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Possible triaxial structures in Mg from "0+~Mg elastic and inelastic scattering
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The energy level scheme for the low-lying collective levels of "Mg are reasonably described by an asymmetric rotor
with P, = 0.52 and y = 22 . To further investigate possible triaxial structures in "Mg, we have measured elastic and

inelastic scattering angular distributions for excitation of the lowest three excited states in "Mg at an "0
bombarding energy of 67 MeV in the angular range 8, = 10-65'. The measured cross sections have been analyzed

using coupled channels calculations assuming that '"Mg behaves as (1) a symmetric rotor and (2) a triaxial rotor.
Because of the fact that the 2,+ and 4+, states in "Mg are unresolved, difficulty occurs in distinguishing between the

two models. Considering "Mg to be a triaxial rotor, however, does yield a simple description of the bound states and

scattering to the low-lying collective levels.

NUCLEAR REACTIONS +Mg( 0, 0)+Mg* elastic and inelastic scattering Q
=0.00, -1.37, -4.12, and —4.23 Mev at E( O) =67 MeV. Measured 0',

l (0) and

+inel (8) for 8c.m. 10-65', calculated oel(~) and o inel (~) using coupled channels
and symmetric and triaxial rotor models.

I. INTRODUCTION

There have been many recent studies and deter-
minations of the nuclear shape parameters of the
low-lying collective levels of light nuclei from
elastic and inelastic scattering measurements
using coupled channels analysis. ' ' In general,
the nucleus under investigation is usually consid-
ered to have axial symmetry. Recently, coupled
channels analyses of elastic and inelastic cross
section data for the system "C+ '"Pt have been
carried out in which it was assumed that '"Pt is
an asymmetric rotor. ' A quite satisfactory fit to
the inelastic cross sections was obtained using
this scheme as long as hexadecapole deformation
was included in the asymmetric rotor model. " It
has been known for some time that in light nuclei,
Hartree-Fock calculations' "predict a triaxial
deformation for the ground state rotational band of
'4Mg. To investigate this possibility further, we
have measured the elastic scattering cross sec-
tion and the inelastic scattering cross section to
the 2; (Q = —1.37 MeV), 4; (Q = -4.12 MeV), and

2; (Q = —4.23 MeV} states in "Mg for the system
"0+"Mg at an "0 bombarding energy of 67 MeV.
The experimental details are given in Sec. II. 'The

measured cross sections were analyzed assuming
an asymmetric rotor model for the low-lying col-
lective levels of "Mg. The deformation para-
meters are determined from fitting the bound
states of "Mg using the Davydov-Filippov model"

for a triaxial rotor. The comparison of these re-
sults to those obtained assuming that "Mg is a
symmetric rotor are given in Sec. III. The re-
sults and conclusions of the present study are
given in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The "0 beam was obtained from the Australian
National University (ANU) sputter source and ac-
clerated using the ANU 14UD tandem accelerator.
The targets consisted of -100 pg/cm' Mg (greater
than 99%% enriched in '4Mg) evaporated onto thin
carbon foils. 'The scattered "0were detected us-
ing the Enge split pole spectrograph and focal
plane detector. " The data were recorded in the
event mode and an energy, energy loss, position,
and angle signal were recorded for each event. "
The final spectra were obtained by gating the po-
sition spectrum on the "0 mass signal. The
cross sections were absolutely normalized to
Rutherford scattering by measuring the elastic
scattering cross section at forward angles at an
energy of E("0}=35 MeV. The absolute normali-
zation is accurate to 1(Y/0. 'The measured cross
sections are shown in Fig. 1. The 2; and 4y states
are unresolved, and therefore their cross section
is shown as a sum for these two states.

III. ANALYSIS

Initially the elastic scattering cross section was
fitted using a spherical optical model of the
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Woods-Saxon form factor. The parameters were
chosen to be those obtained by Cramer et al. ,

" to
describe "0+"Si scattering in the energy range
from 33-201 MeV. These parameters are given
by U=10.00 MeV, r0=1.35 fm, a=0.618 fm, 8'
=23.40MeV, r =1.23 fm, a =0.552 fm, andr~
=1.35 fm. This fit is hot explicitly shown but is
essentially identical to the fit to the elastic scat-
tering cross section obtained using the coupled
channels analysis shown in Fig. 1. Again the fit
is quite good except for the angular region near
60' in which structure is beginning to appear in
the elastic scattering cross section.

