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Coherent and incoherent giant dipole resonanceg-ray emission induced by heavy ion collisions:
Study of the 40Ca¿48Ca system by means of the constrained molecular dynamics model
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Coherent and incoherent dipolarg-ray emission is studied in a fully dynamical approach by means of the
constrained molecular dynamics model. The study is focused on the system40Ca148Ca 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 theg-ray emission process.
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I. INTRODUCTION

During the past 20 years, giant dipole resonance~GDR!
g-ray emission induced by heavy ion collisions has raise
large interest especially concerning the study of GDR pr
erties in hot and deformed fissioning nuclei@1–4# up to the
critical temperature@5–11#, and more recently concernin
the pre-equilibrium emission~see, for example, Refs.@12–
14#!.

In several experiments around 8–10 MeV/nucle
@12,14–19#, it was pointed out that theg-ray yield is in-
creased with respect to statistical calculations in the reg
around 10 MeV, for systems with mass less than 150
having a pronounced difference in the charge/mass ratio
tween projectile and target. This enhancement was ascri
according to various theoretical arguments, to preequilibri
effects~see, for example, Refs.@14,20–24#!. In particular, in
Ref. @14# this effect was related to the charge/mass equilib
tion process which starts with the overlap of the two nuc
In that work the study was performed for fusion, incomple
fusion, and deep inelastic processes using a semiclas
theory based on the Boltzmann-Nordheim-Viasov~BNV! ap-
proach @25#. Moreover, for midperipheral reactions it wa
shown that the so-called ‘‘molecular dipole component’’
the most important one@14#. It reveals in fact the collective
character of the charge and mass exchange between the
partners. In the same work a prediction of the preequilibri
yield in absolute units has also been given. The predic
was obtained in the semiclassical approximation, by app
ing the Larmor formula to the dipole, obtaining a satisfacto
agreement with the data@12,16,17#. A comparison with the
statistical model was also performed based on the local t
equilibrium hypothesis. Using the same approach, the dat
Ref. @18# have also been recently discussed in Ref.@24#.

More recently, these kind of studies have been perform
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on the systems40Ca148Ca and 40Ca146Ti at 25 MeV/
nucleon@11#. The second system has been taken as a re
ence system: in fact, for the40Ca146Ti system this preequi-
librium effect is negligible because of the very simil
charge/mass ratio between projectile and target.

So far the dynamical studies on this subject have b
performed using a semiclassical mean field theory. In R
@26# it has been noted that, especially in the Fermi ene
domain, the role played by the fluctuations around the m
values should be investigated in a consistent way usin
dynamical approach.

In the present work we will develop the study on th
above subjects with the constrained molecular dynam
~CoMD! model@27#. The model takes into account the effe
of the fermionic nature of the nuclear many-body system
constraining the phase space to fulfill at each time step
Pauli principle. In the CoMD model the ‘‘ground state’’ con
figuration, obtained with a ‘‘cooling’’ procedure couple
with the constraint, is a very stable configuration~up to a
time of the order of 1500 fm/c). In contrast to other molecu
lar dynamics approaches, the average effective kinetic
ergy of a nucleon, for these configurations, is compara
with the value estimated in the Thomas-Fermi model~around
20 MeV/nucleon!. The CoMD model has been successfu
applied to the experimental fragment charge distribution
tained in the collisions40Ca140Ca, 197Au1197Au @27,28#,
and in the 112,124Sn158,64Ni systems at 35 MeV/nucleon
@29,30#. The effective interaction has been taken as
Skyrme-I force plus a surface term and a density independ
symmetry interaction. The Coulomb interaction is also
cluded.

To present the main line of investigation suggested by
dynamical approach, in Fig. 1 we show the time derivative
the total dipole, along the beam directionVZ , as function of
time. In the figure we show three typical events represen
the system40Ca148Ca at 25 MeV/nucleon in a central co
lision. For the present study we have generated all the ev
by initializing the colliding system with identical macro
©2003 The American Physical Society06-1
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scopic initial conditions~same impact parameter, same to
spin, same incident energy!. As we will discuss in detail, the
time derivative of these quantities are directly linked with t
g-ray emitted power. The three curves, plotted with differe
symbols, show very similar behavior in the first 100 fm/c.
This similarity determines an ensemble average differ
from zero. The average shows quasiperiodicity and gives
to the so-called coherent contribution to the collect
neutron-proton motion. It is also strongly related to t
charge/mass asymmetry differences in the entrance cha
~see Appendix A!. Because of the coherence, the rela
GDR mode acquires a macroscopic behavior.

After some time the three signals lose their phase r
tions, even though they are always characterized by an o
lating behavior. This on the one hand will damp the coher
mode, but on the other hand will give rise to the so-cal
fluctuating ~with respect to the ensemble average! or inco-
herent collective motion. This kind of behavior is able
mimic the statistical emission of a hot compound system

Finally, all the signals at different times show discontinu
ties produced by the nucleon-nucleon scattering proc
This microscopic incoherent motion~or noncollective! will
contribute to the GDR damping. It will also determine t
high energy spectral properties of the emitted radiation or
so-called bremsstrahlung contribution.

All these contributions and their interplay are interesti
for several reasons. In fact, we have the following.

~i! The strength connected to the fluctuating or incoher
dipolar collective excitations should correspond, for a fu
equilibrated system, to the strength predicted by the stat
cal compound nucleus theory included in the statistical c
CASCADE @31#. In a rather general way, we can expect~see
Ref. @26#! that this contribution also shows a preequilibriu

FIG. 1. Time derivative of the total dipole along the beam
rections as function of time calculated by means of the CoM
model. The three different symbols are related to three diffe
microscopic realizations of the40Ca148Ca system at 25 MeV/
nucleon and for an impact parameterb50 fm.
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stage. On the other hand we will show that the coher
oscillations give the strongest contributions during the v
initial stage of the interaction. During this stage the interm
diate system is strongly deformed, and therefore the cohe
contribution gives the possibility to investigate these rat
short lived and exotic shapes.

~ii ! Both the dynamical stage and the onset of fluctuatio
on the collective coordinate can be affected by the format
of fragments during the multifragmentation of a hot sour
induced by the heavy ion collision. This effect needs a fu
dynamical study of the many-body problem including t
reaction dynamics. In general, it cannot be investigated
means of statistical models or hybrid models. These
models are essentially statistical models in which some
rameters are supposed to be time dependent quantities e
ated through some dynamical approach. In this case a l
time equilibrium hypothesis is necessary.

~iii ! Other interesting examples of interplay of cohere
and incoherent processes have been studied in nuclear p
ics. One of these is the phenomenon of the partial cohe
rotation of the double nuclear system revealed through
study of the fluctuations in the excitation function of de
inelastic processes@32,33#. The gradual loss of coherence o
the process, related to the dissipative properties of the
tem, can be connected to the transition from ordered to c
otic behavior of the system, and the coherent part mimics
classical rotation of the system. From a quantum mechan
point of view, it is related to the excitation of special states
the systems described through a strong coherence in the
tial waves describing the process. The same can happe
the proton-neutron relative motion. In this case these spe
coherent states manifest themselves through the cohe
g-ray preequilibrium emission.

In the following we will try to discuss these differen
aspects by comparing the model calculations with exp
mental results for central collisions@11#. In particular in Sec.
II we will illustrate the experimental results obtained for th
systems40Ca148Ca and40Ca146Ti @11# at 25 MeV/nucleon
in central collisions. A detailed description on the selecti
criteria used for the data analysis will also be given. In S
III we show the CoMD calculations related to the cohere
emission and we compare them with the experimental
sults. In Sec. IV we give the results for the incoherent
fluctuating collective mode as obtained from CoMD calcu
tions. A comparison with calculations based on the Lange
approach is also discussed. The Langevin approach, w
we briefly discuss in Appendix A, will allow us to make
comparison between the results obtained through our s
consistent microscopic approach and a well-establis
simple dynamical theory in which some preequilibrium e
fects can be included.

