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A Representative Quantum Computational Advantage Experiment

Main message

-

= A complex quantum computing experiments d; '
with 53 superconducting qubits

= Milestone: Demonstrated advantage over
conventional computers for one task

Challenges

= Economically viable noisy intermediate scale
quantum (NISQ) applications need more and
much better qubits

= Universal fault-tolerant quantum computation
requires quantum error correction

= Major advances are required

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 45

F. Arute, ..., J. M. Martinis et al., Nature 574, 505 (2019)



Quantum Computational Advantage Experiment by Google

Features
= 53 qubits on a 54 qubit chip Pau“ o x x x

= Excellent single and two-qubit operations (< 1% x x
*x’ X,

error)
x x
X K K %

.

x’ OxO Ox

¢

102
=  Good single-shot qubit readout (<4% error)

= Randomly chosen long (m = 20) gate sequences

on large number of qubits (n = 53] x Ox x x x
= Hard to simulate outcome even on the largest x x x x x x
supercomputers o o0
X X K K X

= Final state (cross-entropy) fidelity Fygg ~ 1073 << 1 &
= Limited by coherence (< 100 us) and gate fidelity x x x ’x’ .x

A % % K K %

X

Universal fault-tolerant quantum computation
requires quantum error correction

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 46

F. Arute, ..., J. M. Martinis et al., Nature 574, 505 (2019)



Two of the Major Goals in Quantum Information Processing ...

... with superconducting circuits

Noisy Intermediate Scale Quantum (NISQ]

algorithms displaying a quantum advantage
b

Pauli error x x x
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F. Arute, ..., J. M. Martinis et al., Nature 574, 505 (2019)

N g
9,

A/

1073

Fault-tolerant, error-corrected, universal
quantum information processor

Fowler et al., Phys. Rev. A 86, 032324 (2012)
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Lectures, April 22 - 24, 2024

Part 1: Part 3:
An Introduction to Superconducting Circuits Quantum Error Correction
= Quantum physics of electronic circuits = Quantum error correction, why and how?
=  Circuit QED = The concept
= The device
Part 2: = Stabilizer measurements
Controlling and Reading Out Qubits = Distance-Three surface code
= Single and two-qubit gates
* Qubit readout Reading Material:

S. Krinner, N. Lacroix et al., Nature 605, 669 (2022)
C. K. Andersen et al., Nat. Phys. 16, 875 (2020)

Reading Material:

Circuit QED Review:

A. Blais et al,,

Rev. Mod. Phys. 93, 025005 (2021)

A. Wallraff, Quantum Device Lab | Apr.22,2024 | 76
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Conventional Electronic Circuits

first transistor at Bell Labs (1947)

basic circuit elements:
basis of modern

information and

1Y communication
technology

—M—

>

properties :

Intel Core i7-6700K Processor

smallest feature size 14 nm
clock speed ~ 4.2 GHz

> 3. 10° transistors

power consumption > 10 W

» classical physics

* no quantum mechanics

* no superposition principle
* no quantization of fields

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 77



Quantum Electronic Circuits

basic circuit elements: charge on a capacitor:
II o Q
1 Y
Q0 m—> 75( =. T m—— )
YA'AY o o
quantum superposition states of: current or magnetic flux in an inductor:

* charge @ /\
e flux ¢ 1 (‘ ‘ )

_|_
(, ¢ are conjugate variables \/

uncertainty relation AdAQ > h

S

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 78



Linear vs. Nonlinear Superconducting Electronic Oscillators

LC resonator: Josephson junction resonator:
Josephson junction = nonlinear inductor

S —

anharmonicity defines effective two-level system

Y I N, ra

AN 7 , /

energy
]
T

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 79

Circuit QED Review: A. Blais et al., Rev. Mod. Phys. 93, 025005 (2021)



Constructing Linear Quantum Electronic Circuits

electronic
basic circuit elements: harmonic LC oscillator: energy: g A photon
typical inductor: L =1 nH
II wire in vacuum L ~ 1 nH/mm
> L C typical itor: C = 1 pF Y
E—— typical capacitor: C=1p
S size 10 x 10 um? and — |3)
dielectric AlOx (g = 10) of
vV 10 nm thickness: C~ 1 pF - 2)
—1 5 GH —_—
w = ~Y 7
VIC 1
—_— 0)
classical physics: guantum mechanics:
¢* Q7 - Q2 ORI S B
H=—+ — H = -+ = hw(a'a + = ¢, Q| =ih
2L 2C 2L 2C ( 2)

Review: A. Blais et al., Rev. Mod. Phys. 93, 025005 (2021)
U. Vool and M. Devoret, /nt. J. Circ. Theor. Appl. 45, 897 (2017) A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 81



Quantization of an Electronic Harmonic LC Oscillator

6 Q Q = CV Charge on capacitor
L = C ¢ = LI Flux in inductor
V = —Ll= —¢ Voltage across inductor
Hamiltonian function: Conjugate variables:
Cfv2 LIZ 2 2 OH . OH . .
H = +—:Q+¢ — (b—l Q, — :9 V=—LI=—-¢
2 >~ 2C 2L ¢ L 0Q C
Hamilton operator: Flux and charge operator (flux basis):
2 32 A
H= ¢ + 220 ¢ = ¢ Commutation relation:
A 0 A
- gy [
Q = —ihg 5.Q| =i

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 82



Voltages and Currents as Creation and Annihilation Operators

Hamilton operator of harmonic oscillator in second quantization:

g 0@ i
H="—+—=hw(a'a+1/2
-7 T o0 w(a'a+1/2)
Al n> — vVn+1 \n + 1> Creation operator
aln) = nln—1) Annihilation operator
ataln) = nln) Number operator

A h N
Q@ = 4 ——(a' +a) Charge/voltage operator V'
27

b = i /%(&T — ) Flux/current operator
2

M~

% With characteristic impedance:
A L

¢ Zc=\¢@

L

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 83



Flavors of Superconducting Resonators

lumped element resonator: 3D cavity:

50 mm 250 um
Kim et al.,, PRL 106, 120501 (2011) Paik et al., PRL 107, 240501 (2011)

weakly nonlinear junction:

Chiorescu et al., Nature 431, 159 (2004)

planar transmission line:

Wallraff et al., Nature 431, 162 (2004)
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Linear vs. Nonlinear Superconducting Electronic Oscillators

LC resonator: Josephson junction resonator:

energy

Josephson junction = nonlinear inductor

X =

anharmonicity defines effective two-level system

Y I ™, e

A 7 ) /

¢ A. Wallraff, Quantum D

eviceLab | Apr.22,2024 | 90



A Low-Loss Nonlinear Element: The Josephson Tunnel Junction

SUPERCONDUCTING

TOP ELECTRODE
SUPERCONDUCTING

BOTTOM \7“
ELECTRODE R// superconductors: Nb, Al

/]//\ — ' tunnel barrier: AlO,
/ \/\TUNNEL OXIDE
LAYER

Josephson junction fabricated by shadow evaporation:

substrate

M. Tinkham, Introduction to Superconductivity, McGraw-Hill A Walrefl, Quantum Device Lab. | Apr. 22,2026 191



Josephson Tunnel Junctions

The only non-linear resonator with (ideally) no dissipation (BCS, k57<4)

| 51 ‘ Tunnel junction parameters:
- Q = +N(2e] -
1'“{‘ 4 :> :> x — * Critical current /,
Iy
02

