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Deviation from tidal symmetry for scattering of polarized ?*Na from the deformed nucleus ?’Al
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The second-rank analyzing poweFs, and 'T,, were measured using a tensor-polarized beamd®sf
scattered fron?’Al at an incident energy of 150 MeV. The concept of tidal symmetry in scattering systems
leads directly to a shape-effect relationship between the two sets of analyzing powers which should hold good
at low values of the isocentrifugal parameter and this has been confirmed in other scattering systems.
For 2Na+ ?’Al at 150 MeV the isocentrifugal parameter has the low value of 0.04, yet the shape effect
relations do not hold true for the data forward of 12° c.m. It is suggested that this may be evidence for an
effect of the deformation of the target nucleus and this is supported by coupled-channel calculations which
agree well with the datdS0556-28189)07108-3

PACS numbgs): 24.70+s, 25.70.Bc, 27.36:t, 24.10.Eq

I. INTRODUCTION tations about the line joining their centers. The generator of
such rotations is known as the tidal-spin operator and has
The concept of tidal symmetry has provided an advanceigenvalues which are the tidal sfi2], which is conserved
in the understanding of heavy ion collisions over recentunder tidal forces. The concept of tidal spin is meaningful
years. Tidal symmetry1] is a dynamical symmetry of the Pprovided there is no significant mass exchange between the
interaction between nuclei. If the forces between the nuclepuclei on collision, and so it is particularly applicable to
are central, they are known as tidal forces, from analogy wittelastic scattering. _
the gravitational forces between Moon and Earth which cre- It is well known that the second-rank analyzing powers

ate the tides. For such forces the total potential energy of thior Fresnel scattering systems are related to each other by the
interaction between the nuclei is clearly invariant under ro-Shape-effect relationf3]. It has also been showf®] that
tidal symmetry leads directly to the shape-effect relations.
The shape-effect relations consequently provide a signature
or tidal symmetry and any deviation of the measured ana-
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—(Toot \/ETzz) TABLE I. Optical-potential parameters used in the calculations.
T 205 5 (2 ro anda are the reduced radius and diffuseness parameters, respec-
tively.

it constitutes a convenient, independent experimental quan-
tity. In the current work, angular distributions df,y and
T, analyzing powers were measured for 150-MeV elastic  130.0 48.76 1.203 0.50 1.32
scattering of>Na from 27Al, in order to investigate how

well they conform to the above relation and if any deviation
from tidal symmetry is observed. pected to conform to tidal symmetry, a heavy-ion system

The complete Hamiltonian describing the colliding with a small isocentrifugal parameter. To achieve thidha
nuclear system depends not only on the central interactioheam at 150 MeV and aR’Al target were chosen which
potential but also on the centrifugal tedn?/r?, for angular ~ provides a suitable deformed nucleus with the ground-state
momentum operatdr and distance between nuckeiwhich  (g.s) well resolved from the first-excited state at 0.84 MeV.
can change the tidal spin by 1. The centrifugal term may The 150-MeV beam energy gives a value of the isocentrifu-
be approximated by settingzz L(L+1) whereL is the av-  gal parameter as defined by @ttal.[5] close to 0.04, which
erage of the incoming and outgoing angular momenta. Thiés smaller than the value 0.07 for either thiei +*2%Sn sys-
is known as the isocentrifugal approximation and tidal sym-tem at 44 MeV[7] or the "Li +>*Fe system at 70 MeV8],
metry holds if this approximation is god&]. A determina-  Wwhile it is larger than the value<0.01 for the #Na+2°%Pb
tion of the validity of the isocentrifugal approximation can system at 170 MeV9,11]. In these systems with small iso-

