9/ * UNIVERSITY
Y 7 e OF WARSAW

TEMPORAL IMAGING AND SUPER-
RESOLVED SPECTROSCOPY WITH A
QUANTUM MEMORY

Michat Parniak

Mateusz Mazelanik, Adam Leszczynski,
Michat Lipka, Wojciech WasilewskKi
Konrad Banaszek

Centre for Quantum Optical Technologies

University of Warsaw
got.uw.edu.pl

" co of Naval Rec
KEC T
European : j . European Union =1
Funds Republic FNP ) Foundation for Ewropean Regional - @ [] \I Fg A . .
H ik B of Poland ‘ PolishScience ~  Development Fund s 4 TE{\;;_; SPIE Optics+Photonics




U. of Warsaw

Pa(x. X2)

1
ANONRS —~ o o,
X2

PHYSICAL REVIEW LETTERS 121, 250503 (2018)
With Konrad Banaszek and Rafat Demkowicz-

Dobrzanski

NBI/Copenhagen

T 1 1 T \
-2 -1 0 1 2

C
XEPR

Nature Physics 17, 228-233 (2021)
With Eugene S. Polzik



Imaging resolution - Rayleigh Criterion
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§ 1. Resolving, or Separating, Power of Optical Instruments.



Rayleigh Limit

Two point sources:
u(x +¢/2)]* + [u(z — e/2)[*
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Cramér-Rao bound (CRB) Precision (per photon)
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Ultimate bound

Quantum Cramer-Rao bound - optimized over all possible states and measurements
Precision = Inverse Uncertainties? per photons

9 p— ($O , 6) | Quantum and classical Fisher information Cramér-Rao bounds on separation error
T —————rr— 100 T T T T
3 - et |
\ ’ - Kn . " — Quantum (1/Ks)
N \ / (direct) Z ' —- Direct imaging (1/.7.%ret)
Covl > NF, s\ 7 Bl gl | EEETae
[Tl 1
— Q = 3 / — Ko 2 |
~ ™ F
g ._". — Jl{;im(r) g 60l \‘
2 g2 > \
= 5}
I £ £ 40 \
2 —1 4 g Y \
A :,U p— 1 -_— - g 5
0 Q 4 ) 51 —= g \
= e =1 | \
& ~ g% ™~
]_ // = Sr——e.
2 —1 ‘e 2 4 6 8 10 e
A“e = -, 02/ 0 0.2 0.4 0.6 0.8 1
Q 4 : 92/0’

Constant precision of separation estimation - much more information available

Better measurement scheme needed!

Phys. Rev. X 6, 031033




Beating the Rayleigh Limit
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Ultranarrowband optical spectroscopy

Optomechanical systems

Single ions <100kHz ~10kHz
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Nature 485, 482-485(2012)

Hot and cold atoms MHz-kHz
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System - gradient echo memory in
cold rubidium-87 atoms

T~ 20 — 100 uK

(Not ultracold)

Wavevector multiplexed quantum memory (without GEM, 665 wavevector modes)
Nat. Commun 8, 2140 (2017)



Far-field temporal imaging
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Temporal imaging

QUADRATIC DISPERSIVE
PHASE MODULATOR DELAY LINE (1)
{SPM) .
i * Spectral conversion
A @ t * Bandwidth manipulation
> * Temporal ghost imaging
* Characterization of the time-frequency entanglement
FREE-SPACE . . .
(b) /{ LENS  propron « Manipulation of field-orthogonal temporal modes
s ] T
\{ | ‘k>7.= Existing solutions are compatible with solid-state emission
D | (high bandwith, low spectral resolution)
Opt. Lett. 14, 630 (1989) No solution for narrowband atomic emission
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Nature 456, 81-84 (2008) Appl. Phys. Lett. 64, 270-272 (1994) Nat. Commun. 7, 13136 (2016)
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Light-atom interface

quantum memory
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Gradient echo memory (GEM)
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ac-Stark spin-wave phase modulatlon

" acS laser

Ap(y,z) = AE(y, z)T/h

Differential phase accumulated during free evolution
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Opt. Lett. 43 1147 (2018)

Spin-wave
Hong-Ou-Mandel
interference spin Wave
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Far-field temporal imaging
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Far-field temporal imaging
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Time-lens and spectro-spatial mapping

phg(z) < A(Bz) oy hirped ontrol il L q
ow(t) = at - e
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Temporal propagation

signal-in

Temporal ,free-space” propagation
— a quadratic phase in frequency

A(w) = F[A@®)](w)
A(w) = A(w) exp[—i(fi/wo)w?]

Optica 7, 203-208 (2020)
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2n
sighal-out SPCM

Thanks to spectro-spatial mapping the
temporal propagation is realized by
imposing a quadratic phase (Fresnel)
profile onto the atomic coherence py,,
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Wigner function transformation

For optical amplitudes: W(t, w) /A +&/2) A" (t — £/2) exp(—iwé)dE
For atomic coherence: W(z, k) \/_/th(z+§/2)9hg( —&/2) exp(—ik.§)dE

Temporal phase modulations correspond to z-axis reshaping of the atomic coherence Wigner function

5
A(t) = A(t) exp (i [ 8(¢)dt) Wiz k) 2wz k)
Spectral components of the signal pulse are linked with the Alw) < th(Z)
complex amplitude of the atomic coherence along the ensemble.
At the same time, in time domain, the pulse shape is transferred At) < ﬁhg(k‘z)
to wavevector-space components of the coherence.

Real-space phase modulations of the atomic coherence reshape the Wigner function along kz-axis

ong(2) = o(z)exp(ix(z)) Wiz ks) X5 Wiz, k)
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FF-TI (QMTI) - Rotating Wigner function

Wit,w) = 1/\/%/_0O At + E/2) A (t — £/2) exp(—iw€)
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Example input/output
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Two Incoherent sources

f(w) =4 (|1/;(w —Sw/2)2 + |15_(w+5w/2)|2) .
1/)~(W) = ?/;l(w) = (\/%U) o exp ( w* ) ) . (.U/O'
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Ws(t,w) = 03 (1) (05 (@ — 02/2) + U} (w + 02/2))
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PuDTAI
Pulse-division time-axis-inversion interferometer
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Phys. Rev. A 102, 013712 (2020) 2o
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PuDTAI In phase space
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PuDTAI model
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Fisher information density at SLIVER
(PuDTAI) outputs
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Separation estimation
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Comparison

Our approach: PuDTAI
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Superresolution parameter:
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See also: [Phys. Rev. Applied 15, 034071]
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Quantum Pulse Gate (QPG) - SPADE
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Homodyne/Heterodyne (under development)

owe~y
spectrum

2] ki

signal spectral
——— Covaviance
matvi X

Lo oww\lgs-'j

Phys. Rev. A 102, 063526 (2020)
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