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ABSTRACT

A general discussion of coupled channels effects on the heavy

ion compound nucleus formation cross section is presented. Doth

coherent and statistical features of these effects ar • considered.

Heavy ion fusion reactions are then analyzed within a two-step

compound model composed of a di-nucleus configuration,representing

overlapping quasimolccular resonances, coupled to particle and

break-up channels as well as toan equilibrated compound nucleus

configuration. The resulting fusion cross sections, defined as

the summed particle emission cross section from the equilibrated

compound nucleus, are in reasonable agreement with the data for

several systems. The time evolution of tno HI system is also

briefly discussed.
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I. INTRODUCTION

Heavy ion fusion reactions have created a great amount of in-
terest in the last several years. The popular picture states that
at low energies the fusion cross section follows the trend of the
total reaction cross section, aR exhausting almost all of it (this

region is usually referred to as region I). After a certain criti-
cal energy, E . (of the order of 1.5 E_, where E_ is the energy

corresponding to the height of the Coulomb barrier), is reached,
however, as o continues exhibiting its "geometrical11 behaviour,

E

°R " '«a*1 " iT* {1>
where RQ is the radius of the Coulomb barrier, the fusion cross

section, Up, bends down and eventually follows something like

op = «Rj(l - ÍS) ' (2)

with R, < RR and E.,,is negative for heavy-ion systems and positive

for heavier systems. The region where (2) is valid is referred to
as region II. Recently, several authors have even suggested a Re-
gion III that follows Region IX and is characterized by a steep
slo^. For a review of the subject see the recent article by
Bi.'elund and Huizenga [l] .

Most recent publications concerned with heavy ion fusion
< . ?ript to answer the following question: is the fact that in re-
•fL j* II, op < oR is just telling a trivial fact about unitarity,

/f». jt ly th-s increasing contribution to o_ of "direct" processes

d urinated mainly by deep inelastic reactions or does it contain
s -Ma more useful information related to the eventually populated
.. jmpound system?

An answer tc this question would lead to a reasonable under*
standing of the origin of the quantities R and E and eventually

to a deeper understanding of the phenomenon of heavy-ion fusion.
Two distinct interpretations of the heavy-ion fusion cross

section in region IX exist. The first, the critical distance
odel, assorts that at higher energies, partial waves that will
jventuaHy fuae, havo to penetrate, unhindered, up to critical
distance, R^. The threshold eneryy, E_, then refers to the value

of the .interaction potential at this distance. This interpreta-
tion is popularly referred to as entrance channel interpretation
(ECI). The second approach assumes that the compound nuclear yrast
line is responsible for limiting the fusion cross section in re-
gion II. A variance of this model, the statistical yrast line [2],
assuntes that the compound nucleus formed in the fusion process is
not in its ground state but rather in an excited state» i.e» where
the energy in the compoiu ' system is split into two parts,
intrinsic excitation pat and a rotational part. This last
observation is the basis of the shift in the Q-value, AQ,discussed
by Lee et al.. A refinement of this model, where AQ in allowed to
depend on the mass number oi the compound nucleus ha* been nade in
Ret. 3.

We consider both models the entrance channel model and the
statistical yrast line model as containing some of the features of
the fusion process. But we view both models as extreme», in the
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sense that in the first, no reference to the compound nucleus is
made, whereas In the litter, the fully equilibrated compound nu-
cleus is considered to be explicitly "seen" through the fusion
cross section. It is expected that both entrance channel and some
aspects of the compound system must be present.

The question one is bound to ask is how to couple both ef-
fects? We present below arguments which suggest that a minimal
why of achieving this is through the introduction of the dinucleus.

It is a well known fact that heavy-ion systems such as
n c +ii C f 1*0+1»c etc., exhibit, in the elastic and compound nu-
cleus (fusion) excitation functions intermediate structure, which
is commonly related to the formation of isolated quasi-molecular
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

E M
be isolated in "C+13C etc.,at the energies considered, -— *v 2-3

MsV, become overlapping at higher energies and/or in other systems.
In fact the experience one has gained from studying the dy-

namics of nuclear reactions over the last thirty years indicates
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 statistical treatment.
Further, quite recently, several authors have suggested that the
energy structure seen 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 resonances geometrically as two
sticking nuclei (with a moment of inertia larger than that of the
compound nucleus).

