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Excited levels in ®*Kr, *Zr, and **Mo nuclei were reinvestigated using high-statistics multiple-y coincidence
data measured with the EXILL and FIPPS Ge arrays, following neutron-induced fission of 33U and neutron
capture on a *’Mo target, respectively. The experimental goal was to search for new levels, especially with low
spins, as well as to firm up spin-parity assignments to known levels. In total of 16 new levels with 64 new or
corrected decays and 35 new or improved spin-parity assignments were observed in the three nuclei. We also
performed large-scale shell-model calculations to learn more about the microscopic structure of levels in these
nuclei. The evolution of collectivity in N = 56 isotones is discussed, stressing the important role of various
single-particle excitations, in particular of the 7 g9, orbital, in the shape evolution in the region.
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I. INTRODUCTION

The spectacular shape evolution of neutron-rich nuclei in
the mass A ~ 100 region has provided for several decades
prime information on the nature of low-energy nuclear ex-
citations, helping us to understand nuclear collectivity, a
phenomenon emerging in a finite quantum system. This evo-
lution has been studied in great detail as a function of the
neutron number, N, above the N = 50 shell closure, revealing
basic mechanisms driving the shape change around N = 59.
The evolution along N was recognized as being due to the
population of the deformation-driving, low-Q2 orbitals orig-
inating from the A/, neutron shell [1-5], helped by the
9/2%[404] neutron extruder [6,7].

The nuclear deformation is, primarily, a result of the
proton-neutron interaction [8,9]. In the A & 100 region it in-
volves low-Q2 orbitals emerging from the /1, neutron and
the go/> proton shells. The population of the neutron orbitals,
helped by the catalytic action of the 9/27[404] extruder, was
discussed in recent works [10,11]. Less is known about the
mechanism behind the population of the go/> proton shell in
the region.

Above N = 56 there is a rapid increase of collective ef-
fects due to the growing neutron number [5,12]. To study the
population of the gg/, proton shell, one should minimize the
contribution of neutrons to the collectivity evolution in the
region. Therefore, the N = 56 isotonic line may be the right
place to look for the evolution of collective effects due to the
population of the 7 gg/» shell.
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Figure 1 shows the density of levels observed (to date) in
N = 56 isotones as a function of the excitation energy up
to 4.2 MeV, in bins of 200 keV (the inset shows the total
number of levels in this energy range; points at Z = 46 and
48 were added to stress the increased density in **Mo and
100Ru). One observes a sudden increase of the density (and of
the total number) between Z = 40 and Z = 42. It is of interest
to understand whether and how this increase is related to the
population of the 7 gg/> shell above 2 MeV, what is the mech-
anism of this population, and whether these numerous levels
contribute to an emergence of collective effects at N = 56.

In the past the spin-orbit-partner (SOP) mechanism was
proposed [14,15] to explain the sudden increase of the
ground-state deformation in Sr and Zr isotopes. However,
the monopole interaction between the vg7, and mgo/
spin-orbit partners extends over a range of neutrons too wide
to explain the observed suddenness of the deformation change
at N = 59. Furthermore, it does not address the role of the
Uh11/2 shell [10]

As seen in Fig. 1, in %Mo there are two “maxima” in the
level density, around 2.5 and 3.3 MeV. In 'Ru they overlap
into one centered around 2.9 MeV. This observation relates to
the level systematics shown in Fig. 6 of Ref. [10], where two
sets of levels, corresponding to two different proton structures,
overlap in energy in isotopes with Z =42 and Z = 44 but
not in isotopes with other Z numbers. At N = 56 one expects
two different neutron structures, namely levels related to the
population of the vds,, shell and higher-lying levels related
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FIG. 1. Density of excited levels in N = 56 isotones in bins of
200 keV. The data are taken from the “Adopted Levels” of the nuclear
database [13].

to the population of the vg7,, and vhy;,; shells. Thus, the
increased level density seen around 3 MeV may result from
the interaction of the two higher-lying neutron shells with the
go/2 protons. As noted in Ref. [10] configurations containing
either particles or holes in the gg,» proton shell may also
contribute to the two structures.

The population mechanism of the 7 gg/> shell is thus the
key question in the region. Answering this question requires
detailed knowledge of nuclear excitations, in particular their
spins and parities. It is the purpose of this work to verify
and update such spectroscopic data in neutron-rich, even-even
isotones with N = 56. As stressed in the recent compilation
of low-spin levels [16], the spin-parity assignments are of key
importance.

In Sec. IT we present measurements and the obtained results
and compare them with previously published results, with spe-
cial emphasis on spin-parity assignments. Section III provides
phenomenological classifications of the results. This, con-
fronted with the shell model calculations, helps in identifying
certain excitation modes and following their development in
N = 56 isotones. Section IV summarizes the work.

II. MEASUREMENTS AND RESULTS

A. Experiments

New experimental results on *’Kr and *®Zr nuclei were
obtained in this work from 21-day measurements of y rays
following neutron-induced fission of 23U, performed using
the EXILL array of 16 large Ge detectors, including eight
clover detectors in one plane with an octagonal geometry
[17]. The target of 23U was sandwiched between "Zr foils
to quickly stop fission fragments. The data collected in a
triggerless mode facilitated various sorting procedures. The
clover detectors provided the possibility of measuring angular
and directional-polarization correlations in yy cascades. The
experiments produced a significantly higher number of triple-
y coincidences, compared to the Eurogam study of *>Kr [18]
and *Zr [5]. A similar, detailed EXILL study of the **Sr,
N = 56 isotone was recently reported in Ref. [12].

FIG. 2. y-ray spectrometer FIPPS. Clover detectors are arranged
in octagonal frame around the target position. See Refs. [19,20] for
more details.

The EXILL campaign has shown that the combination of
an intense, pencil-like neutron beam with an efficient array of
germanium detectors is a powerful tool for y spectroscopy
studies. The successor of EXILL, the FIPPS array [19,20],
mounted at the neutron beam of ILL, Grenoble consists of
eight high-purity Ge detectors mounted in an octagonal ge-
ometry around the target position. In the present experiment
a compact geometry, as shown in Fig. 2, was chosen to maxi-
mize the solid angle coverage and the coincidence efficiency.
The high symmetry of the FIPPS setup allows precise angular
correlations measurements and the usage of clover detectors
enables linear-polarization measurements. The neutron flux at
the target position reaches 10 cm~2s~!, while maintaining
a small beam diameter of 15 mm [20]. The data acquisition
system consists of digital electronic modules from CAEN
with a sampling frequency 100 MHz.

The present work reports on the FIPPS measurement of
thermal-neutron capture on a target containing 92 mg of en-
riched °’Mo metallic powder. In the measurement, lasting
85 hours, about 5.7 x 10'° triggerless events were collected.
To obtain precise energy and efficiency calibrations in a
wide-energy range measurements using the standard cali-
bration sources '**Ba and '>?>Eu as well as neutron-capture
reactions 2’ Al(n, y) 8Al, ' Ti(n, y) ¥ Ti, and ¥Ti(n, y) “Ti
were performed. To optimize the analysis of sorted his-
tograms, constant peak-width calibration was applied, which
enhances the visibility of high energy y lines without loosing
the resolving power at low y energies. This is a second-
order calibration with a large, properly adjusted quadratic
term. The resulting compression of the original linear-energy
spectrum, where the y peak width (FWHM) grows pro-
portionally to the square root of y energy, produces y
peaks with (nearly) constant peak width over the entire
spectrum.

More information on the measurements and analysis tech-
niques can be found in Refs. [17,19-23].
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TABLE L. Energies E; and spin-parities I” of excited levels in **Kr with energies E,, and relative intensities, I, of their y decays, populated
in neutron-induced fission of 2°U, as observed in this work. Levels and decays which are new or differ from the compilation [24] are marked
with an asterisk. E¢ and I7 in the last two columns denote energies and spin-parities of levels populated by y decays shown in column 3. New

results are indicated with an asterisk.

E; (keV) Ir E, (keV) I, (rel.) E; (keV) I
768.60(5) 2+ 768.60(5) 0.0 0+
1446.4(2) o+ % 677.9(1) 768.60 2+
1446.1(3) 0.0 0+
1803.5(1) 4+ 1034.90(5) 768.60 2+
2045.7(2) (3)* 1277.1(1) 768.60 2+
2066.3(2) 3+, 4% 1297.65(5) 768.60 2+
2310.5(2) * ) 244.1(1) * 8(4) 2066.3 3+, 4~
507.2(1) 100(10) 1803.5 4+
1541.8(2) * 36(8) 768.60 2+
2492.0(2) 5+ % 181.5(1) 95(9) 2310.5 )
425.7(1) * 12(6) 2066.3 3+, 4-
688.6(1) 100(12) 1803.5 4+
2835.02) (5) * 1031.5(1) 1803.5 4+
2996.3(2) * 5) 1192.8(1) 1803.5 4+
3036.1(2) (6) 969.9(2) * 26(5) 2066.3 3+, 4-
1232.55(5) 100(9) 1803.5 4+
3172.52) (5,6) * 1106.2(1) 100(8) 2066.3 3+, 4
1369.0(1) 61(6) 1803.5 4+
3178.8(2) (5,6) * 1112.5(1) 100(5) 2066.3 3+, 4
1375.4(2) 18(3) 1803.5 4+
3594.03) 6.7) * 759.0(1) 2835.0 (5
3627.7(2) (7+) * 448.8(2) 50(5) 3178.8 (5,6)
455.4(1) 100(5) 31725 (5.6)
591.6(1) 65(5) 3036.1 (6"
792.8(2) * 20(4) 2835.0 (5"
1136.0(2) 55(5) 2492.0 5+
3845.9(2) (7) * 809.8(1) 100(8) 3036.1 (6")
849.8(2) 28(9) 2996.3 5)
4123.6(3) 1288.6(1) 2835.0 (5
4176.3(3) (8) * 330.4(1) 76(5) 3845.9 (7)
548.6(1) 100(5) 3627.7 (7
4981.3(4) (9,10) * 805.0(1) 41763 8)
6339.5(5) * (10,11,12) 1358.2(1) * 4981.3 (9,10)
6597.7(6) * (11,12,13) 258.2(2) * 6339.5 (10,11,12)

B. Excitations in **Kr

Low-spin levels of “’Kr were studied before in A~
decay of °’Rb [24] while medium-spin excitations were
studied in fission of **Cm [18] and 22Cf [25]. In the
present work we observe strong population of levels in *?Kr
following the neutron-induced fission of 2**U (some pre-
liminary results were reported in Ref. [26]). The quality
of the triple-coincidence data obtained from EXILL is il-
lustrated in Figs. 3(a)-3(d), showing y-ray spectra doubly
gated on lines of **Kr. The spectra are discussed in the text
below.

The present work confirms most of the levels listed in the
compilation [24] and adds four new levels and seven new
transitions to the level scheme of *’Kr. Table I lists levels
and transitions of *’Kr observed in this work. Only those
transitions and decay branchings which are observed in coin-
cidence spectra are shown. New results obtained in this work
are marked in Table I with asterisks.

Figure 4 shows a partial scheme of excited levels in *>Kr
obtained in this work. To assist further discussion we show
at the left-hand side of the figure all low-spin levels below 4
MeV (without decays) populated in §~ decay [24], which are
not seen in the present work.

The present work does not confirm the 358-keV decay of
the 1803.5-keV level, reported in [24]. The order of transitions
in the 181.5-507.2-keV cascade is reversed compared to [24]
because of the new, 1541.8-keV decay to the 768.60-keV
level. In Fig. 3(a) we show a y spectrum doubly gated on
the 768.6- and 181.5-keV lines where the 1541.8-keV line is
clearly seen. Therefore the 1985.2-keV level, reported previ-
ously [24], does not exist, and instead we introduced a new
level at 2310.5 keV. The new order is supported by the weak,
244.1-keV decay from the 2310.5-keV level. The 1297.7-keV
peak is too weak to be seen in this spectrum, but is clearly
seen in a spectrum doubly gated on the 768.6- and 244.1-keV
lines, shown in Fig. 3(b).

