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ABSTRACT

A general discussion of coupled channels effects on the heavy
ien compound nucleus formation cross section is presented, ‘Both
coherent and statistical features of these effects are considered.
Heavy ion fusion reactions are then analyzed within a two-step
compound model composed of a di-nucleus configuration,representing
overlapping guasimeclecular resonanceé,- 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 section from the equilibrated
compound nucleus, are in reasonable agreement with the data for
several systems. The time evcolution of the HI system is also

briefly discussed.
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I. INTRODUCTION

Heavy ion fu51on reactlons 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, GR exhaustlng almost all of it f(this

_region is usually referred to as region I). After a certain criti-

cal energy, Ec’ (of the order of 1.5 EB’ where EB is the energy

corresponding to the height of the Coulomb barrier), is_ reached,

however, as on contlnues exhlbltlng its "geometrical" behaviour,

= "Rp(l - —) L o (1)

where RB is the radius of the Coulomb barrier, the fusion cross

section, befids down and -eventually follows something like’

Ogir
- 2 — _C - . .

_GF _FRC(l & } (2)
with R, < Ry and E_,is negative for heavy-ion systems and positive
for heavier systems. The region where ({2) is valid'is referreéd to
as region II. Recently, several authors have even suggested a Re-
gion III that follows Region II and is characterized by - a ‘steep
slope. For a review of the subject see the recent article by
Birkelund and Huizenga [1].

Most recent publications concerned with heavy ion fusxon
attempt to answer the following guestion: is the fact that in re-

gion II, Oy < Tn is just telling a trivial fact about unitarity,

) name;y'the increasing contribution to dR of "direct® . processes

dohinated mainly by deep inelastic reactions or does it contain
some more useful information related to the eventually populated
compound -system?

An answer to this guestion would lead to a reasonable under-
stanalng of the origin of the guantities R and E and eventually

to a deeper understanding of the phenomenon of heavy—lon fusion.
Two distinct interpretations of the heavy-ion fusion cross
section in region IT exist, The first, the c¢ritical distance
model, asserts that at higher energies, partial waves that will
eventually fuse, have to penetrate, unhindered, up to critical
distance, R_. The threshold energy, E_, then refers to the value

of the interaction potential at this distance. This interpreta-
tion is poptilarly referred to as entrance channel interpretation
(ECI}.  The second. approach assumes that the compound nuclear yrast
line is IeSPOHSIble for limiting the fusion cross section in re-
gion II. A wvariance of this mode}, the statistical yrast line [2],
agsumes 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 compound system is split into two parts,

intrinsic excitation part and a rotational part.. This last
observatlon 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 of the compound nucleus has been made in
Ref. 3.

We consider both models. the entrance channel model and the
statistical yrast line model as containing some of the Ieatures of
the fusion process. But we view both models ‘as extremes, in the
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sense that in the first, no reference to the compound nucleus is
made, whereas in the latter, 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 guestion 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.

Tt is a well known fact that heavy-ion systems such as
lzppl2g, l60ei20 ete,, exhihit, in the elastic and compound  nu-
cleus (fusion) excitation functions intermediate structure, which
is commonly related to the formatiom of isoclated gquasi-molecular
resonances. It is also a common knowledge that heavier, or
structurally more complex systems, do not show this behaviour. Cne
is therefore tempted to suggest that these resonances, which may

E
pe isolated in 'ZC+12C etc.,at the energies considered, —%g n 2-3
MeV, 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, guite recently, several authors have suggested that the
energy structure seen in the elastic scattering cf C+C and +C may
be due to these evolved guasimolecular 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 guasimolecu-

lar resonances, in the description of heavy-ion fusion processes,
commonly discussed within simple models. We visualize the fusion

process as in Fig. 1. .

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

Figure 1.
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The two approaching nuclei, first form a dinucleus, which repre-
septsf gecmetrically, the overlapping guasimolecular resonances.
Thls-lntermediate composite system is then allowed to emit parti-
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cles and to break up as well as couple to the eguilibrated 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 eguilibrated
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, Weidenmiiller and Mantzouranis [4]. The
coupling between the dinucleus and 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, caleulation [5]. Of course, in these theories, which = con-
itain only the average mean field effects, one does not obtain the
full piéture involving the formation and eventual decay of the comr
pound system (namely the 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, K we pregént our model, we first give a general dis-
n-of heavy ioh fusion reactions affected by direct channel ,
Iicdlass compound, couplings. :

II. GENERAL CONS;DERA?IONS

The total reaction cross may be written as

-k (+)} (+} ' . e .

