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Abstract

~ it is shown how first- and second-order interference effects can be used to measure
the extent of chaotic light sources such as stars viewed from a great distance. The
same technique can be applied in nuclear physics where the interference effect arises
from the quantum statistics of identical particles. The results from an experiment
attempting to measure the size of the participant zone in a heavy-ion reaction using
bremsstrahlung photons as a probe are presented.

1 Introduction
The observation by Young at the beginning of the XIX century of intensity fringes when the
values of the electromagnetic field at two distant points are superposed, as in the two-slit
experiment, provided the irrefutable proof for the wave nature of light. Later the same
interference effects were shown !•• occur for massive particles thus demonstrating the dual
nature of quantum objects. This kind of interference, which is now called first-order or
amplitude interference, was interpreted by Dirac [1] as the interference of a particle with

J itself. This interpretation was demonstrated [2] to be true in experiments where only one
j particle at a time was present in the interferometer. The interference fringes for electrons

•L could be observed under conditions where the mean interval between successive electrons
X was about 150 km - the interferometer being only 1.5 m long!
v The observation of fringe blurring was used in Michelson type of interferometers to mea-

4 sur? the angular dimension of stars. The resolution of this apparatus is however limited
2 because of the difficulties to keep the relative phase of the interferring field at two distant
I locations constant. In 1954 Hanbury-Brown and Twiss [3] developed a new type of inter-

:j ferometer for use in radio-astronomy where they showed that different photons can also
< interfere, in apparent contradiction with the self-interference interpretation. The distinction
< between this interference process, called second order or intensity interference, and Young's
È.,.. two-slit interference phenomenon is that the former is a multiparticle process peculiar to

| quantum mechanics where the notion of different particles must be redefined.
j In the sixties the intensity interferometry was applied to particle physics by measuring

. 1 the correlation between identical particles [4]. In that way it became possible to measure the
; ' s i z e of the pion source in antiproton-proton annihilation reactions. In nuclear physics [5], at

energies close to the Fermi energy, correlations between identical nucléons or light composite
! ' " ' 'Invited talk at XXIII Mazurian Lakes Summer School on Nuclear Physics, Piaski, Poland, August 18-28
. " 1993.
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particles was used but without ever observing the interference effects obscured by final state
interactions between the two particles.

I will present here a pioneering experiment where the correlation between photons has
been measured to search for the intensity interference effect and thus determine the extent
of the source emitting these photons.

In the first two sections I will recall under which conditions the interference pattern
arises both in first and second order interference experiments. I will also show how the
disappearance of the pattern can be used to measure the size of the light source. I will then
briefly review what we know about the mechanism producing hard photons in heavy-ion
reactions and show that these photons are well suited for the observation of the intensity
interference effect. Finally the method employed to measure the two-photon correlation will
be presented together with the results we have obtained in the reaction Kr+Ni at 60 MeV/u.

2 Amplitude or first order interference

We define interference as the superposition of the electromagnetic field evaluated at two
points separated in space and time. Such a superposition can be achieved with the set-up
shown in figure 1. Two identical pinholes located at ri and r2 on a first screen El are
illuminated by two independent chaotic light sources. At a distance D the superposition, of
the light from the two pinholes is observed on a second screen E2. The light, which we shall
assume to be monochromatic and linearly polarized, can be described by its electric field. At
a time t and a position R, the observed intensity on El results from the linear superposition
of the fields at ri and 72 at earlier times determined by the velocity of light:

I(R,t) = l-fcWO + ^
t, = djc

di = \R-Ti\ i = l , 2

If we write the electric field as a plane wave,

E(r, t) = Eoexp [i [kr -wt

(1)

expression (1) becomes:

I(R,t) = 2£0
2{l + cos[*(<*! - d2) + $,(*) - $2(i)] } (2)

For chaotic light sources the coherence time, tc, is defined as the time during which the phase
of the electromagnetic field remains approximately constant. In other words the coherence
time is a characteristic time for the source which determines the time scale of the random
fluctuations. It is of the order of 10~n seconds for a discharge lamp and 10~6 seconds for
a laser. The path length, lc = ctc, associated with the coherence time is known as the
coherence length.

The intensity is normally recorded by photographic plates or is observed with the naked
eye. In either case the recording time T is long compared to the coherence time. The
observed intensity is therefore a time-average of the intensity:

I ; "

(3) f
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Figure 1: Schematic set-up al/ounnp t/te superposition of the electromagnetic field at two
locations TV and rj. The sources Si and Si are independent therefore a) no interference
fringes are observed on El and h) the correlation function is equal to 1.