024302-3



J. WISNIEWSKI et al.

PHYSICAL REVIEW C 108, 024302 (2023)

a T T T T T T
@ e O Gate 768.6-181.5-keV
3000 - S5 .
@ N o * 142 Ba
L 2 43R, -
S # Ba
*2 2000 |- pod I .
3 9 =
8 ES - “ E * )
o —~
=& o
— o
(b) T T
n Gate 768.6—244.1-keV
800 [ o6 |
ﬁ r -
=
=] Ta)
Q \Q
O 400 F X |
q
ATt m.wl iy
200 600 1000
(C) T * T T T T T
s - Gate 768.6—548.6—keV
- 72 . -
2000 e ﬁ - 2
o
-ETHI
o
B | 3 © |
£ |ra g 2 4 83
3 |t= TR, 89
O 1000 Qv — 1 .
SAE
- 22
O Il I
200 600 1000
(d) T <+ T © T T T T
1600 - 3 : .
=1 o Gate 768.6—805.0—keV
L el d p Y} N i
o &
1200 = 8
<
2 0 ¥ N
= oo<t — [} )
s — Vo) ™~
% 800 3\ C8 v O 4
@) ~ = N S &
\ 0 =P [S eS| g i
*2 o2 | S 3
© S8 asl
400 / == = .
\ /
O 1 1 1
600 1000

Channel Number

FIG. 3. Coincidence y spectra doubly gated on lines of **Kr, as
observed in the present work, following neutron-induced fission of
2350. Lines belonging to the *?Ba and “*Ba, complementary fission
fragments [27-29] are marked with symbols * and #, respectively.
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FIG. 4. Partial level scheme of >*Kr as obtained in this work from
fission of 2**U induced by thermal neutrons. The widths of arrows are
proportional to the observed y intensity. Levels without decays are
drawn on the left-hand side after Ref. [24] to help further discussions.

The order of the 1192.8- and 849.8-keV transitions in
the cascade depopulating the 3845.9-keV level is reversed
compared to Ref. [24] because of higher intensity of the
1192.8-keV line seen in the respective coincidence spectra.
In the spectrum doubly gated on the 768.6- and 1192.8-keV
lines the number of counts in the 1034.9-keV line is 1650(115)
whereas in the 849.8-keV line it is 830(95), only. If the
849.8-keV transition was below the 1192.8-keV one, counts
in the 1034.9- and 830(95)-keV lines should be equal. Con-
sequently, we introduce a new level at 2996.3 keV, instead of
the 2653.3-keV level reported previously [24].

The 1358.2-keV transition (1358.3-keV in Ref. [25]), seen
in Fig. 3(d) feeds the 4981.3-keV level and defines a new
level at 6339.5 keV. In a spectrum gated on the 768.6- and
1358.2-keV lines there is a new line at 258.2 keV. A spectrum
gated on the 258.2- and 768.6-keV lines shows the 1358.2-
keV line and other lines belonging to *’Kr. Therefore, we
propose a new level at 6597.7 keV.

We do not confirm the 2684.0-, 2698.9-, 4185.4-, and
4394.9-keV levels reported in Ref. [25]. The 32.5-keV link
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TABLEII. Angular correlation coefficients for y-y cascades in *’Kr populated in neutron-induced fission of **U. The label “sum” denotes

summed correlations with all quadrupole transitions below the E,,,.

E,-E,; cascade Ay /Ag exp. Ay /Ap exp. Spins in cascade Sexp(¥ 1)
677.9-768.60 0.103(40) 0.150(92) 2-2-0 0.25(5)
or —4.1(9)
1034.9-768.60 0.108(11) —0.041(26) 4-2-0
1277.1-768.60 —0.06(12) 0.04(28) Not 4-2-0
1297.65-768.60 0.106(18) —0.042(40) 3-2-0 2.3(2)
or 0.25(3)
4-2-0
688.6-1034.9 —0.41(6) 0.1009) 5-4-2 —1.0(5)
1031.5-1034.9 0.052(25) 0.034(60) 4-4-2 0.40(7)
5-4-2 0.17(4)
1232.55-sum 0.102(22) 0.037(49) 5-4-2 0.28(5)
6-4-2

between the 3627.7- and 3594.0-keV levels, suggested in
Ref. [18], is not confirmed.

The summed intensity of all y transitions feeding the 21F
level at 768.60 keV in *?Kr yields only about 70% of the inten-
sity of the 768.60-keV line, as seen in the y spectrum doubly
gated on the 359.6- and 475.1-keV lines of the '**Ba comple-
mentary fission fragment. This suggest a significant, unknown
feeding to the 2, 768.60-keV level in “>Kr. The missing
intensity could not be identified in the present work. We note
that the 769-keV peak in the y spectrum from fission of
235U +n is rather complex and needs more attention. An anal-
ogous puzzle concerning the population of *'Kr was recently
resolved by careful analysis of the 707-keV multiplet [30].

Spins and parities of levels in *>Kr were proposed based
on angular and directional-polarization correlations measured
in this work and shown in Tables II and III, respectively. We
also used the yrast-population argument [31] and the fact that
in this work no delayed decays in **Kr with half-lives longer
than 10 ns were observed.

Spin I =1 of the 1446.4-keV level reported in [24] is
excluded by angular correlations and we assign spin-parity
2% to this level. Spin-parity 2~ or 3 is less likely due to
the large mixing ratio, &, of the 677.9-keV transition and the
strong 1446.1-keV decay to the ground state.

Spin I = 4 is confirmed for the 1803.5-keV level but the
linear polarization could not be determined due to the tight
doublet of 1031.5- and 1034.9-keV lines. We adopt positive
parity in agreement with the compilation [24].

Angular correlations for the 1277.1-768.60-keV cascade
suggest spin I < 4 for the 2045.7-keV level (this level is
also reported in S~ decay). Spin I = 3 is favored over I = 2
because of the direct population of this level in fission, which
preferentially populates yrast states.

An interesting result is obtained for the 2066.3-keV level,
reported with firm I = 4 spin in Ref. [24]. Our angular cor-
relations allow both / = 3 and I/ = 4. However, the negative
sign of the linear polarization obtained for the 1297.65-keV
transition favors spin-parity 3" or 4~. The latter is less likely
in view of the strong, prompt decay to the ZT level.

Angular correlations for the 688.6-1034.9-keV cascade
provide only one solution, I/ =5 for the spin of the
2492.0-keV level. The large § = —1.0(5) favors positive par-
ity for this level.

Angular correlations for the 1031.5-1034.5-keV cascade
provide two solutions for spin of the 2835.0-keV level, I = 4
or I = 5. A tentative, (57) spin-parity assignment to this level
is preferred because of the 792.8-keV feeding from the (7)
level at 3627.7 keV and the obtained § value.

Angular correlations for the 1232.55-keV transition in cas-
cade with the sum of 678.60- and 1034.9-keV transitions
provide I = 5 or I = 6 solution for the 3036.1-keV level. High
intensity of the prompt, 1232.55-keV transition suggests yrast
character and spin-parity I = (61) of this level.

Other tentative spin assignments shown in Fig. 4 were
proposed based on the observed decay branching and the
yrast-population argument [31].

TABLE III. Experimental, P..,(y;) and theoretical, P, (y;) values of linear polarization for the y; (upper) transition in a y;-y, cascade of
2Kr, as obtained from directional-polarization correlations in this work. The correlating 768.60-keV y;, is a Al = 2, stretched E?2 transition

with § = 0.

E;/ 1 'EyZ Pexp(y 1 ) Spin_parity Sexp(y 1 ) Pth(y 1 )

1232.55-768.60 +0.26(29) 5t-4+-2% 0.28(5) —0.215(20)
674727 0.0 +0.167

1297.65-768.60 —0.25(20) 3t2+-0F 0.25(3) —0.226(16)

2.3(2) —0.499(8)

4+2+0" 0.0 +0.167
4--2%-0" 0.0 —0.167
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In our data there is a very small, if any, population due
to B~ decay of *’Br and we do not observe non-yrast levels
shown (without decays) to the left of Fig. 4. Some of these
levels are reported with spin 1 or 2% [24], which may suggest
low spin of the B-decaying state, but there is also a clear
population of the 4+ level at 1803.5 keV in **Kr in 8~ decay
of Br [24]. In Ref. [32] a tentative spin-parity (37) was
proposed for the ground state of **Br. However, spin / = 3
is not consistent with the very small overlap between -decay
and prompt-y excitation schemes of °’Kr. In the present work
we do observe the 2045.7-keV level seen in 8 decay but the
2066.3-keV level with a likely spin /7=3" is not seen in S
decay [24]. This suggests either a low spin of the ground state
in **Br or a special collective nature of the 2066.3-keV level.

We do not observe the 1356.4 keV level reported in [24]
with log ft > 7.4. This level should have spin/ =Qor/ =1,
considering the yrast-population argument [31]. It is of high
interest to verify this information.

C. Excitations in **Zr

Numerous studies of *°Zr, reviewed in the compilation
[33], provided detailed data on low-spin levels, obtained from
transfer, B-decay, and (n, n’y ) measurements. Less is known
about medium spin levels. The medium-spin part of the level
scheme is expected to provide key information on the develop-
ment of collective structures in *°Zr. The heavy-ion-induced-
fission study [34] provided some tentative spin-parity assign-
ments but this important information has not been verified to
date in any other measurement of **Zr fission fragments. One
of the reasons may be the rather weak population of **Zr in
spontaneous fission of >*3Cm or 22Cf. Recent measurement
of y rays following cold-neutron-induced fission of 23U [17],
performed at ILL Grenoble using EXILL, provided high-
statistics data on *°Zr and the means to determine spins and
parities from angular and directional-polarization correlations
[22]. In the following we verify the existing data and report
new information on “°Zr, based on the EXILL measurement.

In the EXILL data there is a visible population of lev-
els in *°Zr in the neutron-induced fission and a very strong
population in B8~ decay of the 0~ ground state and the 8"
isomer in %Y, a secondary fission fragment located near the
maximum of the production in fission of >*3U. The quality of
triple-coincidence data obtained from EXILL is illustrated in
Fig. 5, which shows examples of y spectra doubly gated on
lines of **Zr. The spectra are discussed in the text below.

Excited levels in *°Zr observed in this work are listed in
Table IV and shown in Fig. 6. Only those transitions and decay
branchings which are observed in doubly gated coincidence
spectra are shown in Table IV. In several cases decay branch-
ings observed in the doublygated spectra differ from those
reported in Ref. [33]. To assist further discussions we show to
the right of Fig. 6 other low-spin levels (without their decays)
reported in Ref. [33] below 4 MeV of excitation, which are
not observed in this work.

Spin-parity assignments to levels in *°Zr shown in Fig. 6
and Table IV are based on angular and directional-polarization
correlations measured in this work and listed in Tables V and
VI, respectively, and on decay branchings.
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FIG. 5. Coincidence y spectra doubly gated on lines of *°Zr, as
observed in the present work, following neutron-induced fission of
2350. Lines belonging to the '*Te complementary fission fragment
[35] are marked with the “#” symbol.

The present work confirms most of the levels and tran-
sitions listed in the compilation [33]. New or significantly
different results, as compared to Ref. [33], are marked in
Table I with asterisks. All the data shown in Tables V and
VI are new.

In the present measurement the precision on y energies
was limited to 0.05 keV. The decays of low-energy excited
levels reported in the compilation [33] have better preci-
sion. However, at higher excitations the present work gives
more accurate energies [for example, for the 4389.5(5)-keV
level reported in [33] the present work gives an energy of
4389.60(10) keV].

Our angular and directional-polarization data confirm spin-
parity assignments in the ground-state cascade up to the 8%,
4389.60-keV level. However for the 4907.2-keV level we
propose tentative spin-parity (91) instead of (10™) proposed
in Ref. [34]. This is based on our angular correlations, consis-
tent with spin-parity I = 8 or I = 9*. The strong population
of this level in heavy-ion-induced fission [34], populating
predominantly yrast levels, and its weak population in 8 decay
[33] favor the I = 9 solution.

The 5507.1-keV level with log fr = 5.2 is probably pop-
ulated by the vg7,» — mgo/2, Gamow-Teller transition from
the 8+ isomer in *°Y at 1140 keV [33]. Spin-parity 8+ for the
5507.1-keV level is the most likely solution considering its
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TABLE IV. Experimental properties of excited levels in **Zr observed in neutron-induced fission of 2*UJ. New results are indicated with

an asterisk.

