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Abstract

The formation and de-excitation of hot nuclei have been studied in
64Zn+ "2'Ti collisions between 35 and 79 MeV /nucleon. The mass and ex-
citation energy of excited quasi-projectiles are reconstructed from the kin-
ematical characteristics of the decay products. In the most central collisions
and for the highest bombarding energy, excitation energies larger than 10
MeV /nucleon are obtained. Comparisons with theoretical predictions indic-

ate that a fraction of the excitation energy is associated with an isotropic



collective expansion.
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One of the presently most debated questions in heavy-ion physics at intermediate en-
ergies focusses on the properties of hot nuclear matter, and in particular, on the so-called
multifragmentation process as well as on the search for a liquid-gas phase transition. A
= very often invoked scenario is the occurrence of a compression-expansion phase at the very
beginning of the interaction between projectile and target. In the course of such a process,
after an initial compression, the hot nuclear matter expands towards low density regions
where it can break up into fragments [1-3]. From the fragment kinetic energies, we expect
to gain information about the magnitude of the radial collective flow resulting from the ex-
pansion phase. Indeed, some results begin to appear in the literature, showing evidence for
a compression energy ranging from a few MeV /nucleon up to more than 10 MeV /nucleon
[4-9], though other results obtained with similar systems and bombarding energies do not
exhibit such an effect [10,11]. This letter reports on the properties of hot nuclei formed in the
64Zn+ 2T} reaction at intermediate bombarding energies. Emphasis is put on the sorting
of the events and on the careful reconstruction of initial mass and excitation energy of hot
nuclei. Detailed comparisons of the data with various statistical and dynamical models are
presented. They give support to a collective radial expansion occurring in the decay step.

The %*Zn+™*'Ti reaction was investigated at GANIL at several bombarding energies
between 35 and 79 MeV /nucleon. The experimental procedure can be found elsewhere [12].
Light charged particles (LCP’s, Z = 1 and 2) and intermediate mass fragments (IMF’s,
3 < Z < 8) were detected in two plastic multidetectors covering a total solid angle of
84% of 4w, between 3 and 150° [13,14]. Detection of LCP’s and IMF’s was achieved for
energies above 2.5 MeV/nucleon. Identification of IMF’s was possible only above 15-20
MeV /nucleon. Heavier fragments were detected and identified in an additional set of seven
AE — E telescopes between 3 and 30°.

Comparisons of the data with theoretical calculations are more easily performed as a
function of the impact parameter. Therefore, the events were sorted according to an ex-
perimental impact parameter bgyp deduced from the total transverse momentum, taken as

the sum of the moduli of transverse momenta of all particles detected in an event. For this



purpose, it was assumed that the transverse momentum is maximum for head-on collisions
and is a decreasing function of the impact parameter. In the various calculations which
have been carried out, the calculated events have been filtered by the acceptance of the
- experimental setup and analyzed in the same way as the data. In particular, the impact
parameter from the models was disregarded. Instead an experimental impact parameter was
determined from the total transverse momentum as for the experiment {15].

Some of the material presented here has been given in previous reports [12,15]. The
correlation between the total multiplicity of charged products detected in an event and the
corresponding total parallel momentum displays two distinct regions. Low values of multi-
plicity and parallel momentum are associated with peripheral collisions in which both the
projectile-like and target-like fragments were not detected, while high values of multiplicity
and parallel momentum correspond to well characterized events, with a mean total detected
charge equal to 70% of the total charge and a mean total parallel momentum equal to
80% of the incident momentum. Only these well characterized events are considered in the
subsequent analysis.

From the invariant cross-sections d?c/V1dV, dVj plotted in the velocity plane for LCP’s,
two sources are extracted : a fast source associated with the projectile-like and a slow one as-
sociated with the target-like. A third component centered at half the beam velocity appears
essentially with Z = 1 particles and to a lesser extent with Z = 2 [12]. It has been interpreted
as a pre-equilibrium emission originating at the beginning of the interaction between projec-
tile and target. These features are observed at all energies and all impact parameters. These
results suggest binary dissipative collisions accompanied by pre-equilibrium emission. This
statement is reinforced by the disappearance of significant fusion-like cross-section above 50
MeV /nucleon [16] as well as by the results of theoretical predictions performed with the
EUGENE [17] and QMD [18] codes, which both follow the entire evolution of the collision.

