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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 multi-phonon 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 4" 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), Uni-
versity of Cologne. From the acquired proton-vy and ~~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 (2tms ® 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 4;‘ state.

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 sym-
metric or anti-symmetric under pairwise exchange of pro-
tons 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 Bo-
son Model (sd-IBM-2) [4-7]. The model accounts for the
pairing force by coupling like valence nucleons to pairs
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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 maxi-
mum F-spin quantum number F' = Fj,,, are unchanged
under pairwise exchange of proton and neutron bosons
and are therefore referred to as fully-symmetric states,
while states with non-maximum F-spin quantum num-
ber 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 prop-
erties [10]:

1. Strong M1 transitions with matrix elements in the



order of 1 % to their symmetric counterparts.

2. Weakly collective FE2 transitions to symmetric
states reducing the phonon number by one. The
corresponding B(FE2) values are in the order of a
few W.u. or less.

3. Collective E2 transitions among mixed-symmetry
states with B(E2) values comparable to that of the
21 — 0 transition.

Based on these experimental signatures, extensive stud-
ies of mixed-symmetry states have been performed in the
A =~ 100 mass region and, in particular, on the nucleus
94Mo [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
9%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
structures in atomic nuclei becomes particularly evident
in the @-phonon scheme [22-24], which provides an in-
tuitive and semi-quantitative picture of mixed-symmetry
states. In this formalism, the lowest-lying symmetric and
mixed-symmetric states, labeled in the following as 2{5

and Qfms, respectively, can be described in terms of Q-
phonon 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 = 01,17, 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 transi-
tions with B(M1) values in the order of 1p% connect-
ing low-lying 3~ and 47 states, respectively. Candidates
for mixed-symmetry octupole excitations have been pro-
posed for several vibrational nuclei in the A ~ 100 mass
region, among others also for the N = 52 isotones 92Zr
and **Mo. This excitation mode was predicted in sdf-
IBM-2 calculations [27], suggesting strong E1 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
excitations were described by taking into account the
hexadecapole 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 de-
scription 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 informa-
tion on the recently performed experiments on “*Ru and
their results, focusing on the identification of the 2% and

3T members of the two-phonon mixed-symmetry quintu-
plet as well as on symmetric quadrupole-octupole cou-
pled states. Moreover, we present shell-model calcula-
tions aiming for the description of the strong 45 — 47
M1 transition in °®Ru within a microscopic model and
to compare the results with those from an algebraic ap-
proach in the sdg-IBM-2 framework.

Sec. II describes the experimental details, while the re-
sults 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 ex-
perimental data to the neighboring N = 52 nuclei ¥2Zr
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 informa-
tion 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 de-exciting ~-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’v) experiment at WNSL, Yale

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

De-exciting ~-rays were detected with eight BGO-
shielded Clover-type 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
70keV was obtained for the particle detectors. Because
of the energy straggling of the protons in the target mate-
rial 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 p~y
and 7y coincidences as well as downscaled single-y and
single-proton events. Further details of the experimen-
tal setup can be found in Ref. [31]. The listmode data
were processed using the sorting code cSCAN. Randomly
coincident events were eliminated by subtracting peak
and background matrices that were obtained by gating
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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 41 state of 9%Ru at F, = 2462keV 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. (e) By applying a y gate on the 4] — 4] transition at F., = 944keV reveals peaks in the excitation spectrum

corresponding to the excitation of the 47 level as well as states feeding the 47 state.

on the prompt peak and random background events in
the acquired time-difference spectra. An excerpt of the
acquired proton-vy 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 ~-ray spectra.

From the energies of the scattered protons the exci-
tation energies E, of the residual °°Ru nuclei were ex-
tracted. By applying gating conditions on the excita-
tion energy of a particular excited state 7-ray spectra
were generated that contain its de-exciting transitions as
well as their subsequent v decays. This allows to eas-
ily construct the level scheme of °Ru. The addition-
ally acquired 77 coincidence data were used to resolve
remaining ambiguities. Furthermore, +-decay branch-
ing ratios were extracted with high sensitivity because
of the increased peak-to-background ratio compared to,
e.g., the ~-ray singles spectra and thus, even weak tran-
sitions could be resolved from the background. However,
the ~-ray intensity detected in the HPGe detectors de-
pends on the angular distribution of the emitted -rays
and thus on their multipolarity. Since for several transi-
tions 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 ad-
dition to the statistical error for the y-decay branching
ratios.

From the v+ coincidence data acquired in the experi-
ment spin quantum numbers J of excited states as well
as multipole mixing ratios J of 7-ray transitions were
extracted by means of the vy angular correlation anal-
ysis, described in detail in, e.g., Ref. [32]. The vy co-
incidence data were sorted into twelve groups that are
characterized by the angles 61, 05, and ®. 6; and 05 de-
note the angles of the two active HPGe detectors with
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FIG. 2. Results of the v angular correlation analysis for the
1518 keV — 832keV — g.s. (a), the 2283keV — 832keV —
g.s. (b), the 2462keV — 1518keV — 832keV (c), and the
3077keV — 1818keV — 832keV cascades (d). The obtained
multipole mixing ratios d; of the first transitions are quoted
in the captions. A dominant M1 character is obtained for
the 2462keV — 1518keV (c) and 3077keV — 1818keV (d)
transitions. In contrast, an assumed pure E2 character cannot
describe the experimental data for those transitions.

respect to the beam axis and @ is the angle between the
planes spanned by the beam axis and the directions of
~v-ray emission. For a cascade of two coincident 7 rays
with energies £, and E,, and respective multipole mix-
ing ratios d; and o connecting successively states with
spins Ji, Jo, and J3, information on 4; and J; can be
obtained by fitting the parameters of the angular cor-



relation function W (0y, 03, ®, J1, Jo, J3,81,02, 1) to the
efficiency-corrected coincidence intensity of the two -y
rays. Here, pu denotes the width of the initial magnetic
sub-state 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 detec-
tors into account. Sample fits to extract J; and d; for
several 77 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 sub-
picosecond regime, the Doppler-shift attenuation method
(DSAM) [33, 34] is usually the method of choice. How-
ever, no lifetimes could be extracted from the experiment
at WNSL since the energy-bin width of 1keV in the y-ray
spectra acquired with the 4k analog-to-digital convert-
ers (ADCs) did not allow for an extraction of Doppler-
shifts in 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 us-
ing the HORUS ~-ray spectrometer, equipped with 12
single-crystal and two Clover-type HPGe detectors posi-
tioned 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 Comp-
ton suppression. As in the experiment at WNSL, the
scattered protons were detected in coincidence with the
~-rays by six Passivated Implanted Planar Silicon (PIPS)
detectors of the SONIC array [35]. The energy resolution
of 15keV achieved with calibration sources degraded to
70keV 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 pro-
cessing techniques. The DGF-4C modules provide pulse-
height spectra with 2'® channels which translates into
a bin width of 0.12keV. 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 ®*®Co 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 attenu-
ation method utilizes the angular dependence of the en-
ergy centroid of the detected y-ray peaks given by

