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Quantum Computingz What is a Qubit?
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Reviewz Many Worlds ... Quantum Parallelism

A Mach-Zehender Interferometer

A alignment to get 100% is hard lenath. L3 .
J if L1+L3E L2+14

mirror

partially
transparent
mirror

length, L1 - - length, L4
partially
transparent

mirror

mirror

30080

detector 2

||
length, L2 detector 1

8060



Reviewz Many Worlds ... Quantum Parallelism
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Reviewz Many Worlds ... Quantum Parallelism
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From single paths to many histories
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From single paths to many histories
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Qubit vs Bit
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Error Correction / Fault Tolerance
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Classical Electronics to the Rescue!
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Qubit Modalities
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Challenges

Quantum hardware platforms are advancing steadily, but no lught roa An error-corrected quantum machine will actually be a
one knows when quantum computers will run applications hybrid system requiring substantial classical processing
that broadly benefit society. power to decode error syndromes.
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We do not know yet which quantum computing modalities
will be best suited for scaling to large systems that solve

Qubit Modalities

Platform: Superconducting- Transmons

L r . |
Superconducting Qubit A h Y O h
Example: Transmon Qubit -

Readout resonator v Readout

output

(dispersive readout) ——"—— E—  ——

Superconducting _———
capacitor (C) - — ———

— ——  —

LB | v —

Qubit energy levels

Energy ‘
Josephson t 12) - ‘ ‘Nf
junction (E ) ’

| ;
Anharmonic

| 11)
spectrum
] hwo, (w1 # wo1)

Microwave drive } 10)
= (m, 7, pulses)

Physical principle Qubit states Typical parameters

The qubit is a nonlinear LC oscillator. |0) = ground state we1/2m ~ 4-7 GHz

The Josephson junctien provides e / L, Anharmonicity a/21 ~ -200 to -300 MHz AT L A N T | C
ALICE & BOB

nonlinearity (anharmonicity), allowing - _ : v
oherence time ; ~ - us
Dephasingtime T, ~ 10 - 100 us QUANTUM

|0) and |1) as a quantum bit.

us to use the two lowest energy levels




We do not know yet which quantum computing modalities

. - will be best suited for scaling to large systems that solve
Qubit Modalities

Platform: Trapped lon

Tra pped IOn Q U bits ubit energy levels (example: *°Ca*)

Qubits encoded in the internal states of ions i 5
confined and controlled by electromagnetic fields adicfrequency(RF)

/ electrode
p A — 2 o . :
oy, T o e — et ,
G ) ‘/ —_— 5/2, My = 35
Endcap :

—ry Endcap (logical |1))
electrode " - — -0 .“."'.4-

- M e— clectrode Wo1

/ w’qubit transition)
/ Pr— ~3-5 THz
m
, My =

1
Trapped ions (logical |0))
(typically “°Ca*, 'Yb*, #*Mg?) DC control
rd electrode
aser beams for Key advantages Challenges
Juantum gates - « Very high coherence times (seconds to minutes) « Complex and expensive

« High-fidelity gates and readout laser systems
« All-to-all connectivity « Scaling to large numbers
Excellent qubit uniformity and control of qubits

Quantum is now.

Physical principle Qubit encoding How entangling gates work Typical parameters (state of the art)
Individual ions are confined in frei Example: “°Ca*

A laser drives the collective motion (phonons),
lectromagnetic fields.

Qubit transition fi cy Wo1/2m
. 1 which couples the ions. The motion is then 1-10TH
172, My .
’ 2 used to entangle the qubit states.

L l= Universal

)0 u L]
Jubit gate fidelity
9%

The shared mot S “bus” ubit gate fidelity

high-fidelity two-qubit gates.




We do not know yet which quantum computing modalities
will be best suited for scaling to large systems that solve

Q u b it I\/I Od aI iti eS hard problems.

Platform: Neutral Atom

Neutral Atom Qubits

o
Qubits encoded in the internal states of ultracold neutral atoms Energy \ ; X
trapped in an optical tweezer array. (nS. nP. ...)

