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Deviation from tidal symmetry for scattering of polarized 23Na from the deformed nucleus 27Al
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The second-rank analyzing powersT20 and TT20 were measured using a tensor-polarized beam of23Na
scattered from27Al 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 23Na1 27Al 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 data.@S0556-2813~99!07108-3#

PACS number~s!: 24.70.1s, 25.70.Bc, 27.30.1t, 24.10.Eq
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I. INTRODUCTION

The concept of tidal symmetry has provided an adva
in the understanding of heavy ion collisions over rec
years. Tidal symmetry@1# is a dynamical symmetry of the
interaction between nuclei. If the forces between the nu
are central, they are known as tidal forces, from analogy w
the gravitational forces between Moon and Earth which c
ate the tides. For such forces the total potential energy of
interaction between the nuclei is clearly invariant under
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tations about the line joining their centers. The generato
such rotations is known as the tidal-spin operator and
eigenvalues which are the tidal spin@2#, which is conserved
under tidal forces. The concept of tidal spin is meaning
provided there is no significant mass exchange between
nuclei on collision, and so it is particularly applicable
elastic scattering.

It is well known that the second-rank analyzing powe
for Fresnel scattering systems are related to each other b
shape-effect relations@3#. It has also been shown@2# that
tidal symmetry leads directly to the shape-effect relatio
The shape-effect relations consequently provide a signa
for tidal symmetry and any deviation of the measured a
lyzing powers from the shape-effect relations indicates t
tidal symmetry cannot be applied in the scattering. T
shape-effect relation which relates theT20 and TT20 analyz-
ing powers is

T205
~3 cosu21!TT20

2
, ~1!

whereu is the center-of-mass scattering angle. The analyz
power TT20 is measured as forT20 except that the quantiza
tion axis for the beam polarization is taken in the transve
direction @4#, normal to the scattering plane, rather than
the beam direction. Because it is related to bothT20 andT22
by

ty,

a-

r-

-

y,

s,

A.
,

©1999 The American Physical Society02-1



a

ti

on

g
tio

h
m

n

n

g
e
p
rg
a
te
o

of
ic
ol

cl
an
d
de
o

nt
r,
ss
si
via
se
io
ar
u
a

uc

is
e

e

em

tate
V.
ifu-

-
old

ode
pe

ear
ng
l

ole-
gs,

for

u-
g
by
ith
the
ent

ent
pic

eri-
res-

ns.
pec-

N. J. DAVIS et al. PHYSICAL REVIEW C 60 034602
TT205
2~T201A6T22!

2
, ~2!

it constitutes a convenient, independent experimental qu
tity. In the current work, angular distributions ofT20 and
TT20 analyzing powers were measured for 150-MeV elas
scattering of 23Na from 27Al, in order to investigate how
well they conform to the above relation and if any deviati
from tidal symmetry is observed.

The complete Hamiltonian describing the collidin
nuclear system depends not only on the central interac
potential but also on the centrifugal termL2/r 2, for angular
momentum operatorL and distance between nucleir, which
can change the tidal spin by61. The centrifugal term may
be approximated by settingL25L(L11) whereL is the av-
erage of the incoming and outgoing angular momenta. T
is known as the isocentrifugal approximation and tidal sy
metry holds if this approximation is good@5#. A determina-
tion of the validity of the isocentrifugal approximation ca
be made by defining an isocentrifugal parameter@5#

d5U12
f L

2

f L11f L21
U, ~3!

wheref L is the wave function distorted by the central pote
tial, for a grazing value ofL. This is a function ofr but
calculated at the strong-absorption radius. The isocentrifu
parameter for any given system of colliding nuclei at a giv
beam energy may be determined from the Sommerfeld
rameter at the Coulomb barrier and the scattering ene
The isocentrifugal parameter is small if the isocentrifug
approximation is good and hence tidal symmetry is expec
to hold for small isocentrifugal parameters regardless
whether the scattering system is of Fresnel or Fraunh
type. This has been verified experimentally using spher
target nuclei where tidal symmetry has been found to h
for elastic scattering of7Li @6–8# and 23Na @9–11# projec-
tiles.

