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Neutral pions and » mesons as probes of the hadronic fireball in nucleus-nucleus collisions
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Chemical and thermal freeze-out of the hadronic fireball formed in symmetric collisions of light,
intermediate-mass, and heavy nuclei at beam energies betwee®8\8and 2.8\ GeV are discussed in terms
of an equilibrated, isospin-symmetric ideal hadron gas with grand-canonical baryon-number conservation. For
each collision system the baryochemical potentigland the chemical freeze-out temperattligeare deduced
from the inclusiver® and 7 yields which are augmented by interpolated data on deuteron production. With
increasing beam energyg drops from 800 MeV to 650 MeV, whil&@ rises from 55 MeV to 90 MeV. For
given beam energyg grows with system size, where@g remains constant. The centrality dependence of the
freeze-out parameters is weak as exemplified by the systernAuat 0.8A GeV. For the highest beam
energies the fraction of nucleons excited to resonance states reaches freeze-out values of nearly 15%, suggest-
ing resonance densities close to normal nuclear density at maximum compression. In contrast to the particle
yields, which convey the status at chemical freeze-out, the shapes of the related transverse-mass spectra do
reflect thermal freeze-out. The observed thermal freeze-out temperaty@e equal to or slightly lower than
T., indicative of nearly simultaneous chemical and thermal freeze-out.
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[. INTRODUCTION consistency of chemical and thermal freeze-out temperatures
is addressed. Finally, the freeze-out conditions of hadronic
Relativistic nucleus-nucleus collisions offer the uniquematter as derived for the SIS energy regime are compared
possibility to study nuclear matter under the influence ofto results obtained from similar analyses of particle ratios
high temperature and pressure. At incident energies arourideasured at significantly higher incident energies at AGS
1A GeV the formation of a hot and dense reaction zone@nd RHIC (Brookhaven National Laboratoryand at SPS
dubbed the fireball, has been verified experimenfdllyAc- (CERN).
cording to model calculations, the compression phase lasts
for time spans of 10—15 fro/and reaches densities of two to
three times the nuclear ground-state dengty5]. Simulta- Il. THERMAL CONCEPTS IN NUCLEUS-NUCLEUS
neously, temperatures up 46100 MeV may be achieved and COLLISIONS AT SIS ENERGIES

a substantial fraction of the nucleons participating in the col- | the initial phase of nucleus-nucleus collisions with in-

lision is excited to heavier, short-lived resonance stategident kinetic energie€, .., around 1A GeV a system of
which decay predominantly via meson emissiff8|.  interacting nucleons, resonances, and mesons is created. The
Thus, the fireball produced in the energy regime of thesjze of the hadronic fireball depends on the masses of target
heavy-ion synchrotron SIS at GSI Darmstadt comprisesind projectile nucleus and, in addition, on the centrality of
nucleons, resonances, and mesons. the collision. Within the participant-spectator model, the geo-

It is an interesting question to what extent this hadronicmetrical overlap of the two nuclei determines the number of
system can be described in terms of chemical and thermalucleonsA,,; which are directly involved. The quantiy,
equilibrium. In the present paper, we address this issue oaqual toA, in the entrance channel, defines the number of
the basis of inclusive as well as centrality-selected data obaryons in the system. For symmetric collisions and com-
7% and 7-meson production in collisions of nuclei with equal plete stopping the energy available per baryon Js/2
mass numbeA. Section Il introduces the relevant concepts —my, with s given by 4n§+ 2myEpeam/A andmy denot-
and gives a brief account of previous studies of the hadroniing the nucleon mass. The initial conditions of the fireball are
fireball at SIS energies. The existing systematicgdtinds  therefore fixed. In the subsequent time evolution the avail-
production is reviewed in Sec. Ill. There we demonstrate thafble energy is transformed into the excitation of thermal and
thermal concepts do provide a useful description of the fireeollective degrees of freedom. The energy turns into heat and
ball at SIS energies. Our model of an ideal hadron gas iprovides the mass stored in resonance states and mesons at
chemical equilibrium is presented in Sec. IV. Section V dis-chemical freeze-out. In addition, the energy builds up com-
cusses the results of the thermal analysis. The chemical comression and produces the flow of the expanding matter.
position of the fireball at freeze-out is determined, and the In a simplified picture hadrons cannot escape from the

fireball during the high-density phase of the collision. Nucle-
ons, resonances, and mesons are trapped in a cyclic process
*Electronic address: Ralf.Averbeck@stonybrook.edu of generation, absorption, and reemission, exemplified by
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NN=NA=NN7 for nucleonsN, 7 mesons, and\ reso- tion, collective radial flow was taken into accoui#]. For

nances. Within this approach hadrons are released only wit€ Same reactions also chemical equilibrium has been
the onset of the expansion phase, when mesons and baryoﬂé"med with close agreement between the chemical freeze-
decouple due to the decreasing matter density. Moments jput temperatures and the temperatures derived from the par-
the expansion process when certain degrees of freedom fl€ spectra. Cleymanet al. have extended the thermal
the system no longer participate in the interaction provide2nalysis at SIS energies to comprise also the strange mesons
landmarks in the time evolution. One has to distinguish beK "~ and K™. In their systematic study of central collisions of
tween chemical and thermal freeze-out which—in the limitNi+Ni and Au+Au based on a model with canonical

of sudden freeze-out—correspond to those moments in timgifangeness conservatifts, 16 the yields of protons, deu-
when the relative abundances of the particle species and thdfons, charged pions, and K mesons were found to agree

momentum distributions, respectively, stop to change. WhildVith chemical equilibrium at freeze-out. Their difficulty to
only inelastic collisions involving the short-range nuclear&!S0 accomodate thg meson within this common freeze-out

force can alter the relative particle yields, the momentunPicture[16] may be related to their stringent treatment of the
distributions of the particles are governed by the larger totafXPerimental uncertainties and to the use of extrapolated
interaction cross sections. Consequently, thermal freeze-odtelds.
does not occur before chemical freeze-out. Through the fre-
guent scattering processes of the constituents the system may
reach chemical and eventually thermal equilibrium.

It has been shown that at the AGSE(am
<13.7A GeV), the SPS (208GeV), and at RHIC Pions andz mesons are the most abundantly produced
(100A GeV colliding beampa large number of hadronic ob- mesons at SIS energies. While the pionic degree of freedom
servables, including strange-particle yields, is in quite goods also covered by the spectroscopy of the charged members
agreement with such an equilibrium scendfe-13. At the  of the isospin multiplet, it is only through-ray spectroscopy
much lower SIS energies, however, only a very limited vari-that then meson becomes observable in nucleus-nucleus col-
ety of hadron species is produced with significant yieldslisions. The two neutral meson’ and » can both be iden-
Therefore, the number of observables which may reflect théfied by a two-photon invariant-mass analysis of coincident
chemical or thermal freeze-out is comparable to the numbgphoton pairs down to zero transverse momentum. Using a
of free parameters in common thermal models. Neverthelessyo-arm photon spectrometer, the TAPS collaboration per-
several analyses have been performed to check for consifermed a series of systematic meson-production experiments
tency between data and thermal-model predictions also atovering incident energies from ®2GeV to 2.0\ GeV.
SIS energies. Midrapidity transverse-momentum spectra ofhese measurements have established an extended data base
charged pions, protons, and deuterons measured in centfak 7° and » production in light(C+C), intermediate-mass
Ni+Ni collisions at 1.08\, 1.45A, and 1.92\ GeV were ob- (Ar, Ca+Ca), and heavy symmetric systengsli+Ni, Kr
served to be consistent with thermal equilibrium if, in addi- +2Zr, Au+Au) [17-24].

