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Near barrier fusion excitation function of 6Li +2%%Pb
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The fusion cross sections &fi+>"Pb system at energies near the barrier have been measured by means of
the evaporation residue method and have been calculated in terms of the coupled-channels model, taking into
account single and double phonon octupole excitatiorfS%h and the 3rotational state ofLi. By compar-
ing the experimental results with the theoretical calculations and with the fusion cross secfior-8tPb, in
which no breakup happens, we conclude that the fusion cross sectibhis-8f%b are suppressed at above-
barrier energies due to the effectsbif breakup, but below the barrier, the effects of breakup are not clear.
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I. INTROUDCTION systems[21] show a small enhancement of total fusion for

the ®Li projectile at sub-barrier energies compared to the

In recent years, near barrier fusion and breakup reactio ore tightly boundLi, while similar cross sections are
of halo and weakly bound nuclei led to a strong theoretic;@)und at and above the barrier for both reactions. From the
and experimental interest. Such nuclei are proved by recenftorementioned results, we can see that this problem is still
experimentg1,2] to have a high probability of breakup dur- ohen and further work is necessary both theoretically and
ing the colliding processes. This should strongly influencesyperimentally to obtain more definite conclusion. Since ex-
fUSion al’ound the Coulomb barrier. There are SeVeraI the%erimentaj resu|ts Wlth h|gh precision are not easy to Obtain
retical works devoted to this topic, which bring out conflict- under current conditions of radioactive beams, in this work
ing predictions. Husseiet al. [3,4] and Takigaweet al. [5]  we choose a weakly bound stable nucléus with separa-
suggested that the breakup reaction would take away a cefion energys,=1.475 MeV, to study this problem.

tain fraction of incoming flux in the entrance channel and, as

a consequence, the fusion cross section would decrease.

However, according to Dasst al. [6,7], breakup should be IIl. EXPERIMENTAL DESCRIPTION

considered as the doorway state to fusion; its coupling with  The experiments were performed at the HI-13 tandem ac-
the entrance channel would enhance the fusion probabili%derator, China Institute of Atomic Energy, Beijing’®Pb
Recently, Hagincet al. [8] performed an improved coupled- (5gets were bombarded by the collimated bearfLofvith
channels calculation to reconcile the conflicting approachesycigent energies varying from 25.75 to 39.06 MeV in
predicting enhancement of fusion cross sections at 5“%.58-Mev-energy steps. The targets were about 3§Q:r?
barrier energies, and a reduction at above-barrier energies;n thickness, evaporated onto Cu foils thick enough to stop

This problem has been studied experimentally in many:ompjetely the recoiling heavy residues. Two(&ir) detec-
systems, but no definite conclusion is extracted so far. Difygrs  |ocated at angles of +24.3° with respect to the beam

fezroent. results havg begg obtained. F&8+'%Ta [9], °He  jrection, and positioned at 14.6+0.1 cm from the target,
+29%Bi [10,11, and®He+**U [12] systems,zgn enhan<:9ement were used to monitor the Rutherford scattering and to nor-
of sub-barrier fusion is claimed. FdBe+°Pb [13], ®Be  malize cross sections. Two sets AE-E silicon detector
+29%Bi [14], and®Li+29Bi [15] systems, a Iargeleusmn SUP- telescope with apertures of 4.36 and 4.18 mm in diameter,
pression above the barrier has been obserdd.**Ho [16] respectively, located at mean angles of +160° with respect to
reaction shows a reduction above the barrier and an enhancgye heam direction, measured particles emitted by the
ment below the barrier energies. But f6Be+***Bi [17,1§ evaporation residues. Their distances from the target were
and F+2%%Pb [19] systems, the authors claim that the ef-§ 4.+0.1 and 6.8+0.1 cm, respectively. A new target was used
fects of breakup process on the fusion cross section could gy gach beam energy. The irradiated target removed from the
ignored. A recent work ort?’C+7Li [20] also reach%gl the target frame was put into another low vacuum chamber and
same conclusion. Finally, the recently measutéd+%Co et close to a silicon detector of 20 mm diameter to detect
particles emitted by the long-lived evaporation residues in
off-beam measurements.
*On leave from Yukawa Institute for Theoretical Physics, Kyoto ~ The compound nucleug“At formed following complete
University, Kyoto 606-8502, Japan. fusion of ®Li with 2°%Pb deexcites dominantly througm,1
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FIG. 1. A typical one-dimensional total energy spectrum from
online analysis. FIG. 2. A spectrum from offline measurements, with three peaks

