (hwg,)

SR - ¢
A\ /
3

2

1

0

-n -n/2 0 /2 1
Superconducting phase, ¢

Transmon

-n -n/2 0 /2 T
Superconducting phase, ¢

C
= 0
o —_ —_
A i) 219' ol 2
4| | O J)-based qubit = S5 E‘E’ o
107 [] Bosonic-encoded qubit S &8 g3 E%
. c
X Error-corrected qubit c M "o :L § o8
o = JIAIR et Ec
10’ s Ee cskERZ =0
= AN S VA /
E g‘ © f‘ “‘ ‘f / H 4 \:\X
2 S = c 0 X ST \/EL
107 £ 3 68 2 L A .
v o = o £ x LAY, A “
2 E3 3 cs ¢ .
v 10} & T gu &N /
: L l_ ’,’ ,l —_
E c x ___________ IL_ ’," ! D /
£ . 5 Aegwn] 5 5 ©
g .8 \_"" o ! 8 9, 5 / Gatemon
5 1 2 #- ¢ p ‘é’ € _/ (semiconductor)
omm h v\ V'I\
g N ¢ € 2 §
10—1 | ‘q-l !" \ E 2 g |:
% VT S E 5
S E =
[ e T, o Gatemon
102 /™ 5
e - « T = (graphene)
<
10—3 | ] | | | ] | ] | ] >
2000 2004 2008 2012 2016
Year

Kjaergaard M. et al. 2020
Annu. Rev. Condens. Matter Phys. 11:369-95 12



A simple approach to the Josephson Effect

13



Josephsoen 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) —_-—_—_— - —QP0—-0—-0—0—0-—-—--

Total number m of Cooper pairs that have tunneled

uniquely determines the non-degenerate low-energy

quantum state of a pair of islands. *



Josephson Tunnel Junctions

|w=ﬁmm>

Exactly the same Hilbert space
(not necessarily the Hamiltonian) as a
quantum rotor (integer angular momentum)

angular momentum basis ‘ m>

position basis  |@) =) e"?|m)

angular position -7 <@ <+rx

v, (@) =(p|m)=¢e"*

—2 —1 m=0 +I +2 +3
C) ——_—_— - —QP9—-0—-0—0—0--—--

Total number of Cooper pairs that have tunneled

uniquely determines the low-energy quantum state Integer m < ¢ compact ,




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

O=QR2e)ym

2 2
U= 4 2 —4£ w

“o2Cc 2C

Quantum Rotor
L1 d
21 21 dy’
2
m
I'\m)=—-1/m
m) =2 |m)

Charging energy looks like rotor K.E.

Superconducting tunnel junction

Unique ground
state for N pairs
on an island

—2 —1 m=0 +I +2 +3
C) —_-—_—_— - —QP0—-0—-0—0—0-—-—--

Total number of Cooper pairs that have tunneled

uniquely determines the low-energy quantum state

of a pair of islands. N



Cooper Pair Tunneling (Josephson Effect)

Hy= =223 [+ )l ) 41

tight-binding hopping matrix element : : :
ltig s PP s : Superconducting tunnel junction
that changes position by +1]

H,=-E cosp
[gravitational potential producing a torque

that changes the angular momentum by +1]

Unique ground
state for N pairs

on an island
Quantum Rotor

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

Total number of Cooper pairs that have tunneled

‘gravity’ uniquely determines the low-energy quantum state

of a pair of islands. h
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Transmon Qubit in 3D Cavity |

50 rhm

Josephson
junction

O N

1

2e Jl671a

~1-3

bit flip

Va

ipole

=90 (a +aT)

deFE “6?‘=26><1mmw107Debye!!
g: hrms

Huge dipole moment: strong coupling

g ~ 100 MHz




End of Lecture 1 Part 1 (60 minutes)
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Lecture 1 Part 2

Black-Box Quantization (SC qubits coupled to resonators)

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

Basic idea:

Poles of impedance Z(w) yield normal mode frequencies

Residue of each pole determines characteristic impedance Z, of each resonance

This 1s all that 1s needed to quantize an electrical oscillator system.

