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Coherent and incoherent dipolgrray emission is studied in a fully dynamical approach by means of the
constrained molecular dynamics model. The study is focused on the sy%B=m *®Ca for which recently
experimental data have been collected at 25 MeV/nucleon. The approach allows us to explain the experimental
results in a self-consistent way without using statistical or hybrid models. Moreover, calculations performed at
higher energy show interesting correlations between the fragment formation process, the degree of collectivity,
and the coherence degree of theay emission process.
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. INTRODUCTION on the systems*®Ca+“%Ca and *°Ca+“®Ti at 25 MeV/
nucleon[11]. The second system has been taken as a refer-
During the past 20 years, giant dipole resona(@BR)  ence system: in fact, for th&Ca+ “6Ti system this preequi-
y-ray emission induced by heavy ion collisions has raised gibrium effect is negligible because of the very similar
large interest especially concerning the study of GDR propcharge/mass ratio between projectile and target.

erties in hot and deformed fissioning nudi&i-4] up to the So far the dynamical studies on this subject have been
critical temperaturg5-11], and more recently concerning performed using a semiclassical mean field theory. In Ref.
the pre-equilibrium emissiofsee, for example, Ref$12—  [26] it has been noted that, especially in the Fermi energy
14)). domain, the role played by the fluctuations around the mean

In several experiments around 8-10 MeV/nucleonvalues should be investigated in a consistent way using a
[12,14-19, it was pointed out that the-ray yield is in-  dynamical approach.
creased with respect to statistical calculations in the region |n the present work we will develop the study on the
around 10 MeV, for systems with mass less than 150 andbove subjects with the constrained molecular dynamics
having a pronounced difference in the charge/mass ratio b CoMD) model[27]. The model takes into account the effect
tween projectile and target. This enhancement was ascribedf the fermionic nature of the nuclear many-body system by
according to various theoretical arguments, to preequilibriuntonstraining the phase space to fulfill at each time step the
effects(see, for example, Refgl4,20—-24). In particular, in - Pauli principle. In the CoMD model the “ground state” con-
Ref.[14] this effect was related to the charge/mass equilibrafiguration, obtained with a “cooling” procedure coupled
tion process which starts with the overlap of the two nucleiwith the constraint, is a very stable configuratiamp to a
In that work the study was performed for fusion, incompletetime of the order of 1500 fn@). In contrast to other molecu-
fusion, and deep inelastic processes using a semiclassidar dynamics approaches, the average effective kinetic en-
theory based on the Boltzmann-Nordheim-ViagBiNV) ap-  ergy of a nucleon, for these configurations, is comparable
proach[25]. Moreover, for midperipheral reactions it was with the value estimated in the Thomas-Fermi mgdebund
shown that the so-called “molecular dipole component” is20 MeV/nucleon. The CoMD model has been successfully
the most important ongl4]. It reveals in fact the collective applied to the experimental fragment charge distribution ob-
character of the charge and mass exchange between the twained in the collisions*®Ca+“°Ca, %/Au+1%"Au [27,28,
partners. In the same work a prediction of the preequilibriumand in the 1121250+ 5884 systems at 35 MeV/nucleon
yield in absolute units has also been given. The predictiofi29,30. The effective interaction has been taken as a
was obtained in the semiclassical approximation, by applySkyrme-I force plus a surface term and a density independent
ing the Larmor formula to the dipole, obtaining a satisfactorysymmetry interaction. The Coulomb interaction is also in-
agreement with the dafd2,16,17. A comparison with the cluded.
statistical model was also performed based on the local time To present the main line of investigation suggested by this
equilibrium hypothesis. Using the same approach, the data afynamical approach, in Fig. 1 we show the time derivative of
Ref.[18] have also been recently discussed in R24]. the total dipole, along the beam directi®r, as function of

More recently, these kind of studies have been performetime. In the figure we show three typical events representing

the system*®Ca+ “8Ca at 25 MeV/nucleon in a central col-
lision. For the present study we have generated all the events
*Email address: papa@ct.infn.it by initializing the colliding system with identical macro-
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1 stage. On the other hand we will show that the coherent
oscillations give the strongest contributions during the very

initial stage of the interaction. During this stage the interme-

diate system is strongly deformed, and therefore the coherent
contribution gives the possibility to investigate these rather

short lived and exotic shapes.

(i) Both the dynamical stage and the onset of fluctuations
on the collective coordinate can be affected by the formation
of fragments during the multifragmentation of a hot source
induced by the heavy ion collision. This effect needs a fully
dynamical study of the many-body problem including the
reaction dynamics. In general, it cannot be investigated by
means of statistical models or hybrid models. These last
models are essentially statistical models in which some pa-
rameters are supposed to be time dependent quantities evalu-

ated through some dynamical approach. In this case a local
L e e L Ll time equilibrium hypothesis is necessary.
t(fm /<) (iii) Other interesting examples of interplay of coherent
and incoherent processes have been studied in nuclear phys-

FIG. 1. Time derivative of the total dipole along the beam di- icS. One of these is the phenomenon of the partial coherent
rections as function of time calculated by means of the CoMDrotation of the double nuclear system revealed through the
model. The three different symbols are related to three differenstudy of the fluctuations in the excitation function of deep
microscopic realizations of thé°Cat**Ca system at 25 MeV/ inelastic process€82,33. The gradual loss of coherence of
nucleon and for an impact parameter0 fm. the process, related to the dissipative properties of the sys-

tem, can be connected to the transition from ordered to cha-
scopic initial conditiongsame impact parameter, same totalotic behavior of the system, and the coherent part mimics the
spin, same incident energyAs we will discuss in detail, the classical rotation of the system. From a quantum mechanical
time derivative of these quantities are directly linked with thepoint of view, it is related to the excitation of special states of
v-ray emitted power. The three curves, plotted with differentthe systems described through a strong coherence in the par-
symbols, show very similar behavior in the first 100 ém/ tial waves describing the process. The same can happen to
This similarity determines an ensemble average differenthe proton-neutron relative motion. In this case these special
from zero. The average shows quasiperiodicity and gives riseoherent states manifest themselves through the coherent
to the so-called coherent contribution to the collectivey-ray preequilibrium emission.
neutron-proton motion. It is also strongly related to the |n the following we will try to discuss these different
charge/mass asymmetry differences in the entrance channgdpects by comparing the model calculations with experi-
(see Appendix A Because of the coherence, the relatedmental results for central collisiofi41]. In particular in Sec.
GDR mode acquires a macroscopic behavior. Il we will illustrate the experimental results obtained for the
' After some time the three signals lose thelr phase re""‘_éystems4°Ca+ 48Ca and*°Ca+ %°Ti [11] at 25 MeV/nucleon
tions, even t_hough_they are always characterlzed by an oscify central collisions. A detailed description on the selection
lating behavior. This on the one hand will damp the COherenI:riteria used for the data analysis will also be given. In Sec.

%%?Sétibnm (evri]tr:hfes?tz((a:: Poart]r?evgusge“r{r?blr:esz\/tgr;he isr?(;g‘:""edlll we show the CoMD calculations related to the coherent
9 P 9e emission and we compare them with the experimental re-

herent collective motion. This kind of behavior is able to sults. In Sec. IV we give the results for the incoherent or

mimic the statistical emission of a hot compound system. . . .
b y fluctuating collective mode as obtained from CoMD calcula-

Finally, all the signals at different times show discontinui- . . . .
ties produced by the nucleon-nucleon scattering proces%'ons' A comparison with calculations based on the Langevin

This microscopic incoherent motiofor noncollective will ~ @PProach is also discussed. The Langevin approach, which

contribute to the GDR damping. It will also determine the We briefly discuss in Appendix A, will allow us to make a
high energy spectral properties of the emitted radiation or th€0mparison between the results obtained through our self-
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so-called bremsstrahlung contribution. consistent microscopic approach and a well-established
All these contributions and their interplay are interestingSimple dynamical theory in which some preequilibrium ef-
for several reasons. In fact, we have the following. fects can be included.

