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Lecture 2: Quantum computation with superconducting
qubits

The ‘Quantronium’ at CEA/SPEC
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Introduction

» Superconductivity: macroscopic quantum
phenomenon

» Present at low T

» Dilution fridges have given access to 10 mK
range —even simpler now with wet fridges

» Electron cohrence length similar to system
size: mesoscopic physics

» Quantum optics with SC 20 years ago credit: J. Bobroff

» Used in IBM and Google processors
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Josephson effect in the quantum regime
The quantum electric harmonic oscillator
Josephson effect
Building qubits using the Josephson effect

Single-qubit manipulation
Single-qubit gates
Readout of the qubit state

Two-qubit gates
Cavity-mediated coupling
Capacitive coupling

Example of a quantum algorithm with SC qubits
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Josephson effect

Josephson effect in the quantum regime

Insulator

Superconductor Superconductor

ACLA || ip

@

Cooper pair

Fig. from You & Nori, Nature 474, 589-597 (2011)
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osephson effect Electric harmonic oscillator
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Josephson effect Electric harmonic oscillator

Quantum electric harmonic oscillator

Electric-mechanic analogy ‘CD' '
electric mechanic
b X +Q
L
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Josephson effect Electric harmonic oscillator

Quantum electric harmonic oscillator

Electric-mechanic analogy o
electric mechanic
) X +Q
L
9 p o
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L1 k SINN
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_ %, 5] = ih To get an isolated qubit:
P need some nonlinearity!
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Josephson effect Josephson effect

SIS Josephson junction: classical description P =

L
Insulating barrier (1) roblucod {Quy 1"9‘:&:‘4& 4;,'2% (bo

/7 Josephson juncti T
Y1 P2 b}, osephson junction ¢ = @1 — Y2

Electrode S1 Electrode S2
Ni + N pairs N> — N pairs

l/ ﬂ First Josephson relation:
| [ | = I.sin ]
Second Josephson relation:

\
I
) ./; %:§\/:2_7T\/

Fig. P. Bertet X J
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SIS Josephson junction: nonlinear inductance

Recall: | = Icsing =22y =21V




SIS Josephson junction: quantum description

Charge/number states

w e Sale I\‘der \'l"_' 1
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SIS Josephson junction' quantum description

Phase states

Ly = 7‘.a, h\D wew L ’
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SIS Josephson junction: quantum description

Tunnel coupling: Josephson Hamiltonian

H - ~§—§_I~Wﬂl+lw><n( %OI wzﬂ

2. Ny + N Ny — N
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SIS Josephson junction: quantum description

First Josephson relation
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Quantum SIS Josephson junction

Applied voltage; capacitance

vaeg VW= VNV

Vv

I
P2
Ch:"&:;—&:o Ny + N é{z

AC(_): ! [&@[#ﬂ: 2V (@ N\ = LoV 243 ol
T~ & . = .
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—x %(22:,_ 'l’lfo X - C s
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Josephson effect Josephson effect

Quantum SIS Josephson junction

Ey.Cy
HJ:—EJcosg?J:—EJcos27rq% -
J
N\
/N
/\2 — —8
A Q Superconducting Insulating
HC — EC N2 — A~ Electrodes Barrier “
2C |
J
Fig. A. Cottet

Using N = —i0,, Schrodinger equation for () reads

2
Hop — —Ecg—;ﬁ ~ Ejcos(i) ¢

Analogy with a particle in a periodic potential.
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Josephson effect Building qubits using the Josephson effect

Tuning the N spectrum: Cooper pair box

Gate Gate Superconducting
Voltage Electrode reservoir
Al ~ ' Source

/

Superconducting

. Island
\TUQ. (L N - - 'QA/ Vg " Z
y €_ Cq EuC
E;: z_f'l N - cV Fig. A. Cottet
R
“1 “
T _ @ > x

K=C (N-N) — E»TF N e o
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Josephson effect Building qubits using the Josephson effect

Cooper-pair box

Gate

Gate Superconducting
Voltage Electrode
Source

reservoir

Polarization: Ny = CzV,/2e
or Qg = Cz Vg

He = Ec(N — V,)?

Superconducting
. . Island
Vo —]I XH
Cg FEuC

Fig. A. Cottet

2 — Qg)? ® 5 —qA)? R

H:(Q Qs) — Ejcos2n ¢ >H:(p_¢1~ ) — Vpcos2m—

2C 0 2m d

Shifted spectrum controlled by V.

