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Abstract. Structures of non-statistical character, recently ob-purely statistical mechanism, however, as described by the Er-
served in%8Ni +%6 T elastic and®®Ni +%2 N elastic and  icson theory [5], also cannot explain the observed phenomena.
inelastic excitation functions, produce damped oscillations inindeed the conventional statistical treatment is not consistent
the cross section energy autocorrelation functions. The analwith the following evidence: (i) the strong channel-channel
ysis of these damped oscillations in termsSMmatrix spin  correlations observed in th&N: +%2 N; elastic and inelastic
and parity decoherence indicates, as a possible interpretatioscattering, (ii) the measured angle-dependence of the differ-
damping of the coherent rotational motion of the intermediateential cross sections, and (iii) the observed spacing and width
dinuclear system formed in the reaction. of the fluctuations in the excitation functions.
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1 Introduction

/sr)

Measurements of excitation functions in heavy-ion scatteringg 200 )R I D Wi
were recently stimulated by the search for resonant-like mech-g Vo | A
anisms in the nucleus-nucleus interaction [1]. In fact the anal- 200 || e A
ysis of such excitation functions is a powerful tool due to their L Y\
sensitivity to the time evolution of the collision process. Sofar, 150 | A
these measurements have been mainly restricted to relatively T il R B
light colliding systems [1]. A recent extension of measure- 96 98 100 102 104 106
ments to higher mass and energy regions [2,3,4], however, has Een (MeV)
demonstrated some features which are different from those ob-
served in light systems. In particular, clear fluctuations have
been observed in the excitation functions%¥: +46 T elastic
scattering £,.,,. = 95.6 — 1061 MeV) and of°8Ni +52 N; .
elastic and inelastic scatterin§{,,,. = 1137 — 1188 MeV). »
Y. ~
As the measured angular distributions are strongly asym-o 0
metric about 90 in the c.m. system, one might assume that =
the dominant interaction mechanism is direct. However the®
interpretation in terms of a purely direct mechanism can not, 100

200

from our point of view, be consistent because the width of the A\ A
fluctuations observed in the measured excitation functions is Lo
1.2-1.5 MeV for thé®Ni+4¢T'i scattering and- 1.0 MeV for SO bt i A
the®8 N +52 Vi scattering (see Fig. 1). These widths indicate 114 115 116 117 118

that the characteristic time scales of the reaction processes in- Een (MeV)
volved are longer than that of a direct process ¢£&) which  Fig. 1. Excitation function:a 58N +46 T elastic channeb %N +62 Ni
would give rise to broaderX{ 6 MeV) energy structures. A sum of the elastic and inelastic channels
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Another characteristic feature of both &vi +*6Tiand ~ C(c = 0,60) = exp(~=I"/ hw)cosh(2¢ — )"/ hw)/
the S8V +°2 Vi scatterings is the smooth behaviour of the [2coshé I/ Fw)cosh(tr — 6)I"/ )] @)
angular distributions. This implies two intimately related con-
sequences: (i) a Legendre-polynomial analysis is unsuitablé the normalized variance and
and (ii) at each energy (in particular at the excitation func- ~/_y — (1 - .
tion maxima) the shape of the angular distribution is due too(s) = (1 —expt 2wF/Ew))Re[exp(2rza/
the contribution of a few partial waves rather than of a single hw)/(L — exp(=2n(I" — ie)/ hw))] ®)
one. In other words, the maxima in the excitation functions args the normalized(c = 0) = 1) energy autocorrelation func-
not associated with the excitation of isolated resonances witjon which does not depend on the scattering afigle (2,3),
single spin and parity values, but would appear to be due tq- js the average total decay width of the intermediate dinu-
the interference of, possibly overlapping, resonant states witileus and its angular velocity. Note that the expression (2)
different spin and parity values. Thus the preferential excitafor the normalized variance is correct for the whole range of
tion of dinuclear I’Ot_ational St.ates as des_Cl’ibEd in [3] can bqhe parameters involved and it differs from (10) of [6] due to
assumed as a possible reaction mechanism, consistently withmisprint in the latter. Equation (3) is a periodic function of
the observed phenomena in fi{@Vi +4° 7 and**Ni +2 Ni  the c.m. energy with period iw. Equations (1,2,3) were ob-
scatterings. Such a suggestionis supported by the results of [ghined for the condition tha§-matrix elements with different
in which the energy autocorrelation functions®ii +°* Ni  total spin values are correlated. The extension of the standard
and®®Ni+°2 Ni scattering are compared with a simplified ap- statistical model by taking into account the sgkmatrix cor-
proximate theoretical expression [6] which takes into accountelation results in the focussed, strongly asymmetric angular
correlations between fluctuatirymatrix elements with dif-  gjstributions [11].
ferent total spin and parity values. The calculated values agree  For relatively short-lived configurationd'(> hw/2) Eq.
fairly well with the data although this simplified formula is (1) reduces to
valid only in a restricted interval of the parameters involved . _
and neglects the effects §tmatrix spin and parity decoher- C(e, 0) ~ exp(—(m + 0)I'/ hw) cos(2re / hw). 4)
ence [7]. The formula used in [3] results in exactly periodic | [3], the data foP®Ni +58 Ni and58Ni +52 N elastic

