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Breakup and transfer processes in the9Be¿208Pb reaction

R. J. Woolliscroft and N. M. Clarke
School of Physics and Astronomy, University of Birmingham, Birmingham B15 2TT, United Kingdom

B. R. Fulton and R. L. Cowin
Department of Physics, University of York, York Y010 5DD, United Kingdom

M. Dasgupta, D. J. Hinde, C. R. Morton, and A. C. Berriman
Department of Nuclear Physics, Research School of Physical Sciences and Engineering, Australian National University, Canb

ACT 0200, Australia
~Received 1 August 2002; revised manuscript received 4 April 2003; published 29 July 2003!

a-Particle singles and doubles yields for the reaction of9Be1208Pb 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.

DOI: 10.1103/PhysRevC.68.014611 PACS number~s!: 25.70.Mn, 25.70.Hi
m
be
ei
c

ro

nu

o
in
t
s
n
t

ct

ic

ic
c

he
rg

o

s
fe
s.

s

r of

up

s a
d-

ei-
kup,

mb
low
la-
me
the

d

e
to

ion
be

re-
en

e
to

-
ide

to
ses
I. INTRODUCTION

With the increasing use of radioactive nuclei as bea
the role of projectile breakup in nuclear reactions has
come of interest. For weakly bound projectile nucl
breakup can become a dominant reaction mode and
greatly influence the flux going into the other reaction p
cesses. These effects have to be understood before we
reliably extract spectroscopic or structure information on
clei produced in these exotic beam studies.

There have been a number of studies of the effect
breakup on the elastic scattering channel, in particular us
6Li, 7Li, and 9Be projectiles@1–7#. These are the mos
weakly bound of the stable nuclei and have breakup thre
olds similar to radioactive nuclei. These investigatio
showed that the real part of the optical potential required
fit the elastic scattering appears to be weaker than expe
from systems where breakup does not occur.

More recently, there have been a number of studies wh
explore how breakup modifies the fusion yield@6–11#. The
situation here is much less clear, with competing theoret
approaches predicting that fusion is hindered or enhan
@12,13#. Precision measurements for the9Be1208Pb system
showed that at energies above the fusion barrier region, t
is a substantial suppression of complete fusion and la
yields of incomplete fusion@8#, which was attributed to
breakup of the 9Be projectile. For the 9Be projectile,
breakup can proceed through the8Be1n channel (Ethresh
51.665 MeV) or the 5He1a channel (Ethresh
52.467 MeV), but in both cases it results in the emission
two a particles and a neutron since both8Be and 5He are
unbound. The process of incomplete~partial! fusion involves
the subsequent capture of one of thea particles, leading to
the products of the element Po, as observed@8#.

One experimental difficulty encountered in such studie
that transfer reactions which lead to unbound states can
the same exit channels that result from breakup reaction
a study of the9Be1209Bi system, Signoriniet al. @14# com-
pare the experimental summed transfer and breakup yield
0556-2813/2003/68~1!/014611~4!/$20.00 68 0146
s,
-

,
an
-
can
-

f
g

h-
s
o
ed

h

al
ed

re
e

f

is
ed
In

to

coupled channels predictions and find them to be a facto
2–3 larger.

In the context of this paper, where we investigate break
and transfer processes in the9Be1208Pb reaction, ‘‘breakup’’
is defined as the excitation of the9Be projectile to energies
above the threshold for one or more decay channels, a
result of which the projectile disassociates, ultimately lea
ing to the production ofa particles. This excitation may be
mediated by Coulomb and/or nuclear forces populating
ther resonant states which then undergo sequential brea
or continuum states which undergo nonresonant~direct!
breakup. Since breakup can be initiated by the Coulo
force, then it can be expected to extend to energies far be
the classical reaction barrier. In this work we show calcu
tions that predict that it probably extends down to extre
sub-barrier energies and can have a major impact on
other reaction processes.

II. EXPERIMENT AND RESULTS

Breakup yields for the9Be1208Pb system, which largely
result from the8Be ~g.s.!1n channel, have been extracte
from data taken in a previous measurement@15#. The experi-
mental setup is described in Ref.@15# and will only be briefly
outlined here. Beams of9Be from the 14UD Tandem Van d
Graaff at the Australian National University were used
bombard targets of 180mg cm22 208PbCl2 on 15mg cm22

natural carbon foils. An array of telescopes using posit
sensitive silicon detectors enabled reaction products to
identified, and their energy and scattering angle to be
corded~to improve the angular resolution, masks with t
slots were placed in front of the telescopes!. Each detector
subtended66.3° by61.4° with respect to the center of th
detector. Normalization of the yields was achieved relative
monitor detectors placed at615°, which recorded Ruther
ford scattering. Data were obtained over a sufficiently w
angular range (25° –172°) to allow angle integrated yields
be determined. Two contributions from breakup proces
can be identified in the data, in events where a singlea
©2003 The American Physical Society11-1
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particle is detected and in events where twoa particles are
detected in coincidence in a single detector.

