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Atomic Hanbury Brown and Twiss and
other quantum atom optics effects

AThe Hanbury Brown and Twiss photphoton
correlation experiment: a landmark in quantum optic

AAtom atom correlation experiments

APairs of quantum correlated atoms by spontaneous
nonlinear mixing of 4 de Broglie waves



INSTITUT z_- % mmmmmmmmm a

d'OPTIQUE

The atomic Hanbury Brown and Twiss
effect: a landmark in guantum atom optic:t

AThe Hanbury Brown and Twiss photphoton
correlation experiment: a landmark in quantum optic



The HB&T experiment
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The HB&T effect

Light from incoherent source: time and space correlations
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The HB&T stellar interferometer

Measure of the coherence area

Y angular diameter of a star .
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HB&T insensitive to atmospheric fluctuations! ( imu.

Equivalent to the Michelson stellar interferometer?
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The HB&T stellar interferometer

Control room -

Carage

The Installation at Narrabri
(Australia): it works!
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Classical wave explanation

g (r,, r,;t)

for HB&T correlations |

Many independent random
emitters.complex electric field
= sum of many independent
random processes
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Classical wave explanation for HB&T correlations (

g? (1, 1,;t)

Many independent random emitter
complex electric field fluctuates

Y intensity fluctuates

(16)?)2 (10))" Ug®(r,r;;0) 21

Gaussian random proce¥s  g“(r,,r,;t) =1 '{'9(1)(&’ rz;l‘)‘2

Width of intensity correlation functios Width offield correlation function‘

Measure of coherence volunfe source size



Classical wave explanation for HB&T correlations
optical speckle in light from an incoherent source

Many independent random

I random processes

P . L.
M \ o emitters:complex electric field
/a/ 9'9(r,r,t) = sum of many independent

.. e W,
(P.t)=a aexpf;, +-M P -mt
j i C |
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Gaussian random proce¥s 9@ (1, 1,;¢) =1 199 (1,1, }

Speckle in the observation plane:
ACorrelation radiu .° / / a

AChanges aftefr.°1 Ww D
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The HB&T effect withphotons a hot debate

Strong negative reactions to the HB&T proposal (1955)

In term of photons joint detection probability
M. P, (p(r,1,,1))
| | @ - @ rt)= L' 2
PJ\.\ g (r]_,rz;l‘) g (1 2 ) <p(r1,‘t\)>§ I[_Qrz’t)>

single detection probabilities

For independent detection eveg8 = 1

g@(0) =2 Y probability to find two photons at the same place
largerthan the product of simple probabilitidginching

How might independent particles be bunched ?
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The HB&T effect withphotons a hot debate

Strong negative reactions to the HB&T proposal (1955)

How might photons emitted from
distant points in an incoherent
source (possibly a star) not be

M;

P,
T 9®rit)
P,

HB&T answer AExperimental demonstration|= -

INTEGRATING MOTOR

ALight is bothwave and particles g (r,r;t)=1 +g(1)(r1’ 2 9‘2

U Uncorrelated detections easily understoome{epen ent particles
(shot noise)

U Correlations ¢€xcess noigedue tobeat notes of random waves

cf.Ei nsteindos discussion of wayv
about black body radiation fluctuations
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The HB&T effect with photons:
FanoGlauber interpretation

El@ Dl
E, ® D,
Initial state:

A mittersexcited

Metectors imground state

Two pathso go from THE initial
state to THE final state

Two photon emitters, two detectors

Y

Y

D,

E, @ E——
D2
E, @ E—
Final state:
AEmitters inground state
Metectorsonized
QD )
& @><

Amplitudes of the two process interfefefactor 2
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The HB&T effect with particles: a non
trivial qguantum effect

Two paths to go from one initial state ©——®

. . @
to one final staten uz_intum Interference = @><
of two-photon amplitudes

Two photon interference effect: quantum weirdness
Ahappens in configuration space, not in real space
AA precursor of entangl ement,

Lack of statistical independen@®unching)a | t hough no nr
cf. BoseEinstein Condensation (letter from Einstein to Schrodinger, 19:

é but a trivial effect for a radio (waves) enginee"I 2\ 2 /] ()
or a physicist working in classical optics (speckle< (t) > < (t)>

V4
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The Hanbury Brown and Twiss effect:
a landmark in quantum optics

AEasy to understand if light is described as an
electromagnetic wave

ASubtle quantum effect if light is described as made «
photons

Intriguing quantum effect for particles*

Hanbury Brown and Twiss effect with atoms?

