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Plan...

Review photonic qudits, focus on transverse mode (shape)

Convince you that ignorance of the whole does not imply
ignorance of the parts.

Convince you that self-guided tomography is a robust and efficient
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.

Review some photonic entanglement experiments.
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Why photonse

The world is cold at optical frequencies...

The frequency of photonic excitations isw ~ 1014

At room temperature: fiw ~ 10
kT
_ 1
The average number of n(w) = —— ~ ()
background thermal photons is: e BT — 1

Quantum effects manifest at room temperature.



Photonic qudits
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Entanglement is the quintessential
quantum correlation.

Entanglement of OAM

has been demonstrated.
Mair et al, Nature 412, 313 (2001)

e



THE UNIVERSITY

One tfechnological step... e

Fontaine et al.
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Use a spatial light modulator (SLM) instead of fixed holograms
to improve versatility.



It’s not just twist. Photons have many shapes. B

Hermite-Gauss! | 2 3

HG,

rectangular -
-

Ince-Gauss?

rectangular
<>cylindrical

Laguerre-Gauss!

LGN, ,

cylindrical -
-»

Laguerre-Gauss Vortex!

LGV, , LGV,

1. Siegman, Lasers (1986) 2. Bandres et al., Optics Letters 29, 144 (2004)




Quantum states from the shape of light
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Quantum states from the shape of light
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Plan...

Review photonic qudits, focus on transverse mode (shape)

Convince you that ignorance of the whole does not imply
ignorance of the parts.

Convince you that self-guided tomography is a robust and efficient
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.

Review some photonic entanglement experiments.



Does ignorance of the whole imply

Ignorance of the partse

Michael Kewming Sally Shrapnel  Andrew White

Vidick and Wehner, Phys Rev Lett 107, 030402 (2011)
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For the PhD students...mostly...

| miss a punch line, or a new
insight/surprise...that would give a

real convincing case to support
publication in a high-impact journal such
as PRL. The mathematical/quantum
physical concept has been presented in
papers before. The experimental
technique didn't require

any improvements over state-of-the-art
techniques or push any limits...The
authors don't provide a convincing case
of what to do ...now with the developed
techniques.

The authors answered my questions, and | read
the article again in detail. There was one
additional part of the work that | find quite
interesting and actually unique.

The authors give a very nice real-world
interpretation of the statement, which comes
from pure probability theory and contextuality
considerations, which are usually

not particularly, accessible to non-experts.
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PHYSICAL REVIEW LETTERS 124, 250401 (2020)

PHYSICAL

REVIEW Hiding Ignorance Using High Dimensions
LETTER S M.J. Kewming®," S. Shrapnel, A. G. White®, and J. Romero’
Centre for Engineered Quantum Systems, School of Mathematics and Physics, University of Queensland,
Asticles published week ending 26 June 2020 Brisbane, QLD, 4072, Australia
® (Received 1 July 2019; revised manuscript received 17 November 2019; accepted 20 May 2020; published 22 June 2020)
The absence of information—entirely or partly—is called ignorance. Naturally, one might ask if some
ignorance of a whole system will imply some ignorance of its parts. Our classical intuition tells us yes,
however quantum theory tells us no: it is poggs i oy
despite some ignorance of the whole, it is —~
S. Wehner, Phys. Rev. Lett. 107, 030402 (2 S EurekAlert! | maass
requires controlling and measuring quantun|
experimental evidence using the transverse sp HOME  COVID-19  NEWSRELEASES ~ MULTIMEDIA  MEETINGS  PORTALS  ABOUT
dimensional quantum phenomena.
NEWS RELEASE 29-JUN-2020
DOI: 10.1103/PhysRevLett.124.250401 . . .
d Quantum physics provides a way to hide
ignorance
UNIVERSITY OF QUEENSLAND
Published by f v K BSPRINT & E-MAIL
American Physical Society %gs_, Volume 124, Number 25 D

physics
Classical Quantum

Topic 2|

IMAGE: IN THE CLASSICAL WORLD, THE STUDENT'S IGNORANCE IS REVEALED BY THE TEACHER'S QUESTIONS.
IN THE QUANTUM WORLD, THE STUDENT HIDES THEIR IGNORANCE USING HINTS WRITTEN IN A QUANTUM
ALPHABET.... view more >



Does ignorance of the whole imply

ignorance of the|parts?