It is our aim here to incorporate the overlapping quasimolecu-
lar resonances, in the description of heavy-ion fusion processes,
commonly discussed within simple models. We visualize the fusion
process as in Fig. 1.

Figure 1.

A schematic representation of the
two-step compound fusion process.

•KM-UP

MMfKkl

The two approaching nuclei, first form a dinucleus, which repre-
sents, geomeirlcally, the overlapping quaslmolecuUr resonances.
This intermed!ato composite system i s then allowed to emit parti-
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rios and to break up as wall as couple to the equilibrated compound
nucleus. There is no direct coupling between the entrance channel
and the compound nucleus. The dinucleus acts as a "doorway", and
we shall call it such throughout this paper.

The fusion cross section is calculated as the summed "inclu-
sive" cross section for particle emission from the equilibrated
compound nucleus. The model we develop below is based on a ge-
neralization, to the heavy ion case, of the statistical multiclass
compound model of Agassi» Weidenmflller and Mantsouranis [4]. The
coupling between the dinucleus ana the compound nucleus is treated
statistically.

We may, at this point* remind the reader that what we are
calling a dinucleus is a two-nucleus configuration which is invari-
ably encountered as an intermediate stage in microscopic» mean
field, calculation [5]. Of course, in these theories» which con-
Lain only the average mean field effects, one does not obtain the
full picture involving the formation and eventual decay of the com-
pound system (namely thjs exclusive cross section).

For this purpose, a more complicated formulation involving
the addition of particle collision effects, is required. In the
absence of such theories, one is bound to try other formulations
of the problem such as the one alluded to above, which, though
necessarily less microscopic, have the merit of being easier to
handle theoretically.

Before we present our model» we first give a general dis-
curtsion of heavy ion fusion reactions affected by direct channel,
and multiclass compound, couplings.

II. GENERAL CONSIDERATIONS

The total reaction cross may be written as

where V is the optical potential in the elastic channel. The to-

tal wave function in the elastic channel is denoted by 1^ * T n e

center of mass energy and the asymptotic wave number are denoted
by £ and k respectively.

Equation 1 may also be written in terms of partial wave
transmission coeffioients T £ as follows

ffB-rr í (21+DT. (4)

where

^ ' " | H l (5)i ^ i / k H

Now the relevance of Eq. (3) to fusion may be made clear by a
detailed analysis of Iir.V. Presumably ImV accounts for compound
nuclear absorption + direct processes. In heavy ion systems, how-
ever, direct coupling of elastic channel to the compound nuclear
states is quite small. It is believed that to populate compound
states the system has to first couple to inelastic and transfer
channels. This in turn results in an ImV that is basically sur-
face potential.

In the following we formalize the above remarks. We intro-
duce tho following projection operators p,g,D-, «-.nd D , with p de-
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noting clastic and almost elastic channels (low lying oxcitcd col-
lective states), Q • q+D the compound nucleus states, D. denotes

the direct doorway subspace: i.e. channels that act as doorways
for fusion (giant resonances, transfer channels etc.) and D , com-
pound doorway subspace referring to some simple states in the com-
pound system.

