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y spectroscopy of the *°Y isotope: Searching for the onset of shape coexistence before N = 60
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Medium and high spin states of the °°Y nucleus, located in the shape-coexistence region near Z = 40 and
N = 60, were populated in thermal-neutron-induced fission of 2**U and 2*°U targets, diluted in a scintillator.
y rays were measured with the Flssion Product Prompt y-ray Spectrometer (FIPPS) high-purity germanium
(HPGe) detector array, using double and triple y -ray coincidence techniques and taking advantage of the efficient
fission tag provided by the scintillating target material. A complex level scheme, extending up to 5.2 MeV and
including excitations above the 8+ B-decaying isomer, was investigated, and firm spin and parity assignments
were given to a number of states, on the basis of angular correlation analysis and considerations on the y-decay
patterns. While the structures built on the 0~ ground state and the 8" isomer show irregular patterns typical for
spherical shapes, the (61) isomeric state at 1655 keV [with half-life of 181(9) ns], and the rotational band built on
it [with spin-parity values between (67) and (97)], can be explained by Hartree-Fock-Bogoliubov calculations,
if an oblate deformation is assumed. This is the first observation of a deformed structure in an N = 57 isotone,
lying three neutrons away from the N = 60 line. An important finding is also the 115-keV transition which
connects the (67) 181(9)-ns isomer to the B-decaying 8 spherical isomer, allowing us to firmly place the latter
at 1541 keV excitation energy. This may be relevant for calculations of electron and antineutrino spectra from
fission of actinides, for which *°Y is a prominent product.

DOLI: 10.1103/PhysRevC.102.054324

I. INTRODUCTION

Atomic nuclei have the remarkable feature of possessing
different geometrical configurations, which are energetically
similar, yet have very different surface shapes. This phe-
nomenon, called “shape coexistence,” arises from the subtle
interplay between macroscopic (collective) and microscopic
(individual nucleons) effects [1], and occurs in almost all
nuclei (see, e.g., Refs. [1-6]). Adding any new information
on nuclear shape-coexistence phenomena is important, as it
provides guidance to nuclear structure theory which aims at a
unified description of atomic nuclei.

The region of the nuclear chart around Z = 40 and N = 60
is well known for the appearance of fast changes in coexisting
nuclear shapes as a function of proton and neutron number, as
well as angular momentum. The sudden onset of the ground-
state deformation, observed for neutron-rich nuclei in this
region, is considered the most pronounced shape change in the
nuclear chart. It can be interpreted in terms of the interchange
between coexisting spherical and deformed configurations:
while in the isotopes with N < 60 the former is energetically
most favored, for N > 60 the situation is inverted with the
deformed structure becoming the lowest in energy [1,7-14].
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In recent years, it was also pointed out that this phenomenon
has typical characteristics of quantum-phase transitions
[15,16]. A question was raised whether the appearance of
deformed structures is restricted to the close proximity of
N = 60, or whether they also reside in lighter isotopes. In
this context, the yttrium isotopic chain offers a perfect testing
ground: while the ground state of the *®Y nucleus is consid-
ered almost spherical, Y and 'Y have a strongly deformed
ground state. The transitional nucleus 98y, located between
them, is an extraordinary example of shape coexistence, with a
spherical ground state and two low-lying isomeric states (i.e.,
below 500 keV), with prolate deformation [17].

In this work, we focus on %Y and we search for clear
evidence of coexisting deformed structures, which could be
expected to appear at higher excitation energies, as compared
to By.

In %0y, earlier investigations established four states with
spin-parities 0~ (the ground state), 1=, 17, and 27, by
studying the B~ decay of *°Sr [18], as shown in Fig. 1.
Unambiguous spin-parity assignments were obtained for most
of the identified states by using conversion coefficient mea-
surements and y y (6) angular correlations. A long 9.6(2)-s, 8+
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FIG. 1. Level scheme of *°Y, established from the 23U (n, f) and *'Pu(n, f) reactions [22,23] and from the present 22> (n, f) studies
with the FIPPS array. The arrow widths reflect the observed transition intensities which were obtained with a coincidence time window of
600 ns with respect to the prompt fission event. Inset: intensity of the 461-keV transition, taken in coincidence with the 122-, 330-, and 731-keV
lines, as a function of time. It is used to determine the half-life of the isomer located at 1655 keV excitation energy [i.e., Tj, = 181(9) ns].

isomer, 8~ decaying to *°Zr, has also been identified and was
originally placed at 1140(30) keV in Refs. [19-21], while a
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later mass measurement located it at 1541(10) keV excitation
energy [10].
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In our previous works reported in Refs. [22,23], the level
scheme of °Y has been significantly extended by using
neutron-induced fission of U and ?*'Pu targets and y-y
coincidence techniques, taking data from the EXogam@ILL
(EXILL) campaign [24]. Yrast and near-yrast states have
been located up to about 5.2 MeV of excitation energy, in-
cluding excitations above the 8 long-lived isomer. To most of
them, spins and parities were assigned. A new isomeric state
at 1655 keV was also observed, with half-life of 201(30) ns. In
the present paper, a more detailed y -spectroscopy analysis for
%Y is reported, based on the high-quality data obtained with
the FIPPS array [25] and the active 2>*U and >U fissioning
targets setup, described in Ref. [26]. In particular, by using
the prompt-delayed y -coincidence technique, a band structure
built on the new isomer, at 1655 keV, is firmly established.

