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Excitation functions have been measured for the fusion of the weakly bound futkid ’Li with 2°%Bi.
The complete-fusion cross sections are lower than those predicted by fusion models, being only 65% and 75%
for 8Li and “Li, respectively. Within the uncertainties, this suppression is independent of beam energy. Dis-
tinguishing complete fusion from incomplete fusion, both experimentally and in theoretical models, is essential
to understand the fusion process of weakly bound nuclei. A simple classical trajectory model which makes this
distinction is presented. Further developments of the concepts of this model could be used for realistic pre-
dictions for the fusion of unstable weakly bound nuclei.
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Nuclei with extreme neutron/proton ratios may now be In this Rapid Communication we present precise fusion
produced in fusion reactions with radioactive beams. For fuexcitation functions for théLi+ 2°Bi and Li + 2°%Bi reac-
sion to take place two nuclei must overcome the fusion bartions, at energies spanning the fusion barrier. Comparison of
rier that results from the combination of the attractivethese two systems allows, for the first time, a quantitative
nuclear and repulsive Coulomb potentials. The coupling bemeasurement of the effect of different breakup thresholds on
tween the relative motion and the intrinsic degrees of freefsion. Using2°®Bi as a target allows identification, through

dom of the partici_pating nuclei leads at low energie_s to anpe decaya-particles, of complete-fusion products, where
enhancemenftl,2] in fusion cross sections over predictions yhe \hole projectile fuses with the target, as well as products
for a single fusion barrier. For unstable nuclei the fu5|onof incomplete fusion/transfer

process can also be affected by their low binding energy, The experiments were performed with pulsetii beams
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. Y i .
making it difficult to make nuclei with extreme neutron/ myersny, '”C'd‘?’.“ orf*Bi targer 1 mg/crithick. The ex
proton ratios. It is therefore important to understand th erimental conditions were similar to those reported in Ref.

effect of breakup of weakly bound nuclei on the fusion[14]- Aluminum catcher foils of thickness 180g/cn? -
process. placed immediately behind each target stopped the recoiling
Theoretically, the situation has been controverfdat6].  heavy reaction products. These were detected and identified
Only recently has a qualitative model been propofgd by measuring the characteristicparticle energies and life-
which reconciles the conflicting approaches, predicting entimes, ranging from 110 ns to 138 d, associated with their
hancement of fusion cross sections at sub-barrier energiesybsequent decay. Fission following fusion was measured
and a reduction at above-barrier energies. Fusion measurduring the irradiations, in two large area position sensitive
ments with radioactive beams BHe[8,9], 'Be[10,11], 1'F  multiwire proportional counterigl4]. Absolute cross sections
[12], and %S [13] do not show fusion suppression at above-were determined by measuring sub-barrier elastic scattering
barrier energies, and fusion wittHe shows large enhance- in all detectors.
ments at below-barrier energies, attributed to neutron transfer The compound nucle?*®Rn and?*Rn, formed following
[8,9]. In contrast, measurements of the stable, but weaklyhe fusion of Li+ 2°%Bi and ’Li+ 2°Bi, respectively, are
bound °Be with 2°%Pb showed14] that above-barrier fusion expected to cool mainly by neutron evaporation. The result-
cross sections are only 68% of those expected theoreticalljng Rn nuclei and their Po and At daughters were observed.
Experimentally, reactions with weakly bound nuclei such asHowever, the populations of Po and At nuclei were far in
67Li and °Be are the best candidates to test theoretical modexcess of those expected from Rn decay. In principle the
els of breakup and fusion. Their breakup results in chargeéxcess could be due ®xn andypxn evaporation from the
fragments which are easily detected and it is possible t@ompound nucleus. This was ruled out, as no direct produc-
separate the products of complete fusion and incomplete fuion of Po and At nuclei was found at a level of 0.5% of the
sion, where only part of the projectile is captured. Reactionskn products, when?!®Rn was formed at similar excitation
with ®Li and “Li are simpler to model than those wiftlBe,  energies following fusion offO with 1°%Pt. The excess Po
as the former involve only a two-body breakup. The effect ofand At yields are thus attributed to incomplete fusion and/or
different energy thresholds for breakup can be investigatetransfer, and are referred to as incomplete-fusion products.
by comparing®Li and ‘Li, which will also tie in with future ~ The cross sections for the Rn isotopes are shown in Figs.
measurements fot'Li. 1(a) and(b). Also shown are the measured fission cross sec-
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. for fissi . FIG. 2. The measured complete-fusion cross sectftoys pan-
FIG. 1. Measured cross sections for fission and Rn isotopes foéls) and the experimental barrier distributiofisottom panelsfor

the tW(l) re?ct!ons(top panels The bottom panels show the o reactions indicated. The short dashed lines result from single
incomplete-fusion cross sections. The symbols denote the samg, jer penetration calculations, while the long dashed lines show

