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Breakup vs fusion inhibition of Li-induced reactions at low energies
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~Received 7 August 2000; published 20 December 2000!

A critical analysis of the cross sections for the characteristicg rays of the residual nuclei following6Li
1 16O and 7Li1 16O reactions shows that if the breakup mechanism is supposed to be responsible for the
limitation of fusion cross sections for these systems, then the large magnitude of the cross sections for theg
rays cannot be accounted for.
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Very recently we have measured the fusion cross sect
for a number of reactions induced by6,7Li projectiles, by the
characteristicg-ray yield method@1–3#. These cross section
are found to be nearly equal to the total reaction cross
tions at energies below 2BC ~whereBC is the Coulomb bar-
rier energy!, which shows that fusion is the dominant rea
tion mechanism for these systems at low energies.

The fusion cross sections for the same systems have
lier been measured at energies around and above 2BC by the
evaporation residue detection technique@4–7#. Takahashi
et al. @8# have extended the measurement for the6,7Li
1 12C reactions down to energies;BC using a similar tech-
nique. As can be seen in Fig. 1, there is a clear discrepa
in the cross sections measured by the two techniques. Th
very puzzling since both the techniques are rather well
tablished and have been used extensively for the meas
ments of cross sections involving several systems. It is w
known that theg-ray method is more suitable for measur
ments at lower bombarding energies while the evapora
residue method works better at higher energies. On the o
hand, for the systems, such as12C1 13C @9,10# and 11B
1 12C @11,12#, fusion cross sections have been measured
ing both techniques and good agreement has been obse
in the corresponding data in the overlapping energy reg
@3#. Therefore, the disagreement between the results obta
for all the Li-induced reactions investigated by the two me
ods is very surprising.

Takahashiet al. @8# correlated the reduction of fusio
cross sections to the small separation energies of the n
6,7Li and 9Be which presumably break up instead of going
fusion. The breakup particles, however, have been dete
in some of the systems only at considerably higher bomb
ing energies@7#. In fact it is generally believed that th
breakup effects are stronger at high incident energies an
our knowledge so far no measurements of the breakup c
sections have been done for such low heavy-ion system
subbarrier energies. In view of this, the suppression of
fusion cross sections by a factor of 3–6 for the systems s
ied by Takahashiet al. at low energies by this process a
pears rather strange.

In the measurement ofg-ray cross sections, the angul

*Present address: Department of Nuclear Physics, Rese
School of Physical Sciences and Engineering, Australian Natio
University, Canberra ACT 0200, Australia.
0556-2813/2000/63~1!/017604~4!/$15.00 63 0176
ns

c-

-

ar-

cy
is

s-
re-
ll

n
er

s-
ved
n
ed
-

lei

ed
d-

to
ss
at
e
d-

distribution effects, which are supposed to be minimized
cause of the extensive cascading@13#, were further reduced
by taking the measurement at 125° to makeP2(cosu)50
@14#. Special care was taken in the absolute efficiency c
bration of the detector by making calibrated sources of60Co
and 137Cs on the tantalum frames having the same confi
rations as those for the targets. The measurements of di
ent quantities and their uncertainties from different sourc
in the determination of theg-ray cross sections, have bee
discussed in details earlier@1–3#. The total uncertainty in the
g-ray cross sections is found to be;11% in the present
case.

The main objection to the application of theg-ray method
to determine the fusion cross sections is that it uses a st
tical model for the evaluation of the branching facto
sg /sch to obtain the channel and fusion cross sections fr
the experimentalg-ray cross sections. However, it is po
sible to justify the use of this procedure by determining t
cross sections for a specific channel using more than ong
ray emitted from the same residual nucleus@15#. Figure 2
shows the comparison of cross sections for some of the c
nels, namely,21Ne1pn, 20Ne1pn, 15N1an, and 14N1a
in 7Li1 16O, 6Li1 16O, 7Li1 13C, and 6Li1 12C reactions,
respectively, using the characteristicg rays. The agreemen
in most of the cases is within;10%. It is worthwhile to note
that a similar comparison is not possible with the evaporat
residue technique.