E,(0) = ES (1 + F(T)%O cos @) , (1)
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FIG. 3. Centroid shift of the ~-ray peaks obtained for the
24 — 27 transition (a), the 47 — 4] transition (b), the
3 — 21*' transition with the J = 3 state at £, = 2851 keV
(c), and the 2§ — 27 transition (d) as a function of cos©.
The linear trend giving the Doppler-shift attenuation factor
is evident.

where Eg is the energy of the unshifted y-ray, F(7) the
Doppler-shift attenuation factor, vy the initial recoil ve-
locity, and © the angle between the initial direction of
motion of the recoil nucleus and the direction of v-ray
emission [33]. As discussed in Refs. [37-39], the coin-
cident detection of scattered protons and de-exciting -
rays has several advantages. In particular, the lifetimes
extracted from ~-ray spectra that were gated on the ex-
citation 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 val-
ues 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 transi-
tions. The value for F(7) is obtained from a linear fit ac-
cording to Eq. (1). Detailed information on the method
of lifetime determination via the (p,p’y) reaction and the
py-coincidence technique have been published in a dedi-
cated article [39].

The slowing-down process of recoiling Ru nuclei
in the target (°°Ru) and stopper (}2C) materials was
modeled by 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 Lind-
hard, Scharff, and Schigtt theory (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 ve-
locity profiles at different times during the deceleration
as generated by the Monte-Carlo simulation, theoretical
values for the Doppler-shift attenuation factor F(7) as a



function of the lifetime were obtained to allow the deriva-
tion of the latter by comparison with the experimental
value.

For the simulation of the slowing-down process the
compositions and thicknesses of the target and stop-
per materials have to be known precisely. This was
achieved by analyzing the target by means of an ad-
ditional Rutherford Backscattering Spectrometry (RBS)
measurement at the RUBION Dynamitron-tandem accel-
erator laboratory at the Ruhr Universitdt Bochum, Ger-
many, 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 re-
markably good agreement [39]. For several states it was
possible to analyze more than one depopulating transi-
tion. This results in two or even three independent life-

time values that are consistent within the experimental
uncertainties.

III. RESULTS

The combined data of both experiments provide com-
prehensive spectroscopic information on low-spin states
of the nucleus *°Ru. They are compiled in Tab. I. The
experimental level scheme obtained in this work is found
to be in good agreement with the results of previous ex-
periments [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 the experimental re-
sults 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 ex-
periments.

TABLE I: 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 T. Otherwise, they are
adopted from NNDC data sheets [50]. For the excitation energies E, and the ~-ray energies E,, a systematic error of 0.1keV
and the standard deviation are taken into account.

E, [keV] Jr J7 E, [keV] I, %] S(JF = J7)  F(1) T [fs]
832.5(1) 2% 0" 832.5(1) 100 4.2(3)-10° *
1518.2(2) 47" 2+t 685.3(1) 100 9.95(13) - 10* #
1930.9(2) 2+ 2t 1098.4(1) 100 —1.1(2) 0.177(10) 395147
2148.5(2) 0t 2t 1315.9(1) 100 0.112(8) 678150
2149.2(2) 6" 4t 631.4(1) 100
2283.3(2) 2+ ot 2283.3(1) 7.2(9) 0.74(3) 23(2)
2t 1450.9(1) 100(11) 0.01(5) 0.779(10)
2t 352.3(1)* 0.36(10)
2462.3(2) 4+t 2+t 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% 2t 1692.3(1) 100(15) 10019
4+t 1005.4(1) 29(4) 0.434(17)
2+t 593.7(2) 0.8(4)
2528.0(2) 1t 2+ 0t 2527.8(1) 26(3) 0.494(18) 79(8)*
2t 1695.6(1) 100(12)
2+ 597.1(2)* 1.4(3)
2575.7(4) (2h) ot 2575.7(1) 77(11) 0.396(9) 11917 *
2t 1742.8(2) 100(17) —0.09(11)*
2t 645.2(2)* 12(2)
2578.5(5) 1,21, 3% 2+t 1745.6(2) 100(15)
2t 648.0(2) 49(7) 2.075 P
2588.6(2) 5~ 4t 1070.2(1) 100 —0.01(4) 0.017(8) > 4000°
2650.0(2) 3 2+ 1817.4(1) 100(12) 0.02(4)* 0.131(4) 544145 *
47t 1131.6(1) 33(4)
2t 719.0(1) 2.5(5)
2+t 366.7(2) 7.7(10)
2699.7(2) gt T 2+ 1867.0(2)" 3.5(9)
4t 1181.5(1) 7.4(16)
4 237.7(2) 100(11)
3t,4T  175(2) -
5~ 111(2) —d
2739.7(5) 2+t ot 2739.5(1)* 1.9(3) 444(37)*
2t 1906.8(1) 33(4) 3t 0.163(9)
2t 808.4(1) 100(11) —0.01(9)* 0.142(9)

