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Introduction
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Introduction

Longest single microwave photon lifetimes in 3D cavities®3
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Introduction

Bosonic error correction codes (GKP, binomial, cat codes, etc.)*
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Introduction

Capacitive coupling — transmons (4WM)3®, SNAILs (3WM)?®

Alice
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Introduction

Capacitive coupling — transmons (4WM)3, SNAILs (3WM)®
g Flux Delivery
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Introduction

Capacitive coupling — SQUID tuned by cavity fields”2
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Introduction

Galvanic coupling as a third coupling
modality, beyond inductive and

capacitive . U
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Introduction

Galvanic coupling as a third coupling
modality, beyond inductive and

capacitive - U
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Coupler mode placed far above R s
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Introduction

Galvanic coupling as a third coupling
modality, beyond inductive and

capacitive @ | oo —
Inspired by planar L 8.7 N
inductive-shunt-to-ground coupler® 4 ‘ :
Coupler mode placed far above o \ .
cavity modes to reduce Purcell loss Resosor v 20 g ; o 2
Fast parametric operations (blue and ® ;; ‘ : A7
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Introduction

Galvanic coupling as a third coupling
modality, beyond inductive and

capacitive " e =

Inspired by planar e P N
inductive-shunt-to-ground coupler® 4 ‘ :

Coupler mode placed far above ol \ .
cavity modes to reduce Purcell loss s oaet_ o0 . v 5
Fast parametric operations (blue and ' « ;; ‘ P i
red sidebands) rEBA e XS 17
Design allows for recession of flux “T & @ Ta Rt ooy :

line, reducing control line noise
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Introduction

Galvanic coupling as a third coupling
modality, beyond inductive and
capacitive
Inspired by planar
inductive-shunt-to-ground coupler® 4 ‘
Coupler mode placed far above
cavity modes to reduce Purcell loss Resosor v 20
Fast parametric operations (blue and ® Eé ‘
red sidebands) i - |
Design allows for recession of flux o wpxl® T RN
line, reducing control line noise
Poses new modeling challenges not
encountered in 3D capacitive
coupling designs
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Modeling Approach

EPRO fails in galvanic coupling designs
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Modeling Approach

EPRO fails in galvanic coupling designs
Black box quantization approach!!

Degenerate flute cavity geometry + coupler slot!?

Josephson
4 junction
i < shunt
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Modeling Approach

Symmetric Mode
EPR fails in galvanic coupling designs (tuning, antinode at coupler)

Black box quantization approach!!
Degenerate flute cavity geometry + coupler slot!?

(Anti)symmetric modes (do not)do tune
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Modeling Approach

Antisymmetric Mode
EPR fails in galvanic coupling designs (no tuning, node at coupler)
Black box quantization approach!! !

Degenerate flute cavity geometry + coupler slot!?

(Anti)symmetric modes (do not)do tune
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Modeling Approach

EPRO fails in galvanic coupling designs 0.4
Black box quantization approach!! 3 02 ) )
Degenerate flute cavity geometry + coupler slot!? E 00 F (
-0.2
(Anti)symmetric modes (do not)do tune
-0.4
Add L, by hand to admittances=modes ORI > 5 ®
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Modeling Approach

EPR fails in galvanic coupling designs gzzi s e
Black box quantization approach?! §5-93 o toce
Degenerate flute cavity geometry + coupler slot!? gizf EES
(Anti)symmetric modes (do not)do tune “§§§2 “““““““ | T
Add L, by hand to admittances=modes RS S 3

Ly [nH]
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Modeling Approach

EPR1 fails in galvanic coupling designs giz
Black box quantization approach!! é 8
Degenerate flute cavity geometry + coupler slot!? ;% j
(Anti)symmetric modes (do not)do tune g 2
Add L; by hand to admittances=modes 0

Mode splitting from L; sweep gives coupling
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Modeling Approach

EPR fails in galvanic coupling designs

Black box quantization approach!!