Since scattering systems involving spherical target nu
are special cases within the realm of all nuclei, it is import
to investigate the validity of tidal symmetry for deforme
target nuclei. Nuclear scattering in general may be well
scribed by Fraunhofer or Fresnel diffraction descriptions,
which heavy-ion scattering systems constitute predomina
the Fresnel type@12#. Nuclear deformation has, howeve
been found@13# to cause a deviation of the differential cro
section from the Fresnel shape. Therefore it seems pos
that target nucleus deformation may also give rise to de
tions from tidal symmetry in heavy-ion collisions becau
the interaction potential may be altered. In an interact
with a deformed target nucleus, different partial waves
more likely to be involved in entrance and exit channels, th
reducing the extent to which the isocentrifugal approxim
tion is valid and hence whether tidal symmetry can be s
cessfully applied.

The aim of the current work is to investigate if there
any deviation from tidal symmetry for scattering from a d
formed target nucleus. In order to do this it is necessary
select a scattering system which would otherwise be
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pected to conform to tidal symmetry, a heavy-ion syst
with a small isocentrifugal parameter. To achieve this a23Na
beam at 150 MeV and an27Al target were chosen which
provides a suitable deformed nucleus with the ground-s
~g.s.! well resolved from the first-excited state at 0.84 Me
The 150-MeV beam energy gives a value of the isocentr
gal parameter as defined by Ottet al. @5# close to 0.04, which
is smaller than the value 0.07 for either the7Li1120Sn sys-
tem at 44 MeV@7# or the 7Li154Fe system at 70 MeV@8#,
while it is larger than the value,0.01 for the 23Na1208Pb
system at 170 MeV@9,11#. In these systems with small iso
centrifugal parameters, tidal symmetry was found to h
good.

II. COUPLED-CHANNEL CALCULATIONS

The calculations were performed using the computer c
FRESCO@14#. The optical potential is a Woods-Saxon sha
with the same geometry for the real (V) and imaginary (W)
parts and is listed in Table I. The central part of the nucl
potential is taken from a fit to a similar elastic scatteri
system32S127Al @15#, with a slight modification of the rea
strength and the reduced Coulomb radius parameterr C .

The coupling potentials are based on the quadrup
deformed potentials of the nuclear and Coulomb couplin
of which the nuclear coupling form factor is given by

F~r !52
1

A4p
d2

dU

dr
, ~4!

whered2 is the nuclear quadrupole deformation length andU
is the central nuclear potential. The Coulomb form factor
a large radius is given by

F~r !5M ~E2!
A4pZe2

5r 3
, ~5!

where M (E2) is the reduced matrix element for the Co
lomb transition andZ is the atomic number. The couplin
potentials for projectile and target nuclei are produced
simply assuming both nuclei are pure rotational nuclei w
band spin equal to the spin of the ground state, whence
nuclear deformation length and the reduced matrix elem
can be given in terms of the intrinsic quadrupole mom
which can be obtained from the experimental spectrosco
quadrupole moment.

For both nuclei, a comparison of the experimentalB(E2)
values and the spectroscopic quadrupole moments (Qs) of
excited states with those values calculated using the exp
mental g.s. quadrupole moment and rotational model exp

TABLE I. Optical-potential parameters used in the calculatio
r 0 anda are the reduced radius and diffuseness parameters, res
tively.

V ~MeV! W ~MeV! r 0 (fm) a ~fm! r C (fm)

130.0 48.76 1.203 0.50 1.32
2-2
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TABLE II. A comparison of experimental~Expt.! spectroscopic quadrupole moments of ground a
excited states andB(E2) values from references, with values calculated from the g.s. quadrupole mom
the rotational model~Rot. model! with band spinK5I g.s..

23Na Qs (e fm2) B(E2) (e2 fm4)
I p Eex (MeV) Expt. Rot. model I i I f Expt.a Rot. model

3
2

1 0.0 10.0660.20a 10.0660.20a 3
2

1 5
2

1 14369 12965
5
2

1 0.440 2565 b 23.660.1 3
2

1 7
2

1 73610 7263
7
2

1 2.076 214614 b 210.160.2 5
2

1 7
2

1 60621 9064

27Al Qs (e fm2) B(E2) (e2 fm4)
I p Eex (MeV) Expt. Rot. model I i I f Expt.c Rot. model

