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Unveiling the qguantum

Quantum harmonic oscillator
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Drawing: Zurek, Physics Today (1991)
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@ Dirac's canonical quantization

Source: Cambridge University,
Cavendish Laboratory / Wikimedia
Commons

Quantum (commutator)

Classical (Poisson bracket)

{xvp}P =1

h These look
dO“_ ; 5 0 a lot alike! EO:{O H}
570 =7 0:4] dt T
where O (&,p;t), H (&,p;t) where O (z,p;t) , H (z,p; t)
Procedure: Supplant the Poisson brackets by commutators
i “There is, however, a fairly general

The Principles
of
Quantum Mechanics

P. A. M. DIRAC

1

{0,0"} — Z,h[é, 0’|

method of obtaining quantum conditions,
applicable to a very large class of
dynamical systems. This is the method of

classical analogy”

P.A.M. Dirac
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If | knew what | was doing, it
wouldn't be called research.

Albert Einstein
See Hawken et al. (2010)
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The classical and quantum oscillator

Classical Quantum
d (t) —
Q) ~Q
H(®,Q) — H (A Q)

(®,Q) =1+ |, ] — ihi
{a,a*} =1/ (ik) — |a, &T] =1

DAOB OB OA + a1 3
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Hamiltonian

Phase space

The classical and quantum oscillator

Classical Quantum
- Q% P . P2 Qz
H=2ctar H=:7+355
1
= 5hwo (" + aa”) = hwo (a'a + aa')
(t) = \/ 55 [® (8) +i2Q (¢) =1/ 2 (& +i28
YW=V onz ’ 2 ﬁ( T Q)
« (t) = (0) e_iwot P (t) — & (0) e_iwot (Heisenberg
= picture)
P (t) = 5 (o* () + a(t)) B = By (&T +a)

Q(t) =i/ 57 (o (1) ~ (1)
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Ladder operators and matrix representation

E

# annihilation creation general hopping
E~3'I:_.(-)"j,f":.....jl/ha:’v a‘ |0> — 0 &f |0> = \/]_~ |1> & |n> = \/ﬁ |n - 1>
saylgite, a1} =v1I0)  at[1) = v2|2) a'n) = vn+1ln+1)
E:' Sy
| /01 0 0 0 0 0 0 /100 0)
) 00\/50\1(1000\4“ 020 0
=10 0 0 v3|a=|0o v2 0 o #2=)0 0 3 O©
0o 0 . 0 0 V3 - \0 0 0 "

Image: Griffiths, D.J.
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. )(I) Wavefunctions of the quantum oscillator
@2

gind ((I)) — ﬁ

\

Energy

Classically forbidden
region
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: )cp

Energy /

Scaled
wavefunction
amplitude

Wavefunctions of the quantum oscillator

@2

gind ((I)) — ﬁ

\

¥n (@) = (@|n)

Classically forbidden
region

0)
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=3

Energy /

Scaled
wavefunction
amplitude

Wavefunctions of the quantum oscillator

(1)2
gini(q)) = 5T U (@) = (P[n)
3)
' 2)
. 1)
region 3 ‘O>
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) Phase-space (Husimi Q function) @
P

0)
Q

Q(e) = —(aljla)

Zlatko Minev



Linear harmonic oscillator summary

Q

C

L

O
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Energy

The LC guantum harmonic oscillator

L % Position: ® — Momentum: @ > p
@ % Mass: C +— m Spring constant: L~ — k
Lo\ @2 Q0? 1
H = — 4 2 = ata + = 2 e
(q” Q) oz, T g = Mo ( b ) 0 =I0
H |n) = o (n+ 3 ) In) Zo= %
n) = ol n 9 n 0= 5
. h | 20
S "1' A — — — —
O =Pypr (a -+ a) Dzpr 2ZO ol o’
h 1
A —y af — — ) —Z_l = (2
Q =i1Qzpr (a a) Qzpr 520 (2€e) oz’
q)/¢0 Graph: Minev; Spring-mass: Svjo Zlatko Minev