22



_ A u | |
Reminder:  Trawsmon (Dub,7 [without a cavity]
M0 ~ n
H=_ _E ocsz=d) = H, + H(D)
4 L-—z
N2 2 At
J = LT KZEJ ( Todephison _nf'nmﬂm odc i lletion | U
= t P N,
zC 2~ ‘transmon’
Lt ke inducdance ' [Expand cosine to second order] qubit
g
A~ . f MNRE_EL E,z e Wy | 2 JoBH
A ‘J‘ - I\H-I: = 1 ‘U Jre i Cl 27 J ;

J s
1T JJ

1 o ! W ;‘- &y I N I £t ainal

CH (@)= ELY - (e )y o [2E0) - - \ [Rest of the cosine]
RIS YR AR S

u n . i h \ = —1 1 L——F?
] W —'2 2 |- o
+ o laka @ = [ \[L F o= Vel
= LN = — 2P Vs el
. A SIS 4 : -
‘{W JQ-HI((I))"»:J — Bl | glana + 2aa ;Ii :JE 1 - (.‘; ~omenic | [Equivalent circuit,
. k ,/1 | ; T not literal geometry]
RWA = rotating wave approximation] - Cs 23
| H,(d) -




Black-box quantization procedure

1. Get quadratic part of Hamiltonian by replacing JJ by inductor L,
2. Define a port at the location of the JJ where impedance Z(®) is computed

3. Use finite-element Maxwell solver to compute Z (@) from given geometry and measured value of £,.

................................................................................

_ fl;,—
......................................... Black Box .|
Physical layout Equivalent lumped-element

electrical circuit
24



SRR e e I
‘ R T .4 - [Equivalent circuit for
EI:WE L - Cnﬂuﬂv.g+flc .
T P quadratic part of H,
T # Z, ~ residue of pole g T § not literal geometry]
—_— el B FAS E C
. ]
%“r-’-‘} ) ; .2_@ Djﬂ‘ .’ﬁl:L. 10K i
“R-l‘d]L:M".,_m) T c] 3 ,-P' ;\ﬂ d.p._ P oy T 5 Mg l{t_
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Frtfu esley Residue |deYeruives 7 =~_k1_
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A /
- o _IL\ SR, e AN T Aot MU 5 . | '
@j: T EPF f\a e : : 1
- il i t
[ ‘ | 1 Il A Ll |
R L g ey T Cpeemetaic
| H2pe |V 2 [ i 1t

HO :hwR GTG—FE

= o)

E ' Lo [
- £t |
H, z——C[aTaTaa+2aTa] 2
2
) = |
reS s due ET 7= #’w:} wme asured &t ‘/‘Lle_ y
L LN [comaected are all -ﬁgﬂd“ Ure |ve
T, ” —cho( J
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BBQ (black-box quantization) of a transmon coupled to a cavity

Bare cavity mode
Dressed cavity mode

Dressed transmon mode

Basic |dea:

Solve Maxwell equations for normal modes of
strongly coupled (quadratic approximation to)
transmon and cavity modes.

Quantize the normal modes.

Use as an efficient basis in which to express
the non-linear part of the transmon
Hamiltonian.

Use poles and residues of Z(w) to express

flux across JJ as @ = @, [a" +a]

26
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Strong Dispersive Limit

@ .
H=waa+—0"+gola+a']+ H oping [Rabi]
T (()q z + - :
H=wa'a +70' +glac” +a'o |+ H e [Jaynes-Cummings]
T a)q z z . .
H=wa'a+—0o +yoa'a+Hy, .. | Dispersive]

29



Strong Dispersive Hamiltonian

4

¥y >> K,

_ l L - z
H=wa'a+ 5 o +yoaa+Hg, .
resonator qubit dispersive

coupling

cavity frequency = w. + yo~

‘g> ‘strong-dispersive’ limit

. 2y ~2x10°k

o+ Yy

30



Photon ‘Number Splitting” in the Strong Dispersive Limit



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

Strong Dispersive Hamiltonian

H=wad

4

a+7q02 +yo’a'a+H,

amping

¥y >>K,1

resonator

Reinterpretation of same Hamiltonian:

qubit

dispersive
coupling

Quantized Light Shift of Qubit Transition Frequency

H=w.a

T

L.
a+—o
2

[a)q + chﬁa] + H

damping




- quantized light shift of qubit frequency | @, T+ ZQ(aTa
(coherent microwave state) 5

N.B. power broadened
100X

AN O © O

Readout Voltage (mV)
N NN &

1 ——
7.430 7.440 . 7.450 :
spectroscopy fréquéndy (GHZ)

33



- quantized light shift of qubit frequency | @, T+ ZQ(aTa
(coherent microwave state) 5

N.B. power broadened
100X

AN O © O

Readout Voltage (mV)
N NN o o

1 S S S
7.430 7440 : : 7.450:

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

Microwaves are particles!

34



- quantized light shift of qubit frequency | @, T+ ZQ(aIa
(coherent microwave state) 5

15%10~° — h

5‘In:2> I”:D In:O>

D_WM

I ' | ' I ' I
6.640 6.644 6.648 6.652 6.656

Spectroscopy Frequency (GHz)

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)
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http://arxiv.org/abs/1607.02529
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