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Fluctuations in the excitation functions of dissipative collisions induced on the27Al¿27Al system
in the laboratory energy range 114.2–123 MeV
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The fluctuations in the excitation functions of the dissipative collision induced on the27Al127Al system
have been studied in the laboratory energy range 114.2–123 MeV. The amplitude of the fluctuations, the
average angular distributions, the energy autocorrelation functions, and the angular correlation functions have
been studied in the framework of the partially overlapped molecular level model. The comparisons with the
model allow us to estimate the characteristic times involved in the process, the degree of coherent rotations,
and the density of molecular states through which the collision evolves. In particular the study of the angular
correlations also reveals the coupling effects between rotational and intrinsic degree of freedom of the inter-
mediate dinuclear system.

PACS number~s!: 25.70.2z, 24.60.2k, 21.60.Ev
ve
d
-

hi
i

pr
n
th

ID
s
o

a

en

th

ry

th

e-

ia
od

S
his
ac-
on
he

a-
ite

us
rv-

ess
si-
ve

vel

f.
nc-
ent
act
ith

n
g

nd

.4–

the
is

ss
odel
be-
I. INTRODUCTION

The fluctuations of the excitation functions in dissipati
binary heavy ion collisions~DBHIC! have been establishe
since 1985@1–4#. It is well known that an intermediate di
nuclear system~IDS! is formed in DBHIC. The intermediate
system does not attain complete statistical equilibrium wit
its lifetime; therefore, some obvious differences appear
this reaction mechanism in comparison to the process
ceeding through a completely equilibrated compou
nucleus~C.N.!. The theoretical approaches developed for
phenomenon description of the phenomenon have tried
include modification with respect to the Ericson theory@5# to
take into account some particular characteristics of the
like its deformation and the semiclassical rotation. The
characteristics have been described by defining a space
entation for the system at the time of its formation and
average collective angular velocity.

In particular, the introduction of a correlation betwe
different total angular momenta@6–11#, which is necessary
to produce the above mentioned effects, has shown
strong modifications appear in theaverage angular distribu-
tions, energy autocorrelation functionsandangular correla-
tion function with respect to the standard statistical theo
describing the compound nucleus decay.

The effects of such a correlation are able to describe
behavior of many experimental data@12–15,20# character-
ized by ~i! asymmetric average angular distribution with r
spect to 90° in the center-of-mass system~for nonsymmetric
systems! showing in some cases a focusing effect;~ii ! energy
autocorrelation functions having in general a non-Lorent
shape with a strong angular dependence; or quasiperi
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structure connected with the rotation of the system.
Moreover, in all cases the mean level width of the ID

was found to be of the order of some hundreds of keV. T
is a large value compared with the estimation performed
cording to the compound nucleus statistical theory, but
the other hand it is in agreement with the typical time of t
deep inelastic process,t.10221s.

Until 1990 one problem remained unsolved: the fluctu
tions in the excitation functions are not washed out in sp
of the high intrinsic excitation of IDS and of the enormo
number of the final microstates contributing to the obse
able cross section in DBHIC.

Since 1991 the hypothesis that the fluctuating proc
evolves through a selective excitation of low density ‘‘qua
molecular’’ states embedded in a continuum of levels ga
rise to the so-called partially overlapped molecular le
model~POMLM! @16–19#. With this model we explained the
visibility of the fluctuations and their main behavior. In Re
@19# it has also been shown that the angular correlation fu
tion is able to give, together to the other quantities a string
test for the model and for the relative approximations. In f
the angular correlation functions are closely connected w
the square modulus of the Fourier transform~in the total
angular momenta space! of the energy-averaged correlatio
amplitude and then it offers the possibility of investigatin
also the relative details.

Therefore, with the aim of testing the phenomenon a
the POMLM more deeply, the DBHIC induced by the27Al
127Al system have been investigated in the range 114
122.8 MeV in a wide angular range.

In Sec. II we describe the experimental apparatus and
data analysis. In Sec. III we present the results. Section IV
devoted to a review of POMLM, while in Sec. V we discu
the comparison between the experimental data and the m
predictions. Section VI is devoted to the the comparison
©2000 The American Physical Society14-1
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tween the level density estimation performed according
the compound nucleus picture and the one obtained by
POMLM approach. Section VII contains the concluding r
marks.

II. EXPERIMENTAL APPARATUS AND DATA ANALYSIS

A. Experimental setup

The experiment was performed at the SMP Tandem
celerator of the Laboratori Nazionali del Sud in Catania.
27Al81 beam was used with a typical current of 40 nA a
with energy from 114 MeV to 123 MeV in steps of 200 keV
A very thin target~around 40mg/cm2) was used in order to
avoid a large energy spread of the beam in the target.
beam current was measured by an electron-suppressed
day cup, and the beam stability was checked on-line by us
a monitor detector positioned at 5.8°. In particular the be
collimation system was made by two diaphragms which li
ited the beam disalignement todu lab560.15° and a third
one was used as antiscattering (du lab562.5°). The beam
spot on the target was of the order of 232 mm2. To cover a
large angular range we used three telescopes consisting
first stage transverse field ionization chamber, followed b
position sensitive silicon detector. The distances between
target and the detectors and the corresponding laboratory
gular ranges covered were respectivelyda5233 mm: 10°
<ual<22°; db5161 mm: 22°<ubl<37°; dc5160 mm:
40°<ucl<58°. In particular the telescopes a and c we
placed at the right side with respect to the beam and t
scope b was positioned on the left side.

The position information which had a resolution of60.5
mm was used to determine the detection angle. Isobutane
was used at a pressure of about 40 mbar. The calibratio
the telescopes was performed by standard alpha source
by various elastic peaks obtained by selecting differ
charge states from the Tandem beam. The gas detector
calibrated with the help of energy loss calculations and us
calibration runs with and without gas in the detectors. T
quality of the charge identification obtained can be evalua
from Fig. 1 where we show theDE-E scatter-plot for tele-
scope b. Taking into account the beam spot and the pos
resolution, the geometrical angular resolution was about
in the laboratory.

B. Checks performed with the kinematical coincidences

The fundamental variable of the theoretical predictions
the phenomenon under study is the center-of-mass~c.m.!
scattering angleu of the primary fragments produced by th
decay of the intermediate system. To estimate experim
tally this variable, event by event, we have chosen the
lowing criterion: when a projectlike fragment is detected, t
measured laboratory angle, kinetic energy and the mas
the stable isotope having the atomic number of the identi
fragment~our experimental setup does not allow the ma
measurement! are used as input parameters to estimate
correspondingu and Q value by use of the two body kine
matical relations.
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We observe, however, that this kind of estimation for t
c.m. scattering angle can be affected by errors arising
both from the in-flight particle evaporation from the excite
fragments and from the fluctuations of the total charge a
mass partitions into the two primary fragments.

To evaluate the above mentioned errors we have analy
the kinematical coincidences observed between projectile
and targetlike fragments obtained from the detectors b an
placed on opposite sides with respect to the beam. In
2~a! we have plotted the center of mass angleu12u2 scatter-
plot relative to these coincidences for the total kinetic ene
loss ~TKEL! window 20–40 MeV. The c.m. scatterin
angles were determined by applying, in an independent w
the already quoted procedure to the two detected fragme

From the figure it can be seen that the average of the t
dimensional distribution is centered around the lineu11u2
5180° as is expected for binary processes.

