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Excitation functions have been measured for different fragments produced in the ¥Y(!°F,x)y reac-

tions between 135 and 143.25 MeV incident energy in 250 keV steps.

Cross section fluctuations

correlated in atomic number and detection angle are observed with a coherence width of 200-500
keV. Lifetimes have been deduced and are of the order of a complete nuclear rotation. The data can
be explained in terms of quasimolecular configurations and/or an orbiting situation in a dinuclear

system.

I. INTRODUCTION

Long lifetime reactions, for which, however, all the de-
grees of freedom of the system have not reached a statisti-
cal equilibrium, have been recently observed in light nu-
clear collisions.!=3 Such reactions may be described in
terms of orbiting which may correspond to quasimolecu-
lar state formation.

An elegant way to study the validity of this hypothesis
is to rely on the recent approach of Brink and Dietrich*
based on the study of Ericson fluctuations in dissipative
collisions. These authors have generalized the Ericson’s
calculation of the energy autocorrelation function for
deeply inelastic collisions. Their developments are prob-
ably applicable only to light systems for which the num-
ber of unresolved final channels is reasonably small and,
hence, the autocorrelation functions measurable. A study
of the autocorrelation function permits a determination of
the average coherence width I' and thus of the corre-
sponding average lifetime 7=4#/T.

We have recently observed such a long lifetime process,
departing from the compound nucleus formation, in the
PF + 89Y reaction performed at 140 MeV incident ener-
gy.""? The outgoing fragments (5 <Z < 11) have fully re-
laxed kinetic energies. They present isotropic angular dis-
tributions in the backward hemisphere and their corre-
sponding lifetimes, deduced from a Regge pole analysis>®
and a Strutinsky parametrization,’ are found to be of
about 10~ 2! s,

In order to obtain a more accurate determination of
these 7 values and to examine in more detail the possible
existence of quasimolecular configurations, we have inves-
tigated the !°F + #°Y reaction by measuring the yield exci-
tation functions of various outgoing fragments between
135.00 and 143.25 MeV in 250 keV steps. Strong fluctua-
tions of the yields have been observed and analyzed in the
framework of two statistical approaches based,- on one
hand, on Z and angle cross-correlation methods, and, on
the other, on autocorrelation function analysis.
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II. EXPERIMENTAL METHOD

The °F beam was delivered by the 18 MV Strasbourg
Tandem accelerator. Self-supporting ®*Y targets of 100
png/cm? were used. Such a thickness induces an energy
loss of 230 keV for the incident '°F ions, which is less
than the energy increment used in the present experiment.
The outgoing fragments were detected with three tele-
scope counters. Each of them consisted of a 10 cm long
ionization chamber, filled with isobutane, to generate a
AE signal and a solid state detector to produce an E sig-
nal. These counters were located at 0,,=60° 120°, and
160°, where only fragments yielded by strongly relaxed
processes are detected, as demonstrated by the work of
Ref. 2. (See Fig. 3 of Ref. 2.) The data collected in the
various runs were normalized by reference to the Ruther-
ford elastic scattering counting rates measured, at 12.5°
and —12.5° with respect to the beam axis, with monitor-
ing solid state counters.

III. EXPERIMENTAL RESULTS

Some examples of energy spectra corresponding to
several outgoing fragments identified by their Z are
presented in Fig. 1. They were measured at 0y,,=60° for
an incident energy of 140.25 MeV. These spectra with
fair statistics indeed exhibit a strong damping in energy.
The excitation functions of various fragments, measured
at 6,,=60°, 120°, and 160°, are presented in Figs. 2—4,
respectively. The error bars are purely statistical and are
clearly less than the size of the amplitudes of the observed
fluctuations. The straight solid lines represent the aver-
aged cross sections used in the statistical fluctuation
analysis. They were deduced from a least squares fit ap-
plied to the experimental data. The cross sections shown
in Fig. 5 correspond to the addition of the partial Z =38,
10, and 11 cross sections. The fact that strong fluctua-
tions subsist at the three angles after having added several
excitation functions means that the fluctuations observed

181 ©1987 The American Physical Society



182
T T | —
19 89
150+ Fe+ Y .
= 60°
120} B1ap = 60
90+ 1
60 B
301 Z= 1 7
0 j S—
n 60+ .
=30 Z:=8 7
o 0 a1
o
60 .
30 Z = 9 7
1] 1
20 i
- Z =10 4
0pF—-2= P T
201 E
10 Z:=1 1
0‘ i 1 1 1
0 25 50 75 100 125
Elap (MeV)
FIG. 1. Energy spectra of various ejectiles identified by their
charge Z.
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FIG. 3. Excitation functions, of three ejectiles, measured at

120° for the *Y(!°F,x)y reaction.