A serious discrepancy between the two types of meas
ments becomes apparent when one compares the cross
tions for the individual mass groups obtained by the eva
ration residue detection method with the correspond
channel cross sections obtained by theg-ray method@1#. To
illustrate this more clearly the cross sections for the m
groupsA520 in the 6Li1 16O reaction andA521 in the
7Li1 16O reaction obtained by these two methods are sho
in Fig. 3. The cross sections for these two mass groups c
stitute ;30% and;40% of the total fusion cross section
for 6Li1 16O and 7Li1 16O reactions, respectively@3#. Be-
sides channel cross sections, we have also shown in
figure the cross sections for the 1.634 MeVg ray
(1.634 MeV→g.s.) of 20Ne in the6Li1 16O reaction and the
0.351 MeV g ray (0.351 MeV→g.s.) of 21Ne in the 7Li
1 16O reaction. To facilitate the comparison the cross s
tions obtained forA520 and A521 mass groups by the
statistical model calculations~using the codeCASCADE! are
also shown.
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FIG. 1. Total fusion cross sections for6,7Li
1 12,13C and 6,7Li1 16O reactions, measured b
theg-ray method and the evaporation residue d
tection method. The solid lines represent the to
reaction cross sections calculated using opti
model potential with parameters obtained fro
fitting the elastic scattering data@24#. The arrows
indicate the positions of 2 times the Coulom
barrier energy, 2BC @where BC5Z1Z2e2/
1.70(A1

1/31A2
1/3)# up to which the fusion cross

sections are usually observed to be' total reac-
tion cross sections.
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It is observed that in the energy region of overlap, t
cross sections forA520 andA521 obtained by the evapo
ration residue method are smaller by a factor of;2.7 com-
pared to those obtained by theg-ray method. It is surprising
to note that the former cross sections are also smaller~by a
factor of ;2) than those for the 1.634 MeVg ray (20Ne)
and 0.351 MeVg ray (21Ne), respectively.

It is difficult to think of any contaminants which coul
give such a large yield of the 0.351 and 1.634 MeVg rays.
Nevertheless, the contribution of these twog rays from the
background were obtained by allowing the beam to p
through an empty hole in place of the target for the sa
beam dose and exposure time@3#. As can be observed from
Fig. 4, the yield from the background is too small to acco
for the observed discrepancy in Fig. 3. It is also obser
that the peaks corresponding to the above twog rays in the
spectrum are very intense and the evaluation of the area
der the peaks poses no problem. Furthermore, the mea
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ments have been done using different targets and s
@3,16,17#, giving consistent results.

That the breakup process cannot account for the inhibi
of fusion cross sections together with the observation
large g-ray cross sections mentioned above will be evid
from the following discussions. There are essentially t
basic mechanisms of the breakup reactions:~i! sequential
breakup mechanism and~ii ! spectator breakup mechanis
@18#. In the former the projectile is excited to a continuu
state upon collision with the target nucleus. It subseque
breaks into two~or more! pieces after traversing the intera
tion region. In the latter case, the projectile breaks up inst
taneously in the interaction region and one of the fragme
may be absorbed by the target nucleus.

Now, according to Takahashiet al., if we consider the
breakup process to be responsible for the smaller cross
tions obtained by the evaporation residue method, then
sequential breakup mechanism, though it can explain
.
m-
e
-

FIG. 2. Cross sections for the15N1an, 14N
1a, 21Ne1pn, and 20Ne1pn channels from
different characteristicg rays of the relevant re-
sidual nuclei following 7Li1 13C, 6Li1 12C,
7Li1 16O, and 6Li1 16O reactions, respectively
The solid curves represent the statistical co
pound nucleus calculations performed with th
codeCASCADE. The error bars show the total er
ror.
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FIG. 3. Cross sections for the mass groupA
521 in 7Li1 16O reaction andA520 in 6Li
1 16O reaction obtained from the evaporatio
residue method@5,6# are compared with the cor
responding channel cross sections obtained by
g-ray method@3,16#. The cross sections for the
0.351 MeVg ray of 21Ne and 1.634 MeVg ray
of 20Ne are also plotted. The solid lines represe
the statistical model calculations performed wi
the codeCASCADE and the dotted lines through
the g-ray cross section data are drawn only
guide the eye. The error bars show the total err
i

th

e-
63
od
th
cl

ld
34
ad

o-

uch

ave
ch a

the

i-
sing

the

s for

t
e
.

