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The fluctuations in the excitation functions of the dissipative collision induced orf’tie+ >’Al 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 numbes): 25.70-z, 24.60-k, 21.60.Ev

[. INTRODUCTION structure connected with the rotation of the system.
Moreover, in all cases the mean level width of the IDS

The fluctuations of the excitation functions in dissipative was found to be of the order of some hundreds of keV. This
binary heavy ion collision§DBHIC) have been established is a large value compared with the estimation performed ac-
since 1989 1—4]. It is well known that an intermediate di- cording to the compound nucleus statistical theory, but on
nuclear systentIDS) is formed in DBHIC. The intermediate the other hand it is in agreement with the typical time of the
system does not attain complete statistical equilibrium withirdeep inelastic process=10"2’s.
its lifetime; therefore, some obvious differences appear in  Until 1990 one problem remained unsolved: the fluctua-
this reaction mechanism in comparison to the process prdions in the excitation functions are not washed out in spite
ceeding through a completely equilibrated compoundof the high intrinsic excitation of IDS and of the enormous
nucleus(C.N.). The theoretical approaches developed for thenumber of the final microstates contributing to the observ-
phenomenon description of the phenomenon have tried table cross section in DBHIC.
include modification with respect to the Ericson the[®yto Since 1991 the hypothesis that the fluctuating process
take into account some particular characteristics of the ID®volves through a selective excitation of low density “quasi-
like its deformation and the semiclassical rotation. Thesamolecular” states embedded in a continuum of levels gave
characteristics have been described by defining a space orise to the so-called partially overlapped molecular level
entation for the system at the time of its formation and armodel(POMLM) [16—19. With this model we explained the
average collective angular velocity. visibility of the fluctuations and their main behavior. In Ref.

In particular, the introduction of a correlation between[19] it has also been shown that the angular correlation func-
different total angular momen{&—11], which is necessary tion is able to give, together to the other quantities a stringent
to produce the above mentioned effects, has shown thaést for the model and for the relative approximations. In fact
strong modifications appear in tlawerage angular distribu- the angular correlation functions are closely connected with
tions, energy autocorrelation functiomsdangular correla- the square modulus of the Fourier transfo(im the total
tion functionwith respect to the standard statistical theoryangular momenta spacef the energy-averaged correlation

describing the compound nucleus decay. amplitude and then it offers the possibility of investigating
The effects of such a correlation are able to describe thalso the relative details.
behavior of many experimental dafa2-15,2Q character- Therefore, with the aim of testing the phenomenon and

ized by (i) asymmetric average angular distribution with re-the POMLM more deeply, the DBHIC induced by tR&Al

spect to 90° in the center-of-mass systéar nonsymmetric  +27Al system have been investigated in the range 114.4—

systemgshowing in some cases a focusing efféi);energy  122.8 MeV in a wide angular range.

autocorrelation functions having in general a non-Lorentian In Sec. Il we describe the experimental apparatus and the

shape with a strong angular dependence; or quasiperioditata analysis. In Sec. Il we present the results. Section IV is
devoted to a review of POMLM, while in Sec. V we discuss
the comparison between the experimental data and the model

*Electronic address: papa@Ins.infn.it predictions. Section VI is devoted to the the comparison be-
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tween the level density estimation performed according to TAI+TAI 122 MeV
the compound nucleus picture and the one obtained by the r it i

POMLM approach. Section VIl contains the concluding re- 35:’
marks. i
30F
Il. EXPERIMENTAL APPARATUS AND DATA ANALYSIS 25;’
A. Experimental setup = 20:,
. = L
The experiment was performed at the SMP Tandem ac- : r
celerator of the Laboratori Nazionali del Sud in Catania. An < 19F

27A18* beam was used with a typical current of 40 nA and ro )
with energy from 114 MeV to 123 MeV in steps of 200 keV. 10:’

A very thin target(around 40ug/cn?) was used in order to |
avoid a large energy spread of the beam in the target. The
beam current was measured by an electron-suppressed Fara- PR lyaai ae
day cup, and the beam stability was checked on-line by using 80 100 120

a monitor detector positioned at 5.8°. In particular the beam Ew (MeV)

collimation system was made by two diaphragms which lim-
ited the beam disalignement #9,,,= =0.15° and a third
one was used as antiscatteringff,,= =2.5°). The beam
spot on the target was of the order ok2 mn?. To cover a

FIG. 1. AE-E, scatter-plot for telescope 2.

We observe, however, that this kind of estimation for the
c.m. scattering angle can be affected by errors arising due

3th from the in-flight particle evaporation from the excited

first.s.,tage transverse field ionization cha_lmber, followed by E}ragments and from the fluctuations of the total charge and
position sensitive silicon detector. The distances between t ass partitions into the two primary fragments

target and the detectors and the corresponding laboratory an- To evaluate the above mentioned errors we have analyzed

giular<ran9.es ci)vered were r<°a<spec<tivd|§/.= 233 mm: 10? the kinematical coincidences observed between projectilelike
= 60’al\22 ’ gb— 161 mm: 22% 0, <37°; d.=160 mm:  5n targetlike fragments obtained from the detectors b and ¢
40°< 6 =58°. In particular the telescopes a and ¢ Weresjacad on opposite sides with respect to the beam. In Fig.
placed at the ngh? side with respect to the beam and telez(a) we have plotted the center of mass angje- 6, scatter-
scope b was positioned on the left side. _ plot relative to these coincidences for the total kinetic energy
The position information which had a resolution®0.5  |,q (TKEL) window 20-40 MeV. The c.m. scattering
mm was used to determine the detection angle. Isobutane géﬁgles were determined by applying, in an independent way,

was used at a pressure of about 40 mbar. The calibration Qe ajready quoted procedure to the two detected fragments.
the telescopes was performed by standard alpha sources andg,om the figure it can be seen that the average of the two-

by various elastic peaks obtained by selecting differenyimensional distribution is centered around the lihe- 6,

charge states from the Tandem beam. The gas detector was;gne 4 is expected for binary processes.

calibrated with the help of energy loss calculations and using Moreover, from the projection—for example alodg at

calibration runs with and without gas in the detectors. They, o o. of such a distributiorisee Fig. 2b)]—it is possible
quality of the charge identification obtained can be evaluate evziluate the global average .angular dispersién

from Fig. 1 where we show thAE-E scatter-plot for tele- — —>—7> .
scope b. Taking into account the beam spot and the position Afi+Af5. In such a way, we can estimate fdrf,

resolution, the geometrical angular resolution was about 10=A02=A0 an efiective angular resolution Of abotitd n
in the laboratory. the center of mass system. We note that t_h!s value is larger

than what may be estimated through the finite angular reso-
lution in the laboratory system connected to the characteris-
tic of the detection system.