Hélene Perrin

Quantum computing

February 3, 2021 17 / 47



Josephson effect Building qubits using the Josephson effect

Tuning E;: Split Cooper-pair box eyVew«Q {&M ((JOJ/

Q- ~& &, _.E-rc,n*O

~N ~ 2"‘

ARG 49:
n Z.

? Q4R

Control  Superconducting R <_
Voltage reservoirs\ — = L N
Source ’

§
z,

Gate Superconducting e
Electrode Island D=0y 6

E (1+d)/2

VN

2 Qexr

75"..
s
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Josephson effect Building qubits using the Josephson effect

Split Cooper-pair box

Control  Superconducting é
Voltage reservoirs ——— T
Source

Polarization: Ny = CzV;/2e
or Qg = (g V,

He = Ec(N — Ng)?

Gate Superconducting - ",:_:
Electrode Island (I)z'},b_o )
Applied flux: § = 27®qy /Do E,(1+d)/2
H;, = EJcosgcosgﬁ

T 1E
= E',cos ¢ —@ 1! i Tﬁ

“
P
(=]

Fig. A. Cottet
CE ¢ _(p—AP R
H >C —EJcos27r(DO\ » H = > —V0C0527Ta
Tunable spectrum controlled by V,; and ®gy:
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Spectrum of the split CPB: charge regime E; < E¢
2.0

H=Ec(N — Ng)? — Ejcos @

Energy

EJ/EC:O 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

l% — 2—:—— CN Il\lj Ny slide: courtesy

of P. Bertet

0.5
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|‘)”0({?3|2
. | | | ‘ .N 0] 0
3 210 1 2 3 § 0 -
C1(N) 1 0.5
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32101 2 3" ¢ 0 -0
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Spectrum of the split CPB: charge regime E; < E¢

slide: courtesy
of P. Bertet

0 05 1 15 2 25 3 Ng

1 0.5
& (N) v (O)f
. 1 1 . — |
3210 1 2 3 i 0 -
1 0.5
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Hélene Perrin Quantum computing February 3, 2021



Spectrum of the split CPB: charge regime E; < E¢

slide: courtesy

EJ/EC:O_]_ of P. Bertet
>
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Josephson effect Building qubits using the Josephson effect

From charge to phase regime E; ~ E¢

slide: courtesy

of P. Bertet
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Josephson effect Building qubits using the Josephson effect

Phase regime E; > E(: the transmon qubit

Transmon qubit

Ey/E=10 _ 3. Koch et al., PRA (2
2 | # TR
0
wr!
A
6
I e s G A= \
0.
a0 2 4 O g T s couney
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Josephson effect Building qubits using the Josephson effect

Phase regime E; > E(: the transmon qubit

In the regime E;/Ec > 1, E; dominates, ¢ remains small

Anharmonic oscillator: %‘k N,\ %(—
A=EcN?— Ejcosp ~ —E;+ EcN? + E1p2— §4@4
C(J AP (o4a™) hacn—ronnt gx. S

N = CAN(aF—a) M\V( ot L ;2’__) W= \(Q‘Q‘r(?bj

pe= b (B AN = [T - (5

A"PM:-—Z-" -lc/:t 'kLCS%G-Ow f—EC.COL.*CCL)q ald? =o
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Josephson effect Building qubits using the Josephson effect

Spectrum of the split CPB: phase regime E; > E.

Experimental results

Eni1— E, = 2EJECc — (n + 1)E(:/4

o]
o

(=2}
o
T

IS
o

Phase Response (deg)

N
(=}
T

5.9 6.0 6.1 6.2 6.3 6.4 6.5 6.6
Frequency (GHz)

Schreier et al., Phys. Rev. B 77,
180502(R) (2008)

Vo2
> Vo1
E
TC ~ 1.8 GHz

1

E\/ZECEJ ~ 6.5 GHz ~ 300 mK

= dilution fridge!
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Josephson effect Building qubits using the Josephson effect
Typical hardware
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Single-qubit manipulation Single-qubit gates

Coupling a qubit to microwave field
Apply an oscillating gate voltage

Ng()=ANCOS®f - == === == === === == = - .

