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New isomers and medium-spin structure of the Y nucleus

W. Urban,"? K. Sieja,® G. S. Simpson,'* H. Faust,! T. Rzaca-Urban,” A. Ztomaniec,> M. Lukasiewicz,’
A. G. Smith,’ J. L. Durell,’ J. F. Smith,’ B. J. Varley,’ F. Nowacki,® and I. Ahmad’
Unstitut Laue-Langevin, 6 rue J. Horowitz, F-38042 Grenoble, France
2Faculty of Physics, University of Warsaw, ul. Hoza 69, PL-00-681 Warsaw, Poland
3Gesellschaft fiir Schwerionenforschung, Planckstrasse 1, D-64291 Darmstadt, Germany and Institut fiir Kernphysik,
Technische Universitdt Darmstadt, D-64289 Darmstadt, Germany
*Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS/Université J. Fourier, F-38026 Grenoble Cedex, France
3Department of Physics and Astronomy, The University of Manchester, M13 9PL Manchester, United Kingdom
S Institute Pluridisciplinaire Hubert Curien, 23 rue du Loess, F-67037 Strasbourg Cedex, France
7Arg0rme National Laboratory, Argonne, Illinois 60439, USA
(Received 20 December 2008; published 6 April 2009)

Excited states in Y, populated following the spontaneous fission of >**Cm and *>Cf and following fission
of U induced by thermal neutrons, were studied by means of y spectroscopy using the EUROGAM?2 and
GAMMASPHERE multidetector Ge arrays and the LOHENGRIN fission-fragment separator, respectively. We
have found a new (17/27) isomer in Y at 3142.2 keV with a half-life of T1/, = 14.9(5) ns. Another isomer
was identified in ®Y at 5022.1 keV and it was assigned a spin-parity (27/27). For this isomer a half-life of
T1/» = 65(4) ns was determined and four decay branches were found, including an E3 decay. A new E3 decay
branch was also found for the known, 1087.5-keV isomer in >>Y, for which we measured a half-life of 51.2(9) us.
The B(E3) and B(E) transition rates, of 2.0 and 3.8 x 10~7 W.u., respectively, observed in *Y are significantly
lower than in the neighboring *°Zr core, suggesting that octupole correlations in this region are mainly due to the
coupling of proton Aj = 3 orbitals. Shell-model calculations indicate that the (27/27) isomer in Y corresponds
to the 7 g9/2v(g7/2h11,2) maximally aligned configuration and that all three isomers in ®°Y decay, primarily, by

M?2 transitions between proton gg/, and f5, orbitals.
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I. INTRODUCTION

It has been shown in recent years that the onset of deforma-
tion in the A ~ 100 region is related to the population of the
neutron intruder orbital vhy,; [1-3]. It is therefore of interest
to study in detail the properties of the vhi;,, shell, especially
around the neutron number N = 59 where the deformation
emerges. Although the presence of the vhyj, orbital in
nuclei with N > 58, where the deformation onset is clearly
in progress, is well documented, the information about this
orbital in nuclei with N < 58 is still limited. This work is a con-
tinuation of our search [4] for the characteristic v(g7/2h11/2)9-,
two-neutron excitations in nuclei with N <58, which should
help in finding the position of the spherical vh;, orbital.

It should be noted that although the mean-field approach,
described in Refs. [1,2], provides a solution where the
deformed minimum in the potential is clearly connected with
the population of the vk, intruder, it does not draw any
simple description of forces causing the sudden shape change
observed around neutron number N = 59. A phenomenologi-
cal picture proposed recently [5], which involves the so-called,
extruder orbital v9,2[404], offers a mechanism producing
strongly deformed configurations, indeed observed at neutron
number N =59 [6]. However, it remains to be checked
whether this mechanism is present (or if it can be introduced)
in the mean-field calculations. In contrast, a very specific
description of a shape-driving mechanism was proposed in
the past, invoking the 7 g9/»-vg7/> proton-neutron residual
interaction, the so-called spin-orbit partners mechanism [7].
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However attractive, this mechanism does not involve hyj/»
neutrons, which is inconsistent with the experimental evidence
of their presence near the Fermi level around N = 59 [3,8]. As
discussed in our recent work [4], the proton-neutron interaction
derived from the tensor force [9] should be vital in shaping the
shell structure of nuclei and it is important to verify its role
as well as to check the role of 4/, neutrons in the sudden
shape change observed in the A ~ 100 neutron-rich nuclei. A
theoretical work in this direction is in progress [10].

The experimental observation of the vhy;, and/or
v(g7/2h11/2)9- negative-parity excitations in this region be-
comes even more important in light of recent detailed studies
of spherical Zr isotopes [11]. The authors concluded there
that negative-parity levels in °>7°°Zr are due to proton
excitations from the mpy,, wp3s, or mfs,, orbitals up to
the gy, orbital. This proposition was based on comparing
experimental data with shell-model calculations. However, in
the calculations of Ref. [11] the single-particle space was
truncated because of computational limitations. The crucial
hi1/2 neutron orbital was not included in the model space.
Experimental identification of v(g7,2h11/2)9- excitations in
nuclei from this region may help clear up the situation.

In the Zr isotopes, the v(g7/2/111/2)9- neutron excitation may
be located close to another 9~ excitation, corresponding to
the 27 @ w(fs /289/2)7- proton coupling. This could make the
differentiation between proton- and neutron-based, negative-
parity excitations difficult. It may be easier to search for
the v(g7,2h11/2)9- excitation in yttrium isotopes, where the
proton-based, negative-parity levels, involving three-proton
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excitations, are expected at higher excitation energies than the
negative-parity levels, corresponding to one proton coupled to
the v(g7/2h11/2)e- neutron configuration.

Of two yttrium isotopes with N < 58,%9°Y, where the
hi12 neutron orbital should already be populated, Y is
a better candidate for medium-spin studies. In this nucleus
a T, =56.2 pus isomer with spin 9/2% was reported at
1087.5 keV [12]. No higher lying levels were known in Y.
One expects, though, that levels above the isomer in *>Y should
be sufficiently populated to allow such studies because the
average spin populated in fission is higher than the spin of this
isomer. The situation is less favorable for °©Y where the T} p =
9 s isomer at 1140(30) keV, interpreted as a (7w go/2v87/2)8+
configuration, has a rather high spin, 17 = 8% [13,14]. In
%Y one may still find the (wg9/svh11/2)10- €xcitation about
1 MeV above the isomer. However, higher spin excitations,
as for instance the [(7go/2Vg7/2)8+ ® v(h%l/2)10+]13+ config-
uration, will require breaking of a neutron pair plus about
2 MeV of excitation energy to promote neutrons to the
vhiiyp level. Therefore, they are expected at much higher
energies, where the population in fission is weak. Despite
these odds a high-spin state was proposed in *°Y [15] located
3932keV above the 0~ ground state. Its observation was helped
by the isomeric character of this state, for which a half-life of
T1, = 165(42) ns was reported [15]. The spin of this isomer,
as estimated from the structure of the isomeric cascade, should
be around 10%. This is rather inconsistent with what has been
said above about *°Y and raises questions about the nature
of this isomer, which should rather promptly decay to the
8% level.