The fundamental variable of the theoretical predictions on The effects of the in-flight evaporation of the primary
the phenomenon under study is the center-of-m@sm)  fragments has been investigated also by looking at the coin-
scattering angle of the primary fragments produced by the cidence data.
decay of the intermediate system. To estimate experimen- In Fig. 3@ we show the isotopic distribution measured
tally this variable, event by event, we have chosen the folfor the binary coincidence events. If we add up the yields of
lowing criterion: when a projectlike fragment is detected, theall the isotopes witlZ equal or lower than 13 and we more-
measured laboratory angle, kinetic energy and the mass @ver suppose the emission of?Al primary source which
the stable isotope having the atomic number of the identifiedlecays by neutron, proton, amdparticle emission, we ob-
fragment(our experimental setup does not allow the masdain the following branching ratios: 48% of proton emission,
measurementare used as input parameters to estimate th&8% of neutron emission, and 14% @femission. We note
corresponding and Q value by use of the two body kine- also the presence @flarger than 13 indicating also a charge
matical relations. asymmetric breaking (44%) of the IDS due to the fluctua-

B. Checks performed with the kinematical coincidences
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- binary coincidence as function of the atomic number of the frag-
FI.G.' 2. (_a) Scatter-plot of the ¢.m. angles for two comcu_jent ments 1 for the heavier an&2 for the lightej. (b) Laboratory
aluminium like fragments4=11-14) for the selected TKEL win- energy spectra foZ =13 (continuous ling and Z=12 (dot line

dc?w (2054.'0 hMEV}-l 01 1s ths c.rg. _anglle of the hleavfleL fr?gkr]nent fragments detected in the telescope b for single events. The dashed
(detected in the telescope b gr 6, is the c.m. angle of the lighter line represents th&= 13 spectrum collected for the binary coinci-

(detected in the tele_scope b or ¢) Projection of above scatter- dence events. The energy range corresponds to the TKEL window
plot along 6, coordinate for 70% 6,<72°. The FWHM of the selected

spectrum can be connected with the effective experimental angular
resolution(see the tejt

o
O T T T T T

we show, with a dashed line, tt#= 13 spectrum collected
. . . . for 2 quasi-aluminum coincidence events in the same tele-
tions in the charge partition between the two primary frag'scope. The c.m. angular range is that covered by the Kine-

ments. . . . . matical coincidence for the TKEL window considergske
The previous estimated branching ratios roughly agree,. . o ,
. ) . X Fig. 2@)]. The shape of the singles and coincidence alumi-
with some minor difference of percentage, withSCADE

. num spectra is similar; in particular the shape of the spec-
calc_ulat|ons[21] that we have performed on Al nucleu_s trum, related to single events, does not show the typical de-
excited at an excitation energy of 15 MdWe have consid-

o creasing tail which is a characteristic of the energy
e_reo! an average TKEL of 30 MeV, the equal partition Of.thedegradation produced by the beam scattered from a frame.
dissipated energy between the two partners and a maximu

transferred spin of about 5 units b} ‘The difference in the yields comes both from the finite size
P ' of the detectors, for which binary events can be seen like a

From these calculations, by taking into account the pre'single one(because of the recoil effects due to the in-flight

dicte_d particle energy spectra, we can ev_aluate an ave.ra%?/aporatiom and, more generally, from the fact that the bi-
recoil energy of about 0.2 MeV. This value is consistent W|thnary coincidence events detected in a limited laboratory

the above estimated angular dispersion. The indeterminatio R o : .
on the estimated TKEL then is practically unaffected, Ongngle range £20°-58° our experimental effective angular

average, by the recoil energy but it is mostly determined bycoverage for kinematical coincidencare constrained by

the propagation of tha ¢ dispersion through the kinematical correlations in thef-TKEL plane which are not valid in the
propagatic P 9 oo single events as two body kinematical calculations show.
relations. This produces, for example, f@=55° and

TKEL=15 MeV a dispersion of about 3 MeV. These kind of checks have been performed for different runs

Lo s . . at different incident energies.

Because we are analyzing inelastic process by single
event data, the kinematical coincidence events have been
used also to verify that spurious scattering from frames or
slits does not affect the data collected with single quasialu- During the measurements, evidence of carbon contamina-
minium events. tion on the?’Al target was observed. To evaluate the level of

With this aim, we compare in Fig.(B) the Z=13 (con-  contamination we performed measurements at several inci-
tinuous ling andZ=12 (dot line) laboratory energy spectra dent energies also on a carbon target. To reduce the influence
for single events detected in the telescope b. Their shape & the contamination in the data analysis, we have carefully
practically identical. This evidence strongly supports the abstudied the kinematics of the reaction for the binary dissipa-
sence of scattering from frames. Moreover in the same figuréve reaction to eliminate all the events located in regions of

C. Checks on carbon contamination
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FIG. 4. Experimental excitation functions at different c.m.

angles. To emphasize better the fluctuations the mean value of each FIG- 5. Square root of the normalized variances function of
excitation function has been normalized to unity. the c.m. angles. The full dots represent the experimental values as

deduced from the excitation functions shown in Fig. 4. The bars
the TKEL-6,,, plane where carbon contamination can beindicate the errors due to the counting statistics and to the FRD
prominent (forward direction. Moreover this preliminary errors. The open dots joined with a continuous lioaly to guide
study is also important to determine a TKEL range for whichthe eyey represent the theoretical values as predicted by the
the 6 range accessible by our experimental setup is as widBOMLM (see text The bars indicate the errors associated to the
as possible. FRD effect.

The result of such a study, with the above mentioned Obviously changes of these properties can be expected if
constraints, gives for the binary dissipative outgoing Chan:[he se\I/:ecl:iox criter?on in data anpal Zis <I';1re such tha:( zifferenlt
nels the following limitations:#=35°, 20 MeV<TKEL Y

reaction mechanisms are selected, but this is not the case in
<40 MeV andZ=11-15. ! .
. - the present study because of the relatively nar@walue
Inside this selected range and through the above me P y y nar@

. X ind charge interval selected.
tioned measurements on theéC target, we have estimated an

upper limit for the ?C contamination level of about 20% at
0=235°. This level rapidly and continuously decreases with
angle and reaches a value lower than 8% dar51°.

IIl. EXPERIMENTAL DATA

In Fig. 4 we show the c.m. excitation functions measured
at different c.m. angles selected putting the appropriate con-
ditions on the energy-position signals. They have been evalu-

In order to reduce the statistical error for the fluctuationated by a convolution procedure with a square window of
analysis we have integrated all the charge yields fiéom half width equal to 4° on the excitation functions obtained
=11 toZ=15. This choice should not influence the descrip-by the primary analysis. The smoothing procedure has been
tion of our data for different reasonsi) the study of the applied on the basis of the measured effective experimental
fluctuations in the excitation functions for the production of angular resolutiorisee Sec. )l
some particular isotope in the selected TKEL range, could be Quite large fluctuations are present well outside the error
guestionable because of the mixing of events generated Hyars that are smaller or comparable to the point size. To
the in-flight evaporation of the excited particlds) in pre- emphasize the fluctuations better, we have normalized the
vious works[1-4] it is shown that for nuclear charges near mean value of each excitation function, to unity. The picture
to the projectile ones, the difference in the extracted paramalso shows an evolution of the cross section going from
eters is smallfiii) all the most recent theoretical approachessmall to large angles. In particular the trend shows a marked
[16,17,19,22 which attempt to describe the phenomenondependence on the energy #=51° which suggests the use
have not contained an explicit dependence on the particulasf a recursive procedure to evaluate the average behavior
class of outgoing channels selected. In other words the pa23]. This means, on the other hand, that the effective num-
rameters governing these approaches depend only on the awer of points of the excitation function available to charac-
erage time of the process and on the statistical properties ¢érize the fluctuations is reduce@everal extrema points
the intermediate system formed in the collision prodsse®  should be excluded from the analysi$n this case, in a
Sec. V. practically equivalent way, we have chosen to analyze the

