Introduzione alle
Incontri introduttivi al C

Mengoni Riccardo,

4 Apr 2023

A QUANTUM
COMPUTING LAB



Content

Intro and Recap

Pasgal Quantum Hardware: QC with Neutral Atoms

Pulser: Control Software for Pasqgal QC

Application: QAOA & MIS problem

CINECA ()2 hs ue



Intro and Recap

CINECA (Q)2SiTntc e



Hardware state of the art — qubit physical realization

IBM Q

Google Al
Quantum

()XANADU

PASQAL

CCCCCCCCCCCCC

Neutral Atoms

Photonic

Topological

Diamond Center

o™ Microsoft

Q IoNe
Q

QUANTINUUM

QUANTUM
BRILLIANCE

CINECA ()2 hs ue



Hardware state of the art — qubit physical realization

IBM Q

()XANADU

Photonic

Topological

Diamond Center

o™ Microsoft

Q IoNe
Q

QUANTINUUM

QUANTUM
BRILLIANCE

CINECA ()2 hs ue



EuroHPC - HPCQS

« The project will last 4 years, during

which it will be created the conditions to

Integrate quantum simulators with the
European HPC network.

 The aim is to create an integrated
ecosystem.

« PASQAL announced that it already has a
guantum simulator with 100 qubits
(prototype 324-atom quantum
processors scalable up to 1000).

https://www.hpcgs.eu/
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EuroHPC - HPCQS
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EuroHPC - HPCQS
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Pasgal Quantum Hardware: QC with Neutral Atoms

Pasqgal employs Rubidium Atoms for its Neutral Atoms Quantum Computer

Rubidium: very common species in atomic physics that
benefits from well-established technological solutions,
especially in terms of lasers.

The control of single atoms as well as the tuning of their
interactions has been achieved to a high degree in several
laboratories.

Arranging ensembles of individual (trapped) atoms separated
by a few micrometers

https://arxiv.org/pdf/2006.12326.pdf CINECA @ =l —-—



Pasgal Quantum Hardware: QC with Neutral Atoms

Pasqgal employs Rubidium Atoms in the construction of the QPU

Two electronic levels of the State of a Qubit
rubidium atoms are chosen to be 0) 11
the two qubit states 7 3 |T> 0% 11)3

|

encoded in two electronic levels
of the Rubidium Atom

|g> {lg) )}

Since the number of electronic
states in an atom is infinite,
there are various possible choices
for implementing the qubit

Since the atoms are indistinguishable, even the qubits are strictly identical.
This Is a great advantage for obtaining low error levels when calculating.

https://arxiv.org/pdf/2006.12326.pdf Cl N ECA @gga% L#\/IN -



Pasgal Quantum Hardware: QC with Neutral Atoms

In order to generate interactions between them, they are excited by a resonant
laser field to a Rydberg level, which has a large principal quantum number.

{lg),|r)} are ground and «Rydberg»

. |7°> states characterized by:

- Long decay time: if excited to the state |r),

the atom tends to stay in that state and does not
decays immediately in ground state |g)

- Strong interaction between atoms

https://arxiv.org/pdf/2006.12326.pdf CINECA @ =l —-—



Pasgal Quantum Hardware: QC with Neutral Atoms

Pasqgal employs Rubidium Atoms in the construction of the QPU

‘ 2D AOD

PB
A

(a) Camera

ﬁ/acuum \ » Di'chroic y
system mirror 7 F
A A

| (

The atomic vapor is introduced into an ultra-high vacuum system operating
at room temperature

https://arxiv.org/pdf/2006.12326.pdf CINECA @ O M L



Pasgal Quantum Hardware: QC with Neutral Atoms

(@) camera \ Rubidium atoms are trapped and held

by laser beams, in particular:

- Optical Tweezers (purple beam)
controlled by 2D acousto-optic laser deflector (AOD)

- Laser (red beam) reflected by spatial light
modulator (SLM) which gives the correct phase

Vacuum , Dichroic 4
system mirror F

Every Tweezers traps a single atom

https://arxiv.org/pdf/2006.12326.pdf CINECA @ =l —-—



Pasgal Quantum Hardware: QC with Neutral Atoms

Temporal sequence of one computation cycle.

