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Dynamical aspects of particle emission in binary dissipative collisions:
Effects on hot-nuclei formation
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Characteristics of charged-particle emission in heavy-ion reactions have been studied in the framework of
the semiclassical Landau-Vlasov approach for th&er + 27Al collisions at 65 MeV/nucleon. At all impact
parameters, the reaction mechanism is dominated by binary dissipative collisions. After an abundant prompt
emission coming from the overlapping region between the target and the projectile, two excited nuclei, the
guasitarget and the quasiprojectile, emerge from the collision. To shed some light on the role played by
dynamical effects, light charged-particle observables, which are currently used as an experimental signature of
a hot equilibrated nucleus, have been carefully investigated. The model calculations show that binary dissipa-
tive collisions are closely related to the so-called participant-spectator scenario in which the “spectators,”
identified as the quasitarget and the quasiprojectile, are not veryS@f56-28187)00310-3

PACS numbdps): 25.70~z, 24.10-i

[. INTRODUCTION heavier Xe-Sn system at 50 MeV/nucledi8]. It has been
reported that the midrapidity component may represent up to
Heavy-ion collisions are generally considered as a power25% of the mass of the system.

ful tool for studying the properties of hot nuclear maft&}. The second stage of BDC's is characterized by the forma-
At relativistic energiegabove 200 MeV/nucledrthe prop- tion of two excited nuclei in the reaction exit channel, gen-
erties of hot spectators have been extensively stid@eat ~ erally referred to as a quasitard@T) and a quasiprojectile
intermediate energie€0-100 MeV/nucleon a number of (QP). The properties of these hot nuclenass, velocity, ex-
recent experimental works have shown that binary dissipacitation energy, etg. have been extensively studied

tive collisions(BDC's) strongly dominate the reaction cross [3+4:6:7,9—=12 Owing to experimental constraints, most of

section[3—11]. The theoretical studies corroborate the binarythese studies have been performed only for the fé.lSt source,
namely, the QP. The experimental procedure allowing one to

character of these collisioria2—-1§. With increasing inci- gerive the properties of the hot nucleus can be summarized
dent energy, the incomplete fusion progressively dlsappear?.s follows. The angular distribution of the particles located

Above the Fermi energy,.it corresponds to a very small Palt the forward hemisphere of the QP reference frame shows
of the reféct_lon crross ?ect;ﬁ_ﬁ_,lﬂ. Conﬁeq_uentlyb,lBDCs az' a behavior very close to what is expected for the emission
pear r?s elnlg the only e .'C'int mechanism able to producg,y an equilibrated source. All these particles are then as-
very hot nuclear sources In this energy range. sumed as being emitted by a hot equilibrated primary qua-

One usually conceives the mechanism of BDCs as a tWogj,iactile. By following such a scenario, the reconstructed

stage process. In thg first stage, the two colliding nuclei oversasq of the hot nucleus is found to be close to the projectile
lap and start to emit from the interaction zone. These par

; : o . S >~ P“ mass with a weak dependence on the impact parameter and
ticles are commonly identified with pre-equilibrium emission

“looking” f he low-incid 1 o the incident energy6,7,9—11,19 For light systems, the ex-
(“looking™ from the low-incident-energy sideor participant  cjiasion energies exceeding 10 MeV per nucleon have been
particles(looking from the high-incident-energy sideThe r(?ported[e 9-11,19.

kinematic analysis of reaction products shows an enhance
component at midrapidity, which is attributed to this earlyan
emission[18]. The collective motion of these particlédi-

BDC's are a typical transition-energy-region phenomenon
d may be viewed, following one’s own sensibility, as ei-

d collective fl imuthal distributionsas b ther an evolution of the low-energy deep-inelastic process
rected collective flow, azimuthal distributionsas been ex- 5] o the first fruits of the high-energy participant-spectator
tensively studied since it is believed to provide information

h | . f qi di ” S icture [21]. The main difference between these two ap-
on the nuclear equation of state and in-medium effects. Sevs.,aches concerns the participant emission in both its
eral scenarios have been invoked to explain the kinemati

f ¢ midraidi icles: | | lisi mount and its physical origin. The aim of the present work
eatures of midrapidity particles: nucleon-nucleon collisions,q 1, gerive the properties of BDC's by carefully studying the
neck emission, etd18]. For light systems, the contribution

f - - / ibri p dynamical aspects of these collisions. We address the above
of participant particles and/or pre-equilibrium efiects ar‘E’question theoretically by confronting the results of a simula-
considered to be weak or even negligifil®]. This emission

h v b died | h detail f tion with a semiclassical dynamical model, the Landau-
component has recently been studied in much detail for Ylasov model(LVM ), against the experimental results. The