5
2

1 0.0 14.0260.10d 14.0260.10d 5
2

1 7
2

1 71619 e 7361.0
7
2

1 2.211 063 f 2.6260.02 5
2

1 9
2

1 5966 2660.4
9
2

1 3.004 — 23.5760.03 7
2

1 9
2

1 ,1.8 5860.8

aReference@33#.
bReference@34#.
cReference@35#.
dReference@19#.
e10464 @36#.
fReference@34#.
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sions is given in Table II. For23Na, it can be said that the
properties of the g.s. and52

1 and 7
2

1 states are well describe
in the rotational model with band spinK5 3

2 . The structure
of the 27Al nucleus is much more intriguing. Tests of th
rotational model in terms of the measured quadrupole m
ment andB(E2) values of low-lying states have been do
for 27Al @16–18#. A simple prediction ofB(E2) values
based on a recent experimental g.s. quadrupole moment@19#
in the strong-coupled rotational model with the band s
K5 5

2 is shown in Table II. The strongest state coupled to
g.s. of 27Al is the 7

2
1 state atEex52.211 MeV while a

slightly weaker coupling to the low-lying states of1
2

1 (Eex
50.844 MeV) and3

2
1 (Eex51.014 MeV) also exists@20#.

Since a detailed interpretation of the observed spectrosc
quantities requires more elaborate models such as band
ing @18,21#, coupling of rotation and vibration@17#, strong
interaction between different Nilsson orbits@22#, or a weak-
coupling model@23#, a simple rotational model is also take
for the 27Al nucleus to reduce the uncertainty of the para
eters involved. Hence only the coupling between the g.s.
7
2

1 and 9
2

1 states is included in the calculation, while the
has been a consideration of the9

2
1 state at 3.004 MeV as th

band head of aK5 9
2 band@17#.

The nuclear deformation length used in the coupl
channel calculation is given byd251.57 fm @11# for 23Na
and d251.11 fm for 27Al, obtained by using the intrinsic
charge quadrupole moment of27Al g.s. rotational band,Q0
539.26 e fm2, and by assuming the nuclear deformati
length is the same as the Coulomb deformation length.
reduced matrix elementsM (E2) are obtained according t
the convention inFRESCOby using the rotational model de
scription for 23Na and27Al. In channel couplings, up to two
or three states including the g.s. for23Na and 27Al nuclei,
respectively, are considered. The coupling schemes are
marized in Table III, where the first and second roman
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merals denote the number of coupled states of
projectile 23Na and of the target27Al, respectively. Owing
to the long-ranged Coulomb coupling, the radial integrat
of the wave function has been performed to a maxim
radius of 25 fm and a further extension using the coup
Coulomb functions to an asymptotic radius of 60 fm h
been done for a maximum of 450 partial waves to give re
able results foruc.m..3°.

III. EXPERIMENT

The experiment was performed using a23Na beam from
the polarized heavy-ion source@24# at the Nuclear Structure
Facility at Daresbury Laboratory in the UK. Polarization
the beam was achieved using rf transitions between the
and 4-6 hyperfine atomic levels@25# in a magnetic field,
theoretically leading to equal magnitude positive and ne
tive t20 polarizations, respectively. The equality of thet20
polarizations for the two transitions was verified by compa
son with an unpolarized beam. Odd-rank polarizations
equal in each case and so may be eliminated by use of
two polarized beam states and an unpolarized state. The
larization states were switched every few seconds afte
specified integrated beam current was measured, to minim

TABLE III. The coupling schemes used in the calculation f
projectile and target nuclei.~Reorientation is always included.!

Coupled states
Notation 23Na 27Al

I-I g.s.(3/21) g.s.(5/21)
II-I g.s.(3/21) and 5/21 g.s.(5/21)
I-II g.s.(3/21) g.s.(5/21) and 7/21

I-III g.s.(3/21) g.s.(5/21), 7/21 and 9/21
2-3



ua
m

d
rg
ed
ie
n
o

tic

te
b
th
ab
in

n-
a
-
a

ep
.

