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1@1  Experiments in Innsbruck on circuit QED

Quantum circuits group at 1QOQI Innsbruck: https://igoqi.at/en/group-page-kirchmair

Quantum Simulation using cQED Quantum Magnetomechanic
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Josephson Junction array
resonators



https://iqoqi.at/en/group-page-kirchmair

1@1 More information

* Low Temperature Physics & Superconductivity
* http://www.wmi.badw.de/teaching/Lecturenotes/
* GroR & Marx — Festkorper Physik, De Gryter

* SC circuits, Circuit Quantization, SC Qubits
* Introduction to Quantum Electromagnetic Circuits
U. Vool, M. Devoret, https://arxiv.org/abs/1610.03438
« S.M. Girvin, SC Qubits and Circuits, Les Houches Lectures, 2011

 SC Qubits and Circuit QED
 Superconducting quantum bits
J. Clarke & F.K. Wilhelm, Nature 453, 1031 (2008)
« (Cavity quantum electrodynamics for SC electrical circuits
Blais et.al., PRA 69, 062320 (2004)
 SC circuits for Quantum Information: An Outlook
M.H. Devoret & R.J. Schoelkopf, Science 339, 1169 (2013)

« IBM quantum experience: https://www.research.ibm.com/ibm-q/



http://www.wmi.badw.de/teaching/Lecturenotes/
https://arxiv.org/abs/1610.03438
https://www.research.ibm.com/ibm-q/

Superconductivity &
Josephson Effect
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1Q)! Superconductivity

ki+q,0;

 phonon mediated interaction between two e
range =~ 100nm

* formation of cooper pairs
anti correlated in moment q,-q
Festkorper-Physik

~ 3
Gross & Marx ch ~ (100nm)
De Gruyter

e cooper pairs condense into coherent quantum state
describe with Macroscopic wave function

Y(r,t) = Pye 9D
W@, 0)|? = ng(r,t)

ne =~ 10°/ Vv,




Superconductivity

Why does a super-current not vanish?

Electrons Cooper pairs Festkorper-Physik

Gross & Marx
De Gruyter

Momentum correlation ensures super current does not vanish!
Quantum effect!!




1@1 Josephson Junction

Festkorper-Physik
Gross & Marx
De Gruyter
Bian Jose»phon
Tunnel current ](<p) = I.sing o= 0,—6, Quantum interference!
1. Josephson equation
| e _h 1
2. Josephson equation Q= 7V(t) ‘ VJ'J' " 2e L. cos )
C
*

L...Josephson Inductance

E E ftIth I th'()d(pdt I f
nergy. = = —_— _— — _
gy : ¢ % ), sin(p) — ¢ 55 C08(®)
|_'_l
E....Josephson Energy



21N
From London equations:

R h
§£A]s-d£+f(V>< A)-ﬁdF:—_(fVB-d{’ =_-n=n¢q

c F c 1

‘ 1 ‘ Flux Quant
Magnetic field

Super-current in the loop Gradient of the phase 0 of ¥

Applying a B-field to a ring creates a super-current such that the total flux
through the loop is

n oo

Phase and flux are linked!!




,l, I Festkorper-Physik
.(L i, Gross & Marx
De Gruyter
Q el = - B Pifed 1, =
Q, [%]1.sin @, 2 P [% I sin @,
)
-~ +
I(p) =1I.sing@, +1.singp, = I. (sinp, +sing,) = 21, (cos(%) sin(%)
. . . q)ext
Fluxoid quantization: o >p, + o - 21
\ ’
direction of [ dl
I(QD)“'IC COS CI)ext

External field can tune the effective critical current of the SQUID and thus Ej!



Introduction to SC
circuits
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1@

Superconducting Quantum circuits

/7

Macroscopic quantum phenomena

Superconductivity

coherence

Quantum circuits

Non-linearity => qubits

N\

Qubits & tuneability

Josephson effect

Fluxoid quantization




\ @1  Why superconducting qubits & circuits?

 Advantages:

energy spectrum can be engineered

Manmade objects micro fabrication => in principle scalable

design flexibility, tunable parameters

Engineered dipol€S e  Strong interactions

Microwave control = commercially available components




\ @1  Why superconducting qubits & circuits?

* Drawbacks:

Manmade objects ————» spread in parameters

need protect against thermal microwave fields

Strong coupling to

i avoid two level fluctuators
environment

good qubit design

Low energy scales == Cryogenic environment




1@ QIP and QO with SC circuits

Many groups around the world:

Yale University, UC Santa Barbara, ETH Zurich, TU Delft, Princeton,
University of Chicago, Chalmers, Saclay Paris, KIT Karlsruhe, IBM ...

4? | | | 3 ‘ 7 (a) No. of Trotter steps: 1 2 3
/i [ ] P L - - ~ v - T v
e 15 || gt 5 | 8 [ S s
2 [~ - NS ':.'.«"i ‘f _— i : 0 -ro’—q—i—‘.—\;—‘wz"-»'-it;—u —rr‘{ : e [—ee” : & <
ok e - Wow | | R ‘
ol - B //// // // // - I AW (IR e I e
F ' ) ‘r’\ & »
I I 1 -/ - . .3 . ' 0 z m 3_;0 z n  3mo 2 " 3_;
-4 2|t (rad)
Cat states & QEC Chip for Error correction Quantum Simulation
Devoret & Schoelkopf Martinis Wallraff
Yale University UCSB, Google ETH Zurich

QIP, Quantum Optics, Quantum Measurement, Quantum Simulation...



