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Momentum correlation of identical bosons emitted 
from two point sources
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Single-particle state with exactly 
defined position (in position space)

|~xi :

Representation in momentum space:

Momentum undefined in this case:

Two-particle wave function in momentum representation:
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Spatially extended static particle source
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Width of the correlation function is a measures the 
source size

4

heavy ion collisions: typical dimensions 1–10 fm 
→ interference at momentum differences of 20–200 MeV/c
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Where the name comes from:  
Stellar intensity interferometry
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Michelson stellar interferometry (measures spatial coherence of star light):
Optics238

!

that there is a filter in front of S1S2 so that light corresponding to
l ª 5000 Å is incident on S1S2. What should be the separation between
S1 and S2 so that fringes of good contrast are observed on the screen?

Solution:

q ª 32¢ = 
32 rad 0.01 rad
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Thus the lateral coherence length

lw ª 5 10
10

5

2  = 0.005 cm

Therefore if the pinholes are separated by a distance which is small
compared to 0.005 cm, interference fringes of good contrast should
be observed.

17.4 MICHELSON STELLAR

INTERFEROMETER

Using the concept of spatial coherence, Michelson devel-
oped an ingenious method for determining the angular
diameter of stars. The method is based on the result that
for a distant circular source, the interference fringes will
disappear if the distance between pinholes S1 and S2 (see
Fig. 17.8) is given by [see Eq. (15)]

1.22d l
=

q
(17)

where q is the angle subtended by the circular source as
shown in Fig. 17.8. For a star whose angular diameter is
10–7 rad, the distance d for which the fringes will disappear is
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where we have assumed l ~
-  5000 Å. Obviously, for such a

large value of d, the fringe width will become extremely small.
Further, one has to use a big lens, which not only is difficult

to make, but only a small portion of which will be used. To
overcome this difficulty, Michelson used two movable mir-
rors M1 and M2 as shown in Fig. 17.9, and thus he effectively
got a large value of d. The apparatus is known as
Michelson’s stellar interferometer. In a typical experiment the
first disappearance occurred when the distance M1M2 was
about 24 ft, which gave

q ~ .
.

-
¥ ¥

¥ ¥
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24 12 2 54

5
 rad ~

-  0.02 second

for the angular diameter of the star. This star is known as
Arctures. From the known distance of the star, one can estimate
that the diameter of the star is about 27 times that of the Sun.

Note that a laser beam is spatially coherent across the en-
tire beam. Thus, if a laser beam is allowed to fall directly on a
double-slit arrangement (see Fig. 17.10), then as long as the
beam falls on both the slits, a clear interference pattern is
observed on the screen. This shows that the laser beam is
spatially coherent across the entire wave front.

Figure 17.11 shows the interference pattern obtained by
Nelson and Collins (Ref. 14) by placing a pair of slits of width
7.5 mm separated by a distance 54.1 mm on the end of the
ruby rod in a ruby laser. The interference pattern agrees with

S
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L
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f

Fig. 17.8 S is a source of certain spatial extent; S
1
 and S

2

are two slits separated by a distance d which can

be varied. The fringes are observed on the focal

plane of lens L.

ScreenLaser
beam

Fig. 17.10 If a laser beam falls on a double-slit arrangement,

interference fringes are observed on the screen.

This shows that the laser beam is spatially coher-

ent across the entire wave front.

L

M1

M2

Fig. 17.9 Michelson’s stellar interferometer.

gha80482_ch17_233-250.PMD 1/21/2009, 10:13 PM238

Δθ

when the distance d of the pinholes 
is increased, interference fringes 
disappear when d = 1.22 λ/Δθ

d

Robert Hanbury Brown conceived a method based on the correlations of  
intensity fluctuations (less sensitive to vibrations and atmospheric fluctuations):

direction 
of the star

requires distances of several meters: 
experimentally challenging

Robert Hanbury Brown 
1916–2002 
(link)

"As an engineer my education in 
physics had stopped far short of the 
quantum theory. Perhaps just as well 
... ignorance is sometimes a bliss in 
science"

https://www.science.org.au/fellowship/fellows/biographical-memoirs/robert-hanbury-brown-1916-2002
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Angular diameter of Sirius from HBT Correlations
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C ⇠ hI1I2i

I1 I2

d

⟨I1⋅I2⟩/(⟨I1⟩⋅⟨I2⟩)