advantage of dynamical models is the straightforward analy-

. . sis of time evolution of any observable and the possibility of
*On leave from Ruédr Boskovic Institute, HR-10 001 Zagreb, focusing attention to any subset of partic'@y, 0n|y to
Croatia. those originating from the targetThe LVM correctly pre-
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dicts the average behavior of particle emission and, in pamweight factors[34]. According to Ref[35], the ratioN/A
ticular, of those observables that are frequently used in thbas been fixed in order to minimize fluctuations in global
analysis of experimental data to infer on the formatier-  observables. In our particular case, the optimal ratio corre-
istence of a hot nucleus. Thisa posteriorijustifies the con- sponds to about 100 coherent states per nucleon.
clusions to be drawn on the dissipation of the initial energy Within the one-body approximation, the distinction be-
as well as on the dynamics of the reaction. tween coherent states bound in a nucleus and those that have
In this paper we have chosen to investigate the-Ar  already left it(referred to asmittedor free particles i.e.,
collision at 65 MeV/nucleon, a system that has been extenGaussiansconstitutes a conceptual difficulty. However, let
sively studied experimentallyf9,22—30. The theoretical us consider the part of the colliding system for which the
model used for the simulation is briefly reviewed in Sec. Il.local spatial density is higher than the threshpli8, p,
The nature of the reaction mechanism governing the collibeing the normal nuclear density as forming a massive clus-
sion is globally discussed in Sec. Ill. Section IV is devoted toter. The rest of the system constitutes the ensemble of emit-
the study of the characteristics of emitted particles by deted particles. In order to approach the mass values of cold
tailed analyses of the phase space being at the origin of thesidues close to the values observed experimentally, all
emission of particles emitted during the different stages osimulations have been carried out up to 800dn®wing to
the reaction. In the early stage of the collision we obtain ahe unavoidable incompleteness of the phase-space sampling,
hot compact composite nucleus that emits copiogsfgmpt  spurious nucleon evaporation occurs. Recent stufBés
emission coming from the interaction zon&his composite have shown that owing to the spurious evaporation, the num-
nucleus breaks into the QT and the QP. In Sec. V we shower of emitted nucleons does not exceed 5% for times as long
that the picture of a hot nucleus formed in BDC's that weas 1000 fm¢. Beyond 800 fné, the calculation has been
draw from our dynamical calculations markedly differs from continued until 8000 fno/ considering only the Coulomb re-
that stemming from experimental studies: the QT and the QPBulsion due to reaction residues in order to achieve the cor-
are not strongly excited when they separate. Our conclusiongct asymptotic directions of emission.

are summarized in Sec. VI. One-body approaches cannot give but the global descrip-
tion of the emission with no insight into the relative abun-
Il. OUTLINE OF THE MODEL dance of various charge states. On the other hand, in the

) ) model considered, at each time step of simulation one readily
Let us briefly recall the properties of the Landau-VIasov4\cylates the physical properties of the system as a whole or
(LV) equation, which governs the time evolution of the ON€-geparately the properties of heavy remfginor free par-

body distribution functiorf(r,p;t): ticles. Thus the calculation gives the average behavior of
reaction products and allows a close followup of their time
ﬁ+ (EJF&)ﬁ_ ﬂ ﬂzl (f) 2.1) evolution. The simulation is performed at five impact param-

gt \m aplor ar gp N ' eters ranging fromb=0.5 fm (central collisions with full

. overlap to b=6.5 fm (peripheral collisions with less than 3
where U(r,p;t) is the self-consistent mean field in the fm overlap between the projectile and the tayget
Wigner representation and.,;(f) is the collision integral

calculated in the Uehling-Uhlenbeck approximation. This
collision term reads lll. REACTION MECHANISM AND CHARACTERISTIC

TIMES OF THE REACTION

_ 9 1 - oo do L The simulated time evolution of density profiles for the
ICO"_W 7T3h3J’ dP2dpsdpa ey S(P+ P2~ Ps ™ Pa) two impact parameters representative of the central@.5
e s fm) and semiperipherab=5 fm) collisions are displayed in
X 8(P2+ P2 — P32 —pA)[(1— F)(1—f,)faf, columns(a) and(d) of Fig. 1. The contour plots are obtained
_ _ by projecting the density onto the reaction planezj, z
—(1-f3)(1—fyfaf], (2.2 peing the beam direction. Two residual nuclei are present in

, ) the exit channel at all impact parameters. For the most cen-
wherego is the free nucleon-nucleon cross section, chosen tg.5| colisions 0=0.5 fm), the lighter partneftarge} vapor-
be isotropic and with its usual energy and isospin depenjes aithough clearly keeping the memory of the entrance
dence,f =(27#)3f(r,p;t)/g is the occupation numbeg,is  channel. This is exemplified by columiis) and (c), which
the degeneracy, amd is the nucleon mass. The LV equation show density profiles of particles belonging initially to the
is solved for a nonlocal effective forc€Gogny D1-G1  target[column(b)] and to the projectilcolumn(c)], respec-
[31,32 by expanding the distribution functiof(F,ﬁ;t) on tively. Although part of particles is transferred from the pro-
the basis of coherent statgs andg, that follow semiclas- jectile to the QT and from the target to the QP, their densities
sical trajectories in phase spa&,33: are too small to be observed in the figusee also Table)l
Finally, let us notice that the LVM dynamical simulation

- A - - > - > > does not predict formation of a fusionlike residue, in full
f(r.p;t)= NEi @i(,P) Gy (r=Ti(1)g4(P—Pi(1)). accordance with the experimel®].
2.3 To simplify the followup of the evolution of emitted par-

ticles arising from different dynamical contributions, let us
In Eqg. (2.9, A is the system mass numbe¥,is the number define the times that characterize the distinct stages of the
of coherent states, actually a basis of Gaussiansygsdare  reaction. The first one, labeledg, is defined as the time at
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perimentalZ=1 and Z=2 distributions for the same estimated

