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Abstract — The level scheme of %°Y was significantly extended and a new 201 ns isomer was
located at 1655keV excitation energy, with spin-parity assignment of 5% or 6~. The isomer
decays to spherical low-spin structure by transitions with large hindrance and is fed by a short
cascade which resembles the beginning of a rotational band. This is in analogy with the feeding
and decay pattern of the 4~ isomer in °®Y, here confirmed, by lifetime analysis, as a bandhead
of a rotational structure with sizable deformation. It is suggested that the new isomer in °°Y
arises from a shape change between deformed and spherical configurations, which indicates the
appearance of deformation already at N = 57 in the yttrium chain. The experimental findings for
96y are strengthened by theoretical calculations based on the complex Excited Vampir model.

Copyright @ EPLA, 2017

The shape of a particular nucleus results from the in- neutron number N. The neutron-rich nuclei around
terplay between the collective (macroscopic) and single- Z =40 and N = 60 provide one of the best territories
particle (microscopic) configurations and, therefore, it for the exploration of this sensitivity. Indeed, the sud-
strongly depends on both the atomic number Z and the den onset of the deformation observed for neutron-rich

12001-p1



L. W. Iskra et al.

nuclei with Z = 36-40, near N = 60, is considered the
most dramatic shape change in the nuclear chart [1]. This
shape transition can be interpreted in terms of the balance
between the coexisting spherical and deformed configura-
tions: while in the isotopes with N < 60 the former is
yrast, for NV > 60 the situation inverts with the deformed
structure becoming yrast.

The coexistence of the spherical and deformed config-
urations and their inversion at N = 60 has been clearly
established in 9871997y [2.3], 987102Y [4] and 9598Sr [5]
nuclei. In particular, in the chain of yttrium isotopes
laser spectroscopic studies showed that: i) in the Y iso-
topes with neutron number from N = 50 to N = 58,
the ground and known isomeric states are nearly spher-
ical; ii) in %Y (N = 59) the ground state is spheri-
cal while the 77/, = 2.0s metastable state exhibits rigid
deformation —here, the spherical and deformed potential
wells are almost degenerate; iii) beyond N = 59, and im-
mediately at ?2Y (N = 60), the nuclear ground state is de-
termined by a well-defined, deformed, potential minimum.
A question arises as to whether the deformed structure de-
scribed above, which shows up in yttrium nuclei only at
N = 59 and dominates the structure of more neutron-rich
Y nuclei, can be present also in lighter Y isotopes.

To shed some light on this issue, we extended the in-
formation on the structure of the N = 57 yttrium iso-
tope, i.e., 7Y, which was very poorly known prior to our
work [6]. The new results include the identification of a
new isomer at 1655keV, with half-life T}, = 201(30) ns.
In this letter we will discuss its nature and the general
structure of ?°Y, in connection with beyond-mean-field
calculations [7,8]. It will be shown that the structure above
the isomeric state can be considered as a precursor of de-
formed configurations, appearing at lower excitation ener-
gies in heavier yttrium nuclei. This finding places ?°Y at
the onset of shape coexistence along the isotopic chain.

The v-ray coincidence data on “°Y were obtained in
the EXILL experimental campaign [9,10], making use of
a highly efficient HPGe array, installed at the PF1B [11]
cold-neutron facility at Institut Laue-Langevin (Grenoble,
France). The ILL reactor is a continuous neutron source
(with an in-pile flux up to 1.5 x 10'® neutrons cm=2 s71)
and, after collimation to a halo-free pencil beam, the flux
on target was 108 neutrons cm~2 s~!. Two detector setups
were used, the first consisting of 8 EXOGAM clovers [12],
6 large coaxial detectors from GASP [13] and 2 ILL-Clover
detectors, with a total photopeak efficiency of about 6%
at 1.3MeV. In the second setup, the GASP and ILL de-
tectors were replaced by 16 LaBrs(Ce) detectors, named
FATIMA array [14], for lifetime measurements by fast-
timing techniques [15-17].