Ill. EVIDENCE FOR THERMAL BEHAVIOR
FROM MESON YIELDS AND SPECTRA
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TABLE I. Mean inclusiven® multiplicities (M o) relative to the average number of participating nucle-
ons(B) and mean inclusive; multiplicities (M ) relative to(M o) measured for various nucleus-nucleus
collisions in the beam-energy range from A.&eV to 2.0A GeV. The last column denotes interpolated
mean deuteron multiplicitieéM 4) relative to the mean nucleon multiplicityM ). The data for Kr-Zr and
Au+Au (both at 1A GeV, see Ref[19]) have been revised to account for the fact that the first-level trigger
condition in effect in these measurements introduced a bias towards centrality.

M

<M770> (%) <_’7>(%) <Md> (%)
Epeam (A GeV) System (B) (B) (M0) (My)
0.8 c+C 6 3.7:0.3 0.310.11 11.3:2.7
0.8 Ar+Ca 20 3.1-05 0.41-0.04 16.3-3.9
0.8 Au+Au 125+ 15 1.6:0.3 0.38-0.08 18.4-2.5
1.0 c+C 6 5.6+0.4 0.57-0.14 10.6-2.5
1.0 Ar+Ca 20 3.6:0.3 1.3-0.8 15.3-3.7
1.0 Kr+2Zr 79+9 2.5-0.7 1.3-0.6 17.72.3
1.0 Au+Au 164+ 20 2.3:0.5 1.4-0.6 17.2:2.3
1.5 Ar+Ca 20 6.5-0.5 2.2:0.4 12.7:3.0
2.0 c+C 6 13.8:1.4 3.6:0.4 7.0:1.7
2.0 CatCa 20 11.1-1.1 2.7:0.3 10.2:2.5
1.9 Ni+Ni 29 8.6-0.9 3.3:0.4 12.7:2.8

The primary information for the present discussion is pro-for the system Au-Au at 0.8 GeV [17] and the systems
vided by the inclusive meson yields. They have been deterau+Au and Kr+Zr at 1.0A GeV (see Table ), where(B)
mined within narrow rapidity intervals around midrapidity has been determined experimentally, we calcu{&j from
(Ay~0.4). For a consistent treatment the data of the varioushe geometrical overlap of two colliding sharp spheres which
systems are extrapolated to the full solid angle, assuming agives(B)=A/2 in case of collision partners with equal mass
isotropic source at midrapidity. Figure 1 shows the resultinghumberA. A steep rise of the normalized meson ratios with
inclusive meson multiplicitesM), averaged over impact increasing energy is observed. In addition, a weaker depen-
parameter and normalized to the average number of particdence on the size of the collision system is visible with the
pating baryongB), as a function of the energy available per clear tendency towards smaller inclusive yields in the
baryon divided by the corresponding meson mass. Excepteavier systems. The same trends have also been observed in

) [ 'no n' ] FIG. 2. Average #° and
> 500 [ thermal model: N 7-meson  transverse momenta
= i <°3 ® C+C NN i measured down to zeng, in nar-
— - Ne+Al 7 . row rapidity intervals around
é\i." i * % Ar/Ca+Ca vz m ’ midrapidity as a function of the
Y 400 V ¥V NisNi _ energy available per baryon. The
[ A A KreZr 4 data points at available energies of
- O B Au+Au * * . 182 MeV (0.8A GeV beam en-
i ; ergy), 223 MeV (1.A GeV), and
300 | onances at rest: .% WW B 410 MeV (2.A GeV) are slightly
° from A(1232) - shifted in energy with respect to
- N . their nominal position(center of
i SRR S T bracket$ to make the individual
200 1 from N(1535) ' \\\\\\\\\\\\\\\\“}\“\\\ v N entries visiéale. The arrows indicate
L C)@’ N1 4 (p;) for =° and 7 Mesons from
- . resonances decaying at rest, taking
i + T the resonance-mass distributions
100 [ N into account. The hatched bands
5 ¥ . show (p;) for mesons emitted
B . from an equilibrated hadron gas
[ L L ] w_ith a ch_emical com_position as
0 PR T T I S TS S S NN TN ST S TS R TR S S S N T S T given in Fig. 9. The widths of the
0 100 200 300 400 500 bands reflect the range of flow ve-

locities considered in the analysis

\s/2 - m,, [MeV] (see Sec. VI
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. tion for meson emission from an equilibrated source.

< 10 -1 sentially originate from th&l(1535) resonance which, at SIS
L L L . . . .pe

> 0.8 <y, < 1.08 energies, is the only S|gnn_‘|can.tly populated baryon reso-
= - . ] nance with a large decay width intpmesons. The fact that

'g 10 3 gzo :2 g:g;'zgo“fgzv_ the basic production mechanism is no longer apparent in the
E. An® am CC 2.0 AGeV observed meson yields may be interpreted as a first indica-
T

<)

2

10 5 The second important result concerns the average trans-
e verse momentép,) at midrapidity. Figure 2 show&p;,) as a
§ - function of the energy available per baryon. For both meson
"10 7| species the initial rise ofp,) slows down with increasing
available energy, indicating saturation. Furthermore, the
Sryp——— momenta are clearly higher than th8 momenta which dis-
10 9 T Mo agrees Wlth(pt>wo>< Pt 5 expected from resonance decays
1 at rest, taking the mass distributions of the resonances into
- QI ekl account. If, however, one considers that at freeze-out a con-
1|  CC 84:2 . . siderable fraction of the mesons is already free and no longer
10 0 250 500 750 1000 bound in resonancegsee Fig. 9, one can quantitatively ex-
transverse mass m, [MeV] plain the observed larger values{g,) for » mesons. This is

demonstrated by the bands in Fig. 2. In an equilibrated had-

FIG. 3. Impact-parameter inclusive transverse-mass spectra #bn gas, where all particles have the same kinetic energy per
7% and » mesons as observed in the systemsG@f21] and Ca-Ca  degree of freedom, the heaviermesons have higher aver-
[24] at 2.0 GeV beam energy and in MiNi at 1.9A4 GeV [20l.  age momentum than the lighter pions. In the heat bath also
The distributions are divided by the square of the transverse masghe decaying heavieN(1535) resonances carry more mo-
In this representation, particles from a thermal source at midrapiditynentum tham (1232 resonances. Our measurement$mj
are expected to exhibit a purely exponential sp%ctrum. The solidypport the notion of an equilibrium scenario at thermal
lines represent Boltzmann fifsee Eq.(1)] to the 7~ data formy  freeze-out and indicate that at that moment a large fraction of
=400 MeV. The dashed lines represent the spectra of pions emltte&l]e 7 mesons is no longer bound in resonance states.
from an equilibrated hadron gas taking radial expansion into ac- More detailed information is provided by the transverse-
count (see Sec. VD for details normalized to the data fom, mass spectra of the mesons. Following Ré87,28, the
=400 MeV. transverse-mass distribution of particles with massmitted

charged-pion production experimenfig5,26.. In first ap- isotropically from a thermal source is characterized by a

o . .t Boltzmann temperaturgz and, at midrapidity, can be ap-
proximation all data points fall onto a smooth curve indicat- roximatelv described b
ing that to a large extent the meson production probability i Y y
determined by the energy available per baryon. This is quite

remarkable because® and » production proceed through 1 do m

; 0 ; t ; _ 2, 2
different baryon resonances:” mesons mainly come from —Zd—ocexy{ - T—) with m;=+m-+p¢. (1)
A(1232-resonance decays, while the heaviemesons es- m; dm B

TABLE Il. Baryon resonances considered as constituents of the hadronic fireball. Given for each reso-
nance are the nominal masg, the total widthl'g at mg as well as the partial widths corresponding to the
three decay modes considered in the present model. Values are taken frd®1R€S.or 4-star statyswith
the exception ofA(1232 [32] and N(1535) [33].