mean values o. The thin and heavy histograms in the upper panel
FIG. 1. Time evolution of the equidistant density-profile con- are due to the two different event-sorting procedures. Dotted curves
tours projected onto the reaction plane ie£0.5 fm[columns(a)— show the distribution of particles emitted befdrg, dash-dotted
(9] andb=5 fm [column(d)]. Columns(b) and(c) show the den-  curves fortpe<t<tg., emission, dashed curves for delayed emis-
sity profiles of the particles belonging initially to the target and to sion (t>t.), and heavy solid curves the global distribution of all
the projectile, respectively. Theaxis is along the projectile direc- emitted charged particles. The particle rapiditys normalized by
tion. the projectile rapidityy,.;. Zero stands at the target rapidity and
unity at the projectile rapidity. The c.m. rapidity is marked by an
which the total momentum distribution becomes locallyarrow labeledY; p, .
sphericalfor more details see Rdi37]). For this system and
at the energy studied, one finds that shows no dependence \yeakly varies with impact parameter and takes in peripheral
on the impact parameter and is equal to about 30—-36.fm/ ¢yjisions (h=6.5 fm) about 50 fm¢ and regularly increases
In most of theoretical models, particles emitted priotde 5 attain about 80 fne/in central collisions. Betweetpg and
are considered as pre-equilibrium particles and wil after-tsep’ the system evolves rapidly in both the configuration and
wards be labeled as PEPCpre—egwI_|br|um particles Col- the impulse space. The system has a more or less compact
u_mnls(a) and(d) ShOIW tha%_ﬁt this tlmehthe system forr:s a ginuclear shape and emits around midrapidity. Therefore, we
single compact nucleus. The system has just gone t oUgBpel particles emitted fotpe<<t<tg,, midrapidity particles

the maximal compression whose value is strorfglglepen- (MRP'S). Beforet.,the system emits copiously and MRP's

dent. The second characteristic time, labelgg is the time ; ; g ,

. . o . together with PEP’s form a set of prompt particl&RP’S.
at which the dumbbell-like configuration breaks at its neck : .
into two excited nuclei, the QT and the QP, which, afterAfter tsep the hot PQT and PQP emit slowly much like the

separation, travel apart from each other in the configuratio@equential evaporation process. We call these particles the
space. Hereafter, we call them the primary GFOQT) and elayed particleDEP’s). The time at which we stop the

: : dynamical calculation i$.,;~800 fmkt and it has only tech-
primary QP(PQP. For our system at the studied enerty, nical meaning. For charged particles emitted in a given time

interval, the behavior of studied observables changes appre-
‘ciably with time. The nuclear mean field has negligible in-
fluence on free particles. Consequently, the experienced evo-
lution of properties for particles belonging to the same

TABLE I. Percentage of original target nucleons in PQT, PQP
and amongst PRP’s as a functiontof

b 0-5 2.0 35 >0 65 dynamical subset must be the exclusive effect of the Cou-
PQT 78.1 80.3 90.4 91.8 96.1 lomb interaction. To underline this evolution, throughout the
PQP 11.7 9.8 8.4 4.7 3.1 present paper, some observables are shown for a given par-
PRP 49.8 54.6 52.7 48.3 51.6 ticle group at the end of the time interval in which they were

emitted, i.e.{pg, tsep teng, @nd also for the asymptotic time
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t,=8000 fm£. To avoid ambiguities, this time will be noted 1 L L R

by tpe, teep andte,qfor each of particle groups. 30 i PRP + DEP
PRP

DEP

MRP
PEP

IV. CHARACTERISTICS OF EMITTED PARTICLES

[ ]
A
v
(o]
A

A. Rapidity distributions
In Fig. 2 the summed experimental rapidity distributions 20 [
for particles of chargeZ=1 and 2 are shown as histograms
for the estimated experimental impact paramebet® (bot-
tom) and 4.5 fm(top) [30,38. The solid curves in Fig. 2
show the rapidity distributions fdv=2 and 5 fm calculated
at t,,. At semiperipheral impact parameters two contribu-
tions centered around QT and QP rapidity are distinctly seen
and they differ from the distribution sitting at the c.m. rapid- i
ity. For more central collisions, the three contributions O
strongly overlap since the QT and the QP get gradually
closer to the c.m. rapidity ab decreases because of the
growing stopping power of the collision. The integrated val- IMPACT PARAMETER (fm)
ues of calculated and measured distributions are about the
same, but the simulation does not reproduce each detail of i, 3, calculated multiplicity of emitted charged particles for
experimental distributions. The reasons mayib@eglect of  yarious particle groups as a function bof Presented are particles
the experimental filter that imposes relatively high particle-emitted beforep (dotted line and open triangleemitted between
velocity detection threshold89,40, (i) mixing of Z=1and  t¢ andte,,(dash-dotted line and open circleall prompt emission
2 contributions, which, owing to substantially different Cou- with t<t., (solid line and filled triangles and emitted aftet,
lomb effects, display different dependence on rapidity(delayed emission; filled inverted triangle¥he summed contribu-
[30,38, and, finally, (iii) the rapidity distributions are tion of prompt and delayed components is shown as solid line and
stronglyb dependent. The impact parameter cannot be accuiled circles.
rately determined in a measured evpti]. To exemplify it,

Fig. 2 shows the rapidity distributions for the same estimated, 4 reaches the global relaxation in momentum sgaee
experimental impact parameter=4.5 fm but obtained using e.g., Fig. 1 in Ref[42]). The prompt emission dominates
two different event-sorting procedur¢80,38. The mixed onia) and semicentral collisions. Like the total emission, it

contribution of a range of impact parameters tends to enlargg iy increases with centrality, displaying an almost linear

and wash out the existing structure of the distribution. De'dependence on (filled triangles and solid line Since PEP’s
spite the above discrepancies, the LVM provides a correc(!“Splay a weak dependence on for peripheral collisions

description of measured rapidity distributions. In addmon_,,[hey represent more than one-quarter of the PRP's. Contrary

