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Plan for today

* Photons, and photons in many modes
* Two-level atoms

* Three-level atoms, quantum memories
* Rydberg atom ensembles

* My research... ;)



Quantization
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Coherent states
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Fields in space and time
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Observing fields: homodyne detection

2 | ELo'Es |2



Observing fields: homodyne detection
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Observing fields: homodyne detection
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Observing fields: photon counting

SNSPD é TES

? R SC — normal
Heating 3 &
- LB [ f

Avalanche PV :
| T
IT, = |0){0
. = |n){(n| bias current
I, =1 - |0)0|
EXCELITAS Moduﬁ:%‘gnmg&‘:lr\"‘t‘irgpvlg?:r‘\es (y %>
\Q’ 3 voltage amplifier
% source
‘ " |snsPD




Interference: Hong-Ou-Mandel
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Propagation through medium
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Atoms: 2 levels, Rabi oscillations
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Steady state: atomic polarization, absorption,
dipsersion
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Lightshift (AC Stark shift)
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Three levels: EIT
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Three levels: two-Photon Rabi oscillation
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Rydberg atoms

large principal quantum numbers n = 15-100+
long state lifetimes 1= 15-200 us
long interaction radii ~um

microwave (and mm-wave) energy levels transitions Af = 1000-2 GHz
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Interacting atoms
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Rydberg blockade
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Multifunctional guantum memories

Photon spin-wave storage Quantum repeater

, Error correction
Photon generation

Spin-wave interference Quantum gates: linear, nonlinear

Qudit storage: spatial, temporal
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Raman interface
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spin-wave
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two-mode squeezed state ,
creation via off-resonant readout stage after storage time
Raman scattering results in anihilation of spin-wave




Wavevector Multiplexing

read beam

triggering

t
S Stokes photons

write beam

modes

M output /A X

heralded T - us-time delay
anti-Stokes photons

Radostaw Chrapkiewicz, Michat Dgbrowski, and Wojciech Wasilewsl
Phys. Rev. Lett. 118, 063603



Deterministic single and multi-photons
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MP, M. Dgbrowski, M. Mazelanik, A. Leszczynski, M. Lipka, W. Wasilewski, Nat. Commun 8, 2140 (2017)



-sCMOS camera

real-time image
processing

photocathode & P -

software
gate :

MCP v
phOSphor raw image LN’?:E i

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



Photon number correlations
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New system

Custom FPGA data I gjg\ggéf .
processing .. FPGK ‘
New custom high- o “ @ ' ay Iens
voltage gating o X

module

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

information Optics Letters 46, 3009-3012 (2021)




photon rate Ry (Hz)
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Temporal multiplexing




Gradient echo memory (GEM)
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Spin-wave phase modulation (GEM)
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ac-Stark spin-wave phase modulation

Fictitious
acs laser mogne’ncgl
fields

Spin-wave
Hong-Ou-
Mandel
interference

Lot ) Phys. Rev. Lett. 122, 063404 (2019)
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npj Quantum Information 5, 22 (2019)
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ac-Stark GEM
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pin-wave splitter
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Time-lens and spectro-spatial mapping

Time-lens realized

by chirped control field

Sw(t)=at - Tt -
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Far-field temporal imaging

e

t’n

A



Temporal imaging

. QUADRATIC DISPERSIVE
(a) PHASE MODULATOR DELAY LINE I(t)
(SPM) .
1 %/: 4 * Spectral conversion
/‘\ @ t * Bandwidth manipulation
i > * Temporal ghost imaging
* Characterization of the time-frequency entanglement
(b) /{ LENS  Choeagarion « Manipulation of field-orthogonal temporal modes
\{ /-/‘: {>'?3 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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Temporal propagation

0 m 21

sighal-out SPCM

signal-in

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

A(w) = F A1) ](w) Thanks to spectro-spatial mapping the
~ ~ . ) temporal propagation is realized by
A(a)) — A(a)) exp[—z(ﬁ/a)o)a) ] imposing a quadratic phase (Fresnel)

profile onto the atomic coherence p,4

Optica 7, 203-208 (2020) 38



FF-TI (QMTI) - Rotating Wigner function
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Example input/output
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Rotation by arbitrary angle = the FrFT
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Rotation by arbitrary angle = the FrFT

(a) | (b)
@=0,Ap=(0.003+0.008)n @="1,4p=1(0.000+0.003)1 501
¢=5 Ap=(0.033£0.003)1 —— =1 Ap=(0.005+0.004)m
¢ =349 =1(0.031+0.008)n @=2", Ap = (0.010+0.005)m 20,
| = L L,
— 3 1+ @
— —
— - t 6 “I+— —.——_+___+___-+ g 3':.‘
=2 = — ] + I 5
S — ¢
— =
=4 201
20
—6n 10 -
—-Bn
0
0 2 4 6 8 10 -in -6n =5m =4m -3n -2n -=1lm O
n Phase ¢ (rad)

