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ABSTRACT

Heavy'ion fusion reactions.have_been,analyzed within
a multistép compouhd ﬁqdel composed of a di—nucleus carifiquration,
coupled to particle and break-up channels as well as to an
equilibrated compound nucleus configuration. The resulting
fusion cross sections,defined as the summed particle emission
cross sectlons from the equilibrated compound nucleus, are in
reasonable agreement with the daﬁa for several systems. The
resulting angular distributions as well as the éime evoluticn

of the system are also discussed.




E. INTRODUCTION

In the last several years, heavy lon fusion reaction
hamaattracted great interest .both theoretical and ex;erﬁmamaln.
More. than half a dozen modelg hqve been proposed, ranging from
the more. sophisticated microscépic TDEF to simple geometrical
pa;amgtrizations. Several facts have emerged from these studies,
the mbst'impoftant one of which is that the simple cne-degree of
fréédbm'aéscriptioh} usually called the entrance channel model, is
not fdlly'édequaté. For a recent review we refer ;he reader to
Ref. 1)

. In.this paper, we develop a model which incorporates
_ EEEE:théfentranéé.channel'effeété dn&'the'compound'nuclear
. chéradterigtic in a conmsistent waf; We feel that a model
realistic enﬁugh'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
transmigsion factors caleulated with a given entrance channel
potential, r;ther, we also incorporate the effects arising from
the formation of a di-nuclear configuration that preceeds the
final equilib;ated cdmpound?nucleus . We allow the HI systen
) Ed-emit particles both: from-the intermediate stage and from the
qomgggpd;nuclegs. The-di—nuciear:system is also allowed to
bteakrﬁp:inta;two fragmgn;s.' .

" The need for éuch a nulti-step compoﬁnd description

of hgavy ion. fusion has already been pointed out in our previous

. 3.

publicationz), as well as ih Ref. 3} . The two-compound class
model for fusion we develop here is based on the formilation of
Agassi. et a14).

The paper is organized as follows. 'In Section IT
wa present the details of our multi-step compound model and
discuss the formal consequences onh heavy ion fusion, defined as
the summed inclusive cross section for particle emission from
the equilibrated compound system. In Section LII we apply the
model to a large variety of heavy ion systems ranging from

126 o internediate, 4OCa-c-40Ca. In Section

light 2,
IV we discuss another feature of our model, namely the
characteristic¢ angular momentum localization of the compound

and di-nucleus statistical windows, and the corresponding
angular distributions of emitted particles. The tempofal aspect
of the model is then considéred in:Seétion V:, in connection
with the life times pf the two classés of uamxxn@.ajiﬁmnxajons,

and finally, in Section VI we present several concluding

remarks.

A




II. MOTIVATION. AND FORMALISM

It is a well known fact that heavy—ion systemsrsuch
as '*C 4+ 2¢, 180 4+ 120 ape, exhibit, in the elastic and compound
nucleus {fusion) ekcitétion funcﬁions intermediate étructure,
which is-commoniy related to the formation of isolated'quasi—mé—
lecularry?sonances, it is also a common knowledge ﬁhat heavier,
or s#ruéﬁﬁr&lly more cémplex systems, do not show this behaviour,
One_ié Fﬁe;efofe temé;ed to suggeét that theserresonances,_which
may.Be isolated in **C + 12C ete, at the energies consideréd,

B S .

CM
- 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 1as£ thirty years in-
dicates clearly a gradual evelution of these "doorway" resonances
as the energy is increased from isclated rather widely spaced
structures to the overlapping regime, which requires a statisti-
cal treatment. Further, guite recently, several.authors have
suggested that the energy structure seem in the elastic scattering
¢f C + Cand 0 + C may be due te these svolved, gquasimolecular
resonances. In the heavy-ion case one may viéﬁalize these
reasonances geometrically as two sticking nuclei (with a.moment

of inertii larger than that &f the compound nucleus) .

It is the dim of this paper to incorporate. the
overlap@ing quasimolecular resonances, in-the description of

heavy-ion fusion processes, commonly discussed within simple
2)

‘models™’ . We wisualize the fusion process as in Fig. 1. The

two approaching nuclei, first form-a di-=nucleus, which repre—
sents, geometrically, the'overléppiﬁé guasimolecular résonanceS.
This intermediate cémposite system ié then allowed to emit
particles and to break-up as well as couple to the eguilibrated
compound nucleus. Thére is no direct coupling between the
entrance channel and the compound nucleéus. The di-nucleus acts
as a “dodrwayﬁ;rgnd we-shﬁll .gdll . it such throughout’ this

paper.