In this work we report on a study of medium-spin levels
in the ®Y nucleus, investigated with the primary goal to
search for excitations involving the v(g7,2h11/2)9- neutron
configuration. Additional motivation for our study was to
answer questions concerning the proposed isomeric cascade
in %Y. Section II of this work describes the experiments,
the data analysis, and the results of our measurements. In
Sec. III the experimental data are compared to the shell-model
calculations and single-particle configurations are proposed
for excited levels. The work is summarized in Sec. I'V.

II. EXPERIMENTAL STUDIES OF *Y

Three experiments were preformed to study Y, the
measurement of prompt y rays following spontaneous fission
of 2Cm using the EUROGAM 2 array, the measurement of
prompt y rays following spontaneous fission of 232Cf using the
GAMMASPHERE array, and the measurement of delayed y
radiation following neutron-induced fission of U, performed
with the LOHENGRIN mass spectrometer. In the following we
describe these experiments and their respective results.

A. Measurement of prompt y rays following spontaneous
fission of 2*Cm

In ®>Y one observes four states corresponding to proton
orbitals available at the Fermi level. These are the mpi,
ground state, the 7p3,, and 7 f5,, excited states at 685.7 and
826.8 keV, respectively, and the 9/2%, isomer at 1087.5 keV,
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reported previously with 7y, = 56.2(1.5) us, corresponding
to the 7 gg/> configuration [16-20]. The isomeric level decays
to the 826.8-keV level by the 260.7-keV, single-particle M2
transition with the rate of 0.021 W.u. [12]. The presence of the
long-lived (56-us) isomer obstructs y-coincidence studies of
higher spin excitations in Y. However, they can be identified
because fission fragments are produced in pairs. Prompt y rays
de-exciting levels above the 56-/us isomer in Y are expected
to be in coincidence with prompt y rays de-exciting levels in
1471491 . nuclei, the most abundant fission-fragment partners
to >>Y, produced in spontaneous fission of >*8Cm.

We have searched for medium-spin levels in Y above the
56-us isomer using triple-y coincidences between prompt y
rays from fission fragments produced in spontaneous fission
of 2*8Cm, measured with the EUROGAM 2 [21] array of Anti-
Compton Spectrometers (ACS). (For additional details on the
experiment and data analysis techniques see Refs. [22-24].) In
spontaneous fission of 23Cm about 3.5 neutrons (on average)
and no protons are emitted from the primary fission fragments,
leading to the secondary fission fragments, which then de-
excite by emitting y rays. Each fission event produces a pair
of secondary fragments, which have in total 96 protons and,
on average, about 245 neutrons. Prompt y rays from both
fragments of a given pair are emitted at the same time (i.e.,
are in time coincidence). This allows us to perform searches
for unknown y cascades in a nucleus if the fission partner has
known decays.

The most abundant fission partner to *Y, corresponding to
the four-neutron evaporation channel, is '*°La. In the spectra
double gated on lines in 1491 .2 [25], we observed two new lines
at 969.1 and 1085.8 keV, which do not belong to 1491 4. The
same two lines are also seen in a spectrum doubly gated on lines
in “"La [26]. This indicates that the 969.1- and 1085.8-keV
lines belong to an yttrium isotope. A spectrum doubly gated
on the 317-keV line from *°La and the 969.1-keV line, shown
in Fig. 1(a), contains the 199.3- and 418.2-keV lines of '*La,
the 1085.8-keV line, and further lines at 171.8, 461.5, and
564.1 keV.

The 171.8-, 461.5-, 564.1-, 969.1-, and 1085.8-keV lines
were observed previously and assigned to *°Y in a mea-
surement of delayed y transitions populated in heavy-ion-
induced fission [15], where a 682-keV transition was also
reported. The assignment of the discussed cascade to *°Y in
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FIG. 1. Coincidence spectra gated on y lines in '“’La and *Y
obtained in this work from fission of 2*8Cm. Energies of transitions
and gates are labeled in keV.
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FIG. 2. Mass correlation diagram for yttrium and lanthanum
isotopes produced in fission of 2*3Cm. See text for further explanation.

Ref. [15] was based on a measurement using the SAPhIR
fission-fragment detector, allowing mass determination with
accuracy of approximately 1 mass unit. We have checked
this identification using the mass correlation technique for the
complementary fission fragments, as proposed in Ref. [8], and
have applied this technique successfully since then in many
cases [25,27,28]. In Fig. 2 we show the mass correlation plot,
where on a logjy scale the ratio R of the intensity of the
317.4-keV transition in '*°La to the intensity of the 167.4-keV
transition in '%"La, as observed in spectra doubly gated on
known yrast cascades in various Y isotopes, is drawn. Because
of the correlation between the masses of a given lanthanum
isotope and its Y fission-fragment partners [29], such a ratio is
a smooth function of mass A of yttrium isotopes. The dashed
line represents a linear fit to the log;o(R) values obtained for
yrast cascades in 9y, 98y, 7Y, and °°Y (open circles). The ratio
obtained for the cascade studied in this work is R = 2.0(4)
and the corresponding logjo(R) value is marked in Fig. 2.
Intersection of this value with the straight-line fit gives a mass
value of A = 95.2(2), which uniquely correlates this cascade
with ®>Y. We propose that this cascade feeds the 1087.5-keV
isomer in *>Y. An alternative placement of the cascade, directly
on the ground state, is less likely because then the hypothetical
5/27 level at 1085.8 keV would be rather nonyrast. Moreover,
there should be a 3/27 level at 740.2 keV, populated in the
decay of the 1087.5-keV isomer, which is not observed.

In addition to this mass correlation we show in Fig. 3
coincidence rates of various yttrium isotopes with '*'La
nucleus, as produced in fission of **Cm. The rates were
calculated as the relative intensity of the 167.4-keV line in
147La observed in a spectrum double gated on the strongest
lines in a complementary Y isotope. This intensity is then
normalized by (i) the y-detection efficiency at different gate
energies, (ii) the gate width, and, (iii) the relative intensity
of the gated cascade in this yttrium isotope. Despite the
approximate character of this definition, the rates in Fig. 3
display a variation [as function of the yttrium mass, A(Y)],
which is regular enough to draw conclusions. The rate
corresponding to the 969.1- to 1085.8-keV cascade follows
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FIG. 3. Rates of yttrium isotopes in coincidence with the '4"La
nucleus as produced in the fission of **Cm. See text for further
explanation.

the smooth trend when placed at A = 95. This is consistent
with the identification shown in Fig. 2.

