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Properties of Very Hot Nuclei Formed in %4Zn + ™2Ti Collisions at Intermediate Energies
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Formation and decay of hot nuclei have been studie®*Zm + "2'Ti collisions between 35 and
79 MeV/nucleon. The mass and excitation energy of excited quasiprojectiles are reconstructed from
the kinematical characteristics of their decay products. In central collisions, excitation energies larger
than 10 MeV/nucleon are reached. Comparisons with theoretical predictions indicate that a fraction of
the excitation energy is associated with an isotropic radial flow. [S0031-9007(96)00539-X]

PACS numbers: 25.70.Lm, 21.65.+f, 25.70.Mn, 25.70.Pq

One of the presently most debated questions in heavy- The events were sorted according to the violence of
ion physics at intermediate energies focuses on théhe collision measured by the total transverse momentum,
properties of hot nuclear matter and, in particular, ortaken as the sum of the moduli of transverse momenta of
the so-called multifragmentation process as well as omll particles detected in an event. It was assumed that the
the search for a liquid-gas phase transition. A very ofteriransverse momentum is maximum for head-on collisions
invoked scenario is the occurrence of a compressionand is a decreasing function of the impact parameter.
expansion phase at the beginning of the interactioiThe experimental impact parameteg, has been derived
between projectile and target. In the course of suclirom the measured differential cross section [16]. Results
a process, after an initial compression, the hot nucleanf simulations exhibit a linear relationship betwegn,
matter expands towards low density regions where iand the true impact parameter with a standard deviation
can break up into fragments [1-4]. An alternative toof 1-1.5 fm [19].
this scenario is the occurrence of an expansion just The correlation between the total multiplicity of
arising from the pressure induced by the thermal energgharged products detected in an event and the correspond-
[5]. From the fragment kinetic energies, we expect toing total parallel momentum displays two distinct regions
gain information about the magnitude of the collective[16]. Low values of multiplicity and parallel momentum
radial flow resulting from the expansion phase. Indeedare associated with peripheral collisions in which both the
recent results show evidence for a collective energyrojectilelike and targetlike fragments were not detected,
of a few MeV/nucleon at bombarding energies lower while high values of multiplicity and parallel momentum
than 100 MeVYnucleon [6—11], and reaching even highercorrespond to well-characterized events: on average 70%
values 10 MeV/nucleon) at higher bombarding ener- of the total charge and 80% of the incident momentum

gies [11-15]. were collected. Only these well-characterized events are
This Letter reports on the properties of hot nucleiconsidered in the subsequent analysis.
formed in the®Zn + "2'Tj reaction, which was investi- From the invariant cross sections of LCP’s plotted

gated at GANIL at several bombarding energies betweem the velocity plane, two sources are extracted: a fast
35 and 79 MeVYnucleon [16]. Light charged particles source associated with the quasiprojectile and a slow
(LCP’s: Z =1 and 2) and intermediate mass fragmentsone associated with the quasitarget. A third component
(IMF’s: Z = 3) were detected in two plastic multidetec- centered at half the beam velocity appears essentially
tors covering a total solid angle of 84% ofr4between with Z =1 and to a lesser extent with =2 [19].

