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PHYSICAL REVIEW C VOLUME 58, NUMBER 6 DECEMBER 1998

Elastic scattering of 2’Al+2Al at near barrier energies

A. Zerwekh, R. Liguori Neto, N. Added, J. C. Acquadro, N. Carlin, M. Frizzarini, and F. Malandrino
Instituto de Fsica, Universidade de"®aPaulo, C.P. 20516, ®aPaulo, 01498-970, Brazil

J. Lubian, R. Cabezas, P. R. S. Gomes, R. M. Anjos, G. M. Santos, A. M. M. Maciel, C. Muri, and S. B. Moraes
Instituto de Fsica, Universidade Federal Fluminense, Av. Litoranea s/n, Gragdsiiera, R.J., 24210-340, Brazil

G. Ramirez and C. Tenreiro
Departmento de Bica, Facultad de Ciencias, Universidad de Chile, Casilla 653, Santiago, Chile
(Received 13 July 1998

Elastic scattering angular distributions for the symmeffial + 2’Al 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-beamrray 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.
[S0556-281®8)02112-§

PACS numbe(s): 25.70.Bc, 27.30kt

I. INTRODUCTION ergies from 53 to 70 Me\(the nominal Coulomb barrier is
E .,=54 MeV). There were targets with thickness of 15
The elastic and inelastic scattering of asymmetric sysand 50ug/cn?. A layer of 5 uwg/cn? of **’Au was depos-
tems, at near barrier energies, have been investigated exteited on the targets, for calibration and normalization pur-
sively in the last years. Very interesting results have comgoses. The detection system was an array containing nine
out from these studies, including the threshold anomaly osilicon surface barrier detectors. The angular separation be-
the optical potential at low energies and the coupling effectsween two adjacent detectors was 5°. In front of each detec-
on the fusion procedd]. For two identical nuclei, the Cou- tor there were collimators with diameters of 4 mm. The angle
lomb scattering is described by the Mott distribution, whichdetermination was made by reading on a goniometer with a
exhibits a pronounced interference pattern in the angular digsrecision of =0.5°. A monitor was placed at 20° with the
tribution. Near barrier scattering for such systems show fingeam direction. The normalization was made by two differ-
structures and deviations from the Mott angular distributionsent methods. In both, the scattering was supposed to be
which are easier to be detected than those from the structurgurely of the Coulomb type: at forward angles for thel
less angular distributions of the Rutherford scattering. Theretarget(Mott scattering and for the®’Au target(Rutherford
fore, the scattering of identical particles is very sensitive toscattering.
details of the nuclear potential and should allow the deriva- The angular distribution range of the data was taken from
tion, with high accuracy, of the optical model parametersyery forward angles up té, ,,= 70°. The energy resolutions
There are very few symmetric systems of identigeishell  of the detectors were in the range from 300 KéMI width
nuclei for which the elastic scattering have been measuregt half maximum(FWHM)], for forward angles and thin tar-
[2—4]. All of them are forn-a nuclei. As the?’Al is a  gets, to 1000 ke M\FWHM) for backward angles and thick
nucleus with a ground-state spin equal to 5/2, the measureargets. Due to the kinematical broadening, the resolution
ment of the scattering of thé’Al +2Al system allows also  was not good enough to separate the elastic and first inelastic
the investigation of the influence of the ground-state spin 0{0.844 Me\j peaks of the?’Al at backward angles. Further-
the nuclei on the scattering and reaction processes. more, at backward angles, the elastic scattering was super-
In Sec. Il of this paper the experimental methods andhosed with the recoil peaks of théC and %0 contamina-
results are presented. In Sec. Ill, the elastic scattering ajfon. As a consequence of that, some asymmetries were
identical particles is described, and the optical model analynoticed in the elastic angular distributions, with respect to
sis of the elastic scattering data is discussed. In Sec. IV, thg, =90°. Therefore, in order to avoid these systematic er-
results of the coupled channel analysis of inelastic scatteringors, and using the fact that target and projectile are indistin-
are shown. Finally, in Sec. V, some conclusions are drawnguishame, only the data in the range upég,=90° were
used in the analysis.
Il. EXPERIMENTAL DETAILS AND RESULTS Figure 1 shows a spectrum d 4,=55 MeV, fiap
=49°, One can see the first two inelastic peaks with very
The experiments were performed at the 8UD Pelletrorsmall intensities and well resolved from the elastic peak.
accelerator of the University of 8a&Paulo. The beam inten- The uncertainties in the elastic cross sections are due to
sity on the target was typically of the order of 10-50 nA. the statistical errors and possible normalization errors. They
Experiments have been performed at seven bombarding emere found to be smaller than 5%.
A further investigation of the integrated inelastic scatter-
ing cross section was performed by the in-begiray spec-
*Permanent address: CEADEN, P.O. Box 6122, Havana, Cuba.troscopy method. Two HP germanium detectors were placed

