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Is Fusion Inhibited for Weakly Bound Nuclei?
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Complete fusion of light radioactive nuclei is predicted to be hindered at near-barrier energies. This
feature is investigated in the case of the least bound stable nuclei. Evaporation residues resulting
from the®’Li + °Be and®’Li + '>C fusion reactions have been measured in order to study common
features in reactions involving light weakly bound nuclei. The experimental excitation functions
revealed that the fusion cross section is significantly smaller than the total reaction cross section and
also smaller than the fusion cross section expected from the available systematics. A clear correlation
between the fusion probability and nucleon (cluster) separation energy has been established. The results
suggest that the breakup process has a strong influence on the hindrance of the fusion cross section.
[S0031-9007(96)02065-0]

PACS numbers: 25.70.Jj, 25.60.Gc, 25.70.Mn

Recent theoretical [1,2] and experimental [3,4] studies The experiments were performed usinf.i beams
have investigated the role of neutron skins or halos in thérom the University of Sdo Paulo Pelletron accelerator
fusion and reaction cross sections of neutron rich projecwith energies ranging from 1 to 5 M&¥ucleon. Atomic
tiles incident upon heavy targets. Usually, the couplingLi~ and molecular LIO primary beams were extracted
to excited states tends to lower the potential barriers, anftom a SNICS type ion source and used for the high
the fusion cross section at near and sub-barrier energiesd low energy data, respectively. Self-supporting C
is enhanced [2]. On the other hand, it has been claimef~80 ug cm~? areal density) and Be~200 ug cm 2
[1] that the large probability that such weakly bound pro-areal density) targets were used. A very thin gold layer
jectiles dissociated along the collision leads to a reductiomvas deposited on the targets for normalization purposes.
of the complete fusion cross section. Such investigation€arbon buildup was minimized during the exposure by
in the case of light systems are of fundamental imporsurrounding the target with a liquid nitrogen cooled ring
tance in the context of astrophysics, where low energy raand by using a cryogenic pumping system.
dioactive nuclei interact strongly. In a previous work [5], Charged reaction products and evaporation residues
we carried out a systematic study of the fusion cross seawere identified by means of a triple telescope consisting
tion in light ion collisions. This study showed an inhibi- of an ionization chamber followed by a large area solid
tion of the yield as the system mass decreases, resultirgjate detector (in order to identify the evaporation residues)
from the progressive increase of the barrier height anénd by a second and thicker solid state detector in order
the decrease of the barrier radius. This trend is observetd detect the light p, d, and alpha) reaction products.
[6] in collisions involving light nuclei where the binding Five of those telescopes were used simultaneously, sepa-
energy per nucleon does not reach the saturation valuated by an angular interval of 5 At very low bombard-
B/A ~ 8 MeV. Within this scenario, we performed a sys- ing energies, the energy threshold determined by energy
tematic study of fusion reactions involving the least boundosses at the window and gas became significant. At those
stable nuclei in nature, as, e&.i (S, = 1.47 MeV),Li energies, the detection system was complemented by a
(S, = 2.45 MeV), and’Be (S, = 1.67 MeV). Although time of flight telescope (TOFT) consisting of a microchan-
radioactive nuclei such a$Li and''Be with very low neu-  nel plate time detector used as a start detector and a large
tron separation energig$,, ('Li) ~ 0.3 MeV]are notyet solid state silicon detector used to supply the energy and
available with intensities which allow such kind of experi- stop signals of the reaction products. Absolute values of
ments, systematic studies with the proposed systems mdlye target thickness and detector solid angles were de-
shed some light on future studies with radioactive nucleitermined by fitting the elastic scattering angular distribu-
In this paper we show that a clear correlation exists betions to optical model predictions [6]. Fusion-evaporation
tween thefusion probability(Pr) and the separation en- yields were measured at bombarding energies ranging from
ergy (e) required for breaking up the colliding nuclei into 6 < Ej,, < 33 MeV, corresponding to the barrier energy
fragments, and that the breakup process may account fand five times the barrier, respectively, and angular distri-
most of the flux diverted from the fusion channel. butions were measured for the charge-identified reaction
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products with6° < 6, < 55°. The fusion-evaporation  Excitation functions for the&’Li + '>C and®’Li + °Be
residues were distinguished from other reaction producteeactions are presented in Figs. 1(d)—1(g). Fits to the
by comparing their energy spectra to those expected foBlas and Mosel expression [8] were used to extract
a statistically equilibrated compound nucleus, predictedhe values of the fusion barrier heigtitz) and radius

