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Nd 3~ in its e decay preferentially populates a multiplet of six high-lying, high-spin,
odd-parity states in Pr . We interpret this as (n'd&&) (vd&&) (vh&&&)

—(wd&&)(vQ&)
x (&h~~2), with the Pr 9 states being three-quasiparticle states.

Well-characterized three-particle states in nu-
clei are comparitively rare, and recognizing
them most often has depended on the isomeric
properties of a few high-spin states. Consequent-
ly, the excitation of a multiplet of such states in
one nucleus, each state decaying to a number of
lower lying states, has many interesting theoreti-
cal implications. Here we report our identifica-
tion of the relatively unique population of a multi-
plet of six high-spin, negative-parity levels in
Pr'~ by the electron-capture decay of Nd ™.
Ne interpret this as the configuration of Nd'~~
being peculiarly suited for populating three-qua-
siparticle states.

The two isomers of Nd~~ follow the trend of N
=79 isomers, there being a 30-min ~+ ground
state and a 5.5-h ~ metastable state. Because
the spacing between them is fairly small (231.2
keV) and the energy available for electron-cap-
ture decay is large (=3 MeV), only 12.7% of the
decay of the ~& state proceeds via the M4 iso-
meric transition, and the two isomers decay al-
most independently. %'e prepared the isomers by
the Pr"'(p, 3n)Nd'~~ g reaction, using a 29-
MeV proton beam from the Michigan State Univer-
sity sector-focused cyclotron, and have studied
the y-ray spectra following their decay with
Ge(Li) and NaI(Tl) detectors in various singles,
coincidence, and anticoincidence configurations.
The resulting decay scheme of Nd'~~ is given in
Fig. 1; the details on how this was constructed
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FIG. 1. Simplified level scheme of Pr 9 showing the
states that are populated in the decay of Nd~s~ and
the y-ray transitions that de-excite them. Energies
and spin-parity assignments are listed only for states
pertinent to the present discussion. For more details
about this scheme and its construction and for the
Nd g decay scheme, see Ref. 1.

and the decay scheme of Nd'~g will be presented
in another publication. '

The decay of Nd'W is more or less straightfor-
ward and much like the decay of many similar nu-
clei in this region, ' which have most of their de-
cay going directly to the ground state of the
daughter nucleus. However, it can easily be seen
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that the decay of Nd'~ is not so straightfor-
ward. In particular, 80. 7%%uo of its decay goes to
six high-lying states at 1624.5, 1834.1, 1927.1,
2048.8, 2174.3, and 2196.7 keV in Pr'3, with on-
ly =6. 5%%uo going directly to lower lying levels.
The logft values for decay to these six states lie
between 5 6 and 6 3, whereas for decay to an &
state at 821.9 keV, the value is 7.0. Further,
the six states appear to have some common in-
ternal structure that is significantly different
from the lower states —this is demonstrated by
the many enhanced low-energy y transitions with-
in the multiplet and the scarcity of transitions to
the lower states.

We measured the half-life of the 821.9-keV
state to be 40+ 2 nsec, s which means that the M2
(708.1-KeV)' and E3 (821.9-keV) transitions de-
exciting it have partial half-lives of =42 and =600
nsec, compared with straightforward single-par-
ticle estimates' of 1.2~10 9 and 1.3&10 ' sec,
respectively. Thus, the M2 is retarded to ap-
proximately the same degree that many M2's are
retarded, and the E3 is somewhat enhanced —this
is now the fourth enhanced E3 that has been found
in this same nuclear region. ' The implication is
that these are good single-particle transitions
and the 821.9-keV state is essentially a ~bye/2
state.

