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The energy density achieved in the early stage of high energy nucelar collisions is correlated 

with the rapidity loss of the participant nucleons. The produced ir mesons seem to be insen
sitive to the variations of the corresponding energy loss. The K-mesons are enhanced with 

respect to the pions and have larger transverse momenta in heavy than in light collision sys

tems. It turns out that the mean transverse momenta depend on the particle mass. This effect 

increases with system size suggesting a scenario in which a common transverse expansion ve

locity is superimposed on the normal chaotic motion. This p.icture is supported by results 

from 2-ir correlation analysis, in which similar observations are made. The information from 
single partilce spectra and 2-ir correlations lead to a freeze-out temperature around 120 MeV 

and a flow velocity of 0.6c. 

1 Introduction 

The ultimate goal of the CERN heavy ion program and similar studies foreseen at future collider 
facilities is the production and characterisation of an extended volume of equilibrated partonic 
matter, the quark gluon plasma (QGP) 1 •  A phase transition to this state has been predicted 
by lattice QCD calculations (see 2 for recent reviews) for energy densities above 1-2 GeV/fm3 
and temperatures above a critical value Tc of about 180 to 200 MeV. In heavy ion collisions, if 
a QGP were indeed formed, it would be established in the early stage of the collision, after an 
initial pre-equilibrium state. Subsequently we expect a hadrnnisation of the partonic matter, 
followed by hadronic rescattering, chemical freeze-out and finally thermal freeze-out. Clearly, 
experimental information on the dynamics of the source evolut;ion is required to reconstruct the 
initial conditions of the strongly interacting system and to verify whether or not this picture is 
realized. In this paper we present recent results from NA49 on participant protons, pions, and 
strange particles and study their production characteristics. The data from the heavy Pb+ Pb 
system are compared to those from 32S+ 32S collisions in terms of baryon stopping, strange 
meson production and transverse momentum spectra. 

2 Experimental Setup 

The NA49 experiment is a large acceptance hadron spectrometer used for studies of pro
ton+proton (p+p), proton+nucleus (p+A) and nucleus+nucleus (A+A) collisions at the CERN 
SPS. The experimental setup comprises four large volume Time Projection Chambers (TPCs) 
for charged particle tracking and identification by energy loss measurements, and four Time-of
Flight walls for additional particle identification (see also3).  The acceptance covers about 80% of 
all charged particles for every event, leading to about 1200 detected particles in a single central 
Pb+ Pb collision. For the analysis presented in this paper the �,3 most central interactions were 
selected by a trigger on the energy deposited in the NA49 forwa.rd calorimeter. This corresponds 
to an impact parameter range of b < 3.5 fm. 

3 Early Stage 

Important information on the initial conditions in nuclear collisions can be obtained from a 
measurement of the distribution of net-baryons in the final state. The energy deposited by the 
incident nucleons in the reaction zone corresponds to a rapidity shift of these same nucleons from 
projectile and target rapidity towards midrapidity. Rapidity shifts of one unit near projectile 
rapidity translate into an energy loss (in the ems) of 5 GeV whereas the corresponding number 
near midrapidity is lGeV only. This means that a comparison of different systems in terms of 
proton stopping should give more weight to protons abundances at large c.m. rapidities than to 
the details of the rapidity distribution near midrapidity. On the other hand thermalizaiion and 
equilibration will affect preferentially the midrapidity nucleons. Proton rapidity distributions in 
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Figure 1: Rapidity distributions (left) for net-protons, net-A and net-baryons (solid line, see text) for Pb+Pb 
collisions; for comparison, the net-baryon distribution for central s+s (triangles) is also shown, scaled up by a 

factor of 7. Same (rigth) for negatively charged hadrons. 

nucleon-nucleon interactions are known to exhibit a forward- backward peaked rapidity distribu
tion with no yield at midrapidity. The corresponding distribution for nucleus-nucleus collisions 
are shown in Fig. 1, along with the distribution for net-baryons (solid line). The distribution 
for baryons minus anti-baryons wa.s determined from the sum of 2.1 x (p - p) and 1 .6 x (A - A) ,  
where the scale factors account for neutrons and higher mass hyperons, respectively. 
In contra.st to earlier measurements 3 the proton distribution in Fig. 1 wa.s derived using the 
particle identification provided by energy loss measurement over a. large acceptance, rather tha.n 
measuring the net-charge distribution alone. Also, the correction for the contribution from de
cays of A a.nd A wa.s based on the distributions measured by NA49, rather tha.n yields extracted 
from an event generator (VENUS 4.12). 