B. Niewelt et al., Phys. Rev. Lett. 130, 240801 (2023)

3 3 3 3 3 3 33 3 3 3
|l = == I B = o R, R - WY T I e |



Imaging resolution - Rayleigh Criterion
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Rayleigh Limit

Two point sources:
u(z +/2)° + |u(z — /2)[*
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Fisher information

Zp 9( log p(r 9))2

p(r|0 + 66)

Cramér-Rao bound:
for unbiased estimators
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Beating the Rayleigh Limit more
conventionally
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Contemporary Physics, 60:4, 279-298

SPADE (spatial-mode demultiplexing)
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Nature Communications 13, 691 (2022)

Two incoherent sources
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Nature Communications 13, 691 (2022)

PuDTAI
Pulse-division time-axis-inversion interferometer
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Phys. Rev. A 102, 013712 (2020) 48



Nature Communications 13, 691 (2022)

PuDTAIl in phase space
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Nature Communications 13, 691 (2022)

Separation estimation
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Ultranarrowband optical spectroscopy

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

Hot and cold atoms MHz-kHz \_A__/
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Nature Communications 13, 691 (2022)

Comparison

Our approach: PuDTAI
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Homodyne/Heterodyne (under development)
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The three-way splitter

Heralded SW generation
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Hong-Ou-Mandel interference
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Atom-embedded photonic (co)processor

* Wavevector-multiplexed quantum memory . i
* Spin-wave-based interferometric processor for store¢ .. o
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Rydberg atoms




Rydberg atoms

large principal quantum numbers n = 15-100+
long state lifetimes 1= 15-200 us
long interaction radii ~um

microwave (and mm-wave) energy levels transitions Af = 1000-2 GHz
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Microwave-optical interface

400 THz

SC qubit Mechanical resonator Optical resonator Optical fibre
le) —e— Gpe N 4,
N " \ .
Q a | *"\M/WW,
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lg) —e—

_ Optical mode

Phonon waveguide  Si mechanical mode -

M. Mirhosseini et al. Nature 588, 599—603
(2020)




Applications of guantum fransduction

MICROWAVES
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Microwave detection

GHz & THz imaging

a Caesium vapour .
B Microwave astronomy Next-gen microwave
sensing and
[ . .
— communication
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Other approaches - examples

/\ iofhm* oplo - ¢lectvy - W\@ol«anic5 Electro-optics
L ' (b) EO converter
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Ground state atoms, RE ions, ... Si or SiN resonators, ... LN resonator, ...
2305.19221(Alberta, Canada)  nature Phys. 16, 69-74 (2020) Optica 7, 12, 1737-1745 (2020)
Opto-magnonics (Delft) (Stanford)

o w Optica 7, 10, 1291 (2020)
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Other approaches

MEMbYANE,

Nat. Commun. 13, 1507 (2022) (NBlI Copenhagen)

1 I. Galinskiy, Y. Tsaturyan, MP, E. S. Polzik, Optica 7, 718 (2020)
A' SC hllesser R.A. Thomas, MP, et al., Nature Physics 17, 228—-233 (2021)

I. Galinskiy, G. Enzian, M. Parniak, E. S. Polzik, Phys Rev. Lett. 133, 173605 (2024)



Rabl frequency and EIT sensing
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Rydberg electrometry

Frequency splitting . . .
~Rabi frequency - 0 d,. Fy Electric field amplitude E
measured with respect to a — DI pO|e momenf d
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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

.7

S. Borowka,
U. Pylypenko, M. Mazelanik, MP,
Nature Photonics 18, 32-38 (2024)
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Experimental setup

probe APD Mw
input

MW antenna
QWP DM *Rb vapor cell

MW absorbing shield

———— QWP

beam dump

beam dump

DM

spectral
filter

780 nm

probe
f (fiber)

S. Borowka et al. Continuous wideband microwave-to-optical converter based on room-temperature Rydberg atoms, Nat. Phot. 18, 32—-38 (2024)




Experimental setup

Laser system - cavity transfer locks
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S. Borowka et al. Continuous wideband microwave-to-optical converter based on room-temperature Rydberg atoms, Nat. Phot. 18, 32—-38 (2024)



EIT & conversion

Simulation Experiment
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S. Borowka et al. Continuous wideband microwave-to-optical converter based on room-temperature Rydberg atoms, Nat. Phot. 18, 32—-38 (2024)



Photon counting and efficiency
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S. Borowka et al. Continuous wideband microwave-to-optical converter based on room-temperature Rydberg atoms, Nat. Phot. 18, 32—-38 (2024)



Approaching the thermal limit

Theoretical Measureo
4.11 nVcm:Hzw- 3.98 nvVcm-:Hz-

Theory of black-body radiation
i =S [T ag [Tarsm@mo
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<5> — ehw/kBT — 11 Polarization