Degenerate flute cavity geometry + coupler slot!?
(Anti)symmetric modes (do not)do tune

Add L, by hand to admittances=modes

Mode splitting from L sweep gives coupling
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Modeling Approach

Apply analysis to cavities w,, wp, coupler
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Modeling Approach

Apply analysis to cavities w,, wp, coupler
~ 60
We > Wa, Wh z

Two cavities with w,, A = |we — wal, 822 = g2/A 240 —~— o
30 oo
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Ly [nH]

N. Materise, nmaterise@mines.edu W67.7: 3D Tunable Coupler


mailto:nmaterise@mines.edu
https://meetings.aps.org/Meeting/MAR23/Session/W67.7

Modeling Approach

Apply analysis to cavities w,, wp, coupler
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Modeling Approach

Apply analysis to cavities w,, wp, coupler

N 60
We > Wy, Wp I
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Modeling Approach

Apply analysis to cavities w,, wp, coupler

We » Wi, Wp 25

. . — 20 —e— L, =0.32nH
Two cavities with w,, A = |we — wal, 822 = g2/A %15 D
Two cavities with wp, A = |we — wpl, g = gg/A 10 e
Two cavities wa, wp: gab ~ a8/ A = \/82a8bb Z

Direct extraction of parametric rates from
non-degenerate cavity simulations and overlap
integrals of different field mode solutions across
junction inductances
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Modeling Approach
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14Q64.00009, Q64.000010 Star Code: Experimental Demonstration of Autonomous Error Correction with Two-Qutrits
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Modeling Approach

N 60
Z50
Choose a bias point Ly, g0
230
AC modulate flux at wmeq = wa + wp to generate 3 ggg‘;d;gate = Gab
. . . (]
beamsplitter, two mode squeezing operations!3:14 310 Dias at
Z 0 a fixed Ly
~ QS ~ Q2
$ D N N

13
14Q64.00009, Q64.000010 Star Code: Experimental Demonstration of Autonomous Error Correction with Two-Qutrits
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Modeling Approach

N 60
Z50
Choose a bias point Ly, g0
230
AC modulate flux at wmeq = wa + wp to generate 3 ggg‘;d;gate = Gab
. . . (]
beamsplitter, two mode squeezing operations!3:14 310 Dias at
Z 0 a fixed Ly
~ QS ~ Q2
$ D N N

13
14Q64.00009, Q64.000010 Star Code: Experimental Demonstration of Autonomous Error Correction with Two-Qutrits
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Modeling Approach

N 60
=50
Choose a bias point Ly, g0
Z30
AC modulate flux at wmeq = wa + wp to generate 3 ggg‘;d;gate = Gab
. . . (]
beamsplitter, two mode squeezing operations!3:14 810 Dias at
. . a fixed Ly,
Parametric rates set by 1/2 the modulation oL 5 = -
S N N N
N

amplitude=>several MHz
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14Q64.00009, Q64.000010 Star Code: Experimental Demonstration of Autonomous Error Correction with Two-Qutrits
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Summary & Next Steps

Designed a galvanic coupler design for flute cavities
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Summary & Next Steps

Designed a galvanic coupler design for flute cavities

Simulated fast SWAP ratee, preserving high coherence of the cavity modes
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Summary & Next Steps

Designed a galvanic coupler design for flute cavities
Simulated fast SWAP ratee, preserving high coherence of the cavity modes

Work in progress on concrete design with recessed flux line and flux line filter
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Summary & Next Steps

Designed a galvanic coupler design for flute cavities
Simulated fast SWAP ratee, preserving high coherence of the cavity modes

Work in progress on concrete design with recessed flux line and flux line filter

Experimental demonstrations to follow concrete designs
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Summary & Next Steps

Designed a galvanic coupler design for flute cavities

Simulated fast SWAP ratee, preserving high coherence of the cavity modes
Work in progress on concrete design with recessed flux line and flux line filter
Experimental demonstrations to follow concrete designs

Developed a method to extract parametric rates using field overlap integrals
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Summary & Next Steps
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Additional Slides

