
PHYSICAL REVIEW C VOLUME 36, NUMBER 6 DECEMBER 1987

Absolute gamma intensities in the A =98 transitional nuclei and shape coexistence in 9sY
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Absolute gamma intensities have been measured for the strong transitions in the decay chain
Rb~ Sr~ Y~ Zr and Nb~ Mo and found approximately four times higher than

those currently adopted. As a consequence, several contradictions in this critical chain of nuclei
are resolved. Shape coexistance is established in Y with a J = 1 "spherical" ground state and
with a previously reported deformed band with band head at 495.7 keV.

The purpose of this Communication is to present a sim-
ple solution to a number of contradictions in experimental
results which exist in the A =98 chain of transitional nu-
clei with particular emphasis on Y. The A —100 region
is of fundamental importance to the understanding of the
deformation processes throughout heavy nuclei since it
provides an opportunity to study a rapid onset of deforma-
tion in close vicinity to stable nuclei and with structures
amenable to shell model calculations. Studies of these nu-
clei have focused' on the role of the neutron-proton in-
teraction in the deformation process, and therefore infor-
mation on odd-odd nuclei is particularly vital. The odd-
odd Y (N =59, Z =39) is positioned in the center of the
transitional region, neighboring the nearly spherical Y
and fully deformed ' Y isotopes. Furthermore, the
coexistence of spherical and collective structures is well es-
tablished in neighboring even-even nuclei, and thus shape
coexistence is also expected at low excitation energy in

Y. Although a fully deformed band with a band head at
495.4 keV has been already reported, so far there is no
evidence of spherical structures arising from coupling of a
valence neutron particle and a proton hole to the almost
spherical Zr core. Indeed, the interpretation of most
levels in Y is particularly difficult due to conflicting ex-
perimental results pertaining to the crucial spin-parity as-
signment to the ground state (g.s.).

P decay from the 0+ g.s. of Sr strongly feeds both
the 600.3 keV level (30%, logft =4.5) and the Y g.s.
(65%, logft =4.5), and thus requires positive parity as-
signments. However, such assignments are in conflict
with the E1 and M1 character of the 481.1 —119.4
keV y-ray cascade connecting these levels. We note, how-
ever, in regard to the P decay that the absolute y and EO
intensities and g.s. P feedings in the A=98 chain have
been deduced by normalizing to the 787.4 keV y or 734.6
keV EO lines in Mo as local standards, despite the fact
that the absolute intensities of those Mo transitions
themselves remain a subject of controversy. ' The abso-
lute intensity of the EO 734.6 keV line, I,b, =5.5(11),
measured from the ratio of the EO conversion electrons to
the continuous P spectrum, differs from I,b, = 30 de-
duced from the EO intensity of 0.02 per U fission.
(The absolute intensity is expressed as the number of y or

EO transitions per 100 P decays of the parent. ) In order
to understand the origin of those discrepancies, we have
measured the absolute intensities in the A =98 chain by
normalizing to an independent standard.

The measurement was performed at the TRISTAN
mass separator on line to the High Flux Beam Reactor at
Brookhaven National Laboratory. The activity was pro-
duced by thermal neutron induced fission of an enriched

U target inside an ion source with a high efficiency for
Rb. ' The source was operated at relatively low tempera-
ture to suppress direct production of Sr and Y. The
mass-separated Rb activity was continuously deposited
onto an aluminum stopper for a period of 41 h. The P ac-
tivity was monitored by a thin plastic detector, while the y
activity was measured with Ge and thin-window Ge detec-
tors with efficients of 22% and 26%, respectively, and with
full width at half maximum (FWHM) energy resolution
of 1.9 keV at 1.3 MeV. y-ray singles spectra were accu-
mulated over short periods of time at the beginning and at
the end of the irradiation process and y- y coincidences
were measured with both Ge detectors. The strongest y
lines provided internal energy calibrations, while the
efficiency calibrations were performed of-line using stan-
dard sources.

