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Coherence and Measurement of a single qubit
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Application: Factoring Numbers

code-breaking

A quantum computer can factor numbers
exponentially faster than classical computers

P. Shor (1994)
39 =33 13 (..easy)

386478846210093876214323256381 =73 ?

generation

Encryption

Factor U (£ bits)

, 7 7 Decryption
Best classical algorithm: O Q& @

Shor's quantum algorithm: 0 Q& @X € QG)FZG@&@&

= 1mod ®(n)

¢ =me mod n
Public Key(n,e)

m = ¢4 mod n
private key (d)




Application: Optimization

Traveling Salesman problem

what is the
shortest path
through N cities?
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Quantum Computer Technologies

Natural Qubits Synthetic Qubits

Trapped lons
Electrically charged atoms, or
jons, are held in place with
electric fields. Qubits are stored
in electronic states. lons are
pushed with laser beams to
allow the qubits to interact.

Qubit Coherence Time (sec}
>1000

Fidelity
99.9%

Qubits Connected
High

Companies
lonQ, Honeywell/Quantinuum
AQT, Oxford lonics

Pros
Very stable. Highest achieved
gate fidelities.

Cons
Slow operation. Many lasers are
needed.

Neutral Atoms

Neutral atoms, like ions, store
gubits within electronic states.
Laser activates the electrons to
create interaction between
qubits.

97%

Very high; low individual control

Atom Computing, ColdQuanta,
QuEra, Pasqal, Plangc

Many qubits, 2D and maybe 3D.

Hard to program and control
individual qubits; prone to noise.

Source: Science, Dec. 2016

Photonics

Photonic qubits are sent
through a maze of optical
channels on a chip to interact.
At the end of the maze, the
distribution of photons is
measured as output.

Psiquantum, Xanadu

Linear optical gates,
integrated on-chip.

Each program requires its
own chip with unique optical
channels. No memory.

Superconducting Loops
A resistance-free current
oscillates back and forth
around a circuit loop. An
injected microwave signal
excites the current into super-
position states.

0.00005

99.4%

High

Google, IBM, QCI, Rigetti

Can lay out physical circuits on
chip.

Must be cooled to near absolute
zero. High variability in
fabrication. Lots of noise.

Silicon Quantum Dots
These “artificial atoms” are
made by adding an electron to a
small piece of pure silicon.
Microwaves control the
electron’s quantum state.

0.03

A

Very Low

HRL, Intel, SQC

Borrows from existing
semiconductor industry.

Only a few connected. Must be
cooled to near absolute zero.
High variability in fabrication.

Topological Qubits
Quasiparticles can be seen in
the behavior of electrons
channeled through semi-
conductor structures. Their
braided paths can encode
guantum information.

N/A

N/A

N/A

Microsoft

Greatly reduce errors.

Existence not yet confirmed.

Diamond Vacancies

A nitrogen atom and a vacancy
add an electron to a diamond
lattice. Its quantum spin state,
along with those of nearby
carbon nuclei, can be controlled
with light.

99.2%

Low

Quantum Diamond
Technologies

Can operate at room
temperature.

Difficult to create high numbers
of qubits, limiting compute
capacity.
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Quantum Gates between Trapped lons
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Engineering Noody Interactions -1 @ '’

2-body interaction wmilburn, et al., (2000) N-body interaction Katz, etal., (2022)
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Engineering Noody Interactions -1 @ '’
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O. Katz, M. Cetina, C. Monroe, Phys. Rev. Lett. 129, 063603 (20Ba%¥ic idea
O. Katz, M. Cetina, C. Monroe, arXiv:2207.10550 (2022)ultimode case and scaling
O. Katz, L. Feng, A. Risinger, C. Monroe, M. Cetina, arXiv:2209.05691 (2082monstration



Quantum Computer Optical (Raman) Controller

Thed v dzI y G dzY  {

User Quantum Algorithms: Shor, VQE)SIim, etc.

beampointing
stabilizer N

Quantum = Universal gates: Hadamard, C-NOT, C-Phase, efc.
compiler ' Native gates: XX-Gates, R-gates

p—— &) L3HARRIS
stabilizer
Sl Pulse shaping: Optimization of XX- and R-Gates
control
rf inputs
power (200MHz) Hardware | OPtical addressing: Qubit manipulation/ detection
stabilizer lon trap: Linear ion-chain, optical access, efc.

S. Debnath,. Nature536, 63 (2016)
h 0 DOE N. Linke,... PNAS114, 13 (2017)
beampointing
stabilizer




Applications/Collaboration Highlights

Year Application Reference Collaborator Institute

2017 Time Crystal Observation Nature 543, 217 N.Yao Berkeley
Dynamical Phase Transition Nature 551, 601 A. Gorshkov NIST

2018 Bayesian Game QST 3, 045002 N. Solmeyer Army Res. Lab.
Machine learning for qubit detection J. Phys. B 51174006 M. Hafezi Nje]
Full Adder, Parallel CNOT Nature 567, 61 D. Maslov NSF

2019 Generative-modeling ML Science Adv. 5, eaaw9918 A. Perdomo-Ortiz INJARSYAN
Deuteron structure simulation PRA 100, 62319 R. Pooser, O. Shehab ORNL, lonQ
Quantum Scrambling and Black Holes Nature 567, 61 B. Yoshida, N. Yao Perimeter, Berkeley
Circui meter, Intel Corp.
Analo I, Microsoft Inc.

