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Protected qubit

* |g), |e): two lowest energy eigenstates
* (0 any operator coupling to fluctuations with mean O,

[ > 1 phase space distance between |g) and |e)
(WO = 0y19) ~e! w9 € {g e}

-> Qubit exponentially insensitive to variations in O
* 0 should not be able to map:
* |g) — |e) (relaxation)

+ () +e)) » 7=(lg) — [e)) (dephasing)



Cos 2@ qubit

@) T (b) ?

Transmon qubit: Cos 2@ qubit:
Ey E;
@( Y o (‘ 7
H = 4E¢(N — N,)” — E; cos Count H = 4E¢(N —Np)* —Ejcos2¢ "\l ¢, =
—E; closcp S —E; iosZcp 5
= =S E XN=—o(IN)(N + 1| + [N + 1)(N|) = =S E XN=—o(IN){N + 2| + [N + 2)(N/|)
(© 14 o (d) 14

N\ VAN /[

U/E;
U/E;
} 1

—1 14

N: number of tunnelled Cooper pairs -r/2 0 m/2 w  37/2
Ng: off- set charge

Ej: tunneling energy

E: charging energy

@: superconducting phase
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Cos 2@ qubit

T-periodicity
Two nearly degenerate ground states |+), |—)

No overlap in charge space, opposite periodicity

in phase space =>(—|0| +) = 0

L/O) = \/i_(|+) + |—)) localized near ¢ = 0 and

Supressed overlap in phase space for large E| / E
roughly inversely periodic in charge space => ((5 |0] L) = 0

Groundstate splitting: AE = 16EC[(ZEI) e \J(ZE] Ec) COS(T[ )

C
->splitting and charge dispersion suppressed exponentially in E /E ¢



Constructing a quantum Hamiltonian for a
Clrcuit

Reduce circuit
Sketch Lagrangian
Impose Kirchoff’s laws

Formulate Hamiltonian

AR

Promote variables to operators



. . . $1/2
Superconducting circuit

* New phase coordinates:

¢=(P1+(Pz;(P=%((P1—(P2)}9=%(¢1_¢2)
¢1/2

" 'Y“ n

conjugate charges

¢ H=4ec[2n? + 2(N = Ng—n)” +xn?]

X = C]/Cshunt
Pext: external flux
2€y.: inductive energy of each

¢

1
+ €L [Z (P — Pext)? + 62] + 2€; cos ¢ cos

e =>three strongly coupled modes: superinductance
* ¢: flux dependent, coupled to ¢ via Josephson junctions €c:single junction charging energy
* (: off-set charge dependent, capacitiely coupled to 0 €: tunneling energy
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Effective Hamiltonian

Min at @1 + @2= Pext 9=0

o[} ot 2~ 0o >2+0

P1—=¢P2 COS(pl ()

—2(—:] COS

For @ext = T -> degenerate rldges

1D potential: minimizing energy, eliminating
coordinate

-> |[nstanton trajectory
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Semiclassical theory

U->-uU
=> Lagrangian

=> Euler Lagrangian equation of motion
L _ @
¢ = T (2 ‘(p 21 round Zn‘ + chext)

Plugging in Hamiltonian and approximating with
truncated Fourier series and Taylor expansion about z=0

1
4(1-2z)

Hep = 4€c [ (N = Ng —n)? +xn?| +¢.62

16 5
22 €. dexs) cO5@ —¢; (1 = 32)c0520
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104 | | higher order transitions
Energy spectrum A B NN
3
W -
Dependence of energy levels on external flux: § 6- LR AR M;‘
At =T h ic oscillator, AE=,/16 A /
Pext = T harmonic oscillator, AE= XELEC ~ N\ \\//_
NN/,
Otherwise: 9 7
 |Flwonmode: |Plasmonmode: ANV
Flux Dependent Independent 0 | T 1 1 . 1
—-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Energy Linear increase; sIopeS—;eL Harmonic ladder Pext /2T

Excitations Fluxons enclosed by loop
-> magnitude and chirality
of persistent current

Label: m: number of plasmons

Quantized charge density
oscillations Capacitance

and superinductances O/U for Pexr mod 2m < m

®/0=( - [+ for eyt mod 2T =T
O/ for @ext mod 21T > 1

®/0 : presence/absence of fluxon excitation
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Matrix elements

