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®He+a cluster model of °Be breakup
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We present here for the first time continuum-discretised-coupled-chaf@BIEC) calculations for the
elastic scattering and breakup e+ 1°C. We employ a two-body cluster-foldi§F) model picture of°Be,
which is considered as &He core plus a*He cluster. The calculations agree well with data for elastic
scattering and excitation of the 5/2esonance ofBe at 2.43 MeV. The cross section for excitation of the"1/2
resonance at 1.68 MeV is not well described by our model, the calculations being considerably smaller than the
data. This is as expected from structure calculation®8af, which suggest that this state is almost exclusively
of Be+n cluster form.
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In recent years, the study of light weakly bound radioac-body system, structure calculations suggest that the ground
tive nuclei such a$He and'Li, made possible by the ad- state of °Be exhibits a large measure 6He+ a character
vent of radioactive beam facilities, has led to a resurgence dfl1]. Guided by this suggestion, we develop a two-body
interest in the weakly bound stable nucléi’Li and °Be.  °He+a CF model of °Be and use it to carry out CDCC
While the scattering of’Li has been widely studied by Ccalculations for the recentBe+ *°C data of Rudchilet al.
means of cluster-foldingCF) models within the continuum- [8]. These data include cross sections for the unbound 1/2
discretised-coupled-channel€DCC) framework, there has and 5/2 states in°Be at excitation energies of 1.68 and 2.43
been little work in this direction on the scattering 8Be. ~ MeV, respectively, and thus provide a severe test of our cal-
This may be ascribed to the differing structure of the Li culations. The use of a two-body cluste_r model aIIow_s us to
isotopes compared t8Be. While 6Li and "Li are both well carry out conventional CDCC calculations f8Be using

described by two-body cluster modelsd and a+t, re- CF tmodel form factors, including couplings to tRele+ «
spectively, °Be is considered to be a three-bodyt+ a+n, continuum.

) The CDCC calculations were carried out using the code
CIUSt.er' At present, three-body cbce calcglatlons are noLREsco[lz], version FRXP.14, in a manner analogous to that
possible, hence previous work on the reactions’Bé has

used previously fo’Li [13,14. The °He+ o CF model of

been limited to conventional coupled-channels calculationss;Be was constructed as follows. The ground stat8Re has
where the resonant states e are considered as rotational spin and parity 3/2. The 5He core also has spin and parity

model state$1-8]. Such calculations are unable to include 3/>- \which coupled with the 0 spin and parity of thex

explicitly couplings to the continuum. particle, naturally leads to a ground state configuration where

9 "
R%:ent measurements of the fusion®@e with *Zn[9] ¢ gipha particle has angular momentur 0 with respect
and 2°Pb [10] targets have brought to light an interesting 1, the 5He core. However, in order to account for reorienta-

problem. While the’Be+ 2°Pb measurements show a large (o of the highly deformedBe nucleus aih =2 component

fUSi%” su%aressiop, ascribed to the ianqenc@B;é breakup, \yas added to the ground state. The spectroscopic amplitudes
the "Be+ *"Zn fusion data show no evidence of such sup-g¢ the L=0 andL=2 components were obtained from a
pression. Conventional coupled-channels calculations thaf,e|l model calculatiofi15] and were 0.81 and 0.5358, re-

included couplings to the 572and 7/2 resonances ifBe spectively. The5He+ « binding potential was of Woods-
were unable to account for the fusion suppression observeggxon form, with radius parameteg=1.115 fm, where

with the 2%%Pb targe{10]. If we are to understand the effect Ry=ry(5Y%+ 413, and diffuseness paramety=0.57 fm.

of breakup on fusion for these two systems a realistic modetpg el depth was adjusted to give the correct binding en-
of °Be that allows the inclusion of coupling to the continuum ergy. The radius parameter was tuned so that the model
is required. In order to test such a model adequately, break“@round state quadrupole moment matched the measured

data are required. , , value of Q= +5.3+0.3 efm? [16]. The model value of)
The motivation behind this work is to develop and test, a5 calculated according to the following expression:
against existing elastic scattering and resonant breakup data

a two-body cluster model ofBe that includes coupling to 2i "

. . j—1
the two-body continuum. This model may then be used to Q=-2-—2p ABJ F2go(r)do(r)dr efm?, (1)
investigate the differing behavior of the fusion cross sections 2j+2 0
for the °Be+ 2%%Pb and °Be+ ®“Zn systems. We take the
following approach to the construction of this model. While whereA, B and ¢o(r), ¢,(r) denote the spectroscopic am-
%Be is best described as ant a+n three-body cluster, one plitudes and®He+ « relative motion wave functions for the
may also consider it to consist of a two-bodBe+n or  L=0 andL=2 components of the ground state, respectively,
SHe+ a cluster. In fact, within the framework of the three- and 3 is as given by Buck and Pi[tL7]:
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AZZZ+A521 had little effect on the result of the calculation. The calcula-
= 1—2 (2)  tions included thee=0,1,2 continuum, as tests again found
(A1t Ay) that the inclusion of th& =3 continuum had little effect. For

