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Does break-up affect °Be + 2°?Bi fusion at the barrier?
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Abstract. The °Be + 2°9Bi fusion cross sections were measured in the 36.0 MeV < Ep., < 50.0 MeV range,
down to 0.6 mb, with high accuracy via in-beam detection of the ground state a-decay of the evaporation
residues produced. The elastic scattering cross sections around 150° and 135° were also obtained with
moderate angular resolution. The cross sections below the barrier are reproduced by coupled channel
calculations which include only one break-up channel with a moderate strength and a phenomenological
renormalization of the potential depth. These simple calculations overestimate the cross sections above
the barrier most likely due to the fact that the “Be break-up process becomes much stronger. The barrier
distributions extracted do not have evident break-up signature since they show one-barrier structure.

PACS. 25.70.Jj Fusion and fusion fission reactions

The influence of the break-up process (BU) on the fu-
sion of two atomic nuclei at energies around the Coulomb
barrier is being extensively investigated. The interest in
this topic is primarily triggered by experiments now in
progress and under consideration with radioactive beams
of halo, loosely bound nuclei like ' Be, ' Li (S,,=0.50 MeV
and So,=0.29 MeV respectively). Such nuclei have binding
energies much smaller than stable ones and consequently
they are expected to break more easily in the fields of
forces originating from the interaction with another nu-
cleus. Indeed large BU cross sections, around 1 b, were
measured [1-3] at energies well above the Coulomb bar-
rier with !'Be, ''Li and similar unstable nuclear beams.
This has been reproduced by theoretical calculations [4,5]
and is also expected at lower energies. A process with such
a large cross section can influence the fusion around the
Coulomb barrier; for this reason extensive theoretical cal-
culations were done particularly in the subbarrier region
for the system 11 Li4+2%®Pb which presently constitutes one
of the best combinations between halo beam and well sta-
ble nucleus. These calculations led to opposite predictions:
enhancement [6] or hindrance [7,8] of the subbarrier fusion
cross section.

In the region below the barrier the systems involving
radioactive beams investigated up to now are: '"9Be +

209Bj [9]; 179F 4 208Ph (17F has S, = 0.60 MeV, no
halo) [10] and *19Be + 238U [11], this last one has very
low statistics. These experimental results do not give clear
evidences of BU effects.

In the region immediately above the Coulomb barrier
there are some evidences of BU effects in the fusion cross
sections. The results [12] of the system 'Be + 2%9Bi, com-
pared with 199Be + 2%9Bi, suggest that up to 25% of 11 Be
nuclei do not fuse as ''Be but as '“Be after undergoing
nuclear BU. In addition, the results [13] from the systems
67Li + 9Be, 2C (Li has S, = 1.47 MeV and Be S,
= 1.67 MeV) indicate a fusion cross section reduction of
around 30% to 45%, assigned to the BU process, but some
of these data were not confirmed in a later experiment [14].

All these experiments stimulated further investigations
about possible effects of the BU process in the fusion one.
Consequently it was decided to measure fusion cross sec-
tions with high accuracy also to derive the barrier distri-
bution which constitutes a very sensitive test of how the
fusion proceeds. The optimum projectiles like 'Be, ''Li,
8B had to be excluded because the present facilities are
able to deliver beams with intensities around 10%5 p/sec,
too weak for precision experiments. As a compromise the
9Be + 299Bi system, being well known to our experimen-
tal group [9,12], was choosen. The ?Be nucleus has one
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of the lowest binding energies among the stable ones but
still higher than an unstable one as 'Be. Consequently
break-up phenomena should definitely be smaller, maybe
of one magnitude order, but the beam intensities 1074
to 1075 times stronger allow high accuracy experiments
which could give evidences for smaller effects, if existing.

The ?Be BU processes are in principle multiple since
after a first step leading to 8Be + n a second one,
8Be — 2a, will automatically occur, the ®Be g.s. being un-
bound with T,/ = 0.07 fs; a third process where 9Be im-
mediately breaks into n + a 4+ « can also be hypotesized.
Therefore we can have ®Be fusion and « fusion/transfer
reactions also followed by (mainly) neutron evaporation.
In addition it should be considered that, in absence of
any influence from external fields, the ®Be dissociation
occurs in a time much longer than the reaction one. For
these considerations the present work was focused upon
the complete fusion of ®?Be and not of o particles since
this second process should not be assigned to a pure fusion
mechanism.