1@ QIP with Superconducting Qubits

Requirements for QIP (DiVincenzo criteria)

e Scalable Qubit

Quantized energy levels in a elect. Circuit, micro-fabrication

State inmitialization
Cooling such thathw >k, T (20 GHz = 1K)

Single and two qubit operations
» Coherent control using microwave signals, strong coupling to outside world

State measurement
Coupling of qubits to other circuit elements e.g. cavity

Long coherence times
Superconducting materials, decoupling from environment




1@ QIP with Superconducting Qubits

Where are we and what are the steps to a Quantum Computer?

M.H. Devoret & R.J. Schoelkopf, Science 339, 1169 (2013)

A Fault-tolerant quantum computation

Algorithms on multiple logical qubits

Operations on single logical qubits

2;-
5| 2013
‘_é’- ' Logical memory with longer lifetime than physical qubits
o
© QND measurements for error correction and control This lecture:
- A little there
g and

Time

How to do circuits, create qubits and get the right Hamiltonian - mostly here



How to quantize a simple
circuit — LC Oscillator
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@) building bLOCKS TOr SL CIrcuits

Lumped element:

Capacitance

size << A neglect retardation effects A, = cm

Inductance Josephson Junction

|

B— ¢ E,
V=LI
, = —L1
V=—
t t . I
EL=fVIdt=fLIIdt=jLIdI=
0 0 0
12 2
g8



(@)1 Quantum LC Oscillator

“Potential” Energy

¢2
/ E, = ﬂ
coordinate
| Q=CV=-
Lagrangian
_r_py=2_
I=T-U-= >

Euler Lagrange
ddL dL
dtdé d¢

Conjugate Variables

o chp=cu-=
dd)_ ¢_ _Q

Ee=357
Cd)z_qb_z
2 2L
1
b < W = Wy= ——
0 0 /—LC

charge and flux are conjugate variables!



Quantum LC Oscillator

“Potential” Energy
¢2
/ E, = ﬂ
coordinate
CV=Co
Lagrangian
_r_pg=Q _ 9
L=T-U= 2C 2L
Hamilton
H=Q¢—-ZI=C¢*—
2 2 Q-
L@ ¢
_2C 2L

“Kinetic” Energy

momentum
QZ /
E. =

2C
C ., ¢>?
— A2 L
qu +2L

Q% ¢*
H =

ZC+2L




(@) Quantum LC Oscillator

Introduce raising and lowering operators such that: a
(1)2 f zpf
e S |n A/T
¢= 7(a+a*) Q= —i ﬁ(a_a)

Just like a QM harmonic oscillator with the characteristic impedance Z = \/;

Hamilton of an LC Oscillator

E
H = hw (a*a +%> A e
Ground state size |2)
X |/
(010210) = 2 = 02, N
. hz o (><T>>
(0]¢?|0) = R Pzps




(@) LC Resonator - Harmonic Oscillator

L C
_Q* 97 <A1
H=2e%71 [#.Q] =1

1 1
_ T c7 A W = _—
1 7 - |
-|-_ "_. A = —_
a h7 (¢ —iZQ) C

H:ha)(

H_p +mwx
2m 2
mw p k
_ S s w= |—
a= Zh(x-l_lma)) m
mo P
t— | 5
¢ 2h (% lma))
1
T _
aa+2>




@1 How to measure the spectrum of a resonator

out

* Spectrum tells you H

* Losses given by coupling to the outside world
* v,and y,typically combined to y,

* We want to know internal losses vy,

* Ytot = Ve T Vint

measurement requires at least two components
« know input probe field a,,
- detected output field a,,,

— input output formalism from quantum optics!!

D. F. Walls & G. Milburn, Quantum Optics (Springer, Berlin-Heidelberg, 2008)




I@1 How to measure the spectrum of a resonator

out

* measurement transmission T and reflection R coefficients
* Transmitted power is a Lorentzian!

ﬁ RZ A TZ
w Ytot yC ﬂ
—\ [— — Ttot
Ytot —— | | G—
| > J | L—»
Wy W W



@1 How to measure the spectrum of a resonator

* coupling losses Q. — desired losses e.g. qubit readout 1 _ 1 n 1
* internal losses Q, . — all undesired losses, many reasons Qu; Q. Q¢




(@) Resonators and Cavities

Coplanar Waveguide Resonators

Bruno et.al. APL 106, 182601 (2015)
also: Megrant et.al. APL 100, 113510 (2012)

State of theart Q =~ 10°

w, =5—10GHz

Microwaves in Ground Plane



1@1  Waveguide microwave resonator

Paik et.al. PRL 107, 240501, (2011)



Other resonators

“Coke Can” resonator

Reagor et.al. APL 102, 192604 (2013)

Coaxial A/4 resonator Lumped element resonator
- C
- Bz? 1
e n = ———
et S in out VL C
i Q > 107
length << A
' c Q=105
Reagor et.al. PRB 94, 014506, (2016)

Geerlings et.al. APL 100, 192601 (2012)



I@1 Quantum Harmonic Oscillators

For all resonators around a single resonance: Energy

D« L C—)Q 12)

\ / 1

Classical drive
— |0)

Y

1
H = hw, (a*a +§>

Quantum Harmonic Oscillator




1@r1 Applications of Superconducting resonators

Readout of superconducting qubits
Slichter et.al. PRL 106, 110502, (2011)

Hatrdige et.al. SCIENCE 339 (181 2013)
Mediate interactions

DiCarlo, et al. Nature 460, 240 (2009)
Steffen et.al. Nature 500, 319-322 (2013)