Moreover, from the projection—for example alongu1 at
fixed u2 of such a distribution@see Fig. 2~b!#—it is possible
to evaluate the global average angular dispersiond
5ADu1

21Du2
2. In such a way, we can estimate forDu1

5Du25Du an effective angular resolution of about64° in
the center of mass system. We note that this value is la
than what may be estimated through the finite angular re
lution in the laboratory system connected to the characte
tic of the detection system.

The effects of the in-flight evaporation of the prima
fragments has been investigated also by looking at the c
cidence data.

In Fig. 3~a! we show the isotopic distribution measure
for the binary coincidence events. If we add up the yields
all the isotopes withZ equal or lower than 13 and we more
over suppose the emission of a27Al primary source which
decays by neutron, proton, anda particle emission, we ob-
tain the following branching ratios: 48% of proton emissio
38% of neutron emission, and 14% ofa emission. We note
also the presence ofZ larger than 13 indicating also a charg
asymmetric breaking (44%) of the IDS due to the fluctu

FIG. 1. DE-Etot scatter-plot for telescope 2.
4-2
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FLUCTUATIONS IN THE EXCITATION FUNCTIONS OF . . . PHYSICAL REVIEW C 61 044614
tions in the charge partition between the two primary fra
ments.

The previous estimated branching ratios roughly agr
with some minor difference of percentage, withCASCADE

calculations@21# that we have performed on an27Al nucleus
excited at an excitation energy of 15 MeV~we have consid-
ered an average TKEL of 30 MeV, the equal partition of t
dissipated energy between the two partners and a maxim
transferred spin of about 5 units of\).

From these calculations, by taking into account the p
dicted particle energy spectra, we can evaluate an ave
recoil energy of about 0.2 MeV. This value is consistent w
the above estimated angular dispersion. The indetermina
on the estimated TKEL then is practically unaffected,
average, by the recoil energy but it is mostly determined
the propagation of theDu dispersion through the kinematica
relations. This produces, for example, foru555° and
TKEL515 MeV a dispersion of about63 MeV.

Because we are analyzing inelastic process by sin
event data, the kinematical coincidence events have b
used also to verify that spurious scattering from frames
slits does not affect the data collected with single quasia
minium events.

With this aim, we compare in Fig. 3~b! the Z513 ~con-
tinuous line! andZ512 ~dot line! laboratory energy spectr
for single events detected in the telescope b. Their shap
practically identical. This evidence strongly supports the
sence of scattering from frames. Moreover in the same fig

FIG. 2. ~a! Scatter-plot of the c.m. angles for two coincide
aluminium like fragments (Z511–14) for the selected TKEL win
dow ~20–40 MeV!. u1 is the c.m. angle of the heavier fragme
~detected in the telescope b or c!; u2 is the c.m. angle of the lighte
~detected in the telescope b or c!. ~b! Projection of above scatter
plot along u1 coordinate for 70°<u2<72°. The FWHM of the
spectrum can be connected with the effective experimental ang
resolution~see the text!.
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we show, with a dashed line, theZ513 spectrum collected
for 2 quasi-aluminum coincidence events in the same t
scope. The c.m. angular range is that covered by the k
matical coincidence for the TKEL window considered@see
Fig. 2~a!#. The shape of the singles and coincidence alu
num spectra is similar; in particular the shape of the sp
trum, related to single events, does not show the typical
creasing tail which is a characteristic of the ener
degradation produced by the beam scattered from a fra
The difference in the yields comes both from the finite s
of the detectors, for which binary events can be seen lik
single one~because of the recoil effects due to the in-flig
evaporation! and, more generally, from the fact that the b
nary coincidence events detected in a limited laborat
angle range (.20° –58° our experimental effective angul
coverage for kinematical coincidence! are constrained by
correlations in theu-TKEL plane which are not valid in the
single events as two body kinematical calculations sho
These kind of checks have been performed for different r
at different incident energies.

C. Checks on carbon contamination

During the measurements, evidence of carbon contam
tion on the27Al target was observed. To evaluate the level
contamination we performed measurements at several
dent energies also on a carbon target. To reduce the influ
of the contamination in the data analysis, we have caref
studied the kinematics of the reaction for the binary dissi
tive reaction to eliminate all the events located in regions

lar

FIG. 3. ~a! Two-dimensional distribution concerning the yield o
binary coincidence as function of the atomic number of the fr
ments (Z1 for the heavier andZ2 for the lighter!. ~b! Laboratory
energy spectra forZ513 ~continuous line! and Z512 ~dot line!
fragments detected in the telescope b for single events. The da
line represents theZ513 spectrum collected for the binary coinc
dence events. The energy range corresponds to the TKEL win
selected.
4-3
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M. PAPA et al. PHYSICAL REVIEW C 61 044614
the TKEL-u lab plane where carbon contamination can
prominent ~forward direction!. Moreover this preliminary
study is also important to determine a TKEL range for wh
the u range accessible by our experimental setup is as w
as possible.

The result of such a study, with the above mention
constraints, gives for the binary dissipative outgoing ch
nels the following limitations:u>35°, 20 MeV<TKEL
<40 MeV andZ511–15.

Inside this selected range and through the above m
tioned measurements on the12C target, we have estimated a
upper limit for the12C contamination level of about 20% a
u535°. This level rapidly and continuously decreases w
angle and reaches a value lower than 8% foru>51°.

D. Sum on different atomic numbers

In order to reduce the statistical error for the fluctuati
analysis we have integrated all the charge yields fromZ
511 toZ515. This choice should not influence the descr
tion of our data for different reasons:~i! the study of the
fluctuations in the excitation functions for the production
some particular isotope in the selected TKEL range, could
questionable because of the mixing of events generate
the in-flight evaporation of the excited particles;~ii ! in pre-
vious works@1–4# it is shown that for nuclear charges ne
to the projectile ones, the difference in the extracted par
eters is small;~iii ! all the most recent theoretical approach
@16,17,19,22# which attempt to describe the phenomen
have not contained an explicit dependence on the partic
class of outgoing channels selected. In other words the
rameters governing these approaches depend only on th
erage time of the process and on the statistical propertie
the intermediate system formed in the collision process~see
Sec. IV!.

FIG. 4. Experimental excitation functions at different c.m
angles. To emphasize better the fluctuations the mean value of
excitation function has been normalized to unity.
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Obviously changes of these properties can be expecte
the selection criterion in data analysis are such that differ
reaction mechanisms are selected, but this is not the cas
the present study because of the relatively narrowQ value
and charge interval selected.

III. EXPERIMENTAL DATA

In Fig. 4 we show the c.m. excitation functions measur
at different c.m. angles selected putting the appropriate c
ditions on the energy-position signals. They have been ev
ated by a convolution procedure with a square window
half width equal to 4° on the excitation functions obtain
by the primary analysis. The smoothing procedure has b
applied on the basis of the measured effective experime
angular resolution~see Sec. II!.