The problem, then, is in the determination of
the nature of the multiplet of six high-lying states.
Logff values by themselves are not overly trust-
worthy as indicators of the types of P decay, but
it is much more common for the values for al-
lowed decay to be too high than for those for
first-forbidden decay to be too low. ' The conclu-
sion is that the multiplet consists of high-spin,

negative-parity states —various y- ray branchings
allow this to be narrowed down for most of the
states to ~ or & . But how can such states be
constructed; especially, how can they be con-
structed so as to be favored for population over
the 821.9-keV ~ state'P

In Fig. 2 we present a simple stylized version
of our answer. The ground state of Nd~, with
three holes in the N=82 shell and two protons
outside the (g,~, )

' subshell, undoubtedly has as
the major component of its wave function the con-
figuration (vd», )'(vd»2) s. Its p+/e decay can be
represented as converting a d», proton into a
d~~, neutron, resulting in (wd», )(vd~, 2) ', the
ground-state configuration of Pr~'. This repre-
sentation is consistent with the logft value of 5.1.
Nd'", as demonstrated by the reduced transi-
tion probability of the M4 transition and the sys-
tematics of N=81 and N= 79 isomers, differs
from Nd" g only in the promotion of an h»» neu-
tron to the dsi, orbit, resulting in (n'd», )'(vd»2)
&& (vh»») ' Up.on converting a d», proton into a
dsi, neutron we get (wd», )(vd»2) '(vh, &2) ', a
"three-quasiparticle state. " This can be con-
trasted to direct population of the 821.9-keV
state, which would require the transformation of
a d»2 proton into an Agyj2 neutron, either directly
or perhaps through an intermediate d~j2 state,
and a simultaneous promotion of the remaining
d,j, proton to the hyyj2 orbit. Hence the relatively
large log ft va. lue of 7.0.

Although the above interpretation qualitatively
explains most of the y-ray branchings between
members of the negative-parity multiplet, there
are several places involving very highly hindered
transitions where it runs into difficulties. We
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FIG. 2. Symbolic shell-model representations of some important transitions between Nd and Pr states. We
have given a stylized picture of the proton (squares) and neutron (circles) states between 50 and 82 nucleons. The
arrows point to the nucleons or holes of prime interest in each state.

1192



VOI. UME 22, NUMBER 22 PHYSICAL REVIE%' LETTERS 2 Jvwz 1969

take this to mean that small admixtures in the
states are very important in determining these
transition rates, but it is instructive to consider
specifically one of the more extreme examples
—the 1011.9-keV y (2.9 /g) from the 1834.1-keV
state to the ~ 821.9-keV state versus the unob-
served (&0.5%) 1834.1-keV y to the —,

+ ground
state. With an ~ assignment for the 1834.1-keV
state one would not expect to see the 1834.1-keV
y, but with a z assignment the arguments are
not so clear. Single-particle estimates' for the

t», 's of the 1011.9-keV (Ml) and 1834.1-keV (M2
or E3) y's are 2.4x 10 "and 8x 10 "or 4x 10
sec, respectively. According to our above de-
scription the missing M2 or E3 would involve an

apparently very simple vd~&, —vh, &~ transition
(the M2 would be f forbidden); there may also be
some hindrance from uncoupling and recoupling
the states. On the other hand, the observed
1011.9-keV Ml y requires the more complex si-
multaneous changes vde&, —vh»&, and ~d,&,

—mh»&»
each of which is twice l forbidden. However, /

forbiddenness loses much of its meaning in multi-
particle transitions and would depend on the rela-
tive phases of the transforming states; also,
core polarization in multiparticle states tends to
obviate the l selection rules. ' Still, multiparticle
y decay is formally absolutely forbidden, and al-
though there are known cases where such transi-
tions take place at enhanced rates (e.g. , the 63-
keV El y in Bk 'o following Es"4 n decay'o), these
are not common. When such involved rearrange-
ments are compared, clearly the single-particle
estimates lose all meaning, and minute admix-
tures could easily be the deciding factors.

In this multiplet of three-quasiparticle states
we thus have two different and potentially very
rewarding sources of information: (1) The en-
hanced transitions between the various members
of the multiplet. These should give information
on the gross features of the states and should al-
low one to perform calculations on states at sev-
eral MeV that normally can be done only near the
ground state. (2) The very retarded transitions
to states not in the multiplet. These should allow
one to determine some of the admixtures in the
states.

