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The **Ru nucleus, populated via the *’Mo(*He,2n) reaction, has been investigated by means of K -internal
conversion coefficient, y-ray angular distribution, -y coincidence, and y-y angular correlation measurements.
The results have led to an improved knowledge of the excitation energy pattern via the identification of new
levels and transitions. New information on spin and parities of many levels as well as on mixing ratios of several
transitions has been obtained. The presence of large M 1 components in many transitions definitely excludes the
possibility of considering *®Ru as a nucleus having a structure very close to the vibrational one and points to the
need of an enlarged framework for a successful description.
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I. INTRODUCTION

The structure of the even ruthenium isotopes (Z = 44)
changes from near spherical, for a neutron number close
to N =50, to y unstable, as N increases. The isotopic
chain has been extensively investigated both experimentally
and theoretically. Particular attention has always been paid
to the *®Ru isotope, the lighter member amenable to a
collective description. Its excitation-energy pattern displays
intriguing features owing to the presence of states of quite
pure vibrational structure mixed with states that cannot be
interpreted as members of phonon multiplets.

Such a puzzling behavior has stimulated the efforts of
experimentalists to get more and more information on the
spectroscopic properties of this nucleus. It has been stud-
ied using different reactions, properly suited to investigate
specific properties. The results obtained along the years are
summarized in Nuclear Data Sheets (NDS) [1]. Additional
information on the properties of low-energy levels has been
obtained in recent Coulomb excitation measurements [2—4],
while a thorough study of the levels and decay scheme of **Ru
up to 6 MeV has been performed in Ref. [5].

In the past years different theoretical approaches have
been considered [6—8] to reproduce the experimental data
on the *®Ru isotope. Many studies have been performed in
the framework of the interacting boson model [9]. In the
IBA-1 version (which makes no distinction between proton
and neutron bosons) it was found, since the first application
of the model, that the 98Ru nucleus has a structure very close
to that of the U(5) limit of the model (which corresponds to
the vibrational model in a geometrical picture) as far as the
study is limited to the yrast states up to J = 8 and to the states
of the two-boson triplet. The possibility of describing *®Ru as
a nucleus having a structure close to the U, (5) limit of the
IBA-2 model has been investigated in Refs. [10,11]. However,
an extended comparison of experimental and calculated values
was prevented by the lack of important spectroscopic data. To
gain a deeper insight into the structure of this nucleus we
have produced %Ru via the 97Mo(3He,2n) reaction and have
measured singles, internal electron conversion coefficients,
y angular distributions, y-y coincidences, and y-y angular
correlations.

2469-9985/2016/94(5)/054327(20)

054327-1

Preliminary results have been reported in Ref. [12].

II. EXPERIMENTAL METHODS AND RESULTS

The *®Ru nucleus was produced at the CN accelerator of
Laboratori Nazionali di Legnaro (Padua) via the "Mo(*He,2n)
reaction, at a beam energy of 13 MeV and a typical current of
20nA. The choice of the reaction was based on the requirement
of populating both yrast and non-yrast states in a wide range of
angular momenta. The beam energy was selected on the basis
of our preliminary measurements of the excitation functions
performed in the 12—-13 MeV range.

Information on the **Ru spectroscopic properties has
been obtained through the measurements of single spectra,
internal conversion coefficients, y-ray angular distributions,
y-y coincidences, and y-y angular correlations.

A. Internal conversion coefficient measurements

In the measurements of K-conversion coefficients a self-
supporting target (thickness of ~1 mg/cm?) was used, to avoid
appreciable energy straggling of the emitted electrons. The
total measuring time was about 55 hours. Internal conversion
electrons were detected by means of a magnetic transport
system [13] which deflects the electrons, emitted at 125°
with respect to the beam direction, onto a 5 cm? x 6 mm
Si(Li) detector cooled to liquid nitrogen temperature. The
momentum acceptance of the systemis Ap/p = 18% FWHM
(full width at half maximum) and the energy resolution of the
detector ~2.2 keV for 1 MeV electrons. The area of electron
lines, which have an asymmetric shape, was evaluated with a
function resulting from the convolution with a Gaussian of a
“delta” function plus an exponential “tail” on its low-energy
side. The overall full energy peak efficiency is approximately
constant at a value of about 1% over the 150-1200 keV energy
range.

y rays were detected by a high-purity germanium (HPGe)
detector, having 2.2 keV resolution (FWHM) at 1.3 MeV and
25% relative efficiency, placed 80 cm away from the target, at
55° with respect to the beam direction. Possible differences
in the angular distributions of electron and y rays, which
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FIG. 1. Upper panel: K - and L-conversion lines of the 652.4 keV,
27 — 0 transition. Lower panel: K -conversion line (297.6 keV) of
the 319.7 keV transition deexciting the 2867 keV level. It is clearly
resolved from the doublet made up by the K -conversion lines (302.4
and 303.4 keV) of the 324.4 and 324.5 keV transitions of **Ru and
9Tc, respectively.

would affect the final result, are strongly reduced at the angles
selected for the Si and Ge detectors [ P, cos(55°) = 0].

The energy and relative efficiency calibrations of the elec-
tron spectrometer were obtained using the internal conversion
electrons from electron sources of 2’Bi and 1>*Eu placed at the
target position. The corresponding y rays provided the energy
calibration for the germanium detector.

Energy spectra of electrons and y rays were simultaneously
recorded by means of a multiplexed acquisition system. The
signal from a high stability pulser was fed into each acquisition
channel to allow corrections for dead time effects.

In order to check the effective source position (which
affects the proportionality constant relating the magnetic field
to the transmitted electron momentum) the K-conversion
electrons of the 652.4 keV, 27 — 0] transition were recorded
for different magnetic field settings and normalized to the
corresponding y transition to determine the point of maximum
transmission. Electron energy spectra were then recorded for
several magnetic field settings corresponding to the maximum
transmission of the electron lines of interest in the energy range
200-1000 ke V. Examples of electron energy spectra are shown
in Fig. 1.

Internal conversion coefficients were determined by means
of the normalized peak-to-gamma (NPG) method [14], which
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refers to a transition of known multipolarity. The expression
of the experimental K -conversion coefficient is given by

Ix(E) n.(ER) Iy(ER) 77gamma(E)
Ix(ER) ne(E) I,(E) ny(Eg)

Here Ig, I, and 7., n, are the peak areas and the relative
efficiencies of K-conversion and y-ray lines at the energy of
the transition of interest, E, and of the reference line, Eg.

The required normalization was provided by the 652.4
keV, pure E2 transition, recorded at the maximum of the
transmission in the calibration run mentioned above.

For a few transitions connecting states of positive parity it
has been possible to extract information on the absolute value
of the §(E2/M 1) mixing ratio by comparing experimental and
theoretical g values. The theoretical value is given by

ag(M1) + 8*ak(E2)
(1+6%

The analysis results are summarized in Table I. The experimen-
tal ax value of the 824.7 keV, 6] — 4] transition is reported
to give an idea of the internal consistency of the data.

ag(E) = ak(Eg).

g =

B. Singles, y angular distribution, y-y coincidence,
and angular correlation measurements

In the measurements of singles, y angular distributions, and
y-y coincidences a 7.2 mg/cm? target of *’ Mo (92% enriched)
was used. A thin (100 ug/cm?) gold layer was evaporated on
the backside to reduce Doppler shift effects on the emitted
radiation.

