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Photonic Quantum Computing: Why?

* Photons: great carriers of quantum information
* Weak interactions > Low decoherence
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Photonic Quantum Computing: Why?

* Photons: great carriers of quantum information
* Weak interactions - Low decoherence

* Guided photonic “flying” qubits
* Single qubit rotations: linear scatterers 0
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Photonic Quantum Computing: Challenges

* First Issue: Chirality

e Second Issue: Absence of interactions
 Conditional two qubit gates G (|1), ® [1)5) # G (|1)a) ® G (|1)5)
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Photonic Quantum Computing: Challenges

* First Issue: Chirality

e Second Issue: Absence of interactions
 Conditional two qubit gates G (|1), ® [1)5) # G (|1)a) ® G (|1)5)

@ Rydberg atoms

Sumanta Das, Andrey Grankin, et. al.
Phys. Rev. A 93, 040303(R) (2016)

Cross-Kerr non-linearities

Daniel J. Brod and Joshua Combes
Phys. Rev. Lett. 117, 080502 (2016)
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Photonic Quantum Computing: Challenges

* First Issue: Chirality

e Second Issue: Absence of interactions
 Conditional two qubit gates G (|1), ® [1)5) # G (|1)a) ® G (|1)5)
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Photonic Quantum Computing: Challenges

* First Issue: Chirality

e Second Issue: Absence of interactions
 Conditional two qubit gates G (|1), ® [1)5) # G (|1)a) ® G (|1)5)
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Open Questions: « Simple structures? Two-Level Systems
* Without spin-orbit coupling? S.c. Circuits
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Two-Level Systems S.c. Circuits




Passive Photonic CZ Gate with Two-Level Emitters in
Chiral Multimode Waveguide QED

Tomas Levy-Yeyati®”, Carlos Vega @, Tomas Ramos @, and Alejandro Gonzalez-Tudela (®*

PRX Quantum 6, 010342 - Published 5 March, 2025

(b)

(w(g) —wo)/T

|
w

- qd/n
(c) | -

kN =k g

8888688

Two-Level Systems



Linear scattering in chiral WQED

* Coupling of light to two-level emitter:
Simplest quantum non-linear medium
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Linear scattering in chiral WQED

* Coupling of light to two-level emitter:
Simplest quantum non-linear medium

Single-photon input



Non-linear scattering in chiral WQED

* Coupling of light to two-level emitter:
Simplest quantum non-linear medium

El = h(l)o
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Two-photon input
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Non-linear scattering in chiral WQED

* Coupling of light to two-level emitter:
Simplest quantum non-linear medium
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Phys. Rev. A 73, 062305 (2006) le)
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Two-photon input E, = h<w0 _E>
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Phys. Rev. A 76, 062709 (2007)

Non-linear phase \/ + |ssue: Frequency correlations (inelastic scattering)
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Chiral multi-mode waveguide QED

N
HS:wOZ&L&n -E[B: Z /dk‘ &};Qa(k)&k

a=a,b

a-photon creation operator: &,7:

nth emitter dipole operator: |e),, = &,f[lg)n

Qg (k)

Free dispersion
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Chiral multi-mode waveguide QED

Polariton dispersion




Chiral multi-mode waveguide QED

Single-Photon ForT, =T, =T/2

Polariton dispersion




Chiral multi-mode waveguide QED

Single-Photon ForT, =T, =T/2

/\ Polariton dispersion




Chiral multi-mode waveguide QED

Single-Photon ForT, =T, =T/2

Polariton dispersion
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Chiral multi-mode waveguide QED
Two-Photon N =1

Total energy, E = w, + w,, conservation

* Elastic scattering
* Inelastic scattering

Non-linear phase shift

el = e'”




Chiral multi-mode waveguide QED

Two-Photon N =1

* Elastic scattering
* Inelastic scattering

Total energy, E = w, + w,, conservation

Continuum of inelastic outputs




Chiral multi-mode waveguide QED

Two-Photon N =1

* Elastic scattering
* Inelastic scattering

Total energy, E = w, + w,, conservation

Continuum of inelastic outputs




Chiral multi-mode waveguide QED

Two-Photon N =1

* Elastic scattering
* Inelastic scattering

Total energy, E = w, + w,, conservation

Continuum of inelastic outputs




Chiral multi-mode waveguide QED

Two-Photon N — o

Total quasimomentum, K = g4 + q,, conservation

Total energy, E = w, + w,, conservation



Chiral multi-mode waveguide QED

Two-Photon N — o

Elastic scattering
Inelastic scattering

Non-linear phase shift

-
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Total quasimomentum, K = g4 + q,, conservation
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Chiral multi-mode waveguide QED