by the Monte Carlo codelLITA [5,7]. Possible contri- (Rp) listed in Table I. The values for the barrier height
bution of the incomplete fusion (ICF) process has beemppear to be larger than the ones obtained through
investigated within the same procedure. An upper limitan extrapolation from the systematics available in the
for ICF yields has been estimated [see Figs. 1(a)—1(c)jterature for heavier systems [5]. This effect is also
and found negligible when compared to complete fusiorclearly observed when we compare the data to the
(CF) yields (‘;I—CCFF = 0.1 uptoE = 3Vp). Unfolding pro- predicted excitation functions based on the extrapolated
cedure is shown in Figs. 1(a) and 1(b) fag, = 18 MeV  (Vp,R%) values. A similar situation is observed with
(energy for which the CF inhibition is expected to berespect to the maximum value for the measured fusion
maximum), as well as for the highest energy measuredross sectiongo.x), Which appear to be much lower
E = 33 MeV [Fig. 1(c)]. than the expected ones [9] (Table I).
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FIG. 1. (a)—(c), Energy spectra f&f = 5 and Z = 6 evaporation residues &, = 18 MeV (where a maximum fusion
inhibition is expected) and,, = 33 MeV (at the highest bombarding energy). The solid lines represent the experimental data.
The dashed lines represent the statistical model prediction for complete fusion yields. The black spectra represent the predicted ICF
contribution assuming an upper I|m|%f— = 0.1), and the vertical bars represent the €HCF predicted spectrum assuming 10%

of ICF. (d)—(g), Energy dependence of the fusion cross section fé7 thet+ '>C and®’Li + °Be reactions. Solid circles describe

the experimental values. The solid curves represent the Glas and Mosel model calculations based on barrier pasamdiRss
extrapolated from the systematics of [5] and Table I. The dashed curves represent model prediction with no free parameters.
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TABLE I. Values of various parameters discussed in text. ergy domain is centered farther than the energy measured
Va®  Rp® V¢ RYY oo © oo in the present work. _ N

System  (MeV) (fm) (Mev) (fm) (mb) (mb)  T1he dependence of the fusion probability on the effec-
i + °C 402 648 301 753 740 1020 tive breakup energy. [13] which takes into account the
SLi + 12C 463 631 303 752 730 9o Separation energy of the target and_ projectile (presented
i + °Be 437 616 203 750 630 1106 N Fig. 3) indicates a clear correlation between the fu-
6li + Be 5.03 478 205 7.49 1392 1250 Sion probability and the separation energy of the collid-
ing nuclei, especially for the weakly bound ones with
*Value for the fusion barrier heigtt¥) obtained from fits of ¢ < 2.5 MeV (with values ranging fronPr ~ 0.8 down
the experimental Qata to t.he GIa}s and Mosel express.ion [8l. to Pr ~ 0.2 in the case of théli + °Be system.
bValue for the fusion barrier radiugk) obtained from fI.tS of To account for the effect of the separation energies
Q/eali)épfeg:r?ﬁgﬁls?oagabtaorr?gf r?eli{Z]%faongb't\g?rf:(Ij ?r):)%e?hséogx[?]' of the colliding nuclei on the fusion process, we employ

