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Properties of Very Hot Nuclei Formed in 64Zn 1 natTi Collisions at Intermediate Energies
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Formation and decay of hot nuclei have been studied in64Zn 1 natTi collisions between 35 and
79 MeVynucleon. 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 MeVynucleon 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
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One of the presently most debated questions in he
ion physics at intermediate energies focuses on
properties of hot nuclear matter and, in particular,
the so-called multifragmentation process as well as
the search for a liquid-gas phase transition. A very o
invoked scenario is the occurrence of a compress
expansion phase at the beginning of the interac
between projectile and target. In the course of s
a process, after an initial compression, the hot nuc
matter expands towards low density regions wher
can break up into fragments [1–4]. An alternative
this scenario is the occurrence of an expansion
arising from the pressure induced by the thermal ene
[5]. From the fragment kinetic energies, we expect
gain information about the magnitude of the collect
radial flow resulting from the expansion phase. Inde
recent results show evidence for a collective ene
of a few MeVynucleon at bombarding energies low
than 100 MeVynucleon [6–11], and reaching even high
values (.10 MeVynucleon) at higher bombarding ene
gies [11–15].

This Letter reports on the properties of hot nuc
formed in the64Zn 1 natTi reaction, which was investi
gated at GANIL at several bombarding energies betw
35 and 79 MeVynucleon [16]. Light charged particle
(LCP’s: Z ­ 1 and 2) and intermediate mass fragme
(IMF’s: Z $ 3) were detected in two plastic multidete
tors covering a total solid angle of 84% of 4p , between
3± and 150± [17,18]. Detection of LCP’s and IMF’s
was achieved for energies above 2.5 MeVynucleon.
Identification of IMF’s was possible only above 15
20 MeVynucleon. Heavier fragments were detected
identified in an additional set of sevenDE-E telescopes
between3± and30±.
0031-9007y96y76(26)y4895(4)$10.00
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The events were sorted according to the violence
the collision measured by the total transverse moment
taken as the sum of the moduli of transverse moment
all particles detected in an event. It was assumed that
transverse momentum is maximum for head-on collisio
and is a decreasing function of the impact parame
The experimental impact parameterbexp has been derived
from the measured differential cross section [16]. Res
of simulations exhibit a linear relationship betweenbexp
and the true impact parameter with a standard devia
of 1–1.5 fm [19].

The correlation between the total multiplicity o
charged products detected in an event and the corresp
ing total parallel momentum displays two distinct regio
[16]. Low values of multiplicity and parallel momentum
are associated with peripheral collisions in which both
projectilelike and targetlike fragments were not detect
while high values of multiplicity and parallel momentu
correspond to well-characterized events: on average 7
of the total charge and 80% of the incident moment
were collected. Only these well-characterized events
considered in the subsequent analysis.

From the invariant cross sections of LCP’s plott
in the velocity plane, two sources are extracted: a
source associated with the quasiprojectile and a s
one associated with the quasitarget. A third compon
centered at half the beam velocity appears essent
with Z ­ 1 and to a lesser extent withZ ­ 2 [19].
This midrapidity emission has been interpreted as a p
equilibrium emission originating at the beginning of th
interaction between projectile and target. These featu
are observed at all energies and all impact parame
They suggest binary dissipative collisions accompan
by pre-equilibrium emission [20]. This statement
© 1996 The American Physical Society 4895
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reinforced by the disappearance of significant fusion
cross section above 50 MeVynucleon [19], as well as by
the results of theoretical predictions performed with
statistical modelEUGENE [21] and the quantum molecula
dynamical codeQMD [22].

In the following, we will concentrate on the properti
of the fast source, the reconstructed quasiprojectile (Q
since most its decay products are well detected by
experimental setup due to their high velocities. On
average, 85% of the QP charge was detected (geome
efficiency). The source velocity has been calculated fr
the momenta of all products having velocities larger th
the center of mass velocity. In the forward hemisph
of the QP frame, the angular distributions of LCP’s a
IMF’s display an isotropic emission, whatever the imp
parameter and bombarding energy [19,23]. On the o
hand, in the backward hemisphere, anisotropic ang
distributions are observed due to the influence of mid
pidity pre-equilibrium particles and particles coming fro
the quasitarget. In order to get rid of these nonisotro
components, the QP charge was constructed by addin
the charge of the largest detected fragment (QP resi
twice the sum of the charges of the forward emitted pa
cles. The sum has been corrected for the geometrica
efficiency: In central collisions at 79 MeVynucleon, two
charge units on average are lost down the beam pipe.
QP mass was deduced from its charge using theAyZ ratio
of the projectile.