Quite large fluctuations are present well outside the e
bars that are smaller or comparable to the point size.
emphasize the fluctuations better, we have normalized
mean value of each excitation function, to unity. The pictu
also shows an evolution of the cross section going fr
small to large angles. In particular the trend shows a mar
dependence on the energy foru<51° which suggests the us
of a recursive procedure to evaluate the average beha
@23#. This means, on the other hand, that the effective nu
ber of points of the excitation function available to chara
terize the fluctuations is reduced~several extrema points
should be excluded from the analysis!. In this case, in a
practically equivalent way, we have chosen to analyze

ch FIG. 5. Square root of the normalized varianceV as function of
the c.m. angles. The full dots represent the experimental value
deduced from the excitation functions shown in Fig. 4. The b
indicate the errors due to the counting statistics and to the F
errors. The open dots joined with a continuous line~only to guide
the eyes! represent the theoretical values as predicted by
POMLM ~see text!. The bars indicate the errors associated to
FRD effect.
4-4
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FLUCTUATIONS IN THE EXCITATION FUNCTIONS OF . . . PHYSICAL REVIEW C 61 044614
fluctuations of the excitation function in the energy interv
58–60.9 MeV where the average yield is well represented
a linear, or at the most quadratic dependence, on the ene

The square root of the normalized variance as function
u is shown in Fig. 5~full dots!. The normalized variance ha
been evaluated according to the following expression:

V2~u!5
Š„s~E,u!2^s~E,u!&…2‹

^s~E,u!&2
. ~1!

The bracketŝ ,& indicate the average on the incident energ
The bars indicate the total error arising from the statisti

FIG. 6. Average angular distribution for the selected dissipa
collisions. The full dots are the experimental data. The errors du
the statistics counting and those associated to theu variable as due
to characteristic of the detection system are comparable to the p
size. The dot-dash and the dash lines represent the ‘‘slow’’
‘‘fast’’ contributions, respectively. The incoherent sum of these t
components is drawn with a thick continuous line.
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uncertainty in the cross section and from the finite range
data~FRD!. The FRD errors have been estimated in a mo
independent way by using the experimental quantit
s(Ei ,u)2^s(E,u)& ( i is the running index on the energ
step! and applying the error propagation procedure.

In Fig. 6 we report the experimental average angular d
tribution ~full dots! @the lines represent theoretical calcul
tions with the POMLM~see Sec. IV!#. The angular distribu-
tions show two different slopes at forward and backwa
angles in a similar manner to the28Si128Si system previ-
ously studied@19#. This behavior could be attributed to pro
cesses with different characteristic times as will be discus
in Sec. V. This evidence is also confirmed by the avera
trend of the excitation functions which, as already me
tioned, at the forward angles display a visible energy va
tion.

In Fig. 7 we report the energy autocorrelation functi
C(«) at different c.m. angles:

e
to

int
d

FIG. 7. Experimental normalized energy autocorrelation fu
tion at different c.m. angles.
lar range
C~«,u!5
Š„s~E1«,u!2^s~E,u!&…„s~E,u!2^s~E,u!&…‹

Š„s~E,u!2^s~E,u!&…2‹
. ~2!

The half-widths connected to the initial part ofC(«) for the different angles are of the order of 150 keV675 keV. Also in
this case the bars indicate the error from the statistical counting and those connected to the FRD. In the whole angu
we note an increase of the correlation for« around 2 MeV.

Finally in Figs. 8~a! and ~b! we show the experimental angular correlation function~open dots! computed by taking as
reference anglesu567° andu555°, respectively, according to the following expression:

C~u,u8!5
Š~s~E,u!2^s~E,u!&…„s~E,u8!2^s~E,u8!&…‹

AŠ„s~E,u!2^s~E,u!&…2‹AŠ„s~E,u8!2^s~E,u8!&…2‹
. ~3!
4-5
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IV. REVIEW OF THE POMLM

As previously mentioned, the POMLM is a model th
was developed to describe the fluctuations in the excita
function of dissipative heavy ion collisions@16,17#. We re-
call it briefly.

The starting point of the POMLM is a polar expansion
the S matrix connecting the initial channela to each final
channelb @6–11#. Through this expression the effect of th
coherent rotation of the IDS has been taken into accoun
many previous works@7,10,12–14# to reproduce the experi
mental data. Accordingly the pole spectrum has the follo
ing structure:

Em
pole~J!5Em

0 1
\2

2I
J~J11!2 iG/2, ~4!

whereI is the moment of inertia of the intermediate syste
andG is the mean value of the level width.Em

0 is the part of
the resonant energy which is associated to other degree
freedom than the rotational one. In this approach a sum o
a very large number of final channelsN is performed in an
analytic way. The resulting total differential angular distrib
tion has the following expression:

s~E,u!5
A

sin~u! (
J,J8,m

~2J11!~2J811!

3@W~J!W~J8!#1/2ei „w(J)2w(J8)…

3
uba,mu2PJ~u!PJ8~u!

„E2Em
pole~J!…„E2Em

pole,* ~J8!…
, ~5!

FIG. 8. ~a! Experimental angular correlation functionC(67°,u)
~points! compared with the POMLM prediction~continuous line!.
The bars indicate the errors due to the counting statistics and to
FRD. ~b! Like ~a! for C(55°,u).
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where

uba,mu25uga,mu2ugm,bu2, ~6!

PJ indicates the Legendre polynomial of orderJ; W(J) rep-
resents an effective transmission coefficient which is m
elled with a Gaussian function centered around an aver
valueJ of the total angular momentum and a standard dev
tion D/A2; w(J)5F(J)(J2J) indicates the nonresonan
phase shift associated with the scattering amplitude. As u
in this case the parameterF is connected, in the classica
analogy, to the deflection angle corresponding toJ.

As can be observed the expression~5! is a coherent sum
of different angular momenta. The degree of coherence
connected with the ratiog5G/\v wherev is the average
angular velocity of the IDS.

The expression~5! is derived in the Appendix through th
following assumption on the amplitudeba,m

b : The numbers
ba,m

b are random variables characterized by the followi

properties: ~i! ^ba,m
b &50;ba,m

b 50; ~ii ! ba,m
b ba,m8

b8

5dm,m8db,b8uba,m
b u2i . Here the brackets indicate, for eac

final channel, an average on them levels while the bar sym-
bol indicates the average over the very large number of fi
channelsN. The first condition reflects the statistical chara
ter of the process. The second assumption means that ev
the correlation amplitude between two generic final chann
b,b8 can be different from zero, the average over all t
very large number of distinct couples is zero. As shown
the Appendix this condition is equivalent to the resulti
vanishing contribution~at the order 1/AN) of the off-
diagonalm m8 terms in the total cross section.

In Eq. ~5! the ensemble average of the square modulus
the partial amplitudeba,m is expressed through the rando
and uncorrelated reduced widthsga,m , gm,b . In our calcu-
lations the average quantitiesugm,bu2 are assumed to have
constant value which does not depend on them index. This
property can be easily obtained if the fluctuation propert
of each final microchannelb do not depend on the particula
excited levelm of the intermediate system.

The analytical evaluation of the cross section correlat
functions by means of the hypothesis which produce the
pression~5! is a formidable task if the ratio between th
mean level widthG and the average spacingD of the levels
has a value of the order of ten. In this case, in fact,
evaluation of the so-called ‘‘four point functions’’@see the
numerators of expressions~2! and~3!# of theSmatrix would
require a power expansion ofS and the integration method
based on the Grassman variables. Until now this meth
resulting in very long calculations, has been applied only
the evaluation of the average correlation amplitudes and
erage cross section@24,25#. Therefore, in our approach, th
expression~5! is evaluated by means of a Monte Carlo pr
cedure from which the correlation functions can be eas
computed. The numerical procedure has, on the other h
two kinds of advantages:

~a! It allows us to overcome an approximation applied
the previous quoted approaches@J.(J1J8)/2# which was
done in order to obtain an analytic expression for the co

he
4-6
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FLUCTUATIONS IN THE EXCITATION FUNCTIONS OF . . . PHYSICAL REVIEW C 61 044614
lation functions. This kind of approximation in fact hinde
the spontaneous spread of the wave packet describing
coherent rotation of the intermediate system. Such a spo
neous spread becomes prominent in a time intervaldt(fm)
.(\c/4p\vD2)J where J,v, 1/2D represent the averag
value of the total angular momentum, the average ang
velocity, and the initial angular dispersion of the wa
packet, respectively. This effect becomes relevant in the c
of long-lived dinuclear systems.

