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ABSTRACT

Heavy ion fusion reactions 6£ li§ht”and mediﬁm.
systems have been analyzed within a two-step compound model
composed of a dinucleus, coupled to particle and break-up
channels, as well as to the equilibrated compound nucleus.
The fused configuration  is reached from the entrance channel
only wvia the dinucleus. The resulting %usion cross sections,
defined as the summed particle emission cross sections from
the equilibrated system, are in reasonable agreement with

the data.




In the last several vears heavy ion fusion reac-—
tions have: attracted considerable interest; both theoretical
and;expgrimeutalry. More than half a dozen models have been
proposed; ;anging from the more sophisticated microscopic,
TPHE to.simple. geometrical paraﬁetrizations. Several facts
have ewmerged from these studies, the more important of which

is that_the.simple one~degree of freedom description, usually
called the entrance channel model, is not fully adeqqate.Ebr

a recent review we refer the reader to Ref. 1.

In this  Letter, we develop a model for

o

heavyviqn fusion which_incorporates_pcth the entrance channel

effects .and: the compound nucleus characteristics in a consgis—
tent.way. We feel that a model realistic enought o deal

with:BI_fusion must contain, at least, these effects.

We-emphasize. .at this point -that by "entrance
channel. effects”, we do not mean just the restriction.im—
posed tﬁ;ngh transmission factors calculated with a given.
ent:apcgichannel potential, rather, we also inqorporaté;the
-effects arising from the formation of an intermediate dinu-
cleuns configurapion that preceeds the.final.equilibréted

compound: nucieus. We allow the HI system to emit particles

both from the intermediate stage as well as from the coﬁpound-

nucleus. The dinucleus system is alsoc allowed to break-up
into 'two fragments. The need for such a multi-step descrip-
tion of heavy ion fusion has already been pointed ocut in.

previous publicationsz'al.

=
I

Figure 1 shows the sequence of events that
eventually lead to fusion. The coupling between the dinu-
cleus and the compound nucleus is treated statistically
within the multi-step compound model of Agassi, Weidenmtiller

4)

and Mantzouranis ' . The partial cross section for a transi-
tion, leading to pérticle emission from the compound nucleus

ig caldulated as

' ) | .;_IE_ 2 T4+ 4 - £ :I 1 ..'.:.-a. i .‘
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whetelT? is the transmission coefficient describing-the

fp;matioh of  the ‘dinucleus from the. erntrance channel, T; is

the-qo;respondingﬁpaxticle emission transmission coefficient
from the compound'ﬁgcleus and_jcd_is an internal mixing ma-
trix eleﬁent describing_the caupling between. the dipgcleus
and the compound,nﬁcleﬁs. Tha_fﬂll,internal mixing matrii

ig given by-the-invérse.of

(2)

where‘thamiﬁternal mixing: Factor: T+ is.

._T-f? ;1'(537;)?.j; Jii \422; _ r o (3)

Pg and p, are, respectively; the J-dependent. density of stabx

of the dinucleus and compound nucleus, T+ is the escape width,

'._'3.'_




given by

. break_.u,.
=0 41
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A parbicle o
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and Vg-is an over all coupling constant, which is taken . ag

a free parameter.

The density of statéé of.the dinucleus is dalcu—rf
lated assuming a sticking situation, in the Fermi gas model.
Po is the usual compound nucleus density of states. qyq “fusion
cross section is calculated from Egq. {1) by summing over all
particle emission channels from. the compound nucleus and over
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 v ,ta give the best account of the data for a large
variety of llgh; heavy and medium heavy systems. The ad-

justed nucleus-nucleus potential is

VC RY = «20.14 E—iai—ﬁ'%—(i -f-l.o_m(’i;—%)z) X

X [:L +exp (K= 1T Mev] @

0‘;-9-5‘!- ;
Rip = 12055 A, — o wagy AL L fw)
o = ﬁ + R + 0 29 [fw]

To simplify the calculatlon, we have conszdered explicitly only
the collectlve (rotatlonal) degrees of freedom in constructlrg
the level den51ty of states of thée dinucleus. To partially
takg into -account thé intrinsic degrees of freedom, we merely
adjust the ‘level density parameter a (which appears in the
Fermi gas foﬁmula-as éz{EE?) to be. 8 , with x belng ‘a para—
meter. Usﬁally.k.='1.  Here; we find, motivated by the

result of Ref;‘z that ‘the .internal energy of the composite
nucleus~AQ»=*0Q27'A@N,'that.ad {of the dinucleus) is related

to a_, (of the compound nucleus)- by
~ ' ' .

