UNIVERSIDADE DE SAO PAULO PUBLICAGC OES

INSTITUTO DE FiSICA

CAIXA POSTAL 20516 . |
01498 SAQ PAULO - SP o IFUSP/P-957
BRASIL 3 | R

ROLE OF THE BREAK-UP PROCESS IN THE
HINDRANCE OF ASTROPHYSICALLY RELEVANT
LIGHT-HEAVY-ION FUSION REACTIONS

M.C.S. Figueira, E.M. Szanto and A. Szanto de Toledo

Depto. de Fisica Nuclear, Lab. Pelletron
- Instituto de Fisica, Universidade de Sdo Paulo

M.P. Pato and M.S. Hussein
Nuclear Theory and Elementary Particle Phenomenology Group
Instituto de Fisica, Universidade de Sao Paulo -

L.F. Canto :

Instituto de Fisica, Universidade Federal do Rio de Janeiro
C.P. 68528, 21945 Rio de Janeiro, RJ, Brasil

4

Dezembro/1991




ROLE OF THE BREAK—UP PROCESS IN THE HINDRANCE OF
ASTROPHYSICALLY RELEVANT LIGHT-HEAVY—ION FUSION REACTIONS

M.C.5. Figueira, E.M. Szanto and A. Szanto de Toledo

Instituto de Fisica, Universidade de 880 Paulo
Depto. de Fisica Nuclear — Lab. Pelletron
C.P. 20516, 01498 Sao Paulo, 5.P., Brasil

and
M.P. Pato and M.S. Hussein

Nuclear Theory and Elementary Particle Phenomenology Group
Instituto de Fisica, Universidade de Sao Paulo
C.P. 20516, 01498 Sao Paulo, S.P., Brasil

and

L.F. Canto

{nstituto de Fisica, Universidade Federal do Rio de Janeiro
C_.P. 68528, 21945 Rio de Janeiro, R.J., Brasil

Abstract

It is shown that the fraction of the reaction cross section diverted to complete fusion

of light heavy—ions is strongly correlated to the nucleon {cluster) separation energy of the
participants, The pregence of weakly bound nuclei hinder the fusion cross section
indicating that they do not survive the collision long enough in order to contribute
significantly to the fusion process. Detailed model calculations support this picture. The
Bar compound nucleus populated by entrance channels with different mass asymmetries
i.e., °Be -+ 28i, up 4 Al ‘2C + 26Mg and 9F 1 F has been investigated, supportmg

the mentroned correlation.

Systematic studies of light heavy ion reactions indicate that when very light nuclei
(s—p nuclei) are involved, the fusion probability is hindered""?). This is reflected in an
anomalous increase of the fusion barrier height (VB) and decrease of its radius (RB)' This
change in trend occurs in the case of light nuclei for which the binding energy per nucleon
B/A  &id not reach the saturation value of ~8MeV. In this mass region strong
fluctuations observed in Rs are commonly attributed to nuclear structure effects®).
However, the decrease of the average RB valug, as well as the simultaneous increase of the
a\_rerage' value of VB can be attributed, as it will be shown, to the opening of important
direct. channels among which the br:eak up process can be dominant. It is. expected that
weakly bound nuclei, as i.é.‘_..?"B:e whose neutron separation emergy is 1.67 MeV , might
have a low survival probqbi{ity-dn the way to fusion, leading to an hindrance of the fusion
cross section.. The undersl;anding of this property is fundamental in the context of nuclear
a.stmphyslcs where exotic: nucIel with very loosely bound structure a.nd with relatively low
kinetic energies are involved leading to fusion cross sections values dlscrepam from the ones
obtained on the basis of snmpie barrler penetration models,

In this letter, we show that a clear correlation exists between the relatlve Cross
section dxverted to the fusmn process and the nucleon (cluster) separation energy of the
colhsmn pa,rtlclpants up to energles & few times. the Couiomb barrier helght and that the-
hreak-up process can be determlnant in this correlation. A quantitative study has been
systematlca.lly accomphshed by mvestlga.l:mg several reaction channels, involving bound
and loosely bound nuclei, forming a given compound nucleus.