The 172-,461-, 563-, 682-, 968-, and 1086-keV transitions
reported in Ref. [15] were arranged in a cascade de-exciting
a high-spin isomer in the following order: 1086, 968, 461,
172, 682, and 563 keV, when going from the bottom of the
cascade up to the isomer. This order is not consistent with
intensities of y lines seen in our spectra, which are shown
in the second column of Table I. For instance, the intensity
of the 564.1-keV line in Fig. 1(a) is clearly higher than that

TABLE 1. Intensities of y transitions in the >Y nucleus,
populated in the spontaneous fission of 2**Cm, in the spontaneous
fission of 32Cf, and in thermal-neutron-induced fission of 23U, as
observed in the present work.

E, keV) I, (tel)*Cm I, (rel.) ®2Cf I, (rel.) U + ny,
101.2 13(2)
120.6 0.6(1)
141.0 5(1)
171.8 30(3) 25(2)
196.8 2.9(4)
345.6 22(2)
260.7 1000(30)
401.8 11(1)
461.5 14(2) 13(1)
497.0 2.3(3)
561.8 21)
564.1 7(2) 5(1)
685.7 15(2)
682.3 2(1) 2.3(3)
740.2 25(2)
761.7 3(1) 2.3(3)
788.0 2.6(4)
826.8 975(30)
969.1 50(4) 50(3)

1085.8 47(3)

1145.3 41 3.1(3)

1246.3 1.3(2)

044304-3



W. URBAN et al.

(29/2,31127) 5810.1
788.0
Q\Q v
N
N < @120 S 50221 1 _65ns
(2527) 4901.6— 7 (23/2) I 4921.0
618 682.3
23127 I 4339.8 /124()3 ‘?
: C11453 2327) X 42727
/(21/2’) | 4075.9

56!“ /4970
212" l 3775.7 / /

761.7
461.5 %
N
anh | 3314.2 S
\ 1712 31424 1 _ 1490
969.1
1327 21733/
L 3456
aizh 1827.7
1085.8
740.2
N
912 : 10875 1510y
N
4018 527 ¥ 207 g6
32° [ 6857 I
a7 826.8
1/2° ' g.5.

95

Y

FIG. 4. Partial level scheme of Y, as obtained in the present work.

of the 682-keV line, which is barely visible in our data. Also the
171.8-keV line is in our spectrum stronger than the 461.5-keV
line. The reason is that in our data we also see prompt side
feeding to this cascade, whereas in the isomeric cascade of
Ref. [15] the whole intensity measured was flowing from the
isomeric level. Using the present data we corrected the order
of transitions in the cascade, as presented in Fig. 4. (Figure 4
shows the complete level scheme, as obtained in this work,
using also the data described in the next two sections.)

In our spectra we also see the 345.6-, 740.2-, and
1145.3-keV lines reported in Ref. [15] (with slightly different
energies) and a new line at 761.7 keV and place them in the
level scheme as shown in Fig. 4. In >*8Cm fission data we do not
see the 100-keV line reported in Ref. [15], probably because of
too low a population of the high-spin isomer. The heavy-ion-
induced fission used in Ref. [15], which is known to populate
higher spins than those populated in spontaneous fission of
248Cm, could provide higher population of this isomer.

We have determined angular correlations between strong
y transitions in Y, using techniques described in
Refs. [30,31]. Angular correlations between the 171.8-,
969.1-, and 1085.8-keV transitons are shown in Fig. 5
with calculations for stretched quadrupole-quadrupole (QQ)

PHYSICAL REVIEW C 79, 044304 (2009)
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FIG. 5. Angular correlations for the 969.1- to 1085.8-keV (open
circles) and 171.8- to 969.1-keV (full dots) cascades.

and quadrupole-dipole (QD) solutions. The correlation is
consistent with the 969.1- and 1085.8-keV transitions being
stretched quadrupole (A1 = 2) in character and the 171.8-keV
transition being a stretched dipole (Al = 1).

We have also examined y spectra corresponding to delayed
y coincidences. In our measurement triple-y coincidences
were collected within a time window of about 300 ns. The
high-spin isomer reported in Ref. [15], which is now at
5022.1 keV, is populated very weakly. In contrast the
3142.4-keV level receives much higher population owing
to prompt side feeding. This allowed us to find that the
3142.4-keV level is also an isomer. In Fig. 1(b) we show
a spectrum doubly gated on the 171.8- and the 461.5-keV
lines, where the gated lines were observed within a “prompt”
time window; the spectrum displayed in Fig. 1(b) was
measured within a “delayed” time window of 80—300 ns. In the
spectrum one sees the 345.6-, 740.2-, 969.1-, and 1085.8-keV
lines, depopulating the 3142.4-keV level.

In Fig. 6 we show a time-delayed spectrum gated on the
969.1-keV line. In the spectrum one observes a clear exponen-
tial decay (the “prompt” peak resulting from a contaminating

104 = o

6 95Y

4 ° o
) L

Number of counts
(o}

_ 969 keV line
" Tip =16(3) ns

2 | | | | |
0 10 20

Channel number
FIG. 6. Time spectrum gated on the 969.1-keV line from *Y

populated in spontaneous fission of 2*Cm, as observed in the present
work. The time scale is 5.5 ns/channel.
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prompt contribution in the 969-keV gate). We find that the
half-life of the 3142.4-keV level deduced from this spectrum,
using the analysis techniques and time calibration described
in Ref. [30], is T}, = 16(3) ns.

Considering the energy of the 969.1-keV isomeric transition
we propose that this transition has an M2 multipolarity.
We note that the 260.6-keV transition depopulating the
1087.5-keV isomer was interpreted as an M2, single-particle
transition between 7 g9/ and 7 5 orbitals [12]. Itis also likely
that the 682-keV isomeric transition has an M?2 multipolarity,
given the half-life of the 5022.1-keV isomer and the energy of
the 682-keV isomeric transition.

These observations, the angular correlation data, and the
assumption that spin is growing with excitation energy, as
commonly observed in a fission process, which predominantly
populates yrast states in fission fragments, allow spins to
be proposed for excited levels observed in the fission of
28Cm. The stretched-quadrupole character of the 1085.8- and
969.1-keV transitions indicates spins of 13/2 and 17/2 for
the 2173.3- and 3142.4-keV levels, respectively. The prompt
character of the 1085.8-keV transition suggests positive parity
for the 2173.3-keV level. Consequently, the proposed M2
character of the 969.1-keV transition points to the negative
parity of the 3142.4-keV isomer. The Al = 1 character of the
171.8-keV transition indicates spin 19/2 for the 3314.2-keV
level. Further spin-parity assignments are discussed in the next
section.

