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Introduction to quantum computing
Trapped ions

Cold neutral atoms
Superconductors

Photonics

v Ll gs Lo N =

Other approaches
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Introduction
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What is a quantum computer?

... hot just a better classical computer

« Use properties of
particles for computations

 Built from quantum bits (= qubits)

Page 4 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger

Atom

—”

Energy comes in
discrete (quantized)
packages
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Properties of qubits

1) Superposition

Bit Qubit
@ i)
I“I
Y
o ~
Oor1l Oand1

3) Measurement
* Measuring qubits changes their state

* Superposition is destroyed - get O or 1

Page 5 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger

2) Entanglement

Shared superposition state of several qubits

State of qubit 1 depends on state of qubit 2

SIEMENS



How to leverage quantum properties

Describe exponentially more information

* The possible superposition states of 3 qubits are described by 8 bit:

: ¢1]000) 4 ¢2]001) + ¢5]010) + ¢4|100)
—|—C5‘011>—|—C6|101>—|—C7|110>—|—C8|111>
|Q1 Q2Q3>

N qubits can describe 2" bits

Parallelization of operations using superposition and entanglement

Quantum computers can solve certain problems faster (or solve them at all)

Page 6 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger
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Challenges

Decoherence

* Superposition states are destroyed when interacting with environment /.
« Some interaction is needed to control the qubits

Error correction

Classical computer: Copy information 0 = 000

Quantum computer: Bit flip or phase flip errors due to interaction with environment, noise, etc.

 Qubits cannot be copied 0 — ! !
: i S S
- Quantum error correction | - = ohvsical
Logical P VA ¢ . “ &= g’_s'ca
' ah ! ubits
At /1N o & & ¢
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How to build a quantum computer
Requirements for a quantum computer: DiVincenzo's criteria

A scalable physical system with well-characterized qubit - also high connectivity

The ability to initialize the state of the qubits to a simple fiducial state

Long coherence times = Low error rates, fast gates

A universal set of quantum gates - Usually we take single-qubit rotations + CNOT-gate

a bk~ WD E

A qubit-specific measurement capability
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There are many kinds of quantum computers

Models for quantum computing Hardware platforms
« Trapped ions
* Neutral atoms

* Gate-based

v

'

O1 — | [ AN « Superconductors
a2 — 0 - Photons
ds D :

«  Measurement-based / One-way
« Adiabatic
» Topological -

* Quantum simulation (digital and analog)
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Trapped ions
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Trapped ions as qubits

Use singly ionized atoms 18

1 1,0080 . 2 4,0026
1| H - 1 valence electron remains Gruppe He
25| 2 13 14 15 16 17 | "“.
3 6,94 4 9,0122 5 10,81|6 12,011|7 14,0078 15,9999 18,998(10 20,180
2l Li B B N F | N
Lilﬂ:ulm Beryl Eﬂ ] 4 O + Bor KohEnsloff Stickstoff Sa gtuﬁ' Fluor N eone
098 05% 157 185 AQT_ Ca 2,04 246|255 2,26(304 125|344 1.43]|3,98 1,70|— 0,90