The mass of the largest detected fragment, show
Fig. 1(a), strongly decreases whenbexp decreases revea
ing that more energy is deposited in the reconstruc
t
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FIG. 1. Average values of the largest detected fragmen
panel (a), of the reconstructed mass of the quasiprojectile
panel (b), and of the excitation energy of the quasiprojec
in panel (c), as a function of the reconstructed imp
parameterbexp . In panel (d) the excitation energy measur
at 79 MeVynucleon is compared to predictions of the statisti
model EUGENE [21] and QMD [22]. The vertical bars accoun
for standard deviations.
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QP when going from peripheral to central collisions. F
a given bexp, the mass decreases when the bombard
energy increases, indicating that the energy deposit g
up with the bombarding energy. The reconstructed
mass is shown in Fig. 1(b). Since the mass is built fr
all charged particles emitted in its forward hemisphe
and since some pre-equilibrium contribution is includ
in those forward emitted particles, the reconstructed m
is overestimated compared to the actual one. Rely
upon calculations performed with the codeEUGENE, the
mass overestimate was found to beø15% in central col-
lisions. Accounting for this fact, a nearly constant ma
value slightly lower than the projectile mass would be o
served as a function ofbexp and bombarding energy. Thi
behavior is an additional indication in favor of a bina
reaction mechanism. Similar results were obtained in
36Ar 1 27Al reaction [24].

The QP excitation energy can be determined from the
netic energies of all its decay products [16,25]. It has b
calculated event by event taking into account the contri
tion of the neutrons as well as theQ value of the reaction.
The average excitation energy is shown in Fig. 1(c) a
function ofbexp. As expected, for a given bombarding e
ergy the excitation energy increases whenbexp decreases
starting from less than 2 MeVynucleon in peripheral col-
lisions. The excitation energy increases with the bo
barding energy, reaching 11–12 MeVynucleon in central
collisions at 79 MeVynucleon. Because of the contribu
tion of pre-equilibrium particles, the average excitation e
ergies shown in Fig. 1(c) are upper limits. For cent
collisions at 79 MeVynucleon,EUGENE simulations lead
to a fast pre-equilibrium component of five charge un
carrying away (25–30)% of the total excitation of the r
constructed QP, thus reducing the excitation energy per
cleon of the true QP (after subtraction of pre-equilibriu
particles) byø15%. Relying upon this calculation, an av
erage value of 10 MeVynucleon is inferred from the data
Because of the method of reconstruction the fluctuati
of excitation energy are broad. Nevertheless, a sign
cant fraction of QP’s bear excitation energy in excess
10 MeVynucleon.

In order to give an insight into the formation an
decay mechanisms of these very hot nuclei, calculati
have been carried out and compared to the data.
calculated events have been filtered by the accepta
of the experimental setup and analyzed in the sa
way as the data. In Fig. 1(d) the excitation ener
measured at 79 MeVynucleon is compared toEUGENE

[21] and QMD [22] calculations aiming at reproducin
the complete evolution of the collision. An excelle
agreement between the data andQMD calculations is
ascertained, while theEUGENE code overpredicts the
excitation energy by 2 MeVynucleon at lowbexp.