We postulate that heavy-ion reactions are characterized by
the following important restriction on the coupling

Hp0 " ° (6)

We call condition (6), the multistep generating condition.
Then Feshbach's theory predicts for ImV the following

wherejf- 1 is the total Green's function in subspace D. and

describes the propagation of the nuclear system in the space
spanned by giant multipole resonances, transfer channels, etc and
is given by

Since H _ and H are Hermitian, the calculation of ImV is

reduced to that of lm~úji*'. Such a calculation would be trivial
' D d

in the limit of IL. _ * 0 since then the D.-Hamilton! an operator

that appears in the denominator of Eq. (5) becomes Hermitian. For
non-Hermitian Hamiltonian, as is the case of Eq. (5), one gets

w
Therefore oR becomes

" D Q *(2 T» KQ D

We identify the first term In Sq, (10) with genuinely direct
processes (including deep inelastic processes), The second term
of the right-hand side of Eq. (10) is identified with fusion. No-
tice however, that the coupling between the elastic channel and
the compound nucleus is indirect and explicitly given by the effec-
tive coupling interaction

There are two features of "channel" coupling effects, which
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can be seen ir. Eq. t7J. First, the direct channel coupling ef-
fects, appearing through the generalized entrance channel wave
function,

(which may be written as t |<>Q >), can cause two distinct changes
Dd d

in Op depending on the energy. At sub-barrier energies, these ef-
fects result in an overall enhancement of fusion, as they cause an
over all reduction in the height of the Coulomb
barrier [6] (this can be understood by representing the channel
effects through an effective polarization potential, whose imagi-
nary part decreases with decreasing center of mass energy and
accordingly, through a dispersion relation argument its real part
become moro attractive, underlay tho height of the effective bar-
rier lower). At higher,energies, on the other hand, the direct
channels, with ever increasing number, simply complete with fusion
in the distribution of the incoming flux.

The second feature is connected with the compound system it'
self. In Eq. (7) the compound system is referred to through the
operator

Q Q

Usually, when one takes only the equilibrated compound system into
account (only q), this quantity is taken as function, the imagi-
nary potential representing C.N. formation. In general, when
several distinct classes of compound states are considered, one
has to deal with a matrix "potential" which takes into account
explicitly the coupling among these different classes (e.g. D and
q), and their subsequent decay into the different open channels.

III. THE MODEL

From the results of the previous section, we have for
"fusion" cross section (°R~°"f>)

the

It is emphasized here that the above expression for "0-," is too
inclusive to be associated with op extracted from evaporation resi-
due measurements. There are processes included in the above ex-
pression, which are not really fusion events; guch as an interme-
diate- compound s>t.ige (the dinuclcus of Fig. (1) representing the
D 3puce in.our general formulation) that decays before the equili-
brated configuration is reached. Further in our formulation below,
we represent all the direct doorway contribution exemplified by

through an appropriate changesby an effective entrance channel,
in the interaction to1 be used.
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To explicitly take ijito account the effect òf the break up ef
dinucleus, in Q, we certainly have to calculate from a statistical
stand point (see below) the transition from the generalized en-
trance channel to a fina) decay channel opened to the equilibrated
compound system. Por this purpose we use the formulation of multi-
step compound processes developed by Agassi, WeidenmOller and
Mantzouranis (AWM). AKN write the cross section for the transition
i-»f as

a,b .
where the transmission coefficient, T~, now describes the probabili-
ty of the channel c to form states of class b in the composite
system. The factor * . describes the transitions among the classes

of states of the composite system and can be defined by

-i t + f +

where

and

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

and is defined to be

Tab = 2lfpa*Ib2irpb il6)

The external mixing among the classes a and b due to open channels
is described by T*b. We neglect this, taking T*b - 0.

We can also define a partial cross section

°fi,ab - Í*< w + " T fWi (17)

which can be interpreted as the cross section for channel i to
form states of class b and latter decay from class a to channel f.
Note that if we take T*b - 0 as well as T ^ » 0, * b is diagonal

and the corresponding cross section separates into a sum oi inde-
pendent contributions from each of the classes.

In our nadei [7] , we postulate the existence of a class of
overlappino doorway states and a class of compound nucleus states.
We assume that the doorway states can decay by breakup or particle
emission. We write the corresponding transmission coefficients as

T. and T , respectively. We further assume that the compound nu-

cleus can decay ky particle emission only, so that 1^/0 while

T? * 0. We can then write the escape width for the compound nu-

cleus .as

2np r* » IT£ (18)
p P

while the escapo width for the doorway states is
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" p
T pV b

F.̂ r the mean square matrix element in the Internal mixing fac-
tor, wo take an extremely simplified form of that used by Agassi
et al. [4]

Í20)

The inverse dependence on the densities of states of the mean
square matrix element is consistent with the increasing complexity
of the states and their diminishing overlap with increasing excita-
tion energy. It is also consistent with the smooth energy de-
pendence expected of its sum over final states. The constant vT

is treated as a free parameter to be adjusted in conjunction with
the ion-ion interaction in the effective entrance channel.