(i) The strength connected to the fluctuating or incoherent Finally, in Sec. V we will show some results for central
dipolar collective excitations should correspond, for a fully collisions calculations at higher energies for which multi-
equilibrated system, to the strength predicted by the statistifragmentation of the primary hot source is obtained. The
cal compound nucleus theory included in the statistical codelegree of coherence and the degree of collectivity for the
CASCADE [31]. In a rather general way, we can expéste dipolar mode is studied as function of the bombarding
Ref.[26]) that this contribution also shows a preequilibrium energy.

034606-2



COHERENT AND INCOHERENT GIANT DIPOE . .. PHYSICAL REVIEW C 68, 034606 (2003

- 0 "Co+*Ca 800
T ee® "o Ti 2| *
o E * L L
= e, 1.5 e 600}
wan L . .tete ++ >
31 O E * 1 e g L
S i o S 400
© -2 7 9 0.5 F
10 ¢ o ‘ ‘ ‘ I
E s 0 5 10 15
F g 200+
_3 r L
b~ I
10 ¢ e, " e L
r *900e -60 —40 -20
10—4 ;7 ﬁ?o o Rise Time (arb.units.)
T FIG. 3. Scatter plot showing the laboratory kinetic energy versus
10_5 L L L rise time (arbitrary unit$ of the charged particles stopped in the
0 10 20 silicon detectors for the collisioi%Ca+“éCa at 25 MeV/nucleon
E (MeV) (data from Ref[11]). The contour in the scatter plot represents the

correlated condition on the energy and rise time used in the data
FIG. 2. Experimental-ray spectra detected at 90° obtained for analysis to select the heavy residues.

the collision “°Ca+“Ca and *°Ca+ *¢Ti at 25 MeV/nucleon, in

coincidence with evaporation residues. The heavy ion selection i?’espectively. The estimated average angular momentum of
obtained Wit_h the _condition on the §ca§ter PO, versus rise time_ the source was 79
(expressed in grbltrgry unjtshown in Fig. 3. In the inset the ratio In the following sections we will describe the main fea-
between the yields is shown. . . .
tures of they-ray yields using the dynamical approach based
Il THE EXPERIMENTAL DATA on the CoM_D mo_del. In particu_lar, in Refll] the study
performed did not include the evident low energyay extra

In Fig. 2 we show the experimentgtray spectra detected vyield for the *°Ca+ *Ca system as shown in Fig. 2.
at 90° with respect to the beam direction for the collisions To perform this kind of study we have to determine an
“0Cat+ *8Ca and*°Cat+ “°Ti [11] at 25 MeV/nucleon in coin- impact parameter window for which the same processes, es-
cidence with evaporation residues. In the inset we also showentially incomplete fusion, are selected in our CoMD model
the relative ratios. The vertical and horizontal bars indicatecalculations as in the experimental data. In Fig. 4 we show
the errors related to the counting statistics and to the systenthe comparison between the experimental energy spectrum
atic errors on the energy. The latter ones are mainly due tof the charged particles, selected by the contour in Fig. 3
the uncertainty on the energy calibration. (full circles), and the theoretical predictiof@mpty circles.

In the inset it is evident that there is an extra yield of theThe uncertainty on the energy of the detected fragments is
order of 50% around 10 MeV. The process has been selectddss than 10%. It arises principally from the thickness of the
for both systems by measuring threray yield in coincidence dead layer and from the pulse defect.
with events producing heavy charged ions. The evaporation Theoretical predictions have been obtained by running
residues have been selected by putting a contour on the eseveral thousands of CoMD events with a triangular impact
ergy “rise-time” scatter plot for particles stopped inside the parameter distribution up tb,,,=8.5 fm. The dynamical
forward silicon detector (30@m thick). The rise-time is calculations have been followed up to 800 &mAt this time
expressed in arbitrary units. This detector covers the laborahe average excitation energy of the hot sources is about 3
tory angular range of 3°—6°. An example of such selectiorMeV/nucleon. After this first stage a second step, based on
condition is displayed in Fig. 3 fof’Ca+“éCa at 25 MeV/  GeEmINI code[36], has been applied to the hot fregments to
nucleon. In the figure the scatter plot is shown with the consimulate the statistical evaporation of the excited fragments.
tour. These limits mainly include slow heavy fragments pro- From the total number of generated events, we have con-
duced in central collisions. This is confirmed also by thesidered only those which satisfy the conditions imposed by
measured intensity of the bremsstrahlung yield which, for thehe experimental filter. These conditions include the labora-
events populating the selected region, displays a yield abry angle range (3°—6°) and the energy thresholds depend-
least two times higher than the yield collected for particlesing on the atomic number of the detected fragments accord-
outside the chosen contour. An analysis based on [Réf. ing to the contour shown in Fig. 3. The calculated spectrum
gives an average impact parameter contributing to the proreproduces well the experimental one. The error bars are
cess equal of about 3 fritorresponding to an incident an- related to the statistics of the simulations. Evaporation resi-

gular momentum of about 7%). dues with charge less than 23 mainly determine the maxi-
In Ref.[11] the global features of-ray yields have been mum in the energy spectrum of the theoretical distribution.
described by means of a standard analysis USIR§CADE In the inset of the figure the related impact parameter

calculations. In this case it was supposed, according to thdistribution computed with the events selected with the ex-
experimental results of Reff35], that a hot source is formed perimental constraints is also shown. For lower impact pa-
with an estimated mass of about 62 and an excitation energymeters the reduction of the detection probability is deter-
of about 335 MeV and 354 MeV fof®Ti and “®Ca targets, mined by the kinematical conditions selected by the
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FIG. 5. (@) Root mean square radius for a typical ground state
configuration of the*®Ca nucleus produced in the CoMD approach.
(b) The related energy distribution of the GDR mode. The uncer-
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0 50 100 150 200 250 300 350 400 450 ample in Fig. 5 we show the root mean square radiu§ocha
Eps (MeV) as function of timgpanel(a)] and the energy distribution of
the GDR dipolar moddpanel (b)] obtained from a small
FIG. 4. Experimental(full circles) and calculated(empty  relative displacements of the neutron and proton spheres.
circles laboratory energy spectra for the incomplete-fusion heavyThe energy is peaked around 16—17 MeV, about 15% lower
residues selected by the contour in Fig. 3. In the inset the relatethan the value predicted according to the droplet model in
impact parameter window determined through CoMD calculation isRef. [37]. The binding energy of the ground state configura-
also shown. The probability distribution has been evaluated by contion is about 8.2 MeV/nucleon. Similar results have been

sidering large-scale calculations with different impact parameterg)higined within a few percent, for tHeCa and?6Ti systems.
distributed according to a triangular distribution up .y

=8.5 fm. The error bars indicate the uncertainty related to the sta-
tistics of the event collection.