Hereafter, we will concentrate on central collisions me
sured at 79 MeVynucleon withbexp # 2 fm. Experimen-
tal multiplicities of LCP’s and IMF’s are compared t
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theoretical calculations in Fig. 2. TheQMD calculations
overpredict the yield ofZ ­ 1 and underpredict the num
ber ofZ ­ 2 and IMF’s. TheEUGENEcalculations overes-
timate the yield ofZ ­ 1 by more than a factor of 2, give
the right number ofZ ­ 2, and underpredict the numbe
of IMF’s. The data are also compared with predictio
performed with the statistical codeWIX [26], an improved
version of the earlierFREESCOcode [27]: The Coulomb
interaction between the excited prefragments is introdu
and a collective radial flow can be injected. As a con
quence, less thermal energy is left for the decay proc
and more IMF’s are produced. The calculations were c
ried out assuming a single nucleus of59Co, with an exci-
tation energy of 12 MeVynucleon and a freeze-out densi
of ryr0 ø 1y3. As seen in Fig. 2, the description of th
data is improved when a part of the excitation energy
stored in an isotropic collective expansion. The switc
ing off of the collective expansion changes the results
a more abundant emission ofZ ­ 1 since more thermal
energy is available [26].

The elemental charge distribution for central events
compared to simulations in Fig. 3. TheQMD calculation
overpredicts the yield ofZ ­ 1 and gives a too low
number ofZ ­ 2 and IMF’s. As a result, an excess o
high atomic number products is observed. A too gr
yield of Z ­ 1 is also predicted byEUGENE, leading to
a deficiency of both IMF’s and heavier fragments.
slight improvement is obtained with theWIX calculation,
although the yield of8 # Z # 12 is underestimated by
1 order of magnitude.

The kinetic energy of fragments is displayed in Fig.
No data appear forZ $ 10 since these nuclei are poorl
identified in charge due to limitations of the experimen
setup. A flat behavior of the kinetic energy is evide
for Z $ 3. Results of simulations have been plotted f
fragments withZ # 8. The too low calculated yields
he

FIG. 2. The experimental multiplicity distributions ofZ ­ 1,
Z ­ 2, and IMF’s are compared to the predictions ofQMD [22]
and statistical modelsEUGENE[21] andWIX [26].
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FIG. 3. Elemental charge distribution of quasiprojectile pro
ucts is compared to the predictions ofQMD [22] and statistical
modelsEUGENE[21] andWIX [26].

for heavier fragments prevent us from getting meaning
predictions. All models which do not incorporate a rad
flow underestimate the energy ofZ $ 3 by more than
2 MeVynucleon. TheWIX calculations with incorporation
of an isotropic radial flow reproduce the data in
qualitative way. The extracted value of the radial flow
in between 1.8 and 2.7 MeVynucleon, corresponding to
fraction of (10–15)% of the total available kinetic energ
No significant evolution of the radial flow is observed
a function of the atomic number.

This result can be compared to previous
sults obtained in nucleus-nucleus collisions bel
100 MeVynucleon. A radial flow of 3.5 MeVynucleon
was deduced from the analysis of the S1 Al reac-
tion [10]. No effect was seen in the closely relat
Ca 1 Ca system [28]. A value of 1 to 2.5 MeVynucleon
was deduced from the36Ar 1 27Al reaction [29] and
3 MeVynucleon were measured in emulsion experime
r

FIG. 4. Mean kinetic energy of fragments, emitted in t
frame of the quasiprojectile at30± # Q # 60±, is compared
to the predictions ofQMD [22] and statistical modelsEUGENE
[21] andWIX [26].
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[6,11]. The analysis performed on the 50 MeVynucleon
Xe 1 Au reaction [7] gives support for a radial energy
the heavy residue of 1.5–2 MeVynucleon, in agreemen
with the value of 2 MeVynucleon extracted from th
study of the 50 MeVynucleon Xe1 Sn reaction [30].

From the above detailed comparisons, it is dem
strated that the statisticalWIX model reproduces th
charge, multiplicity, and kinetic energy distributions
IMF’s, as well as their kinetic energy spectra [19]. As
ready mentioned, the compressional energy is much m
efficient than thermal energy to disintegrate a nucl
[5,31]. As a result, the IMF multiplicity is strongly en
hanced. In view of the success of the description of
data by theWIX code, it is tempting to conclude that th
hot nuclei have reached a statistical equilibrium. Nev
theless, further dynamical calculations have to be car
out before deciding about the validity of such a glo
thermodynamical concept.

