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Atomic Hanbury Brown and Twiss effect 
with He*: a step in quantum atom optics
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• The H. B. & T. experiment with light: a landmark 
in quantum (photon) optics

• The HB&T effect with atoms

• Ultra cold He* with a space and time resolved detector: a 
new tool in quantum atom optics



The HB&T experiment
Measurement of the correlation 
function of the photocurrents at 
two different points and times
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Semi-classical model of the 
photodetection (classical em field, 
quantized detector):

Measure of the correlation 
function of the light intensity:
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The HB&T effect
Light from incoherent source: time and space correlations
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• time coherence
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A measurement of  g(2) −1 vs.  τ and 
r1−r2 yields the coherence volume
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The HB&T stellar interferometer

Measure of the coherence area  
⇒ angular diameter of a star
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Equivalent to the Michelson stellar interferometer ?
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The HB&T stellar interferometer
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Classical wave explanation for HB&T correlations (1)
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Many independent random 
emitters: complex electric field 
= sum of many independent 
random processes

Gaussian random process  ⇒
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〈〉 = statistical (ensemble) average
(= time average if stationary and ergodic)
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Classical wave explanation for HB&T correlations (1’)
Many independent random 
emitters: complex electric field 
= sum of many independent 
random processes
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Gaussian random process  ⇒
2(2) (1)

1 2 1 2(r , r ; ) 1 (r , r ; )g gτ τ= +

Speckle in the observation plane: 

• Correlation radius Lc ≈ λ / α 

• Changes after τc ≈ 1 / ∆ω



Classical wave explanation for HB&T correlations (2)
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Noise excess, due to beat notes between various spectral components from 
various emitters, is correlated in coherence volume 1 2(r ) (r ) / 2δφ δφ π− <

Simple explanation for insensitivity to atmospheric turbulence:
• path fluctuations small compared to “effective wavelength” λ = c / (ω’−ω”)

of beat note 
• but large at the scale of optical wavelength: Michelson fringes move



The HB&T effect with photons: a hot debate
Strong negative reactions to the HB&T proposal (1955)
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For independent detection events g(2) = 1

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

How might independent particles be bunched ?
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The HB&T effect with photons: a hot debate
Strong negative reactions to the HB&T proposal (1955)
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How might photons emitted from 
distant points in an incoherent 
source (possibly a star) not be 
statistically independent ?

HB&T answer
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• Experimental demonstration!

• Light is both wave and particles. 
¾Uncorrelated detections easily understood as independent particles  

(shot noise)
¾Correlations (excess noise) due to beat notes of random waves

2(2) (1)
1 2 1 2(r , r ; ) 1 (r , r ; )g gτ τ= +

cf . Einstein’s discussion of wave particle duality in Salzburg (1909), 
about black body radiation fluctuations



The HB&T effect with photons: 
Fano-Glauber interpretation

Two photon emitters, two detectors

E1
D1

E2

D2

Final state:
•Emitters in ground state
•Detectors ionized

E1 D1

E2 D2

Initial state:
•Emitters excited
•Detectors in ground state

⇒

⇒

Two paths to go from THE initial 
state to THE final state

Amplitudes of the two process interfere ⇒ factor 2
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The HB&T effect with particles: a non 
trivial quantum effect

Two paths to go from one initial 
state to one final state: quantum 
interference
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Two photon interference effect: quantum weirdness
• happens in configuration space, not in real space
• A precursor of entanglement, HOM, etc…

Lack of statistical independence (bunching) although no “real” interaction
cf Bose-Einstein Condensation (letter from Einstein to Schrödinger, 1924)

… but a trivial effect for a radio (waves) engineer  
or a physicist working in classical optics (speckle)

22( ) ( )I t I t≥



The HB&T effect with fermions: a fully 
quantum effect

Two paths to go from one initial 
state to one final state: quantum 
interference

Amplitudes added with opposite signs: antibunching
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Two particles interference effect: quantum weirdness
• happens in configuration space, not in real space
• A precursor of entanglement etc…

Lack of statistical independence although no “real” interaction

… no classical interpretation 22( ) ( )n t n t<

Impossible for classical densities
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1960: invention of the laser (Maiman, Ruby laser)
•1961: Mandel & Wolf: HB&T bunching effect should be easy 
to observe with a laser: many photons per mode
•1963: Glauber: laser light should NOT be bunched: 
→ quantum theory of coherence

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

•1966: Arecchi: similar with He Ne laser:  plot of g(2)(τ), almost 

Intensity correlation with laser light: 
more confusion

Simple classical model for laser light: 

0 0 n n 0exp{ }E i t e e Eω φ= − + + �E

Phys Rev Lett 1963

Quantum description identical by 
use of Glauber coherent states



An atomic Hanburry Brown 
and Twiss experiment with He*  
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• The H. B. & T. experiment with light: a landmark 
in quantum (photon) optics

• The HB&T effect with atoms

• Ultra cold He* with a space and time resolved 
detector: a new tool in quantum atom optics



