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Atomic Hanbury Brown and Twiss ettfect
with He™: a step 1n quantum atom optics

*The H. B. & T. experiment with light: a landmark
in quantum (photon) optics

Pirsa: 06070050 Page 26/82




I —
The HB&T experiment

~ - NATURE AN i, 1956 veu 177
Neasurement of the correlation CRBIREY das 000
function of the photocurrents at CORRELATION BETWEEN PHOTONS IN TWO COHERENT
gl _ ) BEAMS OF LIGHT
two different pomnts and times s S e g
(2) _ <f{IiJ] I L.I+ I'i) - O R SN
e T )=
(i(1.D){i(r,.1))
LUQuid INTERFERENCE HALF-SILVERED
FILTER FILTEF? WIRROR
— % l f; PHOTOMULTIPLIER TUBE
Semi-classical model of the GD O g ——Xﬂl T
photodetection (classical em tield, Hﬁﬂw LENS nmmm h -
: APERTURE
quantized detector): L2 ..
_ TUBE l'.III-'ﬂELLﬁTDH
Nleasure of the correlation J
~
function of the light intensity: — il
i INTEGRATING MOTOR

i(r.t) o I(r.t) _|‘”{rr|
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The HB&T ettect

—|— _-'_-F -l_- ..3]_1_ 1'_. -E_:é—'_—.‘:-_|+ | n‘;-j1_ ™ 1-::'3_"'!'—."

r
| 111
Lil Bl La

1
L13 A80% ASHl% AL %llt PN AL e N

e m=nr=0)=2

{X)

g (x>l 1357 )—]

A measurement of ¢*’—1 vs. 7 and

r,—r, viclds the coherence volume
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The HB&T ettect

e o . : e e - e
.19t Trom 1ncoherent source: iume and soe
| By B— § ] O IOl R RE OUAG . Ll ciil

Q/

T 0

|2
fﬂi
L |
|
L |
L |
[
sd
LY

(2)

g (g=r.7=0)=2

{2)
(9
&

» time coherence
= )
(x>l > )—] T, = 1 Ac
» space coherence
A measurement of g~ —1 vs. 7 and

o _ L=Ala
r,—r, viclds the coherence volume -
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The HB&T stellar interterometer

Measure of the coherence area
— angular diameter of a star
(i(r,, )i(r, + Lt +T))

(i(r,, D) {i(r,, 1))

(94

g (L0)=

=L,

—— o =—

4

Equrvalent to the Michelson stellar interferometer ?
Trerhility {6, DEG, tED))
A Lc’lblht} i o 9 e — R ; : --

= 'L1 1 2'-1'1.-"2
Pirsg:)égo;g!s'(!ngcs {I"' {-11 = ’rl" .": {II

r,
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The HB&T stellar interterometer

Measure of the coherence area
— angular diameter of a star

- (i, D)i(r, + L, + 7))
BT A | .,
& (L0 {#(x,, .t)} (KT, 1)) = Le¢

— o =—
i
- ¥ :

(94

HB&T msensitive to atmospheric tfluctuations!

Equivalent to the Michelson stellar interterometer ?
Visibilitv o, .. (E(G.DE(,, 1+7))
- g L. 5. T)= 5

Qb fpinges (@) "

r,
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The HB&T stellar interterometer

r——]
P, Star
1Py NATURE November 10, 195
F 3
12
F, Raflactors e : s 1
- w, P =10
| vl 4 4 » L, ———
#M\ : . - - e -
- _—~Catenary SN ; / % oo { S
’ﬂ:”w e cable i g [ ~
v 3 » F i . 1 | ‘
¢ Control room o i st N | .l d- M2 g ,
| “0d _ j-’-,‘-z 3 o8 .
Hh"*-.. =i -_-t:.:%-ﬁv“”{j:;;-x; ? LOW =08 5s T E \\.
b H::_‘:'»-.,___ N ___.aa - e Flters ™) L e e
e — 1 - L
== ' — Myltiolexer— % N
Garage et S 02
C:IWE*E:I.CIH meter L i i i L X 1 1 L& i L [
0 2 4 8 8 10 12

Bgln-lllu.dfmth‘ﬂ_‘.l
Flg. ©. Comparisom betwesn the values of the normalized cor
rﬂiﬂmmﬂﬂahﬂt I"{d) observed from Sirles and the theoretica
valoes for & star of angnlar dismeter 0-0085". The errors showm
are the probable ervors of the cbservations

