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ABSTRACT

Heavy ion fusion reactions have been analyzed within
a multistep compound model composed of a di-nucleus configuratim,
coupled to particle anéd break-up channels as well as to an v
- equilibrated compound nucleus configuration. The resulting
fusion cross scstions, defined as the summed particle emission
cross §ectiors om the equilibrated compound nucleus, are in
reasonable 2  2ment with the data for several systems. The
resulting ag.lar distributions as well as the time evolution

. a N
of the systes are also discussed.(/ ‘)
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I. INTRODUCTION

In the last several years, heavy ion fusion reaction
have attracted great interest both theoretical and expennmmuﬂﬁ,.
More than half a dozen models have bheen proposed, ranging from
the more sophisticated microscopic TDHF to simple geometrical
parametrizations. Scveral facts have emerged from these studies,
the most important one of which is that the simple one-deqree of
freedom description, usually called the entrance channel model, is
not fully adeguate. For a recent review we refer the reader to
Ref. 1) .

In this paper, we dcvelop a model which incorporates
both the entrance channel effects and the compound 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 We allow the HI system
to emit particles both from the intermediate stage and from the
compound nucleus. The di-nuclear system i3 also allowed to
break-up into two fragments.

.The need for such a multi-step compound description

of heavy ion fusion has already vem. pointed out in our previous
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publication“’, as well as in Ref. 3). The two-compound class

model for fusion we deielcp here is based on the formulation o£>
Agassl et al".A

The paper is organized as follows. In Scction 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 ¢ross scction for particle cmission from
the equilibrated compound system. In Section IIl we apply the
model to a large variety of heavy ion systems ranging from

12 4oCa»"OCa. In Section

1ight '%c+ '%c to intermediate,
IV we discuss another feature of cur model, namely the
characteristic angular momentum localization 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 campoaund configurations,
and finally, in Section VI we present several concluding

remarks.
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II. MOTIVATION AND FORMALISM

It is 2 well known fact that heavy-ion systems such
as '?c + '?c, '*0 + !*C etc, exhibit, in the elastic and compound
nucleus (fusion) excitation functions intermediate structure,
vhich is commonly related to the formation of isolated guasi-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

L}
may be isolated in *2C + !'2C etc, at the energies considered,
Een |
A
other systems.

2 - 3 MeV, become overlapping at higher energies and/or in

In fact the experience one has gained from studying
the dynamics of nuclear reactions over the last thirty years in-
dicates clearly a qgradual evolution of these "doorway” resonances
as the enerxgy 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 the energy structure seem in the elastic scattering.
0of C «+ C and O + C may be due to these evolved, quasimolecular
resonances. In the heavy-ion case one may visualize these
reascnances geometrically as two stickinqvnuclei {(with a moment

of inertia larger than that of the compound nucleus).
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It is the aim of this paper to incorporate the
overlapping quasimolecular resorances, in the description of
heavy-ion fusion processes, commonly discussed within simple
modelsz’. We vigualize the fusién 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
campound nucleus. Therxre is no direct coupling between the
entrance channel and the compound nucleus. The di-nucleus acts
ag a "doorway"”, and we shall call it such throughout this
paper.

, The fusion cross section is calculated as the
sumned "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 multiclass compound model of Agassi, Weidenmlller
and ﬁantzouranis". The coupling between the di-nuclevs and
the compound nucleus is treated statistically. -¥We do not
attempt here to justify thé 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

¢ o= E ayesy BTl - &

$i
k ZT
’ c
where Ti is the transmission coefficient which describes the

probability to form the compound nucleus and the Tf’é‘%
can be interpreted as the branching ratio for decaying into
the channel £,

If we sum over all channels, we find

? Y . - (2)
%O}i = (27+1)T;

which is the partial (J) reaction cross section for the channel 1.
At low energies, this guantity is wvery close to the total fusion
cross section for the partial wave J. We 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 Pig. 1, we construct below a two~-step

conpound model, consistent with the picture of Ref. 2, based on



7.