The HB&T effect with atoms: Yasuda 
and Shimizu, 1996
• Cold neon atoms in a MOT (100 µK) continuously

pumped into a non trapped (falling) metastable
¾Single atom detection (metastable atom)
¾Narrow source (<100µm): coherence volume     

as large as detector viewed through diverging 
lens: no reduction of the visibility of the bump

Effect clearly seen
•Bump disappears when 
detector size  >> LC
•Coherence time as 
predicted: / 0.2 sE µ∆ ≈h

Completely analogous to HB&T: continuous; longitudinal ≠ transverse
17



HB&T type effects with particles
Atomic density correlations
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• g(3)(0) = 3! (JILA, 1997): 3 body collisions in a thermal cloud, in contrast 
to a BEC (Kagan, Svistunov, Shlyapnikov, JETP lett 1985)

• g(2)(0) = 2 (MIT, 1997): Interaction energy of a thermal gas
• Correlations in a quasicondensate (Hannover 2003)
• Correlations in the atom density fluctuations  in cold atomic samples
¾Atoms released from a Mott phase (Mainz, 2005)
¾Molecules dissociation (D Jin et al., Boulder, 2005)
¾Atomic density fluctuations on an atom chip (Orsay, 2005)

Also observed in nuclear and particle physics
G. Baym, Acta Phys. Pol. B 29, 1839 (1998).

Fermionic antibunching observed with electrons
M. Henny et al., (1999); W. D. Oliver et al.(1999); H. Kiesel et al. (2002).



An atomic Hanburry Brown 
and Twiss experiment with He*
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• The H. B. & T. experiment with light: a landmark 
in quantum (photon) optics

• The HB&T effect with atoms

• Ultra cold He* with a space and time resolved 
detector: a new tool in quantum atom optics



Metastable Helium 2 3S1
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• Triplet (↑↑) 2 3S1 cannot radiatively decay 
to singlet (↑↓) 1 1S0 (lifetime 9000 s)

• Laser manipulation on closed transition 
2 3S1 → 2 3P2 at 1.08 µm (lifetime 100 ns)

1 1S0

2 3S1

2 3P2

1.08 µm

19.8 eV

• Large electronic energy stored in He*

⇒ ionization of colliding atoms or 
molecules

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



He* trap and MCP detection

21

Single atom detection of He*

He* on the Micro Channel Plate 
detector:
⇒ an electron is extracted
⇒ multiplication
⇒ observable pulse

Clover leaf trap
@ 240 A : B0 : 0.3 to 200 G ; 

B’ = 90 G / cm ;   B’’= 200 G / cm2

ωz / 2π = 50 Hz ;  ω⊥ / 2π = 1800 Hz
(1200 Hz)



A position and time resolved detector
Delay lines + Time to digital 
converters: detection events 
localized in time and position

• Time resolution better than 
1 ns ☺

• Dead time : 30 ns ☺
• Local flux limited by MCP 

saturation /
• Position resolution (limited 

by TDC): 200 µm /

104 detectors working in parallel ! ☺☺☺☺☺☺

22



Resolution sufficient along y (200 µm 
compared to 500 µm) but insufficient along x.
Expected reduction factor of 15

The detector resolution issue

c fall
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If the detector size ∆xdet is larger than the HBT 
bump width Lcx

then the height of the HB&T bump is reduced:
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At 1 µK, • ∆ysource ≈ 4 µm (1800 Hz) ☺

• ∆xsource ≈ 150 µm (50 Hz)/

NB: vertical resolution is more than sufficient: ∆zdet ≈ V ∆t ≈ 1 nm ☺

x

z

y

∆xdet

Lcx

23



Experimental procedure
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• Cool the trapped sample to a chosen 
temperature (above BEC transition)

• Release onto the detector

• Monitor and record each detection 
event n:
9Pixel number in  (coordinates x, y)
9Time of detection tn (coordinate z)

( ) ( ){ }1 1, ,... , ,...  = a re rd con ni t i t( ) ( )1 1, ,... , ,..n ni t i t

Related to a single cold atom sample

Cold 
sample

Detector

Pulsed experiment: 3 dimensions are equivalent  ≠ CW experiment

x

z

y

Repeat many times (accumulate records) at same temperature
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z axis (time) correlation function: 
thermal sample above Tc

• For a given record (ensemble of 
detection events for a  given 
released sample), evaluate two-
time joint detections probability 
separately for each pixel  j

→ [π(2)(τ)]i

• Average over all pixels of the 
same record and over all records
(at same temperature)

• Normalize by the autocorrelation 
of average (over all pixels and all 
records) time of flight

(2) ( 0; )g x y τ∆ = ∆ =

1.3 µK

Bump visibility = 5 x 10-2

Agreement with prediction 
(resolution)(2)  ( 0; )g x y τ→ ∆ = ∆ =
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x,y correlation function (thermal sample)

For a given record (ensemble of 
detections for a  given released 
sample), look for time correlation of 
each pixel j with neighbours k

