KATERE PROBLEME LAHKO RESUJEMO?

- algebrajski problemi

(razcep na prafaktorje, izracun diskretnih logaritmov, razcep Abelovih grup,..)

- Iskanje po neurejenih seznamih

(Groverjev algoritem)

- dolocanje topoloskih invariant

(Jonesov polinom)

- resevanje linearnih sistemov enacb

(resevanje enacb, metoda najmanjsih kvadratov, strojno ucenje)

- simulacije kvantnih sistemov

http://math.nist.gov/quantum/zoo/



http://math.nist.gov/quantum/zoo/

KAJ KVANTNI RACUNLANIK *NI*?

Kvantni racunalnik ni klasic¢ni racunalnik z visokim taktom.

Kvantni racunalnik ne more vzporedno preizkusiti vseh
moznosti in poiskati pravilne.

Verjetno ni ucCinkovitih kvantnih algoritmov za
NP-polne probleme.



BQP = BOUNDED-ERROR, QUANTUM,
POLYNOMIAL TIME

EXAMPLE PROBLEMS
| nXnchess
PSPACE n X n Go
Box packing A
Map coloring
hol Traveling sal
complete raveling salesman
n X n Sudoku
Efficiently solved __NP * Graph isomorphism

Harder

by quantum
CZr?\puter BQP - Factoring
\ Discrete logarithm

Graph connectivity

Testing if a number
is a prime

Matchmaking

=

Efficiently solved by
_ r/ classical computer

Scott Aaronson, Sci. Am. 62, marec 2008



MAIN QC PARADIGMS

1. Quantum circuit model Google, 1BM, 1onQ, IQM, Pasqual,...)
2. Quantum Turing machine

3. Topological quantum computing Microsoft, Bell Labs)
4. Adiabatic quantum computing (p-wave)



QUANTUM CIRCUIT MODEL

Sequence of quantum gates (unitary transformations)
performed on a quantum register.
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QUANTUM TURING MACHINES

Tape alphabet: states from a Hilbert space
Internal state: state from a (different) Hilbert space

Transition: collection of unitary matrices

D. Deutsch (1985)



TOPOLOGICAL QC

Many-body system with an N-fold degenerate ground state

Manipulation of the system such that the operations correspond to
unitary transformations U(N) on the ground-state manifold



ADIABATIC QC

Map the problem to a quantum system Hamiltonian H, so that
the ground state of H contains the solution of the problem.

Classioa 7 classical spin problem
Wgy + transverse field terms
Surface
Quantum (H, ) - .
oy, solve via quantum annealing
ob| works well for combinatorial optimization problems

Example: D-Wave,

Ising Hamiltonian, 2000 qubits

u |
0 01 02 03 04 05 06 07 08
T (K)

Brooke, Bitko, Rosenbaum, Aeppli, Science 284, 779 (1999)



Dekoherenca (kvantni sum)

Relaksacijski ali
dekoherencni cas:

T1 mer1 prehode med nivojema.

T2 meri1 1zgubo Cistosti stanja.
(1zgubljanje koherence faze)
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dekoherencni ¢as

N

izvajanje kvantnih vrat
!

v

System TO Top Nop = A~
Nuclear spin 102 —-10% | 1073 —10=° | 10° — 10"
Electron spin 103 10~7 10*
Ton trap (In™) 10! 10~ 10"
Electron — Au 10~° 10~ 10°
Electron — GaAs | 1017 101 10°
Quantum dot 10~° 10~ 10°
Optical cavity 10> 10— 107
Microwave cavity | 10" 10~* 10*




300 mm integrated Transmon qubit

Ramsey, T," T, measurement
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“mec 0 Verjauw, AP et al. in preparation. public

A. Potocnik, 2. 4. 2021



jonske pasti



lonska past

Dolg koherencni cas: >20 sekund
Hitra vrata: 0.01ms
Preprosto naslavljanje
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Nobelova 1989




https://www.youtube.com/watch?v=XT|znUkAmIY


https://www.youtube.com/watch?v=XTJznUkAmIY
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lon trap quantum processor Laser pulses manipulate
individual ions

row of qubits in a
linear Paul trap forms
a quantum register

Effective ion-ion
interaction induced by
laser pulses that excite
the ion’s motion

slides courtesy of
A CCD camera reads out Hartmut Haeffner.

the ion’s quantum state Innsbruck Group

e DOOO 0 O

m

R. Blatt@ Innsbruck



IONSKA PAST

2.5 MHz

dvonivojski Be* %S, @ F-1m=1 |
sistem F=2,m.=2— 1.25 GHz Weinland (1978, 1981)



magnetna resonanca
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FIG. 3—Carbon (75-mHz) NMR spectrum for aminorex with interpretation.









Nuclear spin Hamiltonian without

qubit/qubit
Multlple spins coupling
Hn:— / “BO{‘ Zhw()l’
(CH. (CO),
| " -
chemical shifts . 500 =5 i
of the five ¥ qulbits C 126
15N -51
19F 470
l Y T J.l 1P 202
20 10 0 10 20 (at 11.7 Tesla)

Relative frequency [kHz] qubﬁt Level sgpamtf,oy\,



Nuclear spin Hamiltonian
Coupled spins J>0: antiferro mag.

n coupling term J<o: ferro-mag.