It is worth noting that here we have a somewhat
unique mechanism for populating three-quasipar-
ticle "multiplets" in a number of nuclei. The re-
quirements are a high-spin nucleus, such as the
h»„ isomers, and one with sufficient decay ener-
gy to populate states above the pairing-energy
gap in its daughter nucleus. Additionally, the

parent nucleus must be hung up with respect to
decay by other modes, e.g. , an isomeric transi-
tion, if present, must be of low enough energy to
allow the & decay to compete. Finally, the nucle-
us must have a relatively unique intrinsic config-
uration that forces the preferred decay path to be
into the three-quasiparticle states. Such arrange-
ments would appear to be present only for P+/e

decay; further, they are likely to occur only be-
low N=82-specifically, at N= 79 and &V=77, with
the possibility of N= 75 depending on the relative
spacing of the h»~, and sU, states. (Below %=50
the correct configuration occurs at Kr" and Sr",
but these are too close to P stability for populat-
ing high-lying states. Below N=126 the configu-
ration is projected to occur around Pu ", a re-
gion that is not even particle stable. ) Nd'~~ ap-
pears to be the nucleus closest to P stability with
the requisite properties, although among current-
ly known nuclei other ossible candidates are
Sm"'(~) and Nd'~( 2. These additional cases
are now being investigated.
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It is shown that a phenomenological approach to the four-particle, four-hole band in
0 gives reliable predictions for the level spacings and the electromagnetic transition
probabilities.

and using either the Inglis or Thouless method'
for moments of inertia.

We now deduce I(C'2) and I(Ne20) from the exci-
tation energy of the first 2+ state in each nucleus
and then calculate the spectrum of the 4p-4h
states in 0" treated as a triaxial rotator. The
results are compared with experiment in Fig. 1,
where the first excited 0 level is arbitrarily lo-
cated at its experimental position. From binding

energy data and neglecting p-h interaction one
would find the 0+(4p-4h) state at 1.4 MeV.

The intraband E2 transition rates can also be
calculated from this model. For example, the
&(E2) for the decay 6.92-6.06 is given in the ro-
tational model' by

The purpose of the present note is to point out
that the Stephenson-Banerjee' description of the
four-particle, four-hole (4p-4h) band in 0" leads
readily to a model in which the positions and the
lifetimes of the energy levels in the 4p-4h band
can be calculated from the known positions and
lifetimes of some energy levels in C" and Ne' .
Calculations based on the model are in satisfac-
tory agreement with known experimental data.

Hartree-Fock calculations indicate that C" has
an oblate intrinsic state and that Ne' has a pro-
late intrinsic state. Stephenson and Banerjee
pointed out that the most favored configuration
for the 4p-4h band is the one in which one takes
the 4p density from Ne' and places the symme-
try axis of this cigar-shaped distribution perpen-
dicular to the symmetry axis of the pancake-
shaped 4h distribution taken from C'2.

Let us assume that the symmetry axis of the
four particles in the s-d shell is the z axis and
that of the four holes is the x axis. The four par-
ticles then cannot rotate about the z axis and the
four holes cannot rotate about the x axis, but
both the densities can rotate around the y axis.
We now use the classical law of addition of mo-
ments of inertia to obtain for the 4p-4h band

S~0 2 +~2O & + 2-2
The coefficients ao and a, are obtained from the
matrix diagonalization of the rotational Hamilto-
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The point is that these simple relations are ap-
propriate for the 4p-4h band. This is because
(a) the orbitals in the lp shell have opposite pari-
ty from those in the 2s-ld shell and (b) the parti-
cle-hole force is much weaker than either the
particle-particle or the hole-hole force (from
binding energy data, certainly less than 20% of
either the p-p or the h-h contribution). The
above relations can then be confirmed by falling
back on a deformed Hartree-Fock description

4-

4.$2

4,44
4+4.44

4-
EXP'T CiLC.

FIG. 1. A comparison of the experimental spectrum
with the theoretically calculated spectrum.
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