Finally, in Sec. V we will show some results for centr
collisions calculations at higher energies for which mu
fragmentation of the primary hot source is obtained. T
degree of coherence and the degree of collectivity for
dipolar mode is studied as function of the bombardi
energy.

nt
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COHERENT AND INCOHERENT GIANT DIPOLE . . . PHYSICAL REVIEW C 68, 034606 ~2003!
II. THE EXPERIMENTAL DATA

In Fig. 2 we show the experimentalg-ray spectra detecte
at 90° with respect to the beam direction for the collisio
40Ca148Ca and40Ca146Ti @11# at 25 MeV/nucleon in coin-
cidence with evaporation residues. In the inset we also s
the relative ratios. The vertical and horizontal bars indic
the errors related to the counting statistics and to the sys
atic errors on the energy. The latter ones are mainly du
the uncertainty on the energy calibration.

In the inset it is evident that there is an extra yield of t
order of 50% around 10 MeV. The process has been sele
for both systems by measuring theg-ray yield in coincidence
with events producing heavy charged ions. The evapora
residues have been selected by putting a contour on the
ergy ‘‘rise-time’’ scatter plot for particles stopped inside t
forward silicon detector (300mm thick!. The rise-time is
expressed in arbitrary units. This detector covers the lab
tory angular range of 3° –6°. An example of such select
condition is displayed in Fig. 3 for40Ca148Ca at 25 MeV/
nucleon. In the figure the scatter plot is shown with the c
tour. These limits mainly include slow heavy fragments p
duced in central collisions. This is confirmed also by t
measured intensity of the bremsstrahlung yield which, for
events populating the selected region, displays a yield
least two times higher than the yield collected for partic
outside the chosen contour. An analysis based on Ref.@34#
gives an average impact parameter contributing to the
cess equal of about 3 fm~corresponding to an incident an
gular momentum of about 71\).

In Ref. @11# the global features ofg-ray yields have been
described by means of a standard analysis usingCASCADE

calculations. In this case it was supposed, according to
experimental results of Ref.@35#, that a hot source is forme
with an estimated mass of about 62 and an excitation en
of about 335 MeV and 354 MeV for46Ti and 48Ca targets,

FIG. 2. Experimentalg-ray spectra detected at 90° obtained f
the collision 40Ca148Ca and 40Ca146Ti at 25 MeV/nucleon, in
coincidence with evaporation residues. The heavy ion selectio
obtained with the condition on the scatter plotElab versus rise time
~expressed in arbitrary units! shown in Fig. 3. In the inset the rati
between the yields is shown.
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respectively. The estimated average angular momentum
the source was 29\.

In the following sections we will describe the main fe
tures of theg-ray yields using the dynamical approach bas
on the CoMD model. In particular, in Ref.@11# the study
performed did not include the evident low energyg-ray extra
yield for the 40Ca148Ca system as shown in Fig. 2.

To perform this kind of study we have to determine
impact parameter window for which the same processes
sentially incomplete fusion, are selected in our CoMD mo
calculations as in the experimental data. In Fig. 4 we sh
the comparison between the experimental energy spec
of the charged particles, selected by the contour in Fig
~full circles!, and the theoretical prediction~empty circles!.
The uncertainty on the energy of the detected fragment
less than 10%. It arises principally from the thickness of
dead layer and from the pulse defect.

Theoretical predictions have been obtained by runn
several thousands of CoMD events with a triangular imp
parameter distribution up tobmax.8.5 fm. The dynamical
calculations have been followed up to 800 fm/c. At this time
the average excitation energy of the hot sources is abo
MeV/nucleon. After this first stage a second step, based
GEMINI code@36#, has been applied to the hot fregments
simulate the statistical evaporation of the excited fragme

From the total number of generated events, we have c
sidered only those which satisfy the conditions imposed
the experimental filter. These conditions include the labo
tory angle range (3° –6°) and the energy thresholds depe
ing on the atomic number of the detected fragments acc
ing to the contour shown in Fig. 3. The calculated spectr
reproduces well the experimental one. The error bars
related to the statistics of the simulations. Evaporation re
dues with chargeZ less than 23 mainly determine the max
mum in the energy spectrum of the theoretical distributio

In the inset of the figure the related impact parame
distribution computed with the events selected with the
perimental constraints is also shown. For lower impact
rameters the reduction of the detection probability is de
mined by the kinematical conditions selected by t

is

FIG. 3. Scatter plot showing the laboratory kinetic energy ver
rise time ~arbitrary units! of the charged particles stopped in th
silicon detectors for the collision40Ca148Ca at 25 MeV/nucleon
~data from Ref.@11#!. The contour in the scatter plot represents t
correlated condition on the energy and rise time used in the
analysis to select the heavy residues.
6-3
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MASSIMO PAPAet al. PHYSICAL REVIEW C 68, 034606 ~2003!
experimental angular range. Starting fromb.4 fm, the
strong reduction of the probability distribution yield is als
produced by the onset of binary processes which are stro
suppressed by the contour in Fig. 3. The impact param
average value is about 4 fm corresponding to an incid
angular momentum of about 90\. This estimated window of
the contributing impact parameters or total angular mom
tum will be used for our further calculations on theg-ray
probability emission.

III. THE COHERENT CONTRIBUTION

As it was observed in the preceding section the40Ca
148Ca system shows an extra yield in theg-ray spectrum
respect to40Ca146Ti. In particular at 11 MeV the extra yield
is of the order of 35%. At the same energy the obser
multiplicity ~see Fig. 2! corresponds to a maximum of abo
1023 MeV21 for the selected processes.

In the following section we will illustrate the calculation
based on the CoMD approach to explain these experime
observations as a result of the dynamical effect arising fr
the different charge/mass ratios between the two system

Before showing the results of the nucleus-nucleus co
sion on the dipolarg-ray emission, we briefly comment th
properties of the ‘‘ground state’’ configurations for the im
pinging nuclei, as obtained from our calculations. As an

FIG. 4. Experimental~full circles! and calculated~empty
circles! laboratory energy spectra for the incomplete-fusion he
residues selected by the contour in Fig. 3. In the inset the rel
impact parameter window determined through CoMD calculatio
also shown. The probability distribution has been evaluated by c
sidering large-scale calculations with different impact parame
distributed according to a triangular distribution up tobmax

58.5 fm. The error bars indicate the uncertainty related to the
tistics of the event collection.
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ample in Fig. 5 we show the root mean square radius of48Ca
as function of time@panel~a!# and the energy distribution o
the GDR dipolar mode@panel ~b!# obtained from a small
relative displacements of the neutron and proton sphe
The energy is peaked around 16–17 MeV, about 15% lo
than the value predicted according to the droplet mode
Ref. @37#. The binding energy of the ground state configu
tion is about 8.2 MeV/nucleon. Similar results have be
obtained within a few percent, for the40Ca and46Ti systems.

A. Coherent emission in the40Ca¿48Ca system

Several hundreds of initial configurations have been g
erated with the above average behavior within 2% of unc
tainty. In Fig. 6 we show, as an example, the results for
40Ca148Ca collision at 25 MeV/nucleon forb53.5 fm. In
the left panels are given, in units of the elementary char
the ensemble average values for the time derivative of

total dipole VW̄ 5( i 51,Z(drW i /dt) along the impact paramete
directionX and along the beam directionZ as function of the
time t in fm/c. The bar in the previous expression indicat
the ensemble average. We note that the coherent oscilla
survive up to the first 170 fm/c.