D. Sum on different atomic numbers
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FIG. 6. Average angular distribution for the selected dissipative F|G. 7. Experimental normalized energy autocorrelation func-
collisions. The full dots are the experimental data. The errors due tgon at different c.m. angles.
the statistics counting and those associated tddthariable as due
to characteristic of the detection system are comparable to the poittncertainty in the cross section and from the finite range of
size. The dot-dash and the dash lines represent the “slow” andlata(FRD). The FRD errors have been estimated in a model
“fast” contributions, respectively. The incoherent sum of these twoindependent way by using the experimental quantities
components is drawn with a thick continuous line. o(E;,0)—(o(E,0)) (i is the running index on the energy

step and applying the error propagation procedure.

fluctuations of the excitation function in the energy interval _In Fig. 6 we report the experimental average angular dis-

58-60.9 MeV where the average yield is well represented b%_riobution (full dots) [the lines represent theoretical calcula-

a linear, or at the most quadratic dependence, on the energyons With the POMLM(see Sec. IY]. The angular distribu-
oflons show two different slopes at forward and backward

angles in a similar manner to th&Si+28Si system previ-
ously studied 19]. This behavior could be attributed to pro-
cesses with different characteristic times as will be discussed
in Sec. V. This evidence is also confirmed by the average

The square root of the normalized variance as function
0 is shown in Fig. 5full dots). The normalized variance has
been evaluated according to the following expression:

_ 2
V2(0)= ((o(E,0)—(a(E.0))) >_ (1) trend of the excitation functions which, as already men-
(o(E, 0))? tioned, at the forward angles display a visible energy varia-

tion.

The bracketg,) indicate the average on the incident energy. In Fig. 7 we report the energy autocorrelation function
The bars indicate the total error arising from the statisticalC(¢) at different c.m. angles:

{(c(E+e&,0)—(a(E,0))(o(E,0) —(a(E, 0))))

2
((a(E,0)—(a(E,0)))*) @

C(e,0)=

The half-widths connected to the initial part G{e) for the different angles are of the order of 150 keV5 keV. Also in
this case the bars indicate the error from the statistical counting and those connected to the FRD. In the whole angular range

we note an increase of the correlation foaround 2 MeV.
Finally in Figs. 8a) and (b) we show the experimental angular correlation functiopen doty computed by taking as
reference angleé=67° andf=55°, respectively, according to the following expression:

Clo.8')= ((0(E,0)—(a(E,0)))(0(E,0")—(a(E,0))))
’ (o (E,0)—(a(E,0))))\{(o(E,0")—(a(E, 0")))%)

()
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1.4 where

L 0)

|ba,ﬂ|2:|ya,ﬂ|2|7M,B|2i (6)

i TL P; indicates the Legendre polynomial of ordefW(J) rep-

% % % % resents an effective transmission coefficient which is mod-
0.6 elled with a Gaussian function centered around an average
valueJ of the total angular momentum and a standard devia-
tion A/\2; ¢(J)=d(J)(J-J) indicates the nonresonant
phase shift associated with the scattering amplitude. As usual
in this case the parametdr is connected, in the classical
b) analogy, to the deflection angle corresponding to
As can be observed the expressi®his a coherent sum
+ + Af of different angular momenta. The degree of coherence is

connected with the ratigg=1"/%®w where w is the average
061 angular velocity of the IDS.
The expressiofb) is derived in the Appendix through the
following assumption on the amplituctegyﬂ: The numbers
bgvﬂ are random variables characterized by the following

C(67°3)
I

0.2

C(55%%)

02

30720 0 e 70 80 properties: (i) (bf )=0;b% =0; (i) bgyﬂbfirﬁ,

¥ (deg) =38, 05 b5 ,|%i. Here the brackets indicate, for each
final channel, an average on tjelevels while the bar sym-
bol indicates the average over the very large number of final

h(‘éhannels\l. The first condition reflects the statistical charac-

FIG. 8. (a) Experimental angular correlation functi@(67°,6)
(pointg compared with the POMLM predictiofcontinuous ling
The bars indicate the errors due to the counting statistics and to t

FRD. (b) Like (a) for C(55°,6). ter of the process. T'he second assumption means that even if
the correlation amplitude between two generic final channels
IV. REVIEW OF THE POMLM B.B' can be different from zero, the average over all the

very large number of distinct couples is zero. As shown in
As previously mentioned, the POMLM is a model that the Appendix this condition is equivalent to the resulting
was developed to describe the fluctuations in the excitatioRanishing contribution(at the order 1{N) of the off-
function of dissipative heavy ion collisiorjd6,17. We re-  giagonalu ' terms in the total cross section.
call it briefly. . . _ In Eg. (5) the ensemble average of the square modulus of
The starting point of the POMLM is a polar expansion of the partial amplitudé,, , is expressed through the random
the S matrix connecting the initial channel to each final  gnq uncorrelated reduced widths, ,,, v 5. In our calcu-
channelB [6-11]. Through this expression the effect of the |ations the average quantitiéy—leﬂare aesumed to have a
coherent rc_)tation of the IDS has been taken into account i%onstant value which does nollf'léepend on ghndex. This
many previous Work§7,10,12—14 to reproduce the experi- property can be easily obtained if the fluctuation properties
mental data. Accordingly the pole spectrum has the fOIIOW'of each final microchanngd do not depend on the particular
Ing structure: excited levelu of the intermediate system.
X The analytical evaluation of the cross section correlation
EZ"'G(J): E2+ E‘](‘H 1)—il/2, (4)  functions by means of the hypothesis which produce the ex-
pression(5) is a formidable task if the ratio between the
mean level widthl" and the average spacimyof the levels
has a value of the order of ten. In this case, in fact, the
aluation of the so-called “four point functiong'see the

wherel is the moment of inertia of the intermediate system
andI is the mean value of the level With.z is the part of e
the resonant energy which is associated to other degrees RZ
freedom than the rotational one. In this approach a sum over,
a very large number of final channé¥sis performed in an
analytic way. The resulting total differential angular distribu-
tion has the following expression:

quire a power expansion &and the integration method
based on the Grassman variables. Until now this method,
resulting in very long calculations, has been applied only to
the evaluation of the average correlation amplitudes and av-
erage cross sectidi24,25. Therefore, in our approach, the
. > (23+1)(23'+1) expression5) is evaluated by means of a Monte Carlo pro-
sin(6) 3,3 cedure from which the correlation functions can be easily
. , computed. The numerical procedure has, on the other hand,
X[W()W(J')]Hze! (e two Einds of advantages: P

o(E,0)=

WP (6)P5(6) (a) It allows us to overcome an approximation applied in
pzl: ? ‘:Jole* —, (5)  the previous quoted approachlek=(J+J")/2] which was
(E-EL(IE-E, () done in order to obtain an analytic expression for the corre-
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lation functions. This kind of approximation in fact hinders  TABLE I. Values of the model parameters as obtained by means
the spontaneous spread of the wave packet describing tieéthe fit procedure for the “slow” and “fast” processes. They are
coherent rotation of the intermediate system. Such a spont#he average deflection angle (only fast process the amplitude of
neous spread becomes prominent in a time intestéim) the total spin windows\, the mean level widtH'y, tlhe angular
>(hc/47rth2)3 whereJ, w, 1/2A represent the average momentum coherent lengthy;, the average rotational energy
value of the total angular momentum, the average anguldj-anta#«, and the average level spaciiy (only slow process
velocity, and the initial angular dispersion of the wave he uncertainty intervals are also displayed.

packet, respectively. This effect becomes relevant in the Case. - meter

. . Best value Uncertainty interval

of long-lived dinuclear systems.