g
s

se
r

eV
g
e
o
lo
b

ng
o

h
ica
es
it
ro
a
r
m

om
a
e

the

-

t
y at

-
ons
ct

ed
the

er
the
ou-

e
tio
e

ons.
the
n is
gle

V
or

N. J. DAVIS et al. PHYSICAL REVIEW C 60 034602
systematic errors due to beam drift or polarization fluct
tions. A Wien filter was used to orient the polarization sy
metry axis along the beam direction on the target, for theT20

measurements and normal to the scattering plane for theTT20

measurements. The polarized23Na2 ions were accelerate
to the terminal of a tandem Van de Graaff accelerator, cha
stripped by a carbon foil, and then further accelerat
23Na91 ions after stripping were selected because the y
was greater than for23Na111 and a closed two-electro
atomic shell is known to suffer much less depolarization
the beam in the stripper foil@26#. The 150-MeV accelerated
beam was incident on an27Al target of thickness
350 mg cm22 in the target chamber of a QMG/2 magne
spectrometer.

The beam was collected after the target in a polarime
and beam-stop assembly which was especially built to
small enough to allow measurements to be made with
spectrometer at scattering angles as small as 4° in the l
ratory frame. The beam polarization was determined us
the 1H(23Na,a)20Ne polarimeter reaction for whichT20

521 and TT2050.5 at 0°, due to angular momentum co
siderations @27#. The target for this reaction was
1 –mg cm22 titanium foil into which hydrogen had been ab
sorbed. Thea particles were detected and identified in
DE-E silicon detector telescope at 0°, with angular acc
tance 3°, after passing through a 50-mm tantalum beam stop
The measured beam polarization was typicallyt2050.1.

The 23Na nuclei scattered from the27Al target entered the
QMG/2 magnetic spectrometer via an aperture of solid an
10 msr and angular acceptance 6°. They were detected u
a gas detector@28# in the focal plane of the spectrometer. U
of the spectrometer allowed the elastic scattering to be
solved from the inelastic scattering, leading to the 0.44-M
first-excited state in23Na. Selection of elastic scatterin
events and determination of the scattering angle w
achieved using energy and position signals available fr
the focal-plane detector. Data were transmitted from ana
to-digital converters to a computer and recorded event
event on tape.

T20 and TT20 data were obtained for a range of scatteri
angles from 4° to 15.2° and 10°, respectively, in the lab
ratory frame.

IV. RESULTS

The analyzing powers obtained are shown in Fig. 1. T
error bars shown in the analyzing power data are statist
Systematic errors in yields may arise from target-thickn
variation and movement of the beam spot on target, w
associated acceptance variations into the magnetic spect
eter and focal-plane detector. However, analyzing powers
extracted from ratios of yields for which all these factors a
identical and therefore cancel, resulting in negligible syste
atic errors in the analyzing powers. The magnetic spectr
eter can be reproducably accurately positioned, so system
errors on the angle are negligible, as evidenced by the
tremely close agreement of the middle twoT20 data points
03460
-
-

e
.

ld

f

r
e
e
o-
g

-

le
ing

e-

re
m
g-
y

-

e
l.
s
h
m-
re
e
-
-
tic
x-

near 18° in Fig. 1. The angular resolution is indicated by
angle error bars shown.

The shape-effect relation given in Eq.~1! was used to
calculateT20 from the TT20 data. The results of this calcula
tion for the limits given by theTT20 analyzing power error
bars are shown with theT20 data in Fig. 1. The data exhibi
a clear deviation from the shape-effect relation, especiall
forward angles. In particular the forward-angleT20 data are
of negative sign while theTT20 data and shape-effect predic
tion are positive. The results of coupled-channel calculati
are shown in Figs. 2 and 3. By fixing the potential, the effe
of channel coupling is shown for the calculation of coupl
projectile or target states. As more states are coupled,
oscillating behavior at large angles is smoothed out@29#.
Reproduction of theTT20 data is reasonable, but much bett
for the T20 data as more target states are coupled into
calculation. Hence the best results are obtained for the c
pling scheme of g.s. reorientation for23Na and the three
coupled states (5/21 g.s.,7/21,9/21) of 27Al, giving a good
reproduction especially for theT20 data at forward angles.