In the right panel theg-ray emission probability for en-
ergy unit is shown. It was calculated by means of the Fou
transform of the time derivative of thek componentsX andZ

of VW̄ according to the following relations:

dP

dE
5

4

6p

e2

E\c
UdVk

dt
~E! U2

, ~1!

dV̄k

dt
~E!5E

0

`dV̄k

dt
~ t !ei (Et/\c)dt. ~2!

dP/dE has to be interpreted as the average number og
rays emitted for energy unit. The evaluation of emitt
power is therefore performed by means of classical elec
dynamics in which radiative effects on the nucleon dynam

y
ed
s
n-
rs

a-

FIG. 5. ~a! Root mean square radius for a typical ground st
configuration of the48Ca nucleus produced in the CoMD approac
~b! The related energy distribution of the GDR mode. The unc
tainty on the energy axis of every point is6650 keV~see the text!.
6-4
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are considered negligible. Because of the finite time inter
effect, the uncertainty related to the energy is6650 keV in
all the calculatedg-ray spectra.

From the same calculations one finds that theV̄y compo-
nent is not excited through this mechanism since, on aver
the displacement in the phase space along theY direction of
the neutron and proton sphere is zero@see Eqs.~3.4! and
~3.5! in Ref. @14##. This in principle can produce strong an
isotropy not only related to the deformation of the compou
system@26#.

The total strength shows a dependence on the impac
rameter. The maximum is obtained for the impact parame
in the rangeb52 –5 fm. The intensity at the maximum forb
around 4 fm, which represents the centroid of the selecteb
window is about 231024 MeV21. This value is in good
agreement with the experimental one at 11 MeV.

Concerning the spectral properties of the coherent emi
power we note a rather narrow width~about 6 MeV! and a
low resonant energy~about 10 MeV!. This is consistent with
a rather low collision rater c ~even if rapidly increasing! in
the first moments of the collision and with the large def
mation and mass of the total system during the preequ
rium stage. These effects are shown in Fig. 7 where we
play some results for the collision under study atb
53.5 fm. The error bars are related to the statistics of
simulation. In particular in panel~a! we display, as function
of time, the ratioa between the length of the major axes a
the average length of the other two axis characterizing
triaxial shape of the biggest fragment. Evident deformat
effects are present during the first,300 fm/c in which the
coherent emission is prominent. An analysis performed
the shape of the deformed source gives a ratio between
sphericityS and coplanarityC parameters corresponding

FIG. 6. On the right side are shown the time derivative of
average total dipole along the beam directionVZ and along the
impact-parameter directionVX as function of time, for the40Ca
148Ca system at 25 MeV/nucleon andb53.5 fm. On the left side
are shown the relatedg-ray yield distributions. The uncertainties o
the y-axis related to the ensemble averages are of the order of
The energy axis of every point is undetermined within6650 keV.
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triaxial shapes which can be well approximated by a prol
ellipsoid (S/C.1). Moreover, the direction of the total an
gular momentum is perpendicular to the major axis.

In panel~b! of the same figure we show the average m
of the biggest fragment. The corresponding excitation ene
E* per nucleon is shown in panel~c!. One observes a rapid
change of the mass for the largest fragment during the
200 fm/c. The residue is formed after this time interv
when the coherent~see Fig. 6! oscillation is almost totally
damped. It is still possible to note that notwithstanding t
rather high excitation energy in the first 200 fm/c, the
nucleon-nucleon collision rate, which is shown in panel~d!,
is lower than the maximum value reached after ab
120 fm/c. This is due to the gradual opening of the pha
space available for the unblocked collisions and explain
rather small width of the preequilibrium coherentg-ray
emission, despite the high excitation energy of the interm
diate system. For this value of the impact parameter, we h
also calculated the total angular momentum of the he
residues produced after 200 fm/c. It results about 50\ which
is 25% higher than the prediction for the critical angu
momentum according to the liquid drop model@38#. At
200 fm/c the average excitation energy of the hot source
about 5 MeV/nucleon in agreement, within 15%, with t

.

FIG. 7. Time evolution for the40Ca148Ca system at 25 MeV/
nucleon andb53.5 fm of ~a! the ratioa between the length of the
major axes and the average length of the other two axis chara
izing the shape of the intermediate system,~b! calculated average
mass of the biggest fragment,~c! related average excitation energ
and~d! the average collision rate. The error bars indicate the un
tainty related to the statistics of the simulation.
6-5
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MASSIMO PAPAet al. PHYSICAL REVIEW C 68, 034606 ~2003!
analysis performed in Ref.@11#.
The investigation concerning the average shapes, ang

momentum, and excitation energy has been performed
for the 40Ca146Ti system. For this system we have obtain
result similar to the previous ones within 10%. The rema
able difference between the two systems is instead obta
for the coherent emission which, for the40Ca146Ti system,
is at least a factor of 20 weaker with respect to the40Ca
148Ca case.

On the basis of the results shown in Fig. 7, we finally n
that the initial dipolar coherent emission can be also use
investigate on other dynamical properties, for example,
degree of deformation, the shapes, and collision rate of
hot compound system during the short time interval bef
the fragment formation process.

IV. THE INCOHERENT CONTRIBUTION

In the preceding section we have illustrated the results
the coherentg-ray emission that represents one of the p
equilibrium effects. As discussed in the introduction, the
coherent collective emission~or statistical! can also show
preequilibrium effects; therefore a dynamical description
necessary. Moreover, the experimental results presente
Sec. II show the coherent effect~see Fig. 2! by the ratio of
the yields obtained for very similar total systems. This re
resents the relative contribution between the coherent
incoherent emission in the40Ca148Ca system and the esse
tially incoherent or statistical emission produced in40Ca
146Ti system. Therefore, to describe in a consistent way
experimental observations on the coherent emission, we
have to describe the incoherent contribution with the sa
theoretical approach.

This subject, if treated with a fully dynamical approac
can reveal considerable difficulties. One of these is the t
necessary to describe the incoherent emission. The statis
emission can in fact go on up to several thousands of fmc.
Another difficulty is the definition of temperature. This de
nition is encountered when a necessary comparison of
model description is done with statistical model predicti
over long times. Determining a time interval after which t
thermal equilibrium is reached by our system solves the
problem. To obtain this, with our Fourier analysis, it will b
enough to follow the dynamical evolution up to 1000 fm/c.
We have solved the second problem by comparing our
dictions with a simple and well-known dynamical mod
based on the Langevin equation~see Appendix A! in which
the temperature characterizes the behavior of the stoch
forces acting on the total dipole.

A. Incoherent emission in the 40Ca¿48Ca system
at 25 MeVÕnucleon

For the same set of events for which we have deduced
average properties of the generic dipolar component, we
compute the power connected to the fluctuating or incohe
one. In particular, the second time derivative of the incoh
ent dipolar signals is given by the following relatio
dVk, f

i /dt5(dVk
i /dt)2@dVk(t)/dt# @see also Eq.~A2!#.
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Through a Fourier transform it is possible to calculate
spectrum of the incoherent emission during the fi
1000 fm/c in which the dynamical evolution has been fo
lowed. In particular the quantity

dP

dE
5

4

6p

e2

E\c (
k

UdVk, f
i

dt
~E!U2

, ~3!

representing the number ofg rays per energy unit emitted
through the incoherent mechanisms has been evaluate
means of the Fourier components of the accelerati
dVk, f

i (E)/dt.
We note that the Parseval theorem links Eq.~3! to Eq.

