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General outline

previous session

o introduction into quantum computing

this session
o which quantum-computing platforms exist?

o what are their benefits / drawbacks?

©

how does one operate a quantum computer?

©

web-based access on IBM's quantum computers

tomorrow's session
o programming IBM’s quantum computers with python




Online resources

https://www.quantumtheory-bruder.physik.unibas.ch/
people/martin-koppenhoefer/
quantum-computing-and-robotic-science-workshop.html

o installation guide for tomorrow'’s session
o material for tomorrow'’s session (will be uploaded later today)

o slides



https://www.quantumtheory-bruder.physik.unibas.ch/people/martin-koppenhoefer/quantum-computing-and-robotic-science-workshop.html
https://www.quantumtheory-bruder.physik.unibas.ch/people/martin-koppenhoefer/quantum-computing-and-robotic-science-workshop.html
https://www.quantumtheory-bruder.physik.unibas.ch/people/martin-koppenhoefer/quantum-computing-and-robotic-science-workshop.html

Outline of this session

Q Recap

O What are properties of a good qubit?

© Overview of quantum-computing platforms
@ Nuclear magnetic resonance (NMR)

O lons in electromagnetic traps

O Electron spins in semiconductor quantum dots
@ Superconducting electrical circuits

O Comparison of quantum-computing platforms
© Operating a quantum processor

@ Cloud-based access




Recap
What are quantum bits (qubits)?

o a classical computer manipulates bits:
possible states 0 or 1 are discrete

@ a quantum computer manipulates qubits
= quantum two-level systems:

possible states («|0) 4 3|1)) are continuous
@, B are complex numbers, |a|? +|8|? = 1.

o measuring a qubit yields a classical bit
(probabilistically)

o state of a qubit can be represented as a
vector, e.g., in the z basis

o ()

energy
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Recap

Example: electron in a magnetic field

o spin: quantum-mechanical property

o two states: |1) and |])
o states 1) and ||) have different energy in a
magnetic field B
o spin-up state |[1) — logical state |0)
o spin-down state |]) — logical state |1)
o applying magnetic fields at the level-splitting
energy AE generates transitions |1) <> [{)

magnetic field B
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Recap

Decoherence

Transition of a quantum state to a classical state
' 2
[¥) = lal |0) + ey/1 —[af* |1)
o Relaxation: Qubit makes the irreversible transition
1) = 10)

on average: exponential decay with half-life period T3

o Dephasing: Qubit loses the superposition
on average: half-life period T,




Recap

What is a quantum algorithm?

o a classical computer o a quantum computer
manipulates a N-bit state manipulates a N-qubit state
by logical gates by quantum gates

o algorithms are built from a o algorithms are built from a
universal set of gates universal set of quantum
(e.g., the NAND gate) gates

(e.g. H, T, and CNOT)




Recap
Single-qubit gates

o NOT gate: X = (0 1)

10
X10) = 1)
X[1)=0)

- 1
o Hadamard gate: H = 7 <

f10) =

Al =
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1 -1

(\0> +11)
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Recap
Controlled NOT gate (CNOT)

o 2-qubit gate
o flip second (target) qubit if first (control) qubit is |1):

|00) — |00 1

) )
|01) — |01) CNOT =
|10) — |11) 1
|11) — |10)
o circuit diagram:

control qubit:  «[0) + B|1)—e—
a |00) + S [11)

target qubit: |0)—P—
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How to build a quantum computer

o identify a two-level system as a part of a larger physical system
o find out how to initialize the qubit
o find out how to do gates and measurements
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What are properties of a good qubit?

Di-Vincenzo criteria

Properties of a good qubit:

o
Q
o
Q

scalability: build a large (e.g., 10°) number of qubits
initialization: prepare a well-defined initial quantum state
long coherence time: in comparison to the gate time

universal set of quantum gates: to construct all possible
quantum gates

measurement procedure: to get the result of a calculation
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Overview of quantum-computing platforms

© 06 06 6 o6 o o

spins in large molecules + NMR
ions in electromagnetic traps
neutral atoms in optical lattices
optical quantum computing

31P donor atoms in silicon

electron spins in semiconductor quantum dots
superconducting electrical circuits

flux qubit

o charge qubit

o phase qubit

o transmon qubit

(%]

topological qubits

BS Microsoft

* online access

13



Nuclear magnetic resonance (NMR)
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Nuclear magnetic resonance (NMR)

