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Background: One-phonon mixed-symmetry quadrupole excitations are a well-known feature of near-spherical,
vibrational nuclei. Their interpretation as a fundamental building block of vibrational structures is supported
by the identification of multiphonon states resulting from a coupling of fully-symmetric and mixed-symmetric
quadrupole phonons. In addition, the observation of strong M1 transitions between low-lying 3~ and 47 states
has been interpreted as an evidence for one-phonon mixed-symmetry excitations of octupole and hexadecapole
character.

Purpose: The aim of the present study is to identify collective one- and two-phonon excitations in the heaviest
stable N = 52 isotone *°Ru based on a measurement of absolute M1, E1, and E2 transition strengths.
Methods: Inelastic proton-scattering experiments have been performed at the Wright Nuclear Structure
Laboratory (WNSL), Yale University, and the Institute for Nuclear Physics (IKP), University of Cologne. From
the acquired proton-y and y y coincidence data we deduced spins of excited states, y-decay branching ratios, and
multipole mixing ratios, as well as lifetimes of excited states via the Doppler-shift attenuation method (DSAM).
Results: Based on the new experimental data on absolute transition strengths, we identified the 2* and 3%
members of the two-phonon mixed-symmetry quintuplet (mes ® 2?5). Furthermore, we observed strong M1
transitions between low-lying 3~ and 47 states suggesting one-phonon symmetric and mixed-symmetric octupole
and hexadecapole components in their wave functions, respectively. The experimental results are compared to
sdg-IBM-2 and shell-model calculations.

Conclusions: Both the sdg-IBM-2 and the shell-model calculations are able to describe key features of
mixed-symmetry excitations of *Ru. Moreover, they support the one-phonon mixed-symmetry hexadecapole

assignment of the experimental 45 state.

DOI: 10.1103/PhysRevC.92.064317

I. INTRODUCTION

Protons and neutrons are the building blocks of atomic
nuclei. Because of the two-component character, the isospin
degree of freedom has to be considered for their description.
This features excitation modes that are symmetric or anti-
symmetric under pairwise exchange of protons and neutrons
and are denoted as fully-symmetric and mixed-symmetric
states, respectively [ 1-3]. Mixed-symmetry states are naturally
predicted in the framework of the sd proton-neutron version
of the interacting boson model (sd-IBM-2) [4-7]. The model
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accounts for the pairing force by coupling like valence
nucleons to pairs with L = 0 and L = 2, treated as bosons, i.e.,
s and d bosons. In the IBM-2, the proton-neutron symmetry of
the wave functions of excited states can be obtained from the
F-spin quantum number [5,6], which is the bosonic analog of
isospin for fermions: states with maximum F-spin quantum
number F = Fp,, are unchanged under pairwise exchange
of proton and neutron bosons and are therefore referred to
as fully-symmetric states, while states with nonmaximum
F-spin quantum number are denoted as mixed-symmetry
states. Besides the description in the IBM-2 framework, the
properties of mixed-symmetry states have successfully been
obtained from shell-model and quasiparticle-phonon model
(QPM) calculations; see, e.g., Refs. [8,9].

Experimentally, mixed-symmetry quadrupole states can
be identified by their specific E2 and M1 decay
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properties [10]:

(i) Strong M1 transitions with matrix elements in the
order of 1 u to their symmetric counterparts.

(i) Weakly collective E2 transitions to symmetric states
reducing the phonon number by 1. The corresponding
B(E?2) values are in the order of a few W.u. or less.

(iii) Collective E2 transitions among mixed-symmetry
states with B(E2) values comparable to that of the
21 — 07 transition.

Based on these experimental signatures, extensive studies of
mixed-symmetry states have been performed in the A ~ 100
mass region and, in particular, on the nucleus Mo [11-14],
which is up to now the prime example for low-lying mixed-
symmetry structures. Moreover, states with mixed-symmetry
character are also found in the other stable N = 52 nuclei
%2Zr [15,16], **Nb [17], and *°Ru [18-20], as well as in the
vicinity of the Z = 28,50 and N = 28,82 shell closures; see,
e.g., Refs. [10,21] for a review.

The interpretation of the mixed-symmetry quadrupole
phonon as a fundamental building block of vibrational struc-
tures in atomic nuclei becomes particularly evident in the
Q-phonon scheme [22-24], which provides an intuitive and
semiquantitative picture of mixed-symmetry states. In this
formalism, the lowest-lying symmetric and mixed-symmetric
states, labeled in the following as 2] and 2], respectively,
can be described in terms of Q—pﬁonon excitations of the
correlated ground state. In particular, the combination of a
symmetric and a mixed-symmetry Q-phonon excitation results
in a quintuplet of mixed-symmetry states with spin and parity
quantum numbers J = 0%, 17, 2%, 3%, and 4* [1,12,13].

In addition to the quadrupole case, mixed-symmetry states
of octupole and hexadecapole character have been proposed
recently [25,26]. The assignment is based on the experimental
observation of strong M1 transitions with B(M 1) values in
the order of 13 connecting low-lying 3~ and 4% states,
respectively. Candidates for mixed-symmetry octupole exci-
tations have been proposed for several vibrational nuclei in
the A ~ 100 mass region, among others also for the N = 52
isotones **Zr and **Mo. This excitation mode was predicted in
sdf-IBM-2 calculations [27], suggesting strong E 1 transitions
to the symmetric one-phonon quadrupole excitation as an
additional signature along with the M1 fingerprint. First
evidences for enhanced F-vector E1 transitions have been
observed indeed in a few selected cases [28].

Similarly, one-phonon mixed-symmetry hexadecapole ex-
citations were described by taking into account the hex-
adecapole degree of freedom in IBM-2 calculations, i.e., in
the scope of sdg-IBM-2 calculations for **Mo [26]. In a
recent paper, we adopted this approach for the description
of the exceptionally large M1 strength of the 45 — 4]
transition in “°Ru [29]. It is the purpose of this paper to
provide more comprehensive information on the recently
performed experiments on °°Ru and their results, focusing
on the identification of the 2% and 3" members of the two-
phonon mixed-symmetry quintuplet as well as on symmetric
quadrupole-octupole coupled states. Moreover, we present
shell-model calculations aiming for the description of the
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strong 45 — 41 M1 transition in %Ru within a microscopic
model and to compare the results with those from an algebraic
approach in the sdg-IBM-2 framework.

Section II describes the experimental details, while the
results and their discussion are presented in Secs. III and IV.
Results of the sdg-IBM-2 calculations are shown in Sec. V,
focusing on two-phonon mixed-symmetry states that have not
been discussed in our previous article [29]. The shell-model
calculations and a comparison of the experimental data to the
neighboring N = 52 nuclei **Zr and **Mo are presented in
Secs. VI and VII, respectively.

II. EXPERIMENTAL DETAILS

Two inelastic proton-scattering experiments were per-
formed to extract comprehensive spectroscopic information on
excited low-spin states of *°Ru. The experiment at the Wright
Nuclear Structure Laboratory (WNSL), Yale University, USA,
was performed to extract spins of excited states as well as
branching ratios and multipole mixing ratios of deexciting y-
ray transitions. To extract nuclear level lifetimes an additional
proton-scattering experiment was performed at the Institute
for Nuclear Physics (IKP), University of Cologne, Germany.
Both experiments are described in the following.

A. The *Ru(p, p’y) experiment at WNSL, Yale

An 8.4 MeV proton beam, provided by the ESTU Tandem
accelerator impinged on a 106 pg/cm? isotopically enriched
%Ru target supported by a '2C backing with a thickness of
14 pg/cm?. Data were acquired for 134 hours at an average
beam current of 50 nA.

Deexciting y rays were detected with eight bismuth ger-
manate (BGO)-shielded Clover-type high-purity germanium
(HPGe) detectors of the YRAST ball spectrometer [30]
positioned at 45° (2x), 90° (5x), and 135° (1x) with respect
to the beam axis. The energy of the scattered protons was
measured with five silicon detectors mounted inside the target
chamber at angles of 135°, 133°, 131°, 119°, and 90° with
respect to the beam axis. In an off-beam calibration, an
energy resolution of 70 keV was obtained for the particle
detectors. Because of the energy straggling of the protons in
the target material and kinematic effects, the energy resolution
degraded to 146 keV for the in-beam particle spectra. For
the data acquisition, four triggers were implemented, namely
py and yy coincidences as well as downscaled single-y and
single-proton events. Further details of the experimental setup
can be found in Ref. [31]. The list-mode data were processed
using the sorting code CSCAN. Randomly coincident events
were eliminated by subtracting peak and background matrices
that were obtained by gating on the prompt peak and random
background events in the acquired time-difference spectra. An
excerpt of the acquired proton-y coincidence matrix is shown
in Fig. 1(a). Transitions appear as thin horizontal lines due to
the worse energy resolution in the particle spectra compared
to the y-ray spectra.