Since the two sources aie chaotic and independent, the phases of the field at r, and rj fluctuate
randomly and the second term of equation (2) is zero on average. The averaged intensity is
thus constant and equal to 2E% and therefore the screen Et is uniformly illuminated.

To keep the relative phase S(t) constant, Young changed the set-up of figure 1 so that the
two pinholes are illuminated by a single light source positioned at an equal distance from
ri and r2. Such a set-up is shown in figure 2. If we take S(t) = constant = 0 the observed
intensity is:

I(R) = 2E0
2{l + cos [k {dl - dt)]} (4)

It consists of two contributions. The first term represents the intensities due to each of the
pinholes in the absence of the other. This term does not cause the interference effects. The
fringes are described by the second term which includes the correlation function for the field
at the two pinholes. The fringe pattern depends on the path difference d\ — d2 and the



/ . - • /

i,

visibility of the fringes can be represented by the first order correlation function defined as:

à (5)

For the set-up of figure 1, the first order correlation function is equal to 1 (no fringe visibility)
and for the set-up of figure 2 it is equal to (using the notations of figure 2):

l + cos[k(di-d2)}
1 + cos (kaL)

Intensity on screen E2 1st order correlation Junction

(6)

Figure 2: Schematic set-up for the coherent superposition of the electromagnetic field at
two locations r, and T-J: a) interference fringes are observed on El and b) the correlation
function is maximum at the center (maximum fringe visibility) and decreases at large L
where the fringes become difficult to observe.

The finite extent of the source in the direction joining the pinholes, neglected in the
above treatment, is often the most important limiting factor for the fringe visibility. The
most brilliant fringe is at the center of the screen R = 0, and the intensity of a fringe
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will decrease when one moves away from the center. The fringes will disappear altogether
when the path difference exceeds the coherence length. There are actually techniques for
determining the angular diameter of distant light sources, for example stars, by observation
of fringe blurring. This can be achieved with the Michelson interferometer schematized
in figure 3 where the star, a disk of radius R, is viewed by two aerials in which currents
are summed through two cables of equal length L/2. The contribution 7, to the summed

D»L
h{L)

4

< h(L) >

Figure 3: Schematic set-up of the Michelson interferometer and expected correlation function
for a Gaussian density distribution

intensity from one atom at r, is, according to equation (4):

7,(1) = 2£0
2{l+ cos (kaiL)} (7)

and the total intensity 7v for N atoms distributed according to a normalized density distri-
bution p(r,) is:

h{L) = f It(L)p(r,)drt
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(N-l)\p(kaL)\2} (8)

where p is the Fourier transform of the density distribution and a = R/D the angular
dimension of the source viewed from the distfince D. The first order correlation function has
the following form:

(9)
The correlation function is measured from L = 0 up to distances exceeding the spatial
coherence length and the observed fall off (see fignre 3) measures the angular radius of the
star.

The difficulty and the resolution limitation of this kind of interferometer originate from
the necessity to keep the relative phase constant during the measurement. This is rather
difficult to achieve because of phase fluctuations due to atmospheric turbulences or phase
shifts along the cables. To avoid this constraint, Hanbury-Brown and Twiss introduced in
1954 [3] a new concept and developed the intensity interferometer.

I

3 Intensity or second order interference

The aerials can be replaced by photomultipliers and instead of summing the outputs as for
the Michelson interferometer, the Intensity interferometer, schematized in figure 4, measures
the coincidence rate. It therefore allows one to measure the correlation of two intensities at
different times and locations rather than as previously the correlation of the electric field.
One defines the second order correlation function as the ratio of'the coincidence rates and
the product of the single rates:

(10)

The contribution to the instantaneuous inclusive and coincidence intensities from two atoms
at r, and rj is, according to equation (4):

- d2) + 6(t)}

= 1,2

- d2) + 6{t)}

(11)

i cosp,

icosp,-*,)(<£,-d2)]} (12)

Again it is necessary to average equations (11) and (12) over the observation time. Since
in a chaotic source the two atoms radiate light independently of each other, 8(t ) fluctuates
randomly and all the terms depending on S(t) vanish for the averaged intensities. The second
order correlation function is then:

(13)
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Figure 4: Schematic sef-up /or ffte Intensity interferometer and the correlation function for
a Gaussian density distribution

and for N atoms distributed according to p[r):

- k2)aL}\2 (14)

If the field is coherent (£(i) = constant) it makes no difference to take the average of the
product of the intensities or the product of the averaged intensities. The numerator and
denominator of equation (10) are, therefore, equal and the correlation function is equal to
one.

