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Elastic scattering ofB and”Be on a”®Ni target has been measured at energies near the Coulomb barrier. The total reaction cross sections
were deduced from Optical-model fits to the experimental angular distributions. Comparison with other systems shows evidence for proton-
halo effects oif B, as well as for neutron-halo diHe reactions. While the enhancement in the cross section obserisl foexplained in

terms of projectile breakup, in the case®sfe reactions, the particle transfer proces explains the observed enhancement.

Keywords: Proton halo; neutron halo; elastic scattering; optical model; total reaction cross sections.

Se midb la Dispersbn Elastica déB y "Be en un blanco dé&®Ni a energas cercanas a la barrera Coulombiana. Las secciones totales de
reaccon se dedujeron de los ajustes hechos con el Mo@ptﬂno a las distribuciones angulares experimentales. La comparegn otros
sistemas muestra evidencias de los efectos del halérpeaten elB , ad como del halo neutmico en el®He. El acrecentamiento en

las secciones observado pardBlse explica enérminos del rompimiento del proyectil, mientras en el caso de las reaccionéklepal
proceso de transferencia de feutas explica el acrecentamiento.

Descriptores: Halo probnico; halo neutrnico; dispergin ebstica; modeldptico; secciones totales de reasti

PACS: 25.60.Bx; 25.60.Dx; 25.70.-z

The short-lived radioactive nucle@iB is adjacent to the pro- cluded [13, 15-17]. Single-angle measurements at energies
ton drip line and has a very small proton separation energy afiear the Coulomb barrier gave consistent values for the abso-
only 0.138 MeV. The possibility of proton-halo nature of this lute cross sections in agreement with the predicted trend [18].
nucleus has attracted much attention in the last decade [1-3}dditional evidence for the proton halo B, both theoreti-
Measurements of several reaction channels at energies muchl and experimental, has appeared in the literature in recent
above the Coulomb barrier [4—10] have indicated an extendegears [19—-26].

spatial distribution for the loosely bound proton&B, but While much work has been done on neutron-halo nu-
the question of the existence of a proton halo has remainegg; [27, 28], the present knowledge of proton-halo effects
open [11,12]. More recently [13, 14], an angular distributionjs rather scarce [29]. Fusion cross section and break up of
for "Be coming from breakup ofB on a”Ni target mea- projectile measurements f8FF+205Pb [30, 31] were made
sured at a near-barrier energy indicates that Coulomb-nuclegs stydy the proton-halo effects for this system, but it is not
interference at very large distances plays an important rolg,|ear that either of these experiments gives relevant informa-
This fact reinforces the idea of the exotic proton-halo natjon on the effect of the proton-halo state, which is an excited
ture of this nucleus. Calgqlations treating the projectile as &tate in'”F. Similar considerations apply also to recent mea-
weakly bound proton orbiting éBe core reproduce the data g ;rements for proton-rich isotopes of phosphorus [32]. As a
quite well as long as continuum-continuum couplings are inyesyt, it is far from clear that enhanced cross sections should
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be expected in the proton-halo case and it is therefore impodata at additional angles. A typical two dimensional spec-
tant that reaction yields near the barrier be studied for trué¢rum obtained with EAE telescope is presented in Fig. 1.

proton-halo systems. The elastic groups are clearly separated in this spectrum and
On the other hand, it would be desirable that at energieghe data confirms that contamination from other ions was neg-
around the Coulomb barrier, the reaction yields¥B#°8Ni ligible. The intenséLi-group is the transmitted and scattered

would show similarities withe.g. previous observations for primary beam.
the neutron-halo projectiléHe, where large enhancements  The energy resolution was sufficient to separate’thé
are observed below the barrier wit?®Bi target [33-35], first excited state (2, 1.45 MeV), which we did not see for
and also for targets closer ¥Ni [36, 37]. any projectile. FoPB, which have no bound excited states,
In this work we present the preliminary results of elas-the data are then purely elastic. On the other haBe, has
tic scattering measurements ftB8 and also its core, the ra- a low-lying bound state at 0.43 MeV that cannot be resolved,
dioactive nucleu§Be. Comparison with previous reported so any corresponding inelastic yield is included in the data.
data [33-35], for the neutron-halo projectiféle also is However, for the mirror nucleud.i, which has a similar low-
made. A more complete analysis B have been recently energy excited state, reported measurements [40] show that
reported [38]. the corresponding inelastic contribution is negligibly small,
Due to the method of production of secondary beams witts0 this contribution will be ignored in the analysis fde
the TwinSol facility at the University of Notre Dame [39], it projectile.
is possible to obtain more than one beam simultaneously. In  The obtained experimental angular distributions for the
our case a primary beam ki at energies of 29, 31, 33, 35 (®B,”Be)+*®Ni, are shown in the Fig. 2, upper and lower
and 37 MeV was incident on #He gas-cell production tar- parts, respectively. FotB+°®Ni, the best optical-model
get to obtain®B and”Be secondary radioactive beams with description of the data was obtained with real and imagi-
lab energies at the target center 20.7, 23.4, 25.3, 27.2 amhry potentials of the Woods-Saxon type adjusted for each
29.3 MeV for®B; and 15.1, 17.1, 18.5, 19.9 and 21.4 MeV bombarding energy. The corresponding potential parameters
for "Be. The typical primary beam current was 250 parti-are indicated in Table | and the results of fits are represented
cle nA, giving typical secondary beam rates & and”Be
of 4.0x10* and 7.3<10* particles/s, respectively. The corre-
sponding energy widths (FWHM) were 0.86 and 1.11 MeV. 1E
An enriched®®Ni target with a thickness of1 mg/cnt was ;
used for all energies. o
The scattered particles were detected with four 24x24 mm '8
Si position-sensitive detectors (PSDs) and on&[Esilicon- 5
©