~b! It is possible to properly compare the theoretical
sults with the experimental ones taking into account the
tortions produced by the FRD errors.

In the Monte Carlo procedure the partial amplitudesga,m
of expression~5! are random number generated according
a Gaussian distribution with zero average. The level sp
trum of the eigenvalueEm is obtained through a sequence
level spacingsDm,m11 which are calculated under the a
sumption that the Hamiltonian random matrix elements
described by the Gaussian orthogonal ensemble stati
@26#. The resultingDm,m11 distribution is then the one pa
rameter Wigner distribution characterized by the mean le
spacingD.

An interesting result of this approach is that the cro
section expressed through Eq.~5!, in which the coherence
between different total angular momenta is included, show
fluctuating behavior comparable with the experimental on
the ratioG/D assumes a finite value@16,17#, i.e., if the level
density is low~some tens of MeV21). The hypothesis of a
partial overlapping of the levels indicates that these sta
should be considered as special ones. In fact, as will be
cussed in Sec. V A, the analysis of fluctuations for the s
tem under study suggests that these states are located a
15 MeV above the ground state molecular band and that t
estimated average density is much smaller than the v
obtained through the well known level density formula o
tained in the framework of a Fermi gas model.

Finally, we will briefly comment on the general behavi
of the angular correlation functions and excitation functio
and their connection with the structure of expression~5!.
This is the result of a study based on several calculati
performed on the finite energy interval of measurement.

In the case ofg!1, the off-diagonal elementssJ,J8 in the
J quantum number of expression~5! are overwhelmed by the
corresponding diagonal one. This suppression is much hig
than what can be expected from the low degree of ang
momentum coherence, because these off-diagonal elem
are, forG!\v and in the given molecular picture, out of th
resonance for each levelm @see the denominators of expre
sion ~5!#.

Therefore if interference between the near and far-s
contributions is neglected, the model predicts in this cas
high degree of angular correlation at all the anglesC(u,u8)
.1, just because the changes of the excitation function w
the angle arise only from the off-diagonal elementssJ,J8 .

If g.1, Monte Carlo simulations show that it is possib
to select finite energy intervals of the order of 2–3G in
which the quasiperiodic structure of the excitation functio
~the period is 2\v for symmetric systems! becomes uncor-
related @C(u,u8),0.5# in angular ranges of the order o
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1/D. These intervals must be located around the minimum
the wider disordered structures connected to mean lifetim
the intermediate system. In fact around these local minim
above mentioned off-diagonal terms become comparabl
the diagonal ones and by involving differentm levels can be
highly uncorrelated with the diagonal ones.

V. COMPARISON WITH EXPERIMENTAL DATA

In this section we discuss the comparison between all
experimental quantities~already presented in Sec. III! which
characterize the phenomenon and the POMLM predictio
The best fit procedure is rather complex because we hav
describe, in a self-consistent way, all these experime
quantities.

Therefore we will describe in some detail the criterio
used for the fit procedure, in this way we will also illustra
better both the physical meaning of the model parame
introduced in Sec. IV and the related dependence of the c
puted quantities. The parameters extracted from the fit p
cedure are displayed in Table I with the relative uncerta
ties.

A. Sum of the partial waves

As already mentioned, in all the calculations we ha
simulated the cross section given by expression~5!. From the
excitation functions we have computed the correlation fu
tions and the normalized variance. For the average ang
distributions we have analytically averaged the express
~5! on the incident energyE. Because of the symmetry of th
system, the addition of the total angular momenta has b
performed only for coupleJ,J8 of quantum numbers having
the same parity. Because of the relatively high TKEL co
sidered in our process, quantal fluctuations of the reac
plane and the angular dispersion arising from the in-flig
evaporation should destroy the effect of the near-far s
interference@27#. This hypothesis is also confirmed by th
absence of oscillations in the average angular distributio

From these considerations, the following approximati
has been performed in Eq.~5!:

TABLE I. Values of the model parameters as obtained by me
of the fit procedure for the ‘‘slow’’ and ‘‘fast’’ processes. They a
the average deflection angleF ~only fast process!, the amplitude of
the total spin windowsD, the mean level widthGs , the angular
momentum coherent lengthg f , the average rotational energ
quanta\v, and the average level spacingD ~only slow process!.
The uncertainty intervals are also displayed.

Parameter Best value Uncertainty interval

g f 2.7 610%
D f 3.5 610%
F f 30° 620%
\v 1 MeV 610%
Gs 0.5 MeV 0.3–0.6 MeV
Ds 2 1.5–4
Gs /Ds 13 10–40
4-7
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PJ~u!PJ8~u!.
1

AJJ8
cos~J2J8!u. ~7!

B. Fast and slow components

The starting point of our analysis is the average angu
distribution. In Fig. 9~a! we show the experimental quantitie
fitted with the model prediction in the case of one mec
nism contributing to the process. The extractedg parameter
(g5G/\v) is about 1.2.

By taking 1 MeV as reference value of\v @19# ~see also
the following discussion on Sec. V D!, the corresponding
simulated energy autocorrelation computed at 75°, in the
ergy interval of analysis, is shown in Fig. 9~b! compared
with the experimental one~points!. The simulated autocorre
lation looks different to the experimental one both with r
spect to a quantitative and a qualitative comparison. The
parent coherence length is about 0.3 MeV which is about
times greater than the experimental value. Moreover, in
relatively narrow interval of measurement~compared with
the value ofG) the simulated excitation functions of th
single mechanism fit show a 2\v quasiperiodic structure
This structure produces a smoothly oscillating energy au
correlation function which is qualitatively different from th
experimental one. The latter in fact displays narrow osci
tions behind the bump centered at about 1.9 MeV. Ap
from the smaller value of the coherence length, the prese
of the narrow oscillation strongly suggests the presence
statistical structure with a mean level widthG smaller than 1
MeV ~see Secs. V D and V F!. It is possible to verify also
that the behavior of the excitation function of the sing
mechanism process on a large energy intervalDE@G is such
that the quasiperiodic structures are overwhelmed by the
tistical structure. This produces an energy autocorrela

FIG. 9. ~a! Average angular distribution fitted with the mod
predictions for one mechanism~continuous line!. ~b! The corre-
sponding simulated energy autocorrelation function atu575°.
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that is characterized by a coherence length«1/2.A2D\v
.3.4 MeV, as the results of the space time localization
the IDS inside a widthd51/2D. These long-range energ
structures produce, on the experimental energy interval
average trend whose change with the energy is at least o
same order of magnitude as the amplitude of the quasip
odic structure. This is not observed in our experimental d
in the backward region, which shows a quite flat avera
trend compared with the amplitude of the fluctuations
angles greater than 51°.A noticeable change of the averag
trend is instead observed at the smaller angles.

