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Using quantum molecular dynamics simulations, we investigate the formation of fragments in symmetric
reactions between beam energie€ef 30A MeV and 60@ MeV. After a comparison with existing data we
investigate some observables relevant to tackle equilibratiohdE,;, the double differential cross section
d?a/pdp,dp;, ... . Apart maybe from very energeti€&400A MeV) and very central reactions, none of
our simulations gives evidence that the system passes through a state of equilibrium. Later, we address the
production mechanisms and find that, whatever the energy, nucleons finally entrained in a fragment exhibit
strong initial-final state correlations, in coordinate as well as in momentum space. At high energy those
correlations resemble the ones obtained in the participant-spectator model. At low energy the correlations are
equally strong, but more complicated; they are a consequence of the Pauli blocking of the nucleon-nucleon
collisions, the geometry, and the excitation energy. Studying a second set of time-dependent \asidihles
densities, etg, we investigate in detail how those correlations survive the reaction, especially in central
reactions where the nucleons have to pass through the whole system. It appears that some fragments are made
of nucleons which were initially correlated, whereas others are formed by nucleons scattered during the
reaction into the vicinity of a group of previously correlated nucle¢86556-281@7)03609-1

PACS numbgs): 25.70.Pq, 02.70.Ns, 24.10.Lx, 25.75.Gz

I. INTRODUCTION however, can hardly be reconciled with this conjecture. We
will summarize these results shortly.

The multifragmentation of nuclei excited in collisions It has been observed that independently of the mass of the
with protons or heavy ions is one of the most interesting angrojectile-target combination, théorm of the mass yield
challenging topics in present-day heavy ion physics. Theurve[5]is almost identical from 3@ MeV up to the highest
production of intermediate mass fragmefisIF’'s), which  energies. The form observed is that expected for formation of
we define as objects with8Z=25, in collisions of a proton fragments in a liquid-gas phase transition. Other observables
with heavy targets was first observed about 40 yeard Bgo show, however, that the underlying process changes. At low
Using radiochemical methods, however, a total cross sectioneam energies the slopes of the energy spectra of protons and
for fragmentation could not be determined and this procestMF's agree, whereas, starting from about 20BleV, an
had been considered as quite rare and exotic. increasing difference of the slopes is obser{@H This has

A decade ago two findings, one experimental and ondeen interpreted as an evidence that, at low energy, the
theoretical, placed multifragmentation into the spotlight.whole nucleus takes part in the multifragmentation to the
Bombarding large target nuclei with heavy ions Warwick limit that the process can be described as a compound
et al. [2] found that many IMF's are produced simulta- nucleus decay, whereas, at high energies, only the spectators’
neously and that multifragmentation is the dominant reactiorpart contributes significantlfs].
channel at beam energies larger thar 38eV. Observing The backward energy spectra of fragments are found to be
that the mass yield curve approximately obeys a power lawather independent of the beam enefgy7] and of the pro-
o(A)xA™7, the Purdue grouf8] conjectured that multifrag- jectile masg?2] (for Ap=<20). At each angle the spectra have
mentation is a clear signatufd] for the phase transition the form expected for a thermal emission from a moving
between a gaseous and a liquid phase of nuclear matter. Thesurce. Thus single arm experiments seem to indicate an
transition is predicted to occur around a density opg.4oo  emission from a thermal source. If one compares the spectra
being the normal nuclear-matter density. observed under different angl¢2,6] one finds, however,

Since then, the study of multifragmentation has been conthat the source velocity, the Coulomb barrier, and the tem-
sidered of such interest that spediddr) detectors have been perature depend on the observation arf@k This contra-
designed to inspect this process in detail. Today it is a majodicts the thermal source assumption.
research project at all heavy ion accelerators. However, de- Recent experiments performed with & 4letector have
spite these extensive experimental efforts, the underlyingevealed that the energy balance in central collisions is domi-
physical mechanism remains unclear and the debate is stiflated by a large undirected flow componegft<0.1c) and
quite controversial. This is due to the fact that the experithat the Coulomb repulsion and the possible thermal energy
ments have revealed many puzzling aspects. Some results aepresent only a minor paf®]. Hence the nucleus seems to
in perfect agreement with the conjecture that the fragmentsxplode.
are emitted from a globally thermalized system. Others, The models advanced to describe multifragmentation in-
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voke practically all imaginable physical processes. For a rethe spectators and the participants. According to this model,
cent review we refer t¢5]. Most of the phenomenological the nucleons which compose the heavy fragments would
models only aim to explain and/or reproduce a few observmainly emerge from the spectator zones, so avoiding the
ables. In the last years, they have been superseded by niireball.
merically involved models which predict results for a multi-  One easily realizes that the analysis of time correlations is
tude of observables simultaneously. Presently, these modetgrticularly useful to clarify whether the system has passed
can be classified into two main categories. through a state aflobal equilibrium beforgmulti)fragment-
First, statistical modelgl0—12 which neglect the dynam- ing. If it were the case, all the memory would be completely
ics of the reaction by supposing that the system or a subest and time correlations would disappear. However, we
system reaches equilibrium in the course of the reaction andill find many of them, strong and not only of geometrical
maintains this equilibrium until its density has decayed tonature. This indicates that inside the QMD approach, the
approximately 0.4. According to this assumption, all pos- system does not pass through a state of global equilibrium.
sible exit channelgconsisting of nucleons and—possibly  Not only time correlations act as a touchstone of the sys-
excited—fragmentsare populated with equal probabilities. tem’s equilibration but they also play a first role in under-
These models have revealed themselves to reproduce maggnding(a) the mechanisms of fragment formation as well
yields, fragment multiplicities, and fragment-mass correla-zg () the way the memory of the entrance channel partly
tions very accurately for 860 MeV reactiond13] butfailto  gyrvives the high density and/or temperature phase of the
reproduce dynamical variabl¢8,14], a fact not yet under- peayy jon reaction. We will illustrate this assertion by ana-

stood. lyzing the time evolution of some well-chosen quantities,

A second type of approach is tlggantum molecular dy- ; . L L
namics(QMD) [15] model which follows the time evolution gl,:(? the radius of prefragmentsheir internal kinetic energy,

of the full multinucleon phase space distribution from the The paper is organized as follows: In Sec. II, we briefly

initial collision of projectile and target up to the final forma- . .
tion of fragmentsF.) T]his model is gmorep ambitious than the"?trOduce the QMD mode{Sec. Il A) discuss more exten-
statistical approach. First, the QMD model permits one tosw_ely some of its aspects relevant in the context of fragmen-
check whether complete equilibrium is reached for a giveﬁat'on(sec' B, a_nd state our conventlomSec_. I Q Next
reaction. When thermal equilibrium is established, it hasS€c- I D, we validate the model by comparing it to recent
been shown that the QMD model predicts the same fragmerfxPerimental results obtained at MSU, GANIL, and GSI. In
multiplicities as the statistical model6]. However, it also ~ Sec. lll, we present a survey of some typical reactions, which
predictsthe density and the temperature which are just inputvill help the reader to get a general idea of the propagation
parameters in thermal models. When complete equilibrium i®f prefragments at intermediate times. In Sec. IV, we inves-
not reached, it allows one to investigate the reaction as welligate to what degree the system achieves global equilibra-
For this reason, we claim that the QMD model goes beyondion. We present results for the stopping, the double differ-
the thermal ones. On the other hand, there are some drawntial cross sectiond?s/p,dpdp,, and the mixing of
backs attached to the QMD approach. For instance, it usuallgrojectile and target nucleons, which suggest a small degree
requires more approximations than the statistical models, asf equilibration. In Sec. V, we detail the initial-final state
discussed in Sec. Il A, etc. Nevertheless, let us mention frongorrelations for symmetric systems betweerA3deV and
the beginning that QMD results reproduce the experimenta4ooA MeV. After outlining the method employed to con-
data fairly well, as it will be detailed in Sec. Il D. struct these correlatioriSec. V A, we address both cases of
Even though this agreement is primordial, the numerouggordinate and momentum spaces. We find strong correla-
physical processes included in the QMD code and the aburng petween the final fate of the nucleons and their initial

dance of degrees of freedom very often prevent us to get gogjtion in phase space. Moreover, we have distinguished

clear view of the relevant underlying physics and of the | ff h finallv |
causal links. But the physics of heavy ion collisions shouldtWO classes of fragmentghose finally locateda around

. ) midrapidity an round target or m rapidjtgand dis-
not reduce to a black box with tuning parameters: At some drapidity a .d(b) around arget o beam rap d].& d dis

: : . ._covered additional correlations. In Sec. VI, we inspect how
point, one has to understand the reaction mechanisms in

coherent, comprehensive, and preferably conceptual mannetﬁese correlations can be preserved during th_e time evolution
It is precisely the goal of this paper to make some stepgf the system, especially for the nucleons whlch traverse the

towards a more global understanding of nucleus-nucleus co\/—vhOIe reaction partner. We conclude our work in Sec. VII.

lisions and their energy dependencdrom basically

50A MeV to 600A MeV), by analyzing the reaction as a

function of time and by probing some specific time correla- Il. THE QMD MODEL

tions (that we shall sometimes simply denote “correlations” A. Description of the approach

when no ambiguity exisjs Quite generally, we shall speak . . .

of time correla?ionyif nucleons bglongingyto a specificpclass In the QMD model, the time evplutlon c_)f t_he system is

of emitted fragments have a different mean history than aIFaICUIate(.j by means of a generahzeq varla.tlonal pnnmple:

nucleons considered indiscriminatingly. A very go@ult After having chosen a test wave functign(which contains

trivial) example of such a time correlation can be found infime-dependent parametgrene evaluates the action

the participant spectatéPS model[17]: At high energy and

finite impact parameter, experimental and theoretical results

suggest that the system can be divided into two subsystems!See Sec. Il for definition.
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ty For the coherent states, and the Hamiltonian
S=f L[ ¢, ¢* ]dt (1)
ty
1
with the Lagrange functional H :Z Tit3 %‘4 Vij (6)
., d . - :
L={¢ |ﬁ&—H b), (20 whereT,; is the kinetic energy an¥;; the potential energy

between two nucleons, the Lagrangian and the variation can

where the total time derivative includes the derivation withbe easily evaluated:
respect to the parameters. The time evolution of the param-
eters is then obtained by requiring the action to be stationary . 1 3
under the allowed variation of the wave function. This re- 52; XaPa™ 5 % (Vap)— 2Lml’ ™
quirement leads to an Euler-Lagrange equation for each
time-dependent parameter. o
_If th_e true solution of the Schdmger equation is con- ia:_aJer 2 (Vo) @)
tained in the set of wave functionf this variational method m g
of the action provides thexactsolution of the Schidinger
equation. If the parameter space is too restricted, one obtains
the closestwave function to the exact solutiofin that re- P.= -V, > (Vap) (9)
stricted parameter space B
The basic assumption of the QMD model is that a test

wave function of the form with
Ap+AT
o= 11 . &) =X, ot (10
with and
b, (X1, 1) = G) 3/48—[x1—xa(t)—pa(t)t/m]Z/L L
<Va,8>:J' d%%10%X( Do | V(X1,X0) | obp). (1)
% @l[X1=Xa(D1P4(D g = ip5(D)U2m 4)

These are the time evolution equations to be solved nu-
merically. The interactiolV;; is taken as the real part of the
hc=1 (5) Bruckner g matrix supplemented by the Coulomb interac-
tion. If the energy is sufficiently high, thg matrix becomes

is a good approximation to the nuclear wave function. Necomplex and the imaginary part acts like a cross section.
glecting antisymmetrization is the most drastic approximaDetails may be found ifi15].

tion of the modef as, for instance, all properties related to ~ The variational approach reduces the complicated task to
shell structures cannot be accounted for. follow the time evolution of am-body wave function to the

The wave function¢, has two time-dependent param- resolution of én coupled differential equations for the cen-
eters: x,(t),p,(t), while L is fixed. The initial values of troids of the coherent state wave functions in coordinate and
these parameters are chosen in such a way that the ensemplementum space. In the following, we shall sloppily call
of A;+Ap nucleons gives proper densities and momentunihese centroids position and momentum of the nucleons.

distributions of the projectile and target nuclei. However, for any rigorous interpretation, one has to keep in
mind that these are just parameters of a wave function which

indeed obeys the uncertainty principle.
This approach also allows a very convenient definition of

and

X ) . eeul _ usters: At the end of the simulation the average phase space
Flys Clcéns;r#;'gga anr angsymmetrlzted rtno ecu ?rTﬂynam'cs mlcx:Ie ccupation is quite low. Hence only nucleons with mutual
ce e € approaches are not mature yet. They gave a o 0mteractions, i.e., the ones forming a fragment are close to-
insight into time evolution of small systems at very low energies - . . L .
but they cannot be used for comparison with the most interestin eth?‘r in Coordl_nate space. A smple minimum-spanning-tree
fragmentation experiments due to two yet unsolved probldf)s: Igorl_thm, applled. to the centroids of the coherent states,
The Slater determinant h&H terms. This presently limits—despite permits _One, to deflne the clusters. If the.aver.ag.e phase space
several approximations—calculations to systems with 80 nucleon@CCUPation is sufficiently low, the result is quite independent
at the very most(2) A consistent way to treat the collision teghe ~ Of the minimum-spanning-tree radius. _ _
imaginary part of the Bieknerg matrix), which is crucial for the The QMD model has been extensively discussed in a re-
time evolution of reactions at higher energies, has not been foungeént Physics Reportsl5]. Later the results have been up-
yet. Whether the use of Jastrow correlated wave functions consicdated in other review$21,22; therefore we do not repeat
ered in[20] instead of Slater determinants will improve the situa- further details here. Let us just discuss a few important
tion has to be seen. points concerning fragmentation and time correlations.