A TEST OF A NEW TYPE OF STELLAR INTERFEROMETER ON SIRIUS

By R. HANBURY BROWN
Jodreil Bank Experimental Station, University of Manchester

AND

Da R. Q. TWISS

' Services Electronics Research Laboratory, Baldock
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Classical wave explanation for HB&T correlations (1)

Many independent random
emitters: complex electric field

i £
g (5, 5:7) = sum of many mdependent

random processes

|, . |
A )= va exp JI P—ar
_.-'r | {' |
(tariacts MM DTOCALR .4 T . 1lr ; -
(Faussian random process = (e BT (£.5:7)
-:j:ﬂ['lhfll,i’ifz‘f—krb} <51f i‘”h.i[' NHE nrzj+rrf+.r2nr+rr>
_3 *f L,T)= T >\ / g
NL.T)) UL, T) {'|¢‘_'1__ r.t) ) E.hqld{‘z‘f—i— ) )

(£ @.DER, t+7)) Stochastic process

c:r'_".rpf_”f.: _—_—
& SE 2\ 7 () = statistical (ensemble) average

5 L 12 f

LIEE. D §|£+_r2.r+rr
1 Jn'l |

(= time average 1f stationary and ergodic
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Classical wave explanation for HB&T correlations (1)

Many independent random
emitters: complex electric tield
= sum of many independent
random processes

—_— |'
E(P.t)=> a,exp |

: . C

=

1-!

(E_E-F)

-~ —m I
: (.Jrr

~ ; 2 1 -
(Gaussian random process = oo '( ,.7) =1+ g '( L,.7T)

Speckle n the observation plane:

» Correlationradius ._= A/ «
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Classical wave explanation for HB&T correlations (2

cos (@ — ") +56(x,) | Many independent random

v [ - 2 [y emuitters: complex electric ficld
- (2 : - 3 ~ -
g (r.r. ) = sum of many mdependent
= random processes
cos| (@ — @)t + S9(1) i | @

[ - ] EP.HH=Y a.e=xpio+—-MP-wit
= o o c i 4

Noise excess, due to bea 23 between various spectral components from
s. 18 correlated in coherence volume |5¢5(r1}—5¢(r2 )| wxil2
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Classical wave explanation for HB&'T correlations (2

cos|(@ — @)+ 50(1)]

Many independent random
emitters: complex electric tield

(2) o :
g (1.5,.7)

= sum of many mdependent
=3 random processes

oS [(m' — @Mt + 3o(x, )H

) .
LT - - - L o
AP T = E a,exp4 o,

i L=

_IIJP —{*_?J.F '

ot

Noise excess, due to beat notes between various spectr: mponents 1r

oIS, 18 x,Ullk..l ited 1n x,whcn.nxﬁ. VO iumc‘ |5¢5(r) 5¢(rn)| {7{/2
Simple explanation for insensitivity to atmospheric turbulence:

» path fluctuations small compared to “cticctine
of beat note

 but large at the scale of optical wavelength: Michelson fringes mov;
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e
The HB&T eftect with photons: a hot debate

Strong negative reactions to the HB&T proposal (1935)

In term of Pllt:’*f{f‘ﬂbi jomt detection probability

N
(7(5.1,.1))

(L. D)) {m(L,. 1)
(s D). )

single detection probabilities

(2) . i
g'iz)trl.rj;rr g (h.5,:T)=

I,D
S ——
T—
"DE

For independent detection events g'-) = 1

g(0)=2 = probability to find two photons at the same place
larger than the product of simple probabilitics: bunching

| 8

How might independent particles be bunched ?
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e
The HB&T etftect with photons: a hot debate

Strong negative reactions to the HB&T proposal (1935)

= . + :
| How might photons emitted from
e = . - - .
g (1.5 1) distant points in an incoherent
= source (possibly a star) not be
2 o .
statistically independent ?
HB&T answer
* Experimental demonstration! 5

{2) (1) )
el | g (h.5:7)=l+|g7(n.1,:7)
 Light 1s both wave and particles. | ;
» Uncorrelated detections easily understood as inde pendent particles
(shot noise)

» Correlations (excess noise) due to beat notes of random waves
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The HB&T effect with photons: a hot debate

Strong negative reactions to the HB&T proposal (1935)

= : . .
| How might photons emitted from
J 2"\| - - - =
g a1 ¢ distant points 1 an incoherent
= source (possibly a star) not be

statistically independent ?