energy autocorrelation functions and is unable to reproduce ,  jhelastic scattering were analysed using an approximate
the decreasing magnitude of the oscillations eXpe”memal%xpression of the type of (4), implying exact periodicity of
observed. .In this paper we extend the interpretation of [3]0(5). The exact periodic behéviour of the energy autocorre-
by employing the generalized expression for the energy autopiqn fynction (1-4) is associated with the reguiar coherent
correlation function [8]. This generalized formula takes into y4ion of the dinuclear system so that the time-space disper-
account the effects of-matrix spin and parity decoherence g of the rotating wave packets does not increase with time.
and damping of the coherent nuclear rotation [7]. This lead§, oyher words, the dinuclear system does not experience time-
to dampmg Of. the oscillations in _th_e energy autocorrelanonspace delocalization. The precondition for the regularity (ab-
functions and improves the description of the data [2,3].  gence of time-space delocalization) is that fhenatrix spin
correlations do not decay as time proceeds.

While the fit with the expression used in [3], accounts very
well for the oscillating behaviour of the experimental energy
autocorrelation functions (see Figs. 16 and 17 of [3]), it fails
to reproduce the decrease in the magnitude of the oscillations
with the increase of the center of mass energ¥his is es-
pecially visible in the®®Ni +%2 Ni data. A hypothesis that
could explain this disagreement is the slow sp@itoherence
7,8] during the time evolution of the intermediate dinuclear

ystem. Following this hypothesis the spin decoherence width
(6) should be different from zero and an order of magnitude
smaller thanhw. In fact for 8 ~ hw oscillations in the au-
tocorrelation function should fully disappear. Moreover, the

2 Analysis of the energy autocorrelation of the cross
section

For the relatively low excitation energy (about 2-5 MeV above
the yrast line) overlapping levels of a rotational nature with an
intrinsic wave function relatively stable to small variation of
the angular velocity, give rise to an angular-momentum coher
ence of the pole form [6,8-10]. Such a coherence also occur,;
at high excitations, when the collective rotational motion is
strongly damped [7]. Th&-matrix spin correlation gives rise
to time-space localization of the dinucleus in the region of

isolated [10], partially overlapping [6,8,9] as well as strongly quasi-exact periodic behaviour 61, 0) indicates that thé-

overlapping resonances [7] of the intermediate system. Thg, iy shin decoherence does not strongly affect the regular
time-space localization implies that the dinucleus rotates as fbtation of the dinucleus and consequertiyc I°

classical object, which is associated with ligét-house effect ; e :

[10]. This phenomenon was originally obtained for isolated ithCaIcuIatmgC’(s, 6)for 3 < hw one obtains Egs. (1.,2) [8]

dinuclear resonances, due to excitation of the main rotationa\ﬁ

band and states close to the yrast line. The effect of the tim€'(¢) = (1 — exp(=27I"/(hw — i(3)))

evolution of the dinucleus can be observed in the excitation xRe[exp(2rile| /(hw — i)/

function and, consequently, in the energy autocorrelation func- (1 — exp2r(l" — ile])/(hw — iB))] ®)

tion C'(e, #). An analytical expression far (e, §) was deduced pEer te wor

in Ref. [6]. It is convenient to write it in the following form:  instead of the expression (3). One can see that, in the limit
_ _ = 8 — 0, (5) transforms into (3). For relatively short-lived con-