Trichloroethylene: 3 qubits
Cl\ N Cl

\\J-\/ ’
o\

use nuclei with spin 5

apply static magnetic field B to
split the states |1) and |{)
single-qubit gates:
radio-frequency magnetic fields
multi-qubit gates: use
interaction of spins within one
molecule

readout: precessing spins induce
voltage in readout coils

Shor’s prime-factoring algorithm
demonstrated on 7 qubits

[Laflamme et al., arXiv:quant-ph.0207172 (2002)]
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Nuclear magnetic resonance (NMR)
Di-Vincenzo benchmark

o scalability: X

o initialization:

o long coherence time:

o universal set of quantum gates:

© measurement procedure:
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Ions in electromagnetic traps

o <50 ions (e.g., °Be, °Ca) in harmonic electromagnetic trap

NN N

17



Ions in electromagnetic traps

l$) ———
o qubit encoded in two long-lived
internal states |0), |1) of an ion

I . . .
Readout / o single-qubit gates: laser beams induce
Qubif transitions |0) < |1)
transition
/ o readout: drive transition from |0) to

short-lived state |s), detect photon
emitted during relaxation |s) — |0).

o multi-qubit gates: ions repel each
other
= oscillation modes along the chain
= useful for qubit-qubit interaction

18
[M. Holzscheiter, Los Alamos Science 27, 264 (2002)]



Ions in electromagnetic traps

Di-Vincenzo benchmark

o scalability:

o initialization:

o long coherence time:

o universal set of quantum gates:

© measurement procedure:
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Electron spins in semiconductor quantum dots

back gates magnetized or heterostructure
high-g layer quantum well

o A two-dimensional electron gas (2DEG) can be realized in
semiconductor heterostructures

o 2DEG can be structured by gate electrodes (negative
potential repels electron gas under the electrode)

o quantum dots may be formed which contain a small number
or only a single electron
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Electron spins in semiconductor quantum dots

back gates magnetized or heterostructure
high-g layer quantum well

o B splits the states |1), |])
o single-qubit gates: apply time-dependent magnetic field Bj|(t)
o two-qubit gates usAing exchange inAteraACﬂon between spins of
neighboring dots Hey = Z<,-J> JiSi - S
coupling strength J;; depends on gate voltages

o readout: single-electron transistor or quantum point contact
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Electron spins in semiconductor quantum dots

Di-Vincenzo benchmark

o scalability: v (semiconductor technology!)
o initialization:

o long coherence time:

o universal set of quantum gates:

© measurement procedure:
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Superconducting electrical circuits

What is a superconductor?

@ macroscopic quantum systems with zero
resistance below a critical temperature T,

o electrons form Cooper pairs characterized by
a macroscopic wavefunction W = ,/nge'?

o two superconductors (A, B) separated by an
insulating oxide barrier (C) form a Josephson
junction

o Josephson effect: even in the absence of a
voltage across the Josephson junction, a
supercurrent / can flow:

I = I sin(@ref; — SDright)

l‘:I =—E Cos(ﬁpleft - @right)

=
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Superconducting electrical circuits
Flux and phase qubit

gntrol,d%xt
—c Xl

— L
@\dout
A2
H= 2Q— — Ejcos(p) —

Phase qubit: . ~ ®o = 4

states |0) and |1) in same well
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Superconducting electrical circuits

Charge and transmon qubit

Charge qubit: Ec > E;
superpositions of 0 or 1 Cooper
pairs on the island

0 I(a)!EJ' E;(,' = l.IO .

E,./En
o N & o ®

control & readout

A= Ec(h— ng)? — Escos(9)

Transmon: Ec < E;
Lowest eigenstates in an
anharmonic potential

(d) Es/Ec = 50.0
T T T
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Superconducting electrical circuits

Charge and transmon qubit

CNOT Error Distributions

A h A Tenerife (5Q, QV=4)

Melbourne (14Q)

Tokyo (20Q, QV=8)

Poughkeepsie (20Q, QV=8)

Johannesburg (20Q, QV=16)

Boeblingen (20Q, QV=16)

20

10
Gate Error (%)

o seven fixed-frequency transmon qubits

o each qubit is coupled to a microwave resonator to do
single-qubit gates and readout

o several qubits are coupled by microwave resonators to
implement multi-qubit gates
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Superconducting electrical circuits

Di-Vincenzo benchmark

o scalability:

o initialization:

o long coherence time:

o universal set of quantum gates:

© measurement procedure:
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Comparison of quantum-computing platforms