-Q = -N(2e] Cy  Junction capacitance C,
| * Tunnel junction resistance R,

Interpretation as tunable

. . Josephson relations: I = Igsinog
nonlinear lossless inductor &
5 v o= =
' 2T
m— FL tum: = L
L, —C ux quantum: Oy = %
Phase difference: d = 09— 01

02
derivation of Josephson effect, see e.g.

chap. 21 in R. A. Feynman: Quantum mechanics, The Feynman Lectures on Physics. Vol. 3
[Add|50n-Wesl_ey 1965] A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 92



The Josephson Junction as an Ildeal Non-Linear Inductor

a nonlinear inductor without dissipation 01

DC/AC Josephson relations:

I = Iysind = Iy sin 27¢(t) / ¢o]

—
—

— X

nonlinear current/phase relation

gauge inv. phase difference:

0 = 52 — 51 — 27T§Z5(t)/¢0

Josephson inductance: V=_L,]= ¢o 1 [ specific Josephson inductance: L jg = b0
2wl cos o 27l
Josephson energy: l, = 100 nA corresponds to L,; ~ 3 nH
I I A
E; = /V]dt = 0¢0 coso specific Josephson energy: F ;5 = L% = h
2T 2T 8€2RJ

M. Tinkham, Introduction to Superconductivity, McGraw-Hill

l, = 100 nA corresponds to E,j/h ~ 50 GHz




The Charge Qubit, a.k.a. the Cooper Pair Box Qubit, the Transmon ...

Cg Ng discrete charge on island: — Q
|| N 2e
C'ng
ntin te charge: Ng =
B Cy FONHNTOHS ot Chatee: 2e Cs =1 pF corresponds
: to Ec/h ~ 77 MHz
total box capacitance Ce=C,+C5
Hamiltonian: H = He1 + Hpag charging energy o )
lectrostatic part: / i
electrostatic par . Q2 (26)2 (N v )2 E 3
1 _— —_—— R
magnetic part: 5 E 1 _ v A
H = —Fjcosd ~ " N\ A
mee TN 2L 0 0 B
\ -1 -0.5 0 0.5 1
Josephson energy gate charge, ng = CgVg/2e

V. Bouchiat, D. Vion, P. Joyez, D. Esteve, and M. H. Devoret, Physica ScriptaT76, 165 (1998). A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 97



Hamilton Operator of the Cooper Pair Box Qubit

: . ~ ~ - ~ . " | 2
Hamiltonian: H = Hg+ Hyog = Ec(N — N,)* + Ejcosd with €Osd = 5(67'5 +e %)
commutation relation: [5, N] =1
charge number operator: N|N> — N‘N> eigenvalues, eigenfunctions
D OINNN| = 1 completeness
N
(NIM) = onm orthogonality
phase basis: ) = iNo N)  basis transformation
o \/ﬁ Z |
eFOINY = |N+1)

J. Koch et al.,, Phys. Rev. AT76, 042319 (2007)
U. Vool and M. Devoret, /nt. J. Circ. Theor. Appl. 45, 897 (2017), arXiv:1610.03438 A Wallrafl, Quantum Device Lab | Apr.22. 2024 198



Lectures, April 22 - 24, 2024

Part 1: Part 3:
An Introduction to Superconducting Circuits Quantum Error Correction
= Quantum physics of electronic circuits = Quantum error correction, why and how?
=  Circuit QED = The concept
= The device
Part 2: = Stabilizer measurements
Controlling and Reading Out Qubits = Distance-Three surface code
= Single and two-qubit gates
* Qubit readout Reading Material:

S. Krinner, N. Lacroix et al., Nature 605, 669 (2022)
C. K. Andersen et al., Nat. Phys. 16, 875 (2020)

Reading Material:

Circuit QED Review:

A. Blais et al,,

Rev. Mod. Phys. 93, 025005 (2021)

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 99

The slides:



Solving the Cooper Pair Box Qubit Hamiltonian

Hamilton operator in the charge basis N:

H = %: {EC(N = Ng)*[N)(N| — %WWN PN 1><ND]

solutions in the charge basis: }A]Wn(N)) = Fp|tn(IN))

Hamilton operator in the phase basis : [see e.qg. J. Koch et al., PRA 76, 042319 (2007))
H=Ec(N —N,)?+ Ejcosd = Eg(—i

transformation of the number operator:

NV — Q — _ihii — _ZQ
- 2e 2¢e 0p 06
solutions in the phase basis: ﬁ\¢n(5)> = Epn|1n(0))

J. Koch et al,, Phys. Rev. A76, 042319 (2007)
U. Vool and M. Devoret, /nt. J. Circ. Theor. Appl. 45, 897 (2017), arXiv:1610.03438

N,)? + Ejcosé

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 100



Charge and Phase Wave Functions (E; << E.]

| I _E IE. =U.U1_. 1
v, (N) I'_E1 (N Y I
201 2 3 & 2701 2 3
N L N
S50
05 s 05
v, (O)f 0 0.5 1 AC W
4—' NQ I s
[IJ'-' 0 x D}T 0 n
8 | &
1 | — 0\ IN — 1
vy ) =|N=1) | |lw,) = N=0)—|N=1) I
vo(N) | 2w
-1 _ - | _ _ -1
3 -2-10 1 2 3 : . IN=0)+N=1 3 210 1 2 3
N W) = N=0)| %**' >\5| ) N
0.5 | = 05
lvo(O) | vy (O)f
D;r 0 3 ! G:r 0 n
8 8
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Charge and Phase Wave Functions (E; ~ E.)

1

v, (N)

1

T3 -2 -1

05

‘[.-'""rl (9)

2

0
N

1 2

courtesy CEA Saclay

]

EJEc =1.1
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@
5 0
0 05 1
4—' NQ I
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M
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N
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&
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From Cooper Pair Box to Transmon: A Charge Noise Insensitive Qubit

Cooper pair box energy levels:

40/

30|

Energy, E [GHz]
[
o

\ )

10/
I E9€
OF
0 1 2 3 4
Gate Charge, ng [€]
dispersion:
€ = Ege(ng =1) — Ege(ng = 2)

J. Koch et al., Phys. Rev. A76, 042319 (2007)

Transmon energy levels:

20

15+ EC

Energy, E [GHz]
> |«

Vv

Eye~/SEcE;— E¢ |

0 1 2 3
Gate Charge, ng [€]

relative anharmonicity:
Eer — Ege
Ege

o =

Reduced sensitivity to gate

charge:

* Disables tuning by gate
charge

* Reduces sensitivity to
charge noise

* Use magnetic flux for
tuning instead

Reduced anharmonicity

* Creates channel for
leakage

* Limits shortest possible
single qubit gate times

* Use optimized pulse
shapes

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 105



Dispersion and Anharmonicity of the Transmon Qubit

Charge dispersion: Anharmonicity:
. — Eef — Ege
€ = Ege(”g — 1) — E9€<n9 — 2) " Ege
1.0
: [
0.8
N ] [
N 2
=
& 0.01 £ os
[ c
[=] O
Iz £
o S 04-
o . __4 < ¥
g 10 E | ]
S 2 02
(1] 1]
S .n6 o _ _
10 D.D'_- ------------------------
T T TR — TR I _D_z-_ I . - ]
0 20 40 60 80 20 40 60 80
E,/Ec Ey/Ec
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J. Koch et al., Phys. Rev. A76, 042319 (2007)



