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Breakup and transfer processes in the’Be+2%%Pb reaction
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a-Particle singles and doubles yields for the reactiodRé+ 2°Pb have been measured from below to well
above the fusion barrier energy. These yields have been reproduced by calculations including both neutron
transfer and inelastic excitation. The calculations predict breakup cross sections to persist to very low energies,
where the latter process dominates.
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[. INTRODUCTION coupled channels predictions and find them to be a factor of
2-3 larger.

With the increasing use of radioactive nuclei as beams, In the context of this paper, where we investigate breakup
the role of projectile breakup in nuclear reactions has beand transfer processes in thBe+2%%Pb reaction, “breakup”
come of interest. For weakly bound projectile nuclei,is defined as the excitation of thBe projectile to energies
breakup can become a dominant reaction mode and cabove the threshold for one or more decay channels, as a
greatly influence the flux going into the other reaction pro-result of which the projectile disassociates, ultimately lead-
cesses. These effects have to be understood before we ciag to the production otr particles. This excitation may be
reliably extract spectroscopic or structure information on nusmediated by Coulomb and/or nuclear forces populating ei-
clei produced in these exotic beam studies. ther resonant states which then undergo sequential breakup,

There have been a number of studies of the effect obr continuum states which undergo nonresonéditect
breakup on the elastic scattering channel, in particular usingreakup. Since breakup can be initiated by the Coulomb
®Li, Li, and °Be projectiles[1-7]. These are the most force, then it can be expected to extend to energies far below
weakly bound of the stable nuclei and have breakup thresthe classical reaction barrier. In this work we show calcula-
olds similar to radioactive nuclei. These investigationstions that predict that it probably extends down to extreme
showed that the real part of the optical potential required tub-barrier energies and can have a major impact on the
fit the elastic scattering appears to be weaker than expectedher reaction processes.
from systems where breakup does not occur.

More recently, there ha\{g been a nu_mbe_r of studies which Il EXPERIMENT AND RESULTS
explore how breakup modifies the fusion yi¢@l-11]. The
situation here is much less clear, with competing theoretical Breakup yields for theBe+2%%b system, which largely
approaches predicting that fusion is hindered or enhancegbsult from the®Be (g.s)+n channel, have been extracted
[12,13. Precision measurements for tABe+2%Pb system from data taken in a previous measuren{df. The experi-
showed that at energies above the fusion barrier region, theraental setup is described in REE5] and will only be briefly
is a substantial suppression of complete fusion and largeutlined here. Beams ofBe from the 14UD Tandem Van de
yields of incomplete fusior[8], which was attributed to Graaff at the Australian National University were used to
breakup of the °Be projectile. For the®Be projectile, bombard targets of 18agcm 2 2°®bCl, on 15ugcm ?
breakup can proceed through ti8e+n channel Egesn  Natural carbon foils. An array of telescopes using position
=1.665MeV) or the °He+a channel Euesn Sensitive silicon detectors enabled reaction products to be
=2.467 MeV), but in both cases it results in the emission ofidentified, and their energy and scattering angle to be re-
two a particles and a neutron since botBe and°He are  corded(to improve the angular resolution, masks with ten
unbound. The process of incomplépartia) fusion involves  slots were placed in front of the telescopeSach detector
the subsequent capture of one of éagoarticles, leading to subtendedt6.3° by +1.4° with respect to the center of the
the products of the element Po, as obsef&id detector. Normalization of the yields was achieved relative to

One experimental difficulty encountered in such studies isnonitor detectors placed at 15°, which recorded Ruther-
that transfer reactions which lead to unbound states can feddrd scattering. Data were obtained over a sufficiently wide
the same exit channels that result from breakup reactions. langular range (25°-172°) to allow angle integrated yields to
a study of the’Be+2%%Bi system, Signorinet al.[14] com-  be determined. Two contributions from breakup processes
pare the experimental summed transfer and breakup yields ttan be identified in the data, in events where a single

0556-2813/2003/68)/0146114)/$20.00 68 014611-1 ©2003 The American Physical Society