The “fusion -cross section is calculated as the
summed "inclusive™ cross section fof?particlelemission from. the
eguilibrated compouhd nucleus. The model we develcop below is
based on a generalization, to ‘the heavy ion case, of the
‘statistical multiclass compound model of -Agassi, Weidenmfiller

4)

and Mantzouranis . 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.




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= Eoayey 2L @
Y T > :

where T, 1is the transmission coefficient which éescribes the
probability to form the:compound nucleus and the _Tf(éTc

can he_intg;preted{as the branqhigg rgtio for decaying info
the channel. f. .

If we sum over all channels, we find

Zo;, = Gwow

which is the partial (J) reaction cross section for the. channel i.
At low: energies, this.guantity is very-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 fram

the reaction.cross section.  This is due to.other competing
_processes such as deeply inelastic collisions. Mofivated_by the
picture of fusion shown in Fig. 1, we construct below a two-step

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

-7,

the formulation of Agassi et al. (AWM)d). In contrast with the

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

for the final state £ as

I

] a4 5T :
a;. = - (1:1'—1—1)2 T; 11 T )
T al A
. a - de . :
where_the transmission coeffic;ent, Tg . nbw describe the

probability of the channel ¢ to form states of class b in
the -composite system. The factor ., describes the transitions
amony the classes of states of the composite system and can”be

defined by

— . , '
o= fahnh)-T4-T @

where
4 : -
ar ¢ Y = . , : . (5)
£ Tas |

and

o a | | |
= . — i .
2w g, T o T (6

. L

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

and b .and is defined to be

. . (7)
["f"’ _...z-n.'f‘t _Vn.b .zn-fb
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The ‘external mixing among the classes a and b due to open

4 4

channels is described by Tab‘ We neglect this, taking Tab=0'

We' can also define a partial cross section

g =L @rroTrm ook ()
i, ab k? + e 't
which'cen-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;ge 0 -as well as T;b==0,
Tob is diagonal and the Corresponding-cross section separates
into a sum of independent contributions from each of the
c¢lasses. : -

In our model, we will assume the existence of a
class of_doorway states and a class of compound nucleus states.
We Wlll assume that the doorway states can. decay by breakup or
partlcle emission. We write the corresponding transmission
.coefficients as Tg. and Tﬁ ; respectively. We will assume
that the compound nucleus can decay by particle emission only,
S0 that T #0 while Tb‘=0 . We can then write the escape
w1dth:for the.compound hucleus as

whilg the escape width for the doorway states is

P S ~ o 1
mrfd l: = *—Wfﬂl_r;,,,'f‘ 2T L _Grb

) For the mean square matrlx element in the 1nterna1

(11)

I

nixing factor, .we .take -an extremely simplified form of that

used by Agas51 et al4)

S
N
<

{12}

Ja

The 1nverse dependence on the den51t1es of states -of - the mean

PN

square matrlx element is con51stent with the 1ncrea51ng
complexity of the states and thelr dlmlnlshxng overlap with
increasing exc1tat10n energy. It is also con515tent with the
smooth energy dependence-expepted'of its:sum over final states.

As we are not dealing witt'the particle-~hole
excitations treatment by Agassi et al, we cannot give an order
of magnitude éstimate of the-CDnstant'-;zs We will treat it
as & parameter to be adjusted.

To-descrite.the doorway states, we rely on receht
observations Wthh have suggested that the composite system

behaves: llke & dlnuclear system 11v1ng long enough to damp all

of its energy -and: angular momentum but for which the decay

cccurs before.the compound nucléus is formad. Such- dinuclear
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systems, and their description in terms of the sticking
configuration, are wellﬁkgown ;n DIC. .
we will aséumé that to continue beyond a DIC and
form the compound nucleus,-the two fragments must attain the
sticking limit. Since the Stickipg éonfiguratidﬁ can be
obtaiﬁed:as the,most'probable one_by‘éumming 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

Jod _CEI, 7 R) - jdsgéz:ﬂ[zé%h;& ¢ dg, "_g—c-é‘i,:l:i) Jzéfa'.: L)

— . R “n—z[_cL'H') . 'kLI (r-}-,)
E-§—~&~V() -~ . (L,
’g( e v )" 2R 2y
S 'l{,.z.Iz‘__CI-r_/)_.. _
TR o)
2, |

(13)

Here, e is the-total excitation enerqgy

E=EL+€2 {14}

T with €4 and €y the excitation energies'of the fragments..