II. EXPERIMENTAL PROCEDURES

The data for the present study [27] were obtained by em-
ploying the highly efficient high-purity germanium (HPGe)
detector array FIPPS (Flssion Product Prompt y-ray Spec-
trometer) [25] installed at the Institut Laue-Langevin (ILL)
in Grenoble. A collimated thermal neutron beam, with a flux
of about 10%/(s cm?), induced fission on the 2*3U and 233U
target materials, which were diluted in a deuterated liquid
scintillator [26]. Scintillations in the target cell provided pre-
cise information on the time of the neutron-induced fission
event, giving a clean fission tag. The FIPPS array consisted
of eight clover detectors and was supplemented with an ad-
ditional eight clovers and anti-Compton shields on loan from
the IFIN-HH laboratory.

The data were collected in triggerless mode and sorted,
during the offline analysis, into two- and three-dimensional
histograms, with various time windows. Coincidences be-
tween the y rays were studied using a prompt-prompt (PP)
matrix and a prompt-prompt-prompt (PPP) cube, where the
y’s were recorded within 150 ns, with respect to the fis-
sion event. Also, a delayed-delayed-delayed (DDD) cube was
constructed, with a time window of 100-1500 ns, after the
fission event. To investigate transitions above the isomer at
1655 keV in °°Y [22], coincidence events were sorted into
prompt-prompt-delayed (PPD) and prompt-delayed-delayed
(PDD) cubes, where the time condition between y rays has
been optimized for the isomer half-life. In the case of the
identification of lines above the long-lived 8" isomer, which
decays via B~ emission, the technique of cross coincidences
has been applied. The method relies on the study of the co-
incidence relationships with y rays from the complementary
fission fragments. Both the delayed and cross-coincidences
techniques are thoroughly described in Refs. [28,29] and in
Sec. III of the current work.

For the purpose of angular correlation studies, the FIPPS
clover detectors mounted in one ring of octagonal geometry
around the target position were used, and the data were sorted
considering 21 different angles between the detectors (sin-
gle crystals of the clover detectors were treated separately).
Considering the symmetry with respect to 90°, this resulted
in 12 experimental points in the 0°-90° range. The corre-
lations between two y rays were expressed as a series of

Legendre polynomials, i.e., W(0) = Y AxPr(cos0), based on
the formalism described in Ref. [30]. The experimental Ay
coefficients have been compared with theoretical ones in order
to test the various hypotheses of multipolarities of the y rays.
The technique was recently applied for the study of the partial
level scheme of the *°Y isotope from the EXILL campaign
[24] in Refs. [22,23]. In many instances, the analysis provides
firm information on spins and parities of intermediate states.

III. EXPERIMENTAL RESULTS

A complex level scheme of “°y was presented in
Refs. [22,23]. Spin-parity assignments to the states lying close
to the 0~ ground state and located above the 9.6-s, 81 isomer
were proposed, on the basis of angular correlations and de-
cay branching considerations. In the present experiment, by
employing the active target which provides efficient fission
tagging, high-quality spectra of y transitions, prompt and de-
layed with respect to the fission event, could be obtained. This
allowed us to revisit the spin-parity assignments for selected
states, and to expand the level scheme above the 181(9)-ns iso-
mer, located at 1655 keV in Ref. [22]. The full level scheme of
%6y is shown in Fig. 1, while the intensities and energies of all
transitions, as well as spin-parity assignments for some of the
identified states, are listed in Table I. The results of the angular
correlation analysis have been summarized in Table II.

A. The structure near the 0~ ground state

The low-lying structure built on the ground state of the
9%y isotope was investigated using coincidence spectra which
were constructed by placing double gates on previously
known transitions. For example, a double gate set on the
1= — 0~ (ground state) 122-keV and 1T — 1= 809-keV
prompt transitions, as shown in Fig. 2(a), displays the 161-,
220-, and 356-keV lines. Further analysis revealed also the
presence of a weak 63-keV transition which deexcites a state
at 1732 keV and is in coincidence with the 93- and 220-keV
cascade.

Similarly, by setting a double gate on the 1~ — 0~ 122-
keV and the 3= — 1~ 731-keV prompt transitions [Fig. 2(b)],
y rays of 89, 93, 272, 330, 461, 549, 666, and 997 keV are
seen. Further, a double gate on the 1~ — 0~ 122-keV and the
5 — 47 461-keV prompt transitions [Fig. 2(c)] shows y rays
located in the bottom part of the level scheme: 135, 465,
530, 531, 597, and 731 keV. We note that in all previously
discussed spectra, weak lines of 154, 155, 243, 358, 400, 488,
554, and 621 keV from the 37-138] fission partners (associ-
ated with two- and three-neutron evaporation) are observed.
Altogether, a detailed analysis of a number of prompt coinci-
dence relationships, constructed from the present FIPPS data,
allowed us to confirm the structure near the ground state of
%y, reported in Ref. [22].

The high-quality FIPPS data were further used to con-
firm the results of the angular correlation analysis previously
reported in Ref. [22]. For example, the pure stretched E£2 char-
acter of the 731-keV transition, connecting states at 854 and
122 keV, has been firmly established [see Fig. 3(a)], pointing
to a 3~ assignment for the 854-keV level.
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TABLE L. Information on levels and transitions in *®Y from the present experiment. In the first four columns the energies and spin-parities
of the initial and final states are given. Column 5 provides the energies of y rays, while the last column gives relative y -transition intensities
(obtained with a coincidence time window of 600 ns with respect to the prompt fission event), normalized to the 122-keV line (defined as 100
units). Conversion coefficients and multipolarities of transitions are listed in columns 6 and 7 (see also Table II).

