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Classical and quantum mechanics

Macroscopic everyday phenomena
are well described by classical physics.

At the microscopic level classical physics 
no longer works well.  

Quantum mechanics takes over.

What is the difference between classical and quantum 
mechanics?

Quantum mechanics gives up on certainty and 
describes the world with amplitudes and probabilities.

Newton’s laws
Maxwell Equations



Quantum uncertainty

If we know x(tinit), and p(tinit)=m v(tinit)

we can use Newton’s laws of motion to calculate 

x(t) and p(t) = m v(t)   for all t > tinit .

The motion is deterministic. 

In quantum mechanics it is in principle NOT possible 
to know x(t) AND p(t) simultaneously.

2/>∆∆ px

x(t) 

Classical particles follow a path. 

Heisenberg uncertainty principle



Two slit experiment
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Two slit experiment

With classical particles:

?

Feynman Lectures on Physics 1963
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Two slit experiment

With quantum particles:

?

Feynman Lectures on Physics 1963



Two slit experiment

With quantum particles:

?

Feynman Lectures on Physics 1963



Two slit experiment

The experiment has been done. 
Proceedings of the Cambridge Philosophical Society



Two slit interference with light

interference with 
light waves

interference is 
seen even when 
only one photon at 
a time passes the 
slits

G.I. Taylor 1909



Quantum Spatial Superposition with Molecules

c)

d) PcH2 e) F24PcH2

Phthalocyanine derivatives

100 nm

Nature Nanotech. 7, 297 (2012)

Interference fringes are observed. 
Apparently each molecule propagates through 
both slits.                  Quantum superposition of matter! 



Two slit experiment

Experiment confirms interference. 
How does the particle go through both slits?

Feynman Lectures on Physics 1963 Quantum mystery….



Quantum data

Not only can particles be in two places at once
they can be used to represent two data values at once.

Qubits

Quantum computers 



Moore’s Law

Calculations per second per constant dollar

• 5+ decades of exponential growth in 
computing power are drawing to a close. 

• Quantum computers hold the promise of a 
new exponential advance over classical 
machines. 

• Large government investments:
- UK Quantum technology hubs  £350M 
- European Union Quantum Flagship  €1B
- China National Lab for Quantum Information $10B
- US National Quantum Initiative $1.25B

• Fortune 500 investments:
Google, Microsoft, IBM, Intel, Honeywell, 
Lockheed  Martin, Raytheon, ….

• Startups:
DWave, Rigetti, Quantum Circuits, IonQ, 
Silicon Quantum Computing, ColdQuanta,…
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Quantum computing timeline

1982 1990

Shor
factoring

1994

Cirac/Zoller
trapped ion

gate

1995

Shor
error 

correction

2000

Neutral
Atom
gate

2010

Surface
Code

architecture

2015

Universal 
protected 

codes

Theory q.dot
qubits

s. cond.
macro

coherence

Deutsch
problem

dissipative
entanglement

Early 1980s:  Richard Feynman and others propose quantum 
computers for tackling physics problems

1994: Peter Shor discovers a fast method to factor numbers on a 
quantum computer 



Quantum: a new era in computing

Major investments on Quantum 
Computing research programmes from 
2010 to 2016.



US National Strategy - NQI

A $1.3B, five year investment in 
Quantum Information Science.



Quantum: a new era in computing



What makes a 
quantum 

computer tick?



Quantum bits

Classical bits

0 1

Qubits

data= a|0>+b|1>

Quantum superposition !

N classical bits can store 
a single data value out 

of 2N  possibilities.

N qubits can store 2N  

different values simultaneously.
2100 is more than the number of 

particles in the universe. 



Superposition and entanglement

Two qubits: ,10 101
aa +=ψ 10 102

bb +=ψ

Product State: ( ) ( )
11100100

1010

11011000

1010

babababa

bbaa

+++=

+⊗+=ψ

Classically we can only store one of four states at a time in a 2 bit
memory:   00 or      01 or    10     or     11

encodes four different states at one time. 