* See G. Baym, Acta Physica Polonica (1998) for HBT with high energy particles
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The atomic Hanbury Brown and Twiss
effect: a step In guantum atom optics

AThe Hanbury Brown and Twiss photphoton
correlation experiment: a landmark in quantum optic

AAtom atom correlation experiments

APairs of quantum correlated atoms by spontaneous
nonlinear mixing of 4 de Broglie waves
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598nm laser
Trap

Neon

«J beam
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Gold coated
mirror

Totally analogous to HB&T: continuous atomic beam

The HB&T effect with atoms:
Yasuda and Shimizu, 1996

ACold neon atoms in a MOT (10K) continuously
pumped into a non trapped (falling) metastable

U Single atom detection (metastable atom)

U Narrow source (<10@m): coherence volume
as large as detector viewed through diverging
lens: no reduction of the visibility of the bump

=

Effect clearly seen

g B8

ABump disappears whel
detector size >k

ACoherence time as
pl‘edICtedZ/DE OOZITE 0 02 04 0608 1 1214 1618 2

t (ps)

Atom count /chanpel _
s 2
A
:I..
L

o B
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Atomic density correlation effects

3 atoms collision rate enhancement in a thermal gas, compared to a BE
AFactor of 6 (n*(r)) =31(n(r))”  gbserved (JILA, 1997as predicted by
Kagan, Svistunov, Shlyapnikov, JETP lett (1985)

Interaction energy of a sample of cold atoms

A (n*(n)=2(n(r))° for a thermal gas (MIT, 1997)

A{n*(n)=(n(r))’ for a gquasicondensate (1 n:
Noise correlation in absorption images of a sample of cold amns
proposed by Altmann, Demler and Lukin, 2004)

ACorrelations in a quasicondensate (Hannover 2003)

ACorrelations in the atom density fluctuations of cold atomic samples

U Atoms released from a Mott phase (Mainz, 2005)
U Molecules dissociation (D Jin et al., Boulder, 2005)
U Atomic density fluctuations on an atom chip (J. Esteve et al.,Institut
doOptique, 2005)
What about individual atoms correlation function measuremer



INSTlTUTi .
aormave == Metastable Helium 2S5,

ATriplet (- ) 23S, cannotradiativelydecay
tosinglet 6 ® 1S, (lifetime 9000 s)

ALaser manipulation on closed transition

23S,- 23P, at 1.08nm (lifetime 100 ns)

ALarge electronic energy stored in He*

Y ionization of colliding atoms or
molecules

Y extraction of electron from metal:
single atom detection with Micro
Channel Plate detector

20



T = He* trap and MCP detection:
| tools for BEC of metastable atoms

Clover leaf trap
@ 240 A : B,:0.3t0200G;
B6 = 90 G / cm? ;
W,/ 2p=50Hz; Wi /2p=1800 Hz

He* on the Micro Channel Plate
detector:

Y an electron is extracted

Y multiplication

Y observable pulse

Single atom detection of He*

21



iNsTITUT = Position and time resolved detector:
N a tool for atom correlation experimen

Clover-lzaf magnatlc trap

T Delay lines + Time to digital
convertersdetection events
| Ul localized in time and position
O\ ATime resolution better than

1 nsJ
--__H:F- _— ADead time : 30 nd
(7 (Fr""""“i"" ALocal flux limited by MCP

Q%;\l\w- saturatiorL
L“f;g' LD"%HI L“':;’,:" L”':;’,:" APosition resolution (limited
by TDC): 200mm L

TOO

Compuser
i

10° single atom detectors working in paralld 'J J J J J
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sormeve == EXperimental procedure

rapped cloud ACool the trapped sample to a chose
e temperature (above BEC transition

- .
::I - L ]
a7 em AR

ARelease onto the detector

777 i+ | AMonitor and record each detection

! Ballistically

:iexpandingclnud'::. eventn
. T V Pixel numbei, (coordinates, y)
Pﬂs't'ﬂn-sem't'wHC”;EW V Time of detection, (coordinatez)
(i,t),.. (i, 1) .- {(i,t),-{i,t,)..} =areorc

Related to a single cold atom sample

Repeat many times (accumulate records) at same temperature

Pulsed experiment: 3 dimensions are equivalent Shi mi z u,



wsmr = Z XIS (time) correlation function®s
~ “He* thermal sample (abovig:)

d’ OPTIQUE
GRADUATE SCHOO L

AFor a given recor@ensemble of
detection events faxr given
released samplegyvaluate twe
time joint detections probability
separately for each pixgl