E; (keV) I E, (keV) I, (rel.) E; (keV) I
1750.50(5) 2+ 1750.50(5) 0.0 0+
1897.30(5) 3~ 146.80(5) 100(3) 1750.50 2+
1897.30(5) 16(1) 0.0 0+
2225.85(5) 2 328.6(1) 3(2) 1897.30 3-
475.40(5) 90(5) * 1750.50 2+
644.2(1) 26(2) 1581.65 0+
2225.80(5) 100(4) 0.0 o+
2438.8(2) 3+ 688.4(2) 1750.50 2+
2857.40(5) 4+ 631.60(5) 16(1) 2225.85 2+
960.10(5) 8(1) 1897.30 3-
1106.90(5) 100(3) 1750.50 2+
3082.50(10) 4+ 643.8(3) 8(3) 2438.8 3+
856.7(3) 9(3) 2225.85 2+
1185.20(5) 100(7) 1897.30 3-
3120.00(10) 5" 1222.70(5) 1897.30 3-
3176.5(2) 4+ 1279.2(1) 1897.30 3-
3309.3(1) (5% 132.7(1) 47(5) 3176.5 4+
189.4(2) 7(3) 3120.00 5-
226.8(1) 100(6) 3082.50 4+
870.7(3) * 10(5) 2438.8 3+
3483.55(15) 6+ 174.2(1) 7(1) 3309.3 (5%)
363.60(5) 100(3) 3120.00 5"
401.4(4) 1.0(5) 3082.50 4+
626.1(1) 4(1) 2857.40 4+
3772.20(10) 6+ 289.0(2) 1.502) 3483.55 6+
652.15(15) 2.5(4) 3120.00 5"
689.7(2) 2.4(4) 3082.50 4+
914.85(5) 100(3) 2857.40 4+
4126.5(2) 6,7) * 1006.0(1) 3120.00 5"
4234.5(2) 7- 750.8(2) 20(10) 3483.55 6+
1114.6(1) 100(12) 3120.00 5"
4262.3(3) (6+) * 490.1(1) 100(20) 3772.20 6+
778.7(2) 90(20) 3483.55 6+
1085.6(3) * 20(10) 3176.5 4+
1180.3(3) 30(15) 3082.50 4+
4389.60(10) g+ 155.2(2) 0.5(2) 42345 7-
617.35(5) 100(6) 3772.20 6+
906.10(5) 25(5) 3483.55 6+
4690.3(4) (8) * 455.8(2) 42345 7"
4751.3(2) (7.8)* * 979.1(1) 100(10) 3772.20 6+
1267.6(3) * 70(15) 3483.55 6+
4846.2(3) (7,8.,9) * 719.7(1) 4126.5 6,7)
4907.2(2) (9*) * 517.6(1) 4389.60 8+
5066.7(3) 7+, 8%) 315.3(3) 32(4) 47513 (7, 8%)
804.5(2) 100(10) 42623 (6)
1583.1(1) 95(5) 3483.55 6+
5484.3(3) (10%) 1094.7(2) 4389.60 8+
5507.1(2) (8+) * 600.1(2) 45(5) 4907.2 9%)
755.7(2) 14(2) * 47513 (7, 8%)
1117.5(1) 100(3) 4389.60 8+
1272.7(2) * 28(3) 42345 7"
1735.0(2) 15(3) 3772.2 6+
5738.3(3) (11%) 831.1(1) 100(15) 4907.2 9%)
254.4(4) * 20(8) 5484.3 (10%)
6246.1(4) (12+) 507.8(1) 57383 (11%)
6461.5(5) (13%) 215.4(3) 6246.1 (12+)
6821.9(7) (14%) 360.4(4) 6461.5 (13%)
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FIG. 6. Partial level scheme of **Zr obtained in this work in measurements of y rays from the neutron-induced fission of 2°U. At the
right-hand side all levels (without decays) which are reported in Ref. [33] and not observed in the present work are shown to assist further

discussions.

non-yrast character; it is not reported in Ref. [34] and has the
1272.7-keV decay to the (61) level, introduced in this work.

Higher-spin levels in the ground-state cascade are ob-
served in the present work with low intensities. This suggests
their population in prompt-y fission, only. Unlike levels
with lower spins, which may be populated in B~ decay
of %Y, the levels with spins higher than / = 10 are not
populated in B decay of the 8+ isomer in *°Y. The yrast-
population argument suggests their spins grow with energy,
and we adopt spins reported in Ref. [34]. The new, 254.4-
keV decay from the 5738.3-keV level is consistent with these
spins.

Our angular correlations are consistent with the 3~ and 5~
spin-parity values of the 1897.30- and 3120.00-keV levels,
respectively, though no linear polarization is available for the
146.80- and 363.60-keV dipole transitions. A dipole character
for the 1185.2-keV transitions is suggested by angular corre-
lation coefficients in the 1185.20-1750.50-keV cascade. We
note that the unobserved 146.80-keV intermediate transition
of a stretched dipole character does not change the correlation;
it is marked (-u-) in Table V.

Finally, we comment on some of the levels shown to the
right of Fig. 6. It is unlikely that the 2750-keV level has
spin-parity 4%, as reported in the compilation [33]. With
such a spin-parity this level would be yrast and visibly pop-
ulated following fission, which is not the case. A similar
comment concerns the 3457- and 3630-keV levels reported
with spin-parity (67) [33]. These levels, proposed in transfer-
reaction studies, were not reported in any measurement of y
decays in *Zr.

The systematics of 0 excited states shown in Figs. 5
and 6 of Ref. [10] suggested that there may be an ex-
tra 0% level around 1.0 MeV in *°Zr. In the present
work we could not see such a level. However, levels at
1581.65, 2225.85, 2438.8, 3082.50, 3176.5, 3309.3, 3483.55,
4262.3,4751.3, and 5066.7 keV, shown in the middle of Fig. 6,
can be arranged into “bands,” starting form the 0T level at
1581.65 keV, because of the linking transitions, including
new, 870.7-, 1085.6- and 1267.6-keV decays. The new 870.7-
keV decay of the 3309.3-keV level and the lack of decays to
2% levels favor spin-parity 5% for this level. The large mixing
ratio, 6 = 0.36(5), of the 979.1-keV decay of the 4751.3-keV
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TABLE V. Angular correlation coefficients for y-y cascades
in %Zr populated in neutron-induced fission of 23U. Label “sum”
denotes summed correlations with all stretched transitions below
the E;/l .

EVI'E)/Z A2/A0 A4/A0 SpiIlS in

cascade exp. exp. cascade  Beyp(Ey 1)

146.80-1750.50 —0.069(8) —0.030(18) 3-2-0 0.003(10)

363.60-1222.70 —0.66(12) —0.054(24) 6-5-3 0.001(12)

475.40-1750.50 0.44(8) —043(22) 2-2-0 0.29(15)

517.6-sum 0.212(70) —0.19(16)  8-8-6  —0.16(40)
9-8-6 1.4(9)

617.35—sum 0.100(10) —0.027(21) 8-6-4

914.85-sum 0.095(9) 0.015(19) 6-4-2

979.1-sum 0.130(19)  0.004(42) 7-6-4 0.36(5)
8-6-4

1106.9-1750.50 0.106(10) —0.007(21) 4-2-0

1117.5-sum 0.141(48) —0.09(11)  8-8-6 2.2(7)
9-8-6 0.41(15)

Spins in cascade
1185.2-1750.50  —0.052(65) —0.19(14) 4-3 (-u-) 2-0
1222.70-1750.50  0.105(12) —0.18(14) 5-3 (-u-) 2-0

level and its new, 1276.6-keV decay favor positive parity for
this level. Further comments on possible band structurs in *°Zr
are given in Sec. III C.

D. Excitations in **Mo

The **Mo nucleus has been the subject of many experi-
mental works, listed in the recent compilation [36]. We note
the high- and medium-spin studies [37-39] and the previ-
ous 97M0(nth, y)98M0 measurement [40], the latter done five
decades ago. Low-spin levels of *Mo were also studied in 8~
decay of the 11 ground state [41,42] and the (57) isomer of
%Nb [43]. Note also the recent total absorption spectrometry
near B stability, improving our knowledge not only about
reactor-based physics but also about the low-energy 0" ex-
citations and the B-decay process in the region [44-46].

The present measurement of thermal-neutron capture on a
9"Mo target performed using the FIPPS array provided sig-
nificantly more data as compared to the work [40], and was
primarily concentrated on the verification of known and deter-
mination of new spin-parity assignments to levels in **Mo via

TABLE VI. Experimental values, Py (y1), of linear polarization
for the y, (upper) transition in a y;-y, cascade of **Zr, populated
in neutron-induced fission of #°U, as obtained from directional-
polarization correlations in this work. The correlating y, line of
1750.50 keV is assumed to be a stretched, E2 transition with § =
0 and theoretical Py(y;). The theoretical value of the directional-
polarization correlation in a cascade of two stretched, unmixed £2
transitions is Py (y) = 0.1667.

E,-E,» Pep(y1)
617.35-1750.50 0.15(3)
914.85-1750.50 0.19(4)
1106.90-1750.50 0.18(4)

precise angular correlations (of quality comparable to those
in Ref. [39]) and linear-polarization correlations reported here
for the first time.

In our measurement over 600 y transitions, depopulating
over 200 excited levels, were identified in **Mo. This includes
129 primary y transitions from the neutron capture level.
The presentation and the discussion of this full data set is
beyond the scope of the present work and will be published
elsewhere [23]; below we show partial results obtained in this
work, which are relevant to the present discussion of N = 56
isotones.

Our data are shown in the level scheme in Fig. 7 and
listed in Tables VII, VIII, and IX. In Table VII we list all
levels up to 3.3 MeV with all their y decays, as seen in
this work. Intensities of all y decays in Table VII are in the
same relative units with the intensity of the 778.15-keV decay
line normalized to 1000. The summation effect in the present
data in yy cascades is lower than 0.0022. Therefore, none
of the reported ground-state transitions is a sum peak. New
levels and decays or those which differ significantly from the
compiled values [36] are marked with an asterisk. All results
shown in Table IX are new. The correlating y, transitions in
these tables are of stretched character.

As the ground state of °’Mo has spin-parity 5/2%, one can
expect population of excited levels with spins up to I =6
following the *’Mo(ny,, y)*Mo reaction. Indeed, five I™ =
6" levels are reported in the present scheme of **Mo: three
levels at 2343.72, 2678.79, and 2836.89 keV reported with
spin-parity 61 [36] and the 3021.51- and 3211.58-keV levels,
reported in [36] with spin-parity 4.

Because the neutron-capture reaction is considered to be
a tool for a “complete spectroscopy,” populating all levels
with spins up to the limit (here I = 6), the observation or
nonobservation of levels in **Mo in the *’"Mo(ng, y)**Mo
reaction puts limits on their spins. In this respect it is useful
to compare the present data to those of the medium-spin
studies [37-39].

In the present work we do not see any level with spin
I =7 reported in [36]. This indicates that the 2570.9-keV
level reported with spin (6,7,8) [36] probably has spin higher
than 67. The 2739-keV level reported with tentative spin
I = (6,7) [37] has spin I = 7 and confirms spin / = 7 for the
the 3097-keV level [36,37] (surprisingly, the 2739-keV level
is not reported in the (o, 2n) reaction [39]). The 2853.71-keV
level reported in [39] with tentative spin ranging from 5 to 8
is not seen in our data, which suggests its spin higher than
6, in accord with the (8%) assignment in [37]. Analogously,
the 3271.24-keV level reported in [39] with a tentative spin
ranging from 6 to 8 should have spin higher than 6 because it
is not seen in our data. In the high-spin work [37] this level
was reported in the ground-state band with spin (81). The
3228.71-keV level reported in [39] with tentative spin ranging
from 5 to 8, which is not seen in our work, might have spin
higher than 6 but in the compilation [36] this level (3229.17 in
[36]) is reported with spin-parity (41). This level is not seen in
the high-spin work [37], adding to the inconsistency. Finally,
we note that the 2644.7-keV level, reported with spin (1, 2%)
is not seen in our data; the intensity of the (unobserved)
1212.7-keV decay from this level to the 1432.28-keV level
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FIG. 7. Partial level scheme of *Mo obtained in this work from measurements of y rays following thermal-neutron capture on the " Mo
target. Thickness of a y line is proportional to its intensity observed in the present work. For some high-energy, non-yrast levels their decays
are not shown. See Table VII for these decays. Symbol # denotes data taken from Ref. [36].

is lower than 2% of the intensity of the 791.72-keV transition
feeding the 1432.28-keV level.

Spins of levels were determined previously based on
various reaction data [36] and, most notably, on pre-
cise angular correlations reported in Ref. [39]. Based
on nonzero values of § mixing ratio of y decays as

well as half-lives of levels, parities for these levels were
proposed.

The present angular correlations, shown in Table VIII are
of comparable accuracy to those of Ref. [39]. However, the
linear-polarization correlations, shown in Table IX, besides
providing an experimental information on parities of levels,
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TABLE VII. Experimental properties of excited levels in **Mo
populated in thermal-neutron capture reaction. New results are indi-

cated with an asterisk.