There are two attempts to go beyond the standard QMD approacé‘
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B. Aspects of the QMD model specific to fragmentation sume a similar constrain in proton-proton and neutron-
and time correlations neutron collisions is therefore acceptable. In more technical

(1) We employ a direct product of coherent states. Hencet€ms, the nucleon-nucleon scattering amplitude basically
one may, in princip|e, find more than one partide in a unitcontains two contributions: theand theu channels. At hlgh
cell h® of the phase space although this is forbidden for theenergy, the channel dominates by far: the outgoing forward
one-body phase space density by the Liouville theorem. T&ucleon has a high probability to be the same particle as the
avoid a possible overoccupation one has sometimes intrdngoing forward nucleon.
duced a potential depending on the relative momenta and the On the contrary, at lower energy, both scattering ampli-
relative positions of the particles. This so-called Pauli potentudes associated with theandu channels become indepen-
tial provides a well-defined nuclear ground state which cordent of 4.,,, and the differential cross section is almost
responds to the minimum of the Hamiltonian used in theisotropic. Accordingly, one should, in principle, remove that
calculation. For an isolated nucleus, the nucleons carry theig. .. < x/2 constrain from the model and 16t ,, range from
proper Fermi momentum but they do not move relatively tog to #. This modification has no consequence on the final
the center of massdf; /dt=0). Hence the price one has to state of the reactiofnumber, masses, and momenta of the
pay is the crystallization of the cold nucleus: Nothing elsefragment$ but may change dramatically the time correla-
but a collective motion is possible. Indeed, if just onetions and our mental representation of the reaction evolution.
nucleon is moved, it enters an already occupied cell. Due to  Of course, one can also take the “information” point of
this crystallization the fragments are excited for a muchview: a nucleon-nucleon collision happening exactly at
longer time than in the standard QMIhe one we use in this 0. = leaves the physical state unchanée‘ﬁhe forward
papey, where the fragments are practically cold after backward outgoing nucleon transmits thmemoryof the
180 fm/c. Therefore, a so-called afterburner, i.e., a statisticatorward (backward ingoing nucleon. Only a collision with a
evaporation program, has to be used at the end of the reafinite sin(4, ,,) is able to change the physical state. Hence, to
tion to deexcite the hot fragments into their ground statestudy how efficiently the collisions destroy the memory of
These  two  approaches (QMD  with  Pauli  the system, maintaining, =< /2 is not so unrealistic as it
potentiak-afterburner and standard QM@re conceptually may appear at first sight.
different and naturally lead to fragmentation patterns that \Which one of these two conventions should we adopt? At
also differ quite substantiall}23]. very high energyE=1 GeV), this question is irrelevant. On

(2) The QMD parametrization turns out to be very usefulthe other hand, at very low energ£100 MeV) one can
if one is interested in following the flow of matter. Indeed, invoke the Pauli blocking of the collisions which should be

inside the model, the one-body density is strong enough to reduce the number of collisions signifi-
Apt A cantly and solve the dilemma. Unfortunately, for energies

_ 2 ranging between those two values, the problem shows up.

P azl L2 (12) We have chosen the following approach: for the main dis-

cussion, we shall stick to the standard QMD a#fd,,
As all the ¢, are peaked around their centroids, one easilyE [0.7/2] (called hereafter “model A). Occasionally, some

figures out how nuclear matter evolves from one point toCrUCIaI quantities will be reevaluated in thec . [0,7]

another by just following the centroid distribution. For in- version of QMD(called hereafter “model B and compared

stance, tagging nucleons as projectile or targetlike, one catr(iJ ﬁ:r;?g:sv?lgtzgfg tlr?en:)?g:: ﬁn derlving conventions and
study how efficiently they mix in the course of the reaction. ' ying

Of course, in nature, particles are indistinguishable and a(_:lanfy the few nonstandard terms used in this paper.

taching such a flag of origin to each particle seems a bit
unrealistic. However, by going to the Wigner density formal-
ism, we can interpret the time evolution of the Salinger
equation as the flow of the phase space density. This allows The conventions are the following: the results are dis-
us to investigate thémean origin of the matter contained in played in the nucleus-nucleus center of mass system; the
the final fragments. In this context, particles merely serve abeam axis is in the direction, the impact parameter points
an expedient to calculate that flow of matter. into the x direction; the projectile initially has a positive

(3) Another delicate point where the unsatisfactory treat-momentum and is displacetbr nonzero impact parameters
ment of that indistinguishable character may cause somi the positivex direction; a soft equation of staf¢5] has
trouble is the nucleon-nucleon collisions. In standard QMD been used, consequently, for some observables flow),
the scattering angle in the nucleon-nucleon center of massne does not expect to hageantitativeagreement with ex-
system @, ) is always taken lower tham/2. At the large  periment; whenever they appear, the following symbols are
energy limit, this is justified, as we know that a transfer ofto be understood as defined hereafteb. is 3 fm for all
large longitudinal momentum ismprobable In proton-  systemsp. is 6 fm for Xe+Sn and 8 fm for Au-Au, LF is
neutron collisions,f. , almost never exceeds/2. To as- a light fragmentany single or fragment of mass<A=<4),

HF is a heavy fragmenriany fragment of masé=5).

C. Conventions

30ne has however to keep in mind that the interpretation of the
Wigner density as a phase space density can lead to some compli#Physically, it even cannot be distinguished frordg, =0 colli-
cations. For instance, the Wigner density is not positive definite. sion.
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ol NN . L function of the beam energy as calculated with QMD and compared
1o2 1()3 to the FOPI experiments by the FOPI Collaboration.
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centage of nucleons bound in fragmeits 3. It has been

FIG. 1. Multiplicity of intermediate mass fragmer@#1F's) (8  measured experimentally for the AWu system by the
and number of charged particleN) (b) as a function of the beam FOPI Collaboration. Although not displayed, the maximum
energy for Kr-Au reactions. percentage is obtained for beam energies arourd N8V .
Also, one notices a rapid decrease at high energy. QMD
reproduces the low-energy value, but far=400A MeV,

As we have explained, the quest for correlations betweethis is no longer the case. In fact, it is well known that for
the initial and the final state of a heavy ion reaction is meanenergies larger than 480MeV, the present version of the
ingful only if the model employed contains the essentialQMD model fails to describe the IMF multiplicitj25] (al-
physics. To check that QMD basically satisfies this requirethough the dependence of the number of nucleons bound in
ment, extensive calculations have been performed andlusters as a function of tHé: is correctly reproduced The
compared to the most demanding data recently measuredeason is not yet understood. However, one could demon-
with 47 detectors at GSI, MSU, and GANIL. The data ob- strate that this failure is not due to the thermal properties of
tained at these facilities are to a large extent still preliminarythe QMD nuclei but more likely related to the low momen-
so that the conclusions we draw should not be considered agm transfer to the spectatdr&6]. It is also true that statis-
definitive. tical models succeed in describing these mass yigl@%

In Fig. 1, we present two quantities fundamental for theNevertheless, they take the freedom to adjust the excitation
multifragmentation: the intermediate mass fragméMmF) energy of the system by hand, while in the QMD approach, it
multiplicity and the number of charged particleNd) as a is completely determined by the solution of the time-
function of the beam energyE( for the Kr+Au system at evolution equations.
three different energie§rom 55A MeV up to 20A MeV). In Fig. 3, we present a more refined signature of the mul-
In this figure, the experimental data obtained by the MSUtifragmentation: the IMF multiplicity as a function df¢,
Collaboration[24] and the filtered QMD calculations are for some of the reactions studied in Fig. 1. At all energies
confronted, with good overall agreement. (from 55A MeV up to 20\ MeV), a good agreement be-

In Fig. 2, we present another important quantity: the pertween theory and experiment is achieved. A fair agreement

has also been obtained for the recent measurements per-
formed with the INDRA detectof26] at GANIL (Fig. 4).

SIn fact, the comparison between experiment and theory is only! '€ deviations observed at smalg may have two origins:
made possible by very extensive filter programs. They determinél) the filter routines are still preliminary and/¢g) colli-
which particles of a numerical simulation would have been detecte§OnS at large impact parameter are more difficult to describe
by the actual apparatus. For this decision, one has to develop teoretically.
detailed understanding of how the detector reacts to double hits, An even more detailed investigation of a/%0/eV reac-
energy thresholds, etc. tion is available for the asymmetric system-+H&u, where

D. The QMD model compared to experiment
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FIG. 5. Angular distribution of fragments in the +&u reac-
tions at 5\ MeV. The experimental angular distribution far
=7, 10, and 20 is compared with filtered QMD results for the
angular distribution of all fragments Z<25.

FIG. 3. Average multiplicity of intermediate mass fragments
(IMF’s) as a function of the number of charged partiché:} for
Kr+Au reactions at three different beam energigs, 100, and
200A MeV). We compare the experimental values with the filtered
QMD results. out to be nicely reproduced. The absolute value is also in

reasonable agreement.
the angular distribution of the fragments has been measured Somehow, this overall agreement obtained at the lowest
[27]. The comparison with the QMD calculation is displayed beam energy is surprising: In this regime, at least some of
in Fig. 5 (in the case of QMD, we have summed over allthe approximations made to derive the QMD equations are
fragments withZ € [5,20], in order to obtain sufficient sta- not valid anymore. These approximations include the quasi-
tistics). The angular distribution of the fragment yield turns particle approximation, the neglect of interference effects be-
tween subsequent collisioffthe particles behave like classi-

=10 =10 = cal billiard ballg and the assumption that the Pauli blocking
2 A Experimental E A of nucleon scattering can be properly modéiedeverthe-

u 89 f,",‘v‘,"',,e Q.M. L 8r &l less, what we will retain from these comparisons is the in-
s T o0 s D creasing evidence that for nonperipheral reactions ranging
- Fo L we © from 30A MeV to 400A MeV, the QMD model describes

4+ - the measured data satisfactorily.
2+ o 2| S
| 4" 25 MeV/nucleon | 32 MeV/nucleon Ill. SURVEY OF THE REACTION
0 '2|0' 40 60 0= '2|0' 40 60 We start our theoretical investigations with a survey of
(a) N, (b) N, some reactions we will encounter later on. We illustrate three
§10 cases where typical reaction scenarios are expected: the par-
= _| 1 ticipant spectatofPS scenaridAu+Au, 600A MeV, 8 fm),
= 8 I the multifragmentatioiiMF) scenariod Au+Au, 150A MeV,
6 ®a 3 fm), and the incomplete fusiolF) scenario(Xe+Sn,
: IMF Mult % N, Xe+Sh 50A MeV, 3 fm). Later, we will discuss in more details to
4 which extent those scenario indeed match our numerical
5 I simulations.
50 MeV/nucleon For those three reactions, we select one single event and
0 T plot, in Fig. 6, the time sequence of the density profiles pro-

20 40 60

© N

jected onto thexz plane. Each nucleon is marked by a circle

FIG. 4. Average multiplicity of intermediate mass fragments
(IMF’s) as a function of the number of charged partich.} for SWhereas at high beam energies the few artificial collisions due to
Xe+Sn reactions at three different beam enerdi2s, 32, and the imperfect Pauli blocking do not play a significant role, they
50A MeV). We compare the experimental values with the filteredbecome increasingly important at low energies where the number of
QMD results. true collisions decreases rapidly.
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the asymptotic fragmeftOne has of coursA,+ A=A, the

Au+Au Au+Au Xe+Sn
(600AMeV, 8im)  (150AMeV, 3fm)  ~ (S0AMeV.3fm)  mass of the fragment. Next, we define the following.