V (MeV) W (MeV) ro (fm) a (fm) re (fm)

be made by defining an isocentrifugal param¢gr centrifugal parameters, tidal symmetry was found to hold
” good.
L
d= ‘ 1-—F— ()
fLoafioa IIl. COUPLED-CHANNEL CALCULATIONS

wheref | is the wave function distorted by the central poten-  The calculations were performed using the computer code
tial, for a grazing value oL. This is a function ofr but ~ FRESCO[14]. The optical potential is a Woods-Saxon shape
calculated at the strong-absorption radius. The isocentrifuga¥ith the same geometry for the real\ and imaginary {V)
parameter for any given system of colliding nuclei at a givenparts and is listed in Table I. The central part of the nuclear
beam energy may be determined from the Sommerfeld paotential is taken from a fit to a similar elastic scattering
rameter at the Coulomb barrier and the scattering energyystem?’S+2Al [15], with a slight modification of the real
The isocentrifugal parameter is small if the isocentrifugalstrength and the reduced Coulomb radius paranreter
approximation is good and hence tidal symmetry is expected The coupling potentials are based on the quadrupole-
to hold for small isocentrifugal parameters regardless ofleformed potentials of the nuclear and Coulomb couplings,
whether the scattering system is of Fresnel or Fraunhofe®f which the nuclear coupling form factor is given by

type. This has been verified experimentally using spherical

target nuclei where tidal symmetry has been found to hold 1 du
I_cl)r elastic scattering of Li [6—8] and ?*Na [9—-11] projec- F(r)=- \/E%W’ (4)
iles.

Since scattering systems involving spherical target nuclej,

are speci_al cases With_in_ the rez_ilm of all nuclei, it is importanﬁs the central nuclear potential. The Coulomb form factor for
to investigate the validity of tidal symmetry for deformed a large radius is given by

target nuclei. Nuclear scattering in general may be well de-

hered, is the nuclear quadrupole deformation length &hd

scribed by Fraunhofer or Fresnel diffraction descriptions, of JAnze
which heavy-ion scattering systems constitute predominantly F(r)=M(E2) Le, (5)
the Fresnel typd12]. Nuclear deformation has, however, 5r3

been found13] to cause a deviation of the differential cross
section from the Fresnel shape. Therefore it seems possibighere M(E2) is the reduced matrix element for the Cou-
that target nucleus deformation may also give rise to devialomb transition andZ is the atomic number. The coupling
tions from tidal symmetry in heavy-ion collisions becausepotentials for projectile and target nuclei are produced by
the interaction potential may be altered. In an interactiorsimply assuming both nuclei are pure rotational nuclei with
with a deformed target nucleus, different partial waves ardand spin equal to the spin of the ground state, whence the
more likely to be involved in entrance and exit channels, thuswuclear deformation length and the reduced matrix element
reducing the extent to which the isocentrifugal approxima-can be given in terms of the intrinsic quadrupole moment
tion is valid and hence whether tidal symmetry can be sucwhich can be obtained from the experimental spectroscopic
cessfully applied. quadrupole moment.

The aim of the current work is to investigate if there is  For both nuclei, a comparison of the experimeiBaE2)
any deviation from tidal symmetry for scattering from a de-values and the spectroscopic quadrupole mome@tg 6Of
formed target nucleus. In order to do this it is necessary t@xcited states with those values calculated using the experi-
select a scattering system which would otherwise be exmental g.s. quadrupole moment and rotational model expres-
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TABLE Il. A comparison of experimentalExpt) spectroscopic quadrupole moments of ground and
excited states anB(E2) values from references, with values calculated from the g.s. quadrupole moment in
the rotational mode{Rot. mode) with band spinK =1 .

2Na Q. (efm?) B(E2)  (e?fm?)

" Eex (MeV) Expt. Rot. model I I Expt.2 Rot. model
3+ 0.0 10.06-0.20®  10.06+0.20 3+ 5+ 143+ 9 129+5
5+ 0.440 —5+5P -3.6+0.1 3+ I+ 73+10 72+3
I 2.076 —14+14° -10.1+02 3% I+ 60+ 21 90+ 4
27p| Q, (efm?) B(E2)  (e*fm%)

" Eex (MeV) Expt. Rot. model I ¢ Expt.© Rot. model
3+ 0.0 14.02-0.10¢  14.02:0.10¢ 3+ I+ 71+19° 73+1.0
i+ 2211 o-3f 2.62+0.02 3t 2+ 59+6 26+0.4
o+ 3.004 — —-357+0.03 17 o <18 58+ 0.8
%Referencd 33].

