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Intruder states in odd-mass Ag isotopes
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The information on the coexistence of deformed intruder states and normal spherical hole-core
coupled states in odd-mass Ag nuclei has been extended to the neutron-rich isotopes '"Ag«and"Ag6, . Data have been obtained from an investigation of the y rays following the P decay of the
"""Pdprecursors. A minimum for the excitation energy of the intruder states occurs in '"Ag«,
exactly at neutron midshell. The properties of the intruder states in ' """'"Agare discussed
and a description in the framework of the interacting-boson-fermion model is presented.

Intruder states have received much attention in recent
years, and have been reviewed in detail. ' For the odd-
mass Ag isotopes, up to neutron number N=64, it was
shown that the 2d5&2 and 1g7/2 shell-model states intrude
across the Z=50 shell closure giving rise to a rotational-
like positive-parity band with J"=—,'+, —', +, —', +, . . . (in-

truder band) coexisting with spherical hole states coupled
to the core (normal states). The phenomenon of shape
coexistence was investigated in several sequences of iso-
topes. ' It was pointed out that the "fingerprints" of
shape coexistence are the following: (I) rotational band-
like structure of the levels which are assumed to be in-
truder states having their origin above the Z=50 shell
closure, (II) enhanced E2 transitions within the intruder
band, (III) retarded electromagnetic transitions between
members of the intruder band and states related to a
spherical shape, and (IV) strong excitation of the intruder
states as particle states in stripping reactions and no or
weak excitation of these states in pickup reactions.

The intruder states in ' "'Ag show a decrease in en-

ergy with increasing neutron number. ' According to the
present results their energy reaches a minimum in "Ag
at N=66, i.e., exactly in the middle of the N=50 and
N=82 shell closures, while in "Ag their energy in-
creases again.

First results on levels in ""Ag were presented in
Refs. 2 and 3; they are in general agreement with those of
Fogelberg et al. , who performed a similar study of the
P decay of " " Pd. While the complete level schemes
of" "Ag together with the information from a study of
the " '" Cd(d, He)" " Ag reactions will be published
elsewhere, we shall concentrate on the intruder states in
this report.

The information on levels in " '" Ag has been ob-
tained from the y rays following the P decay of " Pd
with T, ~2=88(2) s and two isomers of " Pd with half-
lives of 25(2) and 50(3) s. The Pd activities were pro-

duced in the thermal neutron-induced fission of Cf and
separated chemically from the fission product mixture
with the on-line centrifuge system SISAK 2. The y-ray
singles and yy(t) coincidence measurements were per-
formed with three detectors; a 2-cm Ge x-ray detector
(energy resolution of 250 eV FWHM at 5.9 keV), a 68-
cm HP Ge detector (1.8 keV FWHM at 1333 keV), and a
120-cm Ge(Li) detector (1.9 keV FWHM at 1333 keV).
More details concerning the energy and efficiency calibra-
tion of the detectors and the experimental procedure can
be found in Refs. 7 and 8. As examples, the y-ray spectra
in coincidence with the 222.2- and 280.0-keV transitions
from the decay of " Pd and in coincidence with the
303.9- and 396.5-keV transitions from the decay of" Pd
are shown in Fig. 1. These transitions depopulate the
states being candidates for the —', + and —,

'+ members of
the intruder bands in " Ag and " Ag, respectively.

In Fig. 2 partial level schemes for " '" Ag are present-
ed showing only the members of the intruder bands and
some lower-lying levels populated by transitions deexcit-
ing these members. In order to check the rotational
character, the rotational formula for E =

—,
' bands has

been applied to the energy values of the intruder band
members. Best agreement with the experimental values
has been obtained with the parameter sets of 3=17.23
keV, a = —1.92, and Eo =228.9 keV for "Ag and
A =15.56 keV, a = —2.73, and ED =336.4 keV for "Ag.
The calculated energy values are also given in Fig. 2.

In Table I the energies and electromagnetic properties
of the intruder states in odd-mass ' "Ag are com-
pared. Unfortunately, for the lighter isotopes ' ""Ag
no lifetimes are known except for the —', + states and there-
fore, the occurrence of enhanced intraband E2 transitions
cannot be tested. For the state at 370 keV in "Ag, being
a candidate for the —,

'+ band member, an upper limit for
the lifetime of ~ 0.8 ns has been determined by Fogelberg
et al. This corresponds to an enhancement factor of
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) 140 Weisskopf units (W.u. ) for the possible 147.8-keV
E2 intraband transition. For " Ag the two possible F2
transitions have enhancement factors of 121 and 89 %.u.
(see Table I}. Both values correspond within the uncer-
tainties determined by the y-branching ratios to a value
for the quadrupole moment go =3.3 b and a deformation
parameter P=0.26.

Concerning the retardation of electromagnetic transi-
tions between members of the intruder band and states
related to a more spherical shape, it has to be taken into
account that in this mass region all E1 transitions are
well known to be strongly hindered, and therefore this
cannot be used as a signature for shape coexistence. A
better argument comes from the hindrance of E2 transi-
tions for which values between 1.3 X 10 and 4.7 X 10
W.u. have been found in the four Ag isotopes (see Table
I).

