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Relativistic nucleus-nucleus collisions
create matter at high energy density. The
transverse mass spectra of produced hadrons
appear to be thermal in nature, and allow
study of rescattering and collective expansion.
Protons and deuterons are sensitive probes of
collective expansion due to their large masses.
Pions are by far the most copiously produced
particles and they reflect the total entropy of
the collisions. We measure source sizes via
coalescence and interferometry, and combine
these with single particle spectra to derive
phase space densities. This allows us to quan-
tify the freeze-out conditions for different par-
ticles as a function of mg, the number of par-
ticipant nuclei and /s, and so constrain mod-
els of possible quark gluon plasma production.

The model of deuteron production by
final state coalescence of protons and neu-
trons with small relative momenta has been
very successful [1, 2]. Near mid-rapidity, di-
rect production of dd pairs is small due to the
high dd mass threshold of 3.75GeV/c?, and
pre-existing deuterons are unlikely to survive
the many collisions required to shift them to
mid-rapidity. Since coalescence depends on
the distribution of nucleons, one can deter-
mine a nucleon source size from the d/p? ra-
tio [3]. To facilitate comparison with our HBT
interferometry results, in this analysis we as-
sume a Gaussian distribution of the proton

source [4]. Ignoring the 2.2MeV binding en-
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ergy of the deuteron, the source radius Rg is

g Nz End:’Nn
R3, = 3wz (hc)a dp’ (1)
4= Tom, g

where m, is the proton mass, p is the pro-
ton momentum and P = 2p is the deuteron
momentum, Since R¢ is sensitive to both the
transverse and longitudinal size of the source,
when comparing to HBT results it is best
to compare to (R? - R”)% (Eqn. 6.3 of [5)]),
where R, and R parametrize the extent of
the source perpendicular and parallel to the
beam [6]. NA44 has published HBT results in
the Pratt-Bertsch frame where R, = R, and
Ry = R” We will therefore compare Rg to
(R2- Ry)S.

One can also characterize the system

by the density of particles in phase space

(27he)® d°N
(25 + 1) dp3d=3

f(p,x) = (2)

where s is the spin of the particle. For a sys-
tem with temperature T and chemical poten-
tial p .

HB) = Emr o1 ®)
where E is the energy and +1 selects bosons

or fermions. For a dilute system, z.e. f € 1,

Eqn. 3 gives
fo e EAIT @)
fo ~ e (Ba—w)T (5)
fi =~ e (Ea=28)/T (6)

Since Eg = E, + Ep, Eqns. 4-6 imply

fd(Pa x) = fp(pa x)fn(p1 x)'



We assume that the proton and neutron spec-
tra are identical, since any nucleons measured
at ¥ & 2 must have suffered many collisions
and are almost as likely to be protons as neu-

trons. Averaging f, over x gives

fd3:cf§ 2 d®Ny/dP3?

o) = Tapar, = 3 BN, g

(8)

For pions we have measured the source
size in three dimensions as well as single par-
ticle. Dividing d®N,/dp® by the invariant vol-

ume, gives

B3N, VA
dp® R,R.R;

(fa) = 73 (he)® 9)

where A is the strength of the correlation func-
tion and v/A accounts for the effect of reso-
nances on (f) [7].

The mr distributions are approxi-
mately exponential over the NA44 accep-
tance, and become harder (i.e. have larger
inverse slopes) for larger systems, consistent
with an increase of transverse flow. The ratio
(my)/A is a measure of the average transverse
velocity. It is almost equal for protons and
deuterons, as well as for # and d from PbPb
collisions, as would be expected from coales-
cence. Similar behavior is seen for AuAu col-
lisions at the AGS (y/s = 4.9GeV/A) but the
spectra are softer, implying less flow and/or a
lower freeze-out temperature [8].

Figure 1 shows the system dependence
of the phase space densities and source radii
for pions and protons. Antiproton data are
also shown for PbPb collisions. The =+ and
p phase space densities increase with system
size, with (fz) < (fp) € (fe+) € 1. For
central PbPb collisions, the pion phase space
density (fx) at (pr) = 240MeV /cis still much
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Figure 1: Phase space densities (f) and source
radii for 7% and p at (pr) ~ 240MeV/c, and for
at (pr) ~ 490MeV/c.

less than one, however f, is presumably larger
towards the centre of the source and at lower
pr. The pion and proton source radii increase
with system size, however for nucleus-nucleus
collisions the pion source size grows more
quickly with the number of participants than
the proton source. The increased =% multi-
plicity (or entropy) is associated with a cor-
responding large increase in the pion source
éize, whereas for protons the increased multi-
plicity occurs with a roughly constant source
size. Since the w1 are at lower mr than the
protons, this implies an increasing mr depen-
dence of the source radii with system size,
which can be understood in terms of stronger
flow for PbPb than for SS collisions.
Because of their large annihilation

cross-section, one might expect that ps would



only be emitted from the surface of the sys-
tem and would have a larger RMS freeze-out
radius than protons. However, the p and p
source radii are comparable presumably be-
cause m-nucleon scattering is more important
than nucleon-nucleon scattering.

In order to study the energy depen-
dence of freeze-out we compare our PbPb data
at /s = 17.3GeV/A to AGS AuAu data at
Vs = 4.9GeV/A, at the same scaled rapid-
ityy = %—ybeam. Fig. 2 shows the phase space
densities and source radii for PbPb and AuAu
collisions as a function of mr. At a given mr,
Jr+ drops with /s while f, increases. Thus
the ratio p/T decreases with /s for protons
but rises for pions. Since E = mgcosh(y),
Eqn. 3 also implies that f be exponential in
mr for f <« 1 asis the case for our data. How-
ever if the system is boosted due to transverse
flow, f(mr) will be “blue-shifted” to higher
mr values [9]. The slope of f + versus mr is
the same within errors at both energies, but
Jp is much flatter at the higher energy. This is
because the large proton mass makes it more
sensitive to the transverse flow.

The mg dependence of the source
sizes is stronger at higher energy. Several
hydrodynamical models have interpreted the
HBT source radii as “lengths of homogene-
ity” which should decrease with increasing my
[12, 13]. The larger size and stronger mr de-
pendence of the radii at the higher energy may
reflect a larger initial pressure and energy den-
sity.

Both pion and proton radii increase
with /s. However f.+ increases with /s
while f, drops. Since §/p < 1 at both SPS
and AGS energies [14, 15, 16], we know that
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most protons observed near mid-rapidity are
remnants of the target or projectile that have
been slowed down by multiple collisions. At
the higher energy they are distributed over a
larger momentum (i.e. y,mr) space and, if
they did not interact with other particles, one
might expect them to freeze out at the same
phase space density, and therefore a smaller
radius. However the large number of addi-
tional pions produced at /s = 17.3GeV/A
prolong 7-nucleon scattering until the proton
source has reached a larger size than it does
at /s = 4.9GeV/A. Since both the momen-
tum space and physical space increase while
the number of protons is roughly constant, the
proton phase space density decreases with 4/s.

For pions the situation is different. At
Vs = 4.9GeV/A, they are outnumbered by
protons and so their freeze-out is driven by
that of the nucleons. At /s = 17.3GeV/A,
they are the most numerous particle and they
control freeze-out. However since the pion-
pion cross-section is smaller than the pion-
nucleon cross-section, fr+ increases with /s.
Thus at /s = 4.9GeV/A the hadronic sys-
tem is held together by protons while at /s
= 17.3GeV /A it is held together by pions.
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Figure 2: Phase space density and radii for 7t
and p versus my for /s = 17.3 and 4.9GeV/A
[8, 10, 11].