The Transmon: A Cooper Pair Box with an Extra Capacitor

Cooper Pair Box Transmon qubit

circuit diagram: « Large shunt capacitance
Cqg e Large physical size Cq
LI * Large dipole coupling to microwave LI
resonator
@ %* * e Split Jospehson junction (SQUID) @ %* ¢ L
for magnetic flux tuning I
1 Ec,Ey A Ec,E,

J. Koch et al., Phys. Rev. A76, 042319 (2007)
J. Schreier et al., Phys. Rev. B77, 180502 (2008]

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 107



Tuning Transmon Qubits with Applied Magnetic Flux

Frequency, v [GHZ]

Magnetic Flux, ¢ [¢ o]

N\ / \E A\
;o Pl i
Py 1y b
3 } i 1 i H
i t i t $ t
! i i i
! b i }
f Vo v i
d L ! ! ! h
"t :%—!L-__.__ S Y
: . - }
i | E 1 $T | lf :; 1 Tj | ;T' |
-15 1 -05 0 0.5 1 15

Measured qubit/resonator freq. (*,*)

Fit to full Hamiltonian (-,-)

Changing Qubit Transition Frequency:

= Make qubits with superconducting quantum

interference device (SQUID) loop
M. Tinkham, Introduction to Superconductivity, McGraw-Hill

il N
Cg ( Qbext)
@ X X b= EJ,maX COs |\ 7T
b0
= Apply global magnetic field using off-chip coil

= Apply “local” magnetic field using on-chip flux line

Reminder: Resonator and Qubit Spectroscopy:
= Probe resonator

= Drive qubit
=  When drive matches the qubit transition, change in
transmission of resonator probe observed.

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 108



Superconducting Circuits as Components for a Quantum Computer

A
constructing quantum harmonic LC oscillator: -
electronic circuits from _ :
basic circuit elements: electronic |4)
¢ photon
I
L C 12)
— 1 — 1)
H=hw(a'a+ <)
2 |0)
—VW— anharmonic oscillator: E A
4 electronic o
artificial atom A
N — )
Josephson junction: Eg — A
a non-dissipative le)
nonlinear element o
- ~ 717 74272
linductor] H = Mwge bip — 5 b12p?) o)

Review: M. H. Devoret, A. Wallraff and J. M. Martinis, condmat/0411172(2004) A-Wallraff. Quentum Device Lab | Apr. 22,2024 119



Cavity Quantum Electrodynamics (QED) with Superconducting Circuits

ttransit

With superconducting circuits:

C
=

L% =C Lq|X|

Circuit QED Review: A. Blais et al.,, Rev. Mod. Phys. 93, 025005 (2021)
Concept: A. Blais et al., PRA 69, 062320 (2004}, Exp.: A. Wallraff et al., Nature 431, 162 (2004

Controllable coherent interaction
of single photons with individual two level systems ...

With atoms:
J. M. Raimond et al., Rev. Mod. Phys. 73, 565 (2001)

S. Haroche & J. Raimond, OUP Oxford (2006)
J. Ye., H. J. Kimble, H. Katori, Science 320, 1734 (2008)

How is circuit QED useful for quantum information
processing?

|solating qubits from their electromagnetic environment
Maintaining addressability of qubits

Reading out the state of qubits

Coupling qubits to each other

Converting stationary qubits to flying qubits

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 144



First Cavity QED Experiments with Superconducting Circuits

Controllable coherent interaction of single photons with
individual two-level systems (qubits)

|

Elements:

tiransit = the cavity: a
superconducting 1D
transmission line
resonator with

large vacuum field £,and
long photon lifetime 1/x

the artificial atom: a
superconducting qubit with
large dipole moment dand
long coherence time 1/y

. In superconducing circuits:

circuit quantum
electrodynamics

A. Blais, et al.
PRA 69, 062320 (2004)

A' Wallraff et aL' mt\%f A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 149
Nature [London] 431, 162 (2004]) g



Qubit/Photon Coupling

1_ Ec,E, Here, 2-level approx.
. / valid for EJ/EC ~ 1.

Similar derivation for
& . EJ/EC >> 1 possible,
9 Te see e.g.: ). Koch et al,,
PRA 76, 042319 (2007)

Hamilton operator of qubit (2-level approx.) coupled to resonator:

L Q4
H = %+—+7(1—2(N + N,))é-

Quantum part of gate voltage due to resonator
. Cy ~ Cy [hwy
Ng =52V =54 T+a
2e 20 @ )

Consider bias at charge degeneracy N, = 1/2 and change of qubit basis (z to x, x to -z).

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 151

A. Blais, et al. , PRA 69, 062320 (2004)



Jaynes-Cummings Hamiltonian

Consider bias at charge degeneracy N, = 1/2 and change of qubit basis (zto x, xto -2

A ~ E EoC hw,
H = ho(ata+1/2)+=Ls, + =CZe, /X064y,
wr(ata +1/2) 5 0 5 Do 20((1, a)o

Quantum Rabi Hamiltonian

Use qubit raising and lowering operators 0 = 67 +67

Coupling term in the rotating wave approximation (RWA]

. Ec C

hwr +._ . o L
H, = 5 22\/20(CLT0 + 66 + a6t +asT) ~ nglate™ + act)

Jaynes Cummings Hamiltonian

C hw
Coupling strength hg = C’; 2e QC?:

2 .
Vacuum-Rabi frequency VR = Qi 1...300 MHz g > |k, | possible!

A. Blals, et al. ' PRA 69, 062320 [2004] A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 152



Cavity Quantum Electrodynamics

Interaction of atom and photon in a cavity

e

Jaynes-Cummings Hamiltonian strong coupling limit:
+ 1 hwa P T - 4+
H = hw, aa+§ + 5 O + hg(a'c™ +ac™)+ H,,+ H, g=dEg/h >, k,1/transit

D. Walls, G. Milburn, Quantum Optics, Spinger-Verlag, Berlin (1994]
S. Haroche & J. Raimond, Exploring the Quantum, OUP Oxford (2006) A Wallraff. Quantum Device Lab | Apr.22,202¢ | 158



Jaynes-Cummings Hamiltonian & Dressed State Energy Levels

1 hw,
H = hw, (aTa + 5) g Wage hg(a'o™ 4+ ao™)

on resonance: wg — wyr =A =0

L dEq
strong coupling limit: g = Y >, K

atomic cavity QED reviews:
J. Ye., H. J. Kimble, H. Katori, Science 320, 1734-1738 (2008)
S. Haroche & J. Raimond, Exploring the Quantum, OUP Oxford (2006)

|9) le)

Jaynes-Cummings Ladder
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Dispersive Approximation of the J-C Hamiltonian

Jaynes-Cummings Hamiltonian

1 h
H = hw, (aTa - 5) + ;ua o 4+ hg(a'o™ + ac™)
Unitary transformation
H = vUHUT with U = exp %(acﬁr —alo™)
and A = Wy, — Wy

Results in dispersive approximation up to 2"9 orderin g

N 2 1 2
H =~ h (wr+ gzaz) a'a + §h (wa+ %) g

A. Blais et al., PRA 69, 062320 (2004) A. Wallraf, Quantum D

evice Lab | Apr.22,2024 | 162



Non-Resonant (Dispersive) Interaction

approximate diagonalization for |A| = |w, —wy| > ¢

2

g Lol 9’ ' IH)
H% r e PN a A VA
h(w +Aa>aa—|—2h<w —I—A)a )