(b) It is possible to properly compare the theoretical re-, 2.7 +10%
sults with the experimental ones taking into account the disa, 35 +10%
tortions produced by the FRD errors. @, 30° +20%

In the Monte Carlo procedure the partial amplitudes, ho 1 MeV +10%
of expressiorn(5) are random number generated according top, 0.5 MeV 0.3-0.6 MeV
a Gaussian distribution with zero average. The level specy 2 15-4
trum of the eigenvalug&,, is obtained through a sequence of - _;p_ 13 10-40

level spacingsD,, , .1 which are calculated under the as-
sumption that the Hamiltonian random matrix elements are

described by the Gaussian orthogonal ensemble statistigya . These intervals must be located around the minimum of

[26]. The resultingD,, ., distribution is then the one pa- the wider disordered structures connected to mean lifetime of

rameter Wigner distribution characterized by the mean levelhe intermediate system. In fact around these local minim the

spacingD. . _ above mentioned off-diagonal terms become comparable to
An interesting result of this approach is that the crosshe diagonal ones and by involving differeatlevels can be

section expressed through E®), in which the coherence highly uncorrelated with the diagonal ones.
between different total angular momenta is included, shows a

fluctuating behavior comparable with the experimental one if
the ratiol'/D assumes a finite valyd6,17, i.e., if the level V. COMPARISON WITH EXPERIMENTAL DATA

density is low(some tens of Mev-l). The hypothesis of a In this section we discuss the comparison between all the
partial overlapp_mg of the Ieve_Is indicates that thesp Stat?éxperimental quantitie@lready presented in Sec.)lWhich
should be considered as special ones. In fact, as will be digshgracterize the phenomenon and the POMLM predictions.

cussed in Sec. VA, the analysis of fluctuations for the syshe pest fit procedure is rather complex because we have to
tem under study suggests that these states are located aro‘iﬂ%cribe, in a self-consistent way, all these experimental

15 MeV above the ground state molecular band and that theﬁuantities.

estimated average density is much smaller than the valué Therefore we will describe in some detail the criterion

obtained through the well known level density formula ob-seq for the fit procedure, in this way we will also illustrate

tained in the framework of a Fermi gas model. _ better both the physical meaning of the model parameters
Finally, we will briefly comment on the general behavior jniroduced in Sec. IV and the related dependence of the com-

of the angular correlation functions and excitation funct|0nsputed quantities. The parameters extracted from the fit pro-

and their connection with the structure of expressi6h  cedure are displayed in Table | with the relative uncertain-
This is the result of a study based on several calculationgeg

performed on the finite energy interval of measurement.

In the case ofy<1, the off-diagonal elements; ;. in the
J quantum number of expressi@b) are overwhelmed by the
corresponding diagonal one. This suppression is much higher As already mentioned, in all the calculations we have
than what can be expected from the low degree of angulagimulated the cross section given by expres$®nFrom the
momentum coherence, because these off-diagonal elememggcitation functions we have computed the correlation func-
are, forl'<A w and in the given molecular picture, out of the tions and the normalized variance. For the average angular
resonance for each levgl [see the denominators of expres- distributions we have analytically averaged the expression
sion (5)]. (5) on the incident energlg. Because of the symmetry of the

Therefore if interference between the near and far-sidgystem, the addition of the total angular momenta has been
contributions is neglected, the model predicts in this case performed only for coupld,J’ of quantum numbers having
high degree of angular correlation at all the angl€®,6’)  the same parity. Because of the relatively high TKEL con-
=1, just because the changes of the excitation function witlsidered in our process, quantal fluctuations of the reaction
the angle arise only from the off-diagonal elemeants;: . plane and the angular dispersion arising from the in-flight

If y>1, Monte Carlo simulations show that it is possible evaporation should destroy the effect of the near-far side
to select finite energy intervals of the order of 2F3in  interference[27]. This hypothesis is also confirmed by the
which the quasiperiodic structure of the excitation functionsabsence of oscillations in the average angular distribution.
(the period is Z w for symmetric systemsbecomes uncor- From these considerations, the following approximation
related[C(6,60')<0.5] in angular ranges of the order of has been performed in E¢p):

A. Sum of the partial waves
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that is characterized by a coherence lengihh=\2A%w
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E o) =3.4 MeV, as the results of the space time localization of
s 102l the IDS inside a widtld=1/2A. These long-range energy
S structures produce, on the experimental energy interval, an
A 101 average trend whose change with the energy is at least of the
a3 3 same order of magnitude as the amplitude of the quasiperi-
:/6 ¥ odic structure. This is not observed in our experimental data
5 25 5 55 35 in the backward region, which shows a quite flat average
¥ (deq) trend compared with the amplitude of the fluctuations for
angles greater than 51A noticeable change of the average
To: trend is instead observed at the smaller angles

All these considerations strongly suggest that two mecha-
i nisms are necessary to reproduce the data. Therefore in the
o F # ‘ , L$<£<£ ‘ following sections we will suppose that two incoherent pro-
I cesses, the so-called fa$ and slow(s), act with different

T L time scales
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o ) C. Average angular distribution and the fast process
FIG. 9. (a) Average angular distribution fitted with the model

predictions for one mechanisittontinuous ling (b) The corre- The idea underlying the characterization of the whole
sponding simulated energy autocorrelation functiom-at75°. phenomenon through two different times scales, as suggested
from the experimental data, has the following consequences.
(i) The degree of angular momentum coherence of the
P,(0) pJ,(a):LCOE(J_Jr)G_ 7) two process must be very different, moreover, in our case,
NARE the y's parameters must also be different from unisee
discussion in the previous sectipithat isy;>1 andy.<1.
This means that the behavior of the angular distribution in
the ranged=35°—-53° will be mostly determined by the fast

The starting point of our analysis is the average angulaprocess while in the remaining explored angular range, in
distribution. In Fig. 9a) we show the experimental quantities which a change of the slope is observed, the average angular
fitted with the model prediction in the case of one mechadistribution behavior will be determined by the gradual over-
nism contributing to the process. The extractegarameter whelming of the slow process with respect to the fast one
(y=T/hw) is about 1.2. (see Fig. 6.