E, I, E,
E; (keV) I (keV) (rel)  (keV)  IT
734.85(8) 0+
787.45(3) 2+ 787.453)  1000(57)  0.00 0%
1432.28(2) 2+ 644.853)  102(6) 787.45 2*
697.41(4)  53(3) 73485 OF
1432.33(5) 97(6) 0.00 0F
1510.11(3) 4+ 722.66(3)  339(19) 787.45 2+
1758.55(3) 2+ 326.23(5) 3.6(2) 143228 2F
971.10(4)  49.3(9) 78745 2*
1023.73(5) 774) 73485 0O+
1758.7(1) 7.9(5) 0.00 0F
1963.23(6) o+ 530.85(8)  0.9(1) 143228 2
1175.9(1) 22(1) 78745 2+
2017.65(1) 3- 259.11(2) 45(2) 1758.55 2+
507.9(2) 10.1(6) 1510.11  4F
1230.16(3)  191(11) 787.45 2+
1283.1(3) 0.7(1) 73485 0F
2017.57(3) 50(3) 000 0F
2037.48(5) 0+ 1250.03(5) 39(2) 78745 2+
2104.89(3) 3+ 594.8(1) 5.1(3) 151011 4+
672.58(3) 24(1) 143228 2+
1317.44(8) 36(2) 78745 2+
2206.90(4) 2+ 448.3(2) 1.4(1) 175855 2+
1419.45(4) 302) 78745 2+
2206.9(1) 1L.1(1) 0.00 0F
2224.00(4) 4+ 713.86(7) 25(1) 1510.11 4+
791.72(6) 20(1) 143228 2+
1436.55(8)  9.5(6) 78745 2F
2333.33(3) 2+ 901.023)  6.2(4) 143228 2+
2333.58(3) 4+ 575.1(2) 2.8(2) 175855 2+
823.46(4) 19(1) 1510.11  4*
1546.15(5) 45(3) 78745 2+
2343.72(2) 6+ 833.61(2) 13.0(7) 1510.11 4*
2418.13(7) 2+ 985.8(1) 39(2) 143228 2+
1630.7(1) 23(1) 78745 2%
2419.68(2) 4+ 402.1(1) 1.7(1) 2017.65 3~
661.14(6) 34(2) 175855 2+
909.65(4)  17.2(9) 1510.11 4+
987.32(5)  15.6(9) 143228 2+
1632.15(4) 22(1) 78745 2*
2485.43(3) 3+ 380.59(4)  2.4(1) 210489  3*
975.29(6)  4.5@3) 1510.11 4*
1053.07(6)  5.7(3) 143228 2
1697.9(1) 11.7(7) 78745 2+
2506.9(1) 5+ 87.0(2) 0.3(1) 2419.68 4+
173.32) 3.0(2) 233358 4+
996.9(2) 74(4) 151011 4+
2508.00(7) 1) 1773.0(1)* 0.7(1) 73485 0+
2508.2(1)* 0.8(1) 000 0F
2525.77(3) 2+ 1093.46(3)  10.3(6) 143228 2+
2527.99(7)* 2+ 1740.55(7)%  2.2(1) 78745 2F
2527.9(2)* 0.2(1) 0.00 0F
2562.52(3) 3+ x 544.87(6) 1.6(1) 2017.65 3~
803.9(1) 1.3(1) 175855 2*
1775.08(4) 27(2) 78745 2F

TABLE VII. (Continued.)

Ey IV Ef

E; (keV) Il.” (keV) (rel.) (keV) 1 }’
2572.89(3) 1~ 239.72(7) 1.1(1) 233333 2t
555.1(4) 8.9(5) 2017.65 3~

814.34(6) 9.1(5) 1758.55 2+

1140.56(7) 3.6(2) 143228 2t

1785.39(4) 14.9(9) 78745 2%

2572.5(5)* 0.6(1) 0.00 ot

2574.97(3) 4+ 350.97(3) 6.9(4) 2224.00 4%
2613.4(3) ot 1825.9(3) 0.92(6) 787.45 2%
2619.72(3) 3+ 514.8(1)* 1.20(7) 2104.89 3+
861.0(1)* 3.6(2) 1758.55 2t

1187.46(4) 49(3) 1432.28 2+

1832.26(4) 11.0(6) 787.45 2+

2620.96(7) 5” 603.5(1) 8.4(5) 2017.65 3~
1110.85(5) 16.8(10) 1510.11 4+

2678.79(3) 6% 335.23(4) 0.30(2) 2343.72 6"
1168.52(4) 2.1(1) 1510.11 4+

2700.82(4) 2+ 1913.38(4) 10.6(6) 787.45 2%
2700.5(3)* 1.8(1) 0.00 ot

2732.6(1) 2+ 1945.1(1) 10.9(6) 78745 2%
2767.68(2) 4+ 348.0(1) 0.85(5) 2419.68 4%
434.29(5) 2.6(1) 2333.58 4+

543.74(6) 1.61(9) 2224.00 4%

561.1(1) 0.54(3) 220690 2%

1009.0(2) 0.33(2) 1758.55 2+

1257.73(5) 2.5(1) 1510.11 4+

1335.49(6) 3.2(2) 1432.28 2+

1980.40(3) 8.8(5) 787.45 2+

2767.03)* 0.22(2) 0.00 0"

2795.9(3) 4= 1285.8(3) 28(2) 1510.11 4+
2812.06(4) 27* 2024.61(4) 7.3(4) 78745 2%
2836.89(6) 6" 158.03(7) 091(7) 2678.79 67
493.3(1) 0.07(1) 2343.72 67

2870.02(2) 3t 1359.88(4)* 2.6(1) 1510.11 4+
2082.58(3) 7.6(5) 78745 27

2896.89(7) 51 792.0(1) 3.8(2) 2104.89 3t
1386.8(1) 3.4(2) 1510.11 4+

2904.18(6)* 4+ 1394.07(6)* 6.8(4) 1510.11 4+
2915.1(2) 2+ 2127.6(2) 6.9(4) 787.45 2+
2955.8(1)* 3 1445.7(2)* 3.1(2) 1510.11 4+
1523.4(2)* 4.2(2) 1432.28 2+

2962.53(2) 3~ 399.9(2)* 0.37(2) 2562.52 3%
629.4(3)* 0.26(2) 2333.58 4%

755.7(2)* 0.42(3) 220690 27

944.90(3) 6.8(4) 2017.65 3~

1203.96(4)* 4.3(2) 175855 2%

1452.46(3) 7.5(4) 1510.11 4+

2175.04(3) 7.8(5) 787.45 2+

2976.96(9) 4+ 1466.85(8) 7.5(4) 1510.11 4+
2979.1(3)* () 772.3(5)* 1.9(1) 2206.9 2+
1546.7(4)* 1.69(10) 1432.28 2+

2989.1(2)* 1556.8(2)* 0.62(4) 143228 2%
3020.61(2) 5- 399.67(4) 0.32(2) 2620.96 5~
676.87(4) 0.49(3) 2343.72 6"

1002.97(5) 1.63(9) 2017.65 3~

3021.5(2) 6T 1511.4(2) 6.6(6) 1510.11 4*
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TABLE VII. (Continued.)

also limit multiple solutions obtained from angular correla-

tions, alone.

E, I, Ey Spin-parity assignments done in this work mostly agree

E; (keV) I7 (keV) (rel)  (keV) If with the recent compilation [36]. However, there are some

3046.24(6) ot 1028.63(6) 1.0(1) 2017.65 3- d.ifferences and additiqns and we also comment on some par-
1287.6(2) 58(5) 175855 2+ ticular levels reported in Refs. [36,38,39]:

2258.6(2) 6.0(6) 78745 2+

3051.1(1) 4+ 1541.0(1) 6.9(7) 1510.11 4%

3067.93(3) 4—* 446.98(3) 0.6(1) 262096 5 (1) For the disputed mixing ratio of the 644.85-keV

3104.31(4)* AR 1088(1)* 0.2(1) 2017.65 3~ transition, we confirm its large value, reported in
1345.65(8)*  1.4(1) 1758.55 2% Ref. [39], which very well fits the positive-parity
2316.95(5)* 43(4) 78745 2* solution for the 27, 1432.28-keV level, now uniquely
2369.6(2)* 0.3(1) 734.85 0OF determined by our linear polarization.

3104.18(8) 2.2(1) 0.00 Of (2) In the present work we cannot confirm the 1880.86-

3109.35(3) 3t 489.2(1)* 0.5(1) 2619.72 3% keV level reported in a previous (n, y) study with

602.8(1)* LO(1) 2506.85 5* spin I < 5 [36]. Because of its low energy such a
689.4(2)* 0.4(1) 2419.68 4F level would be important for the interpretation of
1004.5(1)*  0.6(1) 2104.89  3* %Mo. We note that this level was not reported in
1091.77(4) 7.08) 2017.65 3~ Refs. [38,39].
3122.90(5)* }Zgggg g;* ??E}; iz;géé ‘; (3) Our linear polarization confirms positive parity of the
: : : : 2104.89-keV level.

3154.95(8) 3 iggggg;* ?gg; ﬁgggg :; (4) Spins and parities of the two close-lying
1644:8(2)* 2:0(1) 1510:11 pn 2333.33-keV, 2% and. 2333.58-keV, 4t l.ev'els
172283y 0.5(1) 143228 2 [3§,39] are confirmed with the '1(')W Valu.e of mixing
2367.5(1)* 3.12) 78745 2+ ratio of the. 9Ql.02—key transition fitting well its

3166.09(8) 4+ 746.2(2) 0.6(1) 241968 4+ linear polarlzathn, Wth.h. determines Fh.e M1 /EZ
1061.3(4) 05(1) 210489 3+ character of this transition anq 'pos1tlye parity
1407.6(2) 12(1) 175855 2°F of the 2333.33-keV level. Our mixing rat19 er Fhe
1656.0(1) 2'9(2) 1510.11 4+ 823.46-keV decay of the 2333.58-keV level is similar
2378.7(3) 0.9(1) 787.45 2+ to that reported in Ref. [39] Linear polarization of

3196.27(3) 3- 1178.60(4) 47(3) 2017.65 3~ all three decays of the 2333.58-keV indicates its 4™
1437.6(2) 1.1(1) 175855 2F spin-parity.

1686.08(7) 24(1) 1510.11 4* (5) Our angular correlation and polarization data for the

2408.95(6) 2.822) 78745 2% 909.65-keV transition confirm the 41 spin-parity of

3207.24(3)* 27,34, 411.35(3)*  3.2(2) 27959 4~ the 2419.68-keV level. We support the 27" spin-parity
5t for the 2418.13-keV level.

1102.2(1)* 0.6(1) 2104.89 3+ (6) The 2562.52-keV level was previously reported with

3211.04(7) 57 1193.40(7) 7.1(4) 2017.65 3~ spin-parity (27) [36,39]. The present angular correla-

3211.58(4)  4*,67*F  878.1(1) L4(1) 233358 4F tion and polarization data indicate spin-parity 3" for
1701.48(4)  14.7(9) 1510.11 4% this level. We note that the 2~ assignment would be

3238.1(1)* A iggé;g;: 8%5‘3 53(1)32(5) ? inconsistent with the 709.6-keV feeding from the 4T,

: : : 3271.86-keV level.
1479.5(1): 1.3(1) 1758.55 21 (7) Spin I = 3 was reported for the 2572.89-keV level
g;gg;&;* 02628; 78(7)‘38 3 N in Ref [39]. The present multipolarity measurement
: : : indicate spin-parity 1~ for the 2572.89-keV level.

3258.3(2) (0 3238.3(2) 0.805) 0.00 07 (8) Forthe 2812.06-keV level our angular correlation and

3271.86(5)* 4+ * 476.1(2)* 0.99(6) 2795.9 4- . .. . . _ .

651.1(2)* 043(3) 261972 3+ polarization data 1nd.1cate spin-parity 2~ instead of
700.6(1y%  059(4) 2562.52 3+ values .prop(.)sed pr.eV10usl}./ [36,39].. .

765.3(1)* 1.00(6) 250685 5+ (9) There is an inconsistency in the parity assignment to
1254.7(1)* 22(1) 2017.65 3~ the 2896.89-keV level. On the one hand the polar-
1761.2(1)* 3.6(2) 1510.11 4+ ization suggest negative parity. On the other hand the

3286.0(1)* 4+ * 867.7(2)* 22(1) 2419.68 4+ 792.0-keV decay to the 3" level and the large § values
1268.3(5)*  0.19(1) 2017.65 3~ of the 1386.8-keV decay point to positive parity of
1526.8(2)*  1.07(6) 1758.55 2F this level.