Lhet_modell allov‘t’ﬁ uréfotI;jigg of the F;I?ﬁland ttr;]e tDEEP‘fomr"to the prompt emission, the delayed emission shows a weak
u |0nds. rOTh eh ? e glurgles : _(cj)_tows a Th I\;I'Q’R";‘:,r,edependence ob, reaching its maximum for semicentral col-
2?;630&\@;“;3\?;599 ;[Vﬂizra%i;?&h;ghrﬁgggd cuerves Jisions (filled inverted triangles This component dominates
) . N ipheral collisi Il ki
whereas DEP’s, being emitted from the QT and the QP, ar eripheral collisions, but, generally speaking, represents a

. elatively small portion of the total emitted charge. This is
centered around the QT and QP rapidiiashed curves due to the substantial dissipation of the transferred entrance-

channel energy at the reaction stage characterized by a com-
posite dinucleust&ts,). Taking the above results at their

In the preceding subsection it was shown that the totalface value, our model calculations suggest that the PQT and
i.e., rapidity-integrated, emitted charge is rather well pre-PQP are not very hot nuclei.
dicted by the calculation. In our one-body approach, each
particle carries the same charge, so that the total emitted C. Invariant cross section of charged particles
charge is equivalent to the multiplicity of charged patrticles.
This quantity is shown in Fig. 3 as a function of the impact
parameter. As expected, the total multiplicity increases In order to identify the emission sources in an experiment,
steadily with the violence of collisioffilled circles and solid one frequently resorts to the two-dimensional presentation of
line). It displays a close-to-linear dependenceboand does data via invariant cross sections,,=d?s/p, dp, d p- The
not saturate with centrality. Such behavior results from preeventual existence of binary processes is straightforwardly
senting the total charge and not the true particle multiplicityinferred from these plots. Therefore, to strengthen our con-
of particles of various charge states. The PEP’s display alusions drawn from the study of rapidity distributions, in
weak dependence dmand represent at most about 10% of Fig. 4 we display invariant cross sections for the simulation
the total emitted chargéopen triangles and dotted line of the most central {=0.5 fm, top, intermediate [(=3.5
Most of the particles are emitted betwegs andtse, (open  fm, middle), and the most peripherab&6.5 fm, bottom
circles and dash-dotted linewhen the system rapidly studied collisions. This choice makes transparent the evolu-
evolves from a compact to a dumbbell-like dinuclear shapdion with centrality of the emission pattern and of the under-

10 |

TOTAL EMITTED CHARGE

B. Multiplicity of charged particles

1. Global emission



56 DYNAMICAL ASPECTS OF PARTICLE EMISSION IN ... 2007

000003000000060003010
000000000000D000000001000
0000p000AA000000000g00aK
10000000 XDETna

00000000001
00000000

p tr/ p proj

00000000000

1000000000000 00D0U0C00000000D

000D 00000000000060000¢ 7a000000: 00I000DONU00000L
100000000000000006 0000060000 000000005000k

nnnnnnn 000000000000000DB0000 1000020000

o0

00000000000D

¥l ++ 140 n00R000 DD 00CC
a0

1
y/YPrOJ y/yproj

FIG. 4. Calculated invariant cross sections for all emitted charged particlds=for5 fm (top), b=3.5 fm (middle), andb=6.5 fm
(bottom) collisions. Left-side panels refer to calculations performetLatand right-side ones 4f, .

lying Coulomb effects. In the figure, the longitudinal mo- the QT remnant in central collisions, the corresponding Cou-
mentum is expressed by the relative rapidityy;/ypo;s lomb ring cannot be discerned on the target side.

i.e., the particle rapidity normalized by the projectile rapid- Since the experimentad;,, plots exhibit drastic differ-

ity. (At the energy consideregi~B=uv/c.) Similarly, the ences forZ=1,2,3-5 andZ=6 charged9], a direct com-
transverse momenta are expressed per nucleon and norm@grison with experimental yields is not possitfe=1 and 2
ized by the projectile momentum. The left-side panels refegPecies dominate the reaction cross section and one may
to calculations performed at the end of the full dynamicallimit the comparison only to those data. Qualitatively, the
calculationt,,,q, whereas the right-side panels refer to calcu-xperiment and the LVM simulation display the same gen-
lations at the time, 4. At to,qOne observes two outstanding eral behavior with three distinct sources. _

sources for peripheral collision: the slow source close to the At this paintitis instructive to examine the history of the
target rapidity that is associated with the emission from th&Mitted particles, group by group, for every reaction phase.
QT and the fast one close to the projectile rapidity associated® Make transparent the dynamical effects and the binary
with the QP. The emission pattern is marked by the strongnaracter of this reaction, we Sh(,)W emission patterns not
ringlike structure around each source. These rings are caus@§!V for the full emission groupPEP’s, MRP’s, and DEPJs

by the repulsive Coulomb effect that depopulates the zoneQUt also separately for the original target and projectile par-
of the (pj,p.) plane around the emission sourcémavy ticles, both at the _end qf the emission of a given group and at
reaction remnanjs The emission displays a high degree of i+ W& show the invariant cross sections only for k3.5
isotropy for each source. For decreasing impact parameterd!! Yields. Similar conclusions can be drawn for every im-
these two sources get progressively closer to each oth&2Ct parameter.
(smaller recoil velocities of remnantand finally overlap

