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ABSTRACT

Heavy ion fusion reactions havs been analyzed within

a multistep compound model composed of a di-nucleus configuration,

coupled to particle and break-up channels as well as to an

equilibrated compound nucleus configuration. The resulting

fusion cross si ctions, defined âs the summed particle emission

cross sectior < Ú:OR the equilibrated compound nucleus, are in

reasonable ^ ,' jement with the data for several systems. The

resulting distributions as well as the time evolution

of the systo are also discussed . (
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I. INTRODUCTION

In the last several years, heavy ion fusion reaction

ha"e attracted great interest both theoretical and experimental .

More than half a dozen models have been proposed, ranging from

the more sophisticated microscopic TDHF to simple geometrical

parametrizations. Several facts have emerged from these studies,

the most important one of which is that the simple one-degree of

freedom description, usually called the entrance channel model, is

not fully adequate. For a recent review we refer the reader to

Ref. 1).

In this paper, we develop a model which incorporates

both the entrance channel effects and the conpound nuclear

characteristic in a consistent way. We feel that a model

realistic enough to deal with fusion, must contain at least

these effects.

We emphasize at this point that by entrance channel

effects we do not mean just the restriction imposed through

transmission factors calculated with a given entrance channel

potential, rather, we also incorporate the effects arising from

the formation of a di-nuclear configuration that preceeds the

final equilibrated compound nucleus He allow the HI system

to emit particles both from the intermediate stage and from the

compound nucleus. The di-nuclear system is also allowed to

break-up into two fragments.

The need for such a multi-step compound description

of heavy ion fusion has already oea.. pointed out in our previous

?•



publication , as well as in kef. 3) . The two-compound class

model for fusion we develop here is based on the formulation of

Agassi et al 4 ).

The paper is organized as follows. In Section II

we present the details of our multi-step compound model and

discuss the formal consequences on heavy ion fusion, defined as

the summed inclusive cross section for particle emission from

the equilibrated compound system. In Section III we apply the

model to a large variety of heavy ion systems ranging from

light 1 2 C + 1 2 C to intermediate, 40Ca • 40Ca . In Section

IV we discuss another feature of our model, namely the

characteristic angular momentum localisation of the compound

and di-nucleus statistical windows, and the corresponding

angular distributions of emitted particles. The temporal aspect

of the model is then considered in Section V, in connection

with the life times of the two classes of conpound configurations,

and finally, in Section VI we present several concluding

remarks.
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II. MOTIVATION AND FORMALISM

It is a well known fact that heavy-ion systems such

as 1!C • l2C, x*0 • 1SC etc, exhibit, in the elastic and compound

nucleus (fusion) excitation functions intermediate structure,

which is comraonly related to the formation of isolated quasi-mo-

lecular resonances. It is also a common knowledge that heavier,

or structurally more complex systems, do not show this behaviour.

One is therefore tempted to suggest that these resonances, which
«

may be isolated in 12C • 12C etc, at the energies considered,
E C M

—=— "v 2 - 3 MeV, become overlapping at higher energies and/or in

other systems.

In fact the experience one has gained from studying

the dynamics of nuclear reactions over the last thirty years in-

dicates clearly a gradual evolution of these "doorway" resonances

as the energy is increased from isolated rather widely spaced

structures to the overlapping regime, which requires a statisti-

cal treatment. Further, quite recently, several authors have

suggested that th« energy structure seem in the elastic scattering

of C «• C and 0 • C may be due to these evolved, quasimolecular

resonances, in the heavy-ion case one may visualize these

reascnances geometrically as two sticking nuclei (with a moment

of inertia larger than that of the compound nucleus).



It is the aim of this paper to incorporate the

overlapping quasiinolecular resonances, in the description of
d

heavy-ion fusion processes, commonly discussed within simple

models . We visualize the fusion process as in Fig. 1. The

two approaching nuclei, first form a di-nucleus, which repre-

sents, geometrically, the overlapping quasimolecular resonances.

This intermediate composite system is then allowed to emit

particles and to break-up as well as couple to the equilibrated

compound nucleus. There is no direct coupling between the

entrance channel and the compound nucleus. The di-nucleus acts

us a "doorway", and we shall call it such throughout this

paper.