B. Measurement of prompt y rays following spontaneous
fission of 252Cf

The results from the measurement of 2*Cm just presented
were verified and extended in our measurement of y rays
following the spontaneous fission of 22Cf, performed us-
ing the GAMMASPHERE ACS array at Argonne National
Laboratory (see also Ref. [32] for more information on
the experiment). This new measurement has some clear
advantages over the >**Cm measurement, such as six times
more triple-y coincidence events collected, three times wider
time gate in the electronic setup, and a better resolution in time
spectra. We needed, though, to analyze the >**Cm data first to
identify excitations in Y. This could not be done using the
232Cf because the most abundant fission-fragment partners to
93Y produced in fission of 2>2Cf, which are the '3%15%134pr
nuclei, are not known sufficiently well.

From the 2>2Cf fission measurement we obtained 1.2 x 10'!
triple coincidences. The electronic time windows defining the
coincidence events allowed measuring times in a range of
900 ns, counted from the “start” given by the “Master Gate”
signal. The data were sorted into three-dimensional (3D)
histograms under various conditions set on time signals, as
discussed in the following.

We confirm the presence of all y coincidences observed
in the >**Cm measurement and add new transitions to the
scheme based on the >*8Cm data. Figure 7(a) shows a spectrum
double gated on the 969- and 172-keV lines in a 3D histogram,
sorted without any time conditions (ggg cube). Apart from y
lines seen in Fig. 1, in the 28Cm data, which are now much
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FIG. 7. Coincidence spectra gated on y lines in Y, as observed
in fission of »2Cf. Energies of transitions and gates are labeled in
keV. See text for more details about gated cubes.

stronger, we observe lines at 101.2, 120.6, 196.8, 497.0, 788.0,
1145.3, and 1246.3 keV. The 682.3-keV line is now clearly
seen and the 564-keV line appears as a doublet with 561.8- and
564.1-keV components. This is illustrated in Fig. 7(b), which
shows a spectrum double gated on the 969- and 564-keV lines.
Further gating on the ggg cube allowed the placement of the
newly observed transitions, as shown in the scheme in Fig. 4.
The 5022.1-keV isomer is now de-excited by four transitions:
101.2, 120.6, 682.3, and 1246.3 keV. Relative y intensities of
lines observed following fission of 32Cf are shown in the third
column of Table L.

Good timing of the 22>Cf data allowed sorting of 3D
y-coincidence histograms with specific conditions on time
signals associated with y signals. These data could be used
to illustrate the presence of the two isomers at 3142.4 and
5022.1 keV in *>Y. The so-called ddp cube contains triple-y
coincidences, where along the p axis we sorted prompt y rays
registered within the period from —10 to +10 ns relative to the
“0” time given by the Master-Gate signal, and on the d axes
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we sorted two y rays registered within the period from 40 to
210 ns after the “0” time.

Figure 7(c) shows a spectrum double gated on the 969-
and 1086-keV lines on the two d axes of the ddp cube. The
resulting gated spectrum contains prompt y decays from levels
above the 3142.4-keV isomer. In the spectrum one sees the
171.8-, 461.5-, 564.1-, 761.7-, and 1145.3-keV lines. Their
intensities represent the prompt side feeding of the levels
they de-excite. Note that in this spectrum the 101.2-, 120.6-,
682.3-, and 1246.3-keV lines, depopulating the 5022.1-keV
isomer, are not seen but the 788.0-keV line placed above the
5022.1-keV isomer is observed. The 788.0-keV transition
depopulates the 5810.1-keV level, which is not isomeric. In
the spectrum there are also other prompt lines, marked by
asterisks, which we assigned to new prompt y transitions in
the complementary Pr isotopes [33].

InFig. 7(d) a spectrum obtained from the ddp cube is shown,
where the first gate was set on the 788-keV line on the p axis
and the second gate on the 172-keV line on the d axis. In the
spectrum one observes delayed y transitions, sorted along the
other d axis. These are all the transitions depopulating cascades
starting from the 5022.1-keV isomer.

In Fig. 7(e) we show a spectrum obtained from the ddp
cube with the first gate on the 172-keV line on the p axis
and the second gate on the 969-keV line on the d axis. In
the spectrum one observes delayed y transitions below the
3142.4-keV isomer, only.

The spectra in Figs. 7(c), 7(d), and 7(e) indicate that both
the 3142.4- and the 5022.1-keV levels are isomeric. Finally,
in Fig. 7(f) we show a sum of several spectra double gated on
various pairs of transitions de-exciting both isomers. The gates
were set in the ddd cube, sorted with the 40- to 210-ns time
window on all three axes. In the spectrum one can clearly see
lines corresponding to all transitions below the 5022.1-keV
isomer. We note, however, that there is no 788.0-keV line, as
expected.

In Figs. 8 and 9 we show time-delayed spectra for the
969.1-keV transition from the 3142.4-keV isomer and for the
sum of 682.3- and 1146.3-keV transitions from the 5022.1-keV
isomer in *Y, respectively. The spectra were obtained from
the pgt cube prepared in a following way: y signals registered
within the “prompt” time window were set along the p axis,
y signals with no time window on them were set along the
g axis, and time values corresponding the g-axis y signals
were set along the t axis (with the t range being from —50 to
4900 ns relative to the “0” time). The time-delayed spectrum
for the 3142.4-keV isomer was obtained by gating the 172-keV
line on the p axis and the 969-keV line on the g axis. The time-
delayed spectrum for the 5022.1-keV isomer was obtained by
gating on the 788-keV line on the p axis and on the 682- and
1146-keV lines on the g axis. The spectra shown in Figs. 8§ and
9 were binned to 2.2 and 8.8 ns/channel, respectively. It can be
seen that the yield of the 3142.4-keV isomer is about an order
of magnitude larger that the yield of the 5022.1-keV isomer,
in accord with y intensities listed in Table 1.