Figure 1 shows a y-singles spectrum obtained with the
22% Ge detector at the end of the irradiation process. We
have identified lines from individual decays in the A =98
mass chain and from A =97 nuclei" populated in the P-
delayed neutron decay of Rb. The identification of the

Sr Y lines required a detailed analysis of the coin-
cidence data. Relative y intensities compare closely to the
values adopted for each decay scheme. s"

We obtained the absolute y intensities for the strongest
transitions in the A =98 chain by a direct comparison to
the A =97 lines. Those key transitions are labeled in Fig.
1. We used the P-delayed neutron branching' of 13.4(9)
per 100 decays of Rb, and the absolute intensity" of
94.75(30) for the 743.3 keV transition in Nb. The de-
gree of saturation for the Zr decay (Tlt2 =16.90(5) h)
was estimated to be 81.6(9)% at the time of the measure-
ment. We found no trace of direct A =97 or 99 mass con-
taminations (i.e., the key lines from the Rb Sr were
absent), nor for any direct production of Y (no lines

2721 1987 The American Physical Society



2722 H. MACH AND R. L. GILL

from the high-spin isomers). The low temperature of the
ion source severely reduced direct production of Sr.
Nevertheless, in a very conservative estimate, up to 5% of
additional y intensity may exist in the decay chain follow-
ing the decay of Sr. Although we have not included this
value in the following analysis, its inclusion would not
alter the conclusions drawn. Furthermore, the beam in-
tensity was kept constant to = 4%, which allowed a direct
comparison of long- and short-lived decay products. The
absolute intensities within the A =97 chain are in excel-
lent agreement with the adopted values. " The new abso-
lute intensities for the key transitions in the A =98 chain
are presented schematically in Fig. 2.

The key result is that the P branchings into excited lev-
els are found to be approximately four times higher than
the adopted values, resulting in a substantial reduction in
the g.s. P feedings. The differences between our results
and the adopted values can be traced to one number,
namely, the absolute intensity for the "standard" 787.6
keV Mo line. The relative intensities for the lines in the

98 chain remain approximately the same, since before
they have been normalized to the Mo line and are nor-
malized in our work to the Nb transition. The impact of
the new results on the individual decays is discussed next.

Rb Sr. The absolute intensities for the 144.2 and
289.4 keV transitions represent the number of gamma
transitions per 100 decays of Rb excluding the delayed
neutron branch. About 50% of the beta intensity remains
unaccounted for by the level scheme of Sr, and thus, it
is reasonable to assume that a large fraction of it feeds the
g.s. with logft =5, suggesting J =1+ for the low spin
isomer of Rb.

Sr~ Y. The key issue in Y is the spin-parity of the
ground state. However, since the decay scheme of Sr to

Y is largely unknown, we present in Fig. 3 a partial
scheme deduced from our coincidence data and comple-
mented by published results. We have identified all

the major lines in the singles spectra and thus there should
be no transitions of significant strength missing from the
scheme. The multipolarities of the 51.5, 119.4, 120.9,
170.7, and 204.0 keV transitions are taken from Ref. 6,
while those for the 428.4, 444.6, 480.9, and 563.8 keV
lines are from Ref. 8. Using the coincidence intensities,
we have deduced the total electron conversion coefficients
for the 36.5 and 52.5 keV transitions to be 1.0(3) and
1.3(3), respectively, leading to the El and Ml assign-
ments for those lines. However, the coefficient for the
36.5 keV line is low'er than the theoretical value' of 2.0,
which creates uncertainty as to the amount of P feeding to
the 564.0 keV level. The transition multipolarities are
consistent with the requirements of the decay scheme and
provide evidence that the parities of the g.s. and the 600.3
keV levels must be opposite. This is fully consistent with
the new P branchings discussed next.