E; (keV) Jr E; (keV) J}T E, (keV) a(MA, EXN) Multipolarity y Intensity
122.3(1) 1~ 0 0~ 122.3(1) 0.11(2) M1 100
652.3(2) 2~ 122.3(1) 1~ 530.0(1) M1+ E2 20.3(35)
0 0~ 652.3(3) E2 1.4(7)
718.8(2) 2- 122.3(1) 1~ 596.5(2) M1+ E2 21.0(42)
853.5(2) 3~ 718.8(2) 2- 134.7(1) 0.10(4) M1 11.2(21)
122.3(1) 1~ 731.2(2) E2 21.7(28)
931.7(2) 1" 718.8(2) 2- 213.0(1) M1+ (E2) 0.8(2)
652.3(2) 2- 279.4(1) El1+M2 1.1(2)
122.3(1) 1~ 809.4(1) E1+ (M2) 7.0(14)
0 0~ 931.7(1) M1+ (E2) 1.6(4)
1183.1(2) 4- 853.5(2) 3~ 329.6(2) M1+ E2 27.3(42)
718.8(2) 2- 464.5(2) E2 6.5(6)
652.3(2) 2- 531.0(2) E2 4.8(8)
1287.9(3) 1 931.7(2) 1t 356.2(2) 1.6(3)
1449.3(3) 3 1287.9(3) 1 161.1(2) 0.14(7) 0.7(2)
652.3(2) 2- 797.0(2) 2.9(4)
1643.6(2) 5 1449.3(3) 3 194.2(2) 0.4(2)
1183.1(2) 4~ 460.5(1) 15.4(28)
1655.1(2) 6") 1643.6(2) 5 11.2% b
1540.5(4) 8+ 114.6(3) (E2) 21.2(42)
1183.1(2) 4~ 472.2(3) (M2) 0.93)
1669.0(4) 5) 1449.3(3) 3 219.7(3) 1.5(4)
1732.2(3) 67) 1669.0(4) 5) 63.2(5) 0.2(1)
1655.1(2) (6™) 77.1(3) 1.93)
1643.6(2) 5 88.7(2) 1.5(3)
1183.1(2) 4= 549.0(2) (E2) 5.0(6)
1824.9(3) T 1732.2(3) 67) 92.6(3) M1) 3.7(5)
1655.1(2) 6%) 169.8(3) (M1) 1.5(3)
1848.8(4) 1183.1(2) 4= 665.7(3) 3.4(6)
2096.9(5) 8 1824.9(3) (7) 272.3(3) (M1) 2.2(3)
1655.1(2) 6%) 441.5(3) (E2) 1.8(3)
2179.9(4) 1183.1(2) 4= 996.8(3) 2.1(3)
2317.9(5) (Chp) 1540.5(4) 8t 777.4(2) M1) 30.1(49)
(2496.1) ") 2096.9(5) (8%) 399.2(5) (M1) 0.94)
2499.9(5) (10%) 2317.9(5) 9 182.0(2) 0.04(3) (M1+E2) 24.5(35)
1540.5(4) 8t 959.3(3) (E2) 5.2(28)
2724.1(4) (117) 2499.9(5) (10™) 224.2(2) (M1+E2) 21.7(35)
2807.1(5) (12%) 2724.1(4) (11) 83.0(3) 0.96(23) (M1+E2) 11.9(28)
3271.1(6) 2807.1(5) (12%) 464.0(2) 13.3(35)
3345.0(6) 2807.1(5) (127%) 537.9(2) 7.7(21)
3378.2(7) 2807.1(5) (12%) 571.1(5) 3.5(14)
3757.2(7) 3345.0(6) 412.1(2) 4.2(14)
4035.8(7) 3378.2(7) 657.4(5) 2.1(8)
3345.0(6) 690.4(5) 2.709)
4537.8(5) 4035.8(7) 502.0(2) 5.6(21)
3757.2(7) 780.3(5) 2.4(8)
3378.2(7) 1160.1(5) 1.1(6)
3345.0(6) 1193.0(2) 1.5(6)
3271.1(6) 1266.7(2) 10.5(14)
5214.0(6) 4537.8(5) 676.2(4) 2.1(8)

“From energy difference.

"Line not observed. Combining the present intensity analysis with information from PPD and DDD cubes, the total intensity is 6.8(22), which
corresponds to 0.80(26) or 0.47(15) y-ray intensity, assuming E 1 or M1 character, respectively.
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TABLE II. Angular correlation results for pairs of transitions in the *®Y isotope together with tentative spin assignments of the considered
states. Columns 3 and 4 contain the experimental angular correlation coefficients while the last two columns correspond to the deduced mixing
ratios. The bottom part of the table refers to the analysis of angular correlations for cascades above the 8%, 9.6-s isomer.

E, (keV)-E,, (keV) Spins, J; — J — Jf Ay /A (expt.) Ay /Ao (expt.) & &
597 - 122 2—->1—>0 —0.04(4) 0.02(6) 0.17(f?2) 0*
731-122 3—-1—=0 —-0.7(2) —0.04(4) 0.00(1) 0?
330-122° 4—-31->0 0.06(2) 0.01(3) 0.00(3) 0?
461 - 330 5—-4—3 0.08(2) 0.01(3) 0.00(3) 0
809 - 122 1-1—=0 —0.25(2) 0.00(1) 0.00(1) 0?
220 - 809° S —>31->1 0.12(8) —0.08(13) 0.0(2) 0?
797 - 530 352—>1 0.10(2) 0.06(3) 0.00(5) -0.11(331)“
83-224 (12) = (11) — (10) 0.14(4) —0.06(7) 0.74(ff;‘ 0.28(5)
224 - 182 (11) = (10) - (9) 0.10(4) 0.07(5) 0.28(5) 0.47(13)

2From Ref. [18].
"Nonconsecutive transitions.