All these considerations strongly suggest that two mec
nisms are necessary to reproduce the data. Therefore in
following sections we will suppose that two incoherent pr
cesses, the so-called fast~f! and slow~s!, act with different
time scales

sT~E,u!5s f~E,u!1ss~E,u!. ~8!

C. Average angular distribution and the fast process

The idea underlying the characterization of the who
phenomenon through two different times scales, as sugge
from the experimental data, has the following consequen

~i! The degree of angular momentum coherence of
two process must be very different, moreover, in our ca
the g ’s parameters must also be different from unity~see
discussion in the previous section!, that isg f.1 andgs,1.
This means that the behavior of the angular distribution
the rangeu535° –53° will be mostly determined by the fa
process while in the remaining explored angular range
which a change of the slope is observed, the average ang
distribution behavior will be determined by the gradual ov
whelming of the slow process with respect to the fast o
~see Fig. 6!.

~ii ! The amplitude and the behavior of the fluctuations
u>55° will be determined mostly by the slow process~see
Sec. V!.

In Fig. 6 we have already shown the results of the bes
on the average angular distribution~see also Table I!. In
Figs. 10~a!–10~c! we furthermore display the sensitivity o
the theoretical total angular distribution to the paramet
characterizing the fast process. The total average angular
tribution weakly depends on the parameters describing
slow component. The procedure to determine them will
described in the following sections. In all the calculatio
shown in this section, the parameters of the slow proc
have been fixed to the values obtained from the globa
procedure and the continuous line represents the corresp
ing total contribution. The calculations corresponding to t
changed parameters, whose values are shown in the fig
are represented by dashed lines.

In Fig. 10~a! we have changed theD f parameter by
630%, around the value obtained from the fit (D53.5). For
the different curves the values ofD f are shown in the figure
TheD parameter~see Sec. IV!, being connected to the width
d51/2D of the wave packet in theu variable, determines the
angular range in which a transition from a near-side scat
ing dominance~forward region! to a far-side scattering domi
4-8
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FLUCTUATIONS IN THE EXCITATION FUNCTIONS OF . . . PHYSICAL REVIEW C 61 044614
nance is observed~backward region!. The results shown by
the curves plotted in the figure allow us to determine
uncertainty on this parameter of about610%.

In Fig. 10~b! we display the results of the calculations
which the g f parameter has been changed by610% with
respect to the value of 2.7 obtained from the fit procedu
This parameter determines the degree of coherent rota
and therefore also the ratio between the cross section ar
the angleF ~near-side dominance! and the cross section a
the backward angle~far-side dominance!. The curves plotted
in the figure allow us to determine an uncertainty on theg f
parameter of about 10%.

In Fig. 10~c! we show the results of the same procedu
for the F f parameter which defines the orientation of t
intermediate system att.0 @14#. In this case we evaluate a
uncertainty of about620%.

We observe also that because of the relatively nar
interval of measurement compared with the energy coh
ence length of the fast process, we cannot determine both
\v f value connected to this process neither the value ofG f .
In any case, it is clear that, with the reasonable assumptio
\v f>\vs , the following relation holds:G f>g f\vs .

The parameters of the slow process will be determin
instead by the description of the main behavior of the fl
tuations. This makes it necessary to fix the energy scales
therefore the time scale of our process. To do this, in tu
we have to estimate the\v parameter~in the following \v
will indicate \vs). Before discussing this subject, in the ne
section we illustrate the final results obtained on the ene
autocorrelation function in the backward angular region
obtained through the fit procedure.

FIG. 10. ~a! Total angular distribution computed for differen
values of theD f parameter. The values of the parameter are
ported in the figure. The continuous line represents the calcula
obtained through the global fit procedure.~b! Like ~a! but for dif-
ferent values of theg f parameter.~c! Like ~a! but for different
values of theF f parameter.
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D. Energy autocorrelation functions and the model prediction

In Figs. 11~a! and 11~b! we show as an example a com
parison between the experimental energy autocorrela
functions atu559° andu575° with the prediction of the
model~continuous thick line! as obtained from the global fi
procedure. The theoretical and experimental quantities a
well both for the shape and the position of the bump arou
2 MeV. It has to be noted that, because of the FRD erro
the half width of the simulated energy autocorrelation
about 150 keV~comparable with the experimental valu!
while the limiting value, obtained for average energy inte
valsDE@\v, is about 450 keV. With more details the FR
errors connected to the model can be easily estimated
looking at the dotted curve of Fig. 11~b!. This curve repre-
sents the energy autocorrelation related to the slow pro
~at 75° the slow process is more than two times the fast o!
generated by the excitation function simulated on an ene
interval of several tens of MeV, for which the errors arisin
from the FRD are negligible.

In the following sections we will discuss in detail th
criterion used to fix the energy scale of the process toge
with a study of the sensitivity of the fluctuations properties
the model parameters characterizing the slow process.

E. Average angular velocity and total angular momentum

In Fig. 12~a! we display, by means of a continuous lin
the results for the energy autocorrelation function atu
575° as obtained from the fit procedure@see Fig. 11~b!#.

-
n

FIG. 11. ~a! Experimental energy autocorrelation functio
~points! at u559° compared with the theoretical one~thick line! as
obtained by means of the POMLM with the parameters reporte
Table I. ~b! Like ~a! but for u575°. The dotted line represents th
theoretical prediction corresponding to the ‘‘slow’’ mechanism f
the energy autocorrelation function computed in an energy inte
DE@\v.
4-9
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In the same figure we show with dashed lines, calcu
tions for which only the value of\v parameter has bee
changed to 1.1 and 1.5 MeV. All the calculations have be
performed in a finite energy interval of about 3 MeV. Th
finite degree of angular momentum correlation produces
increase of correlation around an energy interval of ab
2\v ~symmetric system!. This effect is noticeable in the
figure by looking at the average trend under the oscillati
connected to the FRD of data~see next section!. From the
comparison with the experimental data we can estimate
side a 10% of error, a value of about 1 MeV for the\v
parameter.

Because we are not sensitive to the typical near-far s
oscillations we cannot estimate the average angular mom
tum involved in the process. We also do not have dir
information about the inertia parameter.

Therefore we can only make some comments about
estimated average angular velocity and the location of thJ
window.

For systems with a total mass of 56 amu, in the sa
region of excitation energy, the critical angular momentu
momenta estimated through fusion cross section meas
ments in the sharp cutoff approximation is about 33\ @28#.
This value is in good agreement with the evaluation p
formed for the system under study by using a Krappe N
nucleus-nucleus potential@29#. If we suppose our process t
be located around 33\ and considering an inertia paramet
of a deformed system in the ‘‘sticking’’ configuration, w
obtain a\v value of about 1.3 MeV. With this value it is no
possible to reproduce the experimental energy autocorr
tion functions.

On the other hand, by increasing the inertia paramete
30% with respect to the ‘‘sticking’’ configuration~owing for
example to the intrinsic deformation of the two nuclei! it is

FIG. 12. ~a! Energy autocorrelation function computed for d
ferent values of the\v parameter. The continuous line represe
the calculation obtained through the global fit procedure.~b! Like
~a! but for different values of theGs parameter. The values of th
parameter are reported in the figure.
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possible to recover the experimental value of\v51 MeV
with J533\.