Vidick and Wehner, Phys Rev Lett 107, 030402 (2011)

14



Wholes and parts

Entangled pair
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Good old dit string

Ditstrng e

Dit for d “letters”

Randomness increases as d increases.
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Quantifying ignorance: min-entropy

Peness(Y|E) is the highest success probability of guessing Y given
encoding strategy E

Min-entropy: H(Y|E) = —log pguess(Y | E)
Min-enfropy is large when  poeqs (Y |E) is small.

Min-entropy is large when ignorance is large .
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Theorem (Vidick-Wehner min-entropy splitting inequality)

For any random variable Y=Y,Y, and encoding E, there exists

a random variable C € {0,1} such that  whole
por’r P :
O T Hoo (Y‘E) i The ignorance of a part is at least

9 ~° half of the ignorance of the whole.

There exists a pointer C € {0,1} Tho’r points to
the part where the student has large teacher
ignorance (the unknown part).

There is always a test that reveals which part
of the dif string the student is ignorant of.

Teacher’s task: find C that points to the part
where there is large ignorance.
Vidick and Wehner, Phys. Rev. Lett. 107, 030402 (2011) 18




Theorem in terms of probability

Y:YOXY1
Y = Yoy

Probability of guessing Y given encoding Eis given by:  pguess(Ye|E, C)

1
There exists a pointer C € {0,1} such that NG > Pguess(Ye|E, C)



How does the teacher spot ignorance?

Y=Yy xY);
Y = Yoy
M v
K
1
ﬁ Z ﬁguess(YC|Ea C)

The optimal classical strategy: encode one part, e.9. Y, /g =
Teacher has to find
which part the

Pguess (Yo|E = Y1) =1/d worst: guessed af random  student is guessing af
random.

Pouess(YI|E =Y1) =1  best guessing probability

20



Quantum Strategy

Y:YOXY1
Y = Yoy

The quantum strategy is encode
1

\/2 (1 + 1/\/E>

|‘I’y>:

XzZ% (14 F)|0)

Qudit encoding for a 2-dit string

21
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Experiment
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The probabilities are obtained as:
[(®y|Ty)[* _ Oy

tr (pf M) = =
oy My) = 105, [,0F ~ N,
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Quantum strategy

N The guessing probability
Pauess(Yo|E = py) = 5 (1 i > for either part is now the

same.

1
10 11 12 \/E
1 1
. 21 -~ v p uess(YllE = ,OE) = —= (1 + —> . ‘
i_ ’ ’ 2 vd Neither of the parts is

being guessed randomly
Recall the theorem: (neitheris 1/d).

Z pguess (YC|E7 C)

1) X

There exists a pointer C € {0,1} such that

If the quantum encoding is used, there is

no pointer C, hence the teacher cannot
find the unknown part.

23



You can score higher with a guantum encoding...

Classical optimal strategy: Quantum strategy:
1 1
pguess(Yl‘E — Yl) — 1 pgueSS(Y0|E = pf) = 5 (1 + ﬁ)
pguess(YO‘E — Yl) — 1/d ) 1
pguess(Y1|E = pf) = 5 1+ ﬁ)

! X 1]+ L X 1
2 2 d
d=2:75% d=2:85%

d=6: 58 % d=6:70%

24
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There is no test that will reveal which part the student doesn’t know...

1.0
For the quantum encoding, Pgyyes is constant
" $ 03 & 4 % & o s & & (64% for d=13) — .
' o the teacher can not point to the
303 s E source of ignorance.
Q i ® .
3 : : For a classical strategy of encoding E=Y
o - for g, < 0.5 and encoding E=Y, for g, > 0.5,
0.0 05 {1 Poues is highly correlated with C— the teacher
q'y | can point to the source of ignorance.
Teacher always Teacher always

asks from Y, asks from Y,

25



The student can get a higher score.

The teacher cannot point to the part
that the student is ignorant of.
The student can hide their ignorance.

26
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Why are you not using a single-photon source,
a.k.a heralded SPDC ¢

Short answer: we don't have to because we are looking at single photon
detection probabilities.

Geror Milburn

Heralded SPDC is thermal in theory, but Poissonian in practice because the
heralding window is much longer than the coherence time of the photons.