Cle,0) = Ce = 0,6)C(), (1) figurations (" > hw/2) one obtains, from (1,2,5), a simplified

where expression for the energy autocorrelation function



147

C(e, 0) ~ exp(~(r+0)I'/ hw) Table 1. Results of the two-parametev @nd3) fit procedure of the energy
2 autocorrelation function by using (1,2,5).is uniquely determined from the
x exp(-2r|e|3/(hw)) cos(2re/ hw), (6)  values ofC(e = 0,6) andiw
which explicitly shows the damping of the oscillations in g gem (MeV) Ruw(MeV) B(MeV)
C(g, 0) for a finite value of33, in contrast with the exact peri- T Ty
odicity resulting from (3,4)' N? + Tz' 1.28 189+ 0.005 01804 0.006
58N +62 N 0.67 099+ 0.002 Q1254 0.003

In what follows we use the more general (1,2,5) to analyse
the data foP8 Vi +4¢ Ti elastic scattering [2] and t¥&N; +62
Ni elastic and inelastic scattering [3].

Table 2. Results of the three-parametdr,(w and g3) fit procedure of the
energy autocorrelation function by using (1,2,5)

System I'(MeV) hw(MeV) B(MeV)
%8N +%° T elastic scattering 58\ +46 T 1.29+ 0.015 189+ 0.006 Q177+ 0.011
_ _ 58)\; +62 ; 0.65+ 0.007 100+ 0.002 Q130+ 0.004

The measured energy autocorrelation function foPthe; +46
T'i elastic scattering [3] is presented in Fig. 2a as a histogram.
The fitting procedure consists of the following steps. function less than 30%. Such an uncertainty, however, does

1. We notice that, for a givef, C'(c = 0,0) depends only ot have any influence on the damping of the oscillations and
on the I’/ hw-ratio (see Eg. (2)). Accordingly, we take= thys on the determination of the spin decoherence width

fcm = 95°, which is the mean scattering angle in the interval 3 Wwiith I"/ hw fixed, the further fitting procedure is reduced
of measurement (89- 114°). Having the experimental value g a two-parameter(and ;) fit of the form of C(e, 6) using
of C(e = 0,0)=0.035 (see Fig. 2a), we uniquely find that, for (5) The numerical results of the fit are reported in Table 1. The
Oem = 95, I'/hw=0.677. S fit to the measured autocorrelation function is shown in Fig.
2. With I'/ hw=0.677 being fixed, we varg.,, from 8% 23 as a solid line. In Fig. 2a we also present the best fit (dashed
to 114 and find thaiC'(e = 0, #) varies from 0.037 t0 0.026.  |ine) to the same data using (1,2,B}, for 3=0. One can see
This is the maximum variation that can affect the values ofthat the fit with (1,2,5) reproduces the data nicely and is clearly
C(e = 0,0) calculated with (2). Thus, the uncertainty in the petter than that obtained with (1,2,8. in the absence of the
value of the scattering angfeproduces an uncertainty in the  g_matrix spin and parity decoherence.
calculation of the absolute value of the energy autocorrelation 4. To check the reliability of the previous procedure we
alsofitted the experimental autocorrelation function by a three-
parameter fit ', w andg) using (1,2,5). The numerical results
a) are reported in Table 2 and do not differ significantly from
‘ the ones previously obtained. This is seen in Fig. 2a, where
the behaviour of’(e, 8) (solid lines) calculated with the set
of two parameters is not distinguishable from the behaviour
of C(e, 9) produced by the set of three parameters. In fact the
lines overlap completely.