11 22,990 12 24,305

3l Na Mg

13 26,982(14 28,085|15 30,974|16 32,06(17 3545(18 39,948

Al | Si | P S | Cl | Ar

Natrium Magnesium Aluminium Silicium Phospho Schwefel Chlor Argon
o 093 0,97 1,31 1,74 4 5 6 7 8 9 10 11 12 1,61 2,70]1.9 2,34|12,19 2,69|2,58 2,07|3,16 3,21/0,82 1,78
'c 19 39,09¢ 20 40,0921 44,956 22 47,867|23 50,942|24 51,996|25 54,938(26 55,845|27 58,933|28 58,693(29 63,546|30 65,380(31 69,723|32 72,630|33 74,922(34 78,971|35 79,904|36 83,798
o Kalium Calcium Scandium Titan Vanadium Chrom Mangan Eisen Caobalt Nickel Kupfer Zink Gallium Germanium Arsen Selen Brom Krypton
0 082 08¢ 1,0 1,55 1,36 2,98 154 4,50)1,63 611|166 7,14|1,55 7.43[1,83 7,87|1,91 8,90/1,88 891|1.9 8,92|1,65 7.14/1.81 5,90(2,01 5,32|2,18 573|255 4,82(2,96 3.12|— 3,75
m 37 8546t 38 87,620 39 88,906 40 91,224(41 92,906|42 95,950|43 (97,4)(44 101,07|45 102,91|46 106,42|47 107,87|48 112,41|49 114,82|50 118,71(51 121,76|52 127,60|53 126,90(54 131,29
Rubidium Strontium Yttrium Zirconium Niob Molybdan Technetium Ruthenium Rhodium Palladium Silber Cadmium Indium Zinn Antimon Tellur lod Xenon
0,82 1,53 095 2,63 1,22 447 133  6,50|1.6 8,57(2,16 10,28|1,9 11,50(2,2 12,37]|2,28 12,45|2.2 12,0211,93  10,49/1,69 8,64/178 731|196 726|205 6,70(/2,66 6,25/2,1 494|126 5,90
55 13291|56 137,33|57 138,91|58-71 72 178,49|73 180,95/74 183,84|75 186,21(76 190,23|77 192,22|78 195,08(79 196,97|80 200,59(81 204,38|82 207,20|83 208,98(84 209,98|85 (210)|86 (222)
6/Cs ([Ba|La |sche | Hf | Ta | W [ Re |Os | Ir | Pt [Au|Hg | Tl | Pb | Bi | Po | At | Rn
Caesium Barium Lanthan unten Hafnium Tantal Wolfram Rhenium Osmium Iridium Platin Gold Quecksilber Thallium Blei Bismut Polonium Aslat Radon
0,79 190|089 3,59(1.1 6,15 13 13.3|1,5 16,65|2,36 19,25|1.9 21,0(2,2 22,6(2,2 22,56/2,28 21,45[2,54 19,32|1.9 13,55|1,62  11,85|2,33 11,35(2,02 9,75(2,0 9,20(2,2 ?|— 2

87  (223)|88  (226)[89  (227)[90-103 104 (267)[105 (269)[108 (270)[107 (272)[108 (273)[108 (277)|110 (281)|111  (281)|112  (285)[113  (286)[114 (289)[115 (288)[116 (293)[117 (294)[118  (294)

7| Fr | Ra | Ac | s | Rf | Db | Sq | Bh | Hs | Mt | Ds | Rg

Francium Radium Actinium unten |Rrutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium | Darmstadtium | Roentgenium | Copernicium Nihonium Flerovium Moscovium Livermorium Tenness Oganesson
0,7 210,89 55|11 10,1 ? ?|? ?1? ?1? ?1? ?1? rd ird rd ird ird ird ? ? ? ? ? ?
58 140,12|59 140,91|60 144,24(61 (146)|62 150,36|63 151,96/64 157,25|65 158,93|66 162,50|67 164,93|68 167,26(69 168,93 70 173,05 71 174,97 IonQ y
i —
Lanthanoide | Ce | Pr | Nd ([Pm |Sm | Eu | Gd | Tb [ Dy | Ho | Er | Tm Yb L H Il
Cer Praseodym Neodym Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yiterbium Lutetium O n eyWe .
112 677|113 648(114 7,011,113 722|117 7,54[{1,2 5,25(1,2 7.89[1.1 8,25[1,22 8,55[1,23 8,78[1,24 9,05|1,25 9,32 0,0 6,97 1,27 9,84
90 232,04|91 231,04(92 238,03)|93 (237)|94 (244) |95 (243)|96 (247)|97 (247)|98 (251)|99 (252)|100  (257)(101 (258)1102 | (259)|103  (262) 171Yb+
Actinoide | Th | Pa | U [ Np | Pu |Am |Cm | Bk | Cf | Es |Em | Md | No | Lr
Thorium Protactinium Uran Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium
15 11,7213 15.4|1,36  18,95(1,38 20,45|1,3 19,8211,28 13,67]1.3 13,51]1.3 14,78]1,3 151)1.3 ?11.3 ?11.3 ?11.3 21,3 ?