With N qubits we can encode 2N states at one time. 

ψ



Superposition and entanglement
It is also possible to create states that are not product states:

21
1100 ψψψ ≠+=

Such a state is entangled, and cannot be described in terms of classical 
bits – there is no local and realistic description of entangled states, 
Einstein, Podolsky, Rosen 1935 (EPR paradox).   

Quantum computers provide a speedup over classical machines. 
It is not clear exactly where the speedup comes from. 
The power of quantum computers appears to be intimately related to the 
presence of entanglement. If there was no entanglement, we could use a 
classical description of the machine.

Verschränkung
”entanglement”



Superposition and entanglement
It is also possible to create states that are not product states:

21
1100 ψψψ ≠+=

Maximally entangled 2-qubit
state  “Bell” state.

Verschränkung
”entanglement”



Classical data processing

Input data                                                             Output data

0010111001111010

CPU

1110101001001100

0010011001111010 0101010101001100

0011100001111010 0001011011001100

0010110001111001 1110101101001100

0110111001000010 1000101001001100

Sequential data processing



Quantum data processing

Input data                                                             

Output data

11...11...11...0010...0001...0000...00 ++++= dcbaψ

)(' ψψψ f=→

Quantum 
CPU

The results for all possible input 
data are computed in parallel

11...11...11...00'10...00'01...00'00...00'' ++++= dcbaψ

But the result is only 
determined probabilistically 



Running the computer

input

computation

Output state
(deterministic)

measurement
(probabilistic)

0          1           0            0           0           0           1
1          1           0            0           1           1           1
0          0           0            0           1           1           0
0          0           1            0           1           0           1
0          1           0            0           1           0           0

Quantum algorithms extract useful information from uncertain data. 

0              0              0              0              0              0              0



Circuit model of Quantum Computing

input output

Arbitrary U can be decomposed into one- and two- qubit gates.



One-qubit gates

Qubit state can be
parameterized by two angles
on the Bloch sphere.

One-qubit gates rotate on 
the sphere.  

X gates rotate about x
Y gates rotate about y
Z gates rotate about z



Two-qubit gates

Two-qubit gates are required
to create entanglement. 

input        output

1011
1110
0101
0000
tctc

CNOT gate

c+t mod(2)


















0100
1000
0010
0001



Entanglement on demand
We can create entanglement with a simple quantum circuit.

0

0

00 ( ) 1000010 ii +=+
H CNOT

1100 i+
entanglement



Quantum Factoring algorithm

Best known classical algorithm:

Shor’s quantum algorithm:  

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡~𝑡𝑡(log 𝑁𝑁 log2 𝑁𝑁)1/3 .

( )3log~ Ntime

Peter Shor  (1994 Bell labs) 



RSA Public key cryptography

• Rivest, Shamir, Adleman (RSA) invented a public key 
cryptosystem in 1977. 

• Independently invented by C. Cocks in England in 1973 but 
kept secret.

• There is a public key known to everyone and a private key.

• Messages are encrypted with the public key and broadcast.

• Only recipients who know the private key can decrypt the 
message. 

• This is widely used to protect personal data on the internet, 
e.g. online shopping. 

• The security of RSA relies on the difficulty of factoring large 
numbers. 



Factoring RSA Numbers

Classical number field 
sieve algorithm

number decimal 
digits

prize factored (references)

RSA-100 100 Apr. 1991
RSA-110 110 Apr. 1992
RSA-120 120 Jun. 1993
RSA-129 129 Apr. 1994 (Leutwyler 1994, Cipra 1995)
RSA-130 130 Apr. 10, 1996
RSA-140 140 Feb. 2, 1999 (te Riele 1999a)
RSA-150 150 Apr. 6, 2004 (Aoki 2004)
RSA-155 155 Aug. 22, 1999 (te Riele 1999b, Peterson 