From the energies of the scattered protons the excitation
energies E, of the residual *’Ru nuclei were extracted. By
applying gating conditions on the excitation energy of a
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FIG. 1. (a) Proton-y coincidence matrix obtained in the **Ru experiment at WNSL, Yale. Transitions stemming from *Ru are visible as
thin horizontal lines due to the better energy resolution of the HPGe detectors compared to the silicon particle detectors. (b) The summed HPGe
singles spectrum is already dominated by transitions of *Ru, marked with asterisks. (c) By applying a proton gate on the excitation energy of
the 45 state of %Ru at E, = 2462 keV, the peak-to-background ratio is significantly improved. (d) The proton singles spectrum is dominated
by elastically scattered protons and reactions in the backing material. (¢) Applying a y gate on the 47 — 47 transition at E, = 944 keV reveals
peaks in the excitation spectrum corresponding to the excitation of the 4; level as well as states feeding the 47 state.

particular excited state y-ray spectra were generated that
contain its deexciting transitions as well as their subsequent
y decays. This allows us to easily construct the level scheme
of “*Ru. The additionally acquired yy coincidence data were
used to resolve remaining ambiguities. Furthermore, y-decay
branching ratios were extracted with high sensitivity because
of the increased peak-to-background ratio compared to, e.g.,
the y-ray singles spectra and, thus, even weak transitions
could be resolved from the background. However, the y-
ray intensity detected in the HPGe detectors depends on
the angular distribution of the emitted y rays and thus on
their multipolarity. Since for several transitions the multipole
mixing ratio of the transitions, and in some cases even the
spins of the involved states, are not known, a systematic error
of 10% was assigned in addition to the statistical error for the
y-decay branching ratios.

From the yy coincidence data acquired in the experiment
spin quantum numbers J of excited states as well as multipole
mixing ratios é of y ray transitions were extracted by means of
the y y angular correlation analysis, described in detail in, e.g.,
Ref. [32]. The yy coincidence data were sorted into twelve
groups that are characterized by the angles 6, 6, and . 6,
and 6, denote the angles of the two active HPGe detectors
with respect to the beam axis and @ is the angle between the
planes spanned by the beam axis and the directions of y-ray
emission. For a cascade of two coincident y rays with energies
E, and E,, and respective multipole mixing ratios §; and &,
connecting successively states with spins Ji, J,, and J3, infor-
mation on §; and J; can be obtained by fitting the parameters of
the angular correlation function W(6,,6,,9, J1,J2,J3,81,82,4)
to the efficiency-corrected coincidence intensity of the two y
rays. Here, i denotes the width of the initial magnetic substate
distribution and is treated as a free parameter. For the fits, the
program RCORLEONE was used which explicitly takes the finite
solid angles of the HPGe detectors into account. Sample fits
to extract J; and &; for several yy cascades are shown in
Fig. 2.

B. The **Ru (p, p'y) experiment at IKP, Cologne

To extract the lifetimes of excited states in the
subpicosecond regime, the Doppler-shift attenuation method
(DSAM) [33,34] is usually the method of choice. However,
no lifetimes could be extracted from the experiment at WNSL
since the energy-bin width of 1 keV in the y-ray spectra
acquired with the 4096 channel analog-to-digital converters
(ADCs) did not allow for an extraction of Doppler shifts in

. T - T T
— ® Experiment 2800 ® Experiment —
z 26000 | — 450, 6,=0.15(10) (a) —— 22250, 8, = 0.01(5) (b)
= L i 4
j=]
= 24000 — - 2400
= L 4
S
Z’ 22000 — 7 2000
= L 4
5 20000 - -
‘é b 4 1600
18000 T TR N IR N TN I I T I T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
— 2000 ® Experiment N ® Experiment PN
R 1800 | — 4—4-281=-0.19010) (c) i 180 | __ 3032, 6 =-02) | (d) ]
g -e-- 442, 6 = pure E2 ] 160 - 332, §; = pure E2 |
5 1600 - 1
E L 4 -
> 1400 B 7 i
2 1200 |- B :
8 - 4 -
S 1000 - E 1
T T I T I 80 T T T O I
0 2 4 6 8 10 12 0 2 4 6 8 10 12

correlation group correlation group

FIG. 2. Results of the yy angular correlation analysis for the
1518 keV — 832 keV — g.s. (a), the 2283 keV — 832 keV — g.s.
(b), the 2462 keV — 1518 keV — 832keV (c), and the 3077 keV —
1818 keV — 832 keV (d) cascades. The obtained multipole mixing
ratios §; of the first transitions are quoted in the insets. A dominant
M1 character is obtained for the 2462 keV — 1518 keV (c¢) and
3077 keV — 1818 keV (d) transitions. In contrast, an assumed
pure E2 character cannot describe the experimental data for those
transitions.
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the sub-keV regime. Therefore, a second proton-scattering
experiment was performed at the Institute for Nuclear Physics
at the University of Cologne, Germany, aimed at lifetime
measurements.

The same target used for the previous experiment was
bombarded with a 7.0 MeV proton beam, provided by the
10 MV FN Tandem accelerator. y rays were detected using the
HORUS y-ray spectrometer, equipped with 12 single-crystal
and two Clover-type HPGe detectors positioned at angles of
35°(2x), 45° (2x), 90° (6x), 135° (2x), and 145° (2x) with
respect to the beam axis. Four of the single-crystal and the two
Clover-type detectors were equipped with BGO shields for an
active Compton suppression. As in the experiment at WNSL,
the scattered protons were detected in coincidence with the
y rays by six passivated implanted planar silicon (PIPS)
detectors of the SONIC array [35]. The energy resolution
of 15 keV achieved with calibration sources degraded to
70 keV in the in-beam proton spectra. The preamplifier signals
of the detectors were processed with eight DGF-4C Rev. F
modules [36], extracting the energy and time information of
the signals by means of digital pulse processing techniques.
The DGF-4C modules provide pulse-height spectra with 21°
channels which translates into a bin width of 0.12 keV.
The small bin width as well as a careful energy calibration
of the HPGe detectors were mandatory to extract centroid
shifts in the sub-keV regime. To ensure the latter, a 36Co
source was mounted on the target ladder throughout the entire
experiment, allowing for a run-by-run energy calibration. Data
were acquired with a trigger on events with multiplicity two
or higher. Randomly coincident events were eliminated in the
same way as described in Sec. IT A.

The centroid shift version of the Doppler-shift attenuation
method utilizes the angular dependence of the energy centroid
of the detected y-ray peaks given by

E,(©) = Eg(l +F(r)% cos@), (1

where E (}3 is the energy of the unshifted y ray, F(t) the
Doppler-shift attenuation factor, vy the initial recoil velocity,
and © the angle between the initial direction of motion of
the recoil nucleus and the direction of y-ray emission [33].
As discussed in Refs. [37-39], the coincident detection of
scattered protons and deexciting y rays has several advantages.
In particular, the lifetimes extracted from y-ray spectra that
were gated on the excitation energy of the level of interest are
not affected by feeding contributions.

To extract an experimental value for the Doppler-shift
attenuation factor F(7), the py coincidence data were sorted
into eleven groups, characterized by different values of ®. For
several transitions, Fig. 3 shows the peak centroids obtained
for each group as a function of the cos ® value characterizing
the group for several transitions. The value for F () is obtained
from a linear fit according to Eq. (1). Detailed information on
the method of lifetime determination via the (p, p’y) reaction
and the py-coincidence technique has been published in a
dedicated article [39].

The slowing-down process of recoiling **Ru nuclei in the
target (°*Ru) and stopper ('>C) materials was modeled by
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FIG. 3. Centroid shift of the y-ray peaks obtained for the 2§ —
2 transition (a), the 45 — 47 transition (b), the 3 — 2] transition
with the J =3 state at E, = 2851 keV (c), and the 27 — 27
transition (d) as a function of cos ®. The linear trend giving the
Doppler-shift attenuation factor is evident.

means of the Monte Carlo simulation code DSTOP96 [40] which
is based on the code DESASTOP [41,42]. The electron stopping
powers were obtained from the tables of Northcliffe and
Schilling (NS) [43] and corrected for atomic electron structure
effects following the approach of Ziegler and Chu [44,45].
The nuclear stopping was treated according to the theory
of Lindhard, Scharff, and Schigtt (LSS theory) [46] using
a Thomas-Fermi screened Coulomb potential describing the
interaction between the incident ion and the medium atoms
in the form given in [47]. Finally, using the velocity profiles
at different times during the deceleration as generated by the
Monte Carlo simulation, theoretical values for the Doppler-
shift attenuation factor F(t) as a function of the lifetime were
obtained to allow the derivation of the latter by comparison
with the experimental value.

For the simulation of the slowing-down process the com-
positions and thicknesses of the target and stopper materials
have to be known precisely. This was achieved by analyzing
the target by means of an additional Rutherford backscattering
spectrometry (RBS) measurement at the RUBION Dynamitron
tandem accelerator laboratory at the Ruhr Universitat Bochum,
Germany, performed in the scope of this work.

