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ABSTRACT

With the aid of an inverse dispersion relation,
which gives the imagina¥y part of the fusion inclusive polari-
zation potential (IPP} in terins of the principal part integral
invoiVing the real part of the IPP, the sub-barrier fusion of
heavy inos is discussed. The system i50+ASm is taken as an
ekample. The reactive content of the extracted IPP is ana-

lysed within the coupled channels theory.

* ‘Supported in part by the CNPg

June/1986

A natural framework within which the well—es-

tabllshed phénomenon of the enhancement of heavy-lon sub”bar-

rier fusion over the prediction of'oﬁeédimensidnaix

1)

penetration calculatlon . canfbe'téékel & i

channels theory. In_factlmbsi_of'theﬂeatiy 1o
for this purpose such as that of EsbgnSEan;"baér

and Lindsgy=and-kow1e94l,-are~Bééed35ﬁ*£His*'

a schematic way. Recently, several authors have ad

expression which expllcitly shows the actlon of the:mm*ﬂastw

channels, In fact one f1nds4 -6}

B [CETIWEIE™S + 3 < TwF I\P>:{

14?0 _
where w£+) represents the exact-waverfunct;qnaqf*th“ 3¢ sﬁﬁiﬂ#-

in channel i and wF the imaginary part-of the piede -af:
corresponding optical potential which represents absorptlon

due to fusion in channel i.

Clearly a numerical cou?léﬂnchanﬁél”:ééic&kﬂﬁbn
of op one should obtain ‘the ‘same value as that extracte dl—
rectly from Eg. (1). However Eq. (1) serves as a useful B

Whlch

guideline to develope approx1mate exprGSSLOns for U?

exhibit, in a transparent way the coupled channels effects.

Udagawa et al. 7) ana Nagarajan-and-Satchlergl, have recently”




.ﬁsed{qu (1¥ to discuss the sub-barrier fusion of several HI

Whereas.Udagswa et al}7) develeped a purely geome-

al model for O based on Eg. (1),_N—Sa) on the

'usually dlscusse An the. context of elastic scatterlng. The

“HMahaux and Satchlerg)

kuof Nagara'ai .....
10)

on the

_near—b' rler elastlc scatterlng of 16O+2”Pb . demonstrated

”the_ussfulness Qf'the DR in explalnlng the optlcal potential

,Kar asrthe fusxo work of N—SB,, ‘however, theix

'tr cted.to qual;tatlve arguments concerning

dependence of the effective potential

'used in an effEctlve one-channel description of fusion. No
iattsmpt ‘was-made towards the elucidation of the reactive

.content.Qf~th's,potent;al.

'f._“$h¢.puxpose of this letter is to fully explore

lation: technigue in the context of sub-bar-

on: fusion: reactions. By extracting the energy-

We: take the, rather extensively studied

160+ Sm system as our- study case. The extracted IFPP is then

cgmpared~w;th an agprop:;ata.local and angglar—momentum-inde—

-3 -

pendent inelastic polarization potential.

To simplify the discussion, we take a two-coupled

channels model for ¢ We ¢all these channels 0 and 1. Eg.

r
{1) becomes

ﬁ#
g
E

—+<\P jw H/)> (2

(+)

The non-elastic channel wave function Y, is related to the

elastic wé+) +through the well-known relation

(4

(o) &) |
& > = GV, KA @

(+)

where G is the unperturbed inelastic channel*G;esg.funstion
and V1o is the cpannsl coupling interaction. . Wheress,wi  15
the fusion absorption potential, the optical potential tﬁat_
determines wé*) and ¢}+) in a one channel descniption_qﬁ_ﬂﬁﬁe
wave fsnctions, contain the effect of the coupling Vg, tQ.éli

orders. The polarization potential resulting from this

coupling {e.g. C + 1+ 0} is

«+) _ ' .
Vpor. = Vo6V, @

5]

It is an easy matter to show that

t - :
) -+ { ) '
LoV = Vo &7 W6, =V, X3 dte- ik Ty,



'ZThe secondterm dhHove accounts for the flux lost to channel

A { 1rect non elastlc proceéss), while the second term repre-

flux:'ost to 1, followed by fusion. It is exactly this

i term*ﬁhlch-giﬁéé*fise t6 the second term in Eg. (2). Clearly,

"the energy lg 1owered ImVP 1 becomes gradually smaller,

"'and eventually when ‘thie. bartier is reached, one expects a

o}e 51nce-the barrier acts as a natural

'j thresho“d £6r - absorptlon processes. This indicates that the

'flrst term Vn (5} and correspondlng the secend term in (2)

'{'Shggld_begomg;vgpy-small as the energy is decreased, since

pfe‘eht”a}génuine two-step pracess.

