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ABSTRACT

A systematic analysis of available light- and intexr-
mediate~heavy—-ion fusion cross séction data within the Statistical
Yrast Line Model is performed. The intrinsic excitation energy
needed for fusion to coccur is found to depend linearly on the mass
of the compound system. An interpretation of this dependence in
terms of multistep processes is suggested.
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The limitation of the complete fusion (cF) Cross

section as -a function of bombarding energy has been the subject

of extensive experimental and theoretical-investiQationifB). In

the case of light-heavy-ion collisions at low energies-
(Eqq < 2 Vg = (height of the Coulomb-Barrier), "Region I"); it .is. :

well known that Ip almost exhausts the total reaction cross section

(UR)l-Z). At higher energies.("Region II") the systematic

ohservation of a sudden downward deviation of o_ from ¢_ motivated

F R
4,5)
as well as several

parametrized descriptions of the data® 2.

the develcopment of dynamical models

The available experimental. information has been

interpreted by either the entrance channel limitation modele) or

the compound nucleéis (C.N) limitation model’ 2). fThese models
basically describe fusion as a process leading directly from the

entrance channel to the compound nucleus.

In this letter we present evidence for the role of
intermediate stages in limiting the formation of the compound

nucleus.

We base our findings on a systematic analysis of the
available data within the C.N. limitation model of Ref. 7. The
statistical yrast line (5.Y.L) model introduced in Ref. 7, considers
the fusion cross section as limited by an "extra® amount of energy
4Q which should be added to the C.N. yrast line. The resulting

$.Y¥.L can be interpreted as the beginning of strong absorption

7)

into the compound nucleus’'’. Similar restriction on o, were

F
introduced in Ref. 8. The AQ value proposed in Ref. 7, was found

to be independent of the mass; of the compound system

Ao,
(aQ = 10 MeV). In the present work we have extended the analysis



We advance the following picture concerning. the nature
of Ref. 7, to all available data on Ope Futhermore we have

of the C.N configurations that carrxy the above excitation energy.
recalculated the S.Y.L directly from the data and have found that )

We assume that AQ is distributed among a certain nunber of excitons,
10,11}

it differs from the yrast line of the C.N. by an energy 4Q., which

. the average value of which, n, is given by
does depend on A, .- This result should be contrasted with the )

7
constant value reported by Lee et al. ).

1
(2ga0) /2, (4)

=
1

In our analysis we have used the expression

) where g is the average level density at the Fermi energy sFll)
b i+ 1), (1)

%o

AQ = ECM + Q -

9 %, (5)

where ECM'is the center of mass. energy, Q is the Q-value fpr the

N, £ ti 1 is the C.N. angular momentum identified with
e ormatony s Using the empirical relation, Eg. 3, we obtain
the critical angular momentum, %, extracted from the experimental

h2 2 .

6 {i.e. o_ = =—=——1I{8% _+ 1}“; » being the reduced mass}. In Eg.1l,

F F ZHECM c B oy 7 )
is the rigid body moment of inertia given by

when the value ep = 37 MeV is used. The obtained value of ﬁ,
@ = 2 my? As/a P (2}

C.N 5 o "C.N therefore represents the minimum number of excitons which have to

be excited in the compound system for fusion to occur. We view

with r_ = 1.20 fm and m being the nucleon mass. The best fit to the linear dependence of n on A, y 28 an indication of the importance

: ; . max .
the maximum value of the fusion cross section (0z™) was obtained of the single-particle-degrees of freedom at this stage of the

with fusion process.
For light-heavy-ions, e.g. 12C + 15N, expression (6)
AQ = 0.27 A, | MeV (3 - .
I8 gives n = 5. For such a small value of n it is known that the
o m ratio between the escape width r_+ and the damping width r_+ is
Our results for UFéx, obtained with AQ of Eq. 3, for R . n 11) n
. not negligible (r_ T_ = 0.1) . According to Agassi et
a wide variety of systems are shown in Fig. 1. The above result, n=5 n=>5 )
Eg. 3, clearly, indicates that the amount of energy depousited into al_ll) this should ensure an intermediate stage sufficiently
the compound system reaches saturation: the intrinsic energy per long-lived tc allow pre-equilibrium emission. . In contrast, for
unit mass approaches a constant vaiue (= 0.27 MeV/A). : . medium-heavy systems, e.g. Ao = 80 we find a = 16, which




corresponds tc a ratio I‘__+ //r_+ & 0.0111). " This
n=11%/ n = 16

indicates the decréaséd importance of the intermediate stages and
a corresponding reduction of pre—equilibrium emission in heavier

system. In this case it is appropriate to relate AQ of Eg. 3 to

the average internal energy of an equilibrated C.N., thus making

valid the concept of a critical temperature foxr fusion, TF'

Using the relation

AQ = aT 2, (7
and taking for the level density parameter a = A/B Mev !, we

find as an average temperature TF = 1.47 MeV.

Evidence supporting a description in terms of the
exciton model can be found in the statistical analysis of the
excitation function for the case of the 12C(!°N,2)2%Na reactiont?)

at energies within "Region I". This analysis yields a correlation
width T = 400 keV together with the smaller one (= 70 keV)
associated with the equilibrated C.N. Ericson fluctuationslz).
The presence of several distinct correlation widths in a given
nuclear reaction nay be associated with the existence of several
classes of overlapping doorway rescnances, that are characterized
by different numbers of excitonsl3). The more complicated these
classes are (the larger the number of excitens), the smaller the

" correlation widths and consequently the larger their life-times.
From this point of view the value T = 400 keV can be associated
with a simple "doorway" configﬁration consistent with n = 5

_excitens; the value estimated for this system in the present

analysis. Although the results of Ref. 12 were obtained for

energies below the one corresponding to U;ax' similar pre-eguilibrium
features are expécted to appear at energies in the vicinity of
"Region TI1"1%) | In such a case the pre-equilibrium emission is
expected to be observed in the continuum part of the spectrum. The
extension of such a statistical analysis to higher energies and

other systems would be of great value.

;n conclusion, we.arrive. at a picture of heavy-ion
fusion displaying a clear multistep character.,. This arises, in
part, from the rather weak coupling between the initial c¢onfiguration
of the heavy-ion system in the entrénce channel and thé final
configuration that describes the egquilibrated compéﬁnd system.
This picture is in line with the conclusions reached by Mosell}

and clearly points out for the need of a model for heavy-ion

_fusion which takes into account explicitly the intermediate

stageslS).
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FIGURE CAPTION

Fiéuxe 1 - Maximum fusion.cross section agax'meésured'fof vérioué
éyé£ems (closed circles).' Data were takgn from original
papers- cited in ref. 1, 2, 3,'4). The dashed liﬁe is

7 §ag calculated for all the

systems on the basis of the statlstlcal yrast line’

a guide for the gye on the o

model 7 wlth the parametrlzatlon r, = 1.20 fm and

AQ = 10 MeV.

The full line joins the'cg,lax values obtained in the -
present work using the dependénce 4Q = 0.27 A

“on’
{ef. Eq. 3).
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