1

2

Angular diameter of Sirius from intensity interferometry: 3.1⋅10–8 rad

Nature, Nov. 10, 1956, Vol. 178
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Hanbury Brown and Twiss tested their technique 
in the laboratory
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t

t+τ

thermal photon 
source ("chaotic")

g (2)(⌧) =
hI (t)I (t + ⌧)i

hI (t)iihI (t + ⌧)i

P. Dirac (1958): "Each photon interferes only with itself; interference 
between different photons never occurs" 
→ No! Applies to conventional interference experiments, but not to HBT

coherence time
(e.g. laser)

Hanbury Brown-Twiss experiment: milestone for the field of "quantum optics"

half-silvered mirror
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Back to heavy ions:  
Bertsch-Pratt variables: qout, qside, qlong
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Two-Pion Bose-
Einstein correlations
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π–π– correlation function in 
central Pb-Pb collisions at 
√sNN = 2.76 TeV

projection on qa (a = out, 
side, long) axis was done for 
–30 MeV < qb, qc < 30 MeV

characteristic width:  
30–40 MeV/c
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Effect of collective expansion: 
Apparent reduction of the source size
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Only particles emitted from nearby 
space points have similar momenta, 
i.e., small momentum differences

Space-momentum correlations from 
collective radial expansion lead to an 
apparent reduction of the source size

radial position r 

β(r) 

Rnucleus

static source:  
no dependence on pair momentum 

expanding source:  
HBT radii depend on 

~K

~K
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Gaussian HBT radii Rout, Rside, Rlong
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correction for Coulomb interaction
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kT dependence of HBT radii: signature of radial flow

12

Parameterization inspired 
by blast wave model

HBT radii larger than 1d rms radii of the nuclei:

0-5% most central Pb-Pb

HBT radii larger at the LHC: 
Effect of stronger radial flow?

In some models prolonged 
lifetime of the source leads 
to  R

out

/R
side

> 1

Not seen in data

ALICE, arXiv:1012.4035

q
hr2Aui/

p
3 ⇡ 3 fm

q
hr2Pbi/

p
3 ⇡ 3.2 fm

PHENIX, arXiv:nucl-ex/0201008v3

R
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1 +mT�2

surf

/T
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Energy dependence of Rout, Rside, and Rlong
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a)E895 2.7, 3.3, 3.8, 4.3 GeV
NA49 8.7, 12.5, 17.3 GeV
CERES 17.3 GeV

b)STAR 62.4, 200 GeV
PHOBOS 62.4, 200 GeV
ALICE 2760 GeV

c)KRAKOW
HKM
AZHYDRO
HRM
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Significant increase at the LHC

Reasonably well reproduced by 
hydro models

ALICE, arXiv:1012.4035
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Energy dependence of Rout × Rside × Rlong
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ALICE, arXiv:1012.4035

Freeze-out volume appears to scale linearly with dNch/dη
Factor 2 increase from RHIC to LHC: same factor as for dNch/dη
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Rlong: longitudinal expansion of the fireball
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Bjorken expansion: vz = z/t

Rlong determined by the distance 
one can move before the collective 
velocity overwhelms the thermal 
velocity:  

R
long

⇡ v
therm

dvz/dz

Thermal velocity (non relativistic): 

vtherm =
p

T/mT

This gives:

R
long

⇡ ⌧f
p

T/mT

ALICE used:

ALICE, arXiv:1012.4035

duration of emission
Duration of particle emission at the 
LHC: about 10 fm/c
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Small systems (I): 
HBT radii in pp
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PHENIX AuAu @ 200 AGeV
STAR AuAu @ 200 AGeV
STAR CuCu @ 200 AGeV

a)

ALICE pp @ 7 TeV
ALICE pp @ 0.9 TeV
STAR pp @ 200 GeV

b)

STAR AuAu @ 62 AGeV
STAR CuCu @ 62 AGeV
CERES PbAu @ 17.2 AGeV

c)
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ALICE, arXiv:1101.3665

HBT radii in pp smaller than  
in AA at same dNch/dη 

→ initial geometry matters
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Small systems (II): Evidence for radial flow
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ALICE, arXiv:1101.3665
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Summary

■ HBT correlations: effect of Bose-Einstein statistics 
■ Name comes from stellar intensity interferometry 
■ Information about the freeze-out volume and lifetime of the source 
■ HBT radii depend on pair momentum kT: evidence for radial flow 
■ Freeze-out volume appears to scale linearly with dNch/dη: 

Approximately constant particle-density at freeze-out for different √sNN 

18