op = § <47 | T 1y | e
where V is the optical potential in the elastic channel. The to-
tal wave function in the elastic channel is denoted by wé+). Thé

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

Equation 1 may also be written in terms of partial - wave
transmission coefficients T, as follows :

_ T @ : . .__.":
R T KT zio(2£+l)T£ : S “
where : ) ._
v, = 85K Pary. (r) |2 |Iovic) | . L sy
S LI g,k S 452

Now the relevance of Eg. (3) to fusion may be made clear by a
detailed analysis of ImV. 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 guite 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 the following projection operators ];:,q,D‘E{_r and Dc' with p de-

4.



noting elastic ‘and almost elastic channels (low lying excited col-

lective states), Q = q+Dc the compcound nucleus states, Dd denotes

the direct deoorway subspace: i.e. channels that act as doorways
for fusion (giant resonances, transfer channels etc.) and Dc, 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

- B =0
pQ (6)
‘We'call condition (6), the multistep generating condition.
Then Feshbach's theory predicts for ImV the following

(+)

(EYH (7)
PDa? Dy DgP

where;Zlé+) is the total Green's function in subspace Dd and

Inv = ImHg

describesdthe propagation of the nuclear system in the space
spanned by giant multipecle resconances, transfer channels, etc and
‘is given by

gy = &™) - n - B, L (E-H_ o+ iy T (8)
%Dd DL4 DdQ Q0 2 QD4

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

. PDd D.p
" reduced to that of Im}%é+). Such a caleulation would be trivial
d .
= 0 since then the D.-Hamiltonian operator
DdQ [s}
that appears in the denominator of Eg. (5) becomes Hermitian. For
non—Hermitian Hamiltonian, as is the case of Egq. (5), one gets
(+) (=, (=)
= - <
_ I.mfﬁnd (E) n§|¢d'i> ‘pd,il

in the limit of H

+% I: 1 ] }5 (+)

+% (E) Im|H .__.___..._.7_ H_ - ' (9)
Dd PR E HQQ+lI 2 Qop Dd

Therefore Uz beccmes

_k (+) =) k., (+) _‘a@m*
Og = E“§E¢k,i|ﬂpnd|¢d,i>|2 Y E |Hde D, (E)

L 1/2 {+) (+)
H —_— o H X}Z (E)R [ > (10)
D.Q ,._ 2 ., IZ QD D D.p' "k
, d (E HQQ} + e d d d
We identify the first term in Eq. (10} with genuinely direct
processes (including deep inelastic processes). The second term

-of the right-hand side of Eg. (10) is identified with fusion. No-
tice howéever; that the coupling between the elastic channel  and
the compound nucleus is indirect and explicitly given by the effec-
tive coupling interaction

‘ (+)
H H
PDd'%Dd DdQ

There are two features of "channel" coupling effects, which

.5.

can be seen in.Eq. (7). - First, the direct channel coupling ef-

" fects, appearing through the generalized entrance channel wave

function, .

w%?(+) {+)
H USRS
5ty ol

{which may be written as I ]wé+?>},'can qauée two distinct charges
a S
in O depending on the energy. At sub-barrier energies, these ef-

fects result in an overall enhancementiofrfusion;'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 poiarization potential, whose imagi-
nary part decreases with decreasing cehter of mass energy. and
accordingly, through a dispersion relation argument its real part
become more attractive, underifng the heidght of ‘the effective bar-
rier lower}. At higher, energies, on the other hand, the direct
channels, with ever increasing number, simply complete with fugion
in the distribution of the incoming flux.

The second feature is connected with the compound system it-
self. 1In Egq. (7) the compound system is referred to through the
operator

I/2 H
)2+I QDd

H
D 0
4 BHg) Tt g L |

Usually, when one takes only the eguilibrated compound - system into
account {(only g}, 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
), and their subsequent decay into the different open chann&is.

III. THE MODEL

From the results of the previous section, we have for the
"fusion" cross section (o_-o_)

D
"o
oo
ALY
It is emphasized here that the above expression for "o_" is too
inclusive to be associated with Op extracted from evaporation resi-

due measurements. There are processes included in the ahove ex—
pression, which are not really fusion events; such as an interme-
diate compound stage (the dinucleus of Fig. (1) representing the
Dc space in_our general formulation) that’ decays: before. the eguili-

brated configuration is reached. . Further in our formulation below,
we represent all the direct doorway contribution exemplified by

{+)
.. H |y >
Zgéd DgP Ty

by an effective entrance channel, through an appropriate changes
in the interaction to' be used.