substantially: In the central collision studied, a single midra-

pidity source dominates a fairly isotropic emission pattern. Figure 5 displays the calculated invariant cross sections
The Coulomb rings fade out with centrality owing to both of charged PEP’s at=3.5 fm. oy, is presented atpe=35
ever closer(growing stopping powérand ever less massive fm/c (left), i.e., just after the pre-equilibrium emission has
(growing violence of the collisionQT and QP which exer- ceased and for the very same particles but at the asymptotic
cise a weaker Coulomb repulsion on emitted particles. Théme t5g (right). The figure shows particles originating from
two main Coulomb rings extend to the midrapidity region, the target(top), the projectile(middle), and all PEP’s, i.e.,
which becomes more and more filled. In Sec. IV C 3 it will sum of both(bottom. As commonly expected for the pre-
be shown that an authentic midrapidity emission is present aquilibrium emission, at;c one observes the strongly local-
every impact parameter, but its strength is stroriglyepen- ized emission around the target rapidity, the midrapidity, and
dent. the projectile rapidity, respectivelgbottom righ}. One no-

By comparing the left-side with the right-side panels, onetices that the target-side component is stronger than the pro-
observes that the Coulomb ringlike pattern gets somewhgéctile one, the former being fed exclusively by the target
enhanced by the Coulomb continuation of the dynamics(top) and the latter by the projectilgniddle). This supports
Careful scrutiny of Fig. &) and, particularly, of Fig. @) the picture of inertial pre-equilibrium emission in which
reveals the existence of a weak Coulomb ring in central colthese particles are preferentially emitted by the lighter part-
lisions on the projectile side. Owing to the disappearance ofier. The observed behavior reminds one of the so-called

2. Pre-equilibrium particles
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ptr/ pproj

FIG. 5. Calculated invariant cross sections for pre-equilibrium charged partickes3ab fm. Particles belonging initially to the target
(top), the projectile(middle), and for all PEP’gbottom) are shown separately. The left column refers to calculations performed at the end
of emission {<tpg), i.e., attpg, and the right one for the same particles butzat All panels have a common normalization.

Fermi-jet emission. The QT and QP rapidity zones arekey of the understanding whether BDC’s have to be viewed
strongly depopulated for all transverse momenta. One mays an extension of the low-energy phenometeep inelastic
however, observe a high strength of the transversal compeollisions or as the first fruits of the high-energy participant-
nent in the whole rapidity range. spectator picture. More precisely, the underlying question is
The midrapidity component appears as the strongest ongvhether we must consider MRP’s as participant emission
It is commonly identified as genuine pre-equilibrium emis-coming from the interaction zone or as a very early emission
sion consisting of fully stopped particles undergoing a singlecoming from PQT and PQP, before they appear in the con-
elastic nucleon-nucleon(target-projectil¢ collision that  figuration space. The latter picture implies the compact com-
ejects them outside the attractive potential of the bulk. Suclyosite dinucleus created in the early stage of the collision as
a scenario is not fully supported by our LVM simulation. In peing formed of two independent quasiequilibrated nuclei. A
the calculation, attpe (left column of Fig. §, nucleon- first indication of an answer to this question can be found in
nucleon collisions induce a broad and somewhat irregularig. 6, which displays the calculatas,, of MRP’s at the
distribution around midrapidity. This component, which is separation times, (left) and attZep(right). At tge, the total
not well structured atpg, becomes the main component of MRP’s emissionbotton) appears as a single-source pattern
PEP’s emission atpc. It is, under the Coulomb force, centered at midrapidity. Moreover, these particles extend
strongly squeezed around midrapidity and slightly pushever the whole rapidity range accessible in the collision. In
towards the target side owing to the stronger QP Coulomiparticular, MRP’s fill rather homogeneously the high-
field. rapidity zone. In the QP reference frame, these particles ex-
The above result has significant consequences. On the omghit a strange regularity, which is somewhat enhanc&@egt
hand, it shows the importance of the Coulomb field for thepy the Coulomb effectésee Sec. V A At teepthe Coulomb
final distribution of PEP’s, and, on the other hand, underlinegje|q of QT and QP somewhat distorts this one-source pattern
the impossibility of disentangling the pre-equilibrium com- hy squeezing particles to the c.m. rapidity and by slightly
ponent from the rest of the emission in an experimental disdepopulating the QT and QP surroundings. One does not
tribution. Namely, if one compares the plots obtained.at  gpserve the expected behavior for a two-sources-emission
for the global emission of charged particlgsg. 4d)] with  process; it would be characterized by a clear ringlike struc-
the plot of PEP’¢bottom right in Fig. 3, one concludes that yre around the QT and QP rapidity. The above picture
they are entirely mixed, in particular at midrapidity. One hasg,glyes slowly withb owing to the changing strength of the
to keep in mind, however, that the number of PEP’s is smallyT and QP Coulomb field from peripheral to central colli-
(see Figs. 2 and)3 sions.
A stronger argument can be drawn from Fig. 7. The tra-
jectories of MRP’s are followed backward in time to derive
Particles emitted betweapg=35 fm/c andte.=70 fmic  their exact origins in phase spatéght). The configuration
(MRPs increasingly dominate the overall emission as thespace is shown in the upper and the impulse space in the
impact parameter decreages Fig. 3. Careful study of this lower panel. For the sake of comparison, respective plots for
group of particles is of prime interest because they carry théhe whole system are shown on the left side. Unambiguously,

3. Particles emitted betweend and tge,
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FIG. 6. Same as Fig. 5 but for MRP’s, i.e., for particles emitted in the intepgal t<ts.pat tee, (l€ft) and attiep(right).

the MRP’s originate from the interaction zoftep) and are  collisions[43]. The Coulomb extra push, which depopulates
vigorously confined at midrapidity prior to emissidhot-  the zone at the source neighborhood, enhances the ringlike
tom). This analysis argues in favor of the participant- structure atg, .

spectator picture.