Once the emission sources have been clearly recognized, their characteristics can be
searched for. In the following we will concentrate on the properties of the fast source, the

primary quasi-projectile, since all its decay products are well detected by the experimental
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setup due to their high velocities. The charge and mass of the primary quasi-projectile are
obtained from the characteristics of its decay products. The source velocity has been either
deduced from the mean value of the experimental parallel velocity distribution of fragments
with Z > 6, or calculated from the momenta of all products having velocities larger than
the center of mass velocity. Both methods lead to similar results. The angular distributions
of LCP’s and IMF’s in the frame of the quasi-projectile display an isotropic emission in
the forward hemisphere (15], which is, however, less marked for the Z = 1 particles due to
pre-equilibrium emission and to a bad identification below 10° in the laboratory system (19].
This isotropic emission pattern is seen whatever the impact parameter and the bombarding
energy. Thus we assumed that all particles emitted in the forward hemisphere in the frame
of the quasi-projectile originate from that nucleus. Its charge is constructed by adding to the
largest detected fragment (quasi-projectile residue) twice the charge of the forward emitted
particles, while its mass is deduced from its charge using the A/Z ratio of the projectile.

In Fig. 1(a) is shown the mass of the largest detected fragment as a function of bexp
at different bombarding energies. The largest fragment mass strongly decreases when bexp
decreases revealing that more energy is deposited in the primary nucleus when going from
peripheral to central collisions. The reconstructed mass of the quasi-projectile, corrected
for the geometrical inefficiency (mainly particles escaping through the beam hole), is shown
in Fig. 1(b). Due to the assumptions used in the reconstruction procedure, pre-equilibrium
particles have been accounted for in the primary mass leading to an overestimated value.
The pre-equilibrium component is responsible for the slight rise of the primary mass in
central collisions. Relying upon calculations performed with the EUGENE code [17], the
mass overestimation is found to increase with the decrease of bgx p, reaching ~ 15% for the
most central collisions. Accounting for this correction, a nearly constant mass value slightly
lower than the projectile mass is observed as a function of the impact parameter and the
bombarding energy. This behaviour is an additional indication in favor of a binary reaction
mechanism. Similar results were obtained in the *Ar+ 27Al veaction [20].

Once the identity of the quasi-projectile has been accessed, its excitation energy can be
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determined from the kinetic energies of all its decay products [12,21]. It has been calculated
on an event by event basis taking into account the contribution of the neutrons (not detected
in the experiment) as well as the @-value of the reaction. The mean value of excitation energy
distributions is shown in Fig. 1(c) as a function of bgx p at different bombarding energies. As
expected for a given bombarding energy, the excitation energy increases when the impact
parameter decreases, starting from less than 2 MeV/nucleon in peripheral collisions. In
central collisions, the excitation energy increases with the bombarding energy, reaching 11-
12 MeV /nucleon at the highest bombarding energy. As for the mass determination, the mean
values of the excitation energy are upper limits due to the contribution of pre-equilibrium
particles. Simulations performed with EUGENE [17] result in an overestimation of the
excitation energy by ~ 15% in the most central collisions at 79 MeV /nucleon. Nevertheless,
even if this correction is accounted for, the data clearly show that highly excited nuclei are
formed with excitation energy larger than 10 MeV /nucleon. Similar results were obtained
in the study of the close system ¢ Ar+ 27Al [22]. It is worth noting that studying the quasi-
projectile on a large scale of impact parameters offers the opportunity to explore a large
range of excitation energy.

In order to give an insight into the formation and decay mechanisms of these very hot
nuclei, various calculations have been carried out and compared to the data. In Fig. 1(d)
the excitation energy distribution measured at 79 MeV /nucleon is compared to simulations.
An excellent agreement between the data and QMD calculations is ascertained, while the
EUGENE code overpredicts the excitation energy by 2 MeV /nucleon in central collisions.