detector telescope. The detectors were moved to cover the
angular interval between 20 and £60When used at small

forward angles, where good statistics are obtained, the PSD:
were software sectioned into two halves in order to obtain
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E(t (80 keVichannel) FIGURE 2. _ Elast_ic scattgring gngular distributions for
(®B,”Be)+°®Ni at the five energies indicated. If not shown, error
FIGURE 1. Two-dimensional spectrum obtained with/E= tele- bars (purely statistical) are smaller than the size of the symbol. The
scope. The elastic scattering groups¥8r, "Be, and®Li are indi- curves correspond to optical model calculations with parameters
cated. obtained from fit, Tables | and II.
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strating that this procedure properly scales the normal geo-
TaBLE |. Optical-model potentials obtained f8B+°*Ni and the ~ metrical and/or charge differences between systems without
corresponding calculated reaction cross sections. The real anwvashing out the dynamical effects of interest [44]. Itis clear
imaginary parts are volume Woods-Saxon type with radii given by from Fig. 3, that the reduced cross sections for the halo sys-
R, =1, x (A,/* + A;%). The depth is in MeV and the radius and  tems FB+35Ni, SHe+2"Bi, SHe+54Zn) look very similar and
diffuseness are in fm. The Coulomb radiusds+ 1.2 fm. lie above those for the cores,g. "Be and*He respectively.

Ep  V Wy 2N &g (mb) The most interesting result is that the proton-halo nuci®&us

207 100 166.9 065 015 138 data show an enhancement very similar to that present for the

neutron-halo nucleu&He.
23.4 11.8 166.8 0.61 0.58 368
25.3 11.9 166.8 0.60 0.33 &8P

27.2 10.8 166.9 0.62 0.41 843
29.3 10.0 173.8 0.61 0.13 168@9

ar
0.56
0.53
0.54
0.53
0.52

1
1.26
1.22
1.21
1.24
1.26

rr ar
1.30
1.30
1.28
1.30

1.30

r*1 This work

TABLE II. Optical-model potentials obtained féBe+ *®Ni, and

the corresponding calculated reaction cross sections. The SPP
is used for the real part V while the imaginary part is taken as
W=N; x V.

Erap

N

x2IN

or (mb)

151
171
18.5
19.9
214

1.7
15
0.9
0.9
1.0

0.12
0.35
0.70
0.68
1.12

20410
10630

18226

338101
50697

by the curves shown in Fig. 2. AN2/N values reported in
this work refer toy? per point. However, different parameters
sets, with deeper real-well depths gave equivalent fits, these
ambiguities are not relevant for the present work since the
calculated total reaction cross section values were equivalen
as long as the experimental angular distribution was properly
fitted. It is worth pointing out that every acceptable potential

had an imaginary part that extended beyond the correspongicure 3. Reduced cross sections from the present work com-

—— BB+58Ni [*]
—o—"Be+28Ni ™
—u—®He+29%Bj [35]
—a—5He+%zn 36]
—o—*He+?"%Bi [42,43]
. . . . . .

0.6

1.0

E red

CM

1.2

ing real part. This suggests absorption at a large distance dygred with other data. The curves are to guide the eye.

to the existence of a halo state. The reaction cross sections
are given in Table I.

For the”Be+2Ni system, lower part in the Fig. 2, as was
mentioned above, the inelastic scattering contribution to the
guasi-elastic scattering was ignored in the optical model anal-
ysis. The Sao Paulo Potential (SPP) [41] was used for the
real part of the Optical Potential, while the imaginary part
was obtained by multiplying the real part times a factor N
This factor was chosen to fit the data for each energy, with >~
the results shown in Table Il. A good description of the data ©
was obtained, as shown by the corresponding curves in the
lower part of Fig. 2.