E ol ; ol ; 20l (1) The center of mass and mean momentum per nucleon
X sor X 30 * of the prefragment as
of g or e or ¥@
50 Fime=ofmic 301 ime=ofmic 20 ime=ofmic . SA () 4B A pi(t)
. P P B N P RTI RR . P R NP R(t)=——— and P(t)= ——, 13
1% 0050 0 50100 %030 0 30 60 ‘%4020 0 20 40 (t) A (1) A (13

z(fm) z(fm) z(fm)

=100 =~ 60 = 40 . — . . :
& sol E sl E w0l respectively. In definitiori13), r;(t) is the position of théth
x r b B x r . — .
ol i ol ol ﬁ prefragment’s nucleon at tinteand p;(t) its momentum.
i ﬂ B I (2) The center of mass of projectile target nucleons and
-50 Ltime=60fm/c -30 __time=6°0fm/c -20 | time=90fm/c their mean momentum per nucleon:
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0-.%00-50 0 50 100 6(-)60 -30 0 30 60 940 20 0 20 40 projectile target nucleon at tinte

Z(fm) Z(fm) Z(fm) Then, we perform the averagdenoted by. . .) over all

20k g,o ° fragments, possibly selecting a given class, and over a large
. °§‘% o ensemble of QMD events. From Fig. 6, it is obvious that
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x(fm)
x(fm)

o
T

three subclasses of heavy fragments have to be privi-

, M -

50 LAt ot

[Rimé:i80mic 20 e S30imic Ieg(_aq: the heavy fragments emergi_ng grqund the projectile
-10_0100-_5'0- ('J -5'0 00 -6960'_3'0' 3 -3'0-60 40, " 20" 20 rapidity, referred to hereafter agrojectilelike fragments
2(fm) 2(fm) 2(fm) (PLF’s); the heavy fragments emerging around the target ra-

pidity, referred hereafter aargetlike fragment$TLF's); the
FIG. 6. Time evolution of nucleon densitigsrojected on thaz ~ heavy fragments emerging at midrapidity, referred to hereaf-
plang for three typical reactions: AtAu, 600A MeV, 8 fm (left); ter asmidrapidity fragment§MRF's). L
Au+Au, 150A MeV, 3 fm (centej; and XetSn, 5 MeV, 3 fm In Fig. 7, we preseni,(t) as a function ofZ,(t) in
(right). Au+Au (400A MeV, 3 fm) and Xe+Sn (50A MeV, 3 fm)
reactions, for those three subclasses. In the case of MRF's,
of 1.5 fm radius. Hence circles which are overlapping belongve have limited ourselves to those fragments emerging with
to the same cluste@lthough the projection may fool a little P(tfin) >0, to avoid trivial cancellations.
bit). We see three quite different exit channels. The At 400A MeV, we observe strong transverse correlations,

600A MeV collision shows fragments only around the pro- In @greement with drefined PS model: basically, the pro-

jectile and target rapidities, as if those fragments emergiEctile nucleons which emerge in PLF's are initially lying in

from the spectator matter. At 160MeV, we already find the projectile spectator zone, so avo_iding the target. Looking
fragments at midrapidity. The pattern of particle emissionrr?:vrg ;‘:‘ﬁﬁgtﬁ;;hz Sr?itti rﬁggﬂ”&%ﬁ:nttz?:];rr;jeirseect?grfleons
seems isotropi¢but future analysis will reveal it is not quite ' e LFre. o '
s0). At 50A MeV, we observe distinct projectile and target- W& have evaluate®,”(t=0)~20 MeV/c, which is al-
like fragments as well as midrapidity fragments which are'€ady an appreciable fraction of the directed flow observed

clearly separated in momentum and coordinate space. eXpe”men_tally. o ’

To conceive plausible scenarios of the reactions, one has 1€ Projectile nucleons emerging in TLPare located on
to understand more precisely how the fragments emerge. If€ Other face of the projectile nucleus, where they will be
fact, one can already get valuable information by studying!PPed off more easily by the target spectators. They also
the evolution of the mean center of mass of all the nucleon80SSess a finite transverse momentum, in-thedirection,
emerging asymptotically in a given fragment. Let us stres$Vhich helps them in that respect. o -
that at intermediate times, these nucleons can be very dis- AS €xpected, MRFs’ nucleons are lying in the participant

persed in phase space. To avoid confusing the reader, we wiff9ion- In the course of the reaction, they are stopped and
use the word “prefragment” to denote this ensemble. For 9ain transverse momentum by interacting with surrounding
each prefragment, let us lab&}), (A;) the number of nucle-
ons initially contained in the projectilgarge} and emitted in

8In the sense of poir®), Sec. Il B, sometimes these nucleons will
be referred to as the prefragment’s projec(ded target nucleons
At final time, each prefragment indeed becomes a fragment, in ®By symmetry, the same is true for target nucleons emerging in
the usual acceptation of the word. PLF’s.
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nucleons of the other classes; therefore, we observe ulti-
mately an even larger flow in the x direction® Hence, the
9 projectile and target have a tendency to rotate around a com-
mon axis; this seems to be the onset of the deep inelastic
collision (DIC) regime, encountered at higher impact param-
eters. Let us remind the reader that, according to the DIC
scenario, MRF nucleons equilibrate and reside almost ex-
actly at the center of mass, while PLF nucleons rotate at the
Xe+Sn periphery and are only emitted once this rotation has taken
place.
) FEETL FUEE FUTI S 50 ,AMeY’3f|m r Nevertheless, Fig. 7 clearly proves that for a beam energy
i 920 15 -10 -5 O 5 10 15 20 of 50A MeV and an impact parameter of 3 fm, PLF projec-
Z (fm) tile nucleonstra\_/ersedt_he whole target nucleus more than
(b) rotated around itand vice versh In fact, they followed the
o o same trajectory as MRF nucleons but went on farther for a
FIG. 7. Mean trajectories of projectile nucledpg,(t) vs Z,(t)] reason still unclear at this stage—if any reason at all—other
emerging asymptotically in projectilelike fragmelB_F’s), target-  than a statistical fluctuation. This “transparency” must be
like fragments(TLF’s), and mid-and-positive-rapidity fragments strongly contrasted with the high-energy case, where PLF
(MRF’s, y>0) in Au+Au, 400A MeV, 3 fm (top) and XetSn,  nucleons comé¢almos) exclusively from the spectator parts.

50A MeV, 3 fm (bottom) reactions. The initial and final positions \We will discuss this phenomenon in more detail later.
are marked by enlarged symbols and consecutive time &t€gfsn/

c) are connected by a line. The large open circles represent the
collision partnertarge} at the ideal time of maximal overlap. IV. DOES THE WHOLE SYSTEM EQUILIBRATE?

) o Ideally, one should test the phase space occupation in the
nucleons; one may conjecture that this is the onset of thexit channels to answer this question. However, their number
blast wave observed recently in very central collisipdk makes this ideal test impossible in practice. Therefore, we

At 50A MeV, the situation is quite different. First, no |imit ourselves to check whether some necessary criteria are
more spatial transverse correlation is observed. As a matteatisfied.

of fact, the clearcut PS model supporting them naturally
looses its validity at low energy.
Second, the blast has completely disappeared because the
dynamics is now dominated by the attractive part of the °At 150A MeV, attraction and repulsion balance each other.

—_ 20 2 f
g C E - * Filtered Q.M.D.
~ :_ . . ‘é’ 104 3
x 15 : Projectile Nuclepns i Y FOPI
N 10 3 3
5F f i
- 2|
of 10 :
-5 / r
- 10 ¢ "'v‘x
: E %Y
-10 - L Vv v
‘® PLF : LA
B 1 Yw vy
-15-A  MRF,y>0 Au+Au g Au + Au (150 A MeV) v
V¥V TLF 400 AMeV, 3 fm [ v
_20 -I 111 I L1l 1 I L1l I L1 1l L1l I L1l 1 I L1 11 I L1l -1 B *
20 15 10 -5 0 5 10 15 20 10 —_t 1
0. 0.4 0.8 1.2 1.6 2.0
@ 2 (tm)
E 20 5 FIG. 8. dN/dE,, of filtered QMD simulations as compared to
s " the FOPI experiment.
X 15
mean-field potential. Even if nucleons emerging in PLF's
10 and MRF's are still momentum preselected and tend to point
N out of the overlapping region, they are bent in the course of
5F the reaction by their strong attractive interaction with the
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TABLE I. E_n.jlt vs b for various systems.

b\reaction Xe+rSn(50) Au+Au(50) Au+Au(150 Au-+Au(400

p, (GeVic)
o
N

p, (GeV/c)
o
=y

o h
UL LI B

0 fm 0.75 0.83 1.45 1.67 01 | %2
3 fm 0.66 0.71 1.02 1.11 Ll e a Lo
6 f 0.47 -0.2 0 0.2 05 -025 0 0.25 05
m - p, (GeVic) p, (GeVic)
8 fm 0.37 0.25 0.26 03¢ 061
N O
° ® o4l
A. Equilibration according to E 4 ,5_‘-0.1 E fo.zf—
In a thermalized system, the momenta distribution must [/ CRRRRAIN oE- - N
be isotropic. For a nucleus-nucleus collision, the original -0.2 0 0.2 - 0 025 05
longitudinal anisotropy has first to be destroyed by nucleon- P, (GeV/c) p, (GeV/c)

nucleon interactions. Hence, an isotropic distribution of 03¢
emitted matter is not trivially achieved. For instance, Fig. 63
already shows qualitatively that the stopping may be only€ ™t

T
p, (GeV/c)
N
=y
T

partial. doqF 0.25_
Possiblg anisotropy can be qgantiﬁ_ed by the differential NI/ Za | 05- N I@I
cross sectioma/dE,,;, whereE,, is defined as 0.2 0 0.2 05 -025 0 0.25 0.5
p, (GeV/c) p, (GeV/c)
>p?/2my
S 2 2my, (15 FIG. 9. d?s/p,dpdp, for A=1 (top), 2<A<4 (middle), and

A=5 (bottom) produced in X&-Sn, 5 MeV, 3 fm (left) and
Au+Au, 400A MeV, 3 fm (right) reactions.

Equilibration corresponds tB,,=2. This quantity has been _
measured at 130 MeV by the FOPI Collaboration and com- For nearly all energies and impact parameté&rg,<2.
pared with QMD(cf. Fig. 8. The agreement demonstrates This discards the global equilibrium hypothesis. Only Eor
that for central collisiongthe calculation was stopped at  larger than~400A MeV, one might come close to global
=7 fm) the excitation energy of the system is properly de-equilibration in very central collisionévhich, however, do
scribed in the QMD modeft The acceptance cuts of the not contribute significantly to the total cross secjidvore-
detector lower theE,, values as compared to the QMD over, if one remembers the dependence of the IMF multiplic-
events in which all particles are counted. However, indepenity on the beam energgin Fig. 1), one can infer that global
dent of the acceptance, one can formulate the general statequilibrium is seldom found simultaneously with multifrag-
ment thatE, =2 and global equilibration are achieved only mentation.
in rare events at that energ§We have evaluatedo/dE, 4 For all energies, a higher impact parameter results in a
at lower energie$Xe+Sn at 32 and 5@ MeV), where data higher anisotropy of the momentum distribution. But this is
have been taken but not analyzed yet. At large valuésgf  particularly true at high energies, where the initial transverse
we observe about the same slope as for theAlBR@V reac-  position of a nucleon is a strong prerequisite to its destiny.
tion. ConsequentlyE,, values larger than 1.5 are almost At lower energies, such a geometrical criteria is not ex-
never obtained. pected, and the dependencef; on b is indeed weaker.

Of course, one can argue that experimentally, all impact We have just observed and understood that a global equi-
parameters are mixed, whereas the physics can differ sendibrium cannot be achieved at largeand largeb. One can
bly from small to large impact parameters. For instance, irvonder why such a conclusion holds at smd
the PS model taken at finite impact parameter, one may cor{=50A MeV) at all. This is precisely one of the concerns of
jecture that the participants equilibrate, but the spectatorthis paper. However, without going much further, one real-
certainly do not. A global thermalization is therefore unreal-jzes that at the same energy and sémed/R, E,. is smaller
istic. On the other hand, for very smal] no more nucleons for the Xe+Sn system than for the AWAu one, a natural

can be considered as a spectator and global equilibriufeature in the interaction of nonopaque objects.
might be achieved. This motivates us to investigate the de-

pendence oflo/dE,,;onE and h For each fixed value df,
do/dE.; turns out to be relatively peaked around its mean
value (), displayed in Table I, for AtrAu and Xe+Sn
reactions at 50, 150, 480MeV and 5\ MeV, respectively. In the previous section, it was shown that the momentum
distribution of emitted particles was globally anisotropic. But
is it true for each particle species? For instance, the thermal
The stopping is a complicated interplay between mean fieldform of the single-particlespectra gave rise to speculations

collisions, Pauli blocking, etc., and thus pretty intricate to repro-that the system may have thermalized, in apparent contradic-
duce. tion with what we have just deduced.