0556-2813/98/5@)/34456)/$15.00 PRC 58 3445 ©1998 The American Physical Society



3446 A. ZERWEKH et al. PRC 58

10.00 T T | T T

C -recoll

32+

Counts

12+

1.00

10

T2+

j 0.10

1 I ||‘|||u|||| |"|||||||I||||||||||||||||||||
200 250 300 350 400 450 500 550 600

qe)/GCoul(e)

— - - without antisymmetrization \

Channel (Energy)

———  with antisymmetrization \

FIG. 1. Energy spectrum &.,=55 MeV andd, ,,=49°. 0.01 ! | ! | ! | I |
0 40 80 120 160

at =55° with the beam direction. The angular distributions G, 2. Comparison of the calculation of the elastic angular

of the y rays follow the expression distribution with and without effect of the antisymmetrization of the

wave function, normalized at the cross section calculated with a
W(0)=Ag+AyP,(Cost) +AP4(COSO) + -+ Ag<< 1-( ) pure Coulomb potentidlocy,(6)].
1

21
As P,(cos55°=0, it is possible to find the integrated d_‘T_E 2s+1 2

cross section fronW(#=55°). The target had a thickness of §=0 (21+1)?
80 ug/cnt and was deposited on a Tantalum backing, thick
enough to stop the beam. The energy resolution of the detec-
tors was 2.2 keMFWHM) at 1.33 MeV. Single and coinci-
dence spectra were obtained for two bombarding energies: .
55 and 61 MeV. The 844 and 1014 keV transitions, corre- +H(0) (7= 0)}. ©)

sponding, respectively, to the first (I/eand second (3/2) The elastic differential cross section of identical particles

- 7 . ) - . _
excited states of thé_ Al.’ were |dent|f|ed. In the_smgle SPeC- g usually normalized with respect to the Mott scattering for-
tra, but not in the coincidence ones. This confirms their iden- ula[6];

(-1)?
21+1

=[f(0)]2+|f(7—0)|*+ {f(o)f*(m—0)

i ) o m
tification as independent transitions to the ground state of the

2TAl. The integrated cross sections were, then, derived to be do 7]2 P 0\ (—1)?
—o| =—5jcs¢| 5| +sed| 5|+ 5
for E =55 MeV, o;,=21.9+1.2 mb, dQ/ o 4k 2 2] 2141
0 0 0
ando3,=21.741.2 mb; X2 co%nln tar? E))cs&(z seé"(i)“,
for E_.,=61 MeV, 0;,=26.4-1.4 mb, (4)
and o= 26.4+1.4 mb. where 7 is the Coulomb parameter.

For the theoretical description of the angular distributions

at each energy, the optical model was used, considering the

For the scattering of identical nuclei, the wave functionof  \;\\\— _v f#(r R a )= iWf(r.Re. a)+V
relative motion must be antisymmetric with respect to ex- " of (1 Roy 12, ot (":Row8,) *+Veoun )
change of the two nuclei. This is equivalent to the transfor-
mation 6— — 6. Therefore, we can write for the scattering where

amplitude
f(r,R = ! :
t(6)=1(6)+(~ 1) (m—0), (2 (R0 @) = T ex (1= R /a]
where the amplitudé(#) describes the scattering of distin- and ROi:fm(A,lJ/3+ AR, i=v,w.