Cooling g

lasers

/
(Doppler + -
gl / %

sub-Doppler,

Physical principle

Neutral atoms are cooled to ~uK and
trapped in an optical tweezer array.

Qubits are encoded in long-lived
hyperfine ground states.

Entanglement is generated via
state-dependent interactions, typically
by exciting atoms to Rydberg states
that interact strongly with each other.

Typic

be ! e 1 j wo1/2m \ : B y
v . = = ] ~ 6.8 GHz .
- 7 ) N |0> — 0| = |F=1, m=0) -‘
4 4 4 44224 High-NA Key advantages Challenges
objective e Scalable 2D/3D arrays (thousands of qubits) « Technical complexity (lasers, optics)

vEra

Putting Quantum to Work

 High-fidelity, fast entangling gates « Atom loss and heating

Global control lasers | Y :
2 : * Reconfigurable cqnnectlvwl/ * Crosstalk and addressing errors
(Raman / microwave) Long coherence times (seconds)

Vacuum and stabilit rements
All-to-all interactions (in principle) SN gt bl

Qubit encoding How entangling gates work Typical parameters (state of the art)

Pasqgal

NanoQ

Nanofiber Quantum Technologies

Interactior

V(r) -
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Qubit Modalities

We do not know yet which quantum computing modalities
will be best suited for scaling to large systems that solve
hard problems.

Platform: Photonics

Photonic Qubits

Qubits encoded in the quantum states of single photons,
manipulated using integrated optical circuits.

Mode
cleaner
(filter)

« SPDC l

of\

Beam splitter
Single-photon
source

« Quantum dots
« Atom-cavity
+ Heralded source

te (Li

Information is encoded in discrete degrees
of freedom of sin

Where photonic qubits excel \ Long-distance

quantum communication

Phase
shifter
(¢)

Beam splitter

S Y

Single-photon
detectors

Silicon photonics  Indium phosphide (InP)

tic entangling gate

lin pti

le quantum

Boson
ts & quantum advantage

Qubit encodings (examples)

Polarization
(path-encoded equivalent)

0) = |H)

Horizontal (H) /
Vertical (V) lo

Photon in upper /

Path Time-bin

(X) 52 Photonic

XANADU

time

Early / late arrival time

wer path separated by At

Many other encodings: frequency-bin, orbital angular momentum,

continuous-variable (quadrature), etc.

Key advantages

« Low decoherence and long coherence times

« Room-temperature operation
High-speed operation (ps-ns scale)
Easy transmission over optical fiber
Scalable with integrated photonics

4. Entanglement generation

Example: Hong~Ou-Mandel (HOM) interfes

ogett
zero coincidence
counts.

o/ h

mpling

m computing

Challenges

« Probabilistic two-qubit gates (usually
require measurement)

« Photon loss and detector inefficiency

« On-demand single-photon sources

« Scaling to large, deterministic circuits

. PsiQuantum

5. Typical parameters (state of the art)

(QUANDELA

e
/" distribution (QKD)
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We do not know yet which quantum computing modalities

. .. will be best suited for scaling to large systems that solve
Qubit Modalities

Platform: Quantum Dots

Qua ntu m Dot Spi n Qu bits Qubit states (spin states) Control and readout . i

Electron spin-1/2 in a quantum dot

- - - A ESR or EDSR for spin rotations
Qubits encoded in the spin state of a single electron s ; ¥
confined in a semiconductor quantum dot. 0)=| 1) | f
Plunger gate (spin down) (spin up) \/\/\/\’ . .-

Left barrier (Ve) Right barrier P 4

Gate electrodes ) (Ve) v

« Defi 3 s ¢

Feinequantum cot Spin-to-charge conversion for readout
« Control tunnel barriers

+ Tune interactions \ ~
/ : Charge sensor
J

Charge sensor Source
(QPC/SET)
+ Readout of spin

state via spin-to-

charge conversion C eld) Typical parameters:

or|l)  Tunnel
selectively

2DEG in GaAs/SiGe (or Si/SiGe) g* ~—0.4(GaAs), ug=9.27 x Spin information is inferred
(electron gas) AE/h ~ 5 — 20 GHz for Bext -1T from the sensor current.

