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TRAPPING

A SINGLE ATOM

IN A DIPOLE TRAP

Schlosser et al., Nature 411, 1024 (2001)



TRAPPING SINGLE ATOMS IN AN OPTICAL TWEEZERS

810 nm
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X Detection of
Cloud of cold Fluorescence @ 780 nm

Rb atoms ( = 100 ukK)

NA = 0.7 Single atom ?
w = 0.8 um
Loading the tweezers r
®
Tight trap =

high inelastic collision rate

Schlosser et al., PRL 89, 023005 (2002)



DETECTING A SINGLE ATOM
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Schlosser et al., Nature 411, 1024 (2001) (810 nm)



SINGLE PHOTONS

FROM

A SINGLE ATOM

Darquié et al, Science 309, 454 (2005)



THE IDEA
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Well defined polarization

In principle = Fourier limited by the 6 MHz linewidth of the transition



IS IT REALLY A SINGLE PHOTON SOURCE ?

A single photon source IS NOT just an attenuated source of « classical » light

Density filter ® ph / sec

e T .

Probability to detect 2 photons during At = (D At)2/ 2 # 0

Second-order correlation G@(t,t+1) = (I(t 4+ 7)I(t)) x Ncoincidences(T)

Counter Single photon source:
Ncoincidences(o) =0

Start - stop configuration: measure the # of coincidences for different delays t



ANTIBUNCHING

4 - hour acquisition (4 x 10® photons)
Resolution 1 ns, bining x 4

No background correction Antibunching Time between 2 pulses
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HOW GOOD A SINGLE - PHOTON SOURCE IS IT?
Area around O / Area under a peak = p(2) / p(1)? / 2

= Probability to emit 2 photons during a pulse, p(2) = 0.018
(50 x better than an attenuated light)
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QUANTUM INTERFERENCE

BETWEEN TWO SINGLE PHOTONS

EMITTED BY INDEPENDENT ATOMS

Beugnon et al., to appear in Nature (2006)



TWO-PHOTON INTERFERENCES ("COALESCENCE")

50/50 % 50/50

./WVW W or ./\/\/\/\/\/\\
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| A+ A2 =0

Destructive
quantum —>
interference

Hong, Ou, Mandel Phys. Rev. Lett. 59, 2044 (1987): parametric downconversion



Motivation: CONDITIONAL ENTANGLEMENT
. fowards a 2-qubit gate

A B
2 identical atoms emit
indistinguishable photons o, c_ o, G
Atom-photon entanglement 1 2 1 2
Blinov, Nature 428, 153 (2004)  |14,0,) +|2,,0.) 115,0.) + |25,0.)

Weinfurter (2005)

Two-photon interference
+

S | e
Double—clic detection ‘@@ %
A .

= entanglement swapping

A double-clic prepares: |1,,25) +|15,2,)



ANOTHER KIND OF MOTIVATION...
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Theory of two-photon interference
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Thi interference effects that can be ohesresd in the Ews cu bpret arns of o lossless beam splisber are calealabed for in-
cidens light in thi form of o phetos- pair excitation in Ihn two input arme Thf sutput stabe that socur whis the

photon pale ls eacdted b g single Input arm bl

hat exy | for i Lanl elaskieal partiohes, whereas

quEnEum irierfarance effects oooer when Ui pholon paie & divided beiween the two inpot arms,  Detadsd oulpat

lons ara calenl

rarnalatins

d for twa-platon inpat states produced by s tau-aten light ssuece, a

degenerase or noodegen erate parametric nacillator in o high-8 crvity, amd an stosl cseade emission light source,

1. INTRODUCTION

Fundsmental properties of the Bos-Einstein statistics can
b studied experimentally with the aid of & beam splitter and
a twa-photan light source. Thus, with the notation illus-
trated in Fig 1, the photosn outpets in orms 3 and 4 can be
migsurad for inpat states in which a pale of photons enters
the bsa splitter through the same! ¥ input arm 1 or through
different™ proea, Witk orss photon {m each of the inputs 1 and
2. It is found that the oustput photen disgethution resembles
that of independent particles when they arrive in the smme
arm hut that the guantam-mechanical interference effects,
charpcteristic of Bose-Einstoin statistics, are ohserved when
the pun photoes arrive in different arms.