.6.
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Te explicitly take into account the effect of the break up of
dinucleus, in Q, we certainly have to calculate from a statistical
stand point (see below) the traasition from the generalized en-
trance channel to a final decay channel opened to the equilibrate@
compound system. For this purpose we use the formulation of multi-
step compound processes developed by hgassi, Weidenmiller and
Mantzouranis (AWM). AWM write the cross section for the transition
i+f as

_ T E b 17
Tgpy = ET(2J+1)aszf”abTi (12)

where the transmission coefficient, Tg, now describes the probabili-

ty of the channel c to form states of class b in the composite
system. The factor T, describes the transitions among the classes

of states of the composite system and can be defined by
+

+ + +
Ty 8 IZHpa(?a +-_-I'a) T T (13)
where
+ v
- 14
2ﬂpara iT } (14)
and
+ a
T = E7 15
2ﬁpa‘a ETC (15)

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

and is defined to be
+ —

- 7 . C (16
?ab_ anavabZHpb (16)
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
_m a_ )

= E7{2J+1)TfﬂabT? . (17}

which can be interpreted as the cross section for channel i to

fornm 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;b =0, 7 is diagonal

Ui, ab

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

In our model [7], we postulate the existence of a class of
overlapping 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

Tg ahd.Tg, respectively. We further assume that the compound nu-

cleus can decay by particle emission only, so that T; # 0 while
Tg = Q. We can then write the escape width for the compound  nu-
cleus .as '
+ o]
ancrc = ETP
while the escape width for the doorway states is

- 7.

(18) .

* 4 1
= : r
2ﬂded ZHQdFd’p + 2npd a,b (19)
= @ 4+ ZTg
p? b .
For the mean square matrix element in the internal mixing fac—

tor, weitike an extremely simplified form of that used by Agassi’
et al. [4

- gT
S o
v = (20)
dc
L4 pdpc

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 alsc consistent with the smooth energy dec
pendernce expected of its sum over final states. The constant Vg

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] :

/2 2 3 2
_ T uR /2, A 1
Dd(e I, R) ""‘""‘—72_ (ZFR—)) (A_.]A;) (Ch) :3W+l) -
] 27T .
{chce) 21)

X (2g—rprd+l) : B
e i (cRe)}+2(B/R;) %)* (CAc+2(A/A2) %) P

% -exp [2+/CAc]
where A is ﬁhé total mass number, ji is the moméht_qf~iﬁértia of
fragment i and JT(R) is that of the total composité syétem;, : ' 
jT(R) = ur? + 4, + 1, T .;': Do (22)-1

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. We thus choose R; by maximizing the

excitation energy and minimizing the effective potential energy.
We take the effective potential for partial wave J to then be.
Ly fw (R, ) . : v
= K2T(T+L)A . J - , :
vi(d) = [V(RJ) + —-i-?';—("R-EF)"jl + 3 ] (23)

mip
The term %ﬂ, 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 Eg. {(21) evaluated at RJ with
E?E-ﬂﬁnw) : o (24)
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-Vg, to give the hest

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 is, ' '
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RiRs-

. - _' _‘ : N—Z 2
V(R} = _20111§;1E:{1*1‘014G7fﬂ ) x,
' “R-R
x [LrexplGyzen) ] [Mev] (25)
Ry, = 1.2998,7% - 0.42863] 4% [
Ry s = 1.2998a,” 7 - 0. 1% ° [£m]
R, =Ry + R, + O.Z?Efm]
The partial wave fusion cross sebtibn, obtained from Eq. (17) looks
like . 4.4
J m ' 2npcrcT To
C‘F = I—{T(ZJ+1} T - {26)

L - +
Zﬁ(pdrd+pcfc)T +(2ﬂpcrc)(2wpdfd)

The-éomplete fusion cross éection is calculated from Eq. (26) by
summing over all J.

1IV. 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 a (which appears in the Fermi gas for-

* .
mula as ez ak } to be %E' 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 ACN; that ag {of the di-

nucleus) is related to a, (of the compound nucleus) by

) ! . 2
ag 0.2 a . (27)
'implying.x = 5. :
We show in Fig. 2, a sample of our results obtained with

: Vgﬂ = 21.5 MeV. The drop in Op: 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 menticn that the energy
corresponding to maximum fusion cross section is systematically

well predicted., Further, the feature of the Op VS EE& that de-

' pends on the entrance channel, and which is reflected by positive,
‘null or negative values of V_ ... , [1], is nicely predicted by

our model (e.g. for '?C + '®0, '%0 4 27a1 and other light heavy
- systems have V__ < 0 while 'f0 + *°Ca or “°Ca + “‘Ca exhibit

V.2 0.