The loading of the register
Register . ] .
readout being random: here is a
50% chance that a single
tweezer traps an atom
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Register Sub-register Quantum AtOmS are rearranged to
loading Rearranging Processing obtain the desired
n <100 ps i i
| 5 ; r topology. This operation
Time takes less than 1 ms.
0 [nitial Assembled Final
image image image

https://arxiv.org/pdf/2006.12326.pdf CINECA @ I



Pasgal Quantum Hardware: QC with Neutral Atoms

-

3D

By moving the optical
tweezers it is possible to
arrange the topology of the

.. Rubidium atoms and

therefore of the qubits

Depending on the application,
It Is useful to vary the

Topology which can be 1D,
2D or even 3D

L, =103 um
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Pasgal Quantum Hardware:

Lasers

Register

oeJ 00609
"

https://arxiv.org/pdf/2006.12326.pdf

QC with Neutral Atoms

How quantum computation?

Lasers are responsible for
manipulating the state of the atoms by
addressing specific electronic
transitions.

Local and global laser beams control
the state of qubit registers and allow to:

« Act on single qubit
eg. |g) = |r)
- Make qubit interact
eg. 199) - -\}—§(|9r>+ |r9>)

CINECA (Q)eSnints s



Pasgal Quantum Hardware: QC with Neutral Atoms

Rydberg Blockade: principle used to create entanglement

Energy . .
4 The interaction between two atoms at
. distance R and at the same Rydberg
o level is described by the Van der Waals
S o, force, which scales as R~°

The interaction within this radius is strong
— enough to make the state |rr)
X inaccessible

_-T_ ﬁ (|gr) + |rg)) % (|97‘> o ITQ))

e |GG

If the atoms are excited simultaneously,
the resulting state is an entangled state.

s | s |9

|
| >
RBiockade Ry

https://arxiv.org/pdf/2006.12326.pdf CINECA @ =l —-—



Pasgal Quantum Hardware: QC with Neutral Atoms

Lasers

Register

o Mathematically, lasers interact with

T Globa gubits, modifying the Hamiltonian,
""" which is a function that describes the

energy of the entire qubit system

Device

\_ J

https://arxiv.org/pdf/2006.12326.pdf CINECA @ =l —-—



Pasgal Quantum Hardware: QC with Neutral Atoms

! H@ng@

0 1 1 0
ox = o, =
1 0 0 -1

2
\_ \ ﬁj = (H + 0':72)/2
Rabi E / 5 tﬁ _ [ Ce Modulates interaction
abi Frequency etuning ii = & .
\_ W, " r; ) between qubits
Y

They vary by changing the intensity and
frequency of the laser

E =
= i =

Rydberg Global
ing (MHz)  Amplitude (MHz)
=

= 3D

https://arxiv.org/pdf/2006.12326.pdf CINECA @ =l —-—



Pasgal Quantum Hardware: QC with Neutral Atoms

(a)

(Camera

»

‘ 2D AOD

Dichroic
mirror

https://arxiv.org/pdf/2006.12326.pdf

At the end of the computation, the
gubit register is measured by
observing the final fluorescence
Image (green beam).

The measurement process is
performed in such a way that each
atom in the qubit state | 0)
appears bright, while the atoms in
the qubit state | 1) remain dark.

CINECA ()2 hs ue



EuroHPC - HPCQS
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Pulser: Control Software for
Pasgal QC
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Pulser: Control Software for Pasqal QC

Lower level programming Quantum computing is carried out
by directly manipulating the
mathematical operator (Hamiltonian)

(b) Analog processing

S I U A that describes the evolution of the
o ¢ Wy S8 gquantum system
10} A

h
10— — A H = —(Q O' — 5 ) -+ Uz nzn
0% HA= Z 2 ; n

Possible by varying:
oI * Intensity and frequency of lasers
‘.‘ ¢ '/ Pulser * Qubit register topology

\.-.

CINECA ()2 hs ue



Pulser: Control Software for Pasqal QC

Lower level programming N Higher level programming
(b) Analog processing (a) Digital processing

— A= H P(3)HHH =5
10> lhdllz;) — H[v) A |03 lz -/ A
105 — A= |00+ H H T A=
107 — A |00+ H P(3) HP(3) HA=
|0y A > 107
|03 — A= |0} D

N .
<) -°-Ix Pulser L/ Cqu

\.-.

CINECA ()2 hs ue



Pulser: Control Software for Pasqal QC

Python software library for
programming Pasqgal devices at the
laser pulse level.

It allows to design pulse sequences
that represent the physical parameters
relevant to the computation.