The fusion cross section is calculated as the

summed "inclusive" cross section for particle emission from the

equilibrated compound nucleus. The model we develop below is

based on a generalization, to the heavy ion case, of the

statistical roulti.class compound model of Agassi, Weidenmftller

and Kantzoursnis '. The coupling between the di-nucleus and

the compound nucleus is treated statistically. We do not

attempt here to justify the model from first principles, leaving,

this for a future work.
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If we start from the traditional model of the

compound nucleus, we can write the cross section for a given

partial wave J as

c,

where T. is the transmission coefficient which describes the

probability to form the compound nucleus and the T^/I TQ

can be interpreted as the branching ratio for decaying into

the channel f,

If we sum over all channels, we find

which is the partial (J) reaction cross section for the channel i.

At low energies, this quantity is very close to the total fusion

cross section for the partial wave J. He know, however, that the

fusion cross section at higher energies differs significantly fran

the reaction cross section. This is due to other competing

processes such as deeply inelastic collisions. Motivated by the

picture of fusion shown in Fig. 1, we construct below a two-step

co«pound model, consistent with the picture of Kef. 2, based on



the formulation of Agassi et ai. (AWMJ41. In contrast with the

one-class cross section of Kq. (1), AWM write the cross section

for the final state f as

(3)

where the transmission coefficient, T~ , now describe the

probability of the channel c to form states of class b in

the composite system. The factor n&b describes the transitions

among the classes of states of the composite system and can be

defined by

TT"J" - *aLAirf i rV rh -T i -T

where

(5)

and

= Z (6)

The factor T a b describes the internal mixing among classes a

and b and is defined to be

(7)
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The external nixing among the classes a and b due to open

channels is described by ?'K. We neglect this, taking T .=0

We can also define a partial cross sect!jn

cr JB (9)

which can be interpreted as the cross section for channel i

to form states of class b and later decay from class a to

channel f. Note that if we take T . « 0 as well as T . • 0 ,

- . is diagonal and the corresponding cross section separates

into a sum of independent contributions from each of the

cla&ses.

In our model, we will assume the existence of a

class of doorway states and a class of compound nucleus states.

We will assume that the doorway states can decay by breakup or

particle emission. We write the corresponding transmission .

coefficients as T^ and T , respectively. We will assume

that the compound nucleus can decay by particle emission only,

so that T£ / 0 while T? * 0 . We can then write the escape

width for the compound nucleus as

(10)

while the encape width for the doorway stated is

IISII1!
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tu)

For the mean square matrix element in the internal

r, we taJ

used by Agassi et al

mixing factor, we take an extremely simplified form of that

,4)

\hfe
02)

The inverse dependence on the densities of states of the mean

square matrix element is consistent with the increasing

complexity of the states and " "ir diminishing overlap with

increasing excitation energy. It Is also consistent with the

smooth energy dependence expected of its sum over final states.

As we are not dealing with the particle-hole

excitations treatment by Agassi et al, we cannot give an order
—s

of magnitude estimate of the constant V~ . We will treat it

as a parameter to be adjusted.

To describe the doorway states, we rely on recent

observations which have suggested that the composite system

behaves like a dinuclear system living long enough to damp all

of its energy and angular momentum but for which the decay

occurs before the compound nucleus is formed. Such dinuclear

* * ILI 3
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systems, and their description in terms of the sticking

configuration, are well-known in OIC.

We will assume that to continue beyond a DIC and

form the compound nucleus, the two fragments must attain the

sticking limit. Since the sticking configuration can be

obtained as the most probable one by summing over all possible

states of the two fragments, we take here the point of view

that in the initial stage of the reaction, all states consistent

with the conservation laws are excited with equal probability.

We thus write the doorway level density as

Hera, z is the total excitation energy

with c, and e2
 tnc excitation energies of the fragments

J is the total angular momentum

3 = b + x, + Iz
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with t the orbital angular momentum and I. and I. the

spins of the two fragments, E is the total energy, R is the

distance between the centers of the two fragments and u *.s'

the deduced mass.

For the level densities of the fragments, wo hove

taken a modified Fermi-gas form,

(16)

where A, and A- are the mass numbers of the two fragments,

Q. and Q2 are their moments of inertia and C is a constant

expected to be of the order of i to 4 for light to medium

systems.

