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about what the co'm uter was, we can say: Let the computer itself be built _— -
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of quantum mechanical elements which obey quantum mechanical laws. Or o s = o =
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that we thpught of b’efore' a logical, universal automaton; can we imitate 1 A2 OIS 4= Q27122
this situation? And I'm going to separate my talk here, for it branches into

two parts.

4. QUANTUM COMPUTERS—UNIVERSAL QUANTUM
SIMULATORS

The first branch, one you might call a side-remark, is, Can you do it
with a new kind of computer—a quantum computer? (I'll come back to the
other branch in a moment.) Now it turns out, as far as I can tell, that you
can simulate this with a quantum system, with quantum computer elements.
It’s not a Turing machine, but a machine of a different kind. If we disregard
the continuity of space and make it discrete, and so on, as an approximation A /M,

(the same way as we allowed ourselves in the classical case), it does seem to

(Dr. Richard P. Feynman)
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| Bloch sphere ## Pasagal
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| Rabi osclillation 7% Pasqal
Resonance condition
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| Rabi oscillation = X-2| 7 Pasqal

Resonance condition

Probability
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| Analog or Digital Quantum Computing ## Pasqal

Digital Control

Programming a quantum circuit with
digital guantum gates

Elementary operations are discrete digital
quantum gates, that can act either on
individual qubits, or on several qubits at the

same time.

Input
10) —

10) —
10)

10)
10)

H,

Output

ly)
ly)
1

1
ly)

Analog Control

Programming a Hamiltonian sequence

The Hamiltonian faithfully describes the
dynamics of a physical guantum system or a
reformulation of an operational case.
Parameters can be tuned continuously.

Input Output

0y — = 1w

10) — H — |y)

|0) — Global  |— |y)
quantum

|0) — dynamics |— |y)




| Digital quantum computing

1-qubit gates
(X,Y,Z,H,S,T,.. gate)

Laser frequency, intensity,
phase, tfime, ..

e.g. Hadamard gate
(for basis change)

_30) +11)
V2

RO
V2

10)

11)

Operator Gate(s) Matrix
Pauli-X (X) —B- Y
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Hadamard (H) @ :,5[: _:]
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2-qubit gates
(C-NOT, CZ, entangling, ...)
Controlled-Z (CZ) gate with neutral atoms

a) b)
B
r> 0 -,-/*:-T
1,3 2 113 20 »
| |7 2m T| |7 “\Zn,’
1> :
|0> 4 I(D'IO
control target control target
Af=n Ap=0

C-NOT gate CZ
H H




| Analog guantum computing

,\“ Pasqgal

Tronsverse{eld Ising couplings: J;; o< I/R%
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11 Spin

e.g. Ising model /
Antiferromagnetic state

-
Quantum Simulation

Permits the simulatfion of quantum many-body systems far beyond the limits of classical
computers, allowing, for example, the:

= Observation of out-of-equilibrium dynamics
= Adiabatic preparation of ground states
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Creating the atomic array i+ Pasqal

Preparation of qubit register: three main steps

Trapping of single atom into an optical tweezer [1];
no more than 1 atom per trap

Vacuum
system

[1] N. Schlosser et al., Nature 411, 1024-1027 (2001)



| Creating the atomic array i Pasqal

AR

Preparation of qubit register: three main steps

«  Trapping of single atom into an optical tweezer [1];
Camera no more than 1 atom per trap

- Generation of optical tweezer arrays (1D — 2D; arbitrary)
SLM using SLM [2]

N Dichroic
mirror

[1] N. Schlosser et al., Nature 411, 1024-1027 (2001)
[2] F. Nogrette et al., Phys. Rev. X 4, 021034 (2014) '| 8



| Creating the atomic array 7 Pasqal

Preparation of qubit register: three main steps

«  Trapping of single atom into an optical tweezer [1];

AOD no more than 1 atom per trap

Camera

- Generation of opftical tweezer arrays (1D - 2D; arbitrary)
SLM using SLM [2]

: : PBS
Dichroic ~

mirror & ¥

)
L A {f

*  Reordering for deterministic preparation [3-4]

[1] N. Schlosser et al., Nature 411, 1024-1027 (2001)
[2] F. Nogrette et al., Phys. Rev. X 4, 021034 (2014)
[3] D.Barredo et al., Science 354, 1021-1023 (2016)
[4] M. Endres et al., Science 354, 1024-1027 (2016)
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| Scalability and arbitrary configuration
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| Hamiltonian and time evolution

Nevutral atom system Hamiltonian

4 Energy

N
’thZ( 5“*)+Z|r _rjlf). oy

1=1 1<J
QQ\
X- L- Interaction
rotation rotation
10)
Q: Rabi frequency (~ laser amplitude) n;: 0=ground, 1=excited

6. Detuning (~ laser frequency offset)



| Hamiltonian and time evolution

:hZ( —m) erz—rjl oy

1<J

Time evolution with H
(integral of Schrodinger eq.)