By taking 1 MeV as reference value bfv [19] (see also (i) The amplitude and the behavior of the fluctuations for
the following discussion on Sec. V)Dthe corresponding 6=55° will be determined mostly by the slow processe
simulated energy autocorrelation computed at 75°, in the erSec. V.
ergy interval of analysis, is shown in Fig(t® compared In Fig. 6 we have already shown the results of the best fit
with the experimental ongoint9. The simulated autocorre- on the average angular distributideee also Table)! In
lation looks different to the experimental one both with re-Figs. 1da)—10(c) we furthermore display the sensitivity of
spect to a quantitative and a qualitative comparison. The aphe theoretical total angular distribution to the parameters
parent coherence length is about 0.3 MeV which is about tweharacterizing the fast process. The total average angular dis-
times greater than the experimental value. Moreover, in thé&ribution weakly depends on the parameters describing the
relatively narrow interval of measuremef@ompared with  slow component. The procedure to determine them will be
the value ofl') the simulated excitation functions of the described in the following sections. In all the calculations
single mechanism fit show a#2» quasiperiodic structure. shown in this section, the parameters of the slow process
This structure produces a smoothly oscillating energy autohave been fixed to the values obtained from the global fit
correlation function which is qualitatively different from the procedure and the continuous line represents the correspond-
experimental one. The latter in fact displays narrow oscillaing total contribution. The calculations corresponding to the
tions behind the bump centered at about 1.9 MeV. Aparchanged parameters, whose values are shown in the figure,
from the smaller value of the coherence length, the presencare represented by dashed lines.
of the narrow oscillation strongly suggests the presence of a In Fig. 10@ we have changed thd; parameter by
statistical structure with a mean level widthsmaller than 1  +=30%, around the value obtained from the fit=€ 3.5). For
MeV (see Secs. VD and V)Flt is possible to verify also the different curves the values af are shown in the figure.
that the behavior of the excitation function of the single The A parametefsee Sec. IV, being connected to the width
mechanism process on a large energy intefai1" is such  d=1/2A of the wave packet in thé variable, determines the
that the quasiperiodic structures are overwhelmed by the stangular range in which a transition from a near-side scatter-
tistical structure. This produces an energy autocorrelatiomg dominancdforward region to a far-side scattering domi-

B. Fast and slow components
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5 25 45 65 85 FIG. 11. (a) Experimental energy autocorrelation function
8 (deg) (pointg at #=59° compared with the theoretical ofthick line) as

obtained by means of the POMLM with the parameters reported in
FIG. 10. (a) Total angular distribution computed for different Table I.(b) Like (a) but for §=75°. The dotted line represents the
values of theA; parameter. The values of the parameter are retheoretical prediction corresponding to the “slow” mechanism for
ported in the figure. The continuous line represents the calculatiothe energy autocorrelation function computed in an energy interval
obtained through the global fit proceduf®) Like (a) but for dif- AE>hw.
ferent values of they; parameter.(c) Like (a) but for different

values of theD; parameter. D. Energy autocorrelation functions and the model prediction

nance is observetbackward regiop The results shown by
the curves plotted in the figure allow us to determine an In Figs. 11a) and 11b) we show as an example a com-
uncertainty on this parameter of abaotitl0%. parison between the experimental energy autocorrelation
In Fig. 1Qb) we display the results of the calculations in functions atd=59° and §=75° with the prediction of the
which the y; parameter has been changed hyt0% with  model(continuous thick lingas obtained from the global fit
respect to the value of 2.7 obtained from the fit procedureprocedure. The theoretical and experimental quantities agree
This parameter determines the degree of coherent rotatiqRe|| hoth for the shape and the position of the bump around
and therefore also t.he ratio 'between the cross section aroundpev. It has to be noted that, because of the FRD errors,
:Eg gggﬁiéﬁﬁg@gf_ﬁgg&ﬂﬁgﬂg;?ﬁecgﬁ\slessegltgg g\t the half width of the simulated energy autocorrelation is
about 150 keV(comparable with the experimental value

in the figure allow us to determine an uncertainty on fie while the limiting value, obtained for average energy inter-

0,
parlﬁnll?;erlgc?kx:tsﬁgx lthe results of the same procedurevaISAE>ﬁ“” is about 450 keV. With more details the FRD

for the ®; parameter which defines the orientation of the€I"Ors connected to the model can be easily estimated by

intermediate system at=0 [14]. In this case we evaluate an '00King at the dotted curve of Fig. (). This curve repre-
uncertainty of about: 20%. sents the energy autocorrelation related to the slow process

We observe also that because of the relatively narrow@t 75° the slow process is more than two times the fast one
interval of measurement compared with the energy coher@denerated by the excitation function simulated on an energy
ence length of the fast process, we cannot determine both tiaterval of several tens of MeV, for which the errors arising
# w; value connected to this process neither the valugof ~ from the FRD are negligible.

In any case, it is clear that, with the reasonable assumption of In the following sections we will discuss in detail the
hwi=hwg, the following relation holdsl'{= yif ws. criterion used to fix the energy scale of the process together
The parameters of the slow process will be determinedvith a study of the sensitivity of the fluctuations properties to

instead by the description of the main behavior of the flucthe model parameters characterizing the slow process.
tuations. This makes it necessary to fix the energy scales and
therefore the time scale of our process. To do this, in turn,
we have to estimate thlew parametefin the following# o

will indicate z w). Before discussing this subject, in the next ) ) ) )
section we illustrate the final results obtained on the energy '" Fig- 12a) we display, by means of a continuous line,

autocorrelation function in the backward angular region ash€ results for the energy autocorrelation function éat
obtained through the fit procedure. =75° as obtained from the fit procedsee Fig. 11b)].

E. Average angular velocity and total angular momentum
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T L e hw=1.1 MeV [=0.45 Mev a) possible to recover the experimental valuefigi=1 MeV
3 — =1 MeV with J=33.

Hw=1.5 MeV

This is close, within the experimental errors, to the value
estimated for the similar systefiSi+2%Si[19] in an equiva-
lent energy interval. For that case, the estimation was rather
direct: in fact, we used the periog/J of the oscillations
S appearing in the angular distribution connected to the near-
-1 L far side interference effect in the inelastic processes. In the
1L o reoewwemimy by “sticking” limit of a dinuclear configuration, such a value of

k) Fs=0.5 Mev J corresponds to abodtw=1 MeV which, in turn, was in
Fe=0.2 Mev agreement with the time scale of the process.

Finally we observe that the energy domain explored in
this work corresponds to the high energy limit of the so-
called region Il of the fusion excitation functig80—32. In
this energy domain, using also an approximation scheme
above the simple sharp cutoff prescription, the possibility
e ‘1'5' - 2‘ - '2'5‘ — that total angular momenta lower thar/i38an also feed the
c (MeV) ‘ binary inelastic channels through the so-called “fast fission”

process, does not appear to be unreasonable. The higher val-

FIG. 12. (a) Energy autocorrelation function computed for dif- ues of J, which correspond to higher values 6w, will
ferent values of thé» parameter. The continuous line representsinstead probably feed the so-called “fast” process which is
the calculation obtained through the global fit procedde.Like the main contribution detected at forward angles.