//

cavity frequency shift
2g2/A 0) ‘L

|9) le)

qubit detuned by A
from resontaor

A. Blais et al., PRA 69, 062320 (2004)
A. Wallraff et al., Nature (London) 431, 162 (2004)
: : : D. I. Schuster et al., Phys. Rev. Lett. 94, 123062 (2005)

t ) ')
Wr-gHA o+ giHA A. Fragner et al., Science 322, 1357 (2008)
Wy

Transmission (arb. units)
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Controlling Single Qubits (Y Rotation)

apply microwave pulse
followed by read-out pulse

both with controlled length,
amplitude and phase

Characterize gates by
randomized benchmarking

F>99 %

/2 x
I Aa /2y easure
r X >t

experimental density matrix and Pauli set:

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 259






Controlling Single Qubits (X Rotation)

apply microwave pulse
followed by read-out pulse

both with controlled length,
amplitude and phase

Characterize gates by
randomized benchmarking

F>99 %

/2 x
I Aa /2y easure
r X >t

experimental density matrix and Pauli set:
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Universal Two-Qubit Controlled Phase Gate

Make use of qubit states beyond O, 1

|qubit 4, qubit B) ]
[11) —— i|20) —— —|11)
20}
) Interaction mediated Full 2r rotation induces
) by virtual photon exchange phase factor -1
through resonator
10) :
‘01> Tune levels into
resonance using
magnetic field
00) ——  =mmmmme

proposal: F. W. Strauch et al., Phys. Rev. Lett. 91, 167005 (2003).
first implementation: L. DiCarlo et al., Nature 460, 240 (2010).
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Universal Two-Qubit Controlled Phase Gate

Make use of qubit states beyond O, 1 11> — Z‘QO) — —‘11)
|qubit A, qubit B) 01> > 01>
120) 10) - [10)
. ‘11) Qubits in states 01, 10 OO> N OO>
and 00 do not interact
and thus acquire " _
‘10) no phase shift (-Phase gate:
01 /1 O 0 O
‘ > O 1 0 O
00 0O 0 1 O
00) \0 0 0 —1
Universal two-qubit gate.
Test performance with process tomography or randomized _
benchmarking. {2 R} - CNOT gate

proposal: F. W. Strauch et al., Phys. Rev. Lett. 91, 167005 (2003).
first implementation: L. DiCarlo et al., Nature 460, 240 (2010). A Wallrall Quantum Bevice Lab [ Apr. 22,2026 1 267



Fast, High-Fidelity Single Shot Readout

Ingredient for
= Fast qubit initialization

= at start of computation
Riste et al, PRL 109, 050507 (2012)

= for resetting auxiliary qubits 2/ o778 & BEEE L L L 1 L
= For feedback or feed forward

= |n error correction
Reed et al.,, Nature 482, 382 (2012)
Kelly et al., Nature 519, 66 (2015)
Corcoles et al.,, Nat. Com. 6, 6979 (2015)
Riste et al, Nat. Com. 6, 6983 (2015) .

= in measurement-based entanglement generation AN s
Riste et al., Nature 502, 350 (2013) |
= in teleportation protocols N

Steffen et al., Nature 500, 319 (2013)
= and more ...

I -

How to achieve fast, high-fidelity single shot readout?
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Dispersive Interaction for Qubit Read-Out

approximate diagonalization in the dispersive limit |A| = |w, — wy| > ¢ g) - e>1
2 2
g 1 g
H=~h (wr + KO'Z) ala + §h (wa + Z) o
/
cavity frequency shift Two-level approximation for qubit. ey e< 1
2g2/A
) no ] —
S (\ o
8 | g
@ , -~
5 3 / | o
5 g l le) o
@ | o
- —

t ) 1 ' )
- gyA @ + giA W - g3A o + g3A W

Wr

A. Blais et al., PRA 69, 062320 (2004)
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Advances in Dispersive Readout

= Dispersive readout using HEMT amplifiers

A. Wallraff et al, PRL 95, 060501 (2005)

B. Johnson et al., Nat. Phys. 6, 663 (2010}

= Heralded preparation using parametric amplifiers
J. E. Johnson et al., PRL 109, 050506 (2012)

D. Riste et al,, PRL 109, 050507 (2012)

= Purcell filters and multiplexing for high fidelity

E. Jeffrey et al., PRL 112, 190504 (2014)
= Resonator depletion

C. C. Bultink et al,, Phys. Rev. Applied 6, 034008 (2016)

= and more ...

(a) Conditional depletion

_ Dy
“S00 1330 e

=

Ta

Improvements in speed and fidelity:

phase shift, ¢ [deg]

5 10 15 20 25 30 35 40
time, t [us]

Probability

=== 1T pulse
. |==—no pulse
[P

(c) Unconditional depletion

Rl

300 ns

Ta /H

o

T. Walter, P. Kurpiers et al., Phys. Rev. Applied 7, 054020 (2017)

|S,I’ [dB]

-0.10 Vv, 0.10

Digitizer voltage (V) I (V)

20 =] A M

10 / i

. :
10

6.70 6.80 6,00 47 0
10 ,' Q
qubits Jd S resonators
— Il
5 GHz 6 GHz 7 GHz

Frequency
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Individual Qubit Readout Resonators with Individual Purcell Filters
Quantum bit: | MBO R ISP 15 | B

: 1000 pm | i
Readout (bottom): _ ]
Transfer (top): ‘ |

s altl b - W -0 ®

= large resonator BW «

Features: _ N m
= large dispersive shift y — - |

= Purcell protection

+ 4l v

= 2 channels

T. Walter, P. Kurpiers et al., Phys. Rev. Applied 7, 054020 (2017)
P. Kurpiers , P. Magnard et al., Nature 558, 264 (2018)
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Readout Resonator Response

Transmission amplitude of readout resonator extracted through Purcell filter
for qubit prepared in ground (g) or excited (e} state :

: Parameter fit (model):
0.06 - | = Purcell filter «,/21 = 64 MHz
= | = Readout resonator «,/2r = 37.5
5,0.04 | MHz
2 = State dependent resonator shift
0.02 | “ -
24/2m = -16 MHz 2 a
A = -
0.00 L . 1 - 1 L . Q A(A+a)
471 473 475 477 479 481 A
Probe Frequency [GHz] Dispersive shift for

transmon with

In ground/excited state: anharmonicity a

= Data measured after state prep. (*,*)

= Fit to resonator response model (-]

T. Walter, P. Kurpiers et al., Phys. Rev. Applied 7, 054020 (2017 A Wallraff, Quantum Device Lab | Apr. 22,2024 | 320



Time Dependence of Measured Quadrature

0.75

<]

5 B

0

(§ 8

> 0.00

>

0

2

S

£

T
« >
-0.75¢ 1 1 | LI
- 50 0 50 100 150 200

T. Walter, P. Kurpiers et al., Phys. Rev. Applied 7, 054020 (2017

Time, t [ns]

Quantities:

Single ground state (g) trace
Average and of g traces
Simulated dynamics (-]
Single excited state (e] trace
and of e traces
Simulated dynamics (-]
Integration time t

Observations:

Fast rise of measurement signal (< 50 ns) due
large y (and )