1999)
RSA-160 160 Apr. 1, 2003 (Bahr et al. 2003)
RSA-200 200 May 9, 2005 (see Weisstein 2005a)
RSA-576 174 Dec. 3, 2003 (Franke 2003; see Weisstein 

2003)
RSA-640 193 Nov. 4, 2005 (see Weisstein 2005b)
RSA-704 212 withdrawn Jul. 1, 2012 (Bai et al. 2012, Bai 2012)
RSA-768 232 withdrawn Dec. 12, 2009 (Kleinjung 2010, Kleinjung 

et al. 2010)
RSA-896 270 withdrawn
RSA-1024 309 withdrawn
RSA-1536 463 withdrawn
RSA-2048 617 withdrawn

RSA 768 took 1500 
AMD64 years to 
factor.

RSA 1536 would take 
200 billion AMD64 
years

( ) ( ) 3/23/1 lnlnln9.1~ nnetime

Largest number known to have been factored:
RSA-768
=1230186684530117755130494958384962720772853569595334792197322452151726400507263657518
74520219978646938995647494277406384592519255732630345373154826850791702612214291346167
0429214311602221240479274737794080665351419597459856902143413
=
3347807169895689878604416984821269081770479498371376856891243388982883793878
002287614711652531743087737814467999489 
x 
367460436667995904282 4463379962795263227915816434308764267603228381573
9666511279233373417143396810270092798736308917



Factoring algorithms

Netime ~

( )3log~ Ntime

vanMeter, et al. arXiv:quant-ph/0507023

500



vanMeter, et al. arXiv:quant-ph/0507023

500

Factoring algorithms



A simpler example: Deutsch-Jozsa



A simpler example: Deutsch-Jozsa

Different f(x) correspond to 
different quantum circuits. 

Has been demonstrated in the lab.



mount entanglement

How long is the road ?
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Quantum Computing Platforms

trapped ions neutral atoms

quantum dotssuperconductors

Atomic qubits (identical)
Room T apparatus (or 4K)

Optical interface/qu. networking
Laser cooling and control

Engineered qubits (not identical)
Requires cryogenic cooling

No optical interface  
Microwave electronics

optical

Scalability challenging

Includes chapters on all 
5 platforms

~20Q demonstrated 100Q arrays

2Q devices60Q chips
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Classical Simulation of Quantum Circuits

Large scale classical
simulators are memory 

or time limited. 

2007 Massively parallel quantum computer simulator  Comp. Phys. Commun. 176, 121 (2007)  1 terabyte

2017 0.5 Petabyte Simulation of a 45-Qubit Quantum Circuit arXiv: 1704.01127  0.5 petabytes

# qubits

m
em

or
y 

lo
g 1

0(
pe

ta
by

te
s)

 

10 exabytes
~ total Google storage

worldwide
computer memory 
at ~ 60 qubits. 

2n

Brute force requires 
exponential memory

2018 Massively parallel quantum computer simulator, eleven years later arXiv: 1805.04708  1.0 petabytes



Classical Simulation of Quantum Circuits

# qubits

C
irc

ui
t d

ep
th

Deep circuits require 
exponential time

Circuit depth

Ti
m

e 
(s

)

Can trade memory for 
time to simulate more 

qubits

arXiv:1710.05867, 1712.05384, 
1707.00865, 1805.01450 



Near term algorithms

• There is still a big gap between the promise of quantum computing 
and the reality of today’s hardware. 

• Sometimes referred to as the NISQ era –
Noisy Intermediate Scale Quantum

• A great deal of current effort on hybrid approaches: 
classical optimization coupled with a quantum co-processor. 

VQE – Variational quantum eigensolver
QAOA – Quantum Approximate Optimization Algorithm

• These approaches can be used for quantum machine learning.



• Quantum hardware for 
state preparation and 
measurement of   
observables.

