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Observation of single atom in free space

Detection of scattered light
Scattered light

2 / = Resonance fluorescence experiments

Exciting laser beam = Quantum jumps spectroscopy

C AN
Distribution of entanglement by mere
observation of scattered photon?
Detection of exciting beam
- %

Attenuated beam

Exciting laser beam = Observed with ensembles or atoms in cavities
= For single atoms in free space usually negligible

Can we see a "shadow" of a single atom?
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lon trapping basics

lon trap experiment




lon trapping basics
lon storage — Paul trap




lon trapping basics
Classical ion motion

ri(t) o< cos(f3; w21.f t)(1 — %cos(wrft))

position in trap

time

Wuerker, Shelton, Langmuir,
J. Appl. Phys. 30, 342 (1959)

micromotion



lon trapping basics
Quantized ion motion

2-level-atom harmonic trap
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lon trapping basics
Spectroscopy in ion traps
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lon trapping basics
State detection by quantized fluorescence

# of measurements

D state occupied S state occupied|

g)

20 40 60 80
counts per 9 ms

100

120

detection efficiency:

99.85%



lon trapping basics

Laser — ion interactions in Lamb-Dicke regime

2-level-atom

harmonic trap

coupled system In+1,e)
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spectroscopy: carrier and sidebands
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lon trapping basics
Laser — ion interactions in Lamb-Dicke regime
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lon trapping basics
Excitation spectrum of the S — D transition

Excitation to D, , -State
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lon trapping basics

Regimes:

vl

weak confinement,
Doppler cooling

E, =Al/2,(n)>>1

Doppler cooling

v>T

strong confinement,
sideband cooling
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Laser cooling

Doppler cooling
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Extinction

Can we see a "shadow" of a single atom?

e



Extinction
Extinction from single atom in free space

* Destructive interference of scattered and transmited fields!
* In the weak probe limit

T=|1-2¢]|?

Full reflection for lens covering half of the full solid angle!



Extinction

Ring trap




Extinction
Extinction from single atom in free space

Experimental setup
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Extinction
Extinction from single atom in free space

Results

Extinction of 1.35%

Good agreement with our effective solid angle ¢~0.01!

100
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Shadow observed! %

Measured extinction — coherent or incoherent process?

98.5 |
=20 -10 0 10 20

Probe detuning (MHz)

L. Slodi¢ka, G. Hétet, S. Gerber, M. Hennrich, and R. Blatt,
Phys. Rev. Lett. 105, 153604 (2010)



Extinction
Single-atom-mirror

Fabry-Pérot like cavity setup formed by single atom and dielectric mirror
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We can now observe properties of single atoms in transmission!

Mergi Can we now observe effects typical for optically dense media?

and free-space coupling MIiFror position (a.u)

10.2

10.4

10.6

10.8

100 Emin

(%) uoI11dUIIdX]

Emax



Extinction
Electromagnetically induced transparency

Coherent optical process which renders a medium transparent
over a narrow spectral range within an absorption line
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Extinction
Electromagnetically induced transparency

L Q PMT,

W A/4 Beam
expander = Cooling by the probe beam

HALO .
= Co-propagation of the beams

Experimental setup

lens
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= We can observe extinction from single atom
2
§ + { Extinction corresponds to a coherent process
E o
We can manipulate it by control beam using EIT  pn of 75%
99 - - - - - werwrrerverrermrrererrrererd Of 1.2MHZ

Tw;-photon detuning 6 (MHz)
L. Slodi¢ka et al., Phys. Rev. Lett. 105, 153604 (2010)



Atom-atom entanglement

Quantum communication using detection
of scattered fluorescence?

Y



Atom-atom entanglement
Quantum communication

= Absolutely secure communication (Quantum cryptography)

= Faithful transfer of unknown quantum state (Quantum teleportation)
& P % F

La Palma Tenerife

%3

it

Nature 489, 269-273 (2012)

Phys. 13 123

e
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Solution — generation of distant entanglement
Nodes ~ light-matter interfaces

001 (2011)

Alice

{ Distribution of entanglement by mere
Notentay ~Observation of scattered photon?