~A9! according to the following relation:

E
0

`de

dt
dt5E

0

`

E
dP

dE
dE, ~4!

wherede/dt is the average power emitted at the timet.
This relation holds even if the numerical calculation

the Fourier transform is performed in finite time intervalstm
~in our case 1000 fm/c) and it gives a useful normalizatio
rule. The results of the described calculations are show
Fig. 8 for the system under study at 25 MeV/nucleon andb
50 fm. In panel~a! the power emitted as function of tim
~collective plus bremsstrahlung contributions! relative to the
Z component is shown as empty circles, whereas the s
and the full line represent predictions according to the st
dard statistical model calculations or Langevin calculatio
~see the Appendixes!. The full circles represent the collectiv
contribution as obtained by CoMD calculations. We ha
also verified that for the fluctuating parts the signals of
different components show correlation coefficients less t
5%, therefore within the uncertainty of the calculations,
can assume that they are uncorrelated. This is also consi
with the sum performed in Eq.~3!. In this way, for the com-
parison, the one-dimensional results of the Langevin
proach shown in Appendix A can be applied for each co
ponent.

In panel~b! we show the average multiplicity distributio
dP/dE connected to the incoherent collective process alo
the Z axis ~full circles! and those connected to the cohere
process~empty circles!. Finally, in panel ~c! the average
masses correspond to the two largest fragments and, in p
~d!, the related excitation energies as a function of time
shown. The errors on the displayed quantities are less
2% and are due to the statistics of the simulation.

The average multiplicity distribution shown in Fig. 8~b! is
peaked around 15 MeV. This indicates that the evalua
incoherent contribution has essentially a collective charac
We will comment on this aspect with more details in t
following sections. Within the uncertainty of the Fourie
analysis ~about 1.3 MeV!, the energy centroid displays
slightly smaller value with respect to the value obtained
the frame of the liquid drop model applied to the total syst
@37#. This is due both to the effective interaction used, wh
can also generate a small underestimation of the cent
value ~see Sec. I!, and to deformation and expansion effec
6-6
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FIG. 8. ForElab525 MeV/nucleon andb50 fm, ~a! emitted power through the incoherent mechanism related to theZ component, as a
function of time~empty circles! evaluated with CoMD calculations. In the same panel the stars represent the prediction of theCASCADE

calculations for the collective emitted power at different times. The full circles represent the same quantity as predicted by
calculations. The line represents the emitted power as a function of time produced by Langevin calculations applied to the total sy~b!
Relatedg-ray emission probability as a function of the energy for the incoherent~full circles! mechanism and for the coherent mechanis
~empty circles!. ~c! Average mass of the two largest fragmentsA1 , A2 as a function of time.~d! Related average excitation energy p
nucleon.
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~with an average value corresponding to a density of ab
70% of the saturation value! experienced by the system i
the first 500 fm/c.

The width of the energy distribution shown in panel~b! is
about 9 MeV. It is about 1.7 times the one shown in Fig
for the ground state. It has to be noted, however, that
multiplicity distribution shown in Fig. 8~b! is the global re-
sult of a hot source which rapidly changes mass and exc
tion energy@see panels~c! and ~d!#. In particular, in a short
time the residues reach an excitation energy of about
MeV/nucleon and a mass of about 60 units. The change
the following 600 fm/c are smaller.

Looking at the system behavior during a short time int
val, clear preequilibrium effects can be seen from Fig. 8~a!.
In particular in the first 200 fm/c the power emitted via the
incoherent mechanism increases up to a maximum value
responding to the formation~on average! of the two main
fragments. During this stage the collision rate increases p
tically with the same profile. The curve represents a pred
03460
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tion based on the Langevin approach@39# in which the
damping parameterG and the resonant energyE0 are com-
puted from theg-ray spectra obtained wiht our CoMD ca
culations. The massA and the charge are those of the to
system. The temperature has been computed from the u
relation for fermionic systemsE* 5aT2 with a5A/12 ~the
choice for the value of this parameter is discussed in
following section!.

After a very short transient connected to theG parameter,
we observe that the Langevin calculations@line in Fig. 8~a!#
give a stationary value corresponding to the one predicted
statistical calculation@see Eq.~A9!#.

This comparison shows that in this first stage the preeq
librium effect connected to the incoherent process is do
nated by the finite time in which the collision rate~acting in
this case as a noise able to excite the dipolar mode! in-
creases. This time is larger than what the Langevin appro
predicts. We note also that in the first 50–70 fm/c the emit-
ted power evaluated with our calculations displays sh
6-7
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MASSIMO PAPAet al. PHYSICAL REVIEW C 68, 034606 ~2003!
peaks which cannot be produced with the Langevin
proach. These peaks originate from Coulomb and comp
sion effects arising when the two nuclei start to overla
Moreover, on average, a fragment starts to separate qu
from the total system@see Fig. 8~c!#, and after 200 fm/c it is
completely formed.

B. Comparison with the Langevin approach

To make a detailed comparison with statistical model c
culations concerning the GDR mode, we have to disentan
between collective and noncollective or bremsstrahlung m
tion related to the total dipole. The presence of this last c
tribution can be seen in Fig. 9, where the spectra of
incoherent contribution are displayed in a semilogarithm
scale at different incident energies. The long tails atg ener-
gies higher than 30 MeV are due to the bremsstrahlung.

To make this comparison we used the following proc
dure: at different time intervals the spectrum of the emit
radiation has been evaluated through a Fourier anal
whose details are given in Appendix B. The obtained spe
have been fitted with a functionF(E) reflecting the standard
statistical model formula behavior plus an essentially ex
nential term able to reproduce the long tail related to
noncollective contribution@40,41#. From this procedure we
have obtained the so-called temperatureT, the GDR cen-
troid, and the damping width parameter. These parame
describe the statistical collective mode through the first te
FR of the functionF(E) @see Eq.~B3!#. This procedure has
been applied at different times and the extracted values o
T parameter have been correlated, by means of the w
known relationE* 5(A/g)T2, to the calculated excitation
energy of the hot source obtained from the CoMD calcu
tions @see Figs. 8~d! and 8~c!#. The emitted power related t

FIG. 9. Calculatedg-ray spectra atb50 fm for the incoherent
contribution and for three bombarding energies as indicated in
figure.
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FR(E) represents the collective energy-weighted yield due
the motion along theZ direction produced by the dynamica
model. It is shown with full circles in Fig. 8~a! at different
times. We note that in the statistical model the parametea
in the first term of Eq. ~B3! assumes the value
4e2NZG/3m0Ap(\c)2 determined by the mass, charge, a
damping width of the emitting source@see Eq.~B5!#. There-
fore, using the average value of the above expression
evaluated with CoMD calculations, instead of thea value as
extracted through the fit procedure, we can also obtain
estimation of the predicted strength according to the stat
cal calculations in the local time equilibrium hypothesis. T
results are shown in Fig. 8~a! as stars, for different times.

From the calculations described, it results that atElab
525 MeV/nucleon, and for times greater than 200 fm/c, the
CoMD predictions are in agreement with the statistic
model~in the local time equilibrium hypothesis!. This agree-
ment is strongly supported by the fact that theg parameter
used in the above-mentioned fit procedure assumes the v
12 at different impact parameters and at different tim
within 10%. The stability of this parameter and its valu
which is quite reasonable, also means that the CoMD ca
lations ~at a relatively low energy and for times longer tha
the fragment formation one! produce fluctuations on the co
lective mode~with respect to the ensemble average!, which
have a reasonable size. This in turn means a substa
agreement, in this asymptotic limit, with the fluctuation d
sipation theorem which@39#, for suchg parameter value and
excitation energies, contains quantum mechanical effectsT
,E0) ~see Appendix A!.