1776.13)*  0.74(6) 1510.11 4% (10) For the 3046.24-keV level we propose spin-parity
1853.0(2)* 2.7(2) 143228 2* 2% instead of 4T reported in [36] because the
3302.7(3)* 2% 2515.2(3)* 0.13(1) 787.45 2+ 2258.6-keV decay is of a AI = 0 character, as in-
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TABLE VIIL. Angular correlation coefficients for y-y cascades in Mo from thermal-neutron capture reaction. Symbol D (Q) stands for
pure, stretched dipole (quadrupole) transition. New results are indicated with an asterisk.

E(y1)-E(y,) cascade Ay /Ao exp. Ay /Ao exp. Spins in cascade Bexp (V1) x2/N
173.3-1546.15 —0.13(3) 0.07(6) 5—-4—>2 —0.08(4) 1.44
259.11-1023.73 —0.078(8) —0.04(2) 352—-0 —0.01(1)* 3.54
326.23-1432.33 0.37(3) —0.18(8) 2—-52—->0 —-0.17(6)* 5.40
335.23-833.61 0.20(4) 0.1(1) 6—>6—4 D 1.31
350.97-713.86 0.25(2) —0.08(5) 4 —-4—4 —0.07(7) 2.13
399.67-603.5 0.26(4) —0.01(9) 5—-5—->3 —0.3(2)* 0.72
434.29-1546.15 0.16(4) —0.04(9) 4 —4—-2 0.0(1)* 0.93
446.98-603.5 0.17(3) —0.13(7) 4—-5->3 —4.3(9)* 0.00
530.85-1432.33 0.32(9) 1.3(2) 0—->2—->0 Q* 0.60
575.1-1758.7 0.18(4) —0.07(9) 4—-2—-0 Q* 4.79
603.5-1230.16 —0.10(2) —0.05(5) 5—-3—>2 Q* 1.56
644.85-787.45 —0.315(5) 0.19(1) 2—52—->0 1.30(7) 2.65
661.14-1023.73 0.13(5) —0.2(1) 4—-2—-0 Q 2.76
672.58-1432.33 —0.02(1) —0.08(4) 352—-0 4.1(4)* 0.01
676.87-833.61 —0.12(4) —0.18(8) 5—-6—>4 6.9(26)* 0.70
713.86-722.66 —0.063(9) 0.01(2) 442 0.75(4)* 5.03
35452 —0.09(1)* 0.08

722.66-787.45 0.101(4) —0.01(1) 4—-2—->0 Q* 3.65
791.72-1432.33 0.10(2) —0.04(4) 4—-2—->0 Q 1.19
352->0 0.24(3) 0.54

791.99-672.58 0.07(4) —0.1(1) 5-53—>2 Q* 1.35
803.9-1023.73 0.20(6) —0.1(2) 2—-2—-0 0.06(8)* 0.31
814.34-1023.73 —0.05(2) —0.06(5) 1-2—-0 —0.17(2)* 0.42
823.46-722.66 0.25(1) —0.01(3) 442 —0.55(3)* 0.92
833.61-722.66 0.10(1) 1.07(2) 6—>4—>2 Q 0.88
901.02-1432.33 0.28(3) 0.05(8) 2—-2—->0 —0.05(5) 0.31
909.65-722.66 0.25(1) —0.01(3) 442 —0.3(1)* 0.58
944.9-1230.16 0.06(3) —0.02(6) 353—>2 0.63(9)* 0.13
971.1-787.45 0.444(8) 0.13(2) 2—-2—-0 —1.02(5)* 3.22
975.29-722.66 0.25(2) —0.08(6) 3542 —0.55(6) 0.39
985.8-1432.33 0.2009) —0.1(1) 2—-2—-0 D#* 1.38
987.32-1432.33 0.2009) —0.1(1) 4—-2—-0 Q* 1.38
996.9-722.66 —0.43(2) —0.07(3) 5542 —1.403) 1.03
—0.9(1) 2.06

1002.97-1230.16 —0.02(5) —0.1(1) 5-3—>2 Q 345
1053.07-1432.33 —0.59(3) —0.04(6) 3-2->0 —1.2(2) 3.96
1091.77-1230.16 0.14(3) —0.02(6) 2—->3—>2 D* 0.12
3532 7(3)* 0.11

1.0(2)* 0.11

4—-3-2 —0.14(5)* 0.11

1093.46-1432.33 0.19(3) 0.01(7) 2—-2—-0 0.08(4) 0.03
1110.85-722.66 —0.06(1) —0.01(3) 5542 D* 0.44
1140.56-1432.33 —0.06(4) 0.0(1) 1—-2—-0 —0.16(4)* 0.28
1168.52-722.66 0.07(3) —0.02(8) 6—>4—2 Q 0.87
1178.6-1230.16 —0.10(3) —0.03(7) 353—>2 —2.1(4)* 0.12
0.2(8)* 0.12

1187.46-1432.33 0.17(4) —0.11(9) 352—->0 1.7(3) 0.23
0.39(9) 1.02

1193.4-1230.16 —0.12(3) —0.02(6) 5—-3—>2 Q* 1.73
1230.16-787.45 —0.098(5) —0.02(1) 352—->0 —0.04(1)* 3.71
1250.03-787.45 0.35(3) 1.03(8) 0—->2—->0 Q* 2.11
1257.73-722.66 0.17(3) 0.04(8) 442 D* 0.74
1285.8-722.66 0.19(1) —0.01(3) 442 0.01(4) 0.14
1287.6-1023.73 0.14(3) —0.01(8) 2—52—->0 0.14(4)* 0.06
1317.44-787.45 0.12(1) —0.09(2) 352—-0 2.14(9)* 1.15
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TABLE VIII. (Continued.)

E(y1)-E(y,) cascade Ay /Aj exp. A4/Aj exp. Spins in cascade Sexp(¥1) x2/N
1335.49-1432.33 0.08(5) 0.0(1) 4—-2—-0 Q* 0.22
1345.65-1023.73 0.16(6) 0.1(2) 2—-2—-0 0.12(8)* 0.46
—-3.1(9)* 1.46
1386.8-722.66 0.14(3) —0.10(7) 5542 2.2(4) 0.49
0.36(7)* 1.64
1394.07-722.66 0.23(2) 0.02(6) 442 —0.1(1)* 0.08
1419.45-787.45 0.38(1) 0.01(3) 2—-52—->0 —0.20(2) 0.03
1436.55-787.45 0.07(2) —0.06(5) 4—-2—-0 Q 5.83
3520 2.7(2)* 0.09
1445.7-722.66 0.12(3) —-0.07(7) 3542 —0.32(4)* 0.59
1452.46-722.66 —0.17(2) —0.04(4) 3542 0.03(2)* 1.03
1466.85-722.66 0.14(2) 0.02(5) 442 0.17(6)* 0.04
—1.3(2)* 2.55
1479.5-1023.73 0.21(7) 0.0(2) 2—-2—-0 0.06(9)* 0.02
1511.4-722.66 0.10(2) 0.01(6) 6—>4—2 Q 0.02
1523.4-1432.33 —0.15(4) —0.04(9) 352—->0 —0.10(6)* 0.18
1541.0-722.66 0.17(2) —0.05(6) 4 —->4—-2 0.08(7)* 0.88
1546.15-787.45 0.093(9) —-0.01(2) 4—-2—-0 Q 1.74
1546.7-1432.33 0.14(8) 0.1(2) 4—-2—-0 Q* 0.37
1599.25-722.66 0.22(4) 0.0(1) 2—>4—-2 Q* 2.20
3540 —0.48(8)* 0.02
4—-4—-0 —0.07(2)* 0.25
—0.8(3)* 1.15
1630.7-787.45 0.18(8) 0.0(2) 2—-2—-0 0.09(10)* 1.06
1632.15-787.45 0.10(7) —-0.1(2) 4—-2—-0 Q* 0.34
1644.8-722.66 —0.17(4) —0.0209) 3—>4—>2 D* 0.83
1656.0-722.66 0.12(2) 0.01(5) 442 0.23(5)* 0.00
1686.08-722.66 0.08(4) —-0.07(9) 3542 —0.07(5)* 0.52
1697.9-787.45 —0.35(3) —0.04(7) 3520 —0.38(5) 0.15
1701.48-722.66 0.12(2) 0.00(5) 6—>4—2 Q* 1.73
442 0.22(5)* 0.06
1761.2-722.66 0.17(3) 0.02(8) 4 —>4-2 D* 0.87
1740.55-787.45 0.34(4) 0.0(1) 2—->2—-0 —0.13(7)* 0.25
1775.08-787.45 0.19(1) —-0.01(3) 2—52—->0 0.08(2) 0.12
3-2-0 0.43(4)* 0.01
1785.39-787.45 —0.11(2) —0.01(4) 1-2—-0 —0.12(9) 0.04
Ref. [39]: 3-2->0 0.01(6)
1832.26-787.45 —0.28(2) —0.06(4) 352—-0 —9.7(23)* 0.48
1853.0-1432.28 0.15(6) 0.0(2) 4—-2—->0 Q* 0.55
1913.38-787.45 0.23(2) 0.0(5) 2—-2—->0 0.02(3) 0.00
1945.1-787.45 0.16(2) —0.06(5) 2—-2—-0 0.12(3)* 1.89
1980.4-787.45 0.09(2) —0.01(5) 4—-2—->0 Q 0.31
2024.61-787.45 0.12(2) —0.04(6) 4—-2->0 Q* 1.12
2—-2—->0 0.17(3)* 0.60
2082.58-787.45 —0.01(2) —0.01(5) 352—->0 0.08(3)* 0.04
2127.6-787.45 0.24(3) —0.02(6) 2—52—->0 0.01(4)* 0.08
2175.04-787.45 0.24(3) 0.00(7) 352—-0 0.6(4)* 0.08
1.1(2)* 0.44
2258.6-787.45 0.27(3) —0.03(7) 2—-2—-0 —0.02(4)* 0.64
2316.95-787.45 0.22(3) 0.01(8) 2—-2—-0 D* 0.98
2367.5-787.45 —0.33(4) —0.05(8) 3-2->0 —6.0(22)* 0.17
—0.35(6)* 0.21
2408.95-787.45 —0.07(4) —0.0709) 352—-0 D* 0.73
2450.7-787.45 0.26(4) —0.1(1) 2-52->0 D* 1.47
2515.2-787.45 0.21(4) —0.05(9) 2—-2—-0 0.05(5)* 1.46
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TABLE IX. Experimental P..,(y:) and theoretical Py (y;) values of linear polarization for the y; (upper) transition in y;-y, cascades of

%Mo, obtained in this work.

