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A recent Letter' reports measurements of
the M2 lifetimes of the positive-parity first
excited states of Sc~, Sc", and Sc". The bind-
ing energies of these levels' and their strong
formation in (d, He ) reactions' are consistent
with their interpretation as 1d»2 single-hole
excitations of the neighboring even-mass Ti
isotopes. Such an interpretation, however,
implies M2 lifetimes shorter by factors of about
200 than the value measured by Holland, Lynch,
and Nysten. ' In this paper we show that the per-
tinent M2 matrix elements are acutely sensi-
tive to admixtures of core-excited states in the
single-hole wave functions and that Elliott's gen-
erating procedure' yields estimates of the amount
of core excitation of the correct order of mag-
nitude.

The transitions under consideration and the
configurations involved are

7 n~l M2 8 n
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where n=3, 5, and 7 refer to Sc, Sc ', and
Sc", respectively, and the isobaric spin of ini-
tial and final states is —,'(n-2). Now core-excit-
ed states of isobaric spin ~(n-1) or ~(n-3) can
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where [.~ -x. ]», indicates vector coupling to
total spin -', and (f»~n+ )& symbolizes a core
state of angular momentum J and isobaric spin
~ (n-3).

To exhibit the dependence of the M2 lifetimes
on the core-excitation probabilities a2', we in-
troduce the "hindrance factor" () by which the
M2 matrix elements are inhibited relative to
the Moszkowski single-particle estimates. '
In terms of reduced transition rates' we have

(2)

&(M2) = —,a (M2).
1
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The experimental hindrance factors (Table I)
lie between 10 and 20. The wave functions giv-
en in Eqs. (1) and (2) lead to an expression

contribute to the wave function of the s2 state.
Since the T =-,'(n-1) states lie several MeV above
the T = &(n-3) states in the even-mass Ti core
nuclei, we shall neglect higher T admixtures.
The wave function of the -', state can therefore
be written

— = '""""-""' ):~ [4(2Z, 1)]/W(" '.n)(n-1) 2222
4=0, 2

x[f»z, Zo = -, To = ~(n-2) I)f~/~, 7, T = ~(n-3)]

for the hindrance factor, where W is a Racah
coefficient and [l}]is a coefficient of fraction-
al parentage (cfp) connecting states of the f»,
shell. If we assume that there is no excitation
of the core (n, =O) and that seniority7 is a good
quantum number within the configurations f„,
Eq. (4) yields fj = 2, smaller than the experimen-
tal hindrance factors by an order of magnitude.
Now it is clear' that the assumption of good
seniority within f», is not valid and that se-

niority mixing can influence the f», -shell cfp
[and hence, by Eq. (4), the hindrance factors]
by factors of the order of 2. It is quite clear,
however, that it is impossible to understand
the strong observed inhibition of the M2 decays
without permitting core excitation.

To study the effects of core excitation, a shell-
model calculation could be carried out and en-
ergy matrices diagonalized within the config-
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Table 1. Hindrance factors $, defined by Eq. (1)
in the text, for the M2 decays of the ~ first excited
states of various isotopes of Sc. The column head-
ed 1) (observed) gives the measured hindrance fac-
tors of reference 1; the column headed l) (generated)
gives the hindrance factors calculated as described
in the text by projection from intrinsic states with
positive deformation. The last column gives the prob-
ability that, in the projected wave functions, the d3f&

hole is coupled to the lowest excited 2 state of the
core.
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urations ds» f»,"+ and d, &s f»,". The dimen-
sions of the matrices involved are quite large
and, furthermore, the effective interaction in
the T =0 states of (d»,f», ) is subject to large
uncertainties. %e therefore prefer to assume
that most of the residual shell-model interac-
tion simply serves to deform the effective sin-
gle-particle potential in which the active nucle-
ons move; Elliott's generating procedure can
then be used to obtain approximate shell-mod-
el wave functions. It has already been shown'
that such wave functions give multipole moments
and transition rates for normal-parity states
of f», -shell nuclei in good agreement with ex-
periment. It has also been shown' that the gen-
erated normal-parity wave functions agree close-
ly with those obtained from detailed shell-mod-
el calculations. Approximate wave functions
for both -, and 2 states will therefore be de-
termined by projecting angular-momentum ei-
genstates from appropriate determinants of
deformed-well eigenfunctions. Further, since
the -', state is assumed to arise from the ex-
citation of a d», particle to the f», level, there
will be no spurious center-of-mass motion in
the wave function describing this state. "