- § :
J is the total angular momentum

Al

Z

L s o - o
:L:+I,+I (15)

L1t

with 1 the orbital angular momentum and I and I the

1 2

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

distance between the centers of the two fragments and W is
the deduced mass.
For the level densities of the fragments, we have

taken a modified Fermi-gas form,

. Y&
ﬁ(f{,‘li):i-ﬁcﬂi (CA{)(CA',‘E,L)

2 \ad ) (A€ +2 dF
(iIi'f'l)exP[ ?—’C‘qi €y ] ’ | (16)
‘ o L =4 . 2 ) : .

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

1
Q, and Q, are their moments. of inertia and C is a constant

expected to be of the order of %-_to %- for light to medium

syStems.

Evéluating the doorway level density by the method
of steepest déséent (taking . the terms outside the exponentials
in the fragment level ¢ensities as slowly varying}, we obtain

the sticking conditions

T = AR 3

II = _,ﬁ;_ae)_ J an
- Ty . .

I = &

37_( £) d
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where QT(R) is the total moment of inertia

,ﬁ;_(m' = /&-’f’;'"-f--z A P

as well as the condition of equilibration in excitation enerqy,

3 ’E=AJE . .'(18)

v 2=
witﬁ'
£ = g.g B sz)uiigri_)

&

Jce)

Note that-the'sticking conditions arée consistent with. the
picturefof two fragments stuck and rotating togéther while ‘the
equ111brat10n condltlon 1mp11es a common temperature for the
two. fragments

The resulting doorway level density has the form

o T,—
fiee g = I /;Z))(sz(ﬁ)@jmﬁ)
| M) LA
7 27 (/)5 -,»z(f% ))(ﬂfﬁ(/;)
X exf[zm—] (19)

where A 1is the total mass number.

3.

To'éliminate the radial dependence of the- doorway
level dénsity we assume that the system will prefer the radius
that maximizes the density of states. We thus.choose -RJ by
maximizihg tbé'excitation“eneréy‘&nd minimizing the effective

potential energy.

We take the effective potential for partial wave. J

o then be
VT) [\/(:2 )+ 'F_C_T_CT_+Q_J -t'“ ‘kw;:_ga_) SR

F(R)
F N
T Him

The term %? ¢ Pproportional to the curvature of the potential,

is added to take into.account the.minimum ‘emergy of the
fragments trapped in the potential well. . The final form of
the.doorway level density is then given'by Eg. {19) evaluated

at RJ with

= E-V. (7) e

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

+ Coulomb potential given by

ey _ Zel R, R (M=)
VIR)Y = _,—E—_ -f-ZD-i_iR_:-'___é_‘z(i +;.ol/-iq-(_MA_))

X- 1+ exp C(g_ﬁp)/ﬁ_ W{_ﬁaj-i
R, =R, + &, + o 29 [$n] » (22)
R, =1 2693,4 —0- 428 Ay, [Fu]

1L

H
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The potential parameters. were ogbtained from a simultaneous

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

ranging from 12C-P12C to 40Ca'a§0Ca (see next Section}.

We write the breakup width as the sum over all
: possible final fragment states of the corresponding Hill-Wheeler

transmission coefficients, .

1 4
e T ZLJ T

S S f, 5
= |d1,d1, &L dgde, £7C&,T) f (e,

; : -4
3 K[J‘ + exP[( h'axcj.) + 1*5‘2‘—E)/:§%'i32}\]
] S N —_ - .

xS (I-L —_2[1--122 Y {23)
We characterize the density of final fragment states by again
assuming all possible states {consistent with the conservation
laws) to be equally probable.