D. Discussion of charged-particle emission
4. Delayed particles gecp

The results on emitted particles presented above are in

Figure 8 displays the calculated invariant cross section§air agreement with the experimefa,28,30.38. In particu-

for particles emitted betwee;gep=70 fm/c.andf[end= 800 fm/ lar, both the density profile€-ig. 1) and the invariant cross

c at them enc_j of the d_ynamlcal calculgtlon, "e_"t% (left) sections(Figs. 4—6, and Bdemonstrate the binary character
and atteng (right). Owing to the conspicuous ringlike Struc- ¢ the reaction, in full agreement with experimd®i. The
ture, the two emitting sources, the QT and QP, show upyajity of model predictions bears out the conclusion that a
nicely. In addition, the top and middle panels admirablyy aat portion of particle$MRP’S) come from the contact
show a very limited transfer of matter between the target an gion between the two interacting nuckhe interaction
the projectile, which reminds us of the spectator nuclei of thezone and are emitted promptly from the composite di-
high-energy participant-spectator picture. The amount of the, ,cleus formed in the early stage of the collision. In the
original target particles in PQT, PQP, and amongst PRP’s ig)||owing section we study the QP properties more specifi-
given in Table | as a function ob. The target particles cqly and analyze what effects such an ample prompt emis-
amount to 40.3% of the system mass. The regular isotropigijq, produces on the formation of hot nuclei in BDC's.
distribution speaks in favor of evaporationlike emission. In-
deed, the emission process suddenly changes after the sepa-
ration of PQT and PQP. Whereas the emission betwgen
andtg,is tempestuousghigh emission rate up to 0.8 nucle-  Should one create very hot nuclei in dissipative heavy-ion
ons per fmé¢), it is, after separation, rather calm and the binary reaction channels, this will be evidenced experimen-
emission rate does not exceed 0.03 nucleons per ffof  tally via QP propertie$l]. In an experiment, however, one
b=5 fm, see also Fig. 2 in Ref42]). The enhanced QP cannot have direct access to the information on the properties
emission on the low-rapidity side is probably due to the con-of a hot nucleus; one has to reconstruct it by analyzing the
tribution of the so-called neck emission. When the massiveeaction products. At the energy considered and for the sys-
composite dinucleus breaks into PQT and PQP, the nectem studied, light particles are of particular interest because
formed between them is mostly vaporized and this phenomthey strongly dominate the reaction. Several experimental
enon is asymmetric about the c.m. for our asymmetric sysebservables, such as multiplicity of decay products, their na-
tem. It is not obvious to which group of particles the neckture, kinetic energy spectra, and angular distributions, are
emission may be associated, but we did not want to considerurrently considered, so as to provide information on hot
it apart as a distinct emission group. Let us mention that veryprimary nucleus formed in a heavy-ion collision. Our goal is
recent experimental invariant cross sections of the-Xa  twofold. (i) We aim to reproduce the experimental results as
reaction at 50 MeV/nucleon exhibit a similar low-rapidity- closely as possible. By confirming the ability of the LVM
side enhanced QP emission from semicentral to peripheraimulations in this way/ii) we are going to analyze the

V. STUDY OF THE QUASIPROJECTILE
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ted neutrons that are assumed to be emitted by PQP. To
avoid the contamination from the non-PQP sources, one in-
tegrates particles emitted into the forward hemisphere of the
QP reference frame and multiplies the obtained result by 2.
The underlying presumption is that PQP emits isotropically
(equilibrated sourge

Proceeding in this way, the velocity of the emission

sourceJQp is the first parameter to be determined. Several
methods of the analysis of the available experimental data

have been used to determine tﬁgp of the QP residue.

Nowadays, theJQp vector is currently inferred from an
event-by-event bas{®©-11,18,28,44

One has to prove that the PQP can be considered as an
equilibrated source. Since the experimental angular distribu-
tions exhibit fairly constant behavior between 0° and 90°, it
has been concluded that the sou(@&P is in thermal equi-
librium.

The calculated angular distributions display the same fea-
ture. For all impact paramete¢solid histograms in Fig. it
happens that the angular distributions between 0° and 90°
are compatible with the emission from an equilibrated hot
nucleus. Contrary to the significant presumption of the analy-
sis of experimental data, in the LVM simulation this part of
phase space is fed not only by DEP’s, but also by PRP’s.
Indeed, the emission prior to the separation of PQT and PQP
calculated at‘;feprepresents a non-negligible component at all
impact parameterd-ig. 9, dotted histogramsBesides domi-
nating the global emission in central collisiofsee Fig. 3
for the samd’s, this component also strongly dominates the
emission into the forward 2 of the QP reference frame.
Surprisingly enough, below 90° the combined contribution
of PEP’s and MRP’s in the QP reference frame displays a
rather flat behaviofsee also Sec. IV C)3The PRP angular
distributions exhibit a significant rise fa#>90°. The ob-
served rise is mainly due to the fact that the QP is not the
proper reference frame for these particles, but it is caused
also by the neck emission and its squeeze around midrapidity
by the Coulomb effectsee Fig. 6. In central collisions, the