() = ( (g) +sin (2)) o (8)]2

S. Borowka et al. Continuous wideband microwave-to-optical converter based on room-temperature Rydberg atoms, Nat. Phot. 18, 32—-38 (2024)
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Phase matching



Conversion bandwidth

microwave
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Converted power (a. u.)
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Second-order correlation

photon autocorrelation

signal

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

S. Boréwka et al. Continuous wideband microwave-to-optical converter based on room-temperature Rydberg atoms, Nat. Phot. 18, 32—-38 (2024)



Second-order correlation
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Conversion @130 GHz

Rydberg transition
34D to 32F

90°

180°

270°

Sebastian Borowka, et al. Phys. Rev. Applied 22, 034067 (2024)



Conversion @130 GHz — THz "optics’ and "photonics”
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Sebastian Borowka, et al. Phys. Rev. Applied 22, 034067 (2024)




THz "ohotonics”
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Callibration of a chip source for automotive

applications (TRA120
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Phase sensitive detection
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— microwave mixer
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All optical superheterodyne — optically biased

detection
nsmm 20 MR
552Dy, A ~1mV/cm
7D 1 2048
o* dressing

776nm (386THz)

5°Ps
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5251/2L Laser phase fluctuations transferred to the signal :(

Can we solve it without investing in ultra-stable laserse



Noise-compensated detection
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Signal Power (dBc)
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Phase compensation and sensitivity comparison

signal

I |

L m

o o o
1 1 1

I
(=)
=}

I
oo
=

|

=10 =5 0 5
Frequency (kHz)

Signal Power {dBc)

reference
0o-4B

_1ﬂ -

_21] .
~30 - >
<
—40 v
T T T —
4 5 6 g
Frequency (MHz) o
O
‘©
-
Improvement from o
20dB to 60dB SNR wn

arXiv:2403.05310

10°
108
10/
10°
10°
104
103
102
101
10°

—=— Linear fit

Optical-bias 7
Superhet

Theory parameter fit
Noise base @ T=0.1s

10~4 103 102 1071 109 101
MW field (mV/cm)



Microwave sensing with cold Rydberg atoms

O Atoms stay in the in’reroc’rion?gion

O No Doppler Bro‘oldgﬁiﬁg

O No collisions

O Precise controll of the atomic state

O Experimental sequence — non-steady-state
dynamics




Collective excitations in the ground statfe - interface

quantum
memory
spin-wave
h)
TS g) ol =299 .,
two-mode squeezed state .
creation via off-resonant readout stage after storage time
Raman scattering results in anihilation of spin-wave




Spin-wave storage and readout

Classical analogue
Spatially-dependent atomic coherence

1 ( 1 B(r) eiK'r)

PO =T BmE (prme T 15w )

P = nTr(pd),

OA W
0?9000>+“.> 2/&% — —%P

Result: directionial emission due to phase matching



Collective excitations
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0) =

Collective Rydberg qubits

quantum information is distributed over

many atoms

direct readout in a well-defined spatial

mode
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Collective Rydberg qubits
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EIT preparation and retrieval
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Non-zero excitation wavevector ->

/ lifetime reduced to only 1 ps
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Thermal decay is halted
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diffraction orders ~5.4%, yet this still
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Solution: two-Photon Rabi
oscillation/Raman transition between

hyperfine states with simultaneous
momentum transfer
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Possible also in hot atoms
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Rydberg Rabi osclillations

Probe power

18.8 GHz Q = 2m x 0.39 MHz, 1/ = 1.45 us, Rydberg number = 34.88
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Rydberg Rabi oscillations — qubit analysis
picture
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E-fleld metrology

microwave
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The interaction (V(r)~1 /IA3) scrambles the
phase of the spin-waves -> scattering into
different k-modes, but only modes with
specific k (k=0) are coupled to light!

In result we get losses (modes with k=0):

4 — dexp (—p'p) ¥ — pexp (—%dd)



~»Microscopic” picture
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Quantum metrology context
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Losses at the input vs losses at the output

Losses at the output (after interaction)
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With losses there is an advantage!
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Outlook: 3d Rydberg polaritons

Blockade regime
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Outlook: 3d Rydberg polaritons

Attractive potential regime
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1d version of vortices — see below

Quantum vortices of strongly interacting photons

LEE DRORI . BANKIM CHANDRA DAS . TOMER DANING ZOHAR . GAL WINER .EILON POEM . ALEXANDER PODDUBNY . AND OFER FIRSTEMBERG

Authors Info & Affiliations

SCIENCE - 13 Jul 2023 - Vol 381, Issus 6654 - pp.193-198 - DOL 10.1126/science.adh5315

3d version of vortices



Tomography
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Tomography (1D -> 3D)

— )
—_— Alw)

n. Amplitude

P 24 26 28 30

quency (MHz)

— Alw)

I I I
23.5 24.0 24.5
quency (MHz)

T T T

10.0 125 150 175 200
t(ps)




Tomography (3D)
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Rydberg blockade tomography
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