the formulation of Agassi et al.j(AHN)‘)._ In contrast with the

one~-class crass section of Eg. (1), AWM write the cross section

for the final state £ as
™ a—]—-b
= e (2T AL {3)
c{;£ ‘Zz (' '1. l)égzg‘-t; } Clb-1:

where the transmission coefficient, Tﬁ ; now describe the
'ptobability of the channél ¢ to form states of class b in
the composite system. The factor Tab desecribes the transitions

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

defined by

T7T =38 2w f plopdy Tt Y )
al ap ' (’: ‘F'ﬂ; )= Tar = lay

where

aﬂtuf C:*' = ;E: "E;:’ ' (5)

A l;'f = Z T;‘ | | (6}

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

and b and is defined to be

— ¥ Iy (7)
| _T;b = 2w f V S,

b
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The external mixing among the classes a and b due to open
F Y
channels is described by Téb’ we neglect this, taking T;b=0.

We can also define a partial cross sectiin

=T @r+)T T TF . (9)
i, b R* 4 ap 't
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 £. Note that if we take T;bs 0 as well as T;b’ o,
Tab is diagonal and éhe corresponding cross section separates
into a sum of independent contribﬁtions from each of the
classes.

In our model, we will assume the existence of a
class of docorway states and a class of compound nucleus states.
We will assume that the doorway states can decay by breakup or
particle emissior. We write the corresponding transmission
cocfficients as Tg and Tg ,.respcctfvely. We will assume
that the compound nucleus can decay by particle emission only,

[+4

so that ’1‘;{ 0 while Tbs 0. We can then write the escape

width for the compound nucleus as

2w £ rc"7=ZT;c | (10)
' r

while the escapec width for the (oorway states is PR
» 4

-

L

N
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t T t
27 = AT ™ '
fd[: f‘lr‘;"l"'ﬂ ztﬂ' G"’ (11)
_d 4
=2.T, +2T
P b
For the mean square matrix element in the internal
mixing factor, we take an extremely simplified form of that

used by Agassi et al‘)

V" .

Vacﬂ

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 enerqgy dependence expected of 1ts’sum over final states.

As we are not dealinc with the particle-hole
excitations treatment by Agassi et al, we cannot give an order
of magnitude estimate ¢f the constant ;z . 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 iiving lonq enough to damp all
of its energy and angular momentum but for which the decay

occurs before the compound .;ucleus is formed. Such dinuclear
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systems, and their description in terms of the sticking -
configuration, are well-known in DIC.
We will assume that to continue beyond a DIC and

form the compound nucleus, the two fragmentg must attain the
sticking limit. Since the sticking configuration can be
cbteined 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

3 H 3
$ (6,7, R) = [erds L dedg penm £,

X t
FLaL+) | b IlL+)
~f =& =\/R)~ -
_:S(E §,=E~VR) TART 3

‘I, ¢
-LLS) S(3-1-3-7,)
z

(13)

Hera, £ 1is the total excitation energy
E= € +E : (14)

with £y and €, the excitation energies of the fragments. -

7 is the total angular momentum

Y - T

Rl
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with 1 the orbital angular momentum and f1 and Tz

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

the

distance between the centers of the twe fragments and u  is”
the deduced mass.
For the level densities of the fragments, we have

taken a modified Fermi-gas form,

e AD( )
(€, .)3_4_(1? chi) (eAJ(cA; E4
f’ o) =5 24/ (cA € +2 )P

(ZIifl)i"f[z'CAiei ] ) (16)
| 1,2

’
T =

where A1 and Az are the mass numbers of the two fragments,
Q1 and 02 are their momenfs of inertia and C 1is a constant
expected to be of the order of -17 to -;- for 1light to medium
systens.

