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Elastic scattering of 27Al127Al at near barrier energies

A. Zerwekh, R. Liguori Neto, N. Added, J. C. Acquadro, N. Carlin, M. Frizzarini, and F. Malandrino
Instituto de Fı´sica, Universidade de Sa˜o Paulo, C.P. 20516, Sa˜o Paulo, 01498-970, Brazil
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G. Ramirez and C. Tenreiro
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~Received 13 July 1998!

Elastic scattering angular distributions for the symmetric27Al127Al system were measured at bombarding
energies from 50 to 70 MeV. The integrated inelastic cross section for the first two excited states was
determined by the in-beamg-ray spectroscopy method. The data were analyzed by the optical model and by
coupled channel calculations. The spin-orbit couplings of the ground states of both nuclei are analyzed.
@S0556-2813~98!02112-8#

PACS number~s!: 25.70.Bc, 27.30.1t
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I. INTRODUCTION

The elastic and inelastic scattering of asymmetric s
tems, at near barrier energies, have been investigated e
sively in the last years. Very interesting results have co
out from these studies, including the threshold anomaly
the optical potential at low energies and the coupling effe
on the fusion process@1#. For two identical nuclei, the Cou
lomb scattering is described by the Mott distribution, whi
exhibits a pronounced interference pattern in the angular
tribution. Near barrier scattering for such systems show
structures and deviations from the Mott angular distributio
which are easier to be detected than those from the struc
less angular distributions of the Rutherford scattering. The
fore, the scattering of identical particles is very sensitive
details of the nuclear potential and should allow the deri
tion, with high accuracy, of the optical model paramete
There are very few symmetric systems of identicalsd-shell
nuclei for which the elastic scattering have been measu
@2–4#. All of them are for n-a nuclei. As the 27Al is a
nucleus with a ground-state spin equal to 5/2, the meas
ment of the scattering of the27Al127Al system allows also
the investigation of the influence of the ground-state spin
the nuclei on the scattering and reaction processes.

In Sec. II of this paper the experimental methods a
results are presented. In Sec. III, the elastic scattering
identical particles is described, and the optical model an
sis of the elastic scattering data is discussed. In Sec. IV,
results of the coupled channel analysis of inelastic scatte
are shown. Finally, in Sec. V, some conclusions are draw

II. EXPERIMENTAL DETAILS AND RESULTS

The experiments were performed at the 8UD Pellet
accelerator of the University of Sa˜o Paulo. The beam inten
sity on the target was typically of the order of 10–50 n
Experiments have been performed at seven bombarding

*Permanent address: CEADEN, P.O. Box 6122, Havana, Cu
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ergies from 53 to 70 MeV~the nominal Coulomb barrier is
ELab>54 MeV). There were targets with thickness of 1
and 50mg/cm2. A layer of 5 mg/cm2 of 197Au was depos-
ited on the targets, for calibration and normalization p
poses. The detection system was an array containing
silicon surface barrier detectors. The angular separation
tween two adjacent detectors was 5°. In front of each de
tor there were collimators with diameters of 4 mm. The an
determination was made by reading on a goniometer wit
precision of60.5°. A monitor was placed at 20° with th
beam direction. The normalization was made by two diff
ent methods. In both, the scattering was supposed to
purely of the Coulomb type: at forward angles for the27Al
target~Mott scattering! and for the197Au target~Rutherford
scattering!.

The angular distribution range of the data was taken fr
very forward angles up touLab570°. The energy resolution
of the detectors were in the range from 300 keV@full width
at half maximum~FWHM!#, for forward angles and thin tar
gets, to 1000 keV~FWHM! for backward angles and thic
targets. Due to the kinematical broadening, the resolu
was not good enough to separate the elastic and first inel
~0.844 MeV! peaks of the27Al at backward angles. Further
more, at backward angles, the elastic scattering was su
posed with the recoil peaks of the12C and 16O contamina-
tion. As a consequence of that, some asymmetries w
noticed in the elastic angular distributions, with respect
uc.m.590°. Therefore, in order to avoid these systematic
rors, and using the fact that target and projectile are indis
guishable, only the data in the range up touc.m.590° were
used in the analysis.