HB&T answer

* Experimental demonstration!

o'’ }(r.r,,,r)_ 1+ {2 (x.5:17)
e Light 1s both wave and particles.

4

» Uncorrelated detections easily understood as inde pcmﬂcut particles
(shot noise) ff
» Correlations (excess noise) due to beat notes of random waves

/. Emstein’s discussion of wave particle duality in Salzburg (1909).
Pirsa: 06070050 : . Page 39/82
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The HB&T etftect with photons:
Fano-Glauber interpretation

Two photon emitters. two detectors

E, S D, E; @
— D,
B ) D, E,®

Initial state: —> | Fal state:

eEmutters in ground state

D

eEmitters excited
eDetectors m ground staf

sDetectors 1omzed

Two paths to go from THE initial S = :><=
state to THE final state E— = (=)
Page 40/82

Amplitudes of the two process interfere = factor 2
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The HB&T etffect with particles: a non
trivial quantum ettfect

Two paths to go from one matial o = =
state to one final state: quantum . - LS -
= =5 .:_,—-lh = = =)
mterference

Two photon interference effect: quantum weirdness
» happens i configuration space, not in real space
A precursor of entanglement, HOM, etc. ..
Lack of statistical independence (bunching) although no “real™ mteraction

cf Bose-Emnstein Condensation (letter from Emstemn to Schrodinger, 1924)

... but a trivial effect for a radio (waves) engineer o T

| R R e S r‘>;< )

or a physicist working 1n classical optics (speckle) < ) ()
Pirsa: 06070050
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]
The HB&T effect with fermions: a fully

quantum ettfect

Two paths to go from one mmitial = TR = =
state to one final state: quantum _ = ,:><§

interterence

Amplitudes added with opposite signs: antibunching

Two particles interference effect: quantum weirdness
» happens 1n configuration space, not in real space
» A precursor of entanglement etc. ..

Lack of statistical independence although no “real” interaction

. no classical nterpretation <”(”:> (n(t)y

Impossible for classical densities
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Intensity correlation with laser light:
more confusion

1960: invention of the laser (Maiman, Ruby laser)
*1961: Mandel & Wolf: HB&T bunching effect should be easy

to observe with a laser: manyv photons per mode
*1963: Glauber: quantum theorv of coherence : no bunching for
laser light (quasi classical state of a single mode) (5 —1.1,—#)=1
*1963: Armstrong: experiment with single mode AsGa
laser: no bunching well above threshold: bunching

below threshold

*1966: Arecchi: similar with He Ne laser: plot of gi¥( 1)
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1960):

19611
to obd

|
«1963]

laser l
« ] 965]
laser: |

below]

|
*196G

Pirsa: 06070050

PHOTON CORRELATIONS* .
Phvs Rev Lett 1963
Roy J. Glauber B

Lyman Laboratory, Harvard University, Cambridge, Massachusetts
(Received 27 December 1962)

In 1956 Hanbury Brown and Twiss' reported
that the photons of a light beam of narrow spec-
tral width have a tendency to arrive in correlated

pairs. We have developed general quantum me-
X

tons counted in an incoherent beam. The fact
that photon correlations are enhanced by narrow-
ing the spectral bandwidth has led to a prediction?
of large-scale correlations to be observed in the
beam of an optical maser. We shall indicate

that this prediction is misleading and follows
from an inappropriate model of the maser beam.
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Intensity correlation with laser light:
more confusion

1960: invention of the laser (Maiman, Ruby laser)
*1961: Mandel & Wolf: HB&T bunching effect should be easy
to observe with a laser: manv photons per mode

*1963: Glauber: quantum theorv of coherence : no bunching for
P - - - g G e R
lasetlight (quasi classical state of a single mode) g™ —1:4—#)=1

*1965: Armstrong: expermment with single mode AsGa
laser: no bunching well above threshold: bunching
below threshold

*1966: Arecchi: similar with He Ne laser: plot of g¢2)( 1)
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[
Intensity correlation with laser light:

_ maorea 1’"‘(‘\1"]+11Qiﬁ1’1

VoLuse 14, NusmBee 3 PHYSICAL REVIEW LETTERS 18 Jasuvary 1965
QA
1961 INTENSITY FLUCTUATIONS IN A GaAs LASER
J. A. Armsiro d Archibald ‘u‘-" Smith
’ll?)()_]l [BA Watson Hes ::, rr..r:i.t.“:l .-t vn He :. New York
Ricetvied 19 November |."'-'r-

to ol

1961 the laser begins to oscillate. Below threshold
e | Y
| O the mode emits random noise like a narrow-
ASCT

band black-body source; above threshold its
196 N noise is characteristic of a quieted, amplitude-
. O g :

