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Elastic scattering and transfer in the ®He+2°Bi system below the Coulomb barrier
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The interaction ofHe with 2°Bi has been studied over a range of energies well below the nominal
Coulomb barrier. A*He group of remarkable intensity, first observed in a previous experiment at near-barrier
energies, continues to dominate the reaction in the sub-barrier regime. A total cross section of nearly 200 mb
was measured for this group at 6 MeV below the barrier. This very large value is shown to be consistent with
the total reaction cross section deduced from a simultaneously-measured elastic scattering angular distribution.
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In a recent Lettef1], we reported the discovery of an sjred ®He beam. This contamination was reduced by placing
exceptionally strong“*He group resulting from transfer an 8 um Havar foil at the crossover point between the two
and/or breakup modes in the interaction of the exotic “Bor-splenoids. Differential energy loss then helps to eliminate
romean”[2] nucleus®He with a**Bi target. The integrated nwanted ions from the beam prior to the secondary target,
cross section of this group far exceeds the total fusion yielgyhich was a 3.2 mg/ctn Bi layer evaporated onto a

[3] in the region of the barrier. The sum of the fusion plus uglen? polyethylene backing and oriented so that its

breakup/transfer” yield saturates the total reaction CroSs, ormal was at 12° to the beam. The remaining contaminant

section predlct_ed from_ an anaIyS|s_ O.f s_lmultanec_Just. ns were identified by time-of-flighfTOF) techniques. The
measured elastic scattering angular distributions. In view o . . . .

. X . OF of the particles was obtained from the time difference
the large magnitude of théHe yield near the barrier, we etween the occurrence of the secondary reaction and the RF
have extended the measurement to energies that are well b%— _ yr :

timing pulse from a beam buncher. The time resolution of

low the nominal barrier. In the present work, we report an S
excitation function for “breakup/transfer” down to a center- P€tter than 3 néFWHM) was adequate to separatde from

of-momentum(c.m) energy of 14.3 MeV, which is approxi- all contaminants, except fotH which has the same mass-to-
mately 6 MeV below the nominal Coulomb barrier of the charge ratio and therefore the same velocity’bie. How-
®He+20Bj system. The results confirm the highly- ever, it was shown in Ref1] that the®H contaminant does
anomalous nature of this process. not produce events in the energy region of interest for this
The experimental method has been discussed in[Rpf. experiment. The initial laboratory energy of thele beam
The SHe beam was produced by thHBvinSol radioactive  was 19.4 MeV. This was reduced to lower values via energy
nuclear beantRNB) facility at the University of Notre Dame loss in various combinations of 3@m polypropylene and
[4]. Two large superconducting solenoids act as thick lenses1 um Mylar foils. In all cases, the energy resolution of the
to collect and focus the secondary beam of interest onto beam was approximately 1.5 MeV FWHM.
spot that is typically 5 mm full width at half maximum The reaction events were detected with five\&- E tele-
(FWHM). The primary beam wadLi at an energy of 27.5 scopes placed at various angles on either side of the beam.
MeV, incident on a gas target with a2m Havar entrance Each telescope had a circular collimator that subtended a
window. The cell was 2.5 cm long and contained He gas at golid angle of 13 msr, corresponding to an effective angular
pressure of 1 atm to cool the exit window, a A#n foil of resolution of 6°(FWHM), computed by folding in the ac-
°Be in which ®He is produced via théBe('Li,°He) proton  ceptance of the collimator with the spot size and angular
transfer reaction. Primary beam currents of up to 300 pnAdivergence of the beam. As in the previous wik, we
were available, resulting in a maximufie rate of 16 s™1.  observed a strong, isolated group e ions at a mea®
The secondary beam flux was calibrated by inserting a Stalue of about—2.5 MeV. The angular distributions ob-
AE-E telescope at the secondary target position and redudained for this grougsee Fig. 1 for an examplere broad,
ing the intensity of the primary beam by 3 orders of magni-approximately Gaussian in form, and agree quite well with
tude, so that the’He particles could be directly counted those reported in Refl1], where overlapping data exist.
while at the same time the primary beam current was meafhey are also similar in shape to those recently measured for
sured in a Faraday cup. The secondary beam was contanfii +2%%Pb near the barridi5]. The total reaction cross sec-
nated by ions having the same magnetic rigidity as the detions, obtained by summing the angle-integraféte yield
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FIG. 1. Angular distribution aE.,,=18.6 MeV. The curve is a 10" g 3
Gaussian fit to the data, and the filled circles are taken from Ref. F 3
[1]. See this reference for further discussion of the angular distri- C ]
butions. -1
10 =
with the fusion cross section deduced from the data reported - 21.4 MeV ]
in Ref. [3], are shown in Fig. 2. The highest-energy point AN

comes from the previous experiment; apart from this one, 10 11 1
and the point at 18.6 MeV, fusion makes a negligible contri- 30 >0 70 %0 0 30150

bution to the total reaction cross section. For example, the Ocm. (deg-)
fusion cross section at 17.3 Me¥dbtained from an extrapo- . ) o soom
lation of the data shown in Reff3]) is only 6% of the total FIG. 3. Elastic scattering angular distributions fide+2°Bi.