implying % =5,

"We -show in Fig. 2, a sample of our results

- cbtained with Vg = 21.5 Mev. The drop in oy, seen in what

is called Region II, is attributed, within our model, to the

increased importande..of.the dinucleus break-up channel. We

‘have repeatéa the ééiculation to more than twenty systems,

obtaining an oveﬁali féaSopaﬁle agreement with the data. The
details of_thesg calcﬁlationﬂwill be published elsewheres)‘
We may mention'that.ﬁhe gne£gy corresponding to maximam
fusicn cross Eectibn.is,gystématically well predicted.
Further, the feature .of %he Up Vs Eég'thét depends on the
entrance channel, and which is reflected by positiwve, null

. 1 . I -
or negative values of vcritical)' is nicely predicted by our
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model (e.g. for *%C + *°0, *°0 s+ ?7Al and other light heavy
systems have:V__ < 0 while **0 + *‘ca or “°Ca + "°Ca exhibit

Ve 20).

:The:contribution‘qf?particle.emission-frem:the di~

nucleus (doorway) conflguratlon ‘is shown in Pig.- 2, .summed

to GF_(dashedallne), We see: clearly ‘that- this effect is

moetly-imﬁeziantfinfthe;reg;on~ofwmax1mum Op-- This ‘implies

that-pre;equ;ribtium;Earticie.emiesibn should be. reasocnably

copious at these energies. Further, there seems: tobe a

o IR e : B -
clear“connectlon between the:value.of O ax and. the cross
.sectlons for dlnucleus partlcle emLSSLOn (pre—equlllbrlum)

F
Prer the larger ®n _,nthevgmaller gp:e'

For completeness,-we show. in Flg. 3, ‘the calcu—
lated values of GE - for 24gsy§teme.: Oux—result come out

qulteqreesqqahley;and.folldﬁ¢qldselyftheﬂtregd-cf-the-data-

and“theiempiﬁicaxly-déte:minEd;dgfx”Eofgaefn 2. For: compari-

son, We-showxin-theesame-ﬁigurerthe-predictiOn;oﬁ the
statisticalfyresﬁ line.model.of:Ref;gG;

"fn.coﬁclueibn;"tﬁe fé&f'ﬁhet the general trends
of the qulOn exc1tatlon functlons are reasonably wall pre—
dlcted by our model usmng the glabal entrance channel
potential plus an average dlnucleus —-compound nucleus mixing
parameter, for more than tWenty HI systems, clearly 1nd1cates
that the most 1mportant features of. the dynamlcs are.

adequate1y4taken;;nto.acccunt,;n-the5presen;3clacnlatlon,'

-5 -

.thus the 1ntroductlon of a‘“Reglon III"

The crucial new ingredient is the presence of the dinucleus,
which acts as a "doorway" to fusion. The explicit considera-

tion .of -the.competition between fusion on the one hand and

;dqerway break-up .and particle.emiesion_channels on the other
-hahd-is.an_important feature of our model, which helps

account naturally and consistently for :the downward drop of

UF in Region II seen-in light-heavy ion systems,.avoiding
7), in.complete '

agreement with Chta et al.S).- Some indlrect expefimental

evidence fox the exlstence of the dlnucleus has already been

reported9 10}
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"It is tempting to suggest that the dinucleus, 'as it ig

treated in our model, is a geometrical visualization of
overlapping quasi-molecular resonances. As is well known,
HI systems such as 12¢ + 12g, 16g 4 *2¢, exhibit, in the

elastic: and compound nucleus (fusion} excitation functions

intermediate structure, which is commonly  related to the

formatlon of isolated quasl-molecular resonances., It is
also a common knowledge that heaVLer, or structurally
more complex- systems, do not show this behaviour. oOne isg
therefore led to the suggestion that these resonances,
which may be isolated in, e.g. *2Cc + 12¢c, at the energies

considered, vgg "~ 2-3 MeV, become overlapplng at higher
energies and/or in other systems.




FIGURE. CAPTIONS

Figure. %.

A_5chemat;qc:epresentation;gf}the-two~step.qompound-

L fusicnnprgpe$s;-f

Figure 2..o

JF,iqx;thg;sygtemsx?gG:f,‘sontEigy;ZaL.andiI?C¥?7ﬁlf

TFiéaiéb}.' Full curve corresponds to our’ calcu-—

lated o, Pashed cﬁrve':epresénté.d + g . . The:

S

CE- pre. -
dashed. dotted curve.is the total reaction cross.

"section;-calculated—fiom"the entrance channel. trans-

mission coefficient. The data points were collected

Figure 3.

‘Maximum fusion cross section @

from Ref. 1.

max
F

various. systems {(closed gi:cles[; Data. were taken

measured for

from-original papers:cited in Refs. 1 and 5. -The

open: circles -are. cur cikm;ated-ﬁgax'

.. =The full curve

" is:the empirically. found Ugax from the modified

statistical yrast line model?!. The dashed curve

is the statistical yrast line model prediction of

;kef, &-
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