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Outline

* A quick overview/refresher on trapped ion quantum simulations
* Our efforts to develop programmable and large-scale trapped-ion
guantum simulators
— Increase qubit count
— Expand Native qubit interactions toolset

— Develop high-precision coherent and incoherent control over individual
ions

— Robust and modular systems engineering

* Beyond the lab — developing open-source, full-stack quantum
processors (Open Quantum Design)
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Quantum Simulation

« Simulating quantum many-body system is hard, especially quantum dynamics where the quantum state
has "a lot of entanglement!

- Exponential growth of Hilbert space, 2V for N qubits/spin-1/2 objects

« “Can Physics be simulated by a universal computer?” (Feynman, 1982)
- “Let the computer itself be built of quantum mechanical elements
which obey quantum mechanical laws.”
=) [niversal quantum simulator

Microscopic
description?

High Temperature
superconductor

Quark Gluon ‘plasma’

Potential use of quantum simulators

* Understanding/optimizing chemical reactions - Nitrogen fixation
* Phase diagram of many-body Hamiltonians

* Understanding QCD dynamics - high energy physics problems
* Predicting new materials, battery ...
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Analog and Digital Quantum Simulation

E Model system -

: :

' Ly’ (0)) ? Ly’ (1) i

1 1

: RetLs ' Monroe et al, Rev Mod Phys (2021)
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J Quantum simulator i .

i Nature Physics 8, 277 (2012)
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Hybrid classical-quantum simulation/computation

r’

Classical CPU
(stochastic optimization)

Cost functions

~ " Ayt

| Energy ' O Variance .
I\ (HT>9 I I\ ((E_HT)Z)g l'

==

________

Variational parameters, 8

Y
Cenira!data
repository
) Hybrid computation suitable for
N solving problems in high-energy
:  physics (quantum
: chromodynamics simulations
k etc.)
J From Kokail at al. Nature 569, 355 (2019) 6
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Quantum simulations with coherent evolution and ‘mid-circuit’
measurements

e.g.,
Simulating a measurement-
induced phase transition for
trapped-ion circuits

Stefanie Czischek et. al PRA 104,
062405 (2021)

Measurements <—|_

Two qubit gates

Single qubit gates

Also check:
Measurement-induced quantum phases realized in a trapped-ion quantum computer.
Noel, C., Niroula, P, Zhu, D. et al. Nat. Phys. 18, 760-764 (2022).
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Real material
(complex microscopically)

Model

New understanding

Model of material
(varying complexity,
difficult to calculate)

Solve

tBetler models

Programmable quantum simulator

3 ; Operations
Optlcﬂ' lattice Qubit
Continuum from
analogue to digital
- Bl
Analogue Fault-tolerant digital
quantum simulator quantum simulator

J

Daley, A.J., Bloch, 1., Kokail, C. et al.
Practical quantum advantage in quantum simulation. Nature 607, 667-676 (2022).
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. . "!f 1
Quantum Simulation A\
7 LA

] * ]

‘ Ultra-high vacuum ~ 3x10-"" mbar

Spin network

1. Encode

T =11,0)
——

Laser-cooled
trapped ions

2
81)'2

!

v =10,0)
Qubit/spin-1/2

2. Time evolution requires 3. Measurement
Hamitonian (and any programmed | [ S79° ENEEEISCICYEI
e o navialspn LT
system!) v . e R Repeat for statistics and probability

fidelity per spin
9
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lons as a platform for quantum computation/simulation

All qubits/spins are identical

Long coherence time (> 1 hr demonstrated)

Near perfect state initialization
and detection of quantum states

High fidelity control of individual spins/qubits and interaction between spins (entangling
gates)

Single spin control = simulation of external magnetic field
single qubit fidelity 99.9999% [Lucas group, Oxford]
Entangling operation / interaction between spins

two qubit gate fidelity 99.97% [Oxford lonics]

10
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Coherent manipulation of single spins

Excited state

V1 — V2 = Vpeatnote

N
- ]
=

11
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Coherent interactions: Carrier Transition

W
H, = 7002 . wmaTa

N

Hym = Q cos(8k x — wot) oy

e

irsa: 24090184

)
(1)1 \ /n+1
n
n—1

n+1> / |T>
n

12
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Coherent interactions: Red Sideband

W
H, = 7002 + wmaJra

B
N %
e
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Hyp = Q cos(cﬁk’ X — a)lt) s

