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Abstract

Dimension of region emitting particles in nuclear collisions can be determined by
Hanbury-Brown and Twiss (HBT) correlations of identical particles. In this note we
demonstrate that this dimension as determined by HBT correlation of Bremsstrahlung
photons is larger than the actual one due to the photon formation length. Qualitatively
r2 - r2 + a/w? where the last term is due to the formation length being proportional to
1/w, where « is the energy of the photon. The phenomenon permits to "see"
experimentally the photon formation length.



The conception of the photon formation length has been known since the classical
papers by Landau, Pomeranchuk and Migdal {1]. An elementary explanation of the
concept can be found e.g. in Ref[2]. Formation time t; and formation length I for

the production of the photon with momentum k and energy . (inunits % =c =1)
by a charged particle moving with velocity ¥ are given by the expressions [2]
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where 7 =k /w is the direction of photon. :
Since the emission of a soft Bremsstrahlung photon is essentially a classxcal
phenomenon, the expression in* Eq.(1) follows directly from classical electrodynamics
{3] without any further assumptions. If a charged particle undergoes multiple scattering
in a medium with the mean free path between successive collisions being smaller or of
the same order as I, the resulting production of soft photons is smaller than what one
would expect from the incoherent sum of Bremsstrahlung in individual collisions. The
formation length and formation time concept is consistent with the Low theorem [4].
According to the Landau-Pomeranchuk effect and Low theorem very soft photons
observed in hadronic or heavy-ion collisions are dominated by the Bremsstrahlung
emission off initial or final state particles [2], contributions from intermediate stages
being suppressed.

The standard formula for a single soft photon emission in hadronic collision leading to
multiparticle production reads as follows [2,5]
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Superscripts v, h refer to photon and hadron production respectively, p;, 1=1,2,..n

are momenta of final state hadrons, (w,l?) is the four-momentum of the photon, &
denotes .its polarisation, ixidjces ab refer to incoming particles, Q; (Q.,Qy) are
charges of outgoing (incoming) particles.

The recipe for calculating Bremsstrahlung photon emission for a given hadronic initial
and final state is thus simple. For each outgoing hadron there is the contribution
Qi(e.p)/(k.p;)) to the amplitude (for the ingoing the sign is changed), ail the
contributions are added coherently and the sum is squared.

One can ask where has the photon been produced? According to Eq.(1) the photon
formation length for @ =20 MeV is 10 fim and for w =10 MeV it is even 20 fm
what is much larger than the standard dimensions of the system. Dimension of the
system from which soft photons has been produced can be seen from the Hanbury-
Brown and Twiss interferometry of two soft photons.

In analogy to the expression g,J¢ the amplitude for the emission of two soft photons
with the same polarisation is obtained by the same procedure as above with the result
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In this expression we have left out the incoming particles, but they can be easily
included. The first term in the r.h.s. corresponds to the emission of photons by two
different external legs, the second term to the emission of two photons by the same

leg [5].

The expression for the two photon emission is then obtained from Eq.(2) by replacing
Y] =&, Jn by Y2 and deY/d3k by w10}2d077/d3k1d3k2 .

Both cross-sections for one- and two-photon emission correspond to the situation
when all charged particles in the final state are emitted from the origin of the
coordinate system and at the same time. In order to include the possible emission of
charged particles from different positions we have to make the replacement

€.p) x E.p)
Q—(I;ﬁj—»e Q—(,T‘;j ©)

This follows either from the classical electrodynamics as discussed in Balek et al.[2] or
from the fact that when a state |¥> with four-momentum is transferred by a



distance x, the state is changed according to | ¥ > — exp(ik.x) | ¥> where kx=
wt- k.7,

To get the expression corresponding to the situation to which HBT interference applies
[6,7] we have to introduces phase factors exp(i®;) which permit express the phase
_ randomness of the emission of charged particles which bremsstrahl the photons. Each
factor in Eq.(5) is thus multiplied by exp(i®;). Asa net result we have

(assuming ;= 0 and the same'polarisation of both photons)
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with the single photon amplitude being given as
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To be quite complete we should still add to each point i from which a charged
particle is emitted the square-root of the corresponding intensity but this can be
simulated also by the density of emitters so we have not inserted that explicitly.

Under the assumption of complete incoherence [6,7]
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the correlation function
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The terms (e.p;)/(k.p;) can be simplified. Taking & =0, k= (w,k), pi = (B, p;) we
obtain
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where 7 =k/w is the direction in which the photon moves and ¥, =p,/E, is the
velocity of the charged particle emitting the photon.