In total, lifetimes of 30 excited states were determined. For
those states where a previously measured lifetime value was
available in literature, our new value is in remarkably good
agreement [39]. For several states it was possible to analyze
more than one depopulating transition. This results in two
or even three independent lifetime values that are consistent
within the experimental uncertainties.

III. RESULTS

The combined data of both experiments provide compre-
hensive spectroscopic information on low-spin states of the
nucleus *°Ru. They are compiled in Table I. The experimental
level scheme obtained in this work is found to be in good agree-
ment with the results of previous experiments [18,19,48,49].
Moreover, 45 new transitions and 10 new excited states were
added to the level scheme. In the following we briefly discuss
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TABLE L Levels in **Ru obtained from the experiments at WNSL and at IKP Cologne. Levels, transitions, lifetimes, and multipole mixing
ratios marked with * were determined for the first time. The quoted lifetime values are obtained in this work unless specified differently. Newly
assigned or revised spin and parity quantum numbers are labeled with f. Otherwise, they are adopted from NNDC data sheets [50]. For the
excitation energies E, and the y-ray energies E,, a systematic error of 0.1 keV and the standard deviation are taken into account.

E, (keV) Jr J7 E, (keV) 1, (%) 8(JF — J7) F(r) 7 (fs)
832.5(1) 2+ 0+ 832.5(1) 100 4.2(3) x 103 *
1518.2(2) 4+ 2+ 685.3(1) 100 9.95(13) x 10° *
1930.9(2) 2+ 2+ 1098.4(1) 100 —1.1Q2) 0.177(10) 3954
2148.5(2) 0t 2+ 1315.9(1) 100 0.112(8) 678+
2149.2(2) 6* 4t 631.4(1) 100
2283.3(2) 2+ 0+ 2283.3(1) 7.2(9) 0.74(3) 23(2)
2+ 1450.9(1) 100(11) 0.01(5) 0.779(10)
2+ 352.3(1)* 0.36(10)
2462.3(2) 4t 2+ 1629.7(1)* 4.2(8) 72(5)
4+ 944.1(1) 100(11) —0.19(10) 0.516(12)
2524.4(6) 3+ 4+ 2+ 1692.3(1) 100(15) 10077
4t 1005.4(1) 29(4) 0.434(17)
2+ 593.7(2) 0.8(4)
2528.0(2) 1+,2* 0t 2527.8(1) 26(3) 0.494(18) 79(8)*
2+ 1695.6(1) 100(12)
2+ 597.12)* 1.4(3)
2575.7(4) 2" 0+ 2575.7(1) 77(11) 0.396(9) 11915
2+ 1742.8(2) 100(17) —0.09(11)"
2+ 645.2(2)* 12(2)
2578.5(5) 1,2+ 3+ 2+ 1745.6(2) 100(15)
2+ 648.0(2) 49(7) 208 °
2588.6(2) 5 4t 1070.2(1) 100 —0.01(4) 0.017(8) >4000°¢
2650.0(2) 30 2+ 1817.4(1) 100(12) 0.02(4)* 0.131(4) 54474
4t 1131.6(1) 33(4)
2+ 719.0(1) 2.5(5)
2+ 366.7(2) 7.7(10)
2699.7(2) 4t 2+ 1867.0(2)* 3.5(9)
4+ 1181.5(1) 7.4(16)
4 237.7(2) 100(11)
3+ 4+ 175(2) —d
5- 111(2) —d
2739.7(5) 2+ 0+ 2739.5(1)* 1.93) 444(37)*
2+ 1906.8(1) 33(4) 3t 0.163(9)
2t 808.4(1) 100(11) —0.01(9)* 0.142(9)
0t 591.4(2) 0.9(3)
2+ 456.2(2) 5.2(7) —0.20(17)*
1+,2+ 211.82)* 2.7(4)
2760.1(2) 4t5 4+ 1241.8(1) 100 0.74(3) 27(5)*
2794.0(4) 5,6 4t 1275.5(2) 46(11)
6t 644.2(2) 100(19)
2851.4(2) 3t 2+ 2018.8(1) 100(11) 0.04(5)* 0.120(5) 59673
4t 1333.3(1) 26(3)
2+ 920.4(1) 10.0(13)
2+ 568.2(2) 6.4(9)
2891.0(2) 6+ 6+ 741.8(1) 100 <300¢
2897.6(3) 3+ 2t 2064.9(1) 27(3) 0.17(2) 43218
4+ 1379.4(1) 38(5)
2+ 966.3(1) 100(11) 0.07(4)* 0.147(11)
2+ 614.32) 6.5(12)
4t 435.8(2) 11.5(16)
() 322.12)* 2.4(6)
2987.8(2) 0+t 2+ 2155.3(1) 100 0.494(77) 77(7)*
2996.1(2) 3+ 4+ 2+ 2163.4(1) 100(13) 0.28(2) 205130
4+ 1478.1(1) 19(3)
3+ 4+ 471.6(2) 18(3)
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TABLE 1. (Continued.)

E, (keV) Jr 7 E, (keV) 1, (%) 8(JT — J7) F(1) T (fs)
3055.002)* 2+ 3,4+ 2+ 2222.42)* 54(7) 0.30(3) 18172
4+ 1536.9(2)* 100(12)
2+ 1124.1(1)* 74(9)
3059.9(4) 4+t 2+ 2227.0(2) 12.5(18)
2+ 1128.9(1) 100(11) —0.00(15)*
6+ 911.0(2)* 1.7(5)
2+ 776.2(1)* 25(3) 0.4(3)*
30 410.42) 7.5(11)
3072.8(2) 4t 36 422.7(2)* 63(8) 0.00(7)*
5" 484.3(2) 100(12)
3075.8(5) 30 2+ 2243.3(1) 6.8(11) 0.73(12) x 10%*
4+ 1556.9(2) 45(5)
2+ 1144.8(1) 100(11) 0.099(11)
2+ 792.3(1)* 26(3)
4 615.0(2) 4.2(10)
36) 426.2(2) 34(4) —0.2(3)
4+ 5+ 376.7(2)* 14.9(19)
3089.7(2) 2+ 0+ 3089.8(2) 3.4(6) 0.695(17) 32(3)*
2+ 2257.0(1) 100(11) —0.6(2)*
2+ 1158.8(2)* 4.8(8)
3154.3(2) 1< 0+ 3154.1(1) 100(12) 0.89(2) 9(2)
2+ 2322.02) 4.6(8)
2+ 1223.4(2) 12.0(17)
3166.5(2) (5,6) 4+ 1648.3(1) 100
3208.1(3) 2,6 2+ 2375.5(1) 100(13) 0.87(5) 11(4)*
4+ 1690.2(1) 95(25) 0.78(4)
2+ 1277.0(1)* 47(7) 0.82(9)
3231.8(2) @Ht 0+ 3231.9(2)* 12.7(18) 39(5)*
2+ 2399.3(2)* 13.5(19)
2+ 1300.8(1) 100(12) 0.12)* 0.39(2)
3261.5(8) 2+ 0+ 3262.3(2) 45(6) 48(11)*
2+ 2428.1(1) 100(12) —0.06(12)* 0.65(3)
2+ 1331.7(1) 87(15)
3282.4(2) 1 0+ 3282.2(1) 100(12) 0.66(3) 37(6)
2+ 2450.0(2)* 42(6)
0+ 1133.8(2)* 9.4(17)
3291.5(5) 4+ 2+ 2458.6(1) 100(17) 0.43(7) 100(29)*
4+ 1773.8(2) 38(8)
3+ 4+ 766.9(1) 43(8)
3339.4(3)* 2,3+ 2+ 2506.6(1)* 100(12) 0.125(12) 549152
2+ 3 488.2(2)* 10.0(16)
4 279.9(2)* 6.5(10)
3377.8(9) 5+ 6+ 1227.9(2) 100(17)
4+ 1860.2(2) 24(7)
3398.1(3)* 2+ 3.4+ 2+ 2565.3(1)* 87(13) 0.27(3) 204139+
4+ 1880.2(1)* 61(10)
2+ 1466.9(1)* 75(11)
36 748.2(1)* 100(14)
4+ 5 698.4(1)* 41(7)
3443.2(2)* 2+ 2610.7(2)* 16(4) 147(39)*
2+ 1512.3(1)* 100(14)
1+,2+ 915.1(1)* 57(8) 0.34(5)
1 289.0(2)* 13(2)
3448.5(2) 1 0+ 3448.4(2) 100 182(31)!
3458.5(7)* 2+ 2626.2(2)* 16(3) 41(6)*
2+ 1937.2(1)* 100(18) 0.64(3)
2+ 1527.5(1)* 76(12)
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TABLE 1. (Continued.)

E, (keV) J7 7 E, (keV) 1, (%) 8T — JT) F(7) T (fs)

3479.4(2) 1 0+ 3479.3(1) 100(12) 0.61(3) 47(6)
2+ 2647.0(2)* 14(2)

3493.1(2)* 4+ 1974.9(2)* 76(13)
4 1030.7(1)* 100(17)

3499.8(2)* 2+ 2667.1(1)* 100(13) 0.40(5) 109(25)*
4+ 1037.6(2)* 43(6)

3514.7(2)* 4+ 1996.5(2)* 100

3522.22)* 2+ 2689.7(1)* 100 0.57(4) 53(10)

3597.3(2)* 2+ 2764.8(1)* 100

*Adopted from [51].
b Adopted from NNDC database.
¢Adopted from [49].