The LC guantum harmonic oscillator

Position: ® — z Momentum: @ > p

Mass: C +— m Spring constant: L~ — k

. A\ P2 Q2 1 1
= — . ata — 2 i 2
(8:Q) = 37 + 56 = et (“ urk 2) “=Tc

Classically
forbidden region

wavefunction amplitude

Energy / Scaled

| St
N
|

QJ

= DN

Q — ZQZPF (&T = a’) QZPF = gZO“l <0 Q2 0> = Q%PF

ot ~ ~ | ~

-

Zo <O P2 0> = @%pp

P/ o
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The transmon as a non-linear oscillator

Josephson tunnel
junction

Non-linear inductor

Zlatko Minev — Qiskit Global Summer School 2020 |(81)



Josephson tunnel junction

e
generaliz l

magnetic
flux

€j (®;) = Ej (1 — cos (®;/¢0))

]il] : nl ‘ AccV Spot Magn Det WD "
— g J ((I) J) + 8 J ((I) J ) 1000 kY 2.0 220207x TLD 50 S

_Ej q)j : E_,‘ (I)J- ® 6
2 (%) T (¢0> +0(%;)

¢O = h/Qe

SEM image: L. Frunzio

Circuit image: Minev et al., EPR to appear (2020)
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The Transmon qubit

>
20
Q
c
2 L
Ey=2
Ly
Classically
h forbidden region
Po = — £y
2e
~ 3.3 x 1071* Wb Reduced magnetic flux ®/¢,

Image: Minev et al., EPR to appear (2020) Zlatko Minev



Semi-classical intuition: phase space picture

: ‘ ~ - — "
H (¢ Q) EJ COS (@/¢0) - e N
E = huw ( 1)
— o{n+ 5
2
=30 — Ejcos(®/¢o)
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The Transmon qubit

Er(P) =
C ?LJaEJ JA( )\
Q - .* H Ly
: 55
O A 2
H:%—EJCOS((I)/¢Q) -
" : . x &
Q2 + (I)Q EJ o C.Iassically.
20 2LJ Al ¢O 'EJ forbidden region
-TT
st — BIOmpE (4 | 4ty Reduced ic flux @/
= hwoa'a — (a—i—a ) educed magnetic flux ®/¢,
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The Transmon qubit

)

order PT
AP = uata — o4 (| E20RG -+ (RN )
h
=|h(wo — Ag)dTa — —=af2a2
£ 2 X
7 \

Due to nl & commutator

1

where  hA, = ha = —EJ¢ZPF
“Lamb shift” Anharmonicity Zero-point
due to ZPF fluctuations

Classically
forbidden region

0

Reduced magnetic flux ®/¢,
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%:} J The Kerr Hamiltonian of the transmon

A
A A_|_ . EJ \ H
N =a'a ". ,'
TRWA o ha o o \ ,'
Jig zhqu—7N(N—1) A
‘M# § |||| K 'l'
7 Hiin ﬁnl\ L%) '\‘ ,;'
Solution known (SHO) New from nonlinearity \ |
A ho
RWA
H4 |n> - hqu (1 a ; (n ; 1)) |'I’L> Classically
-EJ forbidden region "
-TT 0 T
Reduced magnetic flux (D/¢)
= (O] F [2©)

k<°>> .

Zlatko Minev

1st order correction to energy: E,,(,Ll) = <n(0) f]nl ‘n(0)> and to eigenstates: ‘n(1)> =

(0) (0)

To first order perturbation theory the eigenstates do not change! Only the energy changes. Dispersive.