The contribution of particle emission from the dinucleus
{doorway) configuration is shown in Fig. 2, summed to T (Gashed

line}. We see clearly that this effect is mostly important ip the
region of maximum Op- This implies that pre-eguilibrium particle

emission should be reasonably copiocus at these energies. Further,

. B
there seems to be a clear connection betwesen the value of O ak and

. 9.

Figure 2. ' S ) . . a}

v, for the systems 12¢ + 35p

(Fig.2a) and 2C + 2721 (rig.
2b). Full curve corresponds
to our calculated Opos Dashed

o (barns)

curve represents o_ + ¢ .

F pre
The dashed dotted curve is
the total reaction cross sec—
ticn, calculated from the en-

trance c¢hannel transmission
coefficient. The data points
were collected from Ref., 1.
b

‘o(barns).

the cross- sections for dinucleus particle emiséibn'(pte-éQuilibriﬁm)
Ipre; the larger Omax’ the smaller Ipre:- S o
For completeness, we show in Fig. 3, the_caléulated values . of

F -
O ax for 24 systems. Our result comes out quite reasonable, and-

follows closely the trend of the data and the empirically determined
- .
Uga of Ref. 2. For comparison, we show in the same figure the
prediction of the statistical yrast’lise model of Ref. 2.
?he fact that the general trends of the fusion execitation

foind nucleus mixing parameter, for more than twenty HI 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 dinucieus,
which acts as a "Goorway"™ to fusion. The explicit consideration
of the competition between fusion on the one hand and dcoorway
break-up and particle emission channels on the other hand is an
important féature of our model, which helps account naturally and
consistently for the downward drop of O in Region II seen in

l%ght-heav% ion systems, avoiding thus the introduction of a "Re-
gion IIX" [8], in complete agreement with Ohta et al. [10]. some
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indirect experimental evidence for the existence of the dinucleus
has already been reported [11].

13F -

- 2r E
e U 1
2 0 -
= lLQB — ]
b arf ‘ .

tcemg C LN 270
b TN o B ¥ B NS BLES W
A“ 24 252626 27 2830303031 3232 40 A2 4242 43 44 4545 4646 47 56 56 BO

Figure 3
L . . max .
Maximum fusion cross section Op 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 Ggax‘ The full curve is the empiri-

cally found o, from the modified statistical yrast line

F
model [3]. The dashed curve is the statistical yrast
line quel prediction of Ref. 2.

v. TEMPORAL EVOLUTION AND CORRELATION WIDTHS

An lmnortant 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 trapnsforming the multiclass
compound. $-matrix correlation function .[12], In the eigenclass
representation [133, which dlagonallzes T (Eg. {3}) we have,
following McVoy and Tang Ti4]

A+t —A_E

a(t) = ae + a_e ' _ (28)

: - -1
where A, are the eigenvalues of the matrix p /2 P /2, namely

T 4T ) p T -T '
- _c d S8/ Eyr & &y T 2
A, = _+A( be + pd)vc * {/( 51+ (Vo) (29}

002

The A ~and A_ have very simple physical meaning, they cor-

respond, respectlvely, to the correlation length (inverse life
‘time). ‘of the doorway {dinuclear} and compound nucleus configura-
tions [12]. ' The coefficients 2, and a_, are "eigenclass" cross
sections; both having the ocne- ciass Hauser-Feshbach form [14] We
shall not .dwell on the calculation of these cross sections, but
rather concentrate on the, more interesting, correlation widths,
A+ and A_.

LAl

We recall at this point, that these widths have recently been
extracted, through a generalized Exicson analysis of the type pro-
posed in (12), for the system '°N + '2C > o + 2%*Na [15] and using
the]spectral density method, for the system '°0 + 12C » g + 2'Mg

16
[ From our results of Section IV, we have extracted the correla
tion widths of the doorway configuration, l+ and for the equili-

brated system, A_. We have chosen the process %0 + 12¢ + ao+'2“Mg,
for definiteness., We have found that if we maintain the value of
Vg, in the coupling, egqual to 21.5 (MeV) we obtain a reasonable

value for A_ (v 70 keV), however, A+ comes out extremely large.
This shows that the lifetime of the dinuclear system is very short,

hccording to the findings of Ref. 3, A, for 180 4+ 12p > g + 2%Mg

is about 250 keV and varies slowly with increasing excitation enerf'
gvy. To get the expectefl values of A, and A_ (70 and 250 kev,

respectively) we had to reduce Vé 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 anqular distribution of emitted particles [8], cannot simul-
tanecusly describe the time evolution of the system. Presumably
the details of the eguilibration process, which are not fully
accounted for in our model, is the necessary missing ingredient!
necegsitate the 1nclu910n of other classes of compound-
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