The main part of the campaign (lasting two reactor
cycles, each =50 days long) consisted of two long runs
of neutron-induced fission on ?**U and 2*'Pu targets.
A digital, triggerless acquisition system (with time stamp
intervals of 10ns) allowed to study coincidences among
~ transitions separated in time up to several tens of
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Fig. 1: (Color online) Experimental level scheme of *°Y: in
black, transitions known prior to this work; in red, newly found
transitions. The arrow widths reflect the observed transition
intensities. Inset: theoretical spectrum obtained from the EX-
VAM model. The states are grouped according to the dominant
oblate and prolate intrinsic quadrupole deformation.

microseconds [18,19]. For the purpose of investigating
the excited structure of ?6Y, with inclusion of the feed-
ing and decay pattern of the newly found isomeric state,
the data were sorted into two- and three-dimension his-
tograms, by considering coincidences between i) prompt
~-rays —coincident (within 200ns) with a fission event
(defined by ~-ray multiplicity equal or larger than 4,
within 200ns) and ii) delayed y-rays —emitted within a
time interval of 100 ns—1 us, after the fission event and co-
incident between themselves within 200 ns.

Figure 1 shows the level scheme of ?°Y, resulting from
this work. Details of the analysis will be presented else-
where [20] and [21], including the identification of the
structure above the 9.6s isomeric state, based on ~y-ray
coincidences with the fission partners. In this letter we
concentrate, instead, on the structure around the newly
found isomeric state, in the context of the appearance of
collective bands in this otherwise spherical system.

Examples of coincidence spectra, partially document-
ing the identification of new ~ transitions, are displayed
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Fig. 2: ~-ray spectra of °°Y produced in neutron-induced fis-
sion on 2%°U. Panel (a): spetrum obtained requiring a double
coincidence gate on 122 and 530keV lines, prompt with fission
(high-energy region in the inset). Transitions from the 371381
fission partners are labelled. Panel (b): spectrum obtained re-
quiring a double gate on the 122 and 731keV transitions oc-
curing in a time interval of 100 ns—1 us after the fission event.
An additional gate on the 330keV line was used to construct
the spectrum in the inset. The decay curve of the new isomer
is shown in the second inset (see text for details).

in fig. 2. The spectrum in panel (a) was obtained from
the neutron-induced fission on 23°U, by placing prompt
double coincidence gates on the 122 and 530keV lines,
identified in the earlier B-decay study of 6Sr [22]. In ad-
dition to the previously known 279, 356, 696, and 1331 keV
lines, new v-rays clearly belonging to “6Y are displayed at
89, 92, 161, 220, 461, 531, 549, 666, 797, 997, 1803, and
2082keV. Also, weak lines from the '37138] fission part-
ners are present in the spectrum. Figure 2(b), in which the
spectrum gated on the delayed pair of transitions 122 and
731keV is shown, demonstrates the existence of an iso-
meric state, which decays with emission of the 330, 461,
and 472keV transitions.

Further examination of mutual coincidences and the
balance between prompt and off-prompt intensities of
these three v-rays, allowed us to locate a new isomeric
state at 1655 keV excitation energy, which decays via the
472keV and an unobserved 11keV transitions with 13(3)
and 87(7) % intensities, respectively (see fig. 1), and is fed
from a well-established level at 1732keV. By analyzing,
as a function of time (with respect to the fission event),
the intensities of the strong cascades depopulating the iso-
mer, the half-life 77 /5 = 201(30) ns has been deduced for
the isomeric state, as shown in the inset of fig. 2(b).

The weak structure located above the isomer could
be studied by prompt-delayed coincidences. Figures 3(a)
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Fig. 3: Spectra of «-rays prompt with fission events, obtained
by summing double coincidence gates placed on all pairs of 122,
330, 461, and 731 keV delayed transitions. The panels refer to:
(a) data taken with the **°U target; (b) with the ?*'Pu target.
Transitions preceding the new 201 ns isomer are seen. The
negative counts on both spectra result from the background
subtraction.

and (b) show prompt spectra obtained from the 23U
and 2*'Pu data, respectively, setting double gates on the
four intense 7y transitions depopulating the isomer. Both
spectra show lines from the corresponding fission partners
(iodine and cesium) and five transitions in common: the
78, 92, 170, 272, and 442keV lines, which are, therefore,
located above the 1655keV isomeric state. The 92 and
272keV lines have already been seen in the prompt spec-
trum of fig. 2(a), as they belong to cascades bypassing
the isomer. Therefore, the additionally observed 78, 170,
and 442keV lines are feeding directly the 1655keV iso-
meric state, as shown in fig. 1. No evidence was found for
transitions feeding the (8*) isomer (T} /5 = 9.6s) from the
1655 keV isomer and the levels above.