To check the deviation from tidal symmetry and th
shape-effect relation, a simple comparison of the ra
T20/ TT20 is shown in Fig. 4 for the experimental data, th
shape-effect relation, and the coupled-channel calculati
For the angular range covered by the data the ratio of
analyzing powers as predicted by the shape-effect relatio
close to 1. At large angles above the Coulomb rainbow an

FIG. 1. Analyzing powers for elastic scattering of 150 Me
23Na from 27Al. The curves show the shape-effect prediction f
T20 calculated from theTT20 data.
2-4
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DEVIATION FROM TIDAL SYMMETRY FOR . . . PHYSICAL REVIEW C60 034602
of 11°, little deviation from the prediction of the shape-effe
relation is seen, which is also supported by the coupl
channel calculations. The clear deviation of the data
coupled-channel calculations from the shape-effect pre
tion, however, is highlighted at forward angles, where
Coulomb excitation is dominant. The discontinuities in t
ratio given by the coupled-channel calculation correspond
the angles of zeroTT20 value. The deviation of the data an
calculation from the shape-effect relation is indicative
tidal symmetry breaking at forward angles. This feature c
trasts with satisfactory shape-effect relations for elastic s
tering for 7Li1120Sn at 44 MeV@7# and 7Li154Fe at 70
MeV @8#, even though these systems have larger isocent
gal parameters than that of the present scattering sys
Here the values of isocentrifugal parameter are based on
estimation by Ottet al. @5#, which has considered the nucle
coupling only. When the isocentrifugal parameter is cons
ered for the long-range Coulomb coupling, its value is d
pendent on the scattering angle and approaches 2/3 a
scattering angle approaches zero in the case of elastic
tering @30#. Hence the present study apparently supports
previous conclusion@30# that tidal symmetry deteriorates a
small scattering angles. Since the rank-2 analyzing pow
are mostly close to zero or unmeasured in the forward an
lar region of Coulomb dominance in the previous measu

FIG. 2. Results of a coupled-channel calculation by coupl
more states of the23Na projectile. The coupling scheme is shown
Table III.
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ments @6,7,9–11#, it remains, however, to be understoo
quantitively if the present deviation from tidal symmetry
forward angles can be explained by the long-range natur
the Coulomb coupling. In addition it is possible, particular
at small angles, that as well as scattering from the near

g FIG. 3. Results of a coupled-channel calculation by coupl
more states of the27Al target. The coupling scheme is shown
Table III.

FIG. 4. Experimental ratio of analyzing powers compared w
the shape-effect prediction~solid curve! and the coupled-channe
calculation~dashed curve! obtained using coupling scheme I-III in
Table III.
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N. J. DAVIS et al. PHYSICAL REVIEW C 60 034602
of the target nucleus, the same angle of scatter can
achieved by a partial orbit of the projectile around the
side of the target nucleus. This far-side contribution is like
to be a very small fraction of the yield, but could potentia
have a more significant effect on the analyzing powers@31#.

V. CONCLUSIONS

The analyzing powersT20 and TT20 have been measure
for elastic scattering of 150 MeV23Na from a 27Al target.
This system has a small isocentrifugal parameter so t
symmetry would ordinarily be expected to hold. However
marked deviation from tidal symmetry is observed at f
ward angles which may arise due to target deformation
long-range Coulomb coupling to excited states, or the c
tribution of the far-side amplitude. In previous experimen
studies@6–11#, the small isocentrifugal parameters led to
validity of tidal symmetry and shape-effect relation in t
elastic channel even though the breaking of tidal symme
to some degree was observed for the inelastic channels.
current study however, shows the breaking of tidal symme
and shape-effect relation even for the elastic channel in
forward-angular range.

The results of this investigation indicate that further el
tic scattering measurements for other systems involving
a
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formed target nuclei are highly desirable, in order to det
mine whether a similar deviation from tidal symmetry
indeed observed. While the measurement of two rank-2 a
lyzing powers is the minimum requirement for determini
deviation from tidal symmetry, ideally all three rank-2 an
lyzing powers would provide a more complete data set.
addition, measurement of odd-rank analyzing powers wo
also be of interest because these are zero if tidal symm
holds. It would be interesting to observe how any tidal sy
metry breaking is manifested in the odd-rank analyzing po
ers.

The 27Al target nucleus used for the current measu
ments, as well as being deformed, also has a nonzero s
with a 5/21 ground state. The nuclear spin is not expected
affect tidal symmetry@32#. However, it would be good to
confirm this by performing elastic-scattering measureme
for deformed target nuclei with both zero and nonzero sp
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