In this work, the ”Ar compound nucleus has been formed via different entrance
channels. Complete fusion cross sec;t.ion (o) for the 9Be + 295 ‘_”, 1B 4+ Al and
19F 4 F reactions were measured®) as a function of the bombarding energy.. Data for the

6)

C + Mg were obtained from the literature® as well as other light systems further

presented in the systematicsl’T’s). Total reaction cross sections (orR) were estimated based




on optical model fits of the elastic scattering data. Detalls are presented elsewhere®. The
fusion cross section ch' as well as fusion ratio IPF(E) = O’F(E)/ arR(E) shown in figure 1
present a well known energy dependeﬁce, an increase with energy in the barrier- usually

called region I up to .a saturation value P_  around the energy régime Il This

F
nomenclature conceruing the different energy regimes was introduced in the Glas and
Mosel fusion model”. The above behaviour of op and P i iilustrated with the data for
the 9Be + 29Si reaction. '

To account for the break—up effecf on the fusion of i.e. ®Be + target, we employ the

model recently developed by Hussein et al.'%). In this latter reference the one dimensional

bartier penétrat.ion model based on the Hill-Wheeler expressiorig) of the transmission
coefficient,
T . .
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where k is the asymptotic wave number, i.e., k= | —T= , V

> B is'the-height of the
. .

average fusion barrier, RB its position and hw  the measure of its curvature, is
appropriately modified by multiplying 'E‘I; by the break—up survivel probability (1 — T‘z,“).
' ' 10)

The resulting inhibited fusion cross section is given by

o = g,gz (2 + 1)(1 — T4 £F @
=0

Thus for all {3 only the fraction of the incident flux that remains intact contribuie to

complete fusion. In this case, the break—up cross—section is given by

w

Oy = E’Z @+ 1ea-1) (3)
=R o

which- guarantees that low asigular momentuni partial waves do not contribute to the

break-up. The sum o, + o, describes the reaction cross—section (og) of the model.

At high bombarding energies, this cross—section is néceééaﬁly smaller than the optical .

model extrated one owﬁﬁg to the existence of other p'rocésses that do not affect op in the
near barrier region and contribute é.ppreciably to op at higher _eheigies.

. A closed expression for (I — T‘E“) was derived in reference 11 and it reads:

where 7% is a strength factor that measures the degree of coupling of the entrance channel
to the break—up Onem; |S?)! is the mod.ulﬁs of the élastic S—matrix in the break—up
channel and is given by (.1 - 'f‘? (Ec_m.—Q))I/ 2, with Q being the break—up Q—value
and Iz(q,s,g;); is a Coulomb radial integral o

oo

Fo(m k1) Fyplm ko n et/e )

LAns.8) = f

0

with € = (k—k,)/(k+k;) being the adiabaticity parameter, 7= 12 the Sorumerfed

parameter, S =11(—a, k1(2} the wave number in.the elastic (break—_up) channel and.

al=y 2, e,/h2 with b and x being the two clusters forming the projectile and ¢, is




the b—x separation energy. Small separation energies make I, vary slowly with ¢. For
®Be, taking b to be a neutron which releases the two a—particles from ®Be, the value of
parameter ¢ resultsin o 3.75fm.