R. J. WOOLLISCROFTet al. PHYSICAL REVIEW C 68, 014611 (2003

1000
@ 10°¢ .
2 N
§ 500 - , - = g "
o [ .0 o =}
s ! 5300 °
150 — o
£ 10°T o
(b) E ¥ w¥® y L ¥ *
) 100 c v
5 S ¥o-
> p=1
8 sof S ) -
o = O singles
n =}
0 17,) 11
Energy (channels) 8 10 v transfer
FIG. 1. Example energy distributions f(a) single« events and 5 o partial fusion
(b) double« events. The large peak in the singles data is centered at
the beam velocity. 10° % . .
. . . . 30 40 50 60
particle is detected and in events where twarticles are Energy . (MeV)

detected in coincidence in a single detector.
The a-singles spectrum, shown in Fig(al, shows an

exponential falloff consistent with an evaporation yleld’(fiIIed squarey transfer cross sectioftriangles, and previously

probably resulting from reactions with light elements in the . . :
target, in addition to a broad peak at an energy which correr-masu'reoI partial fusion cross sections from fR&(open squares

sponds to the beam velocity. Thes in the peak can com-

prise two components, breakup 8Be and neutron transfer No background subtraction was necessary for the double-
leading to the®Be g.s. which breaks up into twe particles.  a hits, but these had to be adjusted for the efficiency of
Kinematic considerations lead us to expect that shpar-  observing both ther particles at the same time. This was
ticles produced from these processes would have energigetermined using a Monte Carlo simulation of the detection
near the beam velocity, and this includes the situation wherparameters, assuming an isotropic breakup’®e. Separate
breakup is followed by incompletgartia) fusion, leaving a simulations were made for each beam energy. While it is
single a particle. The breakup may proceed sequentially viapossible to extract transfer cross sections from these data by
the excitedresonantstates of°Be or may be a direct three- correcting for the double hit efficiency of the detectors,
body process. In addition, somes are removed from this breakup cross sections could not be directly extracted as the
spectrum by breakup followed by partial fusion of one of thebreakupvia inelastic scatterif@oulomb and/or nucleacan

a particles. proceed via two possible channefBe* — a+°He (— «

The number ofa-singles events was determined by sub-+n) or °Be* — n+8Be (— « + «). Each route results in
tracting off an exponentially falling background, resulting a different relative energy between the twoparticles after
from reactions on light components of the target. It was im-breakup, resulting in a different geometrical efficiency for
portant that this yield should be less than that obtained fromletection in a telescope. While in principle all these can oc-
208pp to allow a reliable extraction, and this was the case fotur, the spectrum will probably be dominated by taele-
angles backward of 70°-90°. The yield @fsingles events cays from the’Be ground state, as the efficiency of detecting
was determined for each slit formed by the masks. the products from thex+°He channel, or from decay of

Doublew events arising from the decay dBe can be excited states ofBe, is very small. However, since the rela-
identified in the AE—E spectrum from the detector tele- tive amounts of breakup into the various channels is un-
scopes where they appear &si events (two o particles  known, these events cannot be used to calculate the breakup
hitting the detector simultaneously produce a combined eneross section directlj17].
ergy loss signal similar to that which &.i nucleus would As explained above, those quantities that can be deter-
produce. For the doublex hits, due to the low statistics, the mined unambiguously are the cross section for the beam ve-
data across the whole of the detector were taken, and tHecity a-singles particles and the transfer cross section lead-
solid angle ratio adjusted accordingly. For these data théng to the ®Be ground state. For both of these yields, the
scattering angle was taken as the center of the detector. Thiifferential cross sections were angle integrated to extract the
energy spectrum for these events is shown in Fi§) &and  total cross sections. Figure 2 shows the excitation function
reveals three features; two peaks at high energy and a brodalr the a-singles cross sectiofsolid squaresand the trans-
continuum at lower energies. Following Staletlal. [16],  fer cross sectioltriangles, compared to the previously mea-
the two peaks are attributed to neutron transfer tof¥8b  sured incomplete fusion datéopen squares[8]. The
target, leaving®Be in the g.s. but populating two multiplets «a-singles yields substantially exceed the incomplete fusion
of single-particle states iA°®Pb, while the broad continuum cross sections both above the barriereasured to be at
at a lower energy is attributed to breakup arising from inelas38.3+0.6 MeV [8]) and, increasingly, below the barrier.
tic scattering and decay to tHf#Be ground state. These observations are strong evidence that breakup of the

FIG. 2. Excitation functions for ther-singles cross sections
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TABLE |. Parameters used in the DWBA calculations.

Vr R ar W R a, Rc

(MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

180.25 9.114 0.6454 8.42 11.571 0.3646 9.046

E, (°Be) Jm B AL E, (?°Pb) Jm Cc?s AL

(MeV) () (MeV) ()