Quantum memory

Ofek et.al. Nature 536, 441, (2016) Quantum simulation

Fitzpatrick et.al. PRX 7, 011016 (2017)
Sundaresan et.a. PRX 5, 021035 (2015)

Quantum Optics
Hofheinz et.al. Nature 459, 546 (2009)
Kirchmair et.al. Nature 495, 205 (2013)



How to build a qubit
(Transmon)
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@1 Josephson Junction

Regular inductance Josephson Junction
JJ 2el. cos @
b 2
E = 2L & E = —E; cos(¢)
_ 2e ® =7 o
PTRT T M,

Circuit element including R d Q
charging energy: H = —Ej cos ( )




1@1 Superconducting Qubit - Transmon

Transmon: charge insensitive qubit Eneray

12)
11)
10)

Y

_ d\ 0°
H=—chos 27150 +2—CZ

Replace charge and flux with raising and lowering operators as before.

E
H = hwg bTh — == (bTh)’ wg = |8 EE,

H=h—qO' a)q:5—1OGHZ
Z
Koch et.aI., PRA 76 042319 (2007) 2 EC = 300 MHz = «




1@ Some Transmon designs

Transmon

X-mon

S

Yale, Delft, ETH ZUrich....
Fink PhD Thesis, ETH Zlrich

3D Transmon

readout line readout
9— resonator
B ——
readout
resonator
= I 200 pm i
" self cap. II
XY bus
control g
SQUID
quantum
bus Z
(c) control

Yale, IBM, Delft, Innsbruck,....

Ak

e

Z control

2y j;!w

(b) "_

Martinis group, Google
Phys. Rev. Lett. 111, 080502 (2013)



1@1  Coherence properties of Charge Qubits

| | | ] |

7 —

Li2 T, 3D cavities /Fluxonium
100,000

e R gy -— 10,000

T
w 10° [ :
£ CQED  Fluxonium ~m o
O Improved 11000 o
£ 10* — Quantronium 3D transmon o
3 £
= — 100 ©
= 103 3D transmon T
3 ! 5
& ransmon 10 8_

102

10! Charge echo

| | | | | |
2000 2004 2008 2012

Year
M.H. Devoret & R.J. Schoelkopf, Science 339, 1169 (2013)

10°

TransmonT; < 100 ps, T, < 110 pus FluxoniumT; < 3ms, T, < 20 us



1Q)! Qubit Zoo

Combination of L, C & Josephson Junction leads to a number of different Qubits

A 8
[(o] (qV] mn
Q e o ol
© A A . A
T B Cooper pair box L,/L
C 100+
Quantronium £3 O Fluxonium
10"+
Transmon [] Flux qubit &3
B 1024
/\ Hybrid qubit O
\ If> 1072
A |e> \ |
E \ / \ / 1071 Phase qubit
O
\ >
1P+ hHC
2etL
v J

M.H. Devoret & R.J. Schoelkopf, Science 339, 1169 (2013)




How to couple a qubit
and a resonator?

Circuit QED
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(@1 Nobelpreis 2012

...for ground-breaking experimental
methods
that enable measuring and
manipulation

Dave Wineland of individual quantum systems

Serge Haroche

Photons bounce back and forth inside

a small cavity between two mirrors for
more than a tenth of a second. Before it
disappears the photon will have travelled
a distance of one trip around the Earth.

Rydberg atoms - roughly 1,000 times
larger than typical atoms -

are sent through the cavity one by one.
At the exit the atom can reveal

the presence or absence of a photon
inside the cavity.

Electrodes keep the beryllium
jons inside a trap.

http://www.nobelprize.org/nobel_prizes/physics/laureates/2012/




1@ cavity QED — circuit QED

optical photons l atoms as two level systems
U optical resonators J

microwave photons U nonlinear quantum circuits
microwave resonators

QIP, quantum optics, quantum measurement...



Transmon coupled to a Resonators

E,=BE, B given by capacitive divider

E-field in qubit creates field in resonator and vice versa!

Proper derivation:
coupling~B (b + b (a +ah)




Transmon coupled to a Resonators

op ;
H = h702+hwra a

Hyp~B (b + b1 (@ + ) X258 (6 + o1 (a + o)

/ RWA

Jaynes Cummings Hamiltonian

Vg

on resonance exchange of excitations

H.., = hg(a'oc™ +act)




1@ Planar Qubit coupled to Resonator

Small mode volume => large E field => large coupling=>g ~ 50 — 200 MHz

readout line

quantum
bus

J. Chow PhD Thesis Yale
Schoelkopf group

readout
dresonator
1] self cap.
xy " - - "E
control ;
g~ 50 — 200 MHz
(c) gontrol

Martinis group, Google
Phys. Rev. Lett. 111, 080502 (2013)




@1 3D Transmon coupled to a Resonator

Large mode volume compensated by large
“Dipolemoment” of the qubit

d | = 2e - 1lmm =~ 10"Debye

~ 50— 200 MHz



@1 Qubitin cavity: Purcell filtering

* Qubits couple very strongly to EM fields!
e.g. 3D Transmon in free space life time < 1ps

e Cavity protects qubit from vacuum fluctuations -> reduces DOS

A
Purcell effect
A>> 2
q AZ r
a)q Wy-

* High Q cavity required!
* Does that limit operation speed to k,?