Exploring a real transmon qubit

N =afa
TRWA o« ha . (.
Jig zhqu—?-N(N—l)
/' ﬁllﬂ ﬁnl\

Solution known (SHO) New from nonlinearity

Experimental parameters

2

LJ=14nH EJ=@=12GHZ
L,
62

— = (0.3 GHz

Cj;=651F =50

Ec

L

Energy

A

Reduced magnetic flux (®/¢,)

T
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A

E, T

. " BV o off »
HPVA ~ huog N — =N (N -1)

Energy

Dispersive, states didn’t change to 1% order
“Lamb shift” due to ZPF

Classically W R
forbidden region 9
_EJ — >
Parameters used in figure (of a measured qubit) - 0 _ T
Reduced magnetic flux (®/¢)
E % GH w—\/ ! = 5.3 GHz
L;=14 nH J—L_J—12 Z 0= 7o
Cy;=651F E —i—O3GHz Z—\/L~45OQ
o “- 2C o N C - Zlatko Minev



Quantum fluctuations of the transmon qubit

Pzpr/do =~ 0.5

QZPF/ZG ~ 1.0

Reduced magnetic flux (®/¢,)

Zlatko Minev



Advanced State of
the Art
Methods

Deeper dive on earlier material? See:

Qubit and readout

|

N

On measuremen ts
|e) |og)
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Drawing: Zurek, Physi
: , Physics Today (1991)
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Simple example

resonator

a

o

Zlatko Minev, IBM Quantum (97



Modeling step 1: Classical E&M approximations

Quasi-lumped models

Physical (linear) model Eigenmodes

s s

A

Hy

('n}_ "(’m “(‘n_' ’('n:i '(vn: *('u'.

Ciyg —Cia —Ci3 —Ci4 —Cis

eﬂ. Cax —Cay3 —Cay —Cys
C3xy —C3y —Css

Cix —Css

Csy

H,

=

eff
C'L

VI
v

{

Impedance

et

r._--—Lr

r

Zlatko Minev, IBM Quantum (98



Modeling step 2: Quantize

’ . H
tot

=k : r_=...J? v There’s a description for

every job!

Zlatko Minev, IBM Quantum (99)



Landscape of quantization methoc

quasi-static full-wave
quasi-lumped i
lumped Impedance
L e
[T == | —
Yurke & Denker (1984), Devoret (1997), Malekakhlagh et al. (2017, 2019), Nigg et al. (2012), Bourassa et al. (2012), Minev (2018)
Burkard et al. (2004), Koch et al... Gely et al. (2019), Parra-Rodriguez et al. (2019), Solgun et al. (2014, 2015, 2017) ... Minev et al. (2020)
Minev et al. (2021), ...
more speed more information, accuracy

Zlatko Minev
IBM
Quantum




Resonators

Composite Bi-Partite Systems

Qubit Couplers
Input-Ouput Coupling
Small Quantum Chips

Design Flow

Libraries

All Quantum Devices

API References

Overview
QDesigns
QComponents
Analyses
QRenderes
Toolbox
QGeometry
GUI

Code of Conduct

€S Qiskit

Quantization methods library

quasi-static full-wave
uasi-lumped i ener
lumped q P impedance gy
vEE [Fow]
Yurke & Denker (1984), Devoret Malekakhlagh et al. (2017, 2019), Nigg et al. (2012), Bourassa et al Minev (2018)
(1997), Burkard et al. (2004), Koch et  Gely et al. (2019), Parra-Rodriguez et al. (2019), (2012), Solgun et al. (2014, 2015, 2017) Minev et al. (2020)
al... Minev et al. (2021), ... A
more speed more information, accuracy

Zlatko Minev
IBM Quantum
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Resonators

Composite Bi-Partite Systems
Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Design Flow

Libraries

All Quantum Devices

API References

Overview
QDesigns
QComponents
Analyses
QRenderes
Toolbox
QGeometry
GUI

Code of Conduct

S Qiskit

" Quantization methods library: Tutorials



@ https://qiskit.org

Resonators

Composite Bi-Partite Systems
Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Design Flow
Libraries G
Eigenmode and EPR Impedance Analysis Capacitance Matrix and LOM Sweep a option in QComponent,

All Quantum Devices Analysis get Ansys HFSS driven-modal
scatter matrix, impedance matrix,
and admittance matrix.