A. Coherent emission in the*°Ca+“%Ca system

Several hundreds of initial configurations have been gen-
experimental angular range. Starting frobn=4fm, the erated with the above average behavior within 2% of uncer-

strong reduction of the probability distribution yield is also tainty. In Fig. 6 we show, as an example, the results for the
i i YCat+*Ca collision at 25 MeV/nucleon fop=3.5 fm. In
produced by the onset of binary processes which are strongl;g1 : ) / : .
suppressed by the contour in Fig. 3. The impact parametdp€ left panels are given, in units of the elementary charge,
average value is about 4 fm corresponding to an incidenth® ensemble average values for the time derivative of the

angular momentum of about ®0 This estimated window of otg] dipole\?inzlz(d—ﬂ/dt) along the impact parameter

the contributing impact parameters or total angular momengirectionX and along the beam directidhas function of the
tum will be used for our further calculations on theray  timet in fm/c. The bar in the previous expression indicates

probability emission. the ensemble average. We note that the coherent oscillations
survive up to the first 170 fna/
ll. THE COHERENT CONTRIBUTION In the right panel they-ray emission probability for en-

ergy unit is shown. It was calculated by means of the Fourier

As it was observed in the preceding section t€a  transform of the time derivative of thecomponentX andZ
+4%8Ca system shows an extra yield in theray spectrum

respect ta*®Ca+ 4°Ti. In particular at 11 MeV the extra yield
is of the order of 35%. At the same energy the observed dp

of V according to the following relations:

2

2
multiplicity (see Fig. 2 corresponds to a maximum of about = i & M(E) , (1)
103 MeV ! for the selected processes. dE 67 Ehc| dt
In the following section we will illustrate the calculations _ _
based on the CoMD approach to explain these experimental dVy E)— =dV i(EURO) g 5
observations as a result of the dynamical effect arising from W( )= 0 W(t)e t 2

the different charge/mass ratios between the two systems.

Before showing the results of the nucleus-nucleus colli- dP/dE has to be interpreted as the average numbey of
sion on the dipolary-ray emission, we briefly comment the rays emitted for energy unit. The evaluation of emitted
properties of the “ground state” configurations for the im- power is therefore performed by means of classical electro-
pinging nuclei, as obtained from our calculations. As an ex-dynamics in which radiative effects on the nucleon dynamics
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FIG. 6. On the right side are shown the time derivative of the E d)
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impact-parameter directioN’y as function of time, for the*°Ca S o $0ee ++*¢¢* KX 4,
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are shown the relategray yield distributions. The uncertainties on [ e %
the y-axis related to the ensemble averages are of the order of 2%. o
The energy axis of every point is undetermined withiB50 keV. 0 100 200 300 400 500 600 700 800
are considered negligible. Because of the finite time interval Hfm/e)
effect, the uncertainty related to the energyH850 keV in FIG. 7. Time evolution for theé®Ca+%8Ca svstem at 25 MeV/
[l th lculat t /
all the calculatedy-ray spectra. _ nucleon ancd=3.5 fm of (a) the ratioa between the length of the

From the same calculations one finds thatjecompo-  major axes and the average length of the other two axis character-
nent is not excited through this mechanism since, on averageing the shape of the intermediate systeh), calculated average
the displacement in the phase space alongvtd@ection of ~ mass of the biggest fragmerit) related average excitation energy,
the neutron and proton sphere is z¢sme Eqgs(3.4 and and(d) the average collision rate. The error bars indicate the uncer-
(3.5 in Ref.[14]]. This in principle can produce strong an- tainty related to the statistics of the simulation.
isotropy not only related to the deformation of the compound
system[26]. triaxial shapes which can be well approximated by a prolate

The total strength shows a dependence on the impact p&llipsoid (S/C=1). Moreover, the direction of the total an-
rameter. The maximum is obtained for the impact parametergular momentum is perpendicular to the major axis.
in the rangeéb=2-5 fm. The intensity at the maximum fbr In panel(b) of the same figure we show the average mass
around 4 fm, which represents the centroid of the seleoted of the biggest fragment. The corresponding excitation energy
window is about 210 % MeV 1. This value is in good E* per nucleon is shown in pané). One observes a rapid
agreement with the experimental one at 11 MeV. change of the mass for the largest fragment during the first

Concerning the spectral properties of the coherent emitted00 fm/c. The residue is formed after this time interval
power we note a rather narrow widthbout 6 MeV and a  when the coherenfsee Fig. 6 oscillation is almost totally
low resonant energgabout 10 MeV. This is consistent with damped. It is still possible to note that notwithstanding the
a rather low collision rate. (even if rapidly increasingin  rather high excitation energy in the first 200 fim/the
the first moments of the collision and with the large defor-nucleon-nucleon collision rate, which is shown in pa|
mation and mass of the total system during the preequilibis lower than the maximum value reached after about
rium stage. These effects are shown in Fig. 7 where we dist20 fm/c. This is due to the gradual opening of the phase
play some results for the collision under study lt space available for the unblocked collisions and explain the
=3.5 fm. The error bars are related to the statistics of thegather small width of the preequilibrium coheregtray
simulation. In particular in panéh) we display, as function emission, despite the high excitation energy of the interme-
of time, the ratioa between the length of the major axes anddiate system. For this value of the impact parameter, we have
the average length of the other two axis characterizing th@lso calculated the total angular momentum of the heavy
triaxial shape of the biggest fragment. Evident deformatiorresidues produced after 200 fo/It results about 50 which
effects are present during the first300 fm/c in which the is 25% higher than the prediction for the critical angular
coherent emission is prominent. An analysis performed ormomentum according to the liquid drop modé8]. At
the shape of the deformed source gives a ratio between ti00 fm/c the average excitation energy of the hot source is
sphericity S and coplanarityC parameters corresponding to about 5 MeV/nucleon in agreement, within 15%, with the
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analysis performed in Ref11]. Through a Fourier transform it is possible to calculate the

The investigation concerning the average shapes, angulapectrum of the incoherent emission during the first
momentum, and excitation energy has been performed alstD00 fmfc in which the dynamical evolution has been fol-
for the 4%Ca+ “éTi system. For this system we have obtainedlowed. In particular the quantity

result similar to the previous ones within 10%. The remark- _—

able difference between the two systems is instead obtained dP 4 ¢? dVi

for the coherent emission which, for tHéCa+ “°Ti system, dE 67 Ehc zk: —at B )
is at least a factor of 20 weaker with respect to ti€a

+48Ca case.

representing the number aof rays per energy unit emitted

on th? p_aas_of the results shown n Fig. 7, we finally r‘Otethrough the incoherent mechanisms has been evaluated by

that the initial dipolar coherent emission can be also used teans of the Fourier components of the accelerations
investigate on other dynamical properties, for example, th% i (E)/dt
k,f '

degree of deformation, the shapes, and collision rate of the We note that the Parseval theorem links E8). to E
hot compound system during the short time interval befor?Ag) according to the followind relation: ' a-
the fragment formation process. 9 9 '

ode oo
IV. THE INCOHERENT CONTRIBUTION J’ _dt:J E——dE, (4)
o dt o dE

In the preceding section we have illustrated the results for
the coherenty-ray emission that represents one of the pre-wherede/dt is the average power emitted at the titne
equilibrium effects. As discussed in the introduction, the in- This relation holds even if the numerical calculation of
coherent collective emissiofor statistical can also show the Fourier transform is performed in finite time intervils
preequilibrium effects; therefore a dynamical description is(in our case 1000 fnw) and it gives a useful normalization
necessary. Moreover, the experimental results presented rmle. The results of the described calculations are shown in
Sec. Il show the coherent effedee Fig. 2 by the ratio of  Fig. 8 for the system under study at 25 MeV/nucleon and
the yields obtained for very similar total systems. This rep-=0fm. In panel(a) the power emitted as function of time
resents the relative contribution between the coherent plugollective plus bremsstrahlung contributipmslative to the
incoherent emission in th#Ca+ “8Ca system and the essen- Z component is shown as empty circles, whereas the stars
tially incoherent or statistical emission produced #Ca  and the full line represent predictions according to the stan-
+%5Ti system. Therefore, to describe in a consistent way thelard statistical model calculations or Langevin calculations
experimental observations on the coherent emission, we algsee the AppendixesThe full circles represent the collective
have to describe the incoherent contribution with the sameontribution as obtained by CoMD calculations. We have
theoretical approach. also verified that for the fluctuating parts the signals of the