H = EC(N—Ng(t))z—EJ cos [

H = EcN? — E;cos T
—2EcAN, cos wtN + offset

= U (o -a) “&@9“ (91 a=Q }-r-:o:

(»©

=03 !
= N L-lo\:m V) , N @o.x (o =8
Cafot 0 = it — ) el
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2 Qﬂ@ﬂbﬂ.

Hélene Perrin Quantum computing February 3, 2021 28 / 47



Single-qubit manipulation Single-qubit gates

Coupling a qubit to microwave field
Apply an oscillating gate voltage

Ny()=AN coswt - .

H = EC(N—Ng(t))z—EJ cos P !
1

1
Lo l
I
H:ECI\AI2—EJcosg2> : © :
I
—2Ec ANy coswtN + offset E_ ____ TRANSMON QUBIT |
Fuw
H = 7032 +hQcoswtd,,  Q=-—2EcANg; AN

Advantage:  large, 27/Q ~ 30 ns

Chose rotation axis with phase cos(wt + ¢g)
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Single qubit gates: X-gate

0)20)01T (I)O __________________
| 1

0 T T :
il i, [
I D 1 :
Rotation : X : ® -T— ,
| |
| TRANSMON QUBIT
|0> e,
l ____F_:E__'i.r rﬁf error
- J‘Iq i _ I.. =05ps
] 1],“['11%111%?1&;#”1@&'11'& |
peyy [ LA RHEEREE
nR R
X B t1 ‘{ J Jr]i ‘ HF@T R VY
11 14 44 1 1 ﬂl *, I %4
T
: {t i
- i k “]’t 2% erpor
O =07 0z o2  o0s 0
slide: courtesy At(s)
1 Qubits |1> of P. Bertet F. Mallet et al., Nature Phys. (2009)
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Single qubit gates: X,-gate

0=0; do+d o

|
| |
| I
I O 1 :
Rotation : X, X : O) T |
| |

|
! TRANSMON QUBIT |
|0> e,

7
/ Z
/
I
I
X
Y o
)
>
slide: courtesy
1 Qubits |1> of P. Bertet
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Single-qubit manipulation Single-qubit gates

Single qubit gates: Z-gate

B,
0=W00; Oot+b 6% ‘
W\W\l\w wﬂﬂnnfw I :
il ) — . |
Rotation : X, X ! ® T :
| ( |

l Z rotation

JL
—

All rotations on Bloch sphere

Fidelity ? >99.9%
R. Barends et al., Nature (2014)

1 Qubits 11> slide: courtesy of P. Bertet
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Single-qubit manipulation Readout of the qubit state

Readout: coupling a qubit to a waveguide

transmon

Blais 2004

transmon

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

Bertet 2009

» superconducting layer on insulating
substrate

4 » microwave resonator @ ~ 10°
we ~ 10 GHz

Devoret 2009
Fig. from Devoret College de France » reflected / transmitted wave dephased

depending on the qubit state

transmon
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Single-qubit manipulation Readout of the qubit state

Interlude: Capacitive coupling

Writing the Hamiltonian of two capacitively coupled resonators ~ A
1 [ v 15 Y [
f 2

Q" e Sg— -— H - [
ZC, A | Ly :\:Ca C— Lo

H &\ §L4ZC\I ~ _ 2\/ .\.’q}w\q (or 33) | m—::?
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Single-qubit manipulation Readout of the qubit state

Interlude: Capacitive coupling 6)7/4 C, G

Hamiltonian of two capacitively coupled qubits

= Syl Lo , ,
CoCr C,;(Cc'rc‘lh C, d\fb}’ |$| |X| L g
. G +C o 5 |
CC *‘%_(C -3-(13 CZ @‘A#? s 3‘ @'\@_&

g 1 &b
,C—} Ccz%cc_pg,, ’“'c, Cw ‘?Ju,‘ Q.= Lo N. - 'L.ZQN\J{ Cq-:‘_.q,‘j

20N, = 5 “l0 = #\P&wc \S‘Z%C:j

@é),\,? : ,\x\[’wlc Ca _C_'q:_(a'j’ C9.1>(0.2, +)

._vf @%b (aiyéaes)
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Single-qubit manipulation Readout of the qubit state

Interlude: Capacitive coupling 9 &« C CT

Hamiltonian of a qubit capacitively coupled to a resonator
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Single-qubit manipulation Readout of the qubit state

