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TIMING OF HEAVY ION COLLISIONSAT SIS ENERGIES�H. Oes
hlerfor the KaoS CollaborationInstitut für Kernphysik, Te
hnis
he Universität DarmstadtD-64289 Darmstadt, Germany(Re
eived De
ember 7, 1999)A review of pion emission in heavy ion 
ollisions is given and it is dis-
ussed whether these spe
tra and the various parti
le yields 
an be inter-preted within a thermal model with an emission at a unique temperature.A 
areful inspe
tion of the high-energy pions reveals that they are emittedduring the early phase of the 
ollisions while pions with lower energies areemitted mainly later and over a long time interval.PACS numbers: 25.75.�q, 25.75.Dw1. Introdu
tionCentral heavy ion 
ollisions at relativisti
 energies represent an idealtool to study nu
lear matter at high densities and at high temperatures.However, these 
ollisions are rather 
omplex. An understanding of theirtime evolution is needed before detailed information 
an be extra
ted. Pionsare the most abundantly produ
ed parti
les at relativisti
 energies. Due totheir high intera
tion 
ross se
tion with nu
lear matter they are 
ontinuously�absorbed� by forming baryoni
 resonan
es (e.g. �N ! �) whi
h then de
ayagain into pions. Therefore, pions 
an be emitted from the �rst intera
tionsuntil a very late stage of the 
ollision.An overview of the measured pion spe
tra is given in the �rst part. Theseresults are dis
ussed along with the question whether the observations are inagreement with the assumption of a thermal and 
hemi
al equlibrium. These
ond part addresses the question of the origin of high-energy pions. Here,it will be shown that pion emission is a time-dependent pro
ess.� Invited talk presented at the XXVI Mazurian Lakes S
hool of Physi
s, Krzy»e,Poland, September 1�11, 1999. (227)



228 H. Oes
hler2. Pion spe
traThe experiments were performed using the Kaon Spe
trometer [1℄ at theheavy-ion syn
hrotron SIS at GSI (Darmstadt). For details see Ref. [2℄.Data on pion spe
tra up to laboratory momenta of 1400 MeV/
 havebeen measured in mass symmetri
 systems from A= 12 to A= 197 and atin
ident energies from 0.6 to 2.0 A� GeV. As a representative sele
tion, Fig. 1
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tra of positively and negatively 
harged pions in the 
enter-of-massframe in a �Boltzmann� representation for various rea
tions (preliminary data).



Timing of Heavy Ion Collisions at SIS Energies 229shows double di�erential 
ross se
tions of positively and negatively 
hargedpions in the Boltzmann representation 1=(pE) � d2�=(dEd
) for variousmass systems and at di�erent in
ident energies. The spe
tra are measuredat laboratory angles 
orresponding to a 
enter-of-mass angular range within90�30 degrees.All spe
tra exhibit 
on
ave shapes in this representation. Straight lines(Boltzmann distributions) �tted to the high-energy tail, i.e. to kineti
 ener-gies above the 
orresponding to the limit for free NN 
ollisions, are shown.The inverse slope parameters in
rease with in
ident energy and with in
reas-ing mass of the 
ollision system. The inverse slope parameters of positively
harged kaons are about the same, those of protons are always higher asshown in Ref. [2℄.
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0 50 100 150 200 250 300Fig. 2. The inverse slope parameters of the high-energy part of the spe
tra of pos-itively 
harged pions for di�erent 
ollision systems reveal a very similar behaviourif plotted as a fun
tion of Apart.It is of interest to study the variation of the slopes of the high-energypart of the pion spe
tra in further details by sele
ting various 
entralityregions, i.e. as a fun
tion of Apart. Figure 2 shows that the inverse slopeparameters in
rease with Apart. It is interesting to remark that the valuesfrom all 
ollision systems at 1 A�GeV fall on a 
ommon line. These �ndingstogether with the obtained slope parameters from parti
ipating protons �tinto a pi
ture of a thermal, radially expanding sour
e. Sin
e the in�uen
eof �ow in
reases with the mass of the emitted parti
le, protons show higher�apparent temperatures�.While kaons and protons exhibit Boltzmann-like spe
tra, pions show
on
ave shapes as presented in Fig. 1. This 
an be understood by the fa
t



230 H. Oes
hlerthat pions are either �free� or �bound� in baryoni
 resonan
es. At freeze outthe pion spe
tra are then 
omposed of a �thermal� 
omponent and anotherone governed by the de
ay kinemati
s of the ex
ited baryoni
 resonan
es.Indeed, the measured shapes (Fig. 1) 
an be qualitatively understood bysu
h a s
enario. Re
ent quantitative examples of su
h de
ompositions arefound e.g. in Ref. [4, 5℄.