0.04

0.02 |-

C(e)

58y +62 N elastic and inelastic scattering

-0.02

N I L A | Fig. 2b shows the energy autocorrelation function obtained for
0 05 1 15 2 25 3 35 4 the sum of four channels - the elasti¢ (0*) and the inelastic

e (MeV) (2*,0%, (0*,2%), (2*,2%) channels - forP8Ni +52 N scat-
tering. We analyse the summed excitation function because
b) the errors due to the uncertainty in the separation of the sin-
gle channels, greatly affected the excitation functions of the
inelastic scatterings. This procedure is consistent with the un-
derlying physical picture for the formation of an intermediate
. / dinuclear system the angular velocity of which does not vary
FQ\‘ ; for the different reaction channels. In fact the values ofdise

/ M and thel s extracted by means of an expression similar to (4)

0.04 [

0.02

\
r‘\ = are very similar for all the studied reaction channels. Accord-
:qj ingly, the autocorrelation function in Fig. 2b, obtained from

WA Gy the summed excitation function, is very similar to the ones
0 05 1 15 2 25 measured for each individual channel. The analysis of the

¢ (MeV) summed excitation function is also intended to demonstrate

Fig. 2. Energy autocorrelation functiafi(c): aS8Ni+467 (£, ,, = 956 that this summation does not reduce the relative amplitude of
1061 MeV) elastic channeb 58N'i +52 Ni (E,.,. = 1137 — 1188 MeV) the dampeq osqllauons in comparison with the a}mplltudes of
sum of the elastic and inelastic channels. Filgtogramscorrespond ta(e) the oscillations in each of the four channels. This means that
calculated from the data, thimshed lineso C(¢) fitted with (1,2,3) and the ~ 0scillations inC(g, §) have the same period for each of the
solid linesto C(¢) fitted with (1,2,5) four individual channels.

/
s
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The fitting procedure for thé®Ni +52 Ni data was the

due to the partial overlap of resonant states of the intermediate

same as for the? Ni +%6 T'; data. The two-parameter fit to the system as suggested in the analysis reported in [3].

measured autocorrelation function using (1,2,5) is shown in

F'g' 2basa SOI,'d line and the numencal'results are'reporte%. Cindro acknowledges a grant from the I.N.F.N. and the friendly hospitality
in Table 1. In Fig. 2b we also show the fit (dashed line) ob- ot prof. R A. Ricci.

tained by using (1,2,3).e.for 5=0. Again one can see that the
fit with (1,2,5) nicely reproduces the damping of the oscilla-

tions and is clearly better than the exact periodic dependencgqfarences

given by (1,2,3). No appreciable difference in the behaviour
of the calculated energy autocorrelation function is produced ;_
by the three-parameter fit the numerical results of which are
summarized in Table 2. 2.

3 Conclusion

The analysis of the energy autocorrelation function8¥ari+46 4,
Ti elastic and®®Ni +%2 Ni elastic and inelastic scattering has
been extended using a recent formalism [8] which takes into
account the effects of-matrix spin and parity decoherence. 2
Good agreement between results and experimental data has
been obtained. In particular: (i) the calculated valueF afre 8.
close to the widths of the structures observed in the excitationg,

functions, (ii) the values ofiw are close the spacing of the 10.

structures, (iii) the values df are close the values éfv, as

expected for structures due to the partial overlap of resonant!:
12. Kun, S.Yu.: Z. PhysA357, 367 (1997)

states and (iv) the values of the spin decoherence vidtte

= X - 13
much smaller tharkw as expected in fast and weakly dissi- 14

pative processes. The finite, non-zero, valugiaxtracted
from the data analysis indicates the presence-pfatrix spin

and parity decoherenaand, therefore, time-space delocaliza- 15

tion of the dinucleus during the scattering. T$enatrix spin
and parity decoherence can be associateddethping of the
coherent dinuclear rotational motioim heavy-ion reactions.

Our analysis shows that these effects lead to damped oscilla7.
18.

tions in the energy autocorrelation functions ¥Ni +4€ T

elastic ancP®Ni +52 Vi elastic and inelastic scattering. This
damping could not accounted for by the less general analy-
sis of [3]. The fact that autocorrelation functions calculated
using data from two different experiments agree nicely with
the expressions (1,2,5), shows the possibility of damping as

the underlying physical mechanism. This is supported by re=0.

centresults [12,13] suggesting that the effectS-ofiatrix spin

and parity decoherence can explain the strong channel-channel
correlation observed in heavy-ion elastic, inelastic scattering
[2,3,14] and transfer reactions, as well as in strongly dissipa-

. Kun, S.Yu.:
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