94No reliable photopeak efficiency has been obtained for E, < 200 keV.

¢Adopted from [19].
fAdopted from [20].

the experimental results for several excited states that are either
of particular interest for the discussion in Sec. IV or of those
whose experimental observables are in conflict with previous
experiments.

1931 keV level. A y-decay of this level to the ground
state was reported in [19] which is not confirmed from our
present data. From the present experiment, an upper limit
for the y-decay branching ratio of 0.5% was extracted for
the ground-state transition, which is considerably smaller
compared to the previously reported value of 6(1)% [19]. The
new measured level lifetime of 3951’2; fs is smaller compared
to the value reported in a previous measurement [49], but
agrees within the experimental uncertainties. The error of the
lifetime value is reduced by a factor of four. The obtained
multipole mixing ratio of § = —1.1(2) is in agreement with a
previous measurement [19].

2283 keV level. The 2§ state at 2283 keV has been
previously identified as the one-phonon quadrupole mixed-
symmetry state 2] - based on the measurement of absolute
M1 and E2 transition strengths [18]. The multipole mixing
ratio for the y decay to the 2] state of § = 0.01(5) extracted
in this experiment [see Fig. 2(b)] is smaller than the value
of § = 0.12(3) quoted in Ref. [19]; however, it agrees with
the value of § = 0.03(10) reported in Ref. [48]. In any case,
all measurements agree on a dominant M1 character of the
2; — 2;“ transition. In our previous article [29] a lifetime
value of T =25(3) fs was used to calculate the transition
strengths quoted therein. Because of an improved error
analysis, we slightly revise the value to T = 23(2) fs. The level
lifetime is in excellent agreement with a previously measured
value of T = 22(7) fs [18]. A new y decay branching to the
27 state at 1931 keV has been observed in this work. The low
y-ray energy of 352 keV suggests a dominant M1 character
for this transition.

2462 keV level. Based on the observation of a new y-ray
transition from this J = 4 level to the 2f state, a positive
parity was assigned. The lifetime value of 7 = 72(5) fs [see
Fig. 3(c)] obtained in this measurement is about a factor of 2
lower compared to the one reported in [49]; however, it still

agrees within the uncertainties. The obtained multipole mixing
ratio of § = —0.19(10) indicates a dominant M 1 character for
the 4; — 4T transition [see Fig. 2(c)].

2740 keV level. On the basis of its y-decay branching ratios,
this state has been previously interpreted as the 27 member
of the (mes ® 2‘1"’5) quintuplet [19]. In this work we extracted
the multipole-mixing ratios for the transition to the 2| (§ =
3t and 25 (8 = —0.01(9)) states, indicating dominant E2
and M1 characters, respectively. The extracted lifetime of
T = 444(37) fs is in agreement with a previously quoted upper
limit of 0.58 ps [19]. A weak y decay branching to the ground
state has been observed in this work for the first time.

2898 keV level. This state has been previously assigned as
the 3" member of the (2 ® 2 ) quintuplet [19]. For the

I,ms
decay to the 2; state a multipole mixing ratio of § = 0.07(4)
was obtained for the first time. The extracted lifetime of
T = 432in§ fs is in agreement with the upper limit of 0.58 ps
which was reported in [19]. However, the deduced branching
ratios are in conflict with previous results [19]. While the
relative intensities for the decays to the 4]L and 2;“ states
are factors of 2 and 3 weaker, respectively, the branching
ratio for the decay to the 47 state is larger by a factor
of 4. Since the branching ratios obtained from the present
(p,p'y) experiments at IKP Cologne and WNSL are in
agreement within the quoted uncertainties, a systematic error,
e.g., stemming from perturbed py-angular correlations, is
unlikely. Possible contributions from other y-ray transitions
to the peak intensities were excluded on the basis of the yy
coincidence data. Hence, we revise the y-decay branching
ratios quoted in Ref. [19].

3076 keV level. For this state, a negative parity had been
assigned based on the observation of a y decay to the 5~ state
at E, = 2588 keV [49]. As in Ref. [19], this y decay was not
confirmed in the present experiments, so that a positive parity
cannot be ruled out. However, the excitation energy of this
level is close to known 3~ states of **Zr and **Mo [14,15] at
3040keV and 3011 keV, respectively. Hence, a negative parity
is tentatively assigned since no other possible J* = 3~ state
is found up to an excitation energy of 3.4 MeV. A lifetime of
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T = 0.73(12) ps and a multipole mixing ratio of § = —0.2(3)
for the decay to the 3(17) state were extracted from the present
data for the first time.

3154 keV level. A (21 ms ® 2T3)1+ character was proposed
for this J = 1 state due to a fentatively assigned positive
parity [20]. The newly measured value for the lifetime of
T = 9(2) fs is almost a factor of 2 larger compared to the value
obtained from a previous (y,y’) experiment [20]; however, it
still agrees within the uncertainties. The y-decay branching
ratio for the decay of this level to the 2 state is found to be a
factor of 2 smaller compared to the (y,y’) results [20].

3282 keV level. Based on a tentatively assigned negative
parity, this state was proposed to be the 1~ member of the
(27 ®37) quintuplet [20]. Two new y-decay transitions to
the 2;“ and O;’ states were obtained with relative intensities of
42(6)% and 9.4(17)%, respectively. The extracted lifetime of
T = 37(6) fs is in excellent agreement with the value obtained
in a (y,y’) experiment [20], when taking into account these
new decay branching ratios.

IV. DISCUSSION

A. Coupling of symmetric quadrupole and octupole phonons

The coupling of the symmetric quadrupole and octupole
phonons (2] ® 37) results in a quintuplet with spin and parity
quantum numbers J* = 17—57 [52]. The coupling of two
nonidentical phonons is of particular interest since one expects
a high degree of harmonicity due to the reduced Pauli blocking
compared to, e.g., the coupling of two symmetric quadrupole
phonons. For the nucleus *°Ru, the center of gravity of the
multiplet is expected around an excitation energy of E(3]) +
E(2]) = 3482 keV.

Signatures for the two-phonon character are transitions
to the constituent phonons, i.e., the symmetric one-phonon
quadrupole and octupole states with transition strengths
equal to the B(E3;3] — 0+ )and B(E2; 2+ — 0 <) values,
respectively [53,54]. In addmon a rather strong E 1 ground-
state transition has been observed for the 1~ member of the
quintuplet [55].

From a previous (y,y’) experiment, the lf state at
E, = 3282 keV has been proposed as a candidate for the
1~ member of the quintuplet despite missing parity infor-
mation [20]. Unfortunately, a possible y decay to the 3(17)
state was not observed in the present experiments due to
the intense 6?’ — 4?’ yrast-band transition, which is close

in energy to a hypothetical 1?[ — 3(1_) transition. However,
a y decay to the 2| state was observed in addition to the
previously known ground-state transition. In a simple phonon
picture, the ratio of the B(E1) strength to the ground state
and the B(E1;3] — 2?’) value is expected to be 7/3 if
a two-phonon E1 operator is considered [56]. With values
of B(E1;3\” — 21) =0.099(17) mW.u. and B(E1; 1T —
0;;) = 0.24(6) mW.u., this is in excellent agreement with
the phonon-picture estimate and supports the quadrupole-
octupole coupled structure of the lf state. However, if a
negative parity is assumed for the J = 1% state at E, =
3480 keV, a ground-state transition strength of 0.21 mW.u. is
obtained which results in a similar value for the B(E1) ratio.
Nevertheless, for most even-even nuclei where candidates for
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the J* = 1~ member of the quintuplet have been proposed,
the excitation energy has been found to be systematically
lower by about 5-10% compared to the sum energy of the
constituent phonons [57,58]. Thus, it is more likely that the
state at E, = 3282 keV represents the main fragment of the
(2] ® 37)1- state of %Ru. However, an experiment aiming
for the parity determination of the dipole excitations would
be desirable to clarify their structure. For the dipole excitation
at E, = 3449 keV a two-phonon character is unlikely since
no transitions other than the decay to the ground state were
observed.

In total there are four states with a y -ray transition to the 3(17)
state. Because of the small multipole mixing ratios for their
transitions to the 3(17) state, the states at 3073 and 3076 keV can
be excluded to be of quadrupole-octupole coupled structure,
as well as the J = 4 state at 3060 keV due to its positive
parity. The y-decay properties of the newly assigned state at
E, = 3398 keV agree with the expectations for a quadrupole-
octupole coupled state, and therefore this state is a candidate
for the 3= member of the quintuplet. However, a spin and
parity assignment is missing for a firm identification.