W, = Wy — Wy =Wy — Wy

14
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Hy=—o0,+w,a a
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Coherent interactions: Blue Sideband

Wy +
2

O8]

v
o

Hyp = Qcos(6zx - a)lt) Oy

W = W — Wy =Wy + Wy

)
w1 \ /n+ 1
n
n—1

15
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Collective Oscillation of lons : Normal Modes

w1 | . ? [ 1T
v ‘ a
N X-5-X-5-4-¥- ¥ ; * ;
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Spin dependent force = Spin-Spin Interactions

Normal mode
eigenvector components

I o — .0, ( 1Ak 55 by b}
1,7 T"' J 2m - ;J.Q—w;‘i
Tilt COM
Laser intensity 11t » T PR
over each ion ygtlmﬁ-rr{g%rensen \ T

Mode frequency

Jij

(arb. units)

18
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Spin dependent force = Spin-Spin Interactions

Normal mode
eigenvector components

I o — .0, ( 1Ak 55 by b}
1,7 T"' J 2m - ;J.Q—w;‘i
Tilt COM
Laser intensity 11t » T PR
over each ion ygtlmﬁ-rr{g%rensen \ T

Mode frequency

Jij

(arb. units)
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Spin dependent force = Spin-Spin Interactions

Normal mode
eigenvector components

kik

I o — .0, ( 1Ak 55 bi'b;
1,) T Sf18fg 2m =~ 1?2 —wj

) T _ .., it COM

aser intensit - il S N [, IR LT (N

over each iony Mglmer-Sgrensen s l\ T

detuning
Mode freque”c/
Jij | gt
(arb. units)

intensity and frequency are the controls for varying the interaction profile

18
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Outline

* Our efforts to develop programmable and large-scale trapped-ion
guantum simulators

— Increase qubit count
— Expand Native qubit interactions toolset

— Develop high-precision coherent and incoherent control over individual
ions: mid-circuit measurements

— Robust and modular systems engineering
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Our ! | Amethyst
Quantum o ! W  Yb*ion-based quantum
Processors & A T

(< 10 qubits)

Operational

jointly with Crystal Senko group

Ba* in surface trap (Sandia Nat’l
Lab), up to 16 qubits/qudits with
maximum individual control

Yb* ion-based quantum processor for long
ion chains (> 30 qubits), programmable
interactions, mid-circuit measurements

final stages of construction Trying to trap first ions!
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Our e W Ja'.  Amethyst
Quantum i\ | 14 by  Yb*ion-based quantum
Processors k) | Ny e

(< 10 qubits)

Operational

Beryl
jointly with Crystal Senko group

== Ba" in surface trap (Sandia Nat'l
P\ Lab), up to 16 qubits/qudits with
maximum individual control

Yb* ion-based quantum processor for long
ion chains (> 30 qubits), programmable
interactions, mid-circuit measurements

final stages of construction Fullstack control and remote access at various levels
(collaborations with Crystal Senko, Roger Melko)
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Increasing qubit count

How many ions can we trap and work with (lifetime practical for
performing complex quantum simulation experiments)?
- Lifetime limited by vacuum pressure and trap depth

How many qubits can we control practically?

- Typically limited by available optical controls and coherence time in
presence of control fields

irsa: 24090184 Page 26/56



Requirement: Extreme High Vacuum

Langevin Collision Rate

171Yb+

PQ am
Recent 53 ion experiments Yy =
observe 5-minute collision kBT 27'7160
free lifetimes [1]
P = Pressure
For observing the dynamics Q=1lon Charge

for 100 ms =~ 20-30 minutes a = Polarizability of background gas

m = Mass of gas atom H,

For P=2x10"" mbar (y = 5X10) i.e. every min (30 ions)

For Nions: P<2 x 1011 mbar

1] Zhang et. al Nature 551 601-604 (2017 o
1] g . ( ) For 50 ions: P <4 X103 mbar (Extreme High Vacuum, XHV)
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Room temperature XHV system possible?

Simulation by MolFlow
/ P..¢ & 2E-13 mbar N/ 78

avg
(Even with typical

unoptimized prebaking
procedures)

14 prospective designs were
simulated.

