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What is so special?

Google (53 qubits processor Sycamore) IBM (4 qubit prozessor)
P - ‘

1

F. Arute et al. “Quantum supremacy using a programmable superconducting processor”. Nature 574.7779 (Oct. 2019), 505.
J. M. Gambetta et al. “Building logical qubits in a superconducting quantum computing system”. npj Quantum Information 3.1 (Jan. 2017).
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1 Introduction - 1.1 The DiVincenzo criteria

The DiVincenzo criteria

1. Scalable system with well characterized qubits H = Hquvit @ H,

D. P. DiVincenzo. “The Physical Implementation of Quantum Computation”. Fortschritte der Physik 48.9-11 (Sept. 2000), 771.
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1 Introduction - 1.1 The DiVincenzo criteria

The DiVincenzo criteria

1. Scalable system with well characterized qubits H = Haqubit ® H,
2. Initializability of the qubits W) € Hehie — @70 10)
3. Decoherence times much longer than the gate operation time Ty, To>T
4. A “universal” set of quantum gates A HE -
5. A qubit-specific measurement capability /C;Q

D. P. DiVincenzo. “The Physical Implementation of Quantum Computation”. Fortschritte der Physik 48.9-11 (Sept. 2000), 771.
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1 Introduction - 1.2 Some familiar qubits

Comparison of qubits

Charge qubit Flux qubit

VgT() Ey, C

G. Catelani et al. “Relaxation and frequency shifts induced by quasiparticles in superconducting qubits”. Physical Review B 84.6 (Aug. 2011).
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1 Introduction - 1.2 Some familiar qubits

Comparison of qubits

Charge qubit

Flux qubit

VeI

EL < Ej, I’lgIO

. . A TN
H=4Ec(h — ng)® — Eycos @ + SEL® - 21/ o)’

G. Catelani et al. “Relaxation and frequency shifts induced by quasiparticles in superconducting qubits”. Physical Review B 84.6 (Aug. 2011).
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1 Introduction - 1.2 Some familiar qubits

Comparison of qubits

Charge qubit Flux qubit

VeI

EL < Ej, I’lgIO

Ey/Ec ~ 10% — 103

. . A TN
H=4Ec(h — ng)® — Eycos @ + SEL® - 21/ o)’

G. Catelani et al. “Relaxation and frequency shifts induced by quasiparticles in superconducting qubits”. Physical Review B 84.6 (Aug. 2011).
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1 Introduction - 1.2 Some familiar qubits

Comparison of qubits

Problem: Single Cooper pair circuits decohere due to low frequency offset charge noise

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
V. E. Manucharyan et al. “Fluxonium: Single Cooper-Pair Circuit Free of Charge Offsets”. Science 326.5949 (Oct. 2009), 113.
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1 Introduction - 1.2 Some familiar qubits

Comparison of qubits

Problem: Single Cooper pair circuits decohere due to low frequency offset charge noise

Solution:

Transmon qubit

Fluxonium qubit

Increase E;/Ec with large shunting capacitance

Cy
E;
V) Cp——
‘”}; P
L ]
E,/Ec ~ 100

a

b

Small junction shunted by an JJ array

M
L
LJA>S!TCJA
£3
= _Tv ..... )
LJ CJ >< |_§Cg
X
S N
E;/JEc ~1—-10

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
V. E. Manucharyan et al. “Fluxonium: Single Cooper-Pair Circuit Free of Charge Offsets”. Science 326.5949 (Oct. 2009), 113.
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2.1 Characterization of the qubit
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2 The transmon qubit - 2.1 Characterization of the qubit

The device

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

The capacitance network

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

The capacitance network

C3s
[ |
[
Cis
Cia
Cis
_{ |
[C2 G
[

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization

The capacitance network

9__

of the qubit

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).

Csa
] | |
1 |l
Cis C24
Cl-l CJ} EJ
Cis Cis L
| Cas Ci2
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2 The transmon qubit - 2.1 Characterization of the qubit

The capacitance network

&
(¥}

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).