Blauensteiner et al., Phys. Rev. A 79, 063846 (2009) o
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The quantum regime is attained for classical coherent light fields when the
time interval between photodetection events, with an ideal, perfectly efficient
detector, is much greater than the transit time of radiation through the system.
It the state of the radiation held produced by tl‘me l‘aser 1s represented by thg E. WOLE. PROGRESS IN OPTICS XXXVI
coherent state |a), then the attenuated laser field is given by [/na), where || © 1996 ELSEVIER SCIENCE B.V
is the photon flux prior to attenuation, and 7 |0!|2 is the photon flux following ALL RIGHTS RESERVED
attenuation. Attenuation does not destroy the coherence of the beam, or affect the
coherence time. However, a reduction of the photon flux increases the integration

Hariharan and Sanders, 1996
II

QUANTUM PHENOMENA IN OPTICAL INTERFEROMETRY

28
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What if you use a strong laser instead<e

Short answer: the intensity will be proportional to the single photon
detection probabilities.

On single-photon and classical interference

Stephen M. Barnett

School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United
Kingdom

E-mail: stephen.barnett@glasgow.ac.uk

Steve Barnett

Abstract. It has often been remarked that single-photon interference experiments,
however complicated, seem to behave very much in the same way as those performed
in the classical regime, using the field generated by a laser. This observation has the
status of being ‘well-known to those who know it’, but perhaps mysterious to others.
We discuss the reasons underlying the similarity and also some of the limitations of
this simple idea.

29



What is guantum about this¢¢e

1
Wy)= X' Zq" (I+F)[0)

\/2 (1 + 1/\/&)

We detected single photons in our experiment...

30
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Plan...

Review photonic qudits, focus on transverse mode (shape)

Convince you that ignorance of the whole does not imply
ignorance of the parts.

Convince you that self-guided tomography is a robust and efficient
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.

Review some photonic entanglement experiments.

31



Robust and efficient
high-dimensional
quanfum state ’romoohy
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Markus Rambach Michael Kewming Kaumudi Goswami  Mahdi Qaryan
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PHYSICAL REVIEW LETTERS 126, 100402 (2021)

Robust and Efficient High-Dimensional Quantum State Tomography

Markus Rambach®,"*" Mahdi Qaryan®,"? Michael Kewming®,"* Christopher Ferrie,’
Andrew G. White ,1 and Jacquiline Romero®">"
Australtan Research Council Centre of Excellence for Engineered Quantum Systems, Bri Goto page 5 :nsland 4072, Australia
2School of Mathematics and Physics, University of Queensland, Brisbane, Queensland 4072, Australia
*Centre for Quantum Software and Information, University of Technology Sydney, Sydney, New South Wales 2007, Australia

® (Received 1 October 2020; revised 12 January 2021; accepted 5 February 2021; published 10 March 2021)

The exponential growth in Hilbert space with increasing size of a quantum system means that accurately —~-—
characterizing the system becomes significantly harder with system dimension d. We show that self-guided Phy5|CS ABOUT BROWSE PRESS COLLECTIONS
tomography is a practical, efficient, and robust technique of measuring higher-dimensional quantum states.
The achieved fidelities are over 99.9% for qutrits (d = 3) and ququints (d = 5), and 99.1% for quvigints
(d = 20)—the highest values ever realized for qudit pure states. We also show excellent performance for
mixed states, achieving average fidelities of 96.5% for qutrits. We demonstrate robustness against SYNOPSIS
experimental sources of noise, both statistical and environmental. The technique is applicable to any
higher-dimensional system, from a collection of qubits through to individual qudits, and any physical

realization, be it photonic, superconducting, ionic, or spin. M easu ri n g H ig h er D i mens i onha l ¢« Q u d its ”»
DOIL: 10.1103/PhysRevLett.126.100402 fo r Co m p u tat i o n

March 10,2021 « Physics 14, s34

With a technique called self-guided tomography, researchers accurately measure the states of qudits—quantum
systems like qubits but with more than two dimensions.

33

M. Rambach/University of Queensland
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Quantum State Tomography

What is the quantum mechanical _
description of a physical system? The parameter space grows as 4N-1 for N qubits.

Because any
d can be
represented
by N qubits

Why do you
always use
qubitse

The parameter space grows as d2N-1 for N qudits.

Hd®Hd HD

34
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Quantum State Tomography

There is some true state which generates data.

Data set needs to be saved.