Key advantag
Compatibility with CMOS
Nearest-neighbor on a 2D array and semiconductor industry
Fast gates (ns scale)
The two spin states (|1), |1)) forma \ / = . i Potential for high density
natural two-level system that is long-iived Micro 2 Operation at mK temperatures
and can be coherently controlled ) 2 c \ \ ¥ J E 258 (dilution refrigerator)

Physical principle Qubit control Two-qubit gate (e Qubit connectivity

Electrons are confined in a semiconductor S qub tion (X or Y gate) Bring dots close — tunable exchany
quantum dot using electrostatic gates

Challenges
+ Charge noise and decoherence
« Precise fabrication and tuning
Fidelity > 99% (state of the art) - - « Cross-talk between qubits

« Scalability of control lines

Electric and magnetic fields control the
qubit, while nearby charge sensors enable Gate time ~ 10 - 100 ns
fast, high-fidelity readout

Typical parameters (state of the art) Example materials Accumulation gate

Coherence tim /7 Single-qubit gate time Single-qubit gate fidelity ( Operating tem { Qubit count ( « GaAs/AlGaAs
~0.1-10ps ) ~1-50ns ) >9.9% ~ 10 - 100 mK ~10 - 100 (ab de - Si/SiGe Qugofim

/ dot
Echo coherence time T, Two-qubit gate time Two-qubit gate fidelity Magnetic field admap * Ge/SiGe :
~ 10 - 1,000 pus 100 ns > 99 0.1 - 1T (typical . 10* (with scaling) Si/Si0, (MOS dots)

qQuobly

Where quantum dot Integration with @ Fast, scalable @\ Operation in standard ‘//‘H\) High qubit density Natural for modular

spin qubits excel ) semiconductor
technology

qubit operations ) dilution refrigerators \ D[]
\

~ N

potential \ architectures
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Qubit Modalities

We do not know yet which quantum computing modalities
will be best suited for scaling to large systems that solve
hard problems.

Platform: Spin defects

Spin Defect Qubits

Qubits encoded in the electron spin of point defects
in solids (e.g., NV centers in diamond, SiC divacancies).

Energy

Spin defect
g., NV center)

« Spin-dependent
fluorescence

« Drives spin
transitions

def
bandgap

2. Qubit states (spin-1 system) b 4. bit gates

We encode a qubit in |0) and ) rowave C i by dipolar or exchange

or |0) and

Example

tric field

Qubit subspace: {|0),

Qubit energy levels (NV center)

Excited triplet state

ey advantages
* Room-temperature operation (in many materials)
« Long coherence times
« All-optical initialization and readout
« Nanoscale localization — high spatial density
« Compatibility with semiconducton / photonic platforms

hBN: Vy, V;
)s: Var
+ 4H-SiC, GaN, ..

Outlook

Spin readout

hi 10) —~
Brightstate 10) ~ N\ > High fluorescence
.‘\
Darkstate [1) --~..---_» Low fluorescence M
Measure fluorescence to infer spin state.

Coherence (example: NV in '?C diamond)
T, (Ramsey) ~ 1 -10 us
T, (Hahnecho) ~ 10 — 1,000 us

T, axation) ~ 1 — 10 ms

y
Improved with isotopic purification [ ]
("2C enrichment) and dynamical de: ng. L i
Challenges .
« Spin bath from surrounding nuclear/paramagnetic spins '
« Spectral diffusion and charge noise

« Inhomogeneous broadening
« Integration with fast control and scaling

5. Host materials and defects 6. Typical performance (examples) Q U A N I U M

BRILLIANCE

100 - 1,000 us
Gate time 20 - 200 ns
Fidelity (1-qubit) > 99.9%
Fidelity (2-qubit) > 99%

V center in diamond
T uptols
T, (echo) up to 1 ms
Narrow optical line < 100 MHz
\ Y terial and environment
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Challenges & Opportunities

REVIEW

VQR/ Ql review Platform Quantum Quantum Quantum Quantum
r computing simulation networking sensing
TRLE-8 ! TRL6 . TRL34 i TRL3-5
REVIEW Superconducting 1! — $é 1 | =T =1
Challenges and opportunities for :