To summarize, formation and decay of excit
quasiprojectiles produced in the64Zn 1 natTi reaction
have been studied at intermediate energies. The m
and excitation energy of quasiprojectiles were determ
from the kinematical characteristics of their decay pr
ucts. In central collisions, excitation energies larger t
10 MeVynucleon are reached. The data are satisfacto
reproduced by a statistical decay of a hot source, in w
2.3 6 0.5 MeVynucleon are stored into an isotropic rad
flow. The following scenario may be invoked: The h
nucleus expands and emits isotropically LCP’s and IM
while boosting their radial velocities. However, t
origin of this expansion is not still cleared up since b
a compression-expansion cycle and a thermally indu
pressure can account for this collective effect.

This experiment was performed at GANIL, Cae
France.

*Permanent address: Institut de Physique Nucléa
IN2P3-CNRS, 91406 Orsay Cedex, France.

†Permanent address: Instituto de Fisica, Universidade
Sao Paulo, CP 20516, 01498 Sao Paulo, Brazil.

‡Present address: LPHNE-X, Ecole Polytechnique, 91
Palaiseau Cedex, France.
4898
-

re
s

e

-
d
l

ss
d
-
n
ly
h

d

,

e

8

§Permanent address: Institute of Modern Physics, POB
730000 Lanzhou, People’s Republic of China.
kPresent address: Institute of Nuclear Studies, Univer
of Tokyo, Tokyo, Japan.

[1] J. Aichelin and H. Stöcker, Phys. Lett. B176, 14 (1986).
[2] B. Remaudet al., Nucl. Phys.A488, 423c (1988).
[3] E. Suraudet al., Phys. Lett. B229, 359 (1989).
[4] D. H. E. Gross, Rep. Prog. Phys.53, 605 (1990).
[5] W. A. Friedman, Phys. Rev. C42, 667 (1990).
[6] H. W. Barz et al., Nucl. Phys.A531, 453 (1991).
[7] D. R. Bowmanet al., Phys. Rev. Lett.67, 1527 (1991);

Phys. Rev. C46, 1834 (1992).
[8] R. T. de Souzaet al., Phys. Lett. B300, 29 (1993).
[9] W. Baueret al., Phys. Rev. C47, R1838 (1993).

[10] D. Heueret al., Phys. Rev. C50, 1943 (1994).
[11] F. Schussleret al., Nucl. Phys.A584, 704 (1995).
[12] S. C. Jeonget al., Phys. Rev. Lett.72, 3468 (1994).
[13] W. C. Hsi et al., Phys. Rev. Lett.73, 3367 (1994).
[14] G. J. Kundeet al., Phys. Rev. Lett.74, 38 (1995).
[15] G. Poggiet al., Nucl. Phys.A586, 755 (1995).
[16] D. Cussolet al., in Proceedings of the XXXIst Interna

tional Winter Meeting on Nuclear Physics, Bormio, Ital
edited by I. Iori (Universita’ di Milano, Milano, Italy,
1993).

[17] G. Bizard et al., Nucl. Instrum. MethodsA244, 483
(1986).

[18] A. Péghaireet al., Nucl. Instrum. MethodsA295, 365
(1990).

[19] J. C. Steckmeyeret al., in Proceedings of the XXXIIIrd
International Winter Meeting on Nuclear Physics, Bormi
Italy, edited by I. Iori (Universita’ di Milano, Milano,
Italy, 1995).

[20] A. Kerambrun et al., Report No. LPCC 94-14 (unpub
lished).

[21] D. Durand, Nucl. Phys.A541, 266 (1992).
[22] J. Aichelin, Phys. Rep.202, 233 (1991).
[23] A. Kerambrun, thesis, Université de Caen, 1993.
[24] J. Péteret al., Nucl. Phys.A593, 95 (1995).
[25] D. Cussolet al., Nucl. Phys.A541, 298 (1993).
[26] J. Randrup, Comput. Phys. Commun.77, 153 (1993).
[27] G. Fái and J. Randrup, Comput. Phys. Commun.42, 385

(1986).
[28] K. Hagel et al., Phys. Rev. Lett.68, 2141 (1992); Phys.

Rev. C50, 2017 (1994).
[29] S. C. Jeonget al. (to be published).
[30] N. Marie, thesis, Université de Caen, 1995.
[31] L. Vinet et al., Nucl. Phys.A468, 321 (1987).