Current design achieves < 1E-11

Science Chamber mbar without prebaking!

with Internals

Bloodstone location
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Bloodstone

Pirsa: 24090184

Clean Vacuum Assembly

Picture Credits: Lewis Hahn

All assembly inside cleanroom

All metallic parts pre-treated at 400 C
Trap ceramic mount pre-treated at 900 C

Each internal component tested for
vacuum compatibility
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A room temp XHV system

i :

XHV
P, eas < 1.7E-12 mbar
P_... <6E-13 mbar

est

Current state of the art (room
temp systems)
P~ 1E-11 mbar

Segmented ‘blade style’
electrodes
Trap depth > 105 K

- - — e -~

Bloodstone RS
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How controllable are the spin-spin interactions?
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Normal mode

S p i n _S p i n I nte ra Ct i O n S eigenvector components

ki k
hAE2 b; b;
Ji’j - QIQJ ( ) Kk —Ji

2m w2 —wi

Laser intensity
over each ion Mglmer-Sgrensen
detuning

Tilt COM

.41L‘\1rr‘r1171r1

Various interaction profiles accessible by changing the detuning [

Ty &

Global Raman beams

wq

T Me f%
COCOTO T T TS it 4

Various interaction profiles accessible by changing the detuning [

Wy — Wy =wy+ U

P 28
W; — Wy =wWo—H
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i
' - |
\ i
3 . 4
B i
1 / Programmable
interaction
’ S graph

Fully-connected spin system

Also see:

+  Efforts to build 2D traps (Phil Richerme, Kihwan Kim, NIST ...)
Dynamical Hamiltonian engineering:
F. Rajabi, S. Motlakunta, C. Shih, N. Kotibhaskar, Q. Quraishi, A.
Ajoy, R. Islam
npj Quantum Information 5:32 (2019)

OOOOCOOOOOVROABROBO® ==

29
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Arbitrary interaction graph S Korenblit et al 2012 New J. Phys. 14 095024.
between spins g e

H =Y];; oio; (|Sin9)

Hyy =Z]U olo] +(J'y y) Flip — flop

il
N (x)

J = Z 0. 0. Ni,mTj,mWm
.7 LnT==],mn
B m i, = (Wm

ﬁ & ’iﬁ Laser power ~ laser detuning

!
Qi
\ >

£E

h

frequenc i
9 4 H Niom — bi.m(ﬂ"

2

(Rabi frequency) Excite multiple

Individual addressing modes selectively

O(N?) controls required.
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Finding the N? Rabi frequencies is a hard problem involving non-linear optimization

—_—

g h
Niom = bi.m()}" ﬁ
2Mwn,

E i SY Lamb-Dicke parameter
&
o

(z)
@nﬂjnT-n’mw

2

z)
Rabi Frequencies m (
(laser powers), /’Ln wm
\ N? parameters

Raman Beatnote Detunings

HARD (laser frequencies),

N parameters

S Korenblit et al 2012 New J. Phys. 14 095024 APPROACH: Use machine learning to find the
Rabi frequencies, {; 5, given an arbitrary J; ;.
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Feed Forward Neural Network
To tune an analog quantum simulator

Input layer Hidden layer Output layer
R3 RS Rt

Output > Rabi
frequencies

J- _ normalize
»J Collaboration with
Roger Melko

vectorize

QUANTUM

Yi Hong Teoh, Marina Drygala, Roger Melko, Rajibul Islam INTELLIGENCE
Quantum Science and Technology, 5 (2020) 024001
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Predicted Rabi Frequencies
Test Cases i

Two-Dimensional Triangular Lattice

(2 )—(3)

Target Interaction Matrix Predicted Interaction Matrix Interaction Matrix Error

0.25 0.25
0.004
0.20 0.20
0.002
J J ] :
0.15 0.15_ - Error:
0
0.10 0.10 oano 0.74%
7 0.05 7 0.05 —0.002
1, < 13 %
- 3 = 3
i57 1 0.00 i°7 1 0.00

Yi Hong Teoh, Marina Drygala, Roger Melko, Rajibul Islam
Quantum Science and Technology, 5 (2020) 024001
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Beyond Ising-type interactions
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L t Discrete Symmetry

Can we create Zl>]]l10'x0' 2 ]

1?
gy

2016 Nobel prize

Berezinskii—Kosterlitz—Thouless transition (BKT transition) :

Pressure (MPa)

Superconductlwty

Superfluidity

Normal liquid

1 Superfluid

Gas

1 2 3 4 5 6
Temperature (K)
Phase diagram of *He at low temperatures

Pirsa: 24090184
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Can we create Y./ olo] + Ji;0 io) ?