The potential for an asymmetric rotor' is given
by

U(R) = Vf(RO, a,)+i Wf(R, a ),
where

I gl 1
2)1+ exp[(R -R')ls'] '

R' =R'(1+ P„Y„(8,Q)+ P„[Y„(6,P)+ Y, ,(e, g)]

+ P.,Y.,(e, 4 )+ P..[Y.,(e, 0)+ Y, ,(e, 4 )]

+P„[Y„(e,4)+ Y„(e,y)]j. (3)

I I I I I

"Mg( 0, 0)"Mg E( O)=67 MeV

c,(2) 1+ (1 —$ sin'3y)~'
c,(2) 1 -(1 —

I] sin'3y)~' ' (4}

For "Mg, a,(2}=4.23 MeV and c,(2}=1.37 MeV,
yielding p = 21.9'= 22'. The energy levels in
"Mg can be calculated from the work of DeMille
et al. ," in which the energy levels of a triaxial
rotor are plotted as a function of y. For '4Mg the
calculated and experimental energy levels" are
shown in Fig. 2 and it is seen that they agree quite
well for a value of y = 22'.
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In the present work P„=P4, = 0. In the usual pa-
rametrization" of a triaxial rotor P„=Pcosy and

P» = (1/v 2)P siny, and the parameters P and y are
employed rather than P20 and P». The value of y
was obtained in the present work by fitting the
low-lying energy levels of "Mg using the Davydov-
Filippov model of a triaxial rotor.

From Davydov et al. ,"the ratio of the energy of
the second 2' state to that of the first 2' state is
given by
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FIG. 1, Measured tindicated by solid dots for elastic
scattering, crossed circles for scattering to the 1.37
MeV (Q ) state, and open circles for scattering to the
unresolved 4.12 MeV (+ ) and 4.23 MeU (22+) states) and
fitted (solid curves) differential cross sections for ~ 0
+ Mg scattering at Ei 0}=67 MeV. The elastic sca't-
tering is given as the ratio-to-Rutherford scattering and
is indicated by the left hand scale, while the inelastic
cross sections are given in mb/sr as indicated by the
right hand scale. The solid curves are fits assuming a
symmetric rotor model for Mg with P2=0.36 and P4
=-0.10. See text for details.

Experiment

0.0

Calculated
FIG. 2. Experimental and calculated energy levels of

+Mg. The experimental levels are from Ref. 16. The
calculated levels were arrived at by assuming that +Mg
is an asymmetric rotor with y =22' and P =0.56 using the
Davydov-Filippov model and the calculated curves of
Ref. 15.
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The coupled channels calculations were per-
formed using computer code ECIS." The deformed
optical potential was of the form

I I I I

Mg( 0. 0 IVIg' E("0)=67M'

I.O -o

1+ exp[(r -R,')/a, ] 1+ exp[(r -R ' )/& ]
(6)

where

R.'(8, Q) =R, ,[1+p cosy Y',

+ (-,')~'P siny(Y, '+ Y, ')+ P,Y,'],
(6)

where i = 0 or w.
The Coulomb potential Vc(Rc} is generated from

the deformed charge density

d(r, 8)= C, , r ~Rc(e)

=0, r&R, (e),
where Rc(e)=rcA, ~'(I+ p2cY02) fm and the charge
density is normalized to Ze. The parametrization
of Rc by A, ~', rather than by (A,~'+ A~~'}, has
been shown to give a better description of the dou-
ble-folded Coulomb potential of the two heavy
ions. " In the present calculations P, = 0.498, and
was chosen to reproduce the experimental B(E2)
values for excitation of the 2y s'tate in "Mg.'

'The initial calculations were made assuming
that '4Mg is an axially symmetric rotor. In Eq.
(6) this is equivalent to setting y=0.0. Using de-
formation parameters similar to those of Thomp-
son and Eckx9, 2o to fit 6Q+ 24Mg scattering data at
lower energy (P = 0.36, P, = —0.10), the fit to the
scattering cross sections shown in Fig. 1 is ob-
tained. 'The real and imaginary potential para-
meters were set equal. In using this model to fit
the data presented here we are assuming that the
measured cross section for scattering to the un-
resolved 22 and 4g states is solely due to the 4;
state. Although the description of the elastic scat-
tering cross section and the cross section for
scattering to the 2y state is quite adequate, the
calculated cross section to the 4y state lies con-
siderably lower than the measured cross section
for the combined 2; and 4y states, suggesting a
considerable contribution from the 2; state.

Since the 2, state is not contained in the sym-
metric rotor model, we performed a coupled
channels calculation assuming '4Mg to be an asym-
metric rotor with y = 22' in agreement with the fit
to the bound state levels of "Mg. Initially we set
P4=0 and fitted the cross sections assuming the
combined 4; and 2; cross section is due solely to
the 2; state. Using a value of p = 0.36 and y= 22,
fits essentially identical to those shown in Fig. 3
are obtained for the 0+ and 2+, state cross sections.
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FIG. 3. Measured [indicated by solid dots for elastic
scattering, crossed dots for scattering to the 1.37 MeV
(2+) state, and open circles for scattering to the unre-
solved 4.12 MeV (Q+) and 4.23 (22) states] and fitted
(solid, dashed, and dot-dashed lines) differential cross
sections for 0+ +Mg scattering at E(~ 0) =67 MeV.
The elastic scattering is given as the ratio-to-Ruther-
ford scattering as indicated by the left hand scale,
while the inelastic cross sections are given in mb/sr as
indicated by the right hand scale. The calculated cross
sections correspond to (a) P =0.36, y=22, and P4=0. In
this case the fits to the Q and Q cross sections are
given by the uppermost solid curves while the fit to the
combined 22 + 4&+ cross section is given by the dot-dashed
curve (labeled 22). (b) P =0.36, p =22', and P4 =-0.10.
In this case the fits to the 0~ and Q+ cross sections are
identical to (a) ~ The calculated cross section for exci-
tation of the 22 state is identical to (a) and for excitation
of the + state is shown by the dashed curve. The sum
of the calculated 22 and Q cross sections is shown by
the lowest solid curve. See text for details.