Start with admittance as seen by the junction and add in the JJ admittance,
T1 Purcell = 100 ps transmon lifetime included with R,

Yiot(w) = Yarss(w) + Yis(w) (1)
1 1
Y. =jwCj+ —— 2
Ji(w) = ol et R (2)
o] ¢y
Tipucel = 5 7= Ri=——" 3
LP . Re [YJJ(W)] / Tl,Purcell ( )
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Additional Slides

Start with admittance as seen by the junction and add in the JJ admittance,
T1 Purcell = 100 ps transmon lifetime included with R,

Yiot(w) = Yarss(w) + Yis(w) (1)
1 1

Y = jwCj+ — + — 2
JJ()JWJ+JL+RJ (2)

o oy
T urcell = 5 v 7 N7 Ry= ——— 3
LP . Re [YJJ(W)] / Tl,Purcell ( )
Mode frequencies wp 3 Im [ Yiot(w)] = 0, mode capacitances, resistances, losses1®

1 dIm [Yior (w)]
2 dw ’

w=wp

G = Ry = Re [Ytot(wp)]il ;o Qp=wpRpCy  (4)
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Additional Slides

E-field operator expanded in fy or Fk eigenfunctions
E(x, L) = > [Exo(Ly)a(Ly)fi(x, L)) + he] =) [Ek,o(LJo)5k(LJo)?k(X» L) + h-C-]

P K
(5)
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Additional Slides

E-field operator expanded in fy or Fk eigenfunctions

E(x, L) = > [Exo(Ly)a(Ly)fi(x, L)) + he] =) [Ek,o(LJo)5k(LJo)?k(X» L) + h-C-]

k k
(5)
Express fx(x, L) in terms of fk(x, Ly,) and the converse
Fie(x, L) = > Ao (Ly, L) (%, L) Fie(x, L) = Brr (L, L )Fur(x, L)
k' k'
(6)
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Additional Slides

E-field operator expanded in fy or Fk eigenfunctions
E(x, L) = > [Exo(Ly)a(Ly)fi(x, L)) + he] =) [Ek,o(LJo)5k(LJo)?k(X» Ly) + h-C-]
k k -
Express fx(x, L) in terms of fk(x, Ly,) and the converse
Fie(x, L) = > Ao (Ly, L) (%, L) Fie(x, L) = Brr (L, L )Fur(x, L)
o

r
(6)

For real eigenfunctions, one can show that By = Ak
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Additional Slides

E-field operator expanded in fy or Fk eigenfunctions
E(x, L) = > [Exo(Ly)a(Ly)fi(x, L)) + he] =) [Ek,o(LJo)5k(LJo)?k(X» L) + h-C-]
k k
(3)
Express fx(x, L) in terms of fk(x, Ly,) and the converse

Fie(x, L) = > Ao (Ly, L) (%, L) Fie(x, L) = Brr (L, L )Fur(x, L)
k/

o
(6)
For real eigenfunctions, one can show that By = Ak
Overlap integrals give Axxs
Akk/<LJ7LJ0) = Vl f fk(x7 LJ) -?:/(X, LJO)d3X (7)
tot J Vot
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Additional Slides

E-field operator expanded in fy or Fk eigenfunctions

E(x, L) = > [Exo(Ly)a(Ly)fi(x, L)) + he] =) [Ek,o(LJo)5k(LJo)?k(X» L) + h-C-]

k k
(3)
Express fx(x, L) in terms of fk(x, Ly,) and the converse
Fie(x, L) = > Ao (Ly, L) (%, L) Fie(x, L) = Brr (L, L )Fur(x, L)
K’ k!
(6)
For real eigenfunctions, one can show that By = Ak
Substitute (6) into (5), solve for ax in terms of 3
ak(Ly) = Eko( ) Z Exr0(L ) Ari (Ly, Lyg) 3w (Lsy) (7)
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Additional Slides

Substitute (7) into diagonal Hamiltonian

t
M= we(Ly) [Z Ewr.0(L )3k (Lsy) A (L, LJO)]
k k!