Tt s not difficult o caleulats the axpected output photon
distribution on the basis of n simple sisghe-mode theary with
disecrete input and cotpat quantizetion.™® and the results
areshownin Tobde 1. Herex and £ are the complex redlection
and traramission coefficients of the bakm splictor; the col-
umne ¢neraspanad to the three possible input states |n|. A,
and the rows cormeepand b the probabilities Plog, ngd for the
three possible output states. The coafficionts of a lossless
bsam splitter satisfy

W+ =1, 2o dud* =0, fi¥

ared the probahility distributicss (n Tahle 1 are therefore
wormealized. It is seen that the ouiput probability has the
hinembal form charncteristic of classical porticles whan the
input photons are in the ssme arm |steond and fourth col-
umng). Astrikingly different output probakbility is obtained
whan the Input photons are separated in arme 1 and 2 (third
calumnb, with twice the clissical prohability for catpat phe-
toms in the same orm amd a probakbility for coe photon in
each cutput arm that vanishes in the cese of o 50050 hegm
aplitter with = |¢]

Tha siegle-discrete-mode theary mentboned shove i inca.
pable of describing time-dependent cosrelations bebwesn
the input photons, and the aim of the presant paper is o more
completn deseription of two-photon interfersnen affects by
meansuf o conlisneys-mipds theary for varicus fypes of light
sousee. The most slumestary sousce his only two atoms,
whime excitation at appropriste times can provide npat
photons with arbitrary tins mparstion.  Although the two-
atoan source is nod practical bn teeme of realistic experiments,

O0-A2 8 RBOGE1T- L1302 00

comsideration of the interferencs effects produced with its
ssnitted photons clarifies the role of the Bose—Einstels sta-
tistics, particulasly |n regard to the distinetion between the
resubts obtained for beth pleotons in the seme arm amd the
ressults ohtained for each phodon ina diffemnt amm,

Practéeal two-phaton bght soarces ane based on the para-
metric downeansriar of an gtombe casende emission. With
suitably low Jevels of excitation, the emissions from both of
thesa sourees comsist of highly correlated photon pairs, with
o relatively low eormlathon between the photors emdtted in
different pair events, as was first shown experimentally by
Burnhas apd Welnberg? amd b:.rﬂlwm.'“ Copaideration
of the tworphedon interferenon ohsnrvable with parametzic
and atomic-ascode sources Further clarifies the physical
pabures of thise effects. We treat the parametric oscllater
in mn eptical cavity, in both ita degenerate and nondegenes-
ate modes of operation, bogether with an incohssantly driven
thirese-lovel atomle eascade and evaluate their potentials as
light sources fur twe-photon isterfermnee oxperiments.

The experiments performed to date’~ have wad paramet-
rie downeonverters in free spoce as light sources, for which,
in contrast te the eavity oscillator snd atomic cascade
souarces, theory!™1F and axperimant'® ledieate negligible
time separations between the fwo photons in an esdtted
pude. The diotailad theorstioal descriptionz*1 of the inler-
ferenoe nffects in Uhiss experimants mut inclode the Filters
that are usad to limit the oplical basddwidths, The lighs
povarees treated below, on the ciher hand, have basdwidthe
that are limited by thair intrinsic propertiss, and thers is no
need o include the slfects of external fllters.