cross section at this energy: the fractional contribution at'he c.m. energies corresponding to each distribgtion are given; the

lower energies is even smaller. Remarkably, the “transferflata at 21.4 MeV are taken from Rél]. The solid curves were

breakup” yield is still nearly 200 mb at a c.m. energy of 14_39enerated using a phgnomenologlcal optical-model potential with

MeV which is about 6 MeV below the nominal barrier. In &" energy-dependent imaginary diffuseness parameter. See text for
' . S ‘ i i f th h .

contrast, thé’Li + 2°%b cross section is already below 10 mb 2 discussion of the dashed curves

at a similar energy relative to the barrie. repeated, as noted above. The solid curves in this figure are

Simultaneously-measured elastic scattering angular distriy e et of optical-model fits to the data. The parameters of
butions confirm the remarkable behavior of the total reaction,«e fits are discussed in more detail below. The total reac-

cross section discussed above. These distributions are sho
in Fig. 3. The 21.4-MeV angular distribution is taken from
Ref. [1], and the 18.6-MeV point from this reference was

W{Bn cross section predicted by the optical model is shown as
the solid curve in Fig. 2. Thus, the same parameters that fit
the reaction cross section data also generate elastic-scattering
angular distributions that are in reasonable agreement with

' ' ' ' ' experiment. This is an important confirmation of the very
large reaction cross sections that have been measured since it
suggests, for example, that the absolute normalization of the
reaction data has been properly computed.

The optical-model parameters that have been used are
purely phenomenological. They were obtained from a global
fit to all of the elastic and reaction measurements so as to
highlight the trends in the energy-dependence of the data. It
proved to be necessary and sufficient to vary only one pa-
rameter: the imaginary diffuseness. Equivalent fits can be
generated by varying the imaginary radius parameter instead,
. but not the imaginary well depth unless an exceptionally
1007 ' Ie ' 15 . 20 ' » strong variation in this parametéar stronger than the varia-

E.  (MeV) tion reported by Signorinet al. [7] in their study of °Be
c.m. +20%Bj elastic scatteringis deemed to be acceptable. The

FIG. 2. Excitation function for the total reaction cross section. Well-depth, radius, and diffuseness parameters of the real
This is the sum of the angle-integratétie yield with the fusion =~ \Woods-Saxon potential were 150 MeV, 7.95 fm, and 0.68
cross section reported in RdB]. See text for a discussion of the fm, respectively. The depth and radius of the volume Woods-
curves. Saxon imaginary potential were 25 MeV and 9.38 fm, re-

1000

(mb)

reac
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spectively. Finally, the imaginary diffuseness parameter wasnodel does such an excellent job of reproducing the ob-
given by served energy dependence of the total reaction cross section.
As discussed above, the optical model with complex Woods-
3=(1.964-0.04F.,) fm. (1) saxon potentials requires a strong energy dependence in the
eometry of the imaginary well to give similar-quality fits to
he data. This implies that the effective potential is not very
vell described by a Woods-Saxon form, which is perhaps
not surprising. However, there appears to be no obvious ex-
) . , planation for the fact that barrier penetration through a real,
ing model based on systema'qcsa)fnucleus potent|a_1ls and quadratic, energy-independent potential describes the data as
found excellent agreement with the data of Réfl. Fits to e a5 it does. It is also interesting to note that the 6 MeV
the present elastic-scattering data generated in this model afgq,ction in the nominal barrier agrees reasonably well with
shown as the dashed curves in Fig. 3. The depth of thg, ¢ needed to explain the sub-barrier fusion cross section
imaginary potential, taken to be of Woods-Saxon form, wag3) This can be understood in the context of coupling be-

computed from the Brown-Rho formu[@] for the volume  yeen the breakup and fusion cross sections, as discussed in
integral of the potential, withlo=127 MeVfn? and A Refs.[12,13.
=12.7 MeV. The radius parameter was given by Another point concerns the relationship between the dif-
_ fuse absorptive potential required to explain the experimental
Ri=(5341+131.7Ec ) fm. @ total reaction cross section and the so-called “threshold