Figure 1 shows a spectrum atELab555 MeV, uLab
549°. One can see the first two inelastic peaks with v
small intensities and well resolved from the elastic peak.

The uncertainties in the elastic cross sections are du
the statistical errors and possible normalization errors. T
were found to be smaller than 5%.

A further investigation of the integrated inelastic scatt
ing cross section was performed by the in-beamg-ray spec-
troscopy method. Two HP germanium detectors were pla.
3445 ©1998 The American Physical Society
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3446 PRC 58A. ZERWEKH et al.
at 655° with the beam direction. The angular distributio
of the g rays follow the expression

W~u!5A01A2P2~cosu!1A4P4~cosu!1•••; A4!1.
~1!

As P2(cos 55°)50, it is possible to find the integrate
cross section fromW(u555°). The target had a thickness
80mg/cm2 and was deposited on a Tantalum backing, th
enough to stop the beam. The energy resolution of the de
tors was 2.2 keV~FWHM! at 1.33 MeV. Single and coinci
dence spectra were obtained for two bombarding energ
55 and 61 MeV. The 844 and 1014 keV transitions, cor
sponding, respectively, to the first (1/21) and second (3/21)
excited states of the27Al, were identified in the single spec
tra, but not in the coincidence ones. This confirms their id
tification as independent transitions to the ground state of
27Al. The integrated cross sections were, then, derived to

for ELab555 MeV, s1/2
1 521.961.2 mb,

ands3/2
1 521.761.2 mb;

for ELab561 MeV, s1/2
1 526.461.4 mb,

ands3/2
1 526.461.4 mb.

III. ELASTIC SCATTERING ANALYSIS

For the scattering of identical nuclei, the wave function
relative motion must be antisymmetric with respect to e
change of the two nuclei. This is equivalent to the transf
mationu→p2u. Therefore, we can write for the scatterin
amplitude

f s~u!5 f ~u!1~21!sf ~p2u!, ~2!

where the amplitudef (u) describes the scattering of distin
guishable nuclei with identical properties ands is the total
spin. The cross section could be obtained by incoherent
perposition of the different possibles contributions accord-
ing to their statistical weights@5#:

FIG. 1. Energy spectrum atElab555 MeV anduLab549°.
k
c-

s:
-

-
e
e

f
-
-

u-

ds

dV
5(

s50

2I
2s11

~2I 11!2
u f s~u!u2

5u f ~u!u21u f ~p2u!u21
~21!2I

2I 11
$ f ~u! f !~p2u!

1 f !~u! f ~p2u!%. ~3!

The elastic differential cross section of identical partic
is usually normalized with respect to the Mott scattering f
mula @6#:

S ds

dV D
Mott

5
h2

4k2H csc4S u

2D1sec4S u

2D1
~21!2I

2I 11

32 cosFh lnS tan2S u

2D D csc2S u

2D sec2S u

2D G J ,

~4!

whereh is the Coulomb parameter.
For the theoretical description of the angular distributio

at each energy, the optical model was used, considering
optical potential in the form

V~r !52V0f ~r ,R0v ,av!2 iW0Vf ~r ,R0w ,av!1VCoul,
~5!

where

f ~r ,R0i ,ai !5
1

11exp@~r 2R0i !/ai #
;

and R0i5r 0i~Ap
1/31At

1/3!; i 5v,w.

V0 andW0V are the real and volume imaginary depth andr 0i
anda0i their radii and difusenesses.f (r ,R0i ,a0i) is the form
factor of Wood-Saxon andVCoul is the Coulomb potential of

FIG. 2. Comparison of the calculation of the elastic angu
distribution with and without effect of the antisymmetrization of th
wave function, normalized at the cross section calculated wit
pure Coulomb potential@sCoul(u)#.
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TABLE I. Sets of OMP’s that equally well fit the experimental data, at different diffusenesses.