Due to the decay-proton corrections the distributions of net-lambdas a.nd net-protons are 
strongly correlated. In the net-baryon rapidity distribution this correlation however approxi
mately cancels, which ma.kes this a. much better observable for systematic comparisons. 
We observe a. pla.tea.u in the net-baryon rapidity distribution, extending over two units of rapid
ity, with a. rather sha.rp drop in the net-baryon rapidity density towards high a.nd low rapidities. 
This ca.n be compared to the properly scaled central S+S net-baryon distribution from NA35, 
which shows significantly higher yields near target a.nd bea.m rapidity a.nd the indication of a 
dip close to central rapidity. The additional energy lost by the incident nucleons in central col
lisions of hea.vy systems is not entirely spent to produce new particles. It also goes into higher 
transverse energy of the nucleons, a.s is demonstrated in Fig. 2. Here we show the slope factor 
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Figure 2: Inverse slope parameter T obtained from the invariant transverse momentum distributions of participant 
protons and negatively charged particles (for the latter T was obtained fr.om the average transverse momentum ) 

as function of the number of participant nucleons ,at SPS energy. 

(T) determined from the transverse mass distribution of the participating nuleons determined 
near midrapidity. It is obvious that the slope factor shows a strong increase with system size 
which is represented by the number of participating nucleons. In summary the participating 
nucleons are sensitive to the system size both in their longitudinal and transverse motion. 

In the following section we discuss the energy flow from the initial state nucleons to particles 
produced in the final state. 

4 Produced Particles 

Pions are the most abundantly produced particles. Their ra.pidity distribution is to a large 
degree independent of the size of the colliding objects as Ion�; as only symmetric systems are 
considered (see Fig. 1 right) 4•3• Also, their mean transverse momentum changes by less than 10% 
when going from nucleon-nucleon to central Pb+ Pb collisons (:see Fig. 2). The pion production 
probability (per participating nucleon) increases only slightly ( 10-15%) from nucleon-nucleon 
to nuclear collisions 5. In contrast to the results on the participant protons we find only little 
sensitivity of the shapes of the longitudinal and transverse momentum distributions of the pious 
on the system size. 

The situation is quite different for the heavy K-mesons. Their production probability in
creases by almost a factor of two when comparing nucleon-nudeon with nuclear collisions. This 
is shown in Fig. 3, in which the K/7r ratio is shown as a function of the number of participant 
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Figure 3: K/7r ratio for different collision systems at 
SPS energy as function of the number of participant 

nucleons. 
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Figure 4: The strangeness suppression factor in high 
energy collisions is shown for various collision systems 

as function of s1 /2 

nucleons. It is i ntriguing, however, to see that this strangeness enhancement (relativ to pious) 
occurs already for the light system 32S+32S and that no further increase for the very heavy sys
tem Pb+ Pb is observed. Another interesting experimental finding is shown in in Fig. 4 in which 
the strangeness suppression factor6 in A+A, nucleon+nucleon and e+ +e- collisions is shown as 
function of .,/S; the strangeness enhancement in A+A at .,/S=20 is much higher than in hadronic 
or leptonic interactions at much higher .,/S (e.g.=1000 GeV). The data on K-distributions in 
logitudinal momentum space for the Pb+ Pb are not yet accurate enough to make quantitative 
statements about any systematic variation with system size. 

We turn now to the transverse momentum distributions of the produced particles. A sum
mary of new results on single particle transverse momentum distributions for Pb+ Pb collisions 
is shown in Fig. 5, where the inverse slope parameter T was obtained from a fit to the transverse 
mass spectrum using ,;,_ � = C exp (-¥). One clearly observes an increase in the inverse 
slope parameter, for both mesons and baryons, with increasing particle mass. It is particularly 
interesting to note that protons and ¢-mesons, which are similar in mass, also show very similar 
inverse slope parameters of around 290 MeV. Another intriguing result is the inverse slope of 
the deuteron spectrum of s:::i 380 MeV. 
Clearly an inverse slope of this magnitude, more than two times higher than the limiting 'Hage
dorn' temperature, cannot be interpreted as a temperature of a hadronic system. The simplest 
extension of a thermal model is the introduction of a transverse velocity field which is common 
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Figure 5: Inverse slope parameters for various hadron species in central Pb+ Pb collisions. 

