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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 6,7Li 1 9Be and6,7Li 1 12C 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]
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Recent theoretical [1,2] and experimental [3,4] stud
have investigated the role of neutron skins or halos in
fusion and reaction cross sections of neutron rich pro
tiles incident upon heavy targets. Usually, the coupl
to excited states tends to lower the potential barriers,
the fusion cross section at near and sub-barrier ene
is enhanced [2]. On the other hand, it has been claim
[1] that the large probability that such weakly bound p
jectiles dissociated along the collision leads to a reduc
of the complete fusion cross section. Such investigati
in the case of light systems are of fundamental imp
tance in the context of astrophysics, where low energy
dioactive nuclei interact strongly. In a previous work [5
we carried out a systematic study of the fusion cross
tion in light ion collisions. This study showed an inhib
tion of the yield as the system mass decreases, resu
from the progressive increase of the barrier height
the decrease of the barrier radius. This trend is obse
[6] in collisions involving light nuclei where the bindin
energy per nucleon does not reach the saturation v
ByA , 8 MeV. Within this scenario, we performed a sy
tematic study of fusion reactions involving the least bou
stable nuclei in nature, as, e.g.,6Li sSa  1.47 MeVd, 7Li
sSa  2.45 MeVd, and9Be sSn  1.67 MeVd. Although
radioactive nuclei such as11Li and11Be with very low neu-
tron separation energiesfS2ns11Li d , 0.3 MeVg are not yet
available with intensities which allow such kind of expe
ments, systematic studies with the proposed systems
shed some light on future studies with radioactive nuc
In this paper we show that a clear correlation exists
tween thefusion probabilitysPFd and the separation en
ergy s´d required for breaking up the colliding nuclei in
fragments, and that the breakup process may accoun
most of the flux diverted from the fusion channel.
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The experiments were performed using6,7Li beams
from the University of São Paulo Pelletron accelera
with energies ranging from 1 to 5 MeVynucleon. Atomic
Li 2 and molecular LiO2 primary beams were extracte
from a SNICS type ion source and used for the hi
and low energy data, respectively. Self-supporting
(,80 mg cm22 areal density) and Be (,200 mg cm22

areal density) targets were used. A very thin gold lay
was deposited on the targets for normalization purpos
Carbon buildup was minimized during the exposure
surrounding the target with a liquid nitrogen cooled rin
and by using a cryogenic pumping system.

Charged reaction products and evaporation resid
were identified by means of a triple telescope consist
of an ionization chamber followed by a large area so
state detector (in order to identify the evaporation residu
and by a second and thicker solid state detector in or
to detect the light (p, d, and alpha) reaction products
Five of those telescopes were used simultaneously, se
rated by an angular interval of 5±. At very low bombard-
ing energies, the energy threshold determined by ene
losses at the window and gas became significant. At th
energies, the detection system was complemented b
time of flight telescope (TOFT) consisting of a microcha
nel plate time detector used as a start detector and a l
solid state silicon detector used to supply the energy a
stop signals of the reaction products. Absolute values
the target thickness and detector solid angles were
termined by fitting the elastic scattering angular distrib
tions to optical model predictions [6]. Fusion-evaporatio
yields were measured at bombarding energies ranging f
6 , Elab , 33 MeV, corresponding to the barrier energ
and five times the barrier, respectively, and angular dis
butions were measured for the charge-identified react
© 1996 The American Physical Society
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products with6± , ulab , 55±. The fusion-evaporation
residues were distinguished from other reaction produ
by comparing their energy spectra to those expected
a statistically equilibrated compound nucleus, predic
by the Monte Carlo codeLILITA [5,7]. Possible contri-
bution of the incomplete fusion (ICF) process has be
investigated within the same procedure. An upper lim
for ICF yields has been estimated [see Figs. 1(a)–1
and found negligible when compared to complete fus
(CF) yields (sICF

sCF
# 0.1 up toE # 3VB). Unfolding pro-

cedure is shown in Figs. 1(a) and 1(b) forElab  18 MeV
(energy for which the CF inhibition is expected to b
maximum), as well as for the highest energy measu
Elab  33 MeV [Fig. 1(c)].
ts
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d

n
t
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n
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Excitation functions for the6,7Li 1 12C and6,7Li 1 9Be
reactions are presented in Figs. 1(d)–1(g). Fits to
Glas and Mosel expression [8] were used to extra
the values of the fusion barrier heightsVBd and radius
sRBd listed in Table I. The values for the barrier heigh
appear to be larger than the ones obtained throu
an extrapolation from the systematics available in t
literature for heavier systems [5]. This effect is als
clearly observed when we compare the data to
predicted excitation functions based on the extrapola
sV 0