Evaluating the doorway level density by the method

of steepest descent (taking the terms outside the exponentials

in the fragment level densities as slowly Varying), we obtain

the sticking conditions

t* JLf
(17)
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where Q̂ ,(R) is the total moment of inertia

(*) =

as well as the condition of equilibration in excitation energy.

with

£ = e +£ =, E -1

Note that the sticking conditions are consistent with the

picture of two fragments stuck and rotating together while the

equilibration condition implies a common temperature for the

two fragments.

The resulting doorway level density has the form

fcAs ] (19)

whero A is the total mass number.
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To eliminate the radial dependence of the doorway

level density we assume that the system will prefer the radius

that maximizes the density of states. We thus choose R, by

maximizing the excitation energy and minimizing the effective

potential energy.

We take the effective potential for partial wave J

to then be

The term -y , proportional to the curvature of the potential,

is added to take into account the minimum energy of the

fragments trapped in the potential well. The final form of

the doorway level density is then given by Eq. (19) evaluated

at R- with

For the potential V(R) , we use use a Wood-Saxon

+ Coulomb potential given by

X[l + exp (Qt-Z.ye-
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The potential parameters were obtained from a simultaneous

least-squares fit to the Region I fusion data for 32 systems

ranging from C+ "C to Ca + Ca (see next Section).

We write the breakup width as the sura over all

possible final fragment states of the corresponding Hill-Wheeler

transmission coefficients,

-L-íj-í ) (23)

We characterize the density of final fragment states by again

assuming all possible states (consistent with the conservation

lav/s) to be equally probable.

To take into account the observation that the

angular degrees of freedom in DIC equilibrate much «ore slowly

than the radial one, we take the distribution of angular

momenta to be that determined by the sticking conditions,

Eq. (17),at the separation distance, R, , for which the doorway

level density attains its maximum. In the radial potential

through which we obtain the maximum, V^^(J), we decouple the

angular degrees of freedom, taking
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with the angular momenta determined by the sticking conditions

at the separation distance, R,. We take hu> <J) proportional

to the curvature of this potential at the maximum. We point

out that these assumptions are consistent with the picture of

a dinuclear system which has attained equilibrium in energy and

angular momentum but which separates too rapidly for the angular

momenta to follow, freezing them at their equilibrium values.

Using the steepest descent method, we can now reduce

the expression for the breakup width, Eq. (23), to a single

integral

(25)

where h is given by Eq. (19) evaluated at the separation

Rj but without the energy conservation condition of Eq. (18).

This last integral can also be evaluated by the

method of steepest descent. The condition for the maximum,

which must be solved numerically, is
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.£_ - l ± W H i ji + torf • 7"»*—— 7 / (26)
cA *» L '<- * ^ W ^ JJ

We note that for sufficiently high energy, this condition

results in an asymptotic kinetic energy that is smaller than

the barrier energy, again consistent with DIC.

For the decay width due to particle emission of a

pair of overlapping fragments at separation f£_ with excitation

energies c, and e. apd spins I. and I- , we take

(27)

where the ". (e.) are correlation widths, parametrized by

(28)

and the g, are gocmetrical factors which discount emission

from the overlapping surface regions of the two nuclei

To calculate the contribution of particle emission to the door-

way decay width, we average (27) over all configurations

consistent with the conservation laws
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ti - ? V
^-'."•'•"'•'•••"

Evaluating this integral by the method of steepest descent, we

again obtain the sticking conditions of (17). Assuming that

the correlation widths vary slowly with energy, we find the

maximum of the integrand describing emission from nucleus i

to occur at

with

£ = E -

The dominant contribution to the doorway decay width of particle



.18.

omission from fragment i thus comes from those configurations

in which the excitation energy is concentrated in that fragment.

We note that the partial decay width due to particle emission

attains its maximum at the separation distance RT , consistent
o

with our description of the doorway states. He evaluate it

there.

Finally, we assume that the elastic channel does

not couple directly to the compound nucleus states. This implies

that

To
c = c

For the coupling to the doorway states, we use a Kill-Wheeler

transmission coefficient

TJr

where VO(J) is the barrier height of the effective potential

in the elastic channel

(34)

\ and /fiu»o(J) is proportional to the curvature of the potential

at that point.