Atom-atom entanglement
Single-photon scheme
C. Cabrillo et al. PRA 59, 1025-1033 (1999)

Initialization and weak excitation
i) i)
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Atom A Atom B

1. Initialization:
atoms (A,B) in the same state |gg>

2. Weak excitation:
with p, << 1 through a spontaneous Phase acquired from Excitation laser
Raman process atom to detector phase

— Atom-photon entanglement: \ /

V1= pelg,0) + /Pele, 1)e*?P 0%



Atom-atom entanglement
Single-photon scheme
Projective measurement of a Raman scattered photon

Atom A Atom B Atom A Atom B
T =) -} (T— -
Laser Laser ’
i i
Detector Detector

3. Overlapping the corresponding photonic modes

(1 — p.) 79 0) +
Vot —p.) (. ) - . 1)+
o << 2)

4. Projection by detection:

T?) = —=(leg) + €"?|ge))

Interference: final entangled state depends on distance between atoms
+

Projective measurement: detection of a single Raman-scattered photon




Atom-atom entanglement
Linear trap
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Atom-atom entanglement
Experimental setup

Raman excitation
TC

Single photon detection
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We can hold the phase and control the ion-ion distance to within A/10



Atom-atom entanglement
Indistinguishability measurements

2.0
2nd order coherence mode overlap :
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Main source of distinguishability ~ atomic motion Piezo voltage (arb. units)

— excitation along the detection direction L. Slodi¢ka et al., Phys. Rev. A 85, 043401 (2012)



Atom-atom entanglement
Experimental sequence
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Entanglement generation
- Cooling and phase stabilization (4 ms)

- Optical pumping (5 us)

- Raman excitation (100 ns)
- Single photon detection

NO ? Photon detected ? YES

State analysis

- RF g-bit rotations (6 us)
- Shelving to D state (2 us)
- Fluorescence detection (5 ms)

Populations  Coherences
B = <qj+’p’qj+> ﬂpoe+pea ZRE( sg.a0)

Measured directly (electron shelving) Parity measurement




Atom-atom entanglement
Measurement results

Populations - diagonal elements
Desired correlations

!
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Dark counts

Double excitations

In 89% of the cases correct correlation between atomic states



Atom-atom entanglement
Measurement results

Off diagonal elements - coherences

Coherence Population
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Measured parity contrast = 58%

Fidelity with [W™) = 64 +2%



Atom-atom entanglement
Results

* First demonstration of the single-photon entanglement scheme with single atoms

- Fidelity with | ") = 64%
Limited by atomic recoils
Can be improved by excitation along the detection direction

* Entanglement generation rate:

1 photon is easier to detect than 2!
With our experimental duty cycle ~ 14 entanglement events/min
~ Two orders of magnitude gain in P

succ

L. Slodicka et al., Phys. Rev. Lett. 110, 083603 (2013)



Summary

1000 [ 14

We can see the “shadow” of a single atom!

99.5

ission T(A)(%)

J
]L

Other recent work:

Shot-noise limited monitoring and phase locking of the motion of a single trapped ion
(Phys. Rev. Lett. 110, 133602 (2013))

Free-space read-out and control of single-ion dispersion using quantum interference
(To appear in Phys. Rev. A)

Single ion single photon source
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Par

We can generate entanglement between two atoms
by mere observation of single photon scattering!
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Atom-atom entanglement
State analysis

* We aim to generate "If+> — (|€9> Al |9€>) All we need to measure!

/ Pog| Pag.eg /)gg,ge/gyg,{(
i

* Any 2-qubit state P = Pygeg | | Peg| | Peg.ge | Peg.ee

pgg ge peg ge )Oge pge,ee

\pgg ee peg Ee )Oge ee Pee }

=l

+Fidelty  F = (U |p|UF) = 2{oge + pegH 2Re(peg o)

Populations Coherences

* We measure:
Populations ~ directly (electron shelving)

Coherences ~ the value of parity operator for collective RF rotations R(0,¢)
P = Pog + Pec — Pog — § N
— Pgg T Pee = Peg — Pge Phase of the pulse

Amplitude of the pulse



Atom-atom entanglement
Measurement results
Off diagonal elements - coherences

* We first rotate the output so that
R(m/2, w/2)
) = [ 1)+ ) (@) = [ =[]
\
* Parity signal oscillates when applying R(w/2,¢) rotation on this state
Coherences
1 \
0.75L Pulse seq.: o(1/2, ¢)
0.5 x @) £y e Oy
e = : 3
gf' 0.25 : i
QCS 1] . Y G E-u-:n-_le-u:t-l: a;:l‘;:li:'T
-0.25| T £ %
-0.5|
-0.75L (i
0"_715 | | u)/vf Pulse seq. o(r2, 7/2) o(m2, ¢) I
0 T i on T o o5
4 2 1 4 2
Populations Phase of analysing pulse ¢

Measured parity contrast = 58%



Atom-atom entanglement
Motivation

Classical communication

Strong light pulse
Alice y Losses~ exp(-al)

Tranmission line ~/optical fiber

Amplifier £

A Ap o ——mBo

S
7

Amoplifier

N

Works well, but quantum physics can offer us more!

= Absolutely secure communication (Quantum cryptography)
= Faithful transfer of unknown quantum state (Quantum teleportation)



Overview
13SBa+
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Depopulation
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Overview
Single atom in free space

Free space extinction Half-cavity setup
M M VS F‘ AW
w

Single-atom mirror Atom-atom entanglement

Phase interference of scattered light!
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