2o stabilized oscillator. Our measurements of the
laser]

below threshold

*1966: Arecchi: similar with He Ne laser: plot of gi?( ¢

Simple classical model for laser light 1)=& =|B,|" =est
Ezbopiotrgyre, |o|<|E| T  ({I0P)=(O)
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Intensity correlation with laser light:
more confusion

1960: invention of the laser (Maiman, Ruby laser)
*1961: Mandel & Wolt: HB&T bunching effect should be easy
to observe with a laser: manyv photons per mode

*1963: Glauber: quantum theorv of coherence : no bunching for

- s . -~ & 2 = 2 : -
laser light (quasi classical state of a single mode) g%(—5:4,—1)=1

*1965: Armstrong: expermment with single mode AsGa
laser: no bunching well above threshold: bunching
below threshold

*1966: Agecchi: similar with He Ne laser: plot of g*)( 7)

Simple classical model for laser light: It)= |£ |2 = |E,n|2 —cst
E=E exp{—imt+g}+e, |e|<|E)| = <I(f)1>: <I(f)>2
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e
Intensity correlation with laser light:

P(T) A &-V=125 cm/siec ]
E'“'{-\ B =2-Vvs=2npg cm | sec .
N | . - i C +-Vm314 cm/sec
1960: invention of | s

*1961: Mandel & \

l
|
= 1 S S— i 4
to observe with a | r' : 4
*1963: Glauber: qu | _
laser light (quasi ¢ ! £ =1
s GIE_ aA-D E{I?JD TD}EID ‘IE'!GD zn!uu
*1965: _h'mstn_u_lg g g = 400 we LT
laser: no bunchin . "
Fig. 1,‘Cond1tm‘ual probability p.{T) of a second count
below threshold occurring at a time 7 after a first has occurred at time
T=40.
*1966: Arecchi: sitmilar with He Ne laser: plot of g'-/( 7)
» _ ] _ 2 2
Simple classical model for laser light: It} = |5| = |Eu| — 5}

&— Eu eXp{—iot + ¢n} TC |en| & |EU| <I(f)2> i <[(t)>2
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e —
Intensity correlation with laser light:

= P(T) A &-V=125 cm/sic ]
| | . ; 2 + B 2-V=209 cmjsec O

e v - lﬂj\ C +-Vvm314 cmfsec :
_l_*_‘;-"h‘ | D =-Laser
+1961 | :
1.1.:_‘ l'l_' ]P s ¥ — ;ﬁ _,:.

il the |
* 196 '

the 1
laser ban |
nou DC A-D 5-:{.15 : : :

S| ! 2 = 1000 1500 2000
*196] shal 6 ; 200 400 R S
laser] . o

e Fig. 1,‘Cond1tm‘uai probability p.{T) of a second count
be ltj‘r‘ﬁ.'fﬂu“-ifillﬂld occurring at a time 7 after a first has occurred at time
T=40.
*1966: Arecchi: similar with He Ne laser: plot of g'-/( 7)
N _ _‘ _ 2 2
Simple classical model for laser light: ViTg = |5| = |Eu| = cst

E=E exp{—iot+g}+e, |e|<|E,| = <I(f)1> = <I(f)>2
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Intensity correlation with laser light:

-~

P(T) A &-V=125 cm/siec ]

z"*-{\ B o-Ve=209 cm/sec
| c

*= V=314 cm [gec

1960: invention of

*1961: Mandel & \
to observe with a |

* - | aser

1t

L] T
13

*19635: Glauber:

|
|
T
i
laser light (quasi ¢ !
o
0
0

=
- : A-D Etrflu IDJEID 1510;) !
] 965- _—\'xl‘ﬂlhitl*t}llg - i o 9% s sec fgéj;nj
laser: no bunchin . ”
Fig. L Condmu@ probability p.{T) of a second count
below threshold occurring at a time T after a first has occurred at time
T =il
*1966: Arecchi: similar with He Ne laser: plot ot g'=/( 1)
o . o . 2 2
Simple classical model for laser light: )= |5| = |Eﬂ| —cst
: > % 2
E=FE exp{-iwt+ @} +e, |en|<:< |En| <I(f) >—<I(f)>
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Intensity correlation with laser light:
more confusion