ELab (MeV) 53 55 57 60 63 66 70

av5aw50.72 fm
V0 ~MeV! 59.03 32.61 25.07 26.81 20.16 18.10 19.61

WV ~MeV! 2.15 2.39 4.21 5.06 5.07 5.07 5.08

WS ~MeV! 8.33 5.67 5.03 4.68 4.61 4.57 3.16

x2/N 3.03 2.27 3.00 1.34 3.69 4.71 2.05
av5aw50.67 fm

V0 ~MeV! 75.56 37.86 28.85 32.79 24.22 23.90 27.36

WV ~MeV! 6.62 7.07 8.21 10.78 10.93 11.09 11.31

WS ~MeV! 13.63 8.27 7.02 6.18 5.95 5.47 3.46

x2/N 3.25 2.31 2.91 1.39 5.13 3.27 1.58
av5aw50.62 fm

V0 ~MeV! 95.82 48.98 30.47 41.56 36.06 35.35 39.67

WV ~MeV! 8.59 12.48 12.93 13.0 13.51 14.91 14.51

WS ~MeV! 25.63 12.67 11.02 9.68 9.02 8.7 3.76

x2/N 3.07 2.37 2.87 1.46 6.00 2.40 1.74
av5aw50.57 fm

V0 ~MeV! 129.81 69.83 54.96 56.63 57.09 57.46 61.06

WV ~MeV! 16.94 21.63 23.01 23.21 23.86 24.37 24.39

WS ~MeV! 49.23 22.79 18.03 14.98 13.85 13.47 3.82

x2/N 3.12 2.47 3.11 1.52 6.87 2.08 2.26
av5aw50.52 fm

V0 ~MeV! 213.89 112.95 87.36 82.67 88.46 100.97 104.3

WV ~MeV! 22.06 36.75 38.17 42.39 42.97 43.63 44.39

WS ~MeV! 99.73 36.67 30.05 25.68 14.92 13.57 4.12

x2/N 3.11 2.60 2.98 1.71 4.55 1.88 3.89
av5aw50.47 fm

V0 ~MeV! 440.47 213.10 187.36 134.18 167.96 187.76 203.6

WV ~MeV! 36.42 43.39 60.72 65.99 71.29 82.06 82.39

WS ~MeV! 221.23 74.31 52.48 50.98 16.23 14.27 4.92

x2/N 3.28 2.75 2.95 1.66 4.02 1.78 3.45
av5aw50.42 fm

V0 ~MeV! 1179.37 490.74 360.55 367.57 363.70 388.76 459.2

WV ~MeV! 60.12 68.08 81.72 86.70 81.39 93.62 94.12

WS ~MeV! 568.23 167.27 124.44 89.31 21.23 14.97 4.71

x2/N 3.40 2.92 3.00 1.77 4.31 1.83 11.7
.
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is
a uniform charged sphere with radiusRC51.5(Ap
1/31At

1/3).
Ap andAt are the projectile and target mass, respectively

All the calculations were performed using the couple
channel codeECIS @7#. This code, in its original version, doe
not take into account the projectile-target antisymmetrizat
for nonzero spins. Some modifications of the code we
therefore, implemented in order to calculate simultaneou
the scattering amplitudesf (u) and f (p2u) @8#. Then, the
-

n
,

ly

angular distributions were computed using formulas~2! and
~3!. In Fig. 2 it is shown the elastic scattering differenti
cross sections for27Al127Al at 66 MeV for forward angles.
The full line represents the elastic scattering cross sec
normalized by Rutherford cross section and the dotted on
normalized by Mott cross section~3!. One can see that th
effect of antisymmetrization on the angular distribution
notable even at forward angles~especially in the region of
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3448 PRC 58A. ZERWEKH et al.
nuclear-Coulomb interference!.
The optical model calculations were performed by takin

as a starting set of the optical model parameters, the
obtained in@9# for the neighbor system27Al128Si, at labo-
ratory energy of 70 MeV. As a first step, ax2-fit procedure
was carried out, adjusting the radii and diffusenesses a
MeV, where the nuclear effects are more significant. Th
values were then fixed asr 0v51.19 fm; r 0w51.11 fm; av
50.624 fm; aw50.655 fm, and used for fitting of the angu
lar distributions at lower energies. A second fit was p
formed by varying the depth of the real and volume ima
nary potential,V0 andW0V . The results showed the need
the inclusion of a surface imaginary part,W0S , of the deriva-
tive form

WS~r !524iW0S

d

dr
f ~r ,R0v ,av! ~6!

in order to adjust the angular region around 90°, where
nuclear interaction becomes stronger. In this formula,W0S is
the depth of the surface imaginary potential. Its radius a
diffuseness were taken equal to the ones of the real pote
considering that the collective effects manifest themselve
the nuclear surface. The presence of this surface imagi
potential indicates that some inelastic processes could pl
role in this reaction.

