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Anomalous Parity States in gv/2-Shell Nuclei

and the Thankappan- True Core-Coupling Hamiltonian
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It is shown that the observed features of the anomalous parity states in ge/&-shell odd-mass
nuclei can be qualitatively explained if core-quasiparticle coupling interactions of the type
-A,J j &

and -yQc ~ Q+ are taken into account.

The highly successful model involving quasi-
particle-phonon coupling' has not worked well in
the mass region of A =60-110, with a particular
lack of success in explaining those g9„nuclei with
41 ~ (N or Z) c 49. For example, it has not been
possible to explain the behavior of the low-lying
—,
' and —,

""anomalous parity" states on this basis.
The purpose of the present paper is to show that
the trends observed in recent experiments' ' for
the g„, anomalous parity states can be understood
in terms of an extension of the quasiparticle-pho-
non core-coupling model following the suggestion
of Thankappan and True. '

According to the shell model, the g„, neutron
and proton odd-mass nuclei should have a —,

"quasi-
particle state as either the ground or as a low-ly-
ing excited level and this is borne out by the data.
The problem of the anomalous parity states start-
ed with the observation of a low-energy —,

"level in
these nuclei which cannot be a g,» quasiparticle
state, as this state should appear a few MeV high-
er in energy. In several nuclei, : a second —,

"state
has been found with F.,„=500 keV. An even more
complicated behavior is observed. for the —,

"level
which occurs at low excitation energies at the be-
ginning of the g9„shell and moves towards higher
excitation energies as the shell fills. Finally, it
should be noted that higher angular momentum
states have not been found so far at excitation en-
ergies below 600 keV, which is a crucial point for
the discussion below.

The first quasiparticle-phonon coupling calcula-
tions' (QPC) were completely unable to explain
these phenomena. These calculations were then
improved by the inclusion of backward (quasihole-
phonon) coupling' (EQPC) and by the extension of
this latter approach to include the effect of the
static moment of the quadrupole phonon. ' The im-
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FIG. 1. Comparison of the low-energy positive-
parity states of ~3Ge, ~ Yc, and ~ Ag with two differ-
ent theoretical predictions. Further discussion and
references for the theoretical spectra are given in the
text.

proved calculations predict four low-energy (200—
600-keV) phonon levels of spin and parity —,", —,",
'-,', and '-,', with the —,

' level of the multiplet
pushed up from the interaction with the 9 quasi-
particle. The low-energy high-spin states have
been searched for experimentally, so far without
success. The levels of '"Ag were populated' by
P decay of '" Pd (8'='-,' ), and those of "Ge and' Tc by Coulomb excitation, ~ ' all with negative
results insofar as low-lying '-,' or '-,' states are
concerned. These three spectra are summarized
in Fig. 1 along with the predictions of EQPC for
the positive-parity states and the extension of
EQPC to include the effect of the quadrupole mo-
ment. The QPC prediction would have given all
five levels of the multiplet at about 900 keV. ' The
inclusion of the E2 static moment can help explain
the movement of the —,

' level with shell filling.
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However, it still cannot predict the —,
' state at low

energies as is often observed. Also, at least one
high-spin state is always predicted to be at low
energy, in disagreement with the experimental
data.

We suggest that many of the theoretical difficul-
ties can be overcome by the addition of a dipole-
dipole interaction term -XJ, ~ j,~

to supplement the
static-moment interaction term (which is equiva-

lent to adding a term of the form -y|0), ~ |5),~, where
the subscripts c and qp refer to core phonon and
quasiparticle, respectively}. In effect we are pos-
tulating the quasiparticle extension of the core-
coupling interaction of Thankappan and True, '

Il,.„,=-u, ]„-qQ,-Q„.

For the single j-shell case, the quasiparticle oper-

ators are,

(Q,P)„=—&jllQllj& 2 (-l)' '(jmj-m'I2u}(i —2l'y')ay ay
mm'

+(terms containing a~ a& and a&„a& );

mm'

The justification for using only one quasiparticle level j (namely gQI, ) is as follows. First, the g„, level
is well separated from the other positive-parity quasiparticle levels (e.g. , g», or d„,) by the well-known
spin-orbit interaction. Also, the quadrupole-phonon states based on the g„, level are of positive parity
and thus do not admix with the phonon states based on the negative-parity quasiparticle levels in this re-
gion. Thus, as long as we confine ourselves to the discussion of these "phonon" levels based on the g»,
state relative to their unperturbed Position, the single j model should be adequate. The reduced matrix
elements follow the notation of de Shalit and Talmi. " The expectation value of H;„t for the qua, siparticle-
phonon states under consideration is then easily evaluated as

5 4b~
0g 5(l((+5) —30 75] —3(()(r 1) —30.'15~]'+(1(1~ 1) —30'35] —333](-35133( IIQ'll )(

g ))

In this expression,

2 22= 5 =132&2 II Q II » =(l6,).gs (222P I 22)
= l »Q. P

b' is the usual harmonic-oscillator wave-function
parameter and is given as 0.01A."'b, and I is the
angular momentum of the phonon coupled state.