In the present work, which is a continuation of a pre-
vious one [12], the subbarrier fusion cross sections were
measured in the low energy side down to one magnitude
order smaller values and extended at higher energies up
to 50 MeV. The elastic scattering cross sections, with low
angular resolution, were also measured at two backward
angles. From these data the barrier distributions were ex-
tracted. Partial results have already been reported [15].

The experiment was done with the °Be beam deliv-
ered by the Munich Universities Tandem Van de Graaff
accelerator. The energies covered were 36.0 MeV < Ej.p,
< 38.5 MeV in 0.5 MeV steps, 40.0, 41.0, 45.5 MeV, and
46.0 MeV < Epup < 50.0 MeV in 1.0 MeV steps. The cross
sections were deduced by the in-beam observation of the
a-particles emitted in the ground state decay of the evap-
oration residues. The same experimental setup and tech-
nique previously [9] utilized were adopted; therefore in the
following only details specific to the present experiment
will be given.

Four 100 pm thick Si detectors with 415 mm? effective
surface were utilized in the following geometry: 4+ 135°,
+ 150° at 7.0 cm from the target and -160° at 10 cm from
the target. The angles covered were + 9° (7°) at 7 (10)
cm. Two monitor detectors were located at 4+ 20.0° cover-
ing a solid angle of 0.200 msr. Two types of targets were
utilized: ~ 190 pgem=2 Bi backed by 150 (450) pgem ™2
carbon (gold). Backings were necessary to stop the evap-
oration residues recoils at the target site and to achieve
the same geometry for the a particles detection. The gold
backing brings some normalization problems but had to be
adopted in order to reduce as much as possible, when nec-
essary, detectors background produced most likely from
[O-rays and light charged particles originating from the fu-
sion of Be with the backing nuclei. The four lowest energy
cross-sections from 36.0 MeV to 37.5 MeV could be mea-
sured only with the gold backing target. All the ADC’s
had 8k conversion dynamics so that the energy range was
up to 100 MeV to allow also the observation of the “Be
elastic peaks.
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Fig. 1. a-spectra recorded with the 160° detector at the low-
est and highest energy and at 37.5 MeV, the lowest energy
of [9]

The « particles detected correspond to the decay of
216Fy, 215Fy, 2MFr and 2'“Rn populated by 2n, 3n, 4n
and p3n evaporation after the fusion of °Be and likely
8Be produced by the “Be break-up. Also the fusion of «
and/or SHe particles which might originate too from the
9Be break-up and/or transfer processes could take place.
The signatures of these processes would be the observation
of 211,212,213 At decays. The 2''At nucleus was observed
(see also [9]) but it equally originates from the 2!5Fr (3n
evaporation) a-decay. 2'2At, E, = 7.837 MeV, was ob-
served at high energies while there is no evidence for 2'3At,
E. = 9.080 MeV. No further attempt was made to quan-
titatively evaluate these channels since this research was
focused on the complete fusion of 3°Be. Typical examples
of the «a spectra are shown in Fig. 1.

The absolute cross section normalization was deduced
from Bi Rutherford scattering. With the Au backing the
Bi peak could not be resolved from Au in the 20° monitor
spectra. Therefore the 20° normalization counts N5, at
the 4 lowest energies were deduced from the Au (Nigo)
and Bi (NP ) 160° scattering data and the unresolved
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Table 1. Values of barrier parameters

system Vs R hws Ver Rer

(MeV) (fm) (MeV)  (MeV) (fm)
160 4 208py 740 11.95  4.77 59 8.44
9Be + 299Bj 384  11.75  4.73 10 8.01
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Fig. 2. Experimental fusion cross sections and theoretical pre-
dictions with no BU and with one BU channel (continuous
line). The separate contributions from °Be and *Be fusion lead-
ing to 2®Fr and ?'"Fr compound nuclei respectively are also
shown