This subject, if treated with a fully dynamical approach, different components show correlation coefficients less than
can reveal considerable difficulties. One of these is the tim&%, therefore within the uncertainty of the calculations, we
necessary to describe the incoherent emission. The statisticein assume that they are uncorrelated. This is also consistent
emission can in fact go on up to several thousands o€fm/ with the sum performed in E¢3). In this way, for the com-
Another difficulty is the definition of temperature. This defi- parison, the one-dimensional results of the Langevin ap-
nition is encountered when a necessary comparison of oyroach shown in Appendix A can be applied for each com-
model description is done with statistical model predictionponent.
over long times. Determining a time interval after which the In panel(b) we show the average multiplicity distribution
thermal equilibrium is reached by our system solves the firsttP/dE connected to the incoherent collective process along
problem. To obtain this, with our Fourier analysis, it will be the Z axis (full circles) and those connected to the coherent
enough to follow the dynamical evolution up to 1000 &én/ process(empty circle$. Finally, in panel(c) the average
We have solved the second problem by comparing our premasses correspond to the two largest fragments and, in panel
dictions with a simple and well-known dynamical model (d), the related excitation energies as a function of time are
based on the Langevin equatisee Appendix Ain which  shown. The errors on the displayed quantities are less than
the temperature characterizes the behavior of the stochast®s and are due to the statistics of the simulation.
forces acting on the total dipole. The average multiplicity distribution shown in Figl is
peaked around 15 MeV. This indicates that the evaluated
incoherent contribution has essentially a collective character.
We will comment on this aspect with more details in the
following sections. Within the uncertainty of the Fourier

For the same set of events for which we have deduced thgnalysis (about 1.3 MeV, the energy centroid displays a
average properties of the generic dipolar component, we caglightly smaller value with respect to the value obtained in
compute the power connected to the fluctuating or incoherenhe frame of the liquid drop model applied to the total system
one. In particular, the second time derivative of the incoher{37]. This is due both to the effective interaction used, which
ent dipolar signals is given by the following relation: can also generate a small underestimation of the centroid
dV, (/dt=(dV,/dt) —[dV,(t)/dt] [see also Eq(A2)]. value (see Sec.)| and to deformation and expansion effects

A. Incoherent emission in the “°Ca+“8Ca system
at 25 MeV/nucleon
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FIG. 8. ForE4,=25 MeV/nucleon andb=0 fm, (a) emitted power through the incoherent mechanism related t@ ttemponent, as a
function of time (empty circle$ evaluated with CoMD calculations. In the same panel the stars represent the predictiorcagthee
calculations for the collective emitted power at different times. The full circles represent the same quantity as predicted by CoMD
calculations. The line represents the emitted power as a function of time produced by Langevin calculations applied to the totdd)system.
Relatedy-ray emission probability as a function of the energy for the incohefalitcircles) mechanism and for the coherent mechanisms
(empty circles. (c) Average mass of the two largest fragmeAts, A, as a function of time(d) Related average excitation energy per
nucleon.

(with an average value corresponding to a density of aboution based on the Langevin approafB9] in which the
70% of the saturation valiigeexperienced by the system in damping parametdr and the resonant enerdy, are com-
the first 500 fm¢. puted from they-ray spectra obtained wiht our CoMD cal-

The width of the energy distribution shown in pafiglis  culations. The masé and the charge are those of the total
about 9 MeV. It is about 1.7 times the one shown in Fig. 5system. The temperature has been computed from the usual
for the ground state. It has to be noted, however, that theelation for fermionic systemg* =aT? with a=A/12 (the
multiplicity distribution shown in Fig. &) is the global re- choice for the value of this parameter is discussed in the
sult of a hot source which rapidly changes mass and excitdollowing section.
tion energy[see panelgc) and(d)]. In particular, in a short After a very short transient connected to th@arameter,
time the residues reach an excitation energy of about 4.%ve observe that the Langevin calculatidtise in Fig. 8a)]
MeV/nucleon and a mass of about 60 units. The changes igive a stationary value corresponding to the one predicted by
the following 600 fm£ are smaller. statistical calculatiofisee Eq(A9)].

Looking at the system behavior during a short time inter-  This comparison shows that in this first stage the preequi-
val, clear preequilibrium effects can be seen from Fig).8 librium effect connected to the incoherent process is domi-
In particular in the first 200 fr@ the power emitted via the nated by the finite time in which the collision raf&cting in
incoherent mechanism increases up to a maximum value cothis case as a noise able to excite the dipolar made
responding to the formatiofon averagge of the two main  creases. This time is larger than what the Langevin approach
fragments. During this stage the collision rate increases pragredicts. We note also that in the first 50—-70 éntthe emit-
tically with the same profile. The curve represents a predicted power evaluated with our calculations displays sharp
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Fr(E) represents the collective energy-weighted yield due to
the motion along th& direction produced by the dynamical
model. It is shown with full circles in Fig. @) at different
times. We note that in the statistical model the parameter
in the first term of Eg. (B3) assumes the value
4e°NZI'13myAm(hc)? determined by the mass, charge, and
damping width of the emitting sourdeee Eq(B5)]. There-
fore, using the average value of the above expression as
evaluated with CoMD calculations, instead of ihevalue as
extracted through the fit procedure, we can also obtain an
estimation of the predicted strength according to the statisti-
cal calculations in the local time equilibrium hypothesis. The
results are shown in Fig.(® as stars, for different times.
From the calculations described, it results thatEat,
=25 MeV/nucleon, and for times greater than 200dnthe

CoMD predictions are in agreement with the statistical
model(in the local time equilibrium hypothesisThis agree-
ment is strongly supported by the fact that th@arameter
used in the above-mentioned fit procedure assumes the value
12 at different impact parameters and at different times,
. within 10%. The stability of this parameter and its value,
FIG. 9. Calculatedy-ray spectra ab=0 fm for the incoherent \yhich js quite reasonable, also means that the CoMD calcu-
c_ontrlbutlon and for three bombarding energies as indicated in th?ations(at a relatively low energy and for times longer than
figure. the fragment formation oneroduce fluctuations on the col-

) ) ) lective mode(with respect to the ensemble averggehich
peaks which cannot be produced with the Langevin aphaye a reasonable size. This in turn means a substantial
proach. These peaks originate from Coulomb and compregggreement, in this asymptotic limit, with the fluctuation dis-
sion effects arising when the two nuclei start to OVerl?‘p-sipation theorem whicfd9], for suchg parameter value and
Moreover, on average, a fragment starts to separate quicklyycitation energies, contains quantum mechanical effécts (
from the total systerfisee Fig. &)], and after 200 fnt it is <E,) (see Appendix A
completely formed. To highlight this aspect, in Figs. 18 and 1@b) we show
the calculations for the same initial condition by running the
program without the constraint and the Pauli blocking cor-

. . . - rection factor in the collision term. It is clear from compari-
To make a detailed comparison with statistical model cal-

lati ina the GDR mod h o disent Isons with Figs. @) and &b) that the emitted power in this
culations concerning the mode, we have to disentang gssentially classical case is a factor 10—20 times larger. In
between collective and noncollective or bremsstrahlung mo

i lated to the total dinole. Th t this last particular, the effects of the collectivity are washed out due
lon refated 1o the total dipole. 1he presence ot this 1ast CoNg, e rather broad spectrum of the incoherent contribution,
tribution can be seen in Fig. 9, where the spectra of th

fnd the coherent contributigempty circles is negligible in
incoherent contribution are displayed in a semilogarithmi dempty > 9'g

C .

scale at different incident energies. The long tailg aner- every energy region of the spectrum.
gies higher than 30 MeV are due to the bremsstrahlung.

