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anajogs). In this note we have restricted our dis-
cussion to the strongest, statistically well estab-
lished peak in each spectrum; the understanding
of possible subsidiary structures must await bet-
ter data.
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C( C,py)' Na proton-y angular correlations were measured at E&=38.82 MeV for the
9.042- and 9.805-MeV states in ~~Na which decay to levels at 7.270, 6.235, and 5.534
MeV with branching ratios of 20~/0, 60/0, and 20%, respectively, for the 9.042-MeV state,
and 80~%%d, 5(P/0, and 20~$, respectively, for the 9.805-MeV state Angu. lar correlations and
lifetime data eliminate $ assignments for either state

The 9.042- and 9.805-MeV states in "Na have
recently been shown to be populated with unusual
strength at a number of resonant energies in the
reaction "C("C,p) "Na. ' It has been suggested
that these two states are the ~5+ and ~7+ mem-
bers of the ground-state rotational band in "Na..'
Verification of these assignments would help to
clarify both the nature of the resonance phenom-
ena which favors their formation and the nuclear
structure of "Na. If these are high-spin states,
they should show y decay, even though they are
unbound to proton emission. A proton escaping
from a state at this excitation energy in "Na can
only go to the ground state of "Ne. Such a decay
from a ~ state in '3Na mould therefore require
7h units of orbital angular momentum to be asso-
ciated with the proton emission, and the centrif-
ugal barrier associated with this angular momen-
tum, in combination with the Coulomb barrier,
greatly hinder s proton emission.

In order to study the details of the y decay of
the 9.042- and 9.805-MeV states, a "C("C,
py)"Na particle-y angular-correlation experi-
ment ha, s been performed at an incident "C beam

energy of 38.82 MeV. The "C beam was obtained
from the Florida State University super FN tan-
dem Van de Graaff accelerator with an inverted
sputter source. ' The beam entered a particle-y
angular-correlation chamber and after bombard-
ing a 60-pg-cm' carbon target was stopped in a
gold foil. The protons were detected at zero de-
grees to the beam by 6&-& solid-state counters
which subtended a solid angle of 50 msr with an
angular acceptance of + 7 . Proton-y angular cor-
relations were determined from y-ray spectra
obtained at angles of 54', 70', 90', 144', and 160
to the beam. The y rays were detected by three
Ge(Li) detectors. Coincidence events between y
rays and protons were identified by time gates in
an on-line computer. Coincidences were accu-
mulated in a four-parameter list mode and stored
on magnetic tape for subsequent playback and
analysis.

Included in this experiment were states from
2.0 to 16.0 MeV excitation in 'Na. The resultant
y-ray spectrum, gated on the 9.805-MeV state in
"Na, taken at 160' to the beam, is shown in Fig.

Doppler-broadening effects were observed in
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FIG. 1. y-ray spectrum at 160'to the beam, gated on
the 9.805-MeV state. y rays are labeled by the un-
shifted transition energy. First and second escapes are
labeled (1) and (2), respectively. The 6.131-MeV y ray
is due to accidental coincidences from oxygen inelastic
scattering. Unlabeled low-energy y rays are due to
accMentals from competing reactions. The inset illus-
trates the effect of the target to the Ge(Li) detector
distance on Doppler broadening.

this experiment due to the short lifetimes of the
excited states, typically less than 150 fsec,&'
and the recoil velocities (v/c ~ 0.035) of the "Na
residuals. These effects were minimized by
placing the Ge(Li) detectors 6 in. from the target
in order to limit their solid angles. To emyha-
size the resulting improvement, an inset is in-
cluded in the spectrum of Fig. 1 showing the re-
gion of the doublet at 3.50-MeV y energy for tar-
get-to-detector distances of 2.5 and 6.0 in. with
the Ge(Li) detector at 90' to the beam.

In the present work particle-y angular correla-
tions have been analyzed for a few of the stronger
key transitions. These angular correlations were
performed in the "method II geometry" of Lither-
land and Ferguson, ' and were fitted with even-
order Legendre polynomials up to and including
l =4. Mixing-ratio calculations were performed
for quadrupole and dipole or octoyole and quad-
rupole contributions assuming only population of
M, =~& magnetic substates. The mixing ratio
was varied from tan5 = —90.0' to 90.0, and a

FIG. 2. Decay scheme for Na showing the branches
from the 9.805- and 9.042-MeV states.

standard X' analysis was performed for each val-
ue of 5. The branching ratios, indicated above
each transition in the decay scheme of Fig. 2,
were determined from y-ray yields at 54', where
angular-correlation effects for typical dipole and
quadrupole transitions are minimal.

The syins and yarities of states in "Na have
been previously established up to about 5.0 MeV
excitation. ' States belonging to the ground-state
rotational band have been identified uy to a pro-
posed (~s+) state at 6.235 MeV excitation. ' In an
earlier "C("C,py)"Na angular-correlation study
at &~ =28.2 MeV, ' the 9.042-MeV state was ob-
served to decay to the (~3+) state at 6.235 MeV
with a mean lifetime of less than 30 fsec, and its
spin was limited to ~, ~3, or ~. More recent-
ly, ' a new branch of 28% was observed to the ~'
state at 5.534 MeV. The results of the present
work, shown in Fig. 2, indicate yet another branch
of 20%%u, to a state at 7.2VO MeV, which in turn de-
cays to a state at 6.115 MeV excitation. An angu-
lar correlation analysis has been performed on
the 9.042-6.235 transition and the results are
shown in Table I. The a,/a, = —0.18+ 0.05 and

a,/a, = —0.08+ 0.08 coefficients are typical of a
stretched dipole transition and this is substantiat-
ed by the mixing-ratio calculations shown in Ta-
ble I. The ~7-~3 transition is excluded at the 0.1%
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TABLE I. Angular correlation results.