2020 Quasi I
Many/ | Erlangen
Quan , Chennai
Fault- )

2021 Preth celey
NMR B jard
Measl b I, Princeton, Berkeley
Certif . ) celey, CalTech
Cross . - ‘ sbruck
Ising § Norbert Linke Marko Cetina Crystal Noel wa
el Asst. Prof. Asst. Prof. Asst. Prof. !
Quan| . . . sbruck, UMD

2022 Edge Duke Physics Duke Physics Duke ECE and Physics|/is
Triangle dalmne I’ progress AKIMasa Mlyake UNM
Molecular Cluster simulations in progress Nicolas Sawaya Intel Corp.
Ring-molecule simulation in progress Rob Parrish QCWare
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Quantum Simulation of Exotic Magnetism
Dynamical Phase Transition with 50+ Qubits

J. Zhang, et al., Nature 551, 601 (2017)

(1) Prepare spins along
(2) Quench spins tdO $—~ ||

(3) Measure along
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Recent Quantum Simulations

Asymptotic confinement: W. L. Tan, et al., Nature Physics (2021)
Prethermal Time CrystalA. Kyprianidis, et al., Science 372, 1192 (2021) :
StarkManybodyLocalization: W. Morong, et al., Nature 599, 393 (2021) 78
Measurement percolation phasesC. Noel, et al., Nature Physics 18, 760 (2022)
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See also:
Innsbruck (ions)
Harvard (neutrals)



Cosmology + Quantum Gravity
Quantum Scrambling

7
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Beni Yoshida Leoh\ard Sussklnd Norman Yao

Scrambliny G O2YLX SGS RAFTFdzaA2y ¢ 2 F YWY 0 G99 A y 2N |
relevant to information evolution in black holes

Landsman, et al., Nature 567, 61 (2019 output
qubit Thermofield Double State

. . T. Schuster, B. Kobrin, P. Gao, |. CongKbabiboulling N. M. Linke, M
Successful teleportation if é¢rambles D. Lukin, C. Monroe, B. Yoshida, and N. Y. Yao, PRX 12, 031013 (2




Classical Interactive Certification
of a Quantum Computation

Examples of cryptographic functions with a “trap door”

Umesh Vazirani Thomas Vidick

Norman Yao
(Berkeley) (Berkeley) (CalTech

1. Learning with Errors (LWE)

o - - setup g
Compute Ty =e wWg=V Q
given matrix=and= Vv g (g error vector)
+
A Find hidden vector v Verifier N
:E Choose a 2-to-1 TCF () / Generate |zp) + |21)
M e 57 R . = < . . w= fao) = f(zx) such that f(zo) = f(z1)
2."Rabin"” cryptographic encoding S | | Find zo,a, using trapdoor
Compute ,‘Q(b) (b (i‘) é ,ﬂ ) Wlth 6 r‘] r,] f [ChooseX or 7 measurement] XorZ
[Choose subset of qubits r ] i Store parity of subset in ancilla
Qw is 2:.1, but if you know only one input, ’ 2 s rorenal GBET,
hard to find the other, unless you know nj and ). 2 4 measmt.restts - requested X or Z basis
w 7 q
. . .. . S {Ehooselﬁx e _tZ bass Measure ancilla
A Determine if two colliding inputs have the or ancilla measuremen measm, resuls
same or opposite parit
PP P Y \ [ Check results [:] = extra steps for factoring protocol

D. Zhu, et al., arXiv 2112.05156 (2021)
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lonQ was founded in 2015 by
Jungsang Kim & Chris Monroe, with offices
in College Park MD, Seattle WA and Germany (soon)

lonQ is a leader in building full-stack qguantum computers
based on trapped ions, with superior performance and

reconfigurable circuitry. lonQ has a clear scaling roadmap \\ v
to tackle problems that are impossible with classical computers. @ N

NG

lonQ has released several generations of full-stack quantum
computer systems, with cloud access via commercial servers.

On Oct1, 2021 1onQ was listed on the NYSE as
the first public pure-play guantum computing company,
with a $2 billion market capitalization and $590M in the bank.



Autoloading register
N=24 qubits request

Loading
zone

Quantum
Computing
zone
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Molecular Quantum Simulations

The binding energy of a molecule determines its reaction properties, Applications: novel catalysts (fuels,
but is hard to calculate on a conventional computer bioprocesses); drug design
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Fidelity

lonQ Aria System Performance (Gen 5)

PR . |Algorithmic Qubit
: benchmark* -
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* https://iong.com/posts/february-23-2022-algorithmic-qubits

IBM and Quantinuum data adapted from US Quantum Economic Development Consortium,
arXiv 2110.03137 (2022); Rigetti data taken on AWS-Bracket (Feb 2022)
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lonQ Forte The Latest Qquantum Computer (Gen 6)

Forte, lonQ’s second system with a capacity of up
to 32 qubits, uses a software-enabled dynamic
laser system to improve gate performance

lllustrated comparison of the AOD architecture in lonQ Forte (left) and the AOM architecture (right) in earlier lonQ systems
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