2, TWO-ATOM LIGHT SOURCE

I this section we desdve the charscteristics of the two-pho-
tan state emitted by a pair of stome sxclted at arbitrary

tlees. Such a source i3 anrealistic in tecme of practical
expariments, snd the caloalation below is somewhar artifi-
cizl, but the results help in understanding the natures of the
twi-photon interference effects.

from an atom of transition Frequansy w and dacay rate 24,

pat into Igs excited state ob time . The single-photon
whectric-Tiekl matriz slaenent 4t distonee x from the stom is?

i 1880 Opileal Booweiy of Amenca

Loudon, J. Opt. Soc. Am. B 6,917 (1989).

2. TWO-ATOM LIGHT SOURCE

In this section we derive the characteristics of the two-pho-
ton state emitted by a pair of atoms excited at arbitrary
times. Such a source is unrealistic in terms of practical
experiments, and the calculation below is somewhat artifi-
cial, but the results help in understanding the natures of the
two-photon interference effects.




TRAPPING TWO ATOMS

Use two independent optical tweezers

] L threshold

Fluore scence rate (photons / ms)

1500 1550 1600 1650 1700 1750 1800 1850 1900
time (ms)

- Detect the presence of two atoms

- Start sequences of excitation (about 9000 pulses)

- Empty the two traps

- Wait until two other atoms are trapped ( ~ 300 ms)



EXPERIMENTAL SETUP
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THE 50/50 BEAMSPLITTER

A/ 2 axis // cubes axis

A
"Beam separator”
5 A/2
Al:' A/2 axis at 22,5° of cubes axis
v A
<—>

B%F

Y “50/50 beamsplitter”



B D

(Calibration experiment)

"BEAM SEPARATOR CONFIGURATION”
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"BEAM SEPARATOR CONFIGURATION”

B — ~ 6600 two-photon events around O delay
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"50/50 BEAMSPLITTER CONFIGURATION"

B % D— = 6600 two-photon events around O delay
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"50/50 BEAMSPLITTER CONFIGURATION"

B D— At non-zero delays, Nyy,s, / N, * 1 = 2 atoms trapped
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"50/50 BEAMSPLITTER CONFIGURATION"

Each photon comes from a different atom (single photon source)

Number of coincidences
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Not to be confused with single atom antibuching



WHAT IF THE TWO PHOTONS DO NOT INTERFERE?

Calibration
(A/2 axis // cube)

Always a coincidence

A/2 axis @ 22,5°
and NO interference

AL F

no coincidence coincidence

1 ¥

A coincidence half of the time

Comes from the single photon nature of the source



QUANTUM INTERFERENCES
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What's next ?

Improve the spatial overlap by coupling info single-
mode fibers (losses...?)

Further cooling of the atoms (Raman cooling)

Raman transition to encode the qubit and read out the
coherences

Currently : 1 interfering event every 2 / 3 seconds.
= conditionnal entanglement ?

We need to adapt the entanglement schemes to the
Rb level structure (time bin...)

o, G * O+
= |1)
— — == {0)
1 2




The single atom project
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More details...



VARYING THE SPATIAL OVERLAP

AX




VARYING THE SPATIAL OVERLAP

Ratio = Ao / Ay
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VARYING THE SPATIAL OVERLAP

A x.
Ratio = :telrf = /E’{(r) e5(1) d3r
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Number of coincidences

AROUND ZERO DELAY
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THE ATOMS MOVE IN THEIR TRAP ..

T =60 uK

Beat note between the two
photons at Aw

Averaging the beatnotes over
the lightshifts distribution
= broadening

+ taking into account
the heating during

Normalised amplitude

the emission

|
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WHAT IF THE ATOMS DID NOT MOVE?
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AND WHAT IF THE OVERLAP WERE PERFECT?
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MUTUAL COHERENCE OF THE SOURCES?

The mutual temporal coherence is limited by

- linewidth of the transition: 6 MHz (T,)
- motion of the atoms in the trap = inhomogeneous
broadening (T,’)

T=180 mK = Av=2 MHz
Depends on the number of excitations, and cooling duty cycle

Contrarily to solid state system, no homogeneous broadening
(T,’, dephasing during T,)

Source suitable for QIP as two atoms can be true « identical »
single-photon sources