7 To take into account the observatlon that the
angular degrees of freedom in DIC equlllbrate much mere slowly
than the radial one, we take the distribution of angular
momenta-to.be_that determined by ;he sticking cenditicns,

Eg. {17),at the separation disténce} R for which the doorway

J ’
level density attains its maximum., - In the radial potential
through- which we obtain the maximum, Vmax(J), we. decouple the

angular degrees-of freedom, taking

.15,

R AR N S,
Viar (3) = [\/(z) mht T ag
JhIz(I-H) B
x4 J

with the angular momenta determined by the sticking condltlons

at the separation distance, R We take huw (T) proporticnal

g0 max

to’theé 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

angelar momentum but which separates too rapidly for the engular

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

ff_q" = |de £ (6,T) i—e—.axF[\/ LT +E- E] (25)
AV A Wiy <3 fom

where ‘fd is given_by~Eq. {19} evaluated at the separation

RJ but without the energy conservation condition_of.Eq.(18l.
. This last integral can elso_be evaluated by the

mefhod of steepest descent. The conditiee'ﬁor the maximum,

Whidh_mﬁst be solved numerically, is
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(£ twmt:r)[ gx]:.[ E- Vmax"'” € ]] (26)

NG A AT

We note that for sufficiently high eneﬁgy, this condition
results in an asymptotic kinetic enefgy that is smaller than.
the barrier energy, agaiﬂ consistent with DIC.

For the decay width due to particle emission of a
pair of overlapping fragments at separation Rj,with excitation

energies ET and 52 ana_spins I1 and 12, we take

| 91y 4 ] (27)
2m (£ (6,30 1706 970 + ¢4, 300762 (3))

where the Fi(si) are correlation widths, parametrized by

I:.-’-(_E!-_) = Ju.,o' '€KP[_.4..43 =1,———-——25.11'/6; ] LMW],__ (28)

ahd the g, =are geometrical factors Wthh discount em1551on

from the overlapping surface regions of the two nuclei

2z
CR,: 'f‘Q]) — R3——t . 1 = 41,2 . 129}
4R, R

To: caleulate the contribution of particle emission to the . door-

*ﬁi'(:r)_:
t

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

consistent with the conservation laws

17,

— 1 3y 4 - T
iy d°L &°T 41, P f gt
~Jy (€,5)

x 2CT- L—: 1) J(E & E‘z Ver Y -
taL(L’r) 42 I (T+0 % 12(1,+))
AR ad 2.0,

X zr[f;(ei Ly 0 +£6% )}Zfe,)ffz'f:g (30)

‘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

€ = ___ﬂq.l__._.e T i= 52

i ;,_Ai 'T'Ag..':., 31
with

¢ \/(g) __E_I_C__‘.TI_Q

:a,?cxe)

The dominant contribution to the doorway decay width of particle
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emission from fragment ithus 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 Ry conéiétent
with oux_desqription of the doorwgg_states. We evaluate it
there.

Finally, we assume that the elastic channel does
not couplexdirectly to the compound: nucleus stafes. This implies
that

_T.C N ' {32)

o

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

transmlss:.on coefficient

-Ed e, '”P[

H oo, (o)
ZF

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

in the elastic channel

K TT+2)
apR?

{34)

V, (7 =[vn_(a)

max -

and ﬁmo(J) is proportional to the curvature of the poténtial
at that point.

wWith the definition of these elements, we can now

V(I — E _ ' (33}

.19,

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,

T FOTOTH LT e

the cross section for emission from the compound nucleus into

partlcle channel 3

0, = I (273+4)" 'C: o d - (35b)
Fi:ci_ kal ) “T;E_ friiiJ-_T; _

andﬂthe,cross section for emission.from the doorway into

'-brEaj_:;up -channel k ,

(RS CER AR AR

ke’
"Following Bq. {4}, we write the inverse of the

matrix 1w as

(386}

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

T'\L;(lrc)z\ﬁ.c.fd: -_\7,,3 - _. o "_(_.37)
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Recall that
<1 I = 2% * +
Inverting the matrix, we obtain.