The absolute intensity for the 119.4 keV transition,
I,b, =73(6), implies little or no P feeding to the g.s., since
the y and the e intensity for the 119.4 keV M1 line and
the other known y transitions feeding the g.s., exhaust the
100% intensity limit, I&,t =106(9)%. This is further evi-
dence that all intense transitions have been included in the
decay scheme. Moreover, the balance between feeding
and de-exciting intensities implies no significant P feeding
to the 119.4 and 170.8 keV levels, and perhaps also to the
564.0 keV state.

Three levels in Y (see Fig. 3), at 547.7, 600.3, and
986.1 keV, are strongly populated in the P decay of even-
even Sr (logft =4.3-5.1), which implies J =1+. On
the basis of y-ray transition multipolarities, the three
lowest-lying states, including the g.s. must have negative
parity. Furthermore, the g.s. has spin J=1, since it de-
cays by fast first-forbidden transitions, with logft = 6, to
a number of 0+ and 2+ levels in Zr. Moreover, the
transition to the 0+ "spherical" g.s. of Zr is particularly
fast. The logft of 5.8 for this first-forbidden transition is
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FIG. 1. y-singles spectrum obtained after 41 h of continuous beam accumulation. The key transitions are labeled by the energy, in

keV and isotopic association.
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lower than the accepted' lower limit of 5.9. Such fast
first-forbidden transitions occur in the vicinity of doubly
magic nuclei where there is a strong overlap between pure
spherical configurations. ' Indeed there is substantial
evidence ' to consider both Zr as almost doubly
magic nuclei; in particular, one of the fastest 0 ~0+
transitions with a logft =5.6, is observed in the

Y ~ Zr decay
The fast P-decay transition indicates that the Y g.s.

arises from a simple coupling of one neutron particle and
one proton hole to the spherical even-even Zr core, and
thus, can be also interpreted as spherical. The 39th pro-
ton in the x2pIg2 orbit' can only couple with an odd neu-
tron in either the 3s~y2 or 2d3g2 orbit to form a J =1
state. However, the 3s i' neutron must be excluded as the
main component of the P decay since it leads to an empty
3s&y2 subshell contrary to the expectation' that the al-
most magic character of the Zr g.s. structure is due to

98~

FIG. 2. Absolute intensities for the key y and Eo transitions
as well as p-branching ratios and logft values deduced in this
work are illustrated for the ground state p decays in the A =98
mass chain. Relative intensities are taken from Ref. 5.

the 3siy2 subshell closure. From the z2pip and v2d3/2
coupling one would expect 1 and 2 to be the lowest-
lying levels in Y. Indeed, the two lowest-lying levels in

Y, the J =1 g.s. just discussed, and the 119.4 keV
levels, are the most plausible candidates. These negative
parity levels are interconnected by an almost pure Ml
transition and are almost equally strongly populated by y
transitions from other levels as evident in Fig. 3. These
empirical facts are analogous to those for the two lowest-
lying levels in Y, the 0 ground state, and the 1

122.3-keV levels, which have been interpreted' as formed
by coupling of the p iy2 proton to a s ~g2 neutron.

A deformed band with the band head at 495.7 keV
has been recently investigated in some detail.
Two configurations, (p[422 —', ]n[404 —', ])2+ and
(p[303 2 ]n[404 2 ])2, have been proposed for the
band head. The latter one has been favored on the basis
of the Nilsson-model calculations, which also suggest the
interpretation of the 830-ns isomer at 1180 keV as a dou-
ble (i.e., proton and neutron) intruder state with the
configuration (p[550 —,

' ]n[404 2 1)8 . The present work
confirms those predictions in that it firmly assigns nega-
tive parity not only to the 495.7 keV level, which feeds the
J =1 g.s. by a sequence of Ml and E2 transitions (see
Fig. 3), but also to the 830-ns isomer which feeds this
band via the 110.8 keV E2 transition. Thus, the
1 ssYg, which by virtue of its fast p decay to spherical
g.s. of Zr can also be assigned a simple spherical shell
model configuration, is seen to coexist with a well-
deformed structure.