Angular distribution and y-y coincidence measurements
were performed by using an apparatus which employs five
HPGe detectors mounted on a circular track, at adjustable
angular positions and distances from the target. Cone shaped
shields (internally copper lined) were utilized to define the
acceptance of the detectors and to minimize y cross-scattering
effects. In the present work the detectors were kept at fixed
angles (60°, 110°, 215°, 270°, 315°) with respect to the beam
direction, at a distance of 11 cm from the target. The layout
of the apparatus is shown in Fig. 2. An additional HPGe
detector, mounted on a vertical plane at 90° to the beam
axis, at 27 cm from the beam line, provided singles spectra
unaffected by Doppler shift effects. The detectors have a
typical energy resolution of 2.3 keV at 1.33 MeV gamma
energy and 25% relative efficiency. The energy calibration
and detector efficiencies were obtained by using a >’Eu and
a %Co source at the target position. To perform an accurate
energy calibration, in addition to the y lines of the two sources,
we have also considered the **Ru transitions reported by NDS
with the uncertainty on the second decimal digit. The energy
range was explored up to a maximum of about 2300 keV.

Angular distribution and y-y coincidence measurements
were carried out simultaneously, during three separate runs
for a total acquisition time of about 80 hours. A pulser was
used during the angular distribution measurements to correct
for different dead times and possible gain changes.

In the y-y coincidence experiment the resolving time was
~9 ns. The count rates of the detectors were such that
differences among dead times could be neglected. For each
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TABLE 1. Experimental K -internal conversion coefficients, in units of 10~* (column 5), are compared with the theoretical values [15] for
E1,E2,M1, transitions (columns 5-7). The J7 and J]’Z spin parities of the initial and final states are from Ref. [1]. Previously reported ag
values are shown in column 9. The present results on parities are reported in column 10 and those on || in column 11. The upper limit for |3|
of the 253.8 keV transitions is given at 95% confidence level. The presence of an unresolved and very weak (as detected in y-y measurements)
879.5 keV (1144.2 keV) transition from the 2276.8 keV (4213.8 keV) level does not affect the af(xp value of the 879.2 keV (1144.5 keV)

transition.

Ejey (keV) Jr E, (keV) J7 ag’ ag (E1)  ag (E2)  ag (M1)  Ref.[16] Jr 1]

1797.0 3+ 382.7 2t 9.0(8) 10.5 7.8 0.979%
11445 2+ 0.65(15) 0.575 0.627  0.7(3)

1817.2 @" 1164.8 2+ 1.0(3) 0.554 0.604

22225 6+ 824.7 4+ 1.29(9) 1.22 1.2(2)

2266.5 4+ 253.8 3+ 20(2) 40.5 22.0 <0.35

2276.8 2 879.2 4+ 0.80(29)  0.428 1.05 1.13 1.4(3) @

2867.3 (6") 3203 (5.6 12.3(12) 4.55 18.5 12.2 ©" 0.0(5)

644.8 6+ 244(52)  0.821 2.28 2.24

3069.2 846.6 6+ 1.36(30)  0.462 1.15 1.21 4+ — 8+

3190.2 (8%) 967.7 6* 0.84(20) 0355 0.835 0.901  0.9(3) ®"

32452 (6) 978.8 4+ 0.81(27) 0347 0.814 0.878 ©"

3250.6 984.4 4+ 1.22(38) 0343 0.803 0.868 2t —6*

32833 (7~ 1060.6 6" 0.9025)  0.298 0.679 0.738  0.23(10) "

3538.5 (6,7,8%) 9918 (56"  0.97(48)  0.339 0.790 0.854

coincidence event involving at least two Ge detectors the y -ray
energies and the time interval between the signals from the
detectors were collected and stored on magnetic tape for offline
analysis. Altogether about 4.3 x 10% events were stored.

1. Singles and y-y coincidence analysis

The information obtained from both singles and y-y
coincidences has been used to achieve an improved knowledge
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FIG. 2. Schematic view of the apparatus utilized in angular
distribution and correlation measurements.

of the decay scheme of **Ru nucleus and to evaluate the relative
intensity of the transitions deexciting the levels.

To improve the statistics and reduce angular correlation
effects on the relative intensities of y lines, the coincidence
spectra of the five detectors, gated on a given transition
and properly corrected for different energy calibrations, were
summed up. Several new levels and gamma transitions have
been identified.

As an example of the procedure followed in the analysis,
we consider the case of a multiplet of three transitions found
at an energy of >~ 1722 keV. To this aim we show in Fig. 3
the relevant sections of the spectra gated on (a) the 652.4 keV,
27 — 07, (b) the 745.4 keV, 4] — 27, (c) the 824.7 keV,
6;“ — 4;“ keV transitions, and on (d) a small energy region
centered at >~ 1722 keV. Clearly, the different intensities of
the 652.4, 745.4, and 824.7 keV transitions in panel (d) point
to the presence of closely spaced transitions feeding the ZT,
4;”, and 6}L levels. By proper subtraction of the spectra in
panels (a), (b), and (c) we established the energies of a triplet
of y lines of 1719.2, 1722.4, and 1721.9 keV. They deexcite
the levels at 2371, 3120, and 3944 keV to the 2], 4], and
6, states, respectively. A single transition of 1722(1) keV
from a level at 2374.5 was reported by NDS while only a
1723.1 keV transition from the 3946.4 keV level to the 67
state was reported by Cakirli et al. [5].

Following a similar procedure for the peak marked by the
left arrow in panels (a) and (b), we infer the existence of two
transitions having energies of 1710.1 and 1710.7 keV, which
deexcite the 2362 and 3120 keV levels to the 2;“ and 3; states,
respectively. The right arrow marks a 1734.6 keV transition,
which connects the 3132 keV level to the 4] state. None of the
levels just mentioned was previously identified.

Spectra concerning the identification of the new levels at
2670 and 2707 keV, which deexcite to the 2;“ state via the
1256.1 and 1293.0 keV transitions, respectively are presented

054327-3



A. GIANNATIEMPO, A. NANNINI, A. PEREGO, AND P. SONA

counts

8000

6000

4000

2000

counts

2000

1500

1000

500

counts

(@)

1722.4 +
1721.9 +

¢ 1719.2

1774.5

1720

1740

1760  E(keV)

(b)

1722.4 +
1721.9

v

¥

1720

1740

1760 E(keV)

(©)

1000

800

1721.9

600

400

200

1720 1740 1760 E(keV)

counts | (d) 6524
3000
2500
2000
1500 745.4
1000

500 824.7

200 400 600 E(keV)

FIG. 3. Partial energy spectra obtained by gating on (a) the 2] —
07, 652.4 keV, (b) 47 — 2, 745.4 keV, (c) 6] — 4], 824.7 keV
transitions and on (d) a small region around 1722 keV. The 1774.5 keV
transition deexciting the 2427 keV level is shown to give an idea of
the FWHM of the lines in this energy region. The arrows in panels
(a) and (b) mark the presence of new transitions found in this work
(see text per detail).
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FIG. 4. (a) Section of the y energy spectrum obtained by gating
on the 761.8, 2 — 2 keV transition. The 1256.1 and 1293.0 keV
transitions deexcite the 2670 and 2707 keV levels, respectively. (b),
(c) Section of the y energy spectrum obtained by gating on (b) a
region around 1256-1258 keV and (c) the 1293.0 keV transition. The
presence in panel (b) of the 745.4 keV transition is due to decay of
the 2656 keV level to the 4] state via the 1258.7 keV transition.

in Fig. 4. In this example the identification of the levels is
straightforward.