The evidence of halo effects can be seen when compari-
son of total reaction cross sections is made for different sys-
tems. In Fig. 3 the present results f& and its core?Be, are
shown and compared with existing data fete and its corre-
sponding coréHe [35,36,42,43]. The data presented in this
figure, were previously scaled by dividing the cross sections

—~~
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by the factor (49/3 + Ai/g)z and the energy by the factor Ficure 4. Total reaction and breakup cross section®#°°Ni.
ZpZt/(Azl,/3 + Ai/S). Arguments have been given demon- The various curves that are discussed in the text.
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cross sections of the neutron-hdlde leading to the same
conclusion as fofB. Notice that in this case, the total reac-
tion cross section fotHe, is in fact saturated by the yield of
breakup/transfer of the halo at lower energies.

In semiclassical terms, one would expect that in the case
of B, Coulomb polarization would result in the valence pro-

1000

g g ton spending more time at large distances from the target,
b 100F o og(ep)8 I E shielded by the core from the full Coulex effect. Core-halo
[ —0— G 4y [34] A ] breakup would occur mainly through the long range Coulomb
[ 4 0 40 ronct 42431 /A/ ] force, and proton transfer would be suppressed. Esbensen
[ — O YHestrbu A/‘ and Bertsch [46] have shown that Coulomb breakup is in fact
J . strongly modified by both the halo nature and the Coulomb
M polarization of thé’B projectile. Despite this, the predicted
W 5 6 1 15 % 2B 2 m breakup cross section is quite large in agreement with experi-

E.. (MeV) ment. In the case of neutron—h_&?lble,.Coulomb. polarization
cMm favors neutrons in the halo residing in the region between the
FIGURE 5. Total reaction and breakupltransfer cross sections for€0ré and the target, which then enhances the reaction prob-
6He+299Bj and total reaction cross sections fHee+2°°Bi. The  abilities. Since these neutrons are closer to the target one
data were taken from Ref. 34,35,42,43. can understand that they might tend to be transferred to it,
consistent with observations f6He+*°?Bi. In that system,
The present work can give some insight into the role ofmost of the reaction yield comes from two-neutron transfer
transfer processes in the reactions of proton-halo systemtQ neutron-unbound levels in the reaction product [45]. In
In this regard, it is interesting to compute thB+°®Ni to- ~ contrast, an enhancement driven by particle transfer is not
tal reaction cross section from thBe reduced reaction yield expected for a proton-halo system.
scaled according to th&8 mass and charge, this is shown In summary, elastic-scattering angular distributions and
by the dotted curve in Fig. 4. The most important observatotal reaction cross sections for tH8( “Be) +°*Ni systems
tion is that the sum of this curve plus tfB breakup yield are reported for energies around the Coulomb barrier. Com-
from the CDCC calculation, dashed curve, reproduces the otparison of reduced total reaction cross sections’Bwith
served total reaction cross section almost perfectly (solid linéhose reported for neutron-halo projecfilde, presents sim-
in Fig. 4). In other words, th&B reaction cross section can ilar enhancementes for both projectiles. For both systems, it
be entirely accounted for by breakup of the halo state pluss shown that the sum of reaction yield of halo state plus total
reactions that occur with th&Be core, leaving no room for reaction cross section of the core very well describe the total
proton transfer. This suggests an underlying decoupling bereaction cross sections f8B and°He, suggesting a decou-
tween the core and the valence proton, which is an expectegling between the core and the nucleons forming the halo. It
feature of a proton-halo state [11]. The present observationas been shown that a semiclassical "picture” provides an ex-
can then be taken as providing important evidence in favor oplanation to understand the difference in the reaction process
a proton-halo hypothesis féB. of halo nuclei. While the enhancement in the cross section
From Fig. 3, it could be expect that the total reactionobserved foPB is explained in terms of projectile breakup,
cross sections for neutron-halo systems can be described uii-the case ofHe reactions, the particle transfer proces ex-
der the same assumptions. For this purpose we consider@ins the observed enhancement.
the neutron-halo systefiHe+*°°Bi. In Fig. 5 the previously
reported total reaction and breakup/transfer cross sections fﬂcknowledgments
this system are presented [34,35]. The corresponding total re-
action cross sections for the cotéle, on same target[42,43] This work has been partially supported by CONACYT, by
also are displayed in this figure, properly scaled in the samEAPESP 2001/06676 and by the US NSF under Grant Nos.
way as for®B. It is clear from Fig. 5 that again the sum of PHY06-52591 and PHY07-58100. E.F.A. acknowledges the
breakup/transfer yield plus the total reaction cross sectionBospitality of all personnel at the Notre Dame Nuclear Struc-
of the *He, solid line, very well reproduce the total reaction ture Laboratory.