As for the Michelson interferometer, the fall-off of the correlation function (figure 4)
measures the angular size of distant light sources but with the fundamental difference that
the field must no longer be coherent but chaotic instead.

Intensity interference :s a new kind of interference since it is a multiparticle process
and seems to contradict the fondamental dictum of Dirac [1]: "Each photon interferes only



x> with itself. Interference between different photons never occurs." We shall see in the next
section that quantum statistic provides the explanation for the occurrence of the intensity
interference between identical particles.

The observation of first- and second-order interference effects can be summarized by
introducing the notion of coherence. The term coherence is used to denote the correlation
between the values of the field at two points separated in space or in time. The fact that
there exist two kinds of correlation of first and second order leads us to distinguish also first-
and second-order coherence. The fringes in the Young experiment are visible (C^1' > 1) only
if the field is coherent at least to first order and for the observation of intensity interference
effects (C (2) > 1) the field must be incoherent to second order whatever the first-order degree
of coherence is. For a coherent field C'2 ' = 1. The quantum theory of optical coherence can
be found in reference [6].

,1

4 Photon correlation in nuclear physics

In nuclear physics, identical particle correlations, a technique comparable to intensity inter-
ferometry, is a powerful tool to determine source sizes. The particles preferably used in this
kind of measurement are those which are produced the most abundantly in nuclear reactions:
pions and kaons at ultrarelativistic energies to probe the fireball during the hadronizalion
phase; protons, neutrons and complex particles at intermediate energies to probe the heavy
ion collision zone at various stages of the reaction. Photons, the obvious probe for the study
of interference phenomena, were never considered because of the "difficulties in identifying
them in the huge electromagnetic and hadronic background at ultrarelativistic energies or
because of their weak production cross sections at intermediate energies. I will present in
the following sections an experiment aimed at the determination of participant zone sizes
by way of the measurement of the correlation between hard photons emitted in heavy ion
collisions at intermediate energies.

Firstly, however, I will examine how the intensity interference effect arises in the corre-
lation between identical particles.

4.1 Identical particle correlation

To construct the second order correlation function defined in equation (10), one needs to
measure the coincidence rate between two detectors. The probability to detect two particles
in coincidence is given by the modulus squared of the two-body wave function, V'n» which
is in case of two emitters r, and ry.

1

The first term represents the amplitude for detecting the particle emitted from r, in detector
1 and the particle emitted from r, in detector 2. Since the two particles are identical and
therefore indistinguishable one needs to add the second term where the particles have been
exchanged. If the particles are bosons the Bose-Einstein statistics requires that the two-
body wave function is symmetric with respect to particle exchange, hence the -f- sign in

i
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expression (15). Otherwise, for fermions, the wave function is antisymmetric and the sign - .
The two-body wave function (15) represents the two first contributions depicted in figure 5.a.
The last two contributions where the particles are emitted from a single point are represented
by the following wave function:

-L (16)

Writing the single particle wave function in form of a plane wave, tp(ri) = exp(ikri), and

r,

Figure 5: Graphical representation of the mechanisms which generate a correlation between
identical particles: a) the quantum statistics, h) final state interactions (Coulomb and nu-
clear), c) decay of a resonance of mass M.

assuming a density distribution, p(rt), for the points emitting particles in a source of radius
R, the correlation function for the cases shown in figure 5.a can be easily derived:

Cl2)(kuk2) = / p(ri ) ri dr2

\2 dr2
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= 1 + |p(fc, - fc2)|
2 + \p{k! + forJV»! (17)

where JV represents the granularity of the source. In contrast to astronomy, where the
source size remains unchanged during the observation time, in nuclear physics the density
distribution changes with time. Therefore in equation (17), the 3-momenta must be replaced
by the 4-momenta. Expression (17) is similar to the correlation function (14) with an
additional term in ifei + fc2, the total momentum of the two particles. This term is due
to the case where the two particles are emitted from a single point. The full derivation of
the correlation due to the quantum statistics can be found in reference [7].

Other processes can produce a correlation in the two-particle coincidence distribution.
The first one, shown in figure 5.b, corresponds to the final state interactions between the
two particles. This is the case for charged particles subject to the Coulomb and nuclear
forces. The Coulomb force prevents the particles from being close to each other in phase
space and results in a decrease in the correlation function at small relative momenta. The
nuclear force is responsible for resonant states favoring strong correlation at the energy of the
resonance. For photons the final state interactions are negligible, but one needs to consider
the correlation due to the decay of unstable particles (figure 5.a), such as neutral mesons
into photons. The correlation function will be strongly enhanced at the mass of the particle.