* Properties of logical qubit formed by: {|0—), |0+)} at @ext = T
{|0@),]00)}

e Operators inducing transitions ? -> matrix elements

Capacitive coupling: Inductive coupling:
Voltage IV coupling to superconducting Current / coupling to circuit via
island via gate capacitance C, inductance L
C L
= 8 | = S5
= Hy, Corunt Gy (2em)V = Hip o] (PoP)I
= Transition directly related to (i|n]0 o) = (Y[9]0 °)

¢o= h/2e reduced magnetic flux
L :Superinductance in each arm



Matrix elements

* Normalized matrix elements:

2 _ ylo]oo)|? 2 2
|0¢| = T(oo|ot0]00)]’ Z¢|Ow| =1 |0¢| >0

* For O=n:

* Transitions only form |0 o) to |1 o);
no transition between qubit states

e Resulting from decoupling from even and odd
Cooper pair number parity manifolds

=> Measurement and control




Matrix elements

* Normalized matrix elements:

(W|0]0°)|? 2 2
K Z¢|O¢| =1 |0¢| >0

* For O= ¢:

* Transitions form [0 o) to |0 o)

2
|0¢| = |

* ¢ induces transition between Cooper pair parity
manifolds

=> Relaxation mainly due to inductive loss




Disorder

Influence of imperfections in supercoducting circuit?
Symmertry breaking possible in junctions, capacitances and superinductances

Numerical diagonalization of H
-> energy splitting AE" at N=0
-> charge dispersion € = maxy AE — miny AE at @ext = mof {|0+), |0 —)} manifold

§ € [0,1) as parameter of asymmetry



Asymetry

1 1
e H = 4e; [an + (N—-N;—n)? + xn2]+ €L [Z (P — Pexr)? + 92]—2 €jCOS @ cos%
(a) 1003 e (b) 1005
Josephson junctions: 10-1 4 3
: ; -1 _
- (1£8))g ~—
/ . . d) ﬁ 10—2 E
* H'=2 ¢,sing sin E o
, 16 : 1 . eed
o H' = ;e]&(smcp—g sin 3) E 103 § 10-2 4 i
e E 3
=> tunnelling of single cooper pairs, v j0=140s Y
symmetric and asymmetric circuit characteristics i 0c I ]
_4-.| E k
R e 1079 //
10_5 T T T | T T T ]
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 06 0.8 1.0
) )
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Asymetry

e H = 4e; [an + % (N—-N;—n)? + xn2]+ €L E (P — Pexr)? + 92]—2 €]COS ¢ COS

Capacitances:
* e/ (1% 50)

d H’=-8€C —862
° 6]=86'—6A

<n(N—-Ng—n)

* € €c=const.; plasma frequencies fixed,

area imperfections: (1 + 644, A «
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Asymetry

e H = 4e; [an + % (N—-N;—n)? + xn2]+ €L E (P — Pexr)? + 92]—2 €jCOS @ cos%
(a) 1003 e (b) 1005
Superinductances: N M=l ;
IACET 101 "
) 8 ) : _
+ H'= e, =5 (¢ — @ext)® E 1075 3
L oy N
=> sufficiently non degenerate ground states T 10-2 4 E CED
and largely supressed charge dispersion > =
PO < 102+ :
~ 1077 4 F R
v )= 5J F
—4 l 9o i 1 :
R B E 107y /)
10_5 T T T | T T T ]
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 06 0.8 1.0
) )
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Relaxation

* Fermi’s Golden rule to model loss -> relaxation rate:

(

L L0+ 1010 )%
T, h2 ‘

O Operator coupling to noisy bath £(t)
spectral noise density Sce(w)

* Four main loss mechanism:
 capacitive loss
* inductive loss
* Purcell loss
e Quasiparticle tunneling

2h " hlw|
20(w) 7 2kgT
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Properties of relaxation mechanisms

10°
108-
" ; 107 -
Capacitive 2eN;= V. C Qcap ~ 1x10 o
2e[n - (N — )] £ 108-
Inductive dob; L Qing ~ 500x106 .
10° =
Quasiparticle . O L 1 — Capacitive
P 2 do Sln% : o 0.3x10° 104 - — |ndﬂcuve
ap = Purcell
103 L} I L I 1 I 1 I 1
Purcell 2en V. Cshunt Qcap ~ 1x10° 0.0 0.2 04 0.6 0.8 1.0
7]