→ [π(2)(τ)]ik

Process
• Average over all pixel pairs with 

same separation, and over all 
records at same temperature

• Normalize 
(2) ;  ( ;0)g x y∆ ∆→

1.3 µK

Extends along y
(narrow 
dimension of 
the source)

( 2) ( ; ; 0)g x y∆ ∆

∆x ∆y



More results (thermal sample)
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Lc
x

Lc
yLc

z

Temperature 
controls the 
size of the 
source 
(harmonic 
trap)

0.55 µK

1.0 µK

1.35 µK

∆x ∆y



z axis correlation function: 
case of a BEC (T < Tc)
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Experiment more difficult: 
atoms fall on a small area on 
the detector 
⇒ problems of saturation 

(2) (0;0;0) 1g =

No bunching: analogous to 
laser light

(see also Öttl et al.; PRL 95,090404)



What is the HB&T signal?
(thermal sample above Tc)

Analogy to optics
• Thermal sample above Tc

• Sample size >> ΛT (coherence length of the 
sample)

⇒Many independent sources
• Propagation to detector

⇒Gaussian field: 
2(2) (1)( r) 1 ( r)g g∆ = + ∆

(2) ( r)g ∆

Cold 
sample 
above Tc

Detector

x0

z0

y0

= Fourier Transf. of the momentum distribution on detector(1) ( r)g ∆ (P)ρ
In the far field regime,             maps the density           of  the source.(P)ρ 0(r )n

2(2)
0( r) 1 { (r )}g FT n⇒ ∆ − =

Does not depend on the coherence length 
in the source

29



What next?
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Take more data around the BEC transition, and compare to theory 
(when available)

• Case of an ideal gas (without interaction)

• Case of an interacting gas (expansion an issue)

• Critical fluctuations?

Improve the detector

• Spatial resolution (depends on the TDC time resolution); make 
full use of high resolution along vertical direction

• Saturation of MCP at high flux

• Install a better (more homogeneous) MCP



Single atom detection resolved in space and time: 
fascinating possibilities in quantum atom optics

Photon counting (1950- ): start of modern 
quantum optics (2)

1 1 2 2( , ; , )g t tr r
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Single atom detection, resolved in time and space 
(2005-)

• Study of any correlation function of atomic field

• Hanburry-Brown & Twiss type experiments

• Fluctuations of atom laser around BEC transition

• Detection of correlated atom pairs in 4-wave mixing

• Entangled atomic pairs? Bell’s inequalities
violation? A ressource for quantum information?

r1,t1
r2,t2



More atom lasers, atom-atom 
correlations, and BEC studies at 

LCFIO: a sampling

32

• Beam quality (M2 factor) of a non ideal atom laser 
J.-F. Riou, W. Guerin, Y. Le Coq, M. Fauquembergue, 
V. Josse, P. Bouyer, AA, PRL 2006 

• In situ observation of bunching in a quasi 1D cold 
sample (atom chip):
J.Estève, J.-B. Trebbia, T. Schumm, A. A., C. I. 
Westbrook, and I. Bouchoule, PRL 2006

• Suppression of transport of an interacting BEC in a
random potential:
D. Clément, A.F. Varon, M. Hugbart, J.A. Retter, P. 

Bouyer, L. Sanchez-Palencia, D.M. Gangardt, G.V. 
Shlyapnikov, AA, PRL  2005
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Single He* detection: breakthrough in
quantum atom optics

Photon counting (1950- ): start of modern quantum optics

Correlation function resolved in space and time (2)
1 1 2 2( , ; , )g t tr r

PRL 25, 84 
(1970)

34



35


	Atomic Hanbury Brown and Twiss effect with He*: a step in quantum atom optics
	The HB&T experiment
	The HB&T effect
	The HB&T stellar interferometer
	The HB&T stellar interferometer
	Classical wave explanation for HB&T correlations (1)
	Classical wave explanation for HB&T correlations (1’)
	Classical wave explanation for HB&T correlations (2)
	The HB&T effect with photons: a hot debate
	The HB&T effect with photons: a hot debate
	The HB&T effect with photons: Fano-Glauber interpretation
	The HB&T effect with particles: a non trivial quantum effect
	The HB&T effect with fermions: a fully quantum effect
	Intensity correlation with laser light:  more confusion
	An atomic Hanburry Brown and Twiss experiment with He*
	The HB&T effect with atoms: Yasuda and Shimizu, 1996
	HB&T type effects with particles
	An atomic Hanburry Brown and Twiss experiment with He*
	Metastable Helium 2 3S1
	He* trap and MCP detection
	A position and time resolved detector
	The detector resolution issue
	Experimental procedure
	z axis (time) correlation function: thermal sample above Tc
	x,y correlation function (thermal sample)
	More results (thermal sample)
	z axis correlation function: case of a BEC (T < Tc)
	What is the HB&T signal?(thermal sample above Tc)
	What next?
	Single atom detection resolved in space and time: fascinating possibilities in quantum atom optics
	More atom lasers, atom-atom correlations, and BEC studies at LCFIO: a sampling
	Single He* detection: breakthrough in quantum atom optics


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