T = [am (g gt pt) T Y% et s, Tj—
fax p ]er +TY |

{38)

Since we a¥e only interested in the inclusive cross
sections, we sum the partial cross of (35) over all particle
andibreakup.channels. Using (10} and (11}, we thus obtain the

cross Section for particle emission from the doorway,

T S -1t —d ,
O;,d_; o (z25++1) &Wf:{ E)P TT:H BN (.393.}

the cross section for particle emission from the,Compound

nticleus

Jl;.c= -—E; (-Z_T—t-.f_) o’{x_fz ,ZTTTcd—T: 4 .:(73_%:).

and -the: cross section for breakup of the deorway, -

4

.21,

o =L (2T+1) 2 P r'.T T T"l (39¢)
“byd R o ddsb i dd e
'We.i'nterpret the emiésién bf' particles from the
dooxway as pre—equiiibrium particle emission. Its cross section

is usually a very small fraction of the topal._:ﬁowever, at
sufficiently high ene;gies, we find it can make an impqrtant .
contribution to the cross section for partial waves in a small
region-between those-éominated by_emission from the compound
nucleus and those d&minated by breakup.

We interpret the breakup cross section as a DIC
cross section. We cannot interpret it as a fast fission or
equilibrate&'DIC cross section. At high energies and high
angular momenta, the doorway states allowed by the entrance
channel transmission coefficient, Tg r do not live long enough
to attain the eguilibrium we have assumed.

This breakdown in the model should not effect the
particle emission'cross sections, however. These relatively
gslower processes dominate at lower energies and lower angular
momenta. The fact that they do dominate implies a lifetime of
the composite‘sfstem gufficient to attain the type of eguilibrium
we have assumed.

FPinally, 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}

St O T+ (empr) (o)

G;T_T;@”ﬂ Al TV T,

We find that this expressibn.repfoduéés:well the observed

behavior o6f the fusion cross sectiocn. 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
with the doorway decay meodes. The details of our results arxe

discussed in the next section.

.23.

III. RESULTS AND DISCOUSSION

In this section, we present the results of the
calculations which we perform within the fofmaliém preéented in
the previous section.

We describe the intermediate states as being
asscciated with a two touching spheres configuration. Accordingly
when ;he heavy ion systém reaches this stage, we expect the
enefgy and the angular momentum to be distributed among
colléqtive and intrinsic degrees of freedom. The collective
degreésj#f freedom describe the rotational motion of the
composité'éystem while the intrinsic ones describe its internal
excitéﬁib# represented by a certain number of excitons. For
the Céliééti&e\rotational motion, we assume the usual form for

the associated energy

2
E. = & J(T+0D : (a1
3 _.:_j
where the'moment of inertia of the composite system is
given by-

-}

d . : :
j':%—.MEz-f-ﬂéy—,fz _ a2)

To simplify the calculations:we consider ohly the collective
degrees: of freedom in constructing the level density of states

for the composite system, Eg. {19}. To take into account the
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intrinsic degrees of freedom in the compogite (doorway) system

we merely adjust the level density parameter %) to he é% r
with X. being a parameter. This is motivated by the fact

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

cdmpoﬁnd hucieu53 AQ: O.ZT.AéN tould be related to the average
number of ekxcitons n=0.2 ACN' This number is”ﬁsed to relate
the‘iével:dénsifyiparametef -ad "to the corresponding one for

the equilibrated compound nucleus’ ac'thrbugh

S a : 02_‘ =3 ) (42}
As for the densify of state of the equilibrated

compouﬁd nucleus we use the standard Fermi gas Formula with the

pa-réme'ter . a. giveﬁ by the estimate Ac - -,;,-‘?‘-1. and the oozrééponding

moment of inertia ,gf given by

_,f :%/\7,@2 A o (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 chesen for such a potential
thé conveniently parametrized global interaction specified in
Eg. {22) . - This potential was used to construct the effective
" barriers which are subsequently employed in-the evaluation .of

the penetrabilities (Tﬁ),'using the Hill-Wheeler expression: . -

-25,

' ' : 2 1
— AT - _ KT3Iy
T:.r ._[_1 fexfa s [E Veg) ——____]J 7(44)

2 ﬁo_e)__

The results of our calculation of Uf 'uéing Eg. (40)
which contains the effect of the doorways (see previous secticn)
are shown in Figs, 1-9: The value of the coupling strength was
taken to be ;g = 21.5(Mev) . The data points were taken from
Refs. 1 and 5. Also shown in these figures (dashed lines) are

the summed cross séctién o, + where

F*%,n"’ %%,D
particle emission cross sections from the "doorway", Eg. {(39a).