Evaluating the doorway level density by the method
of stecpest descent (taking the terms outside the exﬁoncntials
in the Pragment level densities as slowly varying), we obtain
| the sticking conditions
AR 3

,j_’_I/U J

I 'j[’e) (17)

1

i

u
RN

<4
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where Q.,(R) is the total moment of inertia
: 2
J ) = pR 4T+, >
T i 4
as well as the condition of eguilibration in excitation energy,

— £ ’ E::.ﬁié‘ .-(18)

with .

2
E; =€ +F — VQCZ) - 7; Jr[:Tfnt)
1 2 ,;a..frcz)

Note that the sticking conditions are consistent with the

|t

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

W
fJCF’J’m=:z ,/}(Z))(AA)(A)&jm )
) (c/ie)”/‘f

(e e85 teritHf)
X éX/’[Z m J (19)

whera A is the total masg number.

(g
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To eliminate tﬁe radial dependence of the doorway
level density we assume that the system will prefer the radius
that maximizes the densiéy of states. We thus choose R, by
maxinizing the excitation energy and minimizing the effective

potential energy.

We take the effective potential for partial wave J

to then be
- 2

,—L,{r(eg ‘

Mie

The term %? » proportional to the curvature of the potential,
is added to take into account the minimum enerqgy of the
fragments trapped 15 the potential well. The final form of
the doorway level density is then given by Eq. (19) evaluated

at RJ with

e=E-V. (3) | (21

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

+ Coulomb potential given by

VIR)Y = _.k;__-f-;zau K'R‘ (1 +:oty¢(,_.77)

X[i + exy C(.{-ﬂ,)/;. “‘”"QJ

Ro=R, +R,+ a 29 (Im] s 22
R,' =1 2998 A“-o-q».z&; Ay [

K S
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The potential parameters were cbtained from a simultaneous

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

]
ranging from ’zc-»‘“c to 40Ca+ 4°Ca {sece next Section)}.
We write the breakup width as the sum over all

possible final fragment states of the corresponding Hill-whecler

transmission coefficients,

+ d
211'}:[:),, __%TL

3. 3 $ A
==~jd 15<d I,d L.¢J§;¢J€;,f; (ElJ-Ii)JE (€,,1,)

x[i- + U‘F[(Vhax(T) + e"*é—-fyg.:."g’]‘]-i .
*g(f-z—fi-fz) | (23)

We characterize the density of final fragment states by again

assuming all possible states (consistent with the conservation

laws] to be equally probable.
To take into account the observation that the

angular deérees 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, RJ : for which the doorway
level density attains its maximum. In the radial potential
through which we obtain the maximum, Vm (J), we decouple the

angular degrees of freedom, taking
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AT B § ¢ 80
(7)) = [\/(B)-t' Z e R3 + 2'91
I,_(I-H)
2.4, J

with the angular momenta determined by the sticking conditions

V,

max
(24)

at the separation distance, R;. We take humax(J) ixoportional
to the curvature of this potential at the maximum. We point
out that thesé 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

| ~4
7 f r:! dEf(f 7) 1+¢x’,[ \/,,h (3)+E-F ', (25)
| 4 45p e (J?/é”

where 'fd is given by Eq. (19) evaluateé at the separation

R

5 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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[ _ Foma® E -y-exp[ E- V""‘" D¢ ]] (26)
VCA &1 ‘L

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 R;r with excitation

energies ¢, and €5 apd spins I1 and 12, we take

2T (.c (&,1,) I;’(ﬂ’ 31(” -/-j;(é,fl)[:’(é; ,jz(;)) (27)

where the ?i(ci) are correlation widths, parametrized by

T;(Ei) = It-0 ex,o[- ¢-€9 Mg/fi ] [Mev] (28)

and the g, are gecmetrical factors which discount emission

from the overlapping surface regions of the two nuclei

2
(Ri*gJ) - R;_i 1 = 1,2 (29)

48, Kk

To calculate the contribution of particle emission to the door-

3.(7)
[}

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

consistent with the conservation laws
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d
21 T
q cl,r z,' g
1