B. One- and two-phonon mixed-symmetry quadrupole
excitations

The 2; state of °Ruat E, = 2283 keV has been previously
identified as the one-phonon mixed-symmetry quadrupole

state 2Tms based on the particular combination of a strong M 1

transition to the 2 state and a weakly collective E2 transition
to the ground state [18]. The transition strengths of
B(M1;27 - 2)=0.7514)u, and B(E2;27 — 0)) =
1.5(3) W.u. obtained in this work are in excellent agreement
with the previously reported values [18] and confirm the 21 s
assignment. However, the uncertainty of the B(M1) strength
was reduced by almost a factor of 2.

The new data allow for a comprehensive study of the M1
strength distribution for decays to the 2] state; i.e., study of a
possible fragmentation of the 21 s State. Figure 4(a) shows the
obtained M1 strength distribution for transitions of low-lying
27 states to the 2] state, while the corresponding E2 strength
distribution for decays to the ground state is shown in Fig. 4(b).
The former is dominated by the M1 transition from the 2;
state, while the transition from any other 27 state is weaker
by almost one order of magnitude. In particular, no other 2+
state shows decay characteristics similar to that of the 27 state.

Thus, no considerable fragmentation of the 21 s State is found

in the case of *°Ru.

In a simple phonon picture, a two-phonon quintuplet of
0T —4% states is expected from the coupling of symmet—
ric and mixed-symmetric quadrupole phonons 2+ ®21 ms
at the sum energy of the constituent phonons; i.e., at
EQ2{)+ E@2§)=3.1 MeV. The 1%, 2*, and 3" members
of the quintuplet are expected to decay via M1 transitions to
the symmetric two-phonon 2% state with transition strengths
comparable to that of the 21 ms 2+ transition. Along with
the M1 fingerprint, a weakly collectlve E?2 transition to the
symmetric one-phonon state is expected with a transition

strengths comparable to that of the 21 ms 0;& transition.
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FIG. 4. The upper panel shows the measured M1 strengths
distribution for the decay of low-lying non-yrast 2* states to the 2}
state. The corresponding E?2 transition strengths to the ground state
are shown in the lower panel. Arrows mark transitions with strengths
smaller than 0.05 W.u. Because of its characteristic decay properties,
the 27 state represents a good realization of the one-phonon mixed-
symmetry quadrupole excitation.

In a previous study, the 25+ and 3; states at excitation
energies of 2740 and 2898 keV, respectively, have been
proposed to be members of the two-phonon quintuplet [19].
The assignments were based on the similarity of the y-
decay branching ratios to the well established 2t and 3™
members of the two-phonon mixed-symmetry quintuplet in
%Mo [12,13]. However, no multipole mixing ratios and only
upper limits for lifetime values were reported, so that a firm
identification on the basis of reduced transition strengths was
missing. The new experimental data obtained in this work
allowed for a determination of transition strengths for the
de-excitation of the 25 and 37 states. The decay properties

of the 27, 27, 37, and 1(1+) states of *°Ru are shown in Fig. 5,
including the reduced transition strengths for transitions to
lower-lying states. For the 23 — 27 transition an M1 strength
of 0.17(3) ulz\, is obtained along with an E?2 transition strength
of 0.58(15) W.u. for the decay to the 2 state, supporting the
27 s assignment of the 27 state.

For the 3] state, only a small M1 transition strength
of 0.078(14) 1%, is obtained for the decay to the 2] state.
This is about one order of magnitude weaker compared

to the B(M1;2], — 27) value and a factor of 3 weaker

compared to the 3} — 27 transition of **Mo [14]. However,
the transition is of dominant M1 character, and the transition
matrix element of (3;||f(M1)||2;) = 0.74(7) un does not
exclude a mixed-symmetry character. A possible explanation
of the decrease of M1 strength might be a fragmentation of the
3. state. Indeed another J = 3 state is located close in energy
at £, = 2851 keV.InRef. [19], this state was rejected to be the
31, state, based on its different y-decay properties compared
to the 37 state of *Mo. Unfortunately, no multipole mixing

PHYSICAL REVIEW C 92, 064317 (2015)
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FIG. 5. Decay properties of candidates for the 11, 2%, and 3%
members of two-phonon mixed-symmetry quintuplet. The thickness
of the arrows corresponds to the measured y-decay intensities. If
available, the measured M1 and E2 transition strengths are quoted
as well. M1 transitions are indicated with the unit u3,, while E2
transitions are quoted in W.u. The dashed horizontal line indicates
the sum of the excitation energies of the 2 and 27 states.

ratios could be extracted in this work for the transition to the
27 state. Assuming a pure M1 character, a transition strength
of 0.086(16) uf\] is obtained which is of comparable size to the
B(M1;35 — 27) value.

It has to be emphasized that also the B(M 1;2;r — 2; )
value is only 30% of the 2] . — 27 M1 transition strength

1,ms
and about 40% weaker than the B(M1;2 = — 2;) value

2,ms
for **Mo [14]. Thus, a fragmentation of the 2 = cannot be
excluded as well. However, this cannot be studied on the basis
of the present experimental data due to a lack of experimental
multipole mixing ratios for 2" — 23 (i > 2) transitions.

A candidate for the 1}  was obtained from a (y,y’)
experiment, based on its excitation energy of E, = 3154 keV
and a tentatively assigned positive parity [20]. Neither in
the (y,y’) experiment nor in the present experiments was a
y-decay branching to the 2T,ms state observed for any of the
dipole excitations, as is the case for, e.g., the 1:55 state of the
neighboring nucleus **Mo. Moreover, no parity information
was extracted from the present experiments, so that a firm
identification of the 1+ state of *°Ru is still missing.

C. One-phonon mixed-symmetry octupole excitations

Strong M 1 transitions to their fully-symmetric counterparts
are a fingerprint of mixed-symmetry states. Thus, strong M1
transitions to the lowest-lying 3| state, which is usually inter-
preted as the symmetric one-phonon octupole vibrational state,
have been regarded as evidence for mixed-symmetry octupole
excitations [25]. In addition, strong F-vector E1 transitions
to the ZT state are predicted in the U ,(1) ® U, (5) @ U, (7)
limit of the sdf-IBM-2, according to the two-body nature of
the E'1 transition operator [27,28].

In “°Ru, the 3(2_) state was found at an excitation energy
of 3076 keV. This is close to the excitation energies of
the proposed 3 candidates of 227r and **Mo. Assuming
a negative parity for the 3(2_) state, a transition strength of

B(M1;35” — 37) = 0.14(4) u% is obtained. Thus, this state
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only an upper limit has been reported up to now. The data, except for

%Ru, are adopted from [25].

is a likely candidate for the one-phonon mixed-symmetry
octupole state. Similar to %Mo, a sizable E1 strength of
B(E1) = 0.14(3) mW.u. was obtained for the decay to the
one-phonon quadrupole mixed-symmetry state. However, only
asmall E1 strength of B(E1;35” — 21) = 0.0017(3) mW.u.
is obtained for the decay to the symmetric one-phonon
quadrupole state, which is in conflict with the sdf-IBM-2
prediction.

In the U ,(1) ® Uz, (5) ® Uy, (7) limit of the sd f-IBM-2,
the reduced transition strength of the 3, — 3| transition can
be calculated analytically [27]:

9 NN

B(M1335, = 31) = —(8x — &) — 7~ )
with g, and g, being the proton and neutron g factors for
the f bosons and N, N,, and N, the proton, neutron, and
total boson numbers, respectively. Assuming '®Sn as inert
core gives N, = 3 and N, = 1. With the bare orbital g factors
for protons and neutrons (g, = 1 and g, = 0), a reduced M1
transition strength of 0.54 p3; is predicted, which is almost a
factor of 4 larger compared to the experimental value. Note
that the same value is obtained if *®Sr is assumed as inert core.
As discussed in Ref. [25], the (37||M1[|35”) matrix

element is expected to scale with the one for the 2fms — 2?8

transition if a 3  character is assumed for the 3(2_) state.
With the bare orbital g factors, the sdf-IBM-2 predicts a
value of \/14/5 ~ 1.67 for the ratio of their absolute values.

From the present data, an experimental ratio of % =
0.53(9) was obtained which is about a factor of 3 smaller
compared to the predicted value. Figure 6 shows this value
for *Ru in comparison to the other A ~ 100 nuclei that
were investigated with respect to mixed-symmetry octupole
excitations in Ref. [25]. Among others also the N =52
isotones °*Zr and **Mo are shown. The present value is about
a factor of 2 smaller compared to the lighter N = 52 isotones,
but close to the value for **Mo. The reduced value for **Ru
compared to the other N = 52 isotones might result from a
fragmentation of the mixed-symmetry octupole excitation, a
less collective nature of the M1 transition in the case of *°Ru,
or the more O(6)-like structure of *°Ru compared to, e.g.,
Mo (see Sec. V).
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D. One-phonon mixed-symmetry hexadecapole excitations

Based on the observation of strong M 1 transitions connect-
ing the lowest-lying 4+ states in **Mo and °*Zr, one-phonon
hexadecapole components of symmetric and mixed-symmetric
character have been discussed to contribute to the wave
functions of the 4 and 45 states, respectively [14,15,26]. In
particular for the case of **Mo, the one-phonon hexadecapole
assignment is supported by recent sdg-IBM-2 and shell-
model calculations, the latter using a surface delta interaction
(SDI) [26]. For *°Ru, the 4; state is found at an excitation
energy of E, = 2462 keV. A transition strength of B(M1) =
0.90(18) /LIZ\I is obtained for the transition to the 4T state
which is comparable to the corresponding M1 transition
strength of B(M 1) = 1.23(20) % found in **Mo. Thus, the
strong M 1 transition suggests symmetric and mixed-symmetry
one-phonon hexadecapole components in the wave functions
of the 4] and 47 states, respectively.