Pr(D Tr(oE From a complete set of measurements, find the quantum state.
r(D | p) = H r(pEk) Usually done in post-processing, e.g. O(d4) for maximum likelihood.

k
=~ computationally expensive -~ sensitive to noise
post-processing
« « NO post-processing -~ efficient - robust

A4

35
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Self-guided Tomography (SGT)

& efficient ks robust

N/ N 4

e« NO post-processing

A4

1) unknown farget state / ) y

From current estimate, ‘O'k> o _ /
01\‘\002 OJ

00/0+ -

Choose one random direction, (Ag); € {1, —1,4, —i} / . -

/O— 03 ,\4/09;
Measure the two projections, |0+) = |ok £ BrAk) A o V

Br=b/(k+ 1) (b,t) hyperparameters ,
Hon - Bis) — flon = Bili) (5 1y f(o) = {a]¥)]

2, k distance measure that
can be estimated from
Update to the next estimate |ox+1) = |0k + argr) the experiment

Calculate the gradient g =

ar =a/(k+ 1+ A)° (a, A, s) hyperparameters

36
Ferrie, PRL 113, 190404 (2014)
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Photon shape as a qudit ~ 1¥) =2 «lk.z)

qutrit (d=3) logical basis ququint (d=5) logical basis quvigint (d=20)

"
1T
.
v

A

(I.o)
(-2,0)

(C.1)

(2.0)

37
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Experiment: prepare and measure

=Bl f(o) = [{o]y)[?
floy) = f(o-) = f(ok + BrlAk) — flor — BrAr)

|<0k+BkAk|¢>|2—|<0k—ﬁk;Ak|¢>|2 _ Ny — N_
| {or + Bk | V) |2+ | {0k — Bk | ) 2 Ny + N

Note we are not using
probabilities, just the counts.

That makes it more robust against

error in probabilities (e.g. due to
mode-dependent efficiencies).

38
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Results: For low statistical noise (~10° photons)

(a) 1000 states (b) 1000 states
0.5 E X
0.1¢ =
Z 0.05F :—
T) -
ge,
£ 0.01
0.005
0001 99.92+0.04; 99.92*057%
0.0005 | 1 L1111 J
1 50 100 1 5 10 50 100

Iteration

39



Pixel number n,

Results: Robustness

0 20 40 60 80 100 120 140
Pixel number ny

. (a) 1000 states (b) 1000 states (c) 200 states )
. d=37 —_— d=5" E . ey, d=207
S, . . C
0.5 % LN 3 - 0.5
L S L 4 - \*\
> \'—\\ N
= 0.1¢F Vi - - =
g ~ N, 5 I F
= - \ k - - L
€ 0.05 - ) W\h""‘_»‘ C i L
= . - = [ J - -
L \"‘\‘ ”W\u " L v ‘\: L
001 99.4+04% ““‘ ( 99.2702% \& | 96.8"19% 0.01
T E 98.6708% " - 97.6112% 3 F 95.1+1.9% '
0005 1 A NN E | 1 PR T B 1 ' AR | 1 B NEER1 | | 0005
1 5 10 50 100 1 5 10 50 100 1 5 10 50100 500

Iteration

Green: high statistical noise (N~80 for qutrits and quiquints, N~1000 for quvigint)
Purple: weak atmospheric turbulence (C,2=10-18 m2/3)

40
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Results: Comparison with standard tomography

01 d=3, 60 iterations: o1

0.05 30.05 Self-guided tomography achieves lower
R i ] infidelity than standard tomography.
ii 0.01 = 0.01 L .
£ 0.005 = 2 0.005 Standard tomography infidelity stagnates.

a mE Self-Guided |
Standard
0.001 S — 4 0.001

Increase iterations to get
smaller infidelity.