Equivalent circuit

\7g (caV|ty fleld) photon operators c, cl

Vo = /e 2Ce,
C
[HeC - 1 CodVo = +/TiweCo /2

T C P ) T > Vp = oVp(é + ¢f)

> @C = C.oVp(e + &h)
> qubit Q; = 2eN, with N = iAN(4" — 3) and 2eAN = /Ty Cy /2
> Q0 = in | [ER (T — a)(c + ¢T) = ing(al — a)(c + )

With additional drive Ve : % |

oD
H = —Ejcos@+ Ec(N — Neg)? + hwec'c + ihig(al — a)(c + ¢')
I:I B S

— I:ICIubit + Flfierlinté,/// _—
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Single-qubit manipulation Readout of the qubit state

Jaynes-Cumming hamiltonian

Within RWA, (8T — 8)(¢ + ¢éT) — 4T¢ — ¢t - --—7

4\!&.:*/‘&

A = I:Iqubit + Held + Hine

where Hne = ihg(ad'¢ — aeh)

1 G

— VW

24/ CC,

Co,\ﬂ} TWQW‘\UM achrodipvannics — CRED

and g =

y x =7
H = TOUZ+MCCTC+ihg(O-+6_O-—6T) 7\13’&{\
| | 11;# A~

Hamiltonian couples |0, n¢) to |1, nc — 1) with amplitude g./nc.

atas‘f Q:M Colofe = N Mm=t7

Hélene Perrin Quantum computing February 7, 2021 37 / 49



S
\A\zc%w &t o BN _ e
¢ o =3
2 Z A

Dressed states
At given detuning A = w. — wo:
eigenfrequencies nw. * %

Q = \/4ng? + AZ £\ o

eigenstates |+, n) b-o
+,n) =icos§|l,_1) +sin 5 |0,)

Far from resonance: (A < 0)
[+, n) ~[1,n—1)

|_7 n> = ‘07 n>

Frequency shift +g2/A

used to detect the qubit state

cosf = —A/Q, sinf = 2g+/n/Q 2

- ‘Z’ | Blais

d PN Zg | 2004
-1 _ 10w 2

S :

5 ~ or ! g2/$ /Z)ri g2/A ®

-~ -
magnetic flux ®/dg \(if““‘? 3 90— wm

On resonance: 2g+/n splitting 3 O\ |

+om) = (|0,n) +i[L,n—1))/v2 o ° 5'4

—m = (0.n) —ilLn-D1)/V2  E AN N

— CQED experiments — o

Wr-g4A @ +g?A
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Single-qubit manipulation Readout of the qubit state

Example of realization and results

Heterodyne detection with a beatnote

5mm  (f;=6.5GHz)

Q=70

o
=

80um

nﬁ
I Walraff et al.
Bertet et al.
single-shot measurements averaged measurements (8 x 10%)
40 10
v .\ q \.\,-“
|1 ‘f ‘.I'JV \¢) «‘ |1>
Kurpiers, Saléthé, - ‘\\ —
A 'N\
Walraff et al. |0 “f w“"'v‘v" \ 0)
—40 T -10 T
3 4 5 2 3 4 5
time [ s] time [us]
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Coupling two qubits through a waveguide

General idea:
» insert two qubits in the resonator

» coupling between qubits mediated by
field

» Two qubits with frequency wy
» Cavity detuned by A = w, — wy

» Effective coupling ﬁgeff(aiag + agal)

(n+1)g1g L g8 _ 818

8eff = A A A

» Coupling turned off when qubits are
detuned
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Two-qubit gates Cavity-mediated coupling

Coupling two qubits through a waveguide: Results — 1§

. _ AN e B
Spectroscopy of cavity + 2 qubits  4{- t( \ — e o™ -
Z YR s E-_ - \&?l Q -— \" }

_— o=

b

o

Frequency (GHz)
(00]
o
o

N
ik

6514 4 IfIII__}IV.