(a) but for different values of th&' parameter. The values of the

parameter are reported in the figure. F. The other parameters for the slow process

In the same figure we show with dashed lines, calcula- Following the same criterion of the calculations presented
tions for which only the value ofiw parameter has been in the previous section, in Fig. 12 we show, as an ex-
changed to 1.1 and 1.5 MeV. All the calculations have bee@mple, the results of calculations performed for the energy
performed in a finite energy interval of about 3 MeV. The autocorrelation function a#=75°, in which thel's param-
finite degree of angular momentum correlation produces agter has been changed with respect to the value obtained
increase of correlation around an energy interval of aboufrom the fit procedure.
2ho (symmetric system This effect is noticeable in the It is interesting to note that fdr;<0.6 MeV oscillations
figure by looking at the average trend under the oscillation®f a period about P appear in the correlation function, su-
connected to the FRD of dataee next section From the  perimposed on the average trend as a result of the FRD er-
comparison with the experimental data we can estimate, infors. This behavior, for such a small variation of thepa-
side a 10% of error, a value of about 1 MeV for thes  rameter and small energy range, seems much more
parameter. characteristic than the width at half maximum that one can

Because we are not sensitive to the typical near-far sidéxtract from the initial part of the correlation function. The
oscillations we cannot estimate the average angular momehange of period between the caBg=0.2 MeV and['
tum involved in the process. We also do not have direc=0.5 MeV is clearly visible.
information about the inertia parameter. A comparison with the trend shown by the experimental

Therefore we can only make some comments about thdata [see Fig. 1fb)] suggests a value of aboulg
estimated average angular velocity and the location ofithe =0.5 MeV with an uncertainty interval 0.2—0.6 MeV com-
window. ing from the experimental errors.

For systems with a total mass of 56 amu, in the same Finally, in Fig. 13 we show the change of the simulated
region of excitation energy, the critical angular momentumenergy autocorrelation function for different values of the
momenta estimated through fusion cross section measurparameter. In the small insert of Fig. 13 are also shown the
ments in the sharp cutoff approximation is aboufi28].  corresponding calculations performed on an a very large en-
This value is in good agreement with the evaluation perergy interval.
formed for the system under study by using a Krappe Nix The parameteAg is connected with the average number
nucleus-nucleus potentif29]. If we suppose our process to of partial waves contributing to the process and determines
be located around %3and considering an inertia parameter the initial quantal dispersion of the wave packet. The con-
of a deformed system in the “sticking” configuration, we tinuous line which fits the experimental result is computed
obtain a% w value of about 1.3 MeV. With this value it is not for Ag=2, similar results inside the errors are obtained for
possible to reproduce the experimental energy autocorrelaks varying in the interval 2—4.
tion functions. Noticeable differences are visible far,<1 andA =5.

On the other hand, by increasing the inertia parameter by For A;<1 the energy autocorrelation function, as com-
30% with respect to the “sticking” configuratiofowing for ~ puted in the finite energy interval, exhibits only a periodicity
example to the intrinsic deformation of the two nugligiis ~ of about A". In this case, in fact, practically only one partial

044614-10



FLUCTUATIONS IN THE EXCITATION FUNCTIONS G- . .. PHYSICAL REVIEW C 61 044614

1.5 orientation of the intermediate complex. On the other hand
becauseb is connected to the average potential phase shift,
we can reasonably assurg=®;.

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

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

C(e)

ol G. Amplitude of the fluctuation and molecular level density

1.5 , .
£(MeV) For a symmetric system and for a finite value of the
. . . parameter, the behavior of the square root of the normalized
FIG. 13. Energy autocorrelation functions computed for differ- varianceV computed in a very large energy interval in pres-

ent values of theds parameter. The corresponding values are re-ence of an uncorrelated fast process, can be approximated by
ported in the figure. In the panel on the upper right side of thethe following relation:

figure, the energy autocorrelation functions computed for the same
set of parameters in an energy interddt># w are also displayed. -1 o4(0) \/B
V=15*(A)y+ T——— T (9)
wave contributes to the process and then there is not the s(0)+1(6)
possibility of observing the effect connected to the coherent
rotation. This expression takes into account the chang¥ wiith the
For A;=5 the peak at about 2 MeV is clearly seen, while number of partial waves contributing to the cross section and
the oscillations connected to the mean level width arewith their degree of coherencé\{s and y's dependende
strongly damped. and finally, the dependence on the level density of states with
The intermediate case, which corresponds well to the exa fixed total spin(see the Appendijx
perimental findings, is the case in which the oscillations con- For a finite energy interval of about 3 MeV and for the
nected to the P periodicity are superimposed on the peakparameters values deduced by the previous analysis, the re-
around 2 MeV. These oscillations represent a noise and, osults obtained by performing several simulations confirm
the large energy scale, they will generate a lower correlatiothat, because of the FRD errofg,is reduced of a factor
around 2 MeV with respect to the case corresponding to abouts.
higher value ofA. This effect can be understood in terms of ~ Substituting the parameters obtained from the previous
angular localization of the intermediate complex at the mo-analysis into the relatiof9), the experimental values in the
ment of contact which, for large values of theparameter angular range 47°—-79° are reproduced within the experi-
(see Sec. VE permits a sharper time separatien more  mental errors by setting a value B{/D of about 13. In Fig.
narrow angular localization of the intermediate systash 5 we show the comparison between the experimental data
the contribution coming from the decay after a rotation of(full dots) and the calculationpen dots Within the errors
27 [16]. This, in turn, will generate a higher peak around 2the agreement is good f@&t=47°.
MeV and also a higher visibilitfratio between maximum Because of the errors on the parameters estimated in the
and minimum as can be seen in the panel. previous sections, considering also the uncertainty arising
In the same inset of Fig. 13 it can be also observed thafrom the experimental data and from the energy behavior of
the second peaks, connected to the second turn of the intehe underlying fast contribution, we can estimate an interval
mediate complex, are wider and weaker than the first onef uncertainty on thd's/Dg value from 10 to 40.
because of the results of the spontaneous spreading of the As mentioned in Sec.V B, the excitation functions show a
wave packetsee Sec. IYwhich try to destroy the coherent visible trend variation with energy only in the forward part
rotation. of the explored angular range. This is a signal of the exis-
The dependence of the fluctuation behavior in this case itence of a fast process dominating the forward redibis
weak with respect to thé parameter. This is justified by consideration is independent from any modéi the frame-
the relatively low degree of coherence,&0.5) which re- work of the approach used, this evidence can be justified
duces the sensitivity of the correlation functions to the initialonly by supposing also a finite value of the ralig/Dy
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which we have set to about ®vith I';= y;Aw). This value For the set of parameter given in Table | and according to
allows us to reproduce, within the errors, the variance at 43°the observation made at the end of Sec. Il the POMLM
but, because of the relative small energy interval of measuregsredictions are the followingV¢(6) changes from 1.2
ments, this value can have a high degree of uncertainty. x10 2 to 4.5<10 2 for ¢ varying in the explored angular