The relative intensity of the transitions deexciting a given
level has been evaluated, when possible, in both singles and
coincident spectra. As a final value we adopted the weighted
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average of the two data, when compatible. The existence of
a significant difference between the two evaluations has been
considered as indicative of the presence of contaminants. As an
example, we mention the case of the intensity ratio of the 324.4
and 1149.2 keV transitions, deexciting the 2547 keV level. Its
value in singles is much larger than in the coincidences spectra
gated on the transitions which populate the 2547 keV level.
The contaminant has been identified as a transition deexciting
the 324.5 keV state to the ground state, of °’Tc [17], produced
via (3He , pn) reaction on Mo, present at the 2% level in the
target.

It must be stressed that, because of the limited energy
range we have explored (up to about 2300 keV), transitions
deexciting states of energy larger that >~ 3 MeV in coincidence
with the 2] — 0} transition cannot be observed. The loss of
transitions towards low-lying states increases for increasing
energies. Because of the spin values of the the low-lying levels
the missed states have predominantly low spins.

The results of the present work on level energies, y
transitions and intensity ratios are summarized in columns 7-9
of Table II. Here, they are compared with the data reported by
NDS (states of unknown decay have not been considered) and
by Cakirli et al. [5] in columns 1-3 and 4-6, respectively.

Hereafter we comment on some specific cases.

1322 keV level. Cakirli et al. [5] are doubtful about the
consistence of their results on the transition of 670 keV
deexciting this level to the 0] state with those reported in the
literature. In singles we observe a doublet at about 670 keV. In
the gate on the 652.4 keV only a 669.9(1) keV line is present.
A 670.3(2) keV line is observed in the spectrum gated on
the 324.4 keV transition which, as mentioned above, contains
a strong component due to °’Tc nucleus [17]. It has been
identified as the 670.21 keV transition connecting the 994 keV
state to the 324 keV one in this nucleus.

1817 keV level. A transition deexciting this level to the 0}
state is reported by NDS. It is very doubtful for Cakirli et al. [5]
who, in fact, consider the spin-parity J* = 0% as possible for
this state. The transition is clearly observed in the present work
in the spectrum gated by the 610.0 keV transition, populating
the 1817 keV state from the 2427 keV level.

1953 keV level. A level at 1953 keV was tentatively
proposed by Samudra et al. [6] on the basis of a 1301 keV
transition to the ZT state. Cakirli ef al. [5] found no evidence
of this transition and consequently of this level. We observe
a 1301.2 keV y ray in the spectra gated by the 652.4, 745.4,
and 824.7 keV transitions and assigned this transition to a new
level at 3524 keV level, thus definitely excluding the existence
of the 1953 keV level.

2277 keVlevel. A 879.2 keV transition deexcites this level to
the 4 state. It is part of an unresolved doublet which contains
also the 879.5 keV transition connecting the 4006 keV level
to the 8/ state. The difficulty in evaluating separately each
transition is probably the cause of the noticeable disagreement
between Ref. [1] and Ref. [5] about the relative intensities of
the 879.2 and 1624.2 transitions from the 2277 keV state and
of the 879.5 and 722.4 keV transitions from the 4006 keV state.
To obtain a reliable estimate of the relative intensities of the
two member of the doublet we followed a procedure analogous
to that described above for the transitions of ~1722 keV.
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We found that the intensity of the 879.5 keV deexciting the
4006 keV level, is only ~4% that of 8§79.2 keV transition.
This implies a negligible correction for the measured inter-
nal conversion coefficient of the 879.2 keV transition (see
Table I).

2468 keV level. According to NDS this level deexcites
via the 670.2 and 2467.6 keV transitions. In agreement with
Ref. [5] we do not observe the 670.2 keV transition. We cannot
check the existence of the transition to the OT state because
its energy is outside the energy range investigated; however,
the identification of the 1815.9 keV transition to the 2| level
confirms the existence of this state.

2547 keV level. The identification of a new transition of
534.2 keV deexciting this level to the 37 state proves to be
essential for the J7 assignment to this state.

2670 keV level. Evidence of the existence of this state is
presented in Fig. 4. It is probably to be associated to that
observed at 2671(10) keV by Du Marche’ et al. [16] in the
(p,p) reaction.

3069 keV doublet. A doublet of 3069.3 and 3069.4 keV
levels is reported in Ref. [1]. The first level decays viaa 522 and
a 847 keV transition, the second one via a 2417 keV transition.
Reference [5] report only a level at 3070.3 keV, decaying via a
522.5 keV transition. We observe both the transitions reported
by NDS for the 3069.3 keV level, but are not able to check
the existence of the 3069.4 keV level, because the 2417 keV
transition falls outside our recorded energy range.

3851 keV level. Our findings about the transitions deexciting
this level considerably differ from the data reported in the
literature, except for the transition connecting this state to
the 8] state. For this transition we measured an energy
of 724.7(1) keV, which implies an energy of the state of
3851.0(1). From the analysis of different gates we can exclude
the assignment of the 272 keV transition to the decay of the
3851 keV level; however, its placement in the decay scheme
remains unassigned. The 312 keV transitions, reported in
Refs. [1,5] as de-exciting this level to the 3538 keV levels,
is not observed in the present work.

Reference [1] reports a 567.4 keV transition deexciting the
3851 keV level to the 83’ state; Refs. [1,5] report a 661.3 keV
transition to the 8] state. The energies we found for these
transitions are 569.0(2) and 662.1(4) keV, respectively. Adding
these energies to those (known very precisely) of the 8; and
8] states, respectively, we have ascertained the existence of a
new level at 3852.5(2). We finally remark that the energies of
the 272.2, 312.7, and 567.4 keV transitions are given without
errors by NDS.

4006 keV level. Reference [5] reports two levels, very close
in energy, at 4006.6 and 4007.4 keV. An accurate check of
the energies of the transitions deexciting these levels leads to
the conclusion that only one level exists (at 4005.7 keV), in
agreement with Ref. [1].

