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QCT group

Laboratory space: Dilution refrigerators

® Installed 2 dilution refrigerators, both functional attaining
temperatures in the 10-20mK range.

e All laboratory infrastructure is im place, including storage
shelves, workstations, instrument racks

® Engine room in upper floor containing compressors and
storage

e 1 DR financed by IFAE, 1DR financed by Qilimanjaro
* 1 more DR financed by Qilimanjaro at new UAB lab

® Necessary instrumentation and components to control up to
5 qubit devices.

Institut de Fisica
d’Altes Energies



QCT group

|FAE cleanroom space

® Installed metal deposition facility inside IFAE's
cleanroom for qubit device production.

® First device prototypes evaporated in April-May 2021.
® Evaporator financed by Qilimanjaro

® Upcoming wet bench will complement QCT's group
fabrication infrastructure.

® Combined with C(NM's cleanroom facilities, evaporator

enables QCT group for own device production.
Plassys metal evaporator, Fumehood for lift-off Space for microscope

@‘ |_ \4 /l\l J /]?O “qubit foundry”
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OUTLOOK

» Digital vs Adiabatic Quantum Computers

» Adiabatic Quantum Computation

Quantum Annealing
e i ——————————— S ——————— st | O] 7E ) |

Superconducting circurts with Josephson junctions

Commercial (incoherent) Quantum Annealers

Coherent Quantum Annealing



DIGITALVS ANALOG QC

‘\IJ(O» Universal Quantum Computer ‘\If(t»
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DIGITALVS ANALOG QC

‘\IJ(O» Universal Quantum Computer \I’(t»
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DIGITALVS ANALOG QC

Digital quantum computers are most well-known. Alternative approach is by using analog
quantum processors, also known as quantum annealers.

A=l 1%
U(0)) wp ) |U(t)) [
Analogue: Evolution of quantum state by change of H. Also known as AQC.

:ﬁ& —xcited statel LK
o - o i
Ve (0))

Digrtal: Evolution of guantum state by change of state:
liapdl
iE4E S %€
New ground state!




DIGITALVS ANALOG QC

W e S
e (0)) Uea(T))

Adiabatic Quantum Computation is Equivalent to Standard Quantum Computation
Dorrt Aharonov, Wim van Dam, Julia Kempe, Zeph Landau, Seth Lloyd, Oded Regev

SIAM Journal of Computing,Vol. 37, Issue |, p. 166-194 (2007/)
arXiv:quant-ph/0405098

We know how to realize discrete sets of gate sets in digrtal QC.
How do we implement analog quantum computing protocols in practice!
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ADIABATIC QUANTUM COMPUTATION (AQC)

The adiabatic theorem
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ADIABATIC QUANTUM COMPUTATION (AQC)

-quivalent picture: Landau-Zener tunneling
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ADIABATIC QUANTUM COMPUTATION (AQC)

Practical example: 2-SAT problem

Blackboard

Classical Constraint Equivalent Penalty
X x+y<l P(xy)
QUBO formulation e e
x+y=I Pl-x—y+2xy)
XSy P(x—xy)
B‘ackbgard X +Xx, +x3 <1 P(x1x9 +x1x3 + X5%3)
X=Yy P(x+y-2xy)

Table of a few Known constraint/penalty pairs

A Tutorial on Formulating and Using QUBO Models
Fred Glover, Gary Kochenberger, Yu Du
arXiv:1811.11538



https://arxiv.org/search/cs?searchtype=author&query=Glover%2C+F
https://arxiv.org/search/cs?searchtype=author&query=Kochenberger%2C+G
https://arxiv.org/search/cs?searchtype=author&query=Du%2C+Y

ADIABATIC QUANTUM COMPUTATION (AQC)

Quantum solution

Quantum solution: build Hamiltonian whose ground state energy Is the minimum of f:

Hp(zi)) = f(Tic, 20 )(|2i))

equivalence only Iin ground state ‘QZ‘Z>

Finds equivalence between mathematical formulation of real problem with physics from a physical system.

Which physical system is suitable for QUBO problems!?



ADIABATIC QUANTUM COMPUTATION (AQC)

The problem Hamiltonian
Start with cost function Z Ciijxir; + Z Bx;

Replace bits x; by spinl/2 qubits ‘Zz> eigenstates of O

1 o
-l =zl oi=(g O

‘Zz E nggz O-Z E hing,;
()

Corresponds to the Ising model of interacting spins with on-site magnetic field

One-to-one correspondence with cost function [

|/



ADIABATIC QUANTUM COMPUTATION (AQC)

The problem Hamiltonian

Clause C now associated with operator HP,C

Hpo(|21)]22) - J2w)) = f(zi 20) 20 22) - - 2n)

Hamiltonian associated with all clauses, Hp = E Hp -

C
Hp|1) =0 ifandonlyif |1} isa superposition of states of the form

21)|22) ... |2N) where Z21,22,...2N  satisfy all clauses

Minimum of Hamiltonian eigenvalue corresponds to optimal configuration to
minimize cost function

E. Farnhi et al, arxiv.quant-ph/000 | | 06



ADIABATIC QUANTUM COMPUTATION (AQC)

Recalling adiabatic evolution...