* NO! - off resonant cavity rings up ~ 1/A




Single qubit gates

=Y

@
)—«\/V\/\,»]A
t = 20-100 ns

Wdrive = Wqubit ¥ Weavity

0)



1@ Single qubit gates - Llimits

A Energy
f12 f01
a
14
— | | < —
FT pulse
f
Coherence time limit: — > iy,
4  oerations < & 250MHZ
operations < — ~ —— = 25.
. 1 g 14 10 kHz
Anharmonicity limit: — <t
a op \\ . . .
< — = with optimal control & pulse shaping

e.g. Motzoi et.al. PRL 103, 110501, (2009)



I@1 cQED: Resonant Case

——
e .

3.¢) —— Vieg — |2.¢)

2.6) ———< g > [L)
|+ =e0lg 1)
h# :’f |1_._ g) —— g |0,€>
photons - <
CDC
0.8) —t =) = e, 0)-1g, 1)
5
9)
\ |e) “dressed state ladder”
gubit state
Yq T t - -
H=h702+hwra a+hg(a'c” +ac™)

(see e.qg. “Exploring the Quantum...,” S. Haroche & J.-M. Raimond)




I@1 cQED: Resonant Case

g 200Mhz
0 5Ghz

040F | T T

g>>[x, 7]

o
w
()]
| |

o

w

o
1

o

N

(&)}
1

P 2g~350MHz

o

N

o
1

A

A 4

o
—
3
T
1

Transmission [Arb]

o
—_
o
T
1

o
o
(8]
-
z”
-
-

6.75 6.85 6.95 7.05
Frequency [GHZz]

Review: RS and S.M. Girvin, Nature 451, 664 (2008).
Nonlinear behavior: Bishop et al., Nature Physics (2009).



1@1 cQED: Tuning the qubit

Transmission [Arb]

o o o o o o o o
o = = 1] ] w w S
5 o [ =] o S 5] S

| = L ——
<<
Q)
@)
-
-
3
Py
Q)
o
0 02 04 06 08 s
B(a.u.)

Small hybridization for A >: “qubit is mostly a qubit” & “cavity is mostly cavity”

Only a small part of the qubit energy is stored in the cavity!




Dispersive cQED

w
H = thO'Z + how,ata+ hg(a'o™ + ac™)

Now strong dispersive regime: A=w;.-w,>>g & (>>[x,

Do perturbation theory for small %

W
H = thaZ + how,a’a — h%(afaaz

Note: Transmon is not a two level system!!!

2
S Y=2-a

Ac

Y]




Dispersive Energy levels

— 2,(3)
3.8) —— e

- 1,(3)
2,6) —— e

ospmsss===z== () e
) A >

@, o,

0.2)

S. M. Girvin (2011). Circuit QED: Superconducting Qubits Coupled to Microwave Photons. (Lecture Notes

of the Les Houches Summer School)




1@ Dispersive cQED - readout

W
H=h—to, + (ha)c - fl%(O'Z) ata

Readout amplitude

dispersive shift y

—

le) )

| > ¢
3



1@ Dispersive cQED - readout

Single measurement trace with quantum limited amplifier:

100

| OSSR Thn o

0_
50 ' oy Ll A ) LTI T O o Y
TR A T T TR )

-100 | | | | I
20 40 60 80 100

Measurement Time (us)

For T_=300ns F .. > 99%

Data courtesy of Yale’s Qlab Group
See also: Science 339, 178 (2013)




1Q)! Dispersive cQED - readout

Single measurement trace with regular amplifier:

R

50

) | I“

-100

20 40 60 80 100
Measurement Time (us)

=> only expectation values can be measured

Data courtesy of Yale’s Qlab Group
See also: Science 339, 178 (2013)




@1 Dispersive cQED- Photon Number splitting

Strong Dispersive Hamiltonian: “doubly-QND” interaction
2

W _9
1 L | 1 P 1 T l_
i 2) '.i 1) n=0) 1= pulse on the

1 : n photon
= qubit peak
3 ‘

- X”l L

Jo,

7.449 GHz 7.452 GHz 7.455 GHz



Experimental
techniques
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1@r1  Materials for superconducting circutis

Typical superconductors

« Al
 type-Isuperconductor, Tc= 1.2 K
» shadow evaporation possible
» Perfect oxide for barrier - self limiting and very clean
» Used for Junctions, Qubits

* Nb
* type-II superconductor, Tc= 9K

» shadow evaporation for nanoscale junction is hard to do
* Used for resonators

e Nb-Ti-Ni
* type-II superconductor, Tc= 15K

* betterinterface quality
* used for resonators and qubit capacitors

Dielectric substrates

* silicon, sapphire
* contribute to dielectric losses (T'1)



1@1  Fabrication of superconducting circuits

Lithography - to define the pattern
« optical lithography (UV)
* electron beam lithography (EBL)

Thin-film deposition

 deposit materials

« DCsputtering (metals, e.g. Nb)

* RF sputtering (insulators)

* electron beam evaporation (metals, e.g. Al)

Processing
* positive pattern => lift-off

» deposit material only where you want it
* negative pattern => etching

 deposit material everywhere

» remove what you don‘t want



1@ How to build a Josephson Junction

Dolan Bridge technique — Shadow evaporation

Electron beam writer

O i 0 o
@) e e- 0 o e'
© o

@)

100nm
600nm

300um

AlLO,




1@ How to build a Josephson Junction

undercut




1(@1 How to build a Josephson Junction

Shadow

PMMA

AlLO,

y




1@ How to build a Josephson Junction

PMMA I

AlLO,




1@ How to build a Josephson Junction




1@ How to build a Josephson Junction

PMMA I

AlLO,




1(@1 How to build a Josephson Junction

Josephson Junction

e s

AlLO,




1(@1 How to build a Josephson Junction

Dolan Bridge shadow technique

Josephson Junction

Electron-beam
microscope image



Tunable coupling
junctions (SQUIDs)