• Classical processing for 
analysis of the quantum 
measurements and optimal 
choice of the state ansatz 
to find a variational optimal. 

Dumitrescu, et al. Cloud Quantum 
Computing of an Atomic Nucleus, 
PRL 120, 201501 (2018)

VQE Peruzzo, et al. Nat. Commun. 5, 4213 (2014) 



Quantum Machine Learning

Clustering of input data is a well known unsupervised learning task. 

This can be mapped onto a combinatorial optimization problem called
MaxCut. 

Given a graph divide the vertices into two sets such that the number of 
connections between vertices in different sets is maximized. 



MaxCut
Example of MaxCut for a 5 vertex graph. 

For the clustering application – weighted 
MaxCut is used where the weight function is a 
distance metric between objects. 

MaxCut is NP hard, but there are efficient
classical heuristics. Wikipedia

QAOA (generalization of VQE) can be used to directly 
solve MaxCut on quantum hardware. 



QAOA MaxCut – 3 qubits 

• QAOA for 3 node MaxCut
1             2             3

p=1
AR=0.69 +/- 0.01

010 101 

MaxCut solutions are 010 and 101

010 

p=2
AR=0.71 +/- 0.01
ARnoise free = 1.0

101 

arXiv: 2112.14589



QAOA MaxCut – 4 qubits 

• QAOA for 4 node MaxCut

1             2             3MaxCut solutions are 0001 and 1110
Noise free prediction for p=1,2,3 is AR=0.77,0.95, ~1.0

6 CZ

12 CZ

18 CZ

00
01

11
10

p=1
AR=0.67

p=3
AR=0.63

p=2
AR=0.69

00
01

11
10

00
01

11
10

arXiv: 2112.14589
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Quantum Science and Engineering at UWM
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Early days
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Mark Eriksson 1999
Quantum dot qubits

Mark Saffman 1999
Neutral atom qubits

Dieter van Melkebeek 2000
Computational complexity

Susan Coppersmith 2001
Quantum dot qubits
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29
faculty 

Physics, Chemistry, Computer Sciences, Electrical & Computer Engineering, 
Engineering Physics, Materials Science, Mathematics, Statistics
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Research portfolio

Qubits & Quantum computing 

Quantum networking 

Quantum sensing & metrology

Applications

Workforce Development
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Qubit platforms
Si quantum dots Superconducting circuits Neutral atom arrays





Neutral atom hardware
Inside view of the “QPU” at 
UWM.  

Includes optical components, 
optomechanics, beam 
steering, detectors, cameras, 
all in an enclosure with 
environmental stabilization. 

Not shown are laser, optical, 
electronic,  and computer
subsystems that feed into the 
QPU.



Neutral atom approach

Qubits • Initialization

• Coherence

• Measurements

• Universal set of 
logical gates

• Scalability…….

DiVincenzo
Fortschr. Phys. (2000)
Qu. Inf. Comp. (2001)

Laser cooling and trapping

Hyperfine clock states. Coherence > 10s demonstrated

Light scattering. High fidelity.  

Microwaves/laser pulses/Rydberg states

Qubit arrays demonstrated in 1D, 2D and 3D geometries. 
Several groups have shown arrays with >100 qubits. 
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Which atom should we pick ?
Periodic table of laser cooling

Single atom 
arrays:

Rb, Cs, 

Sr, Yb
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An industry standard qubit

Cesium

Excellent coherence properties: 
• In free space hyperfine lifetime 34 

years
• When optically trapped T1, T2 up to 

10s has been demonstrated

Coherence limited by finite atom 
temperature, trap light optical Stark 
shifts, magnetic fields.
Minute scale coherence appears possible. 

• The hyperfine m=0 clock states
provide the SI definition of the second.