Transition 2/ 0 a4/a0

9.042-6. 235 -0.18+0.05 -0.08+0.08 17/2-13/2
15/2-13/2

13/2-13/2

11/2-13/2

9/2-13/2

4. 7 + 2. 1
0 05+ 0.08

+ 7.1 + 2. 4

2. 4 + 0.8

+ 0.87+ 0.22

-57. 0 +28. 0

+ 0.00+ 0-. 09

0.33+ 0.13

5.9

0.8

16.7
8.4

2.1
5. 6

0.8

0.9

9.805-6. 235 +0.19+0.05 +0.14+0.09 17/2-13/2
15/2 —13/2

13/2-13/2

11/2-13/2

9/2-13/2

0.05+ 0.07 6.9

9.5 + 2. 9 5.9

0.24+ 0.12 0.8

0.96+ 0.37 7. 2

+ 0.36+ 0.23 2. 0

+ 0.24+ 0.12 1.0

+ 3.5 + 2. 0 0.7

0.02+ 0.12 1.6

The sign convention is that of Rose and Brink, Ref. 10.

confidence level (y'=5.4), and the ~9-~ transition
is excluded because of an unreasonably high im-
plied M3 strength of ai least 0.6x 10' Weisskopf
units (W.u. ). These results favor the ~, ~3, or
~ assignments for the 9.042-MeV state, which is
good agreement with the results of Ref. 4.

In recent studies, ~' the 9.805-MeV state was
observed to decay only to the (~s+) state at 6.235
MeV with a mean life of less than 30 fsec. Our
results indicate two new branches of 30%%uo to the
state at 7.270 MeV and 20%%uo to the ~+ state at
5.534 MeV. , The 20%%uo branch to the ~+ state
makes the proposed ~' assignment very doubtful.
As a pure M3 transition, a transition strength
of greater than lx 10' W.u. is implied. If this
were a pure &2 transition, implying a (~') as-
signment, a more reasonable transition strength
of 2.9 W.u. is obtained. The particle-y angular-
correlation data support this same conclusion.
As is shown in Table I, the 9.805- 6.235 transi-
tion has a positive a,/a, coefficient which is con-
sistent with a quadrupole transition. However,
the a,/a, coefficient is also positive within the er-
ror of the measurement. This positive a4/a, co-
efficient eliminates the ~-~3 possibility at the
O. l%%uo confidence level. None of the remaining pos-
sibilities can be strictly eliminated, but the ~5-

~ and ~-~ are the best candidates at the 50%%uo

confidence level (y' = 0.6).
Analysis of y-ray spectra, gated on proton-

populated states with excitation energy below 10.0
MeV, indicates that only the states at 2.077,
2.705, 5.534, 6.235, 6.116, 7.270, 9.042, and
9.805 MeV are populated with significant strength
at this beam energy. Since the first four of these
states are yrast states, it appears that this re-
action selectively populates high-spin states. The
population of high-spin states is also expected
from grazing-angular-momentum considerations. '
It is therefore reasonable to assume that the
6.116-, 7.270-, 9.042-, and 9.805-MeV states
are also high-spin states, and they have been
labeled in Fig. 2 with the highest spin consistent
with the present work.
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Anomalous eiP' Decay Branching Ratios: A Theoretical Explanation
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Anomalous e/p+ branching ratios for hindered allowed transitions in Gd and Sm
decay are explained in terms of second-order corrections to normal allowed theory.
These calculations lead to correction factors as large as 1000 in nuclei near Z = 80, and
explain a smaller anomaly for Na decay. A simplified. equation is presented to esti-
mate skew ratios, (e/P+), „~/(e/P+) ~&, , for moderately hindered transitions.

In a, previous Letter' we reported two large e/
P+ branching-ratio anomalies relative to calculat-
ed values for allowed transitions. ' Our subse-
quent Comment' on absolute measurements of
these ratios showed that all twelve measurable
transitions from '4~Gd decay were substantially
anomalous. These results are presented in Ta-
ble I along with results from ' '~8m decay which
were relative measurements. A value for "Na
decay4 is also included in Table I. This is, per-
haps, the most accurately measured e/p+-decay
branching ratio in the literature, and, although
it was studied looking for Fierz interference ef-
fects, the discrepancy was never adequately ex-

plained. We now believe that we can explain
these anomalous ratios in terms of second-order
(off-center) corrections to allowed decay. Cal-
culations of these corrections are explained be-
low, and they qualitatively describe the magni-
tude of the anomalies.

The second-order corrections to allowed P de-
cay are proportional to (pR)' or (pR)(v„/c) and
a,re normally about (1-2)% of the allowed matrix
elements f 1 and f o. For heavier nuclei these
contributions become increasingly important be-
cause R ~ 0.426'+'. A general correction term
to the positron-decay probability can be written

f
as

C(W, ) = [M (1, 1)] + [m (1,1)] — [M (1, 1)][ (1, 1)]

+A., [M,(1, 1)]'+[m, (1, 1)]'— ~
' [M,(1, 1)][m,(1, 1)]

e

+&, [M|(1,2)] + [M2(1, 2)]s — ' ' [M,(1,2) m, (1,2) + M2(1, 2) m2(1, 2)]

+X2 [M,(2, 1)] + [Ms(2, l)]2 — 2 [M, (2, 1)m|(2, 1) + M2(2, 1)m 2(2, 1)]
e