1.685 i+ 0.114 1 1.567 5+ 0.98 1,3

2.429 5+ 0.217 2 2.032 i+ 0.98 1

2.800 - 0.114 2 2.491 I+ 1.05 35
2.537 3+ 1.07 1,3

projectile, by one mechanism or another, is playing a majothis calculation. Both Coulomb and nuclear excitations were

role in all reaction processes. included. Table | contains a summary of the parameters used
in the calculations.
Il. DISCUSSION Figure 3 shows the measured transfer cross se¢tién

angles and the deduced breakup cross secti®feaxp
We can use the measured cross sections in Fig. 2 to d¢squares compared to the DWBA predictions. Given that
duce the breakup cross sectiofeapin this reaction. The there are no free parameters in these calculations, the agree-
premise is that if we interpret the observed beam velocityment is excellent, giving confidence both in our interpreta-
a-singles cross sectionm, singiest0 COMprisex particles from  tion of the different yields and in the accuracy of the DWBA
(1) breakup of the’Be into two « particles and a neutron— model. The calculations do not include the direct three-body
this could either be sequentially through excited states ibreakup of°Be. Their agreement with the deduced breakup
Be or directly by three-body decay?) neutron transfer cross sections is in agreement with the findings of Rzf],
onto 2%%b followed by breakup of théBe ejectile into two ~ where the beam velocity-particle yield at sub-barrier ener-
a particles, and3) breakup of°Be followed by incomplete gies was found to be largely due ¥@e ground state decay.
fusion of one of thea particles, then we can expect the By extending the DWBA calculations to lower energies,
following relationship: we can explore how far below the barrier the breakup pro-
cess extends. The dashed and dot-dashed line in Fig. 4 shows
T4 single€ Tincomplete fusio” 2( Ttransteit Obreakug: (1) the predicted breakup and transfer yields, and the solid line

where the factor of 2 reflects the fact that these processes
result in twoa particles in the exit channel. Since all quan- e
tities exceptopearyp are known at each beam energy, the .
excitation function folorp, e, pcan be determined. To test this 1071 o

relationship, we have used distorted wave Born approxima- H
tion (DWBA) calculations to model the reaction process. The o —— breakup

calculations were carried out using theiuck code and in-

cluded neutron transfer to the strong single-particle states in 10°t
20%p as well as inelastic excitation 8Be to the first three

excited states. This projectile excitation was assumed to

model the sequential breakup yield proceeding through these
unbound states ifBe (but would not reflect any direct three- 10+ v
body breakup if this occufs Woods-Saxon potentials ex-
tracted from fits to the elastic data measured in this experi-
ment were used13]. Spectroscopic factorsC?S) for the
20%p states were obtained from a similar study by Stahel : :
et al. [16]. As no experimental spectroscopic factors for the 30 40 50 60
°Be states were available, these were taken as 1.0. The neu- Energy ., (MeV)

tron transfer was calculated within the zero angle finite range

approximation(ZAFRA) framework[18]. The deformation FIG. 3. The breakugsquares and neutron transfer excitation
parameters3 used for the inelastic excitations were from fynctions triangley. The breakup cross sections are derived using
(a,a) scattering dat@l9] for the (1/2+) and (5/2+) states,  gq. (1), details in the text. The lines are the corresponding cross
and from (,p) scattering data for the (5/2) state[20].  sections calculated by the DWBA approach described in the text.
There is no experimental evidence to determine the{}/2 For clarity, the breakup cross section has been multiplied by a factor
state deformation, so an average of the others was used fof 10.

transfer

Cross—section (mb)
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FIG. 4. Excitation functions from the DWBA calculations de-
scribed in the text(neutron transfetdot-dashed ling and sequen-
tial breakup(dashed ling as well as thex-singles yield predicted

by summing these cross sections and the incomplete fusion cro

section of Ref[8] according to Eq(1) (solid line). Also shown are
the transfer(triangles and a-singles(filled squaresdata from this
measurement and the incomplete fusion data from F&f(open
squares

the result of summing these cross sections with the measured

incomplete fusion cross sections as in Ef. These model
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transfer yield. This presumably arises because of the large
spatial extension of the neutron wave function resulting from
the low binding energy.

IV. SUMMARY

In summary, we have shown that with a weakly bound
projectile ®Be), not only is breakup a dominant feature in
the reaction, but it extends down to extreme sub-barrier en-
ergies. We have also seen that the neutron transfer yield re-
mains large below the barrier, attributed to the weakly bound
neutron. Hence, to obtain reliable spectroscopic information
from studies with weakly bound projectiles, all these reaction
processes will need to be modeled in a full coupled reaction
channel(CRO) formalism. However, our success at achiev-
ing good agreement between the total integrated yields feed-
ing the different reaction processes using a simple DWBA
calculation gives hope that more rigorous CRC calculations
can successfully reproduce differential cross sections to spe-
cific states—a necessary precursor to spectroscopic work.
What is now needed for such tests is a full set of exclusive
data for all reaction channels, in a system where microscopic
wave functions are available from which the necessary tran-
sition potentials can be calculated. A recent cluster model

Talculation[22] may provide this for the’Be projectile. De-

tailed comparison of these predictiorithat breakup and
transfer processes extend to extreme sub-barrier engrgies
with experimental measurements will further extend our un-
derstanding of breakup processes involvitRg.
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