Au+Bi

ones N5jo"~' with the equation

Bi Au+Bi
N20° _ NZO"

Bi  NAu Bi
Nigoe  Nigoe + Nigoe

valid if the elastic scattering at 160° behaves in the same
way for Au and Bi. This can be assumed for these low ener-
gies since the absorption is very small being Ogra, > 166.5°
for Eja, < 38.5 MeV. This ratio rises slowly and smoothly
with energy due to increasing absorption and was veri-
fied, as an additional normalization check, at 38.5, 40.0,
41.0 MeV (Au backing) with the cross sections previously
measured [9] and at 38.0 MeV (Au and C backing data).

The complete ?Be plus likely ®Be fusion cross sections
were calculated adding the 2n+p3n, 3n and 4n channels
previously mentioned and the fission taken from [12]. The
results are in agreement with [9] and consequently show
the same discrepancy with [12]. For this reason the final
ots reported in Fig. 2 were calculated as the weighted
average of the data from the present experiment and from
[9]. The overall accuracy of the cross sections is < 5%
down to E., = 36.3 MeV and < 11% for the other points
except the lowest at B¢, = 34.4 MeV (20%).

In order to understand these results in the frame of
current theories the data were compared with the predic-
tions of the Dasso and Vitturi approach [6] (similar to the
well known CCFUS), which explicitly takes into account
the break-up process. In the calculations just one break-up
channel, “Be — ®Be + n, was considered according to the
experimental data.

To evaluate the various barrier parameters we choose
a potential with the radial dependence of the Christensen
and Winther one [16]. The well depth parameter Sy was
adjusted to reproduce the experimental fusion excitation
function of 0 + 298Pb [17] system without any addi-
tional coupling. In this system both nuclei are double

magic and the break-up phenomena are expected to be
negligible. This is a crude approximation since a much
more complex approach was developed [18] to reproduce
the 160 + 298P fusion but it can be assumed that the first
order cross section renormalization due to 2°8Pb and 2%°Bi
core vibration are taken into account in this way. The well
depth parameter Sy was adjusted to 85 MeVfm~!, consid-
erably lower than the standard one, 50 MeVfm™!, previ-
ously adopted [9]. The parameters used in the calculations
are listed in the Table 1.

The BU coupling strength parameter Fy was adjusted
to 0.5 MeV in order to reproduce the subbarrier cross sec-
tions for the system ?Be + 299Bi. The results are shown
in Fig. 2 which shows also the predictions for no BU, Fy
= 0 MeV, and for the formation of 2'®Fr and 2!7Fr re-
sulting from ?Be complete fusion and ®Be BU fusion. We
have also checked the predictions of the CCFUS code with
the same potential parameters and got the same results
as for Fy = 0. Below the barrier the data are well repro-
duced with this small BU strength which anyhow produces
cross sections higher than in the no BU case. Above the
barrier the theory overpredicts the experimental obser-
vations while is well reproducing the 60O 4 2%%Pb data
as shown in Fig. 3 upper panel. This is more clearly ev-
idenced by an alternative approach utilized to interpret
the "hindered” fusion cross section above the barrier of
the loosely bound light systems %7Li 4+ ?Be, 7Li + 12C
[13] on which discrepant higher, i.e. ”no hindered”, cross
sections have been recently published [14]. This approach
utilises the Glas and Mosel model [19]; it is based essen-
tially on the same theoretical grounds as [6] so should not
be considered as a totally independent theory. Within this
model we have compared, in the region above the barrier,
the Be + 2%9Bi data with the 10 + 20%Pb ones [17]
where BU effects are to be excluded. Figure 3 shows the
fusion cross sections for both systems as function of 1/Ecp,.
The solid curves are the results of Dasso and Vitturi the-
ory, already partly shown in Fig. 2. The dashed curves
are the predictions of the Glas and Mosel model with the
barrier parameters listed in Table 1. The critical radius
Rer was taken from Galin’s work [20] and the potential
at the critical distance V., whose value is not critical for
the calculations in this energy range, was estimated from
a Woods-Saxon one. Both approaches reproduce the 160
+ 208Pb system well but overestimate the “Be + 29Bi ex-
perimental cross sections. There is no question that this
is due to ?Be BU which most likely above the barrier be-
comes much stronger with ~ 25% reduction of fusion cross
section; consequently the Dasso and Vitturi approach with
only one BU channel with constant strength fails.
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Fig. 3. Experimental and theoretical fusion cross sections
above the Coulomb barrier. The two theories give very sim-
ilar results particularely in the °Be case and reproduce well
the °0 + 2°Pb data.