1960: invention of the laser (Maiman, Ruby laser)
*1961: Mandel & Wolf: HB&T bunching effect should be easy
to observe with a laser: manyv photons per mode

*1963: Glauber: quantum theory of coherence : no bunching for

- s s -~ . 2 - > ‘ -y
laser light (quasi classical state of a single mode) g™(5; -1, —#)=1

*1965: Armstrong: experiment with single mode AsGa
laser: no bunching well above threshold: bunching
below threshold

*196: Arecchi: similar with He Ne laser: plot of g2)( 1)

Simple classical model for laser light: () =& =|B,| =cst
E=E exp{—iot+g}+e, |e|<|E)| = <I(f)z>: <I(f)>z

age 51/82




L
‘ ‘ CINTRE NATIONAL
DELARECHFECHE
e

e AR SCENTENEIR
Institer A"Oprigue

Atomic Hanbury Brown and Twiss ettfect
with He™: a step 1n quantum atom optics

» The HB&T etfect with massive particles
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The HB&T etftect with atoms: Yasuda
and Shimizu, 1996

[ S laser
\
I 1 : . : - 2
™ » Cold neon atoms 1n a MOT (100 gK) continuously
| pumped nto a non trapped (falling) metastable
+TkV e :
7 ' » Single atom detection (metastable atom)
ov D =
» Narrow source (< 100um): coherence volume
- as large as detector viewed through diverging
w [/ ° Jx lens: no reduction of the visibility of the bump
I | concavelens e
| Effect clearly seen 5 |
! . Eaﬂ - -
/&, Diaghragm *Bump disappears when 3 _| "l v
» s | o = .. = = -.' -'-“‘ ':: .’: ".'-..' o]
detector size >> L. 840 |
_. -
kr? *Coherence time as gzzl_ o NN W
- =, o BT 0 02040608 1 1.2 1.4 16 1.8 2
Gotd ot predicted: i/ AE =~ 0.2 us e

3

ooy ywonderful experiment. No complete study of € ([, [,.T)  raesee




e
HB&T type eftects with particles

Atomic density correlations tor bosonic atoms

« g3)N(0) =31 (JILA. 1997): 3 body collisions in a thermal cloud, in contrast
to a BEC (Kagan. Svistunov. Shlyapnikov, JETP lett 1985)

» Correlations 1n a quasicondensate (Hannover 2003)

________

~ Atoms released from a Mott phase (Mamz. 2005)

F 4 | 5 |

' LE ] e - | -

» Atomic density tluctuations in a thermal gas on an atom chip (Orsay.

2005)

Also observed 1n nuclear and particle phvsics
G. Baym. Acta Phys. Pol. B 29, 1839 (1998)
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A
HB&T ettect with fermionic particles

Fermionic antibunching observed with electrons
2D electron gas 1n a semi-conductor
M. Henny et al., (1999), W. D. Oliver et al.(1999);

Low density electron beam

H EKieseletal (2002)

Fermionic antibunching

observed with neutrons B RN - g "

i }' i
i o DAE Lig
[annuzz1 et al (2005) \ |'r scat 1
Al
- 7 i D2
4 - . 1 2
! C 111 )
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- ]
HB&T ettect with fermionic particles

Fermionic antibunching observed with electrons
2D electron gas 1 a semi-conductor
M. Henny et al., (1999), W. D. Olhiver et al.(1999).

Low densitv electron beam

H Eieseletal (2002)

T 1040
Fermionic antibunching | | s ;
D 1000+ S B i =51
observed with neutrons -\ Fleyitfe.  gd
e i DAE Lhg
[annuzz1 et al (2005) \ f 1
7 i D2 l
4 ’ - 1 2
o T {mm)

Fermionic atoms”’
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Atomic Hanbury Brown and Twiss eftect
with He™: a step 1n quantum atom optics

» Ultra cold He™ with a space and time resolved single

atom detector: a complete atomic HB&T experiment
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Metastable bosonic Helium “He*

Institur d'Oprigue

* Triplet (TT) 2 °S, cannot radiatively decay
to singlet (T4) 1 'S, (lifetime 9000 s) e =

» Laser mamipulation on closed transition -
23S,— 23P, at 1.08 pm (lifetime 100 ns) 275 = He*

» Large clectronic energy stored m He* !