Wikipedia, [4]
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Qubit: Energy levels of ions

Optical qubit: °°Ca*

metastable

|3D5/29mJ = —1/2>

Optical
transition

451 /2, m 7 = +1/2)
stable

Other approaches: Hyperfine qubit (1’1Yb*) = Microwave transition

Page 12 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger

-—> Qubit manipulation

with lasers
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Trapping ions with electric fields

Linear Paul trap

* lons are changed particles = Trap using electric fields
- Static electric field + time-dependent electric field
« Surface trap: Easy to fabricate

Line of ions trapped

above the surface d ~ 5um
B Endcap -—>

B DC

Z‘J_‘x B RF
> -

[6]
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Sequence for Quantum Computing

Start with atomic vapor in vacuum cell \/\/\/\"
lonize with lasers
Trap ions

Cool ions with lasers to their motional ground state
Computing: Apply gates
Measure qubits: State-dependent detection

o0 A WD

- Excite on |S) — |P) transition

. | D) = [0)
. ate |0) appears dark, |1) appears bright

Qubit transition

[15) = [1)
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Single-qubit gates

Single-qubit gates (optical qubits): Rotations

+ Excite qubit transition with laser pulses D) =10)
« Duration t and phase ¢ of laser determine angles § and gb \/\/\/\_> Qubit transition
Ot . i (O _
COS (—) —e” "¥sin (—) 1S) = [1)
0 — . 2 2
U, 0,1) (—iewsin (%) CoS (%)
0 = Ot
¢ =¢ °
N I 7
i/ :
/TN
0
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Implementing multi-qubit gates for trapped ions

Multi-qubit gates: Coupling via common vibrational mode

* lons perform collective motion

10+ 1)
Lowest vibrational mode: L) T
Center of mass motion (rigid body) [1,n —1)
Wo
< g — |0,n+1)
0,n)
Higher modes: e.g., stretching 0,7 —1)
<« —

Total energy of each ion:

Motional energy levels |n) internal energy + motional energy

Page 16 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger SI E M E N S



Multi-qubit gates: Coupling via common vibrational mode

Use the shared motional modes to transfer quantum information

1,0 +1) 1+ 1)
11,n) 1, n)
1,n —1)
Wo + V x Wy — V
0,1 + 1) 0, + 1)
0,m) 0, )
0,n — 1) 0,n — 1)
Blue sidebands: Red sidebands:
Increase motional state Decrease motional state

Page 17 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger SI E M E N S



Multi-qubit gate: CZ-gate

3-pulse scheme

1,n=1)
|1v n = >
« Laser tuned to red sideband
- lons are in the motional ground state |7 = 0) Wo —V
- Ifanionisin |0,n = 0), it cannot be excited
0,n = 1)
0,n =0
Puls sequence: CO”UO'\ iarget ﬂ @)
(1) 7-puls on control qubit 00,n = 0) 00,n = 0) 00, n
(2) 2m-puls on target qubit 01,n = 0) 01,n = 0) 01,n
(3) T-puls on control qubit 10,n=0)  —il00,n =1) 100, n
11,n=0) —i0l,n=1) —i|01,n

Page 18 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger

-----------------------------------------------------
.

cz
H —
...................................................... .
0O 0 O
1 0 0
01 o|=¢
0 0 -1
00,n = 0)
01,n = 0)
10,n = 0)
11,n = 0)
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Local vs. Global operations

So far: global operations /‘

Addressing of single ions for local operations Off-resonant

addressing beam

- Apply additional off-resonant laser to shift the qubit 1S) = [1)
transition of selected ion(s)

* Only these qubit(s) are resonant with the gate pulses
* Realize local single-qubit rotations & entanglement

Addressing
beams

M-oe¢os

Gate pulse
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Typical setup

https://physicsworld.com/a/ion-based-
commercial-quantum-computer-is-a-first/

https://thequantumaviary.blogspot.com/2021/03/heres-how-ion-trap-qguantum-computers.html
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https://physicsworld.com/a/ion-based-commercial-quantum-computer-is-a-first/
https://thequantumaviary.blogspot.com/2021/03/heres-how-ion-trap-quantum-computers.html

Trapped ion qubits: Overview

Typical characteristics

*  Number of qubits 2022: 24 (AQT), 11 (lonQ, 79 with only SQ-gates), 10 (Honeywell)
Single-qubit gates:

«  Optical qubits (*°Ca*): Fidelity 99.995%, duration ~ ps

« Hyperfine Qubits (’1Yb*): Fidelity 99.0%, duration 5 ps (!)
Multi-qubit gates (MS): Fidelity 99.6%, duration 50us (optical), 99.91% & 30us (hyperfine)
Coherence times: 0.2s (optical), 600s (hyperfine)
Key players: lonQ, AQT, Honeywell/Quantinuum

Advantages Disadvantages
+ All-to-all connectivity — Hard to scale for > 50 ions
+ ldentical qubits — Vacuum and cooling
: (noise reduction) needed
+ Long coherence times

Page 21 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger
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Cold neutral atoms

Page 22 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger SI E M E N S



Atoms as qubits

N

QuEra,
Pasqal:
87Rb

erjbde

o
5

6

7

ColdQuanta: 133Cs

Page 23

1 18
1 1,0080 G 2 4,0026
ruppe
H PP He
W toff Heli
2 oos| 2 13 14 15 16 17 |- ™%
3 6,94|4 9,0122 5 10,81|6 12,011|7 14,0078 15,9999 18,998(10 20,180
- .

Li | Be AtomComputing: 8’Sr B|C|I N/ | O/ F |Ne
Lithium Beryllium Bor Kohlenstoff Stickstoff Sauerstoff Fluor Neon
098 0,53(1,57 1,85 2,04 246|255 2,26(3,04 1.25(3,44 1.43(3,98 1,70|— 0,90
11 22,990(12 24,305 13  26,982(14 28,085(15 30,974|16 32,06|17 3545(18 39,948
Na | Mg Al | Si | P S | Cl | Ar