The dinucleus level density has the form [8]

(21)
(cAc)+2(A/A,)l)I(cAC+2(A/A,)2)1

x exp[2/5Ãe]

where A is the total mass number, Í. is the moment of inertia of
fragment i and á_,(R) is that of the total composite system,

?T(R) « pR
2 + *, + 1, (22)

To eliminate the radial dependence of the dinucleus level den-
sity we assume that the system will prefer the radius that- maxi-
mizes the density of states. He thus choose Rj 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 S^, 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 Bq. (21) evaluated at R, with

c " E * Vmin(J)

The transmission coefficients were calculated, using the Hill
Wheeler form, with a global real potential of the Wood-Saxon type,
whose parameters were adjusted, together with vT, to give the best

account of the data for a large variety of light heavy and medium
heavy systems. The adjusted nucleus-nucleus potential, describing
the effective entrance channel i&,
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fe l25,
R, 2 -1 .2998f t /* - O . 4 2 B 6 A 7 ^ [ £ W ]

Ro « Rj + R2 + 0.29[fm]
The partial wave fusion cross section, obtained from Eq. (17) looks
l i k e

 H d

j l 2 * P c V T o ( 2 6 )

rj>
The «"omplete fusion cross section is calculated from Eq. (26) by
summing over all J.

IV. RESULTS

To simplify the calculation, we have considered explicitly
only the collective (rotational) degrees of freedom in constructing
the level density of states of the dinucleus. To partially take
into account the intrinsic degrees of freedom, we merely adjust
the level density parameter d (which appears in the Fermi gas for-
mula as e**aE ) tc be ̂ j, with x being a parameter. Usually x - 1.

Here, we find, motivated by the result of Ref. 3 that the internal
energy of the composite nucleus Q « 0.27 h^t that ad (of the di-
nucleus) is related to ac (of the compound nucleus) by

ad * °'2 ac (27)

implying x » 5.
We show in Pig. 2, a sample of our results obtained with

TTT * 21.5 MeV. The drop in ap, seen in what is called Region II,

is attributed, within our model, to the increased importance of
the dinucleus break-up channel. We have repeated the calculation
to more than twenty systems, obtaining an overall reasonable
agreement with the data. We may mention that the energy
corresponding to maximum fusion cross section is systematically
well predicted. Further, the feature of the o_, vs E"^ that de-
pends on the entrance channel, and which is reflected by positive,
null or negative values of vcrit£Cai [*]»

 ls nicely predicted by

our model (e.g. for laC + *•<>, " 0 • I7Al and other light heavy
systems have Vcr < 0 while " 0 + *»Ca or "•Ca • *°Ca exhibit

vcr i 0)'
The contribution of particle emission from the dinucleus

(doorway) configuration is shown in Fig. 2, summed to o_ (dashed
line). We see clearly that this effect is mostly important in the
region of maximum o?. This implies that pre-eguilibrium particle

•mission should he reasonably copious at these energies. Further,

them seems to be a clear connection botwecn th« value of oV.,, awl
inn X

Í .9.
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Figure 2.

oF for the systems
 aiC • JC0

(Fig.2a) and * *C + 27A1 (Fig.
2b). Full curve corresponds
to our calculated Op. Dashed

curve represents 0- + o .

The dashed dotted curve is
the total reaction cross sec-
tion, calculated from the en-
trance channel transmission
coefficient. The data points
were collected from Ref. 1.

^•«b
0)

Q<O0 OC
. i . . .