API References

Overview B

QDesigns )&‘F) 4

QComponents i . . 4 - a—

Analyses

QRenderes = A

Toolbox . . ) : How to Render a Metal Design

Q@Canetry Analyizing and Tuning a Transmon Analyzing a transmon and a Analyzing a resonator :

- Qubit resonator Into. Ansys

Code of Conduct

S Qiskit | - /

Driven Modal Simulation and S- Sweep an option in QComponent, Sweep an option in QComponent, How to Render a Metal Design
Parameters get capacitance matrix from Ansys get Ansys HFSS eigenmode into GDS
Q3D and pyEPR solution matrix.
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Resonators

Tutorials; Quantum analysis library

Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Design Flow
Libraries S on in QC
Eigenmode and EPR Impedance Analysis Capacitance Matrix and LOM weep a option in QComponent,

All Quantum Devices Analysis get Ansys HFSS driven-modal
scatter matrix, impedance matrix,
and admittance matrix.

API References

Overview =

QDesigns

Y o T e
QComaanaat —dl 3 77

L

mpedance Analyssipynb

vA

S,Z2,Y
Impedance
Scattering = | |

arXiv:1204.0587 ...

——— =}

e e ) —




& https://qiskit.org/documentation/metal/tut/index.html

Resonators

Composite Bi-Partite Systems
Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Tutorials: Quantum analysis library

Design Flow
Libraries o
Eigenmode and EPR Impedance Analysis Capacitance Matrix and LOM Sweep a option in QComponent,
All Quantum Devices Analysis get Ansys HFSS driven-modal
scatter matrix, impedance matrix,
and admittance matrix.
API References
Overview
QD E ® I
Eigenmode and EPRipynb ; ; .fn : P
. . . o o . ¢ on
Energy-participation quantization of Josephson 5 =
circuits =

Zlatko K. Minev &, Zaki Leghtas, Shantanu O. Mundhada, Lysander Christakis, loan M. Pop

& Michel H. Devoret

npj Quantum Information 7, Article number: 131 (2021) | Cite this article

Minev arXiv: 1902.10355
Minev arXiv: 2010.00620

#EIFQ=2N

Egenmode 1 vs. pass 10K2)

Max Deka Freq ¥

¢ s | bt S g




& https://qiskit.org/documentation/metal/tut/inc

Resonators

Tutorials: Quantum analysis library

Qubit Couplers

Input-Ouput Coupling

Small Quantum Chips

Design Flow
Libraries o

Eigenmode and EPR Impedance Analysis Capacitance Matrix and LOM Sweep a option in (?Component,
All Quantum Devices Analysis get Ansys HFSS driven-modal

scatter matrix, impedance matrix,
and admittance matrix.
API References

- Capacitive

A7
QComponents 5
Analyses
PN ATt & N COPOE S S C e e Tty 1 R T S 1 /=22 = YT ) S
QRenderes [ ¢ - 1 (R S 57 e o L v
Toolbox How to Render a Metal Design
QGeometry into Ansys
GUI

arXiv:2103.10344 ...

Code of Condud]

! : .
i )
. {
QIS 3 bust_connector pad Q1 bus2 connector pad QF  ground
bus) connector pad Q1 { 4 )\ \

b2 comnector pad Q1

pround main plane

pod bt Q1 1044 o How to Render a Metal Design
pad sop QY ! , IntO GDS

readowt conrecier pad Q1




& https://qiskit.org/documentati

Resonators

Composite Bi-Partite Systems

Qubit Couplers
Input-Ouput Coupling
Small Quantum Chips

Design Flow

Libraries

All Quantum Devices

API References

Overview
QDesigns
QComponents
Analyses
QRenderes
Toolbox
QGeometry
GUI

Code of Condud]

Eigenmode and EPR Capacitance Matrix and LOM

Analysis

Impedance Analysis

Tutorials: Quantum analysis library

‘%‘?p’ Cornell University

arXiv.org > quant-ph > arXiv:2103.10344

Quantum Physics

Circuit quantum electrodynamics (cQED) with modular quasi-lumped models

Zlatko K. Minev/*| Thomas G. McConkey, Maika Takita, Antonio Corcoles, and Jay M. Gambetta
IBM Quantum, IBM T.J. Watson Research Center, Yorktown Heights, US

WIP: General capacitive analysis code
map to known building blocks: e.g.,
transmon, fluxonium, zero-pi, etc.

