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AN INTEGRATED APPROACH

Industrial Collaborators

Telcom, Finance, Pharma, Automotive, Manufacturing, Transport, Chemicals....
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Quantum Origin: quantum computing-enabled InQuanto: State-of-the-art chemistry platform for quantum Including open-source QNLP Toolkit and Library
cryptographic keys computers ‘LAMBEQ’

Open-source quantum software development platform
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L Third Party Platforms
O Quantum Computers
' Quantum Hardware, Simulators and Cloud Providers
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TKET as a universal software development kit

PyTKET

python Back ends

Quantum devices/simulators

Front ends
High level interface

TKET optimizes quantum
circuits, reducing the number @ python’
of required operations —

essential V + Eéé—ﬁ: QI IONQ
for NISQ devices. PENNYLANE I K E I

Q QOUANTINUURNM

Q# pyzx Q\_’V_:S.,. (DAQT
941,952 downloads as of June @ - ma Microsoft
21,2023 L Cirg IOM  ORC
Build Circuits

Rewrite Circuits
Solve for device constraints
Perform optimizations

Execute Circuits
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PERFECT QUBITS FROM YTTERBIUM IONS

Orbital . .. : e .
RES = Each ion is identical, each gubit is identical
11) =~ <_
SN = Quantum information is stored in hyperfine
0y ~ - _ '\ energy levels
O, \
\ \
\ : = Lasers are used to address, entangle, and
O ' measure qubits
lTle+

= Errors are fundamentally understood
Hyperfine levels

1 —
. F=1

2Sy/2 |0;O- =0 = The secret is to precisely capture, control, and
manipulate ions for quantum operations
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QCCD ARCHITECTURE - PROPOSED IN 1998

QUANTUM CHARGE-COUPLED DEVICE PROPOSAL BY NIST ION STORAGE GROUP (1998)

Volume 103, Number 3, May-June 1998 T additional storage registers, accumulators

Journal of Research of the National Institute of Standards and Technology "logic"" beam for ion k

[J. Res. Natl. Inst. Stand. Technol. 103, 259 (1998)]

£ "nulling" beam
for ion m

Experimental Issues in Coherent Quantum-State
Manipulation of Trapped Atomic lons

I I I

| I D N O N BN (S IO

.k .m Ow— auxiliary ion

| Y I )y [ TN T
ACCUMULATOR

KEY CONCEPTS
Qubits through ions

I I I

e ® o ¢ o

| S TR i i i i |
STORAGE REGISTER

Connectivity by physical transport

High-fidelity gates via lasers on short ion chains

L T T T 1T T T T T 1T 1T 1T 1T T T 1T T 11

Dedicated zones for logic / initialization / measure

Scalability enabled by microfabricated traps deiﬁ.,..a.,m,, SEtisgaea Rar
Additional reference:

Kielpinski, D., Monroe, C. & Wineland, D. Architecture for a large-scale ion-trap quantum computer. Nature 417, 709-711 (2002).

1995 1998 2020
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ION TRAPS & ION TRANSPORT RESEARCH

2D ARRAYS

= R.B. Blakestad et al., Near-
ground-state transport of trapped-
ion qubits through a
multidimensional array. Phys.
Rev. A 84, 032314 (2011).

= K. Wright et al., Reliable transport
through a microfabricated x-
junction surface-electrode ion
trap. New Journal of Physics 15,
033004 (2013)

EARLY TRAPS AND TRANSPORT

= M. Rowe et al., Transport of Quantum States and
Separation of lons in a Dual RF lon Trap, Quantum
Inf. & Comp. 2, 257 (2002).

= D. Stick et al., lon trap in a semiconductor chip.
Nature Physics 2, 36 (2006).

SURFACE TRAPS

* N. Guise et al., Ball-grid
array architecture for
microfabricated ion traps,
Journal of Applied Physics
117, 174901 (2015).

= Sandia HOA

MIXED SPECIES TRANSPORT

= Palmero, M., Bowler, R., Gaebler, J. P., Leibfried, D. & Muga, J. G. Fast transport of
mixed-species ion chains within a paul trap. Phys. Rev. A 90, 053408 (2014).