Fig. 3. Pion (�+; �0; ��) and K+ multipli
ities per A as a fun
tion of A+A.The spe
tra and their slopes presented so far are pointing towards theinterpretation within a thermal 
on
ept. Therefore, we study next whetherthe yields 
an be understood within a thermal model. First, we show inFig. 3 the measured multipli
ities for pions and K+. This �gure eviden
esa strong 
ontrast. While the pion multipli
ity slightly de
reases with themass of the 
olliding system, the K+ multipli
ity rises strongly. The latterobservation seems to be in 
on�i
t with a thermal interpretation, whi
h �in a naive view � should give multipli
ities per A being 
onstant.The produ
tion of strange parti
les obviously has to full�ll strangeness
onservation. However, the usual grand-
anoni
al treatement is not su�-
ient, if the number of strange parti
les is small. A thermal model has to
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are of exa
t strangeness 
onservation in ea
h rea
tion. This is done bytaking into a

ount in the expression for the �weight fun
tion� that togetherwith ea
h K+ also another parti
le, e.g. a � is produ
ed. This extension hasbeen done re
ently and leads to a redu
tion of K+ as 
ompared to the num-bers without exa
t strangeness 
onservation [6℄. In the low-number limit,the additional term leads to a linear rise of MK+=A or a quadrati
 rise ofMK+ whi
h is in remarkable agreement with the experimental observationas shown in Fig. 4, from [6℄.
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Fig. 4. The multipli
ity of K+=Apart rises strongly with Apart and this rise 
an bedes
ibed by the thermal model in
luding exa
t strangeness 
onservation [6℄.The various measured yields (or parti
le ratios) lead in this thermalmodel to lines in the T � �B plane. As an example, we show in Fig. 5 thevarious lines for Ni+Ni 
ollisions. Besides the results for �=�0 all measuredvalues 
ross at about one unique pair of T and �B. Surprisingly, even themeasured K+=K� ratio �ts into this representation. This suggests thatall parti
les freeze out with the same temperature. If one thinks of theexpanding and 
ooling system, it implies a unique freeze-out time for allparti
les. In the next 
hapter, however, we will give arguments that this isquestionable.
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Fig. 5. T versus �B for 
entral Ni+Ni 
ollisions from 0.8 A�GeV to 1.8 A�GeV.From [6℄ and new, preliminary data for K+ and K� [7℄.3. Time evolution of pion emissionA detailed interpretation of the pion spe
tra is still under debate. Manymodels, either thermal 
on
epts or mi
ros
opi
 des
riptions, have di�
ultiesto des
ribe the entire pion spe
tra properly. While there is little dis
ussionon the rise of the low-energy part of the spe
tra (de
aying baryoni
 reso-nan
es), the origin of the high-energy part of the pion spe
tra remains open.Here, independent observations are given whi
h 
an be summarized as fol-lows: High-energy pions are emitted at an early stage of the 
ollision. Thisis based on:(i) Spe
tra of oppositely 
harged pions emitted in 
entral Au+Au 
olli-sions at 1:0 A�GeV are 
ompared [8℄. The ��/�+ di�eren
e is at-tributed to the in�uen
e of isospin and Coulomb �eld. This allows toextra
t the e�e
tive Coulomb �eld at the instant of the pion emissionas the isospin e�e
t is known. It turns out that a 
onstant Coulombpotential VCoul is unable to des
ribe the di�eren
e between the spe
traat all momenta as shown in Fig. 6. A rather weak VCoul is needed todes
ribe the low-energy part of the spe
tra; in 
ontrast to the mu
hstronger VCoul needed for the high-energy part. The lower value ofVCoul for low-energy pions indi
ates a more dilute 
harge distribution.(ii) Dire
t experimental eviden
e for the time evolution of pion emissionis presented based on the shadowing of spe
tator matter in 
ertainspa
e-time regions [9℄. For this purpose we have 
hosen peripheral 
ol-lisions of Au+Au at 1:0 A�GeV in
ident energy. The moving spe
tatormatter a
ts like a shutter of a 
amera shielding the pion, i.e. modifyingthe pion emission pattern a