B the model of Ref. [1]. The effects of the breakup channel

trapolation of the systematic data presented in Ref. [5]. .
dvalue for the fusion barrier radiug) obtained from the ex-  (0-UP) onor can be taken into account through the ad-

trapolation of the systematic data presented in Ref. [5]. dition of the appropriate polarization potential to the op-
*Experimental valued ) obtained for the maximum fusion tical potential in the entrance channel, in a single-channel
cross section. calculation. Assuming that this polarization potential is
'Expected value for the maximum fusion cross sectiof), ) dominated by its imaginary part, it will lead to a reduc-
from Ref. [9]. tion of o, and this reduction can be written in terms of

a survival probability in each partial wave, expressing the
fact that only the fraction of the incident flux that remains
A fusion probability Pr = or/og can be evaluated in the elastic channel contributes to fusion. The resulting

by calculating, as a function of the bombarding energyjnhibited fusion cross section can then be written as
the ratio of the experimental fusion cross sectiop to x

the reaction cross sectiang estimated from the optical or = — Z Q1 + )1 Py,
model fits to the elastic scattering data. An energy ex- k=

tended plateau can be observed fyr at energies above . opt o
Eem ~ 2V (see Fig. 2) for all the systems investigated.where k is the wave number7;" is the transmission
At much higher energie&., > 4V;) corresponding to  coefficient for the optical potential, ar®j’ is the survival
regime I, where fusion is not a dominant process anyprobability [1]

more, a decrease dfy is expected. However, this en- pS—1— Tb-up
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FIG. 2. Energy dependence of the fusion probabilty = ¢
or/og for the®’Li + 12C and®’Li + °Be reactions. The FIG. 3. Dependence of the fusion probabiliBt = or/ox
lines were drawn to guide the eye. The error bars reflecon the effective separation ener¢p,) [13] for the®’Li + >C
the experimental uncertainty iorr, as well as the uncertainty and®’Li + °Be reactions and other channels extracted from the
in the or determination from the optical model calculation. literature [5,14]. Error bars are indicated and reflect the experi-
The decrease gfr at higher energieéE., = 4Vp) due to the  mental uncertainty inrr, as well as the uncertainty in thex
growing of important fast processes has not been investigatedetermination from the optical model calculations. The points
in the present work. H, I, and J were extracted from Refs. [10,11,12], respectively.
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Above, Fi is the strength factor associated with the nu-being responsible for the localization of the effect around
clear breakup procesg is the Q-value for the breakup the barrier energies.

channel, ands\” is the partial-wave-projected elastic N summary, we have shown that the inhibition of

S matrix for a collision initiated in the breakup chan- the complete fusion channel in light weakly bound ion
nel with energy Ec, — O - Ii(7,s, &) the integral of collisionsis strongly correlated to the value of their binding

Coulomb wave functions (for details see Ref. [1]) energies. Model calculations support the interpretation
. that the breakup process may account for most of this

L(n,s, &) = [ Fi(n1, b r)Fi(ma, kar)e ™"/, feature. This result has important consequences within

the scope of nuclear reactions of astrophysical interest,

as well as in the newly growing field of interactions with

light radioactive beams. Open questions still remain to be
lhivestigated as to the extent to which incomplete fusion
contributes, as well a the identification of other peripheral

where 7, and k; (n, and k;) are, respectively, the
Sommerfeld parameter and the wave number in the elast
(breakup) channel, ang = (k; — ky)/(k; + kz). The

parametera = /2upce5/m2, Where uy, is the reduced competing processes.

mass fo_r the fragment@ andx in the breaking nucleus . This work was supported in part by the Conselho
and &, is the separation energy, measures the spali|acional de Desenvolvimento Ciéfito e Tecnolégico
extension of the relative wave function of the two (CNPg) and Fundzio de Amparo & Pesquisa do Estado

fragments. , de S&o Paulo (FAPESP), Brasil.
The generalization of this treatment for the breakup of

both projectile and target is straightforward. In this case,
one should use the survival probability
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