= 10ni1zation of colliding atoms or

molecules f

= extraction of electron from metal:

rle atom detection with Nicro

1 1) ()
i 8o LW

=
M 0

("hannel Plate detector

Pirsa: 06070050 Page 58/82
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Institur d'Oprique

Pirsa: 06070050

He™ trap and MCP detection

Clover leaf trap
@ 240 A By 0.3 10 200G ;
B =90G/cm; B"=200G/em?
) | Zep=30Hz: @) | In=1300 Hz

(1200 Hz)

He™* on the Micro Channel Plate
detector:

= an electron 18 extracted

— multiplication

= observable pulse

Single atom detection of He*

Page 59/82
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e —
» 2 -, . : ks :
»d Evaporative Cooling *He* to BEC “hs

[nstitur 'Optigue

Time of flight on the MICP

0.00 0.05 0.10 0.15
st \ 1°
$SOUK l
4F \ I 44
E |\ \ Robert f al 1 ) ! <+ RF ramped down from
=3k [ \  Scence (2001 | 0.7uK 13 130 MHzto~1MHzm 70
S ,' : (exponential 17 s)
g _ o
a “F 0 \ 11 R E = less atoms, colder
I X\ L
= | 9 U £ s Sl saonah fann
L ] \\_ LK f \ | ‘i) all atoms fall on the
0 =t _./m--m S L.nwm,, - detector. better detectivity
= 1 # L = & e =7 e P . o
o = TN = # 0. pK: narrow peak.
Delay after trap turn off (s) BEC

ddbra cold sample above or below BEC critical temperatse.
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»¥ A position and time resolved detector

Institur d'Oprigue

Clover-keat magneic trag

Delay-ine detector

-4&-1-(1 4 A

1
Discrt |
[Toc

EJIS:' 1]
[Toc

Compuer ]
)

l

TDC

|
LDI:?:‘.‘I |

|
Discri |
\_*DE

“ks

Delay lines + Time to digital
converters: detection events
localized 1n time and position

e Time resolution better than
1 ns

e Dead time : 30 ns
e Local flux limited by MCP
saturation

e Position resolution (limited

by TDC): 200 pm &

10~ detectors working 1n parallel | © © © ¢

Pirsa: 06070050
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N The detector resolution 1ssue “ks

Institur d'Oprique

If the detector size Axg, 1s larger than the HBT ol ™
bump width Z_, then the height of the HB&T - ,/f\\{_}
bump is reduced by L. / Ax,, - Lo

*AVwee =4 pm (1800 Hz)= L_. = 500 pm
*Av_ e = 150 pm (SO0Hz)=L_= 15 pm

Resolution (200 gm) sutficient along v ©

—

but insutficient along x @

Expected reduction factor of 13
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B Experimental procedure

Traoped cloud = - > -
e T = = BE
/ .2\ | *Release onto the detector
&7 cm Il:Il - X X i]t
: : .Ir - ] . 1 1 i & LCLT L
° Ballistically ° f\ > . ]
expanding cloud ' f"
Ey T v Pixel number 1, (coordinates x, y
- 0 T Pixel number 7, (coordinates x, 1)
T v Time of detection 7, (coordinate =
Vi b b A Bt ] 57 t)....(i..1, ) ! =arecord
129 fr -\ fnrm ) os b ey i % .

Related to a single cold atom sample

e Palsed experiment: 3 dimensions are equivalent = CW experidi€iit




[
N z axis (time) correlation function: %s

Institur d'Oprique —I-He* tllerlllal Sal]:lple abO‘\fre TL

* For a given record (ensemble of (2) TN S |
U ECITEORO (eaecm g (Ma=Ay=0.7)
detection events for a given
1.07
released sample). evaluate two- o
time jomnt detections probability e
separately for each pixel ; 104
—> [23( D], -
1.02
e Average over all pixels of the 1.01 ]l
same record and over all records ‘ .
. 9.99 i % H {' J[
d_: : !. ----- J-: ﬂ_garlllllllill T iffin.T10T AMMTIETLY AT
0 02 04 06 08 1 12 14 16 1.8 2
» Normalize by the autocorrelation
of average (over all pixels and all Bump visibility = 5 x 10--
records) time of thight Agreement with prediction
- | (resolution)
B t'::-:f ( _\:'L. — A;I.. =T Page 64/82




e
..'d xy correlation function (*He* thermal sample) Ok

Institur d'Oprique

For a given record (ensemble of
detections for a given released
sample), look for time correlation of
cach pixel ; with neighbours

—, [JI‘-"'{ r}]m

Process
* Average over all pixel pairs with
same separation. and over all
records at same temperature
» Normalize

— g"(Ax. Ay:0)