Subsequently, the assignment of 2~ at 719 keV was revis-
ited. As shown in Fig. 3(b), the correlation between the 597-
and 122-keV lines strongly points to AJ = 1 for the 597-keV
line, with M1 + E2 mixing § = 0.17(4_'?2), which establishes
the spin 2 for the 719-keV state. Additionally, AJ = 1 of the
330-keV transition is confirmed [see Fig. 3(c)], leading to
J =4 spin assignment for the 1183-keV level. Yet another
support for this scenario is given by the analysis of the con-
version coefficient for the 135-keV line between the 854- and
719-keV states. This coefficient was extracted based on the
intensity balance of triple coincidence relations with various
gating conditions. Only a conversion coefficient associated
with an M1 dipole transition is in agreement with the 0.10(4)
experimental value reported in Table I.

The angular correlations displayed in Fig. 4 support the
spin assignments J = 3 to the level at 1449 keV, and J = (5)
to the 1669 keV level. The J = 3 assignment is further con-
firmed by the conversion coefficient measured for the 161-keV
transition, reported in Table I, which points to an E2 character.

A J* = (67) assignment to the 1732-keV level was sug-
gested in Ref. [22]. Indeed, the decay via the 549-keV
transition to the 4~ state excludes the possibility of higher
spin value for this state. Also, the M2 multipolarity of the
549-keV line is highly unlikely, ruling out the 61 spin-parity.
Additional support comes from the absence of links to the
J =3, 1449-keV and J* = 37, 854-keV states, which makes
the J < 6 assignment less likely. The 63-, 77-, and 89-keV
branches from the 1732-keV level to the states J = (5) at
1669 keV, the J® = (67) isomer at 1655 keV, and J = 5 at
1644 keV, are perfectly in line with the (6™) assignment.

B. The 181(9)-ns isomer and its decay

To investigate the decay of the isomer located at 1655
keV, spectra gated on y rays delayed with respect to the
fission event were constructed from the DDD cube. A spec-
trum obtained by gating on the delayed 122- and 731-keV
transitions, displayed in Fig. 5(a), shows y rays of energy
330, 461, and 472 keV, belonging to cascades which deexcite
the isomer. The 472-keV line, directly deexciting the isomer,

is observed in parallel to the 461-keV y ray from a level at
1644 keV, established earlier, thus confirming the existence
of a strongly converted 11-keV isomeric transition. In addi-
tion, a double gate on the delayed 530- and 797-keV y rays,
shown in Fig. 5(b), revealed the presence of the 122-keV line,
ground-state transition, and of a new 194-keV line, apparently
connecting the 1644- and 1449-keV levels. This finding iden-
tifies a new way of decay from the isomeric state, at 1655 keV,
towards the ground state, involving cascades passing through
the 1449-keV level.

The PPD cube was used for a further study of the decay of
the isomer located at 1655 keV. Double prompt gates on all
possible combinations of the strongest lines located above the
isomer were applied, leading to the spectrum shown in Fig. 6.
In this spectrum, transitions belonging to cascades deexciting
the isomer and earlier observed, i.e., 122-, 330-, 461-, 472-,
530-, 531-, 597-, and 731-keV y rays, are visible (see Fig. 1).
In addition, a new and very strong transition at 115 keV,
not present among the cascades deexciting the isomer and
feeding the ground state, is clearly observed. By examining
the intensity of the 115-keV line with different delayed time
windows, the decay curve of the (61) isomeric state could
be extracted, as shown in the inset of Fig. 6. The half-life
Ty = 173(15) ns of the 1655-keV isomer obtained in this
way agrees, within the error, with the value of Ref. [22], and
with the refined one based on the full analysis of the present
data, as discussed below (see also inset of Fig. 1).

According to the most recent mass measurement study of
Hager et al. [10], the 9.6-s long-lived 8" B-decay isomer
is located at 1541(10) keV. In consequence, we propose the
115-keV transition as a link between the 1655-keV isomer
and the 8" B-decaying state. This placement of the 115-keV
y ray locates the 81 isomer precisely at 1540.5(4) keV, which
is compatible with the value of Hager er al. [10]. A scenario
in which the 115-keV line is in cascade with an unobserved
low-energy transition is very unlikely: it would require the
presence of a 7t/ state in close proximity (less than 10 keV)
of the (67) or 8" isomer. One has to note that this finding
solves the puzzle of the placement of the 8+ B-decaying
isomer, which was earlier located at 1140(30) keV [21].
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The efficient fission tag used in the FIPPS array allows
a more precise measurement of the half-life of the isomer,
located at 1655 keV. To this end, the intensity of the 461-keV
line, observed in coincidence with 122-, 330-, and 731-keV
lines, was taken at consecutive time intervals with respect to
the fission event, and the corresponding decay curve (shown in
the inset of Fig. 1) was analyzed. The half-life value of 181(9)
ns was obtained, which agrees, within uncertainty, with the
previous result of 201(30) ns, reported in Ref. [22].