ording to the spatial distribution of thespe
tator matter at the time of the pion freeze out. The motion of thespe
tator serves as a 
alibrated 
lo
k.
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0 0.2 0.4 0.6Fig. 6. ��/�+ ratio for the rea
tion system 197Au+197Au as a fun
tion of the pionkineti
 energy for 
entral 
ollisions. The solid (dotted) 
urve shows the 
al
ulatedratio for a �xed Coulomb energy of 22 MeV (10 MeV). The error bars re�e
tstatisti
al errors only; a systemati
 error of �5% has to be added.A preferential emission perpendi
ular to the rea
tion plane has alreadybeen observed for this 
ollision system [10,11℄. Re
ently, an enhan
ed emis-sion of pions opposite to the main dire
tion of nu
leons emission was ob-served [13℄. This �anti�ow� behaviour is found to be pronoun
ed only in pe-ripheral 
ollisions. In this work we reveal the e�e
ts of ��ow� and �anti�ow�as resulting from the interplay of the time evolution of the pion emissionwith the shadowing of the surrounding matter.
b = 3fm
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Fig. 7. Illustration of the geometri
al situation of two 
olliding nu
lei showing therea
tion plane and out-of-plane emission (from [14℄).



234 H. Oes
hlerFigure 7 illustrates the emission in respe
t to the rea
tion plane. Theorientation of the rea
tion plane is determined [11℄ using the re
ipe given byDanielewi
z [15℄. This pro
edure yields the so-
alled Q-ve
tor whi
h allowsalso to distinguish proje
tile and target side.
π π

π π

proj.

targ.Fig. 8. Sket
h of an Au+Au 
ollision at 1 A�GeV with an impa
t parameter of 7 fmas 
al
ulated by a QMD transport 
ode [12℄. The snapshots are taken at 4 fm/
(left), 10 fm/
 (middle) and 16 fm/
 (right). The arrows indi
ate the dire
tion ofthe spe
trometer at target rapidity.Figure 8 depi
ts the nu
lear matter distribution for a Au+Au 
ollisionat a beam energy of 1 A�GeV at 4, 10 and 16 fm/
 after the �rst tou
h of thenu
lei. These pi
tures are the result of a transport 
al
ulation for an impa
tparameter of b= 7 fm [12℄. The snapshots sket
h the e�e
t of pion shadowingin the rea
tion plane by spe
tator matter at di�erent stages of the 
ollision.Those pions whi
h are emitted in the early phase of the 
ollision and whi
hare dete
ted around target rapidity (i.e. at ba
kward angles as indi
ated bythe arrows in Fig. 8) will be shadowed by the proje
tile spe
tator on oneside and therefore exhibit ��ow� to the other side. In 
ontrast, if pions freezeout at a late stage of the 
ollision they will be shadowed (at target rapidity)by the target spe
tator whi
h results in an �anti�ow�-like 
on�guration. Ex-perimentally, we 
ompare the number of pions emitted in the rea
tion planetowards the side of the proje
tile spe
tator N(� = 0Æ) with the number ofthose pions emitted into the opposite dire
tion N(� = 180Æ). The azimuthalangle � = 0Æ is de�ned by the proje
tile. N�(0Æ) refers to the angular rangeof �45Æ < � < 45Æ, and N�(180Æ) to the angular range of 135Æ < � < 225Æ.Figure 9 shows the ratio of these numbers for �+ and �� mesons as afun
tion of transverse momentum pT in two di�erent rapidity regions and forperipheral 
ollisions. In all 
ases both �+ and �� (open and full symbols)show a similar behavior ruling out Coulomb e�e
ts as the origin of theobserved e�e
t.
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Fig. 9. Pion number ratiosN�(0Æ)=N�(180Æ) as a fun
tion of transverse momentum.N�(0Æ) and N�(180Æ) denote the number of pions emitted towards the proje
tileand towards the target side, respe
tively. The spe
tra are measured in peripheralAu + Au 
ollisions at 1 A�GeV and at two rapidity regions (0:01 � ybeam � ytar �0:10 � ybeam and 0:44 � ybeam � ytar � 0:56 � ybeam). Full (open) symbols refer to ��(�+) emission. Only statisti
al errors are shown.At midrapidity the measured ratios are 
lose to one as expe
ted forsymmetri
 systems. At target rapidity (upper panel of Fig. 9) the ratioN�(0Æ)=N(180Æ) de
reases from about 1.2 at low pT values to about 0.5at high pT. This behavior 
orresponds to a transition from pion numberanti�ow to �ow with in
reasing transverse momentum. In earlier measure-ments [13℄ it has been integrated over pion momentum and hen
e, pioni
anti�ow has been found sin
e the pion yield is dominated by low-momentumpions. The transition from anti�ow to �ow as a fun
tion of transverse mo-mentum shown in the upper left panel of Fig. 9 is a new observation whi
hwill be dis
ussed in more details along with Fig. 10.A more detailed pi
ture of pion emission is obtained by 
omparing theyield of pions emitted in plane to the yield of pions emitted perpendi
ularto the rea
tion plane. The latter pions are expe
ted to be mu
h less af-
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Fig. 10. Ratio of the pion spe
tra for in-plane emission to the one out of plane inperipheral Au+Au 
ollisions at 1 A�GeV at traget rapidities. The upper part refersto the emission towards the �proje
tile side�, the lower one towards the �targetside�. Full (open) symbols refer to �� (�+) emission.fe
ted by shadowing or res
attering by spe
tator matter and hen
e providea nearly undisturbed view onto the pion sour
e. In order to visualize thee�e
t of shadowing for di�erent pion momenta we normalize the �in-plane�pion spe
tra (N�(0Æ) and N�(180Æ)) to the �out-of-plane� spe
tra (N�(perp)= (N�(90Æ) +N�(270Æ))=2).Figure 10 shows the ratios R0 = N�(0Æ)=N�(perp) (�proje
tile side�, up-per panel) and R180 = N�(180Æ)=N�(perp) �target side�, lower panel) as afun
tion of transverse momentum for peripheral 
ollisions and at target ra-pidities. The ratios R0;180 in Fig. 10 do not ex
eed unity. This indi
ates thatthe azimuthal asymmetry as shown in Fig. 9 is not 
aused by an enhan
edpion emission but rather by losses due to absorption or res
attering. Fig-ure 10 allows to extra
t detailed information on the emission time of pionsas a fun
tion of their momentum. At pion momenta around 0.4 GeV/
, theupper left panel of Fig. 9 exhibits no asymmetry (N�(0Æ)=N�(180Æ) � 1)whereas Fig. 10 
learly shows that pion emission into the rea
tion plane isdepleted (R0;180 < 1 both at the proje
tile and target side). This e�e
t isexpe
ted if pions are emitted at about 10 fm/
 when they are shadowedequally by either the target or the proje
tile spe
tator (see Fig. 8 middlepart).
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, the loss in
reases with in
reas-ing momentum for pions emitted towards the proje
tile side (upper panel ofFig. 10) whereas the opposite trend is observed for pions emitted towards thetarget side (lower panel of Fig. 10). This �nding shows that pions with highmomenta are 
orrelated with early emission times (whi
h are even shorterthan 10 fm/
). In 
ontrast, low-energy pions predominantly freeze out at alater stage of the 
ollision. This information is based on the observation thatpions with momenta below 0.3 GeV/
 su�er from absorption or res
atteringwhen emitted towards the target side but remain rather undisturbed whenemitted towards the proje
tile side. The depletion for low-energy pions isless pronoun
ed than for high-energy pions (upper panel Fig. 10). This ef-fe
t indi
ates that low-energy pions freeze out over an extended time span.Again, �� and �+ mesons behave very similarly whi
h demonstrates thatthe observed e�e
ts are not 
aused by Coulomb intera
tion.Our data show that in Au + Au 
ollisions at 1 A�GeV most of the high-energy pions freeze out within 10 fm/
 after the �rst tou
h of the nu
lei.Transport models predi
t a similar time s
ale for the emission of high-energypions [16, 17℄. A