-A-striking‘phenomgnon connected with the real

partsqf.VPoi acc?mpanles the. behaviour of Imvpol(E)‘ From
dispersion rélation based analysis of near-barrier heavy-ion
9) '

elastic scattering”’ ang finds that in the barrier region where

Imvpol suffersz;ts rapld-drégﬁrReVPDl increases as the energy
is lowered fgtther-att&inihg)a flaximum value further down in
the énergy_aXis, Finally, it drpps again. Since the direct
inelastic‘efﬁec;s'bsgqme'Small-As-We lower the energy, as

diScusSed;é§qvé}ngwauld_ekpe¢t that the inclusive fusion

polarization:, Eéntial,'ﬂvs (namely the correction to the

fus;pﬁvoét;f 5 éht;al, due tb-chgnqél cbupliné). to

jaxhibifuaﬁheha idu; plo;e to. that of VP 1-

: The above dlscuSSLOH clearly indicates that the

_effectlve barrler helght in a one-channel approximation to

fusion (Eg- (2) without the second term} should be a decreasing

-5 =

function of decreasing'center of mass. Further, since the
imaginary part of the IFPP, ImAVF is a small correction to
Wg, Eg. (2), as far as its influence on ¢é+) is concerned,
whatever treatment of absorption due to fusion, such as the
incoming wave boundary condition method which is the theo-

retical basis of the barrier penetration model, should@ be

quite valid for W. + ImAV if it is valid for L

Based on the above considerations we propose

for Upr the following partial wave sum representation

. = Z(.m-:-u)‘r (v, + ReAV ™) (6)
o f=0o

where VB is an appropriate static, energy-independent barrier.

The model we use for Ti is simply the one-dimensional barrier

penetration medel of Hi;l and Wheeler {see preceeding Cdige

cussion)

—l}?\/,fAVF):[ +4’—Kr (V-r&ﬁ\!{e){hg /22 E)]

where RB is the position pf the barrier, and the energy-de-
pendence of the ReiV is made explicit. The guantity #w is
the barrier curvature at RB’ and is taken to be energy-inde-
pendent for simplicity. Of course, ifAVFqu) is known a

priori from a dynamical model, then the resulting fw, which

is defined as

-6 -

tiva




thy) “{'—'[dr (U N+ 4+ Re AV cr,s))] j— (8)

=47

wouldrnecessa:"l;.come out energy-dependent. Such an energy

-depenﬂ G QE the barrier curvature is crucial to the under-

standxng'of the sub~barr;er energy dependence of the first

and se ond moments of the fusmon f-~distribution. These mo-

.mgntgh,wh;gh:ﬁurnlsh»1nformat;on about the angular momentum
coq;gpg&aﬁggdigtribution of the compound nucleus are usually
..detggginedgf;pmgneutron_multiplicities and compound nucleus

' fission.angular distribution''’. In this paper we concentrate

on- o and: ignore the energy dependence of hu.

{6) was used for the analysis of the

.We: have taken for-the nuclear potential

v§_(.1'5e.+15°sm)=59.52 MeV,
48 MeV, and VB{IGO+15“Sm)=59.35 MeV. Clearly,

_;it;iSﬁnot enggted.that the calculation of Op for the

:1°O+1““Sm,s

for Ti thh the Rﬂﬂﬁlﬂ, w111 reproduce the experimental data,

m;w;th the above value of V . using £q. (7)

sing

ven.xn thxs system one expects, on general groundS,

:lmportant dev;at;ons from @ static one-dimensional barrler

] peuetratlon fusmon. Therefore a renoramallzatlon of the in=

te"ct;on i LRoadt tgm will ke needed in a meaningfglamﬂgsis

—the pther;Q*ﬁmﬁsystems, This means that we take

VB{0+1““Sm)+ReaV(0+1““5m) to be the bare barrier height VB

for the other samarium isotopes.

In figure 1t we show {solid curves) the extracted
RedV (Rp,EY vs center of mass energy for the systems eostt Sgm,
1604159gM, 1804+352gm and 1°0+1°"Sm. These energy-dependent
corrections to Vg éegm to exhibit a universal trend Just é;
the'co:;gépondiné ones found in the elastic scattering case
di5cus§éa_hy Négarajan et al.g). We~copstruct the imaginary
part of AV from the above results for ReaV, using-a&nqﬁmskm
relation. Genefal;requirements of causality and analyticity
impose an important constraint on the physical, energy-de-—
paendent elastic scattering optical potential which arises from
ch#nnel coﬁpling. In general, we have for the elastic chammel
paiarizstibn potential, the following

v s IA ! ’

AVitE:r, " = - AVCE vor) e : (9)

i J, E'— E+iy

We propese the same relation for the inclusive fusion polari-
zation potential under discussion here. Thus we.gan write

iﬁmediately the fellowing

d . . / . ) ) N
T AV 16) = = - P _ %AVE(E) dE 10}

where we have taken avF to be local, and have fixed r to be -
RB (see earlier discussion). We have solved Eq. {18) for

ImA.VF(E), after reépresenting ReAVF(E') with an appropriate

- 8 -



polynomial expansion parametrization. Our results for
ImAVFIE) are shown as the dashed curves in Fig. (1}. The
resulting ImAVF at Erap ¢ ©4.0 MeV comes out unphysical (posi-

tive) so we set it equal to zero.