To go more deeply into the confrontation of the data with calculations, we will look at
the multiplicity and charge distributions of particles emitted by the hot nuclei, as well as
at their kinetic energy spectra. Hereafter, we will concentrate on the most central collisions
measured at 79 MeV /nucleon, with b xp < 2 fm, corresponding to a measured cross-section
of 125 mb and a mean excitation energy of 11-12 MeV /nucleon.

The experimental multiplicities of LCP’s and IMF’s are confronted to theoretical calcu-

lations in Fig. 2. The QMD calculations (using either a soft or a hard equation of state)
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overpredicts the yield of Z = 1, and underpredicts the number of Z = 2 particles and IMF’s.
The EUGENE calculations overestimate the yield of hydrogen nuclei by more than a factor
of 2, give the right number of Z = 2 and underpredict the number of IMF’s. The data are
also compared with predictions performed with the statistical code WIX which simulates
the multifragmentation of one single source [23]. This model is an improved version of the
earlier FREESCO code [24] : The Coulomb interaction between the excited prefragments
was introduced and a collective radial flow can be injected. As a consequence, less thermal
energy 1s left for the decay process and more IMF’s are produced. The calculations were
carried out assuming a single nucleus of °Co with an excitation energy of 12 MeV /nucleon.
This nucleus was given a velocity distribution taken from the experiment and the simulated
events were filtered by the experimental setup. A standard value of the density at freeze-out
of p/po = 1/3 was used. As seen in Fig. 2, the description of the data is improved when a
part of the excitation energy is stored in an isotropic collective expansion. The switching off
of the collective expansion changes the results in a more abundant emission of Z = 1 since
more thermal energy becomes available [23].

In Fig. 3 the mean kinetic energy per nucleon of LCP’s and IMF’s is displayed as a
function of the atomic number. A flat behaviour of the kinetic energy comes out from this
figure for IMF’s, as already observed [5]. All models which do not incorporate a radial
flow fail in reproducing the data : The IMF’s energy is underestimated by more than 2
MeV/nucleon. Using a hard equation of state in the QMD calculations (not shown in
Fig. 3) only modifies the mean kinetic energy of Z = 1 and 2 particles, which is increased
by 2-3 MeV/nucleon. The WIX calculations with incorporation of a collective radial flow
reproduce in a qualitative way the experimental data. The extracted value of the isotropic
radial flow is in betwen 1.8 and 2.7 MeV /nucleon and no significant evolution of the radial
flow is observed as a function of the atomic number, at variance with Refs. [7,22].

The experimental charge distribution of events issued from central collisions is displayed
in Iig. 4, together with the charge distribution calculated from WIX. The yield of LCP’s and

IMF’s is reproduced in a very satisfactory way. However, for fragments with 8 < Z < 12,
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the model deviates significantly from the experiment. This discrepancy is related to a too
large predicted multiplicity of hydrogen isotopes, which seems to be a constant failure of all
the models at high excitation energies.

From the above detailed comparisons, it comes out that the statistical WIX model re-
produces the experiment. The charge, multiplicity and kinetic energy distributions are well
accounted for altogether, as well as the shape of the kinetic energy spectra [15]. The frac-
tion of energy released in the collective expansion is & 10-15% of the total available kinetic
energy, considerably lower than observed at higher bombarding energy in a much heavier
system [5,7]. However as already mentioned, the compressional energy is much more efficient
than thermal energy to desintegrate a nucleus [25,26]. As a result the IMF multiplicity is
strongly enhanced. In view of the success of the description of the data by the WIX code,
it is tempting to conclude that the hot nuclei have reached a statistical equilibrium. Nev-
ertheless, further dynamical calculations have to be carried out before deciding about the
validity of such a global thermodynamical concept.