The sequences can be read and
executed by the QPU or by an
emulator

CINECA ()2 hs ue



Pulser: Control Software for Pasqal QC

In Pulser, local and global pulse sequences can be defined

g, Neutral-atom
QPU

HW Constraints

Pulse
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Rydberg Global Raman Local

Detuning (MHz)  Amplitude (MHz)

Rydberg Local

Detuning (MHz)

Pulser: Control Software for Pasqal QC
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Pulser: Control Software for Pasqal QC

Practice Session

. O Search or jump to... Pull requests Issues Marketplace Explor
A pasqgal-io / Pulser
pip install pulser
<{> Code Issues 13 Pull requests 2 Discussions Actions
F master ~ ¥ 9 branches © 4 tags

https://github.com/pasaqal-io/Pulser

https://pulser.readthedocs.io/en/stable/

CINECA (Q)25inc as
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Pulser: Control Software for Pasqal QC
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Application: QAOA & MIS problem
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Application: QAOA & MIS problem
Maximal Independent Set (MIS) Problem

Definition: Given a graph, color the largest number of nodes
avoiding that nodes of the same color are connected together

It is a hard combinatorial optimization

py problem (complexity class NP-hard)
VAN
@ ) Applications:
[N g * Modeling and Optimization in Massive Datasets
{ O—__ )}  Modeling Wireless Networks
O O * Matching Molecular Structures

CINECA ()2 hs ue



Application: QAOA & MIS problem
Maximal Independent Set (MIS) Problem

Definition: Given a graph, color the largest number of nodes
avoiding that nodes of the same color are connected together

.\ Y
4 A
VAN SN
o 0 oy e
S ___T‘g{ )
@ —@ @ I
Not an independent set Independent set but
on maximal

o

.-"f H
o] O
e

]
il
i

S \

Maximal
Independent Set
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Application: QAOA & MIS problem
Maximal Independent Set (MIS) Problem

Definition: Given a graph, color the largest number of nodes
avoiding that nodes of the same color are connected together

™ Combinatorial formulation
LN
W h \, We can attribute a binary variable z; to
@ ) each node, where z; = 1 if node i is
™ y - colored (therefore it belongs to the
O _ H‘{} _ O Independent set) and z; = 0 otherwise.

CINECA ()2 hs ue



Application: QAOA & MIS problem
Maximal Independent Set (MIS) Problem

Definition: Given a graph, color the largest number of nodes
avoiding that nodes of the same color are connected together

A The Maximum Independent Set corresponds to
py the minimum of the following cost function:
SN N
QH& EQ C(zla---azN):_Zzi+UZZ£zj
, ﬁff 1=1 (2,)

U>1

CINECA @
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Application: QAOA & MIS problem
Maximal Independent Set (MIS) Problem

QAOA Ansatz
|’Y?ﬂ> - U(Ba /BP) U(C:' 717) PR U(B:tﬁl) U(Ca 71) |S>
J

 ——

solution initial state
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Application: QAOA & MIS problem
Maximal Independent Set (MIS) Problem

QAOA Ansatz

v, B)

=U(B, B,) U(C,7p) - - {U(B, Bi]

|5)

/

U(C,m)
J

(_Y_) \

solution

oo

initial state

\_Y_)

/

n

j=1

U(B,,@) _ e—iﬁB _ H e—iﬁa}‘

CINECA ©
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Application: QAOA & MIS problem
Maximal Independent Set (MIS) Problem

QAOA Ansatz
|’Y?ﬁ> = U(Baﬁp) U(C, 719) - {U(B, B )lU(C,m) |3>

\ 7 ]
LH | / LYJ
solution initial state

/

n

j=1

U(B,,@) _ e—iﬁB _ H e—iﬁa}‘

N
c.,2N) = —Zzi +UZzizj
=1 (4.3

CINECA ©
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Application: QAOA & MIS problem

Maximal Independent Set (MIS) Problem

v, B)

(_Y_)zk

U(B,B,)U(C, ) - {U(B, ﬁIIU(O, "

solution Y \ initial state
. a N\ [ )
/'.:.v Pulser BEZ i L i +)° Cs
— —o¥ |- o M.
o, ,° 6 ¢ °J
“~ = 2 | |5 2 i L
\_ J J
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Application: QAOA & MIS problem

Maximal Independent Set (MIS) Problem

v, B)

(_Y_)zk

U(B, Bp) U(C, Vo) 1

U(B,

solution

|

—

/o <oy Pulser
\'o-o

) KN )
ho C
0';“ — Z —Jf + Z 0 AT
i=1 - j<i \I‘i—l'j|
/L y,
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Quantum Computing @ CINECA

CINECA: Italian HPC center
CINECA Quantum Computing Lab:

- Research with Universities, Industries and QC startups

- Internship programs, Courses and Conference (HPCQC)
rrmengoni@cineca.it

https://Iwww.quantumcomputinglab.cineca.it
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