(@)1

Microwave setup room temperature

DAC/AWG

TCP/IP

lADC 4
. 41GS/s 12bit]

" Data @ 1.6 GB/s

Experiment control with python

-

—_— . . -

\

4-12GHz  \

50-200 MHz
1ns resolution @14bit

®

SSB @ 4-12 GHz

\

\
A\

fridge




1@ The Cryostat

He*/He3 mix

> Heat exchanger

2

- -

- £ ] v.. ‘l‘ Ly . . r 1
LA e | i R
) : :

= e d o GreE | )

=

T
AR

‘
‘an
s =
= — A

Sample area o liquid He*

h
Explanation of a Cryostat by Andrea Morello: https://www.youtube.com/watch?v=7{T5rbE69ho&t=185s



https://www.youtube.com/watch?v=7jT5rbE69ho&t=185s
https://www.youtube.com/watch?v=7jT5rbE69ho&t=185s
https://www.youtube.com/watch?v=7jT5rbE69ho&t=185s

The Cryostat

HEMT amplifiers

Attenuators Microwave coax cables
Stainless steel




The Cryostat

= I Ti %

Isolators

Sample Box




<20mK ,

Ecco

LPF

---------------------------------------

Multistage
Filters




Quantum information
processing with cQED
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(@) Four-qubit cQED device

- Four transmon qubits coupled to single 2D microwave resonator

/Ti\\
f3 :‘\j\;' V2 V3
£ (R i L
QY U 1T mm
n _ _ =] ¢

fl . .. ] [
%‘D*Lﬁ/ e 2

1k

- Three qubits biased at 6, 7, and ~8 GHz

+ Fourth gubit above cavity and unused
« T,~1ps, T,~0.5us

- Flux bias lines to control frequency

DiCarlo, et al. Nature 467, 574 (2010), Reed et.al. 482, 382 Nature (2012)




Riste et.al. Nature communications 6, 6983 (2015)

e 5 qubits

* 5 readout resonators coupled to one readout CPW
* 2 resonators for mediating coupling

e All flux tunable



CCl Cc2

Qubits interact via Cavity => serves as a bus

Ho =hJ](cTo”+07c™)

On resonance exchange of excitations!!




-

A ok,

s Readout line o>
( o ( < ( - ( y ( - R
) ) ) ) ) eadout
Resonator ( C C C C

b B ST . ISR
S S S S 9

Q Q Q

: ; ’ : : ; . : Control
XY 7Y Z R O Z XY A Z

5 qubits directly coupled to
Neighboring qubit

5 readout resonators with
common readout CPW
Individual flux control and
single qubit pulses

Z7 gates through direct qubit
gubit interaction




Transmon - Transmon coupling

Direct capacitive qubit-qubit interaction

Ho,;=hJ](cTo”+0 c")




Spectroscopy

bit
aubit M | Qubit +
readout MW | | resonator MWW

pulses

T cavity

0.0 e

Qubit-Qubit
Interaction

- | Resonator mediated

Q
6.0 il
44 12 10 08 -06 -04 -02 00

Flux bias on Qubit 1 (a.u.) Reed et.al. 482, 382 Nature (2012)

Frequency (GHz)
(00)
o
l




Two qubit gates

Phase Gate

o oo R

o O
®
o &
[

o

1 0 0 O
o1 0 o
U= O 01 O
0 0 0 —1.
Single qubit phases
. /0
el(.bOl

l(¢01+¢10+¢11)




1@! Time evolution of a state

=L
|'¥; (t)> =e h |Lpi)

|OO) — EOO = |01> — EOl |10> — E10 |11) — EOl + E10
0 ent 0 0
U(t) = i 10t
0 0 e n 0
0 0 0 eth
for time T
We actually want:
1 0 0 0
© 0 eldoi 0 0 How do we get ¢,,?
U(t) = .
0 0 et ®10 0
0 0 0 el(@o1+P10+P11) Ell a E10 + EOl

—> Avoided crossing



I@1 Adiabatic multiqubit p

nase gates

Two qubit phase:

100) — |00)
01) — e’?01|01)

Interactions on two excitation manifold give
entangling two-qubit conditional phases

DiCarlo, et al. Nature 460, 240 (2009)

Energy

A\

110)

®10 =10

N\

Top qubit flux bias (a.u.)



1@ Adiabatic multiqubit phase gates

A two qubit phase gate can be written:

NG

00) — |00)

01) — e*01|01)

10) — €'?10|10)

11> %6i<¢01+¢10+¢11)|11>

Interactions on two excitation manifold give
entangling two-qubit conditional phases

P11 = —ZW/C(t)dt

Can give a universal “Conditional Phase Gate”

Energy
\
— N\
\A
\

00) — |00)

01> — 01> ¢01 — ¢1Q =0

10> — 10> ¢11 = T

11> — _‘]‘]‘> 'I:op qubi';flux bials (a.u.)

DiCarlo, et al. Nature 460, 240 (2009)



I@1 Generation of GHZ states.