corresponding to 5.305, 5.867, and 7.450 MeV, respectively. The
2n, 3n, 4n evaporation and results in a series of residualast two groups are of decay from?!!At, the other one is from
isotope13At, 212At, 211At, 219At. The yields of?*3At are low  **%Po which is a daughter nucleus 8fAt.
in the present experiment, and their cross sections are negli-
gible. The proton evaporation residues were not observednmediately performed after irradiation. In the figure, one
2198 formed following incomplete fusion, if any, cannot be can see clearly that there are three groupa pérticles with
separated from complete fusion residues, because thigugh distinctive energies. The group with the lowest energy
decay it decays to the sarR¥Po daughter nucleus as that of (5.305 MeV) belongs to the a decay of #%PaTy,
210at” The evaporation residues and their daughters whicl¥138.38 day, which itself is a daughter nucleus 8fAt (4n
are formed following then decay of At nuclei, decay via €vaporation channglThe other two groups with the energies
emitting o particles. They can be identified by their distinc- of 5.867 MeV and 7.450 MeV correspond to the two
tive a energies and half-liveg!2At emits ana particle with ~ branches of**At with Ty,,=7.214 h.
the energy of 7.681 MeV and the half-life of 0.314 s. Due to
its short lifetime, we obtained the cross sectionsmégapo- IIl. RESULTS AND DISCUSSIONS
ration channel in in-beam measurements. The results of other
channels were obtained in off-beam measurements because The absolute cross section normalization was deduced
of their long half-lives. The fission events were not mea-from fLi Rutherford scattering oA?®Ph. The®Li elastic peak
sured. Anyway, the fission yields are much lower than thos@n Pb was clearly resolved from that of Cu in the spectra of
of evaporation residues according to PACE2] calcula- the monitor detectors at 24°, as shown in Fig. 3. The mea-
tions. In addition, the contribution of fission events to thesured absolute cross sections for 2n, 4n evaporation resi-
total fusion cross section f§Be+2%%Pb is less than 19 3].  dues??!.21At are shown by the solid squares with error
Because fission probability is quite sensitive to the fissilitybars in Fig. 4. The solid lines represent the results of the
parameter, and the fissility 8Li+2%%Pb system is less than
that of °Be+2%%Pb system, the contribution of fission to the 1200000 ———————————7————7——
total fusion cross sections can be ignored for the former sys -
tem. Then the complete fusion cross section can be obtaine 1000000
by the sum of those of the evaporation resideiéat, 21At, . /
210a¢, 800000
A typical energy spectrum obtained from in-beam mea-
surement is shown in Fig. 1. The 7.681-MeV peak’tht
(2n evaporation channglis quite clear in the figure. The
isotope !?At (3n evaporation channgldecays into two
branches, in which 41.7% branching ratio belonga ttecay 400000 Cu i
with the energy of 5.867 MeV and the remainder being the I \
orbital electron capture intd*Po. The daughter nucleus — 200000
211pq(T,,=0.516 $ emits ana particle with the energy of -
7.45 MeV which was also observed in in-beam measure Y L v~
. . . 1240 1260 1280 1300 1320 1340 1360
ments, and mixed into thenZhannel peak because their Channel
particle energies are not so different. So they must be sub-
tracted from the cross sections af @hannel. Figure 2 shows FIG. 3. A typical spectrum of the elastic peaks i on the
a spectrum obtained in off-beam measurement, which wa¥®Pb target and on th&Cu backing.
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FIG. 5. Total fusion cross sections f8ti+2%Pb. The solid
squares are results of this experiment. The solid and dashed lines
correspond to the coupled-channels cad®uLL [21,23 calcula-
tions taking into account single and double phonore&itations in
208pp and the spectroscopic quadrupole moment ofitheucleus,
with and without coupling to its Bunbound excited state, respec-
tively. The dotted line corresponds to the one-dimensional barrier
penetration model and the thick solid line corresponds to the full-
100 ¢ couplings calculation, multiplied by the constant suppression factor
A LR 0.66. For the parameters used in the calculations, see text.
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10l 22pt tions of the cross section ofnZhannel to the total fusion
. cross sections are small, hence these uncertainties have no
. significant influence on the total fusion cross sections. In
addition, as a statistical model the PACE2 code does not
25 28 ™ 2 o ~ ™ 20 mclude the quantum tunnel eﬁ_ect_, for this reason, its predic-
tions cannot give a good description of the experimental data
E,,,(MeV) below the barrier.
w The total absolute fusion cross sections foir+ 2°%Pb are
FIG. 4. The measured cross sections of At isotopes. The soli®resented in Fig. 5. The solid squares are the results obtained
lines are the results of PACE2 calculations. in this experiment. The solid and dashed lines correspond to
the coupled-channels codeFruLL [23—-25 calculations tak-
calculations with the statistical model PACE2. In theseing into account the spectroscopic quadrupole mon@nt
model calculations, the parameters of optical potentials o£-0.082 fnf of the bLi nucleus, with and without coupling
the neutron, proton, and particle are automatically intro- to its 3" unbound excited state, respectively. The dotted line
duced by the code without any adjustable parameters. For ttmrresponds to the one-dimensional barrier penetration
cross sections of iR evaporation channel, the uncertainties model. In addition to the reorientation terms, the remaining
are estimated to be about 10%, mainly due to statistical anohputs to the model calculations are the nucleus-nucleus po-
systematic uncertainities which will be mentioned below. Fortential parameters, and the excitation energies and the tran-
the cross sections ofn3 4n channels, the uncertainties are sition strengths of the coupled rotational states. The standard
estimated to be about 10%, mainly arising from the systemAkyuz-Winther nuclear potential was used, with parameters
atic uncertainties, i.e., uncertainties of solid angles and given by V,=47.60 MeV, ry=1.177 fm, anday=0.619 fm,
peak resolutions in off-beam measurements. According to thgiving an average height of fusion barri€g=30.1 MeV,
statistical model, the excitation function ofn2channel barrier radiusRg=11.09 fm, and the curvature for the aver-
should have a declining trend above the barrier, whereas thege barrier ofiwy=5.20 MeV. The other relevant parameters
experimental one is almost flat in that region. We attributein our calculations are the~3state in?%Pb, 2.615 MeV,
this most likely to the systematic uncertainties due to theB(E3;0"—37)=0.611€’b® [26] (one- and two-phonon exci-
subtraction ofx particles of?*'At from the peaks of 8chan-  tations were included with the harmonic linpitand the 3
nel. In order to subtract these counts, we first have to use th®tational excitation in®Li, 2.186 MeV, BE2;1'—3")
data of 3 channel obtained from off-beam measurements=21.8€? fm* [27]. The effects of target phonon excitations
But as mentioned above, there are relatively large uncertairare rather weak. For taking into account the excitation to the
ties in off-beam measurements, so the subtractions mighinbound 3 excited state ifiLi a modified version otEcruLL
cause large uncertainties as well. Fortunately, the contriby21] made for odd-odd nuclei with finite ground state spin
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FIG. 6. A comparison of the fusion cross sections and those of FIG. 7. The reduced fusion excitation functions of three similar
breakup for the system 6Li+2%%Ph. The open symbols are the data systems’Be+2%8Pb [13], 160+2°8Ph [30], and bLi+208Ph.
of breakup quoted from Ref§1,2,28,29. The solid and dashed
lines are the predictions afcruLL and cocc [2] for fusion and  +298ph and®Be+2%%Pb. From the comparison one can see
breakup reactions, respectively. that above the barrier, the fusion cross sections ®dr