3 3 '
fa L &7, 471, £ 6,1 f ¢80T,

f (e

x 0CT-L[~-% I-1,) S(E-FL E‘,. Vg ) -
'l:‘L(Lﬂ) 42 LT+ _H 13(1.‘)_)
2pRE | ad,

X-ar[j’(e1 x4 )T'ce )j(J') -r!"(,,,)},(f)? f.r)] (30

Evaluating this integral by the method of steepest desc_ent, 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 {

to occur at

_ _4Ai . i=1,2

with

1;" IJ(I+1)
2 ,.77_cﬂ)

£§ = E- V) —-

The dominant contyibution to the doorway decay width of particle
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cnission from fragment i thus comes from those configurations

in which the excitation energy is concentrated in thac fragment.
¥e note that the partial decay width due to particle amission
attains its maximum at the separation distance RJ , consistent
with our description of the doorway states. We evaluate it

there.

Finally, we assume that the elastic channel does
not couple directly to the compound nucleus states. This implies
that

c _ | ' (32)
TS =o

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

transmission coefficient

-4

T [ cF[v(J)—E (33)

-hw (G D]

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

in the elastic channel

(34)

4 J(J#i))l

V(T _—.[v,te.) -+ FYTE

and ‘6u°(J) is proportional to the curvature of the potential
at that point.

With the definition of these elemonts, 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,

'U;i‘d = -E—;C.Z:I‘-ri) -TE,‘J —r]:“ -l:d (35a)

the cross section for emission from the compound nucleus into

particle channel j

o, = L (29+O)T TT T d (35b)
Fe k® b ed e -

and the cross section 'for emission from the doorwayr into

breakup channel k ,

T _ d d | c
c;’d_..ﬁ?(z:m.)‘r;k TI"AJT; (33¢)

[

Pollowing Egq. (4), we write the inverse of the

matrix ® as

oy awf, Gr‘f.,.-rw .
T = | - (36)
-7 awp [T

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

TJ = (-"-n)zﬁ_}; T/:E | (37)



Recall that

LT = ”fd”::',: +0)

Inverting the mairix, we obtain

4 T4
T = [a e 0) T et s 1)

JZX'JZ EZ‘? *.'T'J' 11..&

(38)

™ 2 f Q’+T"

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,

T ' O d
= e—— Z
Cr 4 o (23+4) T,C, G, b TT;J T | (392)
the cross section for particle emission from the compound
nucleus
= 41 d
0;'6-——-:%:; (Zv‘-ri) .‘Zr_(:['c' TT;JT {39b)

and the cross section for breakup of the doorway,
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o, = % (27+) 2 p 0T T T4 (236)
9 k} 4 b dc! [

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, a%
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 1ntérpret the breakup cross section as a DIC
cross section. We cannot interpret it as a fast fission or
equilibrated DIC éroas section. At high energies and high
angular momenta, the doorway states allowed by the entrance
channel transmission coefficient, Tg , do not live long enough
to attain the equilibrium we have assumed.

This breakdown in the model should not effect the
particlé emission cross sections, however. These relatively
slower processes dominate at lower energies and lower angular
momenta. The fact that théy do dominate implies a lifetime of
the composite system sufficient to attain the type of equilibriwum
ve have assumed,

- Pinally, 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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4 ,
G—T_ L +4 f’: TJ, (40)

= (ot

S T

We 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 hiéher energies, it
is limited to the lower partial waves due to the compeiition
wit1 the doorway décay modes. The details of our results are

discussed in the next section.