is the summed

The fusion excitation function in "region I" where
the complete fusion procesé exhausts thé reaction cross sections
is well reprodﬁcea by our model. Moreo%er,'the energy cor-
responding to maximum fusion'cross-secfnxxis also systematically
predicted by the calculations. The evaluation of the fusion
cross séction‘in-reéidn II Wherezthe'compétitibn'ﬁetweén the
fusion and more rapid processes is considerable, is alsé
satisfactorily reproduced. In particular the featire of the
GF vS. EE; , that dépends'dn thé entrance channel, and which

is reflected by poSitive,'null or negative values bf'ﬁmﬁx; R

can be predicted by this model e.g. fusion of 12C-+160
160-+27A£ or other light systems indicate Vor < 0, whereas in
185 + %% ana %%a « P, v 2 0",

It is interesting to observe that our calculation

4OCa-+4OCa of Aljuwair et a15,,

being off the old data of Doubre et alﬁ).

reproduce well the recent




.26,

The contribution of particle emissicon from the di-
nuclear.(dodrﬁaj) c$n£iguration is shown summed to op is
already mentionéd earlier. We see clearly that this effect is
region. -We also

. s . ._F
mostly important in the maximum fusion, Onax

notice that there seems to be a clear connection between the

F max F
] » , the smaller
value of - Chax and GP?D 3 the larger Omax >
max .
.G . 2} .
Gp,D {see e.g. Fig. 2}

The: fact that the general trends of the excitation
funptions are predicte&nby_the model, independently of the
system, reveals that the:most important features of the dynamics
of_;hgacqllision.are taken into, account in the calculations.

We have. repeated the above calculations for 15
more cases, which_cor:espondlto some of the reactions quoted in
Refs. 1@,1bﬁ5. The qqglity qf tﬁe::esults are as good as the
ones. shown in Figs. 2-10, and for the sake of completeness we:
present in Fig. 11.  the predicted values oi.the maximum fusion
cross section. It is found that our result come out gquite
reasaonable, gnd_fqllow clqgely the trend of the empirically

max

determined. Op of Ref. 2) . Alsc 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
resulté of the calculations of the heavy ion.fusion cross sections
for several light and medium HI systems. The resul;s show
that the model does supply a consistent descrip@ion of Op
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 dcorway cross
sections, namely the angular distribution for a given transition.

54 120 5 2855 4 oy 2ug.

We consider the case
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

. I for thg

transition j§b+-12C - 2851 - a-rZQMg (g.s.), invdlving the
compound UgN and docrway cg configurations, respectively.
The GJ distribution have been coined "statistical windbws“

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,
increaseé with increasing energy as expected. The width of the
doorway statistical window is found to decrease with energy
with a corresponding shift £o 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-Feshbach calculation indicate that the
widths of the Gg+8 .increase with increasing CM energy with
& corresponding increase in their centers. of gravity.

It has been peointed out in Ref. 7 that as a
consequence of the well-localized nature of the CN statistical
window,.the angular distribution of transitions to léW—spin
states in the residual nucleus, reflect clearly thé two most
important characteristics of this loc¢alization: the center of
gravity of the window, Lé', and its width, AL . The period of

do

the régular oscillations “in an israpproximately given by
T

1, whereas their gradual damping as the angle increases is

o
related to AL. The dependence is also present. Simple

1
sinb
closed expfessiOns were-obtaineq in Ref. 8. 1In Ref. 9 it was
aléo found that, in general, the inclusion " of a doorway
configuratioﬁ 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 anqular cross—correlation funiction were also
discussed.

We now use our caleulated windows to discuss the

angular distribution g% and the angular cross correlation

further C(6,8%) (see below). Instead of using the closed

expressidh of:Ref. 8, we calculate and C(6,8') exactly.

do
an
The differential cross section ~%§ and the angular

cross—corrélation fanction C(8,6') for the. transitions to

zéro spin:find state can be easily obtained fréom the fluctuation

-29,

amplitude (for zero spin transitions}

Ji ,o,q.w) =4 Z(z T+1) S;{rz P Ceend) (45)
1 J

2(k 5

where SfK{J) is rapidly fluctuating function of energy. Then

<%—-§:>:<|§fe)f > | (46)