Hy = hz 2 i L 17

1<J

Typical values: J up to few 100 Hz (CH)-(CO),

16 configurations
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superprevodne naprave



KVANTNI PROCESOR Z GRADNIKI SQUID

SQUID = superprevodniska interferenCna naprava

skupina Johna Martinisa,
Univerza v Kaliforniji v Santa Barbari in Google
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Periphery
He3/He4 REFRIGERATOR

& P

Space 2:6 K

Control Unif, Gas Handling System, and cryostat in mounting frame.
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A. Potocnik
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Shadow evaporation vs Trilayer |

_________ Shadowev. |Trilayer

Woafer size < 200 mm 300 mm

Technology E-beam optical
Environment  Laboratory Industrial
J) variability 4-10% ~| %*

) ImecC 1o * Other developed junctions at imec oublic



Room temperature trilayer junction testing
I i Junction yield map

e

' . = _ g ik :
21,000 junctions tested 150 10050

x dim [mm]

|

1 |
0 50 100 150

Ambegaokar-Baratoff relation: R3ggx & \/ fo1

1000 nm

y dim [mm]

150L S0 0 S0 100 A5C 50 6 ) 1&0 150 0 0 S0 1*50 150 N 0 5 100 -0 S 0 =2 IZ.:O 152 S0 2 R ‘l(l:C
x dim [mm] x dim [mm)] x dim [mm] x dim [mm)] x dim [mm) x dim [mm)

300mm wafer results: high || yield > 99.9%

“mec

Wan, AP et al. ||AP 60 SBBIO4 (2021).

public



Microwave losses and decoherence

qubit electrode Josephson junction

parasitic
LI l junction

circuit surface

O, __ adsorbates

atomic tunneling systems

/residuals
Al /contaminants

electrode (Al) IR i \

substrate

structural damage

Lisenfeld, et al. Npj Quantum Inf. 5, 105 (2019).
Muller et al. Rep. Prog. Phys. 82 124501 (2019).

“mmec d

TLS found in amorphous interfaces
are main source of dielectric loss

Visible <100 mK and low MW
powers

>60% of loss in the capacitor

Search for materials with lowest
TLS loss tangent.

Search for new deposition
conditions

public



Custom designed Cryo-CMOS control and readout
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spinski kubiti



Superconducting qubits Spin qubits
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Andreevi spinski kubiti



Coherent manipulation of an Andreev spin qubit

M. Hays,[*| V. Fatemi,"[f| D. Bouman,>? J. Cerrillo,%® S. Diamond,! K. Serniak,’*¢ T. Connolly,'
P. Krogstrup,” J. Nygard,” A. Levy Yeyati,”® A. Geresdi,>*° and M. H. Devoret!:¥|
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defekti v kristalih






topoloske naprave



MAJORANOVA STANJA V NANOZICAH




Ettore Majorana (/marsra:ne/, ¢! italan: [ etiore majora:na); borr on 5 August 1906 — probably cied after 195911} was &n Italian theoretical physicist whe worked on

neutrino masses. On 25 March 1838, he disappsared under mysterious circumstances while going by ship from Falermo 1o Naples. The Majorznz equation and
Majorana fermions are named after him. In 2006, the Majorana Prize was estaolished in his memory.



Severzl possible exolanzlions for his disappearance have been proposed, including:
Hypothesls of suicide
proposed by his colleaguas Amaldi, Segré and other(®

Hypothesis of escape to Argentina
proposed oy Erasmo Recami end Carlo Artami (who has ceveloped & celeilad hypothatical reconstruction of Majorana's possible escape end life in Argenting).> & needac]

Hypothesis ol escape 1a Venezuela
Rai 3 talk show "Chi I'na Visto? publisned a statemert stating that Majcrana was alive betweer 1955 and 1959, livirg in Valencia, Venezuela under the surname of "Bini".1'7]

Hypothesis ol escape 1o a monaslery
proposed by Sciascia (putatively the Charlerhouse of Serra San Brung)l&ation needed]

Hypothesis ol kidnapping or murder
by Sell:, Barlooei, @nd others, 1o avaic bis participalion in the construction ol an alomic weapon|=aien neeaed)

Hypothesls of escape to become a beggar
by Sascore and Venturini {called the "omu can" or "dog man" nypotnesis)[1t:



TOPOLOSKO KVANTNO RACUNALNISTVO

Physical architecture Topological hardware Topological software Quantum computer

magic statc

distillery

dala qubits |

| I
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CNOT b

1

ypass
| | |

a) Majorana Cooper pair box  b) Physical gubits: hexagonal cells  ¢) Logical qubits: diamond color code d) Qubil arrangement

Cliffordova grupa: Hadamard, CNOT, 11/4 fazna vrata S (topolosko zascCiteno na strojnem

nivoju)

/8 fazna vrata T niso zasScCitena, potrebno je energijsko razcepiti stanja (fine tuning!).

Combining Topological Hardware and Topological Software:
Color Code Quantum Computing with Topological Superconductor Networks

Daniel Litinski, Markus S. Kesselring, Jens Eisert, and Felix von Oppen
Dahlem Center for Complex Quantum Systems and Fachbereich Physik,
Freie Universitiit Berlin, Amimaliee 14, 14195 Berlin, Germany



PREPLETANJE V DVOJNEM SPOJU T
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VRATA CNOT
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RAZVEJANE NANOZICE

Device-| | A ) Device-lll

scalebar=200nm

e
L| | TH;"I f‘“‘ |‘L‘ |_.* Cilj: prepletanje v

s s T nanozickah do konca tega
gl

Kouwenhoven, Bakkers, 2017
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