E(yl )'E(VZ) Pexp(yl) Spin-parity 8exp(yl) Plh(yl)
259.11-1023.73 0.16(3) 3- => 2t = 0 —0.01(1) 0.099(4)
326.23-1432.28 0.5(1) 2t — 2T — 0 —0.17(6) 0.37(3)
434.29-1546.15 0.34(9) 4t —» 4+ - 2F 0.0 0.327
575.1-1758.7 0.1(1) 4t = 2+ = 0F 0.167
644.85-787.45 0.34(2) 2t — 2t — 0 1.30(7) 0.30(5)
661.14-1023.73 0.4(1) 4t —» 2t — 0F 0.167
672.58-1432.28 —0.52(8) 3"t - 27 > 0 4.1(4) —0.44(1)
713.86-722.66 0.27(3) 4 4+ 0 0.75(4) 0.22(6)
37 > 4t —» 2t —0.09(1) 0.24(1)
722.66-787.45 0.26(1) 4T — 2t — 0* 0.167
791.72-1432.28 0.17(7) 4t —» 2t — 0* 0.167
3= > 2t > 0t 0.24(3) 0.22(2)
803.9-1023.73 0.5(2) 2T — 2T — 0F 0.06(8) 0.44(2)
814.34-1023.73 0.35(9) 1" -2t >0 —0.17(2) 0.45(2)
823.46-722.66 0.40(5) 4t — 4+ — 2F —0.55(3) 0.16(2)
833.61-722.66 0.24(5) 6T — 4T — 27 0.167
901.02-1432.28 0.3(1) 2t 2+ - 0F —0.05(5) 0.42(3)
909.65-722.66 0.15(5) 4t — 4+ — 2F —-0.3(1) 0.25(4)
944.9-1230.16 —0.6(2) 37 > 3" = 2F 0.63(9) —0.20(1)
971.1-787.45 0.07(3) 2t — 2t — 0 —1.02(5) 0.06(1)
975.29-722.66 —0.8(1) 3t —> 4t - 2t —0.55(6) —-0.42(2)
996.9-722.66 —0.08(7) 57 — 4T — 27 —1.4(3) —0.02(2)
5t 4+ 5 0 —0.9(1) 0.01(1)
1053.07-1432.28 —-0.2(1) 3t - 2t —» 0t —-1.2(2) —0.05(2)
1091.77-1230.15 0.33(12) 2T — 37 — 27 D* 0.23(2)
3t > 37— 2+ 7(3) 0.11(2)
1.0(2) —0.16(2)
4t - 37 > 2* —0.14(5) 0.05(1)
1093.46-1432.28 0.5(1) 2t — 2t — 0Ff 0.08(4) 0.44(1)
1110.85-722.66 0.4(1) 57 — 4T = 2F 0.0 0.103
1140.56-1432.28 0.6(2) 1= =2 = 0" —0.16(4) 0.45(3)
1230.16-787.45 0.172) 3= 2t - 0 —0.04(1) 0.090(3)
1285.8-722.66 —0.27(5) 47 — 4t > 2F 0.01(4) —0.33(1)
1287.6-1023.73 —0.2(2) 2T — 2T — 0 0.14(4) 0.45(3)
1317.44-787.45 —0.37(4) 3+ 50t 5 0 2.14(9) —0.51(1)
1386.8-722.66 0.4(1) 57 — 4T — 27 2.2(4) 0.37(2)
57 = 4t - 2F 0.36(7) 0.25(3)
1394.07-722.66 0.5(1) 4 4+ 0 —0.1(1) 0.31(3)
1419.45-787.45 0.53(6) 2T — 2T — 0F —0.20(2) 0.36(1)
1436.55-787.45 0.05(11) 4t — 2t — 0* 0.167
3+ 50t 0 2.7(2) —0.48(1)
1445.7-722.66 0.0(1) 3t - 4t - 2F —0.32(4) —0.34(3)
1452.46-722.66 0.33(9) 37 > 4t > 2F 0.03(2) 0.2(2)
1466.85-722.66 0.7(1) 4 4+ 0t 0.17(6) 0.33(1)
4% — 4+ - 2F —-1.3(2) —0.02(1)
1511.4-722.66 0.1(1) 6T — 4T — 27 0.167
1523.4-1432.28 0.2(2) 3+ 50t 0 —0.10(6) —0.07(3)
1541.0-722.66 0.3(1) 4% — 4+ - 2F 0.08(7) 0.33(1)
1546.15-787.45 0.34(4) 4t — 2t — 0* 0.167
1599.25-722.66 —0.6(2) 2t — 4t - 2F 0.0 0.384
3" > 4t — 0 —0.48(8) —0.40(2)
47 - 4t - 0" —0.07(2) —0.32(3)
—0.8(3) —0.10(1)
1701.48-722.66 0.4(1) 6T — 4T — 27 0.0 0.167
4T — 4+ - 2* 0.22(5) 0.33(3)
1740.55-787.45 0.1(2) 2t 52+ 5 0F —0.13(7) 0.39(3)
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TABLE IX. (Continued.)

E(y1)-E(y2) Pexp(71) Spin-parity Bexp(¥1) Pu(y1)
1775.08-787.45 —0.12(6) 2+ 2t > 0F 0.08(2) 0.44(1)
3t 5 2t - 0F 0.43(4) —0.32(2)
1785.39-787.45 0.45(8) 1= -2t = 0* —0.12(9) 0.42(7)
1832.26-787.45 —0.01(9) 3t > 2t > 0F —9.7(23) —0.28(2)
1913.38-787.45 0.45(9) 2t - 2t 5 0t 0.02(3) 0.43(6)
1945.1-787.45 0.5(1) 2t - 2t 5 0t 0.12(3) 0.45(1)
1980.4-787.45 0.3(1) 4+ 5 2t 5 Ot 0.167
2024.61-787.45 —0.5(1) 4t - 2T 5 0F 0.167
2= > 2t 5 0F 0.17(3) —0.45(1)
2082.58-787.45 —0.2(1) 3t - 2t - 0F 0.08(3) —0.14(2)
2127.6-787.45 0.2(1) 2t - 2t 5 0t 0.014) 0.43(1)
2175.04-787.45 0.9(2) 37 -2+t > 0F 0.6(4) 0.4(2)
3= > 2t > 0F 1.1Q2) —0.5(1)
2258.6-787.45 0.59(16) 2t - 2t 5 0t —0.02(4) 0.42(1)

decay of this level is not consistent with the 2+ and
4% solutions.

(11) For the 3067.93-keV level we propose spin-parity 4,
indicated by angular correlations. This replaces the
(37) assignment reported in [36] and is consistent in
with 47,5 solutions proposed in [39].

(12) A new 3™ level is proposed at 2955.76 keV and new
27 level is proposed at 3104.31 keV.

(13) Our multipolarity data for the 1091.77- and 1599.25-
keV decays of the 3109.35-keV level indicate spin-
parity 37 for this level.

(14) The 6% spin-parity is preferred for the 3211.58-keV
level as it does not decay to any 27 level.

(15) In Refs. [36,47] a 3257.86-keV level with spin I = 1
was reported. Such a level should be populated in
the *"Mo(ng,, y)98M0 reaction. In our data there is a
3258.3-keV line and we introduce tentatively a level
at 3258.3 keV. However, our data suggest that the
3257.3-keV line may correspond to a primary tran-
sition feeding the 5384.4-keV level [23].

(16) Low-spin levels at 2856.2(2), 3010.92, 3095.80,
3229.17, 3241.2, and 3264.9 keV, reported in
Ref. [36], are not seen in the present work.

(17) Of other levels discussed in Ref. [39] our angular
correlation and polarization data uniquely confirm
spin-parity 3" of the 2485.43-keV level, spin-parity
5% of the 2506.85-keV level, spin-parity 2" of
the 2700.82-keV level with § = 0.02(3) for the
1913.38-keV transition, spin-parity 2% of the
2732.55-keV level with § = 0.12(3) of the 1945.1-
keV transition, and spin-parity 3% of the 2870.02-keV
level with § = 0.08(3) of the 2082.58-keV transition.

III. DISCUSSION

It was proposed in Ref. [10] that the onset of deforma-
tion in mass A =~ 100 nuclei around neutron number N =
59, observed as a function of increasing neutron number 1i,s
helped by the 9/2%[404] neutron extruder [6,7]. As discussed
further in Ref. [12], this effect is superimposed on a more

gradual process due to the SOP mechanism [14,15]. Such
a scenario is supported by analogous observations in mass
A = 150 nuclei, where sudden onset of deformation is helped
by the 11/27[505] neutron extruder [48,49]. It was further
proposed that in addition to the 11/27[505] neutron extruder
the 9/2%[404] proton extruder acts analogously along isotonic
lines in the mass A & 150 region (see Fig. 7 in Ref. [11]).
The increase of the level density above Z = 40 shown in
Fig. 1 suggests that also in the mass A ~ 100 region one
may observe an “extruder-type” action along isotonic lines.
The 7/27[303] proton extruder, originating from the f7/,
shell below Z = 28 is too low on the single-particle (s.-p.)
energy scale to be involved. However, one sees in Fig. 8(a)
the 3/27[301], 5/27[303], and 1/27[301] upsloping proton
orbitals crossing three downsloping orbitals of 7 gg/, origin,
which can act similarly to an extruder orbital. We note that,
due to a large number of crossing levels, the “extruder-type”
action along Z is spread over a wider range of protons, com-
pared to the “sudden” action of a single v9/21[404] extruder
along N. This is supported by Fig. 6 of Ref. [10], showing
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FIG. 8. The Nilsson diagram for protons drawn after Fig. 9 of
Ref. [50].
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wide minima in the excitation energy of 0% levels, produced
by shifting proton pairs between crossing levels, as sketched
in Figs. 8(b)-8(d). One sees that with the increasing Fermi
level more active proton configurations appear. Because of
their similar structure, they can mix, further increasing the
number of possible low-energy excitations, which is reflected
in the growing level density, from the rather “simple” **Kr to
the more collective Mo and '®’Ru, as shown in Fig. 1.

In the following we will discuss in more detail the infor-
mation on the N = 56 isotones, including our results. Special
attention will be paid to the effect of possible phase transitions
and shape coexistence phenomena in the region [51,52]. To
learn more about the microscopic structure of the N = 56
isotones the experimental data will be compared against large-
scale shell-model (LSSM) calculations, analogous to those
performed in Refs. [12,53,54] for strontium and zirconium
isotopes.

A. 2Kr

The *?Kr nucleus displays features characteristic of a soft
vibrator with the Ryy = Eexc(4])/Eexc(2]) ratio of 2.34. Ex-
cept for a short ground-state cascade, no other structures
are evident below 7 MeV of excitation. An indication of an
emerging y-type collectivity is the 3%, 2066.3-keV and 5%,
2492.0-keV levels. No negative-parity excitations were iden-
tified in this nucleus.

Figure 9 compares experimental excitations with the
present LSSM calculations. The parentheses indicate a tenta-
tive assignment and the horizontal bars indicate unknown spin
with value within the range of the bar. We note that the LSSM
calculations do not predict any spin I = 1 level below 5 MeV
of excitation.

The vibrational nature of **Kr is supported by the linear
increase of excitation energies as a function of spin for the
near-yrast levels, which follow the dashed line. Generally, all
experimental levels have their counterparts calculated nearby.
It is of interest to verify possible 07 excited levels predicted
by the LSSM but not observed experimentally to date.

To learn more about **Kr we inspected LSSM wave func-
tions. Table X shows occupations of neutron and proton
orbitals in °?Kr obtained in the calculation. Of the six valence
neutrons approximately four occupy the ds,, shell and one oc-
cupies the sy, shell, while the remaining neutron is distributed
among the g7/2, d3/2, and hyy shells, the latter containing no
more than 0.2 neutron particles, on average. On the proton
side, out of the eight valence particles, on average three are in
the p3/» shell, four in the f5/, shell, one in the p, shell, and a
small fraction in the go/> shell. Some notable deviations from
these average numbers are indicated in bold.

In the last column of Table X we show the fraction
of the wave function corresponding to summed contribu-
tions of main s.-p. configurations, contributing at least 5%,
each. For example, the wave function of the Ofr ground
state contains three such configurations, [1)(15?/2 ® n(p‘; nt
f54/2)]’ [Vd56/2 ® N(Pg/z + f54/2 + P%/z)]a and [V(d?/z + S%/g) ®
7 (p} o+ f54/2)], contributing 9%, 8%, and 7%, respectively,
which sums to 24% shown in the last column. The remain-
ing 76% of the wave function is composed of many other
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FIG. 9. Experimental excited levels in *>Kr, as shown in Fig. 4
compared to the LSSM calculations. See text for more comments.

configurations with small contributions. In this context, the
0 and 07 levels (not yet known experimentally) are of more
s.-p. nature than the 0] ground state.

We note that, generally, wave functions of levels in **Kr
shown in Table X are composed of many configurations with
small contributions. This “collectivity” is higher here than in
the **Sr isotone. For example, in the 27 levels the total of
main s.-p. contributions in *>Kr is three times lower than in
%4Sr (see Table XVI in Ref. [12]), suggesting that *>Kr is
more collective than **Sr. This may be due to the Z = 40
subshell closure, which influences **Sr more than °*Kr. On
the other hand this higher “collectivity” of *>Kr does not help
the formation of band structures, which seem better developed
in **Sr [12]. One notes that in **Sr the calculated population
of the g9/, proton shell is, on average, higher [12] than in
92Kr, which helps the formation in **Sr of near-yrast medium-
spin band members and deformed intruder configurations. In
contrast, levels in *2Kr, dominated by excitations within the
f-p shells, are more of a vibrational nature and, as reported
before [18,55], the deformation onset is slower in Kr isotopes
as compared to Sr isotopes.

B. **Sr

In the °*Sr nucleus, which was discussed in detail in recent
works [12,53], the R4, = 2.56 value is higher, suggesting
its transitional character. One observes here a positive-parity
cascade, which is probably due to a developing y collectivity.
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TABLE X. Occupation of neutron and proton orbitals in selected levels of °’Kr. Notable deviations from average occupation are indicated

in bold. See text for more comments.