The second term in Eq. (1}for the interaction
Hamiltonian can be shown to originate from the
—,'yQ Q interaction in a microscopic theory. ' This
identifies the parameter y as the strength of the
quadrupole-quadrupole force. A reasonable esti-
mate is"

4 240
Xb ~s/3 ~

The experimental data on the anomalous parity
states in the g " shell suggest that X should be
negative. In order to predict no low-lying high-
spin states for "Ge, "Tc, and '"Ag, a value of X

near -0.025 MeV is required. In their calcula-
tions for "Cu, Thankappan and True' chose X& 0.
This change of sign of X may be correlated with
the quasirotational character of the nuclei under
consideration.

The occupation probabilities, V, ', can be esti-

mated in this region from data obtained by studies
of single-nucleon-transfer reactions. In particu-
lar, the (d, p) reaction on isotopes of Ge and Se
gives some information about the neutron single-
particle state-occupation probabilities. " The oc-
cupation probabilities for the proton go„shell
were obtained by assuming a behavior similar to
the neutrons from beginning to end of the shell.

The results of the numerical calculations for
the proton gQ, Q region are presented in Fig. 2(a)
as a function of the occupation probability, V, , '.

~a/a
'

An experimental quadrupole moment of -0.6 b was
assumed and an A„of 105 was used. The experi-
mental data for QQTc, 'MRh, and "'Ag are present-
ed as corresponding to V,

' '=0.3, 0.5, and O.V,&9/2
respectively. In Fig. 2(b) we present the results
of a similar calculation for the neutron ge„region.
An A. „of '78 and Q,„=-0.4 b were assumed. The
experimental data for "Ge and "Se are presented
as corresponding to V', ' =0.3 and 0.8.

~9/2 5+Note that both the movement of the —, level with
shell filling and its appearance in some nuclei at
low excitation energy is explained. The energy
of the —,

' state is nearly flat as a function of the
ge„occupation probability. The higher-spin lev-
els are now predicted to occur at higher energies,



in accordance with the data available. The predic-
tion for the —,

"state is expected to be inadequate,
since it should be pushed up in energy due to the
repulsive effect of the interaction with the -', quasi-
particle state.

The experimental data for the go,~-shell nuclei
often reveal at least two —,

"states. %8 suggest
that the lower of these is to be identified with the
yhonon states described above. The other 2" state
usually lies considerably higher in energy with F.,„
= 500 keV. Kisslinger" and more recently Juri-
yama, Marumori, and Matsuyanag1' have suggest-
ed that —,", low-energy states in this mass region
may be due to the (j—l)-seniority three state of
the (g„,)' configuration. This could be the expla-
nation of the higher —", state.

Some further comments about the modified quasi-
particle-phonon scheme described herein are in
order. The recent Coulomb-excitation experiment'
on "Qe supports the validity of the proposed model.

As shown in Fig. 2(b), the calculation for "Ge with
=-0.4 b and X =-0.025 MeV correctly predicts

the over-all features of the positive-parity states
below 900 keV. Just as important is the confirma-
tion of the coupling scheme provided by the mea-
sux'ed up%'aids 1educed tx'ansltion px'obabl11t18s
B(E2)4. The measured values to the four excited
states of the band are all about one half of the
measured value for the 0' to 2' transition in the
neighboring even isotopes of Ge.

A major question arises as to how X should
change with the addition of paix's of inactive par-
ticles (e.g. , adding pairs of neutrons in odd-pro-
ton nuclei). We cannot treat this question in detail
here. But we do note that for the Ag isotopes,
severe changes of X may be indicated. The data
for the Tc and Rh isotopes, however, do not seem
to indicate any serious change in X. %'8 believe
that the value of X which is required is an indica-
tion of the quasirotational nature of the core, with
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FIG. 2. Results of the calculation of the energy of g@2 nuclei as a function of the occupation probability, V» . A' ~on'
core phonon energy of 600 keV was assumed for both the neutron and proton cases. Placing the unperturbed gs&2 quasi-
particle at zero energy puts the unperturbed phonon level at 600 keV. A value of A, = -0.025 was chosen as described
in the text. The upper half of the figure corresponds to proton go&2 nuclei, while the lower half is for neutron go&2 nu-
clei. The limited data available for ~~Se and ~ Se show that the +~ states for these nuclei are in agreement with the
predictions of Eq. (3).



a negative value indicating a good quasirotational
core. Obviously, this aspect will require a de-.
tailed and systematic theoretical and experimental
investigation.

To conclude, we have shown that the phonon-
quasiparticle coupling scheme can give an ade-
quate explanation of the anomalous parity states
in go„nuclei provided that a core-coupling inter-
action of the form given in Eq. (1) is added.

It must be cautioned that the above is essentiag. y
a first-order perturbation treatment. For a de-
tailed comparison between theory and experiment,
there are several obvious improvements which can

be made. These include treating the effect of for-
ward' and backward~ quasiparticle-phonon coupling,
adding in backward coupling through tbe static-
phonon-quadrupole moment, e coupling also to g7,~

and 24»I quasiparticles, and making the entire
theory a self-consistent treatment.
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