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Cold atoms (MQOT),
Quantum memories,
Quantum information

Cavity quantum
optomechanics,
hot atoms

Rydberg atoms (hot/cold),
analog optical quantum
signal processors (e.g. for
superresolution
spectroscopy)



Multifunctional guantum memories

Photon spin-wave storage

Quantum repeater

: Error correction
Photon generation

Spin-wave interference Quantum gates: linear, nonlinear

Qudit storage: spatial, femporal
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Raman intferface
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Wavevector Multiplexing

a) read beam
triggering
atoms
write beam &\Stokes photons
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modes
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heralded T - us-time delay
anti-Stokes photons

Radostaw Chrapkiewicz, Michat Dgbrowski, and Wojciech
Wasilewski
Phys.Rev.Left.118,063603



Deterministic single and mulfi-photons
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quantum
memory
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. ¢ quantum
circuit

M-to-k active switch

MP, M. Dgbrowski, M. Mazelanik, A. Leszczynski, M. Lipka, W. Wasilewski, Nat. Commun 8, 2140 (2017)



I-sCMOS camera

real-timeimage
processing

phOtocathOde software
gate |

MCP N
phOSphor raw image L’QI :

screen
relay lens Stokes anfti-Stokes
@
o X
sCMOS

R. Chrapkiewicz, M. Jachurq, K. Banaszek, W. W asilewski, Nat. Photonics 10, 576 (2016)
M. Jachura, R. Chrapkiewicz, W. W asilewski, R. Demkowicz-Dobrzanski, K. Banaszek, Nat. Commun. 7, 11411(2016)
MP, M. Dgbrowski, M. Mazelanik, A. Leszczynski, M. Lipka, W. W asilewski, Nat. Commun. 8, 2140 (2017)



Photon number correlations
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Custom FPGA data

processing %ﬁ? _'.-,
New custom high- - &7 - \j!;y Iens
voltage gating ~\ "

module

Now 100.000 frames
per second, ~10
microseconds from
detection to

information Optics Letters 46, 3009-3012 (2021)




Photon rate gains
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Temporal multiplexing
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Gradient echo memory (GEM)

AE |
A=70 MHz
0
5511,2 _
F=1, m_=0
|h) o
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Wne(z,t) i Q*(HdA(z,t) 1 . y
2D LIS (e t) B g ()
a'A(Z,f) .hﬂ(f)ﬁhg(zrf)/d + A(er) r
= —i : —gn(z),
0z 2A + il 2¢

Hosseiniet al., Nature 461, 241(2009)



Spin-wave phase modulation (GEM)




ac-Stark spin-wave phase modulation

acS laser

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

Differential phase accumulated during free evolution

Fictitious
magnetice
fields

0 1 2 3 4 5
mmmmm

Opt. Lett. 43, 1147 (2018)
Spin-wave
Hong-Ou-
Mandel
interference

Phys. Rev. Left. 122, 063604 (2019)

acS
modulation k
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Spin-wave
processor of
stored optical
pulses

npj Quantum Information 5, 22 (2019)
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Spin-wave splitter
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Time-lens and spectro-spatial mapping

Phg(2) X A(Bz)  oyehipedcontol il L9
ow(t) = at A
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Far-field temporal imaging
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Temporal imaging

QUADRATIC DISPERSIVE
PHASE MODULATOR DELAY LINE I{1)
(SPM) .
10 * Spectral conversion
/{\ @ t * Bandwidth manipulation
= * Temporal ghost imaging
e Characterization of the time-frequency entanglement
FREE- . . .
(b) /{ LENS  promaroy « Manipulation of field-orthogonal temporal modes
/"; % B EX.IStIng solultlons are compatible Wl.th solid-state emission
— | (high bandwith, low spectral resolution)
Opt. Lett. 14, 630 (1989) No solution for narrowband atomic emission
D . éll'ime-L_grs_
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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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Temporal propagation

signal-in

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

Alw) = F[A()]()
A(w) = A(w) exp[—i( f;]wo)w?]