Small decay of due to
Purcell protected T,

Little increase of average ground state trace due
to measurement induced mixing

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 322



Histograms of Integrated Quadrature Signals

104 ' '| _ _ _ Transmission quadrature integrated with opt. filter in
oo | 1= 53?3 F=0.984 ground/excited state:
’ “. I ﬁﬁn = Data of 30k preparations each (*,*)
10° f L | . 3 - = Fitted Gaussian distribution (-,-]
-E b }' 0 : = Constant threshold (---]
8 102 L f 1}5‘* » | Definition of errors and fidelities in ground/excited state:
o i 0oty e o = Overlap error: g, 4/¢
101 L :I ] .0;' | tt. ° ~ ) gg/e
. :’ e, = Totalerrorey,=¢&,g4/e+&y/e
D o I e . J For measurement of unknown state:
100L | | | oo ese o _ = Totalerrore=g +¢,
-3 0. 3 = TotalfidelityF=1-¢
q. Note:

= Threshold is either kept fixed at midpoint or adjusted
for highest fidelity

T. Walter, P. Kurpiers et al., Phys. Rev. Applied 7, 054020 (2017 A Wallraf, Quantum Device Lab | Apr. 22,2024 | 323



Fast, High-Fidelity Readout

® 1-F
O &,

100,

v

0 20 40 60 80 100 120 140
Integration Time, 1 [ns]

(c) 10°
— Gated
-~ Two-Step
- .~ High Gain
: 10-1 L .
2
I}
102} Sabaee==
01234065 0 25 50 75100125

Ndrive T [ns]

Measurement Error vs. Integration Time:

= Fast state discrimination with overlap error dropping to
below 1 % in only < 50 ns

= Excited state error < 0.96 %
=  (Ground state error < 0.23 %
= Max. total fidelity > 98 % limited (in this data) by qubit T,

Readout power dependence

» Tradeoff between reduction of overlap error and
measurement induced mixing errors

Improvements
= Two-step readout pulse
= Higher measurement efficiency at 36 dB paramp gain
m 99.2% total fidelity reached

T. Walter, P. Kurpiers et al., Phys. Rev. Applied 7, 054020 (2017)
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A Comparison of Quality Measures of Readout

Reference [1] [2] [3] [4] [5] [6]
Integration time 1 [ns] 48 140 300 300 50 750
Total fidelity F [%] 98.4 98.7 97.6 91.1 97.4  97.8
Readout «/2n [MHZ] 37 4.3 0.6 9 10 1.6
Dispersive shift 2y/2n [MHZ] -16 ~ -5.2 7.4 ~60° 1.3
Resonator population n, 2.9 ~ 3300 37.8 - 2.6
Number of qubits on chip 1 4 10 1 1 [
Qubit T, [us] 8 12 25 1.8 3.3 90

[1] T. Walter, P. Kurpiers et al., Phys. Rev. Applied 7, 054020 (2017)
[2] E. Jeffrey et al., PRL 112, 190504 (2014)

[3] C. C. Bultink et al., Phys. Rev. Applied 6, 034008 (2016)

[4] J. E. Johnson et al., PRL 109, 050506 (2012)

[5] R. Dassonneville et al., Phys. Rev. X 10, 011045 (2020)

[6] S. Touzard et al., PRL 122, 080502 (2019)
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Lectures, April 22 - 24, 2024

Part 1: Part 3:
An Introduction to Superconducting Circuits Quantum Error Correction
= Quantum physics of electronic circuits = Quantum error correction, why and how?
=  Circuit QED = The concept
= The device
Part 2: = Stabilizer measurements
Controlling and Reading Out Qubits = Distance-Three surface code
= Single and two-qubit gates
* Qubit readout Reading Material:

S. Krinner, N. Lacroix et al., Nature 605, 669 (2022)
C. K. Andersen et al., Nat. Phys. 16, 875 (2020)

Reading Material:

Circuit QED Review:

A. Blais et al,,

Rev. Mod. Phys. 93, 025005 (2021)
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The slides:



ETH:zurich

Repeated Quantum Error Correctlon Ina Dlstance-Three
Surface Code Realized with Superconducting Circuits

Sci. Team: J.-C. Besse, D. Colao Zanuz, C. Hellings, J. Herrmann, S. Krinner, N. Lacroix, S. Lazar,
G. Norris, A. Remm, K. Reuer, J. Schaer, S. Storz, F. Swiadek, C. Eichler, A. Wallraff ([ETH Zurich)

Innovation project

A. Di Paolo, E. Genois, C. Leroux, A. Blais (U. de Sherbrooke] supported by

w
9 =

5 = = 3
w2232 %
® ® g
2 o ),

o SN
o

M. Muller (RWTH Aachen)] +

Tech. Team: A. Akin, M. Bahrani, A. Flasby, A. Fauquex, T. Havy, F l—l Schweizerischer
N. Kohli, R. Schlatter [ETHZur/ch} "ia;mmm Nationalfonds

v oaNN
2 0004
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Why is Error Correction Needed?

Computational basis states are
eigenstates of the Pauli Z operator

., (1 0
Z‘(o —1)
i —— T;=33.0ps
Z|0) = +1 |0) i
Z|1) = —1]1)

= Every excited quantum system (
undergoes spontaneous emission \
1) = [0)

= Bit flip errors also occur due to

1 1 | 1 | | ] |

= Thermal excitation 0 5 10 15 20 25 30 35 40

= Control inaccuracies Time, t (us)

= The expectation value of Z characterizes
the decay of the excited state on average

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 620



A Second Type of Error: Phase Flips

= Quantum computers make use of
superposition states |+) = \/—15(|O) + 1))

= Eigenstates of
s_ (0 1
X‘(1 o)

X|+)=+11]+)
X|-)=-11]-) [

= Phase flip errors occur due to
= Environmental field fluctuations
= Control inaccuracies

Time, t (us)

= Energy relaxation

= Expectation value of X characterizes the
decay of the quantum phase on average

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 621



Quantum Error Correction with Superconducting Circu.its .

Approaches:

= Digital, qubit-based encodings: e.g. surface code,
color code

= Continuous variable encodings in harmonic
oscillator states: e.g. cat states, GKP states

Preskill, Quantum 2, 79 (2020)
Review: Terhal, Rev. Mod. Phys. 87, 307 (2015)

|C;) 22,2024 | 622
picture from Grimm et al., Nature 584, 205 (2020)



Bosonic Quantum Error Correction Experiments

Continuous QEC .

= Dissipative-cat codes Wg
2
e

(a) <( controller | __
" »|(FPGA) )7

2 i

waveforms,| |

Y instructions) |

Leghtas, et. al. Science 347, 853 (2015)

Lescanne, et. al. Nature Physics 16, 509 (2020) s
Gertler et. al. Nature 590, 243 (2021) _Efji 1 (e )
(c) = T T
= Kerr-cat codes B 1]
Grimm, et. al. Nature 584, 205 (2020) |
£
e
Discrete QEC > Re (@) VT2
= Binomial bosonic codes Lescanne et. al. Nat. Phys. 16,509 (2020) ~ Sivak et. al. arXiv:2211.09116 (2022)

Ni, Z. et al., Nature 616, 56 (2023). GKP codes

Hu et al., Nature Physics 15, 503 (2019). - Trapped ions

Flihmann et. al., Nature 566, 513 (2019)
= (Cat-Codes de Neeve et. al., Nature Physics 18, 296 (2022)

Ofek et. al.., Nature 536, 441 [2016] (] Superconducting circuits
Campagne-lbarcq et. al., Nature 584, 368 (2020]
Sivak et al., Nature 616, 50 (2023).
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The Challenge of Quantum Error Correction