continued on next page



E, [keV] Jr J7 E, [keV] I, [%] S(JF = Jf)  _F(n) T [fs]
0" 591.4(2) 0.9(3)
2t 456.2(2) 5.2(7) —0.20(17)*
17,27 211.8(2)* 2.7(4)
2760.1(2) 4*.5 4+ 1241.8(1) 100 0.74(3) 27(5)*
2794.0(4) 5,6 4t 1275.5(2) 46(11)
6 644.2(2) 100(19)
2851.4(2) 3 2+ 2018.8(1) 100(11) 0.04(5)* 0.120(5) 596735 *
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+ 2+ 2064.9(1) 27(3) 0.17(2) 432138 *
4t 1379.4(1) 38(5)
2+ 966.3(1) 100(11) 0.07(4)* 0.147(11)
2+t 614.3(2) 6.5(12)
47t 435.8(2) 11.5(16)
2" 322.1(2)" 2.4(6)
2987.8(2) (O 2+t 2155.3(1) 100 0.494(77) T7(7)*
2996.1(2) 3t 4% 2t 2163.4(1) 100(13) 0.28(2) 205750 *
4t 1478.1(1) 19(3)
3,4t 471.6(2) 18(3)
3055.0(2)* 2%, 3 4% 2t 2222.4(2)* 54(7) 0.30(3) 181129
4t 1536.9(2)* 100(12)
2t 1124.1(1)* 74(9)
3059.9(4) 4+t 2t 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)*
3 410.4(2) 7.5(11)
3072.8(2) 4t 3 422.7(2)* 63(8) 0.00(7)*
5~ 484.3(2) 100(12)
3075.8(5) 3 2+ 2243.3(1) 6.8(11) 0.73(12) - 10% *
47t 1556.9(2) 45(5)
2t 1144.8(1) 100(11) 0.099(11)
2+ 792.3(1)* 26(3)
4 615.0(2) 4.2(10)
3() 426.2(2) 34(4) —-0.2(3)"
4% 5% 376.7(2)* 14.9(19)
3089.7(2) 2t 0t 3089.8(2) 3.4(6) 0.695(17) 32(3)*
2t 2257.0(1) 100(11) —0.6(2)*
2t 1158.8(2)* 4.8(8)
3154.3(2) 1 0t 3154.1(1) 100(12) 0.89(2) 9(2)
2t 2322.0(2) 4.6(8)
2+t 1223.4(2) 12.0(17)
3166.5(2) (5,6) 4t 1648.3(1) 100
3208.1(3) 2,6 2+ 2375.5(1) 100(13) 0.87(5) 11(4)*
4+t 1690.2(1) 95(25) 0.78(4)
2+ 1277.0(1)* 47(7) 0.82(9)
3231.8(2) (25T ot 3231.9(2)* 12.7(18) 39(5)*
2+t 2399.3(2)* 13.5(19)
2+ 1300.8(1) 100(12) 0.1(2)* 0.39(2)
3261.5(8) 2t ot 3262.3(2) 45(6) 48(11)*
2t 2428.1(1) 100(12) —0.06(12)* 0.65(3)
2+ 1331.7(1) 87(15)
3282.4(2) 1 0t 3282.2(1) 100(12) 0.66(3) 37(6)
2+ 2450.0(2)* 42(6)
ot 1133.8(2)* 9.4(17)
3291.5(5) 47t 2+t 2458.6(1) 100(17) 0.43(7) 100(29)*
4+ 1773.8(2) 38(8)

continued on next page



E, [keV] Jr J7 E, [keV] I, [%] S(JF = J7) F(1) T [fs]
37,47 766.9(1) 43(8)
3339.4(3)* 2,3+ T 2t 2506.6(1)* 100(12) 0.125(12) 549182 *
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)
4t 1860.2(2) 24(7)
3398.1(3)* 2t 3 4% 2t 2565.3(1)* 87(13) 0.27(3) 204139 *
4+ 1880.2(1)* 61(10)
2t 1466.9(1)* 75(11)
3 748.2(1)* 100(14)
4t.5 698.4(1)* 41(7)
3443.2(2)* 2t 2610.7(2)* 16(4) 147(39)*
2t 1512.3(1)* 100(14)
17,27 915.1(1)* 57(8) 0.34(5)
1) 289.0(2)* 13(2)
3448.5(2) 1 0t 3448.4(2) 100 182(31)f
3458.5(7)* 2+ 2626.2(2)* 16(3) 41(6)*
2+t 1937.2(1)* 100(18) 0.64(3)
2+ 1527.5(1)* 76(12)
3479.4(2) 1 0t 3479.3(1) 100(12) 0.61(3) 47(6)
2+ 2647.0(2)* 14(2)
3493.1(2)* 47t 1974.9(2)* 76(13)
4 1030.7(1)* 100(17)
3499.8(2)* 2t 2667.1(1)* 100(13) 0.40(5) 109(25)*
4%t 1037.6(2)* 43(6)
3514.7(2)* 4t 1996.5(2)* 100
3522.2(2)* 2t 2689.7(1)* 100 0.57(4) 53(10)
3597.3(2)* 2t 2764.8(1)* 100

# Adopted from [51]
> Adopted from NNDC database
¢ Adopted from [49]

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

¢ Adopted from [19]
f Adopted from [20]

1931 keV level. A ~-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 up-
per limit for the ~-decay branching ratio of 0.5% was
extracted for the ground-state transition, which is con-
siderably smaller compared to the previously reported
value of 6(1)% [19]. The new measured level lifetime of
395+ 5 fs is smaller compared to the value reported in a
prev10us measurement [49], but agrees within the exper-
imental uncertainties. The error of the lifetime value is
reduced by a factor of four. The obtained multipole mix-
ing ratio of § = —1.1(2) is in agreement with a previous
measurement [19].

2283 keV level. The 23 state at 2283 keV has been pre-
viously identified as the one phonon quadrupole mixed-
symmetry state 27 ‘ms based on the measurement of abso-
lute 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], how-
ever, agrees with the value of § = 0.03(10) reported in
Ref. [48]. In any case, all measurements agree in a dom-
inant M1 character of the 25 — 2] transition. In our

previous article [29] a lifetime value of 7 = 25(3) fs was
used to calculate the transition strengths quoted therein.
Because of an improved error analysis, we slightly revise
the value to 7 = 23(2)fs. The level lifetime is in ex-
cellent agreement with a previously measured value of
7 = 22(7)fs [18]. A new 7-decay branching to the 23
state at 1931keV has been observed in this work. The
low v-ray energy of 352keV 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 2] state
a positive parity was assigned. The lifetime value of

= 72(5)fs (see Fig. 3 c)) obtained in this measure-
ment is about a factor of two lower compared to the
one reported in [49], however, still agrees within the
uncertainties. The obtained multipole mixing ratio of
d = —0.19(10) indicates a dominant M1 character for
the 47 — 47 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
2+ member of the (2] s ® 27) quintuplet [19]. In this
work we extracted the multibole—mixing ratios for the
transition to the 27 (6 = 371) and 25 (6 = —0.01(9))



states, indicating dominant F2 and M1 characters, re-
spectively. The extracted lifetime of 7 = 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].

1,ms

For the decay to the 2] state a multipole mixing ratio of
d = 0.07(4) was obtained for the first time. The extracted
lifetime of 7 = 432fig 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 re-
sults [19]. While the relative intensities for the decays to
the 41 and 2] states are a factor of two and three weaker,
respectively, the branching ratio for the decay to the 4;
state is larger by a factor of four. 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. Pos-
sible contributions from other ~-ray transitions to the
peak intensities were excluded on the basis of the v~ co-
incidence 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 F, = 2588keV [49]. As in Ref. [19],
this y-decay was not confirmed in the present exper-
iments so that a positive parity cannot be ruled out.
However, the excitation energy of this level is close to
known 3~ states of 2Zr and %Mo [14, 15] at 3040 keV
and 3011keV, 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 life-
time of 7 = 0.73(12) ps and a multipole mixing ratio of

d = —0.2(3) for the decay to the 3(1_) state were extracted
from the present data for the first time.