This is close, within the experimental errors, to the va
estimated for the similar system28Si128Si @19# in an equiva-
lent energy interval. For that case, the estimation was ra
direct: in fact, we used the periodp/J of the oscillations
appearing in the angular distribution connected to the ne
far side interference effect in the inelastic processes. In
‘‘sticking’’ limit of a dinuclear configuration, such a value o
J corresponds to about\v.1 MeV which, in turn, was in
agreement with the time scale of the process.

Finally we observe that the energy domain explored
this work corresponds to the high energy limit of the s
called region II of the fusion excitation function@30–32#. In
this energy domain, using also an approximation sche
above the simple sharp cutoff prescription, the possibi
that total angular momenta lower than 33\ can also feed the
binary inelastic channels through the so-called ‘‘fast fissio
process, does not appear to be unreasonable. The highe
ues of J, which correspond to higher values of\v, will
instead probably feed the so-called ‘‘fast’’ process which
the main contribution detected at forward angles.

F. The other parameters for the slow process

Following the same criterion of the calculations presen
in the previous section, in Fig. 12~b! we show, as an ex-
ample, the results of calculations performed for the ene
autocorrelation function atu575°, in which theGs param-
eter has been changed with respect to the value obta
from the fit procedure.

It is interesting to note that forGs<0.6 MeV oscillations
of a period about 2G appear in the correlation function, su
perimposed on the average trend as a result of the FRD
rors. This behavior, for such a small variation of theG pa-
rameter and small energy range, seems much m
characteristic than the width at half maximum that one c
extract from the initial part of the correlation function. Th
change of period between the caseGs50.2 MeV andGs
50.5 MeV is clearly visible.

A comparison with the trend shown by the experimen
data @see Fig. 11~b!# suggests a value of aboutGs
50.5 MeV with an uncertainty interval 0.2–0.6 MeV com
ing from the experimental errors.

Finally, in Fig. 13 we show the change of the simulat
energy autocorrelation function for different values of theDs
parameter. In the small insert of Fig. 13 are also shown
corresponding calculations performed on an a very large
ergy interval.

The parameterDs is connected with the average numb
of partial waves contributing to the process and determi
the initial quantal dispersion of the wave packet. The co
tinuous line which fits the experimental result is comput
for Ds52, similar results inside the errors are obtained
Ds varying in the interval 2–4.

Noticeable differences are visible forDs<1 andDs>5.
For Ds<1 the energy autocorrelation function, as com

puted in the finite energy interval, exhibits only a periodic
of about 2G. In this case, in fact, practically only one parti
4-10
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FLUCTUATIONS IN THE EXCITATION FUNCTIONS OF . . . PHYSICAL REVIEW C 61 044614
wave contributes to the process and then there is not
possibility of observing the effect connected to the coher
rotation.

For Ds>5 the peak at about 2 MeV is clearly seen, wh
the oscillations connected to the mean level width
strongly damped.

The intermediate case, which corresponds well to the
perimental findings, is the case in which the oscillations c
nected to the 2G periodicity are superimposed on the pe
around 2 MeV. These oscillations represent a noise and
the large energy scale, they will generate a lower correla
around 2 MeV with respect to the case corresponding t
higher value ofD. This effect can be understood in terms
angular localization of the intermediate complex at the m
ment of contact which, for large values of theD parameter
~see Sec. V C!, permits a sharper time separation~a more
narrow angular localization of the intermediate system! of
the contribution coming from the decay after a rotation
2p @16#. This, in turn, will generate a higher peak around
MeV and also a higher visibility~ratio between maximum
and minimum! as can be seen in the panel.

In the same inset of Fig. 13 it can be also observed
the second peaks, connected to the second turn of the i
mediate complex, are wider and weaker than the first
because of the results of the spontaneous spreading o
wave packet~see Sec. IV! which try to destroy the coheren
rotation.

The dependence of the fluctuation behavior in this cas
weak with respect to theFs parameter. This is justified by
the relatively low degree of coherence (gs.0.5) which re-
duces the sensitivity of the correlation functions to the init

FIG. 13. Energy autocorrelation functions computed for diff
ent values of theDs parameter. The corresponding values are
ported in the figure. In the panel on the upper right side of
figure, the energy autocorrelation functions computed for the s
set of parameters in an energy intervalDE@\v are also displayed
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orientation of the intermediate complex. On the other ha
becauseFs is connected to the average potential phase sh
we can reasonably assumeFs.F f .

Before concluding this section, we want to stress that
study of the correlation functions through simulations on
nite energy interval allows us to understand the way in wh
the information is modified by the FRD errors with respect
the ideal and extreme case in which an infinite energy in
val is available. This extreme case is exactly that in wh
closed analytical expression can be eventually obtained.

This study in particular shows that the way in which t
information is distorted still depends on the parameters of
model and highlights, as in our case, periodicity~that con-
nected to the mean level width! which is not present in the
correlation function evaluated in the above mentioned id
case~see inset of Fig. 13!. Therefore any reliable compari
son between the experimental quantities and models sh
not undervalue this aspect.

G. Amplitude of the fluctuation and molecular level density

For a symmetric system and for a finite value of theg
parameter, the behavior of the square root of the normali
varianceV computed in a very large energy interval in pre
ence of an uncorrelated fast process, can be approximate
the following relation:

V51.5*~D!
21

g11
ss~u!

ss~u!1s f~u!
AD

G
. ~9!

This expression takes into account the change ofV with the
number of partial waves contributing to the cross section
with their degree of coherence (D ’s and g ’s dependence!,
and finally, the dependence on the level density of states w
a fixed total spin~see the Appendix!.

For a finite energy interval of about 3 MeV and for th
parameters values deduced by the previous analysis, th
sults obtained by performing several simulations confi
that, because of the FRD errors,V is reduced of a factor
about 1

2 .
Substituting the parameters obtained from the previ

analysis into the relation~9!, the experimental values in th
angular range 47° –79° are reproduced within the exp
mental errors by setting a value ofGs /Ds of about 13. In Fig.
5 we show the comparison between the experimental d
~full dots! and the calculations~open dots!. Within the errors
the agreement is good foru>47°.

Because of the errors on the parameters estimated in
previous sections, considering also the uncertainty aris
from the experimental data and from the energy behavio
the underlying fast contribution, we can estimate an inter
of uncertainty on theGs /Ds value from 10 to 40.

As mentioned in Sec.V B, the excitation functions show
visible trend variation with energy only in the forward pa
of the explored angular range. This is a signal of the ex
tence of a fast process dominating the forward region~this
consideration is independent from any model!. In the frame-
work of the approach used, this evidence can be justi
only by supposing also a finite value of the ratioG f /D f
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-
e
e
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M. PAPA et al. PHYSICAL REVIEW C 61 044614
which we have set to about 5~with G f5g f\v). This value
allows us to reproduce, within the errors, the variance at 4
but, because of the relative small energy interval of meas
ments, this value can have a high degree of uncertainty.

At smaller angles where the fast process is predomin
the agreement between the calculation and the observed
ances is poor. Nevertheless we have to observe that the
perimental results concerning the fluctuations measurem
in the forward part are critical. Apart from the12C contami-
nation problem a very small beam displacement verified d
ing the change of the beam energy~the displacement could
be at the most 1 mm according to the collimation system
have used! could generate in this angular region adu of the
order of a fraction of a degree~see Sec. I! which, in turn, can
produce variation in the cross sections of the same orde
magnitude of the fluctuations we are discussing. This is
to the fact that the change of the angular distribution is v
fast in the forward region. Obviously this kind of effect has
negligible consequence on the determination of the exp
mental average angular distribution whose measuremen
an as wide as possible angular range is of fundamental
portance to determine the relative percentage of the fast
tribution with respect to the slow one.