In the case of **Mo, strong 47 — 4] M1 transitions with
i > 2 have been observed experimentally in addition to the
47 — 4 transition [14]. Unfortunately, the assignment of
spins and multipole mixing ratios for higher lying 4™ states and
transitions to the 4 state in “°Ru are ambiguous on the basis
of the present experimental data, and thus a fragmentation of
the corresponding M 1 strength could not be analyzed.

V. sdg-IBM-2 CALCULATIONS

The sdg-IBM-2 calculations follow the approach of
Ref. [26] for the description of %Mo. Technical details of the
present calculation for the case of %Ru, such as the chosen
Hamiltonian and transition operators as well as their adopted
parameters, have already been discussed in a preceding
article [29] and will not be repeated here. In the previous
paper, the discussion focused on the interpretation of the
observed strong M1 transition connecting the lowest-lying 4+
states as an F-vector transition connecting mixed-symmetry
and fully-symmetric states with one-phonon hexadecapole
character. Indeed, this interpretation was supported by the
calculations. In the present article, we restrict ourselves to
the discussion of the sdg-IBM-2 results for the one- and
two-phonon mixed-symmetry quadrupole excitations.

The results of the sdg-IBM-2 calculations are compiled
in Table 1I for the low-lying J™ = 0T —4" states. Except
for the 05 and 2; states, the experimental level energies are
reproduced within a deviation of less than 260 keV. Also the
calculated transition strengths are in overall agreement with
the experimental values.

From the calculated F-spin quantum numbers, a mixed-
symmetry character is obtained for the 27, 27, 37, and 45
states. Experimentally, the 2; state was identified with the
one-phonon quadrupole mixed-symmetry state, which is in
agreement with the present calculations. The IBM calculations
result in a dominant one-phonon character for this state with
s- and d-boson contents similar to those of the symmetric
one-phonon state. While the M1 transition strength for the
decay to the 2] state is fixed in the calculation by the choice
of the proton g factor, the weakly collective E2 transition to
the ground state is reproduced by the calculation. However,
the calculated value is larger by a factor of 2. Since the weakly
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TABLE II. Results of the sdg-IBM-2 calculations in comparison to the experimental data. The experimental and calculated level energies
(columns 2 and 3) are given in units of MeV. Columns 5, 6, and 7 show the calculated s-, d-, and g-boson contents in the IBM wave functions.
In the last two columns, the reduced transition strengths are given. M 1 strengths are quoted in units of u%; E2 strenghts are given in units of
W.u.. The calculated F-spin quantum number is quoted in column 4. An F-spin quantum number of 2 corresponds to maximum F spin, i.e., a

fully-symmetric character.

Level Energies F Transition strengths
(MeV) Boson numbers [W.u. (E2) and ui, (M1)]
Eexp Epm (ny) (na) (ng) ST = J7 oA B(0 Mexp B(o MM

0y 0.000 0.000 2 34 0.3 0.0

05 2.149 2.596 2 2.2 1.5 0.3 0y — 2f E2 11.7(18) 7.7

17 3.154 2.944 1 1.7 1.8 0.5 17 - of M1 0.17(6) 0.13

2f 0.832 0.832 2 2.6 1.3 0.1 2 —of E2 18.1(5) 18.4

27 1.932 2.165 2 1.8 2.0 0.2 25 —2f M1 0.05(2) 0
25— 2f E2 28(9) 24

27 2.283 2.322 1 2.5 1.2 0.3 25— 2f M1 0.75(14) 0.69
27 > of E2 1.5(3) 2.53

27 2.740 3.637 1 1.7 1.8 0.5 27 —>0f E2 0.006(12) 0
27 —>2f E2 0.58(15) 1.92
25— 27 M1 0.17(3) 0.17

3f 2.852 3.072 2 1.7 1.5 0.8 3F—2f E2 <0.01 0
3F—2f M1 0.008(1) 0
3F—=2f E2 <5.58 14.7

37 2.898 3.158 1 1.7 1.9 0.4 37— 2f E2 <0.28 3.17
37 —2f E2 0.02(4) 0
35— 2 M1 0.078(14) 0.563

af 1.518 1.523 2 2.3 1.2 0.6 4F — 2f E2 22.6(17) 25.6

45 2.462 2482 1 2.6 0.5 0.9 47 — 4f M1 0.90(18) 1.13
45 — 2f E2 1.52(19) 1.44

collective E2 transition stems from a destructive interference
of proton and neutron contributions in the E2 transition
operator, this might be improved by adjusting the adopted
value for proton and neutron effective charges, however, at the
cost of an additional free parameter in the calculation.

A two-phonon quadrupole mixed-symmetry character is
predicted for the 1;” s 2;', and 3;’ states. This is reflected in
their d-boson contributions that are enhanced by about 30%
compared to the one-phonon quadrupole excitations. However,
they are similar to that of the O; and 2;“ states which are the
symmetric two-phonon states. The excitation energy of the
25+ state is overestimated by almost 1 MeV, but the transition
strength for its decay to the 2; state is in agreement with the
data. As it is the case for the 2;“ state, the weakly collective
E? transition to the 2 state is overestimated by a factor of 3.

For the 3] state, a strong M1 transition to the 2 state is
predicted along with a weakly collective E2 transition to the
ZT state, as expected for a two-phonon mixed-symmetry state.
However, the experimental value is smaller by almost one order
of magnitude. Also the small E2 transition to the 2] state is
not described by the calculations. For the 3] state, a dominant
(g'd"®-boson structure is predicted, reflected by the vanish-
ing E2 transition strength to the 2] state because of d-parity
conservation rules [59] and its enhanced g-boson contribution.

VI. SHELL-MODEL CALCULATIONS

Several shell-model (SM) studies have been previously
performed in the A =~ 100 mass region to describe the
experimentally observed properties of mixed-symmetry states.
The calculations focused on a description of the N = 52 nuclei
227r [16], **Mo [8], and *°Ru [19], using two-body matrix
elements (TBMEs) obtained from a surface delta interaction
(SDI). Moreover, calculations for the whole N = 52 isotonic
chain have been performed using a Vjo interaction [60].
Additional studies have been carried out for neutron-deficient
Cd isotopes [61] as well as for Zr isotopes [62].

The purpose of the present study is to obtain a micro-
scopic interpretation of the observed strong 41 — 4] M1
transition strength. While the sdg-IBM-2 calculations support
the interpretation of an isovector M1 transition connecting
mixed-symmetric and fully-symmetric states, the large M1
transition matrix element might also be explained by the
underlying microscopic structure: if similar single-particle
configurations with large g factors are assumed to be present
in the wave functions of the 4] and 4; states, this might
result in a strong 4; — 4T transition as well. On the other
hand, contributions from ds;, <> d3;, spin-flip transitions
might also account for the large B(M 1;45 — 47) values that
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872 ——on -2.802 MeV
hyyp -3.884 MeV
d3p -3.935 MeV
S1jp ——on -4.717 MeV
892 ——— -1.934 MeV
P ——— -2.684 MeV dsp, -5.820 MeV

8Sr core

FIG. 7. Model space used for the present SM calculations. The
single-particle energies for the proton (left) and neutron orbits (right)
relative to the %¥Sr core are adopted from Ref. [63].

have been experimentally observed for all stable, even-even
N =52 isotones. Because of their microscopic character,
these interpretations are beyond the scope of sdg-IBM-2
calculations. In order to examine these possibilities, the present
shell-model calculations aim for an investigation of the proton-
neutron symmetry of the wave functions of low-lying 2% and
47 states.

The SM calculations were performed with the m-scheme
code NUSHELL@MSU [64]. The model space for a 8Sr core
included the proton orbitals p;,, and gg,» as well as the neutron
orbitals d5/2, 81725 S1/25 d3/2, and h11/2. The single-particle
energies (SPEs) were adopted from Ref. [63], where they were
fixed to reproduce the extrapolated values fora '®’Sn core [65].
The model space and the corresponding SPEs are depicted in
Fig. 7. TBMEs were obtained from an effective interaction
that was derived by employing a pertubative many-body
scheme starting from the free nucleon-nucleon interaction as
described in Ref. [66]. This interaction has been previously
used to study Gamow-Teller (GT) strength in 100¢d [63] and
for the description of **!%Pd nuclei [67-69]. To adjust the
proton and neutron effective charges e, and e,, a method was
applied that takes advantage of the different proton-neutron
symmetries of the wave functions of the 2} and 2+ states.
Instead of adjusting the proton and neutron effectlve charges
er and e, separately, the isoscalar and isovector effective
charges e;g = %(eﬂ +e,) and ey = %(ejr — e,) were varied
to simultaneously describe the experimental B(E2;2] — 07)
and B(E2;27 — 0]) values. Following this approach, as
described in more detail below, we obtained the effective
charges of e, = 2.215¢ and e, = 0.661e used for the present
calculation. For the spin g factors we applied a quenching
factor of o = 0.57 in order to obtain pure isovector M1
transitions [8].