Sweep a option in QComponent,
get Ansys HFSS driven-modal
scatter matrix, impedance matrix,
and admittance matrix.

#

bw to Render a Metal Design
fo Ansys

w to Render a Metal Design
o GDS



Example of step 2 with EPR

Physical (linear) model Eigenmodes Non-linear device
/Y I\ params

energy stored 2
in junction p] Hfull
Y L 2

Dissipation
budget

P1 — D[Vkal

energy stored
in substrate

Zlatko Minev, IBM Qlagmtivim €LC



Step 3: Hamiltonian

&z, ‘ —
; QlSklt I e resonator
; | A M)
qubit
—
\_/
Transition
spectrum a, a, Xqc
< )E i <>
Wq-A, @,

Hs: for simplicity, showing up to O(p®) in RWA

Qubit/cavity anharmonicity

fuw?
/c
qu/c —pQ/C 85

Qubit-cavity dispersive shifty

huw,we

Xgec =PqPe—F—— AE,

Qubit Lamb shift

— —i |
Ay = oy 5 Xqc

Zlatko Minev, IBM Qudatkonyi(1©9



Planar devices &
comparison to other methods

Quantum Physics
[Submitted on 2 Feb 2021]

Exploiting dynamic quantum circuits in a quantum algorithm with
superconducting qubits

Antonio D. Corcoles, Maika Takita, Ken Inoue, Scott Lekuch, Zlatko K. Minev, Jerry M. Chow, Jay M. Gambetta

e




Measured vs. predicted: qubit-readout cross-Kerr

8

— Y =X
A LOM (quasi-static)
@ EPR (eigenmode)
@& Z (driven)

Predicted y (MHz)

Marker size indicates
Measured y (MHz) error bars.



Chalmers 8Q Simulated

groundPlane

groundPlane_buffer

Launch_NW
Launch WNW
Launch_ESE
Launch_SE
Launch N

Launch_ENE

QCamponents y Pins Varables

Q4 : TransmonPocketUTokyo - qiskit.meta

£ Name Value Parsed value
pos_x 128

Confiraous Wave Qubit Speciroscopy
pos.y — - —
cannection_pads
pad_gap 0 |
inductor_width 0.144
ped_width 0 |

: . P for/2
=2 TU Delft Fluxonium ... Measured

hfss_inductance ‘

Nss_capacitance 0 0 : g f - 0084 - - ) ,
| -. Fluxonium (teaser) 5 | TR
hiss_mesh_kw_jj .

Q3d_inductance

016§

fos,

-

|

- Edit Source
y) = {0.4415, 1.1502) A last point (0.1813, 0,4854)

Capacitor pads
P P > High kinetic inductor

e

|
]
f
|
\

'S

L

ol R -
ot =

SQ@/ ..

| physics MARCH .

| I 1 . Flux line [ 3 ]
MARCH 15-190NLINE Josephson junction

|IEEE International Conference

siliins CEC/ICMC#) Y -
U Designed with Qiskit Metal and Engineering — QCE21

e 2
RN JuLy 19-23 TUDelft .
' Zlatko Minev dBtkalyliney

’ Cryogenics+ Through - Collaboration



QuTech / Technische Universiteit Delft

Figen Yilmaz-Andersen Lab: Fluxonium chip design

Roald van den Boogaart-Andersen Lab: Fluxonium spectrum (eigenmode = pyEPR) to show how

they have extended the analysis methods to be able to handle fluxonium qubits
Sara Buhktari-Andersen Lab: Fabricated resonator design being measured

“Qiskit-Metal is the best
tool if one studies
superconducting qubits”
-- Figen Yilmaz

Lumped element
25 - pe 25

Quasi-lumped = Eigenmode

Energy [GHz]

0 . 0
00 05 1.0 00 05 10 00 05 1.0

of"flw(v

3.1. Final design

v\ e

Y Y

Dot/ D Dt/ Dy

The final design consists of an S-shaped feedline routed between two launchpads. Eight res

igure € Schematic repre

e
ely coupled

" ation
1o the feedline s

Intermediate chip design.