QCCD OPERATIONS

FAST LINEAR TRANSPORT

: . . i = Kaushal, V. et al. Shuttling-based
= Bowler, R. et al. Coherent diabatic ion transport and separation in a multizone trapped-ion quantum information v \?{4/
trap array. Phys. Rev. Lett. 109, 080502 (2012). processing. AVS Quantum Science 2,

= A.Walther et al., Controlling Fast Transport of Cold Trapped lons. Phys. Rev. 014101 (2020).
Lett 109, 080501 (2012)
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QCCD ARCHITECTURE - REALIZED IN 2020

ION TRAP ARCHITECTURE

ARCHITECTURE FEATURES Quantum bits (qubits) are stored in the electronic
- Identical, high-quality qubits ” states of Yb* ions

~ Dedicated interaction zones

= Short ion chains 171y p+ I 1) HYPERFINE QUBIT
 High fidelity quantum gates —@— |0)

= lons transport from zone to zone 138 g+ O COOLING ION

Pino, J.M., Dreiling, J.M., Figgatt, C. et al. Demonstration of the trapped-ion quantum CCD computer architecture. Nature 592, 209-213 (2021).

© 2023 by Quantinuum. All rights
reserved.
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ION-TRAP
AT THE
HEART OF

ASYSTEM

WNNNILNVYNO



LOADING IONS

Ytterbium atom is launched into the trap

A laser ionizes the atom

DC voltages and RF electric fields are
used to create a potential well which
holds the “trapped” ion

© 2023 by Quantinuum. All rights O UANTINUUM
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TRANSPORT AND GATE

DC electrodes transport the ion to different zones
along the trap device

Lasers operate on ions (qubits) in “Gate Zones”

© 2023 by Quantinuum. All rights QUANTINUUM
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MERGE AND ENTANGLEMENT

Individual trapped ions can be
merged to a single well for
two-qubit gating by lasers

© 2023 by Quantinuum. All rights QUANTINUUM

reserved.



MERGE AND ENTANGLEMENT

Individual trapped ions can be
merged to a single well for
two-qubit gating by lasers

lons can be re-separated and
transported to interact with
other ions
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PHYSICAL S=l
IMPLEMENTATION

Quantum Circuit t=1

1-qubit gate

Move, Join

BN | | B |

e |0) H l ! l ! t =2 2-qubit gate
o 10y —H & A—— |0)—& »
~|0) 4 & Swap, Split
v Move, Join
> “
>
:Z) t=3 2-qubit gate
-
y4 T YT
g t=4 | @ | Measure
d
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SPLIT AND COMBINE

lon is transported into the same zone

lons are combined into a single potential
well and then re-separated

SWAP

lons are carefully manipulated to reorder positions




TRAPPED-ION QUANTUM COMPUTER

RFand DCsignals
Magnetic
Conditioning Vacuum

. . ... —HUHS — . . .'.'.
-------- g P Y Y 1T L NI vy Rihupppppmn. - o N
o Trap

. 5 Beam Delivery

I_aserSources Signal Conditioning -
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MEASURED PERFOMANCE OF H1-1 & H1-2

Table 1 Quantinuum H-Series Specifications

System Fundamentals

Fidelity = 1 - Infidelity

Parameters min typ max min typ max
General
Qubits 20 20
Connectivity All-to-all All-to-all
Parallel two-qubit operations 5 5
Errors
Single-qubit gate infidelity 1x 1075 4x1075 | 3x107* | 2x107° 4x1075 3x107*
Two-qubit gate infidelity 1.7 % 1073 2x107% | 5x107% | 2x1073 3x1073 5x1077
'ﬂsnt:;zfrr:reﬁﬁ(osnpiﬁ) error 2%107 | 3x10% | 5x10% | 2x10% | 3x107% | 6x10°?
gdviTach gg:trh?fgﬂlég:: at 1x107* 2x107* 1x1073 1x107* 4x107* 1x1073
gl-ict;i;(s:i-:gll.lkiterpriilsurement 5% 1078 1x10°5 2x10°* 1x10°5 5x 1075 2x10™*