A ERET | A NRET |
1 5 10 50 100
Iteration

41



THE UNIVERSITY

Results: Mixed state

Target state | d=3
with a range pp 00 - ~
of purities p=1 0 p2 0 >
(~0.3 10 0.8): 0 0 ps g o1l
= 0.05 -

Instead of 3 parameters, we disturb 9 :96 5t+1.1o7

. . -J_39 0
parameters every iteration. 0.01 RS S ST S

1 5 10 50 100 500
Iteration

Use quantum relative entropy instead of Blue: low statistical noise (N~800k counts)

fidelity as objective function:

floxk) = Zp:l:,k,i log (v ki)

Green: high statistical noise (N~800 counts)

Try self-guided tomography in other physical systems! (We can share code.)

https://arxiv.org/abs/2010.00632 42
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SGT with frequency gqudits

10P Publishing Quantum Sci. Technol. 10 (2025) 025024 https://doi.org/1( Above 99% -ﬁd e | ”-y for d :3 O n d d :5 .
Quantum Science and Technology

PAPER N SGT MLST SGT MLST
@CrossMark
Self-guided tomography of time-frequency qudits 10° 0.657935% 0.88£0:37 % 0.94%5:33% 3.24%5:5%
OPEN ACCESS n I 1 N . 10* 0.6070:3% % 0.7870:35% 1017076 % 2.6770.75%
Laura Se'ru'lo d o, Markuls Rambach>’ (), Benjamin Brecht' (), Jacquiline Romero® 1 03 0 76+g gg % 0. 48+8 gg % 1 23 +8 gg % 3. 86+(l) (9)(2)%
RECEIVED and Christine Silberhorn 2 3 0 8.0 3 7 4.7
28 November 2024 . 10 + % 13. 1+ % + % 39, 6+ %
rlh-l. amp. 7 B
Time- frcqucncy Vin
- -
FZ s 4
\_ Rel. amp. Vin J
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Plan...

Review photonic qudits, focus on transverse mode (shape)

Convince you that ignorance of the whole does not imply
ignorance of the parts.

Convince you that self-guided tomography is a robust and efficient
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.

Review some photonic entanglement experiments.

44
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Generation Processing Measgrement and
detection
Spatial light Spatial light modulator
Free-space | modulator (SLM) 277 and single photon
detection
spontaneous Multi-plane light
parametric conversion
down-conversion | (MPLC)
(SPDC)

45



Joel Carpenter Daniel Dahl

Qudit gates

Any operator in a d-dimensional Hilbert space

can
be expressed as,

X’ zk j ke Zy

X|S> — |S + l(mod d)) For an X-gafte...

. sk N (d) <4log,(d-1) 4
Z|s) = exp(2mis/d)|s) - s
@
E 25 y I ‘+* N
< 2 rr ' |
For d=3: ERLY y Zexmixox =
510_.' S 2k+D)xXmix-oy
z [
01 0 I s < : S
vl 7 2 00 200 300 400 500 B l ‘
X B O O 1 Z1 o \/g 1 wg wg Dimension (d) y x
1 0 0 1 w3 w3

_ 2m/3
w3 = € / Gao et al., Phys. Rev. A 99, 023825 (2019)



Qudit gates

Input Field Transformed Output Field

Laguerre-Gaussian
Azimuthal modes

LG(0,1)

»

LG(0,2)

e

Dahl et al., FiO 2024



Qudit gates

Input Field

Laguerre-Gaussian
Azimuthal modes

Transformed Output Field

X-Gate

Dahl et al., FiO 2024



Qudit gates

Input Field Transformed Output Field

Laguerre-Gaussian
Azimuthal modes

DFT-Gate

Dahl et al., FiO 2024



Qudit gates

Input Field Transformed Output Field

Laguerre-Gaussian
Azimuthal modes

Z-Gate

Dahl et al., FiO 2024



Qudit gates

Input Field Transformed Output Field
Laguerre-Gaussian
Azimuthal modes Desi gn by X-Gate rDFT—Gatej p Z-Gate <
| specifiying input
and output

?7?

1 0 Amplitude 1
Pha [ — L_JEl )
7

Sakamaki et al., J Lightwave Technology 5, 3511 (2007) Dahl et al., FiO 2024



Qudit gates via MPLC

Input Field

Laguerre-Gaussian
Azimuthal modes

Transformed Output Field

Multi-Plane Light-Converter

Z-Gate

Sakamaki et al., J Lightwave Technology 5, 3511 (2007)

Dahl et al., FiO 2024



Experiment setup

Mode generator
MPLC

=
=

SIG VS REF

/!4“"

Mode Generator

High Dimensional
Stoke MPLC

Dahl et al., FiO 2024



Experiment setup

MPLC

Mode generator

Qudit Gate
MPLC

>
A

Mode Generator
MPLG =

o

High Dimensional
Stoke MPLC

Dahl et al., FiO 2024



Experiment setup

Mode
generator

MPLC

—

o

>
A

Mode Generator™

MPLG—

SIG VS REF

High Dimensional
Stoke MPLC

Qudit Gate
MPLC

Dahl et al., FiO 2024



Qudit gates via MPLC (d=17)