. +29%ph and®Be+2%%Pb are suppressed as a consequence of

was used. The coupled-channels .code does not consider tﬂ% breakup of the weakly bound projectile. On the other
|an|ue'r:1F:e gf breakup effec;tho?tl;]us:corlll. i | hand, the cross section 8ifi+2%Pb are enhanced below the

n Fg. 5, one can see that the TUull-COUpliNgSFULL Cal-  parrjer a5 compared with the other two systems. We guess

cula_tlon(solld line) seems to overestimate the fus_|on CroSSypat this enhancement is most likely due to the strong cou-
sections over the whole energy range, though this effect i ling of 5Li nucleus as seen from Fig. 5

less clear at sub-barrier energies due to some fluctuations In

the fusion excitation function. In other words, there is a sup-

pression of fusion cross sections, indicating the significant

role of breakup on fusion. The fusion suppression factor is of = The fusion excitation function diLi+ 2°%b system at en-

the same order of magnitude as the one recently observed fetgies near the barrier has been measured by means of the

the very close systefiLi+2°%Bi [15], as one can see from the evaporation residue method and has been calculated in terms

thick solid line in Fig. 5, which corresponds to the full- of the coupled-channels modétcrFuLL code taking into

coupling calculations multiplied by the constant factor 0.66.account single and double phonon octupole excitations of
In order to illustrate the importance of breakup mecha-<20%pp and the Brotational state ofLi. By comparison of the

nism, we plotted the fusion cross sections together with thexperimental results with the theoretical calculations and

data[1,2,28,29 of breakup cross section in Fig. 6. Although with the fusion cross sections df0+2°%b, in which no

the data measured by different groups are not quite in agregreakup happens, we conclude that the fusion cross sections

ment, the breakup cross sections are large. Therefore, thg 6j+29%ph are suppressed at above barrier energies due to

breakup mechanism should have strong effects on fusion. Aghe effects offLi breakup, but below the barrier, the effects

is well established, above the barrier the coupled-channeif breakup are not clear.

effects become relatively small, while the breakup influence

(as a reduction of the incoming flux in the entrance channel ACKNOWLEDGMENTS
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IV. SUMMARY
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