The straight solid lines

represent the average cross section used in the statistical analysis.

FIG. 2. Excitation functions, of various ejectiles identified by

their atomic number, measured at 60° for the ¥Y(!°F,x)y reac-
tion. The straight solid lines represent the average cross sections

used in the statistical analysis.
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FIG. 4. Excitation functions, of various ejectiles, measured at
160° for the %Y('F,x)y reaction.

The straight solid lines

represent the average cross section used in the statistical analysis.



in the cross sections of each individual Z are tiedly corre-
lated. These summed excitation functions allow study of
the cross-section fluctuations with better statistics.

IV. STATISTICAL ANALYSIS

The data obtained in the present work have been stud-
ied in the framework of a statistical analysis.®° In order
to compare the fluctuations observed here to those in-

|
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duced by the statistical deexcitation of a compound nu-
cleus, we have, first, analyzed our data in terms of Z and
0 cross correlations.

A. Cross-correlation analysis

At a particular 6 angle, the Z cross-correlation
coefficients have been calculated by using the following re-
lationship:*

C(Z,,Z,)=[C(Z,)C(Z,)]"'?

The O cross-correlation coefficients C(60,,0,), for a frag-
ment of a given Z, are similar to (1), with the exception
that Z, and Z, are replaced by 6; and 6,, respectively.
In these relationships the angular brackets stand for the
arithmetical average. The C(Z,,Z;) and C(6,,0;)
coefficients obtained are reported in Tables I and II, re-
spectively. The error bars were calculated by using the
formula in Table 3 of Ref. 9. The Z cross-correlation
coefficients are large compared to those corresponding to
a pure statistical deexcitation, since in this latter case they
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FIG. 5. Global excitation functions, at three different angles,
for the *Y('°F,x)y reaction obtained by adding partial excitation
functions of fragments Z =8, 10, and 11.
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should be theoretically equal to zero when Z, is different
from Z,. Similarly, except for two cases, all the 6 cross-
correlation coefficients, given in Table II, exceed O.5S.
These values are in conflict with those expected from the
compound nucleus decay, which implies a small angular
coherence width, equal to 1/, where I; is the arithmeti-
cal average between the grazing partial waves in the en-
trance and the exit channels. '
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FIG. 6. Autocorrelation function of the excitation function of
various ejectiles, detected at Op,,=160°, in the *Y('°F,x)y reac-
tion.
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TABLE 1. Z cross-correlation coefficients for various Z ejectiles at 61,,~60°, 120°, and 160°. The er-

rors are due to the finite size of the data sample.

Ohab
(deg) z 5 6 7 8 10 1
60 5 1
6 0.80+0.20 1
7 0.72+0.14 0.80+0.20 1
8 0.62+0.12 0.70+0.14 0.74+0.15 1
10 0.63+0.13 0.671+0.13 0.65+0.13 0.62+0.12 1
11 0.421+0.08 0.51+0.10 0.48+0.10 0.54+0.11 0.46+0.09 1
120 8 1
10 0.67£0.13 1
11 0.46+0.09 0.53+0.11 1
160 7 1
8 0.75+0.15 1
10 0.63£0.12 0.70+0.14 1
11 0.68+0.14 0.71+0.14 0.52+0.10 1

Hence, it is clear that the fluctuations observed in the
present work are not of statistical origin and are not im-
putable to a long lifetime nuclear process like compound
nucleus deexcitation. We have, then, calculated the auto-
correlation functions in energy.