T exp( ;l tH(t)dt)]

Final state after time evolution

[Yr () = U [Po)

U(t) =

Example: o) = [é‘ U = %H _11

1
|1/)f> — E [ﬂ (Hadamard gate)
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Rabi oscillation of Rydberg atoms



Quantum processing with more atoms 7% Pasqal
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| Maximum independent set (MIS) problem

Maximal independent set: subset of a graph with no neighboring nodes

Maximum independent set: maximal indep. set with most number of nodes

An NP-hard combinatorial optimization problem

S. Ebadi et al. (2022)
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| Neutral atom use cases

Telecom

Antenna Placement

Frequency
Assignment

Energy

Transmission
Expansion Planning

Sensor Placement
for Power Grid
Monitoring

Logistics

Project Task
Scheduling with
Conflicts

Truck/Vehicle
Loading

Finance

Porifolio
Optimization (Basic)

Porffolio
Optimization
(Realistic)

~
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| Software — an end-to-end stack to deliver solutions to users

Quantum Applications

Ready-to-use quantum algorithms,
designed to address specific
computational challenges

Quantum SDK

Create custom quantum applications
with our intuitive, open-source SDK that
simplifies algorithm development or use
your favorite external SDK

Nevutral Atom Programming

Pulser (and Pulser Studio) provide a
flexible ecosystem for programming
neutral atom quantum processors,
supporting users of all skill levels

Execution

Access Pasgal QPUs and quantum
emulators via our cloud platform, and run
your jobs

MIS, QUBO (Q3 '25)

Optimization

QEK, GRIT (Q4 '25)

=

i Pasqal

Planned ‘25

Graph ML Simulation

\ 4

Emulators on PC

Planned ‘25

“~Pulser

LIBRARY & STUDIO

i

QPU Emulators on Cloud
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| Pasqal GitHub

github.com/pasqal-io

Popular repositories

Pulser Public

Library for pulse-levelfanalog control of neutral atom devices. Emulator
with QuTIP.

w217 %70

@ Python

quantum-evolution-kernel Public

A Graph Machine Learning library using Quantum Computing

@®Python W56 & 11

horqrux Public

Jax-based quantum state vector simulator.

@®Python W26 %3

gadence Public

Digital-analog quantum programming interface

@Python W89 ¥ 21

pyqtorch Public

PyTorch-based state vector and density matrix simulator

@Python Y48 %27

emulators Public

monorepo for pasgal torch based pulser backends

@®Python w21 %3
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I Pulser Studio %% Pasqal

Basis
’1—:} Pasqgal Pulser Studio
N Full Ground- Digital
e B | states Rydberg meas.
@3
ry —11) — -
g —|0)
— 0y — _
1) }|0> 1)
- Antiferromagnetic states — — S

« Maximum Independent Set

30
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Pulser studio demonstration % Pasqal

1-qubit gate
Rydberg blockade — Entanglement

C-Z gate
Adiabatic guantum computing



| Pulser studio: 1-qubit gate (Rabi oscillation)

Constant amplitude pulse

Resonant (no-detuning): oscillates between |[0) and |1)

Detuned: amplitude decreases

10)
11)

N

i Pasqal
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RYDBERG CHANNEL GLOBAL |0y=|ry ch2

from pulser import Register, Seque

from pulser.devices import MockDev

req = Register({
"ge": (@, 0),
)

seq = Sequence(reg, MockDevice)
seq.declare_channel('"ch2", "rydber

Q—e Q @

1800



| Pulser studio: Rydberg blockade

Pasqal Pulser Studio

Antiferromagnetic state Control-Z gate Entanglement2 X e . Rabi oscillation +
Energy
r 3

Register ram  Quantum State

t BlackmanWaveform, Compos

) R

reg, MockDev

(m] W

Channels

x RAMAN CHANNEL | L« 103 =11 digital

2 (197 + 'r‘9>) 35 (g + 7‘9))

#1

RYDBERG CHANNEL 10s=Ir) | rydberg

s | e | 99) s ! e [ 99)

Rpiockade R;;

H. Silvério et al. (2022)



| Pulser studio: Entanglement 1

10)
1)

100)

Y
5 -pulse
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| Pulser studio: Entanglement 2 7 Pasqal
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| Pulser studio: Controlled-Z gate f¥ Pasagal

Pasqgal Pulser Studio

Antiferromagnetic state Control-Z gate EntanglementZ X Control-Z gate  Antiferromagnetic state with .. Rabi oscillation

Register O] ) () Histogram Quantum State

er, Sequence, Pulse
Mock

T 2T T .
fime

>

Control Target Control

, ')
o o Rl

Polar [1] ~ Computational ~
[1m] -0

Channels
T[ TE 2 T[ T{ TC 2 n time[ns] o 50 100

RAMAN CHANNEL | LOCAL 10:=(13 digital

— |b) — — |b) —0— b)) — — |b)
—0— |a) — —|a) — la) — —a) }

T L] ATy ce A 5% TS » L1 0
A B f’\ B RYDBERG CHAMMNEL LOCAL |Qy=|r: rydberg

L. Gerasimov, Physical Review A, 106, 042410.
M. Saffman, Reviews of modern physics, 82, 2313.



| Pulser studio: Antiferromagetic state f¥ Pasagal

Register @ —e Histogram  Quantum State 100.0% Code

6 . . (:)‘
O e O e )

from pulser import Register, Seque
from pulser.devices import MockDev

from pulser.waveforms import RampW

Probability [%]

reg = Register({
"qo": S.75)
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ng2"
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| Pulser studio: Adiabatic quantum computing % Pasqal

Maximum Independent Set (MIS) problem

: Pasqgal Pulser Studio

Antiferromagnetic state X Control-Z gate Entanglement2 Control-Z gate Antiferromagnetic state with .. Rabi oscillation

Register @ —e () () Histogram Quantum State

from
from pul:

from

reg =

Ground-rydberg measurement v
[1am]

Channels
time [ns] o
RYDBERG CHANNEL =~ GLOBAL = |Oi=In ising

(2
=

https://medium.com/the-modermn-scientist/max-independent-set-battle-royal-296bf197e61b
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