For ''"'Ag both transfer (pickup and stripping) reac-
tions could be performed with the result of a strong exci-
tation of the intruder states in the stripping reaction, ' as
expected from the "fingerprints" of shape coexistence.
For " '" Ag, due to the lack of stable target rnateria1,
only the (d, He) pickup reaction has been accessible with
the result that the intruder states are not at all or only
weakly excited.

In the adjacent odd-mass In nuclei, particle-core cou-

pling calculations have been earned out'3 '~ that con-
tain, besides the hole-core (Sn) coupled configurations,
also the 2h- 1p core [or particle-core (Cd}] coupled
con6gurations. %'ithin this extended model space, both
the behavior of the regular J"=—', +, —,', —,', —,

' states
(mainly single hole in character), the hole-core coupled
configurations ! 1g ~zz Sn(2,+ ); J ) (J =—,'+, . . . , —", + ),
and the low-lying 2h- 1p shell-model intruder
J =21+ 32+ 52+ 2' 92' states could be quite well de-

scribed. The occurrence of low-lying intruder excitations
has been observed in the ' ' 'In nuclei. Nearby the
closed shell, in odd-mass ~,Sb nuclei, but also further
away from the closed shell in the, e.g., 47Ag and»I nu-

clei, similar shell-model intruder excitations were ob-
served. They are shown to present a general feature near
single-closed shells when the other nucleon type (here the
neutrons) has a maximal number of valence nucleons.
The observation of a quite regular band structure on top
of the —,

'+ level could also be interpreted as the observa-

tion of a K =
—,
'+ [431]rotational-like band, perturbed via

the nearby E =—', +[422] band through Coriolis mixing.

Here too, a quite consistent picture is obtained with an
increasing quadrupole deformed shape [equilibrium de-
formation e2(equi. )] in the deformed intrinsic band,
reaching a maximal value of e2(equi. ) =0.175 at %=66,68
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FIG. 1. The y-ray spectra in coincidence w'th the 222.2- (a) and 280.0-keV (b} transitions from the decay of '"Pd, and in coin-
cidence with the 303.9- (c) and 396.S-keV {d) transitions from the decay of '"Pd.
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for the odd-mass In nuclei. (More details will be dis-
cussed in Ref. 5.)

The above type of particle-core coupling calculations
cannot be carried out for the odd-mass Ag nuclei since
the full 3h plus 4h-1p core coupling calculations exhaust
very large model spaces. Concentrating though on the
intruder states, the 4h-1p core coupled states can be stud-
ied to a good approximation from coupling of the particle
states above Z=50 ( ig7/z, 2d5/z, 2dz/z, 3s, /z) to a collec-
tive core, using the interacting-boson-fermion model
(IBFM). ' ' Even though the shell-tnodel space is
mapped onto a collective boson model space, both the
truncated model space and the IBFM Hamiltonian allow
a quite accurate description of the shell-model intruder
states. In the odd-mass ' " Ag nuclei, similarly as in
the odd-mass In nuclei, the lowest intruder states
(J =

—,
'+,

—,
'+) show a decrease in energy with increasing

neutron number exhibiting a minimum at N=66, i.e., ex-
actly at the midshell configuration between N=50 and
N= 82. In the present IBFM calculations, we use a SU(3)
parametrization of the underlying core with collective in-
ertia as discussed in Refs. 19 and 20 and the 1gz/z, 2d, /z,
2d 3/2 and 3s

& &z one quasiparticle excitations with
occupation probabilities v ( lg7/z ) =0.05, u (21,/z )

=U (2d&/z)=u (3st/z)=0. 01, and relative energies

e(2d5/z ) —e( lg7/z ) =0.4 MeV, e(3s, /z ) —e( lg7/z ) =0.7
MeV, and e(2d&/z) —e(lg7/z)=1. 3 MeV. The boson-
fermion interaction' adjusted to ' Ag results in the
values I 0=0.25 MeV, A0=0 MeV, Ao= —0.08 MeV,
and y= —&7/2, respectively. The calculated spectra for

"Ag are shown in Fig. 3. Here, the change in the
energy spectra occurs through a slight change in the
monopole strength Ao (see Ref. 5 for more details). In
particular, the changing band structure from a
( —,'+, —,'+), ( —,'+, —', +), . . . staggering into a situation with

large negative decoupling coefficient a = —2 and a ( —', +),
( —,
'+, —',

+ ), ( —,'+, . . . ) pattern is well reproduced. This situ-

ation is almost identical with the changing band structure
in going from " In towards " In. The interpretation in
the odd-mass In nuclei was given through the changing
relative position of the 1g7/2 and 2d5&2 orbitals with the
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FIG. 3. Intruder positive-parity states of ' "'" "Ag in
comparison to IBFM calculations. The indicated spin values
are twice the actual values.
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lg7/2 becoming the lowest-lying orbital in " In. In the
IBFM calculation, on the other hand, the variation in
monopole strength implies an efFective modification of
the average field that the bosons constitute for the
single-particle motion and quite closely simulate this
changing single-particle ordering. Calculations for the
lighter nuclei ' ' Ag as well as for the regular 3h (or
lh-Cd core coupled) configurations will be discussed in
more detail in Ref. 5.
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