Sequence:
Fidelity: 0.995(4) | 0 O)

l 7/2 pulses
(10) + [1) ® (10) — 1)) =

|00) + [10) —|01) —|11) =

* 5
0y Hov2 Y/2) v £ l zz gate
@ 2
10) g
|00) + [10) —|01) +|11) =
1
%) =7z (100) +[11) |0)® (10) = 11) +[1) ® (10) + 1)
l 7/2 pulse
|00) + [11)

R Barends et al. Nature 508, 500-503 (2014) doi:10.1038/naturel3171



I@1 Generation of GHZ states.

Sequence:
|00) + |11) ® |0)

Fidelity: 0.995(4) 0.960(5) [ —— @ |
0.0 Re(p) 0.5

l 7/2 pulse

|00) +111) ® (|0 — 1))
|000) — [001) +[110) —|111)

0y Hv72 Y/2)— : o E l zz gate
{10} i (Vi v/2) o g
) e
i0) SE-’
|000) — |001) +[110) +|111)
1
%) = —=(100) + [11)) |00) ® (10) = 11)) +[11) ® (10} + [1))
1 7/2 pulse
|¥) = —(|000) + |111)) l
V2
|000) + |111)

R Barends et al. Nature 508, 500-503 (2014) doi:10.1038/naturel3171



Fidelity: 0.995(4)

0.817(5)

W) = \/_17(“)0) 1)) W) = %(I%OO) +[1111))
¥) = %UOOO) +[111)) W) = \/—15(|00000> +1]11111))

R Barends et al. Nature 508, 500-503 (2014) doi:10.1038/nature13171



I@1 Summary

e (Circuit Quantization L C

* Transmon qubit and cQED

 Experimental Techniques

Fidelity: 0.995(4)

e QIP with cQED
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1@ Why surfaces matter... dirt happens

“participation ratio” = fraction of energy stored in material

even a thin (few nanometer) surface layer
will store ~ 1/1000 of the energy

If surface loss tangent is poor ( tand ~ 10-2) would limit Q ~ 10°

Increase spacing
—> decreases energy on surfaces
—> increases Q




1@t  But Effects Can Be Reduced Drastically!

1 1
CPW/Compact Resonator }6 B Pyici tan o * aQ

At L

F_—fﬁ L~ 10 um
Py ~107° —107

Pq ~107-107

Stripline (vertical transmon)

L~ 500 pm Py ~107*-107

Poons =@+ ~107° —10™

L ~ 5,000 um p. ~10°-0
Assume: Peond = 05_1 ~107° —]_0_6
t~3 nm,

A ~50 nm




How to quantize more
complicated systems?

Institute for Quantum Optics and Quantum Information, Innsbruck
Institute for Experimental Physics, University of Innsbruck
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(@) Black Box Quantization - BBQ

Single qubit coupled to multimode (lossless) circuit = Black Box

N\

A, \ Black Box N

Foster’s theorem works for any

N coupled modes each with
a, at

Y(o) j>



1@ Black Box Quantization - BBQ

1
Diagonalize by finding all zeros of Y(®) kT VLirCx

H =Y hwA} Ay
k

All couplings taken into account!!!
New Operators for uncoupled eigenmodes of complete system: A & AT

All we need to do is get the anharmonicity back!

First order term JJ!
In old coordinates!

H, ~ (at + a)4

rewriting H, in the new operators leads to

4
Ly [2e : (k) f oF) = d
Hl—g(%> @%AAHAIC) o =\ (ot (Y (o))

We get these from Y(w)




@1 Black Box Quantization - BBQ

more approximations lead to simple expressions for the anharmonicities,
state dependent shifts and resonance frequency shifts

L oe® /@y \? L e /@) (4)
Y (@pr) Nig =TT R2 ((I)pr) ((bwf)

all we need to know: o forY()=0 & Y(m)

better way: numerically calculate Eigenenergies of H,+H, to get parameters

The recipe

1. Determine Y(w): HFSS, Microwave Office, analytical expression,....
2. Determine w, where Y(®w) =0 For all modes!!

3. Get the derivative of Y(0) @ w=m, l

4. Do a numerical diagonalization or use first order expressions to get Q;, %;;




(@) Black Box Quantization - BBQ

* Works also for 3D structures where it is hard to write down an analytical
. . TN AR :
circuit! ’?ﬁ%@ﬂﬂ%‘!ﬂi%
il

£X
1257

AL
S

2 g
A
¥

L

e.g. 2 qubits in a waveguide cavity
using finite element solver

7 VAN

/]

* Works for multiple qubits coupled to multiple resonators
(see Nigg et.al. PRL 240502 (2012))

* Works only well for transmon qubits!
(more general: Smith et.al. Phys. Rev. B 94, 144507 (2016))

Take away

You can calculate circuit QED Hamiltonians by assuming everything
is @ harmonic oscillator and add in the anharmonicity later!

Nothing is a harmonic oscillator after
it has been coupled to a Josephson Junction




Quantum optics with
circuit QED
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1@1 Driving a Quantum Harmonic Oscillator

Giving a classical ‘drive’: Phase-space picture:

D(a) = e(aaT_ <

D(a)|0)=|a) /
Where: ," )
laf ¢ - >

a)=e 2 f"” /R

with g =
Our state is described by two (X) = || cos(p)
continuous variables, an A\ .
amplitude and phase. < p> - ‘a‘SIn(¢)

A ‘coherent’ state.




I(@)1

Quantum harmonic Oscillator

Dp =\mnh/ 2

AP

v (p)|

&
™

@)

Heisenberg‘sche Unscharfe

ﬁm=\/h/2mn

X




1@ What's a Coherent State?

v
Glauber (coherent) state |W|2A AX hl2m
=/ )
Ial 0
|a> e ? Z\/—|n> j\i 5

L

= || Ax



1@ What's a Coherent State?