3° and 150° [17,18]. Detection of LCP’s and IMF's This midrapidity emission has been interpreted as a pre-
was achieved for energies above 2.5 Meucleon. equilibrium emission originating at the beginning of the
Identification of IMF's was possible only above 15- interaction between projectile and target. These features
20 MeV/nucleon. Heavier fragments were detected andire observed at all energies and all impact parameters.
identified in an additional set of seveXE-E telescopes They suggest binary dissipative collisions accompanied
betweer3° and30°. by pre-equilibrium emission [20]. This statement is
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reinforced by the disappearance of significant fusionlikeQP when going from peripheral to central collisions. For
cross section above 50 M¢¥Wucleon [19], as well as by a given bey,, the mass decreases when the bombarding
the results of theoretical predictions performed with theenergy increases, indicating that the energy deposit goes
statistical modeEuGeNE [21] and the quantum molecular up with the bombarding energy. The reconstructed QP
dynamical codeymp [22]. mass is shown in Fig. 1(b). Since the mass is built from
In the following, we will concentrate on the properties all charged particles emitted in its forward hemisphere
of the fast source, the reconstructed quasiprojectile (QPand since some pre-equilibrium contribution is included
since most its decay products are well detected by thén those forward emitted particles, the reconstructed mass
experimental setup due to their high velocities. On thds overestimated compared to the actual one. Relying
average, 85% of the QP charge was detected (geometricapon calculations performed with the codeGeng the
efficiency). The source velocity has been calculated frommass overestimate was found to 4€5% in central col-
the momenta of all products having velocities larger tharisions. Accounting for this fact, a nearly constant mass
the center of mass velocity. In the forward hemispheresalue slightly lower than the projectile mass would be ob-
of the QP frame, the angular distributions of LCP’s andserved as a function @, and bombarding energy. This
IMF’s display an isotropic emission, whatever the impactbehavior is an additional indication in favor of a binary
parameter and bombarding energy [19,23]. On the othaeaction mechanism. Similar results were obtained in the
hand, in the backward hemisphere, anisotropic angulafAr + 2’Al reaction [24].
distributions are observed due to the influence of midra- The QP excitation energy can be determined from the ki-
pidity pre-equilibrium particles and particles coming from netic energies of all its decay products [16,25]. It has been
the quasitarget. In order to get rid of these nonisotropicalculated event by event taking into account the contribu-
components, the QP charge was constructed by adding tmn of the neutrons as well as tigevalue of the reaction.
the charge of the largest detected fragment (QP residu@he average excitation energy is shown in Fig. 1(c) as a
twice the sum of the charges of the forward emitted partifunction ofb.,,. As expected, for a given bombarding en-
cles. The sum has been corrected for the geometrical irergy the excitation energy increases witgy), decreases,
efficiency: In central collisions at 79 MeMucleon, two  starting from less than 2 MeMucleon in peripheral col-
charge units on average are lost down the beam pipe. THisions. The excitation energy increases with the bom-
QP mass was deduced from its charge usingitfié ratio  barding energy, reaching 11-12 Méwicleon in central
of the projectile. collisions at 79 MeYnucleon. Because of the contribu-
The mass of the largest detected fragment, shown ition of pre-equilibrium particles, the average excitation en-
Fig. 1(a), strongly decreases wheg, decreases reveal- ergies shown in Fig. 1(c) are upper limits. For central
ing that more energy is deposited in the reconstructedollisions at 79 MeVYnucleon, EUGENE simulations lead
to a fast pre-equilibrium component of five charge units
carrying away (25—30)% of the total excitation of the re-
constructed QP, thus reducing the excitation energy per nu-
cleon of the true QP (after subtraction of pre-equilibrium
particles) by=15%. Relying upon this calculation, an av-
erage value of 10 Me¥hucleon is inferred from the data.
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Because of the method of reconstruction the fluctuations
of excitation energy are broad. Nevertheless, a signifi-
cant fraction of QP’s bear excitation energy in excess of
10 MeV/nucleon.
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O domevn DATA ® In order to give an insight into the formation and
& 35MoVin aMD O decay mechanisms of these very hot nuclei, calculations

have been carried out and compared to the data. The
calculated events have been filtered by the acceptance
of the experimental setup and analyzed in the same
way as the data. In Fig. 1(d) the excitation energy

measured at 79 MeXhucleon is compared t&UGENE

[21] and Qmp [22] calculations aiming at reproducing

FIG. 1. Average values of the largest detected fragment ithe complete evolution of the collision. An excellent
panel (a), of the reconstructed mass of the quasiprojectile imgreement between the data anep calculations is
panel (b), and of the excitation energy of the quasiprojectileascertained, while thesUGENE code overpredicts the
in panel (c), as a function of the reconstructed impactayqitation energy by 2 MeYhucleon at lowbeyp.

parameterb.,;, .