H

Ny
S

superconducting qubit electron spin qubit trapped ions NMR
footprint ~ pum 0.1 pm spacing 10 pm mm
scalability yes yes complicated no
energy gap 1—20GHz 1—-10GHz 10° — 10° GHz MHz
temperature 10 mK 100 mK K 300 K
single-qubit gate time 7 ~ ns 10ns us ms
two-qubit gate time 7 10 — 50 ns 0.2 us 100 pus 10 ms
coherence time T; 10 — 100ps ms — s 0.1s 10s
1-qubit gate fidelity (%) 98 — 99.9 98 — 99.9 99.1 — 99.9999 98 — 99
2-qubit gate fidelity (%) 96 — 99.4 80 — 96 97 — 99.9 98
initialization yes yes yes ensemble
readout fidelity (%) 99 97 99.99 ensemble

[Xiang et al., Rev. Mod. Phys. 85, 623 (2013)]
[Resch et al., arXiv:1905.07240 (2019)]
eith et al., ys. Rev. , 041003 (2019
Keith I, Phys. Rev. X 9

5GHz ~ 250 mK
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Operating a quantum processor

The lab around a quantum processor

29



Cloud-based access
The dashboard

IBM Quantum Experience

@

&

Welcome
Martin
Koppenhoefer

Your providers.

IBM Q Research
1IBM Q Network member

See more

Pending results (0)

You have no circuit runs in the queue.

results

Recent circuits (3)

Untitled circuit

Bell_state_00_generation

superdense_coding

View All

37 minutes ago

6 days ago

14 days ago

Your backends (12)

online

ibmq_casablanca (7 quits,
Qu32)

Queve: 2 jobs

[ Reservable

online

ibmq_bogota (5 qubits, Qu32)

P

Queve: 6 jobs

[ Reservable

online

ibmq_santiago (s qubits, Qv32)

Queve: 16 jobs

https://quantum-computing:ibm.com/
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Cloud-based access

A quantum processor

ibmq_santiago v1.2.1

O Qubits 1L Connectivity

{& online

Queue: 16 jobs .a . . . .

Providers with access:

Single-qubit U2 error rate CNOT error rate
ibm-q/open/main

Ibm-q-research/Martin-Koppenhof/ 1.935e-4 9.436e-4 6.454e-3 1.277e-2

main

Download Calibrations 3,

Qubits Quantum Volume

5] 32

Online since Basis gates

Jun 03, 2020 cx, id, ul, u2, u3
Maximum shots Maximum circuits
8192 75

Last calibration update
Dec 05, 2020 10:55 AM




Cloud-based access

Quantum circuits

single-qubit phase gate

single-qubit NOT gate measurement in z basis

\

each line is a qubit — @ : [0) —{X]

q 1) X

initialize the qubit in state |x) two-qubit anticontrolled Z gate

(default: 10)) _
two-qubit controlled NOT (CNOT) gates

o 0 1 5 1 0 ~ 1 /1 1 1 0
X_(l 0> Z_(O 1) H_ﬂ<1 1) T‘(o efvr/4>
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Cloud-based access

The circuit editor

1BM Quantum Experience Q 8
[l File  Edit View  Share  Help Run Settings v Run on ibmg_santiago
Bl [ Circuits / Untitled circuit <[> Code [ Docs [ Jobs

=l HRABHHEEEEEE R RE e o = ®© i Jobsfrom this circuit View all

0.

0100

Glossary of gates and operations in Docs

33


https://quantum-computing.ibm.com/docs/iqx/operations-glossary

Cloud-based access
Visualizing the state of a single qubit

V1-1al|0)+ e |al|1)
o relative phase 0 of a superposition \f\
]

3n/2

o probability |a|? to measure the |1) state

o entanglement @ @ @

No entanglement Partially mixed Haximally entangled
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Cloud-based access
Visualizing the state of a quantum register

apoo |000)
+ a100 [100) + 010 ]010) + crgo1 |001)
+ @110 |110) + 101 |101) + o171 |011)
+ aq1y [111)

o layer n contains all states with n
qubits in state |1)

o thickness of node of state |x): |ay] o

o color of node of state |x): arg(ax)

118
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Generating Bell states

Quantum circuit

1Boo) = —=(]00) + [11))

i
1Bon) = f(|01> +[10))
o) = —5(100) — I11)
Bu) = —=(101) = [10))

General expression:

Bry) = 5(10y) + (=1)[17))

CNOT |B"Y>

1 input state: |xy) = |00)
2 apply Hadamard gate
~ 1 1
1 .
=12 (1 —1>'
75(100) +110))

pply CNOT gate:
75(100) +[11)) = |5oo)