8154 keV level. A (2], ® 2] )1+ character was pro-
posed for this J =1 state due to a tentatively assigned
positive parity [20]. The newly measured value for the
lifetime of 7 = 9(2)fs is almost a factor of two larger
compared to the value obtained from a previous (v,~’)
experiment [20], however, still agrees within the uncer-
tainties. The ~-decay branching ratio for the decay of
this level to the 23 state is found to be a factor of two
smaller compared to the (v, ') results [20].

3282 keV level. Based on a tentatively assigned nega-
tive parity this state was proposed to be the 1~ member
of the (27 ®37) quintuplet [20]. Two new y-decay transi-
tions to the 2 and 05 states were obtained with relative
intensities of 42(6)% and 9.4(17)%, respectively. The ex-
tracted lifetime of 7 = 37(6) fs is in excellent agreement
with the value obtained in a (v,+’) 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 oc-
tupole phonons (2] ® 37) results in a quintuplet with
spin and parity quantum numbers J* = 17 — 5~ [52].
The coupling of two non-identical phonons is of particu-
lar 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 ex-
pected around an excitation energy of F(37)+ E(2]) =
3482 keV.

Signatures for the two-phonon character are transi-
tions to the constituent phonons, i.e., the symmetric
one-phonon quadrupole and octupole states with tran-
sition strengths equal to the B(E3;3] — 0F) and
B(E2;2{ — 04 5.) values, respectively [53, 54]. In ad-
dition, a rather strong E'1 ground-state transition has
been observed for the 1~ member of the quintuplet [55].

From a previous (v,7') experiment, the 17 state at
E, = 3282keV has been proposed as a candidate for
the 17 member of the quintuplet despite a missing par-
ity information [20]. Unfortunately, a possible y-decay

to the 3&7) state was not observed in the present ex-
periments due to the intense 67 — 4 yrast-band
transition, which is close in energy to a hypothetical

11i — 357) transition. However, a -decay to the 27
state was observed in addition to the previously known
ground-state transition. In a simple phonon picture,
the ratio of the B(F1) 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\7 — 2F) = 0.099(17) mW.u. and
B(E1;1F — 045) = 0.24(6) mW.u. this is in excellent
agreement with the phonon-picture estimate and sup-
ports the quadrupole-octupole coupled structure of the
11i state. However, if a negative parity is assumed for
the J = 1% state at E, = 3480keV a ground-state tran-
sition 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 the J™ = 1~
member of the quintuplet have been proposed, the exci-
tation energy has been found to be systematically lower
by about 5-10% compared to the sum energy of the con-
stituent phonons [57, 58]. Thus, it is more likely that the
state at F, = 3282keV represents the main fragment of
the (27 ® 37);- state of Ru. However, an experiment
aiming for the parity determination of the dipole excita-
tions would be desirable to clarify their structure. For
the dipole excitation at E, = 3449keV 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 v-ray transition

to the 3&7) state. Because of the small multipole mix-
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FIG. 4. The upper panel shows the measured M1 strengths
distribution for the decay of low-lying non-yrast 27 states
to the 27 state. The corresponding E2 transition strengths
to the ground state are shown in the lower panel. Arrows
mark transitions with strengths smaller than 0.05 W.u.. Be-
cause of its characteristic decay properties, the 2; state rep-
resents a good realization of the one-phonon mixed-symmetry
quadrupole excitation.

ing ratios for their transitions to the 3§7) state, the
states at 3073keV and 3076keV can be excluded to
be of quadrupole-octupole coupled structure, as well as
the J = 4 state at 3060keV due to its positive par-
ity. The v-decay properties of the newly assigned state
at E, = 3398keV agree with the expectations for a
quadrupole-octupole coupled state and therefore, this
state is a candidate for the 3= member of the quintu-
plet. However, a spin and parity assignment is missing
for a firm identification.

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

The 23 state of “Ru at E, = 2283keV has been
previously identified as the one-phonon mixed-symmetry

quadrupole state 27 ms based on the particular combi-

nation of a strong M1 transition to the 2] state and
a weakly collective E2 transition to the ground state
[18]. The transition strengths of B(M1;25 — 2f) =
0.75(14) p% and B(E2;2§ — 0f) = 1.5(3) W.u. obtained
in this work are in excellent agreement with the previ-
ously reported values [18] and confirm the 21 ms assign-
ment. However, the uncertainty of the B(M 1) strength
was reduced by almost a factor of two.

The new data allow for a comprehensive study of the

M1 strength distribution for decays to the 2;r state, i.e.
study a possible fragmentation of the 2 ‘ms State. Figure

4 (a) shows the obtained M1 strength distribution for
transitions of low-lying 2% 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 23 state
while the transition from any other 27 state is weaker by
almost one order of magnitude. In particular, no other
27 state shows decay characteristics similar to that of
the 2§ state. Thus, no considerable fragmentation of the
2ims state is found in the case of %Ru.

In a simple phonon picture, a two-phonon quintuplet of
0T — 47 states is expected from the coupling of symmet—
ric and mixed-symmetric quadrupole phonons 27 ® 2 ms
at the sum energy of the constituent phonons i.e., at
E2)+E(27) =3.1MeV. The 1+, 2% and 3+ members
of the quintuplet are expected to decay via M1 transi-
tions to the symmetric two-phonon 27 state with tran-
sition strengths comparable to that of the 27 ms Qfs
transition. Along with the M1 fingerprint, a Weakly col-
lective E'2 transition to the symmetric one-phonon state
is expected with a transition strengths comparable to
that of the 27— OF transition.

g.8.

In a previous study, the 25 and 3; states at exci-
tation energies of 2740keV and 2898 keV, respectively,
have been proposed to be members of the two-phonon
quintuplet [19]. The assignments were based on the sim-
ilarity of the «-decay branching ratios to the well estab-
lished 2% and 3% members of the two-phonon MS quin-
tuplet in %*Mo [12, 13]. However, no multipole mixing
ratios and only upper limits for lifetime values were re-
ported, so that a firm identification on the basis of re-
duced transition strengths was missing. The new exper-
imental data obtained in this work allowed for a deter-
mination of transition strengths for the de-excitation of
the 2§ and 37 states. The decay properties of the 2;,

2;, 3 , and 1§+) states of “°Ru are shown in Fig. 5, in-
cludlng the reduced transition strengths for transitions
to lower-lying states. For the 25 — 23 transition an M1
strength of 0.17(3) u% is obtained along with an E2 tran-
sition strength of 0. 58(15) W.u. for the decay to the 27
state, supporting the 25 assignment of the 25+ state.