The level scheme and transition strengths calculated with
the SM are shown in Fig. 8 and Table III, respectively, in
comparison to experiment and the results of the sdg-IBM-2
calculations. The SM low-lying level scheme is in good
agreement with the experimental one. However, a few devia-
tions are observed above an excitation energy of 2 MeV: the
calculated 47 state is found at an excitation energy similar to
the experimental 4; state. In addition, the largest M 1 transition
strength to the 4, state is calculated for the deexcitation of the
4; level. The SM calculation does not predict any other 4+
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FIG. 8. Comparison of the experimental level scheme (middle)
with the results of the sdg-IBM-2 (left) and shell-model calculations
(right). In the cases where a one-to-one correspondence of the
experimental and calculated states on the basis of similar decay
properties was obtained, they are connected with dashed lines.

TABLE III. Experimental reduced E2 and M1 transition
strengths compared with the results from SM and sdg-IBM-2
calculations. E2 strengths are given in units of W.u., M1 transitions
are quoted in p%. If not indicated differently, the experimental values
are obtained from this work.

Transition Experiment SM sdg-IBM-2
B(E2;2{ — 0)) 18.1(5)* 18.1 18.4
B(E2;0f — 21) 11.7(18) 2.6 7.7
B(E2;25 — 0}) <0.002 0.95 0
B(E2;25 — 21 28(9) 19 24
B(E2;2% — 0F) 1.5(3) 1.5 2.53
B(E2;2% — 2) 0.58(15) 0.22% 1.92
B(E2;37 — 2)) 0.28(5) 2.17 32
B(E2;37 — 2)) 0.2(4) 1.0 0
B(E2;47 — 2 22.6(17)* 21.7 25.6
B(E2;45 — 21) 1.5(4) 1.1¢ 1.44
BM1;1{ — 0)) 0.17(5) 0.08 0.13
B(M1;25 — 21 0.05(2) 0.0012 0
B(M1;25 — 21 0.75(14) 0.72 0.69
B(M1;2¢ — 27) 0.17(3) 0.44° 0.17
B(M1;2F — 21) 0.047(11) 0.137° 0
B(M1;3] — 27) 0.078(14) 0.265 0.563
B(M1;4; — 4)) 0.90(18) 1.32¢ 1.13

*Adopted from Ref. [19].
®Value for the 2; SM state.
“Value for the 47 SM state.
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state with a comparable transition strength. Because of their
similar excitation energies and decay properties we identify
the calculated 47 state to correspond to the experimental 4;
state. Similarly, the calculated 2] state is the only 2% state
above the 2;’ state with a considerable B(M 1) strength for a
transition to the 2;’ state, and thus we identify the ZI SM state
to be the experimental 25+ state.

The transition strengths obtained from the SM calculations
are in good agreement with the experimental data (see
Table III). Note that only the B(E?2) values for the ground-state
transitions of the 27 and 27 states were fixed to reproduce the
experimental values. The calculated B(M1;2] — 2) value
is in excellent agreement with the experimental value and
supports the assignment of the 2] state as the one-phonon
mixed-symmetry quadrupole state (see discussion below). In
contrast, the calculated M1 transition strength of 0.44 u%
for the de-excitation of the 2" member of the two-phonon
mixed-symmetry quintuplet to the symmetric two-phonon 2+
state, i.e., the SM 2] — 27 transition, is overestimated by
more than a factor of 2 compared to the experimental value and
the sdg-IBM-2 prediction. Similarly, the calculated B(M 1)
value of 0.265 u% for the 37 — 27 transition, which is the
de-excitation of the 37 - state to the symmetric two-phonon 2+
state, is larger by a factor of 3 compared to the data. However,
the value obtained from the IBM calculations exceeds the
experimental value by a factor of 7. The experimentally
observed strong E2 strength of 11.7(18) W.u. for the 0 — 2
transition is not reproduced by the SM calculations but in fair
agreement with the sdg-IBM-2 result.

As an important result, the strong M 1 transition connecting
the low-lying 47 states is reproduced by both calculations.
Though the M1 transition strength calculated with the SM
is about 40% larger compared to the experimental value, the
correct order of magnitude is predicted without any additional
adjustment of the M1 transition operator.

To investigate the proton-neutron symmetry (pn symmetry)
of the calculated wave functions of 27 states, the E2 transition
operator

T(E2) = e, T, (E2) + e, T,(E2) 3)
was decomposed into an isoscalar part
Tis(E2) = ers(Tx(E2) + T,(E2) “
and an isovector part
Tw(E2) = en(Tr(E2) — T,(E2)). ®)

Here, T,(E2) =Y, (rf)zfz(eip,qﬁf) are the proton (p = )
and neutron (p = v) parts of the E2 transition operator, e,
are the effective charges, and ery and es can be expressed as
ers = %(e,, +e,)and ery = %(e,, — ey), respectively.

The isovector contribution vanishes for transitions between
two states with same, that is either pn-symmetric or mixed-
symmetric wave functions, the latter denoting the case when
the wave function is not symmetric under exchange of the pn
labels of at least one proton-neutron pair. On the contrary,
isoscalar contributions vanish for transitions between two
states with opposite pn-symmetry [8,61]. With this decom-
position, the B(E2) strength between two states J;*, J§ can be
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FIG. 9. Calculated B(E?2) strength of the ground-state transitions
of the 2] (upper panel) and the 2§ (lower panel) states as a function
of the isoscalar (left) and isovector (right) effective charges. The
respective other effective charge was fixed to zero. As suggested by
Eq. (6), the calculated transition strengths are perfectly described by
a fit with a second order polynomial (solid line). The correlation of
the 2/ — 0f and 2§ — 0] transition strengths with the isoscalar and
isovector effective charges, respectively, were used to fix the proton
and neutron effective charges e, and e,.

written as
B(E2;JT — J}’) o 3125’<J}1|f15(E2)|J"”>|2
+2ers ew|(JF | Tis(ED) | I [T (ED)| 7))
+ eI2V|<J}T|f}v(E2)|Jiﬂ>|2' ©

Thus, fixing one of the parameters, ejs or ey, the B(E2)
strength is related to the other via a second order polynomial.
For the ground-state transitions of the 2 and 27 states this
is shown in Fig. 9 for fixed values of e;s = 0 or efy = 0. A
strong correlation of the ZT — OT transition strength with
the isoscalar effective charge is obtained, while the transition
strength is very small and almost independent of a variation
of the isovector effective charge. In contrast, the 2§ — 0f
transition strength is strongly correlated to the isovector
effective charge and is almost independent of the isoscalar
effective charge. This already indicates a pn-symmetric and
mixed-symmetric character of the calculated wave functions
of the 2] and 27 states, respectively, since the ground state is
of pn-symmetric character.

This correlation of the ground-state transition strengths of
the 2;“ and 2;“ states was used to adjust the effective charges ejg
and eyy. The isoscalar (isovector) effective charge was fitted
to reproduce the experimental E2 strength of the 2] — 0
(27 — 07) transition, while the isovector (isoscalar) effective
charge was fixed to zero. From the obtained values for e;s and
erv, the proton and neutron effective charges e, = ejs + erv
and e, = eg — ey were calculated.

Because of small admixtures of isovector and isoscalar
components in the wave functions of the ZT and 2;’ SM
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FIG. 10. Results of the shell-model calculations for the five
lowest-lying 2% states. (a) The calculated E2 strengths to the ground
state and (b) M 1 strengths for the decay to the 2] state are compared
to the experimental data. Arrows indicate upper limits for the
corresponding transition strengths. Based on their y-decay properties,
the 21 and 27 states are identified to be the one-phonon symmetric and
mixed-symmetry excitations, respectively. (c) The calculated values
of Rpp, that are based on SM B(E2) values, support the different
proton-neutron symmetry of the wave functions of the 2 and 27
states. The dashed line separates the regions of dominant isovector
and dominant isoscalar excitations from the ground state.

states, the experimental E2 strengths for of the 2] — 0]
and 2; — OT transitions are not exactly reproduced with
the fitted effective charges obtained with the initial choice
of ey = 0 and e1s = 0, respectively. Therefore, the described
fitting procedure was applied in an iterative way. Convergence
on a percent level is obtained after a fifth step of iteration.
As a final set of effective charges the above stated values of
e, = 2.215¢ and e, = 0.661e¢ were obtained. These values
were adopted for the present SM calculation.