The instructive case of HBT interference of Bremsstrahlung photons emitted by two
charged particles will be discussed in a separate paper. Here we shall describe only a
simple situation, corresponding to the emission of two photons from a spherical
"fireball". Charged particles are produced at the same time t; =0 from the surface ofa
sphere with radius R. The magnitude of their velocities is fixed at the same value but
the direction of the velocity is chosen randomly within the semi-sphere above the plane
tangential to the sphere emitting charged particles at the point from which the charged
particle is emitted.

The correlation function is calculated numerically by Eq.(11). The calculation is done
numerically for both photons having the same energy w;= w;= w . Using the notation
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we compute the correlation function R(IFI,EZ) and approximate it for small values of

Ak as

R, %)~ 1+ cos(ak.7y )= 2~ %(A/?Feﬂ)z (16)

After having computed R(I?I,I_c;) as described above we fit the results at small values
of Ak by Eq.(16) and obtain the value of the adjustable parameter reg:

In Fig.1 we present the correlation function R(A_r'1 ,1;2) as a function of |Al-c.i for two

photons bremsstrahled by charged particles emitted from the surface of the sphere with
radius R = 6 fm for a set of values of w = w;= w, . Polarisation of both photons are

the same and perpendicular to the plane given by k, and k, . As expected peaks are
getting narrower for smaller values of w. .

In Fig.2 we give the dependence of reg on w, with reg being calculated by using
Eq.(16). The result is as expected. For small  the photon formation length represents
the dominant contribution to 1. , whereas for large values of w reg approaches the
radius of the region from which the charged particles are emitted. It should be stressed
again that the formation length of the photon has not been inserted by hand into the
formalism. It entered into the ry only on the basis of standard expressions for
Bremsstrahlung emission by charged particles. Further aspects of this phenomenon will
be given in a more detailed paper.




Before concluding let us present some comments. HBT interferometry of soft photons
produced in heavy-ion collisions made possible by the TAPS spectrometer [8] may be
an ideal place for studying this phenomenon. It seems that in heavy ion collisions at
these energies Bremsstrahlung dominates [8] below and above the photon energy
range containing contributions from exited nuclei and fragments.

Recent experiments [9] with heavy ion collisions of the NA-44 collaboration at the
CERN-SPS have shown that the dimensions of the volume - as determined by HBT
interferometry of positive pions - decrease with increasing transverse mass. The effect
goes in the same direction as the one described above. The formation length of pions
has been frequently discussed in the literature, see e.g. Refs.[10]. Still, the concept of
the formation length of the pion is much less understood than that of the photon and at
present we do not see any convincing reasons that the phenomenon discussed above is
connected with the most interesting results [9] obtained by the NA-44 collaboration.

It has been recently pointed out that the intermittent behaviour observed in
multiparticle production is to some extent due to the HBT interference of identical
particles - for recent review see Ref.[11]. Possible analogies between photon and pion
formation length could make the efficient region of the emission of pions rather large
for soft pions (see Fig.2) in the sense indicated by Bialas and Ziaja [12]. Although
being perhaps attractive this points remains at present only at a level of speculation.

In the present note we have started with well known dynamics of soft photon
production and we have shown that the photon formation length is experimentally
observable via HBT interfometry. For the case of soft pion production one could turn
the situation the other way round. A high statistics study of HBT correlations of soft
pions in a relatively clean situation, like in pp collisions at low energy could bring a
very valuable information on the pion formation length and thus on the mechanism of

the pion production in hadronic collisions. The pp collisions at low energy or at rest
procedes probably via different mechanism [13] and pion formation length effects may
be absent.

Note finally that two-photon interferometry in hadronic collisions has already been
studied theoretically [17], but to our knowledge the emphasis has not been put onto
the interferometry of the soft Bremsstrahlung photons.

In our calculations we have neglected the contribution due to Bremsstrahlung off
incoming particles. This issue deserves further attention in particular in case of strong
coherent effects [15]. '

In concluding we can state that the soft photon formation length may be
experimentally studied by HBT interference of soft photons.
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Figure Captions

Fig.1 Correlation functions computed according to Eqs.(1 1-13) for a few values of
(= o= wy) asafunction of |Ak|= |k, —k,| . Solidline =380 MeV,
Iy = 6,00 fm, long dash: w=30MeV, rg= 11 fm, shorter dash:
w=15MeV, reg= 20 fim, very short dash: w=7 MeV, rg=39 fin.
The ror has been calculated by Eq.(16).
Polarisation of both photons is linear and parallel to k,xk, . The radius of the
sphere emitting charged particles R =6 fm, velocity of outgoing particles
corresponds to pions with momentum 400 MeV/c.

Fig.2 Dependence of re as a function of both photons energy w calculated by
Eq.(16) from data given in Fig.1 completed by some other values of w.The

dashed line is given by reg=(R2 + a/w?)1/2 with a=1.86 (he)’.
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