C3a
I | | |
a
| 1 |
045 024 CQ
Cha Ci, By Thévenin-Theorem E;
e G I V) Oy
Cis Cis o Vg o
_{ 'Y
| Cas Cha
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2 The transmon qubit - 2.1 Characterization of the qubit

The capacitance network

a
|
Cg

H=4Ec(A— n,)> — Ejcos @ Es
g V) Cs

o)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

The capacitance network

I a
Cg
g a 2 ~ E;
H =4Ec(h— ng)° — Ejcos @ V) Cs
Charging energy: v, &
EC — GQ/QCZ
CzZCJ—i—CB—i—Cg ®)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

The capacitance network

I a
Cg
N R ) A -
H =4Ec(h— ng)° — Ejcos @ 2 J
Charging energy: I Josephson energy: V. .
Ec = GQ/QCZ Ey,= EJ,max |COS(7rCD/CDO)|
®)

Cz:CJ—i—CB—i—Cg

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).

12 / 33 19.06.2020 Transmon and Fluxonium Qubit

Emanuel Hubenschmid



2 The transmon qubit - 2.1 Characterization of the qubit

The capacitance network

Effective offset charge:
ng = Q,/2e + G,V /2e
H=4Ec(A— %g)Q — Ejcos @
Charging energy: I Josephson energy: v,
Ec = e?/2Cs Ey = Ejmax |cos(m® /o)
Cys =C;+Cg+ Cg

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Eigenenergies

d 2
Em(ng)WV(p) = |4Ec do e — Ejcos | V()

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Eigenenergies

V(@ +2m) = V(p)
!

d 2
En(ng)V(p) = |4Ec (d(p — ng) — Ejcosp | V(p)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Eigenenergies

V(p+2m) = V(p) = V(p) =ePg(p/2)
!
d

2
En(ng)V(p) = |4Ec (% — ng) — Ejcosp | V(p)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Eigenenergies

V(p+2m) = V(p) = V(p) =ePg(p/2)
!
d

2
En(ng)V(p) = (4Ec (d(p — ng) — Ejcos 90> V()

= g”(>T<) + (E_c + g cos(2x)) g(x)=0

©/2

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Eigenenergies
V(p+2m) = W(p) = V(p) = e ¥g(p/2) &
! d ’ 40 i
Em(ng)w((p) = |4Ec (d(p - ng) — Ejcosp| W(p) 0/:\’/\‘4\'/;\ N o ————
: I(C)JEJI/EZ=[101.0[ o I(d)_1EJI/E(Z:=I501.0| ’
9 E EJ I I I I I I
= g"(x) + | = + == cos(2x) | g(x) =0 A~ ~~T F |
Ec  Ec gl 1 | _
I T |
A
#/2 m- b ~ VSETEz |
) —— || I S—

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Anharmonicity vs. charge dispersion

Peak to peak charge dispersion:

€ =En(ng=1/2) — E;(ng =0)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Anharmonicity vs. charge dispersion

Peak to peak charge dispersion:
€e=En(ng=1/2) — E;(ng =0) ~

4m+5 m/2+3/4
~ (_1)mEC2 F = e~V 8E)/Ec
m! N \2Ec

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Anharmonicity vs. charge dispersion

Peak to peak charge dispersion:
€e=En(ng=1/2) — E;(ng =0) ~

4m+5 m/2+3/4
~ (_1)mEC2 P = e~V 8E)/Ec
m! N \2Ec

Relative anharmonicity (charge degeneracy n, = 1/2):

o - Ei» — Eos
r Eo1

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Anharmonicity vs. charge dispersion

Peak to peak charge dispersion:
€e=En(ng=1/2) — E;(ng =0) ~

4m+5 m/2+3/4
~ (_1)mEC2 P = e~V 8E)/Ec
m! N \2Ec

Relative anharmonicity (charge degeneracy n, = 1/2):

_ E12 - EOl

Qay ~ —(8E,/Ec)™/?
Eo:

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.1 Characterization of the qubit

Anharmonicity vs. charge dispersion

Peak to peak charge dispersion: GHz

€e=En(ng=1/2) — E;(ng =0) ~
4m+5 /2+3/4
SYE P( &) )m e~ VBE/Ec
7

m! 2EC
Relative anharmonicity (charge degeneracy n, = 1/2):
Eip — Eo
_ ~ ~1/2
oy = __(8EJ/EC) Ll DY e Lo Lo ¢ € o 1oy
EO]_ 0 20 40 60 80 100120 140 0 20 40 60 80 100120 140
EJ/EC EJ/EC’

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

‘QQ S ——

Cy, E;

(. Cp——

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

‘QQ S ——

Cy, E;

(. Cp——

H=4Ec(A — ng)> — Ejcos @ + hw,a'a + 2Be0h

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).