4223 keV level. Two levels, at 4221.7 and 4224.7 ke V, which
deexcite to the 3191 keV level via 1030.4 and 1033.3 keV
transitions, respectively, are reported in Ref. [5]. We observe
only a 1032.5 keV transition in the gate on the 967.7 keV
transition, which deexcites the 3190 keV level. The existence
of the 4221.7 keV level, based only on the presence of the
1030.4 keV transition, is therefore not confirmed.
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TABLE II. Level and y-transition energies (in keV) reported in Refs. [1] and [5] are shown in columns 1-2 and 4-5, respectively. In
columns 1 and 2 energies are given without errors when the uncertainty is on the second decimal digit. The branchings of Ref. [1] and those
deduced in the present work from Table I of Ref. [5] are shown in columns 3 and 6, respectively. In Ref. [5] the uncertainties on the energies
range from 0.2 keV for the stronger transitions to 0.4 keV for the weaker ones; analogously, those on the relative intensities range from 1% to
5-15%, respectively. The results of the present work are shown in columns 7-9. In columns 7 and 8 the energies reported without errors are
taken from Ref. [1]. Transitions that in Ref. [1] or [5] are placed differently than in the present work are marked by a superscript a. New levels
are shown in boldface characters and levels previously observed in only one of Refs. [1] and [5] are marked by a star. The main gates on which
the present placement of new transitions (or observed only in Ref. [1] or [5]) is based are given in column 10. Transitions having an energy
larger than 2.3 MeV are marked by the symbol ne (not evaluated) because they are outside the energy range recorded in the experiment.

E, E, I, E, E, I, E, E, I, Gates
652.44 652.43 100 652.6 652.6 100 652.44 652.43 100
1322.14 669.70 100 1320.7 668.1 100 1322.14 669.70 100
1397.82 745.36 100 1398.2 745.6 100 1397.82 745.36 100
1414.29 761.84 100(1) 1414.9 762.3 100 1414.29 761.84 100(2)
1414.29 50(1) 1415.0 49 1414.29 49(1)
1796.96 382.65 26(1) 1797.6 382.7 26 1796.96 382.65 27(3)
399.1(3) 7(1) 399.1 7 398.8(2) 10(3)
1144.52 100(7) 1145.1 100 1144.52 100(1)
1817.22 1817.9 1817.22 494.7(3) 3(1) 670
1164.78 100(7) 1165.3 100 1164.78 100(5)
1817.4(5) 38(3) 1818.4 14 1817.1(3) 18(3)
1953.42(3)  1301.0(3) 100
2012.70 598.44 92(11) 2013.4 598.9 89 2012.70 598.44 70(4)
614.87 100(13) 615.0 100 614.87 100(4)
1360.9(5) 17(3) 1360.9 10 1360.1(4) 6(1)
222251 824.69 100 22233 825.1 100 222251 824.69 100
2241.42(3)  843.6(3) 100 2241.4(5)  843.6(5) 100 652, 745
2245.9(3) 1593.4(3) 100 22460 15932 22458(2)  1593.4(2) 100 652
2257.8(4)  843.5(4) 100 762, 1414
2266.50 253.80 22(2) 2267.2 253.8 26 2266.50 253.80 20(3)
469.54 100(8) 469.6 100 469.54 100(3)
868.7(3) 26(4) 869.2 29 868.4(2) 30(3)
2276.8(3) 2278.0 2276.8(2)  264.1(4) 5(1) 598, 615
879.0(3) <56 879.6 92 879.2(1) 57(3)
1624.3(3) 100(25) 1625.4 100 1624.2(3) 100(4)
2295.4(2)  897.6(2) 100 652, 745
2362.53)  1710.1(3) 100 652
2374.5(10) 2374.0? 237132)  956.7(3) 14(4) 762, 1414
1722(1) 1719.2(3)  100(10) 652
2406.12)  991.7(2)  48(10) 762, 1414
1084.1(2) 64(6) 652, 670
1753.5(3)  100(16) 652
2427.1(2) 610.1(3) 9(2) 24279 609.9 7 2426.9(1)  610.0(1) 10(1)
630.1(3) 7(2) 630.3 6 629.8(2) 11(1)
1012.7(1) 11(1) 652,762
1029.4(3) 18(5) 1029.77 <20 1029.0(1) 21(1)
1774.5(3) 100(11) 1776.4 100 1774.5(3) 100(2)
243022(3)  1032.4(3)°
2467.6(10)  670.2(7) 100(10) 2468.3(2)
1815.9(2) 100 652
2467.6 19.5(24) ne
2473.8%(5) 197.0(3)
2546.99 2547.8 280.5 5 2546.99 280.5(2) 10(2) 320, 470
324.5(3) 22(2) 324.6 22 324.4(1) 20(2)
534.2(2) 11(3) 320, 615
1149.17 100(9) 1149.7 100 1149.17 100(4)
2602.3(3) 2603.5 2602.2(1)  325.2(3) 23(4) 879, 1624
591(1) 75(25) 589.6 52 589.5(2) 100(7)
785.3(3) 12(3) 1165
1188.0(3) 39(5) 762, 1414
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E; E, I, E; E, I, E E, I, Gates
1204.4(3) 100(50) 12057 100 1204.4(2) 67(5)
1949.1(10)  40(18) 652
2619.8(5) 2619.5(3)  802.2(4) 10(2) 1165
1967.3(5) 100(9) 1967.2(5) 100(7) 652
2619.2 11.7(12) ne
2656.52 2657.5 2656.52 643.9(2) 6(1) 598, 615
1258.69 100 1259.3 100 1258.69 100(2)
2659.62 862.66 100 2660.8 8632 100 2659.62 862.66 100
2670.4(2) 853.2(2) 12(2) 652, 1165
1256.1(5) 100(4) 652, 762
2018.1(7) 14(3) 652
2707.2(3) 889.7(4) 10(3) 1165
1293.02)  100(16) 652, 762
1385.6(4) 12(3) 652, 670
2720.3(3) 1322.5(3) 100 27204 13222 100 2720.0(1)  1322.2(1) 100(3)
2068.1(5) 11(2) 652
2754.2(3) 937.0(3) 100 1165, 1817
2786.6 5633 100
2809.2(2) 542.7(3) 100(33) 28100 5428 100 2809.3(1) 542.8(1) 95(5)
796.4(2) 19(2) 598, 615
1012.2(3) 78(22) 1012.4(1) 100(8) 762, 1145
1411.5(5) 33(8) 652, 745
2811.53)  1397.2(3) 100(7) 762, 1414
1413.7(4) 58(10) 652, 745
2816.6(2) 999.3(4) 17(4) 1165
1402.2(4) 33(8) 762, 1414
1418.93)  100(11) 652, 745
2164.4(6) 91(15) 652
2825.8(2)  1428.0(2) 100 652, 745
2859.1(2) 846.4(2) 100 598, 615
2867.7(2) 320.7(3) 100(18) 28684 3206 100 2867.3(1) 320.3(1) 100(5)
645.2(3) 45(9) 645.1 16 644.8(2) 523)
1469.2(4) 8(2) 745
2932.6(2) 710.0(2) 62(13) 745, 824
2280.8(6)  100(27) 652
2954.3(3) 527.4(3) 100 610, 1774
2979.7(7)  1675.6(7) 100 670
3014.4(6)  1616.6(6) 100 652, 745,
3016.83)  1619.0(3) 100 652, 745
3026.6(5)  1013.9 (5) 100 598, 615
3058.7 8354 100
3064.9(3) 3066.7 3064.8(1) 408.3(2) 7(1) 745, 1258
1052.1(2) 10(3) 598, 615
1667.1(3) 100 1668.5 100 1667.0(1) 100(4)
3069.3(7) 522(1) 29(15) 30703 5225 100 3069.2(2) 522.2(2) 9(1)
847(1) 100(29) 846.6(3) 100(6) 745, 824
1671.0(3) 12(1) 652, 745
3069.4(11) 2417(1) 100 ne
3074.6(2) 418.3(2) 55(6) 745,1258
1061.7(3) 45(9) 598, 615
1676.72)  100(12) 652, 745
3093.73)  1679.6(4) 51(16) 762
1695.7(5)  100(18) 652, 745
3097.52)  1699.7(2) 100 652, 745
3109.12) 452.3(3) 16(3) 745, 1258
682.2(2) 100(8) 610, 1774
1312.3(2) 46(7) 652, 1145
1710.7(3) 73(4) 652, 745
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E E, I, E, E, I, E E, I, Gates
3120.2(2) 1107.6(3) 28(7) 598, 615
1722.4(2) 100(8) 652, 745
3126.31 903.80 100 31274 904.1 100 3126.31 903.80 100
3132.5(3) 476.2(5) 8(2) 1258
1734.6(3) 100(5) 652, 745
3178.8(6)  1764.6 9(1) ne
2526.1 100(7) ne
3179.3 50(5) ne
3184.9(1) 638.0(2) 48(4) 324,745,1149
962.3(2) 43(3) 745, 824
1172.2(1) 100(5) 598, 615
3190.20 967.69 100 3191.3 968.0 100 3190.20 967.69 100
3205.5(8) 3205.2(3) 1388.56)  50(15) 1165
17923 63(18) 1790.6(4)  72(21) 762,1414
1807.2(6)  100(20) 745
25523 100(11) ne
3245.4(3) 3246.4 3245.2(1) 698.1(2) 12(2) 745, 1149
978.9(3) 100 9792 100 978.8(1) 100(4)
1022.3(2) 15(2) 745, 824
3250.93) 3252.1 5913 46 3250.6(2) 590.7(2) 38(4) 862, 1145
594.7 56 594.2(2) 42(5) 745, 1258
984.4(3) 100 9849 100 984.4(2) 100(6)
3279.2(2) 1482.2(5)  43(12) 1145
1881.4(2) 100(6) 652, 745
3283.5(2)  626.9(3) 29(4) 32845  627.1 26 3283.3(1) 626.9(1) 24(2)
1060.93)  100(10) 1061.2 100 1060.6(1) 100(2)
3287.9(2) 1065.4(2) 100 745, 824
3350.4(3) 1084.03)  61(12) 470, 1145
1553.05)  100(22) 652, 1145
3382.8(2) 1106.03)  58(11) 879, 1624
1370.04)  48(14) 598,615
1585.94)  100(28) 652, 1145
3441.3(6) 3442.1(3)%  1014.8(3)  42(12) 1774
1428.1(5) 79(7)
1624.7(6)  100(11) 1625.3(5) 22(4) 1165
2045.1(5) 100(8) 652, 745
34764  229.8 66 347472y 229.12)  78(13) 470, 979
12532 100 1252.3(2)  100(13) 745, 824
2076.5(5)  96(21) 652, 745
3523.52) 803.0(4) 11(3) 1322
1301.2(2) 100(6) 745, 824
3538.4(2)  412.1(3) 81(6) 3539.8 4124 100 3538.5(1) 412.1(1) 100(6)
991.4(3)  100(13) 9920 79 991.8(2) 65(5)
3562.1(3) 1014.93)  69(13) 1149
1340.04)  100(11) 745, 824
3579.7(5)  295.1 3579.9 2955 26 3578.5(1) 295.0(2) 19(4)
1033.7 1032.1 100 1031.5(1) 100(7)
1357.6 1356.1(4) 15(3) 745, 824
3620.42) 1397.9(2) 100 745, 824
3623.9(2) 967.4(2) 100 745,1258
3637.7(3) 1415.2(3) 100 745, 824
3671.12) 1014.6(2) 100 745,1258
3703.12) 1046.6(2) 100 745, 1258
3721.8(2) 438.5(3) 46(9) 824, 1061
1065.2(2)  100(10) 745, 1258
3851.6(2) 2722 4 38526 2728 4 3851.0(1)
312.7 4 312.7 3
567.4¢ 2
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TABLE II. (Continued.)