At smaller angles where the fast process is predominantinge;Vy(6)=7Xx10 2; C4(6,0')=1(ys<1).
the agreement between the calculation and the observed vari- The values ofC;(6,6') and C; 4(6,0") both depend on
ances is poor. Nevertheless we have to observe that the ethe choice of the starting seeds which generate the level se-
perimental results concerning the fluctuations measuremeiguence and the partial amplitude in Ef). To fit the behav-
in the forward part are critical. Apart from theC contami- ior of the experimentalC(55°,6) the seeds have been se-
nation problem a very small beam displacement verified durtected to obtain &C; 4(55°,55°) value of about-0.38. We
ing the change of the beam ener@ke displacement could would like to stress that the strong dependence on the chosen
be at the most 1 mm according to the collimation system weevel sequence of the correlation between the fast and slow
have useficould generate in this angular regiorsd of the  process means that in the incident energy rasgeunder
order of a fraction of a degrgsee Sec.)lwhich, inturn, can  study, the FRD errors on th€; ((55°,55°) parameter con-
produce variation in the cross sections of the same order afected with the fast procesda E=I;), are dominant.
magnitude of the fluctuations we are discussing. This is due Nevertheless, it is important to observe also that at back-
to the fact that the change of the angular distribution is veryward angles, independently from the seeds, and for the en-
fast in the forward region. Obviously this kind of effect has aergy interval under study, the change of the angular correla-
negligible consequence on the determination of the experition depends practically on th€(6) coefficients which, on
mental average angular distribution whose measurement ithe other hand, are determined by the angular distribution fit
an as wide as possible angular range is of fundamental inprocedure. This happens because at angles where the slow
portance to determine the relative percentage of the fast coprocess is dominant9e55°) the change of the angular cor-

tribution with respect to the slow one. relation is very smal[C4(6,6')=1]. This behavior is par-
ticularly evident in Fig. &) where, the reference angle being
H. Angular correlation function equal to 67°, the theoretic&l(6,6") for 6’'>67° is equal

. o practically to one while the experimental data shows a
Finally we comment on the results shown in Fig$a)8 slightly decreasing trend.

and 8b). The angular region fof<47° is not reproduced by~ “This result mainly depends on the fact that in the
the model calculations. As previously observed this angulapomim the off-diagonal elements with respect to the total
region can be critical for the fluctuations analysis for OUrangular momentum quantum number are small and strongly
experimental setup because of the fast changes of the avelyrelated for the slow process. This behavior can in turn
age elmgular dlsr':nbunon. Conct:)ernlng thﬁ remaining exﬁloreq}epend on the following approximations for the level struc-
angular range the agreement between the experimental poi : - I_ 72 0.

9 9 9 P PONtfe and partial amplitudesa) E),=(#%/21)3(3+1)+EY;

and the POMLM is, taking into account the errors, good. b) the partial amplitude are presumed to be indepen-
To understand better the results obtained by the model w e)nt onF\)]. P Yauu P P

can rffer tofthe following gengral expression f‘?r the angular These conditions imply that all the levels follow the same
c?rre ation hunctlon Cor!ge‘?te 10 a cross section coMPOSEQational band and no coupling between the collective rota-
of two Incoherent coniributions: tion of the intermediate system and the other intrinsic degree
AO. 0 of freedom exists. The introduction of the coupling effects,
C(6,60')= (—) able to produce a loss of angular correlation in processes of
B(0)B(6) low degree of angular momentum coherence, modeled with a
random dependence of the partial amplitu¢§# from J,
N , , will be the concern of the future developments of the ap-
A(0,60")=Cs(6,0")Vi(6)V(6") proach used.
+Cs(8,60)Vs(0)Vs(8")K(OK(0")
+Cs(6,0")(Vi(6)Vs(6")K(6")

+Vi(0")Vs(0)K(8)),

VI. LEVEL DENSITY AND THE POMLM

As already mentioned in Sec. IV the main hypothesis un-
derlying the theoretical approach used is that many partially
overlapped resonances coherently contribute to the phenom-

B(0)=(Vf2( 9)+V§( 0)K(6)? enon under study. In this section we want to discuss briefly
1 the possible existence of such kinds of states and their
+2C; ((O)V(0)Vi(0)K(8))™, (10 nature.

The fit procedure of the experimental data allows us to
whereV;, Vs indicates the square root of the variance for theextract an average angular velocityw=1 MeV. The aver-
fast and slow process, respectivefyjndicates the ratio be- age value of the total angular momentum is not well defined
tween the slow and the fast contributiddy ,C; indicate the  and, according to the observation of Sec. V E, this value may
angular correlation of the two contributions, a@g ¢ indi- be located inside a probable window 26434 his window
cates the angular correlation between the two processes. corresponds to an average collective rotational energy
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E,o((J) = (£ w/2)J varying within the interval 13-17 MeV. Unfortunately the above consideration can be up to now

We can also express, according to the collective rotatio®nly of qualitative character because of the lack of a micro-
picture, the “zero temperature” rotational band through thescopic quantum-theory of the heavy ion interaction.
following expression:

Eg(J)=E,(J)+Bf—Qq, (11) VIl. CONCLUDING REMARKS

The fluctuations in the excitation functions of dissipative
whereBf is the barrier for symmetric fission of the system binary collision induced on the?’Al+2’Al at E,y,
and Qq is the Q value for fusion.Bf—Qq can represent =114-124 MeV with step 200 keV have been analyzed in
therefore in a reasonable way the energy necessary to prehe framework of the POMLM. In the approach used, no
duce a strongly deformed system at the scission point coreorrelations between the amplitudes connecting the initial
figuration. state to the very high number of final microchannels popu-
~ Taking into account the interval of possible average rotaiated in the dissipative process have been considered, but the
tional energy values, as previously estimated, the fraction ofgre|ation necessary to explain the fluctuations is produced

intrinsic excitation energy&. =60 MeV) that can be ab- yrough the excitation of quasimolecular levels of low den-

sorbed by the system, above the “zero temperature” rotag;py, | this work all the quantities characterizing the phe-
tional energy, can vary in the interval 12—-17 MeV. At this

N : omenon, average angular distribution normalized variance,
excitation energy the level density, as evaluated by means

the Fermi gas model, is much higher than the values est._nergy autocorrelatipn functions and angular correlation
mated to reproduce t'he amplitude of the cross section ﬂu(;f_unctlons have been interpreted by means of a most pro_bable
tuations(see Sec. V& set of model parame?ers as th.e result of a cohererjt rotation of
For example forE* =15 MeV andJ=33%, the Fermi the highly deformed mterme@ate system formeq in a narrow
gas model predicts a level density of the order of 5t0tal angular' momentum window. The egperlmental data
correspond, in many respects, to the combined effect of two

X10° MeV ™. Moreover, the associated decay width as es- ) )
timated from the Weisskopf formula is of the order of 10 uncorrelated mechanisms labeled by two different character-