16 / 33 19.06.2020 Transmon and Fluxonium Qubit Emanuel Hubenschmid



2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

‘QQ S ——

Cy, E;

(. Cp——

/:ITZLEC(ﬁ — ng)* — Ejcos @ + hw,a'a + 2Bevh

Vo — VgtV

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

‘QQ S ——

Cy, E;

(. Cp——

Resonator frequency

/:ITZLEC(ﬁ — ng)* — Ejcos @ + hw,a'a + 2Bevh

Vo — VgtV

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

‘QQ S ——

Cy, E;

(. Cp——

Resonator frequency r Cg/CZ
/:ITZLEC(ﬁ — ng)? — Ejcos @ + hw,a'a + 2Bevh

Vo — VgtV

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

‘QQ S ——

Cy, E;

(. Cp——

Resonator frequency r Cg/CZ
/:ITZLEC(ﬁ — ng)? — Ejcos @ + hw,a'a + 2Bevh

0 (5440
”\/g — Vg + v Vrms(a +d )

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

H=4Ec(A— ng)*> — Ejcos @ + hw,a'a + 2BeVP A(4 + a)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

i) Ul =1, |J) : Transmon eigenvectors

| |

H=4Ec(A— ng)*> — Ejcos @ + hw,a'a +28eVP A(4 + a)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

J— i) Ul =1, |J) : Transmon eigenvectors ——l

H=4Ec(A— ng)*> — Ejcos @ + hw,a'a +28eVP A(4 + a)

ms

A =Y wli) Gl + hw,a'a+ X g, |i) 1 (4 + &)
J

/,jj
2BeVe _(i|al) = 0Vi>j+1

rms

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

J— i) Ul =1, |J) : Transmon eigenvectors ——l

H=4Ec(A— ng)*> — Ejcos @ + hw,a'a +28eVP A(4 + a)

ms

A=n>wlj) (] + hw,a'a+ > hgi; i) (j] (4 + a7)
J

IJ j
2BeVe _(i|al) = 0Vi>j+1

rms

A~ ny wl) <,'|+hwr§Ta+(hz_g,,,-+l (1) G+ 1+ |i + 1) (]) &t + h.c.)
J I

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

J— i) Ul =1, |J) : Transmon eigenvectors ——l

H=4Ec(A— ng)*> — Ejcos @ + hw,a'a +28eVP A(4 + a)

ms

A=n>wlj) (] + hw,a'a+ > hgi; i) (j] (4 + a7)
J

IJ j
2BeVe _(i|al) = 0Vi>j+1

rms

A~ nYwl) (] + hwa'a+ (ﬁzglyiﬂ i) (i + 1] a" + h-C-)
J I

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

r i) Ul =1, |J) : Transmon eigenvectors —1

H=4Ec(A— ng)*> — Ejcos @ + hw,a'a +28eVP A(4 + a)

ms

Jaynes Cummings model
A=Y wl) Gl + hw,ata+ X g, 1) Gl (a+ a1
J

I j 9)
2BeVe _(i|al) = 0Vi>j+1

rms

A~ hY wil) |+ hw,a'a + (hzg,,,-+1 iy (i +1]8" + h.c.)
J /

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

Circuit QED for the transmon

r i) Ul =1, |J) : Transmon eigenvectors —_l

H=4Ec(A— ng)*> — Ejcos @ + hw,a'a +28eVP A(4 + a)

ms

Jaynes Cummings model
A=Y wl) Gl + hw,ata+ X g, 1) Gl (a+ a1
J

I j 9)
2BeVe _(i|al) = 0Vi>j+1

rms

A~ hY wil) |+ hw,a'a + (ﬁzg,,,-+1 iy (i +1]8" + h.c.)
J /

L o (EyEQV

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

The dispersive limit

5

4

3
paD! ~ ™ot 9

6, + (hw, + hix6,)a'a+ O

ph =10

[i=0)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.2 Initialization, control and read-out

The dispersive limit

fiw, /
~ 20162 + (hw, + hx6,)ata + o

@:exp<§—§T>; §:Z,g’f1§|/+1></\ 1y

ph =10

[i=0)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).