• with the definition of these elements, we can now
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readily perform the evaluation of the fusion cross section

within our model. As in Eq. (9), we first construct the cross

section for emission from the doorway into particle channel i,

the cross section for emission from the compound nucleus into

particle channel j

<35b)

and the cross section for emission from the doorway into

breakup channel k ,

cr . « JL. fzzr+L) -jr4 IT ~T4

Following Eq. (4), we write the inverse of the

matrix it as

where, by (7) and (12), we have for the internal mixing factor

,37,
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Recall that

Inverting the maürix, we obtain

TT =

(38)

Since we are only interested in the inclusive cross

sections, we sum the partial cross of (35) over all particle

and breakup channels. Using (10) and (11), we thus obtain the

cross section for particle emission from the doorway,

the cross section for particle emission from the compound

nucleus

and the cross section for breakup of the doorway.
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Í39O

We Interpret the emission of particles from the

doorway as pre-equilibrium particle emission. Its cross section

is usually a very small fraction of the total However, at

sufficiently high energies, we find it can make an important

contribution to the cross section for partial waves in a small

region between those dominated by emission from the compound

nucleus and those dominated by breakup.

We interpret the breakup cross section as a DIC

cross section. We cannot interpret it as a fast fission or

equilibrated DIC cross section. At high energies and high

angular momenta, the doorway states allowed by the entrance

channel transmission coefficient, T** , do not live long enough

to attain the equilibrium we have assumed.

This breakdown in the model should not effect the

particle emission cross sections, however. These relatively

slower processes dominate at lower energies and lower angular

momenta. The fact that they do dominate implies a lifetime of

the composite system sufficient to attain the type of equilibrium

we have assumed.

Finally, we interpret the summed cross section for

particle emission from the compound nucleus as the fusion cross

section, writing it out in full for a given partial wave J ,

we have
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(40)

He find that this expression reproduces well the observed

behavior of the fusion cross section. At low energies, it is

close to the reaction cross section. At higher energies, it

is limited to the lower partial waves due to the competition

wit'i the doorway decay modes. The details of our results are

discussed in the next section.
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III. RESULTS AND DISCUSSION

In this section, we present the results of the

calculations which we perform within the formalism presented in

the previous section.

We describe the intermediate states as being

associated with a two touching spheres configuration. Accordingly

when the heavy ion system reaches this stage, we expect the

energy and the angular momentum to be distributed among

collective and intrinsic degrees of freedom. The collective

degrees of freedom describe the rotational motion of the

composite system while the intrinsic ones describe its internal

excitation represented by a certain number of excitons. For

the collective rotational motion, we assume the usual form for

the associated energy

E =•

where the moment of inertia of the composite system i s

given by ,

J

To simplify the calculations we consider only the collective

degrees of freedom in constructing the level density of states

for the composite system, Eq. (19). To take into account the
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intrinsic degrees of freedom in the composite (doorway) system
A A

we merely adjust the level density parameter g , to be ^- ,

with x being a parameter. This is motivated by the fact

that in ref. 2 it was found that the internal energy of the

compound nucleus AQ = 0.27 A_N could be related to the average

number of excitons n a 0,2 A_« . This number is used to relate

the level density parameter a^ to the corresponding one for

the equilibrated compound nucleus a through
c

d A c c

As for the density of state of the equilibrated

compound nucleus we use the standard Fermi gas Formula with the

parameter ac given by the estimate A, = «~- and the corresponding

moment of inertia «V given by

jf = SL^2ZL (43)

The transmission coefficients which appear in the cross section

formulae are evaluated by using a simple ion-ion potential as

was discussed in Section II. We have chosen for such a potential

the conveniently parametrized global interaction specified in

Eq. (22) . This potential was used to construct the effective

barriers which are subsequently employed in the evaluation of

the penetrabilities (T. ), using the Hill-Wheeler expression:
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The results of our calculation of a, using Eq.(40)

which contains the effect of the doorways (see previous section;

are shown in Figs. 1-9. The value of the coupling strength was

taken to be V^ s 21.5 (MeV) . The data points were taken from

Refs. 1 and 5. Also shown In these figures (dashed lines) are

the summed cross section av* a _ , where o ,. is the summed
F p,D p,D

particle emission cross sections from the "doorway", Eq. (39a).