The a-singles spectrum, shown in Fig. 1~a!, shows an
exponential falloff consistent with an evaporation yie
probably resulting from reactions with light elements in t
target, in addition to a broad peak at an energy which co
sponds to the beam velocity. Theas in the peak can com
prise two components, breakup of9Be and neutron transfe
leading to the8Be g.s. which breaks up into twoa particles.
Kinematic considerations lead us to expect that thea par-
ticles produced from these processes would have ene
near the beam velocity, and this includes the situation wh
breakup is followed by incomplete~partial! fusion, leaving a
singlea particle. The breakup may proceed sequentially
the excited~resonant! states of9Be or may be a direct three
body process. In addition, someas are removed from this
spectrum by breakup followed by partial fusion of one of t
a particles.

The number ofa-singles events was determined by su
tracting off an exponentially falling background, resultin
from reactions on light components of the target. It was i
portant that this yield should be less than that obtained fr
208Pb to allow a reliable extraction, and this was the case
angles backward of 70° –90°. The yield ofa-singles events
was determined for each slit formed by the masks.

Double-a events arising from the decay of8Be can be
identified in theDE2E spectrum from the detector tele
scopes where they appear as7Li events ~two a particles
hitting the detector simultaneously produce a combined
ergy loss signal similar to that which a7Li nucleus would
produce!. For the double-a hits, due to the low statistics, th
data across the whole of the detector were taken, and
solid angle ratio adjusted accordingly. For these data
scattering angle was taken as the center of the detector.
energy spectrum for these events is shown in Fig. 1~b! and
reveals three features; two peaks at high energy and a b
continuum at lower energies. Following Stahelet al. @16#,
the two peaks are attributed to neutron transfer to the208Pb
target, leaving9Be in the g.s. but populating two multiplet
of single-particle states in209Pb, while the broad continuum
at a lower energy is attributed to breakup arising from inel
tic scattering and decay to the8Be ground state.
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FIG. 1. Example energy distributions for~a! single-a events and
~b! double-a events. The large peak in the singles data is centere
the beam velocity.
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No background subtraction was necessary for the dou
a hits, but these had to be adjusted for the efficiency
observing both thea particles at the same time. This wa
determined using a Monte Carlo simulation of the detect
parameters, assuming an isotropic breakup for8Be. Separate
simulations were made for each beam energy. While i
possible to extract transfer cross sections from these dat
correcting for the double hit efficiency of the detecto
breakup cross sections could not be directly extracted as
breakupvia inelastic scattering~Coulomb and/or nuclear! can
proceed via two possible channels,9Be* →a15He (→ a
1n) or 9Be* → n18Be (→ a 1 a). Each route results in
a different relative energy between the twoa particles after
breakup, resulting in a different geometrical efficiency f
detection in a telescope. While in principle all these can
cur, the spectrum will probably be dominated by thea de-
cays from the8Be ground state, as the efficiency of detecti
the products from thea15He channel, or from decay o
excited states of8Be, is very small. However, since the rela
tive amounts of breakup into the various channels is
known, these events cannot be used to calculate the bre
cross section directly@17#.

As explained above, those quantities that can be de
mined unambiguously are the cross section for the beam
locity a-singles particles and the transfer cross section le
ing to the 8Be ground state. For both of these yields, t
differential cross sections were angle integrated to extract
total cross sections. Figure 2 shows the excitation funct
for the a-singles cross section~solid squares! and the trans-
fer cross section~triangles!, compared to the previously mea
sured incomplete fusion data~open squares! @8#. The
a-singles yields substantially exceed the incomplete fus
cross sections both above the barrier~measured to be a
38.360.6 MeV @8#! and, increasingly, below the barrie
These observations are strong evidence that breakup o
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FIG. 2. Excitation functions for thea-singles cross section
~filled squares!, transfer cross section~triangles!, and previously
measured partial fusion cross sections from Ref.@8# ~open squares!.
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TABLE I. Parameters used in the DWBA calculations.

VR RR aR WI RI aI RC

~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm!

180.25 9.114 0.6454 8.42 11.571 0.3646 9.046

Ex (9Be) Jp b DL Ex (209Pb) Jp C2S DL
~MeV! (\) ~MeV! (\)

1.685 1
2

1 0.114 1 1.567 5
2

1 0.98 1,3
2.429 5

2
1 0.217 2 2.032 1

2
1 0.98 1

2.800 1
2

2 0.114 2 2.491 7
2

1 1.05 3,5
2.537 3

2
1 1.07 1,3
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projectile, by one mechanism or another, is playing a ma
role in all reaction processes.