B. Energy autocorrelation functions

The autocorrelation functions have been calculated to
obtain a coherence width in energy. For each fragment of
a given Z, and for each angle of measurement, we have
calculated the autocorrelation function according to the
relationship

> ) (2)

C(e)=<

where € is the increment in energy and where the angular
brackets stand for the arithmetical average. The average
cross sections o(E) and o(E +¢€) correspond to the
straight solid lines in Figs. 2—4. The functions C (¢), for
the 160° data and for the Z =38, 10, and 11 summed cross

sections, are presented, respectively, in Figs. 6 and 7. The

o(E) _
o(E)

o(E +e€)

o(E +e€

TABLE II. 6 cross-correlation coefficients for various Z frag-
ments. The errors are due to the finite size of the data sample.

0, 0,

(deg) (deg) z C(61,62)
60 120 8 0.68+0.14
10 0.401+0.08
11 0.53+0.10

60 160 7 0.67+0.13
8 0.70x+0.14

10 0.58+0.11

11 0.43+0.09

120 160 8 0.54%+0.11
10 0.641+0.13

11 0.29+0.06

error bars have been calculated according to the formula
in Table 3 of Ref. 9, and bias corrections (reported in our
Table III) were also taken into account. In these figures
the solid curves are the best fits to the points calculated by
using the Ericson prediction for statistical fluctuations:
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FIG. 7. Autocorrelation functions of the excitation functions

given in Fig. 4 and corresponding to the sum of Z =38, 10, and
11 cross sections.



TABLE III. Comparison of the normalized variances C (0) of
the excitation functions of various Z fragments detected at
different angles to the normalized variances due to statistical er-
rors on the experimental data points, C(0)=1/N, and to the
Bias corrections.
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TABLE IV. Coherence widths I' obtained by analyzing the
energy autocorrelation functions of various Z fragments detected
at G1,b=60°, 120°, and 160° with the generalized Ericson model
(Refs. 4 and 8) and deduced reaction lifetimes 7. The errors are
due to the finite size of the data sample.

n C(0) /N Bias Brav Tem T
(deg) z (X107%)  (X1073) (X1073)  (deg) z (keV) (X102 s)
60 7 5.2 0.6 0.5 60 7 160+40 4.1+0.8

8 5.4 0.5 0.5 8 24060 2.7+0.5

10 5.3 1.1 0.5 10 120+30 5.5+0.9

11 6.2 1.8 0.7 11 180+50 3.710.8

> Z=8+10+11 4.6 0.3 0.5 >Z=8+10+11 220+60 3.0+0.7

120 8 5.2 1.9 0.6 120 8 180+50 3.7+0.8

10 7.7 3.0 0.8 10 140+40 4.7t1.0

11 10.9 3.6 1.2 11 140+40 4.7£1.0

EZ=8+10+11 5.0 0.9 0.5 > Z=8+10+11 200+50 3.3+£0.7

160 5 6.2 2.8 0.7 160 5 240160 2.7+0.5

6 43 0.8 0.4 6 240+60 2.710.5

7 9.0 2.2 1.0 7 200+50 3.3+0.7

8 4.5 1.7 0.5 8 120+30 5.5+0.9

10 5.6 2.6 0.6 10 160+40 4.1+0.8

11 7.0 33 0.8 11 100130 6.6+1.5

> Z=8+10+11 4.1 0.8 0.4 EZ=8+10+11 180+50 3.6+0.8

C(e)=(1/Ng)T*/(T*+€) . (3) LA S S
In this relationship, Ng is the number of effective out- - 19 89
going channels and T is the coherence width, it represents 10‘20E Fey _
the full width at half maximum of the C (€) function. The 3 ' $ 3
maxima C(0) of this function corresponds to the ampli- L ¢ B
tude at the origin,® i.e., at e=0. A relationship similar to “ r__ t ¢ t
(3) was recently derived by Brink and Dietrich* for P gl Trot2M 4

strongly damped deep inelastic collisions. In relationship V" aaaa A 3
(3), one sees that fluctuations can only be measurable '- v {
when Ngg is not too large, which implies that these mea- s YVYVvVVvVVYY M 4
surements are restric?ted to fairly light nuclear systems. . er A STRUTINSKY MODEL , BACKWARD ANGLES |
The autocorrelanor} functions C .(O) are_reported in 10°“E v Resse PoLE MODEL . BACKWARD ANGLES 3
Table III, together with the quantities 1/ N where N is E ' 3
the average counting rate for each measurement. These Eoe FLIUCT:J“'IONS; ' ?libl: 1f°° T