Y~ Zr. 47% of the P feeding from the 1 g.s. of Y
populates two high-lying levels in Zr at 4164.4 and
4450.7 keV with logft value of 4.3 and 4.6, respectively.
Therefore, spin-parity 1 is proposed for both those levels
provided that the comparable strength of the y-ray tran-
sitions to states of spin 0+ and 2+ can be taken to rule out
M2 multipolarities. Indeed, two y-y(e) angular correla-
tions involving a transition from the 4164.4 level in cas-
cade with a spin 2 0 transition show' a2 coefficients of
—0.11(15)and —0.28(2) consistent with a2 —0.25 for
a pure, B(l+ I/I) =0, spin sequence 1 2 0. ' The na-
ture of those negative parity levels remains an interesting
topic for future studies.

The absolute intensity for the EO 854.0 keV line in Zr
can now be revised from the previously adopted value of
4.9(18) to the new value of 15(3), which essentially re-
moves the inconsistency of the earlier result with the value
of 26(5) deduced from the ED conversion electrons mea-
sured in the U(n, f) reaction. The new value derived
here was obtained from the ratio of intensities for the EO
854.0 keV and 1222.8 keV y lines in Zr and the new ab-
solute intensity of the latter line.

The new y and EO intensities alter the important rela-
tive P feeding to the 0+ g.s. and the 0+ first excited state
in ~sZr as well as the associated logft values. The new
values are logft =5.8 ( Zrs) and logft =6.2 ( Zr*).
The g.s. is a spherical configuration dominated by proton
(p~t2) component relative to Z =38, while the excited 0+
state is a more collective state with a large tr(gst2) ampli-
tude. Since the P-decay matrix element connecting the
odd d3j2 neutron in Y with a p~g2 proton is large while
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FIG. 3. Partial level scheme for the sSr 9sY P decay.

transition to a g9l2 proton is highly hindered, the p feeding
of the 02+ state is due to an admixture of the g.s.
configuration. Consequently, from the ratio of the corn-
parative half-lives, ft, approximately equal to the square
of the amount of mixing, one deduces a 30% admixture of
the spherical configuration in the collective 02+ state.

Nb~ Mo. The absolute intensities of the "standard"
787.4 and 1024.3 keV y lines in Mo were found to be
13(1) and 6.1(6) in contrast to earlier adopted values of
3.2(5) and 1.6(3). Furthermore, the ratio of EO intensi-
tiess for the 854.0 keV ( Zr) and 734.6 keV ( Mo)
lines, 0.56(6), leads to the new absolute intensity of 26(6)
for the latter line in agreement with I,b, = 30 deduced in
Ref. 9. The revised p feedings to the OI+ and 02+ levels in
9sMo give new logft values of 4.7 and 4.8, respectively.
By analogous arguments as before, this suggests an almost
equal mixing of those 0+ levels provided the 1+ g.s. of

Nb is a pure "deformed" configuration. The config-
uration mixing calculations of Sambataro and Molnar,
who predicted a 40/60% mixture of the involved 0+
configurations, are consistent with those results.

In conclusion, new absolute y intensities for the A =98

mass chain have been found higher than the currently
adopted values by a factor of approximately four. The
diA'erence can be traced to the absolute intensity for 787.6
keV Mo line. The new results alter the relative and ab-
solute P-feeding branches to g.s. and excited states for
A =98 nuclei, and thereby the experimentally deduced
mixing of spherical and deformed states. These results
provide solutions to a number of outstanding discrepancies
in these key transitional nuclei and suggest that the g.s. of

Y is the spherical (tr2pIt2v2dst2)1 configuration and
that it coexists with the previously reported deformed
band at 495.7 keV. Finally, we have established a fast
first-forbidden P transition between the ground states of

Y and Zr, which alongside with Y~ Zr decay,
forms a new region, other than Pb and ' 0, of such fast
transitions.
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