Approach 1
PP Approach 2 (Proposal)

Z]L]Jxox+ZB of y
i>] (I11) ‘

RWA B; > J;;

rf*?""g;”‘

(1)
(1)

1
%Xy=§ZJi3 o;ioj +ojo)

i<j

Richerme et al. Nature 511, 198-201 (2014).

Jurcevic et al, Nature 511, 202 (2014) Davoudi et al. Phys. Rev. Research 2, 023015
Thomas G. Kiely and J. K. Freericks terms, fast enough to reduce Trotter errors

Phys. Rev. A97, 023611

36
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How much can a single motional mode do ?

Carrier

RSB

5 91

BSB

Pirsa: 24090184

™ Y i _J
Zfij"yay

i>j

If we drive a dual-tone Molmer-
Sorensen scheme, can we get
the anisotropic XY model?

Turns out, Yes!

Provided,

i = 1| > max ([

(easy constraint to satisfy
experimentally!)

Kotibhaskar et al. PhAys. Rev. Research 6, 033038 (2024)

37
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Experimental XY data

Initial state = |1 {)

1.0_ .......................................................................................................................
hd
S | AN, O EmR e A e | T T) counts
8 0.5 - * XX only
= ' A YYonly
!6 a XY
=

0.0
" 1 0 BT T T T e e P e P P P P PP PP PP PP P PR P PP PRES Initial state = |¢ T)
§ ------- |T 1) counts
g XY: 2-ion
LE)' 0.5 R ******,* * ko *w****************:*******‘** a *  measurement
= 4 L X 1-ion
2 measurement

0-0 ! ! T T T T T

0 3 10 15 20 25 30
T(mMs)
Amethyst Kotibhaskar et al. Phys. Rev. Research 6, 033038 (2024)
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Individual control of qubits
Coherent and mid-circuit measurement and reset
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Arbitrary interaction graph S Korenblit et al 2012 New J. Phys. 14 095024.
between spins g e

H =Y];; oio; (|Sin9)

Hyy =Z]U olo] +(J'y y) Flip — flop

il
N (x)

J = Z 0. 0. Ni,mTj,mWm
.7 LnT==],mn
B m i, = (Wm

ﬁ & ’iﬁ Laser power ~ laser detuning

!
Qi
\ >

£E

h

frequenc i
9 4 H Niom — bi.m(ﬂ"

2

(Rabi frequency) Excite multiple

Individual addressing modes selectively

O(N?) controls required.
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Raman transitions in Ba* with individual addressing

Raman laser
(532 nm)

individual
beams for
Beryl each ion

Pirsa: 24090184

Modulate
With AOM

_— X
=

Allows for full
coherent control
of ion-phonon
couplings

ions

0000000

Path length Expand Shrink
match Beam [size\ Pitch+ Beam

———— e

Binai-Motlagh et al., Quantum Sci. Technol. 8 (2023) 045012
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Mid-circuit measurement and reset:
Accidental quantum measurements (AQM)

‘Asset’ Qabit 'a ‘Process’ Qubit

ion-1: qubit to be preserved

ion-2: qubit to b d/ . o
IOTh SHOUDIL IO o ImonaUIoRLIoRo! Sainath Motlakunta et al., Nature Communications 15:6575 (2024) *°
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Fundamental limit of decoherence
Absorption of scattered photon from ion 2

[,p(ionl)
[;-(ion2)

Pirsa: 24090184

['gp(ionil)

['sc(ion2) ==

(for 171Yb* lons placed 6 um away)

Corresponds to

F2|1 R 99.996% for optical pumping

FZ | 1 ~ 99.96% for state detection
(11us detection time)

Can be further improved with magnetic
field orientation

Page 47/56



Mid-circuit measurement and reset:
Accidental quantum measurements (AQM)

10‘1 N Operations on ion-1
=~ — Detection light (11us)
E 10 = - State reset e
@) P =
=3 AQM
‘; 510 1Y/ )
B v ~3—6bum g p
¥ X | 10 * S \ Results
_5 el in this work
= \ &« 10 | I | I |
-6 -5 -4 -3 -2
- 10 10 10 10 10
‘Asset’ Qubit & ‘Process’ Qubit Intensity crosstalk ()

ion-1: qubit to be preserved
ion-2: qubit to be measured/reset

Sainath Motlakunta et al., Nature Communications 15:6575 (2024) **
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Minimal intensity crosstalk — Aberration corrected addressing