Raw data and analysis code available at:

https://github.com/CQCL/quantinuum-hardware-specifications

© 2023 by Quantinuum. All rights

reserved.
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32 qubits

transporting around

the trap

2
>
>
Z
Z
g
o)
d




SCALING HIGH QUALITY QUBITS

= H2: Industry Leading Performance

— 32 Qubits — globally entangled at high fidelity
— 1Q Fidelity 99.998%

— 2Q Fidelity 99.8%

— SPAM 99.8%

— Memory Fidelity 99.98%

— Measurement cross-talk error 0.0005%

— All-to-all connectivity

— Mid-circuit measurement with conditional logic

— Qubit reuse

— Parametrized angle 2Q gate included in native set

© 2023 by Quantinuum. All rights O UANTINUUM
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A Race Track Trapped-Ion Quantum Processor

S. A. Moses,' * C. H. Baldwin,>** M. S. Allman,! R. Ancona,! L. Ascarrunz,! C. Barnes,! J. Bartolotta,! B. Bjork,!
P. Blanchard,! M. Bohn,! J. G. Bohnet,! N. C. Brown,! N. Q. Burdick,? W. C. Burton,! S. L. Campbell,*

J. P. Campora III,} C. Carron,® J. Chambers,! J. W. Chan.! Y. H. Chen,! A. Chernoguzov,! E. Chertkov,!
J. Colina,' J. P. Curtis,! R. Daniel,’ M. DeCross,’ D. Deen,* C. Delaney,! J. M. Dreiling,! C. T. Ertsgaard,® J.
Esposito,! B. Estey,! M. Fabrikant,! C. Figgatt,! C. Foltz,! M. Foss-Feig.,! D. Francois,! J. P. Gaebler,! T.
M. Gatterman,! C. N. Gilbreth,! J. Giles,! E. Glynn,! A. Hall,® A. M. Hankin.! A. Hansen,! D. Hayes,'

B. Higashi,® I. M. Hoffman,! B. Horning,* J. J. Hout,! R. Jacobs,! J. Johansen,! L. Jones,! J. Karcz,* T.
Klein,? P. Lauria.,! P. Lee,! D. Liefer,! C. Lytle,! S. T. Lu.* D. Lucchetti,! A. Malm,! M. Matheny,! B.
Mathewson,! K. Mayer,! D. B. Miller,! M. Mills,® B. Neyenhuis,! L. Nugent,! S. Olson,*® J. Parks,! G. N.
Price,! Z. Price,! M. Pugh,! A. Ransford,! A. P. Reed,! C. Roman,! M. Rowe.! C. Ryan-Anderson,! S.
Sanders,! J. Sedlacek,? P. Shevehuk.! P. Siegfried,! T. Skripka,! B. Spaun,! R. T. Sprenkle,! R. P. Stutz,! M.
Swallows,! R. I. Tobey,! A. Tran,! T. Tran,! E. Vogt.* C. Volin,! J. Walker,! A. M. Zolot.! and J. M. Pino!

! Quantinuum, 303 S. Technology Ct., Broomfield, CO 80021, USA
?Quantinuum, 1985 Douglas Dr. N., Golden Valley, MN 55422, USA

3 Quantinuum, 12001 State Hwy 55, Plymouth, MN 55441, USA
4 Honeywell Aerospace, 12001 State Hwy 55, Plymouth, MN 55441, USA

We describe and benchmark a new quantum charge-coupled device (QCCD) trapped-ion gquantum
computer based on a linear trap with periodic boundary conditions, which resembles a race track.
The new system successfully incorporates several technologies crucial to future scalability, including
electrode broadcasting, multi-layer RF routing, and magneto-optical trap (MOT) loading, while
maintaining, and in some cases exceeding, the gate fidelities of previous QQCCD systems. The system
is initially operated with 32 qubits, but future upgrades will allow for more. We benchmark the
performance of primitive operations, including an average state preparation and measurement error
of 1.6(1)x10™*, an average single-qubit gate infidelity of 2.5(3) x 107", and an average two-qubit
gate infidelity of 1.84(5) x 10~%. The system-level performance of the quantum processor is assessed
with mirror benchmarking, linear cross-entropy benchmarking, a quantum volume measurement of
QV = 2", and the creation of 32-qubit entanglement in a GHZ state. We also tested application
benchmarks including Hamiltonian simulation, QQAQOA, error correction on a repetition code, and
dynamics simulations using qubit rense. We also discuss future upgrades to the new system aimed
at adding more qubits and capabilities.

https://arxiv.org/abs/2305.03828 © 2023 by Quantinuum. Al ights reserved.