It was also possible to provide a more precise spin-parity
assignment for the 181(9)-ns isomeric state, which in the
work of Ref. [22] was proposed to have spin of 5 or 6 7/
units. The presence of the 115-keV transition linking the
1655-keV isomer to the long-lived 8" state provides an ad-
ditional restriction (see Fig. 1). The assignment of J =5 is
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pairs (a) 731 - 122 keV, (b) 597 - 122 keV, (c) 330 - 122 keV, and
(d) 461 - 330 keV of transitions in *°Y. Blue lines are the results of
the fitting procedure applied to extract the §; mixing ratio, assuming
the spin sequence and the §, fixed value given in the legend (see also
Table II). In the case of the 122-keV transition from the first excited
1~ state to the O~ ground state, a pure M1 character was assumed, as
reported in Ref. [18].

rather excluded since it implies an M3 or E3 character for the
115-keV isomeric transition, which would be in contradiction
with the relatively short half-life of the 1655-keV isomer. For
the same reason, the 6~ possibility, implying M2 multipolar-
ity for the 115-keV y ray, can be excluded. The remaining
option, J™ = (6™), provides a rather satisfactory explanation
of the isomeric decay pattern. In this case, a 115-keV branch
with E2 character competes well with the highly converted
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FIG. 4. Experimental y-y angular correlations for the pairs
(a) 809 - 122 keV, (b) 220 - 809 keV, and (c) 797 - 530 keV, of
transitions in °°Y. Blue lines are the results of the fitting procedure
applied to extract the §; mixing ratio, assuming the spin sequence
and the §, fixed value given in the legend (see also Table II). In the
case of the 122-, 530-, and 809-keV transitions, the mixing ratio (5,)
was taken from Ref. [18].

AJ =1 11-keV transition. Additionally, a much weaker M2,
472-keV y ray can be seen linking the isomer to the 4~ state at
1183 keV. The corresponding reduced transition probabilities
are B(E2) = 3.0(2) W.u. and B(M2) = 7.4(26) x 1073 W.u.
for the 115- and 472-keV transitions, respectively. For the
unobserved 11-keV transition feeding the 1644-keV state with
J =35, both E1 and M1 multipolarities are possible, lead-
ing to B(E1) = 2.4(8) x 107> W.u. and B(M1) = 9.6(30) x
10~* W.u., respectively.

C. The structure above the 181(9)-ns isomer

In this work, we devoted special attention to the inves-
tigation of the structure located above the isomeric level at
1655 keV. By setting double coincidence gates, in the PDD
cube, on all pairs of 122-, 330-, 461-, 530-, 531-, and 731-keV
delayed transitions, y rays preceding the isomer, with energies

330
6001 DDD cube
5001 double gate

s 122, 731 keV
400/ <
3001
200{ ~ (a)
b
100 c /

[2)

T o0 g ooy

3 122

O sl DDD cube

3 double gate

201 " 530, 797 keV
15{C
10 (b)
5,
) i

100 200 300 ~ 400 500 = 600

E, (keV)

FIG. 5. Coincidence spectra from the DDD cube, used to estab-
lish the decay pattern of the 181(9)-ns isomer at 1655 keV. Double
gates are placed on y rays given in the legends. Contaminants are
marked by “c”.

of 77,93, 170, 272, and 442 keV reported in the earlier work
of Ref. [22], are clearly observed, as shown in Fig. 7. New
transitions at 399 and 613 keV can also be recognized as
belonging to *°Y. We note that the 93- and 272-keV lines were
already seen in the prompt spectra in Figs. 2(b) and 2(c), as
transitions feeding the levels at 1183, 1644, and 1669 keV, via
the 549-, 89-, and 63-keV transitions, respectively, bypassing
the isomer.

1200
103 T, =173(15) ns
115 w
10001 PPD cube €
| rompt gates: 3
goo{ | P 3
2 77,93, 104 ji_(6) E, = 1655 kev
S 600{ | 170, 272 keV E,(6*>8") = 115 keV
3 ; ; ; .
O 400 N 200 400 600 800
Va o N Time [ns]  _
g egsy o
v
0

FIG. 6. Delayed spectrum constructed from the PPD cube, set-
ting gates on the most intense pairs of transitions located above the
181(9)-ns isomer. The strongest transitions depopulating the isomer
are observed. Inset: decay curve of the 115-keV transition, as ex-
tracted from the PPD histogram (see text for details).
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FIG. 7. Prompt spectrum from a PDD cube, used to identify the
transitions above the 181(9)-ns isomer at 1655 keV. Double delayed
gates are set on transitions located below the isomer, with energies
122, 330, 461, 530, 531, and 731 keV. The strongest transitions from
the fission partners are also present. Contaminants are marked by “c”

To locate the newly observed 399- and 613-keV y rays,
we examined the PP coincidence matrix obtained from the
PPD cube by setting gates on the 122-, 135-, 330-, 461-, 531-,
597-, and 731-keV transitions located below the 1655-keV
isomer. The spectra obtained by requiring prompt gates on
the 77-, 93-, and 272-keV lines are shown in Figs. 8(a), 8(b),
and 8(c), respectively. The coincidence relations between the
77-,93-, 170-, and 272-keV transitions confirm the previously
established decay pattern, above the isomer. The nonobserva-
tion of the 442-keV y ray is compatible with its placement
as being a crossover of the 170- and 272-keV lines, feeding
directly the isomer. As shown in Fig. 8(c), a line at 399 keV
is also observed in coincidence with the 272-keV transition,
which is the most significant in searching for higher-lying
transitions, above the 2097-keV state. To get a further insight,
we constructed, from the PPD cube, a spectrum gated on
the delayed 115-keV and prompt 272-keV transitions; it is
shown in Fig. 8(d). Also here, the 399-keV transition appears
together with the 77-, 93-, and 170-keV lines. Altogether, we
tentatively place the 399-keV y ray as feeding the 2097-keV
state (see Fig. 1). The other 613-keV transition, identified in
Fig. 7 as preceding the isomer, could not be firmly placed in
the level scheme.