The fit to the 2; state cross section is shown by
the dot-dashed line in Fig. 3 for this case and re-
mains essentially unaltered by including the 4;
state in the calculations. Again the calculated
cross section lies lower than the measured cross
section and indicates the necessity of including
the 4+, state in the calculation.

In order to include the 4y state in the coupled
channels calculations it is necessary to first cal-
culate the mixing parameters (i.e., wave func-
tions). In the usual

~

JMEC} basis the wave function
of any state is

C~~ JME
k=o
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where o'- is a label to distinguish between 2; and

2, states. For the ground state J=O, so K=O and

C„=l. For J=2 states, K=O or 2. Since (Cm, )'
+ (C„}'=1, one mixing parameter is needed and

this is defined as

Co
B(T1)=tan &

C2O

For J=4 states, K=O, 2, or 4. Since+~(C~}'=1,
two mi'xing parameters are needed and these are
defined as

Ca
B(T1)= tan '

C4o
'

B(T2}=tan '
42

Using the method of Baker et al. ,
' the mixing

parameters were calculated for 24Mg using the
parameters p= 0.56, p4= —0.02, and y= 22'. For
the 2; state B(T1)= 7.36', for the 2; state B(T1}
= —82.64, and for the 4; state B(T1)= 22.89' and

B(T2)= 2.73'. Using these values of mixing para-
meters and a value of P = 0.36, P4= -0.10, and y
= 22', the fits to the measured cross sections
shown in Fig. 3 are obtained. 'The real and

imaginary potential deformation parameters were
set equal. The dashed curve is the calculated
cross section for excitation of the 4; state and the
dot-dashed curve is the calculated cross section
for excitation of the 2; state, while the lowest sol-
id curve is the sum of these two calculated cross
sections. The values of P and P4 are different
here because they represent the deformation para-
meters of the potential while those used in the
calculation of the mixing coefficients are the in-
trinsic deformations of the "Mg nucleus. "

The calculated cross sections give a fairly good
representation of the data and the inclusion of
both the 2; and 4; states gives considerable im-
provement in the angular range 20-40', where
(do/dQ) 2; is approximately equal in magnitude to
(d&r/der) 4;. The structure in the calculated cross
section is in fair agreement with the structure in

the measured 2; and 4; cross section, although the
magnitude of the calculated cross section for the
sum of the 2; and 4; states is too low in the for-
ward angle region.

The scattering of & particles to the low-lying
levels of '4Mg was considered earlier by Tamu-
ra." He assumed a rotational vibrational model
in which the Gy 2g 4g and 6g are members of a
K= 0 ground band and the 2; and 3; states are

members of the K= 2 y-vibrational band. Fits of
similar quality to those presented here were ob-
tained for the "Mg(&, &') "Mg' cross sections at
E =28.5 MeV. Although the measured cross sec-
tion for the excitation of the 3, state was fairly in-
accurate, it was found to place severe restraints
on the acceptable parameters used in the coupled
channels calculations of the inelastic o+ "Mg
cross sections. Unfortunately, in the present work
the cross section for population of the 3; state was
not measured, as the yield is small and was not
observed.

Recently the low-lying levels of "Mg have been
investigated" using 'He+ "Mg inelastic scattering
cross section data. In this case the low-lying
levels of "Mg were considered using a rotation-
vibration model, and the calculated cross sections
were in only fair agreement with the measured
cross sections. Although the Hartree-Fock calcu-
lations' "predict possible triaxial structures for
2s-1d shell nuclei, the interpretation of measured
inelastic scattering cross sections using nuclear
models which include triaxial deformations has
met with only limited success.

IV. CONCLUSIONS

The triaxial rotor model has been used to des-
cribe the low-l. ying collective levels of '4Mg.

Coupled channels calculations incorporating the
triaxial rotor model have been carried out in or-
der to calculate the cross sections for population
of the 0' (0.0}, 2; (1.36), 2; (4.18), and 4; (4.23}
states in "Mg by scattering of "0 at a ' 0 bom-
barding energy of 67 MeV. Using previously de-
termined deformation parameters and a value of
y which yields the optimum fit to the bound state
energy levels, an improved description of the
measured cross sections is obtained from that
obtained using an axially symmetric rotor model
description of '4Mg. Because the quality of the
fits obtained is not ideal, it is difficult to draw
any strong conclusions concerning triaxial struc-
ture in '4Mg; however, the present results are
consistent with this possibility. An advantage of
using the triaxial rotor model to describe the "0
+ "Mg scattering data is that the 2; and 4; are in-
cluded within a single model framework.
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