. i . 1

where < .> indicates averagé”over energy. From the statistical

. éhj' .CJO'V / o
C(e,2) = gz ® jm®) — “n

condition

<—F'M'f9)> = o S - (48)

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

C{8,6") in the following form

44 1D '
K e $%> )2
Cs,8') = — = = — — 1 (49)
CEoyE

Since eq. (48) implies <stt

{£)>=0 and usiﬁg again a normal
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distribution we obtain
<S“ cry sTexs > S i ,-<IS‘ c:r)l > 50

The ‘quantity é{sfth)fZS5'is_idéntified with the statistical
window. considered. eariier. The expressions. for <a§>- and

- C{8,8')  read

. P.5
do\ _ 1 .z:y':z |s“m-[2> T (eopd (51)
dsz _WZ%(" < ("T )

o alcr ,
dsz 7 j_‘_:< dse ce> ]

A C ? .fg Z Py . 6 Z .
.,m?an!)(mc;ﬂ)f;c@m PLear® , (52)

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

15 @12 vy 1@ 1%+ 1855 @ 2. Prom here on we shall

22 65N ana ISEL(J)]2 = o0 .

- denote —[Séﬁ(J)|
- A£ this point it is instructive to follow the
evolution of C{6,8'} 'as a function of the bombarding energy
for both GC'N'. and- qp_, discussed in the previous section.
Az figure 12 shows, tbe.gombound nuclear C(9,8")
changes;litﬁlerwith egergyrimplﬁingﬂthat the corresponding
statistical window, maintainsg its widths as has been discussed

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

influénce of the deorway configurations. A pure compound

.31,

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

that the céherence angle defined through

' — 1 (53)
Clz-2" = = : :
(¢ ) =5 |
mainfains its wvalue, e.g. for 16O+12C, scoh - 16% in our

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

this ig a clear change of ecoh' In fact empirhxﬂ.cbserwﬂjsms1m
have shown that acoh depends on the width of the window as
b (54)

~ K
coh- T AL
where K dis =1.4.

In contrast to the compound piece of our c¢ross.
section, the doorway contribution exhibits a cross correlation
function <C(9,9') which changes drastically with energy.
Whereas at low energies one finds the docorway contribition
behaving like the pure compound nucleus cne, at high energies
more rapid oscillations appear in Ci{8,8") . This.fac;
inaicates-that a higher degree of cocherence is being attained.

16, 12

Fig. 13 shows the behavior of c (6,8%) for O+ C-+a+Mg

DOOR
It is thus possible to suggest  that at E= 40 MeV

the doorway in 160*-120 reaches a stage where one might
consider it as a "bridge" to more direct process; e.g. deep inelastic.

The coherence angle at this energy is actually ill-defined.
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V.ZTEMPORAL‘EVOLUTION AND CORRELATIOQN WIDTHS : sections, but rather concentrate on the more interesting

e . o correlation widths, A+ and A_.
So far, we havevdlgcussed'only-the.mxnﬂarchm&mbamstlcs We recall at this point, that these widths have

of the heavy ;on~system through the analysis of the two coupled recently been extracted, through a generalized Ericson analysis

statlsglca;gwlndows-(gee Section IV). Another important feature of the type proposed in 12), for the system 15N+12C-+a Tz_23.1=Na'14,‘

of a-mq}tngtép-compound process is the. overall temporal and using the spectral density method, for the system

evolution of'the system. Once formed, the time evolutlon of 16 12C - +_24Mg 3)

the compound system, represented by Alt) {see below" can be From. our results of Section IV, we have extracted

_ea511y found by Fourier transforming the S-matrix correlation the correlation widths of the doorway configuration, A+ and

11) . . L 10,12) .
. function ~ In the eigenclass representation which for the equilibrated system, A . .We have chosen the process
. ) . 13) £t ! ; .
dlagonallzes T (Eq. (3)) we have, following McVoy and Tang ~ , 16 12C - uo4-24Mg', for definiteness. . We have found that if
. . . o2 ;. ) s
_A + __A + : we maintain the wvalue .of Vo_., in the coupling, equal to
- A t) '_—- a— e R il £ (35) 21.5 {MeV) ° we obtain a reasonable wvalue for A_ (-~ 70 kev),

. . however, A+ comes -out extremely large. -This shows that the
. - —-a d
where X, are. the eigenvalues of the matrix ;P }( ;F

lifetime of the dinuclear system is wery ;short. According to

16 12

namely. the findings of Ref. 3) );_.for..;; O >a o+ 4Mg_-is about

250 keV .and varies slowly with increasing excitation .energy.