To make this comparison we used the following proce-
dure: at different time intervals the spectrum of the emitted After discussing the incoherent contribution obtained
radiation has been evaluated through a Fourier analysithrough CoMD calculations, we can make a self-consistent
whose details are given in Appendix B. The obtained spectraomparison with the coherent contribution obtained through
have been fitted with a functidf(E) reflecting the standard the ensemble average using the same model. As already ob-
statistical model formula behavior plus an essentially exposerved in Sec. Il, we performed the same calculations for
nential term able to reproduce the long tail related to the**Ca+“8Ca and for*°Ca+ %°Ti systems at 25 MeV/nucleon.
noncollective contributio}40,41. From this procedure we The two systems display the same behavior for the incoher-
have obtained the so-called temperatilitethe GDR cen- ent contribution within 5%. For the impact-parameter se-
troid, and the damping width parameter. These parametetected window, which has been determined by the condition
describe the statistical collective mode through the first ternon the heavy residugsee Sec. )l we show in Fig. 11 the
Fr of the functionF(E) [see Eq.(B3)]. This procedure has ratio R between the totaj-ray spectracoherent plus inco-
been applied at different times and the extracted values of thieerent contributionsfor the “°Ca+“8Ca and for the*°Ca
T parameter have been correlated, by means of the welk“6Ti systems.
known relationE* = (A/g)T?, to the calculated excitation In these calculations the contribution due to the incoher-
energy of the hot source obtained from the CoMD calcula-ent mechanism for times greater than 800dnias been
tions[see Figs. &) and &c)]. The emitted power related to extrapolated asymptotically with a linear time law. This lin-

40 50
E (MeV)

B. Comparison with the Langevin approach

C. Coherent and incoherent contributions
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(within 10%) for the investigated systems but are not de-
FIG. 10. For the?®Ca+“8Ca system(a) emitted power com- Scribed in the present study. For a more quantitative compari-
puted by means of the CoMD model without the constraint forson we will consider the value of the ratios at 11 MeV. At
Eiap=25 MeV/nucleon andb=0 fm, and(b) relatedy-ray spectra  this energy the experimental value of the ratio is about 1.3
for the coherentempty circle$ and incoherentfull circles) contri- (see Fig. 2, close to the maximum value, and the above-
butions. mentioned contribution of the last stages of the cascade is
small. Because of the small underestimation on the resonant
earity is suggested by looking at the behavior of the incoherenergiegabout 15%, see Sec. I)Athis corresponds for our
ent emitted power evaluated for the two systems at timega|culations to an energy of about 9 MeV. At this energy the
greater than 200 fra/[see, for example, Fig.(8]. This pro-  estimated ratio is about 1.3 which is in good agreement with
cedure can induce an error of the order of 20% on the estithe experimental value for central collisions.
mate value oR. To summarize the results obtained for the system under
The quantities plotted in Fig. 11 therefore represent thest,dy, we show in Table I the yield related to coherent con-

analog of the ratio between the experimental yields shown ifripution and the calculated ratiB compared with the ex-
the inset of Fig. 2. The analysis performed on the calculategerimental values.

guantities allows to state that at low enerByalues greater

than 1 %re du‘g to the coherent contributio_n produ_ceq in _the V. RESULTS AT HIGHER ENERGY
system™Ca+ *°Ca. As already observed, this contribution in
the 4%Ca+ *éTi system is about 20 times lower. In the previous sections we described, by means of the

In particular by looking at Fig. 11 we note that the maxi- CoMD model, the experimental data shown in Sec. Il. The
mum in the ratio is located at energies lower than 5 MeVJow energy extra yield obtained fot’Ca+ “Ca system, as
whereas the maximum of the coherent contribution is peakedompared with“°Ca+“°Ti one, has been described as the
in the region around 10 MeYsee Fig. 8 This discrepancy is effect of the large difference in the charge/mass ratio be-
an effect related to the coherent and incoherent contributiotween “°Ca and“®Ca. This difference is in fact able to pro-
tails. Experimentally(see the inset in Fig.)2the ratio is  duce a coherent preequilibrium effect grray emission. Us-
peaked at higher energy because in reality the energy regidng our fully dynamical approach it has been shown that also
lower than 5 MeV is dominated by the contributions comingthe incoherent collective contribution can show preequilib-
from the low energy quadrupolar transitions and from therium effects mainly arising from the gradual opening of the
statistical dipolar emission produced in the last stages of thphase space available for the nucleon-nucleon collisions. On
cascade. These two contributions have similar intensitghe other hand, for the heavy residues formed after this short
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TABLE |. Theoretical and experimental quantities for the investigated systems at 25 MeV/nucleon con-
cerning they-ray yields and the corresponding ratios for the two systems. The quantities are related to the
selected incomplete fusion eventi?°/dE represents the theoretical predictions on theyafly emission
probability computed aE =9 MeV for the coherent procesdPEX,jdE represents the related experimental
guantity evaluated at 11 MeM1].

dF dPs,,
dE dE
Mechanisms (MeV™1) (MeV™1) Re ~ovev RE*P 11 mev
Y
Incomplete Fusion 2104 (3+0.4)x10* 1.3+0.1 1.3r0.1

stage(about 200 fmé), the results of the dynamical calcu- 50 MeV/nucleon, respectively, we plot the same quantities as
lations seem to confirm that the collectijeray emission shown in Fig. 8. At these energies the hot sources disas-
from the hot sources can be treated in the local time equilibsemble producing, on average, a third clusfeee Fig.
rium hypothesis. In this section we want to extend the studyl2(c)—13(c)]. The size of the largest fragment decreases by
of the nonequilibrium effects on the dipolarray emission increasing the energy. The fragment formation process takes
to higher energy when the multifragmentation processes bex shorter time, about 150 fm/and 100 fm£. As displayed
come prominent. in [see Fig. 1&)-13(d)], the largest fragment reaches an
average excitation energy of 5 MeV/nucleon within
200 fm/c.

In panel (a) of the same figures we show the emitted
y-ray power as a function of time produced by the incoher-
For central collisions if=0 fm) we have performed cal- ent mechanism. In panéb) the y-ray average multiplicity

culations also at higher energy. In Figs. 12 and 13 for 35 andelated to the cohererfempty circle$ and incoherentfull

A. Coherent and incoherent processes versus incident energy
for central collision
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FIG. 13. Same as Fig. 8 but foE,,
=50 MeV/nucleon.

FIG. 14. In the different panels, the neutron
energy spectra as obtained through the CoMD
calculations are shown at different incident ener-
gies and at different emission timeull lines).
The dot-dashed lines represent the fit with Max-
wellian curves.
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FIG. 15. Calculated mass spectra of tfi€a+““Ca system for FIG. 16. Campi plot for central collisions in the systefiCa
b=0 fm and at different energies. The line represents the results of 46cy gt different energiesa) Ej,,=25 MeV/nucleon,(b) Ej.p
the best fit with a power law foE,,, =50 MeV/nucleon. =35 MeV/nucleon, andc) E,,=50 MeV/nucleon.

circles emission is also shown.