Natri M i Alumini Silici Phosph Schwefel Chl Al
0,938 nur&g_’ 1,319']85"?,"'}4 3 4 5 6 7 8 9 1 0 11 12 tmummuér}n ||c\urg' 4 2’19059 5,.69 2 SBc weze’ 713,16 or3.21 0,82 rgon1.'.’8
19 39,098(/20 40,078|21 449 22 47,867|23 50,942|24 51,996|25 54,938(26 55,845|27 58,933|28 58,693(29 63,546|30 65,380(31 69,723|32 72,630|33 74,922(34 78,971|35 79,904|36 83,798
K | Ca c Ti | V|Cr |  Mn| Fe |Co|Ni | Cu|Zn |Ga|Ge | As | Se | Br | Kr
Kalium Calcy Scandium Titan Vanadium Chrom Mangan Eisen Caobalt Nickel Kupfer Zink Gallium Germanium Arsen Selen Brom Krypton
m 0.8611.0 5511,36 2,9 154 4,50)1,63 611|166 7,14|1,55 7.43[1,83 7,87|1,91 8,90/1,88 891|1.9 8,92|1,65 7.14/1.81 5,90(2,01 5,32|2,18 573|255 4,82(2,96 3.12|— 3,75
37 85468 38 87,620 39 88,906 40 91,224(41 92,906|42 95,950|43 (97,4)(44 101,07|45 102,91|46 106,42|47 107,87|48 112,41|49 114,82|50 118,71(51 121,76|52 127,60|53 126,90(54 131,29
Rb Sr Y Zr |[Nb | Mo | Tc |Ru | Rh |Pd |Ag | Cd | In [ Sn | Sb | Te I | Xe
Rubidium Strontium Yttrium Zirconium Niob Molybdan Technetium Ruthenium Rhodium Palladium Silber Cadmium Indium Zinn Antimon Tellur lod Xenon
0.82 153 095 2,63 1,22 447 133  6,50|1.6 8,57(2,16 10,28|1,9 11,50(2,2 12,37]|2,28 12,45|2.2 12,0211,93  10,49/1,69 8,64/1,78 731|196  7,26[205 6 2,66 6,25/2,1 494|126 5,90
55 132,91 56 137,33|57 138,91|58-71 72 178,49|73 180,95/74 183,84|75 186,21(76 190,23|77 192,22|78 195,08(79 196,97|80 200,59(81 204,38|82 207,20|83 208,98(84 209,98|85 (210)|86 (222)
Cs Ba|La|see| Hf | Ta| W [Re |Os | Ir | Pt | Au|Hg | Tl | Pb | Bi | Po | At | Rn
Caesium Barium Lanthan unten Hafnium Tantal Wolfram Rhenium Osmium Iridium Platin Gold Quecksilber Thallium Blei Bismut Polonium Aslat Radon
0,79 1.90 089 3,59(1.1 6, 1 1,5 16,65|2,36 19,25|1.9 21 2 22,56/2,28 21,45[2,54 19,32|1.9 13,55|1,62  11,85|2,33 11,35(2,02 9,75(2,0 9,20|2, —
87 (223)|88 (226)|89 (227)|90 - 103 104  (267)[105 (269)|106  (270)(107  (272)|108 (273)|109 (277){110  (281)|111 (281)|112  (285)|113  (286)(114  (289)|115 (288)[116  (293)(117  (294)|118  (294)
r | Ra| Ac (s | Rf I Db | Sq | Bh | Hs | Mt | Ds | Rg
Francium Radium Actinium unten |Rrutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium | Darmstadtium | Roentgenium | Copernicium Nihonium Flerovium Moscovium Livermorium Tenness Oganesson
0,7 0,89 55|11 10 ? ?|? ?1? ?1? ?1? ?1? rd ird rd ird ird ird ? ? ? ? ? ?
58 140,12|59 140,91|60 144,24(61 (146)|62 150,36|63 151,96(/64 157,25|65 158,93|66 162,50|67 164,93|68 167,26(69 168,93|70 173,05|71 174,97
Lanthanoide | Ce | Pr | Nd ([Pm |Sm | Eu | Gd | Tb [ Dy | Ho | Er | Tm | Yb | Lu
Cer Prasecdym Neodym Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yiterbium Lutetium
112 677|113 648|114 7.011,13 7,22|1,17 1 2 , 2 7.89[1.1 8,25[1,22 8,55(1,23 8,78[1,24 9,05|1,25 9,32|0,0 6,97]1,27 9,
90 232,04|91 231,04(92 238,03)|93 (237)|94 (244) |95 (243)|96 (247)|97 (247)|98 (251)|99 (252)|100  (257)(101 (258)|102  (259)(103  (262)
Actinoide | Th | Pa | U [ Np | Pu |Am |Cm | Bk | Cf | Es |Em | Md | No | Lr
Thorium Protactinium m Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium
15 11,7213 15.4|1,36  18,95(1,38 20,45|1,3 19,8211,28 13,67]1.3 13,51]1.3 14,78]1,3 A1, 711, | | | ?
Wikipedia, [4]
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Neutral atom qubits

Qubit: Ground state energy levels (8/Rb)

581/2 Wy — 6.8GHz

« Hyperfine qubits: 8’Rb, 133Cs
« Nuclear spin qubits: 8’Sr

Page 24 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger

How to trap neutral atoms

« Array of optical tweezers
* Fixed and movable tweezers possible

<>
d ~ 3um

Currently ~100
gubits per array
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(a) Camera

Quantum Computing sequence

1. Laser cooling in vacuum cell
2. Load trap array

Each trap is loaded with p=0.5: 1 atoms or no atom
3. Image atoms via

4. Rearrangement
Arrange atoms using mobile traps to form a
homogeneously filled area = qubit register
Register

5. Apply gates readout

[10]

Q000000000 Q000000000 0000000000
. - - [e]e) (o] (e]e) [e] (ele O
6. Readout: State-selective detection T IEEL Sdssesss LS
0@Oe000000 OJo0o0000 0Qeoeoo00ego
0gOoOC0000e0 ogoo [ee] (o]¢ [eleleloToTeol¢ (o]
. . . 0905000066 09000060000 0406000000
Excite atoms in|1) to higher level = push out of trap 898850888 208888888: 2388885550
Image remaining atoms in |0) via _ _
Register Sub-register Quantum
loading Rearranging Processing
<100 ps
T @ 4 @ >
Time
0 Initial Assembled Final
image image image

[10]
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Single-qubit gates

Single-qubit gates: Rotations

1 —
« Direct excitation with microwaves (only global) 1) I

«  Optical excitation with bichromatic lasers via intermediate state (local and global)