In order to reduce the ambiguities of the optical potent
a ‘‘radius of sensitivity’’@10,11# was searched, by fittingV0 ,
W0V , andW0S at different diffusenesses in the region of 0.
fm up to 0.72 fm by step of 0.05 fm, and fixing the reduc
radii, r 0v andr 0w , at previously found values. At this radiu
all the families to be found will be equivalent.

The set of optical model parameters~OMP! obtained by
this procedure is shown in Table I. A notable sensibility c
be observed of the real and imaginary depths to the diffu
ness parameter for different families of OMP with rough
the samex2. The reason for this dependence is evident.
obtain the same value of the real and imaginary part of
potential at the radius of sensitivity one has to have dee
potential if their diffusenesses are smaller and vice ve
Another feature of the OMP sets of Table I is an increase
the volume imaginary part and a decrease of the surface
as the energy increases. This is in agreement with the
scriptions of the optical model. This behavior could be due
the opening of the low-lying inelastic channels.

In Figs. 3 and 4, the radial behavior is shown of the r
and imaginary part of the potential, respectively, by tak
the optimumx2 at different diffusenesses for all bombardin
energies. The crossing radii for the real and the imagin
part of the optical potential were found in the region of 9–
fm. They are listed in Table II for all bombarding energie
The energy averaged ‘‘radius of sensitivity’’ was found
9.83 fm.

In Fig. 5, it is shown the energy dependence of the pot
tial at this radius. The error bars represent the range of
viation of potential corresponding to distinct sets of para
eters with different values of diffusenesses and roughly
samex2. The full line represents the results of the calcu
tions using the dispersion relations@12#. It can be seen from
this figure, a rather smooth energy dependence of the
and imaginary parts of the optical potential, except for
,
ne

70
e

-
-

e

d
ial
in
ry
a

l,

n
e-

o
e
er
a.
f
ne
e-
o

l

ry

.
t

-
e-
-
e
-

al
e

lower one,E553 MeV, measured at sub-barrier Coulom
energy. This indicates that no optical potential anomaly
present near the Coulomb barrier for this system.

In Fig. 6, the results of the calculations using any of t
equivalent sets of Table I~for each energy! are shown. The
experimental error bars cannot be seen in the figure, bec
they are smaller than the points. One can see that the ag
ment of calculated cross sections with the experimental d
is very good.

The influence of the spin-orbit interaction was tested
including, in the optical potential, a spin-orbit term of th

FIG. 3. Radial behavior of the real potentialV(r ) for each mea-
sured energy, calculated by fitting the set of parameters corresp
ing to different diffusenesses in the range of 0.42–0.72 fm w
approximately the samex2.

FIG. 4. The same as Fig. 3 for the imaginary potentialWV(r )
1Wd(r ).
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Thomas form. In this way it was found that the depth of t
spin-orbit potential at near barrier energies is an almost
parameter, i.e., keeping fixed the depth of the spin-orbit
tential, one could fit the data varying the depth of the r
and imaginary potentials by the same procedure expla
above. On the other hand, when one includes the spin-o
potential at higher energies~66 and 70 MeV! one could fit
the experimental data only when the spin-orbit depth w
very small~around 0.13 MeV!. We conclude that the reaso
for this fact is that at near barrier energies, other proces
like the scattering of collective modes, play a most relev
role and the inclusion of the spin-orbit term is screened
the surface imaginary potential. At higher energies, the r
of inelastic processes is less important and that is why
depth of the spin-orbit potential becomes relevant. Never
less, the small value of the spin-orbit potential depth o
tained in the fit suggests that, even at higher energies,
spin-orbit interaction remains unimportant. Therefore, fro

FIG. 5. Values of the real and imaginary part of the optic
potential at ‘‘radius of sensitivity’’ equal to 9.83 fm. The full lin
corresponds to the dispersion relation calculations.