products in the left and the right panels; the lines guide the eye. the results of coupled-channels calculations. The full lines show the
latter calculations scaled by factors indicated.
tions, attributed 14] to complete fusion. The cross sections
for direct production 01?190 and?!!-?At are shown in  fusion cross sections and barrier distribution using a coupled
Figs. 1(c) and(d). The cross sections fd?’*Po could not be channels model require a good understanding of the cou-
determined due to its long half-life of 102 years. It can haveplings to unbound states and their effect on fusion. Since this
a significant contribution for théLi reaction at all energies, has not yet been achieved, couplings were chosen only to
while its contribution for the’Li reaction should be signifi- reproduce the shape of the measured barrier distributions, in
cant only at the highest energies. The measured cross se@ider to demonstrate that fusion suppression above the bar-
tions are in good agreement with those of R&E], which rier is insensitive to the COUp"n%‘HS Iong as the average
however 0n|y cover a narrow energy range. barrier pOSitiOﬂ from the calculations matches that of the
The cross section for complete fusioa(), defined ex- experiment The results of the single barrier penetration
perimentally as the capture of all the charge of the Li pro-model (short-dashed lingsand coupled channelglong
jectiles, was obtained by summing the Rn evaporation dashed linescalculations are compared with the data in Fig.
residue and fission cross sections at each energy. The resuftsAS expected, at energies below the average barrier the
are shown in the upper panels of Fig. 2. From these, th&easured cross sections for both reactions are larger than the
experimental fusion barrier distributions shown in Fige)2 Predictions of the SBPM by a factor ef5. At above-barrier
and(d) were obtainedl16] by taking the second derivative of energies the SBPM calculations and the coupled channels
the quantityE, o, With respect to the center-of-mass en- calculations are in close_agreement, as expected_. I_—Iowever,
ergy E., [17]. A step length of=2 MeV for energies the measured cross sections lie below these predictions. Us-
E...<37 MeV and 3.5 MeV for higher energies was used.ing the data above =36 MeV, for °Li and "Li they are,
The average barrier energies were obtained by determininkgspectively, 652% and 735% of the SBPM predictions,
the centroids of these distributiofi$4], and are thus inde- and 66'2% and 74 3% of the coupled channels cross sec-
pendent of suppression of the fusion cross sections. Fdions. The uncertainties arise mainly from uncertainties in the
6Li+ 29%Bj and ’Li+ 2°Bi the barriers are 30:£0.3 MeV  average barrier energies, and the effect of varying the dif-
and 29.7-0.2 MeV, respectively; the predictions using the fuseness of the nuclear potential by0.2 fm. These uncer-
Woods-Saxon form of the AkymWinther [18] nuclear po- tainties do not affect the relative suppression®bf to ’Li,
tential are 30.40 MeV and 30.04 MeV, respectively. which is much better defined, and is determined to be 0.89
To determine the above-barrier fusion suppression, the=0.02. The suppression of fusion can also be determined by
data were compared with the predictions of a single barriecomparing the measured and calculated areas under the bar-
penetration model(SBPM) and a coupled channels code rier distributions. The suppression determined using this
[19]. A Woods-Saxon nuclear potential with diffuseness ofmethod is independent of the exact nature of the couplings,
0.63 fm and depth adjusted to reproduce the measured avesince inclusion of couplings changes the shape of the barrier
age barrier energies was used. Predictions of the completdistribution but preserves the area under it. Using the cross
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sections forE, ,<36 MeV, the area fofLi is 64" 3% and 1500 A ;
Li + 4091 e Jf

for "Liis 76 3% of the model predictions. The uncertainties
arise mainly due to the-0.2 fm range assigned to the dif-
fuseness of the nuclear potential. Thus the fusion suppressio 1000 -

T 7 ?/r T

—
6Li + 2093

factor appears to be independent of beam energy. 3
The reduction in complete fusion is interpreted as arisinge
from breakup of the projectile into am particle and a deu- 500 |- 4 o

o CF expt.

—CF calc.

o CF + ICF expt]|

----CF + ICF calc.
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teron(for SLi) or triton (for “Li). The probability of breakup
is expected to be determined by the breakuyalues and the
coupling strengths to unbound states. The larger reduction ir

above-barrier cross sections f6ti is correlated with its 50 30 10 50
lower breakup threshold of 1.47 MeV compared with 2.47 g, (MeV)
MeV for Li.