Fitting an exponential function plus constant background
to the spectra in Figs. 8 and 9 gives half-lives of 14.7(5)
and 62(4) ns for the 3142.4- and the 5022.1-keV isomers,
respectively. The half-life of the 3142.4-keV isomer is
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FIG. 8. Time-delayed spectrum corresponding to the decay of the
3143.4-keV isomer in *Y populated in spontaneous fission of >2Cf,
as observed in the present work. The time scale is 2.2 ns/channel.
The dashed line is an exponential fit to the data, including constant
background.

consistent with the one obtained from 2**Cm fission data.
However, the half-life of the 5022.1-keV isomer found in
this work is significantly shorter than the 165(42)-ns value
reported in Ref. [15], though we note that the uncertainty
reported in Ref. [15] is rather large. To verify our result
obtained from fitting the time-delayed spectrum, we used
another technique, proposed in Ref. [34], where a half-life
is determined by observing intensity of triple-y coincidences
in an isomeric cascades in cubes sorted with various time
windows. The advantage of this method is the cleanness of
the observed triple-y-coincidence signal, collected over a
wide time window and concentrated in a small volume in
the ddd cube. Consequently, it is easier to discriminate such a
signal against background than a time-delayed spectrum and

Time-delayed spectrum of the 5022.1 keV isomer
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FIG. 9. Time-delayed spectrum corresponding to the decay of the
5022.1-keV isomer in *>Y, populated in spontaneous fission of 232Cf
as observed in the present work. The time scale is 8.8 ns/channel.
The dashed line is an exponential fit to the data, including constant
background.
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FIG. 10. Ratio Ry of intensities of the isomeric cascade depop-
ulating the 5022.1-keV isomer in *Y, as observed in fission data of
232Cf sorted within various time windows. See text for more details.

to ensure, thanks to the triple-coincidence condition, that the
signal is not contaminated by other effects.

In our work we compared the intensity of the 171.8-461.5—
1145.6 keV triple-y cascade observed in two different ddd
cubes sorted with time windows (i) from 40 to 210 ns and
(i) from 210 to 550 ns. The ratio R of the two intensities
depends on the half-life of the isomer depopulated by the
cascade. One can easily calculate this ratio by taking integrals
of exponential decay over the two time windows. Calculated
values are shown in Fig. 10 as a thick line (with a log-log scale
being used to allow a wide range of half-lives to be inspected).
The dashed line shows the upper limit for this ratio (equal to the
ratio of the widths of the two windows). In Fig. 10 we show ex-
perimental data for three known isomers, the 77/, = 52 ns iso-
mer in '3°Sn (89-774-1221 keV triple-y cascade), the 71, =
164 ns isomer in '3*Te (115-297-1279 keV triple-y cascade),
and the Ty, =510 ns isomer in '¥Te (89-774-1221 keV
triple-y cascade). The agreement of the calculated curve with
the data is very satisfactory, which justifies the use of this
curve as a calibration, when determining half-lives of unknown
isomers. The ratio R = 0.22(3), obtained for the 171.8-461.5—
1145.6 keV cascade, depopulating the 5022.1-keV isomer
in Y, compared in Fig. 10 against the calibration curve,
determines the half-life of the isomer to be T, = 71(6) ns,
which is consistent with the value obtained before from fitting
the time-delayed spectrum. We adopt a weighted average for
the two values of 7j,, = 65(4) ns as the half-life for the
5022.1-keV isomer in Y.

C. Measurement of delayed y rays following neutron-induced
fission of 23°U

The excitations in Y discussed in the preceding two
sections are located above the 9/2%, 1087.5-keV isomer.
Because of its long half-life no y coincidences across this
isomer could be observed in our 2¥Cm or 232Cf data. Searching
for possible new branchings from this isomer, as well as for
other long-lived states in *>Y, we performed a measurement
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at the LOHENGRIN fission-fragment separator [35] at ILL
Grenoble. There we measured y rays from mass A = 95 ions,
arriving to the detection point about 2 us after being produced
in fission of 23U induced by thermal neutrons inside the
ILL reactor. In the measurement about 1.2 x 10% ions were
collected.

The detection setup consisted of an ion chamber and
three Ge detectors, two CLOVER detectors of 150% relative
efficiency each and a 60% GammaX detector. In the measure-
ment we used an electrostatic deflection system, developed
recently at LOHENGRIN, operating at the frequency of
100 Hz chosen to search for isomers in the millisecond range.
Digital electronics with a 40-MHz clock made it possible to
measure half-lives in the microsecond range. For more details
about the this setup see Ref. [36].

To illustrate the sensitivity of our measurement we show in
Fig. 11 the time-delayed spectrum for the known 195.5-keV
isomer in 2 Kr, as obtained in our measurement. The half-life of
1.5(1) ps, extracted from this spectrum, is in good agreement
with the previously reported value of 71, = 1.4(2) us [37].
It should be noted that >>Kr is produced at a very low rate of
7 ® 1073 per U + ny, fission event and the population of
the 195.5-keV isomer represents a fraction of this rate only.

We searched for new isomers in the mass A = 95 chain
using a 2D histogram (called the “gt” matrix), where on the
g axis we sorted a y energy signal and on the t axis the
registration time of this y, measured relative to the “start”
of the electrostatic deflector. Within the deflector cycle of
10 ms, mass A = 95 ions were collected at the detection point
for the period from O to 5 ms (ion beam ON) and for the
remaining 5 ms the ion beam was deflected (ion beam OFF).
In Fig. 12(a) we show a total projection of the gt matrix on
the g axis. The spectrum is dominated by background and

Time-delayed spectrum of the 195.5 keV isomer
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FIG. 11. Time-delayed spectrum for the 113.8-keV transition cor-
responding to the decay of the 195.5-keV isomer in *Kr, as observed
in fission of 2°U + ny, in this work. The time scale is 100 ns/channel.
The dashed line represents an exponential fit to the data, including
constant background. It may seem that the background level is fitted
too low but we note that this is a spectrum with subtracted background.
Therefore there are channels with zero or negative counts, which
could not be plotted on a log scale.
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FIG. 12. (a) Total projections of the gt matrix. (b) y spectrum
gated on the t axis of the gt matrix in the range from O to 5 ms, as
obtained in this work. Energies of y lines are labeled in keV. See text
for further explanation.

B-decay lines (e.g., 1293.6 keV of *'Ar) but one can also
clearly see in the spectrum the 260.7- and 826.8-keV lines
corresponding to the decay of the 9/2% isomer in Y. In
Fig. 12(b) we show a background-subtracted spectrum gated
on the t axis of the gt matrix in the range from O to 5 ms
and with background selected from 9 to 10 ms (with the
background being normalized to match the width of the gate).
In the spectrum one observes lines corresponding to isomeric
decays, only. None of the background lines seen in Fig. 12(a)
are present here. Apart from the 260.7- and 826.8-keV lines
there are the 81.7- and 113.8 keV lines from the decay of the
1.5-us isomer in 95Kr, the 1087.5-keV sum peak of the 260.7-
and 826.8-keV lines, and three other lines at 141.0, 401.8, and
685.7 keV, though, because of their low intensities, these lines
are not visible at this large scale.