For the 3] state, only a small M1 transition strength
of 0.078(14) u% is obtained for the decay to the 2

2,ms

state. This is about one order of magnitude weaker
compared to the B(M1;2f . — 27) value and a fac-

tor of three weaker compared to the 3}, — 21 transi-
tion of “*Mo [14]. However, the transition is of domi-
nant M1 character and the transition matrix element of
(BI|1T(M1)[|25) = 0.74(7) pux does not exclude a mixed-
symmetry character. A possible explanation of the de-
crease of M1 strength might be a fragmentation of the
31—;5 state. Indeed another J = 3 state is located close
in energy at E, = 2851keV. In Ref. [19], this state
was rejected to be the 3/, state, based on its different

~-decay properties compared to the 3% state of *“Mo.

ms
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FIG. 5. Decay properties of candidates for the 17,2", 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 p%, while E2 transitions are quoted in W.u..
The dashed horizontal line indicates the sum of the excitation
energies of the 2 and 2] states.

Unfortunately, no multipole mixing ratios could be ex-
tracted in this work for the transition to the 23 state.
Assuming a pure M1 character, a transition strength of
0.086(16) u%; is obtained which is of comparable size to
the B(M1;3] — 27) value.

It has to be emphasized that also the B(M1;2¢ —
24) value is only 30% of the 2Ims — 2§ M1 transition
strength and about 40% weaker than the B(M1; 2;ms —
21) value for Mo [14]. Thus, a fragmentation of the
23 s 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 17 was obtained from a (vy,~')
experiment, based on its excitation energy of F, =
3154keV and a tentatively assigned positive parity [20].
Neither in the (,’) experiment nor in the present ex-
periments, a y-decay branching to the 2fms state was ob-
served for any of the dipole excitations as it is, e.g., the
case for the 1, state of the neighboring nucleus ?4Mo.
Moreover, no parity information was extracted from the
present experiments, so that a firm identification of the

17, state of %Ru is still missing.

C. One-phonon mixed-symmetry octupole
excitations

Strong M1 transitions to their fully symmetric coun-
terparts are a fingerprint of mixed-symmetry states.
Thus, strong M1 transitions to the lowest-lying 3] state,
which is usually interpreted as the symmetric one-phonon
octupole vibrational state, have been regarded as evi-
dence for mixed-symmetry octupole excitations [25]. In
addition, strong F-vector E'1 transitions to the 2;’ state
are predicted in the Uy, (1) @ Ury (5) @ Uy, (7) limit of the
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sdf-IBM-2, according to the two-body nature of the F1
transition operator [27, 28].

In %Ru, the 3\ state was found at an excitation en-
ergy of 3076keV. This is close to the excitation ener-
gies of the proposed 3. candidates of *2Zr and %Mo.
Assuming a negative parity for the 3 state, a tran-
sition strength of B(M1;3) — 37) = 0.14(4) i is
obtained. Thus, this state 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 a small FE1
strength of B(E1;3{” — 2F) = 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 Uy, (1) QU (5) QU (7) limit of the sdf-IBM-2,
the reduced transition strength of the 3, — 3 transi-
tion can be calculated analytically [27]:

NN,

_ _ 9
B(M1;3ms_>31):;(gﬂ'_gu)

with g, and g, being the proton and neutron g-factors
for the f-bosons and N, N,, and N, the proton, neu-
tron, and total boson numbers, respectively. Assuming
1008y 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 p%
is predicted, which is almost a factor of four larger com-
pared to the experimental value. Note that the same
value is obtained if 3¥Sr is assumed as inert core.

As discussed in Ref. [25], the (37 ||M1] |3;_)> matrix el-
ement is expected to scale with the one for the 2+ . —

1,ms
21+,S transition if a 37, character is assumed for the 3&7)
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 experimen-
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FIG. 6. Ratio of the (37 |[M1||3;) and (2 ||M1]|2],,.) ma-

trix elements for nuclei in the A &~ 100 mass region and for
144Nd. The ratio for %°Ru is a factor of two lower compared
to the other N = 52 isotones *?Zr and “*Mo, but close to
the value for Mo. For ''*Cd, only an upper limit has been
reported up to now. The data, except for °Ru, are adopted
from [25].



(37 Nm)37)  obtained which is
IRy 0.53(9) was obtained which is
about a factor of three smaller compared to the predicted
value. Figure 6 shows this value for “Ru in compari-
son 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 %2Zr
and ?*Mo are shown. The present value is about a factor
of two smaller compared to the lighter N = 52 isotones,
but close to the value for “Mo. The reduced value for
96Ru 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
9%Ru compared to, e.g., “*Mo (see Sec. V).

tal ratio of

D. One-phonon mixed-symmetry hexadecapole
excitations

Based on the observation of strong M1 transitions
connecting the lowest-lying 41 states in **Mo and 92Zr
one-phonon hexadecapole components of symmetric and
mixed-symmetric character have been discussed to con-
tribute to the wave functions of the 4] and 45 states,
respectively [14, 15, 26]. In particular for the case of
94Mo, the one-phonon hexadecapole assignment is sup-
ported by recent sdg-IBM-2 and shell-model calculations,
the latter using a surface delta interaction (SDI) [26].
For %°Ru, the 43' state is found at an excitation energy
of E, = 2462keV. A transition strength of B(M1) =
0.90(18) p% is obtained for the transition to the 4] state
which is comparable to the corresponding M1 transition
strength of B(M1) = 1.23(20) p% found in %*Mo. Thus,
the strong M1 transition suggests symmetric and mixed-
symmetry one-phonon hexadecapole components in the
wave functions of the 4T and 43' states, respectively.

In the case of %Mo, strong 4,7 — 4 M1 transitions
with ¢ > 2 have been observed experimentally in addition
to the 47 — 47 transition [14]. Unfortunately, the as-
signment of spins and multipole mixing ratios for higher
lying 41 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 M1
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 cho-
sen Hamiltonian and transition operators as well as their
adopted parameters, have already been discussed in a
preceding article [29] and shall not be repeated here. In
the previous paper, the discussion focused on the inter-
pretation of the observed strong M1 transition connect-
ing the lowest-lying 4 states as an F-vector transition
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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 Tab. II for the low-lying J™ = 0" — 47 states. Except
for the 05 and 27 states the experimental level energies
are reproduced within a deviation of less than 260keV.
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 2:{, 2;‘,
35, and 45 states. Experimentally, the 23 state was iden-
tified with the one-phonon quadrupole mixed-symmetry
state, which is in agreement with the present calcula-
tions. The IBM calculations result in a dominant one-
phonon character for this state with s- and d-boson con-
tents 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 pro-
ton 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 two. Since
the weakly collective E2 transition stems from a destruc-
tive interference of proton and neutron contributions in
the E2 transition operator, this might be improved by
adjusting the adopted value for proton and neutron ef-
fective charges, however, at the cost of an additional free
parameter in the calculation.