Resonance Massr (MeV) Width I'g (MeV) ', /TR (%) I, /1T (%) r,/Tg (%)

A(1232) 1232 110 100 0 0
N(1440) 1440 350 65 35 0
N(1520) 1520 120 55 45 0
N(1535) 1544 203 50 0 50
A(1600) 1600 350 15 85 0
A(1620) 1620 150 30 70 0
N(1650) 1650 150 80 20 0
N(1675) 1675 150 45 55 0
N(1680) 1680 130 65 35 0
N(1700) 1700 100 10 90 0
A(1700) 1700 300 15 85 0
N(1710) 1710 100 15 85 0
N(1720) 1720 150 20 80 0
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In Fig. 3 transverse-mass distributions #f and » me- . are given by integrals over the particle momentpm
sons are plotted together with fits, shown as solid lines, ac-

cording to the parametrization given in E4) for three dif-
ferent systems at incident energies ned @eV. Within pi=
each reaction ther® and » spectra exhibit almost identical 2m?
inverse-slope parametersg, which in addition do not

change significantly with the mass of the colliding nuclei. Inwhereg; is the spin-isospin degenerady, the total energy

all three systems the® and 7 intensities roughly coincide in the local restframe, anB; the baryon number of the par-
for m=m,,. This indicates that it is the energy required to ticle species. The form of the denominator in the integrand
produce a given transverse mass which determines the relgccounts for the different statistics of fermions and bosons.
tive abundance of the meson species near midrapidity. For Equation(2) describes an infinitely large system of stable
low m,, however, individual differences among the collision particles and cannot be directly applied to the hadronic fire-
Systems become apparent_ Figure 3 shows a Systematic é}a” in a nucleus-nucleus collision. To account for the fact
hancement over the exponential rise extrapolated from thehat the fireball occupies only a finite volume, a surface cor-
high-m, region if one goes from the light-€C to the heavy rection has to be included. We assume a spherical freeze-out
Ni+Ni system. The same observations, namelyscaling of ~ volumeV, of radiusR; and obtain a momentum-dependent
the #° and 7 intensities and lown, enhancement of the®  correction factorf(pR;) [34,39

spectrum in heavy systems, have been reported at various

energies down to 08 GeV and seem to be a general feature 37 1

of heavy-ion collisions in the SIS-energy regifi€’,18,20— f(pR) =1~ ﬁ + w ©)
22,24. Possible explanations that have been suggested for P

the lowim; enhancement involve pion rescattering through
resonance states in the heavier syst¢@%§ and multiple-

g_f p*dp

o X (E,— gB )/ To = 1" @

in the integrand of Eq(2). The correction leads to a 30—

40 % reduction of the individual particle-number densities as
compared to infinite nuclear matter. Particle ratios, however,
Mre hardly affected since here the corrections nearly cancel.

an equilibrated hadron gas, including radial flow of the CON~The freeze-out radius of the system is fixed by baryon num-
stituents, as discussed in the present pdfmr details see ber conservation

Sec. VD.
Transverse-mass scaling in the high- region (m;
>400 MeV/c?) does not prove that the fireball actually has f pedV=(B), (4)
reached chemical equilibrium. The particle spectra of an Ve
equilibrated meson source, however, would follow phase

space distributions as observed, at least for vanishing flow.Where the baryon densitys comprises contributions from
nucleons, deuterons, and resonances

IV. IDEAL HADRON-GAS MODEL

=pnt 204+ ) 5
In our ansatz, we assume that at chemical freeze-out the Pe=PNT 2Pd ; PR ©

fireball can be described in terms of an ideal, equilibrated
hadron gas. As constituents we take into account pionsjand Given the feedback via E¢3), R, has to be adjusted itera-
mesons, as well as nucleons, deuterons, and all nonstrangeely. Starting from arad hocinitial value, R, is varied in
baryon resonances up to a mass of 1.8 Ge& Table I, steps of 0.5 fm in order to fulfill Eq. 4 within the uncertain-
which corresponds tg's—my at 2A GeV beam energy. ties of the experimental particle ratios.
In the grand-canonical description chosen, hadronic mat- The second modification of E@2) is related to the fact
ter is characterized by a baryochemical potentigland a that the baryon resonances are unstable particles which do
temperaturdl .. Furthermore, one might consider the isospinnot have a fixed mass, but exhibit a broad mass distribution.
of the system. In the present analysis, however, we neglet¢h contrast to thermal-model analyses of AGS, SPS, and
isospin as an additional degree of freedom, mainly becausBHIC data, the actual mass distributions cannot be neglected
our database ofr° and 7 yields is insensitive to isospin. inthe 1A GeV energy regime since here the energy available
Within the isobar model, the® yield amounts to nearly one in the nucleon-nucleon system is comparable to the excita-
third of the total pion yield of a heavy-ion collision. Even for tion energy of the baryon resonances. This means that the
the heaviest system studied in the present paper; Ay  A(1232) resonance, the lowest of the baryon resonances, is
where the total isospin becomes largest, the deviation of thby far the most abundantly populated resonance and that all
w0 yield from one third of the total pion yield is less than resonances are populated predominantly in the low-mass tail
3%. The other important observable at SIS energies,sthe of their mass distributions. To account for the off-shell be-
meson, does not carry isospin. Thus, only the third observhavior of the resonances, the integrand in R).is folded
able in our database, the relative yield of deuterons anaith normalized mass distributiors;(m). These are trivial
nucleons, depends on the isospin. 6 functions for the stable nucleon and deuteron and for the
In the grand-canonical description of a system of nonin-electromagnetically decaying® and 5, while the scheme to
teracting fermions and bosons the particle-number densitiggarametrize the resonance mass distributions has been
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TABLE lll. Particle ratios and chemical freeze-out parameters for peripheral, semicentral, and central
collisions in the system AuAu at 0.8A GeV. The impact parameter was selected according to the number
of participating nucleons(B) given in the first row. The next entries denote the ratios
(M 0)/(B),(M ,)/(M .0}, and(My/(My), and the freeze-out radiuR;. The subsequent rows show the
freeze-out parameterag and T, together with the resulting baryon densipg relative to the nuclear
ground—state density,=0.168 i 3. The values are determined kg minimization, the uncertainties
represent #r standard deviations as evaluated from the size of the error ellipse ofuthel() pair at x?