MEASURED H2-1 PERFORMANCE

Raw data and analysis code available at: https://github.com/CQCL/quantinuum-hardware-specifications
Memory Randomized Benchmarking

Single Qubit Randomized

1000 4
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™
=
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Avg. SPAM error  Avg. SPAM error uncertainty 0 SPAM error 1 SPAM error
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DG02-left 1.900E-03 4.354E-04 1.000E-03 2.800E-03
DGO2-right 2 000E-03 4. 467E-04 1.200E-03 2.800E-03
DG03-left 1.900E-03 4.354E-04 1.200E-03 2.600E-03
DGO3-right 1.600E-03 3.995E-04 4.000E-04 2.800E-03
DG04-left 8.000E-04 2.827E-04 6.000E-04 1.000E-03
DGO4-right 1.200E-03 3.462E-04 2.000E-04 1.600E-03
Mean 1.562E-03 1.396E-04 B8.750E-04 2.250E-03

Avg. Survival
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Benchmarking
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© 2023 by Quantinuum. All rights
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Avg. Survival

01995 4 ;
0996 2
994 4
0992
01950
01985
986
0984 4
0982 4
0 10 20 30 40 50 60
Sequence length {number of Cliffords)
SQORB 2.5(3) x 105
TQRB 1.8(4) x 103
Memory RB 2.2(3) x 104
SPAM 1.6(1) x 103
Measurement Crosstalk | 4.5(6) x 106
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H2 SYSTEM LEVEL PERFORMANCE

Mirror benchmarking
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H2 APPLICATION BENCHMARKS

Hamiltonian simulation

1.0 L— exact evolution
—— paramesterized angle gate: ON
0.81 ~&— parameterized angle gate: OFF
064+ .._..___ ____ :L_ _______..._..______________.....____i___
»; i\ ke

0.4

i r i
T R ¥ S e S o

L)

0.0

Likely near-term application

Data shows benefits of
programmable gate
parameters

c*™(r, t)

Quantum dynamics QAOA
—20
——— Exact max cut
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§-301
o
§ | NS AT T T
-35 dodidol
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Simulates how information
propagates in quantum systems

Demonstrates low
measurement crosstalk

© 2023 by Quantinuum.

Circuit number

One of the largest
optimization problems solved
on a quantum computer

High connectivity

All rights

Logical tiaenty

Error correction
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Classical (not Quantum)
error correction

Qubit reuse advantage
QPU-CPU interaction
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HOLISTIC BENCHMARKS - QUANTUM VOLUME

Quantum volume is a measure of the largest circuit that can successfully be run
with depth = qubit number. QV = 2min(depth. qubit number)

4 rounds, 12 two—qubit gates

_ 0.85 Individual circuit
. \ . Average
QUbIt 0 ) < 0.80 Bootstrap Cl
E. == Threshold
; \
Qubit 1 L~ =
- o
. )
- \ :
Qubit 2 P o
>
S
. N 0
Qubit 3 N T 0.60-
0.55

Qub|t0 0 25 50 75 100 125 150 175 200
Circuit index

Qubit 1 Experimental result must match
Qubit 2 simulation >2/3" time, with 20
Example random two-qubit gates o 5 confidence

Random permutation of
. Cross, L. S. Bishop, S. Sheldon, P. D. Nation, and

qubits C. H. Baldwin, K. Mayer, N. C. Brown, C. Ryan-
Gambetta .Phys. Rev. A 100, 032328 (2019) Anderson, D. Hayes, Quantum 6, 707 (2023)
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HOLISTIC BENCHMARKS - QUANTUM VOLUME 21¢ = 65,536