For photons, the correlation function (17) must be changed to take into account flieir
spin: left hand polarized and right hand polarized photons are not identical particles.
Neuhauser [8] has shown that, under a number of conditions justified for nuclear brems-
strahlung photons, the correlation function is:

C{2\kuk2) = cos2 k2)\
2] (18)

where ip is the opening angle of the two photons. The effect of the polarization is to reduce the
maximum value of the correlation function from 2 to 1.5 in the high energy limit (p(ki+k2) ~
0). Expression (18) is only valid in case where the photon production is isotropic. Razumov
and Weiner [9j have derived a more general expression taking into account the dynamics
of the photon production and have shown that the maximum of the correlation function
depends strongly on the angular distribution of the photons and can vary between 1.5 for
isotropic emission and 2 for dipolar emission in the high energy limit.

4.2 Bremsstrahlung photons
High energy photons (2?-, > 30 MeV) have been extensively studied in the past decade for a
large variety of systems over bombarding energies between 10 MeV/u and 124 MeV/u. The
results axe reviewed in references [10] and [11].

The global features are summarized in figure 6. The hard photon spectrum, beyond
the giant resonances region, exhibits an exponential shape (figure 6.a) with an inverse slope
parameter Ea increasing with the bombarding energy (figure 6.b). Exploiting the Doppler
shift, the velocity of the photon emitting source can be measured and is found to be equal to
half the beam velocity (figure 6.c). These observations lead one to identify the hard photons

10
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Figure 6: Characteristics of the hard photons emitted in heavy ion reactions near the Fermi
energy.

as the bremsstrahlung photons emitted in individual neutron-pioton collisions. The produc-
tion cross section can be expressed with only one parameter depending on the bombarding
energy, the probability to produce a photon per neutron-proton collision:

P, = •
>6

(19)

where <TR -IS the total reaction cross section and < Nnp >b the number of neutron-proton
collisions averaged over the impact parameter. The evolution of this probability with the
energy available for the nuclear reaction is shown in figure 6.d in comparison with the
probability calculated in a free nucléon-proton collision. One observes that the photons with
energies larger than 30 MeV can be produced in the medium well below the threshold energy
of 60 MeV for a free collision. The additional energy necessary to create these sub-threshold
photons is believed to be provided by the Fermi energy of the nucléons within the collision
zone. Ftm&ermore.. phase space calculations indicate that, because of Pauli blocking, only
STSE chance collisions participate in the production of hard photons.

To summarize, photons are produced through the bremsstrahlung mechanism in first
chance individnai neutron-proton collisions. Because of the stochastic nature of the collisions

11



in a heavy-ion reaction, the total flux of photons results from an incoherent superposition of
photons produced in individual collisions. We thus have at hand a chaotic light source which
is well located in space, the participant zone, and in time, the duration of a nucleon-nucleon
collision. The correlation technique may therefore be adapted for the determination of the
spatial and temporal extent of the source using hard photons. ,

4.3 The two-photon correlation experiment , '•''••

The experimental difficulties one needs to overcome in the measurement of the two-photon ? ." '
correlation function are the unambiguous identification of the photons among the hadronic , . ~
and cosmic-ray background and the weak production cross sections (ff77 ~ Wfib). One thus
requires an efficient detection system with high angular and energy resolution and an effective
background suppression (hadrons, e+e~ conversion pairs, and cosmic rays). These problems
were solved by the use of the photon spectrometer TAPS 2, an array of 320 hexagonal
telescopes each consisting of a 2 mm thick NE102A AE detector and a 250 mm thick BaF2

 !

E detector. To optimize the collection of the electromagnetic shower induced by high energy \
photons the telescopes were assembled in 5 blocks of 64 detectors each, positioned around the
target at an average distance of 60 cm. In the data analysis the charged particles detected
in TAPS, mainly protons and electrons, were rejected by using the information from the AE ]
detector as a veto signal. In addition, photons and light particles were identified by using the v

difference in the pulse shape generated in the E detector and the different flight times.'The
residual contamination due to improperly identified hadrons was negligible. The energy and /
emission angle of the photons were obtained by reconstructing the electromagnetic shower.
For 70 MeV photons, the final energy resolution was 3.5 MeV and the angular resolution
was 1°. A detailed description of TAPS and the methods used to identify photons can be
x'ound in references [12-15]. We studied the system Kr+Ni at 60 MeV/u. \%

Experimentally the second order correlation function defined by equation (10) is con-
structed as the ratio of the two-photon coincidence yield Y2(ki,k2) over an uncorrelated vk
background generated by folding the single photon yields Yi(ki) and Y2(k2): ••%

•'•W

(20)

| C(2> is normalized to 1 in the region where the correlations are negligible. Cosmic-ray induced '*••'• -
t events recorded in random coincidence with the beam were eliminated in the analysis based V

on the shape of the shower [16] and left over conversion pairs or non continuous showers by ! i
) setting a minimum relative angle of 18° between the two showers. In this way 20,649 events
'- • • iv were identified as two hard photon events. We estimate that the contributions from cosmic •'

1 events not rejected (4 events over the whole spectrum) and from conversion pairs (6 events
for invariant masses between 20 and 80 MeV) are negligible.