The fusion excitation function in "region I" where

the complete fusion process exhausts the reaction cross sections

is well reproduced by our model. Moreover, the energy cor-

responding to maximum fusion cross-section is also systematically

predicted by the calculations. The evaluation of the fusion

cross section in region II where the competition between the

fusion and more rapid processes is considerable, is also

satisfactorily reproduced. In particular the feature of the

o_ vs. E*;. , that depends on the entrance channel, and which

is reflected by positive/ null or negative values of V
can be predicted by this model e.g. fusion of C • O
1 6 O * 2 7 A C or other light »y»tems indicate V c r < 0r whereas in
1 6O • 4 0Ca and *°Ca • <°Ca, V ^ f c O 1 * .

It is interesting to observe that our calculation

reproduce well the recent 4 0Ca • 4 0Ca of Aljuwair et a l 5 ) ,

being off the old data of Doubre et a l 6 ) .
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The contribution of particle emission from the di-

nuclear (doorway) configuration is shown summed to c_ is

already mentioned earlier. He see clearly that this effect is
p

mostly important in the maximum fusion, °-.x region. We also

notice that there seems to be a clear connection between the

value of c5* and cma* ; the larger <i „ , the smallermax Pff max

J (see e.g. Fig. 2) .p»u

The fact that the general trends of the excitation

functions are predicted by the model, independently of the

system, reveals that the most important features of the dynamics

of the collision are taken into account in the calculations.

we have repeated the above calculations for 15

more cases, which correspond to some of the reactions quoted in

Rofs. 1a, 1b,5 . The quality of the results arc as good as the

ones shown in Figs. 2-10, and for the sake of completeness we

present in Fig. 11 the predicted values of the maximum fusion

cross section. It is found that our result come out quite

reasonable, and follow closely the trend of the empirically

determined o"ax of Ref. 2) . Also shown in the same figure

are the results of the statistical yrast line model of Ref. 7) .
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IV. ANGULAR DISTRIBUTIONS AND ANGULAR CROSS-CORRELATION FUNCTIONS

In the previous sections, we have presented the

results of the calculations of the heavy ion fusion cross sections

for several light and medium HI systems. The results show

that the model does supply a consistent description of cp

both in "region I" and II. In this section we present another

feature of our model connected with the localization, in angular

momentum space, of the partial, compound, and doorway cross

sections, namely the angular distribution for a given transition.

We consider the case 0 + C • " Si • o + Mg .

Let us consider, first, the evolution, with

increasing bombarding energy, of the partial cross sections

a_ . In Fig. 10, we show the energy dependence of a_ for the
o J

transition 0 + C * Si •* a + *sMg (g.s.J, involving the

compound a. and doorway o. configurations, respectively.

The o_ distribution have been coined "statistical windows"

in Ref. 8, and the same nomenclature is used here. We have

found that the compound statistical window maintains its width

roughly constant. Its center of gravity, on the other hand,

increases with increasing energy as expected. The width of the

doorway statistical window is found to decrease with energy

with a corresponding shift to higher values of its centroids.

At this point, it is worthwhile to discuss the characteristics

of the compound statistical window, in the absence of the

coupling to the doorway considered here, where the results



of a standard Hauser-Feshbach calculation indicate that the

widths of the ?j»s increase with increasing CM energy with

a corresponding increase in their centers of gravity.

It has been pointed out in Ref. 7 that as a

consequence of the well-localized nature of the CN statistical

window, the angular distribution of transitions to low-spin

states in the residual nucleus, reflect clearly the two most

important characteristics of this localization: the center of

gravity of the window, L , and its width, AL . The period of
dcrthe regular oscillations in -^ is approximately given by

— , whereas their gradual damping as the angle increases is

° 1

related to ÒL. The ••.,; dependence is also present. Simple

closed expressions were obtained in Ref. 8. In Ref. 9 it was

also found that, in general, the inclusion of a doorway

configuration results in a smaller period of the angle

oscillations, as a result of the larger value of the center of

gravity of doorway statistical window. In the same reference,

changes in the angular cross-correlation function were also

discussed.