H. Angular correlation function

Finally we comment on the results shown in Figs. 8~a!
and 8~b!. The angular region foru,47° is not reproduced by
the model calculations. As previously observed this angu
region can be critical for the fluctuations analysis for o
experimental setup because of the fast changes of the a
age angular distribution. Concerning the remaining explo
angular range the agreement between the experimental p
and the POMLM is, taking into account the errors, good.

To understand better the results obtained by the mode
can refer to the following general expression for the angu
correlation function connected to a cross section compo
of two incoherent contributions:

C~u,u8!5
A~u,u8!

B~u!B~u8!
,

A~u,u8!5Cf~u,u8!Vf~u!Vf~u8!

1Cs~u,u8!Vs~u!Vs~u8!K~u!K~u8!

1Cf ,s~u,u8!„Vf~u!Vs~u8!K~u8!

1Vf~u8!Vs~u!K~u!…,

B~u!5„Vf
2~u!1Vs

2~u!K~u!2

12Cf ,s~u!Vs~u!Vf~u!K~u!…1/2, ~10!

whereVf ,Vs indicates the square root of the variance for t
fast and slow process, respectively,K indicates the ratio be
tween the slow and the fast contribution,Cf ,Cs indicate the
angular correlation of the two contributions, andCf ,s indi-
cates the angular correlation between the two processes
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For the set of parameter given in Table I and according
the observation made at the end of Sec. III the POML
predictions are the following:Vf(u) changes from 1.2
31022 to 4.531022 for u varying in the explored angula
range;Vs(u).731022; Cs(u,u8).1(gs,1).

The values ofCf(u,u8) and Cf ,s(u,u8) both depend on
the choice of the starting seeds which generate the leve
quence and the partial amplitude in Eq.~5!. To fit the behav-
ior of the experimentalC(55°,u) the seeds have been s
lected to obtain aCf ,s(55°,55°) value of about20.38. We
would like to stress that the strong dependence on the ch
level sequence of the correlation between the fast and s
process means that in the incident energy rangedE under
study, the FRD errors on theCf ,s(55°,55°) parameter con
nected with the fast process (DE.G f), are dominant.

Nevertheless, it is important to observe also that at ba
ward angles, independently from the seeds, and for the
ergy interval under study, the change of the angular corr
tion depends practically on theK(u) coefficients which, on
the other hand, are determined by the angular distribution
procedure. This happens because at angles where the
process is dominant (u>55°) the change of the angular co
relation is very small@Cs(u,u8).1#. This behavior is par-
ticularly evident in Fig. 8~b! where, the reference angle bein
equal to 67°, the theoreticalC(u,u8) for u8.67° is equal
practically to one while the experimental data shows
slightly decreasing trend.

This result mainly depends on the fact that in t
POMLM the off-diagonal elements with respect to the to
angular momentum quantum number are small and stron
correlated for the slow process. This behavior can in t
depend on the following approximations for the level stru
ture and partial amplitudes:~a! Em

J 5(\2/2I )J(J11)1Em
0 ;

~b! the partial amplitudesga,m are presumed to be indepen
dent onJ.

These conditions imply that all the levels follow the sam
rotational band and no coupling between the collective ro
tion of the intermediate system and the other intrinsic deg
of freedom exists. The introduction of the coupling effec
able to produce a loss of angular correlation in processe
low degree of angular momentum coherence, modeled wi
random dependence of the partial amplitudega,m

J from J,
will be the concern of the future developments of the a
proach used.

VI. LEVEL DENSITY AND THE POMLM

As already mentioned in Sec. IV the main hypothesis u
derlying the theoretical approach used is that many parti
overlapped resonances coherently contribute to the phen
enon under study. In this section we want to discuss brie
the possible existence of such kinds of states and t
nature.

The fit procedure of the experimental data allows us
extract an average angular velocity\v.1 MeV. The aver-
age value of the total angular momentum is not well defin
and, according to the observation of Sec. V E, this value m
be located inside a probable window 26–34\. This window
corresponds to an average collective rotational ene
4-12
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Erot(J)5(\v/2)J varying within the interval 13–17 MeV.
We can also express, according to the collective rota

picture, the ‘‘zero temperature’’ rotational band through t
following expression:

EB~J!5Erot~J!1B f2Q0 , ~11!

whereB f is the barrier for symmetric fission of the syste
and Q0 is the Q value for fusion.B f2Q0 can represen
therefore in a reasonable way the energy necessary to
duce a strongly deformed system at the scission point c
figuration.

Taking into account the interval of possible average ro
tional energy values, as previously estimated, the fraction
intrinsic excitation energy (Ec.m..60 MeV) that can be ab
sorbed by the system, above the ‘‘zero temperature’’ ro
tional energy, can vary in the interval 12–17 MeV. At th
excitation energy the level density, as evaluated by mean
the Fermi gas model, is much higher than the values e
mated to reproduce the amplitude of the cross section fl
tuations~see Sec. V G!.

For example forE* 515 MeV andJ533\, the Fermi
gas model predicts a level density of the order of
3105 MeV21. Moreover, the associated decay width as
timated from the Weisskopf formula is of the order of 1
keV for particle emission. On the other hand, the study of
experimental energy autocorrelation functions allow us
estimate an average level width of a few hundred keV~200–
500 keV; see Sec. IV F! indicating a prominent binary deca
mode, through states characterized by a finite degree of
gular momentum coherence (g.0.5).

All these considerations strongly suggest that the st
responsible for the fluctuations should be considered as
cial ones with a density very different from the previous
mentioned value.

The POMLM predicts through the analysis performed
the present work a density of states for the slow proc
ranging approximately in the interval 20–90 MeV21 ~for
Gs50.5 MeV). From a macroscopic point of view the
special states could have the same nature as the so-c
dinuclear molecular states~see for example@33–37#! which,
at a relatively high intrinsic excitation energy~13–17 MeV!,
can become partially overlapped. From a microscopic po
of view they could be addressed to simple coherent parti
hole excitations which act as ‘‘door way states’’ for the pr
cess under study.

In this respect we may cite the studies connected to
multistep preequilibrium reaction theory of particles-nucle
interaction in which the estimation of the partial level dens
and their damping width evaluated in the framework of t
single particle model play a fundamental role. As an e
ample, in Ref.@38# the partial level density in40Ca of 2p-2h
and 3p-3h excitations of low spin was estimated atE*
510–20 MeV to vary in the range 1 –50 MeV21. In Ref.
@39# Hermannet al. evaluate the damping width for94Nb at
E* 520 MeV connected to such a simple configurations
to be of the order of 1.5 MeV and 500 keV for the 2p-2h a
3p-3h excitations, respectively.
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Unfortunately the above consideration can be up to n
only of qualitative character because of the lack of a mic
scopic quantum-theory of the heavy ion interaction.

VII. CONCLUDING REMARKS

The fluctuations in the excitation functions of dissipati
binary collision induced on the 27Al127Al at Elab

5114–124 MeV with step 200 keV have been analyzed
the framework of the POMLM. In the approach used,
correlations between the amplitudes connecting the in
state to the very high number of final microchannels po
lated in the dissipative process have been considered, bu
correlation necessary to explain the fluctuations is produ
through the excitation of quasimolecular levels of low de
sity. In this work all the quantities characterizing the ph
nomenon, average angular distribution normalized varian
energy autocorrelation functions and angular correlat
functions have been interpreted by means of a most prob
set of model parameters as the result of a coherent rotatio
the highly deformed intermediate system formed in a narr
total angular momentum window. The experimental d
correspond, in many respects, to the combined effect of
uncorrelated mechanisms labeled by two different charac
istic times or in an equivalent way by two different ener
coherence lengthsG f>2.7 MeV andGs.0.5 MeV.