• These states are entangled superpositions 
of nuclear and electronic spin projections

f=3

f=4

|0>

|1>
9,192,631,770 

Hz
S=7/2

s=1/2

|0>=      -

|1>=       +     
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Operational Sequence

Cold
Atoms

Single Atom
Array

Filled
Array

Laser 
cooling

852,894 nm 
lasers

Array
825 nm 
lasers,
Deep 

cooling

Rearrange-
ment

1064 nm
laser

Camera Camera

Qubit Register Preparation

State
Initialization

Quantum
Circuit

Measure
Results

Cesium
f=3

f=4

|0>

|1>

Optical 
Pumping
895 nm 

laser

Gates 
1Q, 2Q

459 nm, 1040 nm 
lasers, µwaves

852 nm 
lasers

0 1

Camera

Calculation Cycle

Controlling the Mechanics Controlling the Quantum
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Blue Array Technology

• a single bottle beam 

• bottle beam array

• Gaussian beam array

• line array

• dynamic line array

• Hole array

>1000 sites

Opt. Lett. 34, 1159 (2009)

SPIE 8249 (2012)

PRA 88, 013420 (2013)

PRL 123, 230501 (2019)

1 48

6 49

196
atoms trapped in 

cages of light 
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Scalable qubit registers

Gaussian line array

Dynamic line array
Up to 500 sites, currently 
in use.  

Hole array
Scalable to >104 sites

1225
Cs atoms

Component
1225 sites
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Atom Rearrangement

Gaussian line arrayGaussian line array

Browaeys group (2019)

• Loading single atoms into a trap array 
is a stochastic process.

• The array is  deterministically filled using 
“atom rearrangement”.  
Works in 1D, 2D, 3D    

KAIST, Paris, Harvard, Darmstadt, Wuhan,  
Moscow, ….

25x25=625 
site spot 

array

2D acousto-optic scanner

3 µm



Qubit measurement

Cs 6s1/2

m=0
f=3

f=4

|0>

|1>

ν0

Cs 6p3/2
f=3

f=4

f=5

f=2

852 nm

|0> |1>

histogram

Photoelectron counts

Cycling
transition
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Qubit control

Cs qubit

cooling,
optical
pumping

cooling,
readout

7p1/2
1Q gates

2Q gates

9.2 GHz

1.2 GHz

6s1/2

6p1/2

89
4 

nm 85
2 

nm

ns1/2

45
9 

nm
10

38
 n

m

82
5 

nm
, t

ra
pp

in
g

microwaves

6p3/2

m=-1/2   +1/2

Mf=0

10
64

 n
m

 re
ar

ra
ng

em
en

t

• 6 different colors
• 13 lasers



Single qubit gates - global

Microwaves 10 
kHz Rabi 
frequencyBias field of 1.5 G

mf=0
|0>

|1> 9.2 GHz
f=3

f=4

Cs clock state qubits

Microwaves 76 kHz 
Rabi frequency

PRL 114, 100503 (2015)



Single site control

16 site addressing 

x-talk check: Rx(π/2)   Rz(θ)     Rx(- π/2)

µwave µwave459 nm

0.7 MHz Stark

π pulse 

Ground-Rydberg Rabi 
on central site: 459+ 
1040 nm

5.9 MHz Rabi

Rx(θ) rotation on 
single site

Site spacing 3 µm



68

Atomic interactions and Rydberg atoms

hyperfine
clock qubits

Rydberg 
Atoms
Cs 100s

weak interaction
0.001 Hz @ 3 µm

strong interaction 
3 GHz @ 3 µm

12 orders of magnitude!

long coherence

Rydberg blockade –
cannot simultaneously 

excite both atoms
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Experimental geometry
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Entanglement demonstration

Po
pu

la
tio

ns

Fidelity F=0.955

arXiv: 2112.14589
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Phase estimation – quantum chemistry arXiv: 2112.14589



Summary
Quantum computing is a revolutionary approach to information processing. 

There is great potential for solving hitherto intractable problems.

Quantum hardware is primitive, but under rapid development. 

Hybrid approaches – classical optimizers with quantum co-processors are a near 
term opportunity. 
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