2For further comparisons performed by the FOPI Collaboration, TO get a better insight, we presdifig. 9) the differential
we refer to a recent publicatidi®]. production spectra d?o/p,dpdp,) of singles, light

B. Equilibration according to the momentum distribution
of specific fragments
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(2=A<4), and heavy (5A) fragments for Xe-Sn c 2
(50A MeV) and AutAu (400A MeV) reactions atb 8
13 . . . . . - 1-8 . A=1
=3 fm.”" In this presentation, emission from a thermalized §
source produces circles of constant cross section around thZ 1.6
source velocity. 4
At 50A MeV, the proton distribution is indeed nearly iso- '% 1.4 -8 A>5

tropic and could be attributed to a thermal source located a= 1.2
midrapidity. However, the light fragment distribution already @
contains a forward-backward enhancement which defini-o 1
tively evolves to a two-source emission pattern for the heavyg
fragment production. 2 8
The situation at 40@ MeV is somehow different: We g
observe three sources of protons that we naturally attribute t(é’
the midrapidity fireball, the projectile and the target rem- 0.4
nants. For heavier fragments, the midrapidity source is
weaker and the spectra more and more dominated by frag 0.2
ments emitted from projectile and target remnants. In other 0
words, the importance of the mid-rapidity source decreases 0 20 40 60 80 100120140160 180200

Xe+Sn

E=50 A MeV, b=3 fm

with the size of the fragment under consideration. t (fm/c)
From Fig. 9, we can conjecture that for a given beam
energy, the fragment distribution @waysmore anisotropic FIG. 10. Mean number of collisions per nucleon for nucleons

than the proton one. This clarifies the apparent paradox preemerging asymptoticallya as singles(b) in A=5 fragments.
sented at the beginning of this section. This also implies thaXe+Sn collisions at 58 MeV beam energy and 3 fm impact pa-
fragment spectra should be used preferably to proton ong@meter were considered.

for testing the degree of thermalization of any system.

In the framework of.c.)ur modeh= 3 fm collisions never ment: Initially, the system is both organize@ucleon-
generate globally equilibrated nuclear matter. At high enmycleon correlationsand anisotropic. We suggest that the
ergy, it is a more or less a trivial consequence of the geopycleons finally emitted as singles are precisely the ones

metrical cuts encountered in the PS scenario, as mentiongghich have encountered the most violent and/or numerous
previously. At low energy, another explanation has to be

found. To di le th le of h ¢ h collisions, necessary to destroy those correlations. Accord-
ound. To Isentangie the role of such cuts from Ot_ er pOSingly, their momentum distribution reaches a form compat-
sible causes, we have analyzed the same reactions at

—0fm. At 400A MeV, distributions are close to isotropic ible with a thermal spectra pretty fast. On the contrary, final

whatevet? the class considered. This confirms that most Offragments contain nucleons relatively unaffected by those

the anisotropy found at finite can be interpreted inside the collisions and of course maintain a memory of their initial
PS scenario. momenta much longer.

The situation is quite the opposite at/&0leV. There, The pIausibiIit){ of this conjecture is checked in Fig. 10
the distribution patterns found &t=3 fm andb=0fm are  Where we have displayed, for the X&n (50A MeV, 3 fm)

basically identical. This observation definitively discards ex-"éactions, the mean number of collisions per nucleon as a
planations exclusively based on some relative rotatioffunction of time. We focus on those nucleons finalp)
(which would inhibit a complete fusion between the two €Mitted as singlesib) members ofA=5 fragments. From
partners, as it is invoked in the case of DIC scenario Flg 10, it appears that nucleons which turn out to be Singles
By now, we have accumulated enough insights to underin the final stage have indeed undergone a higher number of
stand that at 5@ MeV and small impact parameters, the ma- collisions than those contained in fragments. For large times,
jority of the projectile nucleons which are finally entrained in the hadronic gas becomes more and more dilute, the single
fragments havéraversedthe target(and vice versa Thisis  nucleons tend to evolve freely and the collision rate van-
only possible because the Pauli principle blocks almost alishes. On the other side, however isolated a fragment may
collisions at this energy. Accordingly, the transparency anbe, its nucleons still collide with one another: This explains
ticipated at the end of Sec. Ill indeed represents the meathe constant collision rate=1 collision every 200 fng) ob-
behavior, and not a fluctuation on top of it. served asymptotically. These internal collisions do not
Nevertheless, we must still reconcile this traﬂsparency hym0d|fy the chemical Composition in |arge respects_ Those
pothesis with the isotropy of the proton momentum distribu-happening at early times are much more important because
tion. For this purpose, we use the following feedback arguthey determine the later composition. Then, to go beyond the
qualitative picture, only the collisions happening during an
effective reaction time of=80 fm/c should be taken into
13ven if not displayed, let us mention that the Adu account. During this effective time, nucleons finally emitted
(150A MeV) reaction nicely interpolates the AGMeV and  as singles have collided roughly twice as much as nucleons
400A MeV ones. emitted in heavy fragments, a spectacular difference. For the
“This is the new insight of as compared to the value of 1.67time, we do not pursue this analysis any further; we just
found in Table I. retain the validity of our feedback argument and the incom-
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patibility of results found in Fig. 10 with a global-
equilibrium hypothesis.

In fact, the previous discussion is a perfect nontrivial ex-
ample of time correlation. It illustrates the power of these

time-correlations in investigating the dynamics of nucleus-

nucleus collisions. Later, in Secs. V and VI, we will study
some of them more systematically. But first, we would like
to conclude the topic of global equilibration by addressing it
from another viewpoint: the mixing of projectile and target
nucleons or, in other words, the “chemical” equilibration.

C. Equilibration according to the mixing of projectile
and target nucleons

1. Motivation and redefinition of projectile-targetlike
and midrapidity fragments

We have already mentioned that PLF's, TLF's, and
MRF's may have a quite different origin. Accordingly, it is

usually worthwhile to study these types of fragments sepa- 1o 3

rately, as we have already done in Fig. 7. For this purpose,
is very convenient to deal with a more practi¢ahd maybe
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more generalcriteria defining those classes. Such a criteria
emerges naturally once we have realized that at high energy, FIG. 11. PLF, TLF, and MRF distributions for AtAu,

PLF's (TLF’'s) are mainly composed of projectilgarge}
nucleons, while MRF’s contain projectile and target nucle-
ons with identical probabilityfor symmetric reactions

Accordingly, from a theoretical point of view, we obtain
more operational definitions of PLF's, TLF’s, and MRF’s as
following: we first remind the reader that,; (A;) has been
defined as the number of nucleons initially contained in th
projectile (targe} and finally emitted in theth fragment.
Next, we define

ApitAi A

_ A

a= (16)
as the proportion of projectile nucleons in thte fragment
and classify the fragments according to their

0.00<a;<0.25; targetlike fragment(TLF),
HF with{ 0.25<a;<0.75: midrapidity fragment(MRF),
0.75<a;=<1.00: projectilelike fragment(PLF).
17)

At high energy and finite impact parameter, both defini-
tions coincide. Nevertheless, the definition given in formul
(17) is more generaland will be adopted from now gnas it
can also be use@ee the section belgvo investigate chemi-
cal equilibration even in the absence of three sources clear

separated in rapidity, for instance at vanishing impact paramy

eter or low energy. In fact, a detailed study of the rapidity
distribution of TLF's, MRF'’s, and PLF’s has revealed that

Ytarg™ YTLF<YMRF<YPLF™¥proj

(18

whatever the energy and the impact parameter and howev
small yy0— Yiarg may be. This explains why we stick to
“midrapidity fragment” as a faithful label of the
0.25<4a;<0.75 class, even if the new classificatid) does

a priori not rely on any criteria involving the rapidity itself.

a,

400A MeV, 3 fm reactions evaluated in model A. (a), we illus-
trate the(normalized double differential production cross section:
(d?o/dadA)/(do/dA), where a is the proportion of projectile
nucleons in the fragmentb) representsio/dala~5, (c), the mass
spectra of PLF (0.78a<1.) UTLF (0=<a<0.25), MRF (0.25
a<0.75) and all fragments taken together. The multiplicity distri-

dutions are displayed itd).

compound nucleus scenario, we expect a distributiom; of
according to a binomial law with a mean value of @fér
symmetric reactionsand a variance inversely proportional to
the square root of the fragment mass. Thlydistribution
should be sharply peaked around 0.5 for heavy fragments.
On the other hand, in the simplest version of the PS model,
we expecta; to be either QTLF) or 1 (PLF). If participant

and spectator matter interact weakly, we expect two narrow
peaks around these values. What about the QMD results?

2. Distribution of projectile-targetlike and midrapidity fragments

In Figs. 11 and 12, we present results of the model A for
Au+Au, 400A MeV, 3 fm and Xe+Sn, 5A MeV, 3 fm
reactions. In(a), we generalize the usual notion of mass
spectrumdo/dA: In fact, more detailed information is car-
ried by the(normalized double differential production cross
ection: @%c/dadA)/(da/dA).*® In (b), we present the dif-
rential cross section for the production of HF's:
o/dal5~5. This quantity is normalized to the total HF mul-
tiplicity. In (c), we plot the global mass spectrum, as well as
the more specific mass spectra of PLF's/TLF's, and MRF’s.
Finally, in (d), the fragment-multiplicity distribution for
IMF's (5=<A<50) and very heavy fragment§VHF's,
gl=<A) are presente(see figures for more detalls

15The normalization factoda/dA guarantees that boxes are still
visible at largeA, where the mass spectrum decreases steeply. The

If the fragments are formed after the system has passegtice one has to pay for this type of presentation is the loss of any
through a fully equilibrated phase, as it is expected in thenformation about the absolute mass yield in this plot.
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FIG. 12. Same as Fig. 11 for X&sn, 5A MeV, 3 fm reac- FIG. 13. Same as Fig. 11 with model B.
tions.

_ _ ) ) the major discrepancy with the high-energy case occurs in
We first discuss the high-energy reactions. From the W@he study of the P/TLF and MRF mass spectra: these are now
upper panels of Fig. 11, we conclude that, independently °§imilar, up toA=20. Also, P/TLF’s of mas#~ 30— 40 are

A, the overwhelming majority of fragments are either pro-q4,ced more abundantly and tend to fill the valley encoun-
jectilelike or targetlike: at 608 MeV (not displayegl about tered at higher energy.