Ne-le




Generating Bell states

Reminder: Entanglement

o Bell states are a crucial resource for quantum algorithms
because they are entangled

o classical N-bit states can be “factorized”

Example: classical state (11)
o bit 1 is in state “1”, bit 2 is in state “1”
o equivalent quantum state: |11) =|1) ® |1)

o But there are quantum states that cannot be factorized

Example: state —= (|00) + [11)) # |¢1) ® |¢),

o system can onIy be described as a whole
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Generating Bell states

Reminder: Entanglement

©

entanglement = correlations

1

7 (100) +[11))

©

What happens if we measure qubit 1 and 2 in the z basis?
either we get 0 for qubit 1 and O for qubit 2 (probability %)

©

©

or we get 1 for qubit 1 and 1 for qubit 2 (probability %)

©

but never any “mixed” result
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Generating Bell states

Online demonstration

1BM Quantum Experience

File  Edit  Inspect  View  Share  Help ORI Fun on ibmg_santiago

= Saclend: Sq-ibma_santiago v Provders ibm-qjopenimain v Shots (nax3192: 8152 3 Joblmit S remaining

S| O Circuits / Bell_state_00_generation s

HEH I

+ Add

/> code G Docs [ dobs

Jobs from this circuit Viewall

Pending jobs (0)

) Complted o 0
N - H i I

ol
6o

Measurement Probabilities v o Statevector ®

[ @ n
Computationl ba

Output state L}
Wl (o, wiei, e,
% 100 6.70710)

comput




Generating Bell states

Online demonstration

18M Quantum Experience

%

Untitled circuit job
Job Id: 5fc3e288b4dd0b001be54d75 T

Download §,  Delete [

Addtag +
Tipe Provider No.Creuts Crested
Composer ibm-g/open/main 1 Nov 29, 2020 7:03 PM
@ created Transpiing © validating @ maueue © Running @ completed
733ms 806ms. them1a2s 2725

Run details
Backend Aun moce Shots Time taken Last Updte
ibma_santiago fairshare 8192 1h8m 4915 Nov 29,2020 8:12 PM
Result
Histogram

s osen 1599%

¢ 3 o 0

Computational asis states
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Educational material

Start your path towards

eI Ouantum Algorithms

Learning resources

The below are designed and created by the Qiskit team.
However, we recommend a familiarity with linear algebra
and Python from these trusted resources.

All resources Beginner Advanced

Time to spend learning
®© any

O 1 minute

O 1day

O 1week

O 1month

O 1year

https: //qiskit.org/learn
Qiskit textbook

Youtube series Coding with Qiskit
Online course Introduction to QC

Qiskit Textbook

The Qiskit Textbook is a free digital open source textbook that will
teach you the concepts of quantum computing while you learn to use.
Qiskit.

Read the textbook ~ [F
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https://qiskit.org/learn

Material for next session

— Jupyter store_account_information_locally (auosaved)

e Edt View

B+ 5 @B A Y HRn B C W Madow

inset  Cel  Kemel  Widgets  Help o

Test your qiskit installation
Importhe aisit package:
import giskit

Display s version information. This command should outpu:

{giskittenat 0,161, qiskit-aer: 0.7.1, qiskitigns

105.1: ‘giskitibmy:provider' '0.11.1', ‘giskit-aqua’ 0.8 1" qiskit: 0231}

print (giskit. _giskit version )

Store your IBM token locally
from qiskit inport IeMQ

‘Gopy your IBM oken on hilps:/uanium-computing b cor

count and putin the following command:
18HQ. save_account(*PUT YOUR T8 TOKEN HERE')
The fast command saved the IBM token to your local hard disk. We can now l0ad the account from this fle:

18H0. Load_account ()

As achock, the should outp and the un hips:/auth. quantum fing b co

18H0. active_account ()

s your personal key "

Download link

a

Logout

k0231 O

42
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Backup slides
Discrete vs. continuous states

2= 0)

Acceptable TTL gate Acceptable TTL gate Y
input signal levels output signal levels
5V 5V
High high-level noise mar\gv]in High ~|:
RN z1V Py

Low 05V .

at Lo ov ~ 1 14

low-level noise margin . 1
consider H, = —= .
2\1 —-1-—ie

[https://www.allaboutcircuits.com/]

AA |0) = |0)
.E .E
A.A.|0) = (1 + ’E) 0) =iz 1)
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