= Xﬁ1in+ 1.

Peripheral Semicentral Central
(B) 40+10 22720 345+25
(M 0)/{B) (%) 1.3+0.4 1.6-0.2 2.1+0.3
(M )M o) (%) 0.27+0.13 0.29:0.10 0.60:0.22
(M/{My) (%) 18.4+ 2.5 (inclusive
R, (fm) 6.5 11.0 12.0
ng (MeV) 812+5 8125 8036
T, (MeV) 51+2 52+2 56+3
pelpo 0.21+0.07 0.23£0.08 0.28£0.09
Xain 0.88 1.50 2.93

adopted from Ref[30]. A more rigorous treatment applied, As decay modes we takerl 2w, and  decay to the nucleon
however, only to theA resonance has been discussed byground state into account. The total decay width at nmass
Ref.[36]. thus, is given by

We describe a given resonance mass distribution by a
Lorentzian of the form

5 Pr(m)=Ty(m)+z,(m)+T",(m). 8
AR(m) LR ©)
m) o ,
T (m-m) 2 mArE(m)
The 27 decay is described in terms of a two-step process,
with where the resonance first decays into a nucleon and an object
with angular momenturh=0 and twice the pion mass,,,
* _ =2m_. The hypothetical dipion subsequently disintegrates
Jo Ar(mydm=1. @ into two pions. With this simplification the72 decay width

can be written in complete analogy to the &and » widths.
The characteristic parameters are the nominal resonandér the mass-dependent partial decay widths ,, ,(m),
massmg and the mass-dependent total decay widgfm).  we thus obtain

I+1
g+

m>my+m, o, ,

q 21+1
I om (MR —

0, otherwise.

(€)

r 1,2, 77( m) =

The partial decay widths a=mg are listed in Table Il. The the well-established parameterEg=110 MeV and §
quantityl is the angular momentum of the emitted meson or=300 MeV/c determined for this resonance by Koehal.
dipion, andq is the momentum of the particle in the rest in a nonrelativistic analysiésee Ref[32]) requires an addi-
frame of the decaying resonance, with denoting the spe- tional factormg/m on the right-hand side of Ed9).

cial case ofm=mg. The cutoff parameted is given by Furthermore, one could consider an excluded-volume cor-
5 rection to take into account the hadron-hadron hard-core re-
I'R(mg) pulsion. This means that one would consider a real rather

52:(mR_ mN_ m7T,27T, 77)2+ (10)

than an ideal hadron gas. An excluded-volume correction,
however, does not play a significant role for particle-yield
Only in the case of thé&(1232 resonance we deviate from ratios as demonstrated in R¢12]. Another reason to omit

this prescription, mainly for the sake of consistency. Use othe excluded-volume correction is the fact that chemical

VR
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freeze-out seems to occur at baryon densities well below the ~ 140 — T ]

nuclear ground-state density. The system, therefore, is rather g - .

dilute which supports the assumption of an ideal gas of = 120 ]

pointlike noninteracting particles. = 0.020 ]

With the modifications introduced by Eq8) and(6) the 100 ’ h

particle-number densities of E(R) are given by uls .

80 - ~ 0010 b

g (= 1

Pi:_zf dpp*f(pR;) 0.005 ]

2m<Jo 60 = N

X f “dm Ai(m) (1) 40:— N

0 ex (Vm?+p?— pgB)/Tc] =1’ g e

which employs the mass-dependent widEyg. (6)] in the 20r ° R 501 p

resonance-mass distribution. This feature of the model makes C | | | | e = X m
it possible to take the actual resonance masses into account if %00 ' 650 ' 700 ' 750 ' 800 l 850 I 900 I 950

one determines the contributions to the asymptotically ob- up [MeV]

servedn? and 7 intensities which originate from resonance
decays. The effective branching ratios may deviate signifi- FIG. 4. Freeze-out lines in theug,T.) plane for selected
cantly from those at the nominal mass;. For the latent values of the particle ratios®/B, 7/#° andd/N. The diagram
meson densitieﬁ%{”’zw"/ represented by a given resonaite corresponds to a fixed size-Rf the system with the consequence
one obtains that the baryon densitypg(ug,T.) changes. Representative
densities are pg(650 MeV,70 MeV)=0.0%,, pg(650 MeV,
. 100 MeV)=0.50, pe(800 MeV,80 MeV)=1.2p,, and
Péeﬂ'Zﬂ'”:Wg_RZJ dp pi(pRc) pg(800 MeV,50 MeV)=0.13,, wherep, is the nuclear ground-
2m<Jo state densityp,=0.168 fm 2.

dm P , yields in nucleus-nucleus collisions at SIS energies. The val-
o Tr(mexg(ym+p®—pup)/Tc]+1 ues for(My)/(M) given in Table | are based on yield ratios
(12) of deuterons and protons measured in central collisions of
Ni+Ni at 1.06A, 1.45A, and 1.92 GeV [14] and of
with w=1 in the case of & or 7-meson emission and with Au+Au at 1.0A GeV [37], and on inclusive results obtained

w=2 for the 27 decay. The resonances present at freeze-ofer various combinations of light and intermediate-mass nu-
also contribute to the asymptotically observed abundance dje' at 0.8\ GeV[38]. From these data, we parametrized the
nucleons. Furthermore, the; meson (lifetime cr=1.7 epender!ce af d>/<.M n) on the |nC|'dent energy and on the

X 10° fm) gives rise to additionak® intensity via its 3r° system size. For given system size a linear decrease of

L 22 . . . o or (M@/{My) with increasing available energy provides a fair
?ensdectz:/e:; decays with branching ratios of 32% and 23% *description of the existing data. For fixed energy the ratio

(M@/(My) increases with system size until saturation sets
in for heavy systems. The limited number of data points and
V. THERMAL-MODEL ANALYSIS the uncertainties in the interpolation procedure translate into
quite large errors for the ratidd 3)/(My) (see Table). No
%\ttempt has been made to establish an impact-parameter de-
é)endence.

In the thermal analysis, the three particle ratios are related
the particle-number densities calculated within the thermal
odel by the following equations:

fm T (17,2 (M) AR(M) So far, only a few investigations have addressed deuteron

The values for the two parameters of the hadron-ga
model—the baryochemical potentiak and the temperature
T.—can be derived from any two relative abundances of th
constituents. Furthermore, the baryon content of the syste
has to be known for an assessment of the geometrical size?)?
the fireball. The#® and 7-meson yields are particularly
suited for such an analysis, as these particles unambiguously (M,o) 11
arise from the fireball. Hence, we base our analysis on the (B) =£{§
ratios (M ,0)/(B) and(M,)/(M ,0) as compiled in Tables |
and lll. For the sake of redundancy in the analysis, we con-
sider the ratio of deuterons to nucleons as additional input +1.2p,+ pri(1535)
information. The knowledge @M 4)/(My), however, is lim-
ited and especially its centrality dependence is difficult to (M)
determine experimentally, since in noncentral collisions it is = ,
not trivial to separate deuterons originating from the fireball (M ,0) 1 +2 Lm i 027 41 A p, +p
from those which are emitted by targetlike or projectilelike 3\PmT 4 PRTPR APy * Pricasas)
spectator remnants. (14

1 2
Prt ; PR+ PR

: (13

Pyt Pl(1535)
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o L ]
- 70+ 0 o, — [ periphéral I semicentral I central;
i ] 0 700 800 600 700 800 600 700 800
60 3 tm E baryochemical potential pz; [MeV]
R o3t " E FIG. 6. Determination of the chemical freeze-out parameters
- o= " . in the system Ad-Au at 0.8A GeV beam energy for peripheral
50 B =5% ] ((B)=40=10, lefy, semicentral (B) =227+ 20, middlg, and cen-
C ] tral collisions (B)=345+25, righy. For given impact parameter
go il bttt il ue b 1N 1T the particle ratiosr%/B, 7;/770, andd/N define three bands, shown
660 680 700 720 740 760 780 800 820 840 in different grayscales, in theu,T.) plane. The solidhatched
baryochemical potential g [MeV] bands reflect & (20) intervals in the experimental uncertainties.