15% of the fragments are MRF’s in nearly central collisions In low-energy central collisiongillustrated in Fig. 12

o i . o

51%61\ ?Anedvl?ﬁzséharsol cf;ti:)nnf(iarrlfrzzrsa; fglgﬂnggodyp‘; about 25% of all fragments are MRF’s, while both mass

and 4% p.) prop &« spectralMRF and P/TLF are very close in form for almost
=7 all values ofA. On the average, we do not observe two but

Focusing on(c), we see that for high-energy central col- AN o
lisions, the mass spectrum of MRF’s and PLF’s are almos nly one remnanfVHF) which is either projectile or target-
ike, in definitive contradiction with a compound-nucleus—

identical in form—a power law. This is a remarkable result, s ) . .
in view of the different production mechanisms. It confirms incomplete-fusion scenario. The disassembling of the other

the conjecture that the mass spectrum is not very sensitive {§Mnant is the basic cause of the broad mass spectrum and
the underlying physical process, a conclusion almost unthe source of large fluctuations in the IMF yield.
avoidable if one remembers that the experimental mass spec- By studying other energies between 400 and\ 30eV
trum is a pretty robust function of the system considered. Letve have discovered nothing but a quite smooth crossover
us just mention that in high-energeripheralcollisions, the  and therefore established the generic character of Figs. 11
MRF and P/TLF mass spectra naturally depart from one anand 12, at least within model A. By definition, results ob-
other: while no MRF of mass larger than 8 is found, thetained in the two previous sectio®/ A and IV B) are in-
P/TLF spectrum extends up t&=150, with a local mini- dependent of the symmetrized character of the nucleon-
mum aroundA = 30-40. nucleon cross section. When we come to the question of
From (d), we see that on the average six IMF’s are pro-chemical equilibration this is no longer the case. Accord-
duced(5 P/TLF’'s and 1 MRF, but no VHF. From the whole ingly, we have reevaluated all quantities involved in Figs. 11
Fig. 11, one concludes that even though no heavy remnant &nd 12 inside model B and redisplayed them in Figs. 13 and
observed at such a low impact parameter, the memory of th&4, respectively.
entrance channel is fairly preserved. In the peripheral reac- The most spectacular effect is observeddordala-s in
tion already mentioned, two heavy remnants usually survive(b): the peaks formerly observed arouae 0 and 1 are now
in concordance with a <" shape of the double differential eroded, while at intermediatg the valley is somewhat filled
cross section, but about 2 P/TLF’s are produced as well. in, but we are still far from a dominating peak around
In peripheral collisions, the typical behaviors observed aa=0.5, as it would appear in case of chemical equilibration.
50A MeV are pretty similar to those just discussed atln concordance with the flattening ofo/dal,~5, one ob-
400A MeV (for b.). Even though the total number of serves, in(d), an average increasglecreaseof the MRF
MRF's is larger at 58 MeV, it still does not represent more (P/TLF) multiplicity by one unit. However, the VHF multi-
than 20% of all emitted HF's. As for the average fragmentplicities are unaffected, as well as the general structure of
multiplicity, 2 VHF's survive the reaction and about 5 IMF's the double differential cross section and the mass spectra
are produced4 P/TLF’s and 1 MR at low energy. In fact, [(&), (¢)].
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© s 20r TABLE Ill. Qualitative dependence of the chemical equilibra-
g C 5<A tion on the physical parameters.
15[
L TLF PLF Dependence Variable Fixed
Sharp b E>
Smooth b E<
;‘"‘ TN ] j—
:::gtg.g.::g:"‘ Smooth E b=0
00 Smooth ArtAp E<,b
Linear O deflect E.,b
(b)
3 2 Y P/TLF, 51<A
G 3 1@ B P/TLF, 55A<50 3
k- A MRF, 51<A apmo(MRF)|0cm§WmEapm((MRF)bcmg,T,z! (19
s ® MRF, 5<A<50
-1
10'E il 10 & Of course, this result cannot be universal:priori, there
f T . must exist an energy for which a nucleus-nucleus collision
10 F . » happening ab=0 fm engenders a highly equilibrated phase,
10 10 whatever the model chosen. However, in the energy range
 — 10 15 relevant for(multi)fragmentation, this is not the case, and
1 10 10 4 Fragment Mult. relation (19) seems to hold. We propose the following inter-
© ) pretation: at the early stages of a reaction or in case of a poor

equilibration, the production of chemically equilibrated mat-

ter is proportional to the rate of projectile nucleons deflected
On the qualitative level, we can conclude that chemical” the phase space of target nucledpisis a symmetric con-

equilibration is achieved neither in model A nor in model B, fribution). This deflection rate itself is proportional to the

even if one gets closer with this second version of QMD. collision rate multiplied by the mean deflecting angle asso-
To understand more quantitatively how the chemicalciated with the microscopic interaction, defined as

equilibration depends on the model chosen and on the physi- L 1 9o

cal parametergbeam energy, impact parameter, gteve O deflec= arcco% f co— — dQ} (20)

provide in Table Il the fraction of MRF's among HF's, for o 90

both models and various systerfthose already chosen in Precisely, what distinguishes model A from model B is just

Table ). . :
Within a wide range of physical parameters, the system i%hat interaction. At low energy,

FIG. 14. Same as Fig. 12 with model B.

never close to chemical equilibrium; indeed, we observe very NN -
strong correlations between the origin of the parti¢leshis Jo e for 6e O’E}’
case projectileor targe} and the type of fragment to which =
they will ultimately belong. In fact, the majority of fragments € 0 for fe ™ w}
“remain” projectilelike or targetlike. Midrapidity fragments 2’
represent more than 40% of the yield only on a band located
at high energy and low impact parameter. in model A and
In Table IIl, we provide a nonexhaustive list of qualitative ir o
dependences embedded in Table II. Let us comment on the — =N tor ge[0] (22)
third line and clarify the fifth one. o) 4m

Selectingb=0 fm, and decreasmg the beam energy, we 1ol B Accordingly,
expect to enter the realm of the incomplete fusion mode,
where the proportion of MRF’s should in principle rein- _ o _ -
crease. At 58 MeV, this is not yet the case. Odefiecn( E<<) ~ 3 and Ogefece( E<<) ~ 5 (22

Whatever the system, the energy and the impact param-

eter, it turns out that the MRF yield inside model B is ap- | he finear approximation, this permits one to reproduce
proximately 3/2 of the MRF yield inside model A: relation (19). If the linear approximation breaks down, the
ratio Ogefiecs/ Ouefiecn = 5 Probably acts as a scaling factor.
From this analysis, we conjecture that, quite generally, using
model B instead of model A reduces the amplitude of
timecorrelations by a mere factor, but does not destroy them
dramatically, as it could have been feaegegriori. In the last

0 fm 0.280.41  0.320.45 0.420.64 0.5%0.73 analysis, this would not be so surprising: Ttehemica)

TABLE Il. Fraction of MRF’'s among HF'’s, evaluated in both
models: model Amodel B.

b\reac. XetSn(50) AutAu(50) Au+Au(150) Aut+Au(400)

3 fm 0.20.35  0.290.41 0.320.49 0.270.43 relaxation times of model#) andB seem to differ by just a
6 fm 0.160.23 factor ~1.5. If global equilibration were achieved in one of
8 fm 0.170.25 0.130.19 0.0%0.07 them, it would be automatically achieved in the other. In

other words, to choose one model or the other would result
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in the samequalitative understanding of the underlying —~ 20 —~ 20

physics, which is, after all, the main goal of this work. = : A>5 E . A<5
We now close this whole section devoted to the questionx 10 g x 10F occai

of global equilibration. In fact, Table | and Table Il reflect oFceeeees . lii.. 0 iﬂéﬁé

two aspects of this problem: the equilibration of the momen- - 5 Ba5 . oona8500

tum distribution and the chemical equilibration. They exhibit 10 Fa . Au @E A0 FausAu e

the same qualitative dependences on the physical paramete £600,A MgV, 8 fm E.G.Q(MA.MQV, 8fm. .

ion- i 2 -2
and lead to the same conclusion: For thg impact parameter 920 10 0 10 20 920 10 0 10 20
and energy range (50—6A0MeV) investigated in QMD

simulations, the system only approaches global equilibrium (a)  (fm) (b) z (fm)
on a domain located at very high beam energy and veryg 20 T 20:
small impact parameter, a range of no interest for multifrag-£ F A5 | £ N S A<5
mentation. » @ x U iaasess
oF R g o F il e
V. INITIAL-FINAL STATE CORRELATIONS 10 Eau A @E 10 Eau A SO
In this section, we search for the possible phase spaci -20 £150,A MgV, 8 fm | 20 £150,A MgV, 8 fm . .
correlations between the initial and the final states of our 20 -10 0 10 20 20 -10 0 10 20
simulations. To be more specific, we would like to know z (fm) z (fm)
whether nucleons finally entrained in fragments were pre- (c) 20 (d)
dominantly located in certain regions of phasespace at thég s AS5 T s A<5
initial time. We shall proceed in several steps. ";" 10 F - "f 10F
After detailing the actual way those time correlations EED e : ma
were evaluate@Sec. V A, we investigate separately the case 0 :-BDD B0 Eﬁg OF
of light fragments(LF’s) or singles and of heavy fragments T ach F o8
(HF’s) in the coordinate spad@&ec. V B. Later(Sec. V Q, -10 FAu+Au -10 FAu+Au
we refine the HF analysis by focusing on the midrapidity oo E120/AMeY,3fm..|  ,,E130.AMeY,3fm,,
fragments and the projectile-targetlike fragments. -20 -10 0 10 20 -20 -10 0 10 20
In a second step, we perform the equivalent study in the z (fm) z (fm)
momentum spaceSecs. VD and V E This will helpusto  __ 5q (€ 20 Y
understand better the question lohgitudinal correlation E - A>5 E F A<5
left open up to there. In Sec. V F, this problem will be clari- 3 10F =< 10F
fied by introducing the concept of “catapult mechanism.” 0 : o B 0 . 8% ogfen
F R HERS e ﬁﬂ
A. Evaluation of the time-correlations -10 :_Xe+Sn -10 :—Xe+Sn
For instancé? suppose we want to know from which part 5o E2QAMEY, 3TM, .| ,oE2QAMEY,3fMm, .,
of the initial (one-body phase space the nucleons found in -20 -10 0 10 20 20 10 0 10 20
final fragments stem. In the QMD model, this can be done z (fm) z (fm)
via the following procedure: store the initial positions @ (h)

ri(t=0) and momentep;(t=0) of all Ap+Ar nucleons; FIG. 15. Initial-final state correlations in coordinate space: On
simulate the reaction up tq, (i.e., 180 fm/g; perform clus- e left(right), initial densities of nucleons finally entrainedAm=5
terization attg, using a minimum-spanning-tree algorithm (a<s) fragments. The shading represents those absolute densities,
with a given clusterization radiugi.e., 4 fm); define  while the area of the boxes represents their local ratio with the total
inclasg=1 if at ts, the nucleoni is part of a fragment density of nucleons. From top to bottoifu+Au, 600A MeV, 8
belonging to the class to investigate. Otherwiselass=0;  fm), (Au+Au, 150A MeV, 8 fm), (Au+Au, 150A MeV, 3 fm),
project the initial positiong;(t=0) on a two-dimensional and(Xe+Sn, 50\ MeV, 3 fm).

grid, each vector;(t=0) now corresponds to a grid cell

k; define two quantitiepeass=2inclass and poy=21  op the other hand, in the PS scenafey . is close to 1
where the sum runs over all nucleons whose coordinate Ve iside the geometrical overlap and close to 0 otherwise. Of
tor falls into the grid celk; perform the mean op’s on an  ¢oyrse, the actual physical processes turn out to be more
ensemble of simulations; display the quantitiggssk ad  gyptle than those two idealized pictures, as we will now dis-

E’classk:pclassklptot,k- - ] ) cuss
In the case of global equilibration, correlations between

initial and final states are absent and nucleons emergg
equiprobably from the initial phase space. It results that
Palassk IS constanti.e., independent df), whatever the class. 1. Energy dependence

We start the analysis of initial-final state correlations fo-
cusing on the coordinate space. The left panels of Fig. 15
16This procedure naturally extends to any other type of time cordllustrate these correlations for nucleons finally entrained in
relation. HF's, for several systems: from top to bottorfAu+Au,

Coordinate-space correlations of light and heavy fragments
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600A MeV, 8 fm), (Au+Au, 150A MeV, 8 fm, (Au+Au, TABLE IV. p.r andpyg, in %.
150A MeV, 3 fm), and (Xe+Sn, 5\ MeV, 3fm). The
shadings correspond teyr, whereas the box size repre- b b

sentspyr . Both quantities are normalized relatively to the Reaction

. .. 3 LF HF LF HF
grid cell containing the largest value. The right panels are
just the counterpart for the LF case. Au+Au 93 07 55 45
At high energy, the PS model should apply. As a matte(600A MeV)
of fact, in Figs. 1%a) and 1%b), we observe that HF nucle- AutAu 88 12 50 50
ons come predominantly from the spectator regions, whild400A MeV)
LF ones, from the participant zotéThe transition from the ~AU+AuU 63 37 36 64
“participants” to “spectators” is quite clear but not as sharp (150A MeV)
as in the PS model itself. This is not the only difference: AXe*Sn (5 MeV) 33 67 24 76

closer look at Figs. 1®) and 1%b) reveals that the trans-

verse extent of the “participants” and “spectators” zones . . . . S
. o : merical quantity reflecting the importance of the initial-final
depends orz. This longitudinal dependence is absent of the . ,
tate correlations. For light fragments, we have found appro-

PS model and we conjecture that it reflects the expansion osfrlate to define the “coordinate space LE correlation num-
the fireball already formed by the participants on the front of? P

the nuclei. Due to high temperature, these nucleons disag-er as follows:

semble very quickly(before the projectile and target back \/é

ends arrive at the interaction zgngenetrate the incoming _ (PLE—PLE)? o~ PLFK

spectator matter and excite it locallyithin a mean free path LF ™ ’3— with ppe = Dotk (23
LF ,

distancé. As a direct consequence, this excited spectator

matter will form more LF’s and less HF's. wherep, ¢ is the initial density of nucleons emerging asymp-

At lower beam energy, we observe a gradual disappealgicaly as light fragments angy is the mean density in
ance of the correlations predicted by the PS model. AlreadYnitiaI nuclei. Here. * " represents the average taken on

at 400A MeV (not displayeg, the correlation_s are Weake_:ned. all cellsk such thaip=max(pe)/10. This condition is set
Bﬁtween 408 IMe\I/ and S MeV, th"} reaction mechanisms 1, giscard the unphysical fluctuations in the low density re-
change completely. At 130MeV, 8 im, we observe some gions. We defin€€},-, the “coordinate-space HF correlation

spatial correlation only in the distribution of nucleons emerg- . A N : i
ing as LF[Fig. 15d)]. For an impact parameter of 3 fm, ?;brﬁgﬁrt’h;tn a quite similar way. Ap <1, we easily es

almost no correlation is seen, as it would happen if the sys- _
tem were completely equmbrated. I_-|o_wever, we have already ClesVpie -1, (24
seen in Sec. IV that this hypothesis is not correct.