Two-Photon N — o

Total quasimomentum, K = g4 + q,, conservation

Total energy, E = w, + w,, conservation

* Elastic scattering
* Inelastic scattering

Continuum of inelastic outputs supressed

K=qg.+q,=q1+q,

Im[q'] # 0
The inelastic componentis a finite-time resonance (scattering resonance)



Chiral multi-mode waveguide QED

Two-Photon

N

For[, =T, = /2

Polariton dispersion

Non-linear phase

(Two photon)



Possible Implementations

Photon-number encoding

Dual-rail encoding
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*Not real implementations, just artistic representations Phys. Rev. X 13, 021039 (2023)



Possible Implementations

Effective chirality with giant-atoms

Using a single ; f f

bi-directional waveguide? b L L

B. Kannan, A. Almanakly, et. al.
Nat. Phys. 19, 394-400 (2023)
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mediators of conditional two-photon gates
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CZ Gate with giant transmon molecules
Single-Photon

a b) Two-excitation manifold . A “ “

@ i%S_Ub( . Hay = wy (a*a+ b*b) +J (aib+ bT&)
~ U, + .. Upron fron
V= —=tata (afa —1) — b (b — 1)

A. Frisk Kockum
“Quantum Optics with Giant Atoms— the First
Five Years.” Springer, Singapore (2021)



CZ Gate with giant transmon molecules
Single-Photon

Giant (non-local coupling)
H = /dk g(k) a'éy + Hee.
o) — \EQCOS (kd+¢)
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Frequency dependent chirality




CZ Gate with giant transmon molecules
Single-Photon

If wt = m/2
/2 _




CZ Gate with giant transmon molecules
Single-Photon

If wt = m/2
/2 _
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CZ Gate with giant transmon molecules

Single-Photon
If wt = 3m/2
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CZ Gate with giant transmon molecules
Single-Photon
(a) : igg U, (b) T\i:vo-excitation manifi:;ld If 0T = 377 /2




CZ Gate with giant transmon molecules
Single-Photon

Two-excitation manifold
(a) b iwo — Uy (b) , = \ Molecule (dimer)
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Two resonances within single
excitation manifold
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CZ Gate with giant transmon molecules
Single-Photon

FR/L(W) = — [1 T Sin(w'r)]

State dependent chirality



CZ Gate with giant transmon molecules

Two-Photon

Two-excitation manifold

Issue: The molecule has twice-excited states resonant with
the input photons for U < I"and evenforU > I’



CZ Gate with giant transmon molecules

Two-Photon

(a,) B (b) Two-excitation manifold
b i BT 1]

110
Uu/r

For U > I the transition is forbidden due to a
(at + b1) selectionrule (g =24,|dt,d"_|0) > 0



Questions?

Passive Photonic CZ Gate with Two-Level Emitters in
Chiral Multimode Waveguide QED

Tomas Levy-Yeyati * Carlos Vega (2, Tomas Ramos
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Chiral multi-mode waveguide QED

Single-Photon
S S S SN

I'

(R ———

.

1 -
\ d -
\ A —
\ —
1
l‘-

_Unitcell ™~

|¥) = [Ceﬁ* + Z J dx d)a(x)c?*(x)] lvac)
a=a,b

.t

in); iAkd |
: > Tpp € _ oikax -
A L Pa(x >0) =e !E peay @8 (@) P50 )]

in),

_ <taa(a)) Lab ((‘))> ) ﬁl‘P) i o)

tap(w)  tpp(w)

>



Chiral multi-mode waveguide QED

Single-Photon
S S S SN
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Chiral multi-mode waveguide QED
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Chiral multi-mode waveguide QED

Single-Photon
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Chiral multi-mode waveguide QED

Single-Photon
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Chiral multi-mode waveguide QED
Two-Photon N =1

Total energy, E = w, + w,, conservation
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Chiral multi-mode waveguide QED
Two-Photon N =1

Total energy, E = w, + w,, conservation
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Chiral multi-mode waveguide QED

Input

Output
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Fidelities (OUtigeqr|out) « I'd/a
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lout) = SN|in)

(out;geq lout)

Fidelities
* Finite number of emitters N
* Finite frequency bandwidth o
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* Chirality of waveguides — Roboust against disorder in positions
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Implementations
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Experiments
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On-demand directional microwave photon emission

using waveguide quantum electrodynamics Resonance Fluorescence of a Chiral Artificial Atom
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