To highlight this aspect, in Figs. 10~a! and 10~b! we show
the calculations for the same initial condition by running t
program without the constraint and the Pauli blocking c
rection factor in the collision term. It is clear from compar
sons with Figs. 8~a! and 8~b! that the emitted power in this
essentially classical case is a factor 10–20 times larger
particular, the effects of the collectivity are washed out d
to the rather broad spectrum of the incoherent contributi
and the coherent contribution~empty circles! is negligible in
every energy region of the spectrum.

C. Coherent and incoherent contributions

After discussing the incoherent contribution obtain
through CoMD calculations, we can make a self-consist
comparison with the coherent contribution obtained throu
the ensemble average using the same model. As already
served in Sec. II, we performed the same calculations
40Ca148Ca and for40Ca146Ti systems at 25 MeV/nucleon
The two systems display the same behavior for the incoh
ent contribution within 5%. For the impact-parameter s
lected window, which has been determined by the condit
on the heavy residues~see Sec. II!, we show in Fig. 11 the
ratio R between the totalg-ray spectra~coherent plus inco-
herent contributions! for the 40Ca148Ca and for the40Ca
146Ti systems.

In these calculations the contribution due to the incoh
ent mechanism for times greater than 800 fm/c has been
extrapolated asymptotically with a linear time law. This li

e
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COHERENT AND INCOHERENT GIANT DIPOLE . . . PHYSICAL REVIEW C 68, 034606 ~2003!
earity is suggested by looking at the behavior of the incoh
ent emitted power evaluated for the two systems at tim
greater than 200 fm/c @see, for example, Fig. 8~a!#. This pro-
cedure can induce an error of the order of 20% on the e
mate value ofR.

The quantities plotted in Fig. 11 therefore represent
analog of the ratio between the experimental yields show
the inset of Fig. 2. The analysis performed on the calcula
quantities allows to state that at low energy,R values greater
than 1 are due to the coherent contribution produced in
system40Ca148Ca. As already observed, this contribution
the 40Ca146Ti system is about 20 times lower.

In particular by looking at Fig. 11 we note that the max
mum in the ratio is located at energies lower than 5 M
whereas the maximum of the coherent contribution is pea
in the region around 10 MeV~see Fig. 8!. This discrepancy is
an effect related to the coherent and incoherent contribu
tails. Experimentally~see the inset in Fig. 2! the ratio is
peaked at higher energy because in reality the energy re
lower than 5 MeV is dominated by the contributions comi
from the low energy quadrupolar transitions and from
statistical dipolar emission produced in the last stages of
cascade. These two contributions have similar inten

FIG. 10. For the40Ca148Ca system,~a! emitted power com-
puted by means of the CoMD model without the constraint
Elab525 MeV/nucleon andb50 fm, and~b! relatedg-ray spectra
for the coherent~empty circles! and incoherent~full circles! contri-
butions.
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~within 10%) for the investigated systems but are not d
scribed in the present study. For a more quantitative comp
son we will consider the value of the ratios at 11 MeV.
this energy the experimental value of the ratio is about
~see Fig. 2!, close to the maximum value, and the abov
mentioned contribution of the last stages of the cascad
small. Because of the small underestimation on the reso
energies~about 15%, see Sec. II A!, this corresponds for ou
calculations to an energy of about 9 MeV. At this energy t
estimated ratio is about 1.3 which is in good agreement w
the experimental value for central collisions.

To summarize the results obtained for the system un
study, we show in Table I the yield related to coherent co
tribution and the calculated ratioR compared with the ex-
perimental values.

V. RESULTS AT HIGHER ENERGY

In the previous sections we described, by means of
CoMD model, the experimental data shown in Sec. II. T
low energy extra yield obtained for40Ca148Ca system, as
compared with40Ca146Ti one, has been described as t
effect of the large difference in the charge/mass ratio
tween 40Ca and48Ca. This difference is in fact able to pro
duce a coherent preequilibrium effect ong-ray emission. Us-
ing our fully dynamical approach it has been shown that a
the incoherent collective contribution can show preequil
rium effects mainly arising from the gradual opening of t
phase space available for the nucleon-nucleon collisions.
the other hand, for the heavy residues formed after this s

r

FIG. 11. RatioR between the totalg-ray yield for the 40Ca
148Ca and40Ca146Ti as obtained by means of the model calcu
tions for Elab525 MeV/nucleon. The involved impact paramete
are distributed according to theb window selected by the coinci
dence with the heavy residues. The error bars indicate the gl
uncertainty related to the calculation~see Fig. 4 and the text!.
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TABLE I. Theoretical and experimental quantities for the investigated systems at 25 MeV/nucleon
cerning theg-ray yields and the corresponding ratios for the two systems. The quantities are related
selected incomplete fusion events.dPc/dE represents the theoretical predictions on the ofg-ray emission
probability computed atEg59 MeV for the coherent process.dPexp

c /dE represents the related experimen
quantity evaluated at 11 MeV@11#.

Mechanisms

dPc

dE
(MeV21)

dPexp
c

dE
(MeV21) REg.9 MeV REg.11 MeV

exp

Incomplete Fusion 231024 (360.4)31024 1.360.1 1.360.1
-
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stage~about 200 fm/c), the results of the dynamical calcu
lations seem to confirm that the collectiveg-ray emission
from the hot sources can be treated in the local time equ
rium hypothesis. In this section we want to extend the stu
of the nonequilibrium effects on the dipolarg-ray emission
to higher energy when the multifragmentation processes
come prominent.

A. Coherent and incoherent processes versus incident energy
for central collision

For central collisions (b50 fm) we have performed cal
culations also at higher energy. In Figs. 12 and 13 for 35
03460
-
y

e-

d

50 MeV/nucleon, respectively, we plot the same quantities
shown in Fig. 8. At these energies the hot sources dis
semble producing, on average, a third cluster@see Fig.
12~c!–13~c!#. The size of the largest fragment decreases
increasing the energy. The fragment formation process ta
a shorter time, about 150 fm/c and 100 fm/c. As displayed
in @see Fig. 12~d!–13~d!#, the largest fragment reaches a
average excitation energy of 5 MeV/nucleon with
200 fm/c.

In panel ~a! of the same figures we show the emitte
g-ray power as a function of time produced by the incoh
ent mechanism. In panel~b! the g-ray average multiplicity
related to the coherent~empty circles! and incoherent~full
r
FIG. 12. Same as Fig. 8 but fo
Elab535 MeV/nucleon.
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FIG. 13. Same as Fig. 8 but forElab

550 MeV/nucleon.

FIG. 14. In the different panels, the neutro
energy spectra as obtained through the CoM
calculations are shown at different incident ene
gies and at different emission times~full lines!.
The dot-dashed lines represent the fit with Ma
wellian curves.
034606-11
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MASSIMO PAPAet al. PHYSICAL REVIEW C 68, 034606 ~2003!
circles! emission is also shown.
The full circles in panel~a! of Fig. 13 represent the ave

age incoherent collective strength, whereas the stars re
sent the statistical model prediction of the same quantity.
same criteria as for the 25 MeV/nucleon case have been
to estimate the collective yields, as given by the dynam
model, and the ones expected from the statistical model