A two-phonon quadrupole mixed-symmetry character
is predicted for the 15, 24", and 35 states. This is re-
flected 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
05 and 25 states which are the symmetric two-phonon
states. The excitation energy of the 2;‘ state is overesti-
mated by almost 1MeV, but the transition strength for
its decay to the 2; state is in agreement with the data.
As it is the case for the 23 state, the weakly collective
E2 transition to the 2] state is overestimated by a factor
of three.

For the 37 state, a strong M1 transition to the 23
state is predicted along with a weakly collective F2 tran-
sition to the 27 state, as it is 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 (gfd")®)-
boson structure is predicted, reflected by the vanishing
E2 transition strength to the 2] state because of d-parity
conservation rules [59] and its enhanced g-boson contri-
bution.



12

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. M1 strengths are quoted in
units of %, F2 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.

Energies Boson numbers Transition strengths
[MeV] [W.u. (E2) and p% (M1)]
Level FEexp FEism F (ns) (na) (ng) JT = JF oA B(o\)exp B(o )M

07 0.000 0.000 2 3.4 0.3 0.0 - - - -

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

15 3.154 2.944 1 1.7 1.8 0.5 1 —of M1 0.17(6) 0.13

2F 0.832 0.832 2 2.6 1.3 0.1 2F —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

24 2.283 2.322 1 2.5 1.2 0.3 24 — 2f M1 0.75(14) 0.69
25 — of E2 1.5(3) 2.53

2 2.740 3.637 1 1.7 1.8 0.5 28 — of E2 0.006(12) 0
2r — 2f E2 0.58(15) 1.92
25 — 2f M1 0.17(3) 0.17

R 2.852 3.072 2 1.7 1.5 0.8 37 —2f E2 < 0.01 0
37 —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 35 —2f E2 < 0.28 3.17
35 — 27 E2 0.02(4) 0
35 —2f M1 0.078(14) 0.563

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

4F 2.462 2.482 1 2.6 0.5 0.9 45 —4f M1 0.90(18) 1.13
4 —2f E2 1.52(19) 1.44

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 ?2Zr [16], **Mo [8], and ?“Ru [19], us-
ing 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 View.x 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 mi-
croscopic interpretation of the observed strong 45 — 4
M1 transition strength. While the sdg-IBM-2 calcula-
tions support the interpretation of an isovector M1 tran-
sition 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

47 and 45 states, this might result in a strong 45 — 47
transition as well. On the other hand, contributions from
ds/2 <+ ds/o spin-flip transitions might also account for
the large B(M1;45 — 47) values that have been ex-
perimentally observed for all stable, even-even N = 52
isotones. Because of their microscopic character, these
interpretations are beyond the scope of sdg-IBM-2 cal-
culations. 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 27 and 47 states.

The SM calculations were performed with the m-
scheme code NUSHELL@MSU [64]. The model space
for a ®Sr core included the proton orbitals p; 2 and
gos2 as well as the neutron orbitals ds/z, gr/2, s1/2,
ds;2, and hyy /. The single-particle energies (SPEs) were
adopted from Ref. [63], where they were fixed to repro-
duce the extrapolated values for a 1°°Sn core [65]. The
model space and the corresponding SPEs are depicted in
Fig. 7. TBMEs were obtained from an effective interac-
tion that was derived by employing a pertubative many-
body scheme starting from the free nucleon-nucleon inter-
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FIG. 7. Model space used for the present SM calculations.
The single-particle energies for the proton (left) and neu-
tron orbits (right) relative to the ®¥Sr core are adopted from
Ref. [63].
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FIG. 8. Comparison of the experimental level scheme (mid-
dle) with the results of the sdg-IBM-2 (left) and shell-model
calculations (right). In the cases where a one-to-one corre-
spondence of the experimental and calculated states on the
basis of similar decay properties was obtained, they are con-
nected with dashed lines.

action as described in Ref. [66]. This interaction has been
previously used to study Gamow-Teller (GT) strength in
100Cd [63] and for the description of 8190Pd nuclei [67—
69]. To adjust the proton and neutron effective charges
ex and e,, a method was applied that takes advantage
of the different proton neutron symmetries of the wave
functions of the 21 and 2] states. Instead of adjust-
ing the proton and neutron effectlve charges e, and e,
separately, the isoscalar and isovector effective charges
erg = % (ex +e,) and ery = % (ex — e,) were varied to si-
multaneously describe the experimental B(E2;21 — 07)
and B(F2; 2;{ — Of) values. Following this approach, as
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TABLE III. Experimental reduced E2 and M1 transition
strengths compared with the results from SM and sdg-IBM-2
calculations. FE2 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;2F = 0f) 18.1(5)" 18.1 18.4
B(E2;05 —27) 11.7(18) 2.6 7.7
B(E2;25 — 0}) < 0.002 0.95 0
B(E2;2F — 27) 28(9) 19 24
B(E2;24 — 0f) 1.5(3) 1.5 2.53
B(E2;2F —21) 0.58(15) 0.22° 1.92
B(E2;35 —21) 0.28(5) 2.17 3.2
B(E2;3 — 21) 0.2(4) 1.0 0
B(E2;47 —21) 22.6(17)* 21.7 25.6
B(E2;45 —21) 1.5(4) 1.1¢ 1.44
B(M1;1f — 0) 0.17(5) 0.08 0.13
B(M1;25 — 27) 0.05(2) 0.0012 0
B(M1;2F — 27) 0.75(14) 0.72 0.69
B(M1;2F — 27) 0.17(3) 0.44° 0.17
B(M1;2F = 27) 0.047(11) 0.137° 0
B(M1;35 — 27) 0.078(14) 0.265 0.563
B(M1;4f — 41) 0.90(18) 1.32¢ 1.13

& Adopted from Ref. [19]
b Value for the 22’ SM state.
¢ Value for the 4; SM state.

described in more detail below, we obtained the effec-
tive charges of e, = 2.215¢e and e,, = 0.661e used for the
present calculation. For the spin g factors we applied
a quenching factor of @ = 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 Tab. III, respec-
tively, 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. How-
ever, a few deviations are observed above an excitation
energy of 2MeV: the calculated 43 state is found at an
excitation energy similar to the experimental 4; state.
In addition, the largest M1 transition strength to the 4f
state is calculated for the de-excitation of the 47 level.
The SM calculation does not predict any other 4T state
with a comparable transition strength. Because of their
similar excitation energies and decay properties we iden-
tify the calculated 4; state to correspond to the exper-
imental 47 state. Similarly, the calculated 2] state is
the only 27 state above the 23' state with a considerable
B(M1) strength for a transition to the 23 state and thus,
we identify the 2] SM state to be the experimental 2}
state.