Hanbury Brown Twiss Effect for
Ultracold Quantum Gases

M. Schellekens,” B. Hoppeler,” A. Perrin,” |. Viana Gomes,"*
D. Boiron,” A. Aspect,” C. L Westbrook™®

Pirsa: 06070050

g7 (Ax. Ay:0)

Extends along y

(narrow y
dimension of

the source)

SCIEENCE VOL 370 2B OCTOBER 2§855/82




~ %s

Kow wal \IOIe results (*He* thermal sample)

Source size s; (um)
A) 4.7 6.3 7.4
1.2
N z _
| '-r-"""le:. LT

&\;rk: Temperature

Correlation length (mm)

. *—1 controls the
W s T o il : -
0.4 A size of the
,/ cte e
Tk g SOUrcc
{ "C L
0 | (harmonic
0.6 1 1.4 e
10 _ . [i"di?' )

Bunching excess (%)

4
)
- 2
: : | 0_
pirsa 066708501 | - Spcc kle o (AX =0, 0) 0.6 1 1.4 Page 66/82

Temperature (uK)




Case of a Bose Einstein Condensate: no
bunching expected

Analogv with a laser: all atoms in the same wave function. with
a smooth density protile: no bunching

3 Flat correlation | @/, ... .\ _
Observed 1n Ziirich (3’'Rb) . : N R R
: I _ ed d function: _ |
with a time resolved detector | e
R e g uncorrelated
Ottl et a/ - PRL 95.090404 .
detections
* BEC LA A L L
= 5 = B
| - +
4 : . £ x|
aser | ‘ ___ ; : hLLJ_. .
cavily k I ’ . :

Pirsa: 06070050 B 2%\ 0 2 1617/572.




- =]
nd Atom-atom correlation function — %s

Institur d'Oprique

Observed at Institut d Optique
with a time and space resolved
detector
( Schellekens et al | Science 2005)

nam . . BEC
24 -
= | s g 0:-0-0) =1
0 LY ¢ S TLN 2 5 S B |
SR 71; T L I 11
1 F 4 TP R R L

No bunching as expected:
P|rsa06070(;51-)111.1lt\1g11]_]"“P J[*-} lLth'l_ lll—jl]t

for a *He* BEC (7'<1T))

Trapped cloud

I' —ili—— : T’
¥ s ‘,f”_—'_u_‘_‘m"'\.
. - 2% _
4? cm rll; - ~ A
| | ’ =
_ {1
! Ballistically [ - /
_rexpandME cluud.': A J,-"f
: I: _L llI .\K -"_:r

e =

Paosition-sensitive MCP detector

Experiment more difficult:
atoms fall on a small area on
the detector

= problems of saturation
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Fermionic atoms?

» Ultra cold He™ with a space and time resolved single

atom detector: a complete atomic HB&T experiment

Pirsa: 06070050 Page 70/82
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®d [anbury Brown and Twiss experiment oge
tor ' He* (fermionic atom)

(Collaboration

e Free University Amsterdam: cold (below Ty) “He*

e Institut d’Optique: time and space resolved detector: data analysis sottware

1LV dl o

First results (july 14th, 2006): fermionic antibunching clearly seen ©

7000

g (Ax=0:Ay=0;Az) =t

Eeavili polvvigli 1) Boowilinialiiped
a 1 2 3 4 § & T & 5% W0

remparison with bosonic *He* (1n the same apparatus) underway e e




L ]
‘ CENTRE NATIONAL
2 DELA EECHEECHE

SCENTOTRUE

Institur A"Oprigue

Atomic Hanbury Brown and Twiss ettect
with He™: a step in quantum atom optics

arewl OWards a CHSH test with entangled He™ atoms? S




T —
Single atom detection resolved 1n space and time:
fascinating possibilities in quantum atom optics

o D .