AOM1

Double pass
AOM

369nm laser-2

=] Chung-You Shih et. al
npj Quantum Information 7: 57 (2021)

Y& x‘; Aberration corrected
| & vy i
B, addressing beam
————— Laser beams 400 .
Objective (369, 935 nm) '-'g Airy pattern
=] (diffraction limit)
S & 300 o
S, = original
Microwave horn ©
_ © 200{ ~~ aberration
Y Pellicle (PB) o corrected
wn
)
= 100
AP / 'PMT 2
Flip mirror =
= 5 o
y)*z C1 qCMOS Camera -

-6 -4 -2 0 2 4 6

Use a single ion as sensor for aberration at a single point y [Airy disk radius]

* Use DMD to create a Fourier hologram
* Compensate for the aberrations

Used IFTA(iterative Fourier transform) to create diffraction limited beam profiles  Sainath Motlakunta et al., Nature
Communications 15:6575 (2024)
45
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Hamiltonian verification through shelving

1. Initialization 2. Microwave Tt pulse 3. Spin reset!2]
o v
F=1 N — —
5172
F=0 oo — °0
mg =0 me =0 me= 0
4. Time evolution
y 0® Shelved ions
F=1 - * Lie outside the qubit subspace
S1/2 PN * Contribute to the motional coupling
F=0 L

g The pair of ions evolve under H.
Mg =

46
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i
= |11,2] ¢
O 7
(i
—_—
=
8
o 1.5
|
3 5.0 1
o =
= 2.5 - =
= 5
o 3
7.5 1 = Ongoing collaboration
5.0 - g with Tim Hsieh, Liujun
95 5 Zou on Hamiltonian
' benchmarking

0 2000 4000 6000 8000
Evolution time [;s]

Preliminary Data 47
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Quantum hardware ‘complexity’— old style laboratory set ups
~ not scalable!
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Systems engineering
approach

CAD optimization and
Custom CNC-milled optics
‘pegboards’ for stability and
compactness!

Start up from the lab >
Lightflow Optics Inc.

@ LightFlow

Optimal design flow for optical circuits
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Development of fullstack quantum operating systems!

Layver Intermediate Representation Classical Emulators
Digital ] Quantum Circuit IR } alemreter > pm\l’l;\}t')[_‘iil“w
J : Op(-nQASi\I.. LLVM+QIR, etc. Qiskit
E Compiler
3 ] Interpreter QuTiP
y : o : » S _\ FEsSsERERERERRERREES - -
Analog OpenQSIM ) QuantumOptics.jl
. E Compiler
Yy ot p g
nterpreter Tl'l(.“l
5. > OpenAPL Lesassncnsessnsanses ST
Atomic pelk » lonSim.jl
' Compiler
L]
Y

Real-time Software Simulation
[ \ ) DAX.sim

(OQDAX + DAX + ARTIQ) [ """

E Executable Binary
Y
[ Real-time Hardware ’

(Sinara System)

! Control Collaborations
Y with Crystal Senko, Roger Melko

Trapped-ion Device
(Lasers, EOMs, AOMs, Cameras, etc.)

5
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An Accessible
Quantum Platform

MM

Crystal Senko Roger Melko Greg Dick (CEO)  Rajibul Islam

(, Open
e 4 (Quantum
Design

“ E o A FEP S EEE =

OpenQuantumDesign.org

Open Source Full Stack Quantum Computing
Non-profit organization to Open hardware and software Robustly engineered
foster collaborations and build [ at all levels, providing flexibility trapped-ion hardware for

strong research ecosystems. and intuitive tools. tackling difficult problems.
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Summary

* Trapped ions — a versatile platform for quantum simulation. Strength —
versatility of interactions including arbitrarily programmable all-to-all
couplings, long coherence time (compared to gate and measurement time)

* We are developing trapped-ion programmable quantum simulators

* Amethyst — Our first gen quantum simulation testbed that demonstrated native
anisotropic XY interactions, feasibility of in-situ mid-circuit reset and
measurement

* Bloodstone — Arbitrary single and two-qubit gates on >30 Yb+ ions, mid-circuit
measurement and reset (arguably the lowest vacuum pressure of any room
temp ion system achieved)

* Beryl — Fully-connected spin system with up to 16 Ba+ ions (qubits and
possibility of extending to qudit operations), shuttling operations.

* Development of open-source full-stack control with Open Quantum Design!
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