The spin-parity assignment for the 1655keV isomer,
as well as for a number of newly identified states, has
been based on angular correlation analysis, decay branch-
ings and the preferential feeding of yrast states in fission
processes [23]. The angular correlations between ~y-rays
were studied using the EXOGAM clover detectors, ap-
pliying the formalism described in refs. [24,25] and [26,27].
Figure 4 shows the analysis which allowed to establish the
spin and parity of the 719, 854, 1183, and 1644 keV lev-
els (fed by the isomer decay), which are relevant for the
spin and parity assignment of the new 1655 keV isomeric
state. All correlations are based on coincidences with the
pure M1 122keV transition from the first excited 1~ state
to the ground state [22]. For the 854keV level the 3~
assignment is clear: Al = 2 for the 731keV transition
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Fig. 4: (Color online) Selected examples of angular correla-
tions in %°Y. The analysis was performed considering 0°, 45°,
and 90° (with 135° and 180° corresponding to 45° and 0°, re-
spectively) average angles between the detectors, as done in
refs. [26,27]. The energies of the v transitions considered in
each pair (see fig. 1) and the resulting A and A4 angular cor-
relation coefficients are given.

(see fig. 4(a)), which is not isomeric. For the 1183 keV
level, we assign 47: AI = 1 for the 330keV transition
(fig. 4(c)) and no hindrance for the 531 keV transition feed-
ing the 27 at 652keV. For the 719keV level, a 27 is given:
ATl =1 for the 597keV transition (fig. 4(b)) and no hin-
drance for the 465 keV transition. Finally, for the 1644 keV
level, I =5 is assigned: Al =1 for the 461 keV transition
(fig- 4(d)).

Coming now to the new 1655 keV isomer, it decays to a
I = 5 state at 1644keV by a 11keV transition and by a
much less intense 472keV ~-ray to a 4~ state at 1183 keV.
This decay pattern restricts the spin assignment of the
isomer to 5, 6 or 7. The I = 7 assignment would imply
the existence of unnaturally enhanced (by several orders
of magnitude) M2 or E2 11keV and M3 or E3 472keV
transitions. The assignment of 6% is very unlikely since
there is no transition to the 3-decaying (81) isomer. The
remaining possibilities are 57, 57 and 67, the latter be-
ing also supported by the beyond-mean-field calculations
discussed later. We note that the 6~ assignment is also
favoured by the preferential population of yrast states in
fission reactions. The three previous possibilities imply
very large hindrances for transitions deexciting the iso-
meric state: in the 5~ or 5% case, the 472keV M1 or E1
transition, respectively, to the 4~ level at 1183 keV would
be hindered by a factor of 107 or 10°. If 6~ were adopted,
the E2 472keV transition would be hindered by a factor
of 6 x 10*. Such hindered transitions are characteristic of
K-forbidden or shape isomer decays.

A deeper insight into the problem of the observed hin-
drance may come from a comparison with the decay of
the 8.1us 4~ isomer in Y, located at 496keV [28,29].
This isomer was suggested to be the bandhead of a ro-
tational band which was identified on top of it. In ear-
lier studies, the deformation of this band was tentatively
extracted from the experimental -branching ratio of in-
traband transitions to be higher than 0.28 [30]. By using

Table 1: Results of the lifetime analysis of the states belonging
to the deformed band in °8Y, above the 4~ isomer. The electric
quadrupole moment ) and deformation parameter (3 values
are extracted by using the particle-rotor model [31] and the
assumption of constant Q). See text and ref. [20] for details.

I™ |Energy | Ty |B(E2) (I—I-2) Q 16}
(MeV) | (ps) (W) (eb)

57| 0.597 |175(25)

6| 0.727 | 51(10) 45(14) 4.4(14) |0.49(16)

7| 0.885 | 45(15) 37(14) 2.9(11)|0.32(12)

8| 1.071 <15 > 71.2 >34 1] >0.38

the EXILL data and by performing the lifetime analysis
with fast-timing technique [15-17,20], we were able to ob-
tain the values of the electric quadrupole moment @ of
the band built on the 4~ isomer in *®Y, which is strongly
populated in our reactions. As shown in table 1, the defor-
mation parameter 3 ~ 0.4 was extracted, which is typical
for rotational bands reported in Sr and Zr isotopes around
N = 60.