In contrast to the lower energy case, we note that aro
the time of the fragment formation, the predictions of t
statistical model calculations overestimate the incohe
collective power emitted as predicted by our dynami
model. This effect is more evident at 50 MeV/nucleon. T
suggests that by increasing the energy given to the sys
the fluctuations in the collective mode are no longer in agr
ment with the predictions given by the Langevin approach
the standard statistical theory~see Appendix A!. These de-
viations are more pronounced in the first stage of the in
action and they can show up after the fast fragment form
tion process whenCASCADE calculations are usually applied

To check if these nonequilibrium effects can be visib
also for other degrees of freedom, in Fig. 14 we show
center of mass energy spectra of neutrons for central c
sions atElab 25 MeV/nucleon and 50 MeV/nucleon. In pan
els ~a! and~b!, for the lower energy case, we show with fu
lines the spectra of neutrons emitted at different time in
vals before and during the formation of fragments. In pan
~c! and~d! the spectra for the 50 MeV/nucleon case are d
played. The dashed lines represent the results of a fit of
energy spectra with typical Maxwellian curves. The compa
son with these curves shows that, apart from the deviatio
the energy region of standard preequilibrium contribut
~around 6 MeV and 12 MeV for beam incident energy eq

FIG. 15. Calculated mass spectra of the40Ca148Ca system for
b50 fm and at different energies. The line represents the resul
the best fit with a power law forElab550 MeV/nucleon.
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to 25 MeV/nucleon and 50 MeV/nucleon, respectively!, the
strongest global deviation with respect to the Maxwelli
shape is observed for the 50 MeV/nucleon case. We st
that this simple comparison with the Maxwellian curve
merely done to highlight qualitative differences between p
ticle spectra. It is moreover possible to show~by comparing
the neutron spectra with those obtained when the neut
are on the surface of the hot sources! that these differences
are due to strong mean field instabilities present at the
face of the hot sources produced at 35 and 50 MeV/nucl
up to about 300 fm/c for this last case.

These instability effects can be investigated, as it is u
ally done, by looking at many-body quantities such as
fragments, and their energy and mass distributions~see as an
example Ref.@42#!. In Figs. 15 and 16 we show the ma
distributions and the relative Campi plots at 35 MeV/nucle
and 50 MeV/nucleon. From these figures the typical con
tions for a phase transition with a power law for the ma
distributions~shown by a straight line! and bending of the
Campi plot are clearly evident.

For a system undergoing a multifragmentation proce
this analysis therefore seems to suggest a growth of fluc
tions on the dipolar mode and a decreasing collective con
bution with respect to the standard statistical approach.

This means that, at a macroscopic level, the equation
motion of the dipole deviates from the simple prescription
a Langevin approach described in Appendix A. This dev
tion does not seem to be due to the well-known effects s
as those that can be taken into account using a local t
equilibrium hypothesis as previously discussed. On the c
trary, this deviation seems to arise from a more comp

of
FIG. 16. Campi plot for central collisions in the system40Ca

148Ca at different energies,~a! Elab525 MeV/nucleon,~b! Elab

535 MeV/nucleon, and~c! Elab550 MeV/nucleon.
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TABLE II. Degree of collectivity and degree of coherence, as defined in Secs. V B and V C, estimated through CoMD calculat
central collision at different incident energies and at different times.

Elab (MeV/nucleon) wc(t f ,tm) wc(0,t f ) wch(0,tm) wc8(t f ,tm) wc8(0,t f ) wch8 (0,tm)

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
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form of the effective Hamiltonian describing the collectiv
mode during a multifragmentation process, or it can be s
ply related to the inapplicability of the temperature conc
for the collective motion.

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

To make the performed study more quantitative, in t
section we want to estimate a degree of collectivity for
incoherent motion in central collisions.

For this purpose, starting from the results already sho
in Figs. 8, 12, and 13 and using relations~B1!–~B4!, we
computed the following quantities:

WEs
, ~ t !5E

0

Es

W,~E,t !dE, ~5!

WEs
. ~ t !5E

0

Es

W.~E,t !dE, ~6!

«Es~0,t !5WEs
, ~ tm!2WEs

. ~ t !, ~7!

«Es~ t,tm!5WEs
. ~ t !. ~8!

In these equationsEs represents an upper limit for the en
ergy integration, which we have fixed at 35 MeV. Moreov
using a fit procedure similar to the one used in the preced
section, we have separated the collective contribution«Es,c
from the bremsstrahlung one. In such a way we have defi
the degree of collectivity at different time intervals as

wc~0,t ![
«Es,c~0,t !

«Es~0,t !
, ~9!

wc~ t,tm![
«Es,c~ t,tm!

«Es~ t,tm!
, ~10!

wheret has been chosen as the time of fragmentation of
hot sources,t f . Its values are about 180 fm/c, 135 fm/c,
and 90 fm/c at 25 MeV/nucleon, 35 MeV/nucleon, and 5
MeV/nucleon, respectively. The results of these calculati
are shown in Table II. By comparing the results of the seco
and third column, it becomes evident that the degree of
lectivity is not uniformly distributed in time. In particular
wc(t f ,tm) slowly decreases with the increase in energy.

Fast changes and a much lower value of the collectiv
are instead observed during and before the fragment for
tion, as one can see from the behavior ofwc(0,t f ). This time
region is the same where the strongest deviations from
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standard statistical model have been discussed in the pre
ing section. It is worthwhile noting that remarkable chang
are between 25 and 35 MeV/nucleon when the multifra
mentation process sets in. This suggests a strong correla
of the phenomenon with the disassembly of the system
with the increasing of the bremsstrahlung contribution. Fr
our calculations, using the described fit procedure on
g-ray probability emission@see Eq.~B5!#, the NZ/A value
necessary to get the agreement with the statistical model
culations is lower than the calculated value obtained thro
the dynamical approach by looking at the charge and mas
the hot source. This clearly gives strong support to the e
tence of preequilibrium effects of the incoherent or statisti
emission mechanism produced by the separation of diffe
phases in the system. A possible explanation is that du
the fragment formation process only a reduced numbe
nucleons are able to follow a collective mode because of
redistribution of the nucleons into different fragments.

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

C. Degree of coherence

In this section we show the results concerning the coh
ent contribution at the different energies for central collisio
(b50 fm). In Fig. 17 we show the ratioR between the total
yield ~coherent and incoherent! and the incoherent one as
function ofg energy at different incident energies. The rati
show a bump peaked at around 3 MeV. The higher values
obtained at 25 MeV/nucleon, for which the peak reaches
value 1.6. The visibility of the extra yield and the relate
energy distribution become weaker and wider by increas
the incident energy. This is due to the increased collision r
and to the fragment formation process being able to des
the phase relation between the collective oscillations belo
ing to the same ensemble of events.

We can define a degree of coherence,wch(0,tm), for the
collective motion by performing the ratio between the to
energy emitted via the coherent mechanism and the
emitted by the incoherent one according to the followi
relation:

wch~0,tm![
«Es,ch~0,tm!

«Es~0,tm!
, ~11!

where the quantity«Es,ch(0,tm) is the analog of«Es,c(0,tm)
6-13
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MASSIMO PAPAet al. PHYSICAL REVIEW C 68, 034606 ~2003!
defined in Eqs.~7! and ~8!, but it is relative to the emitted
power connected to the coherent process.Es has been se
equal to 20 MeV andtm to 1000 fm/c.

The results are shown in Table II in the fourth column.
is remarkable that the behavior of the degree of cohere
resembles the behavior of the degree of collectivity for
incoherent processwc(0,t f), which has been defined in
time interval around the fragment formation process. In p
ticular, large changes are observed between 25 and 35 M
nucleon when the instability leading to the fragment form
tion sets in.