PReference 34].

‘Referencd35].

dReferencd 19].

®104+4 [36].

fReferencd 34].

sions is given in Table Il. FoPNa, it can be said that the merals dzesnote the number of coupled states of the
properties of the g.s. arfl" and%* states are well described Pprojectile *Na and of the targef’Al, respectively. Owing

in the rotational model with band spki=2. The structure

to the long-ranged Coulomb coupling, the radial integration

of the ?’Al nucleus is much more intriguing. Tests of the Of the wave function has been performed to a maximum

rotational model in terms of the measured quadrupole motadius of 25 fm and a further extension using the coupled
ment andB(E2) values of low-lying states have been doneCoulomb functions to an asymptotic radius of 60 fm has

for 2’Al [16-18. A simple prediction ofB(E2) values
based on a recent experimental g.s. quadrupole mofhéht

in the strong-coupled rotational model with the band spin
K =3 is shown in Table Il. The strongest state coupled to the
g.s. of 2’Al is the ™ state atE,=2.211 MeV while a

slightly weaker coupling to the low-lying states f (Eq,
=0.844 MeV) and* (E.,=1.014 MeV) also existE20].

been done for a maximum of 450 partial waves to give reli-
able results forg, ,,>3°.
Ill. EXPERIMENT

The experiment was performed using?#a beam from
the polarized heavy-ion sour¢24] at the Nuclear Structure

Since a detailed interpretation of the observed spectroscoplcaCility at Daresbury Laboratory in the UK. Polarization of
quantities requires more elaborate models such as band mi{}® beam was achieved using If transitions between the 2-8

ing [18,21], coupling of rotation and vibratiopl7], strong
interaction between different Nilsson orbf2], or a weak-

and 4-6 hyperfine atomic level25] in a magnetic field,
theoretically leading to equal magnitude positive and nega-

coupling mode[23], a simple rotational model is also taken tive tyo polarizations, respectively. The equality of thg
for the 27Al nucleus to reduce the uncertainty of the param_polanzatlons for the two transitions was verified by compari-

eters involved. Hence only the coupling between the g.s. ang®" With an unpolarized beam. Odd-rank polarizations are
I+ and* states is included in the calculation, while there €dual in each case and so may be eliminated by use of the

has been a consideration of thé state at 3.004 MeV as the

band head of & =2 band[17].

The nuclear deformation length used in the coupled

channel calculation is given by,=1.57 fm[11] for *Na

and 8,=1.11 fm for 2’Al, obtained by using the intrinsic-
charge quadrupole moment &fAl g.s. rotational bandQ,
=39.26 efm?, and by assuming the nuclear deformation

two polarized beam states and an unpolarized state. The po-
larization states were switched every few seconds after a
specified integrated beam current was measured, to minimize

TABLE IIl. The coupling schemes used in the calculation for
projectile and target nucle{Reorientation is always included.

length is the same as the Coulomb deformation length. Thg, .

reduced matrix elementsl(E2) are obtained according to

Coupled states

the convention irFRESCOby using the rotational model de- I-I

scription for 2Na and?Al. In channel couplings, up to two [I-I
or three states including the g.s. f8#Na and 2’Al nuclei,
respectively, are considered. The coupling schemes are sumy
marized in Table lll, where the first and second roman nu