To summarize, the formation and de-excitation of excited quasi-projectiles produced in
the 84Zn+ "' Ti reaction have been studied at intermediate energies. The initial mass and
excitation energy of quasi-projectiles have been determined from the kinematical character-
istics of the decay products. The primary mass is slightly lower than the projectile mass,
nearly independent of the bombarding energy and impact parameter, whereas the excitation
energy per nucleon increases with the bombarding energy and the decrease of the impact
parameter. In the most central collisions, excitation energies larger than 10 MeV /nucleon
are reached. The whole data are well reproduced by a statistical simulation of a hot source
in which some part of the excitation energy is stored into an isotropic collective expansion
whose magnitude is 2.3 £ 0.5 MeV/nucleon. The following scenario may be invoked : After
an initial compression, the hot and thus compressed nucleus expands and emits isotropically
LCP’s and IMF’s while boosting their radial velocities.
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FIGURES

FIG. 1. Shown as a function of bgxp at different bombarding energies, the mean values of
the distributions of the largest detected fragment in panel (a), of the mass of the reconstructed
quasi-projectile in panel (b) and of the excitation energy of the quasi-projectile in panel (c). In
panel (d) the excitation energy distribution measured at 79 MeV /nucleon is compared to results

of calculations (see text). The vertical bars account for standard deviations.

FIG. 2. Experimental multiplicities of LCP’s (Z = 1 and 2) and IMF’s (3 < Z < 8) compared

to results of calculations (see text).

FIG. 3. Mean value of kinetic energy spectra of LCP’s and IMF’s emitted at angles in between
30 and 60 degrees in the frame of the primary quasi-projectile. The data are compared to results

of calculations (see text).

FIG. 4. Elemental charge distribution of quasi-projectiles compared to results from WIX cal-

culations [23].

12



EXCIT. ENERGY (MeV/n) MASS (a.m.u.)

N WA OO
S OO QOO
T[T

e S S Y e ¥
SN AT DON AN O

IIIIYTH

PROJECTILE

(b)

Tt

- § @5@ #L = gy, naty

= ® 7oMevn E-

5111|1111111||1111|:1111111|111||11|11

— X 69Mevin E 79 MeV/nucleon

= 0 62MeVin E- EUGENE A

= | O 49Mevin E- DATA ®

= & 35MeVin E QMD O

3 | 3

= SiEa, %

o LW f2,

Evooc v b b LY B e b Lo i LT

0 2 4 6 8 0 2 4 6 8
IMPACT PARAMETER by, (fm) &
Fia.




79 MeV/nucleon  ®Zn + "™'Ti beyp < 2 fm
- . — Soft EOS
10000 oMb E S=n I hard EOS
7500E-¢* Z=1 E S
5000 E- = QMD
2500 * 1 - = IMF
; 0 L el J.ll? Eli ) T e

E = -
; 10000 E- EUGENE EUGENE EUGENE
S 7500FE-4* Z=1 IMF
»n 5000E- =
S 25008 1 * = be—
8 0 Sl 1 :1 11
E = — 2.7 MeV/n
© 70000 = WX e no expans
7500E-¢* - Z=1 SO,
5000 - . = wix
2500 8. —  Le= IMF
011111*"'111 "|1111L..,41
0 10 20 0 10 0 5 10

PARTICLE MULTIPLICITY



EXCITATION ENERGY (MeV/nucleon)

-~ —a -—
[} N BN

] T T l 17 l T T°T ] T T ] T 1T ] T 1T

Qo

L 30°<@ < 60°

79 MeV/nucleon

% zn + "3
bEXP <2fm

WiX 2.7 MeV/n:
WiX 1.8 MeV/n
WIX no expans.
EUGENE

QMD

DATA

& D¢

- rOx%D>]

ek 0N

<+ D@
> D .

X DO

0 O
2 o4

at
2
@gogo

JlJllllIl[ll[!llllIlllllilllllllllllllllllllll

0

1 2 3 4 5 6 7 8 9 10
ATOMIC NUMBER Z



COUNTS (a.u.)

10
10
10
10

W

2 d
lllllli‘liJ!llllllll]!llllllllllllll?l-‘

79 MeV/nucleon %*Zn + ™'Ti

beyp < 21m

i

2 4 6 8 10 12

14 16 18 20

ATOMIC NUMBER Z