ording to 
al
ulations, the nu
lear density ex
eeds twi
ethe saturation value in 
entral Au+Au 
ollisions at 1 A�GeV within the �rst15 fm/
 [16℄. 4. SummaryA global survey of the spe
tral shapes and yields of the emitted pions,K+and protons points towards an interpretation within a thermal 
on
ept. Thismodel takes into a

ount exa
t strangeness 
onservation, i.e. the asso
iateprodu
tion of two strange parti
les (e.g.K+ and �). It does not only explainthe various parti
le ratios (ex
ept �), but also des
ribes the very di�erentApart-dependen
es of the K+ and � multipli
ities.However, a detailed inspe
tion of the pion emission (
omparison of�+, �� emission and shadowing of pions by spe
tator matter in peripheral
ollisons) reveals that high-energy pions freeze out at an early stage of the
ollision, while the low-energy ones are emitted during the whole 
ollisionpro
ess.The apparent dis
repan
y between the two parts of the paper seems tobe 
losely related to the question, whether 
hemi
al and thermal freeze outare identi
al. This distin
tion has not been made 
arefully in the �rst partwhi
h mainly addresses the 
hemi
al freeze out. The latter part dis
ussesthe dynami
al evolution of a �thermal� freeze out keeping in mind that it isopen whether thermal equilibrium is rea
hed at all.
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