The full circles in panela) of Fig. 13 represent the aver- to 25 MeV/nucleon and 50 MeV/nucleon, respectiyethe
age incoherent collective strength, whereas the stars repretrongest global deviation with respect to the Maxwellian
sent the statistical model prediction of the same quantity. Thehape is observed for the 50 MeV/nucleon case. We stress
same criteria as for the 25 MeV/nucleon case have been usdlat this simple comparison with the Maxwellian curve is
to estimate the collective yields, as given by the dynamicamerely done to highlight qualitative differences between par-
model, and the ones expected from the statistical model. ticle spectra. It is moreover possible to sh@dwy comparing

In contrast to the lower energy case, we note that arounthe neutron spectra with those obtained when the neutrons
the time of the fragment formation, the predictions of theare on the surface of the hot sourcésat these differences
statistical model calculations overestimate the incohererare due to strong mean field instabilities present at the sur-
collective power emitted as predicted by our dynamicalface of the hot sources produced at 35 and 50 MeV/nucleon
model. This effect is more evident at 50 MeV/nucleon. Thisup to about 300 fnd for this last case.
suggests that by increasing the energy given to the system, These instability effects can be investigated, as it is usu-
the fluctuations in the collective mode are no longer in agreeally done, by looking at many-body quantities such as the
ment with the predictions given by the Langevin approach ofragments, and their energy and mass distributises as an
the standard statistical theofgee Appendix A These de- example Ref[42]). In Figs. 15 and 16 we show the mass
viations are more pronounced in the first stage of the interdistributions and the relative Campi plots at 35 MeV/nucleon
action and they can show up after the fast fragment formaand 50 MeV/nucleon. From these figures the typical condi-
tion process wherASCADE calculations are usually applied. tions for a phase transition with a power law for the mass

To check if these nonequilibrium effects can be visibledistributions(shown by a straight lineand bending of the
also for other degrees of freedom, in Fig. 14 we show theCampi plot are clearly evident.
center of mass energy spectra of neutrons for central colli- For a system undergoing a multifragmentation process,
sions atE,,, 25 MeV/nucleon and 50 MeV/nucleon. In pan- this analysis therefore seems to suggest a growth of fluctua-
els (a) and(b), for the lower energy case, we show with full tions on the dipolar mode and a decreasing collective contri-
lines the spectra of neutrons emitted at different time interbution with respect to the standard statistical approach.
vals before and during the formation of fragments. In panels This means that, at a macroscopic level, the equation of
(c) and(d) the spectra for the 50 MeV/nucleon case are disimotion of the dipole deviates from the simple prescription of
played. The dashed lines represent the results of a fit of the Langevin approach described in Appendix A. This devia-
energy spectra with typical Maxwellian curves. The compari-tion does not seem to be due to the well-known effects such
son with these curves shows that, apart from the deviation ias those that can be taken into account using a local time
the energy region of standard preequilibrium contributionequilibrium hypothesis as previously discussed. On the con-
(around 6 MeV and 12 MeV for beam incident energy equaltrary, this deviation seems to arise from a more complex
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TABLE Il. Degree of collectivity and degree of coherence, as defined in Secs. VB and V C, estimated through CoMD calculations for
central collision at different incident energies and at different times.

Eiab (MeV/nucleon) go(tf,tm) ¢c(01f) @er(0m) @u(tf tm) ¢4(01f) eun(0tm)
25 0.89 0.78 0.095 1 1 1
35 0.86 0.62 0.064 0.96 0.80 0.67
50 0.83 0.58 0.059 0.93 0.74 0.62

form of the effective Hamiltonian describing the collective standard statistical model have been discussed in the preced-

mode during a multifragmentation process, or it can be sim

ing section. It is worthwhile noting that remarkable changes

ply related to the inapplicability of the temperature conceptare between 25 and 35 MeV/nucleon when the multifrag-

for the collective motion.

B. Degree of dipolar collectivity in central collision
as function of energy

To make the performed study more quantitative, in this
e

section we want to estimate a degree of collectivity for th
incoherent motion in central collisions.

For this purpose, starting from the results already show
in Figs. 8, 12, and 13 and using relatio(B1)—(B4), we
computed the following quantities:

Es
Wgs(t):Jo W=(E,t)dE, (5)

We(t)= OESW>(E,t)d E, (6)

@)
8

In these equationks represents an upper limit for the en-
ergy integration, which we have fixed at 35 MeV. Moreover,
using a fit procedure similar to the one used in the precedin
section, we have separated the collective contributipg,

ees(01) :Wés(tm) _Wés(t),

ees(t,tm)=WE((t).

from the bremsstrahlung one. In such a way we have define

the degree of collectivity at different time intervals as

mentation process sets in. This suggests a strong correlation
of the phenomenon with the disassembly of the system and
with the increasing of the bremsstrahlung contribution. From
our calculations, using the described fit procedure on the
v-ray probability emissiorisee Eq.(B5)], the NZ/A value
necessary to get the agreement with the statistical model cal-
culations is lower than the calculated value obtained through
the dynamical approach by looking at the charge and mass of

he hot source. This clearly gives strong support to the exis-

tence of preequilibrium effects of the incoherent or statistical

emission mechanism produced by the separation of different
phases in the system. A possible explanation is that during
the fragment formation process only a reduced number of
nucleons are able to follow a collective mode because of the
redistribution of the nucleons into different fragments.

We conclude this section by observing that the large
changes of the degree of collectivity, being concentrated in
short time, involve only a small fraction of the total yield.
This obviously can make, in some cases, the experimental
investigation rather ambiguous. In the following section we
will discuss this problem by analyzing the degree of coher-
ence of the dipolar mode.

C. Degree of coherence

9 In this section we show the results concerning the coher-

nt contribution at the different energies for central collisions
=0fm). In Fig. 17 we show the ratiB between the total

yield (coherent and incoherérénd the incoherent one as a

function of y energy at different incident energies. The ratios

o(0)= SEL(OU 9 show a bump peaked at around 3 MeV. The higher values are
2es(00) obtained at 25 MeV/nucleon, for which the peak reaches the

ere.(t,tm) value 1.6. The visibility of the extra yield and the related
oot tm)= 2~ (10  energy distribution become weaker and wider by increasing
egs(t,tm) the incident energy. This is due to the increased collision rate

wheret has been chosen as the time of fragmentation of th
hot sourcest;. Its values are about 180 fiey/ 135 fmfc,

and 90 fmt at 25 MeV/nucleon, 35 MeV/nucleon, and 50
MeV/nucleon, respectively. The results of these calculation
are shown in Table Il. By comparing the results of the secon

and third column, it becomes evident that the degree of col

lectivity is not uniformly distributed in time. In particular,
¢oc(tf,tm) slowly decreases with the increase in energy.

Fast changes and a much lower value of the collectivity
are instead observed during and before the fragment forma-

tion, as one can see from the behaviok{0,tf). This time

and to the fragment formation process being able to destroy
fhe phase relation between the collective oscillations belong-
ing to the same ensemble of events.

We can define a degree of coherengg,(0,tm), for the

%ollective motion by performing the ratio between the total

nergy emitted via the coherent mechanism and the one
emitted by the incoherent one according to the following
relation:

8Es,ch(oatm)

SES(O,tm) ! (11)

@cn(0tm)=

region is the same where the strongest deviations from thehere the quantity g5 »(0,tm) is the analog otg(0,tm)
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tion has been performed in the last experiments, such as that
discussed in this work, through a direct comparison between
very similar systems having only large differences in the
charge/mass symmetry of the two partners. The visibility of
the coherent contribution has been already discussed. In par-
ticular, it has been shown in Sec. Il that the different charge/
. } mass of the colliding nuclei can be used as a marker of the
++ ++ Y dynamics in the first hundreds of fe/In this case a related
R coherence length in timg,=#/T";, could be also estimated
from the damping widthl";, of the coherent contribution.
The results shown in this section further strongly suggest that
the study of the coherent contribution can give useful infor-
mation about the the degree of collectivity of nuclear matter
+ + + as a function of energy. This information moreover can show
}

1.75
Ew=25 MeV/nucleon

S
I —
S

1.5

-
-

1.25

1.75 Ew=35 MeV/nucleon

1.5

a higher degree of sensitivity with respect to the one ob-
+ tained by looking, as usually done, only to the GDR statisti-

++++++++++++++ cal emission.