Optica 7, 203-208 (2020)

I

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,4
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FF-TI (QMTI) - Rotating Wigner function
Wit,w) = 1/\/%/_0O At + E/2) A" (t — £/2) exp(—iwE)

t"

21




Example input/output
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Rotation by arbitrary angle = the FrFT
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Rotation by arbitrary angle = the FrFT
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Imaging resolution - Rayleigh Criterion

THE
Pt Unresolved LONDON, EDINBURGH, axo DUBLIN
R”T”dv:j:.r J',/ PHILOSOPHICAL MAGAZINE
SV ese”  0=12197 s
JOURNAL OF SCIENCE.
[FIFTH SERIES.]
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OCTOBER 1879.
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Spectroscope. orp RavreieH, F.R.S.*
[Plate VIL]
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microscopyu.com  oceaninsight.com




Rayleigh Limit

Two point sources:
u(z +2/2)]* + |u(z — £/2)[

Cramér-Rao bound (CRB) Precision (per photon)

L1 1 0 i > \-1_ &




Fisher information

Zp 9( log p(r 9))2

p(r|0 + 66)

Cramér-Rao bound:
for unbiased estimators

1
A >
~ /NF(0)

(A20)"! < F(O)N




Beating the Rayleigh Limit more
conventionally

( \ SPADE (spatial-mode demultiplexing)
Bl SPADE
@.--(1-_9;2)J/\ ;.()/\ —% detect
~ 0  gole) ey
o Q F==l
(& +6/2) 'nggz rent / 4 - _
A ~ /\ 6 e
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image phase
plane plate

single-mode fiber
o -
D detector

Contemporary Physics, 60:4, 279-298




Nature Communications 13, 691 (2022)

Two Incoherent sources

T(w) =4 (100w = 0w/2) + |0 (w + dw/2) )

2

0) = @) = (Vara) e (-225) _ _w/o

402

0.1-0.9—1.7—2.5—3.3—4.2

Norm. Counts

Ws(t,w) = 3 () (0 (w — 0e/2) + 4} (w + 0¢/2))
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Nature Communications 13, 691 (2022)

PuDTAI
Pulse-division time-axis-inversion interferometer

YVa(S(w) + S(-w))
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For real space imaging:
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GEM Coil

Phys. Rev. A 102, 013712 (2020) 20




Nature Communications 13, 691 (2022)

PuDTAI In phase space
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Nature Communications 13, 691 (2022)

Separation estimation
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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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Nature Communications 13, 691 (2022)

Comparison

Our approach: PuDTAI
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Phys. Rev. A 102, 063526 (2020)
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The three-way splitter

Heralded SW generation SW modulation Readout \
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Hong-Ou-Mandel effect
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Hong-Ou-Mandel interference
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Atom-embedded photonic (co)processor

Wavevector-multiplexed quantum memory “.
Spin-wave-based interferometric processor for stored light 0
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Applications of guantum fransduction

MICROWAVES () X Object

\ ey
Nlem 3 e el

Superconducting
Quantum circuits

L~ ] & .
- N> | IR pump lasers
ﬁ Free-space microwave e, : R
Optical Co\ signals
fibre
networks

and many more

L. A. Downes et al., Phys Rev X 10, 011027 (2020)
MWin (Durham)

Ty o e receiver
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V/ e,
;; 7 R

p‘/' Ow‘l1 o LO@E &
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':/ G )

i (b)

G. Santamaria Botello et al., arXiv:2209.00908
(CU Boulder)



Other approaches - examples
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Ground state atoms, REions, ... Sior SiNresonators, ...
Nature Phys. 16, 69-74 (2020)
Opto-magnonics (Delft)
Nature Phys. 10, 321-326 (2014)

(JILA Boulder)

o W Optica 7, 10, 1291 (2020)

(Yale)

Electro-optics
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Optica 7, 12, 1737-1745 (2020)
(Stanford)