The correlation function is displayed in figure 7 as a function of the invariant relative • »-'-,,
momentum, Qinv = yj— (ki —k2)

2, which 4s equivalent for photons to the invariant mass. • ' \ ;
This kind of representation, commonly used in particle physics, has been selected because * '
<?inv allows one to easily identify the correlation originating from ir° —» 27, as seen in the

— _ —̂*
2Two Arms Photon Spectrometer, a GANIL-Gieflen-GSI-KVI-Valencia collaboration. $
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Figure 7: Correlation function measured for hard photons from the system Kr+Ni at
60 MeV/u. Subfigure b) is an enlargement of subfigure a) at low invariant mass. The
solid line is a fit to the data using equation (22), the dashed line shows the 7r° contribution,
and the dot-dashed line the interference effect.

figure at Qmv = 135 MeV. The neutral pion contribution to the correlation function has
been calculated with the help of a GEANT Monte-Carlo simulation (dashed line) indicating
that it is negligible at low invariant mass. Therefore, below 60 MeV the spectrum contains
mainly bremsstrahlung photons and the rise towards low Qinv in the interval from 40 MeV
down to 5 MeV is attributed to the expected interference effect between photons.

The following expression was fitted to the experimental correlation function:

) = Ko + K, • 9r,{Q-m) + K2 • gAQ™ - mK.) (21)

where À'O is a coefficient used to normalize the correlation function to to unity for uncorre-
lated photons and the last term describes the contribution from the neutral pions. The inter-
ference term g^ is obtained by assuming that the source density distribution is of gaussian
shape with a width Rmv and by neglecting the second teim of equation (18) (p{ki + fc2) ~ 0
for kl 3 > > 1). The interference term thus has the following form:

(22)

13
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where <rc = hcjR\a%- is the correlation length and A = Ki/KQ is a factor which represents
the reduction of the correlation function at zero relative momentum due to the spin of the
photons, to the dynamics of their production (see section 4.1), to the partial coherence of
the source and chance coincidences. We assumed that this parameter is a constant. The
result of the fit is shown in figure 7 as the solid line. The maximum of the correlation
function at zero relative momentum is equal to 1.7 ± 0.2 consistent with the predicted
values (see section 4.1). The correlation length is equal to 15 ± 3 MeV corresponding to
an invariant gaussian radius equal to 13 ± 3 fm and to an equivalent hard sphere radius
equal to 20 ± 4 fm. The size calculated for the photon source considering an average impact
parameter of 3.5 fm and an average number of participants equal to 76 nucléons is found
equal to R = 5 fm. The measured photon source size is thus 4 times larger than the size
of the expected participant zone, although it must be realized that .Rjnv includes both the
spatial and temporal dimensions. We don't have yet an interpretation for this unexpected
observation.

A*

i!

5 Summary
The global features observed for the production of hard photons in heavy-ion collisions in
the vicinity of the Fermi energy indicate that the photons are predominantly produced in
first chance individual nucléon-nucléon collisions. The photon source is therefore chaotic
and well localized in space and time. All the required conditions are thus met to measure
the intensity interference effects which depend on the dimensions of the photon source. The
principles of this method have been described and the correlation function between identical
particles, in particular photons, has been derived.

The results of an experiment performed using the photon spectrometer TAPS have
demonstrated that it is possible to measure and identify two-photon events originating from
the bremsstrahlung radiation emitted during the collisions between participant nucléons. It
was shown that the strong correlation due to the decay of neutral pions does not mask the
second order interference effect. Whereas the effect was seen in the data the interpretation
of the measured source size remains an open question. Why is the source size so much larger
than the expected size of the participant zone? Do we really observe the interference effect
or is it another trivial effect? What are the respective roles of the spatial and temporal
extent of *.he source? With the present data it is not possible to answer these questions.
Certainly new experiments are needed. One could for example repeat the experiment using
a much heavier system at the same bombarding energy to check if the correlation function
is narrower as expected for a larger source size. The ultimate dream would be to collect
enough data (that means a lot!) to be able to disentangle the spatial and temporal extent
in a bidimensional representation of the correlation function, relative energy versus relative
momentum.
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