Results: Fields and transfer maftrix

IL=-9.4dB (88.5% loss)
MDL= 4.67 dB
Visibility = 0.99
SNR=16.58 dB

IL =-9.4dB (88.5% loss)
MDL= 5.63 dB
Visibility = 0.93
SNR=12.90 dB

IL =-9.4dB (88.5% loss)
MDL=3.61 dB
Visibility = 0.96
SNR=13.40 dB

Dahl et al., FiO 2024
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Plan...

Review photonic qudits, focus on transverse mode (shape)

Convince you that ignorance of the whole does not imply
ignorance of the parts.

Convince you that self-guided tomography is a robust and efficient
way to do quantum state tomography.

Look at a method to implement high-d gates in shape.

Review some photonic entanglement experiments.

58
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Entfangled photons from atomic cascade

R i
/ / “ . r

4p? s,

4p4s'p,

452 ISO

FIG. 2. Level scheme of calcium. Dashed lines show
the route for excitation to the initial state 4p*'s,.

Freedman and Clauser, Phys. Rev. Lett 28 (1972)
Aspect et al.,, Phys. Rev. Lett 49 (1982)

59



THE UNIVERSITY
OF QUEENSLAND
AUSTRALIA

Entangled photons from nonlinear opftics

VOLUME 61, NUMBER 26 PHYSICAL REVIEW LETTERS 26 DECEMBER 1988

New Type of Einstein-Podolsky-Rosen-Bohm Experiment Using Pairs of Light Quanta
Produced by Optical Parametric Down Conversion

3
Y. H. Shih and C. O. Alley ,L PRISM 2 B-BaB20a pnd

M
M2 S
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742 i g ‘9 < @'_
(Received 23 May 1988) ND PRISM | 4'h
|- p x‘/ v, I50PS TOPPS
M

ND-YAG LASER
~|-p2

A pair of correlated light quanta of 532-nm wavelength with the same linear polarization but diver- L
gent directions of propagation was produced by nonlinear optical parametric down conversion. Each

. . Ao . . - M- MIRROR
light quantum was converted to a definite polarization eigenstate and was reflected by a turning mirror ND-ND FILTERS
L - LENS

to superpose with the other at a beam splitter. For coincident detection at separated detectors, polariza-
tion correlations of the Einstein-Podolsky-Rosen-Bohm type were observed. We also observed a violation
of Bell’s inequality by 3 standard deviations.

P - PIN HOLE

B - 50-50 BEAM SPLITTER

A - GLAN-THOMPSON
POLARIZATION
ANALYSER

F - NARROW BAND
SPECTRAL FILTER

D - DETECTOR

b2

FIG. 1. Schematic diagram of the experiment.
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Entangled photons from SPDC and SFWM

Conservation of fransverse momentum and energy lead to entanled
pairs of photons. (Multi-photon events also possible, but avoided.)

Conservation of

P=PY +P® 4 PO

SPDC (x?) SFWM (x3)
— €0 (X(l)E + X(Q)Ez + X(3)E3 ‘|’ .. ) A l&gnal * Signal
Wg w s
J— 1 Pump
— P( ) -+ Pnonlinear Energy ®p PumpA
Idler wp Idler
n-Polarized Material Electrically Polarized Material wi (Di
PPPPP ized Atomi ic Elements
@ ﬁ 0 E__, 4
@ @ B . B Wp = 05 + w; 20p = wg + w5
CRC) ® P
G}) @ — — —_— —
e8¢ @ . P ks ki k K,
@ D=0 @ D= EEGE') ﬁ* WT
OROIRC B *® Momentum igna er g er
== Pum Pump 1 Pump 2
ORI @ ® ® Pur —Rumpl p2)
P=0 P= (e— SO)E: kp kp kp
- >+ ky =ks+k; 2k, = ks + k;
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Bell (CGLMP) inequality violations in higher dimensions

nature physics
Explore content v  About the journal v  Publish with us v

————————————————————— nature
nature > nature physics > letters > article thSlCS

Letter Published: 08 May 2011 '
Experimental high-dimensional two-photon

entanglement and violations of generalized Bell
inequalities

Adetunmise C. Dada &4, Jonathan Leach, Gerald S. Buller, Miles J. Padgett & Erika Andersson Entanglement’s next dimension

Nature Physics 7, 677-680 (2011) | Cite this article
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Bell (CGLMP) inequality violations in higher dimensions

Two-dimensional subspaces violate the Bell inequality.