- [0,
AAverageoverall pixels of the

same recordndover all records
(at same temperature)

ANormalize by the autocorrelation
of averagedver all pixels and all
records time of flight

- g¥(x = P 0%)

g"“'(Dx = Y 0)

0'930 0.2 04 06 08 1 12 14 16 18 2

Bump visibility =5 x 1&
Agreement with prediction
(resolution)
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The detector resolution issue ks

If the detector siz®x,,is larger than the HBT —p
bump widthL, 7 DXet
ch . oM DXS tfall R
L
then theheight of the HB&T bump is reduced: g“-1. ﬁf <
et

(2) .
ALK, ADy.. .2 4 nm (1800 Hz)J - g~ (Dx B:0)

ADx_, .2 150mm (50 Hz)L VT—»X
Y4

Resolution sufficient along (200mm compared to 506m) but
Insufficient alongx. Expected reduction factor of 15

NB: vertical resolution is more than sufficiebiz,.,° V Dt° 1 nmJ
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wme = X,y correlation functiorithermal*He*) og¢

d"OPTIQUE

For a given recor(ensemble of
detections for agiven released
sample, look for time correlation of

each pixe| with neighboursk
- [A(0)]i

Process

same separation, and over all
records at same temperature

ANormalize
- 9”(Dx B;0)

AAverage over all pixel pairs with

Hanbury Brown Twiss Effect for
Ultracold Quantum Gases

M. Schellekens, R. Hr.:b|:||:|eli.-r.1 A. Perrin,’ J. Viana Gomes,'?
D. Boiron,” A. Aspect,‘ C. |. Westbrook'*

g (Dx; D)0)

Extends alony
(narrow
dimension of
the source)

SCIEMCE WVOL 310 2B OCTORER 2005
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A)

-
N

0.4

T I T I T I T I T I T
0.6 1 1.4

Temperature (LK)

Role of source sizélle* thermal sampleks

Source size sz (um)

Temperature
controls the
size of the
source
(harmonic
trap)
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we == ¢ correlation function: oL
~ caseof #gHe* BEC(T<T
Experiment more difficult: Tpedend
atoms fall on a small area on 14. | —
the detector A T
Y problems of saturation | FAEE AR
:;expanci cloud

1.06

1.04

1.02

<2>(o 0; 0)—

f Yt

_|.

H

T+T+ T

No bunchinganalogous to
laser light
(see also Ottl ail.; PRL 95,090404
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Atoms are as fun as photons?

They can be more!

In contrast to photonsitoms can comeot onlyas bosongmost
frequently), but alsas fermionse.g.3He, 6Li, 4%K...

Possibility to look for pure effects of quantum statistics

ANo perturbation by a strong fi
repulsion of electrons)

AComparison of two isotopes of the same elentétd ys*He).

29



The HB&T effect withfermions
antibunching

Two paths to go from one initial ©@—— ® )
§tate to one final statguantum = @><
Interference

Amplitudes added with opposite sig@htibunching

Two particles interference effect: quantum weirdnkeek of statistical
iIndependence although no real interaction

€ no classical interpretation

<n(t)2> < (n(t))2 Impossible for classical densities

Not to be confused with antibunching for a single particle (boson or ferm
a single particle cannot be detected simultaneously at two places

30



Evidence of fermionic HB&T antibunching

Electrons insolidsor in a beam:

I\/I._ Henny et al., (1999); W. D. Neutrons in a beam:
Oliver et al.(1999); lannuzi et al. (2006)
H. Kiesel et al. (2002).

i ‘,J"’F =20, N |
8 / \\ 1000} }

o : Piygtip —1
e = _ - {
_ LN S &
| |
480,000 — EE \\/ [
—1,000 — a20Ht

T (mm)

Heroic experiments, tiny signals !
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wsrr = HB&T with 3He* and*He*

AAAAAA SCHOOL

an almost ideal fermion vs boson comparis

Neutral atoms: interactions negligible

Sampleof *He" and*He™ at same temperature
(0.5nK, sympathetic coolingh the trap :

Y same sizésame trapping potential)

Y Coherence volume scales as the atomic
massesde Broglie wavelengths)

Y ratio of 4 /3 expectefdr the HB&T widths

Collaboration with VU Amsterdam (W Vassen et al.)
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