The energy dependence of the fraction Pe = ool op v8. B isshown in figure 1
indicating that a satisfactory overall agreement is achieved. To give an idea of the
dependence of ¢, (Eq.(2))} on the separation emergy of the projectile ¢, we plot in

figure 2 a representative calculation showing Pp ovs. € One sees a cutoff around

s -
g, ~ 4 MeV, followed by tendency to saturation. This behaviour reflects the fact that at
energies around tke fusion barrier break—up process competes with fusion for partial waves
slightly lower than the fusion critical angular momentum £, . With increasing bombarding
energy this competition subsides as most of the partial waves that contribute to break—up
have larger f—values than ¢ 9, Figure 2 also indicates that whe:; loosely bound nuclei are
involved (low &), the fusion cross section is hindered turning Pp smaller for lower
separation energies e.. Just to point out the projectiles which have low separation
energies and consequently could present inhibited fusion cross sections we mention that for
“Be(z, = 1.67_MeV) (> o = 247 MeV}; Li(e o= 147 MeV) TLi(e o= 247 MeV) ;
WB(e = 4.46 MeV) ; ' HB(e, = 8.66 MeV) ; . PC(e,, = 7.37 MeV) and
80(e , = 7.16 MeV) . ' '

If projectiles with high separation energies are used i.e.- g 2 5 MeV , the break—up
influence in 95 becomes negligible. -’I‘his;.fac't..is responsible for the saturation of Pp at
high e, values. Experimentally this is verified if several strongly bound targets are
used ¥ with a unique projectile, as seen in figure 3. In this case, the break—up
probability of the bound nucleus is small turning EPF constant. In other words the value of
PF is determined by the least bound participant of the collision. If two weakly bdimd
nuclei are involved in the collision, the projectile and target survival probability can be

taken into account by the expression -

o = % ;} (2£+i) [1 —Tzu(target)] [1 —T:“(projectile)] ’f‘i

however unless the target and projectile separation energy are compatable, the fusion
hindrance is dominated by the least bound participant of the collision. This fact is due to
the rapid variation of P, asa function of g . for e, < 5 MeV as seen in figure 2.

In summary, we have shown in this-work that the hindrance of fusion observed in

light heavy ion reacti_pn_is_cor:élated to the low nucleon (cluster) separation energy of s—p

nuclei and also the enhancemént of break—up cross sections. This correlation is supported
quantitatively: by a model ca.lculamon which couples the break~up channel to the fusion
channel. In the case of nucIear reactions of astrophysical interest, involving weakly bound
exctm nuciel as, “L1 (Ezn ~0.2MeV), *Be etc. it is expected that a significant reduction
of _t.__hg fusion CI‘OSS‘.S_VO__(‘,EI_OQ:.fl.Ils;IEhE barrier region results owing to the low survival probability
of the p'ért.i'cip'aﬁt.(.é) - |
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FIGURE CAPTIONS -

Figure 1.

Figuare 2.

Figure 3. -

Energy dependence of the fusion cross section for the °Be+2Si reaction.

Dots describe the experimental values. Hatched area represents a fit of the

data by the Glas and Mosel.model”). The dashed line represents the 5

F
value (eq. (1)) expected from- the one—dlmensn(mai barner penetration model.
The: dotted: line- repr&ients the: reactlon Cross sectmn O‘R estimated frora fits
to the elastic sca.ttenng data. The dash—dot line represents calculations
based on equation 2 t.aki'ng into- account the coupling to the break—up
channel. The calculated energy gl__gpendence of the fusion ratio Il’F = O‘F/ Tr

is represented by the solid line (right hand scale}. -

Dependence of the fusion ratio Pp=a / oy onthecluster separation energy.

Circles. describe the expenmenf.al values determined: around the saturation

energy {at. . Eé" =2V, ) for - A=%Be+™8i, Bs=WF 4 1F 5
C=2C +2Mg®, and D s.-_llB'--_i-_z_TAl %), The solid line describes the -

calculations of P, as a function of the sepa.ratibh energy e, for “Be + 2SI’

reactxon at: several bomha:dmg energws (E = 25; 20; 15: and 10 MeV).
The Open Squa.tes represent the calcalated values of the iP for the systems
presented and. calculated accordmg to eq: (2) at the same energxes of the

experimental points.

Fusion ratid P. for ®Be projectile on several targets. Data for the
Be+'"1B" were extracted from ref. 14); Be+%'C - from. ref. 15) and

9Be+288; from: ref 13)
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