1.25

R
ARARREEESAN AR

Ew=50 MeV/nucleon

1.75 D. Concluding remarks

In this work the properties of the coherent and incoherent
y-ray emission have been studied for tA%&Ca+*éCa and
46Ti systems at different incident energies and for essentially
incomplete-fusion reaction mechanisms. This study has been

e ' performed using the recently developed CoMD model.
RN RN ERE The coherent contribution to thg-ray emission obtained
T T T T SO RO N NSO SR . .
through the ensemble average of the time evolution of the
5 10 15 20 25 . . PP L
£ (MeV) t(_)tal dipole is a_ble to justlfy_, in a quantitative way, the extra
yield observed in the experimental data collected for the sys-
tem under study. Moreover, because of the short time scale
during which this coherent process evolves, its main behav-

1.5

1.25

e
e
e

o

FIG. 17. RatioR between the totaly-ray yield for the “°Ca
+48Ca and*°Ca+“®Ti as obtained by means of the model calcula- . . - ; ,
tions atb=0fm and at different energies. The error bars indicate!® IS heavily affected by the other fast changing properties
the global uncertainty related to the calculations. of the hot compound as, for example, the degree of deforma-

tion and expansion, and the average nucleon-nucleon colli-
defined in Eqs(7) and(8), but it is relative to the emitted sion rate. The comparison between the dynamical calcula-
power connected to the coherent procdss.has been set tions obtained from the present model concerning the
equal to 20 MeV andm to 1000 fmk. incoherent contribution, and the standard statistical model

The results are shown in Table Il in the fourth column. Itshow a  substantial agreement at long times
is remarkable that the behavior of the degree of coherencg800—-1000 fm¢). This agreement is referred to the late
resembles the behavior of the degree of collectivity for thestage of the interaction when any dynamical effect is ceased
incoherent process(0t;), which has been defined in a and the system is thermalized. Therefore in the CoMD, be-
time interval around the fragment formation process. In parcause of the constraint, the fluctuations on the collective di-
ticular, large changes are observed between 25 and 35 Meyplar mode are in good agreement with those produced from
nucleon when the instability leading to the fragment forma-CASCADE calculations using a density level parameter
tion sets in. =A/12.

This similar behavior is better seen by looking at the col- The agreement observed in this kind of asymptotic limit
umns 5-7 of Table Il in which the degree of collectivity and allows us to investigate with more confidence the properties
the degree of coherence have been normalized to the 2% the fluctuating dipolar collective mode also in short time
MeV/nucleon case. They have been indicated with the corinterval. In particular, at 25 MeV/nucleon a comparison be-
responding primed symbols. tween the experimental values and the calculated ratios for

From this analysis it seems that the degree of collectivitythe total and the incoherent yield has been performed at dif-
of the incoherent contribution in the first one4s200 fm/c ferent impact parameters for the selected window through the
and the degree of coherence of the mode are linked. Moreexperimental constraint. The correlations between the reac-
over, the relative changes of the degree of coherence als®n mechanisms and the intensity of theray extra yield
appear to be more sensitive to the variation of the bombardaave been reproduced by the model calculations. These cor-
ing energy and to the related main reaction mechanism. relations concern not only the average fragment mass pro-

We conclude this section by observing that, from an ex-duced in the reactions but also the shape of fragment kinetic
perimental point of view, the study of the coherent contribu-energy spectra.
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For central collisions, the more detailed study of the in- d2D' dD!
coherent collective yield at different times has instead shown = (wg)?D'— y——+ x'(1). (A1)
deviations with respect the standard statistical model and the d-t dt

Langevin approach at times before and around the time of _

the fragment formation process. These kind of effects, whiciThe timet is expressed in fnt. x'(t) represents the stochas-
can be also regarded like preequilibrium effects, becoméic force[ x'(t)=0] acting for each everit The damping’
prominent at 35 and 50 MeV/nucleon when the hot sourcesf the collective mode is related to the friction coefficient
experience a multifragmentation process. through the following relatiod” = y#ic.

_ In particular, under these conditions the degree of collec- The solution of this equation can be expressed as the sum
tivity, as predicted by the CoMD model, is lower than the gf two terms:

value predicted according to the compound nucleus hypoth-

esis. This lowering also persists using the local time equilib- Di(t)=D(t)+ D\(t A2

rium hypothesis typical of the hybrid models. The analysis ()=D(1) f(0. (A2)
performed on the spectral properties of the emitted pOweirpg |45t term in the right hand side of the above equation
suggests that part of the system is no more able to follow thf“epresents the so-called incoherent or fluctuating contribu-

collective vibration during the first moment of the interac- . = .
tion, and during the fragment formation process. Howeverlion since D¢(t)=0, whereas the first term represents the
this kind of phenomenon is rather short in time, and it in-ensemble average or the coherent part of our quantity. The

volves about 15—-20% of the total emitted power in the firsttnsemble average can be easily integrated:

1000 fmfk.

~ The degree of collectivity has been evaluated at different D(h)=e " D(0)cogqt)+ V(0)+ yxosin(qt) ,

incident energies and it shows the largest charigethe first q

180 fm/c) between 25 and 35 MeV/nucleon just when a (A3)

transition from a predominant binary to multifragmentation ] ) )

process is seen. Finally, the degree of coherence of the prM\Lhereas for fthe fluctuating part we consider the following

ton vs neutron motion has been also estimated and its rel@eneral solution:

tive change with the incident energy shows strong correla- 1t

tions Wlth the degrge of colleqt!v!ty of the incoherent motlo'n, Dif(t): _f ef(yIZ)(tft’)Sir{q(t_tr)Xi(tr)]dt/, (A4)

revealing also a higher sensitivity to the changes of excita- dJo

tion energy.

Therefore we believe that the existence of such a correlawith

tion could be used with advantage from an experimental

point of view. In fact, the coherent process can be, in prin- Y ( )2
= z ,

ciple, directly revealedlike in Refs.[11,18)) by comparing

very similar systems with different charge/mass asymmetry

distribution between the colliding nuclei. Studies of the evo-whereV(t)=dD(t)/dt.

lution of the coherent yield as a function of the incident In Eq. (A2) the first term is completely determined by

energy could therefore give useful information for the re-fixing the initial conditionsD(t)=D(0) andV(t)=V(0).

search lines which aim to investigate the correlations be- For examp|e, in a heavy ion collision, if we choose as

tween the existence of the standard GDR mode and the phagghe reference the time when the two nuclei start to touch,

transitions in very hot systeni$,6,11] and we neglect polarization effects due to the Coulomb in-
Finally, the extra yield of the coherent contribution with teraction,D(0) can be expressed fi4]

respect to the incoherent one seems to show the largest con-

tribution at energies where other mechanisms of emission, 1 AA (Ni=Z; N,—Z, 1
occurring in the last stage of the cascade, are dominant. D(0)=351——|———-—1—|R=5u¥YR
Therefore measurements where multiple quadrupolar low en- P ' P (A5)