The transition strengths obtained from the SM calcu-



lations are in good agreement with the experimental data
(see Tab. IIT). Note that only the B(E2) values for the
ground-state transitions of the 2 and 21 states were
fixed to reproduce the experimental values. The calcu-
lated B(M1;24 — 2]) value is in excellent agreement
with the experimental value and supports the assign-
ment 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 two compared to the experi-
mental value and the sdg-IBM-2 prediction. Similarly,
the calculated B(M1) value of 0.265 uZ for the 35 — 25
transition, which is the de-excitation of the Bims state

to the symmetric two-phonon 2% state, is larger by a
factor of three compared to the data. However, the
value obtained from the IBM calculations exceeds the
experimental value by a factor of seven. The experimen-
tally observed strong E2 strength of 11.7(18) W.u. for
the 0 — 27 transition is not reproduced by the SM
calculations but in fair agreement with the sdg-IBM-2
result.

As an important result, the strong M1 transition con-
necting the low-lying 4 states is reproduced by both cal-
culations. Though the M1 transition strength calculated
with the SM is about 40% larger compared to the experi-
mental value, the correct order of magnitude is predicted
without any additional adjustment of the M1 transition
operator.

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

T(E2) = e, Tr(E2) + e, T, (E2) (3)

was decomposed into an isoscalar part
Tis(B2) = ers (T,,(E2) + TV(E2)) (4)
and an isovector part
Tiv(B2) = erv (Tn(B2) ~T,(E2)) . (5)

2~

Here, T,(E2) = 3 (r?)° Ya (87, ¢?) are the proton (p =

K3
m) and neutron (p = v) parts of the E2 transition op-
erator, e, are the effective charges, and ery and ers can
be expressed as ejg = % (ex +€,) and ery = % (exr —ev),
respectively.

The isovector contribution vanishes for transitions be-
tween 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 un-
der exchange of the pn labels of at least one proton-
neutron pair. On the contrary, isoscalar contributions
vanish for transitions between two states with oppo-
site pn-symmetry [8, 61]. With this decomposition, the
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FIG. 9. Calculated B(E2) strength of the ground-state tran-
sitions of the 2] (upper panel) and the 23 (lower panel) states
as a function of the isoscalar (left) and isovector (right) effec-
tive 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
24 — 0f transition strengths with the isoscalar and isovector
effective charges, respectively, were used to fix the proton and
neutron effective charges e, and e, .

B(E?2) strength between two states J, JF can be written
as

. 2
B(E%JT— JF) e (77 Tis(B21I7)| +

2 exs - exy |(J] s (B2) 7 (JF T (E2)|I7)| +
R 2
ety [(JF Tiv (BT (6)

Thus, fixing one of the parameters, e;g or ery, the
B(E2) strength is related to the other via a second or-
der polynomial. For the ground-state transitions of the
21 and 23 states this is shown in Fig. 9 for fixed val-
ues of e;gs = 0 or e;y = 0. A strong correlation of the
2 — 07 transition strength with the isoscalar effective
charge is obtained, while the transition strength is very
small and almost independent of a variation of the isovec-
tor effective charge. On the contrary, the 25 — 0 tran-
sition strength is strongly correlated to the isovector ef-
fective 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 21+ and 2;{ states, respectively, since the
ground state is of pn-symmetric character.

This correlation of the ground-state transition
strengths of the 2 and 27 states was used to adjust the
effective charges erg and ery. The isoscalar (isovector)
effective charge was fitted to reproduce the experimen-
tal E2 strength of the 2] — 0f (25 — 0]) transition,
while the isovector (isoscalar) effective charge was fixed



to zero. From the obtained values for erg and ery, the
proton and neutron effective charges e, = ejs + ery and
e, = ers — ery were calculated.

Because of small admixtures of isovector and isoscalar
components in the wave functions of the 2] and 25 SM
states, the experimental E2 strengths for of the 2] — 0F
and 24 — 07 transitions are not exactly reproduced with
the fitted effective charges obtained with the initial choice
of e;ry = 0 and e;g = 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 E2 transition matrix elements Rgo by choos-
ing J}T = 01+ as well as a combination of e;g = 1 and
erv = 0 and vice versa:

n B(E2;JT — 0] ;e15 = 1, ery = 0)
E2 ' =

B(E2;JF — 0f;e1s = 0,ery = 1)
(07 |Tis(E2)|JT)
(07 [Tty (E2)[JT)

(7)

Hence, the ratio Rgs allows for a quantitative measure of
the pn-symmetry of the wave function of the state J rel-
ative to the ground state: if the state J" is characterized
by a pn-symmetric wave function, JJ will be connected
to the ground state via a dominant isoscalar E2 tran-
sition, so that Rgs > 1, while Rgs < 1 is obtained if
the state J corresponds to an isovector valence-shell ex-
citation. Note the similarity of Eq. (7) to the quantity
which is frequently used in QPM calculations to quan-
tify the isospin nature of the QRPA phonons, see, e.g.,
Refs. [70-72] and references therein.

Fig. 10 and Tab. IV show the B(E2) strengths of
the five lowest-lying 2% states to the ground state (Fig.
10 (a)), their B(M1) strengths to the 2] state (Fig. 10
(b)), and the ratio Rgo (Fig. 10 (c)). As expected from
the discussion above, one obtains for the 2f — Of tran-
sition a value of Rgs = 9.8 and thus, a dominant pn-
symmetric character of the 2f state. In contrast, a value
of Rgs = 0.073 indicates a dominant isovector character
for the weakly-collective ground-state transition of the
27 state. Along with the strong 27 — 27 M1 transi-
tion, this manifests the one-phonon quadrupole mixed-
symmetry character of the calculated 2; state.