0.85 - o =
Individual circuit 65,536 - QV = 65,53640QV = 65,536
: Average QV = 32,7684 .~
z 0.80 Bootstrap CI 16,384 - QV = 16,384a
| T Threshold ) v QV =8,192a
o 0.75- € 4,09- QV = 4,0960
3 5 QV = 2,048
> ] i .
5 0.70- z Lo QV =1,0244 -
o £ QV = 5124 .~
:::: T 2561 "
g g UDU - 12,5*' o System Model H®
T 64 RY = o4 A System Model H1-1
16+0QV = 16 O System Model H1-2
oQV =8 & System Model H2-1
0-55 L] I I L] ¥ I 1 i u x 10 Earl
0 25 50 75 100 125 150 175 200 4{0Qv=4 9 YEally
Circuit index i N 3 N &> & Q> pﬂ &
F &F ¢ o ¢ P ¢ P
% 7 % 0 7 2 7 + 3

“Re-examining the quantum volume test: Ideal distributions, compiler optimizations,
confidence intervals, and scalable resource estimations” Charles H. Baldwin, Karl Mayer,
Natalie C. Brown, Ciaran Ryan-Anderson, David Hayes, Quantum 6, 707 (2023)
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TRAP SCALING ROADMAP
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https://co41-confluence.honeywell.lab:4447/display/TDIP/SNL-QTM+Photonics+Tech+Portfolio




FUNCTIONALITY ON A CHIP

Intensity vs x and y

0.025
60

50 0.02

40 0.015

30
0.01
20

10 0.005

-80 -60 -40 -20 0

Guiding light on a chip Power-splitting light on a chip

Developing these with industry-leading groups at national labs,

universities, and commercial photonics foundries. S o
Guiding light from chip to ion

© 2023 by Quantinuum. All rights
reserved.
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https://co41-confluence.honeywell.lab:4447/pages/viewpage.action?pageId=27561157&preview=/27561157/27566936/HQS%20Waveguide%20Splitter%20-%20v3.pptx
https://co41-confluence.honeywell.lab:4447/display/TDIP/SNL-QTM+Photonics+Tech+Portfolio

ACCESSING OUR
QUANTUM COMPUTERS
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QUANTINUUM
ACCELERATING
QUANTUM COMPUTING
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Reach out to learn more: -
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https://www.Quantinuum.com
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H S E I t I E S U S E I t Portfolio Optimization via Quantum Zeno Dynamics on a Quantum Processor
P U B L I ( : A T I O N S Dylan Herman.* Ruslan Shaydulin,® Yue Sun,* Shouvanik Chakrabarti, Shachan Hu,

Pierre Minssen, Arthur Rattew, Romina Yalovetzky, and Marco Pistoia
(ilobal Technology Applied Research, JPMorgan Chase, New York, NY 10017 USA

Towards Qllantllm GI‘aVit}-’ in the Lab on Q'Llalltllm Processors Portfolio optimization is an important problem in mathematical finance, and a promising tar-
get for quantum optimization algorithms. The use cases solved daily in Anancial institutions are
Tlya Shapov:—].ll, Vincent Paul Su?. Wihe de .]Ongl, Miro Urbanek!. and Brian Swingle“ suhject to many constraints that arise from business objectives and regulatory requirements, which
i } make these problems challenging to solve on quantum computers. We introduee a technigue that
'Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, CA 94720, USA uses quantum Zeno dynamics to solve optimization problems with multiple arbitrary constraints,
2Center for Theoretical Physics and Department of Physics, University of California, .
Berkeley, CA 94720, U.S.A. IQuSaUW-21-034
‘Brandeis University, Waltham, MA 02453, USA

RESEARCH

Multi-Neutrino Entanglement and Correlations in Dense Neutrino Systems
Marc Illa®!* and Martin J. Savage ®!!
PeriOdic PIane-Wave Electronu: Structu re ' InQubator for Quantum Simulation (IQuS). Department of Physics, University of Washington, Seattle, WA 98195
. (Dated: December 9, 2022
Calculations on Quantum Computers

Duo Song!!, Nicholas P Bauman!, Guen Prawiroatmedjo?, Bo Peng!, Cassandra Granade?, Kevin M
Rosso!, Guang Hao Low?, Martin Roetteler®, Karol Kowalski®
and Eric J Bylaska®”

The time-evolution of multi-neutrino entanglement and correlations are studied in two-flavor
collective neutrino oscillations, relevant for dense neutrino environments, building upon previous
works. Specifically. simulations performed of systems with up to 12 neutrinos using Quantinuum’s
H1-1 20 qubit trapped-ion quantum computer are used to compute n-tangles, and two- and three-
body correlations, probing beyond mean-field descriptions. n-tangle re-scalings are found to converge
for large system sizes.