Photon correlations (19350- ): hard core of _ =
modern quantum optics g (r.4:r,.4,) .~

-
e _ul

i
M~
(Y

L, T
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e
Single atom detection resolved 1n space and time:
fascinating possibilities in quantum atom optics

Photon correlations (1950- ): hard core of - L =
modern quantum optics g% (x,.4;1,,2,) s
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Single atom detection resolved 1n space and time:
fasciating possibilities in quantwm atom optics

Photon correlations (1950- ): hard core of . —_{=
modern quantum optics g*¥(r.4:r,.2,) =

"EE‘- gt
A0e : b — (45

L
v PALE
T

X CHANNEL 2 — e DG W
. ﬁ—~—--x = ' I |
f} ' T ."-/‘ G ' ¥ 4
z n 2ot | 1 : ; | - —
: , , I
= | ] . &
SPIKE 3 f 4 ' =4
‘*“3 FILTERS i [ \ ! x
UV PASS ‘W :~ ;'l )". ' °| i B R P
= -50 -52 -54
FILTER . i ke T e
LISNE™ - o e e e HORIZONTAL DISPLACEMENT X, (MM)
CHANMNEL | TIME DELAT T 1N CHAMMEL |[MANGSECONDS) P

OBSERVATION OF SIMULTANEITY IN PARAMETRIC PRODUCTION OF OPTICAL PHOTON PAIRS

——
=
David C. Burnham and Donald L.. Weinberg PRL 25, 84
National Aeronautices and Space Administration Electronics Hesearch Center, Cambridge, Massachusetts 02142 { ]_E}"{:! |

(Received 12 May 15970)
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Single atom detection resolved 1n space and time:
fasciating possibilitiessin quantum atom optics

Photon correlations (1930- ): hard core of - L =
modern quantum optics g (r.4;1,.2,) e
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e
Single atom detection resolved in space and time:
fasciating possibilitiessin quantum atom optics

CHAMMEL T

Photon correlations (1930- ): hard core of L. =
modern quantum optics g (r.4:r,.4,) 7

nnnnn

(|
l’
]
g
-~
Cl
>

{

{

{

» Study of anv correlation function of atomic ficld

* Fluctuations of atom laser around BEC transition

T T R PR P T ) R T A
- __.J.J. --l.-._!_.';'-‘u dl .'fr..;-_'_'- |-!.. s ENGLE 2 -_}.'_l-;‘u;l---fj.-_ | LW,

irsa: 06070050 | = | 4T 1 1n \ recaeontirce tor anantitm intormation'
L | ELL LN TR & ' il AEIES SRR S oSS . PRl RLRLAn |




e
Production of pairs 1n collision of
atomic Bose-Eingtein Condensates

~
1 i 2 —*3 L 'I' __“uij_;_'dl:".ge‘:'iuj{ to 4 waves

P;
P, / P - . ™ e
—_— = colliding ““daughter mixing (x"°) medium)

/ BEC's BEC's in non linear optics
Py
Energv-Momentum conservation P:.p Analogous to phase
—) Ps-Py *

(at individual atom level)

" i - g - = ———
S 7 Y - T | - 31Ty o I~ TT9=rT
e Il . |
Y - 1418 = LLLANN ' g L aa 4

— —

matching

_ . : Analogous to production of
At low density. production ot well N O M

= _ pairs of correlated photons 1n
separated pairs of correlated atoms 7 arametric down conversion
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[
Observation of correlated *He* pairs

P 4  “degenerate” case p, =—p, 3 l |
47 em

P P
._l. <_-. V= P

P = [pu|=[p.|= const erpnaing ot

ixph’!dhg cloud -

-

Momentum distribution of scattered atoms Position-sersitive MCP detector
Preliminary results p reconstruction by

T B e e = clementai inematic
1

ﬁ .:E : “
o]
g
i{?
Bif
(]
(]

#
¥
#
L |
- B 8 E E B E B
e

Sphere n

—> momentum

T TE A‘“ e e Hl}i’lcc

Bl Bl

Pirsa: 06070050
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~ Observation of correlated 4He"‘ pairs “Rks

Institur d'Oprigue

pi/ “degenecrate” case p, =P, .- _; L
P, P L
— Py =P | e
/:4 ::> | P | = const ﬂ;'f-.f:":ﬁim
- s
Momentum correlation n scattered atoms e

Preliminary results: elementary processing el
clementary Kinematics

. . (free fall)
Correlation — e

of
S Atoms created by pairs
o1l - :
. of opposite momenta
momentum
9335 0201501008 0 0.08 0.1 .15 0.2 0.25 é‘%phifi
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e
N Entanglement in =
b correlated *He* pairs?

\ /‘
.—'/ — IW>3‘?—|P3-—p;>+‘p4ﬁ—p4> i s
\

scheme within present tx.k.lmuli vov: Bragg diffraction on laser
at;,m{.lmcr waves : murrors. beam splitters. phase shifters

= 2 atoms interferometry

ct. M H. Abner S.. AZ (1989)

.[

Equivalent to EPRB scheme

BC HSH test possible © . Next conference in honour of Abngr *
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