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Shapes of (6 Li, d) Angular Distributions as Signatures of Rotational Bands in '9Sif
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Angular distributions obtained in a study of the 'Mg{ Li, d) reaction at E&; = 86 MeV
are characterized by the lowest allowed L transfers for cluster transitions to the mem-
bers of the ground-state rotational band of Si, while a mixture of L values is required
for states of the E = 2+ excited band. This demonstrates that an o, -transfer reaction can
probe the internal structure of the nucleus in a way that can be deciphered.

The ('Li, d) reaction on even-even sd- and fp-
shell targets at bombarding energies above the
Coulomb barrier exhibits angular distributions
characteristic of the transferred orbital angular
momentum L.'' The reaction has been less well
studied on odd-A. nuclei, where it is of interest
be a se forrJ ~ -t „) and Jg „)~p mol than 0
I value can contribute to a transition and the con-
tributions of the various I 's can be separated.
This is because the angular distributions are sen-
sitive to L and the magnitudes of the cross sec-
tions do not vary greatly with I . The reaction
thus provides a sensitive probe with which to
study the structure of the final states populated.
For instance, calculations for n transfer on
light nuclei predict spectroscopic strengths for
the various L transfers to final states of the
same J' that depend on the structures of the
states concerned. The present Letter reports
on a study of the reaction "Mg('Li, d) which shows
angular distributions which differ significantly for
states of the same J' in "Si.

Self-supporting targets enriched to over 99%%ug in
'4Mg and in 2'Mg and about 100 p. g/cm thick were
bombarded with a 36-MeV 'Li beam of about 300
nA from the Rochester University MP tandem
accelerator. Outgoing deuterons were momen-
tum analyzed by an Enge split-pole spectrograph
and detected in photographic emulsions. The en-
ergy resolution was about '?0 keV. Absolute cross
sections were obtained by comparing the elastic
scattering yield measured in a monitor counter
to the results obtained by Schumacher et al. ' for
the scattering of 36-MeV 'Li from "Mg.

The reaction "Mg('Li, d) leading to the mem-
bers of the ground-state rotational band of Sj
served to give the experimental shapes of pure
L =0, 2, and 4 angular distributions. The L =0
and 2 angular distributions, shown respectively
in Figs. 1 and 2, were fitted well by both zero-
range and exact, finite-range' distorted-wave
Born-approximation (DWBA) calculations assum-
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FIG. 1. Comparison of the (6Li, d) L = 0 transition to
the ground state of 2 Si with the angular distribution
for the 2+ state at 2.0B-MeV excitation in Si. The sol-
id line represents a zero-range DWBA fit to the former
reaction and the indicated cross sections refer to the
latter. The ~4Mg(6Li, d) cross sections are = 2.5 times
larger.

ing a cluster-transfer mechanism and gave rela-
tive spectroscopic factors in good agreement
with SU(3) predictions; the solid lines in the fig-
ures represent the zero-range DNBA fits. The
L = 4 distribution could not be well fitted despite
the use of a wide range of bound-state and optical-
model parameters: The "best-fit" calculated
curve peaked several degrees forward of the ex-
perimental peak at 0, = 27', a. feature also ob-
served in our analyses of "'"0('Li, d) reactions. '

There does not appear to be a simple picture
that adequately describes the low-lying states of
"Si,' but the rotational-model interpretation'
provides a framework in which to discuss the re-
sults of the "Mg('Li, d)"Si experiment. In this
model, the —,"(0.0 MeV), —,"(2.43 MeV), —,"(2.03
MeV), and —,"(4.74 MeV) states of "Si are as-
sumed to belong to an oblate K= -',

+ rotational
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FIG. 2. Top, comparison of the L =2 ( Li, d) angular
distribution for the 2+ state at 1.78-MeV excitation in

Si and the 2+ ground state of Si. The solid line rep-
resents a zero-range DWBA fit to the former reaction.
In the bottom three curves, angular distributions for
the —,+(2.48 MeV), —,

' (5.81 MeV), and ~+(4.74 MeV)
states of Si are compared with a smooth curve
(dashed line). drawn through the experimental points
for the transition to the ~+ state.

band, while the -,'+(1.27 MeV), —,"(3.07 MeV),
~7+(4.08 MeV), —,"(5.65 MeV), and '-,"(7.14 MeV)
states belong to an oblate K= —,

'+ rotational band,
probably with a substantial degree of band mix-
ing. ' None of the first four —,

' states is related
to the K = -',

' band in a clear way.
The selection rules on angular momentum and

parity allow a multiplicity of L values for the
reaction "Mg('Li, d) to each final state in "Si
except for —,

'+ states, which can be populated on-
ly by one L value (I =2 because the ground-state
spin of "Mg is j'). But it is found experimental-
ly that the angular distribution for each member
of the ground-state (K= —,

'') band is that charac-
teristic of a single I transfer, the L value being
the lowest one allowed by the selection rules.
This is shown in Fig. 1 for the —,