QuTech / Technische Universiteit Delft

Zlatko Minev



Building it together

Gates & time-
/-‘ evolution analysis O pen source

Quantum [ v .
/‘ Hamiltonian | /! /' /1| /)

H H quantum device
Q'Sklt l design

+

pyEPR !

scQubits x—

+

Call for community participation

+ QUTiP Quantization |/ W W
Methods —=———=r =
E&M - Education
Open source /_~ Slpwiation T']@D"J'OXH: ‘-/() tutorials
~ courses?
3‘;2:2‘;2 summer schools with hands on (see QGSS
§° % 2020 Z. Minev from Introduction to Quantum
Sy ~§ Computing and Quantum Hardware)
Ao :"L

@zlatko_minev

Zlatko Minev



The road behind and ahead

Qubit in the cloud c¢QED: Transmon qubit Unveiling the quantum

oscillator

Classical circuits & the LC

S e \
/ B \
i > "
-"'




The important thing is not to stop questioning. Curiosity
has its own reason for existence.

One cannot help but be in awe when he contemplates
the mysteries of eternity, of life, of the marvelous
structure of reality.

It is enough if one tries merely to comprehend a little of
this mystery each day.

Albert Einstein

YW @zlatko _minev zlatko-minev.com IBM Quantum



Next steps

Lab work with Dr. Murat Sarthan, Sadman Shanto, and more!

Check out references, problems given in the lecture, dangerous
bends

Break away from the rules of today

Thank you!
Zlatko K. Minev

W @zlatko minev zlatko-minev.com



Your First
Superconducting Qubit

Introduction to Circuit
Quantum Electrodynamics (cQED)

Zlatko K. Minev

Current Affiliation:
Google Quantum Al; Assoc. Fellow @ CIFAR

Former Affiliation: IBM Quantum; Yale University

u @zlatko_minev w zlatko-minev.com/blog




Hand-written notes

Hamiltonian and energy Mean, variance, and RMS fluctuations
2 O2 0[®2|0) = ®2
~ D Q) = @zZpPF
= |
2L,  2C
= hwo (a'a + aaT) <0 Q 0> = Qzpr

Zlatko Minev



Calculations of the energy

For notational simplicity, I will drop the hats on the operators temporarily and the 0 from wy.

A
H= ke (&fa+¢ as')
Z

Fock
aa(n>= mn§
at(aind)
at{wm In-1> ushg o INd= V7 (%D

N
Jn+191" (h IN~14D
\
v

= nin> a'a= Phon numwbes n

Ca,dl=|
+
GGL-QQ =|
=
ad® = |+qfa
At -
H= ©( ata t a at)

2 W (a*q + afa H)
2

2
= bw (za‘«(”) I/ZL
%2
F 2>

ﬁ: hwo(a+q t '/_7—) ||‘>

* * i 10>

n 2ero~- poil~ amergy
A 3
Him> = Ein>

= hw,(ht!iz)  n=g 1. .

Zlatko Minev



Expectation value of magnetic flux and charge
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Fluctuations of flux

Vor (£)= (32D <&
= <E
= Zhl (atta)’ D>« Igz;
= 2en| at*+a’ + ata v aat 19> s -

T =7
£ nl/a"'z In? + Z.% 4+ < atatad*t> v.f;,p
cihint2)

IQ:;: b a*a{-a 0"7

i

"

Lo caataat)d

Zlatko Minev



Hand-written notes
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Hand-written notes
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Harmonic Approximation @
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Tight-binding model
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