ITII. RESULTS AND DISCUSS10ON

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 degiees 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 thé usual form for

the associated energy

r
J z’i

where the moment of inertia of - the composite system is

given by »

; 2 MR+ 7
= e— ; (42)
'Z s ¢+~Z
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 accountc the
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intrirsic deyrees of freedom in the composite (doorway) system
we merely adjuet the level density parameter %. to be g% ’
with x being a parameter. This is motivated by the fact
that in ref. 2 it was found that the internal encrgy of the
compound nuzlcus AQ = §.27 ACN could be related to the average
number of excitons n=3 0,2 ACN' This number is used ¢o relate

the level density parameter a g the corresponding one for

the equilibrated compound nucleus a, through

2, = Lea ~oz2a (42)
d A c <
cN ‘
As for the density of state of the equilibrated
- compound nucleus we use the standard Fermi gas Formula with the
parameter a, given by the estimate J\c = 7-5-‘- and the corresponding

moment of inertia ry given by

g = %,\7,@" (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
Bq. (22) . This pétencial was used to cbnstruct the effective
barriers which are subsequently employed in the evaluation of

the penetrabilities (T,), using the Hill-Wheeler expression:
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-1
27 12 T¢T+1)
=114 9Cxp ZL [E-WNLR)—~ (44)
-z} [. P Fw [- 2.9 -];]

The results of our calculation of O¢ using Eq. (40)
vwhich 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 ;z = 21.5 (MeV) . The data points were taken from
Refs.‘1 and 5. Also shown in these figures (dashed lines) are
is the summed

the summed cross section o, + op D’ where o
[

F D
particle emission cross sections from the “dozrway", Eq. (39a).
The fusion excitation function in "region I"™ where
the complete fusiop 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, 1s also
satisfactorily reproduced. In particular the feature of the
9 VS. EE; ’
is reflected by positive, null or negative values of vEritnuu'.

can be predicted by this model e.g. fusion of 12C-r160

160

that depends on the entrance channel, and which

+Z7AL or other 1light systems indicate vcr < 0, whereas in

40

165 , %94 ana 4%ca + Oca, Vo X oV,

It is 1nterésting to observe that our calculation

40 °Ca of Aljuwair et a15),

being off the old data of Doubre et al®’,

reproduce well the recent Cae 4



.26,

The contribution of particle emission from the di-
nuclear (doorway) confiquration is shown summed to °P is
already mentioned earlier. We see clearly that this effect is

mostly important in the maximum fusion, oF region. We also

max
notice that there seems to be a clear connection between the
F - max )
value of Cpmax ané Gp,D ; the larger Tpax * the smaller
max
J sce c.g9. Fig. 2).
p.D ( g g. 2)

The fact that the general Atrends of the excitation
functions are predicted by the x.no'del, 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
Refs. 1a, tb, 5. The quality of the results are as good as the
ones shown in Figs. 2-10, and for the sake of completcness we
present in Fig. 11 the predicted values iot the maximum fusion
cross section, It is found that our result come out quite
reasonable, and follow closcly the trend of the empirically
determined o"2* of Ref. 2) . Also shown in the same figure

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

In the previous scctions, we have presented the
results of the caiculations of the heavy ion fusion cross sections
for several light and medium HI systems. AThe results show
that the model does supply a consistent description of op
both in "region I" and II. In this section we prescnt another
feature of our model connected with the localization, in angular
momentun space, of the pqrtial, compound, and doorway cross
sections, namely the angular distribution for a given transition.

16, , 12, , 28 24

We consider the case Si »a+""Mg.

Let us consider, first, the evolution, with
increasing bombarding energy, of the partial cross sections

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

J
160+ 120 - 2851 + a4+ 24Mq {(g.8.), involving the

3
transition
compound ogN and doorway ag configurations, respectively.
The 9 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. 1Its center of gravity, qn the other hand,
increases with increasing enerdy as expected. The width of the
doorway statistical window is found to decrease with encrgy
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
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of a standard Hauser-Feshbacn calculation indicate that the
widths of the ©y+S lincrease with increasing CM energy with
a corresponding increaée in their centers of gravity.

I+ has been pointed out in Ref. 7 that as a
consequence of the well-localized nature of the CN statistical
window, the anguiar distribution of transitions to low-spin
stazes in the residual nucleus, reflect clearly the two most
important characteristics of this localization: the center of
gravity of the window, Lo » and its width, AL . The period of
the regular oscillation$ in g% is approximately given by

fL, whexreas their gradual damping as the angle increases is
©

related to AL. The dependence is also present. Simple

1
sin9
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(6,08') (see below). 1Instcad of using the closed

47 and c(6,8') exactly.