E; E, I, E, E, I, E; E, I, Gates
661.3(4) 4 661.3¢ 3
725.4(3) 100 725.2 100 724.7(1) 100
3852.5(2) 569.02)  100(23) 824, 1061
662.1(4) 51(16) 824, 967
3857.1 317.3 100 3854.9(2)% 316.4(1)  100(19) 904, 992
987.6(5) 71(16) 320, 645
39464  1723.1 100 3944.42)%  1721.9(2) 100 745, 824
3964.8(4) 1742.3(4) 100 745, 824
3971.7(2) 1301.5(3) 70(11) 762, 1256
1315.7(4) 64(12) 745, 1258
1958.4(4)  100(20) 598, 615
4001.3(3) 810.9(4) 46(4) 4002.1 810.7 43 4000.6(1) 810.3(2) 38(4)
875.1(4) 100(8) 874.7 100 874.3(1) 100(7)
4006.0(3) 722.5(3) 100(8) 4006.6 4005.7(1) 722.4(2) 100(8)
754.5 100 754.3(2) 48(15) 470, 984
815.4(2) 51(4) 824,978
879.8(4) 85(7) 879.5(2) 43(5)
4007.4 722.9¢ 100
816.1¢ 46
879.6¢ 32
41357 889.3 100 4134.7(3)* 889.3(3) 100 470,978
4216.1 214.3 44 4213.7(2)%
1024.9 100 1023.5(3) 24(4) 824, 967
1088.5 61
1144.6(3) 100(8) 824, 847
42217 10304 100
42233(33)  1033.2(4) 100(7) 42247  1033.3 100 4222.8(2) 1032.5(2)  100(10)
1096.9(4) 85(7) 1097.5 49 1096.9(4) 33(9)
42585  1012.1 100 4256.2(3)*  1011.0(3) 100 470,978

2. Angular distributions analysis

The angular distribution of a y ray emitted from an oriented
state can be described as [18]

W(0) = Agoll + Q2A2(y)P2(cos0) + Q4A44(y)Py(cos 0)],

where Q; are solid-angle correction factors and P; the
Legendre polynomials. The angular distribution coefficients
Ay can be expressed as the product of orientation parameters
Bi(J), which describe the alignment (relative population of
the magnetic substates) of the initial state of spin J = J;, and
coefficients Ax(X), which depend on the initial and final spins
Ji, Jr, and on the mixing ratio § of the transition:

Aw(y) = BrAk(y).
For mixed transitions having multipolarities L and L’ the
standard expression for Ai(y) reads
[Fx(LLJ;J;)+28Fx(LL' J;J;)+8*Fx(L'L'J 1 J))]
(1482 '
Here, the mixing ratio is in the convention of Krane and
Steffen [19] and the Fj, are the usual F coefficients. The value

of Bi(J) for maximum alignment, By (J) are tabulated [18].
The attenuation coefficients

o = Br(J)/B;(J)

Arly)=

relate the actual orientation parameters to the B;(J).