An interesting feature of our results for
ImAVF(ET and ReAVF(E) ie that they resemble té some extent
the behaviour of the corresponding inclusive elastic polari-
zation potentialg,. This shows that our procedure of analysis
is copsistent since the difference between the inclusive
elastic and fusion polarization potentials at low energies is

expected to be small.

We turn now to the reactive content of our in-
clusive fusion polarization potential. Owing to the fact that
the quadrupole deformation parameter B, gradually increases
from 0.0 to 0.27 in going from '*“Sm to °*sm (including
%5m, '5%Sm and '%%Sm), +he obvious candidate for the
causing element in the enhancement of Jp as one goes from
A=144 to A=154 is multiple Coulomb and nuclear inelastic
scattering. In fact several coupled channels calculations
have shown that the inclusion of the 27 and 4% states in the
Cc calculétion-of Ty does cause a great deal of enhancement
at sub~barrier energies, especially when the excitation
13,14}

energies.are small (such as in ®°“Sm) Thus in the

following we analyse the inelastic component of AVF.

To simplify the discussion we take only the 2"

-9 -

state and consider the corresponding.dynamic polarizatibn.po-
tential. 1In general this potential is non-local and % and
E-dependent. Clearly an equivalent local and i-independent
potential is reguired in order to directly compare with AVF
extracted from o, earlier. Ei-Itacui et al.’) have recently
calculated such an interaction for the nuclear excitation
using the local plane wave approximation of Love et a1.1 ).
Wé take only the imaginary part of this potential, which has

the form

z -1
TViner = = g (A R\ Be cont ().

tnek - by TE’;Q’-

'[Ci'(l-%;’-ﬂ-)-&'@_;m,;).,.g. 7:2.,-2:2&_)1] 1)

where Vo is the strength of the nuclear (proximity) potential

and R, and-a its radius and diffusivitiy, respectively., In
E%,
the above k_ = k0+ - k2+ = ko'ﬁ%_' the adiabaticity parameter,

17 °
and Ci is the cosine integral .

We have evaluated Imvi Eg. {(11) for the

nel’

l 60+A

Sm systems, taking for the deformation parameters the
foliowing values 8, {'*®8m)=0.12, B, (*%%m)=0.15, Bo(*°25m)=0.24
and B82¢'%"8m)=0.27. To be consistent with our analysis of Opr
we take B, ('**Sm)=0. With the excitation energies E# taken
from the nuclear data sheets, we have found that Eg. (11)
gives large values for Imvinel' reaching order of magnitudes

. F
preportions when cemparxed with our ImAV . The reasons are




Seieral. -Multiple Coulomb excitations, which is not taken

in;ofadddunf_above, tend to decrease the value of cFia)

, thus
efiec@ivelga;eduges that of Imvpol‘ Further the approxima-

15)

tiqgsz_mgigyeééby.slfltaoui et al. are questionable at low
enggéieé;f_Ciea?lyl an inelastic polarization potential valid
aﬁ iéw:gﬁeggiéé'is missing. It would seem that the
effect'qf:bargier penetration, not taken into account by El-
15}

-Itaoui;étLal; should drastically reduce the value of

TVpor.

from: that obtained from Eg. (11).

In conclusicn, a new method of analysis of sub
baﬁtiérfﬁeavy—ionvfusion reactions based on the use of an
inverﬁé-diépersion relation is developed in this paper and
applied to the system 1GO+ASm, Tt is found that the extracted
inclusive fusion polarization potential varies with enexgy in
close correspondence with the energy variation of the inciu-
sive. elastic polarization potential. The reactive content of

AVE is discussed and the need for a theoretical development

of low-energy polarization potential is pointed out.

To end, we should mention that.our present work,js

in a way, a natural continuation and refinement of the work of

Balantekin et al.19)-

10.

11.
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FIGURE CA?TIONS

Figure 1. ‘The extracted real part of the. 1nclu51"'

-1arization potentlal ReAvT FovE Ec M.
(al, 0+15°Sm ib), 0+Y52gn {c) and o+
(solid. curves) The dashed cur ¢
as obtained from the inverse dlsper L0
Bg. (10), see text for detalls.
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