& e
Detect and correct two types of errors: ® ® ® ® ®
= Bit flips e 6 6 o6 o
= Phase flips D D D D D
e 6 o o o
Preserve stored quantum states while detecting and
correcting errors: ® ® ® ® ®
= Measurements collapse quantum ® ® ® ® ®
([superposition) states D D D D D
e 6 o o o
Solution: Use et\coding- o o o o o
= Store logical qubit state |y) P &
in a system of many physical qubits | |
= Make use of symmetry properties (parity) of Kitaev, Annals of Physics 303, 2 (2003),
logical qubit states Dennis et al., Journ. of Math. Physics 43, 4452 (2002)
= revealing errors ... Raussendorff, Harrington, Phys. Rev. Lett. 98, 190504 (2007)

Fowler et al., Phys. Rev. A 86, 032324 (2012)

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 624
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The Surface Code - Main Features

Two-dimensional architecture x x
= All operations realizable on a planar qubit lattice D D D D D
= Topological code: only local operations needed for @ & &3 & @

error correction process

e 6 o o o

Large error threshold ¢;, ~ 1 % ® @ ® ® ®
= Logical error rate ¢, x (ephys/eth)(d+1)/2 ® o ® o ®

€phys: Physical error rate per step . ' . ‘ ‘

€m: Threshold error rate . . . . .

d: Distance of the code . . . . .
Kitaev, Annals of Physics 303, 2 (2003) « o % o v

itaev, Annals o ysICS , ,
® ®

Dennis et al., Journ. of Math. Physics 43, 4452 (2002)
Raussendorff, Harrington, Phys. Rev. Lett. 98, 190504 (2007)
Fowler et al., Phys. Rev. A 86, 032324 (2012)
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Elements of the Surface Code

Fowler et al., Phys. Rev. A 86, 032324 (2012)
Versluis et al., Phys. Rev. Applied 8, 034021 (2017)

Features:

Two-dimensional (d x d) grid of data qubits
X-type and Z-type auxiliary qubits
Auxiliary-qubit-assisted stabilizer measurement
7,7,7:74 lor Z,7, at the edges]

X X, XX, lor X, X, at the edges)

O g =
.—Y—I =
® - o Y
O v & vy -
® v or|

Y | Single-qubit Y-rotation ('g, m, %)

Measurement I CNOT gate

<]
<]

Requirements:

High-fidelity entangling gates between data and ancilla qubits
Fast high-fidelity measurements of the ancilla qubits

Low readout crosstalk between ancilla and data qubits

Ability to do repeated gates and mid-cycle measurements

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 627



Parity Measurements

Goal: indirect (QND) measurement of two-qubit parity operator (stabiliser) Zl 22

e [0) —eo 0)
data l —

e [0) 0) R 1R l
ancila & [0) —@—b—|0) — My = +1

ancilla ends in |0) if the
parity of the data qubits
is even (parallel orientation)

data ¢ ‘1> ¢ ‘1> [> ancilla outcome
e |1) 1 Mz =+1
signals correlation
la ®0) —a 0)— My = +1 d1da = +1
e | > \— k; |1>W\ A‘ > 7= because

Markus Mul_[er_ RWTH Aachen Zl ZQ|11> — _|_|11> A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 628



Distance-Two Surface Code for Error Detection

Distance-two code: detect 1 error, correct 0 errors

=  Stabilizers for parity measurement:
XXX, Xs, 2174, 2,7

L J

1
Stabilizers commute, common eigenstates

Logical eigenstates and their equal superpositions:

10), = iz(|0000) +1111))

\/1_
11), = ﬁ(|0101) +11010))

|4+), = %(|0000> +1111) + [0101) + |1010))

|-), = %(|0000) +|1111) — [0101) — |1010))

) LogAlcal oApeAratorsA: L Anti-commute with each other Andersen et al., Nat. Phys. 16, 875 (2020)
u XL - X1X4_ OFXL - X2X5 }

and commute with stabilizers Chen et al, Nature 595, 7867 (2021)
(as needed for logical operators

" L1 = 212500 2L = Zals . . Marques et al., Nat. Phys. 18, 80 (2022)
in a stabilizer code]
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Distance-Three Surface Code for Error Correctior}?

Two-dimensional square lattice of qubits

= d? =9 Data qubits: encode single (logical) qubit
= |ogical operators: Z,=7,2,Z2; X,= XX, X,
= Distance d: min. number of Pauli operators in Z;, X;
= Number of correctable errors: |[(d —1)/2] =1

= d?—1 = 8 Auxiliary qubits: for parity measurements

Parity/Stabilizer measurements

= Detect errors without collapsing data-qubit state
(Stabilizer operators commute with Z;, X;)

= 4 7-type Stabilizers S%! to detect bit-flip errors
oy AX7] . Z1 = A X1 ~ A
= 4 X-type Stabilizers S*' to detect phase-flip errors 822 A2 5 XoXy
S ZsZ5Z7Zsl 87 X1 X0 X4 X5
S73 7o ZsZsZ6 ST X5 XeXsXo
S7* ZsZq SX4 X Xy
Bombin, Delgado, Phys. Rev. A76, 012305 (2007)
Tomita_ Svore_ P/‘)J/S Re[/, /4 90' 062320 [2014] A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 632






Device Architecture

N o °© o
(DT_ °°° (-] o
=

N 6

3

S 51

c

g

o 4 004 e
() @

I

S. Krinner, N. Lacroix et al., Nature 605, 669 (2022)

Frequency tunable qubits in two bands
= Data qubits at ~ 4 GHz
L qubits at ~ 6 GHz

Features
=  Small residual-ZZ couplings (< 8 kHZ]

= |mproved coherence using asymmetric SQUIDs
creating upper and lower-frequency sweet spots

= Two-qubit CZ gates initiated by tuning both qubits
= Tuning range indicated by vertical bars

= Only auxiliary qubits evolve through |2) during a
two-qubit gate

Readout resonators
= Single frequency band ~ 7 GHz
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Device Performance
Averaged qubit coherence
= Energy relaxation time T; ~ 33 ps
= Ramsey decay time T, ~ 38 pus

1.0
0.8} Single-qubit gates

= Mean gate error of 0.9(4) 10-3
0.6

= Duration of 40 ns

[]

0.4
Two-qubit gates

Cumulative distrib.

0.2 = Mean gate error of 15(10) 10-3

L = Mean duration of 98(7) ns (including buffers)

107 107
Gate and measurement errors

0.0

Readout:

= Mean two-state assignment error: 9(7) 10-3
and assignment error: 22(14) 10-3
= Duration: 300 ns (aux.) to 400 ns (data)

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 643
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Leakage Detection and Rejection

= |Leakage errors are detrimental for
quantum error correction

= Device designed to minimize leakage on
data qubits: < 2 103 per qubit and per cycle

= Detect residual leakage using three-state
readout

= Auxiliary qubits: in each cycle
= Data qubits: after final cycle
= Rejected fraction per qubit per cycle
= Auxiliary qubits: 9.4(4) 10-3
= Data qubits: 1.7(2) 103

Alferis, Terhal, Quant. Info. Comp. 7, 139 (2007)
Fowler, PRA 88, 042308 (2013)

Bultink et al., Science Advances 6, eaay3050 (2020)
Varbanov et al., npj Quantum Information 15, 997 (2020)

250

Counts

Int. quadrature 2 u; (arb.u.)