The freeze-out parameters are determined by the overlap of the
FIG. 5. Freeze-out lines in theug,T.) plane for selected val- three bands.
ues of the freeze-out radil,. The diagram corresponds to fixed
particle ratios7%/B, #/7°, andd/N, while R, varies in equidistant

steps from 3 fm to 11 fm as indicated. (mg,Te) plane are referred to as freeze-out lines. SiRgés

fixed, (B) varies along the freeze-out lines. The intersection

(Mg Y of any two free;e—out lines _from diﬁgren} particle ratios,
= ) (15) thus, only describes a physical solution if also the corre-

(My) ont D pr sponding values ofB) overlap. The third freeze-out line
R then has to intersect within the experimental uncertainty and

for the same value ofB). In Fig. 4, one observes that for
Here, the term proportional to thg-meson number density average values gfig and T, the ratio(M ,0)/(B) is equally
in Egs.(13) and(14) accounts for the 3 decay modes of the sensitive to both model parameters. Larger values of
7 meson. Each equation defines a band in thg,Tc) dia- (M _o)/(B) mean larger temperature and smaller chemical
gram. The widths of these bands are given by the uncertaintyotential of the hadron gas. This reflects the fact that with
of the input values, and for each individual collision SyStemincreasingMB the baryon density grows, while the density of
which is characterized by its triplet of particle ratios ONefaq pions remains unaffected. The rathd , )/(M o), on the
obtains the chemical potential and the temperature as COOLiher hand. is practically only sensitive'tztlg La;rge’r values
dinates of the common intersection point of the three bandsdf (M )/(M o) require larger values fO-If. while is
Provided the experimental uncertainties correspond to 7 o e KB

Gaussian errors one has a probability of 20% that the trugncr't'i.al' Th';'iggs to the fact that producmg ameson q
values of the three particle ratios simultaneously fall into thePl €xciling an ( ) resonance requires more energy and,

1o uncertainty ellipsoid, while this probability rises to 75% thus & higher temperature than producing a pion or exciting
for 20" uncertainty[39]. a A(1232 resonance because of the pronounced mass dnffer-
The system size also has to be considered as input infoRNC€ between both mesons or both resonances, respectively.
mation. Through baryon conservation expressed in thdhe third ratio,(Mgy/(My), derives its sensitivity toug
grand-canonicaj form of Eq4) the baryon_number deter- from the difference in baryon number of the two particles,
mines the freeze-out radiu’.. For typical values ofR, ~ While the temperature dependence is governed by
around 5 fm, we find that changes withiril fm of the final ~ the mass difference between the particles. With increasing

solution hardly affect the numerical values fag and T, baryochemical potential the temperature of the system has to
but substantially alter the freeze-out density due to its  drop in order to maintain a givefM 4)/(My) ratio. It should
1/R2 dependence. Larger variations up 1@ fm may still be noted, however, that the sensitivity of the freeze-out pa-

lead to solutions on thea2level for the particle ratios with rameters with respect to a variation @l 4)/(My) is small.
changes inug and T, within =5%, butpg becomes increas- Modifying the ratio by as much as-20% changes the
ingly incompatible with Eq(4). freeze-out parameters by not more than 5%. Nevertheless,

It is important to understand the correlations between théM /(M) provides a useful additional constraint in those
particle ratios and the parameters of the thermal model. Theases where the neutral-meson data alone would leave room
connection between a given particle ratio and the freeze-odbr large variations inug and T, . Finally, in Fig. 5 global
parametergig and T, is illustrated in Fig. 4. A global value values for the triplet of particle ratios have been chosen to
of 5 fm for the radius paramet®&, has been chosen to gen- demonstrate the variation of the freeze-out lines with the
erate the diagram. Curves of constant particle ratio in theadius parameter.
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= The ratios(M ;0)/(B) and(M)/(M o) have been mea-

= 120 AN sured as a function of the centrality of the collision inACa
100 [22] and AutAu [17], both at 0.8\ GeV. The two particle

g o[- & ratios do not depend significantly on the impact parameter
s | for both systems. From peripheral to central collisions in the
é’- % — A heavy system AttAu, (M ,0)/(B) increases by a factor of

8 A0p 1.6+0.5, while (M,)/(M ,0) increases by a factor of 2.2

20 PP +1.3 (see Table ).
e Figure 6 illustrates the thermal analysis of AAu.

Shown are the bands in theuf,T.) plane corresponding to
the three particle ratios forol and 2r uncertainties. The
: ] particle ratios do define unique setsof andT, for each of
""""""" ] the three impact-parameter selections. The numerical values
L - 1 A ] as determined by? minimization are summarized in Table
lll. The ensuing baryon densitigs; relative to the nuclear
ground-state density, are also given. The uncertainties
] quoted representdlstandard deviations and reflect the size
700 800 600 700 800 600 700 800 of the error ellipse of the gg,T.) pair at x?=x2,,+1.
baryochemical potential ;1 [MeV] Within these uncertainties the baryochemical potential and
the chemical freeze-out temperature obtained in the most
eripheral and central collisions, respectively, agree with
he semicentral values ofig=812+5 MeV and T,=52

20f
[ C+C 2.0 AGeV

Ca+Cai2.0 AGe i Ni+Ni 1.9 AGeV

FIG. 7. Determination of the chemical freeze-out paramelgrs
and pg. For given system and beam energy, the particle ratio
7B, 5/=° andd/N define three bands, distinguished by different .
grayscales, in theyg,T.) plane. The solidhatchedl bands reflect *2 Mev. .