Glauber (coherent) state |W|2 A

a)= elazlfr'm J\

Vv




1@ What's a Coherent State?

N

7

Glauber (coherent) state |W|2/

)= elazlir"” /\

Vv



1@ Two-cavity 3D architecture

Storage cavity

Vertical transmon qubit

Readout cavity

Coupler port

One fast probe cavity for qubit state
detection and one long-lived cavity for
photon manipulation/storage




1@1 Quantizing Three Modes

| |
.

W, i i
H=h—=s_+hwa a +hw,a,a, +
2
C,
-h— 2 Lglas. - hle 2 2 a)a,s .

N\

2

Qubit cavity interactions ~ % x

Nigg et.al. PRL 240502 (2012)




1@ Coherent Displacements

create ‘b> ‘O>?
A
cavity 1 :
ty DB

qubit

cavity 2

IS ! i
E 1.0 J\..
§ 0.8 %‘s -
D&f 0.6 % - Photon:
- 0.4 - - @ 0
o
o 0.2- -
<
- O'O_l | | -

0 2000 4000

Displacement Amplitude (DAC level)




1@ Coherent Displacements

cavity 1 DB .

qubit X?; T

cavity 2 K\

' : ' Photon:

™ _

E 1.0 R. ® O
rye— _ ..‘ B
3 ~ :
o 3
§ 4
O ® 5
on ® 6

! ® /

0 2000 4000
Displacement Amplitude (DAC level)



1@1 Measuring the Husimi-Q function

Husimi Q
_1
Q(a)—p<a|f|a>

!

Q(a)=%<0|D(- a)rD(a)|0)

* Prepare state

* Displace state by —a

* Detect probability of
finding zero photons

Actual:

D[-a,]

N \/’
4e

el

Re{a}

Measured:

=
\
1

7




1I@1Measure the Quantum State of a resonator

Husimi Q:

Q(a)=%<0|D(- a)rD(a)|0)

Qe f) =&
/A




1I@1Measure the Quantum State of a resonator

Wigner function: W(a )= ETr{ r'P} r'=D(- b,)rD(b,)
D

Pz =(-1) 5> P=3 p,(-1)

Spectroscopy frequency (GHz) Spectroscopy frequency (GHz)
7.435 7 445 2 455 7.435 7.445 7.455

0.2

oom

10 9 8 7 6 5 4 3 2 1 0 10 9 8 7 6 5 4 3 2 1 O
Photon number Photon number



Measuring parity

vt

.

cavity 1
qubit

cavity 2

B~

—
>

E

~—

[¢}) -
o

]

=

O

>
D b

1)

parity measurement

@ t=m/y o

Y

° °

° °
¢ o _0g ° ® ° ® o0 b
. .
® ® ® £
uuuuuu:uuuuuuuuu . T T IO T g ;u uuu‘uuuuuuuuu.|u (LR R L L LR R LR LR R LR L L LR R LI L LTI uu.uuu i‘
) 0%y °\
i \ 1 1 1

300 400 50

100

Wait time (ns)

1)

[0)+i]1>



Schrodinger cats on demand -
Mapping a qubit onto coherent
states

Science 342, 6158 (2013),
PRA 87, 042315 (2012)
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1@1 A New Toolbox for Manipulating Light

Cavity displacement

Q o ol o
t

Conditional qubit rotation

cavity T H =é)o.e ™™ 4h
- ©-P|— ©-D

- “flip qubit
qubit 1X:F  IFF v, ) =[Ny

Conditional cavity phase

cavity H = ya'ao,

“shift cavity
qubit o IFF qubit excited”




Deterministic cat creation

lg) + le)

8
B

B I 8

L

O+ -=======

B

0o+--=-=-=-=--

1
1
1
1
1
1
1
1
f
0

1
4




1@

Mapping a qubit to a cavity

_ . Initial qubit
Qubit state: Cavity state: state: A
0 .0 i 0 9N i (P) 1.0
cos(s) |g) +sin(5)e*? |e) » cos(3) |a) + sin(5)e? |—a) 4 |
X
l9) + le) @‘
-0.5F

I'm(p3)
2

(P)
0.6 0
0.0 2
-O.é -4
0.6
S\ 0.4
<P> 0.2

0.0¢-

Wigner cut:

) +|-a) |

-




1Q)! Mapping a qubit to a cavity

Initial qubit Wigner cut:
Qubit state: Cavity state: state: B 10
COS(%) 9) + SiIl(%)ei"'25 le) m cos(%) o) + sin(%)ezqzb |—a) 74 @) +1-a) |

Y 0.5}
X
9)+ e é %‘ O'O-W: i~
'0.5' 1 -

-0.6




@1 Wigner Function: interpretation

w1 Mx=+hl2mo

Im{a}op o] N = ' Odp




I@r Wigner Function: interpretation

— ’
| v Ax =~/h[2me

)

J
)

Re{z:z}O X "
ﬂ':
t:%w N L]
Im{a}° p O ”I Odp
o
-
<




1@ Scaling cat state “size’

Im(B) | : d susceptibility to decoherence: Tef X dichaV

2
orthogonality of coherent states: <—04’Oz> — @




1@ Scaling cat state “size’

Re(p)
-4 0 4
4 1 1 |
Im(B) | : d il susceptibility to decoherence: Teg X d%Tcav
oF = = - 5
orthogonality of coherent states: <—Oz‘Oz> — @
-4 1 1 1

d2 — 18.7 photons d2 — 32.0 photons d2 — 38.5 photons d2 — 111 photons

0.8 1 T T T T T T T T T T T T T T T T T T T

@;12:,,\/\\/\* o

0.4} :