1. T. Minamisonocet al, Phys. Rev. Let69(1992) 2058. 4. W. Schwatet al, Z. Phys. A350(1995) 283.
2. H. Kitagawa and H. SagawBhys. Lett. 299(1993) 1. 5. R.E. Warneet al, Phys. Rev. G2 (1995) R1166.
3. H. Nakada and T. Otsuk&hys. Rev. @9 (1994) 886. 6. |. Pecinaet al, Phys. Rev. G2 (1995) 191.

Rev. Mex. . 55 S2(2009) 1-5



PROTON-HALO EFFECTS IN THEB+58Ni REACTION NEAR THE COULOMB BARRIER

7. F. Negoitaet al, Phys. Rev. G4 (1996) 1787.
8. J.H. Kelleyet al,, Phys. Rev. LetZ7 (1996) 5020.
9. Y. Penionszhkevich\ucl.Phys. 416 (1997) 247c.

10.
11.

12.

13.
14.
15.
16.
17.

18.

19.

20.
21.
22.
23.
24,
25.

26

M.H. Smedberget al, Phys. Lett. B152(1999) 1.

S. Mizutori, J. Dobaczewski, G.A. Lalazissis, W. Nazarewicz,
and P.G. Reinhard®hys. Rev. G1 (2000) 044326.

Y. Suzuki, R.G. Lovas, K. Yabana, and K. Vargiructure and
reactions of light exotic nucleaylor& Francis, 2003.

V. Guimai@eset al, Phys. Rev. LetB4 (2000) 1862.

J. J. Kolateet al, Phys. Rev. 3 (2001) 024616.

H. Esbensen and G.F. Bertséthys. Rev. G9(1999) 3240.
F.M. Nunes and 1.J. ThompsoRhys. Rev. G9 (1999) 2652.

J.A. Tostevin, F.M. Nunes, and |.J. ThompsBhys. Rev. &3
(2001) 024617.

E.F. Aguilera, E. Martinez-Quiroz, T.L. Belyaeva, J.J. Kolata
and R. Leyte-GonzaleBhys. At. Nucl71(2008) 1163.

L. Trache, F. Carstoiu, C.A. Gagliardi, and R.E. Triblidys.
Rev. Lett87(2001) 271102.

D. Cortina-Gilet al,, Phys. Lett. B529(2002) 36.

D. Cortina-Gilet al,, Nucl.Phys. A720(2003) 3.

R.N. MajumdarJ. Phys. Soc. Jpi7.2 (2003) 3087.

M.S. Husseiret al, Phys. Lett. B540(2006) 91.

T. Sumikameet al, Phys. Rev. G4 (2006) 024327.

C.A. Bertulani,J. Phys. G: Nucl. Part.Phy84 (2007) 315.
. S. Karataglidis and K. Amo£hys. Lett. B550(2007) 148.

27.

28.

29. Y.-J.

5

L.F. Canto, P.R.S. Gomes, R. Donangelo, and M.S. Hussein,
Phys.Rep424(2006) 1.

N. Keeley, R. Raabe, N. Alamanos, and J.L. Sidmg. Part.
Nucl. Phys59 (2007) 579.

Liang et al; ArXiv  0708.0071 (2007).
(http://adsabs.harvard.edu/abs/ 2007arXiv0708.0D71L

30. K.E. Rehmet al, Phys. Rev. LetB1(1998) 3341.

31.
32.
33.
34.
35.
36.
37.

J.F. Lianget al, Phys. Lett. B4191(2000) 23.

A. Navinet al, Phys. Rev. LetB81(1998) 5089.

J.J. Kolateet al., Phys. Rev. LetB1 (1998) 4580.

E.F. Aguileraet al,, Phys. Rev. LetB4 (2000) 5058.
E.F. Aguileraet al,, Phys. Rev. ®3(2001) 061603(R).
A. DiPietroet al, Phys. Rev. B9 (2004) 044613.

A. Navinet al, Phys. Rev. @0(2004) 044601.

38. E.F. Aguileraet al, Phys. Rev. @9(2009) 021601(R).

39.
40.
41.
42.
43.
44.

45.

46

M. Y. Leeet al, Nucl. Instr. Meth. A422(1999) 536.

Z. Morozet al., AIP Conference Proceedin@® (1981) 1102.
L.C. Chamoret al, Phys. Rev. 6 (2002) 014610.

A.R. Barnett and J.S. LilleyPhys. Rev. ® (1974) 2010.

P. Singet al, Phys. Rev. @3(1991) 1867.

P.R.S. Gomes, J. Lubian, I. Padron, and R.M. AnRigys. Rev.
C 71(2005) 017601.

P.A. DeYounget al,, Phys. Rev. @1(2005) 051601(R).
H. Esbensen and G.F. Bertséthys. Rev. G6 (2002) 044609.

Rev. Mex. . 55 S2(2009) 1-5