5P /9 _ Local rotation

Global g + -
rotation

551/2

0)

 Arbitrary rotations by tuning duration, intensity, frequency, and phase of the lasers

Page 26 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger SI E M E N S



Multi-Qubit gates: Interactions via Rydberg-States

Rydberg state: Highly excited state of atoms Create state-dependent interaction
 High principal qguantum number: n ~ 100 «  Two Rydberg atoms repel each other
« Valence electron very far away from ionic core * Rydberg Blockade: Neighboring
- Strong dipole moment and dipole-dipole interaction atoms cannot be excited simultaneously
e0o0o00000
) eec0ccocooe
eoeo

®
o
o0
~1000 nm 6060
XXX
~400 nm o000
1) |
Blockade radius
0) Rp ~ 2 — 50 lattice sites

Excite with two lasers
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Multi-Qubit gates: Realize CZ-gate

3-pulse scheme

« Can be realized between two atoms within the blockade radius
- Focus two laser beams on two atoms: Couple states |0) and |r)

Puls sequence:

(1) m-puls on control qubit

|¢initial> — |1c0t)

(2) 27-puls on target qubit

(3) m-puls on control qubit 7)
A @
1.1;) : All off-resonant >|1.1;) oo =
1.0,): (1), (3) off-resonant > -|1.0;) nioim
| o) —— —o
0.14): (2) off-resonant = -|0.1;) 1) —eY
0.0¢) : (2) off-resonant via blockade = -|0.0;) control target

Page 28 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger

------------------------------------------------------

4.
CcZ
@ — H H |——
[10]
1 0 0 O
10 1.0 0| ..
“"lo o1 o]
0O 0 0 -1
|¢initial> — ]Oc0t>
—
[e
T T 27t
control target
[10]
SIEMENS



Typical setup
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https://www.nextplatform.com/2021/07/16/coldquanta-uses-cold-atoms-to-build-a-quantum-computing/

Atom qubits: Overview

Typical characteristics
Number of qubits 2022: ~ 100 (> 1000 announced for 2024)
Single-qubit gates: Fidelity > 99.5%, duration ~ us

CZ-gate: Fidelity ~ 97% (99% announced), duration ~ 200ns

Coherence times ~ms - s

Key players: ColdQuanta, Pasgal, QuEra, AtomComputing

Advantages

Disadvantages

+ Good scalability
+ Identical Qubits

+ Good connectivity (up to 50 or arbitrary by
moving atoms around)

+ (so far no cooling necessary)

Page 30 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger

— Ultrahigh vacuum needed
— Slow clock speed
— Relatively low CZ gate fidelities
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Superconductors
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Building blocks of superconducting qubits

Josephson junctions

Interface of two superconducting islands
Superconductor: No electrical resistance for T < T,
Qubit transition: Tunneling of Cooper pairs

Different types of SC qubits:

Page 32

Charge qubit, flux qubit, phase qubit,...
Differ by number of SC islands and junctions between them

Unrestricted | © Siemens Mai 2022 | Karen Wintersperger

Insulator
Superconductor Superconductor
Vv >
< vive—
Al AlO, Al
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Transmon qubit

Most commonly used: Transmon (transmission line shunted plasma oscillation) qubit

« Two Josephson junctions shunted by large capacitor Energy levels
C _
| |g 3.0 ‘ .EJ/EC =90
<I> [ 25|
CB . Xl X' CJ C_DVQ L§ ol Flat bands
4 15}F
J 1
3
¥ ak
Tunable qubit transition:
Tune qubit properties by external magnetic flux @ 051 AE) ~ ®
0.0
* Less sensitive to charge noise = o2 A TS L 2 3

* More sensitive to magnetic flux noise and lower anharmonicity

SIEMENS

Page 33 Unrestricted | © Siemens Mai 2022 | Karen Wintersperger



Transmon qubit

Large capacitor is often realized by cross shape:

Cp==

Transmon qubit Josephson Junction
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Control and read-out of superconductiong qubits

) i ) Qubit drive
Single-qubit gates: Rotations V
Readout
input = o
- Apply microwave (MW) pulses h | mnﬂﬂl
* Rotation angle ~ MW phase S UUUUUUUT
output aioastie