E;io(LJ)

X [Z Evr 0Ly )3k (L) Arter (L, LJO)]

k//
1 o~ -
= wi(Ly)=——Ewo(Lsy)Exro(Ly)
k/Zk//; EliO(LJ) ° °
% Ay (L gy L) Arer (L, Ly )3 (L) 3k (L) (8)
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Additional Slides

Beam splitter Hamiltonian

H= Zwk Ly L) 34 (Li)3(Lyy) + . g (L Liy)3 (L) (Lyy) — (9)
K7k
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Additional Slides

Beam splitter Hamiltonian

H = Zwk Ly, Lyp)a(Ly)ak(Ly) + Z gk (Lo Lig)ak(Lyg)aw(Ly)  (9)

k£ k!
Modified frequencies and couplings
Bi(Lys L) = wi(Lyy) Y A (L, Lig) Aw(L, L) (10)
kl
g (L, L) = [wie(Lp)wr (Li) 1D Ak (L, L) Awric(L, L) (11)
k//

N. Materise, nmaterise@mines.edu W67.7: 3D Tunable Coupler


mailto:nmaterise@mines.edu
https://meetings.aps.org/Meeting/MAR23/Session/W67.7

Additional Slides

Taking Ly = Ly(t) = Ly, + 6L sin(wmodt), and expanding &y about Ly, we have

dtr)k/(LJ, LJo)

Oir(Ly, Lyy) &~ @ir(Lyys Lyy) + 0Ly sin(wmodt) i

Ly=Ly,

1 .
= wkI(LJO) + Eek/ sm(wmodt) (12)
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Additional Slides

Taking Ly = Ly(t) = Ly, + 6L sin(wmodt), and expanding &y about Ly, we have

dtr)k/(LJ, LJo)

Oir(Ly, Lyy) &~ @ir(Lyys Lyy) + 0Ly sin(wmodt) i

Ly=Ly,
1 .
= wkI(LJO) + Eek/ sm(wmodt) (12)

For the couplings gy/x~, we find

0 d, Ly L
. 8K k" Js L
gk (Lys Lyp) “WJr oLy S'n(w""’dt);LJO)

= 6g’,(/k// Sin(wmodt) (]‘3)

Ly=Ly,
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Additional Slides

Substituting Egs. (12) and (13) into the diagonal Hamiltonian, we write

H(t) =) <wkI(LJO) + %ek/ sin(wmodt)> 3, (Lyy)3k (Ly)
-

+ 2 gy Sin(@mod )3l (L) 3k (L) (14)
k/#k//
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Additional Slides

Substituting Egs. (12) and (13) into the diagonal Hamiltonian, we write

H(t) =) <wkI(LJO) + %ek/ sin(wmodt)> 3, (Lyy)3k (Ly)
-

+ 2 gy Sin(@mod )3l (L) 3k (L) (14)
k/#k//

To cancel the time dependence in the frequencies, we go to the rotating frame
described by the unitary'®

U(t) = exp {,; me(LJO)t -5 €m

Wmod

costomont) 5I,,<Ljo>sm<uo>]} (15)
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+iz cos(x)

Jacobi-Anger theorem!” to express e in terms of Bessel functions Jy,(2)

o0
eiizcos(x): Z I.ime(Z)eiimX_ (16)
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+iz cos(x)

Jacobi-Anger theorem!” to express e in terms of Bessel functions Jy,(2)

o0
eiizcos(x): Z I.ime(Z)eiimX_ (16)

m=—o0

The Hamiltonian in Eq. (14) transforms under U(t) as

H(t) — H = U)YH(t)UT(t) — iU(t)o: UT (t) (17)
= Z - Sin(wmodt)g}:’(LJo)gk”(LJo)e_iAkk/t
k/#k//
& €k €k
-(m—n) 4 " i(M—n)Wmodt
- Z I Im <2wmod) In (2wmod> ¢ (18)
m,n=—00
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Additional Slides