The spectra collected at the aforementioned angles were
analyzed to extract information on level spins and §[(L =
1)/(L’ = 2)] mixing ratios.

A minimum x? procedures was applied for the analysis
of the angular distribution data, with Agg, Az, and Ay as
free parameters. The adopted Qj values were numerically
evaluated following Ref. [19]. It proved convenient to perform
the analysis separately for each run and to combine the results
by considering the weighted average of the three sets of values
for Ay, and Ayy. In all considered cases the values extracted
for Ayy were compatible with zero, within the errors. As a
consequence, only the experimental A, values were utilized
in the analysis.

Examples of the analysis performed to deduce the A,
coefficients are reported in Fig. 5 for the 903.8 keV, 8 — 6
transition and for the 984.4 keV transition deexciting the
3251 keV level, of unknown spin, to the 4fr state. The A
value extracted for the 903.8 keV transition has been used to
evaluate the attenuation coefficient for the J = 8 state (see text
below).

The A;; values obtained in the present work are reported in
column 5 of Table III. In column 6 are given those deduced by
Samudra et al. [6], who measured y-ray angular distribution
and polarization in *®Ru, populated in the same reaction
and at the same beam energy as in the present work. In
order to extract the A, distribution coefficients through a
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TABLE III. Level and transition energies (except those of the 2670 keV level, identified in the present work) and spin-parities of the initial
and final levels in columns 1-3 are from Ref. [1]. The A, values obtained in the present work are reported in column 5 together with those by
Samudra et al. [6], given in column 6. The spins (column 7) of the initial levels and the §(L = 1/L’ = 2) mixing ratios of the deexciting transitions
(column 8) have been deduced from the weighted averages of the A, coefficients of columns (5) and (6). The present § values are compared with
those (column 9) obtained by DuMarche’ et al. [16] from angular distribution measurements. In some cases the data of columns 7 and 8 have
been evaluated for a J; or J, spin (given in square parenthesis next to the data of interest) definitely assigned in other sections of the present work.

Eiey (keV) Jr E, (keV)  J7 Axn A [6] Ji 8 8 [16]

652.4 2f 652.4 0f 0.082(18) 0.087(5)

1397.8 4f 745.4 2f 0.129(19) 0.136(6)

1414.3 25 761.8 2f 0.02(2) 0.01(1) —0.2570 04 or +6.0133

1414.3 (O 0.046(37) 0.057(14)

1797.0 3f 382.7 25 —0.117(30)  —0.091(14) +0.02+319 or —3.5(12) 04737
398.8 4f 0.08(6) 0.06(4) —0.22109 o —5.2+12

1817.2 )" 1164.8 2f —0.01(3) —0.03(2) 0-3

2012.7 35 614.9 4f —0.111(36)  —0.108(11) +0.2479%0 or > 3

22225 6 824.7 4f 0.184(18) 0.187(5)

2266.5 45 253.8 35 —0.365(54)  —0.360(20) —-0.9 (0.5) (3.5
469.5 3f 0.114(42) 0.135(9) +0.457 008 or +4.2109% (-0.8752
868.4 4f 0.04(4) —0.07(2) —0.371033 or +2.1119

2426.9 24 610.0 2" —0.091(33) —0.11080) 23 (J; =2) —1.5"% (i =2)
629.8 3f 0.17(7) 234 —0.04(45) (J; = 2)

2547.0 (5,6)* 1149.2 4f 0.19(2) 0.17(1) 45,6 0.44(10) or 3.6 (J; = 5)

2656.5 (57) 1258.7 4f —0.11(2) —0.08(1) 3,4,5 > —0.1

2659.6 (3+,4) 862.7 3f —0.074(43)  —0.064(16) 2,34

2670.4 1256.1 2f —0.01(4) 0-3

2720.0 3) 1322.2 4f —0.09(5) —0.05(4) 3,4,5

2809.3 (2% 542.8 45 0.18(4) 3-6

2867.3 (6) 3203 (5,6)F 0.11(5) 0.08(26)  4-7(J; =5)

3064.8 (3%) 1667.0 4f —0.18(8) —0.08(5) 34,5

31263 8 903.8 6, 0.232(27) 0.230(20)

3190.2 (8%) 967.7 6, 0.192(22) 0.210(30) 5-8

3245.2 (6) 978.8 45 0.251(32) 0.200(40) 5.6

3250.6 984.4 45 —0.111(34) 3,45

3283.3 (7)~ 1060.6 6, —0.11529)  —0.13030)  5,6,7

3538.5 (6*,7,8%) 412.1 8 0.197(80) 0.190(90)  6-9
991.8  (5,6)* 0.175(67) 6,7(J; =5)

3852.5 569.0 (7~ 0.277(42)

4000.6 10f 874.3 8 0.286(65)

minimum x2 procedure to the angular distributions they kept
As = 0.

Since our values of the A, coefficients are compatible with
(in most cases very close to) those of Samudra et al. [6], we
used, wherever possible, the weighted average of the two A
values to extract the information on spins and mixing ratios
reported in columns 7 and 8 of Table II.

To overcome the problem related to the unknown align-
ments, we first considered the A,, coefficients of the transitions
reported in Table II which have pure E2 multipolarities. In
this case the a, values for the relevant levels can be directly
extracted from the relation

oy = Axn/Bi(J)02A;.

The values so obtained for the attenuation coefficients are
reported in Fig. 6, as a function of the spins of the relevant
states. It is seen that the «, values lie approximately on a

straight line and that the values, up to J = 6, are very well
determined (errors are less than 1%).

We have then compared the experimental A, values for
the other transitions to those calculated for any assumed J
and any possible §, in order to obtain information on spins
and/or mixing ratios. We used for the attenuation coefficients
the values extracted from the plot in Fig. 6, assigning to each
a, value a J-independent, conservative uncertainty of +0.05.

An example of the analysis is given in Fig. 7, where the A,
values, calculated in the hypothesis of J; = 5 (spin assigned
in the present work) for the 1149.2 keV transition which
deexcites the 2547 keV level to the 41+ state, are compared
to the experimental value. In this case, as in most of the cases
investigated, two values of § are possible.

The results of the analysis are reported in Table III. The
deduced information on J; and on the mixing ratios are given
in columns 7 and 8, respectively.
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FIG. 5. Angular distribution of the 903.8 (upper panel) and 984.4
keV (lower panel) transitions deexciting the 3126 and 3251 keV
levels, respectively. The continuous curve represents the function
W(6) evaluated with the fitted parameters. The reported values (on
an arbitrary scale) correspond to the data collected in a single run.