The differential cross section %% and the anqular

expression of Ref. 8, we calculate

cross-gorrelation function C(5,6') for the transitions to

zero spin find statc can be easily obtained from the fluctuation
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amplitude {for zero spin transitions)

£L
;F 5, (9) =2 ?.T-H) S ¢7) l (cond) (45)
2(k _
where Sft(J) is rapidly fluctuating function of enerqgy. Then

By - <1l

< T ® d"'ca)> -
Ceo,9) = — 1
£e. aa
Jﬁa®(&lw>
where < > indicates average over energy. From the ;tatistﬂxal
condition '
£ .,CM'(9> > =0 | (48)

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

c(6,0') in the following form

j( Hor 159> 17
(m><579>

74

(49)

(.8 =

Since eq. (48) 1mplie: st (t)>20 ana using again a normal
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distribution we obtain

_ 4. 2 _
<S“(3') sFx >> :”., LISt > (50)

The quantity <fsf£(J)§2> is identified with the statistical

window considered earlier. The expressions for <%%>' and

C{v,9') read

(-‘-J—-> =1 5 aanIsTnl) (B (ma—))L (s1)
3

G k2

Ce,9) = [{ —-Z(w) < A¢E9’> ]

1 : 2 fp (8 | ,) rA
.,mé_(anl)dsml )};ccmw P (e ] (52)

For the two-class case under discussion here we merely substitute
[Sﬂ(J)!2 by ISH(JH2 + ISSL(J)I2 From here on we shall

denote IS (J)l .
, At this point it is instructive to follow the
evolution of C(6,8') as a function of the bombarding energy

C.N. and P . discussed in the previous section.

for both ¢
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 thé
influence of the doorway configurations. A pure compouﬁd

)
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nuclear statistical window becomes significantly wider as the
energy increases.
The above discussion can be summarized oy saying

that the coherence angle defined through

- = 1 (53)
-2, ) ==

160+ 12

maintains its value, e.g. for c, ¢ 162 in our

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

)

this is a clear change of @ In fact empirical observaticnsm

coh*
have shown that Bcoh depends on the width of the window as

7 A _ls;_ ‘ (54) -
coh. — AL
where K 1is 1.4,

In contrast to the compound piece 0f our cross
section, the doorway contribution exhibits a cross correlation
function C(@,8'} which changes drastically with energy.
Whereas at low energies one finds the doorway contribution
behaving like the pure compound nucleus ene, at high energies
more rapid oscillations appear in C(0,0') . This fact
indicates that a higher degree of coherence is being attained.

160 2

1
+

Pig. 13 shows the behavior of Cpoor {€s8') for C +a + Mg
It is thus possible to suggest that at E =40 Mev
the doorway in 16Oo‘zc reaches a stage where one might

consider it as a "bridge” to more direct process; e.9. deep inelastic.

The coherence angle at this cnergy is actually ill-defined.
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V; TEMPORAL EVOLUTICN AMD CORRELATION WIDTHS

So far, we have discussed only the anqular characteristics
of the heavy ion system through the analysis of the two coupled
statistical windows (see Sectign 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) (cee below), can be
easily found by Fourier traﬁsforming the S-matrix correlation

11) 10,12)

function . In the eigenclass representation which

diagonalizes w (Eg. (3})) we have, following McVoy amd Tangi3,

—A+t - —ALt
Ay = a € +4+a_e (55)

-i _1
where A_ are the eigenvaluaes of the matrix J’ TT .f

namely

be =R (e V(B GET

The A and A_  have very simple physical meaning;

+

they correspond, respectively, to the correlation length

(inverse life time) of ithe doorway (dinuclear) and compound
nucleus confiqurations12h The coefficients a_  and a_ |,
are "eigenclass” cross sections, both having the one-class

13)

Hauser-Feshbach form on the calculation of these cross
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sections, but rather concentrate on the more interesting
correlation widths, A* 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 sy.tem 15N+’2C-*c »23Na14)
and using the spectral density method, for the system
16°+ 12c .a o Zlug 3) .