FIG. 7. Equidistant density-profile contours projected onto theDEP component displays a perfectly flat angular distribution
reaction plane fob=3.5 fm at the time of maximal compression (hottom of Fig. 9, dashed histograuit b=5 fm the back-
(20 fmlc) and attpe=35 fmic, i.e., at the time at which the emis- \yarq rise is present and is mainly due to the contamination
sion of MRPs starts. Shown are density profiles in both the conflgufrom the neck emission, though the contribution from the QT

ration (top) and the impulse spadbottom and for the whole sys-

tem (left) and, exclusively, for the MRP’&ight).

emission(nonexisting component in central collisignsan-
not be ruled out eithefsee Fig. 8 The simulation shows
that the nearly isotropic emission into the forward QP

dynamical fingerprints in the formation of hot nuclei via gpace is a necessary but not sufficient condition for the ex-
BDC's. In studying the features of the QP, we follow the jstence of a unique equilibrated source.

calorimetric procedure adopted by Cusstlal.[28] and Pe
teret al.[9] in analyzing their experimental data. Despite the
fact that the simulated collision, when analyzed strictly in the

B. Reconstructed PQP emission

same way as the experimental data, closely reproduces the In spite of the above criticism, let us process the results of
observables that have been used to conclude on the existeri&& LVM simulation in the same way as it has been done in
of very hot PQP, we draw a different conclusion regardingthe analysis of the experimental d€28. If all these par-

the formation of very hot nuclei.

A. Angular distributions

ticles were emitted from the PQP, twice the integral of an-
gular distributions between 0° and 9(tatched area in Fig.

9) would give the total emitted charge from the presumed
PQP. The result obtained is displayed as filled circles in Fig.

In an experiment, the calorimetric reconstruction of thel0. The hatched area in Fig. 10 represents the reconstructed
PQP propertie$mass and/or charge, excitation energy,)etc. experimental emission from the PQ®]. Under the condi-
consists in summing up the contribution of the detectedions of the analysis discussed above, the calculation agrees
charged particles plus the estimated contribution of undetedavorably well with the experimental total emitted charge.
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FIG. 8. Same as Fig. 5 but for DEP’s, i.e., for particles emitted in the intégyal t<tenqat tenq (l€ft) and attg, 4 (right).

Figure 10 also displays separate reconstructed multiplicitiealmost linear rise with centrality. The PEP are not shown,
of PRP’s(open circleg and DEP’s(filled inverted triangles but this component, as for the global emissieee Fig. 3, is
The PRP’s, originating from the interaction zone, dominateweak and represents 10%peripheral collisions to 15%
the reconstructed central-collision multiplicity and exhibit an(central collisiong of the total reconstructed multiplicity. Its
relative contribution in forward PRP’s grows, however,

4 — . . faster with b than for the global emission since the mid-
i | L e
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0 30 60 90 120 150 FIG. 10. Reconstructed charge “emitted by PQP” as a function

of impact parameter. Open circles show the contribution of the
prompt componenfcoming from the midrapidity source prior to the
breakup of the PQT and the PQHRilled inverted triangles of the
FIG. 9. Calculated angular distributions of charged particlesdelayed componerithe genuine PQP emissiprand filled circles
relative to the QRfast sourcgatt,,. Shown are prompt charged show the sum of both components. Stars show the DEP divided by
particles(dotted histogramsdelayed charged particlédashed his- the PQP charge and normalized to the0.5 DEP value. The
togramg, and the sum of all charged particlésolid histograms hatched area represents the experimental multiplicity. The lower
The contribution of the forward moving particles is hatched. Theedge is exclusively due to the contribution of the-1 and 2 par-
top panel is for semiperipherab &5 fm) and the bottom panel for ticles, whereas the upper edge includes all detected species. For
central p=0.5 fm) collisions. further details, see the text.
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L ' of b, the PQP mass is very close to the projectile mass
(dashed ling The calculated QP mass @},4 (open circle
agrees reasonably well with experimental findings. In par-
ticular, the calculation closely follows the experimentally ob-
served regular, close to quadratic, rise of the QP residue
mass withb. On the contrary, the PQP mass determined by
the simulation at the instarttg, (filled circles, when the
colliding system breaks into PQT and PQP, differs substan-
tially from the values extracted in the experimental analysis.
The calculated PQP mass grows linearly wlithin central
collisions, the discrepancy is as large as 18 mass units: The
experimentally reconstructed PQP mass equals the projectile
] mass and for the PQP mass the simulation gives about half of
1 that value, the other half of the projectile mass being evacu-
ated by prompt emission. For peripheral collisions, the

MASS (u)

10

L

) S RS SR B prompt emission becomes a small portion of the total emis-
0 2 4 6 8 sion (cf. Fig. 10 and the theory and experiment give the
IMPACT PARAMETER (fm) same values for the PQP mass.
VI. DISCUSSION AND CONCLUSIONS
FIG. 11. Dependence of the mass of the cold(@&en symbols We have studied the collision dPAr + 27Al at 65 MeV/

and the PQFRfilled symbolg on impact parameter. Triangles show
the experimental and circles the theoretical results. The dashed ho
zontal line shows the projectile mas¥Ar). The solid line and the

curve through cglcula?ed values are drawr_1 0 gu'qe the eye a.nd Afistributions of invariant cross sectiof8] and average ra-
due to the fit with a linear and a quadratic function, respectively.