The structure built on the (67), 181(9)-ns isomer, at
1655 keV, consists of states at 1825, 2097, and 2496 keV
(see Fig. 1). They are connected by a cascade of y rays with
energies of 170, 272, and 399 keV, with the crossover of 442
keV, parallel to the 170- and 272- keV lines. Such arrangement
resembles the beginning of a band with M1 and E?2 in-band
transitions; therefore, the spin sequence (71), (8*), and (97)
is tentatively proposed for the states located at 1825, 2097,
and 2496 keV, respectively. This structure is similar to the
rotational cascade observed in “®Y above the 6.95-us, 4~
isomeric state [17]. Indeed, as shown in Fig. 9, assuming the
proposed spin assignments for the *°Y cascade, the relation
between excitation energies and J(J + 1) values for the *©y
and Y levels above the isomeric states is linear, providing
further support for the rotational character of both structures
(in red and black, respectively).

1200+ 93

PPD cube
delayed gates
122, 135, 330, 461, 531, 597, 731 keV
8001 c
prompt gate
N 77 keV
N
400 (a)
, ! MMWH“M_\“HJ&
& prompt gate
93 keV
4007
(b)

C

2007

2
c C
> 77
3 93 prompt gate
O 4001 272 keV
' S (c)
C
(o3
(o]
200; &
0
93
. PPD cube
6001 77 = delayed gate 115 keV
prompt gate
400 ) c 272 keV
g ce | 3 (d)
[Se]
2001
0.
100 200 300 400 500

E, (keV)

FIG. 8. Prompt spectra constructed from the PPD cube and used
to place the transitions located above the 181(9)-ns isomer. Delayed
gates are set on the 122-, 135-, 330-, 461-, 531-, 597-, and 731-keV
transitions below the isomer. The spectra correspond to prompt gates
on the (a) 77-, (b) 93-, and (c) 272-keV transitions, respectively. The
spectrum of (d) was obtained by setting gates on the delayed 115-keV

[T

and prompt 272-keV transitions. Contaminants are marked by “c

D. The structure above the long 8*, 9.6-s isomer

Preliminary identification of the structure built on the 8%
9.6-s B-decaying isomer in *°Y, based on results from the
EXILL campaign at ILL [24], was reported in Ref. [23]. Here,
we confirm the location of this structure, using the superior
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FIG. 9. Excitation energy versus J(J + 1) values for the cascades
above the 4~ and (67) isomers in **Y (black dots) and *°Y (red
dots), respectively. Linear fits are given by straight lines. Squares

and triangles indicate spherical isomers and low-spin yrast states,
respectively (red for °°Y, black for *Y).

data sets obtained with the FIPPS array and thermal-neutron-
induced fission on 2 U and 233U active targets [26].

The assignment of an unknown sequence of y rays, not
being connected to the known structure in a specific product,
may be possible by using the cross-coincidence relationships
with transitions in fission reaction partners. In the present
work with the 23*U and 23U targets, complementary fission
products leading to *°Y are iodine nuclei, but *°Y is in coinci-
dence with several I partners because of neutron evaporation
from the fission fragments.

The situation is illustrated in Fig. 10(a), which presents
the spectrum arising from a sum of double coincidence gates
placed on known prompt 122-, 330-, 461-, and 731-keV tran-
sitions in °Y, in the case of the 23U target. This spectrum
displays, as expected, known lines from 1367, 1377 1381 and
1391, which are partners of Y associated with four, three,
two, and one evaporated neutrons, respectively. A similar
spectrum, constructed in the case of the 23U target and shown
in Fig. 10(b), presents transitions from 1351 1361 and 1377,
which correspond to three, two, and one evaporated neutrons.

The spectra presented in Figs. 10(a) and 10(b) can be used
to estimate the distribution of iodine fragment production
yields. To this end, relative intensities of ground-state tran-
sitions of I isotopes observed in cross coincidence with the
%Yy y rays were established and are displayed in Figs. 11(a)
and 11(e) for 2°U and 23U targets, respectively. The intensity
pattern of iodine complementary products in the case of both
targets indicates that in the fission process up to four neutrons
were evaporated, with the 3n channel having the largest con-
tribution.

Similar yield distributions of the iodine product comple-
mentary to the °7Y and *>Y partners in the case of the 2°U
and 233U targets are displayed in Figs. 11(c) and 11(d) and

PPP cube 0% s00 2
, double gates o137
140007 o = 122,330, 461, 731 keV 435 300 HJ\H
1 235 139 100%
(@ “"U(n,f) o v ‘
12000 1100 1120
18 3
<]: e}
8000 || ¥ o 2
s 2 8 97
B 3 D O —
o ° % ©
9 4000 c ¢ oY 0
5 ol i
o
© PPP cube 135 140] g |1134
« ' double gates O 1112
& <122, 330, 461, 731 keV ;136 801
800
033 g o™ 20—% N
b [5p]
(b) ““U(n,f)
600
] - -
Q <
400 c N
| @ ¢
c 5 3 8o
200 © 2
100 200 300 400
E, (keV)

FIG. 10. Coincidence spectra constructed from the PPP cube, by
setting double gates on the strongest cascades in the *°Y isotope:
(a) the 2U(n, f) reaction, where '*’[ is the main fission partner
of %Y (three-neutron evaporation channel), and (b) the analogous
spectrum for the 2**U(n, f) reaction, with '*] as the strongest
cross-coincidence partner of *°Y (three-neutron evaporation chan-

IR

nel). Contaminants are marked by “c”.

Figs. 11(g) and 11(h), respectively. As could be expected, the
iodine product intensity distributions are shifted by approxi-
mately 1 mass unit toward lower or higher masses for the °7y
and Y partners, respectively.

The iodine product intensity pattern obtained by gating on
transitions at 182, 224, 464, 777, and 1267 keV, located in
Ref. [23] above the 87, 9.6-s isomer, are shown in Figs. 11(b)
and 11(f) for the U and 23U targets, respectively. These
intensity distributions resemble very much the product inten-
sity distributions obtained in coincidence with the *°Y y rays
feeding the ground state, thus confirming the identifications
done in Ref. [23].