Read-out of the qubit state:

Page 35

Couple capacitively to resonator
Frequency of resonator w, is shifted depending on qubit state
Measure resonance shift via spectroscopy
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kg
|

Readout
transmission

l

Flux

bias
HTr:ansmf.:m
W1 Wr—X WrtX
x /s x :
5 11) [\ [i{|0)
] A I :
: 7’ 1 1
Frequency

SIEMENS



Multi-qubit gates for superconducting qubits

Cross resonance (CR) gate

«  Two qubits coupled to a resonator
« Excite qubit 1 with resonance frequency of qubit 2 to realize CZ gate
* Implemented, e.g., by IBM with fixed frequency qubits

readout

Xy control

z control

g control

[15]
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Qubit topology and connectivity

Google Sycamore (53 Qubits)

https://quantumai.google/hardware/datasheet/weber.pdf

* Qubits need to be connected physically

4 3
5 2
6 1
7 I 0
104 103
105 102

106 101

107 100

*  Maximum connectivity: nearest neighbor (4)
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16

115

116

Rigetti Aspen-M (80 Qubits)

14 13 24 23 34 33 44 43

12 I 25
1 26

17 I 10
114 13
142

141

117 110

https://aws.amazon.com/de/braket/quantum-computers/rigetti/
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Qubit topology and connectivity

IBM topologies

Processor Penguin vl Penguin v2

Avg. qubit

. s 3.9 3.7
connectivity

Penguin v3

2.3

Penguin v4

2.3

Falconrd

2.1

« Connectivity is lowered to reduce errors

« Sparse topology with fixed frequencies:
less cross-talk when executing multi-qubit gates
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https://research.ibm.com/blog/heavy-hex-lattice

Typical setup

Quantum chip m a mlagnetlc
shield

Dilution fridge setup: outside view Dilution fridge setup: inside view
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https://www.ibm.com/blogs/research/2020/01/quantum-limited-amplifiers/
https://miro.medium.com/max/1400/0*2xf3QTMAHWz19Hpn

Superconducting qubits: Overview

Typical characteristics

Number of qubits 2022: 50-127 (127 by IBMs Eagle Processor)

IBM roadmap: 433 qubits announced for 2022, 1121 for 2023 (modular designs)
Single-qubit fidelities 1 — € and CZ gate fidelities ~ 99.9%

Gate times ~ ns, coherence times > 100us

Key players: IBM, Google, Rigetti, IQM, Alice & Bob, Amazon (announced)

Advantages Disadvantages
+ Fast operation — Lower connectivity
+ Solid-state based, use existing technology — Shorter coherence times
+ Many players, quickly advancing field — Operation in refrigerator
— Inhomogeneity: need to calibrate each qubit

Page 40
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Photonics
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Photons as qubits

Photons can be used as qubits in different ways

- Polarization of light:  |0) ] M % 1)

- Spatial mode: WW R
> > o

*  (Number of photons (GKP states))
- Use continuous variables to encode qubit
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Measurement-based QC

Gate-based QC Measurement-based QC: Measurement = Computing
AT —a M bit 1
» easure aux. qubi
z) - [U(N)) S
T) — — Depending on W),
measurement outcome:
Photons do not choose next measurement
interact with U(N + M)) on aux. qubit 2
Create entangled ~ €ach other Measure
- aux. qubit 2
state of N qubits Start with entangled state of N
1. Compute: Apply gates computational + M v
2 Measure = Cluster-state (can be U)o

built fault-tolerant) =

End up with same U (N))
entangled state of N qubits SIEMENS
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Toolbox of photonic QC

Use photonic integrated circuits (PIC)
*  Waveguide: Planar structure to guide light (Silicon-based), ~1.55um wavelength
» Linear optical elements: modify single qubits

*  Beam splitters:
S\ o L) VW' 0) + 1) Create single-qubit
superposition states

0y V> VWS>

* Phase shifters: * Delay lines:

Vbe
Change refractive index

using electric fields
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Quantum computing sequence

1. Create the cluster state

PsiQuantum: spatial modes

) T Tt smEEEEE T T N
[ \
ERAATAES Beam splitters | |

. I
LW —> | Phase shifters |
| |
! W Detectors :
' Non-linear :
‘. optical element )

Get desired

state only with
low probability

— &

Entangled

resource state

v

Xanadu: continuous encoding

GKP states
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Switch:

Post-select
desired states

Multiplexer:

Repeat
state geration
many times

Fusion

Stiching

Cluster state is
entangled in
space and time
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Quantum computing sequence

Analyze result on
classical computer

2.  Computation = Measurements

‘i %/ \% i .