The comparison between the experimental angular co
lation and the model predictions provides some evidence
the coupling between the rotational degree of freedom
the other ones has to be considered. This subject will be
concern of the future development of the POMLM. Th
above mentioned evidence suggests that an improveme
the model can be obtained using a stochastic modelling
the S matrix decomposition with respect to the total spin.

The approach used allows us to obtain information
some quantities connected to the macroscopic or collec
characterization of the intermediate system like the aver
angular velocity~in some cases also the average value of
total angular momentum involved in the process@19#! and
some others connected to the microscopic structures like
mean decay width of the decaying dinuclear system, the
erage level density of the excited states through which
phenomenon evolves.

In this respect, partial level density estimations and de
width evaluations in static single particle model calculatio
@38,39#, performed for high spin and very deformed system
may be enlightening in the global understanding of the p
cess and in particular in the microscopic description of
IDS formed during the first moments of a dissipative co
sion.

Finally we would like to stress that the fit procedure h
clearly shown the very important role played by the simu
tions performed according to the approach used to take
account the effect arising from the FRD errors, and furth
more how the associated uncertainty on the fit parame
can be partially recovered also by studying all the quanti
characterizing the fluctuations in the excitation functions.
4-13
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APPENDIX

Let us write the total cross section as

s~E,u!5(
b

sa,b~E,u!

}(
J,J8

~2J11!~2J811!„W~J8!W~J8!…1/2

3(
m

(
m8b

ba,m
b ba,m8

* ,b e„f(J)2f(J8)…

D~E,m,J!D~E,m8,J8!*
PJ~u!PJ8~u!,

~A1!

where

D~E,m,J!5E2Em2Erot~J!2 i
G

2
.

The numbersba,m
b are random variables characterized by t

following properties: ~i! ^ba,m
b &50 and ba,m

b 50; ~ii !

ba,m
b ba,m8

b8 5dm,m8db,b8uba,m
b u2.

The brackets indicate the average over the levelm while
the bars indicate the average over the final channels. The
conditions state that the amplitudesba,m

b are random with
respect to them and b indexes; the second one means th
even if the correlation between two generic final chann
can be different from zero, the average over all the very la
number of distinct couples is zero. Without losing genera
we can consider the numbersba,m

b to be real.
We concentrate on them8 andb sum:

(
m8,b

ba,m
b ba,m8

b

D~E,m,J!D~E,m8,J8!*

5(
b

uba,m
b u2

D~E,m,J!D~E,m,J8!*

1 (
m8Þm,b

ba,m
b ba,m8

* ,b

D~E,m,J!D~E,m8,J8!*

5Am1Bm . ~A2!

First of all we perform the summation over the final cha
nels. The average valueAm of Am can be estimated as

Am5
uba,m

b u2N

D~E,m,J!D~E,m,J8!*
, ~A3!
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where N is number of final channels anduba,m
b u2

5(buba,m
b u2/N.

Its standard deviation is

dAm5
uba,m

b u2ANx

D~E,m,J!D~E,m,J8!*
, ~A4!

where x is the standard deviation on the numbersuba,m
b u2

with respect to theb index.
Now we evaluate the mean value and its fluctuation

the termBm . This term generates the off-diagonal element
the expression~A1!.

To this aim we consider the random variable

(
b

ba,m
b ba,m8

b
5(

b
Ym,m8

b
5Ym,m8

S

from the conditions~ii !; it results that its most probable valu
is 0 with a standard deviationANxY wherexY is the standard
deviation of the productba,m

b ba,m8
b with respect to the index

b.
For a fixed realization of the sumSwe have now to evalu-

ate the mean value and fluctuation for the sum overm8. We
consider the stochastic variable:

Lm,m8
S

5
Ym,m8

S

D~E,m,J!D~E,m8,J8!*
. ~A5!

By assuming an uncorrelated numerator and denominato
results that the average value of all the possible construc
of the sum with respect tom8 is zero, i.e.,

Z̃m5(
m8

X̃m,m8
8,S

50. ~A6!

Because the number of dominant terms in the expression~5!
is of the order ofG/D we can estimate the standard deviati
on theZm variable to be of the order

dZm}AG

D
ANx8. ~A7!

If G/D is finite, in the limit N→1`, for eachm level, for
each energy and pair of total spinJ,J8, the sum of the off-
diagonal elements of expression~A1! is negligible with re-
spect to the mean value of them diagonal element at the
order of 1/A(N).

This means that we can write the total cross section a
4-14
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s~E,u!5(
b

sa,b~E,u!

}(
J,J8

~2J11!~2J811!„W~J8!W~J8!…1/2

3(
m

uba,m
b u2e„f(J)2f(J8)…

D~E,m,J!D~E,m,J8!*
PJ~u!PJ8~u!,

~A8!

which coincides with Eq.~5! ~see text!.
As function of the energy this expression shows a fluc

ating behavior for finite values of the ratioG/D at the order
of AD/G around its mean value.

For G/D→1` ~i.e., G/D at least as large as the sam
order ofN), the off-diagonal elements can not be in princip
neglected term by term. Then we perform the sum over thm
index. For each energy value and couple of total spin
write

(
m

uba,m
b u2N

D~E,m,J!D~E,m,J8!*

5
G

D
NK uba,m

b u2

D~E,m,J!D~E,m,J8!*
L . ~A9!

The factorG/D in Eq. ~A9! represents approximately th
number of terms contributing to the sum.

Because of the already mentioned statistical hypothesi
the partial amplitudeba,m

b , the contribution associated to th
G
.

a-
F

n,
.

, G

li,

04461
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sum of the off-diagonal terms will have a zero average w
a standard deviation of the order ofAG/DAG/DA(N)x8.

We therefore once more obtain that if the number of fin
channels is very large, the sum of the off-diagonal terms
be neglected with respect to the sum of the diagonal ones
each energy at the order 1/A(N) and then Eq.~A8! is valid.

We want to conclude by observing that the total cro
section has been expressed in Eq.~A1! through the sum of
the square modulus of the amplitudes connecting the dif
ent channels, i.e., the interference effects between them
been neglected. This interference effect should have a
average value@according to the assumptions~i! and~ii !# but,
by using the same argument as above, the different rea
tions of the sum can produce fluctuations of the order ofN8
whereN8 is number of final channels which are in princip
indistinguishable.

We can estimate this number to be of the orderN8
5N(Gb /DQ) whereGb is the typical width of the primary
metastable fragments produced, whileDQ is the Q-value
window in which the total cross section is integrated. In o
case we can haveGb of the order of 10 keV andDQ
520 MeV, so we may estimate that the random nature
the interference between the different channels will give
contribution of 3 orders of magnitude smaller than the inc
herent sum of the amplitudes. Moreover, we have to cons
the averaging effect connected with experimental appar
always being characterized by response functions that h
finite widths. This averaging effect will produce a reductio
of the statistical interference contribution at the orderAN8.

These two arguments allow us to express the total cr
section through Eq.~A1!.
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