From the data we have also extracted the barrier dis-
tribution in order to see a possible signature of BU ef-
fects originating from the coupling to BU channel/s. For
the experimental and theoretical fusion excitation func-

tions the formula adopted [21] was D(E) = ﬂ%{Z %.
The second derivative was calculated using a simple point
difference formula. The results are given in Fig. 4 upper
panel.

Also the Rutherford
measured and from these the barrier distributions
were extracted according to the formula : DY(E) =
—%(ggi (E))z [22], valid for measurements at very back-
ward angles, ideally 180°. The distributions at 150° and
135° were obtained from the data recorded in this and in
the previous [9] experiment. The first derivative was cal-
culated with a point difference formula averaging over 3
consecutive points. Since the detectors were covering large
angles (geometry imposed by the optimization of the fu-
sion data) the utilization of the formula above needs some
support. This is given by the positive results of a recent ex-
periment [23] which utilized detectors located from 156°
to 164°; moreover even at 135° clear absorption effects
were observed as confirmed by a run on elastic scattering
angular distribution.

The results are shown in Fig. 4 lower panel where the
predictions of optical model calculations for the same an-

elastic cross sections were
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Fig. 4. Experimental and theoretical (continuous lines) barrier
distributions (in MeV™') from fusion data, top pannel, and
from elastic scattering data, bottom pannel

gular acceptance are also presented. These calculations
were done with the code PTOLEMY utilizing a Woods-
Saxon potential with parameters deduced from an elastic
scattering measurement. All distributions are automati-
cally normalized to 1 therefore the same y-scale was uti-
lized in Fig. 4 for a better comparison.

All barrier distributions of Fig. 4 present basically one
peak structure narrower for the fusion data than for the
elastic scattering ones. There is no evident signature of
BU effects in these data; it is essentially only one barrier
which regulates the fusion process.

The fact that from the elastic scattering data a broader
barrier distribution is deduced from both detectors could
be very tentatively interpreted as due to the a-BU chan-
nels which can influence only the scattering data and not
the fusion ones, sensitive only to n-BU channel. This ef-
fect could be identified in the small sidebumps of the the-
oretical curves, where experimentally deduced potential
parameters were used, but are too small to be evidenced
with the present experimental setup; a more focused ex-
periment is necessary for this purpose.

By the completion of this paper the results of a similar
work on ?Be + 298Pb [24] were kindly communicated to us.
In this work in addition to “Be fusion also a significant in-
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complete fusion component, assigned to o BU, is reported.
Their coupled channel calculations can reproduce the fu-
sion 4 incomplete fusion data above the barrier but not
below while the complete fusion only is reproduced scaling
the previous calculations by a factor of 0.68. This implies
a reduction in fusion strength of around ~ 30% similar
to our value. The barrier distribution deduced from the
fusion data is very similar to our. Essentially both works
point out to very similar conclusions.

In summary from the “Be + 209Bi fusion cross sections,
compared to the 0O + 298Pb ones, there is no strong
influence of BU effects below the barrier and the data
are well reproduced including only one BU channel with
moderate strength. Above the barrier the ?Be data suggest
a consistent BU effect as opposed to 10 + 20%Pb ones. All
the barrier distributions show the presence of essentially
one barrier more or less broad; this is interpreted as a lack
of additional signature of BU effects.

We thank the staff of the Munich Tandem, especially W. Carli,
for their professional operation of the accelerator and to H.J.
Maier from the Technological Laboratory of the University of
Munich and his staff for the target preparation.
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