This 8.1 us 4~ isomer in *®Y decays via two M1 transi-
tions into 37 and 4~ spherical states at 446 and 375 keV,
with a hindrance factor of the order of 10%. In addi-
tion, a limit on the existence of the E2 transition into the
27 state at 171 keV, points to a large E2 hindrance, higher
than 10°. The new 201 ns isomer, located at 1655keV, in
96Y, shows similar features in terms of hindrance of the
decaying transitions, and arrangements in energy of the
weak structure located above it (being 442keV an E2 ~-
ray feeding the isomer and 170 and 272keV M1 transi-
tions, in a parallel branch). Therefore, we suggest that
this may be considered the bandhead of a deformed struc-
ture, which progressively lowers its excitation energy when
going from “°Y (energy 1655 keV), to %Y (where it occurs
at energy 496keV), to 11keV in 1°9Y, where it comes close
to the ground state. This observation points to the onset
of deformation already at N = 57 in the yttrium isotopic
chain.

From the theory point of view, the general features
of the 99Y structure can be described by the beyond-
mean-field approach, previously developed for neutron-
rich nuclei in the A ~ 100 mass region [7,8], the complex
Excited Vampir (EXVAM) variational model with sym-
metry projection before variation. A rather large model
space above the “°Ca core built out of the 1p1/2, 1p3/2,
0fs/2: 0f7/2, 2812, 1d3)2, 1d5/2, 0g7/2, 0g9/2, and Ohqy /o
oscillator orbits for both protons and neutrons was used.
The effective two-body interaction was constructed from
a nuclear matter G-matrix based on the Bonn CD po-
tential. In order to enhance the pairing properties the
G-matrix was modified by short-range (0.707fm) Gaus-
sians for the isospin 7" = 1 and T = 0 matrix ele-
ments. In addition, the isoscalar interaction was modified
by monopole shifts for "= 0 matrix elements of the form

12001-p4
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(09920 f; IT = O|G\Ogg/20f;IT = 0). The Coulomb inter-
action between the valence protons was added.

The lowest positive- and negative-parity states up to
spin 15 in ?°Y were calculated. The final solutions, show a
large variety of structures including states of pure oblate
or prolate content, but also states with strong or weak
oblate-prolate mixing.

The inset of fig. 1 shows the theoretical lowest bands of
96Y, grouped according to the presence of E2 connections,
with high B(E2) strengths. The calculations reproduce
well the half-life of the low-lying states: for the lowest
17 state, the theoretical 77,5 = 120ps compares to the
experimental value of 203 ps [6]; for the lowest 2~ state,
theory provides 1 ps while the experimental upper limit is
21 ps; for the lowest 17 state, the theoretical T} /5 = 22 ps
is close to the experimental upper limit of 21 ps.

By inspecting fig. 1, one observes that the lowest prolate
deformed, negative-parity, band becomes yrast around
1MeV of excitation energy. A striking feature is that the
4~ state lies very close in energy with respect to the 6~
prolate state. In addition, the negative-parity even-spin
and odd-spin bands decaying to the 6~ and 7~ state, re-
spectively, are connected by strong M1 transitions. This
resembles the beginning of the structure observed, in this
work, on top of the 201 ns isomer. Consequently, the theo-
retical candidate for the newly identified isomer is the low-
est prolate deformed 6~ state. It is worthwhile to mention
that calculations done for *®Y, involving only few EXVAM
configurations, predict the existence of a similar pair of
bands which could correspond to the deformed structure
built on the 4~ isomer.

In conclusion, in the present work the level scheme of
9Y was significantly extended and spin-parity for most
of the identified states was assigned by the analysis of
~v-ray angular correlations and the observed decay pat-
tern. A new 201 ns isomer was located at 1655keV ex-
citation energy, with spin-parity assignment of 5 or 6.
The isomer decays to spherical low-spin structure and is
fed by a short cascade which resembles the beginning of
a rotational band. A large hindrance of the E2 472keV
transition, deexciting the 201 ns isomeric state and feed-
ing a 4~ state, was observed. Similar features are found in
the case of the 4~ isomer in *®Y, at 496 keV. This isomer
is fed by a rotational structure, for which we confirmed
the size of the deformation (5 =~ 0.4) by lifetime analysis,
and decays via very hindered M1 transitions to spherical
states. We propose that the isomerism of the bandhead
of rotational structure in ?°Y arises from a shape change
from deformed to spherical configurations. The experi-
mental findings for Y are strengthened by theoretical
calculations based on the complex Excited Vampir model,
which, among others, predicts the presence of a deformed
6~ isomer, as a bandhead of a rotational prolate structure.
The observation of rotational structures in °°Y points to
an onset of deformation already at N = 57, which is in
contrast with the earlier hypothesis of a sudden appear-
ance of deformation only in the close proximity of N = 60.

This finding calls for further investigation of other N = 57
isotones, at high excitation energies, in the A = 100 mass
region.
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