. . . the L=2 continuum the binning scheme was slightly modi-
Our calculations also included couplings to the 5&nhd fied by the omission of the 0.25k=0.75 fm * bin for I~

712" resonances at 2.43 and 6.76 MeV, respectively, and the " . ;

. . . =7/2" to avoid double counting due to the presence of the
1/2" resonance at 1.68 MeV. This last state was |ncluded7/2, Thé&He+ a bindi tential for th i
despite not being considered to show a latge+ « cluster  ° resonance. €+ a binding potential for the con
structure[18,19, as data for excitation of this state were tinuum bins employed the same Woods-Saxon geometry as
available and provided a good opportunity of investigatingtn® ground state. _ _ _
how much of the cross section could be attributed to this, As thesre are no optlcallz model potentials available for
clustering mode. Detailed structure calculatidi$,19 in He, the °He+ **C anda+ '*C optical model potentials re-
fact suggest that the 172state is almost exclusively of quired for the CF model form factors were both obtained
8Be+n cluster character, and as such is not expected to b&om the globale potential of Avrigeantet al.[24]. The real
well described by our model. The 5/2nd 7/2 resonances, and imaginary potential strengths of these potentials were
as members of thK =23/2 ground state rotational baf20], then regarded as adjustable parameters which were varied to
might be reasonably expected to exhibit the sathie+ « obtain the best fit to the elastic scattering data. Renormaliza-
cluster structure as the ground state. In support of this expedion factors of 1.0 and 2.0 for the real and imaginary
tation, « decay has been observed from both sthi€s21]. strengths, respectively, gave the best description of the elas-
That for the 7/2 state was unambiguously identified as tic scattering angular distribution. Both Coulomb and nuclear
coming from decay intdHe+ «a [21]. For the 5/2 state the  couplings were included up to and including multipolarity
situation is less clear-cut. Measurements tabulated in Mikox =2 and the number of partial waves was limited Ao
las et al. [22] indicate that the fraction of decays from this <75. All allowed reorientation couplings were included un-
state tosBeg_S_Jrn is of the order of 10% or less. However, |ess otherwise stated.
the remaining strength may be attributed to any one or com- Coupling to the Z state of °C at 4.43 MeV was not
bination of the decay channelSHe+«, ®Be5, +n, or di- included in our calculations. The effect of this coupling is
rectly toa+a+n. implicitly included in the CF model optical potential, and

The 5/2° and 7/Z resonances were considered as purerecent calculations fofLi + °C elastic scatterinf25] found
L=2 states and the 1/2as a purd.=1 state. In reality, all that explicitly including coupling to this state had little effect
these states are unbound, thBe— 2a+n breakup thresh- on the results. Thus, we believe that we are justified in omit-
old being at 1.57 MeV. However, as th#Be— °He+a  ting coupling to the'’C 2" state.
threshold is at 2.46 MeV, the 5/2and 1/2 states were The data of Rudchilet al. [8] were measured using in-
treated as bound within our model, the 7/@tate being mod- verse kinematics with a 65 MeV?C beam scattering from a
eled as a resonant bin of widhE=3.0 MeV centred atthe °Be target. This corresponds tBe scattering from aC
resonance energy of 6.76 MeV. TRele+ « binding poten-  target with a beam energy of 48.75 MeV, and our calcula-
tial for all these states was of the same Woods-Saxon form asns were performed in this sense. The inverse kinematics
the ground statéwith the same geometrythe well depth technique was exploited extensively to measure the inelastic
being adjusted to give the correct binding energy for thescattering to unbound states 8ki and “Li [26—28. The
5/2~ and 1/2 states and the correct resonance energy for theesults of our calculation including couplings to the *1/2
712" state. 5/27, and 7/2 resonances and thHe=0,1,2 *He+ « con-

In placing the 7/2 resonance at 6.76 MeV we have fol- tinuum are compared with the data in Fig. 1, where they are
lowed a standard compilation of the properties®8ie [16]. denoted by the dotted lines. The dashed lines in Fig. 1 denote
However, more recent work20,23 suggests that the 6.76 the results of a four channel calculation that includes cou-
MeV peak is in fact a doublet, consisting of the 7/@tate at  plings to the 1/2, 5/27, and 7/2 resonances only. It can be
6.38 MeV and a 9/2 state at 6.76 MeV. Test calculations seen that while the agreement with the elastic scattering and
found that while the angular distribution for excitation of the 5/2~ data of the calculation including couplings to thele
7/2- state is affected by changing its excitation energy to+ « continuum is good, the 1/2data are not very well de-
6.38 MeV, the other results are unaltered. As there are acribed, the calculations being approximately a factor of 10
present no data for the inelastic excitation of the 742ate, too small. This suggests that the contribution of thee
we have kept a value of 6.76 MeV for the energy of this+ « clustering mode to this state is small, as expected from
state. the structure calculations of Zafih8] and Tanakat al.[19]