1@

Multi-component cat states

4 -2 0 2 4
I 4 |
m(ﬁ) T » T T Y3 :i(la>+‘ezp/3a>+‘e-lp/3a>)
Three-component  ,  © g J3
cat: —
o4gm O M P - ) . Ri(ﬁ) 1
(P) 004 | -2f ’ - A l I |
04 > I : : /// 1=
Re(5) 7 Im(B) d
// I
Rl . ,o,ofez‘@(/
4‘4 -2 0,// 2 4 Ol/))@ O/‘.Q
Im(p) l /,: | L /770,]/
Four-component 2 - ---s- -
cat: . i "y
0.4 o .t i - -2 '_____'______'__..-
R I 140 L
P) oo o O S -
(P) \ Y4:E(|a>+‘-a>+‘la>+‘_l‘a>)
-0.4 -4 l l 1 \ 2

The four component ‘compass state’




Error Correction using a
four component Cat state

Institute for Quantum Optics and Quantum Information, Innsbruck
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1@1 Error Correction using a Cat state

Leghtas, Mirrahimi, et al., Phys. Rev. Lett. 111, 120501 (2013),

» Correction for a single bit / phase flip: at least 5 qubits
* Asingle cavity mode: infinite dimensional Hilbert Space
* Minimal QEC hardware: a single cavity mode coupled to a qubit

Idea: encode a qubit in a 4 component parity state

also known as a Zurek “compass state”

0) =|c) =N () +]-a)
1) =|Go) =N (ier) +|-ie))

Cg‘¢>+ce

T>:> c, |0, )+c.|1)

Then photon loss can be monitored/corrected by
repeated photon parity measurement using a qubit



1@ Cat code cylce

reminder: a(|a) + |—a)) =|a) — |—a))

+ X,

\ +Z,

-‘_,.-- S

jwh

= —
-

0
Y

+X. +Y, +Xe +Ye

7N, RZEN 7N 7N
2 2 7 32
04 + |Cf) Ul A e 05) +i|Cs)

4 \4
+Z
1) = |CF) = lio) + |—ia) \

— -

C) = lia) — |~ia)

Odd
Parity

Ofek et.al. Nature 536, 441, 2016

+X. +Ye.



1@ Why Cats Are Cool for QEC...

Conventional bit flip repetition code:

Redundantly encode qubit in “fragile” GHZ state

e, V) +c.|T) =, [Vdd)+c [ TTT)

Detect 4 error syndromes with 2 parity checks: <leZ > : <2223 >

Pro: now a single decay doesn’t erase all qguantum info
Con: but decays happen 3x faster...




(@) Why Cats Are Cool for QEC...

Conventional bit flip repetition code:

e, V) +c.|T) =, [Vdd)+c [ TTT)

Detect 4 error syndromes with 2 parity checks: <leZ > : <2223 >

Pro: now a single decay doesn’t erase all qguantum info
Con: but decays happen 3x faster...

Qubit encoding in parity “cat” of an oscillator?:

Single mode

redundantly encodes! é4 (Cg ‘OL> + C, ‘1L>) = Cg ‘OL> + C, ‘1L>

Pro: photon decay doesn’t erase all quantum info
Pro: only one error syndrome to measure!

Pro: only one object to build per logical qubit!
Pro: cavity coherence can be much longer

Con: decays also happen <n> times faster



1@ Experimental implementation

(a) Encode (b) Track Error Syndrome (c) Decode (d) Correct
tl.ot = O,LLS ttot = 138#8 ttot = 276[1.5 ttot = 277].1;8 tLOL = 28.2#5
s A A -
Pinit —> _gj-b— tw v 0-0tw [y 00/——>| D = Pfin
B i B T " A4
Fai | 4
: : el 20
\E y
= r+1 ,A \
; "N AR,
= .t (P) - .i
o] N 3 \ > 5
T [y b .. o1 : 4:L ; ‘;" BE i
—1.7 Re(f) +1.7 A Uncorrected A 4 —3
i = : Cat Code
T - 01
1
t;= atml I } ) D
L |- tw P -10-
Initial Orientation A 1 Error
— '
""."" N8
egen Illll} L. T
Encode/Decode Wait Pi pulse on ancilla '
E| |D tw A i A
4 ) )
Wigner snapshot Kerr correction Parity meas. @
o AE P RS
Ogg) GK v :".'-"':
"""" = o -
55 2 Errors
Error? Meas. correction Record jump time - Rz
0 (No) O L11)~—>[D 5 =
1 (Yes) |

Ofek et.al. Nature 536, 441, 2016



1@ Did it work??

(a) Number of Cat Code Syndrome Measurements (b)
0 1 1 2 3 4 4 5 6
10 T T T T T T T T
%T = 287 £ 4us
09 T ITIS m =570 £ 30us
@ el
08| Q@ g
T =318 £ Hus
O
> 0.7+ (O]
3 ® e
ic
§ 06 Q ®
8
o 05L —m- Uncorrected Transmon
’ - o Uncorrected Fock 0,1 Encoding
@ Uncorrected Cat Code
—A— Corrected Cat Code 79 = 2
04 —o— Corrected Cat Code; with post-selection
T=16+1us
031
0.2h ] 1 1 l L
0 20 40 60 80 100

Time (us)

Ofek et.al. Nature 536, 441, 2016