TABLE II. Radii of sensitivity RSV (RSW) for the real~imagi-
nary! part of the optical potential at each bombarding energy.

ELab ~MeV! RSV ~fm! RSW ~fm!

53 10.0 10.0

55 9.9 10.5

57 9.9 10.3

60 9.6 10.3

63 9.85 9.0

66 10.25 9.0

70 10.35 8.7

Mean value 9.83 fm
e
-
l
d
it

s

s,
t
y
le
e

e-
-
he

this analysis we could state that the spin-orbit interact
does not play a significant role in the description of the el
tic scattering in this system.

IV. INELASTIC SCATTERING COUPLING

In order to describe the inelastic cross section, coupl
channel calculations were performed considering a coup
scheme of three levels: 5/21(0.0 MeV), 1/21(0.84 MeV),
and 3/21(1.01 MeV). The excitations of the two low-lying
excited states were determined by the off-diagonal ma
elements that connect these states to the ground state
these states between themselves, and the diagonal matr
ements, which give rise to the reorientation effects. The e
tric part of these matrix elements is known from the me
sured lifetime and quadrupole moments of these states@13#.
The used values are listed in Table III. The excitation of t
projectile was considered in the same way as the target
citation. The 27Al is a single-hole nucleus where the un
paired particle is a proton in the 1d5/2 subshell. It is located
in a transitional region between the prolate nucleus26Mg and

l

FIG. 6. Elastic scattering differential cross section for the s
tem 27Al127Al at different bombarding energies. The experimen
error bars are smaller than the points. The full line correspond
the optical model calculation using one of the sets of Table I.

TABLE III. Summary of reduced matrix elements used
coupled-channel calculation taken from Ref.@13#.

^I 8uuE2uuI & ~in eb!

I 55/2 I 51/2 I 53/2

I 855/2 0.198 20.0883 0.125

I 851/2 20.0883 0 060.1

I 853/2 20.125 060.1 060.12
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3450 PRC 58A. ZERWEKH et al.
the oblate 28Si @13,14#. Its measured quadrupole mome
@15# and theB(E2) values@16–18# are evidences of a larg
static deformation. The models used for its description in
cate a deformed oblate shape. The potential deformation
determines the nuclear part of the matrix elements, in te
of the rotational model, were taken from@19#: b250.37 for
1/21 state andb250.35 for 3/21 state. The results of calcu
lations and their comparison with the experiment are sho
in Table IV. It can be seen that the derived inelastic scat
ing cross sections agree with the data for the 3/21 state, but
are lower than those for the 1/21 state. For this system
coupled-channel calculations including these two exci
states do not give significant improvement in the fit of t
elastic angular distribution, when compared with the opti
model calculations.

TABLE IV. Experimental inelastic integral cross section for th
excited states 1/21(0.884 MeV) and 3/21(1.014 MeV), and cal-
culated cross section using the coupled-channel formalism.

ELab ~MeV! s1/2
1 ~mb! s3/2

1 ~mb! s reaction~mb!

55 Exp 21.961.2 Exp 21.761.2 499
Theor 4.4 Theor 23.02

61 Exp 26.461.4 Exp 26.461.4 746
Theor 13.6 Theor 22.6
r-
.

,

L.

es

B
.

i-
at
s

n
r-

d

l

V. SUMMARY

In this paper we presented original elastic and inela
scattering data on odd identical nuclei, for the27Al127Al
system at sub- and near barrier energies. The present re
show a rather smooth energy dependence of the optical
tential at near barrier energies and suggest a small influe
of the coupling of the considered states on the elastic s
tering angular distributions. It would be interesting to stu
the influence of these collective effects on the fusion cr
sections in the vicinity of the Coulomb barrier. In order to d
that, measurements on the fusion excitation function and
elastic scattering cross sections near the barrier will be
ried out. The influence of the spin-orbit interaction w
found not to be important in the description of the elas
scattering process of this system.
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