Figure 12(a) shows the spectrum resulting from a prompt
double gate on the intense 224- and 777-keV transitions which
belong to a cascade which feeds the 8 isomer. Clearly visible
are the lines at 83, 182, 412, 464, 502, 538, 571, 657, 690,
780, 1160, 1193, and 1267 keV, which were placed in the level
scheme above the 8 isomer, in the earlier work of Ref. [23].
Figures 12(b)-12(e) display spectra gated on other pairs of
prompt y rays above the isomer. Altogether, the observed
coincidence relationships confirm the level scheme proposed
in Ref. [23].
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FIG. 11. Relative yields of the cross-coincidence iodine fission
partners observed in the 2U(n, f) and 23U(n, f) reactions for
%Y, considering double gates on the prompt 122-, 330-, 461-, and
731-keV lines feeding the 0~ ground state [(a) and (e)] and on the
prompt 182-, 224-, 464-, 777-, and 1267-keV y rays feeding the 8%
isomer [(b) and (f)]; °7Y, setting double gates on the prompt 792-,
911-, and 990-keV transitions [(c) and (g)]; and Y, setting double
gates on the prompt 172-, 462-, 969-, and 1086-keV transitions
[(d) and (h)].

It is remarkable that the structure built on the 8%, 9.6-s
isomer does not appear to be connected to the one built on
the ground state of the °°Y isotope, thus pointing to a totally
different character of the states involved.

The angular correlation analysis for the structure located
above the 8% isomer in the *°Y isotope, which was the main
part of the work reported in Ref. [23], now is confirmed in the
present analysis [see Figs. 13(a) and 13(b)]. Furthermore, it
was possible to determine the conversion coefficient for the
83-keV transition, which resulted in the value of 0.96(23).
This value points to an M1 + E2 character of the 83-keV
transition, with a mixing ratio §(83) = 0.74(4_'8:%3). Assuming
such a mixing, and the spin sequence (9), (10), (11), and
(12) for the levels at 2318, 2500, 2724, and 2807 keV, the
angular correlation analysis of the pairs 83 - 224 keV and 224
- 182 keV results in the mixing values 0.28(5) and 0.47(13)
for the 224- and 182-keV y rays, respectively. In Sec. 1V,
these results are discussed in the context of a shell-model
approach.

152 PPP cube
3000
double gate
224,777 keV
20001
[92]
10001 3
0 oF
| d@ﬁWUC 0 of O
o 182
600+ double gates
777 and 1267 keV
137
400/ < - o 'l
BN ©
% <
200 (b)
o
] o) .
il | ; P g b o o
R double gate
959, 1267 keV
%)
T
] c
5 ©
) T e
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183 224, 1267 keV
137
400 o 'l
] N
. e N (d)
200 |,
ol i
800 82 Gouble gate
7 538, 777 keV
6001
1 < 1160 1220
400 N
| X 2 (e)
20018 4¢ T 8 % 3

oﬁhm%um

100 200 300 400 500 600 700
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FIG. 12. Prompt coincidence spectra from the PPP cube, used
to construct the level scheme above the 9.6-s isomer in the *°Y
isotope. Transitions from the most intense '*'T fission partner are also
observed. Contaminants are marked by “c”.

IV. DISCUSSION ON SHAPE COEXISTENCE
IN THE *°Y ISOTOPE

Laser spectroscopy studies [11] have clearly shown that in
9%y the 0~ ground state, as well as the 8 9.6-s isomer, have
spherical shape. This is in agreement with the conclusions of
Ref. [31], where the first excited states were interpreted as
shell-model states, arising from the couplings of an unpaired
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FIG. 13. Experimental y-y angular correlations for the pairs
(a) 83 - 224 keV and (b) 224 - 182 keV of °°Y. Blue lines are
the results of the fitting procedure applied to extract the §, mixing
ratios, assuming the spin sequence and the §; fixed value given in the
legends (see also Table II).

Pij2 OF p3, proton with an sy, or g7, neutron. Also, in
that work the 8" isomer was proposed to originate from the
maximum spin coupling between the unpaired proton and
neutron promoted to the 7 (g9/2) and v(g7,2) orbitals.

A very irregular pattern, observed in our work for the
structures built on the 8" isomer, supports the shell-model
nature of these states. One may speculate about the origin
of these high spin states. To obtain spin values larger than
8, one may consider breaking a pair of protons within the
proton fp shell; this leads to states with spin-parity up to
117, Another way would be to break a neutron pair in the
ds, orbital, promote a neutron to g7,2, and decouple the two
7,2 neutrons; this produces states with spin-parity up to 137.
The experimentally observed levels at 2318, 2500, 2724, and
2807 keV, with spin-parities (97), (10™), (117%), and (127),
will certainly involve the configurations discussed above.