For nearly central collisions at BOMeV, we observe
correlations along the beam axis. Nucleons at the back en 4 ) ) - >
of projectile and target have a higher probability to form aquested in a given final chgn.r(esls a limit, they vanish i all
light fragment or to escape as singles than those at the froﬁrﬂe nucl.eons are n_eeo)gd‘hs Is for instance th? case for the
end. With the data at hand, it is not possible to interpret thisprOdUCt'Qn OfA LF in high-energy central collisions. More-
result unambiguously. One could think that the two nuclei®Ve" @SPLrt pur=1, one has
rotate around each other. Both front ends would fuse in this T =5 T 25
rotation, while the back ends would be ejected by the cen- PLF~LF = PHF “HF (25
trifugal force, however, we have already sesee, for in-
stance, Sec. lll and more precisely Fig.tdat the rotational
character is rather small at this impact parameter. In fact,
what is really happening is totally different: In Sec. V F, we
dense zone formed i the projectie trge overtapping regio, 1201 1V we summarize the vlues pfy and 5 fo

) ap[ Au-+Au (600, 400, and 158 MeV) and Xet Sn (50A MeV)
acts as a catapult for the nucleons which are initially at the
back ends of projectile and target. These nucleons are accel-
erated mostly expelled as singles.

(and similarly forCj,p), indicating that correlations are in-
agnsically limited if a large number of nucleons are re-

and of course

PLet pre=1. (26)

TABLE V. C[; andCl.

Summarizing, we see a complete change of the b b
coordinate-space correlations pattern if we decrease the en-
ergy from 60@\ MeV to 50A MeV. Reaction LF HF LF HF
2. Quantification of the correlations Au+Au 0.06 0.75 0.48 0.54
. . . . (600A MeV)
To facilitate the comparison between different energies,
. o . . Au+Au 0.05 0.41 0.45 0.43
impact parameters, etc., it is helpful to define a single nu—(4om MeV)
Au+Au 0.06 0.09 0.30 0.16
(150A MeV)
YAlthough not displayed, this result holds whatever the impactxe+Sn (50A MeV) 0.29 0.13 0.26 0.08

parameter.
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TABLE VII. Cyge and Cpr e for both models: model A

A| model B. model B.

b- b- b- b-.
Reaction MRF  PUTLF ~ MRF  PUTLF  Reaction MRF  PUTLF  MRF  PUTLF
(A:OJaﬁuMeV) 0205 0407 0304 5150 Au+Au 0.330.23 0.5%0.54 1.070.76 0.430.39
Au+Au 1117 2922 o0jo2 6462 (A00AMeV)
(150 MeV) Au+Au 0.2§0.13 0.1%0.17 0.690.35 0.170.14
Xe+Sn (5A MeV) 1419 5651 0710 6967 (150A MeV)

reactions, at small.) and large b.) impact parameter. In
Table V, we summarize the values 6f r and C[ for the

Xe+Sn (50A MeV) 0.590.43 0.10.11 0.750.64 0.100.10

lowing the conventions of Fig. 15. Correlations for MRF's

same reactions. In high-energy central collisions, one obtaingnd P/TLF’s, are shown on the left and right sides, respec-
a large number of nucleons going to LF’s and, according tdively.

relation (24), a low value of the correlation number. In all

At 400A MeV, MRF nucleons are initially located in the

other high-energy reactions and fragment classes, strong cdtparticipant” zones, while the PLF and TLF nucleons are

relations are present, in agreement with the PS model.

found in the “spectator” zones. These zones are clearly

When the energy decreases, more and more nucleons aseparated: participant nucleons penetrate the spectator matter
released in HFs and the associated correlation numbers vaonly occasionally, so that its composition is basically un-

ish, once again a consequence of inequal®). In fact, at

changed. On the other hand, they create and enter a “fire-

low energy, one intuitively expects a transition into the di-ball” which emits a few MRF’s in a much more statistical
rection of a compound-nucleus reaction. This would imply away.

complete mixing of all nucleons and the disappearancslof

At 150A MeV, the PS model does not apply anymore and

initial-final state correlations. However, this is clearly notthe transverse correlations associated with it have indeed

observed: At large impact parametdr.(), the correlations
in p_ g survive, while for central collisionsh(_), they even
increas&® as compared to the high energy case.

completely disappeared. This breakdoyai the transverse
time correlations was first mentioned in Secs. V B by the
inspection of Fig. 15. From Fig. 1&), one could have been

From Table V it also appears that when the energy igempted to conclude the absence(cbordinate-spagdime

reduced, the quantities at hatftkere, the correlation number

correlations in the HF formation process at A50/eV.

depend on the impact parameter in a much smoother way; ldowever, the refined analysis performed in Fig. 16 reveals
fact already observed many times, for instance in Table I. that the HF fluid is in fact made of three componeiMiRF,

C. Coordinate-space correlations of projectile-targetlike
and midrapidity fragments

We start the comparison by extracting, in Table Mire

and pp ¢ for a few systems and both modélsut we first
concentrate our discussion on model A

PLF, and TLH, each of these exhibiting strong time correla-
tions. This behavior is even more pronounced a B0eV,
where the nucleons finally entrained in MRF’s are strongly
localized along the longitudinal axis. Why longitudinal? We
do not have enough information to answer this question right
now?® and leave it open until Sec. V F.

How do the results of model B match those of model A?

Table VI confirms that the PLF’'s and TLF’s outnumber /NSPecting Table VII, MRF correlation numbers turn out to
the MRF’s at all energies, but this is especially true for highP€ reduced by 33% on the average and by 50% at the most

energy and high impact paramete@yg- and Cp 1 ¢ are

defined asCy,z, but with the proper selection on the frag-
ment type. These correlation numbers are displayed in Tabl

VII.
Due to the dominance of PLF and TLF chann@, 1 ¢

andCy,c are pretty closécf. Table \). More astonishing are

(for 150A MeV). PLF correlation numbers are basically left
untouched, whatever the physical parameters. Even if not
gisplayed here for the purpose of concision, let us stress that
when correlations illustrated in Fig. 16 are reevaluated inside
model B, they present exactly the same characteristic pattern,
slightly attenuated.

the strong correlations exhibited in the MRF channel. These———
are the strongest correlations observed so far. In central col-

lisions, they even increase when energy is reduced.

20A possible—but incorrect—scenario would be the following:

To investigate the nature of these correlations in moret20A MeV is not a sufficient energy to creat_e a participant fireball
details, we display in Fig. 16 the coordinate-space correla®ver the whole extent of the participant region. Rather, a hot spot

tions in theb=3 fm reactiont’ computed in model A, fol-

®This is now possible due to the relaxation of constréin).
Indeed, less and less nucleons emerge in LF’s at low energy.

mixing the nucleons is formednly around the impact point, at
z=0. For larger values ofz|, the temperature diminishes, and the
nucleons conserve their “chemical memory.” At later stages of the
reaction, back ends of both nuclei avoid mixing by rotating around
the localized hot spot. However, analyzing the temperature profile,
we have found no such a hot spot localized at the contact point, but

%The peripheral reactions qualitatively exhibit the same type ofpretty extended isotherms. Moreover, purely rotational scenario

correlations.

have already been discarded, for instance, by Fig. 7.
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FIG. 16. Coordinate-space initial-final state correlations: initial [ [ Xe+Sn
density of nucleons entrained finally in heavy fragmems=6), .0.5 .20 A MeV, 3 fm, .0.5 .20 A MeV, 3 fm,
separately for MRRleft) and P/TLF(right). Three cases of central -0.5 0 GeV /g- -0.5 0 GeV /3-5
(b=3fm) collisions have been considered: AAu, 400A MeV (g)z( ) (r?)z( )
(top), Au+Au, 150A MeV (middle and Xet+Sn, 53 MeV
(bottom.

FIG. 17. Momentum-space initial-final state correlations: initial
density of nucleons entrained finally in heavy fragments have been
D. Momentum-space correlations of light and heavy fragments  plotted for the same reactions as in Fig. 15.

Usually, correlations between the initial momentum of thegpserved at low energy are more subtle to grasp. They rely
nucleons and their probability to end up in a given type ofon two points: one needs efficient collisions to produce
cluster are not considered as important. In general, phenonfight fragments quickly(this can be seen the best in Fig)10
enological models assume that there are no such correlationgad at low beam energy, the Pauli blocking of the cross

However, the QMD calculations show quite strong correla-gection is quite strong, but less drastic for nucleons incoming
tions. In Fig. 17, we present these correlations in momentum

space, in the same way as we did for the coordinate space in TABLE VIII. CPr andClje.
Fig. 15.
At 600A MeV we see that the heavy fragments are b b

formed from nucleons which have a momentum pointing

away from the collision partner. This qualitative observation*c2ction LF HF LF HF

is independent of the impact parameter but the correlationg,+ay 0.03 0.44 0.28 0.31
are quantitatively stronger at smaller impact paramétér  (600A MeV)
Table VIII). At lower energy the correlation ix directionis  ay+Au 0.05 0.36 0.36 0.34
weakened and starting froEi= 150A MeV supplemented by  (400A MeV)
correlations in thez direction, especially important for the aAu+Au 0.16 0.26 0.58 0.31
LF’s. (150A MeV)

While it is pretty easy to understand the origin of the xe+sn (50 MeV) 0.3 0.13 0.47 0.15

transverse correlations at high energy, the longitudinal ones
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TABLE IX. Cfre andCp ¢ for both models: model pmodel 507 507
B. S [ Au+Au (400 A MeV) S [ Au+Au (400 A MeV)
& [ WRF & [ PALF
b b- < EDEDD R o < E.:::;, D%,J
Reaction MRF  PUTLF  MRF  PUTLF 0 ‘ﬁa gi 0 ‘nﬁn segBes
ooQo Oooo L
Au-+Au 0.340.22 0.5]0.46 0.760.65 0.340.32 r
(400A MeV)
Au+Au 0.480.26 0.370.35 1.020.71 0.330.30 0.7 L Lo 0.7 [ Lo
(150A MeV) 0.7 0 0.7 -0.7 0 0.7
Xe+Sn (5A MeV) 0.270.22 0.1%0.15 0.300.26 0.160.15 o (@ Pz(GeViO) o ) Pe(Gevie)
% [ AutAu (150 A MeV) % - é/gﬁ_l'\:u (150 A MeV)
S S
with higher relative momentum. In other words, nucleons x | ..Baen o | &
helped coherently by the Fermi momentum have a higher I S 2 oOgsa s -
probability to scatter into an empty place of phase space. Of5eoea g 2ooo
Combining these two points, one concludes that nucleons | " Booos.
entering the reaction zone with largjge,| are more likely to
end up in a light fragment than the others. Bt 50A MeV L L
the Pauli blocking is severe: For almost all momenta one car -5 —+————— L+ + 1 05l L
: e 0.5 0 05 -0.5 0 0.5
reach in a nucleon-nucleon collision, the phase space cell: p. (GeV/c) p. (GeV/c)
are already occupied. Hence, the phase space opens up or_, (© 05 @@
|forlthose nucleons incoming with particularly large values of% [ XesSn (50 A MeV) % " XosSn (50 A MeV)
Pzl S T S 7
To quantify the correlations in momentum space, we de- g &
fine the correlation numbeGPr andCP, exactly as we did oL
in Sec. V B for the correlations in coordinate space. In Table 20060 i
VIll, we display some values oEP- and CPi. oo80a 000000
In general, the correlations inand p spaces are of the
same order. In factr-space correlations are larger than 1 I 1
p-space ones at high energies and smaller at low energies. %33 0 05 %%s 0 0.5
p, (GeV/c) p, (GeV/c)

(e) ®

E. Momentum-space correlations of projectile-targetlike and
mid-rapidity fragments FIG. 18. Momentum-space initial-final state correlations: initial
The correlation numbers in momentum space are preqensity of nucleons entrained finally in heavy fragmernis=6),
. separately for MRF and PLF and TLF. The same reactions as in
sented in Table IX.