guishable nuclei with identical properties aads the total

spin. The cross section could be obtained by incoherent si¢g andW,, are the real and volume imaginary depth agd

perposition of the different possibkecontributions accord- andag; their radii and difusenesser,Ry; ,aq;) is the form

ing to their statistical weightE5]: factor of Wood-Saxon an¥l, is the Coulomb potential of
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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
a,=a,=0.72 fm
Vy (MeV) 59.03 32.61 25.07 26.81 20.16 18.10 19.61
Wy (MeV) 2.15 2.39 4.21 5.06 5.07 5.07 5.08
Ws (MeV) 8.33 5.67 5.03 4.68 461 4.57 3.16
X3IN 3.03 2.27 3.00 1.34 3.69 471 2.05
a,=a,=0.67 fm
Vo (MeV) 75.56 37.86 28.85 32.79 24.22 23.90 27.36
W, (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
X2IN 3.25 2.31 291 1.39 5.13 3.27 1.58
a,=a,=0.62 fm
Vy (MeV) 95.82 48.98 30.47 41.56 36.06 35.35 39.67
Wy (MeV) 8.59 12.48 12.93 13.0 13.51 1491 14.51
Ws (MeV) 25.63 12.67 11.02 9.68 9.02 8.7 3.76
Y?IN 3.07 2.37 2.87 1.46 6.00 2.40 1.74
a,=a,=0.57 fm
Vo (MeV) 129.81 69.83 54.96 56.63 57.09 57.46 61.06
W, (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
Y2IN 3.12 2.47 3.11 1.52 6.87 2.08 2.26
a,=a,=0.52 fm
Vy (MeV) 213.89 112.95 87.36 82.67 88.46 100.97 104.31
Wy (MeV) 22.06 36.75 38.17 42.39 42.97 43.63 44.39
W5 (MeV) 99.73 36.67 30.05 25.68 14.92 13.57 4.12
x?IN 3.11 2.60 2.98 1.71 4.55 1.88 3.89
a,=a,=0.47 fm
Vo (MeV) 440.47 213.10 187.36 134.18 167.96 187.76 203.68
Wy (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
Y2IN 3.28 2.75 2.95 1.66 4.02 1.78 3.45
a,=a,=0.42 fm
Vy (MeV) 1179.37 490.74 360.55 367.57 363.70 388.76 459.21
Wy (MeV) 60.12 68.08 81.72 86.70 81.39 93.62 94.12
W5 (MeV) 568.23 167.27 124.44 89.31 21.23 14.97 4.71
X2IN 3.40 2.92 3.00 1.77 4.31 1.83 11.7

a uniform charged sphere with radifg=1.5(A%*+A!®).  angular distributions were computed using formu@sand
A, andA, are the projectile and target mass, respectwely (3). In Fig. 2 it is shown the elastic scattering differential
AII the calculations were performed using the coupled-cross sections fof’Al +27Al at 66 MeV for forward angles.
channel codecis[7]. This code, in its original version, does The full line represents the elastic scattering cross section
not take into account the projectile-target antisymmetrizatiomormalized by Rutherford cross section and the dotted one—
for nonzero spins. Some modifications of the code werenormalized by Mott cross sectidf3). One can see that the
therefore, implemented in order to calculate simultaneouslgffect of antisymmetrization on the angular distribution is
the scattering amplitudel #) and f(7— 6) [8]. Then, the notable even at forward anglésspecially in the region of
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nuclear-Coulomb interference [ ' ' '
The optical model calculations were performed by taking,  o!r
as a starting set of the optical model parameters, the one 4
obtained in[9] for the neighbor system’Al +28Si, at labo- 1
ratory energy of 70 MeV. As a first step,@&-fit procedure 10
was carried out, adjusting the radii and diffusenesses at 70 T Eiap=58 MeV
MeV, where the nuclear effects are more significant. These *°
values were then fixed ag,=1.19 fm; rq,=1.11 fm; a, s Ejgp=55 MoV
=0.624 fm; a,,=0.655 fm, and used for fitting of the angu- é °
lar distributions at lower energies. A second fit was per- = wﬁ E1,=57 MoV
formed by varying the depth of the real and volume imagi- >
nary potential Vo andW, . The results showed the need of o E|qp=60 MeV
the inclusion of a surface imaginary paN,s, of the deriva-
tive form o' Ejap= 63 MV {
1071
) d al Ea,=66 MeV
Ws(f):—4|Wosaf(r:ROU a,) (6) !
105+ Ejp=70Mev |
in order to adjust the angular region around 90°, where the 4 ,ls I 1‘2 I 16
nuclear interaction becomes stronger. In this formWgs is r [fm]

the depth of the surface imaginary potential. Its radius and , ,
diffuseness were taken equal to the ones of the real potential F'C: 3- Radial behavior of the real potenti4{r) for each mea-
considering that the collective effects manifest themselves iﬁured energy, cal;ulated by f|tt|_ng the set of parameters correqund-
the nuclear surface. The presence of this surface imaginarmg to Q'fferem d'ﬁusenfsses in the range of 0.42-0.72 fm with
AR . . proximately the samg~.

potential indicates that some inelastic processes could play 2
role in this reaction.