FIG. 6. Attenuation coefficient o, as a function of J;.

PHYSICAL REVIEW C 94, 054327 (2016)

A N
/
/

FIG. 7. Comparison of the experimental A,, coefficient of the
1149.2 keV transition, deexciting the 2547 keV level to the 4]
state, with the values calculated for three values of the attenuation
coefficient [¢2 = 0.30 (dotted line), 0.35 (full line), and 0.40 (dashed
line); see text for details], as a function of §, for Ji = 5. Upper panel:
Extended range of §. Horizontal lines mark the experimental values
(full line) and the associated uncertainties (dotted lines). Lower panel:
Expanded view of the § = 0-5 region. Full vertical lines mark the
deduced value of §, while dotted vertical lines mark the associated
uncertainties.

3. y-y angular correlation analysis

The data acquired in the y-y coincidence measurements
have also been utilized to extract information on spin values
and mixing ratios 8, for each considered y cascade. In order to
avoid the need for accurate values of the absolute efficiencies of
the different detectors, as a function of y energy, it proved con-
venient for any given y -y cascade under study to normalize the
raw coincidence data from each pair of germanium detectors to
the corresponding ones from a reference cascade. In so doing,
only relative efficiencies of any given counter are needed.

Since the statistics the O;r — 2?“ — OT cascade were rather
poor, we chose to use as a reference the 4] — 2 — 0] cas-
cade, the most intense one. This, of course, has the disadvan-
tage of introducing an additional unknown parameter, namely
that which characterizes the alignment of the J = 4T state.

In the usual hypothesis of a Gaussian distribution of the
population of the magnetic substates [18] the number of
additional parameters for the upper level of any considered
cascade can be reduced to one, namely to the standard
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deviation o. Clearly, there exists a one to one relation
between o and each of the attenuation parameters o, and oy
characterizing the angular distribution of the upper transition
of the y cascade. The value of o for the reference cascade
can thus be determined by exploiting the angular distribution
data discussed in the previous section. In particular, for the
47 — 2] — 0] cascade, we used the value of a [0.270(5)]
given in Fig. 6.

The analysis of the angular correlation data was based on
a dedicated computer code which utilizes the formulas given
in Ref. [20]. To limit the number of additional parameters
involved in a J; — J, — J3 sequence, only cascades in
which the lower y transition has a pure £2 multipolarity were
considered.

The code computes, for each assumed value of the spin
Ji, a table of x2 values evaluated over a rectangular grid of
equidistant values for o/ J; and arctan(§) (8 being the mixing
ratio of the J; — J; transition to be investigated). The range
of o/J; has been restricted to an interval centered on the
corresponding o, value(s) of Fig. 6, of width £0.05.

Essentially, the procedure compares the normalized coin-
cidence data with those expected on the basis of the known
angular correlation of the reference cascade and the postulated
angular correlation specified (for the given geometry of
the experimental setup) by J;, o, and §. In addition, for
each o/J;-arctan(§) pair, an overall normalization factor is
computed analytically to provide the best x? value. In our
case the number of degrees of freedom amounts to 17.

The entire procedure was repeated for all viable values
of J; and the final choice of the spin value or range thereof
was obtained by comparing the minimum values of 2. In the
case of definite spin assignment for J;, the uncertainty (68%
confidence level') on § was extracted in the standard way
looking at the two-dimensional contour plot in the arctan(§)
and o/J; space corresponding to an unitary increment of x>
with respect to its minimum value.

Examples of the information on the spin of a given level
obtained from angular correlation measurements are displayed
in Fig. 8. The upper panel concerns the cascade originating
from the 1817 keV level, the lower one that from the 2246 keV
level. For the 1817 keV level the only possible spins are J =
1,2 because the transition connecting this state to the ground
state has been definitely identified in the present work. In both
cases spin J = 2 can be assigned to the levels.

The results obtained according to the procedure described
above are summarized in Table IV.

III. LEVEL SCHEME

The results obtained in the present work on the excitation
energy pattern (up to about 4300 keV), y decay and spin-
parity assignments, or limits thereof, of the **Ru nucleus are
summarized in Figs. 9-13. Levels and transitions energies as

'As usual, this confidence level is referred to an estimate of the
uncertainty on the single parameter 6, independently of any statement
about the uncertainty on o/ J;.

PHYSICAL REVIEW C 94, 054327 (2016)

X [T T T T T T

Ji -> 21 -> 01 [EY =1164.8 keV]

1000

100

L )T J
O
-15 -1 05 0 05 1 15
arctan(d)
2
AR LS B B B B
1000

Ji -> 21 -> 01 [Ev =1593.4 keV]

100

J=2
O b L
-15 -1 05 0 05 1 15

arctan(9)

FIG. 8. Plot of x? versus arctan(8) for the different hypotheses
on the spin of the uppermost state of the reported cascades starting
from the 1817 keV (upper panel) and 2246 keV (lower panel) levels,
respectively.

well as relative intensities of the transitions deexciting the
single states are given in Table II.

Spins and parities reported in the figures are deduced from
ag conversion coefficients (Table I), angular distributions
(Table III), angular correlations (Table IV) measurements, and
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TABLE IV. Information on spins deduced from angular correlation measurements for the levels reported in column 1 are given in column
5. The values deduced for the mixing ratios of the y transitions (column 3) are shown in column 6. Information previously available on the

multipolarities of the transitions [1] is reported in the last column.

Ejey (keV) JE 1] E, (keV) JF J 8 8 [1]
1414.3 2f 761.8 2f +117% +13%%
1817.2 @ 1164.8 2F 2 —0.27(6)
2012.7 3f 598.4 2f +0.14+99% +2.8(12)
35 614.9 4f —0.35(5)* M1+ E2
2245.8 (2+,3%) 1593.4 2f 2 —0.197519
2266.5 4t 868.4 4t 2.370% M1+ E2
2276.8 2*) 879.2 4f 3.4
1624.2 2F 23,4
2426.9 @7 1774.5 27 2 0.421507
2547.0 (5,60t 1149.2 4f 5 0.37(5) M1,E2
2656.5 (57) 1258.7 4f 3,5
2720.0 A3) 1322.2 4f 3-6
2867.3 (6") 644.8 6/ 4,6,7,8
3016.8 1619.0 4f 2-5
3064.8 (3*%) 1667.0 4f 3-6
3069.2 846.6 6; 5.6
3190.2 (8") 967.7 6, 7.8
3283.3 (7~ 1060.6 67 5,7 El

#The sign of § is at variance with the one of Table III.

from the information provided by the decay pattern (Table II).
For spin-parity assignments the additional criteria adopted are
the following:
ey
@

3

the triangular relations between J;, J¢, and the multi-
polarity of the y ray must be respected;

transitions between states differing by more than 2 spin
units must be excluded;

no pure M2 transition could be in competition with
E1,M1,E?2 transitions deexciting a given level.

We would like just to comment on a few cases where data
of Ref. [1] are not supported by our findings.