ergy y-ray cascades can be discriminated could be useful to
investigate experimentally the extra yield also in low energywhereR is the contact distance. It is always different from
region. zero if the two partners have a different charge/mass ratio.
The time derivative of the previous expression at the contact
ACKNOWLEDGMENTS point fixes the initial condition related %(0), which can be
expressed through the sum of several terms. One of these
terms is proportional tdR/dt, therefore it increases with the
rbombarding energyit gives a small contribution to the non-
equilibrium condition for E,;,<10 MeV/nucleon). The
other terms arise from the time derivative of the reduced
mass and of the charge/mass asymmetry differeivcbs-
For the total dipole expressed in units of elementarytween the partners of the binary system. These variables can
charge we can write the one dimensional Langevin equatioassume a very small value at the time of contact if the flux of
as mass and charge at this time has a maximum.
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We note that because of the structure of E¢sl) and _ 2
(A2), the average total power emitted has the following V?*':—zlz(s,s)ﬂz(c,c)— z 12(s,c),
semiclassical expression evaluated through the Larmor (4hicq) (hica)
formula:
—— =2 [Ton2 ViD}=— a 1%(s s)+£|2(s c)
| ’ 3 ]
de _ Eezd D'(®),_ Eez av avi (A6) 2hco? q
dt 3 dt 3 dt dt
— 1
[ = —
The first term represents the so-called coherent contribution Dixi= q 1(c),
to the y-ray yield and the second the incoherent or fluctuat-
ing one. — r
To evaluate the fluctuating contribution, it is necessary to Vixi=1(c)— _Zﬁcql(s)’
specify the time correlation properties of the stochastic force
[see Eq.(A7)]. Using the fluctuation dissipation theorem —, 2mlAT
[39], we get Xi=2eNZ
ct t')‘W‘ 4T'A A cog f1) with
XX 2m(fc)’my NZ (t—t’)2+ 1 ot
— |2 s[c],s[c],t ZJ’ jefy/ﬁc(tft’)efy/hc(tft”)
(ﬁC)Z T2 (s[c],s[c],t) oJo

Xsincog|[q(t—t")]sin cos|
X[q(t—t")]C(t' —t")dt'dt",

’E (t—t’)T)
arctan ———

61’22 hC

! ! H ! ! !
where T is the temperaturem, is the nucleon mass, and |(S[C]:t):foeﬁmc(t7t Jsincos|[q(t—t")]C(t")dt’.
NZ/A is the reduced mass number of the neutron and proton

relative motion. In the above expression the zero-point MoThe evaluation of the above expressions shows that while the
tion has been subtracted. average dipole follows a damped oscillating behavior, the
The framework offered by this approach is rather simple;root mean square of the fluctuating part increases in the same
the collective coordinate is eXpIICItIy intrOdUCEd, the Systerntime intervalt=#/T up to a Stationary and constant value.
under study is closetbr infinite). This means that the mass  |n the uncorrelated three-dimensional and isotropic case,
related to the collective motion is constant. Moreover, thet js easy to show(see Ref.[39], pp. 415, 428 that the

f|uctuati.0n diSSipation theorem Imp|IeS that the I‘e.SpOI’]S.e ang[ationary value of the emitted power for each Component is
correlation function are calculated with a canonical micro-described by the following relation:

scopic distribution characterized by a fixed value of the tem-

peratureT. The total energy of the thermal bath is constant, (de)t>hlf 4e2NZT P e EIMT 5
and therefore the energy of the collective mode is supposed| = = J'

to be negligible with respect to the thermal one. Moreover, it ImeAm(fic)?Jo (E2—EG)*+(ET)

is worthwhile noting that, even if rather simple, this model = d2p

contains quantum mechanical effects foxAwy, because = f E-——dE, (A9)
the correlation function related to the stochastic force has a o dEdt

finite length in time.

Now starting from the general solutidiEq. (A4)] and
using Eq.(A7), it is possible to compute the following en-
semble averages:

whereE is the y energy andEy=7 wg.

The quantityd?P/dEdt represents the number gfemit-
ted in the time and energy units. It agrees with standard
statistical theory of the compound nucleus system and repre-

FEE: I 2 r sents the heart of the statistic@hSCADE code calculations
f_ 42 N2 2 ARt 2NT L [31]. The calculations based on this simple approach are used
=wy(DY)+ — (V) +2w5—=ViD:—2wiD}x;i ; : ; .
dt2 0o D)™+ g0 (V)7 2055 ViDi— 206D as an useful comparisons with CoMD calculation in
Secl|V B.
r——
—2—Vixi+x2. A8
fic' XX (A8) APPENDIX B
In particular To make a comparison with statistical model calculations

or Langevin calculationgsee Eq(A9)] we need to evaluate
1 the spectral properties of the emitted power at different times
(DH2==1%(s,s), as obtained from CoMD calculations. For the systems stud-
2 ied, we performed the above comparison by numerically
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evaluating expressionB81) and (B2). Each ensemble of

events is characterized by a fixed value of the impact parami:
eter and incident energy, 2
L
d?P W=(E,t—At/2)—W=(E,t+At/2) 81 gm-‘{
dEdt/ EAt (B1)
for t=500 fm/c, and
( d’P ) W~ (E,t+At/2) — W~ (E,t— At/2) ©2)
dEdt/ EAt 10
for t<500 fm/c. i .
At is about 150 fm¢ in both cases. The quantities appear-
ing in the numerators are defined in this way:
2 veat2dVy, 2 .
< — ! A—iEt/Ac 10
WHED= 3100 fo at dt :

2 0 10 20 30

0 50
B3) E (MeV)

;
ft"‘ dvzrfe—iEt/hcdt
t—aAr2 dt

W~ (E,t)=
3mhc o ]
FIG. 18. y-Ray spectrum for the radiation emitted around
800 fmic for the *°Ca+ “®Ca system aE,,,= 25 MeV/nucleon and
b=0fm. The curve represents the result of the fit procedsee
ppendix B and Eq(B4)]. Some of the extracted parameters have
the following values within the uncertainty of 10%:=12 MeV,

Ey=18 MeV, g=12, andT=6.5 MeV.

wheret,,=1000 fmft is the time interval during which the
dynamical evolution has been followed. Obviously, all the
expressions have been evaluated for discrete values of e
ergy nwhcl/t, and timenét. 6t is the time step for the
integration of the equation of motion in the CoMD calcula-
tions. Therefore the integrals have been substituted by dis; : : e i .
crete sums according to %he expression for the discreteyFoSa-nddthe damping widtlh' describing the statistical collective
. X . s ode.

rier transform. The above relations give us an estimation o Th iahted  int ted Vi Iq’E”‘aXEF dE

the spectral properties of the emitted power at each time e enf—:-rgy-we!g ed n egrge . yield, R
related to theZ dipolar component. The corresponding spec-(€valuated in the discrete approximatiaran therefore rep-
tra (dP/dEd1), have been fitted with a functioR(E) able resent the collective contribution due to the motion produced
to reproduce the statistical model formula plus terms able t&Y the CoMD modelsee Sec. IV B

reproduce the long tail due to the noncollective contribution, AN €xample of the descrLt())ed fizsprocedure on the emitted
power att=3800 fm/c for the “"Cat+ *°Ca system at 25 MeV/

e nucleon andb=0 fm is shown in Fig. 18. The curve corre-
F(E)=Fgr(E)+F\r(E), sponds to the following parameters for the collective mode:
I'=12 MeV, E4=19 MeV, g=12, andT=6.5 MeV within
e EIT 10% uncertainty. Finally, by comparing expressi@is) and
Fr(E)=a E*, (B4) with Eq. (A9), it is possible to note that in the local time

2_F2\2 2
(B"—Ep)"+(EI) equilibrium hypothesis the following equality holds:

b
E (B4) 4€2NZl

= —— .
3meAm(hic)?

Fur(E)=Be &'+
(B5)
The fit procedure has been performed to reproduce the shape
and the energy-weighted integrated yield up to a maximum
Emax= 7h/ 6t. Here N, Z, and ' represent the neutron number, proton

From this procedure we obtained, apart from the coeffinumber, and the GDR damping width of the emitting source,
cientsa,B,#,T', the temperaturd, the GDR centroicg,, respectively.
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