1o (20) intervals in the experimental uncertainties. The freeze-out I,n .our ansatz, we are.able to describe the centrat Au
parameters are determined by the overlap of the three bands. TIFOllisions at 0.8 GeV with one common set of freeze-out
individual panels show the solutions obtained for the lightest, aParameters, while Cleymaret al. [16] emphasize that they
intermediate-mass, and the heaviest system studied at the lowe&@Nnnot reproduce the rat{d/,)/(M ;o) within their hadron-
and highest beam energies, respectively. gas model for the same system atA.GeV. The present
analysis at 0.8 GeV is based on the directly measured ratio
(M,)/{M ,0) for experimentally determined values (8),

The inclusive particle ratios of the existing database repwhile the authors of Ref.16] extrapolatgM ,)/(M ,0) mea-
resent averages over the impact parameter of the collisiorsured in centrality-biased AwAu collisions at 1.8 GeV
Prior to the analysis of the inclusive data we, therefore, adbeam energy{18] (c.f. Table ) to fully central collisions
dress the centrality dependence of the freeze-out parameterssing the steepeB dependence of that ratio measured at

A. Centrality dependence of the freeze-out parameters

TABLE IV. Chemical freeze-out parameteti andT, for the various systems investigated, together with
the resulting baryon densitigs, . The values are determined ly§ minimization, uncertainties represent 1
standard deviations as evaluated from the size of the error ellipse ofithd§) pair atX2=X2mm+ 1. Also
given are the model-dependent thermal freeze-out temperafgresd Tgg as obtained from Boltzmann
fits and within the blast model of Siemens and Rasmussen, respectively. The parameters determined for
Kr+Zr and Aut-Au at 1A GeV are not for inclusive nuclear collisions but are biased towards centsdigy

Table ).
Chemical freeze-out Thermal freeze-out

Eyeam System R, MB T, pslpo Xmin Ty Tsr
(A GeV) (fm) (MeV) (MeV) (MeV) (MeV)
0.8 C+C 4.5 758=5 56+2 0.09+0.03 0.36 45%4 36+4
0.8 Ar+Ca 5.5 780=7 59+1 0.19%0.05 0.10 54+2 43+3
0.8 Au+Au 8.5 808+5 54+2 0.27x0.08 5.90 57+4 496
1.0 C+C 4.5 737x5 62+2 0.10x0.03 1.05 52+3 48+4
1.0 Ar+Ca 5.0 779=7 60=+3 0.21x0.08 1.14 68+3 52+6
1.0 Kr+Zr 7.5 790=7 60=+3 0.27x0.09 2.30 703 58+6
1.0 Au+Au 9.5 792+7 58+4 0.27x0.09 3.95 74+4 61=6
1.5 Ar+Ca 4.5 733x7 76+4 0.30x0.10 4.46 78+2 65*5
2.0 C+C 3.5 651+8 89+4 0.21x0.07 2.39 84=+2 71x5
2.0 Ca+Ca 4.5 685+9 863 0.30x0.08 0.96 862 72+5
1.9 Ni+Ni 4.5 707=9 874 043=x0.16 8.06 88+4 75+6
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ArCa+Ca

] quoted from similar analysg44-16, although we observe

g AutAu  Kr+Zr Ni+INi ) N

— 10 — > 3 a general trend towards smaller baryochemical potentials and
3 higher temperatures as compared to RE(5,16].

H The freeze-out radiuR; is fixed by the average number

Q

p 10

>

3 projectile combinations, but increases less than by the trivial

(B)Ylaw, and it decreases with increasing beam energy. The
corresponding baryon densities at chemical freeze-out are, in

10" 3 general, smaller than about half the nuclear ground-state den-

3 of baryons through Edq4) and enters the model analysis via
] the surface correction terrR. is larger for the heavy target-
N
I

sity which is in good agreement with results from other

O N(939)+d
102 s sz analyseq§10,11,14.
O N(1535) 3
N T L I .., X otherRgs 1 C. Chemical composition of the fireball

200 300. - I400 200 300 400 .. .
\s/2 - my [ MeV | The quantitiesug and T, are the two important free pa-

rameters of our model. They essentially determine the prop-

FIG. 8. Baryon content at chemical freeze-out in the hadron-gagrties of the fireball. As an example, Fig. 8 shows the chemi-
model. The relative contributions to the total baryon number fromcal composition of the baryon sector at chemical freeze-out
nucleons and deuteron&(1232 resonanced)\(1535) resonances, as a function of the energy available in the nucleon-nucleon
and the sum of all remaining and N resonances are plotted as a system. The system size is a further parameter. Light,
function of the energy available per baryon. The three panels showntermediate-mass, and heavy systems are therefore treated
from left to right the results obtained for light, intermediate-mass,separately in Fig. 8.
and heavy systems. The error bars reflect the uncertainty in the \While the chemical composition shows a pronounced en-
freeze-out parameteysg and T, (see Table IV. Straight lines are ergy dependence, almost no dependence on the system size is
drawn to guide the eye. observed for any given incident energy. The fraction of bary-

ons excited to resonance states grows from 2 to 3% at

0.8A GeV[17,25. From the full variation of 40% quoted for 0.8A GeV beam energy to about 15% around A2 @eV.
the centrality dependence O ,)/(M ,0) at 1.0A GeV (see  The A(1232 resonance is populated most abundantly. The
Ref.[18]), we obtain(M ,)/(M ,0)=(1.8+0.7)% for central ~ ratio of heavier resonances to th¢1232 resonance, how-
collisions. Thus, the lower boundary of ther 2incertainty
band for then/=° freeze-out line reaches well into ther2
ellipsoid of the intersecting remaining freeze-out lines in the
analysis of Cleymanst al.[16] (see Figs. 4 and)5

In summary, no significant centrality dependence of the
freeze-out parameters is found for the heavy systent Awl
at 0.8A GeV. For the lighter systems and for beamenergies@ + F ~, | |, | ., a4, o
which are less subthreshold farproduction a possible de- of Ar/Ca + Ca | ACasCa
pendence on the impact parameter therefore can be neglecte ] G— o—0 k% 3
at the present level of accuracy. f & B

o E/Q/;/E' —F—8—F ;
B. Results for inclusive collisions [ ]

Figure 7 shows the results of the thermal analysis for the F—+——+——+———————F———————————
lightest, an intermediate-mass, and the heaviest system, botl gz] AutAu Kz N'TN' Rurhy,  KreZr NI
at the lowest and highest beam energy studied. Presented il E R
the (ug,T.) plane are the bands defined by the input values

(M,0)/(B), (M, ){M ), and(Mg)/(Myy). In all cases the 10 M —E . m""

T T ¥ AL D D DL L B
C+C C+C
f—h——————& 3

—A
A

=

1»
7
> ¢

meson sources [ % ]
H
vl

10

-
—

a

- L n
three bands overlap and, therefore, define the freeze-out pa [ A 59
rametersug and T, in an unambiguous way. Even collision LI T T~ I Saivsier - P TP TP R R T
200 250 300 350 400 200 250 300 350 400

systems with as few participating nucleons as@seem to
comply with the model assumption of chemical equilibrium.
The results for the full set of inclusive measurements are s 9 pion (left) and » meson sourcegright) at chemical
summarized in Table IV. The analysis reveals a systemaligee;e out in the hadron-gas model. The mesons are either present
reduction of the baryochemical potential from 800 to 65055 free particles or still bound in resonance states. The correspond-
MeV with increasing beam energy, which is accompanied bying relative contributions are shown as a function of the energy
an increase of the freeze-out temperature from 55 to 90 Me\4yaijlable per baryon for lighitop), intermediate-massniddle), and

For given beam energy the chemical potentiglgrows with  heavy systemgottom. The error bars reflect the uncertainty in the
increasing system size, while the freeze-out temperaliyre freeze-out parameteysg and T, (see Table V. Straight lines are
stays almost constant. These findings agree with resuligrawn to guide the eye.

