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Motivation: Quantum Communication

classical channel

Ekert, PRL 67, 661 (1991)
e Information usually encoded in polarization qubits
e  The use of qudits allows
e  increased channel capacity
e  enhanced security of quantum key distribution
Cerf et al., PRL 88, 127902 (2002)

[ ] enhanced non—|0ca|ity Dada et al., Nat. Phys. 7, 677 (2011)
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Orbital Angular Momentum
u(r, 0, 2) = R(r, 2)e'® — well defined OAM hl
Discrete, infinite dimensional Hilbert space — good for qudits!

y/wo
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Laguerre-Gauss modes

e p+ 1 intensity rings

e ring radius:
V@2p+ I+ 1)/2w(2)

4009~ 225 (385) 8 () o2 (-25)

72
X exp (m) exp (il¢) exp [—i®(p, I; 2)]
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Bessel-Gauss modes

Kwy < 1,1l=3

O

e krwy < 1— single ring

e kwy 2> 1 — multi ring
Kwy >1,1=3

o zSwok/k
non-diffracting
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Spatial modes are sensitive to disturbances

Deterministic distortions: Random distortions:

e.g. Diffraction on obstrucions e.g. turbulence distortions
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Spatial modes are sensitive to disturbances

Deterministic distortions:

e.g. Diffraction on obstrucions

Random distortions:

e.g. turbulence distortions
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Spatial modes are sensitive to disturbances

Deterministic distortions: Random distortions:

e.g. Diffraction on obstrucions e.g. turbulence distortions
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Distortions induce crosstalk!
G. Sorelli et al. New J. Phys. (2019)
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Spatial modes are sensitive to disturbances

Deterministic distortions:

e.g. Diffraction on obstrucions

Today'’s talk!

Random distortions:

e.g. turbulence distortions

Maybe next time...
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Outline of the talk

1. Entanglement of diffracted states: general formula
2. Entanglement losses and radial structure
3. Entanglement losses induced by angular uncertainty

4. Qutline and conclusion
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Setup and initial state

Obstruction

| Detector
; 2a
| d

------------ Solllge=y

Detector l L
Obstruction

Maximally entangled two-photon states:
lo, —lo) + |=lo, lo)
) = Lo —lo) +
V2

Single photon states:

+lo) = /druizo(r) r)
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Setup and initial state

Obstruction

| Detector
; 2a
| d

------------ Solllge=y

Detector l L
Obstruction

Maximally entangled two-photon states:
lo, =lo) +|=lo, lo
) = Lo—tol 20, o)
V2

Single photon states:

+lo) = /druizo(r) r)

u47, can be arbitrary orthogonal spatial modes...
...in this talk: u4;, modes with opposite OAM!
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Diffraction of single photons

|£lo) = / dru (r) |r) LLITACHOR 1y = / drip4,(r) |r)

Pty (€, y) = F{T (ke ki) F [t(2, y)utiy (2, y)]}
t(x,y) : obstacle transmission function

Fresnel (angular-spectrum) propagator

T(kg, ky) = explikz — (k2 + k;)z/Qk‘ ]

Crosstalk: General approach:
Quantify the coefficients Cj 1,
|¥10) ZCZ o 1) (work in the OAM basis)

Our approach:
. Work with the non-orthogonal
Cit1, = [ druy(r)Yy,(r) modes 1 (T
. P11y (T)
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Entanglement of diffracted biphotons
Obstruction

! Detector
} 2a
1 d

------------ Source f-~%-—~~-----

Detector

Obstruction
Diffracted state:

\I’> = /drl/drg\ll(rl,r2)|r1,r2>

(e, v2) = s U ) )+ 9 () )]
Mutual overlap: Concurrence:
_ /wifo(r)wﬁ)(r)dr C(1¥)) = /2 (1 - Tr[e}))
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Entanglement of diffracted biphotons
Obstruction

! Detector
} 2a
i d

------------ Source f-~%-—~~-----

Detector

Obstruction
Diffracted state:

|\Il> = /drl/dI'Q\I’(rl,rQ)|rlvr2>

(e, v2) = s U ) )+ 9 () )]
Mutual overlap: Concurrence:
b= /zpifo(r)wfg(r)dr C(1)) = /2 (1 — Tr[ef])

1— b
Entanglement only depends on b! 1 + b2 9/15



Role of radial structure on entanglement loss
Single ring (LG) modes vs multi- ring (BG) modes

3 Tnax
2 (b)
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x/a x/a x/a x/a

Displaced (smooth) circular obstacles:
—d 2+ 271m
tz —d,y) = 1 —exp {— [E=2-| "1
d = displacement, a = obstacle radius.
Multi-ring case: transmitted intensity ~ on [
Single-ring case: lp—dependent waist — obstacle on intensity max.
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Role of radial structure on entanglement loss

» -
0981 .|

C096- 4

J = Laguerre-Gaussian
* Bessel-Gaussian

092 . -
0

() = 4

b — 0 for d/a — 0 (no OAM change)

lp—dependent b modulations:
phase plays a role!

Entanglement of multi-ring
modes is more robust!!
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Entanglement loss and angular uncertainty

Angular position and momentum uncertainty relation:
Barnett & Pegg, Phys. Rev. A (1990)
APAL, > E\1—27TP( |
¢ =[-m,7), L./h=1€Z, P(¢) = |¢)(¢)|> angular probability density

Ad = 181 Ad =050 Ag =024
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Intelligent states:

_ /Y i, —Ag2/2
Ve

9(1) = 7= 7, e "0g(¢)d¢
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Entanglement loss and angular uncertainty

Maximally entangled states diffracted on angular apertures:

Mutual overlap:

all
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2. Finer phase structure

8

A¢ is effectively smaller!!
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Entanglement loss and angular uncertainty

What if we rescale A¢ with [y?
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Entanglement loss and angular uncertainty

What if we rescale A¢ with [y?
Universal entanglement behaviour!

1 . !

0.8

o
o o b b

0.6

0 < A¢p <1 — Gaussian approximation: b ~ e~ 2(Ad)?

Concurrence: C = };2; ~ tanh (213A¢?)
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Conclusion and outlook

I Simple analytical formula for diffracted maximally-entangled
qubits

! Multi-ring modes are more robust against diffraction

G Sorelli, VN Shatokhin, FS Roux, A Buchleitner, Phys. Rev. A 97 (1), 013849 (2018)

! Universal entanglement loss induced by angular uncertainty

G Sorelli, VN Shatokhin, A Buchleitner, Journal of Optics 22 (2), 024002 (2020)

?  Generalization to more general/high-dimensional states

?  Diffraction as preparation and not disturbance

G Puentes, OSA Continuum 3, 1616-1632 (2020)
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Thanks to my coworkers:

Andreas Slava
Buchleitner Shatokhin

Filippus Stef
Roux



Thanks to my coworkers:

4 [ ]
n I sa Andreas Slava
Buchleitner Shatokhin

Thank you for your attention!

Filippus Stef
Roux
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