All other parameters were the same as those given in Reﬁnomaly” in glastic scatterinffl4]. This anomaly manifests
[8]. In this approach, the anomalous behavior of the totaifSelf as a rapid energy dependence of the real nuclear poten-
reaction cross section is encapsulated in the very large imagii@l near the barrier. Dispersion relatioffs] predict an at-
nary radius parameter, rather than in the diffuseness pararfactive “polarization” potential resulting from the normal,
eter as above. It can be seen that the predictions of thig@pid reduction in absorption below the barrier. In the
model agree very well with those generated using an energyR€sent situation, the absorption does not decrease rapidly
dependent imaginary diffuseness parameter over the enerd)¢/ow the barrier, and one therefore expects no anomaly.
range investigated. However, they give different predictiong\PSence of the anomaly for weakly-bound systems has been
at lower energies. For example, the variable-radius modeliscussed by Mahaux, Ngand Satchlef15], and appears to
yields a total reaction cross section that is about an order aiccur for the °Li+2%®Pb system[16], as well as forCLi
magnitude higher & ,,=10 MeV. It would be interesting +1%8Ba[17] and ®Li+28Si[18]. In the present case, we can
to extend the measurements to lower energy to see whichi the elastic data with an energy-independent real potential,
approach gives the best agreement with experiment, and &s expected in the absence of the anomaly. However, the
higher energy in order to derive better parameters for thesgbsorption is so strong and of such long range that the sen-
models. sitivity of the data to the real potential is not very great,
Another approach to parametrizing the energy depenwhich might obscure any sign of energy dependence even if
dence of the total reaction cross section is the model oft were present.
Wong[10], in which the complex, energy-dependent optical In summary, we have measured an excitation function for
model potential is replaced by an inverted harmonic oscillatransfer/breakup in th@He+2°%Bi system below the nomi-
tor potential. The reaction cross section is then computedal Coulomb barrier. This process was shown in a recent
from the barrier penetration probability, leading to the for-experiment[1] to be exceptionally strong, accounting for
mula over 80% of the total reaction cross section at the barrier.
The correspondingy-particle yield is a factor of 4 greater
[hoR? T than that observefB] for ®Li+2°%b at the barrier. In the
Oreac™ 2Ecm. Inj 1+ex %[Ec-m-_vb] ) present work, we show that transfer/breakup saturates essen-
tially all the sub-barrier reaction cross section. The yield re-
Here,V,, is the barrier height  is the oscillator parameter mains remarkably large, amounting to nearly 200 mb at 6
which determines the diffuseness of the potential, Bnd ~ MeV below the barrier, which is at least a factor of 20
the radius of the system at the barrier. The data in Fig. 2 cagreater than that fofLi +2%%Pb at a similar energy relative to
be fit with V,=14.5MeV, #w=8.0MeV, and R the barrier[6]. Extrapolation of the trend observed féHe
=10.75 fm, leading to an excitation functiégdashed curve  +2°Bi suggests that the-particle emission cross section
which is almost indistinguishable from the optical-model fit may still be in the range from 1-10 mb at a c.m. energy of
using an energy-dependent imaginary diffuseness parametdiQ) MeV, i.e., one-half the nominal barrier height.
except at the lowest energy where it in fact yields a slightly As another comparison, the total reaction cross section
better fit to the experiment. The barrier height is about §16] for ’Li+2%Pb was extended to sub-barrier energies us-
MeV less than the nominal Coulomb barrier for tiele  ing the method described in R¢8], but without varying the
+209j system, and the effective potential is also diffusereaction radius. This excitation function, corrected for the
since it has an oscillator parameter that is about twice théigher Coulomb barrier of Li, is illustrated by the dotted
typical value. However, the radius parameter is close to itgurve in Fig. 2, which should be a good indication of the
expected valug¢ll]. It is remarkable that the simple Wong cross section expected for a more tightly-bound projectile.

The predicted angular distributions are not very sensitiv
to the parameters of the real potential, consistent with th
observation that théHe+ 2°Bi system is dominated by ab-
sorption from the elastic channel. Mof8] has used a fold-
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Simultaneously-measured elastic scattering angular distrtial, is very large compared with its typical value for normal
butions have been analyzed in the context of the opticahuclear systems. The third parameter, the interaction radius,
model. The total reaction cross sections deduced from thege quite normal however.
data agree very well with the sum of the transfer/breakup and The observed anomalous behavior of the fusion and
fusion yields. Energy-dependent absorptive potentials are r@yreakup/transfer yields below the barrier is presumably re-
quired in order to reproduce the measured angular distribyzated to the very weak binding dfHe, which may in turn
tions. In particular, it was found that the geometry of thejead to a large spatial extent for the radial wave function of
Woods-Saxon imaginary potential well varies as a functionpe |ast two neutrons and an enhanced breakup cross section
of energy, becoming more diffuse and extended at lowegye to the fragile nature of the system. However, all of the
energies. An alternative approach, involving an increasingnalyses to date have been purely phenomenological. It
radius for the imaginary well at lower energies, appears tQyouid be very interesting to compare our data with detailed
give equivalent results. . _reaction calculations based on realistic modelldé. Un-

The total reaction cross section near and below the ba"'%rtunately, complete calculations of this kind are presently

can also be reproduced by a very simple barrier-penetratiognayajlable, though a qualitative study of thiBe+2°%Pb
model due to Wongj10]. Although there are three adjustable system[19] has recently appeared.

parameters in this model, the entire excitation function is

reproduced with a single choice of values. One of these pa-

rameters, the effective height of the barrier, is 6 MeV less This work was supported by the National Science Foun-
than the nominal Coulomb barrier f6He+2%Bi. This shift ~ dation under Grant Nos. PHY99-01133, PHY98-04869,
is reasonably consistent with that deduced from a previou®HY00-72314, and PHY98-70262, and by the CONACyYT
measurement of the fusion cross secfi®8h Another param-  (Mexico). One of us(A.H.) would like to acknowledge sup-
eter, which measures the diffuseness of the effective poterport from the OKTA(Hungary under Grant No. T032113.
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