Eexc Neutrons Protons Main Total main

rr (keV) d5/2 S1/2 87/2 d3/2 h11/2 P32 f5/2 P12 89/2 S.-p. S.-p.
OT 0 4.42 0.74 0.24 0.36 0.24 2.88 3.85 0.89 0.39 0.24

6 0 0 0 0 4 4 0 0 0.09

6 0 0 0 0 2 4 2 0 0.08

4 2 0 0 0 4 4 0 0 0.07
O;r 1309 4.25 1.16 0.18 0.26 0.16 2.97 3.83 0.85 0.35 0.39
O; 1951 4.24 1.01 0.23 0.30 0.21 3.49 2.81 1.47 0.23 0.42
ZT 854 4.16 1.04 0.21 0.40 0.19 3.01 3.68 0.97 0.34 0.13
2; 1461 4.24 0.95 0.21 0.38 0.21 3.12 3.76 0.85 0.27 0.06
3fr 1896 4.30 1.01 0.17 0.37 0.15 3.09 3.71 0.90 0.30 0.14
3; 2156 428 0.98 0.18 0.39 0.16 3.11 3.64 0.96 0.29 0.24
4T 1986 4.02 1.26 0.18 0.39 0.15 3.10 3.56 1.04 0.30 0.19
4; 2244 4.38 0.74 0.23 0.43 0.23 2.94 4.05 0.70 0.31 0.09
ST 3047 3.87 0.67 0.99 0.31 0.15 2.89 3.83 0.85 0.43 0.16
5; 3122 4.23 1.04 0.19 0.37 0.16 3.01 3.74 1.00 0.25 0.07
6fr 2328 4.01 0.98 0.24 0.60 0.16 3.00 3.75 0.92 0.33 0.05
6; 2934 3.97 0.82 0.39 0.63 0.19 2.94 3.95 0.76 0.34 0.00
7T 4024 4.58 0.86 1.06 0.36 0.09 2.86 4.48 0.47 0.19 0.44
7; 4139 4.15 0.64 0.88 0.24 0.09 3.08 3.81 0.93 0.17 0.20
ST 4654 3.57 0.94 1.05 0.28 0.16 3.09 3.66 0.94 0.31 0.13

A strongly populated cascade of negative parity states, which
dominates the yrast excitation scheme, is most likely due to
octupole collectivity building up thanks to the m gy »—7 p3/2
proximity.

C. *Zr

The double closure of the vds;, and m gy, subshells, on
one hand, and the emerging collectivity due to an increasing
number of valence nucleons, on the other hand, make the
2SZr56 nucleus a very special case with a possible triple-shape
coexistence, as suggested by model calculations [56].

The ground-state cascade in **Zr, characteristic of a spher-
ical nucleus, is most likely dominated by the (7gy/2)* ®
(vds2)?* and (7 g9/2)* ® (vg7/2)* s.-p configurations, extend-
ing up to spin 14%. On the other hand, one observes in
%7r a non-yrast, positive-parity cascade, which suggests an
emerging collectivity. With new decays found in the present
work, this cascade is even more developed than the analogous
cascade in **Sr.

One notes that the negative-parity cascade in *°Zr is less
pronounced than in **Sr [12]. This may be due to a decreasing
contribution from the 7 gg/>—7 p3/2, Aj = 3 pair, as the 7 p3»
orbital is “buried” deeper in the core when the proton number
grows. This seems to contradict the results of an extensive
analysis of octupole strength in Ref. [57]. However, the very
high E3 strength reported in the past in *°Zr [57,58] was
shown recently to be significantly lower [59].

It was proposed that the 0 level, the first excited state
in %Zr, is a four-particle, four-hole “intruder” configuration
[60,61], resulting from the excitation of a pair of protons
across the Z = 40 subshell and a pair of neutrons across
the N = 56 subshell closures [62]. A small deformation,
B> = 0.2, was deduced for this configuration [63]. The value

B(E2;25 — 07) = 36(11) W.u. measured in Ref. [64] was
the base for further, moderately successful model descriptions
of this structure [65,66], but problems with proper description
of the positive-parity cascade remain [67].

The 3" level at 2438.8 keV was considered a sign of
a nonaxial collectivity in 967y, though it could not be well
reproduced in the calculations [67]. In the present work we see
alink between 3" and 57 levels, which supports y collectivity.
However, in nuclei from this region one also observes the so-
called mixed-symmetry excitations, which produce multiplets
including a 3" excitation.

The present data seen in Fig. 6 do not show any rotationlike
structures on top of any of the excited 0% levels in **Zr. The
cascade on top of the 05 level is just a hint of a band, but
its shape does not indicate even a weak deformation. We also
could not find any band on top of the 2% level at 2668 keV,
claimed to be a bandhead in Ref. [65]. In the high-spin study
of “Zr [34] no such structures were seen, either.

The multiple, close lying 4%, 61, and 8* levels suggest
three “proto” bands in **Zr: the cascade on top of the ground
state, proposed to be due to the (g} /2)j coupling [68], the

cascade on top of the 1581.65-keV, O; level, and the third
cascade starting from the 2438.8-keV, 3% level, a possible y
band, with the 2% y bandhead still not known. These three
cascades, evidently mixed [57], suggest an emerging collec-
tivity in “®Zr, but as pointed in Ref. [57] their interpretation in
terms of bands is not obvious, even with the 6T, 3483.55-keV
level being even considered to be a two-octupole phonon
excitation [57]. Thus, the scenario of the deformation and
the shape coexistence in %7 drawn in Ref. [64] may be
premature. As stated later in Ref. [65] “the available data do
not allow for a unique assignment of the intriguing structure
of %7r.”
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FIG. 10. Excitation energies of 2% levels in the A &~ 100 region.
The data are from the present work and from the ENSDF database
[13]. See text and Ref. [12] for more comments.

One more comment on *°Zr is that according to Fig. 8 there
should be more various excitations in *°Zr than in **Sr and,
accordingly, higher density of low-energy levels. This is not
evident in Fig. 1. A possible reason is the strong binding of the
ground state in °°Zr, which shifts excited levels up in energy
in this nucleus. One notes the rather high number of levels
in *Zr (blue squares) but at higher energy than in *Mo and
1%Ru. With the 2} excitation energy in **Zr around 0.7 MeV,
as in other isotones, the density distribution in Fig. 1 would
look in *°Zr more like in **Mo and 'Ru, while in **Sr it is
really shifted to higher energy.

D. *Mo

The excitation scheme of **Mo shows a much richer set
of low-energy excitations as compared to lighter N = 56 iso-
tones. The generally lower energies of these excitations also
suggest higher collectivity in this nucleus, where previous
works discussed a number of various structures. In the follow-
ing we will review in more detail modes of excitations which
may contribute to the development of the collectivity, adding
our results. This will be done in a wider context of excitations
in N = 56 isotones.

1. The ground-state band and 2; excitations

The Eexc(47)/Eexc(2]) ratio in **Mo of 1.92 suggests a
spherical vibrator nature of the ground-state configuration in
this nucleus. It is interesting to look at the energies of Zfr levels
in Mo isotopes. Figure 10, drawn after Fig. 13 of Ref. [12],
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FIG. 11. Excitation energies of selected, low-spin levels in Mo
isotopes. The data are from the present work and from the ENSDF
database [13]. See text for more comments.

now with data for Mo isotopes (green triangles) included, sug-
gests that the nature of 2% excitations in Mo is the same as in
other isotopic chains of the region (Zr isotopes are not shown).

The shell model analysis presented in Ref. [12] tells that
27T excitations in St isotopes are predominantly of s.-p. nature
and are dominated by the ds;, neutron pair at lower N and
by the g7,, neutron pair at higher N. The characteristic U-
shape distributions seen in Fig. 10, well reproduced by the
shell model, are due to the rising Fermi level (see Fig. 14 and
associated comments in Ref. [12]). The energy drop at N = 60
is due to lowering of the deformed intruder structure.

The distribution of 2 and 27 levels in Mo isotopes is very
similar, thus their interpretation is likely the same, with the
small difference that the energy drop of deformed structures in
Mo happens already at N = 58. We note the irregular position
of the 25 level in '®Mo, which may results from the repulsion
between the ZT and 2; levels. Their displacement suggests a
strong interaction of the order of 250 keV (assuming the near
degeneracy of the unmixed levels).

The above scenario is supported by the systematic trends
shown in Fig. 11. As in Fig. 10 one can distinguish here three
regions of the 2] and the associated 4] and 6, excitations in
Mo isotopes, the region of s.-p. excitations (50 < N < 54),
the region of the emerging collectivity (56 < N < 62), and
the region of well deformed structures (N > 62). The N = 56
line is a border line between the first two groups and, as seen
in Fig. 11, it is not obvious to which group the N = 56 points
should be assigned (analogous uncertainty applies to N = 62
points). We note that at N = 64 (the middle of the 50-82
neutron shell), the 2 excitation energy reaches a minimum.
The slight increase of this energy above N = 64 is most
likely due to the shape change towards an oblate deformation
[69,70].
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Finally, we comment on the proton dependence of low-spin
excitations in the N = 56 isotones, shown in Fig. 12. If not for
the deviation at Z = 40, due to extraordinary strong binding
of the ground state in *°Zr, the dependence of 2] level on Z
would be much weaker and of much different shape than the
dependence on N in Figs. 10 and 11.

As concluded in Ref. [16] “there is no comprehensive theo-
retical explanation for the 21 lowest excited state spin and par-
ity dominance in even-even nuclei.” The three experimental
systematics shown in this section suggest that the 2 levels in
nondeformed nuclei in the region are due to valence neutrons.

2. 0% excitations

The 0% excitations in the region were discussed in our pre-
vious paper [10], where the systematics of excitation energies
of 0" in the N = 56 isotones can be seen in Fig. 6. Together
with the N = 58 chain, these values are the lowest in the
region, reaching the minimum at Z = 42. The deviation from
the regular trend seen in °°Zr may result from an exceptionally
low position of the ground state in *°Zr (further studies are
needed to explain this effect).

As mentioned above, in addition to the role of the
v9/2%[404] extruder, the shape change in the A ~ 100 region
is helped by the bunch of 1/27[301], 3/27[303], and
5/27[303] upsloping proton orbitals, which act in the same
way as an extruder. These orbitals deliver six extra protons
to the Fermi level and pass them to the deformation-driving,
downsloping orbitals originating from the mwgo/; intruder.
Consequently, as suggested by Figs. 8(b)-8(d), one expects an
increasing number of low-lying 0% excitations with the proton
number increasing up to Z = 44, which is indeed observed in
Fig. 12. This mechanism is most effective in **Mo and 'Ru,
which is also reflected in the high density of levels below 4
MeV, seen in the inset of Fig. 1. At higher Z the density of
low-energy 0" levels may fall. It is of interest to search for
further 0% levels in '"?Pd to verify this suggestion, because
Fig. 6 in Ref. [10] hints at another set of 0" levels above
Z = 64, possibly due to hole excitations in the 7 go/> shell.

The estimated interaction strength between 0 and 07
states in **Mo reported in Ref. [38] is about 380 keV, close to
the 326 keV value reported in Ref. [47]. However, Ref. [71]
reports a factor of 2 lower mixing potential, stating that “0%
states are barely mixed” (some problems with the results of
Ref. [47] were reported in Ref. [72]).

In Ref. [47] the decay branch of the 3551.2-keV level
with spin /=1 and unknown parity (which is not a
problem, they said) to Of and 0F states in **Mo was
used to estimate the interaction strength between the two
states. In the present work we observe in **Mo a level at
2508.00 keV with tentative spin I = (1), for which we pro-
posed decays to 0] and 05 states. This level is probably the
same level as the 2509(2)-keV level with spin-parity I = 17,
reported in the compilation [36] and could be used to estimate
the interaction strength between 0] and 0 states.

We applied the schematic analysis proposed in Ref. [47]
to the 2508.00-keV level. Using intensities of 1773.0 and
2508.2 keV decays of this level, observed in the present work,
we obtained a mixing strength between 0 and 0] states in
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FIG. 12. Excitation energies of selected, low-spin levels in N =
56 isotones. The data are from the present work and from the ENSDF
database [13]. In the figure the 6] level is assigned to the ground-
state band after Ref. [57]. See text for more comments.

%Mo of 333 keV, similar to values reported in Refs. [38,47].
(We note that, to make sure we understand the procedure, we
have redone the calculation of Ref. [47] using their data. For
the decay of the 3290.1-keV level in Mo we obtained the
same value of 321 keV, but for the decay of the 3551.2-keV
level in **Mo the obtained value of 303 keV, which differs
somewhat from the 326-keV strength reported in Ref. [47].)