Other approaches — Rydberg atoms
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- o A. Kumar et al., Nature 615, 614 (2023)
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Nat. Photon. 16, 291296 (2022) (SCNU Guangzhou)



Other approaches
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Rabi frequency and EIT sensing
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Rydberg electromefry

Frequency splitting . . .
~ " Rabifrequency - d, Fy Electric field amplitude E
measured with respectto a Q — Di pole moment d
frequency reference ﬁ, — Quw = 21 x19.0 MHz
Quw = 21 x 39.1 MHz
Quw = 21 X 62.7 MHz
a 53D, . : b 3
MW electric field &
-14 GHz . S
Coupling laser v .8
-480 nm 4P, Rb vapour cell I/ g
5P 3 7S %
2 - — Frequency ;‘2
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-780 nm o
SS‘” ¥ -1.0-05 00 05 1.0
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- T ' I ' r 7 r o
-30 -20 -10 0 10 20 30
Probe detuning (MHz)

Sedlacek et al., Nature Physics 8, 819-824 (2012) (Oklahoma/Stuttgart)



Practical electrometers

Future: all-fiber
laser system?

Example atomic magnetometer by our
collaborators from University of

Copenhagen

Future: H. Stcerkind et al., arXiv:2208.00077 (2022)

miniaturized
assembly

Soon: smaller cel
Potential: all-glass/fiber/plastic microwave receiver, insensitive to EMI



Microwave-to-optical conversion

&

S. Borowka,
U. Pylypenko, M. Mazelanik, MP,
arXiv:2302.08380
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Experimental setup

arXiv:2302.08380
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Experimental setup

Laser system - cavity transfer locks arXiv:2302.08380
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EIT & conversion

arXiv:2302.08380

Simulation Experiment
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Photon counting and efficiency

arXiv:2302.08380
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Thermal noise
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Antenna profile of the converter (gain G=6.22)
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Bandwidth
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Tunabllity
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Detection with local oscillator

arXiv:2302.08380

{A heterodyne measurement o Nl
0.8 .
- Solution based on
2 nonlinear optics
g 04 upcoming!

—-600 -400 -200 0 200 400 600
frequency [2m-kHz]



Second-order correlation
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Second-order correlation

signal

1.8 4d
1.6 -

1.4

(2)

o 1.2 4

1.0

0.8

1 I I ) I 1 I
-100 -75 =50 =25 0 25 50 75 100
Delay T (ns)

2.21c —— Theory
2.0 1
8 1-8 -
I
~
= 1.6
)
1.4
1.2 1
0 2 4 6 8
Neon/Ntn
\2 9
2
= (1) = —iwT .
g(r)=1+ - - - 5
(ﬂfth + Nconh + nnoise)
\ U\ N ' -7 C 4

arxXiv:2302.08380



Residual noise
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Counting of microwave photons
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Applications of Rydberg-atom fransducer

48081257

Key properties:

- Large bandwidth

- CW operation
- Room temperature operation

homodyne

homodyne camera detection

photon
counting



Tomography

o 1.0 .
=] —_— Aw)
Eos-
=]
=
0.0
30
Frequen:y [MH?J
U -
E 0.4 - b —_— Alw)
=
E
< 0.2
E
=}
- =
reconstructed image 0.0 . . . .
22.5 23.0 23.5 24.0 24.5
’é 0.25 4 2.5 g Freqguency (MHz)
= 03{a E 0.00 1% 0.0 Tg' 14
e QOTUW - X ~0.25 1 255 @
x _glg_ 0 i E‘
E . -b : . o " % } E U? D 7
E 00 Q OT U W/ & ] — A()
x -03" - . — -
E - B ctri(t)
~ 03]c 102 3 1 -
= 0'3 ’ § 0.0 2.5 50 7.5 100 125 150 175 200
i T T T T T 00 2 0 5 E:HS]
-6 -4 -2 0 2 4 6

Z (mm)



Rydberg blockade tomography
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