From Eq. (6), one obtains a ratio of isoscalar and isovector
E? transition matrix elements Rg, by choosing J§ = 0 as
well as a combination of e;g = 1 and ey = 0 and vice versa:

\/B(EZ; JT = 0fse5 = leyy =0)
REZ L= T

B(E2;JT — 0fe1s = 0,ery = 1)
(07 1Tis(E2)|J7)

= . (7)
(OF | Tv(E2)|JT)

Hence, the ratio Rg, allows for a quantitative measure of
the pn-symmetry of the wave function of the state J”
relative to the ground state: if the state J” is characterized
by a pn-symmetric wave function, J” will be connected
to the ground state via a dominant isoscalar E2 transition,
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TABLEIV. Ratios Rg, and Rgy of the isoscalar and isovector SM
matrix elements of ground-state transitions of low-lying 2% and 4
states, respectively. The calculated ground-state transition strengths
and the M 1 strengths for the decay to the 2] and 47 states are shown
as well. For the 27 and 47 shell-model states a dominant isovector
ground-state transition is obtained along with a sizable M1 strengths
to the 2] and 4] states, respectively.

Jr R, B(Ex; J™ — 07) B(M1;J" — J7)
(W.u.) (1)

2+ 9.8 18.1

2t 0.32 0.95 0.0012

2t 0.073 1.50 0.72

2t 0.81 0.047 0.24

2¢ 0.55 32 % 1075 0.011

4t 44 9.86

4+ 1.3 7.20 3.0 x 1074

4t 0.10 0.81 1.32

4t 0.030 0.48 0.0024

4t 0.086 0.33 0.095

so that Rgy > 1, while Rgy < 1 is obtained if the state J7
corresponds to an isovector valence-shell excitation. Note
the similarity of Eq. (7) to the quantity which is frequently
used in QPM calculations to quantify the isospin nature of
the QRPA-phonons; see, e.g., Refs. [70-72] and references
therein.

Figure 10 and Table IV show the B(E?2) strengths of the
five lowest-lying 2% states to the ground state [Fig. 10(a)],
their B(M 1) strengths to the 21+ state [Fig. 10(b)], and the ratio
Rg; [Fig. 10(c)]. As expected from the discussion above, one
obtains for the 2 — 0 transition a value of Rg> = 9.8 and,
thus, a dominant pn-symmetric character of the ZT state. In
contrast, a value of Rg, = 0.073 indicates a dominant isovector
character for the weakly-collective ground-state transition of
the 2; state. Along with the strong 2; — ZT M1 transition,
this manifests the one-phonon quadrupole mixed-symmetry
character of the calculated 27 state.

In the same way as discussed for the E?2 transition operator,
the E4 transition operator

T(E4) = e, T, (E4) + e, T,(E4) 8)

with 7,(E4) =Y, (rf )41?4(91.’) ,¢7), can be decomposed into
an isoscalar and an isovector part, too. Thus, the ratio of the
isoscalar and isovector transition matrix elements,

(OF | Tis(E4)| )
(OF | Trv(E4)|JT)

E4 -—

, (€]

was calculated to investigate the proton-neutron symmetry
of the wave functions of low-lying 4% states. Similar to
the 2% states, the results are compiled in Fig. 11 and
Table IV. A dominant isoscalar character is predicted for the
B(E4) ground-state transition of the 4T state (Rg4 = 4.4).
This indicates a proton-neutron symmetric wave function
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FIG. 11. Same as Fig. 10, but for the five lowest-lying 4* states.
While the 4] state shows signatures of a symmetric one-phonon
hexadecapole configuration, the y-decay properties and the ratio Rgy4
hint toward a one-phonon hexadecapole configuration with mixed
proton-neutron symmetry for the 45 shell-model state, which we
assign to the experimental 47 state.

of the 4] state which is supported by the large calculated
B(E4;47 — 0]) value of 9.86 W.u..

As already discussed, we identify the experimental 47
state to be the calculated 47 state because of its M1
decay properties. Thus, in Fig. 11(b) one should compare
B(M1;45 — 4)exp with B(M1;47 — 4])sm. Note the
small calculated B(M1;4EL — 4?) value of 3.0 x 10~* uﬁ
For the SM 4;’ state, a dominant isovector character is
obtained from the calculation (Rgs = 0.10). Along with the
large B(M 1) transition strength to the 4] state and the weakly
collective ground-state transition, this SM state matches the
properties expected for a one-phonon hexadecapole mixed-
symmetry state in terms of decay properties and proton-
neutron symmetry. In addition, the similarity to the one-
phonon mixed-symmetry state in the quadrupole sector is
striking. We note that even smaller values for Rg4 are obtained
for the 4] and 47 states. However, their calculated B(M1)
transition strengths to the 4] state are at least one order of
magnitude smaller compared to the calculated 4; state, and
thus can be excluded as being a dominant fraction of the
one-phonon hexadecapole mixed-symmetry state.

VII. COMPARISON TO *Zr AND **Mo

With the new experimental data on one- and two-phonon
mixed-symmetry states, we perform a comparison of mixed-
symmetry states of “°Ru to the ones of the neighboring N = 52
isotones ?Zr and **Mo. In the case of 92Zr, the Z =40
subshell closure leads to a dominant neutron configuration
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FIG. 12. Compilation of experimental data on one- and two-
phonon mixed-symmetry states of the N = 52 isotones °*Zr, **Mo,
and “Ru. The left panel shows the excitation energies while the
M1, E1, and E2 transition strengths are compiled in the right panel.
Included are data on one-phonon quadrupole (2{,,.) and two-phonon
quadrupole (27, 37 ,) mixed-symmetry states in the first and
second rows as well as data on candidates for one-phonon octupole
(35) and hexadecapole mixed-symmetry states (41 ) in rows three and
four. Data for **Zr and **Mo are taken from Refs. [14,15].

for the 2 state [73]. The breaking of F-spin symmetry
caused by this unbalanced proton-neutron content in the wave
function is referred to as configurational isospin polarization
(CIP) [60,73,74]. However, the 2;“ state of **Zr evolves into
the collective mixed-symmetry states of **Mo and *°Ru to
which they are compared in this discussion. Therefore, the term
“mixed-symmetry state” is used for the 2; state of *>Zr in the
following, despite the presence of pronounced noncollective
components. The first two rows of Fig. 12 show a compilation
of experimental data on the excitation energies (left) and
M1, E1, and E?2 transition strengths for the symmetric (s)
and mixed-symmetric (ms) one- and two-phonon quadrupole
states (right) for the nuclei °*Zr [15], **Mo [14], and “°Ru
(this work). The corresponding values for the symmetric
and mixed-symmetry one-phonon octupole and hexadecapole
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candidates are included in rows 3 and 4, respectively. As
expected for collective excitations, their excitation energies
exhibit a smooth variation as a function of proton number.

For the one-phonon quadrupole excitations (top row), an
increase of the M1 strength is obtained for the 27 = — 27
transition towards the middle of the proton g9/2’ subshell.
This is in contrast to the deexcitation of the 2% and 3%
members of the mixed-symmetry two-phonon quintuplet to
their symmetric counterparts, where the corresponding M1
transition strengths decrease from **Mo to “*Ru by factors
of about 2 and 3, respectively. This decrease of M1 strengths
also holds for the candidates for the one-phonon octupole and
hexadecapole states for which a maximum of the M 1 strength
is obtained for **Mo. While the B(M 1) values for **Mo and
%Ru are still comparable for the 4 states, they decrease by
a factor of 3 in the octupole sector. Also interesting to note is
the evolution of the 3, — 2;“ E1 transition strength, which
is predicted to be strong for a mixed-symmetry one-phonon
octupole character of the 3, state in the Uy,(1) ® Ur,(5) ®
Uy,(7) limit of the sdf-IBM-2. In the N = 52 isotones, the
corresponding E'1 strength decreases by more than two orders
of magnitude from °*Zr to *°Ru.

VIII. SUMMARY AND CONCLUSIONS

We studied collective low-spin excitations of “°Ru by
means of two inelastic proton-scattering experiments. Ab-
solute M1, E1, and E?2 transition strengths were deduced
from the combined experimental data of two experiments,
which allowed for a firm identification of the 2% and 3%
members of the two-phonon mixed-symmetry quintuplet as
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well as candidates for one-phonon mixed-symmetry octupole
and hexadecapole states. The origin of the strong 4;’ — 4T
M1 transition was investigated in the scope of shell-model
calculations that were performed with a realistic interaction.
From the calculations, the pn symmetry of the wave functions
of low-lying 2% and 4% states was extracted. The results
indicate dominant pn-symmetric and mixed-symmetric con-
figurations for the 4] and 47 states, supporting their symmetric
and mixed-symmetry one-phonon hexadecapole interpreta-
tion. These findings are in line with the results obtained
from sdg-IBM-2 calculations. For a firm identification of
hexadecapole contributions, a measurement of E4 transition
strengths in *°Ru is highly desirable. Experimentally, they are
accessible, e.g., via inelastic electron and hadron scattering at
higher energies; see, e.g., Ref. [75].
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