' state at 2.03-
MeV excitation by comparing the angula, r distribu-
tion for the transition to this state with the pure
I =0 distribution for the ground state of "Si in
the reaction "Mg('Li, d) done at the same bom-
barding energy. Figure 2 compares the neces-
sarily pure I = 2 ('Li, d) angular distributions for
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FIG. 3. Angular distributions for ( Li, d) reaction
leading to members of the K =- ~+ rotational band of

Si. The dash-dotted lines for the ~+ and ~+ states
are mixtures of pure L = 2 and 4 experimental shapes,
as discussed in the text, and the dash-dotted line for
the ~+ state is a mixture of pure L = 0 and 2 shapes.

the 2+ state of "Si and the —,
'' (ground) state of

'Si. It also compares the angular distributions
for the —,

' and —,
' states of the ground-state ro-

tational band and for the —,
"state at 5.81-MeV ex-

citation (which may belong to that band, as dis-
cussed below) with the L = 2 transition to the —,

''
state; the dashed lines in the figure represent the
same smooth curve drawn through the experimen-
tal points for the transition to the -', state. The
results show that the transitions to the —,+,
and —,

"states are all predominantly I =2 in char-
acter although the selection rules allow higher I
transfers for them.

In sharp contrast, the angular distributions for
the transitions to the members of the excited
(K= &+) band show a mixture of I, values. The
dash-dotted lines in Fig. 3 represent the results
of a least-squares fitting to the angular distribu-
tions for the —,

'+ state at 1.27 MeV and the —,
'+

state at 4.08 MeV by a mixture of L = 2 and 4 ex-
perimental shapes and for the —,

"state at 3.07
MeV by a, mixture of L = 0 and 2 shapes. The ex-
perimental L = 0 and 4 shapes were taken from
the reaction "Mg('Li, d) leading to the 0' and 4'
states of the ground-state rotational band of Si
and the L = 2 shape from the "Mg('Li, d) transi-
tion to the ground state of 2'Si. The fits obtained
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for the -,'and —,
'+ states are satisfactory; for

the -,'state, the addition of an I = 6 component
may provide an adequate fit, but a pure I = 6
shape was not available. The ratio of spectro-
scopic factors in which the I =2 and 4 components
have been added is 1:0.73 for the —,

'+ state and

1:0.97 for the —,
"state; for the —,

"state, the ra-
tio of I =0 and 2 spectroscopic factors is 1:0.34.

As mentioned above, there is no clear evidence
that any of the first four —,

"states in "Si is a
member of the ground-state band. However, if
the systematics observed in the present experi-
ment for the —,", —,'+, —,", and —,

"states of this
band, viz. ('Li, d) angular distributions charac-
terized by a single I value which is the lowest
one allowed by the selection rules, hold for all
members of the band, then Fig. 2 shows that the
state at ~.81-MeV excitation is a candidate for
the 2+ member of this band. (The 2+ state at
5.29 MeV could not be resolved from the —,

' state
30 keV away. )

The presence of mixed L's in the angular dis-
tribution for transitions to the excited-band mem-
bers shows that the predominance of the lowest
allowed I in the distributions for transitions to
the ground-state band members is not due to kine-
matics. This is also borne out by DWBA calcula-
tions, which, in fact, predict a slight increase
in the cross section with increasing I- because of
the mismatch between the incoming and outgoing
angular momenta. So the suppression of the high-
er I 's for transitions to the ground-state band
and their occurrence for the excited band must
reflect differences in the structures of these two
bands. (In the cluster-transfer approximation,
the nuclear structure would influence the shape
of the angular distribution only by affecting the
L admixing. ) An attempt was made to explain
the observed features of the "n" spectroscopic
factors in terms of a simple SU(3) model in which
it was assumed that the o. transfers were between
the dominant (X, p, ) = (6, 6) component in the ground
state of "Mg and members of the oblate (X, p, )
= (1, 11)K = & and K = -,'bands of '9Si. Band mix-
ing was included. Agreement with the strikingly
simple experimental results could not be obtained,

which suggests that such a simple SU(3) interpre-
tation is not applicable to "Si.

In conclusion, we observe that ( Li, d) angular
distributions to members of the ground-state
band of "Si are characterized by single L trans-
fers, whereas transitions to members of the K
= -,

'+ excited band show a mixture of I- values.
This must be caused by a difference in the in-
trinsic structures of the individual members of
these two bands; the considerable mixing be-
tween the bands demanded by other experimental
evidence' does not seem to affect the simplicity
of this result. No explanation for this feature
occurs to us. The present work demonstrates
that an n-transfer reaction can probe the inter-
nal structure of the nucleus in a way that can be
deciphered. It would be of great interest to see
whether the angular distributions for ('Li, d) re-
actions on other odd-mass nuclei similarly pro-
vide signatures for different bands.
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