. . . Fig. 16 have been studied.
As in coordinate space, strong correlations are observed,

especially for the MRF’s, which are essentially composed of )

participant nucleongcf. Sec. V §. Consequently, we con- Mentto form a fragment. Moreover, because of the relatively

clude that the participants do not really form a firetglie-  POOr stopping at low energy, nucleons are only afforded a

fined as an equilibrated system resulting from the destructioRief amount of time, during which they have to mix if a

of all initial correlations. MRF should be emitted. This constrain also favors nucleons
In Fig. 18, we illustrate the momentum-space time correWith small relative energy, which have the possibility to stay

lations both for MRF’s and P/TLF's. PLF's and TLF's longer in contact. _

mainly contain nucleons with an initial momentum pointing ~ Finally, we note that, as previously, we do not see any

away from the collision partner. This type of correlation Wasdramatm_reducthn or modification of the correlations when

already discovered in Sec. V D, in analyzing the HF's Gse. Model B is used instead of model A: From now on, we shall
On the other hand, correlations of MRF nucleons differconfidently restrict ourselves to model A.

completely: Independent of the beam energy, MRF’s are pre-

dominantly formed by nucleons which had initially a small F. Catapult mechanism at low energy

energy in the nucleus-nucleus center of mass. As a matter of \ye shall now exploit the knowledge just gained about the

fact, nucleons with higher relative momentum possess g,ngitudinal correlations ip space at low energy to under-
higher chance to perform a collision, due to their larger open 4 those i space.

phase space. Collisions provide a large momentum transfer |, ¢act such longitudinal correlations are not completely

and lower the probability to find several fellow nucleons e\ ¢4 the expert: a while ago it was already observed that
with about the same final momentum, a necessary environe most energetic nucleons appear in the half-plane opposite
to the impact parametd28]. This is surprising, because
these nucleons have to cross the entire nuclear system. To
2Ias PLF's and TLF's represent the largest part of the HF pro-investigate the origin of this intriguing process we have se-
duction they naturally exhibit the same correlations. lected, for the 58 MeV reaction, nucleons which have fi-
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£ 20 £ 20 TABLE X. Phase space correlations: The first and second line at
s I e [ each entry, respectively, summarize our findings for large and small
*10F * 10f impact parameter reactions.+ stands for strong correlation along
r SEses o HOOE ° o the axis considered; — for strong anticorrelation and the arrows
of OssemEc o@@Eac of QBSes:: ::s point into the direction of decreasing energy.
N coooo ] oo Oooo o
L ooo =) I:In L Ooo o : o
-10F -10F Fragment R, R, P, P
L class 1 [ class 2uclass 3 Correl.
_20'....[....[....I.... _20‘....[....I....I.... . . o
20 10 0 10 20 -20 -0 0 10 20 -° o 0 oot 00—
03 (a) z (fm) (b) z (fm) 0—0 0—- —— 0-0 0 ———
ST ® class 1 PLFTLF —— —0 0-0 —— —— 0-0
3 [ B class 2
S ol A class3 | xe,5n (50 A MeV, 3 fm) -0 00 oo 020
S class 1: p,(t,,)<[0.,0.05] GeVi/c MRF ++ -0 0— ++ ++ —+ +—+
class 2: p,(t;,)<[0.05,0.1] GeV/c +—0 0— ++ 0—0 ++—+
0.1 class 3: p,(t;, )< [0.1,0- GeV/c
OIAIAIIAAIIAIAIIA

0 50 100 150 200
(c) t (fm/c)

FIG. 19. Xet+Sn reaction aE=50A MeV, b=3 fm: initial tion of nuclear matter. As a result, the force at the surface is
position of those nucleons finally emitted in light fragmenis<(4) no longer sufficient to stop those fast nucleons and they are
with (a) a small (b) large absolute longitudinal momentum per just deceleratedsee Fig. 19
nucleon. We also displafc) the time evolution of the longitudinal This catapult mechanism also explains the longitudinal
momentum for three classes of nucleons. correlations observed in the MRF channel. Nucleons initially
at the front end of the projectile are accelerated in the direc-
tion opposite to the beam momentum. Very soon, they be-
"Yome the slowest ones in the system, what increases their

robability to emerge in MRF’s, as demonstrated in Sec.

nally the highest longitudinal momentum and searched fo
their initial position and momentum. Results are presented i
Fig. 19.

The particles with a moderate final momentum come fro
the participant zone, whereas the most energetic nucleons
come from the back ends of the colliding nuclei, in agree-
ment with[28]. Initially these nucleons are not faster than
their fellow nucleons, but when they pass through the Up to now we have investigated the existence of possible
nucleus they get acceleratigd. Fig. 19c)]. Only later, when  correlations between the initial position of nucleons iand
they have to overcome the nuclear potential do they los@ space and their final fate. Table X summarizes our present
momentum. findings concerning the correlations.

We suggest the following reason: on the average, nucle- It turns out that there are two rather distinct classes of
ons located at the back end surface of the projectile at initiaheavy fragments: those which are formed almost exclusively
time become the fastest ones some tens otffater. One by projectileor target nucleons and those which are close to
can then apply the arguments developed in Sec. V D, wherehemical equilibrium. For both classes we observe strong
we have discussed in detail why fast nucleons should emergaitial-final state correlations, however different in their na-
more easily as singles in low-energy reactions. ture. At high energy, we recover the PS model and its asso-

Let us now clarify the physical mechanism: In a nucleus,ciated transverse correlations in coordinate space with, nev-
nucleons are continuously moving and accelerated. At @rtheless, strong supplementary correlations in momentum
given time, nucleons located at the surface feel a depsity space.
<po and are nearly at rest, as they have given their kinetic At lower energies, a semitransparent regime was estab-
energy to climb the mean-field potential. Later on, stronglylished: The PLF's(TLF’s) are mostly formed by nucleons
reaccelerated towards the nucleus center by the force due wehich have traversed the entire tar@etojectile. Due to the
the density gradient, they become the fastest ones. Usuallgevere Pauli blocking of the collisions, projectile nucleons
they pass the center, arrive at the other end of the nucleusn indeed keep their correlations while traversing the target
and are stopped again. If aAMeV reaction takes place in and vice versa. On the top of this mean behavior, longitudi-
between, the first stages of this scenario are basically umal correlations i andp space were also discovered. For
changed: at low beam energy, the density increases veipstance, it appeared that MRF's are formed preferably by
little in the interaction region and remains almost constannucleons having a very small energy in the nucleus-nucleus
until the nucleons have passed the entire reaction partner. &enter of mass. In Sec. VI, we investigate further those reac-
this time, they should normally be stopped. However, thegion mechanisms.
relative momentum between them and the nucleons at the Before this, we would like to interpret the 68MeV
end of the reaction partner has now increased by the bearesults in view of the dependence of the transverse flow on
momentum and the density gradient decreased, due to dilthe fragment mass. Already the plastic ball collaboration has

G. Summary of the phase space correlations
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observed 29] that the directed transverse flow increases as ¢ a AusAu T £ 2pyeisn
function of the mass number. S 10h400AMey | < S 19F 80 AMev

In Sec. V B, we have found that the large fragmdieigen § E B Rad, E E $_
in central collision are made of spectator nucleons. They 4 3“"“'*---
do not pass a region of high density. Thus the directed trans 2 il oy ST g;' il
verse flow does not measure properties of the high density 0 100 200 0 100 200 0 100 200
zone but the gradient of the potential at its surface. Therefore (a} ™) (o} (e} (e} ™)
the flow can only measure the high density properties of <~ 9-3F 03¢ 03¢
nuclear matter which can be inferred from the gradient of the £ 02f ", g 02 & 02k
potential at the surface of the high density zone. STHL e | -

In Sec. V D, the situation was found to be even worse. 91 01p 01 ﬁ(/‘
Indeed, the averagaitial transverse momentum of the frag- oLt 0 bormt®, ot
ment’s nucleons differs from zero. This means that the 0 1°°(fm/§)°° 0 10?(fm/§)°° 0 1°‘t)“m/§;’°
above-mentioned transverse flow is partially generated dur- 0.08 (o 0.04 (e) 0.00 )
ing the collisions buglsoresults from initial-final state cor- 3 v le 5
relations. This questions another time the value of the ob-2%% AT, [SO03F oo
servable flow as a messenger of the properties of the higt+ 0.04 u Tgam F0.02F 0.0
density zone. 0.02 ® T it

These findings must be cqnfronted Wlth the recent obser- 0.00 = R 0 990000 500 9905~ 06500
vation that the strange particle production at that energy (g; (fm/c) (hg (fm/c) (i)t(fm/c)

takes place in the high density regif22]. Therefore these

particles provide more direct information about the high den-  £,6 20 Time evolution of the raditransverse and totalden-

sity zone. sities (external and internal and temperature@xternal and inter-
nal, transverse and tojadre displayed at the top, middle, and bot-
VI. TIME EVOLUTION OF THE REACTION tom, respectively, for three classes of fragments selectbe-i fm

h ined initial . fth | reactions: MRF in Ad-Au, 400A MeV (left), MRF and P/ TLF in
Now we have examined initial properties of the nuc eonsXe+Sn, 5 MeV (middle and righk—see text for definitions. The

related to the nature of the produced fragments, we turn tBlain and dashed arrows indicate the value of the equivalent quan-

the time dependence of another set of observables, in ordgg, caiculated within the one-body distribution assumption—see
to understand better how those fragments emerge from thgy: for details.

reaction. A typical point we would like to clarify is how

close the nucleons finally forming a fragment have been in A i
the past. Does a nucleus-nucleus collision resemble a stone- pim(t) x>, e*[r}(t)fR(tﬂz/Zpé, (29)
stone collision? Or is it more an evaporation-recondensation i=1

mechanism? Besides, we would like to understand how a _
typical prefragment evolves under its interaction with thepex(t), the mean density of “external” matter at the center
“external” nucleons(defined as all thép+A;— A nucleons  0f mass of the prefragment as

which do not belong to the same prefragment
Ap+Ag

> 5 2
pext(t)ocA 2 . e_[fi(t)—R(t)]Z/ZpO’ (30)
I

A. Radii and densities

In relation (13), we have defined the center of ma$®) (  where the sum runs on all external nucleons. In fact, the
and the mean momentum per nucled?) (of a given pre- small value of 23 (2.17 fn?) automatically favors external
fragment. In the same spirit, we define for our purposenucleons close t&®, without any supplementary condition.