III. DISCUSSION

We can use the measured cross sections in Fig. 2 to
duce the breakup cross sectionsbreakupin this reaction. The
premise is that if we interpret the observed beam velo
a-singles cross sectionsa singlesto comprisea particles from
~1! breakup of the9Be into twoa particles and a neutron—
this could either be sequentially through excited states
9Be or directly by three-body decay,~2! neutron transfer
onto 208Pb followed by breakup of the8Be ejectile into two
a particles, and~3! breakup of9Be followed by incomplete
fusion of one of thea particles, then we can expect th
following relationship:

sa singles's incomplete fusion12~s transfer1sbreakup!, ~1!

where the factor of 2 reflects the fact that these proce
result in twoa particles in the exit channel. Since all qua
tities exceptsbreakup are known at each beam energy, t
excitation function forsbreakupcan be determined. To test th
relationship, we have used distorted wave Born approxim
tion ~DWBA! calculations to model the reaction process. T
calculations were carried out using theCHUCK code and in-
cluded neutron transfer to the strong single-particle state
209Pb as well as inelastic excitation of9Be to the first three
excited states. This projectile excitation was assumed
model the sequential breakup yield proceeding through th
unbound states in9Be ~but would not reflect any direct three
body breakup if this occurs!. Woods-Saxon potentials ex
tracted from fits to the elastic data measured in this exp
ment were used@13#. Spectroscopic factors (C2S) for the
209Pb states were obtained from a similar study by Sta
et al. @16#. As no experimental spectroscopic factors for t
9Be states were available, these were taken as 1.0. The
tron transfer was calculated within the zero angle finite ra
approximation~ZAFRA! framework @18#. The deformation
parametersb used for the inelastic excitations were fro
(a,a) scattering data@19# for the (1/21) and (5/21) states,
and from (p,p) scattering data for the (5/22) state @20#.
There is no experimental evidence to determine the (1/22)
state deformation, so an average of the others was use
01461
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this calculation. Both Coulomb and nuclear excitations w
included. Table I contains a summary of the parameters u
in the calculations.

Figure 3 shows the measured transfer cross section~tri-
angles! and the deduced breakup cross sectionsbreakup,
~squares! compared to the DWBA predictions. Given th
there are no free parameters in these calculations, the ag
ment is excellent, giving confidence both in our interpre
tion of the different yields and in the accuracy of the DWB
model. The calculations do not include the direct three-bo
breakup of9Be. Their agreement with the deduced break
cross sections is in agreement with the findings of Ref.@21#,
where the beam velocitya-particle yield at sub-barrier ener
gies was found to be largely due to9Be ground state decay

By extending the DWBA calculations to lower energie
we can explore how far below the barrier the breakup p
cess extends. The dashed and dot-dashed line in Fig. 4 s
the predicted breakup and transfer yields, and the solid
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FIG. 3. The breakup~squares! and neutron transfer excitatio
functions~triangles!. The breakup cross sections are derived us
Eq. ~1!, details in the text. The lines are the corresponding cr
sections calculated by the DWBA approach described in the t
For clarity, the breakup cross section has been multiplied by a fa
of 10.
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the result of summing these cross sections with the meas
incomplete fusion cross sections as in Eq.~1!. These model
calculations suggest that not only does breakup occur at
treme sub-barrier energies, but there is also a large neu
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FIG. 4. Excitation functions from the DWBA calculations d
scribed in the text,~neutron transfer~dot-dashed line!, and sequen-
tial breakup~dashed line!, as well as thea-singles yield predicted
by summing these cross sections and the incomplete fusion c
section of Ref.@8# according to Eq.~1! ~solid line!. Also shown are
the transfer~triangles! anda-singles~filled squares! data from this
measurement and the incomplete fusion data from Ref.@8# ~open
squares!.
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transfer yield. This presumably arises because of the la
spatial extension of the neutron wave function resulting fr
the low binding energy.

IV. SUMMARY

In summary, we have shown that with a weakly bou
projectile (9Be), not only is breakup a dominant feature
the reaction, but it extends down to extreme sub-barrier
ergies. We have also seen that the neutron transfer yield
mains large below the barrier, attributed to the weakly bou
neutron. Hence, to obtain reliable spectroscopic informat
from studies with weakly bound projectiles, all these react
processes will need to be modeled in a full coupled reac
channel~CRC! formalism. However, our success at achie
ing good agreement between the total integrated yields fe
ing the different reaction processes using a simple DW
calculation gives hope that more rigorous CRC calculatio
can successfully reproduce differential cross sections to
cific states—a necessary precursor to spectroscopic w
What is now needed for such tests is a full set of exclus
data for all reaction channels, in a system where microsco
wave functions are available from which the necessary tr
sition potentials can be calculated. A recent cluster mo
calculation@22# may provide this for the9Be projectile. De-
tailed comparison of these predictions~that breakup and
transfer processes extend to extreme sub-barrier ener!
with experimental measurements will further extend our u
derstanding of breakup processes involving9Be.
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