) A -kld jb \/ (56) To get the expected values of A _ and@ A_ (70 and 250 kev,
L + i v2 “y m
B ° (=3

respactively) we had to reduce Vg by-a factor 107 !

resulting fusion cross sections, however come out in sharp

The A+ and A_ have very simple physical meaning; disagreement with the data.

they: correspond, respectively, to the correlation length ‘The. above findings clearly indicate that our model,

{inverse life time) of the doorway (dinuclear} and compound
12)

though- fully adequate for the description .of heavy.ion fusion

‘nucleus configurations The coefficients. a; and. a ,

- - ~ as well as the.angular distribuﬁiqn of emitted particles, cannot
are "eigenclass" cross sections, both h&ving.the one~class

simultaneously:describe the time.evolution of the system.
13} '

Hauser-Feshbach form an the calculation of these cross

. Presumably the details of the equilibration process, which are not

fully accounted for in cur 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. Two distinct configurations
of the compound system were considered: a dinuclear system which
is allowed to decay through break-up into two fragments as well
as by particle emission, and an assumed equilibrated system
having the chance to deexcite through particle emission. The
sumred particle emission cross section from the equilibrated
stage is used to define the fusion cross section.

The result of our calculation of oy , using the
Agassi et al formulation of multi-step compound reaction,
generaiized to heavy ‘ions, was found to be in good agreement
with'the.data'of numerdus heavy ion fusion systems.

The explicit consideration of the competition-
between fusion and doorway break-up and particle emission-
channels in cur model is an”important feature.of the model,
which helps acecount naturally and consistently for the downward

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

15y

Op s
avoiding ‘thus the introduction of a "region III"
16)

in complete
agreement with Ohta et al
In fact3symmet;ical.break—up (or fast fission) seems

to.be a common occurance in. HI -reactions at energies higher.

17)
than those corresponding to _Ggax .7 In our calculation, the

existence of these decay channels consistently reduce the values:

of 'U?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
whetreas ﬁhe calculated angular characterisites are reasonable,
the correlation width of the dinuclear system comes. out to be
much toce large. This may indicate that other intermediate
configurations of the coﬁposite system besides the one we
coﬁsidered here, should bg 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

Figure

Figure

Figure

Figure

2.

fusion process.

16

for the system 12C + 0. Full curve corresponds

“p

to our calculated I of Eg. (40). Dashed curve

represents op + o (Egs. (40) and (3%a}}. The

p,D
dashed dotted curve is the total reaction cross
section, calculated from the entrance channel
transmission coefficient. The data points were
collected.f#om Ref. 1.

12 18

Same as Fig. 2 for the system “C + 0. Data wexe

taken from Ref. 1.

12 19

Same as Fig. 2 for the system C + F. Data were

taken from Ref. 1.

12, . 27

Same as Fig. 2 for the system "°C + " Al. Data were

taken from Ref. 1b.

16 24

Same as Fig. 2 for the system 0 + Mg. Data were

taken from'Ref. 1.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

.yrast line model2

16 27

Same as Fig. 2 for the system o+ Al.. Data were

taken from Ref. 1.

ié 40

Same as Fig. 2 for the system o+ Ca. Data were

taken from Ref. 1.
32

Same as Fig. 2 for the system 24Mg + S. Data were

taken from Ref. 1.

40 40

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

taken from Refs. % and 6.

max
F

Data were taken from

Maximum fusion cross section o measured for various
systems {closed circles}.
original papetrs cited in Refs. 1 and '5.The. open-.circles
are our calculated.aﬁax- The full curve,ié‘xhe
empirically found ggax.from the modified statistical

). The. dashed curve is the statisti-

cal yrast line model prediction of Ref. 7.

The angular crbss—corrgiaﬁion function for the compound
uo—decay channel at a) E = 10 MeV, b) E = 20 MeV,

¢} E = 33.3 MeV and d) E = 40 MeV, see text for details.

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

aufdecay;channels.
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