412 |
#| _ 6a=m8

Oa=mt/4
— 0a=37/8
— Ba=/2 |

ll

1

JA

ollnlllllxl|l||1||ll|11L1111 1 1

! L L 1 I
o°  45°  90°  I35°  180°  225°  270°  3I15°  360°
ANGLE ¢ 0 /4 7t/2 3t/4 T

Freedman and Clauser, Phys. Rev. Lett 28 (1972)
Jack et al. Optics Exp. 17 (2009) 63
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Bell (CGLMP) inequality violations in higher dimensions

State: Translate to experiment measurement:
t=+[d/2]
[d/2] A_jpay _ L . na
1 v)e =10%) = exp [i659(¢)]|¢), and
|P) = — Z h())a®|—4£)B ! \/Eeg[;/fz] !
Vd (=—[d/2] . . 1 =l .
= 0%) = — xp [10%9(£)||¢
W)y | B> NG EZ;%]G P [3 BI( )]| )
Measurements: where
1 4L - o 0% = (v+a/2)2r/d
jv) 4 = 75 2 exp i—-j (v+ aa)] 17) 0% = [~w+ 1/4(-1)"]2n/d
. 1 (J;(I) - The function g(£) is defined as
) = = S exp [i 2w+ 601
b Va = | d b g) =€+ [g] + (d mod 2)u(¥)

o) =0,a1 =1/2,8) =1/4and B; = —1/4. where [z] is the integer part of z, and u(¥) is the discrete unit step function.
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Bell (CGLMP) inequality violations in higher dimensions

Examples of hologram states for d = 11:

Desired

|nten5|ty Phase SLM A

f=600mm f=32mm _
7"

A

Ultraviolet pump,
355 nm

A~ e °'2n/‘|1) (or Jv=1)2"

> BBO, type 1 I,__U

nonlinear crystal

Coincidence

Spectral Single C (62, Hé’)
filters  mode fibres ®_‘

Desired
mtensnty

hase

Y

—4-0 o

f=600 mm f=3.2mm

SLM B

1657° = 3n/2) (or lw= 3)
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Normalized coincidences

1.0 B d =11scan

0.8 ——— Fitted curve

F — - l a >; =i 7"“ T — - —
- -n/2 0 /2 ‘I

Relative orientation of analysers (8, — 6;)

Correlations (coincidences) are
no longer sinusoidal.
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Generating maximally
entangled states gets harder to
generate as d increases.

Engineering phase-matching
will help.
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Bell violation over 1 km few-mode optical fibre

Optica vol.7, Issue3, pp.232-237 (2020) - https://doi.org/10.1364/OPTICA.381403

Distribution of high-dimensional orbital angular
“ 5" momentum entanglement over a 1 km few-mode fiber
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Zhao-Hui Li, Si-Yuan Yu, Jacquiline Romero, Yun-Feng Huang, Chuan-Feng Li, and Guang-Can Guo
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Bell violation over 1 km few-mode optical fibre

[Tues (6, 9)) = (€] = 1)I1) +0)[0) +e*[1)] - 1)) /v/3

I3 = 2.12 4+ 0.04

Alp N

(it is more challenging to _ g
violate after 1 km of fibre,

as expected)

03 07 03
TERLEEEs
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Quantum state tomography (71% fidelity)
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Multi-photon high-dimensional entanglement

LETTERS nature
PUBLISHED ONLINE: 29 FEBRUARY 2016 | DOI: 10.1038/NPHOTON.2016.12 phOtomCS

Multi-photon entanglement in high dimensions

Mehul Malik*?*, Manuel Erhard'?, Marcus Huber345, Mario Krenn'?, Robert Fickler2
and Anton Zeilinger'?

(W) 332 = —=1[10)4[0)5|0) ¢ + 1) a[1) B[1) o + [2) 4|2) B[1) ]

1
V3
3 X 3 X 2 entanglement
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Multiphoton states created from
2 SPDC sources.

4-fold coincidence ~1/min
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Estimated density matrix
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Take home...
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