In panel (d) the excitation energy measured
at 79 MeV/nucleon is compared to predictions of the statistical

Hereafter, we will concentrate on central collisions mea-

model EUGENE [21] andQMD [22]. The vertical bars account sured at 79 MeYnucleon withb.,, = 2 fm. Experimen-
for standard deviations.
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theoretical calculations in Fig. 2. Thavp calculations 5
overpredict the yield oZ = 1 and underpredict the num- 10 79 MeV/nucleon ®Zn + ™'Ti
ber ofZ = 2 and IMF's. TheeuceNEcalculations overes- 10 beye £ 2fm
timate the yield ofZ = 1 by more than a factor of 2, give ﬂ¢
the right number oZ = 2, and underpredict the number ! O wix d *45} g

: 000 “’_‘3":‘_*‘??

of IMF's. The data are also compared with predictions % amD
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performed with the statistical codex [26], an improved

version of the earlieFrReescocode [27]: The Coulomb bbb b bl @i L .'T'r&

interaction between the excited prefragments is introduced 2 4 6 8 10 12 14 16 18 20

and a collective radial flow can be injected. As a conse- ATOMIC NUMBER Z

quence, less thermal energy is left for the decay process. 3. Elemental charge distribution of quasiprojectile prod-

and more IMF’s are produced. The calculations were caructs is compared to the predictions @D [22] and statistical

ried out assuming a single nucleus 8fCo, with an exci- ModelSEUGENE [21] andWIX [26].

tation energy of 12 MeYhucleon and a freeze-out density

of p/po = 1/3. As seen in Fig. 2, the description of the

data is improved when a part of the excitation energy ifor heavier fragments prevent us from getting meaningful

stored in an isotropic collective expansion. The switchpredictions. All models which do not incorporate a radial

ing off of the collective expansion changes the results ifiow underestimate the energy & = 3 by more than

a more abundant emission @f= 1 since more thermal 2 MeV/nucleon. Thewix calculations with incorporation

energy is available [26]. of an isotropic radial flow reproduce the data in a
The elemental charge distribution for central events igjualitative way. The extracted value of the radial flow is

compared to simulations in Fig. 3. Thevp calculation  in between 1.8 and 2.7 MeViucleon, corresponding to a

overpredicts the yield ofZ = 1 and gives a too low fraction of (10—15)% of the total available kinetic energy.

number ofZ = 2 and IMF's.  As a result, an excess of Ng significant evolution of the radial flow is observed as

high atomic number products is observed. A too greah function of the atomic number.

yield of Z = 1 is also predicted byUGENE leading to This result can be compared to previous re-

a deficiency of both IMF’s and heavier fragments. Asults obtained in nucleus-nucleus collisions below

slight improvement is obtained with theix calculation, 100 MeV/nucleon. A radial flow of 3.5 MeYnhucleon

although the yield o8 = Z = 12 is underestimated by was deduced from the analysis of the+SAl reac-

1 order of magnitude. tion [10]. No effect was seen in the closely related
The kinetic energy of fragments is displayed in Fig. 4.ca + Ca system [28]. A value of 1 to 2.5 Me¥iucleon

No data appear fof = 10 since these nuclei are poorly was deduced from théAr + 27Al reaction [29] and

identified in Charge due to limitations of the experimental3 MeV/nuc|eon were measured in emulsion experiments

setup. A flat behavior of the kinetic energy is evident

for Z = 3. Results of simulations have been plotted for
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FIG. 4. Mean kinetic energy of fragments, emitted in the
FIG. 2. The experimental multiplicity distributions &f = 1, frame of the quasiprojectile &80° = ©® = 60°, is compared
Z = 2, and IMF’s are compared to the predictions@iiD [22] to the predictions ofpMD [22] and statistical modelEUGENE
and statistical modelBUGENE[21] andwiX [26]. [21] andwix [26].
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