To learn about the new lines we analyzed a 2D y-y his-
togram (gg matrix) where we sorted y coincidences collected
during the “ion-beam-ON” period. The y-coincidence time
window was 600 ns. In Fig. 13(a) we show a spectrum
gated on the 401.8-keV line, in which a 685.7-keV line
is seen. The gate set on the 141.0-keV line, displayed in
Fig. 13(b), shows two lines at 260.7 and 685.7 keV. Finally, the
spectrum gated on the 260.7-keV line, displayed in Fig. 13(c),
shows the 826.8-, 141.0-, and 685.7-keV lines. These three
spectra indicate that there is a new, 401.8-keV decay branch
from the 9/2%, 1087.5-keV isomer to the known [38] 3/27,
685.7-keV level in Y. The 401.8-keV transition is, therefore,
of pure E3 multipolarity. The 141.0-keV transition, which
de-excites the 826.8-keV level to the 685.7-keV level, should
have M1 4+ E2 multipolarity. Gamma intensities of transitions
below the 9/2%, 1087.5-keV isomer in 95y, as found in the
spectrum shown in Fig. 12(b), are presented in column 4 of
Table I.

We measured the half-life of the 9/2% isomer in *Y, using
the present data. In Fig. 14(a) a time-delayed spectrum is
shown, obtained from the gt-ion matrix by gating on the
260.7-keV isomeric transition. In the gt-ion matrix we sorted
y energy (g axis) versus its time, counted from the arrival
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FIG. 13. Coincidence y spectra gated on y lines in *Y, as
obtained in this work from the gg matrix. The full scale in
Fig. 13(c) is 25,000. Energies of transitions are labeled in keV. See
text for further explanation.

of the preceding ion. We note that it was not possible in our
measurement to select ions corresponding to the 260.7-keV
isomer, only. Therefore sorted into the gt-ion matrix were all
ions corresponding to mass A = 95. A spectrum gated on
background in the gt-ion matrix, normalized to the 260.7-keV
gate width, was subtracted from the 260.7-keV gate. It is
important to make a proper background subtraction here
because in a time window of 240 us with the ion-beam
rate of about 3000 ions/s, the background is no longer flat.
This is shown in Fig. 15, which displays a background- gated
spectrum obtained from the gt-ion matrix. The spectrum has
an exponential time dependence, which is expected when both
the start (ion) and stop (y) signals are randomly distributed in
time.

The exponential fit to the spectrum in Fig. 14 gated on the
260.7-keV isomeric transition provides a half-life of 7y, =
44.0(3) us. However, the fitted value, which is clearly shorter

T T T T T T

Time-delayed spectrum of the 1087.5 keV isomer
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100 50 160 150 260
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FIG. 14. Time-delayed spectrum gated on the 260.7-keV line
from Y, as observed in the present work. In the time spectrum
one channel corresponds to 0.8 us.
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FIG. 15. Time spectrum gated on background, as observed in the
present work.

than the literature half-life of 56.2(1.5) us [38] needs further
correction owing to the long half-life of the isomer. At a rate
of 2600 ions/s, as measured in our experiment, the probability
that another ion is observed before the ion corresponding to
the 56-us isomer decays, is no longer negligible. To check this
we simulated time-delayed spectra for various combinations
of half-lives and ion-beam intensities and fitted their half-lives.
The results are shown in Fig. 16 for three half-lives at three
beam intensities. (We checked that the results do not depend on
the fraction of the “isomeric” ions in the ion beam.) The F,,;
factor shown in Fig. 16 represents the ratio of the observed
half-life to its true value. For instance, the 100-us half-life
measured at beam intensity of 10,000 ion/s will show up as
a 41-us half-life (F¢,r = 0.41). Using these simulations we
found an F_,, factor of 0.860(15) for the 1087.5-keV isomer in
%Y, which gives the corrected half-life of 77, = 51.2(9) us.

Using the gt matrix we performed scans for the millisecond
isomers in mass A = 95 isobars *Kr, Rb, ?*Sr, Y, and *Zr,
produced in the fission of 2*>U with measurable rates. The
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FIG. 16. Corrections to long half-lives measured at various ion-
beam intensities. The dashed lines are drawn to guide the eye. See
text for further explanation.
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predicted production rates for these isobars are 7 x 107, 8 x
1073,5 x 1072, 1 x 1072, and 1 x 10~ per one **U + ny,
fission, respectively [39]. No millisecond isomers were found
in our data. Upper limits for the population of such isomers in
the discussed mass A = 95 isobars could be estimated based
on the population and the decay rate of the 9/2% isomer in
%Y. The limit for observing a y line in our measurement
was about 0.007 of y intensity of the 260.7-keV isomeric
transition (a limit that was found to be rather independent
of y energy). We made a conservative assumption that the
population of the 9/2% isomer in *>Y amounts to 100% of the
total production of Y (i.e., 1 x 1072 per one fission). Then
the limit for observing an isomeric state is 7 x 107> relative
to the total population of Y. Consequently, one can state
that the population of millisecond isomers, relative to the total
population in 2¥U + ny, fission, is below the levels of 0.1 in
%Rb, 0.0014 in *>Sr, 0.007 in *Y, and 0.07 in **Zr.

D. Rates of isomeric transitions in *>Y and octupole
coupling around N = 56

Using the half-lives of the three isomers observed in *Y
and y intensities of their decay branches, as found in this
work, and assuming multipolarities for these branchings as
shown in Fig. 4, we estimated y transition rates for isomeric
branches, taking into account the internal conversion process.
The results are shown in Table II in units of inverse seconds
and in Weisskopf units.

The observed y rates are consistent with expectations for
single-particle transitions rates in a spherical nucleus. The
E?2 transition rate is of the order of one Weisskopf unit,
similar to what is observed in the neigboring *°Zr core. The
two E3 transitions in ®>Y also do not show any significant
enhancement, indicating the lack of octupole collectivity in
this nucleus. This, however, is in sharp contrast to the 97y core,
where the £3 decay from the 37, 1897.2-keV state is reported
with a very large rate of 57(4) W.u. [40]. This difference can
be understood if one assumes that the 3~ state in the *°Zr core
is an octupole vibration dominated by coupling of g9,» and
D32 proton orbitals, which are here close to the Fermi level.
Such a vibrational coupling between protons is “blocked” in
an odd-Z nucleus. Therefore in *>Y one observes lower rates
for E3 decays.

It is known that E1 rates are enhanced in nuclei with
octupole collectivity present [41]. In %Zr the E1 decay rate
from the 3~, 1897.2-keV state is 1.23(1) x 10~3 W.u. [40],
which is about three orders of magnitude faster than an average
E'1 rate in nuclei. In contrast, the E'1 decay rate in 9Y is more
than three orders of magnitude slower than the B(E 1) reported
in its neighbor *°Zr. The likely explanation of this difference
is again the presence of octupole collectivity in *°Zr and its
absence in Y.

These observations allow more general comments on
octupole correlations around *°Zr. The fastest E1 transitions
and the lowest energies of 3| states are observed in the
actinide and lanthanide nuclei around neutron and proton
numbers (N, Z) = (134, 88) and (N, Z) = (88, 56), where an
octupole deformation or strong octupole correlations were
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TABLE II. Gamma rates of isomeric transitions in Y, as observed in the present work.