*Correspondence:
eric bylaska®pnnl_gov Abstract

*Fund; kal Sei Dhivision, . < i
h:m::::m“!:;:m:mm A procedure for defining virtual spaces, and the periodic one-electron and

Laboratory, Richland, Wi 953354 two-electron integrals, for plane-wave second quantized Hamiltonians has been MGdEhng Slngl'Et fission on a quantum l'_'.DlTlplltEl'
UsA

::ll-..i:.::; Daniel Clandino,'* Bo Peng.?! Karol Kowalski® and Travis 5. Humble?

¥ Correspan D]gitjzed.{jﬂlmlerdiahatjc Quant‘um Algnr]thm for Protein Fﬂ]ding ! Computational Sciences and Engineering Division,
Oak Ridge National Laboratory, Oak Ridge, TN, 37831, USA

4 . *Physical Sciences Division, Pacific Northwest Nalional Laboratory, Richland, WA 99352, [/SA
1.2 34, . a5 . 3,4.6, 1 . L2, % s . Y. 3 W
Pranav Chandarana, -~ Narendra N. Hegade, Iraitz Montalban, ™" Enrique Solano, and Xi Chen *Quanturn Science Center, Oak Ridge National Laborsiory, Oak Ridge, TN, 37831, USA®
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SKipu Quantam, Greifswalderstrasse 226, 10405 Berlin, Germany We present a use case aof pr.a.cucal utility ufquantulrf computing by emploving A quantum computer
fnsernational Center of Quantm Artificial Intelligence for Science and Technology (QuArtist) n L_h:.- JII\-‘E!‘.‘-SLJ,E.-D.I.-IUII ruf the linear H4_ qulm:'ulir as a simple I:I'J.I..'lt.lE.‘l Lo L'\I.J_I]'J.p]_‘," with the requirements
and Physics Department, Shanghai University, 200444 Shanghai, Ching of singlet fAssion. We ]I.E\-'E.‘rﬂ,gt! a series of mdfr;n:mh:m HI:-TEI.L.t!E"J.I.!‘.‘i to bring down I.]u:.uw::rull cost of
J‘Depun'menl of Physics, University of the Basque Country UPV/EHU, Barrio Sarriena, s, 48940 Leioa, Biscay, Spain he quelml.um u:lr\LpuLaLmrm. namely 1) Llap.t:rm_g u.[r_quhll..z-s in order lLu reduce the size of the rele-
IKERBASQUE, Basque Foundation for Science, Plaza Euskadi 5, 48009 Bilbao, Spain .'a.ul., H.IJ..'ZH.!IL space; 2) 1ly:u?1_11n:nm|11: L‘lpl.:lIIIJJ:ﬂL:IUI:I via mLame-:: to clgi:uh@mi shared by groups of
jubit-wise commuting (QWC) Pauli strings; 3) parallel execution of multiple state preparation 4
We propose a hybrid classical-guantum digitized-counierdiabatic algorithm o tackle the protein folding prob- neasurement operations, implementing quantum cirenits onto all 20 qubits available in the Quantin-
lem on a tetrahedral lattice. Digitized-counterdiabatic quantum computing is a paradigm developed to compress dun H1-1 quantum hardware. We report results that satisfy the energetic prerequisites of singlet
quantum algorithms via the digitization of the counterdiabatic acceleration of a given adiahatic quantum compu- ission and which are in excellent agreement with the exact transition energies (for the chosen one-
tation. Finding the lowest energy configuration of the amino acid sequence is an NP-hard optimization problem :33:_1.5&']1' bi-L\ii-H)_ and much superior to classical methods deemed computationally tractable for singlet
that plays a prominent role in chemistry, biology, and drug design. We outperform state-of-the-art quantum ission candidates.
algorthms using problem-inspired and hardware-efficient variational guantum circuits. We apply our method to
proteins with up to 9 amino acids, using up to 17 qubits on quantum hardware. Specifically, we benchmark our
quantum algorithm with Quantinuum’s trapped ons, Google’s and IBM's superconducting circuits, obtaining
high success probabilities with low-depth circuits as required in the NISQ era.
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