Vs/2 - my [ MeV ]
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ever, increases from about 7% atA.8&eV to nearly 20% % _ ! T
around 2.8 GeV, indicative of a more equal population of % o 10 M1
the resonance spectrum at higher incident energies. As illus- 3 78*
trated by the straight lines in Fig. 8, the energy dependence Z‘i 80 - * -
of the individual relative baryon populations is in reasonable & I ﬁ&: ' o* ]
agreement with exponential behavior. The slopes of these ~ 60 |- ; ‘é’ ]
exponentials are nearly equal fAf1232 andN(1535) and [ ‘% y ]
steeper for the summed contributions of the remaimirand L Ox ' Te Te Tsn .
N resonances. T o ; 2 2 g:/ga ca |
The baryon composition of the chemical freeze-out state [ VYV Ni+Ni+ ]
being established, it is interesting to extrapolate back to the 20 A A A KreZr y
high-densi_ty phasg of the collision. Around\.ZBeV bgam i B0 Au+Au
energy microscopic model calculations quite consistently ol . e
give a maximum baryon density @f, .~ 2.50, and predict 150 250 350 450
a ratio of 0.3 to 0.4 for the ratio of the number £1232 V572 - my, [MeV]

resonances at freeze-out to the corresponding number at
P 9 FIG. 10. Chemical T.) and model-dependent thermdig and

maximum compressiofi80,40. Using this information to- TR freeze-out temperatures as a function of the energy available
. SO ! Ts -
gether with an allowance for contributions from higher reso per baryon. The data points at B&eV, 1.0AGeV. and

nances, one obtalrcljs a yalge OL Q’"éfaxﬁ Po for th(?qm;xg 2.0A GeV beam energy are slightly shifted in energy with respect to
mum resonancg ensity in the co |§|ons at AL.an their nominal position(center of brackejs
2.0A GeV (see Fig. 8 Although the density of baryon reso-

0, -
nances only amounts to about 40% of the total baryon den erimental spectra, however, may be modified by resonance

ﬂgérc:ﬁisco?r?gt(t::r_ |rr? stﬁg?r;(;:temﬁg;agtéc;%srerpé?rrgd tf:)kilsprl:go? cays{30] and, in particular in heavy systems, by the res-
Cattering of particles off spectator materiaB]. In addition,
nance mattef6,8]. ) .
energy transferred into collective flow reduces the tempera-

Concerning the meson sector of the freeze-out state, lire of the system. Thus, in order to extract the freeze-out

important observation is that a sizable fraction of the meson?emperatureT from the spectral shapes, further assump-
is present as free mesons in chemical equilibrium with thetions have tothbe made leading to model—’dependent results.

baryons. This is immediately apparent if one compares th
population ofA(1232 andN(1535) resonances with the® Rlevc_artheless, the meson _spectra of the present databa_se do
provide a valuable consistency check for the chemical

22?;7 TZE’LE!\%I\I/ISZigESSSrY()e: V?,zyr?cﬁt?r?;?lIssgefh;—?ggﬁ)(l)n Offreeze-out analysis in the sense that the different model tem-
q ' P 9. eratures are subject to constraints due to the time order of

free mesons and the fraction of mesons bound in resonancgﬁemicaI and thermal freeze-out

at freeze-out as a function (.)f the energy available m_the It is a difficult task, however, to include the contributions
nucleon-nucleon system, again differentiating between I'ghtfrom resonance decays into a description of the meson spec-
intermediate-mass, and heavy systems. The relative c:ontribltlr—a in order to extract the thermal freeze-out parameters
tions to the final-state pion yields reveal a moderate energ nly if chemical and thermal freeze-out coincide, the chemi—.
dependence, the fraction of free pions decreasing from abou '

cal composition of the fireball at thermal freeze-out is
0 0
6.5/0 at 0.8 GeV beam energy to about 55./0 atR.Gev. known. The meson yields and spectra from resonance decays
Pions from theA(1232 resonance behave in a complemen-

tarv wav. as expected. with contributions of about 30% adepend on the mass distributions of the resonances which in
y way, P ! 0 Eurn change as function of the freeze-out parameters. In our

0, ini n-
0.84 GeV and about 40% at 20GeV. The remaining in analysis we follow a two-step approach. First, we analyze the

;ecncsc;?cljinca?o &iiraﬁnﬁgtreriatsc; h?va:awr(iasre rtisgnsatlggezr \g’:;r}heson spectra only at high;, where the contributions from
9 9 9 P Psonance decays do not significantly change the slopes of

dependence than exhibited by pions from(1232 the spectra, and extra@i,. In a second step, we calculate
resonance decays. Faoj mesons, resonance decays after : -
. . the spectra of mesons emitted from an equilibrated hadron
chemical freeze-out are unimportant. About 90% of the as- X . A
. . gas, including the contributions from resonance decays,
ymptotically observed; mesons are already free at chemical

based on the parameters determined before.
freeze-out. The_ energy dependence of mﬂ535). reso-  Asan example, we consider the impact-parameter inclu-
nance contribution is comparable to that of the pion contri-

bution from A(1232 decays(see also Fig. B For pions as sive transverse-mass spectrardf and'n mesons presented
.~~~ __in Fig. 3. The spectra can be described reasonably well by
well as for » mesons a trend towards larger contributions

from resonance decavs is visible in the heavier svstems exponential distributions, provided one excludes the low
y y " transverse masses from the fit. For all three collision systems

the Boltzmann parametelg , which reflect the temperature
T,y of the fireball at thermal freeze-out in case of vanishing
In a sudden freeze-out scenario the temperature of aeollective flow, agree with the corresponding chemical
equilibrated hadron gas at thermal freeze-out is characterizefteeze-out temperaturds . A similar quality of agreement is
by the momentum spectra of the emitted particles. The exebserved for Ai-Ca at 1.2\ GeV, see Table IV. At the

D. Time order of chemical and thermal freeze-out
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lower beam energies of JA0and 0.8\ GeV the experimental

situation for Tz seems unclear at present, except for the
heavy systems KirZr and Au+Au. In Au+Au at 0.8A GeV,

Tg is equal toT, at the Ir level, while at 1.8\ GeV the
Boltzmann temperatures in both systems are higBerthan

the corresponding chemical freeze-out temperatures, see
Table IV.

The absence of a lowy, enhancement in the ©C spec-
trum of Fig. 3 is remarkable. To the extent that rescattering
can be assumed negligible, the light+C system should
show the expected influence of resonance decays. Instead, ¢
perfectly exponential behavior is observed over the gl
range, although pions from resonance decays do comprise
40% of the total pion intensitysee Fig. 9.

Collective flow affects the meson spectra. The point is
that one has to know the underlying flow profile in order to ]
analyze a given spectral shape. For the present analysis, we %500 200 500 400 500 600 700 800 600 1000
have chosen the blast model proposed by Siemens and Ras baryochemical potential i, (MeV]
mussen[41]. In this model, the fireball in thermal equilib-
rium is assumed to expand isotropically. All particles in the ~FIG. 11. Chemical freeze-out temperatlieas a function of the
fireball share a common temperatufg,=Tsg and have a baryochemical potentigkg as obtained from yield ratios of par-

common radial-flow velocity The modification of the ticles produced in nucleus-nucleus collisions at various incident en-
SR: ergies for light, intermediate-mass, and heavy systems. Results of

Spectra. Cqmpared to pure Boltzmann_ dlStI’IbUtIOf?S becometﬁe present work are plotted together with results from AGY,

more significant the heavier the considered particle speciegpg[11), and RHIC[13]. The solid curveadapted from Ref43))

is. Since pions andy mesons have low masses their spectragpproximates the curve for chemical freeze-out of hadronic matter.
are not very sensitive to the radial-flow velocity. Therefore, ait corresponds to an average energy per hadron of 1 GeV in a
fit to the mesonic transverse-mass spectra considering bottadron-gas model.