Prom our results of Section IV, we have extracted
the correlation widths of the doorway configuration, 14 and
for the equilibrated system, l; . We have chosen the process
16o-.‘zc + a°¢-24ug , for definiteness. We have found that if
we maintain the value of ;Z » in the coupling, equal to
21.5 (MeV) we obtain a reasonable value for A_ {~70 kev),
however, A’ comes out extremely large. This shows that the
lifetime of the dinuclear system is very short. According to

1604 125 v 24

the findings of Ref. 3) 1’ for Mg is about
250 kev and varies slowly with increasing excitation energy.
To get the expected values of A+ and A_ (70 and 250 kev,
respectively) we had to reduce -\;g by a factor 104 ! The
resulting fusion cross séctions. however come out in s.hnrp
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 acoounted for in our mxel, is the necessary missing ingredient!

Tk - a
o, .

T e e g

PR
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VI. DISCUSSION AND CONCLUSION

In this paper, a multi-step compound model of
lteavy-ion fusion reaction’ is developed. Two distinct configqurations
¢f the compound system were considered; a dinuclear system which
is allowed to decay through break-up into two fragments as well
2s 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 Op ¢ using the
hgassi 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 Op / seen in light-heavy systems, at higher energies,

«15)

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

agreement with Ohta et 81,6).

In fact symmetrical break-up (or fast fission) seems
to be a common occurance in HI reactions at energies higher
than those corresponding to °l.’“17,' In our calculation, the
existence of these decay channels consistently reduce the values

of og‘”‘ , making them closer to the data (Pig. 11).



.35.

‘The angular distributions of emitted particles from
the two confiqurations as well as their respective correlation
widths were also considered and analysed. It was found that
whereas éhe calculated angular characterisitcs are teasonabie,
the correlation width of the dinuclear system comes out to be
much too large. This 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

Figure 2. p

Figure

Figure

Figure

FPigure

fusion process.

for the systenm 12C: + 160. Full curve corresponds

to our calculated °p of Eq. (40). Dasiied curve

ropresents <, + G (Egs. (40) and (3%9a)). The
p.D

dashed dotted curve is the total reaction cross

section, calculated from the entrance channel

transmission coefficient. The data points were

collected from Ref. 1.

3. Same as Fig. 2 for the system 1ZC + 18(’). Data were

taken from Ref. 1.

4. Same as Pig. 2 for the system 12c + 19?. Data were

taken from Ref. 1.

5. Same as Fig. 2 for the system 12c + 2731. Data were

taxen from Ref. 1b.

16 24

6. Same as Pig. 2 for the system 'O + “"Mg. Data were

taken from Ref. 1.
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Figure

Figure

Figure

10'

Pigure

Figure 11.

Figure 12.

Figure 13.

Same as Fig. 2 for the system 160 - 27A1. Data were
taken from Ref. 1.

£ 16 40
Same as Fig. 2 for the system O + ~Ca. Data were
taken from Ref. 1.
Same as Fig. 2 for the system 24Hg + 325. Data were
taken from Ref. 1.

40 40

Same as Fig. 2 for the system ~ Ca + Ca. Data were
taken from Refs. 5 and 6.

X

Maximum fusion cross section c:a measured for various

systems (closed circ’es). Data were taken from

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

are our calculated ogax.

The full curve is the
empirically found o;ax from the modified statistical

yrast line modelz). The dashed curve is the statisti-

cal yrast line model prediction of Ref. 7.

k4

The angular cross-correlation function for the coapound

ao-decay channel at a) E = 10 MeV, D) E = 20 MeV,

c) E = 33.3 Mev and d) E = 40 MeV, see text for details.

Same as Fig. 11 for the dinucleus ("doorway")

ao-decay channcels.
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