I I I I I I
-3 0 3 6 9 0 200

Int. quadrature 1 u; (arb.u.) Counts

S. Krinner, N. Lacroix et al.,, Nature 605, 669 (2022)
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ETH:zurich

Distance-Three Surface-Code Device Mounted in Sample Holder




ETHzurich

48-Port Sample Package [17 Qublt Dewce]

-. *}l

Quantum Device Lab,
ETH Zurich (2020)

3_-' .~ A Wallraff, Quantum Device Lab Apr. 22, 2024



b, ETH Zurich (2021)
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Qubit-Encoded Quantum Error Correction Experiments

Trapped ions

Bit or phase-flip codes (only X or Z errors):
= NMR [Cory et al. Phys. Rev. Lett. 81, 2152 (1998)]

= Jons [Chiaverini et al. Nature 432, 602 (2004),
Schindler et al. Science 322, 1059 (2011)]

= NV-Centers
[Cramer et al. Nature Comm. 7, 11526 (2016]]

= Superconducting qubits
[Riste et.al. Nature Comm. 6, 6983 (2015),
Kelly et al. Nature 519, 66 (2015),
Chen et al., Nature 595, 7867 (2021]]
Quantum codes, single-cycle experiments:

= Five-qubit code [Knill et al., PRL 86, 5811 (2001),
Abobeih et al., arXiv:2108.01646 (2021)]

= Bacon-Shor code [Egan et al., Nature 598, 281 (2021]]

Repeated error detection in the surface code
= Andersen et al., Nat. Phys. 16, 875 (2020)
= Chen et al., Nature 595, 7867 (2021)
= Marques et al., Nat. Phys. 18, 80 (2022)

Supercond. circuits

i
e.g. Blatt & Roos, Picture: Y. Salathe

Nat. Phys. 8, 277 (2012)  Review: e.g. Krantz et al., Appl.
Phys. Rev. 6, 021318 (2019)

Repeated quantum error correction

= Color code (trapped ions)
Ryan-Anderson et al., PRX 11, 041058 (2021)

= Distance-3 surface code (s.c.]
Krinner, Lacroix et al., Nature 605, 669 (2022)
Zhao et al., PRL 129, 030501 (2022)

= Distance-3 heavy-hexagon code (s.c.)
Sundaresan et al., Nat. Commun. 14, 2852 (2023)

= Distance-3 to 5 scaling of the surface code (s.c.]
Google Al, Nature 614, 676 (2023)
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Stabilizer Measurements el

Quantum circuit

= Ramsey measurement on auxiliary qubit Ai

Y || Y || Y| Single-qubit Y-rotation ('%,n,%

7 Measurement I CZ gate
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Stabilizer Measurements el

Quantum circuit

= Ramsey measurement on auxiliary qubit Ai ' -y YH F
= Controlled-phase (CZ) gates between Ai and four data I ‘

qubits Dj

= |[f Djin |1): phase of Ai changes by &

» Resulting mapping:

Number of | Final phase | Final state | Stabilizer ®
Dj in |1): | of Ai of Ai value s4
0

Even Unchanged +1
Odd /[ Changed -1

Y || Y || Y| Single-qubit Y-rotation ('%,n,%

7 Measurement I CZ gate
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Stabilizer Measurements l

Quantum circuit

= Ramsey measurement on auxiliary qubit Ai

= Controlled-phase (CZ) gates between Ai and four data
qubits Dj
= |[f Djin |1): phase of Ai changes by &

I |
i
SR

<

N

» Resulting mapping:

Number of | Final phase | Final state | Stabilizer —y! o— v
Dj in [1): | of Ai of Ai value s4t
0

Even

r—|—1 ro=l=—

I‘<I I-<I I-<I
._
_I_

Unchanged +1
Odd /[ Changed -1

Y || Y || Y| Single-qubit Y-rotation ('%,n,%)

7 Measurement I CZ gate
= X-type stabilizer with basis change on data qubits
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Stabilizer Measurements l

Quantum circuit

= Ramsey measurement on auxiliary qubit Ai

I I
<<
~<
<<
I.-I—J I
Ny

= Controlled-phase (CZ) gates between Ai and four data . 'y
qubits Dj - ‘
= |[f Djin |1): phase of Ai changes by . Y Y 3 B
» Resulting mapping: . Y Ye1— Y —
@ -r——e-irh

Number of | Final phase | Final state | Stabilizer
Dj in |1): | of Ai of Ai value s4
0

Even

Unchanged +1

. _ . a . .E E
0dd - Changed iy Y || Y| Y |Single-qubit Y-rotation ( 5 1T 2)

7 Measurement I CZ gate
= X-type stabilizer with basis change on data qubits
= Echo pulses on data qubits to reduce both
= Dephasing
= Residual coherent coupling to spectator qubits
Krinner et al., Phys. Rev. Applied 14, 024042 (2020) A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 702



Room-Temperature Electronics

= (Close collaboration with
Zurich Instruments

Qubit control (7x HDAWG)
= Flux drives (17x]
= Baseband RF drives (17x)

Qubit Readout (4x UHFQA)

= FPGA Baseband signal
generation & analysis

Up- and down-conversion
electronics for qubit drive and
readout

Synchronization using PQSC

/J\ 17x

N Iml@l

Quantum Device




Stabilizer Characterization .

Individual characterization
= Prepare data qubits of plaquette in all 4

(weight-2]) or 16 (weight-4) basis states 1.0 o ooor oo
= Stabilizer execution yields s4t = +1 X
= Average over ~ 4 X 10* measurements § 0.5
to obtain §4¢ g
= Measured and calculated error _E’ 0.0
@
© =05 52
S 6.8%
e B N Bt 2 S

OO0 00O —HO— OO —"A—"—O
OO0 OO OO O—-—O
OCOOHOO—H—HOO " 1O v
OO HO OO A" —HO v

|D2 D3 D5 D6)
Initial data-qubit state
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Stabilizer Characterization

Individual characterization

= Prepare data qubits of plaquette in all 4
(weight-2) or 16 (weight-4) basis states

= Stabilizer execution yields s4* = +1

= Average over ~ 4 X 10* measurements
to obtain 54

= Measured and calculated error
Average parity error

= Weight-2 stabilizers: 3.9(1.3) %
= Weight-4 stabilizers: 8.2(2.2) %

Qualitative agreement with master-
equation simulations

S. Krinner, N. Lacroix et al., Nature 605, 669 (2022)

Mean stabilizer value 3

|D1 D4) |D4 D5 D7 D8) |D2 D3) |D1 D2 D4 D5)
odd OH100O0—A—HO—"0OO———O— odd e T O I T SO O S I I O
OO0 10 —A—AO —— ++ 1 ++1 + 1 +1+11+11
COoOO0OHOOH—HOO—~—O——— + 1 + 1 +++ 1 ++1 1 ++1 1 +1 11
OO0~ O + + 1 1 ++++ 1 +++ 111 +1 111
1.0
0.5
0.0
-0.5 — 522 X2
8.4% 5.9%
~1.0 S 50%. . | 3.9% .
1.0 |5 525" - T = x4 [
0.5 || p.0% 2.6%)
0.0
-0.5 [ §23 B
6.8(-1'0
_1 0 -4 — 4.3% —
o—0O- OO0 A-HOAOO A~ — + | + 1
OO~ OO0OHOOHO OO ——O + + 1 |
COoOO0OHOOHA—OO—~—HO—
odd 00O HOOO A~ O~~~ odd
|D6 D9) |D2D3 D5 D6) |D7 D8)

