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Properties of Light
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This wave is polarized in z -direction

- Polarization
amp.




How does Quantum Computing work?

- Classical bits versus quantum qubits

A B A B probability
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2 bits of information 4 bits of information  Waves interfere, we use
State of A and of B Superposition state  them for computation

- Extend this to 3 qubits — 8 bits of information
-n-qubits will have 2*n bits of information
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How does Photonic Computing work?
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Testing a Single Photon Source

- Hong-Ou-Mandel Interferometer
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How does a laser work?

Before During After

emission emission emission
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Incident photon AFE AAAA Stimulated Emission is
Gandled —L_ —— in phase with the

aiect avsse arinmd state incoming photon

FEy — FE, = AF = hv

A laser is Coherent.
All the photons are
locked in phase.

2nL = qgA

Can measure a
coherence time.

n = "effective” refractive
index inside resonator
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How do we resolve photon
numbers?

- Redistribution into different spatial or temporal bins

Detector
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Spatial
redistribution
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method
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Temporal redistribution

2 kms fiber
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2 kms fiber

Detection probabilities ... =

5.2 ns pulse -1t0-100 dB €: (1-€) . GAPD
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Predicting detections

- If it is classical, we can predict patterns
-10..., 11
-100..., 101, 110, 111...
- 1000, 1001, 1010, 1011 ... etc
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The Ising Model

linear chain T T__l T T l l__% T T T T

coupling J

Popular model in Statistical Physics
Phase Transition 1

H. =_——
Percolation Theory lsing Z
Ferromagnetic vs Antiferromagnetic

| = > 0 ferromagnetic 44444
~ | <0 antiferromagnetic R A




Bloch Wall
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The Poor Man’s Ising Machine

Mach-Zehnder
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- Mach Zender Modulator with optoelectronic feedback
- Bohm et al, Nature Communications, 10:3538,2019.



The Optical-Electronic-Optical
Model

k1] = cos? (] — /4 + ¢, [K) — .

fulk] = ax, [k +B ) Tuu K.

0y = Sign(xn kJ

- Self bias term «

- Coupling coefficient S

- Weights between spins J
-What does the optics do?

- Nonlinear function — cos?
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MZM Transfer Function

It (t) = Thog % [1 + cos (%V(t) — qb)]
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Pitchfork Bifurcation
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Pitchfork Bifurcation
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Square Lattice

b (i) (ii) (iii) (iv)
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- 10 x 10 lattice, o = 0.25, p = 0.29
- Can observe domain walls where spins are aligned up
- Lowest energy for the checkerboard pattern



The Poor Man’s Ising Machine
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Not quite Poor....about $10,000
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The Poor Man’s Ising Machine

Mach-Zender

DFB, . Polarisation Modulator Photodiode
Lase Optical Controller
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16 X 16 spin lattice
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Spin Value




Spin lattice (16x16, 24x24

Iteration = 5

Iteration = 20 Iteration = 45

Iteration number: 5 Iteration number: 52 Iteration number: 99




24 x 24 spin lattice
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- Discontinuities are under investigation
- Gautham and Parth, IIT Madras
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How well does it scale?
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Spatial Light Ising Machine (SLIM)

Large-Scale Photonic Ising Machine by Spatial Light Modulation
PHYSICAL REVIEW LETTERS 122, 213902 (2019)

g «1,2,% - 1,2 :1,2
D. Pierangeli, "~ G. Marcucci, ™ and C. Conti

Spherical wave fronts Plane wave fronts

Point source

A 4
A 4

Rays




Single Slit
lnterfere;jce
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Diffraction from a single slit

Different rays of light accumulate a different phase based
on their propagation distance from the source

Think of diffraction in 2-D, you will see rings
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Fourier Optics
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Spatial Filters

Mask

(a)

v

—

(o ' |

- Easy to design high pass, low pass and vertical pass filters



Large-Scale Photonic Ising Machine by Spatial Light Modulation
PHYSICAL REVIEW LETTERS 122, 213902 (2019)

. . 1,.2,% 12 11,2
D. Pierangeli, " G. Marcucci, ™ and C. Conti
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SLIM Algorithm

n=1
randomize 7"
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Input Lens Qutput
Hologram Microscope Objective Tweezer Array
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What are its limitations?

Ef = [aAf +(1— a)A,fz] "

Error = Z [Biarget(Z, ¥) — Iineasured(Z, )
z,y

Input Plane
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Convergence Issues

Graph showing the propagation of the intensity cost function with the number of iterations

-We lose phase o
information with a - M M“’T”
camera ol ‘ ' &
-SLM is slow and z
resets every so § % " |N .
often 700 {
- 500 iterations 0

&0
Number of iterations

Error = Z II"‘"'ge"(x’ y) =3 Imcasured(m, y)]2
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No. of pizxels




Ip based Ising Computing

Machine

- CICM oscillators can be optical, magnetic or electronic
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(a) CIM-Spin - 1SSCC'20, Kim et al. [47)
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Magnetic Memory, and Oscillators

e

The “free” magnet aligns
itself towards a preferred
direction determined by the
injected current
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The “free” magnet oscillates
about an effective field
(analogous to a top
precessing in a gravitational
field)
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Coupled Nano Oscillators

Coupled - ' ' ’ ’ ' =
Free Layer <__ g > i :ﬁ i’ h‘ —1-03mA| -
Hard Layer E N 0 | u ‘( ’ “ H ” \ H
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- mays orasclators cantook )] }JMWU (LR
- How do we change the L I L S
coupling?

Nano-Patterned Coupled Spin Torque Nano Oscillator (STNO)
Arrays — a Potentially Disruptive Multipurpose Nanotechnology
Mircea R. Stan, Mehdi Kabir Jiwei Lu, Stuart Wolf

ECE Dept., University of Virginia MSE Dept., University of Virginia
Charlottesville, VA, USA Charlottesville, VA, USA



State of the Art

Outputs:

synchronization configurations

External frequency B (MHz)

Spin-torque
nano-oscillators

0

-, a

47-779: Quantum Integer Programming

Microwave inputs
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