Apart from the spherical configurations identified in *°y,
the (6) isomer and the rotational structure built on it indi-
cate the appearance of deformation in %Y, at an excitation
energy of about 1.6 MeV. This observation may be linked to
the general property of nuclei in the region around Z = 40
and N = 60, where changes in nuclear shape as a function
of proton and neutron number, as well as angular momen-
tum, were reported [11-13]. In particular, the coexistence
of different shapes in Y and *Y nuclei was established
in a series of experiments [17,32,33]. In these nuclei, a
prolate-deformed minimum in the nuclear potential arises
from the occupation of the ‘“deformation driving” low-2
subshells of the neutron intruder orbital vh;, and high-Q
subshells of the neutron extruder vgg,». For example, in %y, a
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8F
= -10
(]
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— .12
14l )
N L {7 \\\ \.\\\"”\ “\
05 00 05 1.0
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FIG. 14. Single-particle orbitals of *°Y, for (a) protons and
(b) neutrons, as follows from Hartree-Fock-Bogoliubov calculations
based on the Gogny force. Solid (dashed) lines refer to positive
(negative) parity orbitals; black dots indicate the Fermi level (adapted
from Refs. [34-36]).

configuration (7r5/2%[422], v3/27[541])4 ", originating from
the mwgo,» and vhyy,, orbitals, has been assigned to the de-
formed 4~ 6.95-us isomer, at 496 keV. In the same nucleus,
the B-decaying (7) isomer at 466 keV has been proposed
to originate from the (;r5/2%[422], v9/2%[404])7" configu-
ration. The same orbitals are responsible for the appearance
of the prolate-deformed ground state and isomeric states
in y.

In °°Y and 7, no collective structures have been identi-
fied in earlier works. The band here located above the (61)
181(9)-ns isomer is the first manifestation of shape coexis-
tence in an N = 57 isotone, lying three neutrons away from
the N = 60 line.

It is difficult, however, to reconcile the deformed structure
observed in *°Y with the collective states known in heavier
Y isotopes; in the first approximation one would expect a
scenario similar to the one present in 98y, where the band-
heads are 4~ and (6,7)" [17]. A solution to the question is
provided by inspection of the potential energy plot and the
deformed single-particle orbital occupation in *°Y given by
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FIG. 15. Potential energy plot for **Y (red) and **Y (blue),
obtained from Hartree-Fock-Bogoliubov calculations based on the
Gogny force (adapted from Refs. [34-36]).

the calculations of Girod and co-workers [34-36], and shown
in Figs. 14(a) and 14(b). The calculations predict that in *®y
the oblate minimum lies lower in energy than the prolate one,
which is in contrast to the situation in *®Y, as shown in Fig. 15.
The (61) bandhead of the rotational structure identified in *°Y
at 1655 keV requires an energetically favored K = 6 coupling.
Within the valence space of Fig. 14(a), a good possibility is
offered by the oblate (r9/27[404], v3/27[411])6™ configu-
ration, originating from the the 7 g9/> and vds, orbitals.

Support for this assignment comes also from the con-
sideration of the moment of inertia, which for the bands
in Yy and Y can be estimated from the energy ver-
sus spin relation displayed in Fig. 9, as ~25/*/MeV and
~50h° /MeV, respectively. Indeed, the calculations by Girod
and co-workers [34-36] predict for the oblate band in 9y
a value of ~157*/MeV, which is significantly lower than
the value of ~35h?/MeV expected for the prolate structure
in %y,

It is worth noting that no transitions connecting the rota-
tional band located in *°Y with the structure identified above
the spherical 8", 9.6-s isomer have been found, in spite of
similar spins of the states involved on both sides. This obser-
vation is in line with large structural difference between the
two sets of states. It is also very likely that the extension of
the rotational band to the higher spin values is limited due to
the strong population of the spherical structure located above
the long 8" isomer, which is yrast in the range of spin values
considered here.

V. SUMMARY

Medium and high spin states in the °°Y nucleus, belonging
to the shape-coexistence region near Z = 40 and N = 60,

have been populated in thermal-neutron-induced fission of
233y and ?U active targets at ILL, Grenoble. The y decay
of **Y was studied with the FIPPS array (made of 16 HPGe
clovers), using double and triple y-ray coincidence tech-
niques. The complex level scheme, extending up to 5.2 MeV
and including excitations above the 8" long-lived isomer, was
revisited, and firm spin and parity assignments were given to
a number of states on the basis of angular correlation analysis
as well as considerations on the y-decay pattern.

The very irregular patterns observed for the structures built
on the 0~ ground state and the 8" isomer are in agreement
with a shell-model nature of these states and with the laser
spectroscopy studies of Cheal et al., which pointed to spheri-
cal shapes for both ground and isomeric states.

Of special interest is the isomeric state at 1655 keV, for
which a more precise half-life value of 181(9) ns was obtained
and spin-parity of (67) was assigned. An important finding
is the 115-keV transition which connects the isomer to the
9.6-s B-decaying 8" spherical isomer. The latter can now be
firmly placed at 1541 keV excitation energy, which has to be
taken into account in calculations of electron and antineutrino
spectra from B-decaying fission products [37,38].

The presence of a rotational structure built on the 181(9)-
ns, (67) isomer was also firmly established, with spin-parity
values between (6%) and (97). The spin (67) of the band-
head and the moment of inertia of the band can be explained
by the Hartree-Fock-Bogoliubov calculations of Girod and
co-workers, if an oblate deformation is assumed. This is
the first observation of a deformed structure in an N = 57
isotone, lying three neutrons away from the N = 60 line.
Furthermore, its proposed oblate character differs from the
situation in *®Y and heavier yttrium isotopes, where rota-
tional structures coexisting with spherical states are of prolate
nature. The appearance of an oblate configuration in 0y,
before prolate structures come into play in heavier Y isotopes,
closely resembles the evolution of coexisting spherical-oblate-
triaxial-prolate shapes in Zr isotopes with N = 52 to N = 60,
as predicted by Monte Carlo shell-model calculations of To-
gashi et al. [16].

More extensive investigations of the interplay between de-
formed and spherical structures in other N = 57 isotones will
become possible by Coulomb excitation and transfer reaction
studies with intense postaccelerated radioactive beams, e.g.,
Sr and Rb, at Isotope Separation On-Line (ISOL) facilities.
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