_ - _ Depending on outcome: measure
Measure: project out auxiliary qubit next qubit in a different basis

Basis change: single-qubit operations
(tunable phase shifts, etc.) —a=1)

y

3. Detection

For spatial mode encoding: need SC-single-photon detectors - Chip resides in cryostat at 4K

GKP-encoding: final detectors work at room temperature but generator modules need SC
detectors as well

SIEMENS
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Typical setup

https://physicsworld.com/a/programma
ble-photonic-chip-lights-up-quantum-
computing/

https://www.i-micronews.com/first-photonic-quantum-computer-on-the-cloud/?cn-reloaded=1
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Photonic qubits: overview

Typical characteristics
«  Number of qubits 2022:
- Xanadu: 8 modes (12 and 24 in progress), goal: 1 Mio
*  PsiQuantum: goal 1 Mio
« Key players: PsiQuantum, Xanadu, Q.ANT (Trumpf), Orca

Advantages Disadvantages

+ Solid-state based, use existing technology — Large overhead of photons needed

+ Highly scalable (probabalistic creation)

— Limited coherence time:

+ Built-in error-correction Photons cannot be stopped

— (Cooling needed for detectors)
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Other approaches
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Other platforms for Quantum computing

Quantum dots NV centers in diamond

_ _ SiGe
« Trap single electrons in .

2D-heterostructures
*  Qubit: Spin of single electron

time

. . . 0 t 7 t1
Topological qubits (Microsoft) (\
* Qubits: Majorana Fermions (1/2 electrons) T~
- Braiding of Majoranas . /\)\

« Resistant against noise
« Superconductor-semiconductor heterostructures
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Replace 2 C atoms with N and vacancy
* Qubit: Electron spin of NV center

https://cloudblogs.microsoft.com/qguantum/

2018/09/06/developing-a-topological-qubit/
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Quantum annealing

Adiabatic quantum computing
« Start in ground state of known Hamiltonian H, which is easy to prepare

» Adiabatically change parameters to transform H, into the Hamiltonian Hp
describing the problem to solve
- End up in ground state of H p» = solution of the problem

Quantum annealing (D-Wave)
« Vary Hamiltonian over time similar to adiabatic QC

- Start in arbitrary state, not in the ground state
—> Probability of converging to a solution

* Not equivalent to universal QC, can only tackle special problems
« D-Wave: use superconducting qubits but with low connectivity
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Summary and Outlook

« Coexistence of several hardware platforms for quantum computing

+ Different platforms might be used for different applications

» Compare hardware: quantum volume (first defined by IBM)

« Typical values: 128 (IBM Montreal with 27 qubits), 4096 (Honeywell with 12 qubits)

Outlook:
» Reduce errors and increase number of qubits
*  Quantum computers as supercomputers for special purposes or hardware accelerators

« Coexistence with classical computers
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' Thank you!

Dr. Karen Wintersperger

Siemens AG

Technology

karen.wintersperger@siemens.com
https://www.linkedin.com/in/dr-karen-wintersperger-3aa433179/
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Preparation for Quantum Computing: lons & atoms

How to cool ions/atoms with light

- 4_\/\/\/\ L aser Emit light in arbitrary direction
— _ Net momentum along opposite
Light absorption: '\ / direction = Slow down
—

Change energy
and momentum Getto T ~ pK

S
LN
>

How to trap atoms with light

Light induces a dipole moment in the atom Dipole force: depends on detuning A = wy — wq

Atom oscillates in (out of) phase for A < 0 (A > 0)

) ®
1000 .j <\/\/\/\ ‘ = attractive (repulsive) Potential

L I(7) Depends on
Udip(7) ox A laser intensity I(7) ®
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