dis-
apo-
r
ars

m-
the

may

nd
ug-

ea
llo
rg
a
G
iso
small fusion cross sections, cannot explain the large yield
the g-ray cross sections mentioned above. The only way
which we can get more 1.634 MeVg rays of 20Ne in the
6Li1 16O reaction is when the breakup proceeds through
spectator mechanism. In this process, the nucleus6Li breaks
up intoa andd (Q521.5 MeV); thea particle is captured
by 16O to form 20Ne in some excited state which subs
quently decays to the 1.634 MeV state and emits the 1.
MeV g ray. However, in the evaporation residue meth
these20Ne residual nuclei, somehow, are not detected. In
explanation it is inherently assumed that the residual nu

FIG. 4. Parts of theg-ray spectra of6Li1 16O and 7Li1 16O
reactions atElab(6Li, 7Li) 512 MeV obtained with a SiO2 target.
The lower spectrum in each case is obtained with the equal b
dose and exposure time at the same bombarding energy but a
ing the beam to pass through an empty hole in place of the ta
Note the broadening and shift ofg-ray peaks in the upper spectr
due to recoil of the residual nuclei and placement of the HP
detector at 125° with respect to the beam direction. For compar
two g-ray peaks 0.352 MeV (226Ra) and 1.461 MeV (40K) of natu-
ral radioactivities in the background are also shown.29Si(3.624
→2.028) is from the6Li1 28Si→ 29Si1ap reaction.
01760
of
n

e

4

is
ei

(20Ne) do not come out of the target. If it were so, it wou
lead to the formation of a large unshifted and sharp 1.6
MeV g-ray peak contrary to the observed shifted and bro
peak~Fig. 4!. Even this way of describing the reaction pr
cess seems to be more difficult to explain the7Li1 16O
→ 21Ne1pn reaction. To get21Ne following breakup one
will have to consider 7Li to break into 5He1d (Q5
29.6 MeV) or 5He1n1p (Q5211.8 MeV). However,
the breakup thresholds for both these processes are m
higher than that for 7Li breaking into a1t (Q5
22.5 MeV) and hence the former two processes should h
very small cross sections compared to the latter. Thus su
large cross section for the 0.351 MeVg ray of 21Ne com-
pared to that for the mass groupA521 obtained by the
evaporation residue technique cannot be explained by
breakup phenomenon.

It may be worthwhile to mention here that the noninhib
tion of fusion cross sections has also been observed, u
g-ray method, for systems such as9Be1 64Zn @19# at ener-
gies near and above the barrier and9Be1 9Be @15# and
9Be1 16O @20# systems at sub-barrier energies despite
fact that 9Be is a loosely bound (Sn51.67 MeV) nucleus.
On the other hand, the evaporation residue measurement
systems such as9Be1 28Si @21# and 9Be1 29Si @22# at ener-
gies well above the barrier and thea activity measuremen
for the 9Be1 208Pb system@23# at energies near and abov
the barrier show strong inhibition of fusion cross sections

Summing up we can conclude that there is a serious
crepancy between the cross sections obtained by the ev
ration residue method and theg-ray method at sub-barrie
energies for the Li-induced reactions. The difference appe
to reduce with the increasing bombarding energy. It is i
possible to reconcile the two sets of data considering
breakup process as suggested in a recent reference@8#. Mea-
surements using both the techniques simultaneously
help to resolve the discrepancy.

The authors would like to thank Dr. M. Saha Sarkar a
Prof. Radhey Shyam for many useful discussions and s
gestions for improvement of the text.
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