i&.o-{-a
3
2
2
1
1
0
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2 The transmon qubit - 2.2 Initialization, control and read-out

The dispersive limit

5
Effective desperive shift
2

X = Xo1 — X12/2, X/j:% 2

, | : ;
A hw / - T

DAD ~ "%, + (hw, + hxe,)a'a+ O [ 22

T 2 A: 5
D = exp <§—§T>; S =3 %24+ 1) (i —
ph =10
|i=0)

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.3 Relaxation and decoherence

2 The transmon qubit

2.3 Relaxation and decoherence
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2 The transmon qubit - 2.3 Relaxation and decoherence

Relaxation time 17

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.3 Relaxation and decoherence

Relaxation time 77

(1) Spontaneous emission

_ 1 d2w4 rad _ hw01
P = dnes 33 1% = 2~ 0.3ms

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.3 Relaxation and decoherence

Relaxation time 77

(1) Spontaneous emission
2,4
P= e Se = T4 ="~ 0.3ms
(2) Purcell effect

Fimr = Fo(wi) ‘<1: FIh Sk A(bla + h.c.)|0, i)

‘ 2

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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2 The transmon qubit - 2.3 Relaxation and decoherence

Relaxation time 77

(1) Spontaneous emission
P= 9% = TPd="0 ~03ms

(2) Purcell effect
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2 The transmon qubit - 2.3 Relaxation and decoherence
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2 The transmon qubit - 2.3 Relaxation and decoherence

Decoherence time T
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Noise source 1/f amplitude A T5 in ns T5 in ns
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J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).

21 /33 19.06.2020 Transmon and Fluxonium Qubit

Emanuel Hubenschmid



3 The fluxonium qubit - 3.1 Characterization of the qubit
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The device

V. E. Manucharyan et al. “Fluxonium: Single Cooper-Pair Circuit Free of Charge Offsets”. Science 326.5949 (Oct. 2009), 113.
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The Eigenstates
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Circuit QED

50€2 I l |_| /(I)ext

V. E. Manucharyan et al. “Fluxonium: Single Cooper-Pair Circuit Free of Charge Offsets”. Science 326.5949 (Oct. 2009), 113.

27 / 33 19.06.2020 Transmon and Fluxonium Qubit Emanuel Hubenschmid
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Circuit QED
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3 The fluxonium qubit - 3.2 Initialization, control and read-out

Microwave spectroscopy
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3 The fluxonium qubit - 3.3 Relaxation and decoherence

High coherence device

Coupling antenna
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Device chip £

L. B. Nguyen et al. “High-Coherence Fluxonium Qubit”. Physical Review X 9.4 (Nov. 2019).
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3 The fluxonium qubit - 3.3 Relaxation and decoherence

High coherence device
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flux fluctuations
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4 Summary

Summary

The transmon qubit _ _
The fluxonium qubit

I a

C!, /(I)ext
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- CPB with effective shunting capacitance
- Charge dispersion ox e~V 8E)/Ec
= Exponential insentivity to 1/f noise
- Anharmonicity oc —(8E;/Ec)~/?
- Less sensitive to flux or crit. current noise as

CPB

- Short-ciruit offset charge noise with JJ array

Large JJ array protects small JJ from large
flux fluctuations

- Unharmonic as the flux qubit but as insesitive
to flux noise as the transmon

32 /33 19.06.2020 Transmon and Fluxonium Qubit Emanuel Hubenschmid



Thank You




5 Appendix

Analogy to the rotor

H=4Ec(A— ng)*> — Ejcos @

~ 2
L,

Hot = ——5
YT oml2

— mgl cos @

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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5 Appendix

Analogy to the rotor

H=4Ec(A— ng)*> — Ejcos @

Ho = (LAZ + qBO/2/2)2
rot — 2m/2

— mgl cos @

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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5 Appendix

Charge number states vs. transmon eigenstates
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5 Appendix

Ac vs dc noise

slow

J. Koch et al. “Charge-insensitive qubit design derived from the Cooper pair box". Physical Review A 76.4 (Oct. 2007).
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5 Appendix

Microwave spectroscopy
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8.46 8.48 8.50 8.52 9.88 990 992 994 9.96 11.20 1122 1124 11.26

Spectroscopy frequency (GHz)
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5 Appendix

Measured relaxation and coherence time
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