1/ N ratios represent the autocorrelation functions corre-
sponding only to statistical uncertainties on the data. Let
us observe that at all three angles clear departures exist
between C(0) and 1/N. This confirms the fact that the
fluctuations, analyzed here and shown in Figs. 2-5, are
true fluctuations and do not result from insufficient statis-
tics. Thus, coherence widths I' and subsequent lifetimes 7
can be extracted. They are reported in Table IV. The
uncertainties are of the order of 25% and result from the
finite size of the data samples. The lifetimes are all equal
to some 1072! s. They are reported in Fig. 8 as solid
points, for the measurements performed at 0),, =160 °.
The lifetimes can also be extracted from another
method, independent of that described above, namely the
peak counting method.!"'2 In this approach, the coher-

3456728 9 101

FIG. 8. Nuclear reaction lifetimes 7 of various exit channels
yielding fragments (identified by their Z) in the ¥Y('°F,x)y reac-
tion studied at 0,,=160°. The lifetimes have been deduced from
different methods: an analysis of the autocorrelation function
(solid points), an analysis of the angular distributions of the frag-
ments in the backward hemisphere with the Strutinsky model
(Refs. 6 and 7) (upright triangles) and an analysis of the same
data with the Regge pole method (Refs. 5 and 6) (inverted trian-
gles). The latter two analyses are presented in Refs. 1 and 2.
The collision time corresponding to a complete nuclear rotation,
Trot(2m)=2.1X 1072 s, has been reported in the figure.
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ence width I is derived from the formula
I'=0.5AE. /(b K ), 4)

where AE. is the total energy range in the center of
mass over which the data are collected, b, =0.707 if Ng
is large, i.e., C(0) very small, and K, is the number of
maxima in the cross section over the energy range con-
sidered. In the present experiment, I" is, on the average,
equal to 510 keV and corresponds to a lifetime
r=1.3x10"2! s, slightly less than the values deduced
from the autocorrelation function analysis.

V. DISCUSSION

The lifetime values deduced from the autocorrelation
function analysis are all larger than 2X 102! s. These
values are quite comparable to those measured for other
systems.>!3!* Hence, an average value 7=1.7x1072! s
has been extracted for '2C on **Mg.!* The values derived
from the present autocorrelation analysis are moderately
larger than those obtained in previous works'? from a
data treatment based on the Strutinsky model®’ and
exceed by one order of magnitude the 7 values deduced
from a Regge pole analysis.>® All these 7 values are also
reported in Fig. 8, which summarizes the lifetime values
obtained by three different and independent methods. For
most of them, the deduced 7 values are of the order of a
complete rotation of the projectile around the target, i.e.,
Trot(2m)=2.10x 102! 5. These lifetimes are surprisingly
long and may signify that the '°F + ®Y system exists as a

short-lived molecular configuration. Such quasimolecular
resonances can produce correlated fluctuations in all the
nearly equilibrated exit channels studied here. These res-
onances would play the role of doorway states in the en-
trance channel as similarly interpreted by other authors
recently when measuring the 2®Si + *Ni system. !4

The present results and interpretation are also con-
sistent with the approach of Shivakumar et al.'® for the
288 + N system. In this latter work, the authors ob-
serve orbiting configurations corresponding to a dinuclear
system living long enough to permit the equilibration of
charge and mass and to lead eventually to fusion. How-
ever, in this process a definite probability of reseparation
in two nuclei exists. It may explain the present results.

VI. CONCLUSIONS

In this work we have measured the yields of the
5<Z <11 ejectiles in the °F + #Y reaction around 140
MeV incident energy. Fluctuations have been observed
and are shown not to be of statistical origin by Z and 6
cross-correlation analyses. The autocorrelation functions
have been calculated and the energy coherence widths de-
rived for each fragment; the lifetimes further deduced are
all larger than 2.7 1072! s and exceed a full nuclear ro-
tation lifetime. These results suggest that the outgoing
fragments under investigation may result from quasi-
molecular configurations acting as doorway states in the
entrance channel and/or from an orbiting dinuclear sys-
tem which reseparates in two nuclei.
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