W E@ W
U (0)) Ua(T))

Energy of ground state wave function
maps to minimum of cost function |

E. Farni et al., arxiv.quant-ph/000 | | 06

E. Farni et al,, Science 292,472 (2001) . I.Albash and D. Lidar, Rev. Mod. Phys. 90, 015002 (2018)



ADIABATIC QUANTUM COMPUTATION (AQC)

The initial/driving Hamiltonian

Ground state is easy to find. No interaction between qubits:

1 | | |
Hr = (1 — 5% . | preparing sround state Is equivalent to
=" ( o;)  Hp Z Hp, individual qubit ground state

Ground state is |Wag(0)) = |z1 = 0)|ae =0)...|zxy = 0)

21 = 0)|ze =0)...|lzxn = 0) 2n/2 ZZ Z 21} 22) . . . |z2n)

In x-basis, Initial state becomes a superposition of states in z-basis, known as the
computational basis. Samples all classical possibilities at once.

Preparation easy by
decay, measurement, etc.

E. Farhi et al., arxiv.quant-ph/000 | 106
20



ADIABATIC QUANTUM COMPUTATION (AQC)

Adiabatic evolution

Simplest approach: linear interpolation:

For a single clause: Hc(t/T) — (1 e t/T)HD,C -+ (t/T)HP,C’

Total Hamiltonian = sum of clause Hamiltonians t/T E HC t/T

In general, nonlinear time evolution A
1 Q(t) C(t)
y Grover's algorithm in AQC:
0 s — Quantum Search by local adiabatic evolution
Annealing “schedule” J. Roland, N. J. Cerf, Phys. Rev. A 65, 042508 (2002)
H(t) =Q(t)Hp + C(t)Hp
Trivia Problem

So far, only considered unitary evolution of closed system. In the real world: finite temperature, finite times.
Need open-system framework: Quantum Annealing

1 E. Farni et al,, arxiv.quant-ph/000 | | 06



QUANTUM ANNEALING



WHERE IT ALL STARTED: MAGNETISM
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QUANTUM ANNEALING

Simulated annealing
Kirkpatrick, Gelatt, Vecchi, Science 220, 671 (1983).

Connection between statistical mechanics and combinatorial optimization

Classical (T) Thermal fluctuations help

escape from local minima
under annealing schedule by
decreasing

Free Energy temperature
Surface

Cost function: f (:1:@)

24



QUANTUM ANNEALING

Quantum annealing

Kadowaki, Nishimori, Phys. Rev. E 58, 5355 (1998). |Sing model In a transverse magnet
N N
Classical (T)
HIT:_E Jz‘jU;;ZUf—h§ :Uf—r(t)E o}
1,9 ) 7

Free Energy
Surface Example of 2-SAT problem:

Hir(|z)|ze) - |en)) = f(@ic, wj0)([w1)|z2) - - o)

>\

Quantum

Many classical optimization problems can be cast into the classical Ising model

I &
# 0= [Hir, 0] £ 0 We need spinl/2-like
07 is not a conserved quantity, it fluctuates particles to implement

i '
I" controls effective precession rate of spins! algorlthm.

29



QUANTUM ANNEALING

Gate-based
Quantum

Quantum
Annealer

Processor

Qo> -H o H T

Q. |0~ - 4] ot .

Q, 10> H —o— H

A
Q(t) C(1)

—

Annealing “schedule”

2 SRR = = e o

Universal™*

Q. 10> H —o- H

Q, 10> H —— H

QII()) H—()—H S‘l’ L

R s e

Q, 10>

H(t) = Q(t)HD =K C(t)HP (DQCéeCs not require

Trivial Problem

Scalable in the

mid-term

* |deas exist to make it universal
** There exist non-universal versions
(NISQ), not clear they may show advantage

E. Farhi et al., arxivi:quant-ph/0001106
26 T. Albash and D. Lidar, Rev. Mod. Phys. 90, 015002 (2018)



QUANTUM ANNEALING

Why do we care about small Quantum Annealers!