B, R0
Bd values. A similar situation is observed wit

respect to the maximum value for the measured fus
cross sectionsssmaxd, which appear to be much lowe
than the expected ones [9] (Table I).
data.
icted ICF

%
e

rs.
FIG. 1. (a)–(c), Energy spectra forZ  5 and Z  6 evaporation residues atElab  18 MeV (where a maximum fusion
inhibition is expected) andElab  33 MeV (at the highest bombarding energy). The solid lines represent the experimental
The dashed lines represent the statistical model prediction for complete fusion yields. The black spectra represent the pred
contribution assuming an upper limit (sICF

sCF
 0.1), and the vertical bars represent the CF1 ICF predicted spectrum assuming 10

of ICF. (d)–(g), Energy dependence of the fusion cross section for the6,7Li 1 12C and6,7Li 1 9Be reactions. Solid circles describ
the experimental values. The solid curves represent the Glas and Mosel model calculations based on barrier parametersVB andRB
extrapolated from the systematics of [5] and Table I. The dashed curves represent model prediction with no free paramete
31
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TABLE I. Values of various parameters discussed in tex

VB
a RB

b V 0
B

c R0
B

d smax
e smax

f

System (MeV) (fm) (MeV) (fm) (mb) (mb)
7Li 1 12C 4.02 6.18 3.01 7.53 740 1020
6Li 1 12C 4.63 6.31 3.03 7.52 730 900
7Li 1 9Be 4.37 6.16 2.03 7.50 630 1106
6Li 1 9Be 5.03 4.78 2.05 7.49 392 1250

aValue for the fusion barrier heightsVBd obtained from fits of
the experimental data to the Glas and Mosel expression [8]
bValue for the fusion barrier radiussRBd obtained from fits of
the experimental data to the Glas and Mosel expression [8]
cValue for the fusion barrier heightV 0

B obtained from the ex-
trapolation of the systematic data presented in Ref. [5].
dValue for the fusion barrier radiusR0

B obtained from the ex-
trapolation of the systematic data presented in Ref. [5].
eExperimental value (smax) obtained for the maximum fusion
cross section.
fExpected value for the maximum fusion cross sectionss0

maxd
from Ref. [9].

A fusion probability PF  sFysR can be evaluated
by calculating, as a function of the bombarding ener
the ratio of the experimental fusion cross sectionsF to
the reaction cross sectionsR estimated from the optica
model fits to the elastic scattering data. An energy
tended plateau can be observed forPF at energies above
Ecm , 2VB (see Fig. 2) for all the systems investigate
At much higher energiessEcm . 4VBd corresponding to
regime II, where fusion is not a dominant process a
more, a decrease ofPF is expected. However, this en

FIG. 2. Energy dependence of the fusion probabilityPF 
sFysR for the 6,7Li 1 12C and 6,7Li 1 9Be reactions. The
lines were drawn to guide the eye. The error bars refl
the experimental uncertainty insF , as well as the uncertainty
in the sR determination from the optical model calculatio
The decrease ofpF at higher energiessEcm $ 4VBd due to the
growing of important fast processes has not been investig
in the present work.
32
y,

x-

.

y-

ct

.

ted

ergy domain is centered farther than the energy measur
in the present work.

The dependence of the fusion probability on the effec
tive breakup energýe [13] which takes into account the
separation energy of the target and projectile (presente
in Fig. 3) indicates a clear correlation between the fu
sion probability and the separation energy of the collid
ing nuclei, especially for the weakly bound ones with
´ , 2.5 MeV (with values ranging fromPF , 0.8 down
to PF , 0.2 in the case of the6Li 1 9Be system.