The calculated values are scaled by a factor of 0.9 to account for th%ld!ty distributions{30,3§. The EXp.e”men.taI and theoretical
different Ar isotope used in the simulatiofAr). estimates of the_ tota_ll forward emission in the QP referen_ce

frame are also in fair agreement. These favorable quantita-
tive comparisons allow us to rely on our model to gain in-
sight into the dynamics of BDC'’s. By a meticulous dynami-
cal analysis of emitted charged particles, the simulation
suggests the following.

nucleon theoretically by simulating it with the semiclassical
"andau-Vlasov transport model. The results of the LVM
simulation agree rather well with the global experimental

rapidity contamination falls rapidly witth, whereas the
Fermi-jetlike emission is roughlp independent: The PEP’s
attain 40% of the PRP’s for peripheral collisions. The true™"=: : I .
PQP emissioDEP’s) is almostb independent, exhibiting (i) For our light system, a weak pre-equilibrium emission
an insignificant maximum for semicentral collisions. The OCCUrS with three distinct components: two Fgrml-jetl|ke
DEP multiplicity divided by the charge of the PQP is a quan_cqmpopgnts at the target and the prqj_egtlle rap@ny, and a
tity proportional to the average PQP excitation energy peP1|Qrap|d|ty component. Thg pre-equilibrium emission re-
nucleon. This quantity displays a regular decrease With mains weak over the whole impact parameter range and does
. 0 o
(starg, demonstrating that the PQP excitation energy in_not(__e)X(I:Bee;d 15t€0 Og.t?he t?t‘;: eml_T_smnc.l th P th .
creases with centrality, though this increase is not substan-b . q etore ei Irh o " eségf z/an € QP, erte):_ IS an
tial. From the relative contribution of DEP’s to the total re- 2oundant prompt emissio < mfc) coming unam 'gu-
constructed multiplicity one may deduce tEEVA of PQP’s ously from the overlapping zone between the two colliding

cannot be high even for central collisions. The above result§artners. This emissior_l r_eminds us of the ﬁfe_ba” participant
are in favor of the conclusion that, independently of the vio-palrtICIes from the participant-spectator collision model de-

e : fined for higher energies. Negligible in peripheral collisions,
lence of the collision, the PQP is not very hot. these promptly emitted particles amount up to 75% of the

total emission in the most central collision. Mainly located at
C. Mass of PQP midrapidity, this emission covers the whole accessible rapid-
In the experiment, the fast evaporation resididentified ity range of the collision. Thus it contaminates the forward
as QB has been detected in coincidence with light particleshemisphere of the QP reference frame. In the analysis of
allowing, via sorting of events into classes according to theexperimental data, this portion of phase space is entirely at-
degree of violence, one to attribute a mean mass of the coldlibuted to the QP deexcitatid®,28]. The contamination of
QP to each impact-parameter Hi8,38]. From the known the forward moving particles by the prompt emission is
multiplicity of emitted particles and the mass of the QP resi-impact-parameter dependent and varies between @8%
due, it is straightforward to reconstruct the mass of the PQRipheral collisiong and 70%(central collisions. The above
by using the procedure described in the preceding subseobservation has an essential impact on the excitation energy
tions. The contribution of undetected neutrons must, howof PQT and PQP. Indeed, the excitation energy, experimen-
ever, be estimated. In Fig. 11 open triangles show the medally estimated using a calorimetric method, is calculated by
sured QP residue mass as a function mf[9]. The summing up the kinetic energies of all these forward emitted
experimentally reconstructed mass of the PQP is shown bparticles, taking into account the mass balance. The result is
filled triangles[9]. These values suggest that, independentlymultiplied by two, assuming a forward-backward symmetry
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of the QP emission. An identical calorimetric analysis car- By increasing the incident energy, the accessible rapidity
ried out with the genuine PQP deexcitation products woulddomain becomes wider and wider. For higher energies,
lead to a sensible reduction of the PQP excitation energytherefore, the participant and the spectator particles are
The reduction of the PQP excitation energy is, besideglearly separated. Below 100 MeV/nucleon, the main diffi-
smaller multiplicity, caused by the lower average speed otulty comes from the entire mixing of these two components.
delayed particles. From our calculation, however, it turns ouHowever, for the most central collisions where participant
that it is virtually impossible to distinguish the prompt and particles govern the emission process, the study of the prop-
the delayed component in the experimental data. erties of the participant zone is of prime interest. At higher
(iii) The last stage of the collision corresponds to theanergies the central collisions are currently under extensive
emergence of the PQT and PQP, which can, in a certain wayy, v 145] and similar investigations are needed at energies
be identified as spectator nuclei of the reaction. Owing to ch)eIOW 100 MeV/nucleon
experimentally available results, only the PQP has been stud- '
ied. The multiplicity of particles that are emitted isotropi-
cally in the PQP reference frame is nedbplyconstant. How-
ever, when the mass of the PQP is accounted for, it turns out
that the smaller the impact parameter, the hotter the PQP.
Our LVM simulation Suggests that in the ana|ysis of experi_ Z.B. would like to express his gratitude to the L,aboratOire
mental violent collisions both the mass of the PQP and th&le Physique Subatomique et des Technologies Ass®eied
amount of particles emitted by it have been largely overestito the Ecole des Mines de Nantes for the warm hospitality
mated[9,28]. during his stay, as well as for financial support.
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