Modulate the junction inductance at wpmoq = Axrkr, and let m = n, the leading
static component of Eq. (18) gives the effective couplings g,f,ff(,,

D gihdl (L) (19)

k/ # k/l

eff gk’k” €k ng/k//
1 = J J - 5 1= " 20
8’k Z <2wmod> m <2wmod> 5 kT Ck (20)
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Field Overlap Matrix
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. — 201 7 —e— [, =0.32nH
Small L, geometric mean D , L, = 1.00 nH
. = 154 K L, =178 nH

underestimates = s en
o 101 —e— L), =3.16 nH

o))

_
—= 9ab=VJaadbb

L] [nH]
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Small Ly, geometric mean
underestimates

Large L, geometric mean agrees near
L_/ =5nH

~

L] [nH]

Lj, = 0.32 nH
Ly, = 1.00 nH
Ly, = 10.00 nH
L), = 31.62 nH
Ly, = 56.23 nH

9ab =V Jaadbb
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Additional Slides

Small Ly, geometric mean
underestimates

Large L, geometric mean agrees near
L_/ =5nH

All g12 pass through zero at L; = L,

by orthogonality of field eigenfunctions

— 201
N
I
s 151

S 101

L] [nH]

Lj, = 0.32 nH
Ly, = 1.00 nH
Ly, = 10.00 nH
L), = 31.62 nH
Ly, = 56.23 nH

9ab =V Jaadbb
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Work in progress to understand large mode anharmonicities

1o3<
10% Mode-1
—o Mode-
—_ 1]
F 10 Mode-2
= 109 —— Mode-3
. —— Mode-4
51077 —+— Mode-5
"~ 1072 M —*— Mode-6
10-31 M
"~ N 5 3
R A A ]

L] [nH]

N. Materise, nmaterise@mines.edu W67.7: 3D Tunable Coupler


mailto:nmaterise@mines.edu
https://meetings.aps.org/Meeting/MAR23/Session/W67.7

Additional Slides

Approximate integral by a sum

Nelem Nnodes

f f(x)d3x ~ 2 Z f(Xm,n) Ax1,nAx2 nAX3
14

m=1 n=1

= > F(Xm,n) Va (21)
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Approximate integral by a sum

Nelem Nnodes
f f(X)d3XN 2 Z f(Xm’n)AXLnAXQ’nAX&n 3
v

m=1 n=1

= > F(Xm,n) Va (21)

HFSS tetrahedral mesh node indices
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Additional Slides

Approximate integral by a sum

Nelem Nnodes

f f(X)d3XN 2 Z f(Xm’n)AXLnAXQ’nAX&n 3
v

m=1 n=1

= > F(Xm,n) Va (21)

HFSS tetrahedral mesh node indices

Volume of tetrahedron from vertices
Vi, V2, V3, V4

Vi1 — Va1l Vo1 —Val V31— V41

1
gdet Vig — V42 Voo — V42 V32 — V42
Vi3 — V43 V23— Va3 V33— V43
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“Cryogenic single-port calibration for superconducting microwave resonator measurements"”

“Three-Dii | Supercond

at T < 20 mK with Photon Lifetimes up to 7 = 2 s"

“A superconducting quantum memory with tens of milliseconds coherence time".
“Bosonic quantum error correction codes in superconducting quantum circuits”
“Entanglement of bosonic modes through an engineered exchange interaction” .

“A high on-off ratio beamsplitter interaction for gates on bosonically encoded qubits”

“A high-fidelity microwave beamsplitter with a parity-protected converter”

“Universal Stabilization of a Parametrically Coupled Qubit”

Energy-participation quantization of Josephson circuits.

“Black-Box Superconducting Circuit Quantization”.

“Seamless High-Q@ Microwave Cavities for Multimode Circuit Quantum Electrodynamics”

“Autonomous error correction of a single logical qubit using two transmons”

“First-order sideband transitions with flux-driven asymmetric transmon qubits”

“Handbook of Mathematical Functions: With Formulas, Graphs, and Mathematical Tables".
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