* Applications where small-sized quantum processors can outperform classical computers

|. Optimization: traffic, navigation, scheduling, machine learning, etc.

a

) preconditions: B, |
Selection pool of -~ effects: B=0,C=1,)=0
available actions

A B

C
Initial State ! | ]lO

OO o Yyl

"
7 >

~ Q

PRRARRERDRERAROANRARR THITTIIOD
" y) ~—
. dead end ad A dead end
e <
% .

e

Goal State 1111* ]I** **I] -




QUANTUM ANNEALING

L

AE 4w meV]

40 PO T T TN S T S

25 3 35 4 45 5 55 6 65
Distance [Angstroms)

CH,

O : : : : :
HiC_ / Using intrinsic properties of
j\ | /> quantum systems can we map
o N and compute complex

CH, problems?

R. P Feynman, Simulating physics with computers, Int. |. Theor. Phys. 21,467 (1982)
28



QUANTUM ANNEALING

Adiabatic Quantum Simulator

i — [ v

-Inal state contains the

C(t)

. 1 (o) i
Initial state may be a 2 —Hamiltonian of |
superposition of each molecule/reaction in

quit’S eigenStateS T Annealing “schedule” | queS-UO’\. May nOt be
oround state.
H(t) = Q)Hp + C(t)Hp
Trivial Problem

Requires system to hold gquantum coherence throughout evolution. Must contain
complex qubrt-gubit interactions (beyond Ising). Coherent Quantum Annealer.

R. Babbush, et al., Scientific Reports volume 4, Article number: 6603 (2014) e



QUANTUM ANNEALING

All very nice, but....

* The gap problem: A ~ e Rm

* Gap size + gap position (NP hard)
* [hermal noise / decoherence
e Quantum Monte Carlo

Some solutions exist, no general prescription:

* Reverse annealing: partial knowledge of solution
* Non-homogeneous annealing: qubrt-specific schedule

* Non-stoquastic terms H(t) — (1 . t/T)’HD + (t/T)Hp + (t/T)(l L= t/T)fHNS
Much more work needed!

Perspectives of quantum annealing: Methods and implementations
P Hauke, H. G. Katzgraber, W. Lechner, H. Nishimori, W. D. Oliver
Reports on Progress in Physics 83, 054401 (2020) | arXiv:1903.06559 (2019)

30
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EXPERIMENTAL QA

Ingredients to builld a quantum annealer:

Spin-1/2-like Q
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e INSEC e
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ubits

Readout

B

Qubit-qubit couplers

Individual qubrt control

B

Qubit connectivity map
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/
A~y

il g
/ ’\,-(’

. I,}\" :/
/
'I
/

Classical control




SUPERCONDUCTING QUBITS
WITH |[OSEPHSON JUNCTIONS



CIRCUIT QUANTIZATION

Microscopic Mesoscopic Macroscopic

th o H(r, t) (7, ) Large number of particles F = ma
Artificial, man-made

Quantum collective degrees of freedom



CIRCUIT QUANTIZATION

What corresponds to these collective degrees of freedom!?

2 (1)2
s ¢ |
@ ik i GekiTRy )
1
Y —
£ LT VIO
kBT < WIL,C
Pe - ehkaLrlg ~ 6 X 10_6 (1)2 o hZ h hwr,c
=g <2kBT>
() * (i) [CiD Q] _ i Quantum fluctuations of collective d.of.!
Q@ = Q £ Fen i

Vool, Devoret, l|CTA - Special Issue on Quantum Circuits



CIRCUIT QUANTIZATION

Superconductivity for qubrts [0

' <1¢

Macroscopic guantum system with collective wave function

No dissipation by charge transport

« (Charge and phase conjugate variables: [gp, n] — 1



CIRCUIT QUANTIZATION

Superconductivity for qubits [0

\IfL — |\IJL|€iSOL

\I/R — ‘\I/R‘Bing

QL

d

SU

D

Ntum T

L

=@

nne

%

REN

8

IS

n block has 1ts own wavefunction
ectly 1solated systems
nsulating layer separates superconducting blocks

t's a Josephson tunnel junction.

s established between both sides leading to

The Feynman lectures, vol. Il



CIRCUIT QUANTIZATION

Superconductivity for qubrts [0

U = W |e"Pr Up = |Uple¥r

. . ica
First Josephson relation: Flux quantum:
/ rrrrrr t

. _sm h —15
IL%R:ICSIH(SOL_SOR) @0—2—6N2.O7><10 Wb

Energy stored:
Second Josephson relation:

S ® d(or, — oR) U= —FEjcos(or — ¢r)
— Josephson energy:
2 dt E;=Ic®y/2n




CIRCUIT QUANTIZATION

Superconductivity for qubits O

— = COS W o T

» Nonlinear circuit element

SEM micrograph

» Lossless Orlando, Delin.