The relevant deformed single-particle orbits
are shown in Fig. 1. For negative deforrnations
the M2 decays in question are forbidden by a
K selection rule; it is impossible by the action
of the hf2 operator to transform an f„,proton
with K = -, to a d~, 2 proton with K = ~ . How-
ever, it is probable that positive deformation
is more appropriate' for the nuclei under con-
sideration. In that case the intrinsic or gener-
ator wave function for the Sc~ ground state is

FIG. 1. Energy-level diagram for the 1d3/2 and

lf7g2 levels as a function of the deformation g.
denotes a proton and v stands for a neutron. The
ground state of Sc is generated from a determi-
nant in which the levels indicated above are occupied.

a normalized 11-particle determinant )((K= ~ ),
in which the orbits occupied by the five protons
and six neutrons are indicated in Fig. I. The
intrinsic wave function X(K = —, ) for the hole
state is obtained by promoting a proton from
the K= -, to the K= & orbit. Similar consid-3+

erations apply to Sc ' and Sc . T1;.. approxi-
mate shell-model wave functions are then ob-
tained from the intrinsic states X~ by the pro-
jection operation'

(x)=, N dR D (R))( (Rx), (5)
I 2I+ & I

where N, is a constant that normalizes the pro-
jected angular-momentum eigenstate and DMR (R)I
is a rotation matrix. The methods of reference 9
can be used to evaluate the mixture coefficients
cYJ and the cfp for the generated wave functions.
The hindrance factor is then obtained from Eq. (4);
for positive deformations the result is

I) = 14(N„,/N„, ),

independent of the normalization factors NJ
for the projected core states.

The hindrance factors and core-excitation
probabilities obtained with the generated wave
functions are compared with experiment in
Table I. Hindrance factors of the correct or-
der of magnitude are obtained; indeed, with
the possible exception of the Sc"decay, agree-
ment with experiment is within the uncertain-
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ties involved in determining the approximate
shell-model wave functions. For example, in
order to increase the calculated Sc hindrance
factor from 8.7 to the experimental value of
13.8, it is only necessary to increase the core-
excitation probability e, from 0.36 to 0.41.
This strikingly illustrates the sensitivity of
the M2 matrix elements to the probability of
core excitation in the single-hole wave functions.

We conclude that the inhibited M2 decays of
the first excited states of Sc, Sc ', and Sc '
imply core-excitation probabilities of 0.4 or
greater in the positive-parity wave functions.
By the same token, 409& or more of the d», —

hole strength in the (d, He') reaction on Ti",
Ti ', and Ti ' should proceed to higher excited

states in the Sc isotopes. Thus a direct ex-
perimental test of our interpretation of the M2

lifetime is possible.
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In a continuation of a study of the rare decay
modes of the Z hyperons, we have determined
the rate of the decay mode Z+ —p+ y. Previous
experiments based on very few events indicated
that the rate could be as large as 1 /&.

'
The sigmas were produced with a stopping

E beam in the 30-in. Columbia-Brookhaven
hydrogen bubble chamber via the reaction

p + uncharged particles.

The experimental technique was as follows:
%'e considered only events where the Z+ and

were colinear; that is, the reaction occurred
when the E was captured at rest. We recorded
during scanning all events which satisfied the
following three criteria: (1) The Z+ was clear-
ly visible; (2) the decay track stopped in the
chamber; (3) the decay track did not itself de-
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cay. Using the fiducials both of the front glass
and of the back mirror of the chamber, it was
possible to tell whether a track went out of
the chamber or stopped inside. All these events
were then measured on standard digitizing ma-
chines. The range of the proton in the hydro-
gen, the length of the Z+, and the direction
of the production pion were used to determine
the momentum of the proton in the Z+ center
of mass [P&(c.m. ) j. Since P&(c.m. ) in the nor-
mal decay mode Z+- p+~ and the rare decay
mode Z+- p+ @ differ by only 35.4 MeV/c, it
is important to measure all the kinematical
quantities accurately so that the peaks can be
separated. Hence, after the spatial reconstruc-
tion of the event, we accepted only events which
satisfied the following criteria: (a) Both the
dips of the Z+ and of the proton were required
to be -60'. (b) The length of the Z+ was re-
quired to be -1.10 cm (the maximum range