This similar behavior is better seen by looking at the c
umns 5–7 of Table II in which the degree of collectivity an
the degree of coherence have been normalized to the
MeV/nucleon case. They have been indicated with the c
responding primed symbols.

From this analysis it seems that the degree of collectiv
of the incoherent contribution in the first one is.200 fm/c
and the degree of coherence of the mode are linked. M
over, the relative changes of the degree of coherence
appear to be more sensitive to the variation of the bomb
ing energy and to the related main reaction mechanism.

We conclude this section by observing that, from an
perimental point of view, the study of the coherent contrib

FIG. 17. RatioR between the totalg-ray yield for the 40Ca
148Ca and40Ca146Ti as obtained by means of the model calcu
tions atb50 fm and at different energies. The error bars indic
the global uncertainty related to the calculations.
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tion has been performed in the last experiments, such as
discussed in this work, through a direct comparison betw
very similar systems having only large differences in t
charge/mass symmetry of the two partners. The visibility
the coherent contribution has been already discussed. In
ticular, it has been shown in Sec. III that the different char
mass of the colliding nuclei can be used as a marker of
dynamics in the first hundreds of fm/c. In this case a related
coherence length in timetch.\/Gch could be also estimated
from the damping widthGch of the coherent contribution
The results shown in this section further strongly suggest
the study of the coherent contribution can give useful inf
mation about the the degree of collectivity of nuclear mat
as a function of energy. This information moreover can sh
a higher degree of sensitivity with respect to the one
tained by looking, as usually done, only to the GDR statis
cal emission.

D. Concluding remarks

In this work the properties of the coherent and incoher
g-ray emission have been studied for the40Ca148Ca and
46Ti systems at different incident energies and for essenti
incomplete-fusion reaction mechanisms. This study has b
performed using the recently developed CoMD model.

The coherent contribution to theg-ray emission obtained
through the ensemble average of the time evolution of
total dipole is able to justify, in a quantitative way, the ext
yield observed in the experimental data collected for the s
tem under study. Moreover, because of the short time s
during which this coherent process evolves, its main beh
ior is heavily affected by the other fast changing propert
of the hot compound as, for example, the degree of defor
tion and expansion, and the average nucleon-nucleon c
sion rate. The comparison between the dynamical calc
tions obtained from the present model concerning
incoherent contribution, and the standard statistical mo
show a substantial agreement at long tim
(800–1000 fm/c). This agreement is referred to the la
stage of the interaction when any dynamical effect is cea
and the system is thermalized. Therefore in the CoMD,
cause of the constraint, the fluctuations on the collective
polar mode are in good agreement with those produced f
CASCADE calculations using a density level parametera
.A/12.

The agreement observed in this kind of asymptotic lim
allows us to investigate with more confidence the proper
of the fluctuating dipolar collective mode also in short tim
interval. In particular, at 25 MeV/nucleon a comparison b
tween the experimental values and the calculated ratios
the total and the incoherent yield has been performed at
ferent impact parameters for the selected window through
experimental constraint. The correlations between the re
tion mechanisms and the intensity of theg-ray extra yield
have been reproduced by the model calculations. These
relations concern not only the average fragment mass
duced in the reactions but also the shape of fragment kin
energy spectra.
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For central collisions, the more detailed study of the
coherent collective yield at different times has instead sho
deviations with respect the standard statistical model and
Langevin approach at times before and around the time
the fragment formation process. These kind of effects, wh
can be also regarded like preequilibrium effects, beco
prominent at 35 and 50 MeV/nucleon when the hot sour
experience a multifragmentation process.

In particular, under these conditions the degree of coll
tivity, as predicted by the CoMD model, is lower than t
value predicted according to the compound nucleus hyp
esis. This lowering also persists using the local time equi
rium hypothesis typical of the hybrid models. The analy
performed on the spectral properties of the emitted po
suggests that part of the system is no more able to follow
collective vibration during the first moment of the intera
tion, and during the fragment formation process. Howev
this kind of phenomenon is rather short in time, and it
volves about 15–20% of the total emitted power in the fi
1000 fm/c.

The degree of collectivity has been evaluated at differ
incident energies and it shows the largest changes~in the first
180 fm/c) between 25 and 35 MeV/nucleon just when
transition from a predominant binary to multifragmentati
process is seen. Finally, the degree of coherence of the
ton vs neutron motion has been also estimated and its
tive change with the incident energy shows strong corre
tions with the degree of collectivity of the incoherent motio
revealing also a higher sensitivity to the changes of exc
tion energy.

Therefore we believe that the existence of such a corr
tion could be used with advantage from an experimen
point of view. In fact, the coherent process can be, in pr
ciple, directly revealed~like in Refs.@11,18#! by comparing
very similar systems with different charge/mass asymme
distribution between the colliding nuclei. Studies of the ev
lution of the coherent yield as a function of the incide
energy could therefore give useful information for the
search lines which aim to investigate the correlations
tween the existence of the standard GDR mode and the p
transitions in very hot systems@5,6,11#

Finally, the extra yield of the coherent contribution wi
respect to the incoherent one seems to show the largest
tribution at energies where other mechanisms of emiss
occurring in the last stage of the cascade, are domin
Therefore measurements where multiple quadrupolar low
ergy g-ray cascades can be discriminated could be usefu
investigate experimentally the extra yield also in low ene
region.
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APPENDIX A

For the total dipole expressed in units of element
charge we can write the one dimensional Langevin equa
as
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d2Di

d2t
52~v0!2Di2g

dDi

dt
1x i~ t !. ~A1!

The timet is expressed in fm/c. x i(t) represents the stochas
tic force @x i(t)50# acting for each eventi. The dampingG
of the collective mode is related to the friction coefficie
through the following relationG5g\c.

The solution of this equation can be expressed as the
of two terms:

Di~ t !5D~ t !1D f
i ~ t !. ~A2!

The last term in the right hand side of the above equat
represents the so-called incoherent or fluctuating contr
tion since D f

i (t)50, whereas the first term represents t
ensemble average or the coherent part of our quantity.
ensemble average can be easily integrated:

D~ t !5e2gtFD~0!cos~qt!1
V~0!1gX0

q
sin~qt!G ,

~A3!

whereas for the fluctuating part we consider the followi
general solution:

D f
i ~ t !5

1

qE0

t

e2(g/2)(t2t8)sin@q~ t2t8!x i~ t8!#dt8, ~A4!

with

q5Av0
22S g

2D 2

,

whereV(t)5dD(t)/dt.
In Eq. ~A2! the first term is completely determined b

fixing the initial conditionsD(t)[D(0) andV(t)[V(0).
For example, in a heavy ion collision, if we choose

time reference the time when the two nuclei start to tou
and we neglect polarization effects due to the Coulomb
teraction,D(0) can be expressed as@14#

D~0!5
1

2

ApAt

Ap1At
S Nt2Zt

At
2

Np2Zp

Ap
DR[

1

2
mYR,

~A5!

whereR is the contact distance. It is always different fro
zero if the two partners have a different charge/mass ra
The time derivative of the previous expression at the con
point fixes the initial condition related toV(0), which can be
expressed through the sum of several terms. One of th
terms is proportional todR/dt, therefore it increases with th
bombarding energy~it gives a small contribution to the non
equilibrium condition for Elab,10 MeV/nucleon). The
other terms arise from the time derivative of the reduc
mass and of the charge/mass asymmetry differencesY be-
tween the partners of the binary system. These variables
assume a very small value at the time of contact if the flux
mass and charge at this time has a maximum.
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We note that because of the structure of Eqs.~A1! and
~A2!, the average total power emitted has the followi
semiclassical expression evaluated through the Lar
formula:

de

dt
5

2

3
e2

d2Di~ t !

dt
25

2

3
e2F S dV

dt D
2

1S dVf
i

dt
D 2G . ~A6!