In order to reduce the ambiguities of the optical potential lower one,E=53 MeV, measured at sub-barrier Coulomb
a “radius of sensitivity”[10,11] was searched, by fitting, energy. This indicates that no optical potential anomaly is
W,y , andW,s at different diffusenesses in the region of 0.42 present near the Coulomb barrier for this system.
fm up to 0.72 fm by step of 0.05 fm, and fixing the reduced In Fig. 6, the results of the calculations using any of the
radii, ro, andr,,, at previously found values. At this radius equivalent sets of Table(for each energyare shown. The
all the families to be found will be equivalent. experimental error bars cannot be seen in the figure, because

The set of optical model parametgf®MP) obtained by they are smaller than the points. One can see that the agree-
this procedure is shown in Table I. A notable sensibility canment of calculated cross sections with the experimental data
be observed of the real and imaginary depths to the diffuselS very good.
ness parameter for different families of OMP with roughly ~ The influence of the spin-orbit interaction was tested by
the samey?. The reason for this dependence is evident. Toncluding, in the optical potential, a spin-orbit term of the
obtain the same value of the real and imaginary part of the
potential at the radius of sensitivity one has to have deeper [ I . | |
potential if their diffusenesses are smaller and vice versa. o}
Another feature of the OMP sets of Table | is an increase of (
the volume imaginary part and a decrease of the surface one 4,1t
as the energy increases. This is in agreement with the pre- (
scriptions of the optical model. This behavior could be dueto o'+
the opening of the low-lying inelastic channels.

In Figs. 3 and 4, the radial behavior is shown of the real
and imaginary part of the potential, respectively, by taking
the optimumy? at different diffusenesses for all bombarding
energies. The crossing radii for the real and the imaginary [
part of the optical potential were found in the region of 9—-10 — 1o'|
fm. They are listed in Table Il for all bombarding energies.
The energy averaged ‘“radius of sensitivity” was found at 1olr
9.83 fm. ik

In Fig. 5, it is shown the energy dependence of the poten-
tial at this radius. The error bars represent the range of de-
viation of potential corresponding to distinct sets of param-  10°]
eters with different values of diffusenesses and roughly the | ' ‘ ' |
samey?. The full line represents the results of the calcula- 4 8 ¢ [l 12 16
tions using the dispersion relatiofk2]. It can be seen from
this figure, a rather smooth energy dependence of the real FIG. 4. The same as Fig. 3 for the imaginary poteriigj(r)
and imaginary parts of the optical potential, except for the+W(r).

Ej2p=53 MeV

E|qp=55 MeV

, Ejqg=57 MeV
10

[W(n)| [MeV]

E|5p=60 MeV
Ejap= 63 MeV |
E|2p=66 MeV

Elqp=70MeV 1
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TABLE Il. Radii of sensitivity Rsy (Rsw) for the real(imagi- T | T |
nary) part of the optical potential at each bombarding energy. T OFAI+ Al ]
1 - 0g gt g g e e __~_
ELab (MeV) Rsv (fm) Rsw (fm) ” Eiap=53MeV 3
g
55 9.9 10.5 A
o~ 1 3
57 9.9 10.3 e W ]
9
9 -
60 9.6 10.3 bE W :
63 9.85 9.0 e | 1
= — — W
0 . 4
70 10.35 8.7 E =66 MeV 3
Mean value 9.83 fm 17 =
E B gp=70MeV :
041 £ 3
Thomas form. In this way it was found that the depth of the E
spin-orbit potential at near barrier energies is an almost free i | |
parameter, i.e., keeping fixed the depth of the spin-orbit po- 0 40 80 120
tential, one could fit the data varying the depth of the real ©c.m. (deg)

and imaginary potentials by the same procedure explained _ ) _ ) )
above. On the other hand, when one includes the spin-orbit F£(73 6.2;EIast|c .scatterlng dlﬁergntlal cross section for t.he sys-
potential at higher energig§6 and 70 MeV one could fit tem <’Al+<'Al at different bombard_lng energies. _The experimental

the experimental data only when the spin-orbit depth wag ™' bgrsl aredsn|1allt|ar tlha_n the points. Tk]lerfu” line io;re;polnds o
very small(around 0.13 MeY. We conclude that the reason e optical modef calculation using one of the sets of Table |.