. 3 Tacedions | TRLE7 | TRL67 | TRL4-6 TRL6-8
quantum information hardware Ppe o
David D. Awschalom?*, Hannes Bernien'**, Ronald Hanson>®,

William D. Oliver’3®, Jelena Vugkovi¢l®! Neutral atoms | , , o-eo oo TRLG8 ¢ TRL3S ¢ TRLST
Photonics | [ty 4 e b | et
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Silicon Nitride for Quantum Technologies

REVIEW _ ADVANCED O UANTUM TECHNOIOGIES
vQR/ QI review
Communication (@ Full Access - i
On-Chip Integration of Single Photon Sources via Evanescent l
REVIEW ¢ Photonics exemplifies the challenge: Silicon photonics fabricated in

Challenges and opportunitiesfor ¢ commercial foundries typically exhibits propagation loss of 0.25 to |

quantum information hardware — 1 dB/cm, and fiber-to-chip grating couplers available in their process |

oS s Berny - Ronald Hanson ™ design Kkits exhibit >3 dB of loss and are narrowband (69). Although |
\\ lower propagation losses of decibels per meter have been reported in

research-grade silicon nitride, lithium niobate, or silicon carbide pho-
tonics (73, 79, 80), these processes have not yet become widely avail-
able in a foundry environment. Moreover, state-of-the-art spatial light
modulators have limited resolution and speed for scaling tweezer ar-
rays (81), and solutions are needed at shorter wavelengths, with

A==

Prof. Connor

(Qu;(rl:tﬁf:?;ch_) | _ smaller pixel sizes and higher speed for trapping more atoms, reducing
Carleton U Dr&é&“&%ﬁhlg)ek' their separatlon and controllmg and movmg atoms faster.
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CLASSICAL TECHNOLOGIES ARE THE KEY
TO MAKING QUANTUM TECHNOLOGIES SUCCESSFUL

Quantum advantages come from quantum physics,
but quantum technologies are built, controlled, and scaled by classical technologies.

CLASSICAL TECHNOLOGIES

The Essential Foundation

Ultra-Precision Engineering
* Nano-fabrication

* Ultra-high vacuum systems

= Vibration isolation

* Cryogenic engineering

Advanced Materials
* Superconductors

* High-purity crystals

* Low-loss dielectrics

« Specialized coatings

Classical Electronics
* Low-noise amplifiers

* High-speed electronics
* RF & microwave control
* Power management

Lasers & Optics

* Stable laser sources

* Optical isolation

* High-precision alignment
* Photon control

VAN

»

Control & Measurement

* Arbitrary waveform generators
« Fast digitizers

* Real-time feedback

* Precision timing systems

Classical Computing

« High-performance computers
« Control software

» Error correction decoding

» Data processing & Al

ENABLING THE QUANTUM SYSTEM

Cryogenics
Reaches milliKelvin
temperatures

Isolation
Protects from
vibration, noise,
and heat

Control Signals
Precise microwave
and laser pulses
manipulate qubits

Readout
Ultra-sensitive
measurement of
quantum states

Classical Feedback
Real-time decisions
stabilize and correct
the system

Classical infrastructure = quantum performance

Better materials, better control, better measurements
lead to more qubits, lower errors, and real-world impact.

QUANTUM TECHNOLOGIES

Enabled by Classical Excellence

Quantum Computing

Solves problems beyond
classical computers

Quantum Communication

Secure communication
with quantum key
distribution

Quantum Sensing

Measurements with
unprecedented
precision

Quantum Simulation

Models molecules and
materials that are
impossible classically




NRCOs supports the Nati on

N Fun di-nsking amdl ereating supportive policy
frameworks for emerging technologies, convening

and coordinating, procuring goods and services, and
serving as a research partn

National Metrology Institute Initiatives

The NRC supports all

Canadian Strategies Canadian Quantum Strategies
on quantum

NRC Quantum R&D
Initiative ($9.0M)

NRC Challenge Programs
($50.0M) NRC funded

initiatives
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