E, Multipolarity Total conversion Gamma rate Gamma rate
(keV) coefficient ) (W.u.)
101.2 E2 1.02 2.93) x 10° 0.85(9)
120.6 El 0.062 1.4(2) x 10° 3.8(6) x 1077
682.3 M2 0.0039 5.2(6) x 10° 0.077(9)
1246.3 E3 0.00074 2.9(4) x 10° 2.0(3)
969.1 M2 0.0016 6.7(3) x 107 0.17(1)
260.7 M2 0.0693 1.81(4) x 10* 0.033(1)
401.8 E3 0.0256 2.0(2) x 10? 2.7(3)

reported [42—45]. At these proton or neutron numbers, pairs
of orbitals with Aj = Al = 3 (A3 orbits) are close in energy,
allowing an enhanced octupole coupling. In the two regions
both protons and neutrons contribute to octupole coupling and
strong octupole effects are observed in both odd-N [46,47]
and odd-Z [48,49] nuclei as well as in odd-odd nuclei [50,51].
It is important to note that in the two regions the octupole
coupling is helped by the quadrupole deformation via the
spin-orbit interaction, which brings closer subshells of the
A3 orbits. For example, the & = 1/2 subshell of the 7hyy/,
and 7 ds); (i.e., the 1/2[550] and the 1/2[420] Nilsson orbitals)
are only 0.5 MeV apart already at a rather low deformation
of B, = 0.17 [52]. They can be mixed by octupole interaction
much easier than the spherical 7w i, and 7 ds s, orbitals, which
are separated by about 2.3 MeV [52]. Itis also worth noting that
spherical neutron A3 orbits are, generally, further apart than
the spherical proton A3 orbits. In particular the 41/, and ds»
neutron orbitals are, according to our estimates [4] (see also
Sec. IIT), about 3 MeV apart, compared to 2.3 MeV for protons.
Therefore, despite residing at N = 56 neutrons, the spherical
%7Zr and its neighbors may have weak octupole coupling
between the 1, and ds;; neutron orbitals. Consequently,
as previously suggested, octupole collectivity in these nuclei
would be primarily from the coupling of 7 g9, and mp3)»
orbitals. The maximum of the effect should be observed in
nuclei where the 7 p;/, orbital is just filled. It is known that
the mp3/» and 7 f5,, orbits are very close to each other in
this region, but their order is still being disputed. Therefore,
this maximum is expected somewhere between Z = 32 and
Z = 38. In Ref. [53] a 37 state was reported at 1506 keV
in the 2(6)Kr54 nucleus, which is the lowest 3~ excitation in
the region found to date, suggesting that octupole correlations
may be even stronger there than in *°Zr.

The M2 rates observed for isomeric transitions in Y
are consistent with a general observation that such an M2
rate is a fraction of a Weisskopf unit for nuclei with mass
A > 40 (Nuclear Data Sheets recommendations) [54,55]). As
proposed in Sec. III, all three discussed M2 transitions have
dominating components corresponding to the single-particle
transition between mwgo,, and 7 f5/, orbitals. In case of the
9/2%,1087.5 keV and the 27/27, 5022.1-keV isomers, which
contain the go/» single-particle proton level in their structure,
the observed M2 decay rates are similar. These M2 decays
contain contribution from the wgg/» — 7 f5/> single-particle
transition. The M2 rate from the 17/27, 3142.4-keV isomer

is larger. As discussed in Sec. III, this isomer may have more
complex structure, involving core excitations. We note that
in this case the M2 decay contains contribution from the
7 fs;2 — mgo o single-particle transition, where the final spin
is larger than in the other two decays.

We summarize this section with a note that the observed
y rates of isomeric transitions in Y support the spin
assignments as proposed in Fig. 4. The explanation of octupole
excitations around *°Zr requires the positions of the 7p3)
and the vhy,, orbitals to be found, which provides further
motivation for our searches for the key orbits in this region, as
mentioned in Sec. 1.

III. SHELL-MODEL CALCULATIONS FOR *Y

The orbitals available to form medium-spin, near-yrast
excitations in Y are vds;», vg7/2, and vhy,, for neutrons
and 7 fs5,, and mwgy,, for protons. Excited levels above the
1087.5-keV isomer are expected to involve excitations from
the %*Sr core coupled to the odd proton in Y. The lowest
excitations in **Sr are due to a pair of neutrons, occupying
the vg7, or the vds;, orbitals and forming multiplet of
levels with spins 2%, 4%, and 6. The prompt character of
the 345.6-, 740.2-, and 1085.8-keV transitions suggests that
the 1827.7- and 2173.3-keV levels are due to such core
excitations coupled to the odd proton in the m g/, orbital.
In particular the 2173.3-keV level may correspond to the
7892 @ (2M)core configuration. Consequently, the structure of
the 17/27, 3142.4-keV isomer may involve the odd proton in
the 7 f5, orbital (coupled to a 6 core excitation), given the
M?2 character of the 969.1-keV transition.

Looking for a possible interpretation of the 5022.1-keV
isomer we note that in °’Y there is a long-lived, 27/2~ isomer
at 3523 keV, interpreted as the wgg/» ® v(g7,2h11/2)9- con-
figuration. Such maximum-aligned configurations are usually
yrast in character and receive appreciable population in fission.
We propose that the 5022.1-keV isomer in *>Y has the same
configuration. The excitation energy of this configuration in
93Y is higher than in °’Y owing to lower population of both
vg7/2 and vhyy, orbitals in %Y.

One more three-particle state can be created above the
27/2~ isomer by promoting the neutron from the vg7,; to
the vh, orbital, forming the wg9/» ® v(h1; /2)2 fully aligned
configuration. This could explain the 5810.1-keV excitation in
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93Y, if its spin is 29/2%. In case the spin of the 5810.1-keV
level is 29/27 or 31/27, core excitations coupled to the
27/2~ isomer should be involved. A similar situation was
encountered in **Sr [4], where the 5740.8-keV level with spin
of 10 or 11~ was observed 882 keV above the v(g7/2/11/2)9-
excitation. It was proposed that this level could either be due
to [v(h11/2)2]10+ excitation or due to the core ® v(g7/2/111/2)o-
coupling. However, in **Sr another core-multiparticle coupling
was also proposed, namely that of the ground-state cascade
to the 7T(g9/2)§+ two-proton excitation [56]. In Ref. [4] we
argued against this option and here is another argument. If the
5740.8-keV excitation in **Sr and the 5810.1-keV excitation
in ®Y are of the same origin, which is likely considering
similarities between the two levels, then this cannot be the
core ® 7(go/2);+ configuration, which is unlikely in *Y, as it
should correspond in fact to the four-particle-core coupling in
this nucleus.