The 87Li+ 2°Bi, as well as the®Be+2%%b [14] reac- FIG. 3. The measured and calculated complete-fus2f and
tge sum of complete- and incomplete-fusid@F) cross sections

tions, clearly show that the complete-fusion cross sections b, (@) SLi+29%Bi. and (b) 7Li+ 2% reactions. The calculations

energies above the barrier are suppressed compared to expges ; :
. ) . . e from the three-body classical trajectory mo@ele te
tations for the fusion of tightly bound nuclei. However, for y : y Xt

all three reactions, the sum of complete- and incomplete- . . . N
fusion cross sections at energies above the barrier matcthojeCtIIe fragmen'Fs cal_Jse_potentlaI and kinetic energy to be
[14] or slightly exceeds the calculated fusion cross sections‘?onverted fo relative kinetic energy between the two frag-

Thus, if experimentally the complete- and incomplete-fusio ”_‘e”tt_s- Breakup gf trllet. pro(;gc;tlle oci)curs é‘g‘en dtgg relative
products are not identified separately but instead ar Inetic energy and relative distance betw an ex-

summed, then no suppression of fusion will be apparent. ceed their potential barrier height and barrier radius, respec-

Understanding the effect of breakup on fusion requirediVe!Y: The potential betweeR1 andP2 is assumedNto be
modelling of the complete dynamics, includifig couplings 9" by V12(r)=Qsy foNr <lo_ and Vo(r)=Var)
to bound and continuum state$j) an appropriate co- T ViAr) forr=ro, whereVi, andVy, are, respectively, the
ordinate system to describe the physical boundary conditioftclear and Coulomb potentials betwdeh andP2, Qgy, is
for the wave functions of the breakup fragments, diiig  the Q value of the breakup process, anglis the smallest
modelling of the trajectories of the breakup fragments to dedistance which satisfiesVyy(ro) +Viyro)=Qgy. The
termine whether one or both fragments are captured by th#/oods-Saxon form of the AkysWinther potential is used
target nucleus. Most theoretical mod¢®0—23 describing  for the nuclear potentials between the three particles. When
reactions of weakly bound nuclei are only appropriate forthe distance between the target and the projectile fragment
calculating elastic scattering and transfer/breakup cross se&i is smaller thanr ,,=1.1x (AF3+ ALY fm, we assume
tions, as(ii) and (iii) are not included in these models. A that the fragment is absorbed by the target nucleus. Three
recent calculatio7] has attempted to address this issue byprocesses are possible, depending on the value of the impact
identifying absorption from the projectile bound states asparameteb: (i) the projectile as a whole or both of the frag-
complete fusion, and that from the unbound states as incomments are absorbed by the targ@it) only one fragment is
plete fusion. Although this calculation has qualitatively ex-absorbed, andiii) neither fragment is captured. These pro-
plained the observations, it provides only an upper limit tocesses are associated with complete fusion, incomplete fu-
the suppression, since the possibility that following breakupsion, and breakup/scattering, respectively. The model calcu-
all the fragments could subsequently fuse with the target i¢ations show that the projectile breakup occurs close to the
not accounted for. In contrast with this physical approach, ifusion barrier radius, in agreement with recent experimental
has recently been claimd@4] that a similar suppression of observations for the breakup 8Be[25]. This can result in a
fusion can be generated by coupling to excited states withitarge probability of both fragments being captured by the
a simplified coupled-channels model. These calculations dithrget.
not incorporate any of the properties of unbound nuclei, the The calculated cross sections for complete fusifurl
spurious suppressions resulting from using an unphysicalljines) and the sum of complete and incomplete fusion
large coupling strength together with an unphysically smallldashed lingsare shown in Fig. 3, along with the measured
breakupQ value. guantities. The simple classical model is able to qualitatively

In order to follow the path of the breakup fragments, wedescribe the experimental data. The complete-fusion cross
have developed a three-body classical trajectory model. Faections have two contributions, the first where the projectile
the Hamiltonian of a three-particle system that consists of théuses as a whole, and the second where both the fragments
target(T) and two projectile fragmentsP andP2), two-  (following breakup are captured by the target. Significantly,
dimensional classical Newtonian equations are solved to olthe model shows that at energies 10% above the fusion bar-
tain the time evolution of the co-ordinates and velocities ofrier, more than one-third of the complete fusion results from
the fragments. The initial conditions are that the projectile breakup followed by capture of both fragments. This contri-
with its two fragments in random orientation, starts far frombution decreases with increasing energy. Complete fusion
the target with impact parametber As the projectile moves following breakup has previously been neglected in model
towards the target, the interactions between the target anghlculationq7,26], and the present calculations show for the
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first time its importance. The predicted fusion suppressionsgest of future realistic models of breakup and fusion. We have
are larger for®Li than "Li at the highest energies. However, taken an important step in this direction through a simple
quantitative agreement with the experimetally observed sup=lassical trajectory model, which shows that at energies close
pression is not obtained. Calculation of breakup probabilitied0 the fusion barrier, a large fraction of the complete fusion
from continuum discretized coupled channels calculations¢an be due to capture of both breakup fragments, a process
followed by classical modelling of fragment trajectories, Which has been ignored in all previous models. A more so-

would give a more realistic picture of the interplay betweenPhisticated model, incorporating quantum mechanical cou-
breakup and fusion. plings and classical fragment trajectories is planned, which

In summary, the complete-fusion cross sections ok should lead to a quantitative understanding of fusion involv-

“Li+ 20%Bi show suppressions of 65% and 75%, respec: 9 weakly bound systems.
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