-1.0 0.0 1.0 2.0
Vk (V)

[DiCarlo et al. Nature 460, 240 (2009)]
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Two-qubit gates Cavity-mediated coupling

Coupling two qubits through a waveguide: Results

An essential two-qubit gate: v/ /i SWAP

‘ ' 6.82GHz
{ QB I , “WWWwwwWwwwwww-

D i X, ! ‘ : :

rive 0B Il ‘:. : " l l ” ‘ : 6.K7 GHz :

1 1 1 | 6.42 GHz_,

j f01 _[ QBII 5.32GHz — - I/I }6.03GHz %

lo“ o QB 513GHz " Swap Duration |
R -J ‘X , - -

\( | (o> —

. gy —=(oL?
2

Lol —

"0 100 200
swap duration (ns)

Bertet et al.

O « )y
% ¥
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Two-qubit gates Capacitive coupling

Capacitive coupling between two qubits

. |
II [l [l [l [l
— » direct capacitive coupling
_Lch between two qubits:
H.. — @& — po(al5 4 315
S Lq  Cq nt Ceff g( 192 2 1)
> _ Cqqg Vwiw2

£~ 7aG 2

Charles Neill, PhD thesis UCSB (2017) > with an intermediate qubit as

9 coupled qubits coupler:

second order tunable coupling
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Two-qubit gates Capacitive coupling

Tunable capacitive coupling

Google's Sycamore processor
typical qubit architecture:

microwave excitation

@,

.0 00
x’ OXQ 0 OxO OxQ Oxﬁ

%X ¢ X X w UKL

xO OxO QXO QxO OxO QxO

x Qubit @ Adiustable coupler
Google/Martinis (2019)

Hélene Perrin

X N X X

scheme for tunable g

Qutput l

purcell fiker

— |
3l

4. Coupler

Readout
resonator

v

A

>

Inputs

b

P 4

v

Lo
Ly L
Qubit ‘ﬁb

[J. Martini's talk at Caltech, Nov. 2019]
S
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Two-qubit gates

Capacitive coupling

Tunable capacitive coupling

Google's Sycamore processor

typical qubit architecture:

microwave excitation

0 5
Ko o0 %0 %0 %0 %, o
R IGPE IGPR IGPE IR It °s
X X X X X X
X X X X X X
FAYA YA YA AV
x Qubit @ ~diustable coupler

Google/Martinis (2019)

Hélene Perrin

tunable g € [5, —40] MHz

Initialize Interact Measure
X fSim
Go: 100 V|V [1Detuning, A[T
qu: 0) 4— D
Coupling
coupler Time
b 0 Population transfered from g, to g, 1

0.0
Coupler bias (arb)

Typical errors:
» 1-qubit gate ~0.2%

» 2-qubit gate ~0.2-0.9%
» readout ~ 2-5%

Quantum computing
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Example of algorithm

Algorithms implemented with SC qubits ‘
CEA group / Yale / Walraff ETH group, IBM, Google... ‘&q@a\

>

Spin flip error detection up to 5 qubits [Kelly et al. Nature 519, 66-69
(2015)

Deutsch-Jozsa with 2 qubits [DiCarlo et al. Nature 460, 240 (2009)]
Grover's search with 2 qubits [DiCarlo et al. Nature 460, 240 (2009)]

Shor: 15 = 3 x 5 with 48% success [Lucero et al. Nature Physics 8, 719
(2012)]

Variational quantum energy solver (VQE) applied to the ground state
of Hy, LiH and BeH; (up to 6 qubits) [O'Malley et al., PRX 6, 031007
(2016); Kandala et al. Nature 549, 242 (2017); Colless et al., PRX 8,
011021 (2018)]

Quantum supremacy paper: qubit characterization of 53 qubits [Arute
et al., Nature 574, 505 (2019)]; N.B. John Martinis has now left Google.

Single-particle band-structure of a one-dimensional wire, Google
Quantum Al, https://arxiv.org/abs/2012.00921
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Example of algorithm

Current performances

Gate Layout  Highest fidelity [Year] Gate time
99.4%  [Barends 2014 40 ns
CZ (ad:) =1 99.5% %Kjaergaard 20]19] 60 ns
iISWAP T-T 90% [Dewes 2014] 31ns
CR F-F 99.1%  [Sheldon 2016] 160 ns
VbSWAP  F-F  86% ibid. 800 ns
CZ (ad.) T—(T)-T 99.0% ibid. 30 ns
RIP 3D F 98.5% ibid. 413 ns
VISWAP  F—(T)-F 98.2% ibid. 183 ns
CZ (ad.) T-F 99.2% [Hong 2019] 176 ns

Adapted from M. Kjaergaard et al. —
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