004 008 0.12 O« O20

0025 0.05 0075 0X> QB5

the cross sections for dinucleus particle emission (pre-equilibriura)
7pre; t h e l a r* e r °Lx' t h e 8 m a l l e r V e '

For completeness, we show in Fig. 3 , the calculated values of
o for 24 systems. Our result cones out quite reasonable, and
iTioX

follows closely the trend of the data and the empirically determined

o£ax of Ret. 2. For comparison, we show in the same figure the
prediction of the statistical yrast line model of Ref. 2.

The fact that the general trends of the fusion excitation
functions are reasonably well predicted by our model, using the
global entrance channel potential plus an average dinucleus - com-
[•{.'Und nucleus mixing parameter, for more than twenty HZ systems,
clearly indicates that the most important features of the dynamics
are adequately taken into account in the present calculation.

The crucial new ingredient is the presence of the dinucleus,
which acts as a "doorway" to fusion. The explicit consideration
of the competition between fusion on the one hand and doorway
break-up and particle emission channels on the other hand is an
important feature of our model, which helps account naturally and
consistently for the downward drop of Op in Region XX seen in
Uqht-hunvv ion systems, avoiding thus the Introduction of • *Ro-
gion III" [yj, in complete agreement with Ohta et al. [10]. Some

.10.



indirect experimental evidence for the existence of the dinucleus
has already been reported [11].

13

0.7

24 2526262? 263030JO31 31 3232«04242424344 «454646 475656 BO

Figuro 3
Maximum fusion cross section cmax measured for various
systems (closed circles). Data were taken from origi-
nal papers cited in Refs. 1 and 5. The open circles
are our calculated omax

F ' The full curve is the empiri-
cally found Op from the modified statistical yrast line
model [3]. The dashed curve is the statistical yrast
line model prediction of Ref. 2.

V. TEMPORAL EVOLUTION AND CORRELATION WIDTHS

An important feature of a multi-step compound process is the
overall temporal evolution of the system. Once the compound
system is formed, its time evolution represented by A(t) (see
below), can be easily found by Fourier transforming the multiclass
compound S-matrix correlation function [12]. In the eigenclass
representation [13J , which diagonalizes it (Eq. (3)) we have,
following McVoy and Tang [14]

A(t) a.e

where X± are the eigenvalues of the matrix p

A

"1^'

,/s •/s ) i r,/J

(28)

namely

(29)

cor-The A+ and A_ have very simple physical meaning; they

respond, respectively, to the correlation length (inverse life
time) of the doorway (dinuclear) and compound nucleus configura-
tions [12], The coefficients a. and a_, are "eigenclass" cross
sections, both having the one-class Hauser-Feshbach form [
shall not dwell on the calculation of these cross sections, But
rather concentrate on the, more interesting, correlation widths,
A. and X .

We
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Kc recall afc this point, that these widths have recently been
extracted, through a generalized Ericson analysis of the type pro-
posed in (12), for the system J&N 4 lac * a + **Na flS] and using
the spectral density method, for the system **0 • 1*C •• a • **Mg
[]

Prom our results of Section IV, we have extracted the correla-
tion widths of the doorway configuration, A+ and for the equili-
brated system, X_. We have chosen the process " o + lfC •* o + **Mg,
for def< ltcncss. Wo have found that if we maintain the value of
vl, in the coupling, equal to 21.5 (MeV) we obtain a reasonable
value for >_ Cv 70 keV), however, X+ comes out extremely large.
Thin shows that the lifetime of the dinucloar system is very short.
According to the finding» of Ref. 3, X+ for **o + " o •*• a + **Mg
is about 250 keV and varies slowly with increasing excitation ener-
gy. To get the expected values of A+ and X_ (70 and 250 keV,
respectively) we had to reduce V* by a factor 10"! The resulting
fusion cross sections, however come out in 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 [8], cannot simul-
taneously describe the time evolution of the system. Presumably
the details of the equilibration process, which are not fully
accounted for in our jnodel, is the necessary missing ingredient!
This may necessitate the inclusion of other classes of compound
configurations.
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