We now use our calculated windows to discuss the

angular distribution —* and the angular cross correlation

further C(0,8') (see below). Instead of using the closed

expression of Ref. 8, we calculate -r? and C(6,8') exactly.

The differential cross section g^ and the angular

cross-correlation function C(£>,ô') for the transitions to

zero spin find state can be easily obtained from the fluctuation
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amplitude (for zero spin transitions)

where S (J) is rapidly fluctuating function of energy. Then

Wit /^ . Í47)

where < > indicates average over energy. From the statistical

condition

= O (48)

and assuming a normal (Gaussian) distribution, we can rewrite

C(0,e') in the following form

Since eq. (48) implies <S (Z)>«0 and using again a normal
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distribution we obtain

The quantity < iSf*(J);2> is identified with the statistical

window considered earlier. The expressions for < ^ > and

CtO.e1) read

(51)

•I— Zi*T+OV/ S%>t>r Cc*td) ? Cce,<d'> I ^ (52,

For the two-class case under discussion here we merely substitute

\Sft{J)\2 by ls£J(J, j2 • | s " ( j ) | 2 . From here on we shall

denote |S^(J)| 2 = oC*N* and |S^(J) |2 = oD .

At this point it is instructive to follow the

evolution of 0(8,0') as a function of the bombarding energy

for both a ' ' and a , discussed in the previous section.

As figure 12 shows, the compound nuclear C(6,6')

changes little with energy implying that the corresponding

statistical window maintains its widths as has been discussed

earlier. This is, in fact, a clear demonstration of the

influence of the doorway configurations. A purs compound
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nuclear statistical window becomes significantly wider as the

energy increases.

The above discussion can be summarized by saying

that the coherence angle defined through

maintains its value, e.g. for 0+ C, 6coh - 16° in our

two-class model, whereas in a pure compound nuclear calculation,

this is a clear change of 6 . . In fact empirical observations

have shown that 8con depends on the width of the window as

where K Is =1.4.

In contrast to the compound piece of our cross

section, the doorway contribution exhibits a cross correlation

function C(8,8'} which changes drastically with energy.

Whereas at low energies one finds the doorway contribution

behaving like the pure compound nucleus one, at high energies

more rapid oscillations appear in C(6,6') . This fact

indicates that a higher degree of coherence is being attained.

Pig. 13 shows the behavior of CDOOR{6,8') for l6O+12C*a *Mg

It is thus possible to suggest that at E - 40 MeV

the doorway in 0 • C reaches a stage where one might

consider it as a "bridge" to mace direct process; e.g. deep inelastic.

The coherence angle at this energy is actually ill-defined.
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V. TEMPORAL EVOLUTION AMP CORRELATION W1PTKS

So far, we have discussed only the angular characteristics

of the heavy ion system through the analysis of the two coupled

statistical windows (see Section IV). Another important feature

of a multi-step compound process is the overall temporal

evolution of the system. Once formed, the time evolution of

the compound system, represented by A(t) (see below), can be

easily found by Fourier transforming the S-matrix correlation

function . In the eigen'class representation °1'2' which

diagonalizes ir (Eq. (3) ) we have, following KcVoy and Tang ,

where X. are the eigenvalues of the matrix J* JJ P ,

namely

(56>

The A^ and X_ have very simple physical meaning;

they correspond, respectively, to the correlation length

(inverse life time) of the doorway (dinuclear) and compound

nucleus configurations . The coefficients a and a_ ,

arc "eigenclass" cross sections, both having the one-class

Hauser-Feshhach forra on the calculation of these cross
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sections, but rather concentrate on the more interesting

correlation widths, X+ and A_ .

We recall at this point, that these widths have

recently been extracted, through a generalized Ericson analysis

of the type proposed in 12), for the system ^Ti+'nc+a • Tla14)

and using the spectral density method, for the system

From our results of Section IV, we have extracted ••

the correlation widths of the doorway configuration, X and

for the equilibrated system, A_ . He have chosen the process
1 6 0 * 12C * a + 24Mg , for definiteness. We have found that if

we maintain the value of V* , in the coupling, equal to :

21.5 (MeV) we obtain a reasonable value for X ( - 70 keV),

V
however, X comes out extremely large. This shows that the '\
lifetime of the dinuclear system is very short. According to j

j

the findings of Ref. 3) X+ for 1 6 0 * 12O +<* • 24Mg is about

250 keV and varies slowly with increasing excitation energy. j

To get the expected values of X+ and X_ (70 and 250 keV, '

respectively) we had to reduce V* by a factor 10 ! The !
i

resulting fusion cross sections, however come out in sharp

disagreement with the data.