Josephson inductance Foundation of applied superconductivity



SUPERCONDUCTING QUBITS

Can we use transmon qubits for annealing!

Directly, no. Hamiltonian does not map well into spin |/2-like particle. [t has no Zeeman-like splitting

N K

ydrogen atom of superconducting qubrts

H = EcN? — Ejcos()

Energy

Phase

Harmonic-like potential energy: ground state Is the vacuum state

Need more sophisticated qubit...



SUPERCONDUCTING QUBITS

Superconducting ring

-

O,

It ring Is very thick, supercurrent only runs on the surface, and the
magnetic flux becomes quantized to a flux quantum:

b = NP
= ‘\I!(ncp)\ew A
Pl Ve 15
fixed upon cooldown: Farth’s field: Check phone

Number of flux guanta trapped
Area for | flux quantum!?

M. Tinkham, Introduction to Superconductivity



SUPERCONDUCTING QUBITS

Hydrogen atom Flux gubit; ri-SQUID

Single-junction loop q:)

a—

O,

10

]Cil“c 8 -
I Classically degenerate 6 -
_—_—ﬁ
¢O 2@0 @ £z
0
—die Flux quanta enter the ring to prevent

exceeding the critical current

e

(Qubit on blackboard)

> 1

Bistable, good qubit regime. Condition
requires large loop inductance.

Qubit potential energy U = —Ejcosp + (EL/2)(2nf — ¢)*

f=2/P
e :
e
IoD
E, = cPo
D

Usually, large inductance implies large loops, too sensitive to flux noise...



SUPERCONDUCTING QUBITS

Persistent current qubit: multiple junctions to reduce loop size

Aluminum loop with 3 |osephson junctions . . . .
¥ S08SP | Circurt Hamiltonian:

L
| VAG)
Ej|cos 1 + cos s + acos(py + w2 + 27D /Pg)]

HPCQ == [n% — 2ani1ny + (1 I a)n%} +

SU8240 10.0kV 41.4mm x7.00k SE(L)

Circurt diagram:

The tunneling through or over the barrier couples states
I. P Orlando, et al. PRB 60 15398 (1999) into superposition of phase, hence current states

IR0l et al. Science 265 1056 (1996)



SUPERCONDUCTING QUBITS

Persistent current qubit

-120

E(GHz)

—240

Qubit energy levels

~140}

-1607

—-1807

—2007

—220¢

"

SYMMETRY POINT

Ground state energy changes slope: persistent current flip

External field determines current orientation in ground state!

Qubit spectrum resembles that of a
spin-1/2 particle in a magnetic field!

CE K

Ground state Excited state

Zeeman energy:
Uy =—-B-8§
Zero-field splitting (could be from spin-orbrit coupling effects)

Flux qubit is a good emulator of spin-1/2 particle!



SOFERCONDUC TING QUBHES

-xperimental verification at IFAE lab

= e . Qubit spectrum
35
: e = * 307
5 . — o
= = = -2 Z 25 i
I - A~
© i —e—— = u:; ——— : —mms S _w=w B -l\—l
S E i et e | |[o o 20 A
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3- > 15}
: 2
2 s “ 10
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= = 5 | | | | |
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Flux C|Ub|t SpeCtrum High sensitivity to

magnetic flux*

*V. Bal, et al.,, Nat..Cormim. o i 525760



QUBIT-QUBIT COUPLING

f-SQUID inductive coupler

AT Y SN

Circuit susceptibility / Effective inductance

.1 Beos(2nf — App)

Circulating current rf-SQUID X = Le Susceptibility rf-SQUID

1.00 T — L1+ Beos(2nf — Apyr) 1°
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QUBIT-QUBIT COUPLING

1.0

0

»9 09 9§ 2§
(zHH) Aouenbeuj uonejoxgy

S. J. Weber et al., PHYSICAL REVIEW APPLIED 8, 014004 (2017)



FLUX BIASING

Single qubit flux control Multi-qubit flux control

o et al. Phys. Rev. B 93, 104518 (2016)



QUBIT STATE READOU T

Dispersive limit: g K A = wy — wy

2 2
g 1 g
”HJC/h% (wr | Aaz) a‘La | 5 (wq | A)O'Z

Stark shift Lamb shift

* Resonator frequency depends on qubit state

* Nondestructive readout, as operators commute

* As there Is no energy exchange: dispersive readout

(Flux readout on blackboard)

A. Blais et al, PRA 69, 062520826045
R. Barends et al, Nature 506, 500 (2014)



EXPERIMENTAL QA

Ingredients to builld a quantum annealer:

Spin-1/2-like Q

ubits

Readout

B

Couplers

Flux bias

L

>0

M/INJARO

QU A NTWUMS-TETCH

Connectivity map
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