[See (Bo) + See(—Aw)] = —27— coth 11!
w —AW)| = cotn ——
03/07/2020 &€ £ AQ(w) 2kgT




Pure dephasing

* Dependence of AE on A -> dephasing mechanisms

* Noise spectral densities % > S (w) = 214, /| w|

* \/A,: noise spectral amplitude



Pure dephasing 100

Dephasing | A i Spectral density 8
channel T, amplitude 107+

107 -

’UT \
Charge Ny (28)2 €/h ,szg ~ 1%10~% (= 1 06
o Qe _, |O0E| oo g
— e 2
Xt 00extl L 351076 10 Ch
" == Charge
Critical € _ Iz 0AE ,AEI/EI 4 Flux
current 7| 0 c10-7 10 = Crit. Current
Shot

Photon n _ X’ Nen/Qeap 3
Shot P _nthKX2+K2 ~ 1x1077 10 b

» 000204060810

x: dispersive shift of plasmon mode 5,_

K: wp/Qcap(wp)' linewidth of plasmon mode
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Decoherence estimates

:3)109 N (b)‘] 09 (C) 1 09
108+ 10°+ 10°+
107 - 107+ 107~
=10°4 =10°+ =10°-
= g <
10°- 10° - - 10° -
= (Charge
— iti FI == Relaxati
10 - — In%ﬂifisge 10%+ / — Crlijt)f Current 10% - o Dgsf)l(::i(r)]g
= Purcell Shot = Total
10° 10° 10°

L L AL AL I L R R B L L AL AL
0.0 0.2 04 06 0.8 1.0 0.0 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
i i 1
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Control and readout

* Problem in general: staying isolated to preserve coherence

* Non local encoding: |g) — |e) control, |g), |e) read out

* Large degree of insensitivity of frequency -> no dispersive measurement

* Cos 2@ qubit: qubit transition via inductive coupling

e -> capacitive coupling to higher levels

* Readout problem: no native dispersive shift between qubit and external electromagnetic mode

» ->dispersive coupling plasmon mode 20MHz, small anharmonicity -> ancillary anharmonic mode
to measure plasmon, two readout tones



Conclusion

Few body superconducting circuit

Charge carriers: pairs of Cooper pairs at paticular bias

Josephson tunneling element: characterized by cos 2@ term in Hamiltonian

Numerical simulations: protection against relaxation and dephasing sources

Enhanced in the presence of disorder



Thank you for your attention!



Literature

[1]

2]

03/07/2020

Smith, W.C., Kou, A., Xiao, X. et al. Superconducting circuit protected by two-Cooper-

pair tunneling. npj Quantum Inf 6, 8 (2020). https://doi.org/10.1038/s41534-019-0231-2
Smith, W.C., Design of Protected Superconducting Qubits, Yale University (2019)

27


https://doi.org/10.1038/s41534-019-0231-2

Wavefunctions

(b)

§ e | I I ) Y I I T T ¢ | - ° I ?

3 il l

—0.54 ) = [0+) | - 0-) | - 13 [ - [1+)
6420246 6420246 6-420246 6420246

7\ N N N N

Numerical diagonalisation: -> Four lowest energy eigenstates, @,y = T
Charge wave functions: (N|{s) Projection of 6 and constrain to the trajectory

Grid states with Fock state envelopes
+/ -: superpostitions of even/odd number states

0,1: order of Fock state envelope
|0+), |0-) protected from spurious transitions, except operator flipping parity
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Wavefunctions

\“)

—m 0 ® 27
Y
Phase wavefunctions: (¢, d |r): Projection of 8 and FT of ¢ ¢ plane
Fock states localized within the potential energy wells
+/-: symmetric, antisymmetric states localized in within opposite ridges of potential wells
ridges correspond to persistent currents of opposite chirality, and hence also to the absence/presence
of a fluxon in the inductive loop of the circuit

0,1: Fock order
flip Cooper pair parity odd functions of ¢ and ¢ period an odd division of 21t
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