The above findings clearly indicate that our model/ ;

though fully adequate for the description of heavy ion fusion

as well as the angular distribution of emitted particles, cannot

simultaneously describe the time evolution of the system.

Presumably the details of the equilibration process, which are not

fully accounted for in our model, is the necessary missing ingredient!
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VI. DISCUSSION AND CONCLUSION

In this paper, a multi-step compound model of

heavy-ion' fusion reaction' is developed. Tbo distinct configurations

cf the compound system were considered; a dinuclear system which

is allowed to decay through break-up into two fragments as well

es by particle emission, and an assumed equilibrated system

having the chance to deexcite through particle emission. The

summed particle emission cross section from the equilibrated

ttage is used to define the fusion cross section.

The result of our calculation of o_ , using the

Agassi et al formulation of multi-step compound reaction,

generalized to heavy ions, was found to be in good agreement

with the data of numerous heavy ion fusion systems.

The explicit consideration of the competition

between fusion and doorway break-up and particle emission

channels in our model is an important feature of the model,

which helps account naturally and consistently for the downward

drop of o» / seen in light-heavy systems, at higher energies,

ictii

16)

avoiding thus the introduction of a "region III" , in complete

agreement with Ohta et el

In fact symmetrical break-up (or fast fission) seems

to be a common occurance in HI reactions at energies higher
-„ 17)

than those corresponding to 0B> . Zn our calculation, the

existence of these decay channels consistently reduce the values

of o"ax , making them closer to the data (Fig. 11).
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The angular distributions of emitted particles from

the two configurations as well as their respective correlation

widths were also considered and analysed. It was found that

whereas the calculated angular characterisitcs are reasonable,

the correlation width of the dinuclcar system comes out to be

much too large, l'his may indicate that other intermediate

configurations of the composite system besides the one we

considered here, should be taken into account in order to get

a more consistent picture of the time evolution of the system..
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FIGURE CAPTIONS

Figure 1. A schematic representation of the two-step compound

fusion process.

12 16Figure 2. 3p for the system C • 0. Full curve corresponds

to our calculated cp of Eq. (40). Dashed curve

represents c_ • c _ (Eqs. (40) and (39a)). The
r p#t»

. dashed dotted curve is the total reaction cross

section, calculated from the entrance channel

transmission coefficient. The data points were

collected from Ref. 1.

12 18Figure 3. Sane as Fig. 2 for the system C + 0. Data were

taken from Ref. 1.

12 19Figure 4. Same as Fig. 2 for the system C • F. Data were

taken from Ref. 1.

Figure 5. Some as Fig. 2 for the system 12C • 27A1. Data were

taken from Ref. 1b.

Figure 6. Same as Fig. 2 for the system 160 • Mg. Data were

taken from Ref. 1.
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Figure 7. Same as Fig. 2 for the system 0 • Al. Data were

taken from Ref. 1.

Figure 8. Same as Fig. 2 for the system 0 + Ca. Data were

taken frota Ref. 1.

Figure 9. Same as Fig. 2 for the system Mg • S. Data were

taken from Ref. 1.

40 40Figure 10. Same as Fig. 2 for the system Ca • Ca. Data were

taken from Refs. 5 and 6.

Figure 11. Maximum fusion cross section c^ax measured for various

systems (closed circles). Data were taken from

original papers cited in Rcfs. 1 and 5.The open circles

are our calculated o? a x. The full curve is the

empirically found oS** from the modified statistical
2}

yrast line model . The dashed curve is the statist

cal yrast line model prediction of Ref. 7.

Figure 12. The angular cross-correlation function for the compound

o0-decay channel at a) E * 10 MeV, b) E > 20 MeV,

c) E - 33.3 MeV and d) E « 40 MeV, see text for details.

Figura 13. Same as Fig. 11 for the dinuclous ("doorway")

a--decay channels.
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