23Na 27A|
9.5.(3/2°) g.5.(5/2)
g.s.(3/2") and 5/2 g.s.(5/2)
I-11 g.s.(3/2") g.s.(5/2) and 7/2
g.s.(3/2%) g.s.(5/2), 7/2" and 9/2
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systematic errors due to beam drift or polarization fluctua- T,
tions. A Wien filter was used to orient the polarization sym- T2O
metry axis along the beam direction on the target, forTthe
measurements and normal to the scattering plane fol Thg
measurements. The polarizédNa~ ions were accelerated
to the terminal of a tandem Van de Graaff accelerator, charge
stripped by a carbon foil, and then further accelerated. 0.057 %
ZNa" ions after stripping were selected because the yield HH HE
was greater than fo”®Na''* and a closed two-electron
atomic shell is known to suffer much less depolarization of
the beam in the stripper foiR6]. The 150-MeV accelerated
beam was incident on aR’Al target of thickness
350 g cm 2 in the target chamber of a QMG/2 magnetic T 0.0
spectrometer. 20
The beam was collected after the target in a polarimeter 0.107 ,_5_,"}"
and beam-stop assembly which was especially built to be .%«
small enough to allow measurements to be made with the HH
spectrometer at scattering angles as small as 4° in the labo- 0.05¢
ratory frame. The beam polarization was determined using
the *H(**Na,a)?*°Ne polarimeter reaction for whichly,
=—1 and 'T,=0.5 at 0°, due to angular momentum con- 0.00
siderations [27]. The target for this reaction was a e
1-mg cm 2 titanium foil into which hydrogen had been ab-
sorbed. Thea particles were detected and identified in a —0.05
AE-E silicon detector telescope at 0°, with angular accep-
tance 3°, after passing through a &da tantalum beam stop. Center of mass angle (degrees)
The mezgsured be_am polarization was typicajly-0.1. FIG. 1. Analyzing powers for elastic scattering of 150 MeV
The ?Na nuclei scattered from th&Al target entered the 233 from 27Al. The curves show the shape-effect prediction for
QMG/2 magnetic spectrometer via an aperture of solid angle, calculated from thé T, data.
10 msr and angular acceptance 6°. They were detected using
a gas detectd28] in the focal plane of the spectrometer. Use - C
ofgthe spect?om]eter aIIowedpthe elastic sgattering to be re?€ar 18° in Fig. 1. The angular resolution is indicated by the

solved from the inelastic scattering, leading to the 0.44-Me\2Ndl€ error bars shown..
first-excited state in®Na. Selection of elastic scattering 1he shape-effect rTeIat|on given in E(l) was used to
events and determination of the scattering angle wer§alculateTy from the s data+ The results of this calcula-
achieved using energy and position signals available fronjjon for the limits given by the' Ty, analyzing power error
the focal-plane detector. Data were transmitted from analog?@rs are shown with th&;, data in Fig. 1. The data exhibit
to-digital converters to a computer and recorded event b? clear deviation from the shape-effect relation, especially at
event on tape. orward gngk_as. In pamcular the forward-andlg, data are

T,o and T, data were obtained for a range of scattering(?f negative sign while thé T, data and shape-effect predl_c-
angles from 4° to 15.2° and 10°, respectively, in the labolion are posltlvg. The results of (_:qupled-channgl calculations
ratory frame. are shown in Figs. 2 and 3. By fixing the potential, the effect
of channel coupling is shown for the calculation of coupled
projectile or target states. As more states are coupled, the
oscillating behavior at large angles is smoothed (2]
Reproduction of the T,y data is reasonable, but much better

The analyzing powers obtained are shown in Fig. 1. Thdor the T,q data as more target states are coupled into the
error bars shown in the analyzing power data are statisticatalculation. Hence the best results are obtained for the cou-
Systematic errors in yields may arise from target-thicknespling scheme of g.s. reorientation féfNa and the three
variation and movement of the beam spot on target, wittcoupled states (572 g.s.,7/2,9/2") of 2’Al, giving a good
associated acceptance variations into the magnetic spectromeproduction especially for th€,, data at forward angles.
eter and focal-plane detector. However, analyzing powers are To check the deviation from tidal symmetry and the
extracted from ratios of yields for which all these factors areshape-effect relation, a simple comparison of the ratio
identical and therefore cancel, resulting in negligible systemT,o/ T, is shown in Fig. 4 for the experimental data, the
atic errors in the analyzing powers. The magnetic spectromshape-effect relation, and the coupled-channel calculations.
eter can be reproducably accurately positioned, so systematior the angular range covered by the data the ratio of the
errors on the angle are negligible, as evidenced by the exanalyzing powers as predicted by the shape-effect relation is
tremely close agreement of the middle tWg, data points close to 1. At large angles above the Coulomb rainbow angle