Initial data-qubit state

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 705



The Surface Code Cycle

QEC cycle: 1.1pus

= All four $% measured in parallel 2 : . %
= All four S* measured in parallel 73 | -
= Pipelining: Read out one stabilizer type é‘}l < 1l |
while running gates of the other. D2 ® Bl | |
D3 ® —q—
= Logical state preparation:|0)., |1);, and Bg : o ||
|41 = (10).£]1))/V2 in single cycle. D6 ® T
D7 ® >
D8 @
= State preservation over n cycles D9 @
= Cycle duration: 1.1 ps i; : :
= |eakage detection and rejection X3 ® | z
executed in every cycle X4 N
= circuits with ~ 800 single-qubit gates init. 7 stabilizer RO

and ~ 400 two-qubit gates

Versluis et al., PR Applied 8, 034021 (2017)
S. Krinner, N. Lacroix et al.,, Nature 605, 669 (2022]

singlequbit Y-rotation (£, m,Z) [ |single-qubit gate ICZgate xvz|Meas. |+ | Repetitions
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Error Syndrome: Concept

= Changes in stabilizer values s4! between
subsequent cycles signal errors [no reset]

Cycle 2: 62t =1
o2 =1

= For each cycle m construct error syndrome o,,, :
eight syndrome elements g/A! = (1 — s/l x sAL 1)/2

= ¢/t =1(0) signals an error (no error)

S. Krinner, N. Lacroix et al., Nature 605, 669 (2022)
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Syndrome Measurements

10)L, |1y, I+ [

= Average ¢/ over experimental repetitions: G/
= Averageoverdiandm:c =014 K 1

A
ol
o
N

For m > 2: 64! approximately constant

o
[N

Mean syndr. el
N

Finite remaining slope due to increasing
excited state population of auxiliary qubits

/ - Z1 Z3 -+ X1 + X3
72 Z4 - X2 X4
| I l l

0O 5 10 15 0 5 10 15
QEC cycle index m

O
o

arXiv: 2112.03708 (2021)
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Syndrome Measurements

10}, (1)L |+, =)L

= Average g over experimental repetitions: G4 ~c 02 U N
= Averageoverdiandm:o =0.14 K 1 B /

T)- - AR Rn-C0
=  Form > 2: 64" approximately constant 5 ":'?"Ooi;’w,._/\*
= Finite remaining slope due to increasing % 0.1

excited state population of auxiliary qubits = "W

% [ ezt ez3 || A X1 A X3

= Qualitative agreement with simulations 0 |+ 22| Z? | |+ le Xf
0.0

0 5 10 15 0 5 10 15
QEC cycle index m

arXiv: 2112.03708 (2021)

S. Krinner, N. Lacroix et al,, Nature 605, 669 (2022) A Wallrall, Quantum Bevice Lab | Apr. 22,2024 1 71¢



Decoding of Syndromes
Z1 .\ .

Decoder: ®

= Determine most likely errors given observed
sequence of syndromes

Time

= Mapping to minimum-weight-perfect- 4
matching algorithm m=2 ® x3 24
= Syndrome graph
= Weights determined in error-model-free

approach 4 3 23.
Spitz et al., Adv. Quantum Techn. 1, 1800012 (2018] 72 3
Chen et al., Nature 595, 383 (2021) m=1 ‘ z4

2 9 D2 ® D3
D7 = x3 ® 74
o ® e
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Repeated Quantum Error Correction

Measurement of and Logical X Operators
= [nitialization
= |0),: prepare data qubits in |[0)®°

= |1),: prepare data qubits in X, |0)®°

= |+),: prepare data qubits in |+)®°

= |—),: prepare data qubits in Z, |+)®°
= Perform n QEC cyles
= Read out all data qubits in Z-basis | )
Analysis

= Determine logical operator z;, = z,7,25 = +1 [x, =
x,%,%, = +1] for each run with up to n repeated cycles

= Apply correction conditioned on decoded syndromes
for each run

= Average over runs with n repeated cycles to compute
z1, = (Zy) lx, = (X))

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 722
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Repeated Quantum Error Correction

Outcomes

and Logical X

Exponential decay of logical expectation values

Logical lifetime
Ty, =164(8)us > t. = 1.1 ys

Logical coherence time
Ty =182(5) us >t = 1.1 ps

Master equation simulation of logical lifetimes
of ~ 26 ps provide upper bound for achievable
lifetimes with our device performance

S. Krinner, N. Lacroix et al., Nature 605, 669 (2022)

(Z.}

12.5

15.0 17.5

________ -1

Tl L, Sim — 257 U
_________ ©--

Tl‘ L, Exp = 16.4 us

4 6 8 10 12
Number of QEC cycles n
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Logical Error Probability and Logical Error per Cycle

Logical error probability:
= Ep = (1-—(Z.))/2 for eigenstates of Z,
= EL = (1—(X.))/2 for eigenstates of X|,

Logical error per cycle:

= Extracted from fit to Ey,(n) or from Ty /5 1.:

1
€L =3 [1 - eXP(—tc/T1/2,L)] ~ tc/ZTl/Z,L
= ¢~ 0.03

S. Krinner, N. Lacroix et al., Nature 605, 669 (2022)

Logical error prob. E

Time (us)
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
H ! | ! I ! | ! [ ' [ ! I ! 1

04 -

0 2 4 6 8 10 12 14 16
Number of QEC cycles n
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Comparison of Repeated Distance-Three QEC Experiments

The competition:
= Honeywell:
ETHZ:
USTC:
IBM:

Google:

Implementations:

[1] Ryan-Anderson et al., Phys. Rev. X 11, 041058 (2021)
[2] Krinner, Lacroix et al. Nature 605, 669 (2022)

[3] Zhao et al., PRL 129, 030501 (2022)

[4] Sundaresan et al., Nat. Commun. 14, 2852 (2023)

[5] Google Al, Nature 614, 676 (2023)

= superconducting-circuits (V) and trapped-ions (O]

= Color code, surface code and heavy-hexagon code

Performance criteria

= Small logical error per cycle g
-> critical for fault tolerant quantum computing with high accuracy

= High QEC cycle rate 1/tggc
-> crucial for execution of deep quantum circuits on short time scales

EL

1/tQEC (M HZ)

A. Wallraff, Quantum Device Lab | Apr. 22,2024 | 731

-—T | | | |
—T | | | |
[1] [2] [3] [4] [5]
This work



Performance Assessment and Projection

Two-qubit-gate break-even
= Compare €, = 0.03 to dominant physical error

Phys. two-

= Two-qubit gate error €, = 0.015 o M. T qubit gate
= Logical two-qubit gate error is expected to be g 10
dominated by ¢, W
= Used simulations to project performance with LUHI 10_3
physical error rates reduced by factor x
= g x 1/x? 10-4 L1 A B
= Break-even within reach 1 2 5 10

Improvement factor x

Error threshold

= ¢ ~ 0.03 comparable to predicted logical
error per cycle at error threshold
Fowler et al., Phys. Rev. A 86, 032324 (2012)
Stephens, Phys. Rev. A89, 022321 (2014).
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ETH:zurich

Repeated quantum error correction in a distance-3
surface code

= Fast QEC cycle of 1.1 ps
= [ow logical error per cycle e, ~ 0.03

Up next:
Reduce leakage

Logical operations on single logical qubit
= (ates between two logical qubits
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