Rad(), the radius of the prefragment as One has of course
AR —R(H]? 3 - _
Radt)= \/ =il K/i LF @7 P(R(D),D=ped )+ pin(t), (3Y)

but one will see that the distinction between internal and
xternal matter is quite fruitful. As usual, we average on all

Rad (t), the normalized transverse radius of the prefragme agments of a given class and on a significant ensemble of

as QMD runs.
In Fig. 20, we plot the time evolution of these newly
3ZPL[F L (D-R (D] defined coordinate-space variablestier 3 fm reactiongra-
Rad (t)= > - A , (28) dii at the top and densities in the midgl&Ve address the

case of MRF in Au-Au (400A MeV), as well as MRFand
PLF in Xe+Sn (5 MeV), from left to right.
where thel suffix indicates a transverse projection. The 3/2 We mark with aplain arrow the initial value expected if
normalization factor allows a direct comparison with valuesno correlation were present, i.e., if fragments were made by
of Rad. pi.(t), the density of the prefragment matter at its taking nucleons randomly from projectile and target, but in
own center of mass as the proper compositiona(). Hence differences between
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plain arrows and actual values are due to the nonunifornput is still relevant at 408 MeV. Is it really so that the
distribution (over the target and project)leof prefragment average prefragment passes through the high-density—
nucleons at initial time. This is nothing but the initial-final temperature zone without being affected by it? To obtain
state correlations already discussed. new insights into this question, a natural way consists in
For 4007 MeV there is no correlation in longitudinal di- comparing theirespectivetemperaturegor excitation ener-
rection but a small one in transverse direction. MRF’s stenyies. For this purpose, we introduce the following.
to a large extent from the participant region which has a T, (t), the effective temperature of the prefragment, as
smaller transverse size than the combined system of partici-
pants and spectators. If we go down to the lower energy we
observe initial correlations also in longitudinal direction as Ef\:l[ﬁi(t)—ls(t)]z
already seen in Figs. 15 and 16. Tinl(H)= 3 me A ,
The dashedarrow marks the initial value expected if one N
takes the nucleor{én the proper compositions() ] randomly
from a one-body distributic® made of all nucleonbselong- i i
ing to the same class of prefragmeriiRF or PLP. Any wheremy is the nucleon mass. Note thi,(t) is an effec-

difference between the dashed arrow and the actual Vaﬁéve temperature of the fragment which agrees with the true

gives a new insight: it indicates the presence of true manyt_emperature only in the case of a Maxwellian momentum

body correlations, for example, that fragment nucleons havdistribution. However, being the second moment of the mo-
been already closén coordinate spaganitially. mentum distribution it gives, in any case, a measure for the

Introducing this refinement, we see that part of the dis-€xCitation energy/nucleon.

crepancies between the pure statistical magklin arrows Tiin(t), the effective transverse temperature of the pre-

and the actual values can be understood in terms of one-bodjpgment, defined as above by taking only into account the

effects(dashed arrowsbut only part of it, pleading for some fansverse degrees of freedom.

many-body correlations. Peaxi(t), the mean momentum of the external matter as
Let us examine the time evolution: at 400/eV, it takes

about 30 fm¢—50 fm/c at 50A MeV—until the transverse

(32

and the longitudinal sizes of the prefragment match. In fact, ) EAfxl“)ﬁi(t)
the radii decrease while nucleons from different regions of Peo(t)= I,_A—t (33
projectile and target join to form a fragmefthe higher the ex()

energy the smaller is the probability for the prefragment
nucleons to have been already close together inijialbne
can conclude that those coordinate-space correlations are oWEIETe Ae,(t) is the number of external nucleonscated
but not the essential reason for fragment formation. within 3 fm from the prefragment center of maRét).
This is reflected even better by the increase of the prefrag- Te,(t), the effective temperature of the external matter as
ment internal density: at small times, is still quite low and
strongly dominated by.,;, even at the center of mass of the

prefragment itself. Let us also notice that for the AQ@eV E.Aex‘(t)[ﬁ(t)— 5] (D72
reaction,p.,, exceeds by far the normal nuclear-matter den- Tot) = ——— o ' (34)
sity. 3-My- Aexl(t)

After 100 fm/c (for the 40\ MeV reaction or 150 fmkc
(for the 5A MeV reaction, no other nucleon can be found
around the prefragment’s members. At that time the prefragwhere the sum overis performed on the same nucleons as
ments have separated from each other and can be considefgg p_ (t). Again, this quantity is to be considered as a
as real and dense fragments, easily identified by a minimurgrobe of the medium excitation energy.

spanning tree algorithm. T, ex(t), the effective transverse temperature of the exter-

From the reactions we have studied in this section, on@ga| matter, i.e., the second moment of the momentum distri-
can conclude that nucleus-nucleus and stone-stone collisiopsgtion in transverse direction.

have little in common, at least as far as the mechanisms for As ysual, the double averaging is performed. At the bot-

fragment formation are concerned. In the next section, Weom of Fig. 20, these various temperatures are displayed for
demonstrate that an evapOI’atlon-l’econdensatlon Scenanoﬂ’% same reactions as those considered in Sec. VI A.

irrelevant as well. The external temperatures show the expected behavior:
When projectile and target nucleons interact, the system
B. P, and effective temperatures heats up and the variance of the momentum distribution in-

reases. In an equilibrated system, the transverse and total

In a dedicated study, it appeared that at low energ o L
— . i emperature should be equal. This is definitively not the case
(50A MeV), P, practically does not change in the course, o results, until 40 frd for the 400\ MeV reaction and

of time. At higher energy, this statement has to be attenuated, i 90 fm/c for the 50A MeV reaction. This lack of exter-

nal equilibrium is consistent with all the correlations found
so far. Finally the temperature lowers because the system
22Examples of such one-body distributions have been given irdisassembles and—depending of their velocity—the external
Fig. 16. nucleons leave the 3 fm sphere around the moving center of
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mass of the prefragment. Now, only prefragment nucleonsion. In other words, the probability for nucleons to be finally
are present in this sphere and therefore the external variancestrained in fragments depends on their initial position in
become identically zero. phase space. However, the regions of the initial phase space
The internal temperatures show a completely different bewhich lead to a high probability of ending in a fragment are

havior: Initially the prefragment nucleons have a lower vari-quite different for different energies and different impact pa-
ance than expected from a random selection of those nucléameters. At the highest energy investigated we recover the
ons. As expected, MRF nucleons have a quite large varianciell-established participant spectator model, supplemented
in the beam direction. In the course of the time, the internaPY Strong correlations in momentum space. At the lowest
temperatures decrease even before the system expands. TRREAY We find a situation reminiscent of deep inelastic col-
behavior completely contradicts our intuition as well as our'!SIons for large impact parameters and a semitransparent re-

experience from thermodynamics. In thermodynamical lan9'Me for nearly central reactions. In between, there is a wide
guage: the fragments cool down by giving energy to therar;/%?cg)lftélrrrr:g correlations which have been explained in

: . ; L h
ey ol enUTONTETL. 1L s Sbvious el lhese Tndng~ ccoding t our analysis, ragments are formed by fluc
) . Hiations in phase space: initialty during the time evolution
ture, in the sense of Gibbs’ criteridy = Tex- of the reaction some nucleons anecome by chance into the

To understand what is actually happening, one uses—same phase space region. If these nucleons do not suffer a
once again—a feedback argument: In the end, only thOSgard scattering at further time, they have a large probability
nucleons with small relative momenta form clusters. In theto emerge from the reaction zone as a fragment. In the first
course of the reaction, it happens that some nucleons aggse, a fragment dominantly formed from either projectile or
scattered into the vicinityin phase spageof one nucleon or  target nucleons will be emitted, in the second, one will ob-
a cluster of nucleons. With respect to these nucleons thserve a fragment containing mostly identical admixtures of
variance of the relative momentum is smaller after the colli-projectile and target nucleons.
sion than before. If the nucleons do not scatter once more These two mechanisms coexishateverthe energy. In
they may leave the interaction region as a group and mageneral, however, those fragments composed mainly of pro-
form a cluster. If a nucleon scatters once more it will not bejectile or target nucleons dominate. As the energy is de-
entrained in this cluster and hence will not affect the evalucreased, the number of fragments which have about the same
ation of Ty number of projectile and target nucleons increases but re-

Thus one may conclude the following. mains in the minority.

Initial correlations are present: Geometry and relative mo- During the reactions, the internal “temperaturéhe sec-
menta determine how probably nucleons are scattered out ohd moment of the momentum distribution of prefragment
or into certain momentum-space regions. nucleon$ is much lower than the external “temperature.”

Although located at the same place in coordinate space aghis proves that fragment formation is really due to fluctua-
the surrounding nucleons, the prefragment nucleons haveteons, that is quantities which are not calculable in a one-
much lower variance of their relative momenta. The frag-body theory. This may also explain why in thermal models
ment formation is hence a fluctuation on the level of thethe “temperature” determined from the isotopic yield is al-
one-body phase space distribution. ways lower than the one determined from the spectra.

Fragments are forme@) by nucleons which are already = Apart maybe from very high energy and very small im-
close in phase space at the beginning of the reaction anphct parameter, we have found no evidence that the system
keep this correlation during the reaction &l by nucleons or part of the system comes close to equilibrium, nor do we
which are brought by accident into the same phase spadind evidence that clusters are formed at densities expected
region(this may be a consequence of two-body scattering ofor the spinodal transition. In fact, the closest subsystem to
of the potential interaction for MRF In other words, frag- equilibrium is the spectator matter in peripheral reactions at
mentation is a mixture of conserving initial correlatidiisr ~ high energies. For this case, addressed in a specific work
projectile and targetlike fragmentand of building up new [30], several observables follow the trend one expects from
correlations in the course of the interactifor midrapidity ~ thermodynamics. The key variable, however, the width of
fragments. the momentum-space distribution as a function of the frag-

ment mass, undoubtedly departs from this trend, in agree-
ment with experiment, and is too large to be consistent with
VIl. CONCLUSIONS a possible excitation energy of the system.

Using the QMD model, we have extensively studied the In this paper, we have concentrated on symmetric sys-

process of multifragmentation in heavy ion induced reaciems: At low energies we do not expect that asymmetric

tions. We have validated the QMD approach by showing thapystems behave very differently. At higher energies, where
He geometry cuts play an important role, there may be dif-

the presently available data are in even better agreement Wi¢ S X - .
erences, i.e., in a asymmetric system the projectile may drill

the calculation than expected in view of approximations hole th h the t i | Thi Idh f
made in the model, especially at low energy. Also, we havé 0€ through the target nucieus. This would have ot course

checked and explained in details that the qualitative concluOnsequences for the geometrical structure of the spectator

sions given hereafter depend very little on the symmetrize(‘j’art and may be investigated in an upcoming publication.

character of thg microscopMN interaction. _ . ACKNOWLEDGMENTS

At all energies, we have found that correlations in coor-
dinate and momentum spa¢the memory of the entrance This work was partially supported by the National Sci-
channel are preserved during the time evolution of the reac-ence Foundation under Grant PHY-9403666.



56 IMPORTANCE OF INITIAL-FINAL STATE ... 2131

[1] G. Friedianderet al, Phys. Rev94, 727 (1954. [16] M. Begemann Blaictet al., Phys. Lett. B298, 27 (1993.
[2] A. I. Warwick et al, Phys. Rev. @7, 1083(1983. [17] G. Westfall, J. Gosset, P. J. Johanson, A. M. Poskanzer, W. G.
[3] A. S. Hirschet al, Phys. Rev. 29, 508(1984). Meyer, H. H. Gutbrod, A. Sandoval, and R. Stock, Phys. Rev.
[4] M. E. Fischer, PhysicéAmsterdam 3, 255(1967; Rep. Prog. Lett. 37, 1202(1976.

Phys.67, 255(1967). [18] H. Feldmeier, Nucl. PhysA585, 493 (1995.

[5] L. G. Moretto and G. J. Wozniak, Annu. Rev. Nucl. Part. Sci.

43, 379(1993. [19] A. Onoet al, Phys. Rev. Lett68, 2898(1991).

[6] U. Milkau, GSI Report 91-34, 1991 [20] H. Feldmeier, private communication.

[7] W. Trautmann, Proceedings of the International Symposiun{zﬂ J. Aichelin, Prog. Part. Nucl. Phy80, 191 (1993.
Towards a Unified Picture of Nuclear Dynamics, Nikko, Ja- [22] C. Hartnacket al, Nucl. Phys.A580, 643 (1994.

pan, 1991. [23] G. F. Peasleet al,, Phys. Rev. G19, R2271(19949.
[8] J. Aichelin, J. Hiner, and R. Ibarra, Phys. Rev. 8, 107 [24] M. B. Tsang, private communication; iRroceedings of the
(1984. International Workshop XXII on Gross Properties of Nuclei
[9] S. C. Jeongt al, Phys. Rev. Lett72, 3468(1994; U. Sodan, and Nuclear ExcitationsHirschegg, Austria, 1994, edited by
Ph.D. thesis, University of Heidelberg, 1994npublisheg H. Feldmeier and W. Nenberg(GSI, Darmstadt, Germany,
[10] D. H. E. Grpss, Rep. Prog. Phys3, 605 (1990, and refer- 1994.
ences therein. [25] M. Begemann Blaiclet al, Phys. Rev. G48, 610 (1993.

[11] J. B. Bondorf, R. Donangelo, I. N. Mishustin, C. J. Pethick, H.
Schulz, and K. Sneppen, Nucl. Phys143, 321 (1985. -

[12] D. Hahn and H. Sicker, Nucl. PhysA476, 717 (1988. communication.

[13] A. S. Botvinaet al, GSI 94-36, 1994. [27] X. Sangster, Phys. Rev. &1, 1280(1995.

[14] W. C. Hsiet al, Report MSUNSCL-930, 1994; M. Begemann [28] J. P. Bondorfet al, Nucl. Phys.A333, 285(1980.
Blaich and W. Trautmann, GSI Nachrichten 05-94. [29] K. G. R. Dosset al, Phys. Rev. Lett59, 2720(1987.

[15] J. Aichelin, Phys. Rep202 233 (1991, and references [30] R. P. Puri, P.-B. Gossiaux, Ch. Hartnack, and J. Aichelin,
therein. Nucl. Phys.A619, 379 (1997.

[26] INDRA Collaboration, B. Borderieet al, GANIL, private