keV for particle emission. On the other hand, the study of theStic times or in an equivalent way by two different energy
experimental energy autocorrelation functions allow us to~onerence length;=2.7 MeV andl's=0.5 MeV.
estimate an average level width of a few hundred k280— _The comparison betwgen the expgrlmental angular corre-
500 keV; see Sec. IV)Findicating a prominent binary decay lation and the model predictions provides some evidence that
mode, through states characterized by a finite degree of af€ coupling between the rotational degree of freedom and
gular momentum coherence£0.5). the other ones has to be considered. This subject will be the
All these considerations strongly suggest that the stategoncern of the future development of the POMLM. The
responsible for the fluctuations should be considered as spgbove mentioned evidence suggests that an improvement of
cial ones with a density very different from the previously the model can be obtained using a stochastic modelling of
mentioned value. the S matrix decomposition with respect to the total spin.
The POMLM predicts through the analysis performed in The approach used allows us to obtain information on
the present work a density of states for the slow processome quantities connected to the macroscopic or collective
ranging approximately in the interval 20-90 MeV (for  characterization of the intermediate system like the average
I's=0.5 MeV). From a macroscopic point of view these angular velocity(in some cases also the average value of the
special states could have the same nature as the so-callgsial angular momentum involved in the procé4$]) and
dinuclear molecular statésee for examplg33—-37) which,  some others connected to the microscopic structures like the
at a relatively high intrinsic excitation energ¥3—-17 MeV},  mean decay width of the decaying dinuclear system, the av-
can become partially overlapped. From a microscopic poingrage level density of the excited states through which the
of view they could be addressed to simple coherent particlephenomenon evolves.
hole excitations which act as “door way states” for the pro-  |n this respect, partial level density estimations and decay
cess under study. width evaluations in static single particle model calculations
In this respect we may cite the studies connected to thgag, 39, performed for high spin and very deformed systems,
multistep preequilibrium reaction theory of particles-nucleusmay be enlightening in the global understanding of the pro-
interaction in which the estimation of the partial level densitycess and in particular in the microscopic description of the
and their damping width evaluated in the framework of the|DS formed during the first moments of a dissipative colli-
single particle model play a fundamental role. As an ex-sjon.
ample, in Ref[38] the partial level density if%Ca of 2p-2h Finally we would like to stress that the fit procedure has
and 3p-3h excitations of low spin was estimatedEdt  clearly shown the very important role played by the simula-
=10-20 MeV to vary in the range 1-50 MeV. In Ref.  tions performed according to the approach used to take into
[39] Hermannet al. evaluate the damping width fo¥Nb at  account the effect arising from the FRD errors, and further-
E*=20 MeV connected to such a simple configurations asnore how the associated uncertainty on the fit parameters
to be of the order of 1.5 MeV and 500 keV for the 2p-2h andcan be partially recovered also by studying all the quantities
3p-3h excitations, respectively. characterizing the fluctuations in the excitation functions.

044614-13



M. PAPA et al.

ACKNOWLEDGMENTS

PHYSICAL REVIEW C61 044614

where N is number of final channels andb? |

Thanks are due to C. Marchetta for the high quality tar—:2B|bg,u|2/N-

gets and to S. Marletta for the high stability source. We are
also grateful to Dr. J.S. Winfield for the careful reading of

the manuscript and comment.

APPENDIX

Let us write the total cross section as
o(E,0)=2> 0, 4(E,0)
B

D (23+1)(23 + 1) (W(JI)W(J'))12
J,J'
b5 b*'ﬁle(¢(3)*¢(3'))

X3 3 e

u o p D(E,u,J)D(E,p',3")*

Py(0)Py(6),
(A1)

where

T
D(E.2d)=E~E,~En(d) i3

Its standard deviation is

B |2
G LIPNY
" D(E,u,J)D(E,u,Jd")*

: (Ad)

where y is the standard deviation on the numbég |2
with respect to the3 index.

Now we evaluate the mean value and its fluctuation for
the termB,, . This term generates the off-diagonal element of
the expressiortAl).

To this aim we consider the random variable

B B B _\S
% bwbalﬂ,—Eﬁ Yo =Y

Mop!

from the conditiongii); it results that its most probable value
is 0 with a standard deviatiofN yy whereyy is the standard
deviation of the produdb{jlﬂbfiﬂ, with respect to the index
B

For a fixed realization of the suBwe have now to evalu-

The numbers?’ , are random variables characterized by the@te the mean value and fluctuation for the sum querwe

following properties: (i) (bf )=0 and bf ,=0; (i)

B w8 — B |2
ba,,uba,,u’_5M~#’5ﬂv5'|bavﬂ| :

The brackets indicate the average over the lgvethile
the bars indicate the average over the final channels. The first

consider the stochastic variable:

LS = Vo (A5)
“#" D(E,u,d)D(E,u’,3")*

conditions state that the amplitudbﬁy . are random with
respect to thew and B8 indexes; the second one means that

even if the correlation between two generic final channelgy assuming an uncorrelated numerator and denominator, it

can be different from zero, the average over all the very largeesults that the average value of all the possible construction
number of distinct couples is zero. Without losing generalityof the sum with respect tp’ is zero, i.e.,

we can consider the numbelng# to be real.
We concentrate on thg’ and 8 sum:

~ .S _
b8 P Z,=2 X' =0. (A6)

a,pu ;! M

u.p D(E,u,J)D(E,u’",3")*

be |2 Because the number of dominant terms in the expreg8jon
_ | fw| is of the order ofl'/D we can estimate the standard deviation
8 D(E,u,J)D(E,pu,J")* on theZ,, variable to be of the order

r
52, \[5@('. (A7)

First of all we perform the summation over the final chan-If I'/D is finite, in the limitN— +c, for eachu level, for

nels. The average valug, of A, can be estimated as each energy and pair of total spinJ’, the sum of the off-
“ K’ diagonal elements of expressiofAl) is negligible with re-

spect to the mean value of the diagonal element at the

order of 1A/(N).

This means that we can write the total cross section as

B p*B
T I

+ E ! li
w'#up D(E,u,J)D(E,u",J")*
=A,+B,. (A2)

_ 2PN
A,= ' , (A3)
D(E,1,9)D(E,u,d')*
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sum of the off-diagonal terms will have a zero average with
o(E,0)= % 0a,p(E,0) a standard deviation of the order ¢F/DVT/DV(N)x'.
We therefore once more obtain that if the number of final
, , , channels is very large, the sum of the off-diagonal terms can
OCJEJ (20+1)(20"+1)(W(I)W(I")*2 be neglected with respect to the sum of the diagonal ones for
' , each energy at the order\{N) and then Eq(A8) is valid.
b5 ,|2e(¢()=e() We want to conclude by observing that the total cross
% D(E,u,d)D(E,u,d)* Py(6)P,:(6), section has been expressed in E4l) through the sum of
the square modulus of the amplitudes connecting the differ-
(A8)  ent channels, i.e., the interference effects between them have
- o : been neglected. This interference effect should have a zero
which coincides with Eq(5) (see texk X T .
As function of the energy this expression shows a fluctu2verage valugaccording to the assumptiofis an_d(n)] but, .
ating behavior for finite values of the ratl&D at the order t.)y using the same argument as aboye, the different realiza-
. tions of the sum can produce fluctuations of the ordeX bf
of VD/T around its mean value.

For [/D—+ (i.e., T/D at least as large as the same yvhereN is number of final channels which are in principle

order ofN), the off-diagonal elements can not be in princi Ielndistinguishable.
! 9 P P We can estimate this number to be of the ordér
neglected term by term. Then we perform the sum ovepthe

index. For each energy value and couple of total spin We:N(FB/AQ) wherel', is the typical width of the primary

. metastable fragments produced, whid&) is the Q-value
write : : ; SRR
window in which the total cross section is integrated. In our
WN case we can havé'; of the order of 10 keV andAQ
L =20 MeV, so we may estimate that the random nature of
« D(E,u,J)D(E,u,d")* the interference between the different channels will give a
= contribution of 3 orders of magnitude smaller than the inco-
_ £ |ba,n| (A9) herent sum of the amplitudes. Moreover, we have to consider
D D(E, 1, )D(E,u,d)* | the averaging effect connected with experimental apparatus

always being characterized by response functions that have
The factorI'/D in Eq. (A9) represents approximately the finite widths. This averaging effect will produce a reduction
number of terms contributing to the sum. of the statistical interference contribution at the orgét’.
Because of the already mentioned statistical hypothesis on These two arguments allow us to express the total cross

the partial amplitudebg'“, the contribution associated to the section through EqAL).
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