The differences and uncertainties mentioned above stress
the need for reliable experimental information about the dis-
cussed, low-spin levels in **Mo. The revised analysis using
better data may alter the picture of strong configuration mix-
ing in this nucleus [39,64] and help in understanding the
nature of 05 levels in the region and in **Mo in particular,
where the 05 energy is exceptionally low. Interestingly, the
low mixing between 0] and 0 states in **Mo, reported in
Ref. [71], resembles the low mixing between OT and O; states
in *8Sr and '%°Zr [10], where it likely results from an admix-
ture of the v9/27[404] extruder to these states.

Note the large energy gap between 05 and 05 states in
%Mo, which again highlights the extra low excitation energy
of the 0; level in **Mo, possibly due to the mentioned ex-
truder admixture. Using the present “complete spectroscopy”
data we searched for an additional 0" level between the two
but did not find any.

The 0] state in %Mo is proposed to correspond to an
intruder (deformed) structure, while the O;” state should cor-
respond to a spherical configuration [38,39]. Because the 0}
level “*Mo is spherical, this would mean that the swap of the
two configurations takes place at much lower N (here N = 56)
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compared to an analogous change in Sr isotopes observed at
N =60 (see Fig. 13 in Ref. [12]). As discussed above, the
systematics of Fig. 10 point to such change at N = 58 in Mo
isotopes, which is consistent with our observations that both
0/ and 05 states in **Mosg are rather spherical.

We stress the importance of verifying the shape coexis-
tence details in **Mo, which will help the understanding of
the shape change process in the region. As discussed a long
time ago in Ref. [73], this change is either of the first-order
(“swap” of the coexisting shapes) or the second-order type (a
gradual evolution of the 0] state, as proposed by Federman
and Pittel [14,15]) and the debate is not over.

3. y collectivity versus mixed-symmetry excitations at N = 56

The neutron-rich Mo and Ru isotopes are known to exhibit
the highest y collectivity in the A ~ 100 region [74-80], with
well developed y bands and double-y phonon excitations in
104Mo and higher-Z isotopes, as seen in Fig. 11. The charac-
teristic feature of y collectivity is 3T, low-energy excitations.
In Fig. 11 they are seen in a wide, 52 < N < 70 range though
at significantly varying energies. As in the case of 21F levels,
there are three groups of 3] levels and the associated levels
(the 27 bandheads and the 45, 57, and 65 members of y
structures): the region of s.-p. excitations at 52 < N < 56, the
region of emerging collectivity (56 < N < 62), and the region
of well deformed structures (N > 62). Again, the N = 56 line
marks a border between the first two groups while the N = 62
marks a border between the two latter groups.

The well developed y bands at N > 62 decrease in energy,
which is consistent with the growing 2| excitation energy
when moving towards an oblate shape. Interestingly, below
N = 64, the 2], 3, 45, 5, and 6] levels, which may be
seen as members of developing y bands, follow closely the
systematic trend of levels in ground-state cascades, as seen
in both Fig. 11 and Fig. 12. This suggests that these levels,
especially at N < 58, are predominantly due to excitations of
valence neutrons. On the other hand, their collective compo-
nent develops due to the proton-neutron interaction [2,8] and
is helped by the increasing proton number as seen in Fig. 15 of
Ref. [12], showing y bands in Ru isotopes, which at N < 64
are developed better than in Mo isotopes.

We note that Refs. [38,39] considered a possible y softness
of the ground state configuration in **Mo but the 27, 37,
47, and 65 cascade based on the 1432.28-keV level, which
is proposed in the present work as the “proto”-y band, was
not discussed there. Instead, in Ref. [39] possible mixed-
symmetry states were proposed. Such structures were reported
in **Mo [81] and in **Mo [82] with 3] excitations included.
As pointed out in Ref. [39] in **Mo the situation is not clear
in this respect.

In the present work we could determine the positive parity
of 27, 2525.77-keV and 2§, 2700.82-keV levels in **Mo,
which makes the latter level a more reliable candidate for
a mixed symmetry state (Q,) on top of the 0 configu-
ration. One can also propose candidates for two-phonon,
mixed-symmetry states (Q,,Q,) in **Mo. The 4T level at
2767.68 keV decays to the 2206.90-keV, 27 level proposed as
the Q,, excitation and is a candidate for the Q,,Q; state on top

of Ofr, while the 4™ level at 2976.96 keV is a candidate for the
00O, state on top of 05 . We note the proximity of the 37 level
at 2870.02 keV. One could also consider the 3109.35-keV
level as the candidate for the 3", Q,,Qy state on top of 0; .
This level decays to the 37 level at 2619.72 keV, which might
be a candidate for the 3%, Q,,Q; state on top of 01*. However,
the 3109.35-keV level decays also to the 5, 2506.85-keV
level, which suggests that the 3109.35-keV level may be rather
associated with y collectivity, which is clearly present in “*Mo
because the 3] level at 2104.89 keV has too low energy to be
a 0,0, state. Another problem with mixed symmetry states
in *®Mo is the lack of a candidate for the 17 member of the
0,0, multiplet, a characteristic, mixed-symmetry excitation,
which is not present in y bands.

We have not discussed the M1 strength out of mixed-
symmetry states in **Mo, which should be an important
validation factor for these structures. The problem is, that,
as pointed out in Ref. [39], this strength could be strongly
fragmented, thus not so useful for the validation of mixed-
symmetry states. The fragmentation should be due to sizable
deformation [39], but as discussed above, the deformation in
%Mo is small. However, as pointed out in Ref. [71], in **Mo
the 2% and 47 levels exhibit very high interaction and mixing.
It could be that the numerous 271, 31, and 47 levels observed
in ®*Mo and '’Ru above 2 MeV are due to a mechanism yet to
be identified, whereas the emergence of y collectivity at low
energies is due to the multilevel mixing of these numerous
levels (see, e.g., Sec. 1.5 of Ref. [9]).

4. Negative-parity excitations at N = 56

The review [57] reported high octupole collectivity in
%7Zr, based on the very large B(E3) of 69(23) W.u. reported
in Ref. [58]. Recently, this value with a large uncertainty was
corrected to B(E3) = 42(3) W.u. [59], a rate significantly
lower though still high. The new value results from the
half-life of 67.8 ps measured in Ref. [83], compared to
46(15) ps reported in Ref. [S8] (one also notes the half-life
of 84(44) ps reported in Ref. [84]). Another input datum
is the E3 branch of the 3] level in 9%7r. deduced from the
intensity ratio of the 1897.30- and 1750.50-keV transitions
to be 12.8(3) [59], which is close to the ratio of 12.7(7) used
in Ref. [58] and to the present work result of 14.0(5). The
present value was obtained by comparing relative y intensities
of 1897.30- and 1750.50-keV transitions, as seen in a y-ray
spectrum doubly gated on the 1222.70- and 363.60-keV lines
in a triple-y histogram.

Strong octupole correlations in “Zr are due to the
proximity of two pairs of Al = 3, opposite-parity orbitals,
v(ds2, hi1/2) and 7 (p3j2, g9/2), which can be coupled by an
octupole operator. The enhanced correlations at N = 56, one
of the “octupole magic numbers,” are supported by calcula-
tions [85,86], reporting significant softness against reflection
asymmetry at N = 56, but not predicting any stable octupole
deformation in the region.

It was found in Ref. [59] that the octupole collectivity
involves a large number of proton and neutron orbitals. The
complex structure of the 3] excitation in %7r is supported by
the systematic trend of 3] levels in N = 56 isotones, shown
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in Fig. 12. Unlike the 2], s.-p. level, the energy of the 3}
level does not rise at the N = 56 closure of the vds,, shell.
The regularity of the trend suggests that the 2045.7- or the
2077.4-keV level in *>Kr may correspond to the 3] excitation
(see also comments in the compilation [24]).

In contrast to the 3} levels, the 5] levels show an increase
at N = 56, which suggests that in **Zr the 5] excitation may
be due to the coupling of 3] and 2] excitations. The same may
apply to lower-Z isotones (the systematics suggests that the
2996.3-keV level in *?Kr corresponds to the 5] excitation).
However, it is unlikely to be so in heavier N = 56 isotones,
especially in '92Pd, where the 57 level is too close in energy
to the 37 level to correspond to the 3] ® ZT coupling.

The numerous 3~ and 5~ levels in **Mo indicate that,
apart from the isoscalar octupole phonon [18], there are other
modes of negative-parity excitations at N = 56, like the 37,
isovector excitations [87]. Moreover, s.-p. configurations of
negative parity appear at similar energies. For example the
(892, P1/2)s- coupling, observed at N =50 in 907 and
92Mo may also appear at N = 56 as suggested by Fig. 20 of
Ref. [12].

With the suggested contribution of the v(ds,2, hi1/2), Al =
3 pair to the enhanced octupole collectivity in *°Zr one
could expect the presence of the hyj/; neutrons among ac-
tive valence orbitals. However, we could not identify in *6Zr
the characteristic, v(g7,2, h11/2)o- excitation, which serves
as a useful test of the vhj;,, energy in the region [88].
Such an excitation was observed at 4858.9 keV in **Sr [88]
and at 3524.7 keV in *°Sr [12] and was also proposed at
4197.9 keV in **Zr [89]. Thus, it could be expected in *°Zr
at about 5 MeV. The 4846.2-keV level is a possible candidate,
but it may be located at higher energy. As reported in Ref. [90]
the vhyi,, energy shows a significant increase in the 7z,
odd-N neighbor, compared to lighter Zr isotopes, and the
2264-keV level, reported previously with spin (11/27) was
proposed to have spin-parity 9/2%, instead [91].

IV. SUMMARY AND PERSPECTIVES

In summary, the main goal of the work was the study of the
evolution of collectivity with the growing proton number in
the region and finding how this is related to the population of
the 7 g9/» shell and what is the mechanism of this population.
For this reliable spin-parity assignments to known excited
levels and the identification of new levels were needed. To
obtain such information excited levels in *>Kr, *°Zr, and
%Mo, N = 56 isotones were studied in measurements of y
rays following neutron-induced fission of 2>>U and neutron-
capture on a *’Mo target, performed using the EXILL and
FIPPS multidetector Ge arrays, respectively.

A total of 16 new levels, 64 new or corrected decays,
and 35 new or improved spin-parity assignments were ob-
tained in the three nuclei. Precise angular correlations and

linear-polarization correlations measured in this work were
used to determine new spin-parity assignments and verify
previously published ones. All linear-polarization values are
new.

The improved data allowed us to build extensive experi-
mental systematics, which helped us to discuss the evolution
of collectivity in the region and in N = 56 isotones, in partic-
ular. To learn more about the microscopic structure of levels
at N = 56, large-scale shell-model calculations were also per-
formed and the results compared to experimental data in *>Kr.

It is proposed that the population of the w g9/, shell in
the A =~ 100 region is helped by crossing of the low-Q p-f
upsloping orbitals, which deliver extra protons to the Fermi
surface. Pairs of protons from the p-f orbitals, passed to the
low-2 orbitals generate 0" excitations, of predominantly 2p-
2h, proton structure. This mechanism explains the increasing
number of low-energy 0% excitations at N = 56 when the
proton number grows. The 0] and the 05 levels, which show
some collectivity, may result from the multilevel mixing of the
many higher-lying 0" excitations. The 0;“ level in ®*Mo may
also contain an admixture of the neutron 9/2%[404] extruder
orbital.

The large number of active orbitals at the Fermi level also
explains the increased level density in **Mo and '“Ru. The
numerous 2 and 47 levels seen around 3 MeV of excitation
energy are likely due to s.-p. excitations of these orbitals,
similar to the predominantly s.-p. nature of 2] levels in the
region. The new effect observed in **Mo is the cascade on top
of the 25 level at 1432.28 keV, proposed to be a “proto*“-y
band. This low-energy structure probably emerges from the
multilevel mixing of the 2% and 4% s.-p. excitations present
around 3 MeV. Theoretical verification of this or proposing
another mechanism is needed.

The N = 56 isotones and the **Mo nucleus in particular
are a convenient place to study the role of s.-p. excitations
in the emergence and the evolution of collective effects. It is
of high interest to verify the picture proposed in this work,
in particular the degree of deformation of 0} and 05 states.
Further analysis of our *’Mo(n, y) **Mo measurement is in
progress [23]. Also needed are improved data for 10R v,
another key nucleus in the N = 56 chain. The information
on excitations above 4 MeV in this nucleus is rather scarce
and many known levels above 2.5 MeV have only tentative
spin-parity assignments.
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