for this fact is that at near barrier energies, other processegﬂiS analysis we could state that the spin-orbit interaction

oes not play a significant role in the description of the elas-
C scattering in this system.

like the scattering of collective modes, play a most relevan
role and the inclusion of the spin-orbit term is screened b){i
the surface imaginary potential. At higher energies, the role
of inelastic processes is less important and that is why the
depth of the spin-orbit potential becomes relevant. Neverthe-
less, the small value of the spin-orbit potential depth 0b- |y order to describe the inelastic cross section, coupled-
tained in the fit suggests that, even at higher energies, thyannel calculations were performed considering a coupling
spin-orbit interaction remains unimportant. Therefore, fromgcneme of three levels: 5/20.0 MeV), 1/2°(0.84 MeV),
and 3/2 (1.01 MeV). The excitations of the two low-lying
20 ‘ | . \ . . excited states were determined by the off-diagonal matrix
elements that connect these states to the ground state and
- : these states between themselves, and the diagonal matrix el-
ements, which give rise to the reorientation effects. The elec-
10 ] tric part of these matrix elements is known from the mea-
. sured lifetime and guadrupole moments of these sfaigs
L —-—~\+\k J The used values are listed in Table Ill. The excitation of the
* projectile was considered in the same way as the target ex-
citation. The ?’Al is a single-hole nucleus where the un-
paired particle is a proton in thed},, subshell. It is located
in a transitional region between the prolate nucléidg and

IV. INELASTIC SCATTERING COUPLING

9.83 fm) | [MeV]
<<

| V(Rg=

0.0 I | I | [ ‘ T | T

TABLE Ill. Summary of reduced matrix elements used in
10 — — coupled-channel calculation taken from Rgf3].

L W _ (I"[E2||1) (in eb)
|1=5/2 1=1/2 1=3/2

9.83 fm) | [MeV]

| W(Rg=

0.0

50 55 60 65 70 75 r— —
ELop MeV] I"=5/2 0.198 0.0883 0.125

. . =12 —0.0883 0 0-0.1
FIG. 5. Values of the real and imaginary part of the optical

potential at “radius of sensitivity” equal to 9.83 fm. The full line |’=3/2 -0.125 0+0.1 0+0.12
corresponds to the dispersion relation calculations.
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TABLE IV. Experimental inelastic integral cross section for the V. SUMMARY
excited states 1/20.884 MeV) and 3/2(1.014 MeV), and cal-
culated cross section using the coupled-channel formalism. In this paper we presented original elastic and inelastic

scattering data on odd identical nuclei, for tREAl+27Al

Evap (MeV) 12 (D) o372 (M) T reaction (Mb) system at sub- and near barrier energies. The present results
55 Exp 21.9-1.2 Exp 21.%1.2 499 show a rather smooth energy dependence of the optical po-
Theor 4.4 Theor 23.02 tential at near barrier energies and suggest a small influence
of the coupling of the considered states on the elastic scat-
61 Exp 26.4-14 Exp 26414 746 tering angular distributions. It would be interesting to study
Theor 13.6 Theor 22.6

the influence of these collective effects on the fusion cross
sections in the vicinity of the Coulomb barrier. In order to do
that, measurements on the fusion excitation function and in-
the oblate 28Sj [13,14. Its measured quadrupole moment elastic scattering cross sections near the barrier will be car-
[15] and theB(E2) values[16—-19 are evidences of a large ried out. The influence of the spin-orbit interaction was
static deformation. The models used for its description indifound not to be important in the description of the elastic
cate a deformed oblate shape. The potential deformation thatattering process of this system.

determines the nuclear part of the matrix elements, in terms

of the rotational model, were taken frgrh9]: 8,=0.37 for

1/2" state ang8,=0.35 for 3/2° state. The results of calcu- ACKNOWLEDGMENTS

lations and their comparison with the experiment are shown

in Table IV. It can be seen that the derived inelastic scatter-
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