In the same way as discussed for the E2 transition
operator, the F4 transition operator

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

with T,(E4) = 3 (rf)4 Y, (67, 6°), can be decomposed

7
into an isoscalar and an isovector part, too. Thus, the
ratio of the isoscalar and isovector transition matrix ele-

15

Experiment
B Shell model

(a)

—
S

B(E2) [W.u.]
)

BMI) [1x°]
(e}
~

isoscalar

isovector

2" state

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) M1 strengths for the decay to the 27
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 2;{ states are iden-
tified to be the one-phonon symmetric and mixed-symmetry
excitations, respectively. (c¢) The calculated values of Rg2,
that are based on SM B(E2) values, support the different
proton-neutron symmetry of the wave functions of the 27 and
21 states. The dashed line separates the regions of dominant
isovector and dominant isoscalar excitations from the ground
state.
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was calculated to investigate the proton-neutron sym-
metry of the wave functions of low-lying 41 states. Sim-
ilar to the 27 states, the results are compiled in Fig. 11
and Tab. IV. A dominant isoscalar character is predicted
for the B(F4) ground-state transition of the 4] state
(Rg4 = 4.4). This indicates a proton-neutron symmetric
wave function of the 41*' state which is supported by the
large calculated B(E4;4] — 07) value of 9.86 W.u..

As already discussed, we identify the experimental 45
state to be the calculated 4 state because of its M1
decay properties. Thus, in Fig. 11 (b) one should com-
pare B(M1;45 — 4] )exp with B(M1;45 — 47 )su.
Note the small calculated B(M1;45 — 4]) value of
3.0-107* u%. For the SM 47 state, a dominant isovector
character is obtained from the calculation (Rgq = 0.10).
Along with the large B(M1) transition strength to the 4f



TABLE IV. Ratios Rg2 and Rg4 of the isoscalar and isovector
SM matrix elements of ground-state transitions of low-lying
27 and 47 states, respectively. The ground-state transition
strengths and the M1 strengths for the decay to the 21 and 41
states are shown as well. For the 25 and 4] shell-model states
a dominant isovector ground-state transition is obtained along
with a sizeable M1 strengths to the 2 and 47 states, respec-
tively.

JT Rgx B(EX; JF — 0}) B(M1;JF — JT)
W.u] (1]
2F 9.8 18.1 -
27 0.32 0.95 0.0012
24 0.073 1.50 0.72
2+ 0.81 0.047 0.24
24 0.55 3.2.107° 0.011
4F 4.4 9.86 -
4F 1.3 7.20 3.0-107*
4f 0.10 0.81 1.32
4f 0.030 0.48 0.0024
4t 0.086 0.33 0.095
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FIG. 11. Same as Fig. 10, but for the five lowest-lying 4"
states. While the 4'1*' state shows signatures of a symmetric
one-phonon hexadecapole configuration, the «-decay proper-
ties and the ratio Rgs4 hint for a one-phonon hexadecapole
configuration with mixed proton-neutron symmetry for the
4;’ shell-model state, which we assign to the experimental 47
state.

state and the weakly-collective ground-state transition,
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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 addi-
tion, the similarity to the one-phonon mixed-symmetry
state in the quadrupole sector is striking. We note that
even smaller values for Rr4 are obtained for the 4;[ and
44 states. However, their calculated B(M1) transition
strengths to the 41+ state are at least one order of mag-
nitude 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 “2ZR AND “MO

With the new experimental data on one- and two-
phonon mixed-symmetry states, we perform a compar-
ison of mixed-symmetry states of “SRu to the ones of the
neighboring N = 52 isotones ?Zr and **Mo. In the case
of 92Zr, the Z = 40 sub-shell closure leads to a dom-
inant neutron configuration for the 23 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 “2Zr evolves into the collec-
tive 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 23' state of 2Zr
in the following, despite the presence of pronounced non-
collective components. The first two rows of Fig. 12 show
a compilation of experimental data on the excitation en-
ergies (left) and M1, E1, and E2 transition strengths
for the symmetric (s) and mixed-symmetric (ms) one-
and two-phonon quadrupole states (right) for the nuclei
927r [15], %Mo [14], and “®Ru (this work). The corre-
sponding values for the symmetric and mixed-symmetry
one-phonon octupole and hexadecapole candidates are
included in rows three and four, respectively. As ex-
pected for collective excitations, their excitation energies
exhibit a smooth variation as a function of proton num-
ber.

For the one-phonon quadrupole excitations (top row),
an increase of the M1 strength is obtained for the Qfms —

2TS transition towards the middle of the proton gg,5 sub-
shell. This is in contrast to the de-excitation of the
27 and 37 members of the mixed-symmetry two-phonon
quintuplet to their symmetric counterparts, where the
corresponding M1 transition strengths decrease from
%Mo to 9Ru by about a factor of two and three, re-
spectively. This decrease of M1 strengths also holds for
the candidates for the one-phonon octupole and hexade-
capole states for which a maximum of the M1 strength
is obtained for %*Mo. While the B(M1) values for %Mo
and “SRu are still comparable for the 4% states, they
decrease by a factor of three in the octupole sector. In-
teresting to note is also the evolution of the 3; — 27 E1
transition strength which is predicted to be strong for a
mixed-symmetry one-phonon octupole character of the
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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 ener-
gies while the M1, E'1, and E2 transition strengths are com-
piled in the right panel. Included are data on one-phonon
quadrupole (27 ,,.) and two-phonon quadrupole (23 ., 37 ..)
mixed-symmetry states in the first and second rows as well
as data on candidates for one-phonon octupole (35 ) and hex-
adecapole mixed-symmetry states (47 ) in rows three and four.
Data for *?Zr and **Mo are taken from Refs. [14, 15].

3, state in the Ur, (1) @ Uy, (5) ® Uxy (7) limit of the sdf-
IBM-2. In the N = 52 isotones, the corresponding F1
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strength decreases by more than two orders of magnitude
from ?2Zr to PRu.

VIII. SUMMARY AND CONCLUSIONS

We studied collective low-spin excitations of “Ru by
means of two inelastic proton-scattering experiments.
Absolute M1, E1, and E2 transition strengths were de-
duced from the combined experimental data of two ex-
periments and allowed for a firm identification of the
27 and 3% members of the two-phonon mixed-symmetry
quintuplet as well as candidates for one-phonon mixed-
symmetry octupole and hexadecapole states. The origin
of the strong 45 — 47 M1 transition was investigated
in the scope of shell-model calculations, that were per-
formed with a realistic interaction. From the calcula-
tions, the pn symmetry of the wave functions of low-lying
27 and 47 states was extracted. The results indicate
dominant pn-symmetric and mixed-symmetric configu-
rations for the 4] and 45 states, supporting their sym-
metric and mixed-symmetry one-phonon hexadecapole
interpretation. These findings are in line with the results
obtained from sdg-IBM-2 calculations. For a firm identi-
fication of hexadecapole contributions a measurement of
E4 transition strengths in “Ru is highly desirable. Ex-
perimentally, they are accessible, e.g., via inelastic elec-
tron and hadron scattering at higher energies, see, e.g.,
Ref. [75].
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