(1) We do not observe a 567 keV transition reported by
NDS as deexciting the 3853 keV, 9~ level to the
3283 keV state of spin J = 5,7 (see Table IV). The
presence of such a transition (together with the just
mentioned restrictions on J) would imply a J™ =7~
assignment to the latter. However, a negative parity
would be incompatible with the decay of the 3283
keV state to the 2657 keV level, which, from angular
correlation measurements (see Tab. IV) and from the
identification of the 643.9 keV transition to the 3] state,
turns out to have J™ = 3,5%. The positive parity of the
3283 keV state is also confirmed by the K -conversion
coefficient of the 1060.6 keV transition (see Table I)
connecting this level to the 6] state.

Reference [1] suggests as possible spin-parities for the
3538 keV level J* = 67,7,8". At the same time it
reports the existence of a 312 keV transition populating
this level from the 3852 keV, 9~ state. This would
exclude the spin J = 6 and would imply negative parity

@

for J = 7. We do not observe a 312 keV transition and
find J™ = 67,7 as possible values for this level.

The J™ =77,8% values suggested in NDS for the
3579 keV level were based on its population by a 272
keV transition from the 9~ state. The absence of such
a transition and the present results give J™ = 57,6,7"
as possible values.

3

We would also remark on some differences with the data
reported in Ref. [5]. On the basis of the results presented in
Table II we can exclude that the states at 2246 and 2374 keV
have J® = 07. It is considered by Cakirli et al. [5] as the
most likely value because they do not observe any transition
deexciting these states.

Regarding the 2276 keV level, it is not clear how the
assignment or suggestion J* = 2% has been obtained. It is
in disagreement with the possible J™ = 31,47 values of the
present work.

IV. DISCUSSION

Theoretical investigations of the even isotopes of the
ruthenium chain have made clear from the very beginning [21]
that the nuclear structure changes from vibrational to y
unstable in going from the **Ru isotope to the heavier ones.
However, a description of the 9%Ru structure in terms of the
pure vibrational model has proved to be inappropriate, which
explains the great interest that has arisen about the intriguing
features of the low excitation-energy pattern. Actually, the
fact that this nucleus has a 47,27 ,05 triplet at an energy (~
1.4 MeV) about twice that of the 2] state and a multiplet,
including the 6T state, at an energy (=~ 2.2 MeV) about triple
that of the 2;“ state would suggest a vibrational structure.

054327-13



A. GIANNATIEMPO, A. NANNINI, A. PEREGO, AND P. SONA

PHYSICAL REVIEW C 94, 054327 (2016)

1,2% mE 2406.1
04— T 536273
34PN\ SS8a6s /- 22768
piSa\ P m— /- 22665
04 N \— 2257.8
2 XN TN T \— 22458
24+% w%‘ggggggggl ¥ 22414
6 FRG S 22225
&
3+ T 2012.7
=
£33
2 — —~ 18172
3" —oon T 11 ~~ 1797.0
S-Sty
XIS
—enaen
27— — ~ 14143
4+ — | ~— 1397.8
e
o* 2.9 1322.1
~ |
&
N
Ne)
Ne)
o+ % 652.4
N
N
w
\O
. +
0 0

FIG. 9. Decay level scheme of *Ru up to ~2400 keV. Energies of levels and transitions are given in keV. New information on J* is

reported in boldface characters.
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FIG. 10. Same as for Fig. 9 except for levels above 2400 keV.
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FIG. 11. Same as for Fig. 9 except for levels above 2800 keV.
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FIG. 12. Same as for Fig. 9 except for levels above 3100 keV.
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However, the presence of two states at >~ 1.8 MeV, which
do not fit such a scheme, as well as the decay properties
of states belonging to the multiplet at ~ 2.2 MeV and the
reduction of the B(E?2) transition strengths of the ground
state band with increasing J makes such an interpretation
questionable.

Different models, such as the shell model [22] and the two
quasiparticles coupled to a symmetric rotor model [6] have
met limited success in describing the *Ru structure.

A comparison with the U(5) limit of the IBA-1 model
proved that the experimental excitation energies of the yrast
states begin to significantly deviate from the calculated values
beyond J = 8 [16]. Also a systematic search in different mass
regions of nuclei presenting a vibrational character revealed
that the U(5) limit is not appropriate to describe the **Ru
nucleus [23].

The difficulty of achieving a reasonable description of this
nucleus became more and more apparent as the knowledge of
the level structure increased. Cakirli et al. [5] have provided
new experimental data on the decay pattern, which include a
set of limits on the intensity of unobserved transitions. From
comparison with the harmonic and anharmonic models, these
authors conclude that “above the two-phonon levels there
are no reasonable candidates for three phonon levels,” so
that in ®Ru there is “an almost complete breakdown of the
vibrational structure.”

The data acquired in the present work highlight that many
transitions have large or predominant M1 components. This
suggests that a model space larger than those of models like
the anharmonic or the IBA-1 ones is necessary.

The IBA-2 model predicts [24-26] whole groups of states
of mixed symmetry character, in addition to states fully
symmetric (FS) in the proton-neutron degrees of freedom,
which are the counterpart of the IBA-1 model states. They are
characterized by a decay to FS states through M1 transitions,
which are forbidden among FS states.

In the early 1980s Van Isacker and Puddu [27] used the IBA-
2 model for a systematic study of the available spectroscopic
data of the even Ru isotopes. All the states considered turned
out to have FS character, apart from the 27 state and, possibly,
the 3} state.

PHYSICAL REVIEW C 94, 054327 (2016)

Subsequently, Giannatiempo et al. [10,11] investigated,
in the same model, the structure evolution along the even
Ru chain, paying particular attention to the identification
of states having MS character. In particular, for the **Ru
isotope, these authors performed a detailed comparison of
the calculations with all the spectroscopic data then available,
concerning excitation energies, electric and magnetic dipole
moments of the 21+ state, B(E?2) strengths, and branching
ratios. They obtained an overall good agreement mainly due
to the identification of states of MS character.

The large amount of new data available thanks to the present
work makes it possible a stringent test of the prediction of the
IBA-2 model for this isotope. This will be the subject of a
forthcoming paper.

V. CONCLUSIONS

Measurements of K-internal conversion coefficient, sin-
gles, y angular distribution, y-y coincidence, and angular
correlation have been performed in the nucleus **Ru, pop-
ulated via the 97M0(3He ,2n) reaction. The identification of
new levels and transitions, joined to spin-parity assignments
or limits thereof and mixing ratios determinations, has largely
improved knowledge of the excitation energy pattern and
removed discrepancies present in the literature.

The improved knowledge of the decay scheme shows
that the doubts expressed by many authors, as well as the
conclusions drawn by Cakirli et al. [5], about the impossibility
of considering Ru as a nucleus having a pure vibrational
structure, are correct.

From our previous IBA-2 analyses [10,11] it turns out that
many levels of mixed symmetry character are expected in the
~1.5-4 MeV energy region. Their presence could possibly
account to a large extent for the very complicated structure
of this nucleus, in particular for the occurrence of many
transitions having large M 1 components.
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