TsrandBsras free parameters would determine the freeze-

out parameters only with large uncertainties. To avoid thisachieve consistencyT(=T,,) between thermal and chemi-
situation, we exploit the fact that for the present range ofcal freeze-out temperatures.

collision systemsBgg is expected to have values between Finally, one has to check that the thermal freeze-out pa-
0.25 and 0.35 in accord with the systematics of radial-flowrameters, which were determined excluding the contributions
velocities measured for heavier particles=1 to 4) in cen-  from resonance decays, lead to meson spectra, which are
tral collisions as quoted in Re#2]. Thus onlyTgris treated ~ consistent w@t_h the data, if the spectra of mesons.emitted
as a fit parameter, whilgsg is kept constant. In ther®  from an equilibrated hadron gas are calculated. Given the
cases, we furthermore restrict the fitrtp=400 MeV as was apparent agreement between thermal and chemical freeze-out

done for the Boltzmann fits. Under these conditions #fe  Parameters, it is reasonable to use the chemical composition

and 7 spectra can be described within the Siemens-Of the_ f|r¢ball at chemical freeze-out to determine the relative

Rasmussen model for all beam energies and target-projecti ntributions of all meson sources at thermal freeze-out. Fur-
thermore, it seems necessary to include radial flow in the

combinations. In general, the extracted temperatliegsare . : -
10-20% smaller than the corresponding Boltzmann temgalculatlon of the spectra. Therefore, the midrapidify/and

. . meson spectra emitted from an equilibrated hadron gas
pgratures‘l’B (sge Fig. 101 The actua] reduc'qon IS correlated rzgve been IZalculated with, andug as ?he parameters drivFJ
\évrlégstir;% rfg??:gfeiii?gs'? chosen in the fit, withil's de- ing the chemical composition antsg and Bsg=0.3 as the

Thermal freeze-o tsgbes not oceur before Chem.C{J\Parameters controlling the transverse-momentum spectra of

freeze-out and tf]ere?ore the thermal frléeze out temperelltufél hadrons. As an example, the dashed lines shown in Fig. 3
i : : : resent th r ined for all m he high

T, cannot be larger thaf. . The available midrapidity spec- present the spectra obtained for all systems at the highest

tra of thes° and d  thi iact If incident energy, where the contribution from resonance de-
ra ot them and» Mesons do support this conjecture. ' one cays is the largest. The calculated spectra are normalized

neglects radial flow, the spectral shapes observed in the Iig% the data form,=400 MeV. Beyond the expected agree-
and intermediate-mass systems provide inverse-slope parat, ot highm tthe lowm, enhancement is reproduced re-
eters which are in accord with the chemical freeze-out tem- t t

peraturesT. derived from the particle yields. Taking radial markably well by the model calculation for the two heavy

flow into account results in slightly lower temperatures atsystems. The purely exponential spectrum observed for the

. 2T CH+ misn nder in this framework.
thermal freeze-out compared to chemical freeze-out, mdlca-C C system is not understood in this framewo

tive of cooling as the system develops in time. The meson
spectra observed in the heavy systems-Kr and Aut+Au,
in particular, do require the inclusion of flow in order to  Figure 11 shows our results in comparison with other data
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points obtained from particle-production experiments atfreeze-out implies a resonance density in the high-density
higher energie$10,11,13. It has been noticed by Cleymans phase of the collision of about normal nuclear-matter density,
and Redlich that, within their hadron-gas model, the chemithus, justifying the term resonance matter for the specific
cal freeze-out curve corresponds to an average energy pstate of hadronic matter created in heavy-ion collisions at
hadron of 1 GeV[43]. The resulting curve is shown in Fig. SIS energies. In the meson sector of our model, about 50%
11 as a solid line which is in close agreement with the deof all asymptotically observed pions are still bound in reso-
duced freeze-out parameters. nance states at chemical freeze-out, while only about 10% of
At SIS energies thermal and chemical freeze-out seem tthe final-statey mesons are bound at that moment.
nearly coincide. In contrast, at SPS beam energies the freeze- In contrast to the particle yields, which convey the status
out parameters clearly indicate that thermal freeze-out reat chemical freeze-out, the shapes of the related transverse-
flects a later stage of the collision as significantly lower tem-mass spectra do reflect thermal freeze-out. After proper al-
peratures compared to chemical freeze-out are deddegd  lowance for radial flow the slope parameters observed for the
midrapidity spectra of the neutral mesons correspond to ther-
mal freeze-out temperatures which are equal to or slightly
. . . i lower than the chemical freeze-out temperatures. In contrast
_ The inclusive neutral-pion angtmeson yields measured , jrarelativistic collisions, chemical and thermal freeze-
in symmetric_collisions of light, intermediate-mass, andq; thys seem to occur almost simultaneously at SIS ener-
heavy nuclei near midrapidity in the energy range fromgies a5 is also observed for heavy-ion collisions at the AGS.
0.8A GeV to 2.0A GeV are consistent with the formation of ™ pjicle yields and spectral shapes reflect only two facets
a hadronic fireball in chemical equilibrium, as described by the very complex process of a relativistic nucleus-nucleus
an |s_osp|n-symmetr|c ideal hadrqn gas. Wlth increasing bomgjision. With these observables alone it is not possible to
barding energy the baryochemical potenyal decreases gecide whether chemical equilibrium is actually reached dur-
from 800 MeV to 650 MeV, while simultaneously the tem- g any stage of such a collision. In fact, the observation that
peratureT increases from 55 MeV to 90 MeV. Concerning o the heavy collision systems the agreement between data
the system-size dependence, we find fgigrows with in- a4 hadron-gas model is not as good as for the light systems,
creasing mass of the projectile-target combination, while  can pe seen as one indication that physics beyond equilib-
remains about constant. The centrality dependenges@ind  riym concepts may still be visible in the final state of rela-
T has been investigated in the systemifwu at 0.8A GeV. tjyistic nucleus-nucleus collisions around 1GeV.

Here, they/ 0 ratio is expected to be most susceptible to the
impact parameter, both because of the large mass of the sys-
tem and because of the low incident-beam energy. No cen-
trality dependence is observed.

Apart from the moderate system size dependence, the The extensive database on neutral-meson production in
freeze-out parameterag and T, completely characterize heavy-ion collisions as accumulated by the TAPS collabo-
the system. Givernug and T, one can calculate the hadro- ration has been instrumental for this study. It is a pleasure
chemical composition of the fireball. While at 8.8eV  to acknowledge helpful discussions with many colleagues,
beam energy only 2—3 % of the nucleons are excited to resdn particular, with P. Braun-Munzinger, J. Cleymans, H.
nance states at chemical freeze-out, this fraction increasé3eschler, K. Redlich, and P. Senger. R.A. would like to thank
to about 15% at 2A GeV bombarding energy. According the Alexander von Humboldt Foundation for financial
to transport-model calculations, this resonance content aupport.

VI. SUMMARY
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