0.10T

0.00

0 5 10 15 20 25 30

IV. RESULTS
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FIG. 2. Results of a coupled-channel calculation by coupling FIG. 3. Results of a coupled-channel calculation by coupling
more states of thé®Na projectile. The coupling scheme is shown in more states of thé”Al target. The coupling scheme is shown in
Table IlI. Table III.

of 11°, little deviation from the prediction of the shape-effectments [6,7,9—11, it remains, however, to be understood
relation is seen, which is also supported by the coupledduantitively if the present deviation from tidal symmetry at
channel calculations. The clear deviation of the data andorward angles can be explained by the long-range nature of
coupled-channel calculations from the shape-effect predicthe Coulomb coupling. In addition it is possible, particularly
tion, however, is highlighted at forward angles, where theat small angles, that as well as scattering from the near side
Coulomb excitation is dominant. The discontinuities in the

ratio given by the coupled-channel calculation correspond toTZO/TT20 ® - AL
the angles of zerd T, value. The deviation of the data and T : :
calculation from the shape-effect relation is indicative of 4 oo -
tidal symmetry breaking at forward angles. This feature con- \ '
trasts with satisfactory shape-effect relations for elastic scat:
tering for 'Li+'2%Sn at 44 MeV[7] and ‘Li+>*e at 70 TN
MeV [8], even though these systems have larger isocentrifu- ] IR --I-—_o_‘—-
gal parameters than that of the present scattering systen 0 Nl ' 8
Here the values of isocentrifugal parameter are based on th J -
estimation by Otet al.[5], which has considered the nuclear Lo -
coupling only. When the isocentrifugal parameter is consid- :
ered for the long-range Coulomb coupling, its value is de- :
pendent on the scattering angle and approaches 2/3 as tt 4 r - L ~ r T & &2 &
scattering angle approaches zero in the case of elastic sca BinileraPrmzss angle [deg)

tering [30]. Hence the present study apparently supports the

previous conclusion30] that tidal symmetry deteriorates at  F|G. 4. Experimental ratio of analyzing powers compared with
small scattering angles. Since the rank-2 analyzing powerge shape-effect predictiofsolid curve and the coupled-channel
are mostly close to zero or unmeasured in the forward angtealculation(dashed curveobtained using coupling scheme I-11I in
lar region of Coulomb dominance in the previous measureTable lIl.
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of the target nucleus, the same angle of scatter can bermed target nuclei are highly desirable, in order to deter-
achieved by a partial orbit of the projectile around the farmine whether a similar deviation from tidal symmetry is
side of the target nucleus. This far-side contribution is likelyindeed observed. While the measurement of two rank-2 ana-
to be a very small fraction of the yield, but could potentially lyzing powers is the minimum requirement for determining
have a more significant effect on the analyzing pov8ds. deviation from tidal symmetry, ideally all three rank-2 ana-
lyzing powers would provide a more complete data set. In
V. CONCLUSIONS addition, measurement of odd-rank analyzing powers would
. also be of interest because these are zero if tidal symmetry
The analyzing powers 5, and "T,, have been measured holds. It would be interesting to observe how any tidal sym-
for elastic scattering of 150 MeV*Na from a /Al target.  metry breaking is manifested in the odd-rank analyzing pow-
This system has a small isocentrifugal parameter so tidal s
symmetry would ordinarily be expected to hold. However, a  The 27a| target nucleus used for the current measure-
marked deviation from tidal symmetry is observed at for-ments, as well as being deformed, also has a nonzero spin,
ward angles which may arise due to target deformation, @th a 5/2" ground state. The nuclear spin is not expected to
long-range Coulomb coupling to excited states, or the conaffect tidal symmetry[32]. However, it would be good to
tribution of the far-side amplitude. In previous experimentalconfirm this by performing elastic-scattering measurements

studies[6-11], the small isocentrifugal parameters led to afor deformed target nuclei with both zero and nonzero spins.
validity of tidal symmetry and shape-effect relation in the

elastic channel even though the breaking of tidal symmetry

to some degree was observed for the m_elastlc_ channels. The ACKNOWLEDGMENTS
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