to all particles. This naturally leads to the observed dependence of inverse slopes on the particle 
mass 7• It has been shown in several publications that, with the choice of an appropriate velocity 
profile, such an extended model can indeed describe the inverse slope systematics with just two 
parameters, a common thermal freeze-out temperature T1 and a flow velocity parameter /h 
that characterizes the strength of the flow velocity field and is common to all particle species 
8•9•10•1 1 • It has also been shown that the minima in the goodnei;s-of-fit parameter as a function 
of the parameters Ti and fh are rather shallow, with a strong correlation between the param
eters, leading to a large uncertainty in particular in the determination of fh 8 • To resolve this 
ambiguity independent information on the flow velocity is required. Such information can be 
obtained in a quantitative fashion from two-particle Bose-Einst•�in correlations. 

The theoretical framework for this measurement has been considerably refined recently 12• 
Using the dependence of the two-particle correlation function in relative momentum on the aver
age pair momentum, which reflects the correlation between posil�ion and momentum of particles 
in an expanding source, it is now possible to extract dynamical parameters like expansion ve
locities and lifetime from the correlation measurement. 
It has been demonstrated in 9 that a convenient way to parametrize the correlation function is 
given by the Yano-Koonin-Podgoretsky formalism, where the correlation function is written as 

C2(Q.L, Q11 , Qo, y .... , k.L) = 1 + Aexp [-QiRi - '"fh:<Qu - f3Yh·Qo)2R� -
rh(Qo - /1YKQ11)2R�]. 
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Figure 6: Dependence of the transverse correlation 
length Ri. on the average transverse momentum ki. of 
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Figure 7: Thermal freeze-out temperature T1 ver
sus transverse flow velocity parameter /h obtained 
from central Pb+Pb collisions. The curves show con
straints from fits to single-particle transverse mass 

spectra and two-particle correlation analysis. 

Here the colliding system is described as a row of local source elements along the longitudinal 
axis, where each element is characterized by its space-time extent (Ru(k.L , y  .... ) , R.L(k.L , Y"" ), 
Ro(k.L, y .... )) and longitudinal velocity f3YK(k.L , Yn)  and k.l and Yn are the average transverse 
momentum and rapidity of the pion pair. The parametrization is then fitted to the measured 
three dimensional correlation function in bins of rapidity and transverse momentum. As we are 
dealing with central events, we can savely average over the azimuthal angle. The experimental 
correlation function was corrected for the final-state Coulomb interaction using a scheme based 
on the measured correlation function for unlike-sign pions 14•15 • Further experimental details are 
described in 14• 
Fig. 6 shows that for the transverse radius parameter a clear dependence on transverse mo
mentum is observed. This provides information on the strength of the transverse velocity field, 
as was shown in 9. By fitting the source function from 9 to the correlation data, a value of 
f3'i/T1 = (3.7 ± 1 .5) Gev-1 is determined. Again, the values for the expansion velocity and the 
thermal freeze-out temperature are correlated, as was the case for the fit to the single particle 
spectra. However, for the two-particle correlations, as is shown in Fig. 7 13, the valley for the 
x2-minimum runs almost perpendicular to that for the single particle spectra. By combining 
the information from single- and two-particle spectra one can therefore tightly constrain fh and 
T1 at the same time. The allowed region in Fig. 7 suggests that thermal freeze-out occurs at 
T1 � 120 MeV and /3.L � 0.55. So far the influence of resonance decays has not been taken into 
account consistently in this analysis. 

5 Summary and Conclusions 

New results on particle abundances in Pb+Pb collisions are consistent with the strangeness 
enhancement observed in earlier measurements of central collisions between lighter projectiles 
at the SPS. The inverse slopes of transverse mass distributions for different hadrons in central 
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Pb+ Pb collisions exhibit a significant dependence on the hadron mass. This finding suggests 
a collective transverse velocity field, a hypothesis which is supported by the dependence of the 
transverse radius parameter on the pair transverse momentum observed in an analysis of two 
particle Bose-Einstein correlations. 
A fit with a source function inspired by a hydrodynamical picture of the collision yields a rather 
low thermal freeze-out temperature of T1 � 120 MeV and an expansion velocity of fh � 0 .. 5.5.  
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