Because of the proposed M2 multipolarity of the
682.3-keV transition the configuration of the 4339.8-keV
level should involve the 7 f5/2 ® v(g7/2h11/2)9- configuration
with spin 23/2%. Consequently, for the 3775.7-keV level the
[ p3/2 @ v(g7/2h11/2)9- 121 2+ configuration could be proposed
and for the 3314.2-keV level the [ p; /2 ® v(g7/2h11/2)9-119/2+
configuration is indicated.

The discussed configurations are understood as the so-
called dominating configurations, whereas the complete struc-
ture of excitations may be more complex, involving numerous
small contributions from other couplings. To verify the pro-
posed dominating configurations and to find their contributions
in the key yrast excitations in *>Y, we performed shell-model
calculations using a large valence space based on the "®Ni
core, including (1 f5/2, 2p1/2, 2p3/2, 189/2) orbitals for protons
and (2d5/2, 3S1/2, 2d3/2, 1g7/2, lhll/z) for neutrons, dubbed
hereafter w(r3 — g), v(r4 — h) space. In particular, we were
interested in identifying those excitations that comprise in their
structure the v(g7,2/11,2)9- neutron coupling.

The effective interaction used in this work was derived
from the CD-Bonn nucleon-nucleon potential using G-matrix
theory and adapted to the model space using many-body
perturbation theory techniques [57]. The proton-proton part
of the interaction has been discussed in Ref. [58]. The proton-
neutron effective Hamiltonian was corrected in its monopole
part to ensure the basic propagation of the single-particle
states between "°Ni and °'Zr [ (r3)-v(r4 — h) monopoles]
and between *'Zr and '°'Sn [ (g9/2)-v(r4 — h) monopoles].
Similarly, monopole corrections were applied to the neutron-
neutron interaction to reproduce the basic spectroscopy along
the tin chain. The unknown centroid of /;,, was estimated to
be around 3 MeV as in previous calculations in that region [4].
As the monopole tuning of the present interaction is a part of a
broader study [10,59], no specific modifications were further
applied for the case of Y.

The calculations were performed using the m-scheme
code ANTOINE [60] in a truncated space, allowing for 8p-8h
excitations with respect to the Z =40 and N = 56 shell
closures. For the feasibility of the calculations the occupancy
of the A1/, orbital was further constrained to maximally four
particles, which reduces substantially the sizes of diagonalized
matrices (e.g., the largest size, which is that for the 1/27 state,
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FIG. 17. Comparison of the experimental to the calculated ener-
gies of excited states in Y, as obtained in the present work.

diminishes from 2,899,830,758 to 684,178,067) and has no
influence on most of the levels, in which the calculated A/,
orbital occupancy is only fractional. We have further verified
for the 29/27 level that the main contributions in the wave
function remain the same when the excitations to the hy/,
orbital are not constrained. One should however keep in mind
that the accuracy of the present shell-model calculations is
limited (e.g., by imperfections in the effective interaction, by
the uncertainty of the localization of the v/, orbital, and by
computational resources).

The overall reproduction of the experimental spectra is,
however, satisfying, as can be seen in Fig. 17. The most
substantial discrepancy in our calculations concerns the 17/2~
state, which lies almost 500 keV too high with respect to the
measurement. In this case, however, we expect that a coupling
of a core-excited 3~ to the 11/2%, which is missing in the
calculations, may contribute to this level. Other calculated
levels can be, a priori, explained within the assumed model
space. In particular, the 27/2~ isomer with the dominant
785, ® (vgy,h1, 5) configuration is well placed in energy
and supports the experimental level assignment. The calculated
29/2% level, which consists mostly of the 7g9/» ® (vh%1 )
excitation, deviates from the experimental value by 375 keV;
nonetheless, the energy of this state on the 8p-8h level is still
not converged. Thus the experimental level at 5810 keV can be
very likely explained as the [ g9/» ® (vhf1 /2)]29/2+ coupling.

IV. SUMMARY

Medium-spin excitations in the Y nucleus, located above
the 9/2% isomer, were studied experimentally and interpreted
using shell-model calculations. An isomeric cascade reported
as excitations in *°Y in a previous study [15] was shown
to belong to Y from our measurement of prompt y rays
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following fission of 2*8Cm, performed using EUROGAM?2
ACS array. We placed this cascade on top of the 9/2%,
1087.5-keV isomer in Y. In the same measurement a new
isomer at 3124.4 keV was identified, for which we determined
a half-life of 14.9(5) ns. The second measurement, made in
this work using the GAMMASPHERE ACS array, of y rays
following fission of >32Cf has revealed new decay branches of
the isomer reported in Ref. [15] and a prompt transition feeding
this isomer. For this isomer, which we placed at 5022.1 keV
and assigned spin and parity 27/27, a new half-life of 65(4)
ns was determined in this work. For this isomer we found new
E3 and E1 decay branches.

We also searched for millisecond isomers in *>Y populated
in the fission of >*U induced by thermal neutrons, using
the LOHENGRIN fission-fragment separator. No millisecond
isomers were observed in the mass A = 95 isobars Kr, “>Rb,
%8r, %Y, and *>Zr. Upper limits for the population of such
isomers, relative to the total population in 25U + ny, fission,
were found to be 0.1 in ®>Rb, 0.0014 in *>Sr, 0.007 in °°Y, and
0.07 in Zr.

For the 9/2%, 1087.5-keV isomer in Y populated in the
25U 4 ny, fission we found a new E3 decay branch, and
the half-life of this isomer, determined in the LOHENGRIN
measurement, is 71, = 51.2(9) us. The B(E3) = 2.0 W.u.
and B(1) = 3.8 x 10~7 W.u. transition rates in *°Y, determined
in this work, are significantly lower than the analogous
B(E3) =57 W.u. and B(1) = 1.23 x 1073 W.u. rates in the
neighboring **Zr core nucleus. This difference is interpreted as
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due to a much lower octupole collectivity in *>Y as compared
to *Zr. This observation suggests that octupole effects in this
region are primarily due to the coupling between Aj =3
proton orbits 7 g9/> and 7 p3,2, which is blocked in the odd-Z
nucleus *>Y. The low level of octupole coupling between
neutrons is probably due to a larger separation of the key
Aj =3, vhy1; and vds, orbitals as compared to the Aj =3
proton pair. Further studies of the energies of single-particle
levels in this region are required to verify the proposed
explanations.

All three isomers observed in ®>Y have M2 decay branches
with similar transition rates of the order of 0.1 W.u. The nature
of these decays was explained by the shell-model calculations
done in this work, which reproduce fairly excitations in *Y.
Configurations of excited levels found in the calculations in-
dicate that all three isomeric M2 transitions in *>Y correspond
to a single-particle transition between the f5,, and gg/» proton
orbitals.
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