To account for the effect of the separation energiess´ed
of the colliding nuclei on the fusion process, we employ
the model of Ref. [1]. The effects of the breakup channe
(b-up) onsF can be taken into account through the ad-
dition of the appropriate polarization potential to the op-
tical potential in the entrance channel, in a single-channe
calculation. Assuming that this polarization potential is
dominated by its imaginary part, it will lead to a reduc-
tion of sF, 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
in the elastic channel contributes to fusion. The resulting
inhibited fusion cross section can then be written as

sF 
p

k2

X̀
l0

s2l 1 1dTopt
l PS

l ,

where k is the wave number,T
opt
l is the transmission

coefficient for the optical potential, andPS
l is the survival

probability [1]

PS
l  1 2 T

b-up
l

 exp

∑
2

4F
2

0

EcmsEcm 2 Qd
jS

s1d
l jI2

l sh, s, jd
∏

.

FIG. 3. Dependence of the fusion probabilityPF  sFysR
on the effective separation energys´ed [13] for the6,7Li 1 12C
and6,7Li 1 9Be reactions and other channels extracted from th
literature [5,14]. Error bars are indicated and reflect the exper
mental uncertainty insF , as well as the uncertainty in thesR
determination from the optical model calculations. The points
H, I, and J were extracted from Refs. [10,11,12], respectively.
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0 is the strength factor associated with the n
clear breakup process,Q is the Q-value for the breakup
channel, ands

s1d
l is the partial-wave-projected elast

S matrix for a collision initiated in the breakup cha
nel with energy Ecm 2 Q ? Ilsh, s, jd the integral of
Coulomb wave functions (for details see Ref. [1])

Ilsh, s, jd 
Z `

0
Flsh1, k1rdFlsh2, k2rde2rya ,

where h1 and k1 (h2 and k2) are, respectively, the
Sommerfeld parameter and the wave number in the ela
(breakup) channel, andj  sk1 2 k2dysk1 1 k2d. The
parametera 

p
2mbx´syh2, wherembx is the reduced

mass for the fragmentsb and x in the breaking nucleus
and ´s is the separation energy, measures the sp
extension of the relative wave function of the tw
fragments.

The generalization of this treatment for the breakup
both projectile and target is straightforward. In this ca
one should use the survival probability

PS
l  PS

l sprojectiled PS
l stargetd .

For simplicity, we approximate all transmission factors
the Hill-Wheeler formula in our calculations. The mod
predictions for the excitation functions are presented
Fig. 1. No free parameters were used in these ca
lations. The coupling coefficientsF 2

0 d has been scale
down to our systems, based on the expression extra
from Ref. [1]:

F 2
0 sApd  F 2

0 s12C expf2sRP 2 RT dyag ,

where F
2

0 s12Cd is the coupling coefficient deduced
Ref. [1] for the11Li 1 12C system,RP sAPd represents
the radius (atomic mass) of the projectile, andRT repre-
sents the target radius. The experimental separation
ergies s´ed of the 6,7Li, 9Be, and12C were used in the
calculations. The ICF contribution has been estima
[15] within the same scenario. A two step process
been assumed in the sense that the breakup fragm
[produced with a probabilitys1 2 ps

l d] may fuse with the
target with a cross section determined by a Hill-Whee
transmission factor. This new fusion barrier is extrac
from the systematics of Ref. [16]. A very satisfacto
overall agreement has been achieved in most of the
ergy region investigated.

A study of the influence of the coupling coefficie
and the breakup energy on the fusion cross section
pointed out [6] that the dominant factor in the hindran
of the fusion cross section is the effective breakup ene
s´ed, and that its influence is concentrated at bar
energies. A decrease of the separation energy´e from
3 to 1 MeV reduces the fusion cross section an orde
magnitude. A detailed investigation on the energy a
angular momentum matching conditions of the react
reveals that an angular momentum window is crea
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being responsible for the localization of the effect arou
the barrier energies.

In summary, we have shown that the inhibition o
the complete fusion channel in light weakly bound io
collisions is strongly correlated to the value of their bindin
energies. Model calculations support the interpretat
that the breakup process may account for most of t
feature. This result has important consequences wit
the scope of nuclear reactions of astrophysical intere
as well as in the newly growing field of interactions wit
light radioactive beams. Open questions still remain to
investigated as to the extent to which incomplete fusi
contributes, as well a the identification of other periphe
competing processes.
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