A nonresonant’He+ a continuum was also included in which suggest that this state is almost exclusively®Be
the calculations. The continuum was discretised into a series$ n cluster character.
of momentum bins with respect to the momenttiknof the The effect of coupling to th&He+ a continuum can also
SHe+ « relative motion. The wave functions for these con-be seen in Fig. 1, where its importance is clearly demon-
tinuum bins were normalized to unity and the radius limiting strated. A comparison of the dashed and dotted curves shows
their range was set at 45 fm. The model space was limited tthat this coupling has an important effect on the *1&nd
0.25<k=0.75 fm !, with Ak=0.25 fm 1. The 0.6sk  5/2° cross sections as well as the elastic scattering. Coupling
=<0.25 fm ! bins were omitted as tests showed that theyto the continuum produces a redistribution of thide+ o
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" ‘\’\/\“’ FIG. 2. Comparison of the results of one channel calculations

that include(dashed curveand do not includ€dotted curve the
ground state reorientation coupling.

nificant contribution to the elastic scattering at backward

'g‘ angles. Therefore, we also performed a calculation including
E, this effect. The optical potential within the “transferred” par-
g tition was just the bare CF model potential and no couplings
Sho? were included within this partition. ThéHe cluster was

bound in a standard Woods-Saxon potential well with a ra-
dius parameter,=1.25 fm, whereR,=r,(9*°+3%9), and
diffuseness parameten,=0.65 fm, following Rudchik

et al. [8]. The potential well depth was adjusted to give the
correct binding energy. ThéHe cluster was considered to be

FIG. 1. Comparison of the CDCC calculations with the data forin a 2Py, state with a spectroscopic amplitude ©f1.224
%Be+ 12C scattering. The full curve denotes the result of the full [29].
calculation (1/2, 5/27, and 7/2 resonances and=0,1,2 con- The result of our calculation including théHe cluster
tinuum) including the®He cluster elastic transfer, while the dotted elastic transfer is denoted by the solid curve in Fig. 1. The
curves denote the results of the full calculation without the elasticaddition of this coupling has a negligible effect on the cal-
transfer. The dashed curves denote the results of a four channg|j|ated angular distributions for the 1/2nd 5/2" states and
calculation that includes couplings to the 1/25/2°, and 7/2 these are thus not shown in the figure. As Fig. 1 shows, the
resonances only. inclusion of the®He cluster elastic transfer leads to a signifi-

cant improvement in the description of the elastic scattering
breakup strength that leads to a reduction of the cross sedata at angles greater than 100°, as found by Rudeh#t.
tions for scattering to the 1/2and 5/2 resonances. [8].

As ground state reorientation has been shown to be im- One point of difference between the results of the calcu-
portant in coupled-channels calculations using the rotationdhtions presented here and those of Ruddtilal. [8] using
model of °Be[1], we investigated the effect of this coupling conventional rotational model form factors for tABe reso-
in our CF model description. Figure 2 compares the resultgant states is that our calculations produce angular distribu-
of one channel calculations that incluttashed curveand tions that are considerably less oscillatory. This is particu-
do not include(dotted curvée the ground state reorientation larly noticeable for the 5/2 state. It would be of interest to
coupling. It can be seen that the effect of the reorientatiorobtain more detailed angular distributions in order to deter-
coupling is to damp out the oscillations present in the calcumine which is the more realistic calculation, as the current
lated elastic scattering angular distribution, as found previdata are not sufficiently detailed to decide on this point.
ously. The overall effect of this coupling is, however, con- To summarize, we have performed for the first time
siderably smaller than that produced by coupling to theCDCC calculations for’Be scattering, using a two-body
SHe+ a continuum. SHe+ a CF model of°Be. Our calculations are able to pro-

It will be noted from Fig. 1 that for angles greater thanvide a good description of the elastic scattering and 5/2
about 100° our calculated elastic scattering angular distriburesonant breakup data. As expected from three-body struc-
tion continues to reduce in magnitude, whereas the measuredre calculationg18,19, which suggest that this state is al-
one shows a slight rise towards larger angles. Rudehid.  most exclusively ofBe+ n cluster form, ourHe+ a model
[8] found that elastic transfer of #He cluster made a sig- does not provide a good description of the "1/&sonant

d—a
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breakup data. Our results suggest that any contribution to thecattering. One channel calculations showed that while the
1/2" state from the’He+ o clustering mode is small, as the effect of the ground state reorientation We on the elastic
full calculation produces an angular distribution approxi-scattering is significant, it is rather smaller than that of cou-
mately an order of magnitude smaller than the measured ongpling to the >He+ « continuum.
At present there are no scattering data available for the 7/2
resonant state. It would be of great interest to obtain such The authors would like to thank Professor A. T. Rudchik
data in order to test the accuracy of our model description ofor providing the °Be+ '2C data in tabular form and Profes-
this state. sor I. J. Thompson for helpful discussions concerning the
Our calculations show that coupling to tRéle+ « con-  °Be cluster-folding model. The work was supported by the
tinuum has an important effect on both the elastic scatterin@.S. National Science Foundation, the State of Florida, The
and resonant breakup cross sections. This is the first time th&tate Committee for Scientific Resear@BN) of Poland,
such couplings have been included in a calculatio’®&  and NATO.
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