The first term represents the so-called coherent contribu
to theg-ray yield and the second the incoherent or fluctu
ing one.

To evaluate the fluctuating contribution, it is necessary
specify the time correlation properties of the stochastic fo
@see Eq.~A7!#. Using the fluctuation dissipation theore
@39#, we get

C~ t2t8!5x i~ t !x i~ t8!5
4GA

2p~\c!2m0

A

NZ

cos~uT!

~ t2t8!2

~\c!2
1

1

T2

,

~A7!

uT52FarctanS ~ t2t8!T

\c D G ,
where T is the temperature,m0 is the nucleon mass, an
NZ/A is the reduced mass number of the neutron and pro
relative motion. In the above expression the zero-point m
tion has been subtracted.

The framework offered by this approach is rather simp
the collective coordinate is explicitly introduced, the syste
under study is closed~or infinite!. This means that the mas
related to the collective motion is constant. Moreover,
fluctuation dissipation theorem implies that the response
correlation function are calculated with a canonical mic
scopic distribution characterized by a fixed value of the te
peratureT. The total energy of the thermal bath is consta
and therefore the energy of the collective mode is suppo
to be negligible with respect to the thermal one. Moreove
is worthwhile noting that, even if rather simple, this mod
contains quantum mechanical effects forT,\v0 , because
the correlation function related to the stochastic force ha
finite length in time.

Now starting from the general solution@Eq. ~A4!# and
using Eq.~A7!, it is possible to compute the following en
semble averages:

d2D f
i

dt2

2

5v0
4~D f

i !21
G

\c

2

~Vf
i !212v0

2 G

\c
Vf

i D f
i 22v0

2D f
i x i

22
G

\c
Vf

i x i1x̄ i
2 . ~A8!

In particular,

~D f
i !25

1

q2
I 2~s,s!,
03460
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V̄f
2,i5

G2

~4\cq!2
I 2~s,s!1I 2~c,c!2

G

~\cq!
I 2~s,c!,

Vf
i D f

i 52
G

2\cq2
I 2~s,s!1

1

q
I 2~s,c!,

D f
i x i5

1

q
I ~c!,

Vf
i x i5I ~c!2

G

2\cq
I ~s!,

x̄ i
25

2m0GAT

\cNZ
,

with

I 2~s@c#,s@c#,t !5E
0

tE
0

t

e2g/\c(t2t8)e2g/\c(t2t9)

3sin@cos#@q~ t2t8!#sin@cos#

3@q~ t2t9!#C~ t82t9!dt8dt9,

I ~s@c#,t !5E
0

t

e2g/\c(t2t8)sin@cos#@q~ t2t8!#C~ t8!dt8.

The evaluation of the above expressions shows that while
average dipole follows a damped oscillating behavior,
root mean square of the fluctuating part increases in the s
time intervalt.\/G up to a stationary and constant value

In the uncorrelated three-dimensional and isotropic ca
it is easy to show~see Ref.@39#, pp. 415, 428! that the
stationary value of the emitted power for each componen
described by the following relation:

S de

dt D
t@\/G

5
4e2NZG

9m0Ap~\c!2E0

` e2E/T

~E22E0
2!21~EG!2

E5dE

5E
0

`

E
d2P

dEdt
dE, ~A9!

whereE is theg energy andE05\v0 .
The quantityd2P/dEdt represents the number ofg emit-

ted in the time and energy units. It agrees with stand
statistical theory of the compound nucleus system and re
sents the heart of the statisticalCASCADE code calculations
@31#. The calculations based on this simple approach are u
as an useful comparisons with CoMD calculation
Sec IV B.

APPENDIX B

To make a comparison with statistical model calculatio
or Langevin calculations@see Eq.~A9!# we need to evaluate
the spectral properties of the emitted power at different tim
as obtained from CoMD calculations. For the systems st
ied, we performed the above comparison by numerica
6-16



f
am

ar

he
f e

a-
d
o
o

im
c

on

ha
um

ffi

e

ed

ted

-
de:

e

n
ce,

d

ve

COHERENT AND INCOHERENT GIANT DIPOLE . . . PHYSICAL REVIEW C 68, 034606 ~2003!
evaluating expressions~B1! and ~B2!. Each ensemble o
events is characterized by a fixed value of the impact par
eter and incident energy,

S d2P

dEdtD
t

.
W,~E,t2Dt/2!2W,~E,t1Dt/2!

EDt
~B1!

for t>500 fm/c, and

S d2P

dEdtD
t

.
W.~E,t1Dt/2!2W.~E,t2Dt/2!

EDt
~B2!

for t,500 fm/c.
Dt is about 150 fm/c in both cases. The quantities appe

ing in the numerators are defined in this way:

W,~E,t !5
2

3p\cU E0

t1Dt/2dVZ, f
i

dt
e2 iEt/\cdtU2

,

W.~E,t !5
2

3p\cU Et2Dt/2

tm dVZ, f
i

dt
e2 iEt/\cdtU2

, ~B3!

where tm51000 fm/c is the time interval during which the
dynamical evolution has been followed. Obviously, all t
expressions have been evaluated for discrete values o
ergy np\c/tm and time ndt. dt is the time step for the
integration of the equation of motion in the CoMD calcul
tions. Therefore the integrals have been substituted by
crete sums according to the expression for the discrete F
rier transform. The above relations give us an estimation
the spectral properties of the emitted power at each t
related to theZ dipolar component. The corresponding spe
tra (d2P/dEdt) t have been fitted with a functionF(E) able
to reproduce the statistical model formula plus terms able
reproduce the long tail due to the noncollective contributi
i.e.,

F~E!5FR~E!1FNR~E!,

FR~E!5a
e2E/T

~E22E0
2!21~EG!2

E4,

FNR~E!5be2E/T81
c

E
. ~B4!

The fit procedure has been performed to reproduce the s
and the energy-weighted integrated yield up to a maxim
Emax5p\/dt.

From this procedure we obtained, apart from the coe
cientsa,b,c,T8, the temperatureT, the GDR centroidE0 ,
03460
-
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is-
u-
f
e
-

to
,

pe

-

and the damping widthG describing the statistical collectiv
mode.

The energy-weighted integrated yield*0
EmaxEFRdE

~evaluated in the discrete approximation! can therefore rep-
resent the collective contribution due to the motion produc
by the CoMD model~see Sec. IV B!.

An example of the described fit procedure on the emit
power att.800 fm/c for the 40Ca148Ca system at 25 MeV/
nucleon andb50 fm is shown in Fig. 18. The curve corre
sponds to the following parameters for the collective mo
G512 MeV, E0519 MeV, g512, andT56.5 MeV within
10% uncertainty. Finally, by comparing expressions~B3! and
~B4! with Eq. ~A9!, it is possible to note that in the local tim
equilibrium hypothesis the following equality holds:

a5
4e2NZG

3m0Ap~\c!2
. ~B5!

Here N, Z, and G represent the neutron number, proto
number, and the GDR damping width of the emitting sour
respectively.

FIG. 18. g-Ray spectrum for the radiation emitted aroun
800 fm/c for the 40Ca148Ca system atElab525 MeV/nucleon and
b50 fm. The curve represents the result of the fit procedure@see
Appendix B and Eq.~B4!#. Some of the extracted parameters ha
the following values within the uncertainty of 10%:G512 MeV,
E0518 MeV, g512, andT56.5 MeV.
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